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A B S T R A C T   

Canopy wetting and drying has a variety of effects on the function of plant foliage, ranging from increased risk of 
pathogenic infection to reduced diffusion of gases to enhanced leaf water status in plants capable of foliar water 
uptake (FWU). Projected shifts in rainfall regimes and increases in summertime vapor pressure deficit will likely 
change the timing and duration of canopy wetting, yet current patterns of wetting are poorly understood. In this 
study, we investigated patterns of wetting by source (rain, dew, or frost), at different canopy heights, and at 
annual, seasonal and diurnal time scales using leaf wetness sensor data collected over a 4-year period in an old 
growth Douglas-fir tree in a temperate wet forest. We found that canopy layers were wet for roughly half the year 
with strong seasonal variation, staying wet 83% of the cold winter season but only 1.9% of the dry season. Upper 
canopy layers experienced higher wetting frequency and shorter wetting duration in all seasons compared to 
lower canopy layers. Outside of the dry season, wetness was predominantly caused by rain, while in the dry 
season the predominant source was dewfall. Throughout the year and particularly in the dry season, dewfall was 
restricted to the upper canopy, occurring on 28.5% of dry season nights. Multiple models which use meteoro-
logical variables to predict dewfall timing and length were developed and evaluated. Using in-tree observations, 
dry season dewfall was best predicted with a logistic model using dewpoint depression as a predictor. Using 
observations from a nearby weather station in a clearing, dry season dewfall was best predicted with the Penman 
equation, a biophysical model. The most important determinant of dry season dewfall in our study was sufficient 
nighttime cooling of the air, suggesting that increasing nighttime temperatures will lead to a decrease in dew 
formation frequency in the future.   

1. Introduction 

While changes in climate are evident at regional and continental 
scales, it is the propagation of these changes through the microclimates 
of terrestrial ecosystems that will determine species responses and 
changes in ecological interactions (Davis et al., 2019; De Frenne et al., 
2013; Pincebourde and Casas, 2015; Storlie et al., 2014). Episodes of 
canopy wetting and drying are an important determinant of forest 
microclimate conditions. When surface water evaporates, it significantly 
increases the latent heat flux component of the canopy energy balance 
(Pypker et al., 2017) and helps moderate fluctuations in air temperature, 
while also humidifying the canopy boundary layer and increasing the 
water use efficiency of plants (Meinzer et al., 1997). Surface wetness has 
a variety of direct impacts on vegetation as well. In moist forests like 

those of the U.S. Pacific Northwest (PNW), patterns of surface wetting 
and drying determine niche suitability for poikilohydric epiphytes such 
as bryophytes and lichens, which in turn play important roles in forest 
nutrient cycling (Johnson et al., 1982). Tree species across a diversity of 
forest types experience both beneficial and harmful effects related to 
foliar wetting (Dawson and Goldsmith, 2018), ranging from added hy-
dration via foliar water uptake to increased rates of infection by path-
ogens as leaves stay wet longer (Berry et al., 2018). Foliar water uptake 
has demonstrated importance for a wide variety of tree species, 
including tall tree species where upper foliage experiences perennially 
low water potentials (Limm et al., 2009), species exposed to seasonal dry 
periods (Binks et al., 2019), and species in ecosystems where dew or fog 
water make up a significant portion of the water balance (Fischer et al., 
2016). 
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Despite the importance of surface wetting to forest microclimate and 
tree health, efforts to model spatial and temporal patterns of wetting and 
drying have yielded inconsistent results (Greve et al., 2014) and rela-
tively few studies have addressed it directly (Ritter et al., 2019; Binks 
et al., 2021), because of the difficulty of upper canopy access and the 
sparsity of observations. The majority of past studies using leaf wetness 
sensors have been short in duration (Aparecido et al., 2016; Dietz et al., 
2007; Letts and Mulligan, 2005; Klemm et al., 2002) and many focus on 
agricultural crops, not natural forests (Bassimba et al., 2017; Schmitz 
and Grant, 2009; Sentelhas et al., 2005). Efforts to model vertical vari-
ation in microclimate conditions have also been confounded by the 3-D 
complexity of canopy structures, a complexity which tends to increase 
with forest age commensurate with increases in overall Leaf Area Index 
(LAI) (Ehbrecht et al., 2017; von Arx et al., 2013), increased epiphyte 
density (McCune, 1993), greater tree height, and increased horizontal 
heterogeneity due to tree fall. Absent an ability to accurately predict 
vertical variations in microclimate, predicting differences in drying 
times after rain events or the formation of dew or frost on different 
canopy layers is intractable. In addition to the confounding effects of 
structural complexity, seasonal changes in weather patterns may greatly 
change the frequency of rain events, local cycling of water, and evapo-
rative demand throughout the year. Owing to these challenges, little is 
known about the vertical patterns of wetting and drying within forests 
and how they vary on interannual and seasonal timescales. 

In this study we directly observed surface wetting and microclimate 
conditions throughout the canopy of a 65 m tall old-growth Douglas-fir 
tree at the H.J. Andrews Experimental Forest in the Oregon Cascade 
Range. Using a 4-year record of in-tree observations along with fifteen 
years of observations from a nearby weather station in a clearing, we 
asked how frost, rain wetting, and dew wetting varied on inter-annual 
and seasonal timescales. We also assessed the accuracy of two 
different models for predicting dry season dewfall. In the first instance, 
we tested the accuracy of Penman equation predictions using in-tree 
data and data from a climate station in a nearby clearing, as this is a 
common technique used to predict dew occurrence when direct obser-
vations are not available (Monteith and Unsworth, 2013; Andrade, 
2003). In the second, we tested the accuracy of logistic models trained 
on in-tree measurements to identify the most parsimonious set of mea-
surements that reliably capture dew events, with the aim of informing 
future efforts of instrumenting canopies at a broader spatial scale. We 
further interrogated the conditions under which dry season dewfall 
occurred in order to better understand the factors that influence this 
important subsidy of water to canopy foliage and how it may be affected 
by future change. 

2. Methods 

2.1. Site description 

Data for this study were collected at the H.J. Andrews Experimental 
Forest (henceforth Andrews Forest) in Blue River, OR (Fig. 1). The 
research forest is a 6400-hectare parcel containing deep valleys sepa-
rated from ridge tops by steep slopes. Elevations range from 430 to 1630 
m. Soils are volcanic in origin (Swanson and James, 1975) and range in 
texture from gravelly clay loam in alluvial areas to gravelly sandy loam 
and bedrock talus at higher elevations (Rothacher et al., 1967). The 
forest is composed of a mixture of plantation and old growth conifer 
stands. Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is the domi-
nant tree species in plantations and is a canopy dominant in lower 
elevation old growth patches along with western redcedar (Thuja plicata 
Donn ex. D Don) and western hemlock (Tsuga heterophylla (Raf.) Sarg.). 
Mean annual precipitation is 2077 mm (S.D. 477 mm) and mean annual 
temperature is 9.1 ◦C (S.D. 0.86 ◦C), as measured over the past 30 years 
at the Primary Meteorological Station (see Section 2.2). The synoptic 
climate regime is Mediterranean – winters are cool and rainy while 
summers are warm and relatively rain-free, with shoulder seasons that 

include a combination of dry and wet spells. This rainfall seasonality 
makes it instructive to discuss annual statistics in this study in terms of a 
water year, which runs from the start of fall to the start of the subsequent 
fall. Mean rainfall totals for the winter months of December, January 
and February are 8.5 times greater than in June, July and August, while 
potential evapotranspiration (PET) is 7 times lower for those same pe-
riods (868.0 mm vs. 101.7 mm rainfall, 83.9 mm vs. 593.4 mm PET) 
across the years where net radiation data is available (2013–2019). 
While these statistics give some sense of the strength of seasonality in the 
moisture balance, using seasonal boundaries based on calendar months 
can mask significant interannual variability in dry season timing and so 
we developed an empirical routine for finding seasonal boundaries (see 
Section 2.4). 

2.2. Meteorological measurements 

Meteorological observations were made in two locations – along the 
vertical axis of an old growth Douglas-fir tree and in a nearby open 
meadow. The measurement tree, hereafter called the Discovery Tree, is 
approximately 450 years old, stands 65 m tall, and has a diameter of 122 
cm at breast height (Fig. 2). The tree is in a grove of other old growth 
Douglas-fir, western hemlock and western redcedar trees, and is 
bordered to the north by a 60-year-old plantation forest. Instrument 
clusters were installed at 1.5, 10, 20, 30, 40 and 56 m above ground level 
(a.g.l.) on the north side of the Discovery Tree (Fig. 2b). This study used 
the following observations from the instrument clusters: air temperature 
(Tair, ◦C, at all heights), relative humidity (RH, %, 1.5 and 56 m heights), 
wind speed and direction (m s− 1 and degrees, 1.5 and 56 m heights) and 
leaf wetness (mV, all heights). In cases where Rnet is needed for calcu-
lations using in-tree data at the 56 m observation height, values are 
taken from the nearby Primary Meterological Station, where the level of 
sky exposure is broadly similar as is found at the 56 m observation 
height. All measurements at all heights were recorded at a five-minutes 
interval and span the calendar years 2017–2020. 

The second measurement location in this study was the Primary 
Meteorological Station (hereafter “PRIMET”), which was established in 
1972 and is situated in a small clearing at the bottom of a steep forested 
hillslope, ~700 m southwest of the measurement tree. From PRIMET we 
used measurements of net radiation (Rnet, W m− 2), Tair (◦C), RH (%), 
downwelling solar radiation (Rsolar, W m− 2), precipitation (P, mm), and 
volumetric water content at 100 cm depth (VWC, %). For more infor-
mation on the specific instruments deployed on the Discovery Tree and 

Fig. 1. Map of the H.J. Andrews Experimental Forest, with the position of the 
instrumented tree (Discovery Tree) marked with a red arrow. The blue arrow 
indicates the location of the meteorological station where net radiation and 
precipitation were measured. 
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at PRIMET, as well as the data QA/QC procedure we used, see supple-
mental material S.1 and Daly et al. (2019). From the basic observations 
described here, we calculated Potential Evapotranspiration (PET) using 
the Priestley-Taylor equation (Priestley and Taylor, 1972), latent heat 
flux (LE) using the Penman equation (Monteith and Unsworth, 2013), 
and Dewpoint Depression (DPD). For PET: 

PET = α Δ
Δ + γ

Rnet (1) 

Where α is 1.26 (an empirical constant), γ is the psychrometric 
constant (0.066 kPa ◦C− 1), and Δ is the slope of the saturation vapor 
pressure curve at a given Tair (kPa ◦C− 1) and is defined as: 

Δ =
17.502 × 240.9 es(Tair)

(Tair + 240.97)2 (2) 

In the above, es(Tair) is the saturation vapor pressure and is given by 
the following, with Tair in Celsius: 

es(Tair) = 0.61121exp
(

17.502 × Tair

Tair + 240.97

)

(3) 

From es(Tair) and relative humidity (RH), actual vapor pressure is 
given as: 

e = es(Tair) ∗ RH (4) 

From these same quantities, one can calculate both specific humidity 
(SH) and predict the rate of latent heat flux during periods of minimal 
transpiration using the Penman equation. For specific humidity: 

SH =
0.622 ∗ e

101.3 − (0.378 ∗ e)
(5) 

For the Penman equation: 

LE =
ΔRnet + ρcp(es(Tair) − e)r− 1

H

Δ + γ
(

rV
rH

) (6) 

Where Rnet is net radiation (W m− 2), ρ is the density of air (1.15 kg 

m− 3), cp is the specific heat capacity of air (1005 J kg− 1 C− 1), the ratio of 
rV to rH is assumed to be constant at 0.926, and rH – aerodynamic 
resistance to heat transfer – is given by Campbell and Norman (1998): 

rH = 7.4
̅̅̅̅̅̅̅
d
u

√

(7) 

Where d is the average of foliage length and width in meters (here 
0.03 m and 0.003 m, respectively) and u is wind speed in m s− 1. The 
above formulation of rH applies to the leaf scale, while in the big-leaf 
canopy conceptualization of the Penman equation rH is divided by the 
LAI of the canopy in question (Bonan, 2008). For both in-canopy mea-
surements and PRIMET measurements it was not obvious whether the 
leaf-scale or canopy-scale formulation was appropriate, or what the 
appropriate LAI value might be in the big-leaf canopy formulation. Thus, 
we conducted a sensitivity test where LAI was allowed to vary across a 
range of 0.001–16 (LAI = 1 is a de-facto test of the leaf-level formula-
tion) and Penman predictions of dewfall were compared to classified 
LWS values (Section 2.3, Supplemental S.2). The results of this test 
indicated that dewfall was best predicted when rH in PRIMET-based 
predictions was scaled by an LAI of 10, while for in-tree measure-
ments an LAI of 1 was optimal. All presented results for each set of 
meteorological predictors use these LAI values. 

While Eq. (1) can be forced with Rnet data from the years 2014–2020, 
net radiation data was not available prior to 2014. For the years 
2004–2014, daytime Rnet was estimated using the following equation, 
adapted from McMahon et al. (2013): 

Rnet approx = Rsolar(1 − α) − σT4
air

(
0.34 − 0.24

̅̅̅
e

√ )
(

1.35Rsolar

Rclearsky − 0.35

)

(8) 

Where Rsolar is incoming shortwave radiation (W m− 2), α is albedo 
(0.28 in this study, determined using average ratio of SWout:Swin when 
Rnet is available), σ is the Stefan-Boltzmann constant, Tair is in Kelvin, 
and Rclearsky is estimated clear sky incoming shortwave. Rclearsky that 
accounts for topographic shading was modeled as described in Daly 
et al. (2007) but with a climatological clear-sky optical depth and sur-
face albedo varying by day of year. Dewpoint depression was calculated 

Fig. 2. (a) Illustration of the measurement tree, measurement heights within the tree, and the variables recorded at each height (illustration by Van Pelt and North 
(1996)). (b) View of the instrument clusters at 20 and 30 m above ground (photo credit Leah Wilson). (c) View of the upper 30 m of the tree. The white instrument 
enclosure in the photograph is at 56 m a.g.l. (photo credit Adam Sibley). 
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as air temperature minus the dewpoint temperature: 

DPD = Tair −
T∗

1 − A− 1 ln
(

e
es(T∗)

) (9) 

Where A = 19.65, T* is 273 o K and es(T*) is 0.611 kPa. 

2.3. Wetness measurements 

Canopy wetness was measured at each instrument cluster on the 
Discovery Tree (Fig. 2) at five-minutes intervals using Phytos 31 Leaf 
wetness sensors (METER group, Pullman, WA). These sensors are 
fiberglass, leaf-shaped devices 12 cm long and 8.5 cm wide, with a 
specific heat capacity of 1480 J m− 2 K− 1. Measurements are made by 
applying an excitation voltage to electrodes embedded in the fiberglass 
sensor body and measuring the return voltage, which can be used to 
infer the dielectric constant of a zone approximately 1 cm from the 
upper surface of the sensor (Phytos 31 manual). Using data from the 
PRIMET rain gauge, Tair measurements co-located with each sensor, the 
manufacturer recommended threshold range for when a sensor transi-
tions from wet to dry or wet to frosted, and a simple set of logical rules, 
we identified distinct wetting events and classified each event at each 
height as wetting caused by dew, by rain, by frost, or in the cases where 
wetting events were likely overlapping, as wet by ambiguous source. 
Owing to the particular importance of the wet-to-dry threshold in the 
characterization of dewfall (Section 2.5), we conducted a sensitivity 
analysis (Supplemental S.2) and determined that a range of 270–275 mV 
was appropriate for capturing small dew events while avoiding 
misclassification of dry sensors as wet. Based on this testing a specific 
threshold value of 275 mV was chosen. Using an empirically derived 
relationship provided by the manufacturer, we interpreted wet sensor 
readings during each wetting event as representing < 0.1 mm depth of 
accumulated water or ≥ 0.1 mm depth. For more details on this con-
version, as well as the decision tree for classifying wetting events, see 
supplemental S.3. 

2.4. Seasonal boundary determination 

We identified the days in each calendar year that separate the rela-
tively rain-free dry season, when photosynthesis is limited by moisture 
deficit, from the relatively cold winter season, when photosynthesis is 
limited by low temperatures, and the relatively moist and cool shoulder 
seasons that separate the dry and cold periods (Emmingham and War-
ing, 1977; Waring and Franklin, 1979). The dry season was defined from 
a three-week moving average of moisture deficit/surplus, equal to daily 
P – PET, that was calculated moving both forward and backwards from 
July 15th (the midpoint of the historically driest month). The start and 
end of the dry season were defined as the days on which the moisture 
surplus/deficit indicated by the 21-day P-PET average fell below (start 
day) or rose above (end day) -5 mm. This threshold proved effective in 
isolating a continuous block of relatively rain-free days from prior and 
subsequent blocks of relatively rainy conditions in each of the sixteen 
years where the requisite data was available. In addition, the resulting 
start date of the dry season always fell within a period of continuously 
declining volumetric water content (VWC). Across the years 2005–2020, 
VWC at the start of the dry season ranged between 0.21 and 0.15, where 
field capacity at this depth is 0.25, and the observed minimum in the 
record was 0.06. 

The start and end of the dormant cold season were then determined 
using a three-week moving average of Tair, and a threshold of 5 ◦C. 
Specifically, the first time after the end of the dry season that average 
daily Tair in the moving window went below 5 ◦C, the last day in the 
moving window was marked as the starting date of the cold season. The 
end of the cold season was then marked as the last day in the first moving 
window period after the start of the following calendar year that the 
average crossed above the 5 ◦C threshold. The spring and fall shoulder 

seasons were then defined as the periods between the cold and dry 
seasons for each year. 

2.5. Predicting dry season dewfall at the canopy top 

To test how accurately dewfall could be predicted during the dry 
season from meteorological data, we selected two approaches to classify 
each five-minutes interval as a period of dew accumulation or drying/ 
surface dryness, and compared with the classified leaf wetness obser-
vations described in Section 2.3. 

In the first approach, we supplied the Penman equation (Eq. (6)) with 
“in-tree” measurements (wind speed, RH, and Tair data from 56 m on the 
Discovery Tree and Rnet data from PRIMET) and “PRIMET” measure-
ments (all variables from the PRIMET station) to create two binary 
predictions based on the sign of the resulting latent heat flux (LE) esti-
mates. In each record (in-tree vs. PRIMET), when the calculation yielded 
a negative LE we classified that five-minutes period as an interval of dew 
accumulation. All LE predictions of zero or higher were classified as non- 
dew forming periods. We compared Penman-predicted values to obser-
vations of dew accumulation and calculated the percentage of true, false 
positive, and false negative predictions. This method for quantifying 
error is appropriate at the five-minutes time scale, but may overstate 
misclassification rates for applications where the exact timing of dew 
formation is less important than knowing whether dewfall was received 
on a given night or for how long. In addition, at the five-minutes scale, 
dewfall predictions may “flicker” from one timestep to the next as pre-
dicted LE goes just above and below 0 W m− 2. To test the Penman 
approach at the daily scale, we counted the number of days when it 
correctly predicted that dewfall occurred, and nights when it gave false 
positive or negative predictions. For the nights when dewfall was 
correctly predicted, we performed a linear regression of predicted vs. 
observed event length to test how well the models characterized the 
length of dew events. 

In addition to the Penman predictions we tried a second approach, 
aimed at identifying the most parsimonious set of meteorological ob-
servations that could be used to predict dewfall. In this approach we 
examined dew-relevant predictor variables by fitting a logistic regres-
sion to each predictor individually and then to a linear combination of 
predictors, using observations of dewfall from the 56 m LWS (Leaf 
Wetness Sensor) as a binary response variable (0 = no dew accumula-
tion, 1 = dew accumulation). In total we fit seven models each for in-tree 
and PRIMET observations; one for wind speed, Rnet (PRIMET only), 
Dewpoint depression (DPD, ◦C; see supplemental S.1 for calculation), 
relative humidity, specific humidity (SH, %) and Tair, in addition to a 
three-variable model of DPD + Wind speed + Rnet. To make the dataset 
for these regressions, we pooled all observations of dew accumulation in 
the dry seasons of 2017–2020 (n = 1811). Non-dew data were collected 
between midnight and 6 a.m. on every completely dry day (no wetting 
registered of any type) in the dry season (n = 29,672). All regression 
fitting and validation was done in R version 3.6.3 using the rms package 
(version 6.0-1). Each logistic model was evaluated using index-corrected 
R2 and the Area Under the Receiver Operator Curve (AUROC), a metric 
which quantifies the diagnostic ability of a binary classifier without 
requiring a specific probability threshold to be chosen. We tested the 
logistic model predictions at the daily scale in the same way that we 
tested the Penman approach at the daily scale. 

3. Results and discussion 

3.1. Annual wetness patterns 

At the annual scale and looking only at wet vs dry periods, patterns of 
wetness from forest floor to canopy top were very similar – at each 
height, roughly half of each water year was spent wet (Table 1). Aver-
aging all heights together, in the water years 2018–2020 the forest spent 
50.2, 44.0, and 48.6% of the time wet, respectively (Table 2). These 
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water years ranged from 0.56 to 1.4 standard deviations below the 
fifteen-year mean in annual rainfall (Fig. 3) and range from abnormally 
dry to severe drought conditions according to the U.S. Drought monitor 
(Svoboda et al., 2002), suggesting that past years in the record likely 
experienced higher proportions of time spent wet. Rainfall duration 
during the study period ranged from 20.6 to 22.9 days’ equivalent a year 
(summed 5 min intervals with P > 0.25 mm), and the ratio of time spent 
rain wet to time spent raining ranged from 5.9 to 6.8 (121.5 to 155.7 
days spent wet by rain). Dew wetting on average accounted for an 
additional 22.8 days of wetness per year, resulting in 16.4% more time 
spent wet than if we considered rainfall alone. 

Although these annual numbers are useful for giving an idea of the 
wet canopy time compared to rainfall duration and amount, they mask 
significant seasonal variation (Fig. 4, Supplemental S.3 a-b). Averaged 
across all layers, the canopy was wet for an average of 83.1% of the 
winter, 1.9% of the dry season, and 40.8 and 46.8% of the spring and 
fall, respectively (Table 1). 

3.2. Cold season wetness patterns 

Canopy wetness varies with height during the cold season. The top 
canopy layer canopy spent less time wet than the forest floor (Table 1), 
with far more distinguishable individual wetting events and intervening 
dry periods (average number of events 120.8 at 56 m, 23.5 at 1.5 m, 
Table S.5). Dew formed on 61% of days and rain wetting was present on 
68% of days at the canopy top. The relatively shorter duration wetting 
events in the top two canopy layers are attributable to a combination of 
factors related to wetting and drying – namely wind speed, air temper-
ature, relative humidity, and incident solar radiation. Average daily 
wind speeds were 0.58 (SD 0.19) m s− 1 at canopy top compared to 0.21 
(SD 0.07) m s− 1 at the forest floor during the cold season, which 
increased the likelihood of drip from upper canopy foliage and enhanced 
evaporation, as did higher average daytime air temperatures (5.2 ◦C (SD 
3.6) vs 2.9 ◦C (SD 2.7), top to bottom), lower average daytime RH 
(90.5% (SD 12.9) vs 99.4% (SD 2.4)), and more incident radiation given 
that shortwave radiation transmittance to the forest floor is on the order 
of 0.081 in forest stands of this species composition and age (Parker 
et al., 2002). Frost events also contributed to the pattern of 
high-frequency, short-duration wetting in the upper canopy and fewer, 
longer events lower down (Fig. 4, Table S.5a). Frost events were less 

frequent but lasted longer in the lower canopy, and surface drying took 
an order of magnitude longer than at the canopy top. Rain wetting 
events averaged 6.3, 7.4 and 5.9 days long in the bottom three canopy 
layers (Table S.5a), with one rain wetting at the 1.5m height that took 89 
days to dry out. The concept of a distinct “event” breaks down below the 
canopy during the winter, with water likely coming from a combination 
of rainfall, dew deposition, and drip while taking many days to evapo-
rate or drip dry entirely (Fig. 4). Attribution of wetness to different 
sources becomes challenging in lower layers of the forest in a season 
with such a high percentage of time spent wet. 

3.3. Shoulder season wetness patterns 

Compared to the cold season, the shoulder seasons were relatively 
frost free and characterized by a less extreme version of the same pattern 
of higher frequency, shorter duration wetting events at the top of the 
canopy and longer events in the lower portions of the canopy. At the top 
layer of the canopy, 13.2% of dew events in spring and 46.3% in fall 
occurred while some part of the vertical profile was still wet from rain 
while the remainder occurred when all other leaf wetness sensors were 
dry. This suggests that water vapor originating from evaporating rain 
may be ventilated out of the stand more slowly after rainfall in the fall 
compared to spring, though eddy-covariance data and/or isotopic 
tracers would be needed to fully evaluate the extent to which local 
recycling differs between seasons (Berkelhammer et al., 2013). 

Unlike the winter, each shoulder season contained dry spells, some of 
which lasted several weeks at heights 30m and below. Significantly 
more dew was observed in the fall than the spring at the top of the 
canopy (t-test, p = 0.02), both as a percentage of time spent wet (Fig. 5) 
and in number of hours (Table S.5 b and d). The fifteen-year record at 
the PRIMET station does not show a significant difference between 
spring and fall in rainfall (612 vs. 584 mm, p = 0.96) nor in the dewpoint 
depression in the two hours pre-dawn (0.17o in spring, 0.13o in fall, p =
0.12). Shortwave radiation was significantly higher in the six hours after 
sunrise in the spring (361 W m− 2 in spring, 271 W m− 2 in fall, p < 0.01) 
and dew events were substantially shorter in the spring than in the fall 
(Table S.5 b and c), suggesting enhanced evaporation in the spring 
compared to the fall drove differences in dewfall. 

Vertical patterns in the shoulder seasons are informative with respect 
to the biology of poikilohydric organisms like bryophytes and lichens. In 

Table 1 
Percent of time that each canopy layer spends wet or dry on an annual basis and within the four seasons of the year. Statistics were calculated using all data from 
2017–2020. Values represent the mean percentage across years, and values in parenthesis are one standard deviation.  

Canopy layer Annual Cold season Spring shoulder season Dry season Fall shoulder season 

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

1.5 m 48.0 (6.9) 48.9 (8.3) 12.4 (11.2) 84.7 (12.7) 60.6 (9.7) 39.0 (9.4) 96.2 (4.6) 1.2 (2.3) 51.6 (15.9) 47.7 (16.4) 
10 m 48.3 (3.8) 48.6 (3.5) 12.9 (7.0) 84.2 (8.4) 58.8 (7.7) 40.8 (7.7) 95.7 (4.6) 1.6 (2.8) 55.2 (4.9) 44.1 (5.2) 
20 m 49.2 (3.8) 47.7 (5.5) 12.8 (9.8) 84.4 (10.1) 58.8 (9.2) 40.9 (8.9) 96.0 (4.6) 1.4 (2.6) 56.6 (6.1) 42.8 (6.3) 
30 m 43.7 (3.6) 51.1 (2.6) 12.3 (8.3) 87.4 (8.2) 53.5 (3.3) 45.4 (4.0) 97.8 (2.9) 2.0 (3.1) 48.8 (11.1) 51.2 (11.1) 
40 m 46.7 (5.6) 48.9 (6.9) 12.7 (7.4) 82.0 (12.5) 59.0 (9.8) 40.2 (9.9) 97.7 (2.3) 1.7 (2.6) 50.4 (12.1) 49.6 (12.1) 
56 m 47.6 (3.4) 48.0 (5.2) 15.5 (7.1) 79.1 (8.7) 56.9 (6.2) 42.3 (6.3) 95.6 (1.5) 3.8 (2.1) 49.7 (8.1) 50.3 (8.1) 
All layers 47.7 (4.2) 48.6 (5.2) 13.1 (7.6) 83.1 (9.8) 58.5 (7.8) 40.8 (7.7) 96.5 (2.6) 1.9 (2.4) 52.8 (8.3) 46.8 (8.6)  

Table 2 
Annual measures of wetting and PET derived from the summation of five-minutes observations over the course of the water years 2018, 2019 and 2020. Time spent wet 
presented both as an average across all height, and the length of time when any layer of the canopy was wet by a given source. Mean rainfall rate is the total depth of 
rainfall measured in a year, divided by the total duration of rainfall.  

Year Time spent wet (days) Dew duration (days) Rain wetting duration (days) Rainfall duration Mean rainfall rate PET 

Average Any layer Average Any layer Average Any layer (days) (mm hr-1) (m) 

2018 183.3 224.3 22.2 76.3 150.6 207.1 22.9 3.68 1.30 
2019 160.6 205.5 23.0 73.1 121.6 176.3 20.6 3.70 1.22 
2020 177.5 224.4 23.1 74.5 144.4 189.3 21.1 3.60 1.30 
Mean 173.8 218.1 22.8 74.6 138.9 190.9 21.5 3.66 1.27  
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Fig. 3. Water availability in the water years 2006 to 2020, which have been divided into seasons using the methods described in Section 2.4. (a). Total rainfall values 
within season. Numbers above each group of bars indicate total annual rainfall in mm. (b). Total precipitation minus PET within each season. (c). remaining soil 
moisture at the end of each season, scaled between field capacity (0.25) and the observed minimum over the extant record (0.06). 
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general terms, wet and dry conditions were more persistent in the lower 
portions of the canopy, which also exhibited the longest completely dry 
periods. The average number of transitions from dry to wet to dry, from 
bottom to top were 27, 29, 28, 32, 64 and 109 in the spring and 11, 11, 
12, 16, 36 and 62 in the fall. These patterns suggest that desiccation- 
tolerant organisms living below 40 m in the canopy would go through 
fewer cycles of desiccation and resurrection than those living above that 
line. While bryophytes and lichens are capable of enduring long periods 
of dormancy, entering dormancy requires the costly assembly of intra-
cellular structures that prevent damage to organelles as cells desiccate 
and shrink (Proctor et al., 2007). The patterns of moisture stability 
shown in this study are in good agreement with well-established pat-
terns of bryophyte and lichen biomass densities with height in old 
growth canopies of the Pacific Northwest (McCune et al., 2000). That is, 
bryophyte densities are generally highest in the lower portions of the 
canopy, which had the fewest wet-dry transitions in this study, whereas 
lower densities of bryophytes and cyanobacterial lichens tend to occur 
in the upper canopy, which had more wet-dry transitions. Measurements 
of bryophyte biomass density measured on the Discovery Tree (Hef-
fernan, 2017) also follow this pattern. This suggests that bryophytes may 
benefit more from longer, persistent wetting (rain, lower canopy; Csin-
talan et al., 2000) than from relatively short, predominantly nighttime 
wetting (i.e., dew, top of canopy). Moreover, in desert ecosystems where 
water is supplied primarily by dew, lichens sustain an overall positive 
carbon balance by maintaining positive net photosynthesis only during 
the early morning hours (Lange et al., 2006).  Our work suggests that 
when weighing the factors that determine the distribution of epiphytic 
species in a given wet forest canopy, it would be fruitful to determine the 
carbon penalty of dormancy and resurrection for each species, as well as 
diurnal patterns of carbon assimilation while wet, to determine when 

wetting is beneficial and when it results in a net negative carbon 
balance. 

3.4. Wetness patterns in the dry season 

In the dry season, dewfall, rather than rain, is the predominant 
source of canopy wetting both in frequency of events (Table S.5 d) and 
proportion of wetting (Fig. 5). The dry seasons of 2017 - 2020 lasted 80, 
101, 98 and 76 days (Table 3). These four years were within one stan-
dard deviation of the long-term mean of 78 days (Fig. 3). Dewfall 
occurred on at least one canopy level on 32.5%, 26.7%, 29.6% and 25% 
of nights. Across years, the average duration of a dew event at the top of 
the canopy was 3.3 hr (SD 3.1). Dewfall was restricted primarily to the 
56 m and 40 m sensor heights, which resulted in more time spent wet at 
the top of the canopy (3.8%, SD 2.1) than at the forest floor (1.2%, SD 
2.3), a reversal of the pattern seen in all other seasons (Table 1). As 
noted in Section 3.3, wet and dry conditions were more persistent in the 
lower portions of the canopy; the average number of wet to dry transi-
tions per dry season was 5, 8, 8, 8, 12 and 32 from the bottom to the top 
of the canopy. 

Dew events in the dry season were shorter and had more separation 
from adjacent wetting than in other seasons, making it possible to look 
more in-depth at the timing of events and the meteorological conditions 
on dewy and dry nights. Dew formed at night and ranged in starting hour 
from shortly after sundown to briefly before sunrise (Fig. 6a). For the 
70% of dew events that lasted past sunrise, some dried immediately, one 
event took 6 h to dry, and average time to dry was 1.4 h (SD 1.0). It 
should be noted that on real foliage, foliar water uptake would shorten 
the amount of time it takes for surface wetness to dry. In an experiment 
designed to determine the quantity of dew water that is taken up by 

Fig. 4. Wetting by height for the (a) spring, (b) dry season, (c) fall and (d) winter seasons of the 2017 calendar year. Wetness sensors were located at 1.5, 10, 20, 30, 
40 and 56 m in the canopy. Data from these sensors were converted to color bars representing intervals from 0 to 5 m, 5 to 15 m, 15 to 25 m, 25 to 35 m, 35 to 45 m, 
and 45 to 60 m. 
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Douglas-fir foliage late in the summer dry season, an estimated 
1.5–7.3% of water sprayed on foliage at 56 m a.g.l. in the pre-dawn 
hours was taken up (Sibley, 2021). This suggests that observed drying 
times on actual foliage may be shorter by a few percent compared to 
what is detected by leaf wetness sensors. Drying times of epiphytic 
bryophytes and lichens would also differ from that detected by the LWS 
due to both foliar water uptake and trapping of surface water in the 
intricate, three-dimensional vegetative structures of many species 
(Pypker et al., 2006). Enhanced retention of surface water and slow 
release of inter- and intra-cellular water as mosses and lichens desiccate 
in dry daytime conditions imply that the flux of water vapor from 
epiphytic bryophytes and lichens may continue for several hours after 

even slight dew wetting (Pypker et al., 2017). 

3.5. Dry season dewfall predictions 

3.5.1. Penman model predictions 
Models using the Penman equation provided better predictions of 

dewfall when all sensor values were obtained from the PRIMET weather 
station located in a canopy gap than models based on in-tree observa-
tions of Tair, RH and wind speed and PRIMET Rnet. While both methods 
predict dew on the overwhelming majority of true dew forming intervals 
(Table 4), the in-tree Penman model falsely predicts dew 1.39 times 
more often than there are true dew forming intervals. Increasing the 
value of LAI used to scale rH would lower this false positive rate, but 
would come at the expense of increasing false negatives and decreasing 
true positives (Fig. S.2a), indicating that the in-tree sensor readings may 
be more responsible for the poor model performance than the parame-
terization of the Penman equation. The PRIMET-based model, on the 
other hand, can be parameterized such that false positives are greatly 
reduced at little expense to true positives or false negatives when LAI is 
raised from 1 to approximately 8 (Fig. S.2a), after which a subjective 
decision must be made about the desired balance between false positive 
and false negative predictions. While it is surprising that in-tree mea-
surements performed more poorly than measurements at a weather 
station, one possible explanation is that Rnet was only available from 
PRIMET, leading to a mismatch with the in-tree data. Inspection of wind 
data shows more variable upper-canopy wind speeds than at PRIMET, 
which may be another explanation for the inferior model performance 
using in-tree data. The more temporally variable wind speeds measured 
in-tree may have led to a worse representation of boundary layer 
conductance of the branch surface (where the LWS is located) compared 
to the relatively more constant nighttime winds observed at PRIMET. 

The PRIMET-based Penman model parameterized with an LAI of 10 
(Marshall and Waring, 1986) correctly predicted dewfall on 87% of true 
dew forming five-minutes intervals, with a false positive rate of 40% 
(Table 4). At the daily scale, 85 of the 355 summer days in the instru-
ment record contained some dew, of which the model correctly pre-
dicted 73, with 12 false negatives and 24 false positives. On the days that 
dew did form, the model had a tendency to slightly overpredict the 
duration of the event (Fig. S.6a). This overprediction was constant 
across the range of true dew event lengths, and root-mean square error 
(RMSE) was 1.2 h. These results show that the Penman equation, when 
properly parameterized and driven with weather station data, can 
accurately capture the dynamics of dry season dewfall on a nearby 
canopy in a similar topographic position. However, it is unclear from the 
results of our study whether in-tree observations would perform less 
well than weather station measurements at other study sites, or if our 
results are caused by an issue with the in-tree sensor cluster. The results 
of our sensitivity analysis (Supplemental S.2) show that predictions of 
dew with the Penman equation are highly sensitive to the parameteri-
zation of rH. Model fit depended on selecting an appropriate LAI value 
for empirical scaling by comparing Penman predictions to wetness 
sensor readings. 

3.5.2. Logistic regression model predictions 
The results of the logistic models applied to summer night data are 

shown in Table 5 and support the use of dewpoint depression in a 
parsimonious predictive model for in-tree observations. R2 values for 
single variable logistic models based on either Rnet or wind speed indi-
cate the inability of these variables to explain the variance in dewfall 
observations, while DPD alone can explain 87% of the variance and had 
an AUC value of 0.994, indicating strong separation between dew and 
non-dew observations using in-tree DPD. The model based on RH per-
formed similarly well, which is expected given that both DPD and RH 
capture the degree of saturation of the air in slightly different ways. 
Compared to the one-term DPD model, a three-variable model (Dew ~ 
DPD + Rnet + Windspeed) had only a marginally better R2 of 0.9 and an 

Fig. 5. Contributions to canopy wetness by type for each season across the 
years 2017–2020. Percentages are based on time spent wet (i.e., not the percent 
of time that sensors were wetted by each phenomenon, as that varied 
dramatically across seasons). 

Table 3 
Seasonal boundaries for each calendar year.  

Year Spring Dry season Fall Winter 

2017 Mar. 15th June 28th Sept. 4th Nov. 8th 
2018 Mar. 27th June 29th Sept. 11th Nov. 8th 
2019 Mar.26th June 9th Sept. 8th Nov. 2nd 
2020 Mar.29th July 4th Sept. 15th Nov. 1st  
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AUC of 0.997. As the one-term DPD based model was more parsimonious 
we chose to show the results of applying it with a probability threshold 
of 0.5 to the summer of 2017 in Fig. 6c (summers of 2018–2020 in 
Supplemental S.4 a–c). In no case did PRIMET-based logistic models 
outperform the in-tree DPD model. The best one-predictor model using 
PRIMET data used DPD and had an R2 of 0.54 and AUC of 0.933. The 
PRIMET DPD model correctly predicted almost all true dew events, but 

severely overpredicted dew (i.e., high false positive rate) when it did not 
occur (Table 5). The in-tree DPD model performed similarly to the 
PRIMET-based Penman model at both the five-minutes (Table 4) and the 
daily scale. At the daily scale it correctly predicting 64 out of 85 dewy 
days with 12 false positives and 21 false negatives at our chosen prob-
ability threshold of 0.5. The in-tree DPD model predicted the length of 
dew events with an RMSE of 1.1 h (Fig. S.6a). 

These results indicate that the most parsimonious way to predict 
dewfall, in terms of instrumentation used, is to measure Tair and hu-
midity in close proximity to the canopy of interest, which in this study 
was a distance of ~ 1 m. This method may also be preferable to the 
Penman approach for predicting differences in dewfall in different parts 
of a landscape. For example, at our study site, it is not obvious if the 
patterns of dew we observe in a valley bottom would hold for mid-slope 
and ridgetop topographic positions, or how PRIMET-based predictions 
would need to be modified to predict dew on adjacent slopes and ridges. 
Installing ground-based weather stations with the requisite instruments 
to use the Penman approach (requires Tair, RH, wind speed, and Rnet) in 
multiple locations across the landscape to investigate the effect of 
topography on dew frequency may be intractable, both from a cost 
perspective and in settings where forest cover is relatively unbroken and 
there are limited canopy openings. In such cases, outfitting multiple 
trees with sensors may be a more sensible approach, with the caveat that 
tree climbing expertise is needed. 

While our study provides good evidence of the efficacy of an in-tree, 
dewpoint depression based logistic model for predicting dewfall, our 
study design did not allow us to assess the extent to which the specific 
parameters of our logistic model apply to other canopies across the 
landscape. We have recently initiated paired LWS, Tair and humidity 
measurements in three additional tree canopies across a range of topo-
graphic positions, which will be used to assess how widely parameters 
vary in different settings in a future study. 

Fig. 6. Observed and predicted dew accretion and drying during the dry season of 2017. Transition between night and day denoted in all panels using gray and 
yellow background colors (day defined as > 10 W m− 2 incident solar radiation). Panel a shows observed intervals of dew accretion and dew drying through the 
season. Panel b shows dew accretion as predicted by the Penman equation supplied with data from the PRIMET station, where LE < 0 mm is classified as a dew 
forming period. Panel c shows dew accretion as predicted using a logistic function with dewpoint depression as a predictor and a probability threshold of 0.5. False 
positives indicate where dewfall was predicted but not observed. False negatives indicate where dewfall was not predicted, but it was observed. 

Table 4 
Rates of false positive,false negative and correct predictions at the five-minutes 
scale, relative to the number of true dew accumulation events as determined by 
the 56 m height leaf wetness sensor, for each of the tested models. “In tree” 
models used data from the 56 m sensor height in the Discovery Tree, while 
“PRIMET” models used data from the nearby PRIMET weather station.   

In-tree PRIMET  

Penman Logistic Penman Logistic 

False positive rate 1.39 0.233 0.4 4.62 
False negative rate 0.292 0.3 0.12 0.0068 
Correct prediction rate 0.71 0.7 0.87 0.99  

Table 5 
Index corrected R2, AUC, intercept and slope coefficients for one-variable lo-
gistic models using data from 56 m height in the Discovery Tree.    

Coefficients 

Model R2 AUC Intercept Var 

Wind speed 0.001 0.505 -1.94 -0.11 
Rnet 0.052 0.631 -4.26 -0.05 
Tair 0.50 0.916 5.54 -0.72 
Specific humidity 0.13 0.74 2.84 -6.84 
Relative humidity 0.87 0.994 -87.93 0.92 
DPD 0.87 0.994 4.33 -5.90  
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3.6. Determinants of dewfall 

Examination of meteorological conditions on nights where dew did 
and did not form (Fig. 7) helps to explain the performance of the in-tree 
logistic models. Net radiation and wind speed were relatively similar in 
their distributions across nights where dew did and did not form, while 
the distributions of observed dewpoint depression at 56m were 
distinctly different (Fig. 7). The distribution of Rnet values on dry nights 
was bimodal, with peaks at ~ -50 W m− 2 and -10 W m− 2. The latter peak 
likely corresponded to cloudy conditions that enhanced the local 
greenhouse effect and resulted in insufficient surface cooling for dew 
formation to occur. Outside of these relatively rare cloudy, dry season 
nights are the much more frequent clear nights, where there is little 
distinction in the distributions of Rnet between dry and dewy nights 
(Fig. 7). Most dew formation happened when DPD at 56 m was < 1 ◦C, 
while DPD ranged above 12 ◦C on dry nights. Wind speed distributions 
are indistinguishable between dew and non-dew nights and largely 
represent still conditions (< 1 m s− 1). Put simply, the majority of dry 
season nights appear to be sufficiently still and have sufficiently nega-
tive net radiation to promote cooling and dewfall, with DPD acting as 
the determining factor. 

These results underscore the importance of dewpoint depression in 
determining whether dewfall occurs on a given clear-sky night in the dry 
season at our site. Intuitively, one would expect higher relative humidity 
and lower nighttime DPD after rain events and early in the season, when 
residual moisture from spring rains has not left the stand. While this 
phenomenon can be seen (Fig. 8), evidence shows that dewfall that 
happened more than five days since the last registered rainfall made up 
61.6 % of all dew events (Fig. 8a), and 63.6 % of events happened when 
seasonal cumulative Precip-PET was –300 mm or lower (Fig. 7b). These 
numbers suggest that a large proportion of summer dewfall is driven by 
meteorological conditions not related to recent delivery of water, which 
is corroborated by the specific humidity (SH) and Tair histograms in 
Fig. 7 and regression results in Table 5. Specific humidity and Tair are the 
two determinants of dewpoint depression and viewing them indepen-
dently provides a clue as to whether air cooling or an increase in specific 
water vapor content is responsible for DPD values < 1 ◦C and the sub-
sequent occurrence of dewfall. The histograms show greater overlap in 
SH between dew and non-dew periods than in Tair, while the Tair logistic 
model yields a much higher R2 and AUC than the SH model. As far as Tair 
and SH can be viewed independently, it appears that air cooling toward 

the dewpoint determines when dew occurs more than an increase in SH 
– in fact, there is no clear evidence that SH is higher on dew nights than 
on non-dew nights. 

The driver of enhanced air cooling in our study area is an open 
question and merits further investigation. Two possible drivers are cold 
air pooling in the valley in which the Discovery Tree stands and 
synoptic-scale changes in wind patterns. Cold air pooling events occur 
much more frequently than the formation of dewfall in the summer 
months in the Andrews forest (Rupp et al., 2020), meaning that the 
strength of the pooling and the drivers of particularly cold events would 
merit investigation. In the case of synoptic-scale influences, determining 
the drivers of dewfall would require a more complete understanding of 
how weather is “delivered” to the Andrews forest, which could be gained 
by analyzing regional scale reanalysis data. One potential determinant 
of dewfall may be the strength of the westerly winds, which bring 
relatively cooler, more humidified air to the Western cascades from 
above the Pacific Ocean, in contrast to Easterly winds, which bring drier, 
warmer, continental air masses to the forest (Taylor and Hannan, 1999; 
Abatzoglou et al., 2021). Given the benefit that foliar water uptake 
represents for water-stressed plants (Berry et al., 2018; Burgess and 
Dawson, 2004; Limm et al., 2009), changes in climate that are likely to 
decrease the frequency of dry season dew accumulation are also likely to 
negatively impact vegetation health. Determining the larger-scale 
mechanisms responsible for dry season dewfall will be important for 
assessing how observed and predicted changes at the regional scale will 
impact canopy hydration in a future where longer, hotter, and drier dry 
seasons are predicted (Mote et al., 2008; Salathé et al., 2008). 

4. Conclusion 

In this study, we observed patterns of canopy wetting in an old- 
growth temperate wet forest across four annual cycles. We found that 
canopy wetness was more persistent in the lower portions of the forest 
canopy in all but the dry season, and wet-to-dry transitions were less 
frequent in the lower than the upper canopy in all seasons. These pat-
terns may explain the vertical distribution of poikilohydric plant and 
lichen biomass in the canopy of the temperate wet forests of the region. 
In the dry season, wetness is more frequent in the upper than lower 
portions of the forest canopy. Dry season wetness in the upper canopy 
was predominantly dewfall, which occurred on ~ 28% of nights and is a 
potentially important hydration source for water-stressed foliage. These 

Fig. 7. Histograms of observed net radiation, wind speed, dewpoint depression (DPD), air temperature (Tair) and Specific Humidity (SH) during periods of dew 
formation (top row) and from mornings (midnight to 6am) where no dew formed (bottom row) during the dry seasons of 2017–2020. 
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results suggest that dew formation in temperate wet forests may be 
predicted using meteorological variables. In addition, because dew 
formation requires a dewpoint depression of ≤ 1 ◦C, ongoing increases in 
night-time minimum temperature may reduce dew formation in the 
future. 
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