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A B S T R A C T   

Bidirectional fog droplet fluxes were observed at two mountainous subtropical forests in East Asia. To investigate 
the various boundary conditions and that cause these bidirectional droplet fluxes, we set up identical eddy 
covariance systems including a droplet spectrometer (FM100 Fog monitor) at two study sites in the Ailaoshan 
(SW China) and Xitou (central Taiwan) areas for several weeks in winter 2015/2016 and spring 2017, respec-
tively. Normally, fog droplets are expected to have a downward flux toward the surface for all sizes due to 
impaction at the vegetation’s surface. However, we also observed temporally positive fluxes, for fog droplets up 
to a diameter of 10 μm. Two different cases of bidirectional fog droplet fluxes were identified in our experiments: 
At Xitou, the positive droplet number fluxes for smaller droplets occurred together with a positive sensible heat 
flux in combination with large critical diameters according to the Köhler theory. At Ailaoshan, similar fluxes 
occurred yet together with negative sensible heat fluxes in combination with small critical diameters. We analyze 
the occurrence of these bidirectional droplet number fluxes in conjunction with the boundary layer conditions 
and the activation state of the droplets with diameters up to 10 μm. Plausible reasons for the identical flux di-
rections at the two sites under very different microphysical fog conditions are presented.   

1. Introduction 

In the atmosphere, fog forms when the air is supersaturated with 
respect to water: The condensation of water vapor on hygroscopic 
aerosol particles, reduces the visibility and, thus, leads to the formation 
of fog (Pruppacher and Klett, 1996), which reduces visibility and, thus, 
leads to the formation of fog near the earth’s surface. It is both the 
number concentration of fog droplets and their size distribution that 
determine the amount that visibility is reduced (Gultepe et al., 2007). 

Fog droplets and aerosol particles greatly affect human life and na-
ture (Hewson, 1943; Mildenberger et al., 2009). For example, fog plays 
an important role in ecosystem functioning through its participation in 
hydrological and biogeochemical cycles. Fog is a complex and dynamic 

phenomenon, that is often neglected. Fog research started long ago 
(Willett, 1928; Petterssen, 1939; Hewson, 1943; Best, 1951) and has 
focused on various aspects (visibility, liquid water content, hydrological 
input, modeling, remote sensing of fog etc.). Forests are fragile ecosys-
tems and highly affected by climate change (Sperling et al., 2004; Zhou 
et al., 2013) and they interact with chemical and physical processes in 
fog (El-Madany et al., 2016; Burkard et al., 2003; Thalmann et al., 2002; 
Lovett, 1984; Eugster et al., 2006; Beiderwieden et al., 2008, 2007; 
Simon et al., 2016; Gultepe and Isaac, 2004). Our scope is to study the 
turbulent exchange processes of foggy air masses with the underlying 
forest ecosystem in order to further develop our basic understanding of 
these processes and their contribution to hydrological cycle. 

Instruments for fast (10 Hz), size-resolved droplet measurements 

* Corresponding author. 
E-mail addresses: bettina.breuer@uni-muenster.de (B. Breuer), otto.klemm@uni-muenster.de (O. Klemm), alanlai@ntu.edu.tw (Y.-J. Lai), polin@ntu.edu.tw 

(P.-H. Lin), heta.meyer@hswt.de (H. Meyer), f.nieberding@tu-braunschweig.de (F. Nieberding), sqh@xtbg.ac.cn (Q.-H. Song).   
1 https://www.uni-muenster.de/Klima/team/BettinaBreuer.shtml 

Contents lists available at ScienceDirect 

Journal of Hydrology 

journal homepage: www.elsevier.com/locate/jhydrol 

https://doi.org/10.1016/j.jhydrol.2021.126491 
Received 8 January 2021; Received in revised form 20 May 2021; Accepted 22 May 2021   

mailto:bettina.breuer@uni-muenster.de
mailto:otto.klemm@uni-muenster.de
mailto:alanlai@ntu.edu.tw
mailto:polin@ntu.edu.tw
mailto:heta.meyer@hswt.de
mailto:f.nieberding@tu-braunschweig.de
mailto:sqh@xtbg.ac.cn
www.sciencedirect.com/science/journal/00221694
https://www.elsevier.com/locate/jhydrol
https://doi.org/10.1016/j.jhydrol.2021.126491
https://doi.org/10.1016/j.jhydrol.2021.126491
https://doi.org/10.1016/j.jhydrol.2021.126491
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhydrol.2021.126491&domain=pdf


Journal of Hydrology 601 (2021) 126491

2

have been available for about 30 years. The first studies of turbulent fog 
droplet fluxes were conducted around 1990 (Beswick et al., 1991; Gal-
lagher et al., 1988) and still, there are only a few research groups around 
the world studying this topic. The focus of most fog studies of turbulent 
fog droplet fluxes has been on water deposition due to turbulence to the 
ecosystem (Gallagher et al., 1992; Vong and Kowalski, 1995; Kowalski 
and Vong, 1999; Vermeulen et al., 1997; Thalmann et al., 2002; Eugster 
et al., 2006; Holwerda et al., 2006; Chang et al., 2006; Beiderwieden 
et al., 2008; Hiatt et al., 2012; Yamaguchi et al., 2015). However, studies 
have also found positive droplet fluxes for small droplets with diameters 
of up to 8 μm (Vong and Kowalski, 1995; Klemm and Wrzesinsky, 2007). 
Nonetheless, this change of flux direction within the size domain of 
droplets has not been a main research focus. Only one study by El- 
Madany et al. (2016) discussed possible causes of positive droplet fluxes. 
This study discussed the occurrence of bidirectional fluxes in moun-
tainous terrain, but also in flat terrain positive flux have been found for 
droplet sizes up to 35 μm. (Vermeulen et al., 1997; Degefie et al., 2015a). 
In general, bidirectional fluxes do not lead to an overall positive (up-
ward) flux of liquid water, because the liquid water content (LWC) in 
foggy air is dominated by the large droplets, which show negative 
(downward) fluxes. However, the common observation of positive fluxes 
of small droplets means that we need a better understanding of the 
processes that generally occur during the interaction of fog with the 
surface and within the fog layer. 

As such, we take a closer look at all processes occurring in different 
areas of the fog layer and describe their effects on the droplets of 
different size classes. We merge different theories and observations of 
cloud physics and boundary layer processes to explain the origin of the 
positive fluxes. We also consider the fact that the processes by which fog 
droplets form and grow depend on the dissolved ion concentrations in 
the droplets and on the ambient vertical humidity gradient. 

In our study, we focus on microphysical fog processes in moun-
tainous terrain in subtropical forests, which are frequently exposed to 
foggy conditions. The goal of this study is to evaluate the processes 
driving bidirectional fog droplet fluxes in an environment. Thus, our 
research questions are: (I) What are sources and sinks of small droplets? 
(II) What causes bidirectional fluxes of fog droplets? (III) Does it depend 
on air pollution or other boundary layer conditions? 

2. Materials and methods 

2.1. Experimental setup and study sites 

An eddy covariance (EC) system was set up at two sites in Southeast 
Asia, namely the flux tower at Ailaoshan National Natural Reserve in 
Yunnan Province, China (AS: 24.54219 N, 101.02959 E, 2476 m asl) and 
the Xitou flux tower in the Experimental Forest of National Taiwan 
University (XT: 23.66460 N, 120.79526 E, 1150 m asl) (see Fig. 1). An 
identical setup (full instrumentation see Table 1) was used at both sites: 
an EC system (10 Hz sample frequency) consisting of a droplet spec-
trometer FM100 and an R-50 sonic anemometer. The FM100 was 
orientated into the main wind direction under foggy conditions to avoid 
particle losses, as described by (Spiegel et al., 2012). Additionally, a 
PWD-11 was used to measure the visibility. Whenever the visibility 
dropped below 1000 m (10-min mean), an active fog collector (modified 
CALTECH design) was switched on (Degefie et al., 2015b). Fog water 
samples were usually taken every 0.5 h to 2 h, depending on the amount 
of water collected (Simon et al., 2016). Measurements of volume, pH 
and conductivity were performed as soon as possible after fog water 
collection. For detection of major ion concentrations the samples were 
analyzed with a ion chromatograph later on. Detailed methods of fog 

Fig. 1. Study sites at Ailaoshan (China) and Xitou (Taiwan).  

Table 1 
Overview of all used instruments.   

Instrument Producer Observed 
parameters 

short- 
term 

R-50 sonic 
anemometer 

Gill Instruments, Ltd., 
Lymington, Hampshire, 
UK 

wind speed wind 
direction u, v & w  

Fog monitor FM100 Droplet Measurement 
Technology, Boulder, 
Colorado, USA 

droplet number 
concentration  

Present Weather 
Detector PWD-11 

Vaisala Oyj, Helsinki, 
Finland 

visibility  

Active fog collector 
(mod. CALTECH 
design) 

in–house design, 
Germany 

LWC  

long- 
term 

CSAT3 3-D sonic 
anemometer 

Campell Scientific, 
Logan, Utah, USA 

wind speed wind 
direction  

LI-7500 CO2/H2O 
infrared gas analyzer 

LI-COR Bioscience, 
Lincoln, Nebraska, USA 

CO2 H2O  

HMP45C Vaisala Oyj, Helsinki, 
Finland 

temperature RH  
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water collection for AS was described by Nieberding (2017). The only 
difference for XT is, that the ion chromatographis analysis was con-
ducted at the Department of Atmospheric Science of the National 
Taiwan University. In addition to this short-term investigation, perma-
nent EC measurements are present at both sites, where instrumentation 
consists of an LI-7500 CO2/H2O infrared gas analyzer and a CSAT3 sonic 
anemometer (Table 1). Low frequency air temperature senors are 
mounted at each tower. 

At the AS site, the measuring period was from January 2016 through 
March 2016. The flux tower is located on a northwest-oriented slope 
(around 15◦) of a side valley in an old-grown evergreen broad-leaved 
forest (see Fig. 2 right panel). The flux system was installed at 31.6 m 
above ground level, which is about 6 m above the canopy. The main 
wind direction SW is caused by channeling of the valley (Nieberding 
et al., 2018). The average annual temperature at the study site is 11.3 ◦C 
and the annual average precipitation is 1840 mm (Tan et al., 2011). The 
monsoon climate produces a wet season from May to October and a dry 
season from November to April (Schaefer et al., 2009; Shi and Zhu, 
2009). During the wet season (dry season), the average monthly pre-
cipitation varies from 100 mm to 500 mm (normally less than 50 mm) 
(Song et al., 2017). The driest month is March with almost no precipi-
tation. Thus, the measurement period was within the dry season. 
Furthermore, fog events are frequent at the study site throughout the 
year with a peak during the wet season in summer. We presume mostly 
orographic lifting for the occurrence of fog, but there is no detailed 
analysis of the processes leading to foggy conditions (Nieberding et al., 
2018). 

At the XT site, the measuring period was in March 2017. The flux 
tower is located in a coniferous forest dominated by Cryptomeria japonica 
(Simon et al., 2016). The XT tower is situated in a relatively flat area 
within a valley with S to N orientation (slope of 15◦) (see Fig. 2 left 
panel) (Simon et al., 2016). The occurrence of fog is strongly associated 
with wind directions from the north, and the fog is formed oro-
graphically as a result of adiabatic cooling during uphill transport from 
the valley. The flux system was installed at 40 m above ground level, 
which is 10 m above canopy height. The average temperature at the 
study site is 16.6 ◦C and the annual average precipitation is 2635 mm 
(Simon et al., 2016). There are two seasons at XT: a dry season from 
October to April and a wet season from May to September (Simon et al., 
2016). Like at AS, the measuring period was during the dry season 
(March 2017). The fog frequency at XT is high with around 58% foggy 
days (min. 1 h d− 1), and the fog occurs usually during daytime based on 
our data. Fog events peak during the dry season. 

2.2. Data pre-processing 

For this study the definition of fog as described by WMO (2006) was 
used: In fog, the horizontal visibility is reduced to below 1000 m by the 
presence of hydrometeors. The definition was applied on the basis of 10- 
min averages of the PWD-11 signal. At AS, fog occurred for a total of 386 
h of fog during the measuring period, which is equivalent to 34% of the 
total measurement period of 46 days. At XT, 177 h of fog were detected 
(25% of 29 days). Due to power shortages and freezing, 100 h (14%) of 
data were lost. At XT, we had only very few data losses (less than 2%). 

Several steps of raw data pre-processing needed to be performed 
before calculating the droplet number fluxes and the liquid water fluxes 
(LWF). In general, the FM100 counts all droplets with a diameter be-
tween 2 μm and 50 μm and associates them with one of 40 channels in 
this range. The droplet detection operates on the principle of non-linear 
Mie scattering (Mie, 1908), in case of the FM100 at a wavelength of 680 
nm. However, the non-linearity of Mie scattering causes some problems. 
For instance, a certain scattering intensity may corresponds to up to 
three different droplet sizes. Two methods are available to solve this 
issue: a stochastic approach by Spiegel et al. (2012) and a field-based 
approach by Gonser et al. (2011). For the present study, the field- 
based method was applied, i.e., the 40 measuring channels were 
merged into 23 size classes. Also, a smoothing filter (Savitzky and Golay, 
1964) between the channels was applied to the data to reduce over- or 
underestimation of single size classes (Gonser et al., 2011). The FM100 
raw data (counts per size class) were converted to number concentra-
tions (droplets per cubic meter) with the optical sample area and the 
actual air flow. The actual air flow inside the instrument was measured 
with a pitot tube with a relatively constant air speed of 13.02 m s− 1. In 
cases where the pitot tube was blocked with fog water, the air flow could 
not be calculated correctly and the value became comparably small or 
high. Such erroneous air flows with deviations of more than ±1 m s− 1 of 
the mean air speed were replaced with the mean value (13.02 m s− 1) (El- 
Madany et al., 2016; Wrzesinsky, 2003). For calculating the LWC and 
LWF, each size class was converted into a droplet diameter by using the 
geometric mean channel diameter with the assumption of spherical 
droplet shapes. The size classes are not distributed equidistantly and 
each class covers a different size range. Therefore, all number concen-
trations, liquid water contents and associated fluxes were normalized by 
their respective class widths (El-Madany et al., 2016). This makes data 
more comparable to each other. 

2.3. Flux calculation 

After pre-processing the data, we calculated the turbulent fluxes of 

Fig. 2. Detailed satellite view of the study sites at Ailaoshan (right, China) and Xitou (left, Taiwan).  
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the FM100/R3-50 system with EddyUH (Mammarella et al., 2016). 
The fluxes of the permanent measurements were calculated with 

EddyPro (LI-COR Biosciences). 
For our short-term investigation with the FM100 data, we used the 

coordinate rotation method planar fit (Wilczak et al., 2001) because it is 
suitable for instrumentation set ups on a slope. With this method, the 
coordinate system is rotated according to the mean streamlines (Paw 
et al., 2000). Spikes in the raw data originating from random noise in the 
instruments (Brock, 1986) and from water deposition on the transducers 
of the sonic anemometer (Foken et al., 2004) were removed using the 
method of Vickers and Mahrt (Vickers and Mahrt, 1997). Regarding the 
flux calculation itself, we used the approach outlined in Horst (1997) for 
both scalar model cospectrum correction and for cospectral peak fre-
quency vs. stability parameterization. The theoretical approaches by 
Moncrieff et al. (1997) and Rannik and Vesala (1999) were used to 
correct high and low frequency losses of sonic anemometer fluxes, 
respectively. Time lags were determined by maximizing the covariance 
within a predefined lag window of 2.5 s. 

For our data, two different quality flags are available: the flux sta-
tionarity test (FST) and the integral turbulence characteristics (ITC) 
(Foken and Wichura, 1996). As our measurements were made at a slope, 
a temporarily positive momentum flux may occur; this leads to problems 
with interpreting the ITC for the vertical wind component. As the FST is 
not affected by the terrain, we used FST flagging only. We denoted all 
data with poor quality, (being flagged with values of 7 to 9) with gray 
pixels in the respective graphs (Figs. 4a&b, 5a&b). The data quality for 
most fog events was good; only some very small fluxes had to be dis-
carded due to bad quality. 

2.4. Kóhler theory 

We used a theoretical approach to compare the ion concentrations in 
the droplets and their effects on droplets sizes. The Kóhler theory 
(Köhler, 1921; Seinfeld and Pandis, 2006) describes the equilibrium 
thermodynamics of droplets suspended in the gas phase with high 
relative humidity (RH). This theory describes the combination of the 
Kelvin effect and the Raoult Law. In general, deliquesced aerosol par-
ticles exist in a stable equilibrium at sizes below their critical diameters 
and at an RH of below 100% up to just over 100%, while their growth is 
accelerated once the critical diameter is exceeded. In this case, the 
aerosol particles are called activated cloud condensation nuclei (CCN), 

sometimes also called fog nuclei. 
To calculate Kóhler curves and the respective critical diameters of 

the fog events at our study sites, we estimated the median ion concen-
tration for single droplets. First, the particle mass (PM) of a single 
droplet was estimated as 

PM = ICsum⋅
LWCmedian

DNCmedian  

where IC [g l− 1] is the liquid water ionic concentration of all measured 
species, LWC [l m− 3] is the liquid water content based on the data of the 
fog collector (Simon et al., 2016), and DNC [m− 3] is the droplet number 
concentration measured with the FM100. The Kóhler curve for each site 
was calculated with the particle mass PM [g] (Seinfeld and Pandis, 
2006). An overview of all chemical components is shown in Table 2. The 
results were inserted to the following equation according to the Kóhler 
theory (Seinfeld and Pandis, 2006): 

e = e0exp

(
A

Dp
−

B
D3

p

)

with the terms A and B: 

A =
4Mwσw

RTρw  

B =
6nsMw

πρw  

where in detail e is the actual water vapor pressure over the droplet, e0 is 
the water vapor pressure over a flat surface, σ is the air–water surface 
tension, Mw is the molecular weight of water, R is the molecular gas 
constant, T is the temperature, ρ is the water density, D is the droplet/ 
particle diameter, and ns is the number of solute moles. The critical 
diameter Dpc can be calculated with 

Dpc =

(
3B
A

)0.5 

Note that such estimates cannot be more than rough estimates, 
because the conditions change fast between events and even temporally 
and spatially within single fog events. 

Fig. 3. Droplet Size Distributions of the two fog events, at AS (blue) and XT (orange). Only the dense center section of the fog event was selected to avoid edge effects 
(AS: 1st/2nd March 22:00 h to 8:00 h, XT: 9th March 12:00 h to 19:00 h). Panel a shows the droplet number concentrations (DNC) and panel b shows the cumulative 
liquid water content (LWCcum), both as functions of droplet diameters. 
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3. Results 

3.1. Meteorology 

At both sites, the occurrence of fog was associated with a certain 

wind direction, SW at Ailaoshan and N at Xitou. Upslope winds cool 
adiabatically, the relative humidity increases and orographic clouds 
develop, which are recorded as fog at the meteorological research sta-
tions. The wind speed at AS was 2 ms− 1 to 4 ms− 1, and at XT it was up to 
3.5 ms− 1. The turbulence was well developed during fog events at AS 
(friction velocity u*⩾ 0.3 ms− 1). At XT, u* was between 0.07 ms− 1 and 
0.3 ms− 1 during foggy conditions. The average vertical wind speed 
before application of the planar fit rotation (see Section 2.3) at AS was 
positive all time between 0.04 ms− 1 and 0.40 ms− 1, median 2.5 ms− 1. At 
XT, the pre-planar fit wind speed was between − 0.24 ms− 1 and +0.55 
ms− 1, median +0.16 ms− 1. Negative values occurred only in the first and 
last hour of the fog event. At both sites, the latent heat flux was reduced 
to and subsequently fluctuated around zero W m− 2 during the fog events. 

3.2. Droplet size distribution 

The droplet size concentration (DNC) and the liquid water content 
(LWC) are shown Fig. 3. At AS, the peak of the DNC was higher, but the 
diameters (see Fig. 3a), were smaller with virtually no droplets of di-
ameters above 16 μm present. At XT, the peak of DNC is lower (see 
Fig. 3a), but the droplets spread over a wider size range, up to 25 μm. 
However, for the LWCcum (see Fig. 3b) the picture is completely 
different. At XT, the LWCcum is more than double as the one at AS. This 
aspect is due to the cubical relation of the diameter and the volume of 
spherical droplets. The 50% values of the LWCcum curves (Fig. 3b) are at 
7 μm diameter for AS and at 15 μm for XT. 

Fig. 4. Time series of the fog event on 1st and 2nd 
of March 2016 at AS showing the visibility (a), the 
normalized size-resolved droplet number flux (b), 
the normalized size-resolved LWF (c), the air tem-
perature (d) and the sensible heat flux (e). The 
threshold of fog (visibility ⩽1000 m) is marked gray 
in panel a. Positive fluxes in panel b and c are shown 
in blue while negative fluxes are in red. Fluxes with 
bad quality flags (7, 8, 9) are denoted by gray pixels. 
White pixels are fluxes around zero, which also 
could be a result of low DNC.   

Table 2 
Fog event statistics for fog water at AS and XT. All ion concentrations in μeq l− 1. 
The dry particle mass of a single droplet was calculated with the droplet number 
concentration and the chemical composition.   

AS (median) XT(median) 
number of samples 3 11 

pH 3.81 5.17 
electric conductivity [μS cm− 1]  159 121  

Ca2+ 67 27 

Mg2+ 16.2 6.8 

K+ 30 20 

Na+ 11.7 12.7 

H+ 154 6.8 

NH+
4  410 820 

Cl− 21 36 
SO−

4  450 240 
NO−

3  103 440  

dry particle mass of a single droplet [mol] 9.1 x 10− 16 9.1 x 10− 13  
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3.3. Time series of the fog events 

The fog event of the 1st to 2nd March 2016 in AS (Fig. 4) began when 
visibility dropped below 1000 m) shortly before 20:00 (Fig. 4a). From 
21:00 h to 07:00 h, visibility fell below 100 m with only a short break 
around 02:00 h. In the beginning of the fog event, all droplet sizes 
showed negative turbulent fluxes (see Fig. 4b). Soon after fog formation 
(around 19:00 h), some of the smallest droplet size classes changed their 
flux direction into positive fluxes. Other sizes, up to 10 μm in diameter, 
followed around 22:00 h. While the fluxes of droplets between 5 μm and 
8 μm were mainly positive, droplet sizes between 8 μm and 10 μm 
changed their flux direction several times during the event. Fluxes of 
bigger droplets (⩾10 μm) were negative at all times. The orientation of 
size-resolved liquid water fluxes (see Fig. 4c) were, of course, in the 
same direction as the respective droplet number fluxes. However, 
because of the cubic relation between the liquid water flux and the 
number flux, the fluxes of middle-sized droplets (8 μm to 15 μm) 
dominated the LWF. Small droplet sizes exhibited only very low liquid 
water fluxes even with a large number flux because the volumes of these 
droplets are very small. The air temperature (see Fig. 4d) dropped down 
from 6 ◦C to 4 ◦C around sunset around 19:00 h. At 22:00 h, the air 
temperature rose again up to 7 ◦C and remained stable throughout the 
night. In the morning with the sunrise, the temperature started to rise 
continuously. Sensible heat flux (see Fig. 4e) decreased towards sunset, 
turned negative and remained so until 5:30 h when a small positive flux 
occurred that increased further with the dissipation of the fog around 

sunrise. 
Fig. 5 shows the time series of a fog event at XT during the daytime of 

9th March 2017. For the first time, the visibility dropped below 1000 m 
around 09:00 h (see Fig. 5a). From 11:30 h on, the visibility was 
extremely reduced (most of the time the visibility was ⩽50 m) for several 
hours until 20:00 h. This fog event (see Fig. 5b) had similar droplet 
number fluxes as the one at AS (see Fig. 4c). Around noon, fog occurred 
and the droplet number fluxes of all droplet sizes were negative, thus 
moving toward the surface. At 11:00 h, small droplets (3 μm) changed 
their flux direction to positive fluxes. Size classes up to a diameter of 10 
μm followed at 12:00 h. The fluxes of small droplets continued to be 
positive until the end of the fog event at 20:00 h. Around 16:00 h, the fog 
was less dense and the droplet fluxes were small. As described for AS, the 
liquid water fluxes were in the same direction as the droplet number 
fluxes (see Fig. 5b&c). The air temperature (see Fig. 5d) was much 
higher compared to AS (see Fig. 4d). The temperature did rise in the 
morning from 13 ◦C to 15 ◦C and was somewhat reduced (to 13 ◦C) with 
the onset of fog at 11:30 h. The sensible heat flux (see Fig. 5e) rose with 
the sunrise at 8:00 h. The flux peaked at around 11:00 h and dropped 
with the formation of fog. The sensible heat flux stayed positive. 

3.4. Critical diameters 

The available aerosols grow due to heterogeneous nucleation, they 
are called CNN. Aerosols can only act as CNN if they are water-soluble 
(Stull, 2017), therefore the chemical composition of the aerosol 

Fig. 5. Time series of the fog event on the 9th of 
March 2017 at XT showing the visibility (a), the 
normalized size-resolved droplet number flux (b), 
the normalized size-resolved LWF (c), the air tem-
perature (d) and the sensible heat flux (e). The 
threshold of fog (visibility ⩽1000 m) is marked gray 
in panel a. Positive fluxes in panel b and c are shown 
in blue while negative fluxes are in red. Fluxes with 
bad quality flags (7, 8, 9) are denoted by gray pixels. 
White pixels are fluxes around zero, which also 
could be a result of low DNC.   
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particles is important. We estimated the critical diameters of the fog 
droplets for our two sites AS and XT as described in Section 2.4 above. 
The Kóhler curves for the fog events on the 1st/2nd March 2016 at AS 
and on the 9th March 2017 at XT are shown in Fig. 6. It is apparent that 
the critical diameters at the two sites are very different from each other. 
The lower IC at AS as compared to XT led to a generally lower critical 
diameter. The median droplet size diameter is similar at both sites, at 
around 7 μm. We conclude from this analysis of the critical diameters 
that at AS most of the droplets were activated, but at XT most of the 
droplets were non-activated. Note that the XT site is exposed to much 
higher levels of air pollution than the AS site (Simon et al., 2016; Nie-
berding et al., 2018). This leads to larger CCN, larger fog droplets, and to 
larger critical diameters at the XT site. 

4. Discussion 

The analysis of fog droplet fluxes at the two subtropical, forested 
mountainous sites revealed remarkable similarities. There was a net 
deposition flux of liquid water throughout the events, which is expected 
as a result of impaction of fog water droplets to the trees when trans-
ported to the respective surfaces through turbulence (El-Madany et al., 
2016; Vermeulen et al., 1997; Holwerda et al., 2006). The size-resolved 
droplet number fluxes, however, showed positive fluxes for small 
droplets (<10 μm diameters) throughout rather long time periods of the 
events (several hours). Similar observations were made by El-Madany 
et al. (2016) at a different forest site (Chilan) in NE Taiwan. They argued 
that the respective droplets encounter warmer ambient air when moving 
downward, evaporate partially and thus decrease in size, and eventually 
are transported back upward again as smaller droplets through turbulent 
mixing. This process was associated with an positive sensible heat flux. 
The situation observed in the current study at XT is similar to that 
described by El-Madany et al. (2016), as the sensible heat fluxes during 
the occurrence of bidirectional fog droplet fluxes were positive. Note 
that the conditions at AS were different regarding one important aspect: 
The sensible heat fluxes during the time period of bidirectional fog 

droplet fluxes were negative. Therefore, the explanation offered by El- 
Madany et al. (2016), which also holds for XT, cannot explain the 
observed bidirectional fluxes at AS. 

4.1. Sinks and sources of droplets 

In the following, we disentangle the involved processes step by step 
in order to develop a general understanding of the conditions leading to 
the observed bidirectional fog droplet fluxes. 

First we look at the processes at the canopy. The foggy air mass flows 
around leaves, twigs and branches, and the fog droplets follow the 
movement of the air. If the fog droplets cannot follow the streamlines of 
the turbulence elements, they impact at the canopy. In general, the 
canopy acts as a sink of all droplet sizes due to impaction. However, 
according to the Stokes’ law smaller droplets can follow the streamlines 
better than bigger ones, while bigger droplets have a higher likelihood to 
impact (Seinfeld and Pandis, 2006). The Stokes’ law generally describes 
the dependence of the frictional force of spherical bodies in a viscous 
fluid (Seinfeld and Pandis, 2006). 

Other potential sinks and sources of droplets of given sizes are the 
growing and shrinking of droplets above the canopy yet inside the fog 
layer. No fog can be assumed to be a homogeneous isotherm or a 
perfectly adiabatically layered air mass. Instead, foggy layers contain air 
masses with higher RH and other air masses with lower RH (Pruppacher 
and Klett, 1996). Depending on the meteorological conditions that may 
have led to the formation of a specific fog, the vertical temperature 
gradient may be either positive or negative (Bruijnzeel et al., 2005). 
Therefore, individual fog droplets being transported upward or down-
ward through turbulent motion may experience a transition from 
slightly lower RH to slightly higher RH or vice versa. This slight differ-
ence in RH around saturation or supersaturation will, generally 
speaking, lead to evaporation and condensation processes and, thus, to 
shrinking and growth of droplets during their vertical transport (Gerber, 
1991; Gerber, 1980; Fritz et al., 2021; Li et al., 2019). 

Fig. 6. Kóhler curves according to the particle mass for AS (blue) and XT (orange). Note the change of the scale of the y-axis above 100%. The median was calculated 
according to the chemical composition of the two example events (Table 2). 

B. Breuer et al.                                                                                                                                                                                                                                  



Journal of Hydrology 601 (2021) 126491

8

4.2. Heat fluxes 

We do not have height-resolved temperature and relative humidity 
measurements at either site. However, the sensible heat flux clearly 
suggests the presence of a temperature difference with height, and this 
temperature gradient also affects the relative humidity. The flux direc-
tion of the sensible heat flux at AS is negative, while it is positive at XT 
(see Figs. 4e and 5e). Therefore, it is safe to state that the temperature at 
AS is cooler close to the surface than above. At XT we assume a higher 
temperature closer to the canopy than higher above. 

4.3. Droplet activation and heat fluxes 

Merging our knowledge about the droplet activation and the sensible 
heat flux, we propose mechanisms of droplet dynamics at XT and AS, 
respectively, as sketched in Fig. 7. The thermal layering of the fog layer 
at XT is opposite to what one would expect for radiation fog, but iden-
tical to that reported by El-Madany et al. (2016) for a similar mountain 
fog site in NE Taiwan: The upper air (above the instruments) is cooler 
than the lower air (see Section 4.2). The fog droplets consist mainly of 
non-activated droplets, such droplets evaporate partially during their 
turbulent transport downward. When moving upward, the droplets get 
into cooler air with higher RH and, thus, grow through condensation. 
The evaporation and condensation processes are faster than the trans-
port of individual droplets, so smaller droplets (diameters <10 μm) 
move upward and larger droplets (>10 μm) move downward. Other 
experiments show an exchange time due to turbulence of around 90 s 
and a roughly estimated time for droplet growth from 0.25 μm to 17.33 
μm (unpublished, Baumberger et al., 2021). This pattern explains the 
bidirectional flux pattern at XT (Fig. 5b&c). The lower part of the fog 
layer is considered a relative source of small droplets, whereas within 
the fog layer above the instruments, the droplets grow. Therefore, the 
upper air is a sink for small droplets. 

The situation at AS is different in two ways. First, the thermal 
layering of foggy air is the opposite, in that cooler air with higher RH is 
below the instruments and warmer air is above. Second, the critical 

diameters of fog droplets are much smaller (Fig. 7, left panels). Through 
the combination of these conditions, the bidirectional flux pattern at AS 
is similar to that at XT: Large droplets are transported from above the 
instruments downward and reach more humid conditions. Note that the 
size ranges of droplets being transported upward was generally similar 
at AS and XT. Due the specific shape of the Kóhler curve at diameters 
larger than the critical diameters of the droplets, these droplets evapo-
rate somewhat on their way down. Analogously, smaller droplets mov-
ing upward reach less humid air (yet still above 100% RH) but still grow 
in size (Fig. 7, left panels). In total, the number of small droplets 
transported upward was higher than the number of droplets transported 
downward. The fog layer above the instruments is a sink for small 
droplets and a source for big droplets due to condensation growth of the 
smaller droplets and reaching larger diameters. 

5. Conclusion 

Bidirectional droplet number fluxes were observed at two study sites 
and periods: In mainland China from January to March 2016 (AS: 
Ailaoshan National Natural Reserve in Yunnan Province, 24.54219 N, 
101.02959 E, 2476 m asl) and in Taiwan in March 2017 (XT: Xitou, 
Experimental Forest of National Taiwan University in Nantou country, 
23.66460 N, 120.79526 E, 1150 m asl). An approved setup of a eddy 
covariance system, including a droplet spectrometer (FM100 Fog 
Monitor), was used at both sites similar to El-Madany et al. (2016). 

The normally expected flux direction for all droplet size classes is 
negative, toward the surface. However, we identified, as other studies 
have before, positive fluxes, upward into the atmosphere, for specific 
size classes. At both sites, droplets with sizes up to a 10 μm diameter 
showed positive fluxes at least temporarily during individual fog events. 

To understand the processes inside the fog layer leading to these 
bidirectional fluxes, we merged our knowledge of droplet activation 
according to the Kóhler theory (Köhler, 1921) and the measured sensible 
heat fluxes. We verified two different cases of bidirectional droplet 
fluxes. At XT, the positive droplet number fluxes for smaller droplets 
(diameter up to 10 μm) occurred together with a positive sensible heat 

Fig. 7. Schematic of droplet growth and evap-
oration due to changes of the relative humidity 
with the turbulent up-and-down movement of 
fog droplets according to the respective Kóhler 
curve (Seinfeld and Pandis, 2006). The hori-
zontal gray lines represent 100% RH; note the 
change of scale of y-axes at these points. The 
vertical gray lines represent the critical di-
ameters of the respective study site. The right- 
hand orange curves represent the situation at 
XT, the left-hand side in blue stands for AS. The 
three graphs on top of each other (left and 
right, respectively) are symbolic for different 
heights above the canopy. The gray circles 
denote the sizes and positions of the droplets on 
the Kóhler curves. The temperature and relative 
humidity gradients are shown. The gradients, 
are oriented opposite to each other at the two 
study sites.   
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flux in combination with large critical diameters, while at AS, the same 
fluxes occurred with negative sensible heat fluxes in combination with 
small critical diameters. 

In the end, bidirectional droplet number fluxes are caused by the (I) 
boundary layer conditions, particularly regarding the sensible heat flux, 
from which we conclude a temperature and humidity gradient with 
height, and (II) the size and chemical composition of available CCN for 
the droplets to form via condensation. 

Our study supports the general understanding that liquid water is 
deposited to ecosystems’ surfaces and, thus, impacts their hydrological 
budgets. The involved process are, however, much more complex. The 
interaction between energy fluxes and microphysics of droplets under 
various boundary conditions suggests a far more complex picture, in 
which droplets of various sizes exhibit varying flux directions. As such, 
the involved processes should be studied in more detail. Further in-
vestigations are needed to understand all processes inside of the fog 
layer. We suggest that further studies measure temperature and hu-
midity precisely in a height profile, measure droplet sizes over a wider 
size range, and measure both dry and wet particles (size and chemical 
composition) before the onset of fog events as well as during long-term 
investigations. Such studies should also include turbulent fluxes and the 
chemical compositions of non-activated droplets with sizes under 2 μm 
in diameter. 
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