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ABSTRACT

Frequent immersion of clouds at ground level and high relative humidity (RH) play
vital roles in the hydroclimatological cycle of montane cloud forests (MCFs). These
unique microclimates support a wide variety of species, making MCFs renowned as
global biodiversity hotspots. However, the vulnerability of MCFs to climate change has
been frequently mentioned in previous research, with many studies highlighting the
impacts of reduced cloud and fog occurrence on these ecosystems that heavily rely on fog.
While some of these studies have examined the conditions of MCFs in Taiwan, there
remains a dearth of research on this topic. By analyzing downscaled climate data with a
spatial resolution of 2km and a temporal resolution of hourly from 1980 to 2021, our
study investigated the microclimate characteristics of MCFs in Eastern Taiwan. We
compared these characteristics, including their mean state and long-term variations, with
those of non-cloud-forested regions that encompassed all land types other than cloud
forests. Our findings revealed that the MCFs, located in the mid-altitudes of Eastern
Taiwan, exhibited the highest average daytime RH among the analyzed regions, while
displaying the smallest interannual variations. The high mean RH can be attributed to the
abundant water vapor supply during the daytime and the nonlinear effect of the Clausius-
Clapeyron (C-C) relation on temperature that resulted in much smaller saturated water

vapor amounts in the MCFs compared to lower elevations. Both the MCFs and high-
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altitude regions experienced energy-limited conditions, regulating their water vapor
supply through evapotranspiration in dry and wet years. However, the warmer
temperatures in the MCFs contributed to smaller variations in daytime RH compared to
high-altitude regions. The high resilience of RH in Eastern Taiwan’s MCFs, with minimal
interannual variations, suggests a contrast to the vulnerability emphasized in previous
studies. Further investigations may be necessary to facilitate our understanding of the
contribution of non-local water vapor supply to changes in RH and to determine whether

the resilience we found in the MCFs will persist in the face of future climate change.

Keywords: montane cloud forests, relative humidity, microclimate, resilience, climate

change
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Chapter 1 Introduction

Montane cloud forests (MCFs) are characterized by frequent, persistent, or seasonal
ground-level cloud immersion (Grubb, 1977; Hamilton et al., 1993). They are recognized
as global biodiversity hotspots, harboring a wide variety of endemic species (Bubb et al.,
2004; Bruijnzeel, Scatena et al., 2011). The distribution of MCFs is dictated by the
juxtaposition of forest vegetation type and ideal fog formation conditions, thus defining
characteristics include latitude, altitude, wind field, rainfall pattern, size of mountains,
and the distance from the ocean (Bubb et al., 2004). The MCF ecosystem is unique as the
hydroclimatological cycle is intimately connected to the persistent presence of clouds and
fog (Still et al., 1999). Clouds and fog in these forests obscure incoming shortwave
radiation, resulting in lower available energy. Conversely, at the vegetation level, MCFs
benefit from the interception of cloud water by vegetation and the soil surface, thereby
enhancing the available water (Stadtmiuller, 1987; Hamilton et al., 1993; Bruijnzeel,
Mulligan et al., 2011). The moist environment in MCFs is particularly favorable for the
growth of epiphytes (Lai et al., 2021), which act as water reservoirs, regulating flood
events and maintaining water storage throughout the year (Still et al., 1999; Chang et al.,
2002; Mildenberger et al., 2009; Fischer et al., 2016; Schulz et al., 2016).

Evapotranspiration from the forest canopy also contributes to the release of abundant
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water vapor into the atmosphere (Forzieri et al., 2020), further promoting the humid

conditions in MCFs.

Despite being a unique ecosystem, past studies have emphasized the vulnerability of

MCFs to anthropogenic development and climate change among tropical forest

ecosystems. A review of the literature on the impacts of climate change on MCFs showed

that these forests are more susceptible to the effects of climate change (Mata-Guel et al.,

2023). A more rapid warming is predicted and observed at high elevations than at lower

elevations (Beniston et al., 1997; Foster, 2001; Pepin et al., 2022). This temperature rise,

along with alterations in rainfall patterns, leads to an upward shifting in the climatic

optimum for montane ecotones. Consequently, MCFs may be replaced by ecosystems at

lower altitudes, which may have weaker constraints on invasive species and could

potentially lead to the extinction of MCFs originally situated on mountaintops (Foster,

2001; Pauchard et al., 2009; Oliveira et al., 2014). In addition to changes in temperature

and precipitation, alterations in cloudiness are a commonly stated concern for MCFs. An

increase in air temperature, leading to greater dew point depression, and thus a shift of

the condensation level to higher altitudes (Williams et al., 2015), has been predicted in

modeling results (Still et al., 1999). This suggests a potential decrease in cloud and fog

occurrence in altitudes that were previously immersed in fog. Indeed, shifts in cloud-

forming level, or cloud lifting, in MCFs has been shown in past records by a reduction of
2
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cloud-fog incidence and mist and fog occurrence (Pounds et al., 1999; Nair et al., 2003;

Williams et al., 2015), with cases attributed to deforestation and urbanization in

neighboring areas as well as climate changes. In view of the crucial role of clouds and

fog in MCF ecosystems, drier atmospheric conditions associated with a reduction of fog

may have adverse effects on their microclimate and hydrological cycle, potentially

leading to a decline in endemism and particularly moisture-sensitive species in MCFs

(Pounds et al., 1999; Foster, 2001; Oliveira et al., 2014).

In the tropics, MCFs are estimated to occupy 1.4% of the global tropical forests

(Bruijnzeel, Mulligan et al., 2011), whereas specifically in Taiwan, MCFs account for

approximately 27% of the country’s forested area and are predominantly located at

altitudes ranging from about 1500 to 2500 m above sea level (Schulz et al., 2017, Fig.

1.1a). Previous studies have examined the relationship between diurnal fog occurrence,

near-surface relative humidity (RH), and the hydroclimatological cycle in the Chi-Lan

MCF of Northeastern Taiwan (Chu et al., 2014; Gu et al., 2021; 1650 m a.s.l.). These

studies have found that the highest RH in the Chi-Lan MCF occurs in the afternoon (Fig.

1.2a), coinciding with the peak frequency of fog (Fig. 1.2b). The distinctive daytime

increase in RH in the Chi-Lan MCF, contrasting with the daytime decreasing RH in the

Lien-Hua-Chih noncloud forest (780 m a.s.l.) in Central Taiwan, can be attributed to a

steep increase in water vapor and a lower daytime temperature. Yet, it remains unclear
3
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whether the mechanisms observed in this specific site can be generalized to a broader

MCF area. Additionally, there is a lack of studies investigating the specific impacts of

climate change on MCFs in Taiwan, despite their significant presence within forested

areas. In particular, a deeper understanding of the mechanisms behind the microclimate

characteristics in MCFs in Taiwan and how they may change in the future is crucial.

Moreover, although numerous studies have investigated the impacts of climate change on

MCFs from various aspects, there is limited research that has utilized long-term (>10

years) data to examine these impacts (Mata-Guel et al., 2023). Thus, the availability of

over 40 years of downscaled historical climate data, including near-surface atmospheric

conditions for the entire Taiwan region, through the Taiwan Climate Change Prediction

Information and Adaptation Knowledge Platform (TCCIP) presents a great opportunity

to bridge these research gaps. By analyzing this data, our study aims to explore the

differences in microclimate characteristics between MCFs and non-cloud-forested

regions (including all land types other than cloud forests, such as other forest types, farm

land, urban areas, etc.), as well as investigate the changes that have occurred within the

MCFs compared to non-cloud-forested areas over the past few decades. Considering the

differences in mean RH along altitudes between Eastern and Western Taiwan (as depicted

in Fig. 3.1a for the East and Fig. 4.6a for the West; the detailed method on the separation

of Eastern and Western Taiwan will be described in Section 2.3.1, and the specific
4
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patterns of RH will be discussed in Sections 3.1 and 4.4), as well as the higher occurrence
of ground fog in Eastern Taiwan compared to the west (Schulz et al., 2017, Fig. 1.1b),
our study focuses on Eastern Taiwan. Through an examination of both mean state and
long-term variations, we seek to identify the distinct features of the microclimate in the
MCFs and elucidate the underlying mechanisms driving these differences.
Chapter 2 Data and Methodology

To better examine regional near-surface atmospheric characteristics over Taiwan,
there is a need for higher spatial resolution data (i.e., 2 km) compared to that of reanalysis
data. To address this requirement, regional climate models were utilized for dynamic
downscaling processes. This approach not only overcomes the limitation of spatial
resolution (i.e., 25 km) in reanalysis data but also helps mitigate the challenges posed by
the scarcity and uneven density of observational data. For our study, we focused on
analyzing land surface parameters in Eastern Taiwan using downscaled historical climate
data spanning from 1980 to 2021. To differentiate between MCFs and non-cloud-forested
regions, we utilized the MCF map of Taiwan developed by Schulz et al. (2017) as a
reference. By matching the atmospheric characteristics in the downscaled climate data to
the fraction of MCFs in each grid, we were able to assess the differences between these

two types of regions.

2.1 Downscaled historical climate data
5
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The Taiwan Climate Change Projection Information and Adaptation Knowledge

Platform (TCCIP, https://tccip.ncdr.nat.gov.tw) provides regional, gridded, downscaled

climate data for Taiwan. For our analysis, we employed the Taiwan ReAnalysis

Downscaling data (TReAD) from TCCIP, as introduced by Lin et al. (2021). TReAD

consists of high-resolution historical data covering the entire Taiwan region. It was

obtained through dynamic downscaling techniques using the Weather Research and

Forecasting (WRF) model, version 3.8.1 (Skamarock et al., 2008), with the fifth

generation ECMWF atmospheric reanalysis (ERAS) data (European Centre for Medium-

Range Weather Forecasts [ECMWF], 2017) as the basis.

To ensure the accuracy of the downscaling process and prevent the amplification of

errors over time, the WRF downscaling process applied a re-initialization method, as

described by Kayaba et al. (2016). This involved starting a new short-term simulation

every 6 hours. The initial and boundary conditions for the downscaling process were

derived from the ERA5 data. The short-term simulated output of the WRF model was

then combined with the ERAS data using a blending technique (Yang, 2005a, b), which

served as the initial condition for the subsequent short-term simulation.

Noah Land Surface Model (Chen, 2007) was utilized for the parameterization of land

surface processes in the downscaling process, where latent heat flux from the land surface

was obtained through the sum of its components, including direct evaporation from the
6
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soil, transpiration through the plant canopy, evaporation from canopy-intercepted rainfall,

and sublimation from the snowpack. The topography data used in the downscaling

process was based on the global multi-resolution terrain elevation data provided by the

U.S. Geological Survey and the National Geospatial-Intelligence Agency (Danielson &

Gesch, 2011). Regarding land use and land cover, the downscaling process incorporated

data provided by Chen et al. (2019). The data includes information on land use and land

cover changes in Taiwan during four stages: 1980-1988, 1989-1997, 1998-2007, and

2008-2021. It's important to note that while the land use and land cover information

changes from stage to stage, it remains unchanged within each individual stage.

We analyzed 42 years of land-surface data from 1980 to 2021 in TReAD, including

temperature, specific humidity, saturated specific humidity, relative humidity,

precipitation, and latent heat flux. The temporal resolution of the data is one hour, and the

spatial resolution is 2 km. Temperature and specific humidity data are values at a height

of 2 meters above the surface. These two variables together with surface pressure were

used to calculate saturated specific humidity and relative humidity.

Relative humidity data in TReAD was validated by comparing with the diurnal

patterns observed in the Chi-Lan MCF and Lien-Hua-Chih noncloud forest, as reported

by Gu et al. (2021). We selected the grid in the TReAD dataset that was closest to the

location of Chi-Lan MCF and another grid closest to the Lien-Hua-Chih site for the RH
7
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comparison. Although there were slight differences in the mean values between the
TReAD data and the observed values, the diverse patterns of daytime RH between the
Chi-Lan MCF and the Lien-Hua-Chih noncloud forest, which are of particular interest in
our study, were captured in the TReAD data (Fig. 2.1a). Additionally, we compared the
annual mean precipitation in Taiwan, as well as specifically in Eastern Taiwan, obtained
from TReAD with gridded observational data (Fig. 2.1b, Fig. 2.1c). The comparison
revealed a comparable interannual variation in precipitation between the two datasets,
although the TReAD data generally exhibited slightly higher precipitation values.
2.2 Montane cloud forest map

Schulz et al. (2017) developed a map of MCF distribution in Taiwan (Fig. 1.1a) by
combining an MCF condition map and a forest map. The MCF condition map was created
using the Random Forest machine learning method. Various input data were used in the
machine learning process, including: (1) ground fog frequency generated using the
MODIS daytime scene, which covered Taiwan from 2003 to 2014, with the fog detecting
algorithm called Detection of Ground Fog in Mountainous Areas (DOGMA) applied to
determine the frequency of fog occurrence; (2) altitude and other topographic information
extracted or calculated from ASTER GDEM 2, a digital elevation model dataset; (3)
Landsat 7 Enhanced Thematic Mapper Plus (ETM+) visible and shortwave infrared bands

from 1999 to 2003; (4) geostatistical texture images of the Landsat composites. Training
8
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data points for the MCF conditions were taken from the National VVegetation Database of

Taiwan and classified to “MCF”” and “non-MCF”.

Areas classified by the machine learning method as having MCF conditions may

include both forested and non-forested regions. Therefore, a Random Forest model was

trained based on locations classified as forest and non-forest, aiming to create a forest

map for Taiwan that could be combined with the map of MCF conditions.

The MCF distribution map has a spatial resolution of 250 m, with each pixel classified

into categories including montane cloud forest, other forest, no forest, or MCF conditions

in non-forest areas. To match the 2-km resolution of TReAD, we aggregated adjacent 8x8

grid cells in the MCF map and calculated the cloud forest fraction for each grid in TReAD

using the following Eq. (1):

MCF
MCF + OF + NF + NFycr

cloud forest fraction = (1)

where MCF is montane cloud forest, OF is other forest, NF is no forest, and NFmcr is
MCF conditions in non-forest areas, each term showing the number of grids of a specific
category within the 8x8 grid cells. The calculated fraction of forests, including both
montane cloud forests and other forests (Fig. 2.1d), roughly matched with the forest

fraction derived from the land use and land cover map utilized in the TReAD downscaling

process (Fig. 2.1e), while the latter had more values close to 0 or 1 due to the coarser
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spatial resolution of TReAD data (2 km) compared to that of the MCF distribution map
(250 m).
2.3 Data analysis
2.3.1 Analyzed regions

Grids representing Eastern Taiwan were selected based on the topography of Taiwan
(Fig. 2.2a). The northernmost and southernmost regions of Taiwan were excluded to
concentrate on latitudes that encompass the highest proportion of MCFs and all altitude
ranges. The remaining latitudes ranged from around 23 to 24.5 degree North. Within each
latitude band, the grid with the highest altitude was identified (shown as black dots in Fig.
2.2a), and grids situated to the east of these highest grids were selected as the regions of
interest for our analysis (Fig. 2.2b, c).
2.3.2 Data processing

Mean values and annual anomalies of relative humidity (RH) and related variables
were calculated to analyze the mean state and long-term variations over the 42-year period.
The 42-year mean values were computed without detrending, while the annual anomalies
of RH were determined after detrending temperature and specific humidity (Q) in each
grid using their annual mean whole-day values. Our focus on the 42-year mean values
and annual anomalies primarily pertained to daytime values, when shortwave radiation

values were greater than zero, aiming to capture potentially significant differences in RH
10
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patterns between the MCFs and non-cloud-forested regions. Nighttime values were still

utilized when zooming in to examine the diurnal cycle of RH, Q, and saturated specific

humidity (Qs). The diurnal analysis included patterns from night to day, shown separately,

to gain insights into the formation of the daytime characteristics.

To simplify the analysis of interannual variabilities, the grid cells were grouped

based on altitude, with each group spanning a 50-meter interval (Fig. 2.3). The lowest-

altitude groups contained the largest number of grids (i.e., between 40-60 grids for the

lowest five groups), while the highest-altitude groups had the fewest (i.e., less than 10

grids for the highest five groups). Anomalies of annual mean daytime RH along the

altitude were calculated for each year by subtracting the 42-year mean value from the

annual mean daytime RH of each year of each altitude group.

To examine the interannual variations of daytime RH in all altitude groups, we further

applied Empirical Orthogonal Function (EOF) analysis using the Python package "eofs"

(Dawson, 2016). By employing the EOF technique, we transformed the spatial-temporal

data (altitude groups-annual) into vertical profiles that capture the patterns of variance

(referred to as empirical orthogonal functions, EOFs), accompanied by corresponding

time series that illustrate the contribution of each profile to the year-to-year variation

(known as principal components, PCs). In the EOF analysis, we did not consider the

11
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number of grids as weights for each altitude group, as our focus was on capturing changes

in the patterns of the mean value of each group for each year.

Chapter 3 Results
3.1 Mean state of RH along the altitude

A nonlinear relationship was observed between mean daytime relative humidity (RH)
and altitude in Eastern Taiwan from 1980 to 2021 (Fig. 3.1a). The highest daytime RH
values were found in the mid-altitude range of approximately 1000 to 2500 m, where
MCFs were most abundant. This nonlinear pattern of RH along altitude was attributed to
the patterns of both daytime specific humidity (Q) and saturated specific humidity (Qs)
(Fig. 3.1b). Qs exhibited an upward concave pattern, while Q showed a downward
concave pattern. In the low altitudes, where near-surface temperatures are high, the
nonlinear effect of the Clausius-Clapeyron (C-C) relation further contributed to a greater
change in Qs along the altitude. On the other hand, this nonlinear effect resulted in smaller
differences in Qs between the high and mid-altitudes. Additionally, Q decreased with
increasing altitude, but the rate of decrease was higher in higher regions compared to the
pattern of Qs.

Throughout the diurnal cycle, RH displayed distinct patterns (Fig. 3.2), accompanied
by varying characteristics of Q and Qs over time (Fig. 3.3). During the nighttime period

from 9pm to 5am, RH showed less variations across different altitudes, and both Q and
12
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Qs exhibited upward concave patterns. As the sun rose at around 6 am to 7am, Q and Qs
increased at all altitudes. Among these regions, there was a significantly greater increase
in Q in the MCFs compared to the higher and lower altitudes. This led to the
disappearance of the upward concave pattern in Q and an increase in RH in the MCFs,
while other regions experienced a decrease in RH. The abundant water vapor supply
during this time included local evapotranspiration as well as non-local water vapor
brought by valley winds. In the late morning, Q continued to show the greatest increase
in the MCF regions and exhibited a clear downward concave pattern around noontime. In
the afternoon, starting from around 1pm, Qs started to decrease. Q and Qs in the MCF
regions reached their closest proximity at around 3pm to 5pm, corresponding to the time
of the highest RH in the MCFs during the day.
3.2 Long-term variation of RH along the altitude
3.2.1 Trends

Daytime Qs over the past 42 years exhibited significant increasing trends (p-value <
0.05) in most studied areas, with greater trends found in coastal low-altitude regions (Fig.
3.4b). Concurrently, daytime Q also showed significant increases (p-value < 0.05) in most
areas during these warming trends (Fig. 3.4a). However, except for regions that have
undergone land-use changes in the past 42 years, daytime RH did not display significant

trends in Eastern Taiwan (Fig. 3.4c).
13
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3.2.2 Interannual variations

The spread of anomalies of annual mean daytime RH along the altitude for 42 years

displayed a corset-shaped pattern (Fig. 3.5), indicating greater interannual variations in

high and low altitudes and smaller variations in the mid altitudes. An EOF analysis was

conducted on this pattern of Fig. 3.5 to identify the dominant patterns of interannual

variations in daytime RH along the altitude. The first two modes accounted for 76.4%

and 17.0% of the total variance, respectively. Fig. 3.6 illustrates the vertical spatial

distributions (EOFs) and the principal component (PCs) time series of the first two modes.

In mode 1, daytime RH exhibited the same sign across all altitudes, with the least

fluctuation from the mean value in the mid altitudes (Fig. 3.6a). Mode 2 demonstrated a

nearly monotonic change along the altitude, with opposite signs in high and low altitudes,

while the changes in the mid altitudes remained relatively weak (Fig. 3.6¢). These two

modes corresponded to the smaller variations in the mid altitudes as interpreted from the

corset-shaped pattern (Fig. 3.5). In addition, the time coefficients in mode 1 (Fig. 3.6b)

exhibited a negative correlation with the mean annual rainfall in the studied region (Fig.

3.7a, b). This indicated that when the annual rainfall in Eastern Taiwan was less, daytime

RH tended to be lower than the climatology values at all elevations, with a potentially

weaker decrease in the mid altitudes. Similarly, during periods of above-average annual

14
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rainfall, the increase in RH might be weaker in the mid altitudes compared to other

regions.

We propose that the different responses of RH to precipitation in the mid altitudes

compared to other regions are related to the availability of water and energy in these areas.

In regions with sufficient precipitation, local latent heat fluxes may be primarily limited

by energy. As a result, even in dry years, there is still enough water for evapotranspiration,

which supplies water vapor to the atmosphere and helps stabilize the changes in RH.

Moreover, evapotranspiration in these regions may even increase during dry years due to

higher net radiation under less cloudy conditions. On the other hand, in water-limited

regions, there is less water available for evapotranspiration during dry years, leading to a

more sensitive response of RH to dry conditions.

Fig. 3.8 illustrates the relationship between annual rainfall and daytime latent heat

fluxes at different altitudes. In the low altitudes, net radiation was typically high, while

precipitation was generally lower compared to the high and mid altitudes (Fig. 3.8c).

Evapotranspiration decreased when annual precipitation dropped below approximately

2000 mm, showing a water-limited condition in these areas. In contrast, both net radiation

and evapotranspiration increased during dry years in the high and mid altitudes (Fig. 3.8a,

b), indicating energy-limited conditions in both regions that regulated the supply of water

vapor in wet and dry years.
15
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The deviation of daytime Q from the climatology was derived to demonstrate the
fluctuations of daytime Q at different altitudes. It was calculated by averaging the
absolute differences between each year’s value and the mean value across all years within
each altitude group. Fig 3.9 illustrates a similar fluctuation of daytime Q in the high and
mid altitudes above approximately 2000 m. However, since the mean state temperature
and mean state Qs are lower in the high altitudes compared to the mid altitudes, similar
fluctuations in Q may have a greater influence on the variations of RH in high-altitude
regions. Consequently, although both high and mid altitudes experienced energy-limited
conditions, the lower temperatures in high elevations contributed to greater interannual

variations in RH.

Chapter 4 Discussion
4.1 The roles of water vapor supply and temperature on RH

characteristics in MCFs

Our study in Eastern Taiwan reveals the unique characteristics of high daytime RH
and the distinct increase in RH after sunrise in the MCF areas compared to higher and
lower altitudes. Building upon the work of Gu et al. (2021), which focused on a single
MCEF site and a noncloud forest site at a lower altitude, our study expands the analysis to
a larger area in Eastern Taiwan. The diurnal patterns of RH we found align with Gu et al.

(2021), indicating that the MCFs and non-cloud-forested regions exhibit opposite changes
16
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in RH after sunrise, regardless of the non-cloud-forested regions being at high or low

altitudes. Our study supports Gu et al. (2021) in emphasizing the significance of daytime

near-surface water vapor as a source for high RH in the MCFs. Additionally, while Gu et

al. (2021) highlighted the importance of slowly increasing daytime temperature in the

MCEF site, we further emphasize the nonlinear effect of the C-C relation, which leads to

even greater differences in Qs between mid and low altitudes (Fig. 4.1, indicated by thin

arrows).

The distinctive features of the near-surface water vapor source and temperature are

also crucial factors contributing to the low interannual variability of daytime RH in

Eastern Taiwan’s MCFs. Under energy-limited conditions, the water vapor source from

local evapotranspiration in mid and high altitudes is enhanced during dry years and

reduced during wet years. Additionally, although fluctuations in water vapor are regulated

in both high and mid altitudes, the warmer temperatures and higher Qs in mid altitudes

result in smaller variations in RH for the MCFs in Eastern Taiwan (Fig. 4.1, indicated by

thick arrows).

We also conducted analyses of the pattern of mean daytime vapor pressure deficit

(VPD) and the interannual variations of daytime VPD along the altitude (figures not

shown). However, due to the effect of the monotonic change in temperature on water

vapor pressure, we observed a general decrease in both mean state and interannual
17
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variations of VPD with increasing elevation. This was in contrast to the patterns seen in

the analysis of RH, which was normalized by the values of Qs.

Indeed, the examination of non-local water vapor supply is an important aspect that

was not addressed in our study. Changes in non-local water vapor supply, particularly

related to the water vapor amount in neighboring areas and the strength of mountain-

valley winds, can significantly influence the interannual variations of RH in MCFs and

its potential changes under future warming. To gain a more comprehensive understanding

of the mechanisms driving the microclimate in MCFs, further simulations of water vapor

trajectories are necessary to quantify both the local and non-local supply.

The unique RH features in Eastern Taiwan’s MCFs can be attributed to several factors.

The presence of fog, for instance, plays a positive role in the microclimate of MCFs. It

provides water through interception as additional available water for evapotranspiration

and obscures incoming solar radiation that potentially reduces temperatures. This creates

a more favorable environment for fog occurrence and forms a positive feedback loop by

enhancing RH values and contributing to the stability of interannual RH patterns in MCFs.

Additionally, the dense vegetation within the MCFs acts as a significant local source of

water vapor, contributing to the observed RH patterns. Furthermore, the favorable altitude

and location of the MCFs provide suitable conditions such as appropriate temperatures

and mountain-valley winds, which support the unique RH characteristics. However, due
18
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to the interconnection of various factors, it remains challenging to definitely attribute the
primary cause of the distinct RH characteristics in Eastern Taiwan’s MCFs. Further
model experiments are needed to examine the individual contributions of each factor.
4.2 Relations of annual precipitation and RH in different
elevations

The relationship between PC1 of EOF analysis and mean annual precipitation in
Eastern Taiwan (Fig. 3.7b) demonstrated that the response of daytime RH to annual
precipitation in the analyzed region was weaker in the MCFs compared to higher and
lower altitudes. It should be noted that precipitation can vary among altitudes and grids,
leading to various effects on changes in RH. Fig. 4.2 shows the relationships between
annual precipitation and daytime RH in different groups separated by altitudes. We
observed the smallest range of RH in the mid altitudes, which corresponded to the corset
shape depicted in Fig. 3.5. On top of that, while there was a positive relationship between
annual precipitation and daytime RH in all altitudes, the strength of this relationship
differed between groups. In the low altitudes, precipitation and daytime RH exhibited the
strongest correlation, whereas the correlation was weakest in the mid altitudes. This
confirmed that RH in Eastern Taiwan’s MCFs had the weakest response to annual rainfall,
regardless of whether it was based on the mean precipitation of Eastern Taiwan or the

local value.
19
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Mode 2 of the EOF analysis revealed the smallest change and potential resilience of
RH in the mid altitudes, similar to mode 1. However, unlike mode 1, mode 2 showed
opposite behavior of RH in high- and low- altitude regions (Fig. 3.6¢). Additionally, the
time coefficients in mode 2 exhibited a decreasing trend in the last 32 years (Fig. 3.6d,
1990-2021), which may be related to the decreasing pattern of Eastern Taiwan’s mean
annual rainfall during the same period (Fig. 3.7a). To further explore the relationship
between the trends of annual rainfall and daytime RH from 1990 to 2021, we analyzed
the time series of annual mean daytime RH and precipitation in different altitudes (Figs.
Al and A2). Fig. Al illustrates a consistent decrease in precipitation across all elevations
from 1990 to 2021, while the patterns of daytime RH during this period varied among the
altitudes (Fig. A2). In the low altitudes, RH decreased in accordance with the declining
annual rainfall. Conversely, RH increased in the high and mid altitudes despite the
reduced precipitation, with a milder rise in the mid altitudes. The opposite relationships
between the trends of precipitation and daytime RH in 1990-2021 in high and low
altitudes aligned with the opposite pattern of RH in mode 2 of the EOF analysis. However,
the trends of daytime RH in 1990-2021 were not significant across the altitudes; instead,
the variations of RH during this period were primarily influenced by their interannual

fluctuations.

4.3 Differences in RH characteristics among seasons
20
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Synoptic weather patterns in Taiwan exhibit notable variations across seasons, with

distinct dominant monsoons and other atmospheric processes contributing to diverse

climate characteristics. Notably, the ground fog frequency map of Taiwan by Schulz et

al. (2017), reveals that the eastern slope of the Central Mountain Range experienced

higher fog occurrence during winter months compared to summer, primarily associated

with the presence of the winter monsoon. Considering the observed disparities in fog

frequency throughout the seasons, differences in RH patterns along the altitude may also

be pronounced. Fig. 4.3 illustrates the changes in mean daytime RH along the altitude in

four seasons: spring (March-May, MAM), summer (June-August, JJA), autumn

(September-November, SON), and winter (December-February, DJF). Nonlinear patterns

can be seen throughout all separated seasons. The greatest differences between seasons

occurred in the variations of daytime RH from mid-elevation to high-elevation areas. In

spring, autumn, and the annual average (Fig. 4.3a, ¢, and Fig. 3.1a), daytime RH started

to decrease from the mid altitudes to the high altitudes, resulting in the highest daytime

RH values in the mid altitudes. During winter, RH also decreased from mid to high

elevations, with a stronger decrease contributing to greater differences between the MCFs

and non-cloud-forested regions (Fig. 4.3d). In contrast, during summer, the differences in

daytime RH between mid and high altitudes were less pronounced (Fig. 4.3b). We

speculate that such differences in high altitudes between winter and summer may be
21
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attributed to the characteristics of seasonal monsoons. In summer, thicker boundary layers

allowed for more water vapor to reach high altitudes, while in winter, thinner boundary

layers restricted high RH to mid-elevations.

To assess the interannual variability of daytime RH in different seasons, we calculated

RH for each season by detrending the temperature and specific humidity in each grid

using the trends of the annual mean values for each season. Fig. 4.4 shows the spread of

anomalies of annual mean daytime RH along the altitude for 42 years in the four seasons.

While the overall corset-shaped pattern with minimal variations in the MCFs was

observed in the annual result (Fig. 3.5), this pattern was influenced by varying

characteristics of vertical patterns in different seasons. The same corset shape with

minimal variations in the MCFs was only evident in autumn (Fig. 4.4c). During winter

and spring, the smallest variations in daytime RH occurred at the intersection of the MCFs

and low altitude non-cloud-forested areas (Fig. 4.4a, d). Furthermore, a more pronounced

variation was found in the high altitudes compared to the low altitudes, particularly during

winter. We speculate that this great variation in the high altitudes may be associated with

the lower temperatures experienced in these regions during winter and spring, similar to

the mechanisms proposed for the differences in RH variations between mid and high

altitudes in the annual analysis. Conversely, the reduced variation in high altitudes during
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summer (Fig. 4.4b) may be attributed to the relatively warmer temperature compared to
other seasons.
4.4 RH characteristics in Western Taiwan

Eastern and western Taiwan exhibit differences in various aspects, including
topography and the influence of the monsoon. Schulz et al. (2017) established a
connection between the lower occurrence of fog on the western slopes of the Central
Mountain Range, especially during winter, and the presence of the winter monsoon. They
also mentioned the Massenerhebung effect, which contributed to more frequent ground
fog in lower altitudes within isolated mountain terrains like the Hai-an Range in eastern
Taiwan. Considering these observed disparities in fog frequency, it is likely that RH
patterns also display distinct features between eastern and western Taiwan. We conducted
an analysis of daytime RH patterns in the western part of Taiwan, within the 23 to 24.5-
degree North latitude range (Fig. 4.5). The western region exhibited a relatively smaller
cloud forest fraction, with areas of higher cloud forest fraction occurring at higher
altitudes, around 1500 to 2500 m above sea level, compared to the 1000 to 2500-meter
range in eastern Taiwan. When examining the mean daytime RH along the altitude, we
discovered a less pronounced nonlinear pattern in the west compared to the east, with
similar RH values at high altitudes as in mid altitudes (Fig. 4.6a). This difference could

be attributed to the weaker influence of the winter monsoon on the western slopes of the
23
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Central Mountain Range. Yet, further analysis of the seasonal variation of daytime RH in

Western Taiwan is necessary to substantiate this speculation. Regarding the interannual

variability of daytime RH, smaller variations in the MCF regions compared to other

altitudes were also evident in Western Taiwan (Fig. 4.6b). However, the differences

between the MCF areas and other regions were less pronounced in the west.

4.5 Vulnerable or resilient

The results of our study present a different perspective from previous studies that

emphasized the vulnerability of MCFs. Previous research, such as RH simulations

conducted by Still et al. (1999) in four MCFs worldwide, as well as observations of cloud

base height and mist occurrence conducted by Pounds et al. (1999) in Monteverde, Costa

Rica, and Williams et al. (2015) in coastal Southern California, have directly or indirectly

suggested a decline in cloud and fog occurrence due to climate change, with negative

impacts on MCFs. However, our analysis in Eastern Taiwan reveals contrasting findings.

Despite the significant increase in both Q and Qs, as expected under warming conditions,

we found no significant trend in daytime RH from 1980 to 2021 in most of the analyzed

regions, including the MCF areas. Furthermore, when considering the interannual

variability of RH compared to higher and lower altitudes, we found that while RH tended

to decrease during dry years across all elevations, the reduction was less pronounced in
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the MCFs, suggesting a relative resilience of RH in these regions compared to others

during the studied period.

Our study does not directly address the vulnerability of the MCFs in terms of the

impacts of warming and changes in rainfall patterns on montane cloud forest species.

However, we speculate that if the resilience of RH reflects the persistence of cloud and

fog occurrence, the presence of cloud and fog may serve as a mitigating factor for the

extent of warming in MCFs by sustaining significant latent heat fluxes from the moist

canopy. This potential mitigation mechanism could have positive implications for the

conservation of endemic species in MCFs.

It is important to recognize that our findings regarding RH characteristics in Eastern

Taiwan are based on the historical period from 1980 to 2021, and we cannot determine

whether the unique RH patterns discovered in the MCF areas will persist under more

intense climate changes. In order to gain insight into potential changes in RH under

stronger warming scenarios, we analyzed another dataset provided by TCCIP that

simulated a climate change scenario with 4K warming. This scenario used the years 2016-

2020 from the TReAD data as the baseline and re-ran the model with a pseudo-global-

warming (PGW) approach.

Fig. 4.7 illustrates the differences in mean daytime values between the 4K-enhanced

scenario and the corresponding years (2016-2020) of the baseline. Under the 4K-
25
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enhanced condition, both mean daytime Q and Qs increased (Fig. 4.7a), with the pattern

of increment along the altitude being similar to the pattern of mean state in the baseline

(Fig. 3.1b). Daytime latent heat fluxes increased in all analyzed regions, with a greater

variation of change in the low altitudes (Fig. 4.7b). However, the changes in daytime RH

were generally less than 1.5% across all analyzed regions (Fig. 4.7c). Above 1500 m,

daytime RH tended to decreased, while in low-altitude regions, RH changes displayed

greater variability, including both increases and decreases. When examining the

proportional increase relative to their mean state values in the baseline (Fig. 4.8a, b), both

daytime Q and Qs exhibited a greater extent of increase in the high altitudes. This can be

attributed to the projected stronger warming in the high altitudes (Fig. 4.7d), which aligns

with the observed and predicted rapid warming at high elevations reported in previous

studies (Beniston et al., 1997; Foster, 2001; Pepin et al., 2022). Furthermore, in high

altitudes, the extent of increase in Qs was stronger than that of Q, leading to a greater

decrease in daytime RH compared to mid- and low-altitude regions (Fig. 4.7c).

Indeed, the comparison of RH between the 4K-enhanced scenario and the baseline

did not provide conclusive evidence for the upward shifting of the cloud-forming level.

The minimal changes in RH can be attributed to the similar extent of increase in both Q

and Qs relative to their mean state values. Furthermore, the greater decrease in RH in the

high altitudes compared to the MCFs contradicts the expected upward shift in high
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daytime RH. However, it is important to consider that the 4K-enhanced condition did not
account for the effects of increased CO, concentrations on vegetations. CO2 levels could
reach double or higher values in the 4K-enhanced scenario, which can lead to stomatal
closure, reducing transpiration and causing a subsequent decrease in Q and RH. Another
limitation in indicating the upward-shifting cloud-forming level is the use of mean RH
values for all daytime hours as a direct representation of cloud and fog occurrence in a
specific area. Variations in RH can differ even when mean values are similar. Moreover,
fog occurrence at a particular moment depends on whether the current RH value surpasses
a certain threshold. Therefore, it is possible that fog occurrence has undergone changes
despite the similar mean RH values discovered in the non-significant daytime RH trend
from 1980 to 2021 and the marginal difference between the 4K-enhanced and baseline
scenarios.
Chapter 5 Conclusions

We summarize the unique microclimate characteristics and underlying mechanisms
of Eastern Taiwan’s MCFs in Fig. 4.1, highlighting the following primary findings: (1)
the MCFs exhibited high daytime RH. The notable increase in RH after sunrise, compared
to non-cloud-forested regions, was attributed to the substantial water vapor supply from
local evapotranspiration and non-local transport. This high daytime RH was also

influenced by the nonlinearity of the C-C relation with temperature; (2) Interannual
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variations of daytime RH in the MCFs were smaller than in other analyzed regions,

indicating a more stable interannual RH in the MCFs. This restrained variation was due

to the energy-limited conditions that regulated water vapor supply during wet and dry

years, as well as the relatively warmer temperatures in the MCFs compared to high-

altitude regions.

The interannual variability of daytime RH across all altitudes demonstrated a higher

level of resilience in Eastern Taiwan’s MCFs in terms of RH, which contrasts with the

vulnerability emphasized in previous studies. Our study underscores the importance of

near-surface water vapor supply and moderate temperatures in shaping the unique RH

characteristics in the MCFs, including both the mean state and interannual variations.

In our study, we acknowledge the omission of discussion regarding changes in non-

local water vapor supply to the MCFs. Future research should strive to comprehensively

understand the microclimate of these forests by quantifying the contribution of non-local

water vapor sources and comparing them with local sources when examining mean state

and interannual variations of water vapor within MCFs. It is also important to investigate

how non-local water vapor sources in MCFs respond to changes in neighboring regions

and the strength of mountain-valley winds under future climate scenarios. Furthermore,

a series of experiments may be needed to attribute the primary cause of the unique RH

features in these areas. In addition, we recognize that while the mean RH value can
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provide insights into fog occurrence, it cannot directly represent temporal and spatial

changes in cloud and fog occurrence. Therefore, caution should be exercised when

interpreting the results and making comparisons with other studies. Moreover, the smaller

interannual variations of daytime RH we discovered in Eastern Taiwan’s MCFs may be

specific to the time period of 1980-2021. Similarly, the data from the 4K-enhanced

condition during 2016-2020 had limited duration for investigating changes in interannual

variations of RH under the warming scenario and was derived based on pseudo global

warming experiments. To assess the persistence of resilience in MCFs in the future, it is

necessary to analyze data over an extended period, taking into account various climate

factors and potential changes in environmental conditions.
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Figure 1. 1 (a) MCF distribution map of Taiwan, with the green area representing MCF

areas. (b) Ground fog frequency map of Taiwan. (The figure is from Schulz et al. (2017).)
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Figure 1. 2 (a) Diurnal cycle of relative humidity (%, as a unit) in Chi-Lan MCF (blue)
and Lien-Hua-Chih noncloud forest (red). (b) The diurnal frequency of fog occurrence in

Chi-Lan (CL) MCF. (The figure is from Gu et al. (2021).)
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Figure 2. 1 Validation of TReAD data. (a) Diurnal cycle of relative humidity [RH (%, as
a unit)] in the TReAD grid cell closest to Chi-Lan MCF (blue) and the TReAD grid cell
closest to Lien-Hua-Chih noncloud forest (red). (b) Annual rainfall (mm/yr) in Taiwan
obtained from TReAD data (blue) and gridded observational data (orange). (c) Annual
rainfall (mm/yr) in Eastern Taiwan obtained from TReAD data (blue) and gridded
observational data (orange). (d) Fraction of forests derived from the MCF distribution

map provided by Schulz et al. (2017). (e) Fraction of forests derived from the land use
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Figure 2. 2 The map of (a) topography in Taiwan, (b) topography in Eastern Taiwan, and

(c) cloud forest fraction in Eastern Taiwan. Black dots are the highest grids in each

latitude bounded between 23 and 24.5 degree North.
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from an altitude of 0 m. Dots will be marked at the midpoint altitude of each group (e.g.,

the number of grids of 0 to 50 m will be plotted at an altitude of 25 m). Colors represent

the cloud forest fraction averaged for each group, and the scale is the same as in Fig. 2.2c.
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Figure 3. 1 (a) The relationship between mean daytime relative humidity [RH (%, as a

unit)] and altitude (km) in Eastern Taiwan. (b) The relationship between mean daytime

specific humidity [Q (g/kg, pattern on the left)] and saturated specific humidity [Qs (g/kg,

pattern on the right)] and altitude (km) in Eastern Taiwan. Each dot represents a grid.

Colors represent the cloud forest fraction for each grid, and the scale is the same as in Fig.

2.2c.
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Figure 3. 2 Diurnal cycle of relative humidity [RH (%, as a unit)] along the altitude (km)
in Eastern Taiwan. Local time is marked in the upper left of each subplot. Each dot

represents a grid. Colors represent the cloud forest fraction for each grid, and the scale is

the same as in Fig. 2.2c.
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altitude (km) in Eastern Taiwan. Local time is marked in the upper right of each panel.
Each dot represents a grid. Colors represent the cloud forest fraction for each grid, and

the scale is the same as in Fig. 2.2c.
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Figure 3. 4 Trends of daytime (a) specific humidity, (b) saturated specific humidity, and

(c) relative humidity during 1980-2021 in Eastern Taiwan. Hatched areas have significant

trends (p-value < 0.05). Trends are calculated using annual values, but values of relative

humidity trend are multiplied by 10 when plotting the colorbar.
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Figure 3. 5 Anomalies of daytime relative humidity [RH (%, as a unit)] along the altitude
(km) for each year in 1980-2021 in Eastern Taiwan. Each dot represents the anomaly of
each year compared to 42-year mean in each group. Colors represent the cloud forest

fraction averaged for each group, and the scale is the same as in Fig. 2.2c.
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Figure 3. 6 (a, b) Mode 1 and (c, d) mode 2 of the EOF analysis on the anomalies of

daytime relative humidity along the altitude for each year in 1980-2021. (a) and (c) are

the vertical spatial distributions (EOFs); Colors represent the cloud forest fraction

averaged for each group, and the scale is the same as in Fig. 2.2c. (b) and (d) are the time

coefficients (PCs).
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Figure 3. 8 The relationship between annual rainfall (mm/yr) and annual mean daytime

latent heat fluxes (W/m?) in (a) high altitude, (b) mid altitude, and (c) low altitude (only

grids with cloud forest fraction > 0.9 are presented in mid altitude and only grids with

cloud forest fraction < 0.1 are presented in high and low altitude). Years and grids are

grouped by every 200 mm/yr of rainfall to produce the boxplots. Colors represent the

annual mean net radiation (W/m?) for the average of each group, and the colorbar in (b)

fits every panel. Negative values of latent heat fluxes result from the detrending process

on grids experiencing land use changes.
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Figure 3. 9 The averaged absolute differences of daytime specific humidity [Q (g/kg)] to

the local climatology along the altitude (km). Colors represent the cloud forest fraction

averaged for each group, and the scale is the same as in Fig. 2.2c.
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Figure 4. 2 The relationship between annual precipitation (mm/yr) and relative humidity
[RH (%, as a unit)] in each group. The panels progress from the lowest elevation in the
bottom left to the highest elevation in the top right. Values of precipitation and RH are
the anomalies compared to local climatology. Black lines are the linear fitting for the
relation in each group, and the correlation coefficients for the linear fitting are shown in
the lower right of each panel. Colors represent the cloud forest fraction averaged for each

group, and the scale is the same as in Fig. 2.2c.
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Figure 4. 3 The relationship between mean daytime relative humidity [RH (%, as a unit)]

and altitude (km) in Eastern Taiwan in (a) spring (March-May, MAM), (b) summer (June-

August, JJA), (c) autumn (September-November, SON), and (d) winter (December-

February, DJF). Each dot represents a grid. Colors represent the cloud forest fraction for

each grid, and the scale is the same as in Fig. 2.2c.
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Figure 4. 4 Anomalies of daytime relative humidity [RH (%, as a unit)] along the altitude
(km) in (a) spring (March-May, MAM), (b) summer (June-August, JJA), (c) autumn
(September-November, SON), and (d) winter (December-February, DJF) for each year in
1980-2021. Each dot represents the anomaly of each year compared to 42-year mean in
each group. Colors represent the cloud forest fraction averaged for each group, and the

scale is the same as in Fig. 2.2c.
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Figure 4. 6 (a) The relationship between mean daytime relative humidity [RH (%, as a
unit)] and altitude (km) in Western Taiwan. Each dot represents a grid. Colors represent
the cloud forest fraction for each grid. (b) Anomalies of daytime relative humidity [RH
(%, as a unit)] along the altitude (km) for each year in 1980-2021 in Western Taiwan.
Each dot represents the anomaly of each year compared to 42-year mean in each group.
Colors represent the cloud forest fraction averaged for each group. The scale of colors in

(@) and (b) are the same as in Fig. 2.2c.
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Figure 4. 7 Differences of mean daytime values of 5 meteorological variables between
the 4K-enhanced scenario (4K) and baseline in Eastern Taiwan: (a) specific humidity [Q
(g/kg, pattern on the left)] and saturated specific humidity [Qs (g/kg, pattern on the right)],
(b) latent heat fluxes [LH (W/m?)], (c) relative humidity [RH (%, as a unit)], and (d)
temperature [T ("C)]. Each dot represents a grid. Colors represent the cloud forest fraction

for each grid, and the scale is the same as in Fig. 2.2c.
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Aprecipitation (1000mm/yr)

APPENDIX

Precipitation
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Figure A 1 The time series of annual precipitation (mm/yr) in each group. The panels
progress from the lowest elevation in the bottom left to the highest elevation in the top
right. Values are the anomalies compared to local climatology. Black lines are the linear
fitting for the trend in 1990-2021 in each group. Colors represent the cloud forest fraction

averaged for each group, and the scale is the same as in Fig. 2.2c.
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Figure A 2 The time series of relative humidity [RH (%, as a unit)] in each group. The

panels progress from the lowest elevation in the bottom left to the highest elevation in the

top right. Values are the anomalies compared to local climatology. Black lines are the

linear fitting for the trend in 1990-2021 in each group. Colors represent the cloud forest

fraction averaged for each group, and the scale is the same as in Fig. 2.2c.
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