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Abstract: The high-humidity mountain forest ecosystem (HHMF) of Jinyun Mountain in Chongqing
is a fragile ecosystem that is sensitive to climate change and human activities. Because it is shrouded
in fog year-round, illumination in the area is seriously insufficient. However, the flux (energy, water)
exchanges (FEs) in this ecosystem and their influencing factors are not clear. Using one-year data from
flux towers with a double-layer (25 m and 35 m) eddy covariance (EC) observation system, we proved
the applicability of the EC method on rough underlying surfaces, quantified the FEs of HHMFs,
and found that part of the fog might also be observed by the EC method. The observation time was
separated from day and night, and then the environmental control of the FEs was determined by
stepwise regression analysis. Through the water balance, it was proven that the negative value of
evapotranspiration (ETN), which represented the water vapor input from the atmosphere to the
ecosystem, could not be ignored and provided a new idea for the possible causes of the evaporation
paradox. The results showed that the annual average daily sensible heat flux (H) and latent heat
flux (LE) ranged from —126.56 to 131.27 W m 2 and from —106.7 to 222.27 W m~2, respectively. The
annual evapotranspiration (ET), positive evapotranspiration (ETP), and negative evapotranspiration
(ETN) values were 389.31, 1387.76, and —998.45 mm, respectively. The energy closure rate of the EC
method in the ecosystems was 84%. Fog was the ETN observed by the EC method and an important
water source of the HHMF. Therefore, the study area was divided into subtropical mountain cloud
forests (STMCFs). Stepwise regression analysis showed that the H and LE during the day were mainly
determined by radiation (Rn) and temperature (Tair), indicating that the energy of the ecosystem was
limited, and future climate warming may enhance the FEs of the ecosystem. Additionally, ETN was
controlled by wind speed (WS) in the whole period, and WS was mainly affected by altitude and
temperature differences within the city. Therefore, fog is more likely to occur in the mountains near
heat island cities in tropical and subtropical regions. This study emphasizes that fog, as an important
water source, is easily ignored in most EC methods and that there will be a large amount of fog in
ecosystems affected by future climate warming, which can explain the evaporation paradox.

Keywords: high-humidity mountain forest ecosystem; eddy covariance; evapotranspiration; negative
value; cloud forests

1. Introduction

Presently, global climate change is a hot topic and has attracted extensive attention.
Multiple lines of evidence show that regional and global climate change has led to many
changes in the phenology, scope, and morphology of species in many ecosystems and
ecosystems around the world, as well as an increase in the frequency and severity of
extreme climate events [1,2]. Approximately half of all species have shifted their ranges to
higher latitudes or elevations, and two-thirds of spring phenology has advanced, driven
by regional climate changes [3]. Climate warming leads to higher temperatures in winter,
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reduces the mortality of pests, and makes the forest pests in northern North America
and northern Eurasia expand northwards, making the ecosystem more fragile [3]. With
the change in biological community and structure in more regional ecosystems, species
extinction is becoming increasingly common, of which 47% is related to climate change [4,5].
In three regions of Africa and North America, drought caused by man-made climate change
caused tree mortality of up to 20% between 1945 and 2007 [6]. At the same time, the
intensification of the hydrological cycle caused by man-made climate change affects water
security [7]. In Asia, due to climate change and human activities, water resources in some
regions have been insufficient, and there is water supply pressure [7]. From 2006 to 2016,
the area of glaciers in Asia was small, and the mass loss was large, resulting in an unstable
water supply [8]. In China, the impact of climate change on water resources is more obvious.
In the past 15 years, the average temperature in Southwest China has increased significantly,
showing a trend of climate warming. When the temperature rises, the relative humidity
decreases, and the precipitation in Southwest China decreases significantly. Taking Yunnan
Province as an example, as the most arid area in Southwest China, the average temperature
has increased rapidly in the past 10 years, and the average number of precipitation days
has decreased since 2000 [9,10]. Therefore, it is necessary to carry out research on energy
exchange and water transport in Southwest China and quantify flux (energy, water, and
carbon dioxide) exchanges (FEs) in this area, which is of great significance to water resource
protection and climate change prediction.

Southwest China (SWC) refers to the areas including the Sichuan Basin, the Yunnan
Guizhou Plateau, southern Qinghai Tibet Plateau, etc. The humid subtropical monsoon
climate in the Sichuan Basin is one of the main climate types in SWC. Due to the uplift
of the Qinghai-Tibetan Plateau, the temperature and precipitation in this area are very
different from northwest to southeast, and the temporal and spatial distributions are
extremely uneven. It is also one of the most sensitive zones to climate change and human
activities [11,12]. Many studies have shown that the flux (energy, water, and carbon
dioxide) exchanges (FEs) of ecosystems in this area have the characteristics of diversity
and specificity [13]. In the tropical rainforest area of Xishuangbanna, the FEs are strongly
affected by season and ecosystem respiration: the ecosystem is a carbon source in the rainy
season and a carbon sink in the dry season; additionally, evapotranspiration (ET) is mainly
controlled by the leaf area index and atmospheric conditions in the rainy season and by
soil available moisture in the dry season [14,15]. However, several studies have shown
that FEs are more sensitive to humidity deficits or water vapor pressure deficits in both
tropical and subtropical regions [16,17]. Unexpectedly, a subalpine watershed in SWC
showed that FEs were mainly affected by canopy interception, and 75% of ET comes from
canopy-intercepted evaporation [18]. In addition, studies have shown that extreme weather
impacts with very low frequencies will have a sustained and far-reaching impact on the
ecosystem in SWC. Extreme snowfall caused drastic changes in the FEs of a subtropical
evergreen broad-leaved forest throughout the year, and the annual net carbon uptake
decreased by 76% [19]. It is worth mentioning that some scholars have noted that although
the current research has not collected specific data on the impact of fog on ET, fog may play
an important role in the ecohydrological system and is worthy of further research [17].

As the largest city in Southwest China, Chongqing is facing a series of environmental
problems due to human activities, among which urban overheating caused by global
warming and the urban heat island phenomenon is a key problem [20]. According to the
urban heat balance, the urban heat island phenomenon is caused by many factors, such
as the reduction of permeable surface coverage, the increase of solar energy absorption
and heat storage materials, the increase of man-made heat release, and the reduction of
urban ventilation [21]. Research shows that cold winds, especially from seaside, riverside,
or mountainous areas, can be used to reduce the temperature of cities [22,23]. Cold air
enhances advection and increases atmospheric mixing and sometimes clouds [24]. Similarly,
cloud cover has been proven to have great potential for affecting urban heat islands. A
lower cloud height and more cloud cover are conducive to reducing the urban heat island
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effect [25,26]. In addition, fog can also affect urban heat islands. With the continuous
increase in fog intensity, the urban heat island effect further decreases [27].

However, few studies have shown the impact of heat island cities on the surrounding
ecosystem, especially on climate conditions such as clouds, fog, and wind. Under the
dual effects of terrain and climate, Chongging often has fog. The Chonggqing Natural
Resources Report states that the average number of annual fog days in Chongqing is
104 days, and the number of annual fog days in some areas is as high as 204 days. The
forest ecosystem of Jinyun Mountain in Chonggqing is affected by the urban heat island
effect due to the altitude difference with the urban area. Its annual fog days number
approximately 150 days, which is similar to the climatic conditions of a tropical mountain
cloud forest (TMCF). However, the duration of sunshine in the TMCF is limited by fog
and affects plant growth. Therefore, the ability of the whole ecosystem to resist external
interference, especially urbanization, agriculture, and other external interferences, is very
fragile [28,29]. In addition, previous definitions noted that the TMCF is established in
mountainous regions with a high frequency of fog, which works as an additional input
of water and favors high biodiversity and environmental services [30]. Whether Jinyun
Mountain in Chongqing can be called a subtropical mountain cloud forest (STMCEF), which
has met one of the definition conditions of cloud forest, still requires the explanation of
another condition: “fog is input into the ecosystem as additional water”.

At present, the understanding of the energy exchange between the atmosphere and
surface in mountain cloud forest ecosystems around heat island cities is limited. Some studies
have noted that urban TMFCs have a higher latent heat flux and a lower surface heat flux
during the daytime than rural TMCFs [31]. In addition, some studies have noted that the basic
ecosystem process in TMCFs will obtain the basic information of similar regions [32].

Therefore, it is very important to understand the vertical energy exchange and evapo-
ration process of the surface atmosphere in cloud forests [31]. This is especially true in the
Jinyun Mountain Area of Chongqing, where the climate conditions are affected by urban
heat islands. The quantitative analysis of FES in the mountain ecosystem in this area and
the disclosure of its control factors and mechanisms are of great significance for improving
the model and predicting the heat island change and global climate change in Chongqing.

In this study, we had four objectives: (1) to illustrate the applicability of the EC
observation method in this region through energy closure and footprint analysis; (2) to use
EC observation data to quantify FEs in ecosystems; (3) to explore the relationship between
fog and ET, especially the possible influence on negative ET, so as to judge whether the
study area is a cloud forest area; and (4) to identify the main factors controlling FEs by
mathematical statistical methods.

An outline of this paper is as follows: Section 2 provides materials and methods.
Section 3 includes the main results, which are then discussed in Section 4. The conclusion
is presented in Section 5.

2. Materials and Methods
2.1. Study Area and Site Information

Jinyun Mountain is in Chonggqing, Sichuan Basin, SWC, and has a typical subtropical
monsoon climate. Under natural conditions, it should be dominated by typical evergreen
broad-leaved forests. However, due to the long-term interference by and influence of
human factors, it is no longer a simple evergreen broad-leaved forest; rather, it has formed
artificial secondary forests such as subtropical coniferous and broad-leaved mixed forest,
coniferous forest, and bamboo forest [33]. If the natural community in Jinyun Mountain
is renewed for a long time, it will successively become a typical evergreen broad-leaved
forest [34]. Considering the rapidly growing area of planted forests in China, more planted
forests and natural forests will be intertwined in the future, and they will eventually form
a complex stand composition, including natural growth and artificial planting, different
growth maturity periods, and human intervention. Obviously, further knowledge is needed
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to understand the temporal dynamics of water and heat fluxes in complex stands, especially
when the influencing factors of water and heat fluxes are different in different stands.

The study area is located in Jinyun Mountain National Nature Reserve (JYM, Figure 1) [35],
the West Bank of Wentang Gorge of Jialing River in the upper reaches of the Three Gorges
Reservoir area of the Yangtze River in SWC (29°41'-29°52" N, 106°17'-106°24" E). It has a
subtropical humid monsoon climate, with an annual average precipitation, temperature, and
relative humidity of 1611.8 mm, 16.3 °C, and 87%, respectively. The reserve covers an area of
76 km?, with an elevation ranging from 350 to 951.5 m. Most of the precipitation occurs during
April-September, except for August, which is characterized by very high air temperatures and
low precipitation. Due to the high relative humidity, the reserve experiences approximately
150 fog days annually (167 fog days in the period of this study). The average annual sunshine
duration is 1293.9 h, accounting for only 25~35% of the whole year, making it one of the areas
with the lowest sunshine duration in China [35-37].
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Figure 1. Location of study site. (a): Location of Chongging and Jinyun Mountain Basin; (b): Location of
flux tower in Jinyun Mountain reserve; (c): Photos of flux tower taken by UAV; (d): Flux measuring device.

The forest coverage of the reserve is 96.6%, which is mainly composed of coniferous
and broad-leaved mixed forest, broad-leaved pure forests and some bamboo forests. The
average canopy height of the reserve is approximately 20~25 m, with Pinus massoniana and
Cunninghamia lanceolata as the dominant needle leaf species. Symplocas setchuensis, Cas-
tanopsis fargesii, Machilus lichuanensis, and Polyspora axillaris are the common broadleaf
species in the Yangtze River basin, and these species are abundant in the reserve [35,38].
The average tree height in the experimental plot (50 m x 50 m) around the flux tower is
22 m, and the undergrowth shrubs are almost invisible, which is typical of mature conif-
erous and broad-leaved mixed forest plots. The reserve ecosystem has the characteristics
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of high elevation, high humidity, high canopy density, and heavy rainfall. Therefore, the
ecosystem of the reserve can first be summarized as a high humidity mountain forest
ecosystem (HHMF) [35,39]. Whether it can be called an STMCF ecosystem requires further
research [29,30].

2.2. EC Measurements and Meteorological Measurements

In this study, a flux tower was built at 902 m above sea level in JYM, and its location
is shown in Figure 1. On the flux tower, we installed two sets of EC observation systems:
one 25 m (EC25) from the ground (slightly higher than the canopy height) and the other at
35 m (EC35) from the ground (slightly higher than 1.5 times the canopy height). The two
EC systems were installed in May 2016. After one month of trial operation, the data became
stable and could be used for research. Unfortunately, since August 2017, the two EC systems
have suffered equipment damage and replacement, power failure, and voltage fluctuation
caused by line corrosion. We lost all the data from the two EC systems in the first 10 months
of 2018, the data from the EC35 system from February to September 2019, and the data from
the EC25 system from April to July 2020. To verify the availability and reliability of the EC
system in HHME, we selected the data obtained from continuous observations of the two sets
of EC systems from June 2016 to June 2017 for analysis and research.

Two EC systems were equipped with the same EC system instruments. Each system
uses LI-7500-RS open-path infrared gas analyzers IRGA (LI-COR, Inc., Lincoln, NE, USA)
to measure the flux density in the vortices transported upwards by the forest system. A Gill
New Wind Master 3D sonic anemometer, GILL-WM (Gill Instruments, Lymington, UK),
was used to measure the vertical transport velocity of these vortices. The LI-7500 and sonic
anemometer data were collected at 10 Hz frequency and recorded on the SMARTFLUX
(LI-COR, Inc., Lincoln, NE, USA) data logger module.

Net radiation (Rn) and photosynthetic photon flux densities (PPFD) were measured at
each system using CNR4 net radiometer and LI-190SB quantum sensors (Kipp & Zonen, Delft,
The Netherlands; LI-COR). Air temperature (Tair), relative humidity (RH), and thus VPD
were measured at each system using the HMP155A temperature and relative humidity sensor
(Vaisala, Helsinki, Finland). Each system was also equipped with a three-cup anemometer
and wind vane (01003-5 R.M. Young Co., Traverse, MI, USA) to measure wind speed (WS)
and wind direction in addition to the sonic anemometer. Precipitation () was measured at
2 m and 35 m above the ground surface using two TR-525USW tipping-bucket rain gauges
(Texas Electronics, Campbell, CA, USA). Six self-calibrating soil heat flux sensors (HP01SC,
Hukseflux Thermal Sensors B.V., Delft, The Netherlands) were installed at 5 cm depth below
the soil surface, and each sensor was randomly and discretely distributed around the tower,
in consideration of representativeness. Volumetric soil water content and soil temperature
were measured by six TEROS11 soil moisture temperature sensors (Meter Group, Pullman,
WA, USA) at depths of 5, 10, 20, 40, 60, and 80 cm. The soil moisture content in this study
only uses the measured value of the 5 cm deep sensor. All meteorological variables were
continuously recorded using two Xlite-9210 data loggers (Sutron Corporation, Sterling, VA,
USA) at a sampling frequency of 30 s and averaged over each 30 min.

2.3. Data Processing, Screening, and Gap Filling of Fluxes

As recommended by previous studies, the raw 10 Hz EC data were processed us-
ing EddyPro software version 6.1.0 (LI-COR, Inc., Lincoln, NE, USA) in advanced mode
to produce half-hourly fluxes of FEs [40-48]. According to the available research in the
same type of region [49,50], in EddyPro, we used standardized correction procedures for
high-frequency (10 Hz) data: axis rotation of tilt correction choosing double coordinate
rotation [51], time-lag compensation using covariance maximization with default, 30-min
block averaging, and statistical tests [52]; spike filtering and spectral correction [53-55];
anemometer temperature correction for humidity [56]; compensation for air density fluctu-
ations [57]; data quality check using flagging policy 0-1-2 system [58,59]; and estimations
of the flux footprint [60,61].
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The processed EddyPro data were marked as three types: 0 (highest quality), 1 (normal
quality), and 2 (lowest quality). Footprint analysis was carried out in TOVI version 2.8.1
(LI-COR, Inc., Lincoln, NE, USA) to generate a footprint contribution map and wind speed
rose map (see Figure 2) [62]. The footprint map generated by TOVI software cannot display
a 90% cumulative contribution area, and the 90% cumulative contribution distance was
directly obtained from the data processed by EddyPro. Then, the REddyProcWeb online tool
developed by the Max Planck Institute for Biogeochemistry (REddyProc: Eddy covariance
data processing tool. Available online: https://www.bgc-jena.mpg.de/bgi/index.php/
Services/REddyProcWeb (accessed on 16 May 2022)) was used to filter the friction velocity
threshold of the processed EddyPro data [47]. The friction velocity threshold was estimated
by a moving point test according to previous research, and the threshold of friction wind
speed in this paper was 0.2 m-s~! [63]. The flux data at all rainfall times were automatically
filtered out by software and instruments. The fragmented quality-controlled flux data were
then gap-filled using the REddyProcWeb online tool, and the percentages of the data filtered
out were 22% and 21% for the EC25 and EC35 systems, respectively. Then, the partial
continuous time series of flux after performing the standardized eddy covariance gap-filling
methods was acquired [63]. The filling rate of the EC25 systems was 10% (daytime is 4%
and nighttime is 6%), and that of the EC35 systems was 8% (daytime was 3% and nighttime
was 5%). Due to the influence of rainfall and low turbulence, some data were continuously
lost for more than several days, and the filling method could not fill well. To ensure the
authenticity of the data, the continuous lost data lasting more than 3 days were not filled,
but only the lost values on one day and on three consecutive days were filled. This may
cause the annual cumulative evapotranspiration of the ecosystem to be underestimated,
but in the study of the relationship between FEs and environmental factors, it helps to
reduce the deviation caused by the interpolated data, because the interpolated FEs value
was determined by the relationship with environmental factors.
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Figure 2. Footprint and wind rose. (a) Footprint of EC system at 35 m; (b) Footprint of EC system at
25 m; () Wind rose of EC system at 35 m; (d) Wind rose of EC system at 25 m. WS represents wind speed.
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2.4. Energy Balance Closure

Energy balance closure (EBC) is widely used to evaluate the reliability and accuracy of

EC measurements [64] and as an indirect way to check the accuracy of FE measurements.

As highlighted by many previous studies, the surface energy balance can be written as
follows [31,41,42,47 ,48,65-67]:

LE + H=Rn-G (1)

LE + H = Rn-G-S @)

where Rn is the net solar radiation, G is the soil heat flux at a depth of 5 cm, H and LE are
the sensible and latent heat fluxes, respectively, and S is the storage term including the
sensible and latent heat storage values in the air layer. At present, there are two kinds of
equations (Equations (1) and (2)) for the calculation of EBC. Equation (1) is convenient to
calculate, but the EBC may be very low in some areas; in contrast, Equation (2) considers
canopy heat storage, which will have a high EBC. Although the calculation method of S has
many forms, it is still an estimated value rather than a measured value, which may cause
some interference to the later proof of the applicability of the EC method in this region. In
this paper, we adopted Equation (1) for calculation to ensure the authenticity and reliability
of the research to the greatest extent. We computed the EBC from a linear regression
between available energy Rn-G and the sums of turbulent fluxes (H + LE) using half-hourly
values for the plant growing season. Recommended by previous studies, high-quality
(0 flags) and non-gap filled fluxes of H and LE were used to calculate EBC only when all
four components, H, LE, Rn, and G, were available [48].

2.5. Stepwise Regression Analysis of the Impacts of Changes in Environmental Driving Factors and
Flux Exchange on HHMF

Stepwise regression is a way to build a model by adding or removing predictor vari-
ables, usually via a series of F tests or T tests. The variables to be added or removed are
chosen based on the test statistics of the estimated coefficients [68]. Stepwise regression
analysis is a part of multiple linear regression analysis. Multiple linear regression analysis
emphasizes that there are multiple independent variables, and the independent variables
and dependent variables are linear. This method can accurately measure the degree of
correlation between various factors and the degree of regression fitting, which is widely
used [69,70]. There are many ways for independent variables to enter the regression equa-
tion, and the stepwise entry method is one of them, so it is referred to as stepwise regression
analysis. In addition to the step-by-step entry method, there are all entry methods, as well
as forward and backwards methods [68]. Stepwise regression can eliminate irrelevant
variables and ensure that there is no multicollinearity between the explanatory variables
to obtain the optimal regression equation [71,72]. In a stepwise regression analysis, the
relative importance of the variables for a given output can be evaluated through sensitivity
indexes, including variables” entry order to the model, SRCs (standardized regression
coefficients) /SRRCs (standardized rank regression coefficients, for rank-transformed data),
and R? change attributable to the individual variables. The more important (sensitive) the
variable is, the earlier it is selected into the linear model, the larger its SRC/SRRC is, and
the more it is attributable to R? change [73]. In this study, stepwise regression analysis was
conducted to determine the drivers of FEs of HHMEF. The variation in FEs was taken as
the dependent variable, and the independent variables included the changes in six factors:
air temperature (Tair), soil temperature (Tsoil), relative humidity (RH), wind speed (WS),
radiation (Rn), and soil moisture (SM). First, we calculated the mean daily values of all of
the variables; then, we standardized all variables. Finally, sampling points were imported
into the stepwise regression tool in R (3.4.0) using F < 0.05 as the selection criterion for
each step. Each step was performed on the daily scale.

The stepwise regression model can be expressed as

Y = Bo+P1X1+ BaXop + - 4 BuXy + € 3)
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where Y is the dependent variable—in this study, Y is the flux exchanges; X; (i=1, 2, 3---, n)
is an independent variable—in this study, X; is environmental factor; ; (i=1, 2, 3--+, n) is the
regression coefficient, which is often solved by the least square method; ¢ is the residual—e
follows normal distribution. For the specific solution process, see multiple linear regression
(Multiple linear regression. Available online: https://influentialpoints.com/Training/multiple_
linear_regression-principles-properties-assumptions.htm (accessed on 16 May 2022)).

3. Results
3.1. Energy Balance Closure at HHMF

The EBC in this study was calculated for a one-year measurement period at heights of
25 m and 35 m of the flux tower in an HHMF. Both LE and H indicated a strong energy
exchange between the canopy at EC25 m and the atmosphere measured at EC35 m. The
EBC increased from 74% at the 25 m EC system to 84% at the 35 m EC system and averaged
79% across the two layers (Figure 3). The difference of EBC between the two-layer system
may be mainly due to the different range of the contribution area caused by different
measurement heights. Previous studies have shown that in complex underlying surfaces,
such as forests, EBCs from 70% to 90% are considered satisfactory; because the theory of
measurement problems is insufficient, there will be an energy imbalance ranging from 0%
to 30% [74-77], and many EC studies in mountainous forests are within this range [47,78,79].
For energy imbalances in mountainous forest ecosystems, previous studies have shown
that the mismatch between the EC footprint and other components of the surface energy
balance (such as soil heat flux and net radiation) and the difficulty in obtaining accurate
measurements of heat storage were the primary factors leading to energy imbalances in
double-layer EC systems [80-82]. For this study, the roughness of the underlying surface as
well as the high humidity and foggy environment were reasons explaining the unclosed
energy. The errors do not mainly result from EC measurements, which lead to energy
imbalance, and cannot correct the energy imbalance in this study, similar to previous
studies [44,47,83-85]. Thus, FEs and ET will be analyzed in later studies without an energy
imbalance correction.

1000 - 35m EC system © b

LE+H (W/m?)

Rn-G (W/m?)
Figure 3. Energy balance closure of double—layer (a) 25m; (b) 35m EC system.

3.2. Evapotranspiration Comparison of the Two EC Systems

The ET measured at each layer, collected by the instrument directly and processed
by Eddypro software, was calculated to be different from previous studies: the daily sum
of ET was calculated, and the positive and negative values of each day ET were sorted
and summed separately (Figure 4). The daily total ET measured by the two-layer EC
system was different: for EC25, it ranged from —9.45 to 9.23 mm day’l, and at EC35, it
ranged from —13.90 to 16.85 mm day~!. The negative and positive values of the daily
ET were closed: for EC25, they were —13.40 and 13.27 mm day !, while for EC35, they
were —16.73 and 16.93 mm day~!. However, the annual ET of the two-layer EC system
did not vary: the annual total, positive ET, and negative ET values at EC25 were 314.29,
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1107.03, and —792.3 mm day’l, respectively, and those at EC35 were 389.31, 1387.76, and
—998.45 mm day !, respectively. Similar to previous studies [47,86-88], the comparison
of daily ET from the EC25 and EC35 systems, which were used to further evaluate the
reliability and representativeness of EC measurements in HHME, is plotted in Figure 4.
Linear regression analysis was conducted between the negative ET and positive ET from
the EC25 and EC35 systems. The slopes of the regression analysis lines were 0.93 (R? = 0.63,
negative ET) and 1.17 (R? = 0.87, positive ET), indicating very good agreement between the
two EC systems.

7’
4
7’
s y = 1.165x
g R*=0.87
<
=
5 L i " J
:rp: 1 10 0
=
Lu
. P Wy OET positive value
- 3
- o
PR 10 ET negative value
”
y = 0.926x
2= 3 n P
R#=0.63 ET25(mnv/day)

Figure 4. Daily comparison of daily evapotranspiration by the two—layer EC.

However, without an energy imbalance correction, some differences were found
between the annual ET of the two—layer EC systems. Thus, the energy imbalance of the
EC measurements should be considered an error source in the study. In addition, the study
used footprint models to perform footprint analysis for both EC systems [60,61] (Figure 2).
For EC25, a 90% cumulative flux source contribution was in the range of 170.29 m around
the flux tower, and a 90% cumulative flux source contribution was in the range of 298.47 m
around the flux tower of EC35. The forest density around the flux tower was relatively
constant; therefore, the annual ET from the EC35 system was slightly higher than that from
the EC25 system due to the difference in footprint between the two EC systems. Previous
studies indicated a good energy balance and highly correlated ET from the two EC systems,
which had different footprints, and both proved that EC measurement was suitable for
forest ecosystems in HHMEF areas [47].

3.3. Characteristics of Annual Evapotranspiration

The annual ET of the two—layer EC system was not very different: the annual to-
tal, positive ET, and negative ET values measured by EC25 were 314.29, 1107.03, and
—792.3 mm, respectively, while in EC35, the values were 389.31, 1387.76, and —998.45 mm,
respectively (Figure 5). The annual precipitation (PPT), throughfall (TF), and canopy inter-
ception (CI) values were 1402.28, 1071.23, and 297.71 mm, respectively. The trunk runoff
data (TR) were obtained from previous studies in the same period in the same area [35], and
the CI calculation was as follows: CI = PPT — TF — TR. The annual transpiration (T), soil
evaporation (SET), and annual average surface runoff (R) values were 812.44, 319.29, and
645.04 mm, respectively, in previous contemporaneous studies in the same area, in which T
was measured by the sap flow method [35,89,90]. Both the positive and the negative ET
values of the two—layer EC system had the same trend: the peak value of ET appeared in
June and September, while the lowest value appeared in January (Figure 5). The annual
PPT ranged from 0~90.68 mm, and the annual TF ranged from 0 to 75.67 mm. We assumed
that all CIs were used for evaporation, and we found that the ET value measured by the
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ET (mm?

sap flow method (ETSP) was 1429.44 mm (ETSP = T + SET + CI), which was close to that
reported in a study with the same climatic conditions [18,91].

——— Positive value

a 25m EC system Negative value b
rainfall
35
15 ‘ 15
3 5
5 F 5
SER 200 -15

-6 A-16 O-16 D-16 F-17 A-17 J-17

Time

35m EC system

35 ¢

Positive value
Negative value

rainfall

0

50

o =
=

150 §

200

-6 A-l6 O-16 D-16 F-17 A-17 117

Figure 5. Characteristics of annual evapotranspiration in (a) 25m; (b) 35m EC system.

3.4. Energy Fluxes of the Two—Layer EC System
The daily mean LE in the two—layer EC system was slightly different: for the 25 m
EC system, it ranged from —96.95~196.25 W m~2, and for the 35 m EC system, it ranged
from —106.7 to 222.27 W m~2 (Figure 6). Daily mean H values were as follows: they ranged
from —99.93~100.26 W m~2 at 25 m EC system, while that in the EC35 system ranged
from —126.56 to 131.27 W m~2. The range of H was close to that of previous studies,
but the range of LE was different in the high humidity forest ecosystems, ranging from
—43~326.8 W m~2 (H) and —11.9~330.5 W m~2 (LE) [15,31,79]. The daily mean Rn at HHMF
ranged within 0~385.60 W m~2, and the daily mean G ranged from —25.50~15.99 W m 2.
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Figure 6. Characteristics of annual energy flux changes in (a) 35m; (b) 25m EC system. H represents
sensible heat flux; LE represents latent heat flux; RN represents net radiation; G represents soil heat flux.
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3.5. Characteristics of Hourly Energy and Water Flux

This study calculated the value of energy and water flux at the annual half—hour scale
(Figures 7 and 8) throughout the year. The hourly mean H and LE in the EC system were
slightly different: for H, it ranged from —24.98~10.62 W m~2, and for LE, it ranged from
—33.71t029.05 W m 2 (Figure 7). The highest value of H appeared at 12:00, and the highest
value of LE appeared at 15:30. The lowest value of H appeared at 17:00, and the lowest
value of LE appeared at 17:30. The highest value of Rn was 321.45 W m~2, which appeared
at 13:30. The highest value of G appeared at 15:30, and the lowest value appeared at 7:00,
which ranged from —4.16 to 4.31 W m~2. The ET of the half—hour scale throughout the
year was divided into ETP and ETN (Figure 8). The hourly mean ETP and ETN in the EC
system was slightly different: for ETP, it ranged from 0.10~0.26 mm, and for ETN, it ranged
from —0.29~—0.12 mm. The highest value of ETP appeared at 14:00, and the highest value
of ETN appeared at 1:30. The lowest value of ETP appeared at 20:00, and the lowest value

of ETN appeared at 14:30.
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Figure 7. Characteristics of hourly energy flux. (a) H represents sensible heat flux; (b) LE represents
latent heat flux, Rn represents net radiation, G represents soil heat flux.
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Figure 8. Characteristics of hourly evapotranspiration. ETP represents evapotranspiration positive

value, ETN represents evapotranspiration negative value.
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3.6. Characteristics of Annual Environmental Factors in HHMF

The variation characteristics of each environmental factor were as follows: to explore
the effect of the day—night alternation on ET, this study calculated the value of each envi-
ronmental factor at the daily scale (Figure 9a—c) and annual half—hour scale (Figure 9d,e)
throughout the year. The annual mean sunrise and sunset times were 6:48 and 18:58 in
Chonggqing, respectively, and the annual mean daytime length was 12.16 h. The daily mean
air temperature (Tair), dew point temperature (Tdew) and soil temperature (Tsoil) ranged
from 1.56~31.75, —1.02~30.59, and 3.10~37.71 °C, respectively (Figure 9a); the daily mean
relative humidity (RH) ranged from 36.48% to 100%, and the day when the minimum RH
appeared was the day when there was no heavy rain for a long time (Figure 9d,e). The
daily mean wind speed (WS) ranged from 0.91~4.99 m/s, the annual WS was 2.48 m s~
(Figure 9b), and the daily mean vapor pressure deficit (VPD) ranged from 0-2144.81 Pa
(Figure 9b). The day when the VPD was relatively high was the day when the RH was
relatively low (Figure 9d,e).
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Figure 9. Characteristics of environmental factors. (a-c¢) Annual daily scale characteristics of en-
vironmental factors. (d,e) Half—hour scale characteristics of environmental factors at the same
time throughout the year. Tair represents air temperature, Tdew represents dew point temperature,
Tsoil represents soil temperature, RH represents relative humidity, WS represents wind speed, VPD
represents vapor pressure deficit.

3.7. Response Characteristics of FEs to Environmental Factors

In this study, we analyzed the relationships between the Fes and six environmental
factors (Tair, VPD, RH, WS, Tsoil, and SM), and each factor was divided into daytime
and night (day: Figures 10a—f and 11a—f; night: Figures 10a-1-f-1 and 11a-1-f-1). The
results showed that the daytime heat flux (D—H) increased with increases in Tair and VPD.
However, the D—H was constrained by WS: for WS < 2.12 m s, D—H increased rapidly
with increasing WS. For WS > 2.12 m s ™!, the D—H increased negatively with increasing
WS until it approached —21.81 W m~2 (Figure 10d). The results showed that the D—H
had a good correlation with RH but not with Tsoil and SM (Figure 10c). In contrast, the
night heat flux (N—H) had an apparent relationship with Tsoil, WS, and Tair. The three
factors had three different strong restraint effects on N—H: for WS < 1.86 m s~1 WS limited
N—H exchange, and only 10% of N—H occurred in this range; for WS ranging within
1.86~4.02 m s~ 1, 80% of N—H was distributed in this range; and for WS > 4.02 m s, WS
also limited N—H exchange, and only 10% of N—H occurred in this range (Figure 10d-1).
The correlation between N—H and Toil was not obvious, but the peak value appeared
when Tsoil was 20.09 °C (Figure 10e-1). The N—H had two peaks with increasing Tair: the
first peak appeared when Tair was 7.64 °C, and the second peak appeared when Tair was
22.06 °C (Figure 10a-1).
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Figure 10. Relationships between H and the environmental factors in the alternation of day and
night. (a—f) Relationship between environmental factors and H in daytime: (a) Tair represents
air temperature, (b) VPD represents vapor pressure deficit, (c) RH represents relative humidity,
(d) WS represents wind speed, (e) Tsoil represents soil temperature, (f) SM represents soil moisture.
(a-1-f-1) Relationship between environmental factors and H in nighttime. H represents sensible
heat flux, (a-1) Tair represents air temperature, (b-1) VPD represents vapor pressure deficit, (c-1) RH
represents relative humidity, (d-1) WS represents wind speed, (e-1) Tsoil represents soil temperature,
(f-1) SM represents soil moisture.
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Figure 11. Relationships between ET and the environmental factors in the alternation of day and

night. (a—f) Relationship between environmental factors and ET in daytime: (a) Tair represents

air temperature, (b) VPD represents vapor pressure deficit, (c) RH represents relative humidity,

(d) WS represents wind speed, (e) Tsoil represents soil temperature, (f) SM represents soil moisture.

(a-1-f-1) Relationship between environmental factors and ET in nighttime; red scatter points represent

positive values and blue represents negative values. ET represents evapotranspiration, (a-1) Tair

represents air temperature, (b-1) VPD represents vapor pressure deficit, (c-1) RH represents relative

humidity, (d-1) WS represents wind speed, (e-1) Tsoil represents soil temperature, (f-1) SM represents

soil moisture.
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The positive value of evapotranspiration (ETP) linearly increased with rising Tair and
VPD (Figure 11a-1 red plots). Similar to N—H, both daytime and night ETP (D—ETP and
N—ETP) had certain rules with Tsoil but had two peaks with increasing Tsoil. The first
D—ETP and N—ETP peaks occurred when Tsoil was 8.61 and 8.34 °C, respectively, and the
second D—ETP and N—ETP peaks occurred when Tsoil was 23.48 and 23.01 °C, respectively
(Figure 11e,e-1 red plots). The WS had different constraints on D—ETP and N—ETP. The
relationship between D—ETP and WS was unimodal, and the peak value occurred when
WS was 1.46 m s~ ! (Figure 11d red plots). Unlike D—ETP, N—ETP rapidly increased when
WS < 1.87 ms~!; for WS > 1.87 m s~ !, N—ETP increased slightly until it reached 10.65 mm
(Figure 11d-1 red plots). The negative value of evapotranspiration (ETN) was mainly affected
by WS and RH. The daytime and night ETN (D—ETN and N—ETN) decreased with increasing
RH (Figure 11c,c-1 red plot), and both were strongly constrained and had an obvious constraint
line (for 0 < RH < 100%, D—ETN: ET = —0.14RH + 3.01; N—ETN: ET = —0.12RH + 2.18).
The D—ETN rapidly decreased when WS < 1.29 m s~!; for WS > 1.29 m s~ !, the D-ETN
decreased slightly and fluctuated near —5.65 mm (Figure 11d blue plot). WS had obvious
constraints on N—ETN, for 2.78 < WS < 593 m s 1, and almost all points were below the line
ET = —1.35 WS + 3.56 (Figure 11d-1 blue plot). Both D—ETN and N—ETN had two troughs
with Tair: the first trough appeared when Tair was 7.33 °C (D—ETN) and 6.49 °C (N—ETN),
and the second trough appeared when Tair was 24.80 °C (D—ETN) and 22.47 °C (N—ETN)
(Figure 11a-1). The D—ETN and N—ETN were also constrained by a single peak of Tsoil
and VPD, but the relationships were not strong (Figure 11c,e,c-1,e-1). There was no direct
relationship between ETN and SM (Figure 11£f-1).

3.8. Environmental Driving Forces of FEs under Circadian Alternation in HHMF

The linear stepwise regression analysis was used to analyze the relationship between
seven environmental factors (Rn, Tair, VPD, RH, Tsoil, WS, SM) and FEs under two scenarios
(daytime and nighttime) (Table 1).

Table 1. Environmental driving forces of FEs under circadian alternation. The values in the table
represent the regression coefficients between independent variables and dependent variables in the
stepwise regression equation.

Daytime Night
Environmental Factors
H ETP ETN H ETP ETN

Rn 0.379 *** 0.234 ***

Tair 0.393 *** 0.149 ** 0.320 *** 0.178 ***
VPD 0.238 *** 0.560 ***

RH —0.265 *** 0.227 *** 0.217 * 0.294 ***
WS —0.168 *** 0.083 * 0.275 *** 0.432 ***
Tsoil 0.217 ***

SM 0.256 ***

R2 0.373 0.334 0.105 0.069 0.398 0.211

H represents the heat flux, ETP represents the positive value in evapotranspiration, ETN represents the negative
value in evapotranspiration, Rn represents the net radiation, Tair represents the air temperature, VPD represents
the vapor pressure deficit, RH represents the relative humidity, WS represents the wind speed, Tsoil represents the
soil temperature, SM represents the soil moisture, p represents the confidence intervals: “*” for p < 0.05, “**” for
p <0.01, “***” for p < 0.001.

3.8.1. Driving Forces of H Change

To facilitate the comparative analysis with previous studies, we incorporated Rn into
the analysis. The D—H exhibited a relatively good R2 compared with the N—H; among the
seven environmental driving forces, Rn, RH, and WS had very high significance (Table 1).
There was no significant correlation in Tair, VPD, Tsoil, and SM. The change in the D—H
was mainly influenced by Rn, and the regression coefficient (RC) was 0.379 higher than
the RC absolute values of RH and WS. The RCs of WS and RH were negative, indicating
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that they had a negative effect on H. The correlation between the N—H and environmental
driving forces was weak (R? = 0.069). The VPD and SM showed good significance in the
N—H, and their RC was closed, indicating that H was affected by both.

3.8.2. Driving Forces of ETP Change

The D—ETP and N—ETP exhibited relatively good and closed R? values, indicating
that the environmental driving forces had a strong influence on them (Table 1). For the
D—ETP, Rn, Tair, and WS had relatively good significance. In contrast to the D—H, the
change in the D—ETP was mainly affected by Tair (RC = 0.393). The N—ETP change was
mainly influenced by the driving forces of Tair, VPD, RH, and Tsoil. The RC of the VPD was
the highest (RC = 0.560), which indicated that the N—ETP change was strongly influenced
by the VPD.

3.8.3. Driving Forces of ETN Change

The D—ETN and N—ETN exhibited relatively general R2 values, indicating that the
effect of environmental forces on ETN was nonlinear (Table 1). The Tair, RH, and WS had
obvious significance in the D—ETN and N—ETN. The RC of WS was the highest in the
D—ETN and N—ETN, indicating that WS was the main driving force of ETN change. The
RC of RH in the D—ETN was close to the WS, which showed that RH was the secondary
driving force of the D—ETN change. There was no significant correlation between ETN
and VPD, Tsoil, and SM, but there were some restraints by these forces (Figure 11).

3.9. Specific Analysis on Foggy Days

Previous studies have shown that when the relative humidity continues at 100%,
the water vapor will reach the supersaturation state, resulting in the emergence of fog
periods [92,93]. To ensure the occurrence of fog during the study period, in this study,
only days with a relative humidity of 100% for many hours were selected for specific
fog analysis. In addition, the selected date had continuous half—hour scale raw data
without interpolation to ensure the accuracy of the study. Similar to the previous research
on the specific case analysis of fog, two days with different periods of fog were selected
for research [92-94]. On one day, the fog appeared before 11:00 a.m (22 October 2016)
(Figure 12); on another, fog appeared after 10:00 a.m (3 June 2017) (Figure 13).

The daily variation characteristics of FEs and environmental factors on 22 October 2016
were as follows (Figure 12): H, LE, and RN were in the range of —60.14~291.86, —88.87~233.56,
and 3.68~585.20 W m 2, respectively. ET was in the range of —0.13~0.34 mm. Tair and Tdew
were in the range of 18.37~23.83 and 17.65~20.29 °C, respectively. RH and VPD were in the
range of 72.87~100% and 0~780.52 Pa, respectively. WS and u* were in the range of 0.14~5.61
and 0.20~1.36 m-s~, respectively.

The daily variation characteristics of FEs and environmental factors on 3 June 2017 were
as follows (Figure 13): H, LE, and RN were in the range of —35.15~146.96, —152.66~130.26,
and 1.79~291.39 W m 2, respectively. ET was in the range of —0.22~0.19 mm. Tair and Tdew
were in the range of 20.04~23.82 and 15.19~21.19 °C, respectively. RH and VPD were in the
range of 58.69~100% and 0~1213.80 Pa, respectively. WS and u* were in the range of 0.31~5.76
and 0.20~1.03 m-s !, respectively.
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Figure 12. Intraday changes of FEs and environmental factors during fog on 22 October 2016.
(a,b) Intraday changes of FEs during fog day. (c—e) Intraday changes of environmental factors during
fog day: (a) H represents sensible heat flux, LE represents latent heat flux, Rn represents net radiation,
(b) ET represents evapotranspiration, (c) Tair represents air temperature, Tdew represents dew point
temperature, (d) RH represents relative humidity, VPD represents vapor pressure deficit, (e) WS
represents wind speed, and u* represents friction wind speed.
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Figure 13. Intraday changes of FEs and environmental factors during fog on 3 June 2017. (a,b) In-
traday changes of FEs during fog day. (c—e) Intraday changes of environmental factors during fog
day: (a) H represents sensible heat flux, LE represents latent heat flux, Rn represents net radiation,
(b) ET represents evapotranspiration, (c) Tair represents air temperature, Tdew represents dew point
temperature, (d) RH represents relative humidity, VPD represents vapor pressure deficit, (e) WS
represents wind speed, and u* represents friction wind speed.

4. Discussion

4.1. Application of EC System in HHMF

The water flux and energy balance of the high humidity forest ecosystem in the
Jinyun Mountain National Nature Reserve were studied by using a two—layer EC system.



Atmosphere 2022, 13, 832

20 of 30

Previous research used the double—layer EC observation system to prove that under the
complex underlying surface conditions [47], the system could also carry out quantitative
observation and research, which was quite different from the homogeneous underlying
surface conditions of most flux studies [65,95-97]. In this study, the energy closure, footprint
model and ET of the 35 m and 25 m EC systems were analyzed by using the double—layer
EC observation system. Figure 1 shows the energy closure of the 35 m and 25 m EC systems,
and both observational EC systems exhibited high energy closure rates. Figure 2 shows
the analysis results of the footprint model and the direction of the main contribution area
of wind direction. Figure 3 shows the comparison of ET between the 25 m and 35 m
EC observation systems. The ET measured by the two—layer EC system was linearly
regressed. The slope of the linear regression line of ETP was 1.17 and that of ETN was
0.92, all fluctuating near 1 (1 represents the same value), indicating that the two—layer
EC system had quite good agreement in ET. The farthest distance of the 90% cumulative
flux contribution of the 25 m EC system was 170.29 m, and that of the 35 EC system was
298.47 m; additionally, the longest distance of the upper EC system was 1.75 times that of
the lower EC system at the same location.

Previous studies have shown that the best position for the EC instrumentation was in
the constant flux layer, located approximately 1.5~2 times the height of the canopy above
the soil surface but below the mixed layer (100-150 m above the soil surface) [75,97,98]. The
canopy height of the forest ecosystem in JYM ranges from 22 to 24 m; therefore, the effective
range of the 25 m EC system was limited, and the measurement results can represent only
the flux exchange in a very small range around the instrument. However, we believe that
the smaller the measurement range, the closer the measured value is to the real value.
The height of the 35 m EC system in this study was close to twice the height of the tree
canopy, so it could be considered that the measurement results of this height were enough to
represent the flux exchange between the ecosystem and the outside atmosphere. The energy
closure, ET, and footprints of the two EC systems had good responses, which meant that
the fluxes from different footprints were quite consistent in JYM. This result showed that
the distribution of different types of forests in the JYM ecosystem was relatively uniform,
the influence of topographic fluctuations on the EC system could be ignored, and the
measurement results of the EC system were quite representative of the whole watershed.

4.2. Water Balance and Energy Exchange of HHMF

Using the EC system, we preliminarily estimated the water balance of JYM. The
annual total ET of EC35 was 389.31 mm, that of EC25 was 314.29 mm, and the T measured
by the sap flow method in the same period was 812.44 mm [35]. The serious mismatch
between ET and T indicated that there were many negative values in ET that could not
be ignored. By calculating the positive and negative values of ET separately, we found
that 44.4% of the negative values existed in the ET measured by the 35 m EC system, and
49.1% were measured in the 25 m EC system. Since the footprint range of the 35 m EC
system was more suitable for the whole basin, we used the ET measured by the 35 m
EC system in the water balance calculation. After calculation, T accounted for 58.6% of
the ETP, which was similar to the results of a previous study on the relationship between
ET and T, indicating that the ETP was the real ET measured by the EC system [99-101].
Using only the ETP in the water balance calculation, we calculated that the annual water
consumption measured by the EC (WCEC) of the basin was 2032.80 mm (WCEC = ETP + R),
which was greater than the annual PPT of the basin (PPT = 1402.28 mm), and the water
budget of the basin was seriously unbalanced. In addition, the annual water consumption
measured by the sap flow method (WCSP) was 2074.48 mm (WCSP = ETSP + R), and
there was also an obvious water imbalance. Both methods showed that the ecosystem has
another way to obtain water from the atmosphere other than rainfall. Therefore, it was
necessary to consider adding the absolute value of ETN (I ETN ) to the water balance
calculation. Through the calculation, we found that the water supplement (WTS) amount
of the basin was 2400.73 mm (WTS = PPT + |ETN |). The WTS was slightly larger than the
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WCEC and WCSP, indicating that the watershed had a good water balance, which was
more in line with the local situation of heavy rain and high humidity. With nearly half
of the ET measurements and a good water balance in the basin, the ETN had a very high
research ability in the basin and was an important link in the water cycle of the basin. It is
worth mentioning that the positive and negative values of ET measured by the EC system
represent the flow direction of water vapor in the direction: the positive value represented
the water vapor output from the ecosystem to the atmosphere, and the negative value
represented the water vapor input from the atmosphere to the ecosystem.

4.3. Specific Fog Case Analysis

Many studies have shown that fog is a phenomenon in which water vapor condenses
into water droplets under the influence of environmental factors [102-105], which is an
inverse process of ET that can be observed by EC systems. In addition, many studies have
shown that when the relative humidity is above 90%, there is a 50% probability of fog; if the
temperature is around 10 °C, the probability of fog is close to 100% [106,107]. To ensure the
occurrence of fog in the specific case analysis, according to the previous research on a cloud
forest in Taiwan [92-94], this study used a date when the relative humidity was at 100%
for several consecutive hours in a day. Before 11 a.m. on 22 October 2016, the half —hour
values of Tair and Tdew were almost identical, and the relative humidity was close to
100%, which jointly indicated that fog occurred before 11 a.m. (Figure 12¢,d). The same
situation occurred after 10 a.m. on 3 June 2017, which also indicated that fog occurred after
10 a.m. (Figure 13c,d). At the beginning, the fog appears with a RH gradually increasing
from less than 90% to close to 100% (before 7:30 in Figure 12a,b and between 10:00 and
13:30 in Figure 13a,b), and both ET and LE were observed as negative values, indicating
that water vapor flowed into the ecosystem from the atmosphere. During the daytime,
when RH fluctuated near 100% for a long time (between 7:30 and 11:00 in Figure 12a,b and
between 16:30 and 20:00 in Figure 13a,b), indicating the persistence of fog, ET and LE were
affected by radiation, and both positive and negative values were observed. In the fog
disappearance stage when RH was less than 100% and gradually decreased (between 11:00
and 18:00 in Figure 12a,b and before 10:00 am and between 13:30 and 16:30 in Figure 13a,b),
ET and LE observations were both positive. In the process of relative humidity rising from
70% to more than 80% at night (Figure 12 after 18:00), the positive and negative values of
ET and LE observed by EC appeared. On the night when the relative humidity fluctuated
at 100%, indicating the persistence of fog (Figure 13 after 20:00), the ET and LE observed by
EC were negative and decreased continuously. In addition, the friction wind speed (u*) on
the two selected days was greater than 0.2 m-s~!, indicating that the turbulence was still
within the reasonable observation range when the fog occurred, which showed that the FEs
observed by EC technology during the study period were reliable (Figures 12e and 13e).
The results of this study were similar to those of fog observation in a cloud forest in Taiwan.
When RH increased from a small value to 100%, the flux direction observed by EC was
mainly the downward process of turbulent deposition to the ecosystem. When the relative
humidity exceeds 100% and the water vapor in the air reaches the critical supersaturation,
droplets of different sizes will exist at the same time and be affected by radiation. Droplets
of medium and lower sizes will be subject to upward turbulence, which was observed as
positive by EC, and droplets of larger sizes will be deposited into the ecosystem, which was
observed as negative by EC. When the relative humidity drops below 100%, the droplets
will evaporate and shrink to the size of their balance with the surrounding air. Therefore,
the EC system will observe the upward process of water vapor flux [92,94]. The analysis of
fog events on two different dates in this study shows that this is not a process that only
occurs in a single event or rarely occurs. Moreover, similar patterns were also observed in
the analysis of multiple fog events [92-94].

In addition, by dividing the half—hour rainfall data according to an RH greater than
90%, the rainfall frequency in fog was 93.7%, accounting for 90.5% of the total rainfall.
Combined with the actual situation that the observation tower is at a higher altitude on
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the top of the mountain and the cloud layer is relatively low, and so the fog will appear
before and after rainfall, we believe that it was credible to classify fog time according to a
relative humidity greater than 90%. According to statistics, the half—hour scale ET data
during the study period were divided according to a relative humidity greater than 90%,
showing that 44.6% of the study period had fog; ETN accounted for 64.1% of ET in foggy
time and only 42.3% in fogless time. Combined with the specific case analysis of foggy
days, most of the ETN observed by EC system in this study was sinking fog, and the other
part did not appear in the form of fog but was also affected by RH. Moreover, many studies
have shown that fog participates in a unique hydrological cycle in tropical, subtropical,
and coastal areas. A great quantity of fog supplied water vapor to other systems every year,
providing a unique water source [108-113]. Therefore, the forest ecosystem in this study
area can be called sub—tropical mountain cloud forest (STMCF) [28,29].

4.4. Effects of Environmental Factors on FEs in HHMF

The H and LE had similar trends in the two—layer EC system. In autumn and winter,
they both changed strongly, hovering around zero. This result may be due to the foggy
season in autumn and winter in this area, and the water vapor in the air was almost
saturated, meaning that the subtle energy change could cause the sharp change in H and
LE. The characteristics of high humidity and fog in this area caused H to not increase with
RN in the growing season. Especially from April to June 2017, due to the arrival of the
rainy season, the temperature and humidity changed strongly, which made H fluctuate
strongly (Figure 6).

To study the impact of environmental factors on FEs, we first processed the environ-
mental data, on average, for every half hour throughout the year. Through the local latitude
data, we obtained the annual average sunrise time (6:48) and sunset time (18:58). Both
RH and Tair had obvious responses to day-night alternations. After sunrise, the growth
trend of RH slowed and began to decrease rapidly from 11:00 until 16:30, and RH began to
increase gradually (Figure 9d). Tair began to increase after sunrise, peaked at 16:00, and
then began to decline until sunrise. The temperature difference between Tdew and Tair
narrowed after sunset, and the difference was the smallest near sunrise, indicating that
water vapor condensation was more likely to occur before sunrise. There was a similar
trend between the VPD and TAIR. After sunrise, the VPD began to increase gradually
until it reached its peak at 16:30 (Figure 9e). Combining RH and VPD with Tair, we found
that temperature had a significant effect on the RH and VPD in this area. When the night
temperature decreased, the RH increased gradually, and the VPD decreased gradually,
which indicated that a large amount of water vapor was condensed at night, which was the
main cause of the negative water flux observed by the EC system. In addition, the influence
of elevation on climate factors in this area should not be ignored [114-116]. Specifically,
compared with previous studies on the RH and Tair in the Chongging urban area [117,118],
we found that there was a 30% difference in RH and a 5 °C difference in Tair between the
urban area and study area. This result could also explain the change in RH and VPD before
sunset (at 16:30). In terms of the annual scale, RH had a high average value in autumn and
winter, VPD had a low average value in same period, and both factors indicated that there
would be a large amount of fog condensation in the cold months as the water source in
HHME, which could explain why there was still a large amount of ET when there was little
precipitation in winter. (Figures 5 and 9a,b). As March, April, and August are typical dry
months in the study area, with the characteristics of less rainfall and higher temperature,
the VPD and RH changed significantly in these months. In addition, compared with other
dry months, the radiation in August was stronger, so the VPD had the highest value of the
whole year. May and June of each year are the key rain seasons in the study area, with weak
radiation and frequent rainfall. Therefore, RH can increase rapidly and VPD decreases
rapidly in these months, resulting in a large amount of fog, and the study area will be in
the alternating process of fog and rainfall throughout the month, which is characterized by
fog in the day and rain at night (Figure 9a,b,). WS had no obvious seasonal variation at the
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annual scale but had a certain variation trend at the daily scale. At sunrise and sunset, WS
had an increasing trend, which was mainly due to the temperature difference between the
urban area and the study area at sunrise and sunset and the strong convection under the
joint action of radiation and altitude (Figure 9d,e)

Through the daily and annual scale analysis of environmental factors, we clearly
found that environmental factors had different change trends during the day and at night.
Therefore, to further explore the relationship between FEs and environmental factors, we
divided the environmental factors and FEs into both day and night (Figures 10 and 11).

According to previous studies [47,119], we analyzed the relative contribution of seven
environmental factors to FEs (RN was added considering the daytime conditions) using
multiple stepwise regression Table 1). As expected, during the daytime, we found that the
H change was mainly affected by radiation (Rn), the change in ETP was mainly affected
by temperature (Tair), and the exchange of ETN was affected by both relative humidity
(RH) and wind speed (WS). At night, the H changes were affected by the vapor pressure
deficit (VPD) and soil moisture (SM), the ETP changes were mainly related to the VPD, and
the ETN exchange was mainly affected by the WS. In this study, the ETD, as the actual ET
in HHMF, was mainly affected by Tair during the day and by VPD at night. The results
confirm previous studies that found that the main influencing factors of ET in ecosystems
were not Rn but were other environmental factors. For example, the ET of an alpine
meadow ecosystem on the Qinghai Tibet Plateau was mainly determined by Tair, and H
was mainly affected by Rn [119]; Similarly, the ET change in the Xishuangbanna tropical
rainforest ecosystem in Southwest China was mainly related to Tair [15]. However, the ET
change in a tropical peat forest ecosystem in Malaysia was related to the VPD [66]. The
ET in the subtropical primary evergreen forest ecosystem of Ailao Mountain in Southwest
China was also mainly controlled by the VPD, which additionally showed that fog plays
an important role in the eco—hydrological system and deserves further investigation [17].
Through the comprehensive analysis of the above examples and this study, we found that
in tropical or subtropical areas, there should be two main environmental factors (Tair and
VPD) that have an impact on the change in ET rather than a single environmental factor.
Perhaps other studies will show a similar conclusion after the separation of day and night.
Therefore, this study suggests that the separation of day and night should be carried out in
future studies of ET. From the analysis of energy exchange, the changes in H and LE (ETP)
during the day are affected by radiation and temperature, indicating that ecosystem energy
is limited during the day. If the energy—related factors change, the FE mechanism may
change [119-121].

In the study of circadian alterations, the ETN was mainly controlled by WS and
secondarily controlled by RH (Figure 11 and Table 1). Because the ETP increased with
increasing temperature and the |ETN | increased with increasing wind speed, when ET
(ET = ETP + ETN) was not divided into positive and negative values, especially when
ETP > ETN resulted in ET > 0 on the daily scale, it was difficult to find the emergence of
ETN. If Tair and WS increased at the same time, the growth rate of ETN may have been
greater than ETP; that is, at the same time, the amount of water vapor output from the
ecosystem to the atmosphere was gradually equal to the amount of water vapor input from
the atmosphere to the ecosystem, and gradually in dynamic equilibrium. As a result, Tair
increased while ET decreased. In other words, we found that the negative contribution
of WS to ET would offset the positive contribution of Tair. This result can provide a
good research direction for the observed decrease of actual ET in the evaporation paradox;
that is, the idea that global warming may lead to the increase of evaporation potential is
inconsistent with the observed fact that the actual evaporation in the world, especially
in the northern hemisphere, has decreased significantly. When the research time scale is
long, such as on a multi—year scale, the ET value on the day scale or the ET value on the
longer time scale is usually used (when using remote sensing to study et, an ET value is
usually obtained in 8 days or 16 days). In this case, the observation accuracy of ET is not
enough. Thus, the interference of ETN to the study of long—time series cannot be ruled
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out, resulting in the fact that the observed ET does not meet the expected value. This
result is strikingly similar to previous studies on reference evapotranspiration (ET0) in the
five provinces in Southwest China, the Qinghai-Tibetan Plateau, the three—river source
region, and the arid area of Iran but opposite to those in the Pearl River Delta, northern
Xinjiang, and the southwestern United States [122-128]. Therefore, in the study of ET, we
also suggest splitting the positive and negative values of ET before the study.

To specifically explore the reasons for the impact of WS on ETN, we consider that it is
the result of the joint action of altitude difference and radiation change. The low —altitude
urban area is in the subtropical zone and surrounded by the Jialing River, which has a
typical urban heat island effect and a high—temperature and high—humidity environment.
Therefore, a large amount of humid and hot air flows rising in the urban area will sink
and collect in the high—altitude research area with relatively low temperature, forming a
mountain wind with fog. The flow of the wind will remove the heat in the research area,
further reduce the temperature, and positively promote the formation of fog. In addition,
this process is more obvious when the temperature difference is large, such as at sunrise,
sunset, and night. This result meets the previous research results in many regions. For
example, forest research in the mountainous area of northern Thailand showed that there
was a certain functional relationship between fog and wind [129]. In the Lushan Mountain
forest in China, a higher wind speed was conducive to fog condensation [130]. In the coastal
area of southern China, the formation of fog required low wind speed and small turbulent
kinetic energy, and fog formation was promoted by having the energy flux downwards at
night with the land surface cooling the atmosphere as well as having lower soil temperature
and higher soil humidity [130]. In the greater Zagreb region, downhill winds contributed to
the continuous formation of fog [131]. In the arid area of southwestern Morocco, the location
of the city relative to the Atlas Mountains was the main factor affecting the generation
of dew [132]. Overall, we found that the heat island effect in the urban area played an
important role in water condensation in the study area.

4.5. Limitation and Constraints

Due to the influence of data observation, this study can only use the data of one year
to study ET. It was found that the negative ET decreases with the increase of temperature,
which may lead the observed ET to have decreased with the increased of temperature, which
was similar to the phenomenon of evaporation paradox. Due to the lack of multi—year flux
observation data, this study cannot deeply study the causes of the evaporation paradox.
However, this study provided a new research direction and method for the phenomenon of
evaporation paradox; that is, the increase of temperature may increase the frequency of
negative ET observed by EC method in various regions, which may be one of the reasons
for the emergence of the evaporation paradox phenomenon.

In this study, the preliminary reliable data were obtained through data quality control
and friction wind speed threshold processing, and then the analysis of energy closure rate
further proved that the EC method was applicable in this region. During the study of ET, it
was accidentally found that there will be a large amount of negative ET in the study area,
which may be related to fog. Therefore, when installing EC observation equipment, this
study area lacked the consideration of relevant professional equipment for fog observation,
so the depth analysis of the relationship between fog and evapotranspiration was still
lacking, especially the specific relationship between fog and negative evapotranspiration
in the case of low turbulence. However, through the analysis of reliable observation data
after quality control, this study shows that the EC method can also be applicable in foggy
periods. Through the preliminary study of foggy periods by EC method, this area can be
defined as a subtropical cloud forest area, which is rare in subtropical areas.

5. Conclusions

Based on the observation of the double—layer EC system, we proved the applicability
of the EC system in HHME. The results showed that good energy closure, different footprint
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contribution ranges, and good consistency between the two EC systems jointly proved
that the EC system was quite suitable in HHMF. By using two methods for water balance,
we found that fog was observed by the EC system in the form of negative ET as a reverse
ET process. Thus, fog is an important water source of HHMF that cannot be ignored and
conforms to the definition of a cloud forest. Therefore, we defined the highly humid forest
ecosystem in this study area as a subtropical mountain cloud forest (STMCEF).

Through the daily scale study of environmental factors, we found that it is necessary
to separate day and night when further studying the relationship between FEs and envi-
ronmental factors. Stepwise regression analysis of environmental factors and FEs showed
that during the day, the changes in H and LE (ETP) were mainly affected by radiation and
temperature; at night, the changes in ETP were mainly affected by VPD, but the changes in
ETN were affected by WS all day. As a result, the ecosystem was energy—limited during
the day (affected by radiation and temperature), and future climate warming may enhance
the FEs of the ecosystem. Heat island cities in subtropical regions play an important role in
water vapor condensation in nearby mountains. Further intensification of the heat island
effect may lead to more water vapor condensation in the study area in the future.

In general, we suggest that day and night separation and positive and negative value
separation should be carried out in future ET research to explore the influencing factors of
ET in more detail and help us to understand more phenomena, such as the evaporation
paradox. In the future research, this study area will use professional instruments to observe
the fog and deeply analyze the relationship between the emergence of fog and negative
evapotranspiration. In addition, future studies will use long time—scale evapotranspiration
data to explore whether the new research method of the evaporation paradox provided by
this paper is feasible.
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