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ABSTRACT 23 

Hydro-climate in the montane cloud forest (MCF) regions is unique for its frequent fog 24 

occurrence and abundant water interception by tree canopies. Latent heat (LH) flux, the 25 

energy flux associated with evapotranspiration (ET), plays an essential role in 26 

modulating energy and hydrological cycles. However, how LH flux is partitioned 27 

between transpiration (stomatal evaporation) and evaporation (non-stomatal 28 

evaporation), and how it impacts local hydro-climate remain unclear. In this study, we 29 

investigate how fog modulates the energy and hydrological cycles of MCF by using a 30 

combination of in-situ observations and model simulations. We compare LH flux and 31 

associated micrometeorological conditions at two eddy-covariance sites—Chi-Lan 32 

(CL), a MCF, and Lien-Hua-Chih (LHC), a non-cloud forest in Taiwan. The comparison 33 

between the two sites reveals an asymmetric LH flux with an early peak at 9:00 in CL 34 

as opposed to LHC, where LH flux peaks at noon. The early peak of LH flux and its 35 

evaporative cooling dampen the increase in near-surface temperature during the 36 

morning hours in CL. The relatively small diurnal temperature range, abundant 37 

moisture brought by the valley wind, and local ET result in frequent afternoon fog 38 

formation. Fog water is then intercepted by the canopy, sustaining moist conditions 39 

throughout the night. To further illustrate this hydrological feedback, we used a land 40 

surface model to simulate how varying canopy water interception can affect surface 41 

energy and moisture budgets. Our study highlights the unique hydro-climatological 42 

cycle in MCF and, specifically, the inseparable relationship between the canopy and 43 

near-surface meteorology during the diurnal cycle. 44 

 45 

Keywords: latent heat flux, canopy water, canopy evaporation, montane cloud forest, 46 

fog, diurnal temperature range 47 
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1. Introduction 48 

Hydro-climate in the MCF regions is unique. Such forests can release large amounts of 49 

water vapor into the atmosphere via ET from a canopy made wet by frequent cloud 50 

immersion in montane regions (Bonan 2008; Gentine et al. 2019; Forzieri et al. 2020). 51 

Frequent fog occurrences in the MCFs provide 5% to 75% of the water source to the 52 

ecosystem as horizontal precipitation (Bruijnzeel et al. 2011a). This extra moisture is 53 

pivotal for providing an essential water source for the ecosystem, creating a unique 54 

physical setting that harbors diverse endemic species (Bruijnzeel et al. 2011a; 55 

Goldsmith et al. 2013; Bubb et al. 2004; Chang et al. 2002; Bruijnzeel 2000). Under 56 

such humid conditions, the ratio of ET to precipitation could be as low as 33% of the 57 

global forest average (Baldocchi and Ryu 2011; Chu et al. 2014). Recently, MCFs face 58 

a risk of lifting cloud base height due to elevated temperatures associated with 59 

increasing CO2 concentration or anthropogenic forcing  (Foster 2001; Oliveira et al. 60 

2014; Williams et al. 2015; Still et al. 1999; Nair et al. 2003). Understanding the 61 

relationship between ET and fog may improve water cycle projections under changing 62 

fog frequency in the MCFs. 63 

 64 

Generally, soil moisture-precipitation feedback indicates interaction between land and 65 

atmosphere through surface fluxes and boundary layer development; the feedback often 66 

occurs on daily to monthly time scales (Findell and Eltahir 1997; Koster et al. 2004; 67 

D’Odorico and Porporato 2004; Wang-Erlandsson et al. 2014; Shukla and Mintz 1982). 68 

Alterations in the local latent heat (LH) flux can impact the atmosphere, influencing 69 

soil moisture-precipitation interactions (Santanello Jr et al. 2018). The LH flux consists 70 

of transpiration, soil evaporation and canopy evaporation. Different partitioning in total 71 

LH flux can influence the time scale of atmospheric moisture recycling in the MCFs 72 
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(Wang et al. 2006; Wang-Erlandsson et al. 2014; Lawrence et al. 2007; Giambelluca et 73 

al. 2009; Chu et al. 2014). The reaction of transpiration to precipitation occurs slowly, 74 

roughly on monthly time scales, involving soil infiltration (related to soil texture) and 75 

plant water-use strategies (depending on atmospheric water vapor demand and plant 76 

species) (Wang-Erlandsson et al. 2014; Cavanaugh et al. 2011; Meinzer et al. 2004). 77 

Moreover, in MCFs, water interception by the canopy is much greater compared to 78 

other forested ecosystems due to frequent fog, implying canopy evaporation may 79 

dominate the LH flux (Lin et al. 2020; Bruijnzeel et al. 2011a; Bruijnzeel 2000; Chu et 80 

al. 2014; Giambelluca et al. 2009). However, accurately measuring and robustly 81 

modeling the canopy interception remains a challenge, especially in humid regions 82 

(Carlyle-Moses and Gash 2011; Friesen et al. 2015). Consequently, how the partition 83 

of LH flux impacts daily local hydro-climate in MCFs remains unclear. 84 

 85 

Previous studies investigating the relationship between fog and LH flux in Taiwan's 86 

MCF regions focused primarily on the unidirectional effects of fog on total LH flux 87 

(Klemm et al. 2006; Mildenberger et al. 2009; Chu et al. 2014; Lin et al. 2020). Taiwan's 88 

MCFs are largely located at 1500 m to 2500 m a.s.l. The fog is associated with 89 

orographic lifting of moist air (Schulz et al. 2017). Chang et al. (2006) indicated that 90 

given certain visibility but increasing wind speed, fog deposition linearly increases 91 

because a droplet’s path is more likely to be intersected by the canopy. During fog 92 

events, solar radiation is attenuated, leading to the suppression of both latent heat and 93 

sensible heat fluxes (Fig. S1; Klemm et al. 2006; Mildenberger et al. 2009). Such 94 

reduction of fluxes by fog can also be seen in Amazonian rainforests and other MCFs 95 

(Anber et al. 2015; Reinhardt and Smith 2008; Bruijnzeel et al. 2011). Although solar 96 

radiation weakens with fog deposition, LH flux is still positive but with relatively lower 97 
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values than fog-free periods (Beiderwieden et al. 2008).  98 

 99 

Based on eddy-covariance flux measurements, Chu et al. (2014) reported a unique 100 

"asymmetric LH flux" pattern at a cloud forest. LH flux was asymmetrically higher in 101 

the morning than in the afternoon. Without a robust means to quantify the canopy 102 

interception, they suggested that this asymmetric LH flux was likely created by morning 103 

canopy evaporation. Our study aims to revisit this "asymmetric LH flux" phenomenon 104 

by utilizing a combination of observations and model simulations. We used a land 105 

surface model to diagnose the complex partitioning of the terms contributing to the LH 106 

flux, and analyzed the meteorological data from flux tower observations in the CL MCF 107 

and LHC non-cloud forest (Fig. 1a) to support the aforementioned hypothesis. Several 108 

land surface model experiments were conducted to examine canopy water's 109 

contribution to the peak of LH flux in the CL MCF. We further investigated how the 110 

asymmetric diurnal cycle in the LH flux in the CL forest affects daily local hydro-111 

climate, and explored causality among fog deposition, canopy evaporation, and 112 

asymmetric LH flux. 113 

 114 

2. Materials and Methods 115 

A combination of observations and model simulations was adopted. First, datasets from 116 

two flux towers in Taiwan's montane regions were compared to examine the 117 

relationship between LH flux and daily local hydro-climate. Characterized by frequent 118 

afternoon fog, the CL site is located within a cloud forest that experiences minimal 119 

human interference (Fig. 1b; Mildenberger et al. 2009; Chu et al. 2014). The LHC site, 120 

where fog seldom occurs, was used as a reference for non-cloud forest sites (Chen and 121 

Li 2012). Offline modeling experiments were performed to distinguish the most 122 
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important physical processes in determining LH flux in montane forests in CL. 123 

 124 

a. Site description 125 

Located in northeastern Taiwan, the CL flux tower (24˚35'N, 121˚25'E) is at 1,650 m 126 

a.s.l.. Characterized by coniferous plantation forests, the site is dominated by Taiwan 127 

yellow cypress (Chamaecyparis obtuse var. formosana) ranging from 11 to 13 m in 128 

height (Chu et al. 2014; Lai et al. 2020). According to Chu et al. (2014), the tree trunk 129 

diameter at breast height (DBH) in 2008 was 20.4 ± 6.0cm (DBH > 10cm). The leaf 130 

area index (LAI) ranged from 3.3 to 5.7 m2 m-2, based on our monthly observations 131 

from 2015 to 2017. The 25 meters height flux tower was built on a 14˚ mountain sloping 132 

down to the southeast. Fog associated with upslope lifting leading to water 133 

condensation usually occurs in the afternoon (Fig. 1b). During the period from 2008 to 134 

2011, foggy afternoon conditions occurred about 33% of the time, with longer foggy 135 

durations in winter due to northeast monsoon-instigated stratus cloud coverage. 136 

Additionally, annual mean temperature is usually 15 ˚C, while annual precipitation is 137 

around 3,915 mm; precipitation type varies among seasons. During summer, the local 138 

circulation dominates and the valley wind brings warm and humid air. The precipitation 139 

usually results from orographic lifting. This region may also experience heavy rain due 140 

to tropical cyclones, plum rains in summer, and precipitation induced by cold frontal 141 

lifting in winter (Klemm et al. 2006; Chu et al. 2014). 142 

 143 

The LHC site (23˚55'N, 120˚53'E) is located in central Taiwan at an elevation of about 144 

780 m a.s.l. A non-cloud forest, this site is dominated by mixed evergreen broadleaved 145 

trees with a mean canopy height of 17m. During growing seasons, the LAI can range 146 

from 2.5 to 4.5 m2 m-2 (unpublished data). Maximum storage capacity in LHC ranges 147 

from 0.91 mm to 1.86 mm, depending on dry or wet seasons (Chen and Li 2016). A 25 148 
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meters height flux tower was built on top of a ridge in sub-watershed No.5 at the LHC 149 

Research Center (Chen and Li 2012). According to meteorological observations from 150 

2009 to 2013, the annual average temperature is around 19˚C and the annual 151 

precipitation is about 2,264 mm. This region may experience drought during winter 152 

because it is on the lee side of the prevailing winter monsoon (Chen and Li 2012). 153 

 154 

b. Observational datasets 155 

To understand the effects of the asymmetric LH flux on near-surface hydro-climate, we 156 

compared the fluxes and meteorological measurements from the CL and LHC flux 157 

towers. CL observations from 2008 to 2011 were compared with LHC observations 158 

made from 2009 to 2013. The incomplete overlap of observational periods can be 159 

attributed to the collapse of the CL flux tower due to a typhoon in 2012. 160 

 161 

1) Meteorological observations 162 

In both CL and LHC, temperature, relative humidity, and wind field measurements were 163 

implemented at the top of the flux towers; a rain gauge was installed 25 m from the 164 

tower (see Chu et al. (2014) and Chen and Li (2012) for details). A visibility sensor 165 

(Mira 3544, Aanderaa Data Inst., Bergen, Norway) was installed on top of the CL tower. 166 

The visibility of less than 1km can be defined as fog signal by referring to the World 167 

Meteorological Organization. Fog in CL usually occurs between 12:00 and 21:00 168 

associated with valley wind (Fig. 1b; Fig. S1; Mildenberger et al. 2009; Klemm et al. 169 

2006). 170 

 171 

2) Flux measurements 172 

In CL, an open-/closed-path eddy covariance system that includes a CSAT3 sonic 173 
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anemometer (Campbell Sci., Inc. UT, USA), an open-path infrared gas analyzer 174 

(LI7500, LI-COR Biosciences, NE, USA), and a closed-path gas analyzer (LI7000, 175 

LICOR) was installed at a height of 24 m on the tower. Net radiation was measured by 176 

a CNR-1 net radiometer (Kipp & Zonen, Delft, The Netherlands) mounted on top of 177 

the tower. A RTD and a heater were included with the CNR-1 to measure the 178 

radiometer’s internal temperature and to prevent condensation, respectively. Raw data 179 

such as three-dimensional velocity, sonic temperature, and water vapor concentration, 180 

were sampled at 10 Hz frequency and used to calculate 30-min LH flux, sensible heat 181 

flux and CO2 flux. The data processing and QA/QC methodology applied follow Chu 182 

et al. (2014). According to Chen (2016), LH flux, sensible heat (SH) flux, and ground 183 

heat flux represent approximately 49%, 35%, and 0.6% of the net energy in the 184 

ecosystem, respectively. Energy balance closure (EBC) is evaluated by the following 185 

equation (1) (Papale et al. 2006; Stoy et al. 2013): 186 

EBC = 	
𝐿𝐻 + 𝑆𝐻
𝑅𝑛 − 𝐺 − 𝑆																																																	(1) 187 

where 𝐿𝐻 is latent heat flux, 𝑆𝐻 is sensible heat flux, 𝑅𝑛 is net radiation, 𝐺  is 188 

ground heat flux, and 𝑆 is the storage term. The heat storage term is included in the 189 

quantification of the sensible heat flux during the measurement period. The vertical 190 

temperature profile was measured at nine different heights (0.4m, 2.0m, 3.6m, 5.2m, 191 

8.0m, 13.2m, 16.0m, 18.0m, and 24.0m). T-type thermocouples are in 1Hz sample 192 

frequency and 2-minute averaging period. The heat storage of air is then calculated 193 

through the temperature difference over different layers of canopy volume. The annual 194 

averaged EBC is about 0.86. However, EBC is sometimes greater than 1 when wind 195 

direction shifts in the early morning. During the late afternoon when valley winds and 196 

fog are present, EBC is usually much lower (0.6-0.7) (Chen 2016). In addition, under 197 

foggy conditions, EBC tends to be around 0.7, indicating imbalances in the energy 198 
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budget (Chen 2016). Since heat storage of air is included in the sensible heat flux, the 199 

lack of closure in the energy balance may result from other terms of heat storage, e.g., 200 

water or biomass (Moore and Fisch 1986). While imbalanced, our EBC is still within 201 

the typical range reported among FLUXNET sites (Wilson et al. 2002; Stoy et al. 2013). 202 

 203 

In LHC forest, the earliest available flux data is from 2012. Fluxes were measured by 204 

an eddy covariance system, consisting of a sonic anemometer (81000, R. M. Young, 205 

MI, USA) and a LI7500 open-path infrared gas analyzer. The flux data was processed 206 

and quality-checked similar to CL. The EBC during the dry seasons is about 1, while 207 

that in the wet seasons is about 0.8 (Chen and Li 2012).  208 

 209 

Potential evapotranspiration (PET, 𝑊	𝑚!") can be estimated for both CL and LHC by 210 

using the Penman-Monteith equation (Allen et al. 1998):  211 

λET =
∆ ∗ (𝑅𝑛 − 𝐺) + 𝜌 ∗ 𝐶# ∗ 𝑉𝑃𝐷 ∗ 𝑔$

∆ + 𝛾(1 + 𝑔$ 𝑔%⁄ )  212 

where λ is the latent heat of vaporization, ∆ is the slope of saturation vapor pressure 213 

temperature relationship (mbar	℃!& ), 𝜌  is the air density (kg	𝑚!' ), 𝐶#  is the 214 

specific heat of air (J	𝑘𝑔!&	𝐾!&), 𝑉𝑃𝐷 is the vapor pressure deficit (hPa), 𝛾 is the 215 

psychrometric constant (hPa	℃!&), 𝑔$ is the aerodynamic conductance (𝑚	𝑠!&), 𝑔% 216 

is the canopy conductance (𝑚	𝑠!&). In our estimation of PET, we neglect 𝐺 because it 217 

is a relatively small component in the LH flux partition, according to Klemm et al (2006) 218 

and Chen and Li (2012). Additionally, 𝑔% is set to become infinity to imply a totally 219 

wet surface condition. The slope of saturation vapor pressure curve ( ∆ ), the 220 

aerodynamic conductance (𝑔$), and the psychrometric constant (𝛾) were calculated 221 

based on formulas in Allen et al. (1998), while ρ can be calculated through:  222 
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ρ =
𝑃

𝑅( ∗ 𝑇)
 223 

where 𝑃 is the pressure of the atmosphere (Pa), 𝑅( is the gas constant of the dry air 224 

(	J𝑘𝑔!&𝐾!&), 𝑇)  is the virtual temperature (≈ (1 + 0.608𝑞))T) (K), and 𝑞)  is the 225 

specific humidity (𝑘𝑔	𝑘𝑔!&). 226 

 227 

Furthermore, the Granier system's heat dissipation method (Granier 1985) is applied to 228 

obtain in-situ sap flow observations from June 2020 in the CL MCF. The diurnal cycle 229 

of sap flow density was analyzed to investigate whether transpiration is a major 230 

contributor to the asymmetry of LH flux (the aforementioned technical details see 231 

Supplemental Information). 232 

 233 

3) Leaf wetness measurements 234 

In CL, four leaf wetness sensors were set up at heights of 5.3 m, 8.3 m, 11.2 m, and 235 

14.2 m (Chu et al. 2014). We analyzed the lower three sensors since they performed 236 

with more continuity and stability. A sensor threshold of 250 mV represented a dry 237 

canopy, while higher values represented the wet canopy. Differences of leaf wetness 238 

between sunrise and 3-hour after sunrise were calculated to demonstrate canopy 239 

wetness variation during the early morning. Note that 3-hour is the approximate time 240 

period when LH flux rises from sunrise until it reaches its peak. To determine the time 241 

of sunrise, solar radiation data from the CL flux tower was used, with sunrise being 242 

indicated by downward solar radiation exceeding 5 W	𝑚!"  within 3:00 and 9:30. 243 

Results show that the sunrise timing is mainly around 5:30 to 7:00 in CL.  244 

 245 

c. Model simulations 246 

The Community Land Model (CLM, version 4 (Oleson et al. 2010)) in the Community 247 
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Earth System Model (CESM, version 1.0.3) was used to decompose the LH flux, with 248 

half-hourly observations in CL and LHC from 2008 to 2011 utilized as atmospheric 249 

forcing. These observations included 2 meter atmospheric temperature, atmospheric 250 

pressure, specific humidity, wind speed, precipitation, downward solar radiation and 251 

downward longwave radiation. CLM was chosen because LH flux partitioning bias was 252 

significantly improved in version 3.5 and the coupler-based system provided a 253 

convenient framework for discussing land-atmosphere interactions (Lawrence et al. 254 

2007; Burns et al. 2018). Our modeling experiments were conducted as single-point 255 

simulations. The four years forcing ran repeatedly for a total of 24 years, with the last 256 

8 years analyzed. Missing data in the atmospheric forcing was filled in with values from 257 

the climatological diurnal cycle for the corresponding month. Land cover type is 258 

prescribed as a 100% temperate evergreen needleleaf forest with a yearly-mean LAI of 259 

around 4.6. Six branches of Taiwan yellow cypress were taken from the CL and 260 

compare their weight between dry and totally wet conditions to obtain a coefficient of 261 

the maximum allowed canopy water of 0.2533 mm per unit of LAI. This experiment 262 

suggests that the maximum allowed canopy water of the whole forest in CL is 1.16 mm, 263 

which lies in the typical range of canopy storage capacity indicated by Bruijnzeel et al. 264 

(2011b). Bruijnzeel et al. (2011b) demonstrated that the water storage capacity above 265 

ground ranges from 0.38 mm of stand-level vegetation to 1.91 mm of all vegetation, 266 

including epiphytes. Although we do not have a corresponding observational value in 267 

CL, 1.16 mm of the canopy storage capacity is suitable for CL. The fog signal is 268 

included in the downward solar radiation forcing. However, the canopy in CLM does 269 

not capture this additional fog water because precipitation observations generally do 270 

not capture the horizontal fog deposition. To make the simulation more realistic, we 271 

added an additional precipitation forcing of 0.2 mm per 30 minutes when the fog 272 
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occurred (observational visibility is less than 1km). This additional precipitation was 273 

based on the annual fog deposition rate measured by Chang et al. (2006) (the 274 

aforementioned technical details see Supplemental Information). 275 

 276 

Two offline simulations, with and without canopy water storage scenarios (hereafter 277 

CTR and EXP, respectively), were conducted to demonstrate the impact of canopy 278 

water on the LH flux. In CTR, intercepted canopy water came from fog deposition, 279 

precipitation, or dew. Conversely, the canopy did not hold any water in EXP; water 280 

moved through the canopy and fell into the soil directly right after it formed or was 281 

intercepted on the canopy. Therefore, the model simulations may be used to 282 

demonstrate the role of canopy water on the total ET at a diurnal time scale. We also 283 

conducted three sensitivity tests for the canopy water effects, in which the atmospheric 284 

forcing and the land type are fixed as CTR, but the coefficient of the maximum allowed 285 

canopy water varied from 0.2533 (CTR) to 0.2 (max_cw_0.2), 0.1 (max_cw_0.1, 286 

default value in CLM), and 0.05 (max_cw_0.05), respectively. 287 

 288 

After adding precipitation as the fog interception, the model simulated the same peak 289 

value of the LH flux as the observation (Fig. 2a). The model can explain about 70% 290 

variances of observational LH flux (Fig. 2b). However, there is a half-hour delay of the 291 

peak of LH flux in the models, 1.5 hours prior to that of net radiation. Thus, we claim 292 

that the model can capture the asymmetry of the diurnal cycle of the LH flux. 293 

 294 

3. Results 295 

a. The comparisons of LH fluxes and micrometeorological conditions between Chi-296 

Lan (CL) and Lien-Hua-Chih (LHC) forests 297 
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 298 

An asymmetric diurnal cycle of LH flux with an early peak at 9:00 was observed in the 299 

CL MCF (Fig. 1c), which is not in phase with net radiation. The occurrence probability 300 

of daily maximum LH flux in CL is highly skewed (Fig. 1d). At the same time, that of 301 

net radiation is moderately skewed, suggesting that asymmetric LH flux cannot be 302 

explained by diurnal net radiation alone. In contrast, this phenomenon was not observed 303 

in the LHC non-cloud forest, where the occurrence probability of daily maximum LH 304 

flux is approximately symmetric.  305 

 306 

The early-morning high LH flux in the CL MCF can modulate the increasing rate of the 307 

morning diurnal near-surface air temperature and provide an early water vapor source 308 

to the boundary layer. First, the air temperature increases more slowly in the morning 309 

since a large proportion of the energy is used to evaporate water (evapotranspiration). 310 

The value of PET is consistent with that of ET from 6:00 to 8:00 (Fig. 3), indicating 311 

that the land surface meets the evaporation demand of the atmosphere in the early 312 

morning. Thus, a smaller proportion of the energy is available to heat the near-surface 313 

atmosphere, reducing the diurnal temperature range to only about 2 ˚C in CL MCF. In 314 

contrast, the net energy gained in the LHC forest region is proportionally less 315 

distributed to ET; therefore, the diurnal temperature range is three times larger than CL 316 

(Fig. 4a). Second, the early peak of LH flux at 9:00 can provide local water vapor to 317 

the atmosphere. In addition to the local water vapor contribution, prevailing valley 318 

winds from dawn into the afternoon may bring water vapor from lowland forests to the 319 

flux towers (Fig. 4b; Fig. 4c). Although we cannot distinguish between advection and 320 

local contributions to total water vapor supply for the two sites, it is observed that 321 

specific humidity keeps increasing from 6:00 to 15:00 in both locations (Fig. 4b). 322 
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 323 

Because of the small diurnal temperature range in the CL, water vapor can easily reach 324 

saturated values by about 15:00. In contrast, in the LHC, the higher near-surface 325 

afternoon air temperatures prevent air saturation. Relative humidity (RH) usually keeps 326 

increasing from 7:00 to 17:00 in CL. The mean RH values of nearly 100% with small 327 

variations during the afternoon indicate frequent fog (Fig. 4d). The asymmetric pattern 328 

of LH flux does not vary much from season to season despite the smaller peak values 329 

of LH flux during winter (Fig. S2). Also, the characteristics of small diurnal temperature 330 

variations, water-vapor accumulation and prevailing valley wind during the daytime, as 331 

well as 100% RH at about 15:00 can be found in both summer and winter (Fig. S3). 332 

 333 

The fog water may be intercepted by the canopy and become a source of canopy water. 334 

Because the RH remains high during the nighttime in CL, the intercepted fog water is 335 

likely to sustain until the next morning. Leaf wetness data indicates a significantly 336 

wetter canopy around the time of sunrise than 3-hour later (Table 1). This wet-dry 337 

contrast between sunrise and 3-hour after sunrise suggests that canopy water may 338 

substantially contribute to morning peak in LH flux. 339 

 340 

b. Model simulations of the water and energy cycle in CL 341 

 342 

CTR and EXP simulations were conducted to demonstrate the contribution of canopy 343 

water to the asymmetric LH flux. CTR is dedicated to representing the atmospheric and 344 

land condition in CL. At the same time, EXP shares the same land and atmospheric 345 

conditions as CTR, but no water can accumulate on the canopy. In the CTR simulation, 346 

canopy water accumulated in the afternoon and reached its peak at 6:00 (Fig. 5a), 347 
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capturing the asymmetry of LH flux despite a half-hour delay of the peak in LH flux 348 

compared to observations. The EXP simulated a symmetric LH flux diurnal cycle with 349 

a peak at 10:30, the same phase as net radiation whose peak was at 11:00 (Fig. 5b). 350 

After decomposing the LH flux, we found that the early peak of LH flux in CTR was 351 

dominated by canopy evaporation, while the peak of LH flux in EXP was dominated 352 

by transpiration. In CTR, 71% of the LH flux was from canopy evaporation, and the 353 

peak in canopy evaporation was in phase with the drying trend of canopy water in the 354 

early morning. A sharp increase in canopy evaporation before 9:30, the peak timing of 355 

LH flux, resulted in an approximate 42% decrease in the canopy water within 3.5 hours 356 

after the sun rose. Transpiration in CTR was in phase with net radiation because of 357 

photosynthesis processes. Plants are energized by light to oxidize water, and this water 358 

and required minerals for photosynthesis rely on water pumped from roots to leaves. 359 

The amount of pumping water is correlated to air temperature, vapor pressure deficit, 360 

and available energy (Oren et al. 1999; Song et al. 2020). As the air temperature and 361 

net radiation peak around noon, transpiration also reached its peak around noon. 362 

However, the peak value of transpiration was about half that of the canopy evaporation. 363 

Thus, the early peak of LH flux can be attributed to high canopy evaporation peaking 364 

around 9:00 (Fig. 5c). Without the canopy water but with the same net radiation 365 

acquisition, EXP simulated a symmetric LH flux in which transpiration accounted for 366 

83% of the total LH flux and the process dominated the surface energy budget 367 

partitioning (Fig. 5d). 368 

 369 

4. Discussion 370 

a. The diurnal LH flux and the fog under climate change: a risk or a benefit to the 371 

ecosystem in CL? 372 



 16 

 373 

The small diurnal temperature range, frequent fog, precipitation, and plentiful canopy 374 

water play a vital role in regulating the water and energy cycle in CL, leading to the 375 

asymmetric LH flux. How these variables are affected by climate change and the 376 

corresponding response of hydro-climatology characteristics in the CL forest are 377 

worthy of further discussion. Firstly, the presence of the canopy water may result in the 378 

asymmetric LH flux. Our study shows that canopy water is a major contributor to the 379 

diurnal cycle's characteristics in hydro-climate in the MCFs. If canopy water is absent, 380 

most of the net radiation will warm up the canopy and near-surface atmosphere, as in 381 

the non-cloud forests. Also, if the canopy loses the ability to store the water or the water 382 

storage on the canopy is insufficient, the canopy evaporation in the early morning will 383 

become lower. In CL, the no-canopy scenario is unlikely to happen since the 384 

government has protected the region for several decades. Despite this, forest canopies' 385 

interception capacity may vary as a consequence of the changes in water input due to 386 

climate changes or changes of vegetation cover due to disturbance, management, or 387 

succession. From the perspective of land-atmosphere interactions, how the change in 388 

canopy water affects the partition of LH flux and even precipitation on longer 389 

timescales is worth more investigation. 390 

 391 

Secondly, the amount of canopy water influences the asymmetry pattern of LH flux. In 392 

the MCFs, the canopy water in the early morning is derived from fog, dew, and 393 

precipitation accumulation since the previous afternoon or night. Recent studies have 394 

shown a decrease in fog frequency due to anthropogenic activities (Nair et al. 2003; 395 

Williams et al. 2015). Rising temperatures during the daytime might prevent water 396 

vapor saturation during the afternoon hours (Foster 2001; Still et al. 1999). In addition, 397 
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nighttime temperatures may influence dew formation. The higher temperature at night 398 

will decrease RH and have negative impacts on condensation and dew formation. While 399 

the contribution of dew to canopy water decreases, the peak of canopy evaporation in 400 

the early morning might not so high as the present, thus causing symmetric LH flux and 401 

rising temperature in the daytime. Overall, the warming climate might have a negative 402 

impact on dew and fog formation. Furthermore, precipitation patterns may be altered 403 

as the climate changes through mechanisms such as the "wet get wetter and dry get 404 

drier" mechanism (Dore 2005; Chou et al. 2013; Lan et al. 2019). Changes in both 405 

precipitation frequency and intensity might impact the storage of canopy water (Foster 406 

2001). Intense rainfall is more likely to happen in Taiwan based on 40-year of 407 

observations (Shiu et al. 2009). Decreases in light and low-intensity rainfall would 408 

reduce canopy interception, causing adverse effects to canopy evaporation (Dunkerley 409 

2021; Magliano et al. 2019). 410 

 411 

Diverse changes in temperature and RH in future projections and the complex 412 

topography in montane regions may also result in large uncertainties in local 413 

circulations (Still et al. 1999; Lin et al. 2015; Rangwala et al. 2012). Warming 414 

temperature and decreasing RH may lift the cloud base height (Williams et al. 2015). 415 

As the temperature gradient varies between the mountain top and valley, the wind 416 

magnitude changes. Changes in mountain-valley wind circulations might alter both 417 

precipitation and fog occurrence. However, the contribution of advection to the water 418 

vapor accumulation in the CL during the daytime remains unknown. Changes in 419 

advection might affect water vapor supply, which then impacts the fog or precipitation 420 

climatology, thus influencing the amount of canopy water. If the amount of canopy 421 

water is insufficient to support high canopy evaporation in the early morning, the 422 
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diurnal cycle of the LH flux may become symmetric, peaking at noontime. Less canopy 423 

evaporation in the early morning from 6:00 to 9:00 would, in turn, increase the diurnal 424 

temperature range, implying higher afternoon temperatures are unfavorable for fog 425 

formation. Under the non-fog scenario, the loop in the schematic plot of Fig. 6 may not 426 

sustain and lead to less horizontal precipitation, creating a water stress environment. 427 

 428 

Finally, despite concerns that the disappearance of fog may have negative impacts on 429 

the growth of plants and epiphytes community, a lack of fog might benefit Taiwan's 430 

MCFs (Foster 2001; Limm et al. 2012; Ball and Tzanopoulos 2020). In some seasonally 431 

dry regions, fog interception is essential to plant water use, especially to the top of the 432 

canopy. Research has found that fog could support tree growth because of their direct 433 

water use through foliar water uptake (Dawson and Goldsmith 2018; Limm et al. 2012). 434 

However, in Taiwan's MCFs, where annual precipitation usually exceeds 3000 mm, 435 

water may not be a limiting factor for tree growth. Even if fog disappears, wet leaves 436 

can still exist if the precipitation patterns do not change significantly. A lack of fog 437 

seems unlikely to negatively influence the available water for the trees but might 438 

substantially increase the available energy for photosynthesis or tree growth. 439 

Mildenberger et al. (2009) indicated fog could block about 64% of solar radiation. 440 

Without fog, the acquisition of solar energy and larger vapor pressure deficit might 441 

favor the opening of stomata and increase CO2 uptake; however, this argument needs 442 

more exploration of the accompanied CO2 flux and stomatal conductance from 443 

observation and models simulations. 444 

 445 

b. The sap flow measurement and the sensitivity test of the maximum allowed canopy 446 

water 447 
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 448 

Previous studies have suggested that transpiration is the main content of ET, whose 449 

diurnal cycle tends to be symmetric in forests (Oren et al. 1998; Paul-Limoges et al. 450 

2020; Burgess and Dawson 2004). However, in-situ sap flow observations have 451 

indicated that the transpiration peak timing is around noontime in CL cloud forest (Fig. 452 

4c in Chu et al. (2014)), 3 hours later than the LH flux. The land surface model 453 

simulations further demonstrate the minor contribution of transpiration to the total LH, 454 

consistent with the sap flow measurement (Fig. 3, 5c; Fig. S4). The model simulations 455 

also imply that the asymmetry of diurnal LH flux may majorly result from canopy 456 

evaporation. 457 

 458 

To examine the impact of the maximum allowed canopy water storage on the 459 

asymmetry of LH flux in CL, tests of the sensitivity to the coefficient of the maximum 460 

allowed canopy water were conducted. The coefficient of maximum allowed canopy 461 

water regulates the maximum allowed canopy water by multiplying the coefficient with 462 

LAI in the model. In our sensitivity test, the atmospheric forcing and the land type were 463 

fixed as CTR, but the coefficient of the maximum allowed canopy water was varied 464 

from 0.2533 (CTR) to 0.2 (max_cw_0.2), 0.1 (max_cw_0.1), and 0.05 (max_cw_0.05), 465 

respectively. These four simulations can capture the asymmetric LH flux with the peak 466 

sometime between 8:30 and 9:30. The early peaks of LH fluxes are all derived from 467 

canopy evaporation's peak values in the early morning. The canopy water in all 468 

simulations starts to increase in the afternoon, reaches a peak at dawn and then 469 

decreases before 9:00 (Fig. 7a). In these four simulations, the higher the maximum 470 

allowed canopy water is, the larger the peak of latent heat flux is (Fig. 7b). This 471 

indicates more water evaporates under the same available energy situation, but varying 472 
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the coefficient of the maximum allowed canopy water will not significantly affect the 473 

asymmetry of LH flux (Fig. 7c). 474 

 475 

c. The importance of fog description in models 476 

 477 

Fog is a source of canopy water that contributes to the asymmetric LH flux. In 478 

atmospheric models, which do not include fog's effects on the energy and water cycle, 479 

the land will receive excess solar radiation, and the LH flux will be overestimated. 480 

Furthermore, CO2 uptake in the cloud forest may be biased without fog. Under foggy 481 

conditions, the LH flux and CO2 flux are reduced by approximately 56% and 48%, 482 

respectively (Table 2). As a result, ignoring fog formation and its effects on energy and 483 

water cycles may overestimate solar radiation and vapor pressure deficit, leading to 484 

increased LH and CO2 fluxes in the MCFs. 485 

 486 

Seasonal analysis demonstrates that surface fluxes are generally decreased by fog 487 

occurrence (Table 3). LH flux is most largely reduced by fog during autumn, and CO2 488 

flux is decreased dramatically by fog in summer. The results of fluxes in seasonal 489 

variation are worthy of discussing water and energy regulation on the surface fluxes, 490 

and the physical mechanism behind it deserves a future study. 491 

 492 

5. Conclusion 493 

The unique hydro-climatological cycle in CL MCF is summarized in Fig. 6, where the 494 

following characteristics are highlighted: (1) An early peak in the LH flux results in a 495 

slow increase in the near-surface temperature during the morning; (2) during the 496 

daytime, the valley wind brings water vapor from low elevations, combined with ET 497 
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from the local forest, resulting in water vapor accumulation until 15:00; (3) because of 498 

the small diurnal temperature range, water vapor concentrations can easily reach 499 

saturation values during the afternoon resulting in fog formation. Fog further serves as 500 

a source of canopy water in addition to dew and precipitation; (4) plentiful canopy water 501 

is sustained throughout the night because of the high RH. After sunrise, the drying 502 

tendency in leaf wetness implies a critical role for canopy water in the early peak in LH 503 

flux. This unique hydro-climatological cycle in the MCFs reflects the inseparable 504 

relationship between the canopy and near-surface meteorology during the diurnal cycle. 505 

The unique cycle is observed in all seasons. The offline model simulations suggest the 506 

asymmetric LH flux is principally due to high canopy evaporation during the early 507 

morning.  508 

 509 

In this study, where the water vapor comes from and how the asymmetric LH flux will 510 

be influenced by different atmospheric forcing as the climate changes remain uncertain. 511 

Future works may require isotopic measurements or the tracer model experiment to 512 

distinguish local and advected water vapor. In addition, since leaf wetness fails to 513 

measure the amount of canopy water, improved measurement in the time evolution of 514 

canopy water amount will improve understanding on how the canopy water varies in 515 

different environmental circumstances. Also, idealized model simulations may be 516 

needed to determine how each variable in the atmospheric forcing affects the hydro-517 

climatological cycle in the MCFs. The offline CLM framework does not allow us to 518 

analyze how the asymmetric LH flux affects local climate. We, therefore, propose to 519 

utilize a single-column Community Atmosphere Model coupled CLM to explore how 520 

surface fluxes interact with temperature, boundary layer development, and cloud 521 

formation in the future. 522 
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Table and Figure Captions (including appendix figures): 752 

 753 

Table 1. The difference in leaf wetness [mV] between sunrise and 3-hour after sunrise 754 

in three different canopy layers. The positive values indicate the canopy is wetter at 755 

around sunrise comparing to 3 hours later. 756 

 757 

Table 2. The daytime average of the LH flux [𝑊	𝑚!"]  and CO2 flux 758 

[mmol	𝑚!"	𝑠!&] in CL under foggy and fogless conditions. We only selected the flux 759 

data from rainless days. We separated foggy and fogless conditions using visibility data 760 

at each time step, and calculated daytime (6:00–18:00) averages of those. 761 

 762 

Table 3. The daytime average of the LH flux [W	𝑚!"] and CO2 flux [mmol	𝑚!"	𝑠!&] 763 

in CL under foggy and fogless conditions. We only selected the flux data from rainless 764 

days. We separated foggy and fogless conditions using visibility data at each time step, 765 

and calculated daytime (6:00–18:00) averages of those. 766 

 767 

Fig. 1. (a) The locations of the Chi-Lan (CL) MCF and the Lien-Hua-Chih (LHC) non 768 

cloud forest. (b) The frequency of fog occurrence in CL. (b) Comparison of the diurnal 769 

cycles in net radiation (Rn [𝑊	𝑚!" ]: dashed lines) and latent heat flux (LH flux 770 

[𝑊	𝑚!"]: solid lines) between CL (blue lines) and LHC (red lines). The shadings 771 

represent the variations in the energy fluxes between the first quartile and the third 772 

quartile from 2008 to 2011 (CL) and 2012 to 2013 (LHC), respectively. (c) Comparison 773 

of the occurrence probability of the daily maximum net radiation (Rn [𝑊	𝑚!"]: dashed 774 

lines) and latent heat flux (LH flux [𝑊	𝑚!"]: solid lines) between CL (blue lines) and 775 
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LHC (red lines). The skewness coefficient of Rn in CL is 1.07 and that of LH flux is 776 

2.56. The skewness coefficient of Rn in LHC is -0.63 and that of LH flux is -0.34. 777 

 778 

Fig. 2. (a) The comparison of diurnal cycle of latent heat flux [𝑊 𝑚"⁄ ] between CL 779 

flux tower observation and CLM simulation (CTR). (b) The comparison of latent heat 780 

fluxes [𝑊 𝑚"⁄ ] between CL flux tower observations and CLM simulation (CTR). The 781 

RMSE means the root mean square error. 782 

 783 

Fig. 3. The comparison of the diurnal cycle of potential evapotranspiration (PET 784 

[𝑊	𝑚!"]: dashed lines) and latent heat flux (LH flux [𝑊	𝑚!"]: solid lines) between 785 

CL (Chi-Lan: blue lines) and LHC (Lien-Hua-Chih: red lines). The shading color 786 

represents the variation of the fluxes between the first quartile and the third quartile 787 

from four years of data from 2008 to 2011 in CL and two years of data from 2012 to 788 

2013 in LHC. 789 

 790 

Fig. 4. The comparison of five meteorological variables obtained from the flux towers 791 

between the CL (blue lines) and LHC (red lines) forest: (a) temperature [℃], (b) 792 

specific humidity [𝑔	𝑘𝑔!& ] (solid lines) and saturated specific humidity [𝑔	𝑘𝑔!& ] 793 

(dashed lines), (c) wind speed [m	s!&], and (d) relative humidity [%]. The shadings 794 

represent the range of variation of each meteorological variable between the first and 795 

the third quartiles of data in CL and LHC. 796 

 797 

Fig. 5. (a) Simulations conducted using the Community Land Model V4: with (CTR: 798 

blue lines) and without (EXP: orange lines) canopy water representation. (b) 799 

Comparison of the diurnal cycle in net radiation [𝑊	𝑚!"] (dashed lines) and LH flux 800 
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[𝑊	𝑚!"] (solid lines) between CTR and EXP. (c), (d) The partitions of the LH flux 801 

(ground evaporation [𝑊	𝑚!"] (brown lines), transpiration [𝑊	𝑚!"] (red lines), and 802 

canopy evaporation [𝑊	𝑚!"] (blue lines)) for (c) CTR and (d) EXP. The shadings 803 

represent the variations of the energy fluxes between the first quartile and the third 804 

quartile from the last eight years of the simulations. 805 

 806 

Fig. 6. Schematic plot of the hydro-climatological cycle in the CL MCF. 807 

 808 

Fig. 7. (a) The comparison of the diurnal cycle of canopy water [mm] among CTR (blue 809 

line), max_cw_0.2 (purple line) and max_cw_0.1 (dark magenta line) and 810 

max_cw_0.05 (light magenta line). The shading color represents the variation of the 811 

canopy water between the first quartile and the third quartile from the last eight years 812 

of each simulation. (b) The comparison of the diurnal cycle of LH fluxes [𝑊	𝑚!"] 813 

among CTR, max_cw_0.2 and max_cw_0.1 and max_cw_0.05. The shading color 814 

represents the variation of the canopy water between the first quartile and the third 815 

quartile from the last eight years of each simulation. (c) The partition of LH flux among 816 

CTR, max_cw_0.2 and max_cw_0.1 and max_cw_0.05. The solid lines, dashed lines 817 

and dotted lines represent canopy evaporation[𝑊	𝑚!"], transpiration[𝑊	𝑚!"], and 818 

ground evaporation[𝑊	𝑚!"], respectively. 819 

 820 
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TABLES 822 

Table 1. The difference in leaf wetness [mV] between sunrise and 3-hour after sunrise 823 

in three different canopy layers. The positive values indicate the canopy is wetter at 824 

around sunrise comparing to 3 hours later. 825 

 826 

Height [m] 
Difference of leaf wetness between sunrise and 3-hour after 

sunrise (mean [mV] ± std) 

5.3 35.8 ± 67.2* 

8.3 75.32 ± 102.44* 

11.2 5.05 ± 26.90* 

Three-layer averaged 40.59 ± 61.47* 

*Significant difference at the 1% significance level (one-tailed t test) 

 827 
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Table 2. The daytime average of the LH flux [𝑊	𝑚!"]  and CO2 flux 829 

[mmol	𝑚!"	𝑠!&] in CL under foggy and fogless conditions. We only selected the flux 830 

data from rainless days. We separated foggy and fogless conditions using visibility data 831 

at each time step, and calculated daytime (6:00–18:00) averages of those. 832 

 833 

 Fogless conditions Foggy conditions 

LH flux [𝑊	𝑚−2] 102.29 45.34 

CO2 flux [mmol	𝑚−2	𝑠−1] -0.0085 -0.0044 

 834 
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Table 3. The daytime average of the LH flux [W	𝑚!"] and CO2 flux [mmol	𝑚!"	𝑠!&] 836 

in CL under foggy and fogless conditions. We only selected the flux data from rainless 837 

days. We separated foggy and fogless conditions using visibility data at each time step, 838 

and calculated daytime (6:00–18:00) averages of those. 839 

fluxes seasons 

mean of fluxes 

under fogless 

conditions 

mean of fluxes 

under foggy 

conditions 

decrement of 

fluxes in 

percentage 

LH flux [W	𝑚$%] 

MAM 99.08 49.73 49.81% 

JJA 120.82 55.63 53.96% 

SON 121.28 45.69 62.32% 

DJF 83.99 38.69 53.94% 

annual 102.29 45.34 55.68% 

CO2 flux 

[mmol	𝑚$%	𝑠$&] 

MAM -0.0101 -0.0054 46.68% 

JJA -0.0081 -0.0020 75.27% 

SON -0.0088 -0.0041 54.1% 

DJF -0.0078 -0.0045 42.06% 

annual -0.0085 -0.0044 48.06% 
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FIGURES 842 

 843 

Fig. 1. (a) The locations of the Chi-Lan (CL) MCF and the Lien-Hua-Chih (LHC) non 844 

cloud forest. (b) The frequency of fog occurrence in CL. (c) Comparison of the diurnal 845 

cycles in net radiation (Rn [𝑊	𝑚!" ]: dashed lines) and latent heat flux (LH flux 846 

[𝑊	𝑚!"]: solid lines) between CL (blue lines) and LHC (red lines). The shadings 847 

represent the variations in the energy fluxes between the first quartile and the third 848 

quartile from 2008 to 2011 (CL) and 2012 to 2013 (LHC), respectively. (d) Comparison 849 

of the occurrence probability of the daily maximum net radiation (Rn [𝑊	𝑚!"]: dashed 850 

lines) and latent heat flux (LH flux [𝑊	𝑚!"]: solid lines) between CL (blue lines) and 851 

LHC (red lines). The skewness coefficient of Rn in CL is 1.07 and that of LH flux is 852 

2.56. The skewness coefficient of Rn in LHC is -0.63 and that of LH flux is -0.34. 853 
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 856 

Fig. 2. (a) The comparison of diurnal cycle of latent heat flux [𝑊 𝑚"⁄ ] between CL 857 

flux tower observation and CLM simulation (CTR). (b) The comparison of latent heat 858 

fluxes [𝑊 𝑚"⁄ ] between CL flux tower observations and CLM simulation (CTR). The 859 

RMSE means the root mean square error. 860 
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 862 

Fig. 3. The comparison of the diurnal cycle of potential evapotranspiration (PET 863 

[𝑊	𝑚!"]: dashed lines) and latent heat flux (LH flux [𝑊	𝑚!"]: solid lines) between 864 

CL (Chi-Lan: blue lines) and LHC (Lien-Hua-Chih: red lines). The shading color 865 

represents the variation of the fluxes between the first quartile and the third quartile 866 

from four years of data from 2008 to 2011 in CL and two years of data from 2012 to 867 

2013 in LHC. 868 
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 871 

Fig. 4. The comparison of five meteorological variables obtained from the flux towers 872 

between the CL (blue lines) and LHC (red lines) forest: (a) temperature [℃], (b) 873 

specific humidity [𝑔	𝑘𝑔!& ] (solid lines) and saturated specific humidity [𝑔	𝑘𝑔!& ] 874 

(dashed lines), (c) wind speed [m	s!&], and (d) relative humidity [%]. The shadings 875 

represent the range of variation of each meteorological variable between the first and 876 

the third quartiles of data in CL and LHC. 877 
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 880 

Fig. 5. (a) Simulations conducted using the Community Land Model V4: with (CTR: 881 

blue lines) and without (EXP: orange lines) canopy water representation. (b) 882 

Comparison of the diurnal cycle in net radiation [𝑊	𝑚!"] (dashed lines) and LH flux 883 

[𝑊	𝑚!"] (solid lines) between CTR and EXP. (c), (d) The partitions of the LH flux 884 

(ground evaporation [𝑊	𝑚!"] (brown lines), transpiration [𝑊	𝑚!"] (red lines), and 885 

canopy evaporation [𝑊	𝑚!"] (blue lines)) for (c) CTR and (d) EXP. The shadings 886 

represent the variations of the energy fluxes between the first quartile and the third 887 

quartile from the last eight years of the simulations. 888 
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 891 

 892 

Fig. 6. Schematic plot of the hydro-climatological cycle in the CL MCF. 893 

 894 
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 896 

Fig. 7. (a) The comparison of the diurnal cycle of canopy water [mm] among CTR (blue 897 

line), max_cw_0.2 (purple line) and max_cw_0.1 (dark magenta line) and 898 

max_cw_0.05 (light magenta line). The shading color represents the variation of the 899 

canopy water between the first quartile and the third quartile from the last eight years 900 

of each simulation. (b) The comparison of the diurnal cycle of LH fluxes [𝑊	𝑚!"] 901 

among CTR, max_cw_0.2 and max_cw_0.1 and max_cw_0.05. The shading color 902 

represents the variation of the canopy water between the first quartile and the third 903 

quartile from the last eight years of each simulation. (c) The partition of LH flux among 904 

CTR, max_cw_0.2 and max_cw_0.1 and max_cw_0.05. The solid lines, dashed lines 905 

and dotted lines represent canopy evaporation[𝑊	𝑚!"], transpiration[𝑊	𝑚!"], and 906 

ground evaporation[𝑊	𝑚!"], respectively. 907 




