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Abstract 17 

 Dew formation on leaves plays an important role in plant growth and water use, but it 18 

also contributes to the development of a variety of plant diseases. However, the quantitative 19 

relationship between dew formation in plant canopies and meteorological conditions has not 20 

been fully elucidated. In the present study, a one-layer energy-balance model (1L-model) of a 21 

plant canopy was developed to systematically investigate this relationship, obtaining the 22 

following results: (1) Dew formation (condensation rate) on leaves is highly dependent on four 23 

parameters: effective radiation, relative humidity, air temperature, and exchange velocity (kL) 24 

of the plant canopy. (2) Dew formation occurs when relative humidity (rh) exceeds the critical 25 

value (rhcr), wherein rhcr decreases with a decrease in effective radiation and is lower at lower 26 

air temperatures. (3) Under conditions where rh > rhcr, the condensation rate reaches a 27 

maximum at a specific exchange velocity; however, condensation does not occur when kL is 28 

greater than the critical value. (4) The maximum condensation rate increases with decreasing 29 

effective radiation, but rapidly decreases with decreasing relative humidity, and increases with 30 

increasing air temperature under humid conditions.  31 

Given these theoretical considerations, we proposed two physical indices (reference 32 

dew amount, W0, and potential dew amount, Wp) calculated from meteorological conditions 33 

using the 1L-model. Here, Wp is the maximum dew amount for given meteorological 34 

conditions, excluding wind speed. The efficacy of W0 and Wp in assessing leaf wetness duration 35 

(LWD) and dew amount in plant canopies was confirmed through actual measurements in a 36 

rice paddy and numerical simulations using a more comprehensive multilayer energy-balance 37 

model.  38 

This study contributes to a better understanding of the nature of dew formation on plants 39 

and improves the accuracy of LWD and dew amount estimation in plant canopies for the 40 

prevention of various plant diseases. 41 
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 50 

1. Introduction 51 

 Dew formation plays an important role in plant growth and water use (Limm et al., 52 

2009; Dawson and Goldsmith, 2018; Berry, et al., 2019) and is a valuable water resource for 53 

plants in desert and arid regions (Agam and Berliner, 2006; Hill et al., 2015). Under humid 54 

weather conditions on clear nights, radiative cooling can decrease the temperature of leaves 55 

below the dew point, resulting in dew formation on leaf surfaces. To elucidate the ecological 56 

role of dew in plant communities, it is necessary to understand the mechanism of dew formation 57 

in plant canopies. 58 

Conversely, dew formation is also widely known to provide favorable conditions for 59 

the development of a variety of plant diseases (Campbell and Madden, 1990; Magarey et al., 60 

2005), such as rice blast and sheath blight of rice (Kobayashi et al., 2006; Katsantonis et al., 61 

2017; Maruyama et al., 2023). Many studies have utilized leaf wetness duration (LWD) to 62 

predict the likelihood and severity of plant disease as the risk of infection for many plant 63 

diseases increases with LWD (Campbell and Madden, 1990; Huber and Gillespie, 1992). Given 64 
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that farmers are increasingly implementing disease-warning systems, the need for easily 65 

accessible LWD data is growing (Rowlandson et al., 2015). 66 

 There are two known methods to evaluate LWD: measurement using condensation 67 

sensors and estimation using mathematical models, which are classified into physical and 68 

empirical models and utilize meteorological observation data as input values (Rowlandson et 69 

al., 2015). Physical models predict LWD based on the heat balance of the leaf surface (Pedro 70 

and Gillespie, 1981a, 1981b), and some models account for the wetting effects of rainfall 71 

(Papastamati et al., 2004; Magarey et al., 2006a, 2006b). In addition, the Penman–Monteith 72 

equation has been used to evaluate LWD (Montone et al., 2016). For example, Sentelhas (2006) 73 

evaluated LWD using a method derived from a crop evapotranspiration evaluation method 74 

which used the Penman–Monteith equation (Allen et al., 1998). Empirical models are also 75 

based on the physical process of condensation; however, they utilize statistical relationships 76 

between LWD and meteorological variables, such as relative humidity, dew point depression, 77 

air temperature, wind speed, and vapor pressure deficit (Gleason et al., 1994; Deshpande et al., 78 

1995; Beruski et al., 2019; Zito et al., 2020). In recent years, empirical models for LWD 79 

estimation have also been developed using machine learning algorithms such as random forest, 80 

classification and regression tree, and neural network (Stella et al., 2017; Gao et al., 2020; 81 

Asadi and Tian, 2021; Shin et al., 2021). 82 

 Although many studies have provided practical solutions for predicting LWD, only a 83 

few of them have theoretically considered the properties of dew formation and its dependence 84 

on meteorological conditions (Monteith, 1957, 1961; Garratt and Segal, 1988). The energy 85 

budget for dew formation is explained in two leading textbooks on plant microclimate 86 

environments (Jones, 2013; Monteith and Unsworth, 2013); however, only a brief description 87 

is provided. In recent years, highly accurate real-time meteorological data that can be used to 88 

assess both LWD and dew amount have been produced locally and globally, including not only 89 
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spatially dense data based on automated station networks but also gridded meteorological data 90 

based on ground-based observation networks and numerical weather forecasts (Rowlandson et 91 

al., 2015; Asadi and Tian, 2021). To effectively utilize these data, a theoretical understanding 92 

and organization regarding the characteristics and environmental dependence of dew formation 93 

based on canopy energy balance are needed. Such theoretical investigations are also essential 94 

for understanding the ecophysiological role of dew formation in plant survival and water use. 95 

 To address these issues, this study addressed two research objectives: (1) A theoretical 96 

examination of how dew formation is influenced by various meteorological factors by 97 

introducing a newly developed one-layer energy-balance model (1L-model) of a plant canopy, 98 

and, based on these theoretical examinations, (2) the proposal of two physical indices of dew 99 

amount (reference dew amount, W0, and potential dew amount, Wp) calculated utilizing the 100 

1L-model. Subsequently, the efficacy of W0 and Wp in assessing LWD and dew amount was 101 

examined through actual measurements in a rice paddy field and numerical simulations using 102 

a more comprehensive multilayer energy-balance model. To our knowledge, this study 103 

provides the first theoretical framework for the physical characteristics of dew formation in 104 

plant canopies. The results presented here provide a physical basis for estimating not only LWD, 105 

but also dew amount in plant canopies. 106 

 107 

2. Materials and Methods 108 

2.1. One-layer energy-balance model (1L-model) of a plant canopy 109 

2.1.1. Basic equations for evaluating dew formation in plant canopies 110 

 The heat budget for a one-layer plant canopy (Fig. 1) is given by the following equation: 111 

𝑅𝑅d + 𝜎𝜎∗𝑇𝑇S4 = 𝐻𝐻L + 𝑙𝑙𝐸𝐸L + 2𝜎𝜎∗𝑇𝑇L 
4,       (1) 112 

𝑅𝑅d ≡ (1 − 𝑟𝑟 − 𝜏𝜏)𝑆𝑆d + 𝜀𝜀𝐿𝐿d ,       (2) 113 

𝜎𝜎∗ ≡ 𝜀𝜀𝜀𝜀,          (3) 114 
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where Rd is the downward radiative flux, HL is the sensible heat flux from the plant canopy, 115 

lEL is the latent heat flux from the plant canopy (EL is the rate of evaporation (kg m-2 s-1)), l is 116 

the specific latent heat of vaporization (J kg-1), and TL is the temperature of canopy leaves 117 

(canopy temperature; K). Sd is the solar radiation, and TS is the equivalent blackbody 118 

temperature of the ground surface. The term Ld is the downward longwave radiation, r and τ 119 

are the shortwave reflectance (albedo) and transmittance of the plant canopy respectively, σ is 120 

the Stefan–Boltzmann constant (5.67×10-8 W m-2 K-4), and ε is the emissivity of the plant 121 

canopy for longwave radiation (assumed to be 1.0 in this study). The units of each term in Eqs. 122 

(1) and (2) are W m-2. 123 

 124 

Figure 1. Illustration of the heat budget for a one-layer plant canopy (1L-model). Each term in 125 

the heat budget is explained in the first paragraph of Section 2.1.1. Rd: the downward radiative 126 

flux, HL: the sensible heat flux, lEL: the latent heat flux, TL: the temperature of canopy leaves 127 

(canopy temperature), TS: the equivalent blackbody temperature at the ground surface (σ* ≡ ε 128 

σ; σ: the Stefan–Boltzmann constant, ε: the emissivity of the plant canopy for longwave 129 

radiation) 130 

 131 

dew
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Sensible and latent heat fluxes were parameterized using bulk formulas (Kondo and Ishida, 132 

1997; Kuwagata et al, 2008) as follows: 133 

𝐻𝐻L = 𝑐𝑐P𝜌𝜌𝑘𝑘L(𝑇𝑇L − 𝑇𝑇),         (4) 134 

𝑙𝑙𝐸𝐸L = 𝑙𝑙𝑙𝑙𝑙𝑙𝑘𝑘L{𝑞𝑞SAT(𝑇𝑇L) − 𝑟𝑟ℎ 𝑞𝑞SAT(𝑇𝑇)}.      (5) 135 

where cp is the specific heat of air at constant pressure (J kg-1 K-1), ρ is the density of air (kg m-136 

3), T is the air temperature (K) just above the plant canopy, rh is the relative humidity just above 137 

the plant canopy, and qSAT(TL) and qSAT(T) are the saturated specific humidity at the canopy 138 

temperature, TL, and air temperature, T, respectively. The terms kL and βkL denote the exchange 139 

velocities for the sensible and latent heat fluxes (m s-1), respectively, where β is the surface 140 

moisture availability.  141 

Assuming TS = TL, Eq. (1) yields the following equation: 142 

𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4 = 𝐻𝐻L + 𝑙𝑙𝐸𝐸L + 𝜎𝜎∗(𝑇𝑇L4 − 𝑇𝑇4).      (6) 143 

 144 

 Here, the assumption that TS = TL is based on the fact that a larger percentage of dew 145 

accumulates in the upper part (upper layer) of the plant canopy (Jacobs et al., 1990; Wilson et 146 

al., 1999, Maruyama et al., 2023) and that the heat budget of this layer is only slightly affected 147 

by the ground surface temperature. Our numerical simulations of the dew formation in a rice 148 

canopy using a multilayer canopy energy-balance model suggested that the dew quantity of the 149 

entire plant canopy is not very sensitive to the ground surface temperature (paddy water 150 

temperature), which was recently reported by Maruyama et al. (2023). Equations (4)–(6) can 151 

be solved numerically for the three unknown variables (TL, HL, EL), when the meteorological 152 

conditions (Rd - σ*T4, T, rh), kL, and β are given. Here, effective radiation, Rd - σ*T4, is generally 153 

negative at night, and the nocturnal radiative cooling of the plant canopy increases with 154 

decreasing Rd - σ*T4. 155 
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Finally, dew formation (condensation rate), dW/dt, can be evaluated using the following 156 

equation: 157 

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ = −𝐸𝐸L/𝜌𝜌w,         (7) 158 

where t is time (s), W is the dew amount on canopy leaves, expressed as the equivalent water 159 

depth above the ground surface (mm), and ρw is the density of water (103 kg m-3).  160 

 We set β = 1.0 (assuming all leaves of the plant canopy are wet) and ε = 1.0 (assuming 161 

the plant canopy acts as a black body for longwave radiation) in this study. The former 162 

assumption is reasonable when dew is present. To calculate the saturated specific humidity in 163 

Eq. (5), the atmospheric pressure, ps, was set as 1013 hPa.  164 

 The 1L-model is essentially similar to that of Kondo (1996). Equations (4)–(6) of the 165 

1L-model are applied to plant canopies in this study; however, these equations are applicable 166 

to other objects, such as the surface of flat ground, single leaves, and microdroplets (Kondo, 167 

1996). If the heat flux into the ground, G (positive downward), is not negligible relative to 168 

effective radiation, Rd - σ*T4, when evaluating dew formation on the flat ground surface, Rd - 169 

G should be used instead of Rd. As G generally depends on the ground surface temperature, an 170 

additional equation for G must be included in such a case. 171 

 172 

2.1.2. Critical relative humidity and maximum possible condensation rate 173 

 Dew formation (condensation) occurs when TL is lower than the dew point temperature, 174 

Tdew (≤ T). Under the condition of kL = 0, no heat exchange occurs between the plant canopy 175 

and atmosphere; consequently, both HL and lEL (evaporation/condensation) fluxes are zero. 176 

During condensation, sensible and latent heat are transported from the atmosphere to the plant 177 

canopy (HL, lEL < 0); consequently, TL increases from the kL = 0 condition. Therefore, from 178 

Eq. (5), the necessary condition for condensation to occur in the plant canopy is derived as 179 

follows: 180 
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𝑟𝑟ℎ 𝑞𝑞SAT(𝑇𝑇) >  𝑞𝑞SAT(𝑇𝑇L00) ≡ 𝑟𝑟ℎcr 𝑞𝑞SAT(𝑇𝑇),      (8) 181 

where rhcr is the critical value of relative humidity for condensation to occur and TL00 is the 182 

plant canopy temperature at kL = 0. By solving Eqs. (4)–(6) under the condition that kL = 0, 183 

TL00 can be expressed as follows: 184 

𝑇𝑇L00 = {(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4)/𝜎𝜎∗ + 𝑇𝑇4}1/4.       (9) 185 

 Condensation does not occur when rh is less than rhcr. Here, the value of rhcr decreases 186 

with decreasing Rd - σ*T4, as implied by Eqs. (8) and (9). 187 

Moreover, the maximum possible value of the condensation rate for a given effective 188 

radiation and air temperature is obtained under the conditions of rh = 1 and kL = ∞. Solving 189 

Eqs. (4)–(6) for rh = 1 and kL = ∞ yields the following equation: 190 

d𝑊𝑊 d𝑡𝑡⁄ |m(𝑟𝑟ℎ=1) = −{(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4)𝛥𝛥/(𝑐𝑐P + 𝑙𝑙𝑙𝑙)}/𝜌𝜌w,    (10) 191 

where 192 

𝛥𝛥 ≡ d𝑞𝑞SAT/d𝑇𝑇.         (11) 193 

Here, dW/dt|m(rh=1) is defined as the “maximum possible condensation rate” in the present study. 194 

The same expression as Eq. (10) was derived by Monteith (1961). 195 

 196 

2.1.3. Approximate solution 197 

If we consider the condition that the difference between T and TL is less than 5 °C (|TL-T| < 198 

5 °C), the approximation that qSAT(TL) = qSAT(T) + Δ(TL-T) and TL
4 - T4 = 4T3(TL - T) can be 199 

made. With these approximations, the solution of Eqs. (4)–(6) for (TL, HL, EL) is written as 200 

follows: 201 

𝑇𝑇�L − 𝑇𝑇 = [(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4) − 𝑙𝑙𝜌𝜌𝑘𝑘𝐿𝐿{(1 − 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇)}]/{4𝜎𝜎∗𝑇𝑇3 + 𝜌𝜌(𝑐𝑐P + 𝑙𝑙𝑙𝑙) 𝑘𝑘L}, (12) 202 

𝐻𝐻�L = 𝑐𝑐P𝜌𝜌𝑘𝑘L�𝑇𝑇�L − 𝑇𝑇�,         (13) 203 

𝑑𝑑𝑊𝑊� 𝑑𝑑𝑑𝑑⁄ = −𝐸𝐸�L/𝜌𝜌w = −𝜌𝜌𝑘𝑘L�(1 − 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇) + 𝛥𝛥�𝑇𝑇�L − 𝑇𝑇��/𝜌𝜌w,   (14) 204 

where 𝑋𝑋� (X: any variable) denotes values for the approximate solution. 205 
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 206 

2.1.4. Physical parameters for the approximate solution 207 

In the approximate solution, the following seven physical parameters that characterize dew 208 

formation under given three meteorological conditions (Rd - σ*T4, T, rh) can be described 209 

analytically utilizing the following equations: 210 

 211 

a. Maximum condensation rate (maximum dew formation): 212 

𝑑𝑑𝑊𝑊� 𝑑𝑑𝑑𝑑⁄ |m = (𝐺𝐺2/𝜌𝜌w)�𝐺𝐺1�1 − 2�𝑘𝑘�Lm 𝑘𝑘�L0⁄ �� − 𝑘𝑘�Lm�/�1 + 𝑘𝑘�Lm 𝐺𝐺1⁄ �,  (15) 213 

 214 

b. Exchange velocity for 𝑑𝑑𝑊𝑊� 𝑑𝑑𝑑𝑑⁄ |m: 215 

𝑘𝑘�Lm = 𝐺𝐺1 ��1 + 𝑘𝑘�L0 𝐺𝐺1⁄ �
1/2

− 1�,       (16) 216 

 217 

c. Critical exchange velocity for dW/dt = 0: 218 

𝑘𝑘�L0 = −[𝛥𝛥(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4) {(1− 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇)}⁄ + 4𝜎𝜎∗𝑇𝑇3]/(𝑐𝑐P𝜌𝜌),   (17) 219 

where 220 

𝐺𝐺1(𝑇𝑇) ≡ 4𝜎𝜎∗𝑇𝑇3 {𝜌𝜌(𝑐𝑐P + 𝑙𝑙𝑙𝑙)}⁄ ,       (18) 221 

𝐺𝐺2(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4, 𝑟𝑟ℎ,𝑇𝑇) ≡ 𝜌𝜌 {𝛥𝛥(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4) + 4𝜎𝜎∗𝑇𝑇3(1 − 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇)} (4𝜎𝜎∗𝑇𝑇3)⁄ , 222 

= 𝑘𝑘�L0𝑐𝑐P𝜌𝜌2 (1 − 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇) (4𝜎𝜎∗𝑇𝑇3)⁄ .   (19) 223 

 224 

No condensation occurs when kL > 𝑘𝑘�L0. 225 

 226 

d. Canopy temperature for kL = 0: 227 

𝑇𝑇�L00 = 𝑇𝑇 + (𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4)/(4𝜎𝜎∗𝑇𝑇3).       (20) 228 

 229 

e. Canopy temperature for kL = 𝑘𝑘�Lm: 230 
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𝑇𝑇�Lm = 𝑇𝑇 + {(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4) − 𝑙𝑙𝜌𝜌(1 − 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇)}/�4𝜎𝜎∗𝑇𝑇3 + 𝜌𝜌(𝑐𝑐P + 𝑙𝑙𝑙𝑙) 𝑘𝑘�Lm�. (21) 231 

 232 

f. Canopy temperature for kL = 𝑘𝑘�L0: 233 

𝑇𝑇�L0 = 𝑇𝑇 − (1 − 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇)/𝛥𝛥.       (22) 234 

 235 

g. Canopy temperature for kL = ∞: 236 

𝑇𝑇�L∞ = 𝑇𝑇 − (1 − 𝑟𝑟ℎ)𝑞𝑞SAT(𝑇𝑇)/(𝑐𝑐P/𝑙𝑙 + 𝛥𝛥).      (23) 237 

 238 

 Equations (15)–(17) and (21)–(22) hold true when 𝑟𝑟ℎ�cr < rh < 1. Here, 𝑟𝑟ℎ�cr is the value 239 

of rhcr for the approximate solution: 240 

𝑟𝑟ℎ�cr = 1 + 𝛥𝛥(𝑅𝑅d − 𝜎𝜎∗𝑇𝑇4) {4𝜎𝜎∗𝑇𝑇3𝑞𝑞SAT(𝑇𝑇)}⁄ .     (24) 241 

 242 

2.2. Definitions of reference and potential dew amounts 243 

 Two physical indices of dew amount of the plant canopy were proposed, which were 244 

calculated from the 1L-model. The first index is reference dew amount, W0, which is defined 245 

as the dew amount for the given meteorological conditions (Rd - σ*T4, T, rh, u). Here, the 246 

meteorological conditions include wind speed, u, to evaluate the exchange velocity, kL. The 247 

second index is potential dew amount, Wp, which is defined as the maximum dew amount for 248 

the given meteorological conditions (Rd - σ*T4, T, rh). The remarkable feature of Wp, unlike 249 

W0, is that it does not depend on the wind speed u. 250 

The values of W0 and Wp are evaluated using the following equations: 251 

𝑊𝑊0(𝑡𝑡 + Δ𝑡𝑡)  = max[0,𝑊𝑊0(𝑡𝑡) + (d𝑊𝑊 d𝑡𝑡⁄ )Δ𝑡𝑡],     (25) 252 

𝑊𝑊p(𝑡𝑡 + Δ𝑡𝑡) = max[0,𝑊𝑊p(𝑡𝑡) + (d𝑊𝑊 d𝑡𝑡|m∗⁄ )Δ𝑡𝑡],     (26) 253 

 254 

d𝑊𝑊 d𝑡𝑡⁄ |m∗ = d𝑊𝑊 d𝑡𝑡⁄ |m                              𝑟𝑟ℎ ≥  𝑟𝑟ℎcr,     (27a) 255 
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= d𝑊𝑊 d𝑡𝑡⁄ (𝑘𝑘L = 𝑐𝑐hL𝑢𝑢min)       𝑟𝑟ℎ <  𝑟𝑟ℎcr,     (27b) 256 

where t is time, Δt is the time interval for calculating W0 and Wp, and dW/dt and dW/dt|m are 257 

the condensation rate (dependent on kL) and the maximum condensation rate at t = t + Δt/2, 258 

respectively. Equation (27b) was used to set the minimum evaporation under conditions where 259 

no condensation occurred (rh < rhcr). In this study, Δt = 1800 s (= 30 min), umin = 0.05 m s-1 260 

(minimum wind speed), and chL = 0.05 (exchange coefficient) were adopted. During the 261 

daytime (Sd > 0), r = 0.3 and τ = 0.2 (assuming paddy rice) were used in Eq. (2). 262 

 The exchange velocity, kL, for calculating dW/dt in Eq. (25) varies with the wind speed. 263 

Here, kL was calculated from an empirical equation that considers the effects of both natural 264 

and forced convection (Watanabe and Mizutani, 1996) as in Maruyama et al. (2023). The 265 

typical length scale DL of the heat exchange object (the plant canopy; leaf aggregation) used 266 

in the equation for kL depends on both the type of plant and the morphology of the plant canopy. 267 

In this study, DL = 0.1 m was used for the rice canopy for comparison with the measured data 268 

from irrigated rice paddy fields.  269 

 270 

2.3. Measurement data in a rice paddy 271 

 To verify the efficacy of the two physical indices of plant dew quantity (W0 and Wp) 272 

based on the 1L-model, we used dew amount data measured in a rice paddy field at the National 273 

Agriculture and Food Research Organization (NARO) Kyushu Okinawa Agricultural Research 274 

Center in Kumamoto Prefecture, Japan (32.8743°N, 130.7405°E, 76 m above sea level; Fig. 2) 275 

(Maruyama et al., 2023). The climate at the experimental site is warm temperate (humid 276 

subtropical climate), and the soil type is Andosol. The rice variety “Hinohikari” was 277 

transplanted on June 11, 2003 in a 500 m2 plot (10 m × 50 m) with a spacing of 0.2 m × 0.3 m. 278 

 The dew amount in the rice canopy was measured at the center of the field on four 279 

nights — three nights during the booting period and one night during the grain-filling period. 280 
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The water depth in the field was maintained at approximately 5 cm during the dew observation 281 

period. During the booting and grain-filling period, air temperature, humidity, and wind speed 282 

were measured 2 m above the ground in the paddy field. A pyranometer and pyrgeometer were 283 

installed next to the paddy field to measure solar radiation and downward longwave radiation, 284 

respectively. Details of dew measurements and meteorological observations in the rice paddy 285 

fields are described by Maruyama et al. (2023).  286 

In this study, the wind speed, u, for calculating kL in the evaluation of W0 was corrected 287 

by u = u2mln[(h - d)/z0]/ln[(zobs - d)/z0], where u2m is the observed wind speed at zobs (= 2 m) 288 

above the ground, h (= 1 m) is the height of the rice canopy, d (= 0.67h) is the zero-plane 289 

displacement, and z0 (= 0.1 m) is the roughness length for momentum. The observed air 290 

temperature and humidity at 2 m above the ground were used without correction for the 291 

evaluation of W0 and Wp.  292 

 293 

Figure 2. Location of the NARO Kyushu Okinawa Agricultural Research Center in Kumamoto 294 

Prefecture, Japan (32.8743°N, 130.7405°E, 76 m above sea level) 295 

 296 

2.4. Simulation using a multilayer energy-balance model of a plant canopy 297 

N

E

Kyushu Okinawa Agricultural 
Research Center, NARO
(Kumamoto Prefecture, Japan)
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 The LWD and dew amount estimated from the two physical indices, W0 and Wp, were 298 

compared with those simulated using a multilayer energy-balance model of the plant canopy 299 

modified from the Multilayered Implementation for Natural Canopy-Environment Relations 300 

(MINCER; Watanabe et al., 2004, 2005). This modified model, the multilayer canopy energy-301 

balance model (MLC-model) involves a one-dimensional, multilayer representation of the 302 

vertical transfer of momentum, heat, and water vapor in a plant canopy and calculates the 303 

vertical profiles of microclimates (such as air temperature and humidity, sensible and latent 304 

heat fluxes, and leaf temperature and dew amount) within and above the canopy by solving the 305 

leaf-scale energy budget and transfer equations throughout the canopy layer (Watanabe et al., 306 

2004, 2005; Maruyama et al., 2023). Simulations using the MLC-model were conducted for 307 

the booting period (August 18–27, 2003) and the grain-filling period (September 24 to October 308 

3, 2003). The simulation results were confirmed to be similar to the actual dew amount 309 

measurements from the rice paddy field (Maruyama et al., 2023). Details of the simulation 310 

using the MCL-model have been described by Maruyama et al. (2023). 311 

 312 

3. Results 313 

3.1. Simulation of dew formation based on 1L-model 314 

3.1.1 Dependence of condensation rate on the exchange velocity and relative humidity 315 

 By solving Eqs. (4)–(6) of the 1L-model, we examined the dew formation 316 

characteristics under different meteorological conditions. Figure 3 shows the condensation rate, 317 

dW/dt = - EL/ρw, and canopy-air temperature difference, TL - T, as a function of exchange 318 

velocity, kL (relative humidity: rh = 0.1–1.0, air temperature: T = 20 °C, effective radiation: Rd 319 

- σT4 = - 50 W m-2
, emissivity of the plant canopy: ε = 1.0). The dependence of dW/dt on kL 320 

and rh can be summarized as follows:  321 

 322 
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(1) At rh = 1.0 (100%), condensation rate increased with kL. 323 

(2) At 0.6 ≤ rh < 1.0, condensation rate reached a maximum value (dW/dt|m) for specific kL (≡ 324 

kLm), and condensation transitioned to evaporation for larger kL. 325 

(3) At rh < 0.6, condensation did not occur, and evaporation occurred from wet leaf surfaces. 326 

 327 

Because kL increases nearly proportionately to wind speed, no condensation occurs in strong 328 

winds except when rh = 1.0. 329 

 Under the conditions of rh = 0.1–1.0, T = 20 °C, and Rd - σT4 = - 50 W m-2, TL - T is 330 

always negative, increasing with kL for rh > 0.3 and decreasing with increasing kL for rh < 0.3. 331 

When kL approaches infinity, TL - T approaches TL∞ - T (TL∞ = TL∞(rh, T): function of rh and 332 

T). Here, TL∞ can be evaluated numerically by solving the following equation: 333 

𝑇𝑇L∞  + �𝑙𝑙 𝑐𝑐p⁄ �𝑞𝑞SAT(𝑇𝑇L∞)  = 𝑇𝑇 + �𝑙𝑙 𝑐𝑐p⁄ �𝑟𝑟ℎ 𝑞𝑞SAT(𝑇𝑇),    (28) 334 

which is derived from Eqs. (4)–(6) by setting kL → ∞. 335 

 336 

 337 

Figure 3. Dependence of (a) condensation rate, dW/dt = -EL, and (b) canopy-air temperature 338 

difference, TL - T, on the exchange velocity, kL, based on the one-layer energy-balance model 339 

of the plant canopy (relative humidity: rh = 0.1–1.0 (10–100%), air temperature: T = 20 °C, 340 
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effective radiation: Rd - σT4 = - 50 W m-2
, emissivity of the plant canopy: ε = 1.0). The same 341 

relationships for rh = 0.4–1.0 were also demonstrated in Kondo (1996). 342 

 343 

3.1.2. Critical relative humidity for dew formation 344 

 Dew formation does not occur when rh is less than rhcr. The value of rhcr decreases 345 

rapidly with decreasing effective radiation and is somewhat lower at lower air temperatures 346 

(Fig. 4). 347 

 348 

Figure 4. Dependence of the critical relative humidity, rhcr, for dew formation on the effective 349 

radiation, Rd - σT4, and air temperature, T. Dew formation does not occur when the relative 350 

humidity, rh, is less than the critical value, rhcr (assuming the emissivity of the plant 351 

canopy, ε, is equal to 1.0). 352 

 353 

3.1.3. Maximum condensation rate 354 

 The maximum condensation rate dW/dt|m depends strongly on both rh and Rd - σT4 and 355 

varies with T; that is, under constant rh conditions, dW/dt|m increases linearly with decreasing 356 

Rd - σT4, with the rate of increase being greater under higher air temperature conditions (Fig. 357 

5). Under conditions of constant Rd - σT4, dW/dt|m increases exponentially with rh, with the rate 358 

of increase being greater at higher air temperatures (Fig. 6). In contrast, dW/dt|m increases with 359 
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increasing air temperature under humid conditions. However, when rh is close to rhcr, dW/dt|m 360 

decreases with increasing air temperature (Figs. 5 and 6). Here, dW/dt|m for rh = 1 is 361 

analytically expressed using Eq. (10) (Section 2.1.2). Under the condition of |TLm - T| < 5 °C, 362 

dW/dt|m can be approximately expressed by Eq. (15) (Section 2.1.4).  363 

 364 

 365 

Figure 5. Dependence of maximum condensation rate, dW/dt|m, on effective radiation, Rd - σT4, 366 

and temperature, T (for relative humidity: (a) rh = 0.9, (b) rh = 0.6, (c) rh = 0.3; emissivity of 367 

the plant canopy: ε = 1.0). 368 

 369 

3.1.4. Exchange velocity for the maximum condensation rate and critical exchange velocity at 370 

which condensation transitions to evaporation 371 

 The exchange velocity, kLm, for maximum condensation and the critical exchange 372 

velocity, kL0 (at which condensation transitions to evaporation), are larger at higher relative 373 

humidity and increase with decreasing effective radiation, Rd - σT4 (Fig. 6). The dependence of 374 

kLm and kL0 on relative humidity and effective radiation can be understood by referring to the 375 

approximate solution under the condition of |TLm - T| < 5 °C (Eqs. (16) and (17) in Section 376 

2.1.4). The value of kL increases in approximate proportion to the wind speed; however, even 377 

under relatively strong wind conditions, high relative humidity and low effective radiation are 378 

likely to cause condensation. 379 
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3.1.5. Canopy–air temperature difference under the maximum condensation rate 381 

 The magnitude of the canopy–air temperature difference |TLm - T| under the maximum 382 

condensation increases with decreasing effective radiation, Rd - σT4, and decreases with 383 

increasing relative humidity, rh; however, it is almost invariant with air temperature (Fig. 6). 384 

The approximate solutions (Eqs. (12)–(14) in Section 2.1.3) can be used if |TLm - T| is less than 385 

5 °C. When Rd - σT4 is equal to -100 W m-2, |TLm - T| is less than 5 °C only when rh is greater 386 

than 0.87 (Fig. 6a). Similarly, under the condition of Rd - σT4 = -50 W m-2, |TLm - T| is less than 387 

5 °C only when rh is greater than 0.82 (Fig. 6b). In contrast, |TLm - T| is always less than 5 °C 388 

under the condition of Rd - σT4 = -20 W m-2 (Fig. 6c). It also should be noted that the canopy 389 

temperatures TL for the exchange velocities kL = 0, kLm, kL0, and ∞ are approximately expressed 390 

by Eqs. (20)–(23) (Section 2.1.4) under the condition that |TL - T| is less than 5 °C.  391 

  392 
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 393 

394 

Figure 6. Maximum condensation rate, dW/dt|m, canopy-air temperature difference, TLm - T, 395 

and exchange velocity, kLm, for maximum condensation, and critical exchange velocity, kL0, for 396 

dW/dt = 0, as a function of relative humidity, rh, and air temperature, T (emissivity of the plant 397 

canopy: ε = 1.0). No condensation occurs under the condition kL > kL0. (a) effective radiation, 398 

Rd - σT4 = -100 W m-2, (b) Rd - σT4 = -50 W m-2, (c) Rd - σT4 = -20 W m-2. 399 
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 400 

3.2. Intercomparison of the two physical indices, W0 and Wp, measured data, and simulation 401 

with the MLC-model 402 

 In this section, the efficacy of the reference dew amount, W0, and the potential dew 403 

amount, Wp, in evaluating LWD and dew amount in a plant canopy is examined by comparison 404 

with the measured data in a rice paddy field and the numerical simulations using the MLC-405 

model. 406 

 407 

3.2.1. Time variations of the dew amount 408 

As shown in Fig. 7, the MLC-model simulation predicted that a leaf dew amount of greater 409 

than 0.01 mm would form on eight nights between August 18 and 27, 2003 (booting period), 410 

and on all nights between September 24 and October 3, 2003 (grain-filling period). The 411 

measured dew amounts on the leaves were fairly consistent with those simulated by the MLC-412 

model (Figs. 7 and 8a). The time variations in W0 and Wp also showed a similar trend as those 413 

of the dew amount simulated by the MLC-model, except that the values of Wp were slightly 414 

larger than those simulated by the MLC-model (Fig. 7). The W0 values were roughly consistent 415 

with those measured in the paddy fields (Fig. 8b), and the Wp values were slightly larger than 416 

those measured (Fig. 8c).  417 
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 418 

Figure 7. Time variations in the dew amount on leaves in the rice paddy field in Kumamoto, 419 

Japan. (a) August 18–27, 2003 (booting period, leaf area index (LAI) = 6.2); (b) September 24 420 

to October 3, 2003 (grain-filling period, LAI = 3.7). There was no rain during either of these 421 

two periods. Calculations are based on the multilayer canopy energy-balance model (MLC-422 

model) and measured data (top), reference dew amount, W0 (middle), and potential dew amount, 423 

Wp (bottom). DOY: day of year 424 
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Figure 8. Comparison of the measured and simulated dew amounts on leaves in the rice paddy 426 

field. Vertical axis: measured dew amount. Horizontal axis: (a) dew amount calculated by the 427 

multilayer canopy energy-balance model (MLC-model), (b) reference dew amount W0, and (c) 428 

potential dew amount Wp. The date is in a year month/day format. 429 

 430 

3.2.2. Daily maximum of dew amount and leaf wetness duration 431 

 The MLC-model was confirmed to estimate the measured dew amount in the rice paddy 432 

fields with a high degree of accuracy (Figs. 7 and 8a). Therefore, to verify the efficacy of the 433 

two physical indices, W0 and Wp, for the evaluation of dew formation, we compared the daily 434 

maximum dew amount and daily LWD based on W0 and Wp with those simulated by the MLC-435 

model (Figs. 8 and 9).  436 

Visual observations during the observation period noted that dew on the leaf surface 437 

disappeared within approximately 1 h after sunrise. Thus, in this study, the daily LWD was 438 

defined as the duration that the dew amount was greater than 0.01 mm between the afternoon 439 

and 7:30 LT (local time) of the next day. If the minimum value of the dew amount Wmin in the 440 

afternoon was greater than 0.01 mm for evaluating the daily LWD by the MLC-model, we 441 

assumed that the leaf wetness started when the dew amount exceeded Wmin + 0.01 mm. This 442 

criterion was applied only for September 25–26 (Wmin = 0.01 mm).  443 

The results are summarized as follows: 444 

(1) The daily maximum W0 was approximately the same as that of the dew amount calculated 445 

using the MLC-model. 446 

(2) The daily maximum Wp was slightly larger than that of the dew amount calculated using 447 

the MLC-model. 448 

(3) The daily LWD based on W0 was approximately the same as that calculated using the MLC-449 

model. 450 
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(4) The daily LWD based on Wp was larger than that calculated using the MLC-model. 451 

  452 

Figure 9. (a) Comparison between the daily maximum dew amount calculated by the 453 

multilayer canopy energy-balance model (MLC-model) and the daily maximum reference dew 454 

amount, W0. (b) Same as Fig. 9a, except that the potential dew amount Wp was used instead of 455 

W0. The date is in a year month/day format. 456 

  457 

Figure 10. (a) Comparison between the daily leaf wetness duration (LWD) evaluated by the 458 

multilayer canopy energy-balance model (MLC-model) and the daily LWD based on the 459 
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reference dew amount W0. (b) Same as Fig. 10a, except that the potential dew amount Wp was 460 

used instead of W0. The date is in a year month/day format. 461 

 462 

4. Discussion 463 

4.1. Characteristics of dew formation based on the 1L-model 464 

4.1.1. Dependence of dew formation on meteorological conditions 465 

 In this section, we further discuss the dependence of condensation rates on 466 

meteorological conditions implied by the proposed 1L-model. While it is intuitive that 467 

condensation is more likely to occur at higher relative humidity, as demonstrated by many 468 

previous studies (Sentelhas et al., 2008), we quantitatively demonstrate for the first time that 469 

condensation rate also strongly depends on effective radiation, air temperature, and exchange 470 

velocity in the plant canopy (Figs. 3, 5, and 6). As the exchange velocity increases with an 471 

increase in wind speed (Kondo, 1996; Watanabe and Mizutani, 1996), wind speed is an 472 

important meteorological parameter for dew formation. The exchange velocity also depends 473 

on plant type and plant canopy morphology (Section 2.1.5). The dependence of dew formation 474 

on meteorological conditions can be understood qualitatively by referring to an approximate 475 

analytical solution when the temperature difference between the canopy and air is less than 476 

5 °C (Sections 2.1.3 and 2.1.4). 477 

In most physical models (energy-balance models) for evaluating dew formation, net 478 

radiation, RN (or Rd - σ*TL
4 in the case of the 1L-model) is used as an input variable instead of 479 

effective radiation, Rd - σ*T4 (Garratt and Segal, 1988; Papastamati et al., 2004; Magarey et al., 480 

2006a; Sentelhas et al., 2006). However, RN is not an independent meteorological parameter 481 

and depends on the plant canopy temperature, TL. As TL (and thus RN) is determined as a result 482 

of the energy balance of the plant canopy (Section 2.1) and influenced by other meteorological 483 

conditions (Kuwagata et al., 2022), the use of RN for the assessment of dew formation is 484 
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inappropriate, especially for predictive purposes. Hereafter, effective radiation, Rd - σ*T4, 485 

should be used instead of RN for an accurate estimation of dew formation. 486 

 487 

4.1.2. Maximum condensation rate 488 

The maximum possible condensation rate, dW/dt|m(rh=1), as derived by Monteith (1961), is 489 

only valid when the atmosphere is saturated (rh = 1) and kL is sufficiently high (i.e., very strong 490 

wind speed). Theoretical considerations based on the 1L-model suggest that dW/dt|m, under 491 

conditions where the atmosphere is unsaturated (rh < 1), is realized at a specific exchange 492 

velocity, kLm. The value of kLm increases with increasing relative humidity and decreasing 493 

effective radiation (Fig. 6). As shown in Section 3.1.3 (Figs. 5 and 6), dW/dt|m increases with 494 

increasing relative humidity and decreasing effective radiation. A positive correlation exists 495 

between dW/dt|m and air temperature under humid conditions but a negative correlation under 496 

relatively dry conditions. 497 

 498 

4.1.3. Critical relative humidity for dew formation 499 

In most empirical models for LWD prediction using relative humidity, the lower threshold 500 

of relative humidity for the occurrence of dew formation is set at around 0.9 (Sentelhas et al., 501 

2008; Beruski et al., 2019). Our theoretical considerations based on the energy balance of a 502 

plant canopy clarified that the lower limit of the relative humidity required for dew formation 503 

(critical relative humidity, rhcr) depends on both effective radiation and air temperature. Under 504 

conditions of low effective radiation (strong radiative cooling) and low air temperature, rhcr is 505 

found to be theoretically much lower than 0.9 (Fig. 4); that is, for an effective radiation of < -506 

100 W m-2, condensation can occur even when rh is less than 0.4 (rhcr < 0.4). However, the 507 

condensation rate decreases rapidly as rh decreases. For example, for an effective radiation of 508 

-100 W m-2 at 20 °C, the maximum condensation rate at rh = 0.6 is 26% (0.37 mm day-1) of 509 
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the value at rh = 0.9 (1.42 mm day-1), and the maximum condensation rate at rh = 0.4 is only 510 

4% (0.058 mm day-1) (Fig. 6a). Furthermore, as rh decreases, the critical exchange velocity, 511 

kL0 (at which condensation transitions to evaporation), also decreases rapidly (Fig. 6); therefore, 512 

the range of exchange velocity (kL = 0 to kL0) at which condensation can occur becomes 513 

narrower with decreasing rh. Consequently, under conditions of lower relative humidity near 514 

rhcr, there is a high possibility that once dew forms, it will be lost through evaporation. 515 

 516 

4.1.4. Exchange velocity 517 

Dew formation strongly depends on exchange velocity kL. In the present study, the 518 

characteristics of condensation rate in the range of kL = 10-4 to 1 m s-1 are demonstrated (e.g., 519 

Fig. 3 in Section 3.1.1). The value of kL in a plant canopy with a leaf area index greater than 520 

0.5 is approximately 10-3 to 10-1 m s-1 (Watanabe, 1993; Kondo, 2000). As described in Section 521 

2.1.1, the 1L-model is also applicable for estimating dew formation on arbitrary object surfaces 522 

such as a flat ground surface, single leaf, and microdroplet. Exchange velocity values of these 523 

objects are in the range of 10-4 to 10-2 m s-1 (flat ground surface), 10-2 to 10-1 m s-1 (single leaf), 524 

and 1 m s-1 (microdroplet) (Kondo, 1996). 525 

 526 

4.2. Role of evaporation from the ground surface beneath a canopy in dew formation 527 

Monteith (1957) proposed that there are two sources of leaf dew. The first source is the air 528 

above the canopy and is commonly called “dewfall.” The second source is evaporation from 529 

the ground surface beneath the canopy and is commonly called “distillation” or “dewrise.” In 530 

this study, total dew formation from these two sources is calculated using the heat budget 531 

equations (Eqs. (4)–(6)) for a one-layer plant canopy. From a micrometeorological point of 532 

view, evaporation from the ground surface beneath the canopy contributes to an increase in the 533 

relative humidity of the air just above and within the canopy, resulting in an increase in 534 
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condensation on the leaves. Therefore, the condensation rate can be estimated with high 535 

accuracy from the heat budget of the plant canopy if the temperature and relative humidity of 536 

the air just above or within the plant canopy, in which the effect of distillation is reflected, are 537 

used as input meteorological conditions. 538 

 539 

4.3. Efficacy of W0 and Wp in evaluating LWD and dew amount in a plant canopy 540 

In this study, we proposed two original physical indices of dew amount, W0 and Wp, based 541 

on the 1L-model. Here, Wp was similar to the maximum possible condensation rate derived by 542 

Monteith (Monteith, 1961; Garratt and Segal, 1988), but the latter index cannot be used when 543 

the atmosphere is unsaturated (rh < 1). Although many models for evaluating dew formation 544 

in plant canopies have been proposed, the majority of them have been developed only for 545 

estimating LWD (Rowlandson et al., 2015). The advantage of utilizing W0 and Wp based on 546 

the 1L model is that these two physical indices can be used to estimate not only LWD, but also 547 

dew amount in plant canopies. The LWD and daily maximum dew amount in the rice plant 548 

canopy based on W0 were consistent with those simulated by the MLC-model (Figs. 9a and 549 

10a). This consistency indicates the usefulness of W0 and Wp for evaluating both LWD and 550 

dew amount in plant canopies, given that the MLC-model fairly accurately simulated the 551 

measured dew amount (Figs. 7 and 8a). The LWD and daily maximum dew amount in the rice 552 

plant canopy based on Wp were slightly larger than those simulated by the MLC-model (Figs. 553 

9b and 10b). These overestimations based on Wp are likely because Wp is the maximum dew 554 

amount possible under the given meteorological conditions (Rd - σ*T4, T, rh). As the actual W 555 

is also influenced by the wind speed through the change in kL, W tends to be less than Wp. 556 

As discussed in Section 3.1, condensation rate is strongly influenced by effective radiation, 557 

relative humidity, air temperature, and kL of the plant canopy. Of these four meteorological 558 

factors, rh is the most important. Therefore, precise measurements of rh just above the canopy 559 
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are of the highest priority for an accurate estimation of LWD and dew amount, though an 560 

accurate estimation of effective radiation is important as well. Although we precisely measured 561 

downward longwave radiation, Ld, in our field observations, an empirical formula for Ld using 562 

other meteorological factors can be used (Kuwagata et al., 1990, 2011, 2022) when 563 

measurements of Ld are not available. The value of kL increases with wind speed, and the 564 

horizontal heterogeneity of wind speed tends to be large under low wind conditions at night, 565 

resulting in an expected horizontal heterogeneity of dew amount on leaves. Considering these 566 

situations, it is preferable to use both physical indices, W0 and Wp, to capture the horizontal 567 

distribution of LWD and the dew amount of plant canopies in actual agricultural fields. 568 

 In this study, the efficacy of two physical indices, W0 and Wp, was confirmed using 569 

limited data for the evaluation of dew formation in rice paddy fields in Japan. Testing the 570 

practicality of W0 and Wp in different regions and crops is left to future research. For some 571 

plant species in certain areas, wetting due to rainfall is also important for estimating LWD. We 572 

believe that incorporating the effect of wetting by rainfall into the physical indices of dew 573 

formation proposed in this study is straightforward. 574 

 575 

4.4. Novelty and limitations of the study 576 

To the best of our knowledge, the present study is the first comprehensive theoretical 577 

investigation of the physical characteristics of dew formation in plant canopies. The 578 

quantitative relationship between the condensation rate in plant canopies and various 579 

meteorological factors has not previously been elucidated to this degree. These results may 580 

be used not only to validate and improve many existing LWD estimation models, but also to 581 

develop the latest machine-learning-based models for estimating LWD and dew amount. The 582 

advancement of these models may help improve the accuracy of warning systems for various 583 

plant diseases, thereby improving disease prevention efforts. Furthermore, this study also 584 
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serves as essential basic research for considering the ecological role of dew formation in plant 585 

canopies under various climatic conditions.  586 

We used a simple one-layer energy-balance model to facilitate theoretical 587 

considerations of dew formation in plant canopies; however, this model cannot reproduce the 588 

vertical distribution of dew amount in a plant canopy, nor can it separate the total dew amount 589 

into dewfall and distillation. To address these issues, it is necessary to use a multilayer canopy 590 

energy-balance model such as the MCM-model (see Maruyama et al., 2023). 591 

 592 

5. Conclusions 593 

 This study investigated how dew formation in a plant canopy is quantitatively 594 

influenced by several meteorological factors using the proposed 1L-model. Theoretical 595 

calculations using the 1L-model suggest that condensation rate is strongly dependent not only 596 

on relative humidity but also on other factors such as effective radiation, air temperature, and 597 

the exchange velocity of plant canopies. The lower limit of relative humidity at which dew 598 

formation occurs (critical relative humidity, rhcr) depends on both effective radiation and air 599 

temperature. Under conditions of low effective radiation (< -100 W m-2, strong radiative 600 

cooling) and low air temperature, rhcr can be lower than 0.4; however, maximum condensation 601 

rate decreases rapidly with decreasing relative humidity. Furthermore, we proposed two 602 

physical indices for estimating the dew amount of plant canopies (reference dew amount, W0, 603 

and potential dew amount, Wp), which were calculated using the 1L-model. Through the 604 

intercomparison of these two physical indices (W0 and Wp), measured data, and simulations 605 

with the MLC-model, we confirmed that W0 and Wp are effective not only for evaluating LWD 606 

but also for assessing dew amount in rice paddy fields. To the best of our knowledge, this study 607 

is the first to quantify the effects of multiple meteorological factors including effective 608 

radiation, air temperature, relative humidity, and exchange velocity of a plant canopy on dew 609 
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formation (condensation rate) in plant canopies. We believe that these results will be extremely 610 

valuable for improving the accuracy of LWD and dew amount estimation in various plant 611 

species. Improved LWD estimation accuracy will also contribute to the prevention of various 612 

plant diseases through the improved accuracy of plant disease-warning systems. 613 
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