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Abstract Chemical composition of fog and rain
water was studied during a 47-day experimental
period. The differences between the fog and rain
water were found to be significantly for most
analyzed ions. H+, NH4+, NO3−, and SO42− made up
85% of the total median ion concentration in fog and
84% in rain water. The total mean equivalent
concentration was 15 times higher in the fog than in
the rain water. The fog water samples were classified
according to their air mass history. The analysis of the
120 h backward trajectory led to the identification
of three advection regimes. Significant differences of
ion concentrations between the respective classes
were found. Air masses of class I travelled exclusively over the Pacific Ocean, class II were carried over
the Philippines, and class III were advected from
mainland China. The turbulent fog water deposition
was determined by the means of the eddy covariance
method. The total (turbulent plus gravitational) fog
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water fluxes ranged between +31.7 mg m−2 s−1 and
−56.6 mg m−2 s−1. Fog water droplets with mean
diameters between 15 μm and 25 μm contributed
most to the liquid water flux. The sample based
nutrient input was calculated on the basis of the occult
and wet deposition, and the concentrations of the
simultaneously collected fog and rainwater samples,
respectively. The nutrient input through wet deposition was about 13 times higher than through occult
deposition.
Keywords Eddy covariance . Turbulent fog water
fluxes . Atmospheric deposition . Trajectories .
Artificial neural network . Cypress forest

1 Introduction
Montane cloud forests are defined as forests that are
frequently covered in cloud or mist (Stadtmüller
1987; Hamilton et al. 1995). In the tropics, they
typically occur between 1,200 m and 2,500 m above
sea level (a.s.l.), where cloud belts are formed by
ascending moist air masses. They are recognized as
“storehouses” of biodiversity since they host relevant
concentrations of the world’s species biodiversity as
well as high rates of endemism (Hamilton et al. 1995;
Aldrich et al. 2000). Cayuela et al. (2006) point out
that only 2.5% of the total area of the world’s tropical
forests is specified as “montane cloud forest”, but no
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accurate data are available about the actual worldwide
distribution. Cloud forests belong to the world’s most
endangered ecosystems as they are affected, for
instance, by changes of land use such as the
conversion to pasture and croplands (Doumenge
et al. 1995; Cayuela et al. 2006). Furthermore, the
global warming forces a lifting of the condensation
level along with a reduction of fog frequency (Lawton
et al. 2001). The raise in cloud base and thus the
displacement of the minimum level of montane cloud
forests cause considerable ecological changes for the
organisms adapted to that habitat (Pounds et al. 1999;
Bruijnzeel 2001). Bruijnzeel and Hamilton (2000)
even stated that with an increase in global warming
montane cloud forests are likely to disappear.
During the last decades, an enhanced interest in
montane cloud forest is evident (e.g., Hamilton et al.
1995; Cavelier et al. 1996, 1997; Bruijnzeel and
Veneklaas 1998; Clark et al. 1998; Bruijnzeel 2001,
2004; Holder 2003, 2004; Chang et al. 2006; Eugster
et al. 2006; Holwerda et al. 2006; Klemm et al. 2006;
Leon-Vargas et al. 2006). The ecological significance
of montane cloud forests is, among other factors, due
to their unique hydrological conditions. The vegetation gathers water from wind-blown fog and thus
captures a significant contribution to the hydrological
cycle and nutrient budget. The contribution of fog
water as an additional water source to the hydrological budget of forest ecosystems is well documented
(Zadroga 1981; Hutley et al. 1997; Zimmermann et al.
1999; DeFelice 2002; Liu et al. 2004). The recognition of the ecological value of montane cloud forests
led to the establishment of various international
initiatives that aim at the implementation of research,
conservation and restoration activities (Aldrich 1998;
Aldrich et al. 2000; Bubb et al. 2004). However, few
studies are available that focus on nutrient input
through fog water deposition, since the simultaneous
measurements of fogwater deposition and the chemical composition of the fog water sample that
represents exactly the same time period are required
(e.g., Thalmann et al. 2002). The experimental
quantification of occult deposition fluxes is still a
challenge in atmospheric research due to its technical
instrument requirements and methodological difficulties. Different approaches were applied to quantify the
fogwater (occult) deposition such as modeling of fog
water deposition fluxes (Lovett 1984) or the estimation of the water deposition by weighing plants
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(Chang et al. 2002). In this study, we present the
results of a 47-day experimental period of direct
measurements of fogwater fluxes at a montane cloud
forest in Taiwan. The eddy covariance method was
applied in combination with an active fogwater
collector to examine the deposition fluxes of nutrients
into the ecosystem. We compared the nutrient input
through occult deposition to the deposition of water
and nutrients through wet deposition (rain). To our
knowledge, this study presents the only measurements
of turbulent fogwater fluxes by using the eddy
covariance method available for Southeast Asia.
The quantification of the nutrient input through
occult and wet deposition will improve the understanding of the biogeochemical cycle functions in
montane cloud forests. In this study, we discuss the
concentrations of various ions in fog water versus
rainwater and evaluate the role of occult and wet
deposition into the ecosystem. The overall scope of
this study is to illuminate the influence of fog on the
endemic appearance of the respective cypress forest.
We presume that fog is the key factor that determines
the vegetation structure since fog affects the plants’
metabolism. Fog reduces photosynthesis through
lowering solar radiation and decreased air temperature, as well as reducing the mineral uptake associated
with lower transpiration during foggy conditions
(Bruijnzeel and Veneklaas 1998).

2 Experimental
2.1 Site Description
The study took place at the Chilan research site
(1,650 m a.s.l.) in north-eastern Taiwan (Chang et al.
2006; Klemm et al. 2006). The predominant tree
species of the cloud forest are Chamaecyparis obtusa
var. formosana (yellow cypress) and Chamaecyparis
formosensis (red cypress). The appearance of both
endemic Chamaecyparis species is assumed to be
strongly coupled with abundant frequency of fog. The
fog duration ranges from 4.7 to 11 h per day (Chang
et al. 2002). The reduction of incoming shortwave
radiation due to fog as well as the constant exposure
to acidic fog water deposition account for important
ecological aspects for the growth of the endemic
cypress forest (Liao et al. 2003).
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The measurements were carried out in the partly
managed forest beside the nature preserve. The canopy
layer is considerably closed and uniform; its average
height is 9.8 m. The instruments were mounted on an
experimental tower (24°35′27.4″N and 121°29′56.3″E)
at 23.4 m (eddy covariance setup) and 20.4 m (fogwater
collector) above ground, respectively.
2.2 Methods
2.2.1 Fog Deposition Measurements
The turbulent fogwater fluxes were determined by
means of the eddy covariance method (e.g., Stull
1988). This method is often described as the only
direct flux measurement technique for fog (Gallagher
et al. 1992; Vong and Kowalski 1995; Burkard et al.
2002). The experimental setup consisted of a Young
81000 ultrasonic anemometer (R.M. Young, USA) in
combination with a fog droplet spectrometer (model
FM-100, Droplet Measurement Technologies, Boulder,
USA). The sample frequency was 12.5 Hz and the
averaging interval was 30 min. The fog droplet
spectrometer detected the number and size of fog
droplets by scattering of a laser beam and recorded the
spectra of fog droplets with mean diameters from 2 μm
to 50 μm within 40 channels.
The turbulent flux Fx of an entity x can be
quantified as
Fx ¼ w0 x0

ð1Þ

where w is the vertical wind speed and x is, for
example, the liquid water content. The primes denote
the deviation of individual measurements from the
mean (e.g. 30 min averaging period) and the overbars
indicate the time average of the 30 min averaging
interval. The wind vector coordinates were double
rotated to align the main axis with the streamlines and
to yield zero average v and w wind components,
respectively.
The gravitational deposition Dgravitational was determined after the Stokes’ settling velocity vs (Beswick
et al. 1991). The total fogwater flux was calculated by
adding the turbulent and the gravitational flux. Positive
fogwater fluxes are directed upward and negative
fogwater fluxes are directed downward. The extent of
atmospheric turbulence was characterized by means of
the friction velocity u*.

2.2.2 Gap Filling
For this study, we used an artificial neural network to
fill small data gaps in the fogwater flux time series
caused by instrument malfunctions. Artificial neural
networks are mathematical modeling tools to cognize
and represent arbitrary complex relationships between
input and somehow related output values. Due to their
ability to learn from given cause-and-effect datasets or
ancient time series, artificial neural networks became
a useful tool for several problems in the field of
statistic, economy and natural sciences (Patterson
1996). The application of artificial neural networks
is an approved feature to substitute missing values
(Papale and Valentini 2003).
For our purpose, a multi-layer perceptron network
(MLP) was trained with available datasets in order to
find a mapping rule for the 4-dimensional input
values consisting of, in our case, the mean air
temperature, incoming shortwave radiation, wind
direction, and visibility onto the target value, i.e. the
measured water deposition fluxes. An MLP network
consists of several connected nodes arranged in
layers. These nodes or ‘neurons’ generate simple
functions of the received input values. The input of a
single neuron is built of a weighted sum of the
outputs from all connected neurons in the previous
layer. Due to the multiple connections, a network of
such neurons can principally model any non-linear
function (Bishop 1995; Patterson 1996). This approach bears the advantage that the underlying
relationship between the input data and the target
values (i.e. the results) are not needed to initialize the
model parameters in advance. In contrast to other
multivariate gap filling procedures, the artificial
neural network is able to learn from available training
patterns, which is one the most important differences
to other linear or non-linear statistical gap filling
procedures (Stauch and Jarvis 2006). The iterative
learning process within an artificial neural network is
realized by changing the weights and thresholds of
the neurons which influence the activation values of
the neurons in the following layer (Fig. 1). The sum
of input values is transformed by a logistic, sigmoid
activation function (Bishop 1995) representing the
activation value of the neuron which is transmitted to
the next layer. The adjustable network parameters
were set to reach the lowest error E between the real
target values in the training data set and the target
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Fig. 1 Schematic diagram
of the 4-7-1 layout of the
neural network used for the
fog water flux reproduction.
The neurons belonging to
the first input layer transmit
the values to the neurons in
the second layer. After
summation of all inputs in
every neuron, the weighted
sum is transformed by a
logistic function giving the
output of the neuron. Thus,
the values building the
inputs of the third layer’s
neurons are transformed
non-linearly when finally
summed and again transformed linearly or nonlinearly in the output layer
(see text)

values reproduced by the network. We calculated the
mean squared error calculated from all n deviations to
obtain the quality of a neural network:
E¼

n
1X
ðmi  yi Þ2
n i¼1

ð2Þ

where n is the number of available training datasets
consisting of inputs and corresponding target values,
mi are the measured values, and yi are the output
values calculated by the network. During the optimization process, the quasi-Newton method (Bishop
1995; Setiono and Hui 1995) was used to find the
minimum error function.
2.2.3 Fog and Rainwater Collection
For the fogwater collection, an active strand cloud
water collector was used (Wrzesinsky and Klemm
2000). A fan aspirated the foggy air with a consistent
velocity of 8.1 m s−1. The fog droplets impacted on
the strings (Teflon) due to their inertness and slid
along the strings through a tube (Teflon) into an
automated sampler (ISCO, USA). The sampling area
of the active cloud water collector was 650 cm2.
Whenever the visibility (MIRA visibility sensor 3544,
Aanderaa instruments, Norway) dropped below

1,000 m, the fog collector was triggered and operated
automatically.
The strings as well as all sampling bottles were
pre-cleaned with bi-deionised water. The ISCO
sampler contained 24 sampling bottles (Polypropylene)
of 1 L volume. For most of the time, a new bottle was
triggered every one hour to ensure a high sampling
resolution. The fog water collected with the ISCO
sampler was filled into two 50 mL sampling bottles
(high density polyethylene, HDPE). When the sampling
volumes were too little, two (or more) bottles were
combined.
The amount of precipitation was quantified by a
tipping bucket rain gauge (TIC-1, Takeda, Japan). The
rain data and other meteorological data were saved at
10 min averages. The rain water samples were
collected using a self-made bulk precipitation gauge
(HDPE funnel and bottle). The rain water was
sampled on a per event basis. The rain and fogwater
samples were treated in the same way. One 50 mL
bottle was frozen immediately to inhibit microbial
activity; the other aliquot was used for the measurements of pH and electrical conductivity. Additionally,
field blanks were taken for the quality control. All
used materials that came into contact with the fog and
rain water were chemically inert so that contamination
of the water can be excluded.
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The event based nutrient deposition [mg m−2] was
determined by multiplying the total fog (and rain,
respectively) water deposition [L m−2] by the mean
concentrations of ions measured in the simultaneously
collected water sample [mg L−1]. For the quantification of the ion input through occult and wet
deposition for a single event, the sample based
nutrient input was summed over the respective time
period.
2.2.4 Analytical Procedures
Measurements of pH and electrical conductivity were
performed on-site, whereas the chemical analysis of
+
+
2+
2+
−

3
2
NHþ
4 , Na , K , Ca , Mg , Cl , NO3 , PO4 , SO4 ,
−
and F were performed in the laboratory at the
University of Münster, Germany (Table 1). The pH
electrode was calibrated before use. To examine the
data quality, an ion balance was computed by
summing up the equivalent concentrations of anions
ceq,i− and cations ceq,i+ for all fog and rainwater
samples respectively. According to the condition of
electric neutrality, the sum of ceq,i− should be equal to
that of ceq,i+ for each sample:
X

ceq;i ¼

i

X

ð3Þ

ceq;iþ

i

Additionally, for each fogwater sample the theoretical
electrical conductivity xtheoretical [μS cm−1] was
calculated by adding the products of the specific
conductivities xspecific,i [μS cm−1] and the equivalent

concentrations ceq,i of the respective ion i [μeq L−1]
after
X
xtheoretical ¼
xspecific  ceq
ð4Þ
ions

2.2.5 Trajectory Calculations
Backward trajectories were calculated to study the
advection regime of air masses and the coherency of
the origin of air masses and their pollutant concentrations (Klemm et al. 1994; Thalmann et al. 2002;
Tago et al. 2006). For every fogwater sample, a backward trajectory was computed using the HYSPLIT
model (Draxler and Rolph 2003; Rolph 2003). Each
trajectory indicates the path of the respective air mass
during the last 120 h at 1 m above surface level before
reaching the fogwater collector.

3 Results
3.1 Fog and Rain Water Chemistry
During the experimental period from August 04
through September 20 in 2006, 217 fogwater samples
and 20 rain samples were collected. The results of the
chemical analysis are presented in Table 2. The data
quality was examined by considering the ion balances
of the single samples and by a comparison of the
measured with the calculated electrical conductivity.
The ion balances indicated a very good agreement

Table 1 Methods and used instruments for the chemical analysis of the fog and rain water samples
Parameter

Method

Instrument

Electrical conductivity
pH
NHþ
4

Conductivity electrode
pH electrode
Flow injection analysis
Flame photometry
Flame photometry
Atomic absorption spectroscopy
Atomic absorption spectroscopy
Ion chromatography
Ion chromatography
Ion chromatography
Ion chromatography
Ion chromatography

LF 315 (WTW, Germany)
pH 323 (WTW, Germany)
Aquatec Analyzer 5400 (Aquatec, Sweden)
PEP-7 (Jenway, UK)
PEP-7 (Jenway, UK)
Optima 3000 (Perkin Elmer, USA)
Optima 3000 (Perkin Elmer, USA)
DX 100 (Dionex, USA)
DX 100 (Dionex, USA)
DX 100 (Dionex, USA)
DX 100 (Dionex, USA)
DX 100 (Dionex, USA)

Na+
K+
Mg2+
Ca2+
Cl−
NO
3
SO2
4
PO3
4
F−
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Table 2 Statistical parameters of electrical conductivity [μS cm−1], pH, and measured ions [μeq L−1] of all fogwater and rainwater
samples collected between 4 August and 20 September 2006 at the Chilan site
Fog (n=217)

Rain (n=20)

Parameter

Median

Mean

σ

Min

Max

Median

Mean

σ

Min

Max

Conductivity
pH
H+
NHþ
4

52
4.13
74.1
56.3
13.2
2.6
10.5
7.0
13.7
35.5
8.9
103
2.6

131
3.61
244
235
58.6
10.3
34.1
18.8
42.8
179
18.0
401
6.9

198
0.79
496
412
124
19.5
63.2
41.3
69.9
379
19.5
759
13.4

2
2.24
0.8
b.d.l.
b.d.l.
b.d.l.
3.5
1.1
b.d.l.
0.9
2.4
1.7
b.d.l.

1,102
6.11
5754
2469
732
139
494
457
399
2992
61.3
6329
90.9

8
4.94
11.5
5.0
b.d.l.
b.d.l.
4.7
2.1
2.8
7.7
b.d.l.
17.6
1.3

12
4.74
18.2
13.2
1.1
b.d.l.
6.0
2.0
2.8
12.2
b.d.l.
28.6
1.3

10
0.53
16.3
17.3
2.0
0.6
2.6
0.6
1.7
11.4
b.d.l.
26.0
0.1

2
4.24
0.3
0.0
b.d.l.
b.d.l.
3.0
1.1
0.7
0.8
b.d.l.
3.2
b.d.l.

35
6.59
57.5
59.4
4.4
2.5
12.5
3.3
6.4
32.5
b.d.l.
93.2
1.4

Na+
K+
Ca2+
Mg2+
Cl−
NO
3
PO3
4
SO2
4
F−

σ is the standard deviation; b.d.l. means “below detection limit”.

between the sum of anions and the sum of cations.
The Pearson’s correlation test showed a significant
correlation on the p<0.05 level (r=0.91 for fog water
and r=0.83 for rain water). The median ratio of
∑anions/∑cations was 0.97 for fog water and 0.96 for
rain water. The agreement between the measured and
calculated conductivity was also very high (r=0.87
for fog water and r=0.98 for rain water). The
examination of data quality shows that the samples
were analyzed with high accuracy.
The study of the backward trajectories indicated
that three advection regimes, which were well
distinguished from each other, existed at the study
site. Therefore, the trajectories were grouped into
three classes (Fig. 2). The air masses of class I
travelled exclusively over the Pacific Ocean during
the last 120 h before reaching the study site (Fig. 2a).
The air masses of class II were carried over the
Philippines and reached the Chilan site from the south
(Fig. 2b). The pathway of the air masses of class III
were advected from mainland China which is located
north/north-westerly to the study site (Fig. 2c). The
classification of the trajectories led to the hypothesis
that systematic differences exist between the three
classes concerning their chemical composition. The fog
water samples were grouped according to their respective trajectory. The examination of the trajectories
yielded 102 fogwater samples classified as class I, 20
samples as class II, and 95 as class III. Table 3 shows the
statistical parameters of the respective classes.

Statistical tests were applied to examine if the
classification of the fogwater samples on the basis
of the trajectories was statistically meaningful. A
Kolmogorov–Smirnov test confirmed that the pH,
electrical conductivity, and all analyzed ions (except
for K+ and Ca2+) were log-normally distributed. By
using a Levene’s test, the homogeneity of variances
was tested. The variances of the data set were
homogeneous (p<0.05) and thus, a one-way analysis
of variance (ANOVA) could be applied to test if the
differences between the classes are statistically significant (Table 4). The variances of the classes were
significantly different from each other (p<0.05). The
Tukey test was used to examine which classes were
significantly different from each other on the p<0.05
level (Table 5). Since K+ and Ca2+ were neither
normally distributed nor the homogeneity of variances
was given, a non-parametric Kruskal–Wallis ANOVA
was applied to test if there are significant differences
between the classes (Table 4). Afterwards, a Mann–
Whitney test was used (Table 5).
The statistical analysis arrived at the result that the
classification of the fogwater samples on the basis of
the pathway of the trajectories was plausible. The
differences between class I and class III were
throughout extremely significant (highly significant
for Na+, respectively) for all analyzed parameters. The
differences between class II and class III were
extremely significant for SO2
4 , highly significant for
2+
electrical conductivity, pH, NHþ
as well as
4 , and Ca
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The ANOVA did not achieve a result for PO3
4 and
F since the number of samples of class II was too
small due to the low concentrations that ions.
A Kolmogorov–Smirnov test showed that the
rainwater samples were log-normally distributed (p<
0.05). A single t-test (for the electrical conductivity,
+
2+
−
−

2
pH, NHþ
4 , Na , Mg , Cl , NO3 , SO4 and F ) and a
+
non-parametric Mann–Whitney test (for K and Ca+,
because no Gaussian distribution was given for the
fog water) was applied to examine the differences
between the fog and rain water. The differences were
found to be significant for all parameters (except for
K+ and F−: not significant) on the p<0.05 level. For
PO3
4 , the t-test was not applied as the concentrations
were below detection limit. The total mean equivalent
concentration of the fogwater samples was 1,249 μeq
L−1 and 86 μeq L−1 for the rain water samples. Thus,
the total mean equivalent concentration was about 15
times higher in the fog than in the rain water.
For both the fog and rainwater samples, H+, NHþ
4,
2
NO
contributed most to the total
3 , and SO4
equivalent concentration. Those ions made up 85%
of the total equivalent concentration in the fog water
and 84% in the rain water.
−

3.2 Occult and Wet Deposition

Fig. 2 Backward trajectories representing the last 120 h before
reaching the Chilan site (24°35′27.4″N and 121°29′56.3″E). a:
All trajectories categorized as class I (n = 102). b: All
trajectories categorized as class II (n=20). c: All trajectories
categorized as class III (n=95)

significant for Mg2+. For Na+, K+, Cl−, and NO
3 , the
differences were not significant. Class I and class II
were not significantly different for any analyzed
parameter.

During August 04 through September 20 in 2006,
5.77 mm fog water was deposited into the ecosystem
by means of turbulent deposition plus gravitational
deposition. In contrast, 1,150 mm were deposited by
precipitation (wet deposition) during the same period.
The total fogwater fluxes ranged between +31.7 mg
m−2 s−1 (emission fluxes) and −56.6 mg m−2 s−1
(deposition fluxes). The mean liquid water content
(LWC) as averaged over periods with fog (visibility<
1,000 m), was 83.9 mg m−3, and the mean total fog
water flux was −4.1 mg m−2 s−1. We did not find any
systematic differences in liquid water content
concerning the trajectories or advection regime.
The bimodal pattern of the median normalized
droplet number size distribution (Fig. 3) shows mean
droplet diameters d with 2 μm<d<6 μm and 9 μm<d
<15 μm were the most frequent. Larger fog droplets
with mean diameters of 15 μm<d<25 μm contributed
most to the total fog water flux. The sedimentation
velocity of the fog droplets vs was calculated. It
ranged between 0.007 cm s−1 for mean droplet
diameters of 1.5 μm and 7.24 cm s−1 for mean
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Table 3 Median values, averages and standard deviation of the particular advection classes
Class I (n=102)

Class II (n=20)

Class III (n=95)

Parameter

Median

Average

σ

Median

Average

σ

Median

Average

σ

Conductivity
PH
H+
NHþ
4

26.2
4.43
37.2
28.7
8.7
2.5
8.5
4.1
6.9
23.0
5.5
57.3
1.4
103
95

56.5
4.03
87.2
88.8
34.4
3.8
20.9
10.3
24.5
85.6
11.7
122
7.0

84.7
0.73
136
179
78.8
6.0
38.4
16.4
44.7
193
15.0
199
22.4

79.2
3.85
141
57.3
8.7
2.5
10.0
6.4
11.6
56.1
b.d.l.
89.5
3.2
240
227

72.1
3.91
123
60.4
28.1
3.0
11.6
9.0
29.7
78.1
b.d.l.
114
3.2

58.5
0.78
108
57.2
42.6
3.9
7.0
9.0
41.5
75.8
b.d.l.
110
n.d.

119
3.69
204
152
26.3
7.5
17.0
9.9
31.8
85.6
18.2
316
5.1
455
442

214
3.37
426
398
84.5
18.0
49.1
28.1
62.3
270
22.2
729
7.1

254
0.67
690
505
156
26.2
77.7
56.9
87.1
462
19.1
1018
6.8

Na+
K+
Ca2+
Mg2+
Cl−
NO
3
PO3
4
SO2
4

F−
∑cations
∑anions

Ion concentrations of the fog water are given in unit μeq L−1 and electrical conductivity is given in μS cm−1 .

droplet diameters of 49 μm. The friction velocity u* is
a measure to characterize the development of the
turbulence regime (Foken 2003). For a friction
velocity u* >0.1 m s−1, turbulent conditions were
assumed. In 18.7% of the data set, that condition was
not fulfilled.
The eddy covariance setup performed as expected,
even though small data gaps were inevitable. Large
rain droplets caused technical problems and device
failures. The experimental site is located in a remote
area where the power supply is not permanently
guaranteed. In case of heavy thunderstorms, short
power failures occasionally occurred. Otherwise, the
instrumentation performed very reliably. Since for the
calculation of the nutrient input a complete data set of
chemical analysis and the respective deposition data
are required, small gaps in the data set were filled by
the help of a artificial neural network (Section 2.2.2)
(Fig. 4). The correlation between the originally
measured fogwater flux data and the simulated flux
data was examined using the Pearson’s correlation test.
That test showed a significant correlation (r=0.73) on
the p<0.05 level.
3.3 Nutrient Input through Occult and Wet Deposition
The nutrient input through occult and wet deposition
was calculated on the basis of 217 fog water and 20
rainwater samples, both completely covered the

experimental phase. For the consideration of the
+
+
2+
sample based input of H+, NHþ
4 , Na , K , Ca ,
2+
−
−

3
2
Mg , Cl , NO3 , PO4 , SO4 and F , the quantity of
water deposition and the chemical analysis of the
respective water sample were regarded. Figures 5 and 6
show the event based nutrient input through occult and
Table 4 Significance of the differences within the group of all
fogwater samples tested using a one-way ANOVA (electrical
2+
2+
−

3
2
conductivity, pH, NHþ
4 , Ca , Mg , Cl , NO3 , PO4 , SO4 ,
−
+
2+
and F ) and a Kruskal–Wallis ANOVA (K and Ca )
Parameter

Significance

Conductivity
pH
H+
NHþ
4

***
***
***
***
*
***
***
***
***
***
−
***
−

Na+
K+
Ca2+
Mg2+
Cl−
NO
3
PO3
4
SO2
4
F−

The level of significance was termed after: n.s. – not
significant, * – significant (p<0.05), ** – highly significant
(p<0.01), ***extremely significant (p<0.001). For PO3
4 and
F− , the ANOVA did not achieve a result due to the limited data
set of class II.
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Table 5 Differences
between the classes
(determined on the basis of
the trajectories) tested with
a Tukey test (electrical con2+
ductivity, pH, NHþ
4 , Ca ,
2+
−

3
Mg , Cl , NO3 , PO4 ,
−
SO2
4 , and F ) and a
Mann–Whitney test
(K+ and Ca2+)

Parameter

Class

Conductivity

Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class
Class

pH

H+

NHþ
4

Na+

K+

Ca2+

Mg2+

Cl−

The level of significance
was termed after: n.s. – not
significant, * – significant
(p<0.05), ** – highly
significant (p<0.01),
***extremely significant
(p<0.001).
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NO
3
SO2
4

wet deposition. The total nutrient input during the
study period is shown in Table 6. The dominating ions

2
were NHþ
(and Cl− for wet
4 , NO3 , and SO4
deposition, respectively). The total input of nitrogen by
Fig. 3 Median droplet size
distribution of droplet number n (black line) and liquid
water content LWC (grey
line) on the basis of the
medians of all 30-min intervals with foggy conditions
(visibility<1,000 m) during
4 August 2006 through 20
September 2006 at the
Chilan site

I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III
I
II
III

Class I

Class II

Class III

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

1

n.s.
1

***
**
1
***
**
1
***
**
1
***
**
1
*
n.s.
1
***
n.s.
1
***
**
1
***
*
1
***
n.s.
1
***
n.s.
1
***
***
1

means of occult deposition was 18 mg m−2 (10 mg m−2
−2
through NHþ
through NO
3 ). The sulfur
4 and 8 mg m
−2
input was 17 mg m . For wet deposition, the input of
nitrogen was 167 mg m−2 (77 mg m−2 through NHþ
4
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Fig. 4 Pattern of fog water
deposition [mm] during 27
August and 28 August 2006
as an instance for gap filling
by using a neural network.
The black line represents the
originally measured fog
water deposition and the
grey line is the reproduced
fog water deposition

and 90 mg m−2 through NO
3 ). The total input of
sulphur was 244 mg m−2.

4 Discussion
4.1 Influence of Air Mass History on Chemical
Composition of Fog Water
Large differences of ion concentrations were found
between the groups of fogwater samples. Statistical
tests proved that the classification of the fogwater
samples on the basis of the backward trajectories was
Fig. 5 Nutrient input
through occult deposition
[mg m−2] subdivided into
34 single fog events. A
negative deposition means
nutrient input into the
ecosystem and positive
deposition means emission
of nutrients as a result of
positive fog water fluxes

mostly appropriate and plausible. The differentiation
between class I and class III as well as between class
II and class III was statistically significant. However,
the differences between class I and class II were not
significant although the concentrations of ions asso
ciated with anthropogenic activity (H+, NHþ
4 , NO3 ,
2
and SO4 ) were found to be higher for class II. Thus,
it is confirmed that the advection regime of an air
mass plays an important role for the chemical
concentration of the respective fogwater sample. We
interpret these differences in terms of air mass
histories of the three classes, and differences of
uptake of ions and their precursors during their travel
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Fig. 6 Nutrient input through wet deposition [mg m−2] subdivided into 20 single rain events

before reaching the sampling site (Klemm et al. 1994;
Tago et al. 2006). The base ion charge due to the
industrialized region in the western part of Taiwan
and the urban agglomeration of the capital Taipei is
assumed to be identical for all classes. Air masses
classified as class I travel exclusively over the Pacific
Ocean and the Taiwan Strait before reaching the study
site. Therefore, the fogwater samples of class I exhibit
the lowest ion concentrations of ions that are related

to anthropogenic activity such as NHþ
4 , NO3 , and
2
SO4 . The maritime impact plays an important role
since the concentration of the sea salt related ions
Na+, Cl−, Mg2+, and Ca2+, are relatively high
Table 6 Total nutrient input
through occult and wet deposition [mg m−2] measured
from 04 August to 20 September 2006 at the Chilan
site (“n.d.” means no data)


2
are still higher
(although NHþ
4 , NO3 , and SO4
concentrated) (see also Munger et al. 1989; Gundel
et al. 1994). Air masses categorized as class II were
advected from the south and passed the Philippines
during their last 120 h. The samples of class II exhibit
a similar pattern as class I concerning chemical
composition so that those air masses are assumed to
be principally influenced by the Pacific Ocean. The
anthropogenic influence by means of industry plays a
minor role since the agriculture (cultivation of sugar
cane, rice, corn, and manioc) is predominant on the
Philippines. The differences between of chemical
composition between class I and class II were found

Ion

Occult deposition
[mg m−2]

Wet deposition
[mg m−2]

Ratio
[wet deposition/occult deposition]

H+
NHþ
4
Na+
K+
Ca2+
Mg2+
Cl−
NO
3
PO3
4
SO2
4
F−

0.8
12.5
5.0
1.2
2.3
0.8
5.8
36.6
0.2
50.2
0.2

10.3
98.7
23.6
1.8
77.7
19.3
96.2
398.9
n.d.
732.3
5.3

13.3
7.9
4.8
1.5
33.1
23.7
16.5
10.9
n.d.
14.6
33.4
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to be not statistically significant for any parameter.
Class III represents air masses that were transported from
mainland China. The fogwater samples of class III show
high concentrations of ions attributed to anthropogenic
activities. Some trajectories pass directly over the heavily
industrialized urban agglomerations of Beijing and
Shanghai so that the continental influence can clearly be
explained. The differences between class I and class III
are significant for all analyzed parameters revealing a
distinct air mass history of each classes. The statistical
analysis showed that class II adopts a mid-position. For
2+
most parameters (pH, conductivity, H+, NHþ
4 , Ca ,
2+
2
Mg , SO4 ) the differences between class II and
class III are significant except for Na+, K+, Cl−, and
NO
3 for which the classes do not differ from each other.
The sample number involved a methodological
problem since the class II included only 20 fogwater
samples (with very low concentrations that were
partly below the detection limit), and an analysis of

variance did not yield a positive result. Thus, the
differences between the classes for F− and PO3
4
could not be statistically verified.
The pH, electrical conductivity, concentration of
2
NHþ
were found to be the most
4 as well as SO4
differentiating parameters that express the grade of the
continental or anthropogenic influence, respectively.
The burning of carbon and fuel oil, traffic, and
industrial processes are considered to be the main
2
sources for NHþ
4 and SO4 at the Chilan site. The
distribution of these four parameters for class I, class II,
and class III are plotted in Fig. 7.

Fig. 7 Box–Whisker plots showing the 5% percentile, 25%
percentile, 50% percentile (median), 75% percentile, and the
95% percentile of the electrical conductivity [μS cm−1] (a), pH

(b), the concentration of [μeq L−1] (c), and the concentration of
[μeq L−1] (d) for class I, class II, and class III

4.2 Contribution of Occult and Wet Deposition
to Nutrient Input
The differences between the fog and rainwater
samples were found to be statistically significant for
most analyzed parameters. The mean absolute ion
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concentrations [μeq L−1] were roughly about 5–20
times higher in the fog water than in the rain water.
Our results agree well with studies from other
experimental sites (Schemenauer et al. 1995; Igawa
et al. 1998; Bridges et al. 2002; Beiderwieden et al.
2005). Klemm and Wrzesinsky (2007) report of

2
enrichment factors for NHþ
4 , NO3 , and SO4 in fog
versus rain water of 18.1, 12.7, and 11.8, respectively,
at a mountainous site in central Europe. The enrichment factors found in our study are 17.8 for NHþ
4,

2
14.6 for NO3 , and 14.0 for SO4 , respectively. The
differences between fog and rain water may result
from the altitude of formation. Fog water represents
lower layers of the atmosphere that are more strongly
influenced by continental emissions, whereas rain
droplets originate at higher altitudes where the
atmosphere is less polluted by ground-based emissions (Bridges et al. 2002). Moreover, the rain
droplets are much larger and may therefore be more
diluted than the fog droplets.
The input of ions through wet deposition has been
found to be substantially larger than through occult
deposition (Table 6). The ratio between both types of
input is as high as 33.4 for F− and 33.1 for Ca2+. The
smallest differences exist for K+. Geogenic origin and
industrial processes are the main sources for potassium,
so the concentrations in rain water are relatively low.
Although the ion concentrations of the fog water
were notably higher than those of the rain water, the
absolute nutrient input originated principally from wet
deposition. That discrepancy between the measured
ion concentrations and the actual relevance for the
ecosystem is solely explained by the net amount of
water input. During the experimental period, 5.77 mm
water was deposited through fog water, and 1,150 mm
were precipitated through rain. Although we measured considerable fogwater deposition, compared to
the water input through rain it was of minor
significance. The water input through fogwater
deposition accounted only for about 0.5% of the total
water input during the experimental period. For the
Yuan Yang Lake site (about 2 km from the Chilan
station), Chang et al. (2002) estimated the fog
deposition by exposure experiments with epiphytic
bryophytes. They report stand-scale deposition rates
of 0.17 mm h−1. This calculates to an estimated daily
amount of fog deposition of 4.08 mm. The discrepancy between our measurements and the findings
from Chang et al. (2002) may be due to the different
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characteristics of the respective experimental periods
concerning the influencing parameters such as the
liquid water content of the foggy air and wind
velocity. During the experimental period, the mean
wind velocity was very low (<1 m s−1 for 57.7% of
the time). During 18.7% of the time, the friction
velocity u* was <0.1 m s−1 indicating that the
turbulence regime was not fully developed. Consequently, the eddy covariance method, measuring the
turbulent fog water flux, detected only small fluxes.
Especially at night, when atmospheric layering was
stabile, the fog water fluxes were very small.
Another reason for the lower fog water depositions
measured in this study compared to Chang et al.
(2002) may be due to the strong seasonal variation of
the occurrence of fog. Chang et al. (2002) found out
that during the summer months, the average daily fog
duration is 4.7 h while it was 11.0 h during the rest of
the year. Since this study was carried out in August
and September, we possibly did not measure during a
period typical for the entire year. Only during 22.1%
of the experimental period, the visibility was
<1,000 m (foggy conditions), which corresponds to
a daily fog duration of 5.4 h.
During the summer month, typhoons play an
important role for the ecosystem and are a major
source of rainfall (Chang et al. 2002, 2006). On the
9th August and the 16th September 2006, typhoons
fell on the study site and caused heavy precipitation
for several days. The measured amount of rainfall of
1,150 mm within 47 days is not representative, either.
Depending on number and strength of typhoons, the
annual rainfall is highly variable and varies between
2,000 mm and 5,000 mm. In any case, our experimental period was dominated by high precipitation
amounts. For May 2003, Chang et al. (2006) report
that the contribution of fog reached 35% of the total
water input, while in September 2003 the fog/rain
ratio reduced to only 5% due to the high precipitation
brought by a typhoon.
We consequently suppose that the contribution of
fog water to the nutrient input has been overestimated
so far. We alternatively assume that the reduction of
incoming shortwave solar radiation through fog is the
most striking ecological factor influencing the vegetation structure and thereby the growth of the endemic
cypress forest. Fog reflects about 90% of incoming
short wave radiation (Häckel 1999). The mean daily
sunshine duration is drastically reduced during foggy
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conditions. As a consequence, the biological activity,
or rather the rate of photosynthesis, is diminished. Lai
et al. (2005) found out that both Chamaecyparis
species have their optimal growth rate under medium
light conditions from 18 to 24 W m−2 photosynthetically active radiation. The occurrence of fog may
thus be an advantage for the Chamaecyparis species
in the inter-specific competition since they are able to
perform photosynthesis very effectively even under
foggy conditions. Additionally, the fog water itself
influences the physiological conditions and may be a
stress factor due to the direct and persistent contact of
the acidic solution with the plant surface (Paoletti
et al. 1989; Kohno et al. 2001).
Our results of the fog and rain chemistry agree
very well with the data of ion concentrations given in
Chang et al. (2002) for the adjacent measuring station.
Compared to other sites, the ion concentrations of the
fog water at the Chilan site are relatively low (e.g.,
Olivier and de Rautenbachn 2002; Burkard et al.
2003). The study site is situated in a rural area. The
maritime influence is evident due to the comparatively high concentrations of Na+ and Cl−. However, the
prevalent weather situation has strong impact on the
ion loading and thus, the air chemistry. Advection of
air masses from mainland China implies a significant
nutrient input for the ecosystem. The contribution of
ions attributable to anthropogenic activity, such as

2
NHþ
4 , NO3 , and SO4 , is significantly correlated with
the air mass transport from China. The most intensive
interrelation between advection and nutrient input
exists for SO2
4 . During the experimental period,
31 mg m−2 SO2
were deposited through occult
4
deposition with air masses originating from China,
whereas only 19 mg m−2 were deposited during air
mass advection from the Philippines and the Pacific
Ocean.
Due to the requirement of a complete data set of
chemical analysis and the respective deposition data
for the calculation of the nutrient input, small gaps in
the data set were filled using an artificial neural
network. The pattern of the simulated flux data
reproduced by the artificial neural networks and of
the originally measured flux data conformed well.
Hence, the closing of the data gaps with MLP
networks by means of the corresponding climate data
from a nearby station seems to provide a good
approximation for otherwise lost data intervals. Our
correlation coefficient of r=0.73 expresses a high

Water Air Soil Pollut (2007) 186:273–288

correlation between the originally measured fog water
flux data and the simulated flux data. We consequently conclude that the gap filling by using artificial
neural networks was justified.
5 Conclusions
The appearance of both endemic Chamaecyparis
species is assumed to be deeply coupled with the
occurrence of fog. Our results indicate that the
pertinence of fog for the forest ecosystem is not due
to the relevant nutrient input. The nutrient input
through wet deposition exceeded the input through
occult deposition by far. During our experimental
period of 47 days, we found that the input of nutrients
through wet deposition was about 14 times higher
than through occult deposition. 93% of total nutrient
input originated from rain, and just 7% entered the
ecosystem through fogwater deposition. These large
differences result from the different magnitudes of
water input. The ecosystem gained about 285 times
more water input by the means of rain than by fog
deposition. The examination of the meteorological
conditions shows that our experimental period was
characterized by exceptionally high rainfall and
relatively low fog frequency. The occurrence of
typhoons in the summer months is therefore an
important ecological factor for the nutrient budget of
the cypress forest, even though the runoff water is
assumed to play an important role in the hydrological
budget of a typhoon event as well. We conclude that
the contribution of fog water to the nutrient budget of
the ecosystem has been overestimated so far.
The median pH of all fogwater samples was 4.13,
and the events of class III (air masses originating from
mainland China) exhibited a median pH of 3.69.
During weather situations with advection of air
masses from north-northwest, an enhanced nutrient
input was observed. The nutrient input was substantially lower during air mass transport from westerly
and southerly directions. The chemical composition
of the fogwater samples was led back to the origin of
the air mass and the subsequent pathway. We
conclude that the weather conditions have an influence on the nutrient input through occult deposition
into the ecosystem.
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