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This study provides detailed information on the canopy drying process subsequent to rainfall events in a
Mediterranean deciduous stand. Since this is a study of a deciduous forest (Quercus pubescens Willd.), it
has been possible to assess the differences in canopy structure as well as in meteorological conditions
between seasons. Results show clear seasonal differences in wetness duration during the drying phase
after rainfall, with longer wetness duration in the leafed period (8 h) than in the leafless one (4 h). There
is better canopy ventilation in the leafless season, increasing canopy boundary layer conductance. How-
ever, there is a wind shelter effect in the leafed season, which entails low turbulence transfer within the
canopy. Likewise, canopies remain wet longer at night in both seasons, but the differences in wetness
duration between day and night are greater in the leafless season. Finally, the results indicate that the
methods commonly used to separate rainfall events give an erroneous indication of the real canopy dry-
ing duration. This leads to inaccuracy in the number and duration of rainfall events and, thus, in their
properties (such as rainfall depth and intensity) and represents a challenge to rainfall interception
models.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Rainfall interception loss is the volume of rainfall that is re-
tained by the vegetation canopy and subsequently evaporates
without reaching the ground. It is controlled by several factors.
Abiotic factors are related to rainfall characteristics and the mete-
orological conditions controlling the evaporative demand, while
biotic factors are related to the structural characteristics of the veg-
etation cover, such as vegetation roughness and the storage capac-
ity of vegetation elements (canopy, branches, trunks etc.). Storage
capacity is the volume of water stored in the vegetation (Leyton
et al., 1967; Rutter et al., 1972) and vegetation roughness controls
the aerodynamic conductance of the evaporation of stored water
(Monteith, 1965).

In deciduous forest, the seasonal changes in canopy structure,
which affect both the characteristics of the vegetation elements
and the microclimate within the canopy, add complexity to the
rainfall partitioning process. This complexity is greater in Mediter-
ranean areas due to the variability of the rainfall-interception loss
relationship, caused by the characteristic Mediterranean precipita-
tion regime (David et al., 2005; Llorens et al., 2011).
There are no clear conclusions about seasonal differences in
rainfall interception loss and wet evaporation rates in deciduous
forest. Some studies show significant seasonal throughfall and
stemflow differences, whereas others do not. In forests where oaks
are dominant, or one of the dominant tree species, in the leafed
season throughfall represents about 80–85% of bulk rainfall,
whereas in the leafless season it varies widely, from 67% to 94%
(Deguchi et al., 2006; Dolman, 1987; Muzylo et al., 2012a; Price
and Carlyle-Moses, 2003; Šraj et al., 2008). Similarly, the factors
determining the wet evaporation rate in deciduous forest and the
role of seasonal changes are open to debate. While some authors
found higher wet evaporation rates during the leafed season (e.g.
Dolman, 1987; Deguchi et al., 2006) and explain these differences
by the combined role of the meteorological variables, other authors
reported higher wet evaporation rates during the leafless season
(e.g. Herbst et al., 2008; Staelens et al., 2008). The latter attributed
this to the increased wind speed in the leafless season. Moreover,
the role of available radiation should not be ignored, especially
during the leafed season (e.g. Šraj et al., 2008).

Despite the importance of canopy wetness duration for wet
canopy evaporation, few studies of rainfall partitioning have mea-
sured canopy wetness duration. Leaf wetness measurements are
important in agriculture and ecology, because the frequency and
duration of water on leaves have important consequences for plant
growth and photosynthetic gas exchange, as well as for plant
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Table 1
Stand and canopy characteristics of the Quercus pubescens plot.

Leafed Leafless

DBH (cm) 22.3
Basal area (cm2) 411.8
LAI (m2 m�2) 3.35 (±0.5)
Canopy cover 0.64 0.35
Canopy storage capacity (mm) 0.49 0.17
Trunks storage capacity (mm) 0.03 0.07

Adapted from: Muzylo et al. (2012b).
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disease through pathogen infection forecasting (Brewer and Smith,
1997; Dietz et al., 2007; Huber and Gillespie, 1992) and for atmo-
spheric pollutant deposition, especially in foggy regions (Burkhardt
and Eiden, 1994; Klemm et al., 2002). Even though several physical
or empirical models have been worked out to predict leaf wetness
from meteorological variables for crop protection (Sentelhas et al.,
2008), leaf wetness under natural field conditions cannot be easily
predicted from meteorological variables or rainfall. In fact, many
other factors are involved that clearly influence wetness duration,
such as type of vegetation, boundary layer conditions and leaf
characteristics (hydrophobicity, particle load, etc).

In this context, little is known about the duration of leaf
wetness under natural field conditions, its variability within the
canopy or its relationship with the microclimate inside the stand.
Only the studies by Klemm et al. (2002) in temperate forest and
Dietz et al. (2007) and Chu et al. (2012) in tropical montane forests
provided information on this issue. Some of the main findings of
these studies highlight the greater leaf surface wetness decrease
after rainfall events in forested sites than at grassy ones, due to a
major atmospheric exchange of the forest surface with the bound-
ary layer (Klemm et al., 2002). In addition, it has been emphasized
that differences in wetness duration depend on the position in the
canopy and on the time of day (Dietz et al., 2007; Chu et al., 2012).
The importance of wetness duration for rainfall interception and
transpiration modelling was also mentioned. On the one hand,
the results of Chu et al. (2012) indicated that transpiration occurs
from a partially wet canopy. On the other hand, the long drying
time observed by Dietz et al. (2007) questions the viability of the
assumption of some rainfall interception models that the canopy
dries completely between rainfall events.

A review of rainfall interception modelling (Muzylo et al., 2009)
indicated that the original and sparse Gash models (Gash, 1979;
Gash et al., 1995) are used more frequently than the other rainfall
interception models. Gash (1979) provided an analytical solution
to the original Rutter et al. (1972, 1975) model that assumes the
separation of rainfall events by intervals sufficiently long for the
canopy and stems to dry completely. This assumption is main-
tained in the majority of analytical models, as well as in Calder’s
models (1986, 1996). This approach assumes that canopy storage
compartments are empty at the beginning of each storm and, in
consequence, each rainfall event has a closed water balance. In
practice, a fixed number of hours is used to separate storms, either
for data treatment or modelling (see Dunkerley (2008) review).

The application of different inter-event times substantially
change both the number of rainfall events and their properties,
such as mean rainfall duration, depth or rate (Dunkerley, 2008),
and in consequence affect the simulated interception loss (Wallace
and McJannet, 2006). Suspecting the constraints of defining a set
number of hours to separate storms, some authors used more elab-
orate methods to break up events, for example by determining the
inter-event period as a function of the duration of each storm
(Herbst et al., 2006; Pearce and Rowe, 1981).

The main objective of this study was to analyse whether the
common use of a fixed number of hours to separate rain events
is consistent with the observations of canopy wetness duration,
in particular for stands with seasonal changes in both canopy
and rainfall characteristics. The secondary aim of this study is to
evaluate whether the assumption of the use of set inter-event
duration means that canopy storage compartments are empty at
the beginning of each storm.

To attain these objectives, this study aims to answer the follow-
ing questions: (i) What differences are observed in canopy wetness
duration between events? (ii) Are there differences in canopy
wetness duration between seasons? (iii) Are there differences in
canopy wetness duration between day and night conditions? (iv)
What driving forces explain wetness variability? and finally (v) Is
the use of a set number of hours, after precipitation ending, ade-
quate for separating events?

We attempted to answer these questions by analysing the pat-
terns of deciduous canopy drying in a number of rainfall events in
different seasons, which in turn entailed distinct canopy structures
and meteorological conditions.

2. Materials and methods

2.1. Site description

The study plot is located in the Vallcebre research catchments
(Gallart et al., 2005; Latron et al., 2010a) in the eastern Pyrenees
at 1100 m a.s.l. The climate is Sub-Mediterranean, with a mean an-
nual temperature of 9.1 �C. Mean annual reference evapotranspira-
tion is 823 ± 26 mm and mean annual precipitation is
862 mm ± 206 mm (Latron et al., 2010a). Precipitation is seasonal,
with autumn and spring usually the wet seasons, whereas summer
and winter are dry. Summer rainfall is characterised by intense
convective events, whereas in winter precipitation is caused by
frontal systems (Latron et al., 2010b).

The forest canopy consists mainly of downy oaks (Quercus
pubescens Willd.), mixed with a few other deciduous species. The
forest understorey is mostly composed of Buxus sempervirens
patches of varying density and height. The mean tree height at
the study site was 11.2 m (±2 m) and tree density is 828 stems
per hectare (Poyatos et al., 2005). Leaves appear in the first half
of May and autumn leaf-fall is progressive, with 90% of leaves fall-
ing between October and December. The main traits of the canopy
structure in the plot studied are presented in Table 1 (Muzylo et al.,
2012b).

2.2. Precipitation and meteorological variable measurements

Precipitation was recorded in a nearby clearing with a standard
0.2 mm-resolution tipping bucket rain gauge (AW-P, Institut Analí-
tic, Spain) and collected data was stored on a data logger (DT500,
DataTaker, Australia) every five minutes.

Net radiation (NR-Lite, Kipp&Zonen, The Netherlands), air
temperature and relative humidity (HMP35C, Vaisala, Finland),
wind speed (A100R, Vector Instruments, UK) and wind direction
(6504, Unidata, Australia) were measured above the canopy at
13.5 m. These meteorological data were completed with measure-
ments of air temperature, relative humidity and wind speed at the
maximum crown volume level (8.0 m) and below crowns (2.5 m).
Measurements were taken every minute and five-minute averages
were stored on the data logger.

2.3. Leaf-wetness measurement

Twenty leaf-wetness sensors (237F, Campbell Scientific, UK)
were installed on a mast in pairs at 1-m intervals throughout the
canopy, from 3 to 12 m above the ground. The sensors were glued
to rigid supports, which were mounted on flexible poles. This



Table 2
Characteristics of the studied rainfall events.

N Duration
(h)

Rainfall amount
(mm)

Rainfall intensity

I (mm/h) I5’ (mm/h)

Leafed 20 2.8 (±0.5) 8.4 (±1.0) 4.7 (±4.2) 26.2 (±16.7)
Leafless 20 7.3 (±1.4) 6.9 (±1.5) 1.9 (±2.6) 8.6 (±7.2)

I = mean rainfall intensity and I50 = 5 min rainfall intensity.
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arrangement enabled them to oscillate with twig-like movements
within the canopy.

The 237F sensor consists of a flexible polyimide film circuit
(14 � 90 mm) with interlacing gold-plated 0.25 mm-spaced cop-
per fingers. Sensors’ electric current (mA) and applied potential
(mV) were measured every minute and five-minute averages were
recorded on a data logger (DT85, DataTaker, Australia).

These measurements were complemented with descriptions of
changes in canopy characteristics between leafed and leafless sea-
sons, as follows: canopy cover by hemispherical photographs and
LAI by means of litterfall collection (Bréda, 2003). In addition, can-
opy storage capacity was calculated as proposed in Valente et al.
(1997) (Muzylo et al., 2012b).

2.4. Data analysis

The data collected during the years 2008 and 2009 were divided
into two periods: the leafed season, including events from mid-
May to mid-October, and the leafless season, including events from
the beginning of January to the first week of May. The period be-
tween mid-October and beginning of January, when leaf fall occurs,
as well as the period of leaf burst, were not included in the
analysis.

40 Rainfall events, 20 during the leafed and 20 during the leaf-
less season, with more than 1 mm rainfall and without any instru-
ment malfunction, were used in this study.

Measured electric current and applied potential were used to
calculate the electric conductance of each sensor. These data were
averaged for each level (means of 2 sensors per level). Then, the
relative wetness of each level was calculated as the quotient be-
tween the 5-min mean conductance and the maximum conduc-
tance calculated for the whole event, under the assumption that
the maximum conductance is representative of a completely wet
surface. This information then determined, for each time-step,
whether the measuring level was wet or dry. To avoid uncertain-
ties, when relative wetness was lower than 5%, the sensor was con-
sidered dry. Canopy drying phase duration was defined as the
period from the first 5 min without rainfall until all the sensors
were considered dry.

Day drying phases were those in which rainfall ended between
sunrise and sunset, whereas night drying phases were those in
which rainfall ended between sunset and sunrise the following
day.

The temporal stability analysis methodology (Vachaud et al.,
1985) was used to compare, over time, the wetness duration mea-
sured at each level with the mean wetness duration of the whole
profile.

The Shapiro–Wilk test, with a threshold probability of a = 0.05,
was used for testing the normality of the distributions, unless
stated otherwise. For testing differences between samples the Stu-
dent’s t-test was used when samples were normally distributed
and the Mann–Whitney Rank Sum test when they were not, in
both cases with a threshold probability of a = 0.05.

2.5. Event separation

The results of two different methods currently used for separat-
ing different precipitation events for rainfall interception model-
ling were compared with the events separated using the
measurements of wetness duration. The first method takes fixed
rainless periods between events and was named Minimum Inter-
event time (MIT) by Dunkerley (2008). In the second one, the in-
ter-event periods are estimated, following Pearce and Rowe
(1981), as a function of the duration of each storm. This method
considers inter-event periods of 1 h for rainfall events up to 4 h,
2 h for events between 4 and 8 h and 3 h for events longer than 8 h.
3. Results

3.1. Rainfall characteristics of the studied events

The mean rainfall amount of the events studied was slightly
higher in the leafed season than in the leafless one, 8 and 7 mm
respectively. Moreover, there was less variability between event
depths during the leafed season than during the leafless one, as
indicated by the respective coefficients of variation (51% and
99%). However, there were noticeable differences in rainfall inten-
sity and duration. The events studied were shorter and more in-
tense during the leafed season, with mean duration of less than
3 h and mean rainfall intensity of about 5 mm h�1, than during
the leafless season, when mean duration was 7 h and rainfall inten-
sity less than 2 mm h�1 (Table 2).

There was no statistically significant relationship between
event rainfall amount or rainfall intensity and wetness duration
in the leafless season. However, the correlation between wetness
duration and rainfall amount was significant at the 0.05 level for
the leafed events (data not shown).

Another difference between the leafed and leafless seasons was
the timing of rainfall events; during the leafless season, rainfall
events occurred nearly uniformly throughout the day with 40% of
rainfall events ending before noon, whereas during the leafed sea-
son only 10% of events ended before noon.
3.2. Canopy wetness duration during the drying phase

The results indicated differences in wetness duration during the
drying phase between the leafed and the leafless events. The mean
wetness duration of the leafed season was 7.6 h and the median
8.5 h, whereas in the leafless season the mean was 4.2 h and the
median only 1.7 h (Fig. 1). In the leafed season, wetness duration
data were not far from normally distributed (p = 0.047). However,
in the leafless season wetness duration was not normally distrib-
uted, but rather followed bimodal distribution (Fig. 1a). For this
reason, events with short and long canopy wetness duration data
were taken separately (Fig. 1b). Both resulting groups were nor-
mally distributed (p > 0.05), with the long events having the same
distribution (mean and standard deviation) as the leafed events.

Relative differences, respect to the mean, in wetness duration
were similar in both seasons (Fig. 2), with wetness duration near
the mean for the main part of the crown volume, the shortest wet-
ness duration at the top of the canopy (above 10–11 m) and the lon-
gest wetness duration below the crown (below 5 m) and, in
particular, near the ground. These results indicate that both profiles
showed a temporal persistence of within canopy wetness duration
patterns.
3.3. Temperature, vapour pressure deficit and wind speed profiles
during the drying of the canopy

Air temperature profiles showed the expected differences be-
tween the leafed season encompassing spring and summer (mean
temperature of 13 �C) and the leafless season during the winter



Fig. 1. Box-whisker plots of canopy wetness duration for the leafed and leafless
seasons (a). Canopy wetness duration for the leafless season when long and short
events were separated (b). These two groups were divided because leafless data
followed a bimodal distribution (c), WD = Wetness duration.

Fig. 2. Time-stability plot of wetness duration profiles in the leafed (left) and
leafless seasons (right). Dots represent means and bars standard errors.
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(mean temperature 6 �C). Moreover, slight variations in mean air
temperature profile were observed in both seasons (Fig. 3a).

Vapour pressure deficit (VPD) distributions were further away
from normality at the lower levels within the canopy during the
leafed season (p = 0.147 at 13 m and p < 0.001 at the other levels)
and at all levels during the leafless one (p < 0.001). Wind speed dis-
tributions were also further away from normality during both sea-
sons (p < 0.001). For this reason, the median instead of the mean
will be used from now on to compare the profiles of VPD and wind
speed.

VPD profiles (Fig. 3b) showed the wettest conditions below the
canopy in both seasons, but the differences between levels were
more marked during the leafed season. Even though the air below
the lowest green branches (2.5 m) was almost always saturated in
both seasons, the air at the top of the canopy, as well as the air at
the maximum crown volume, was drier in the leafed season (medi-
ans of 0.24 and 0.15 kPa at the top and of 0.10 and 0.05 kPa at 8 m,
respectively).

Higher median wind speeds were observed during the leafless
season, in particular within the canopy (Fig. 3f). At the maximum
crown volume, median wind speed during the leafless season
was more than 3 times greater than during the leafed season
(medians of 0.47 and 0.12 ms�1, respectively), whereas below the
lowest green branches it was 5 times greater, indicating high ven-
tilation and a better mixing of air at this level when trees had no
leaves (medians of 0.26 and 0.05 ms�1, respectively).

Wind speed profiles in both seasons were statistically different
(p < 0.001), whereas VPD profiles were not (p = 0.510) (Fig. 4). On
comparing profiles level by level, it could be seen that VPD was sta-
tistically different between seasons only at the top of the canopy
(p = 0.014). In contrast, wind speed was similar in both seasons
at the top of the canopy (p = 0.156) and different at the maximum
crown volume and at the bottom of the profile (p < 0.001). More-
over, there were no significant differences in wind direction (mea-
sured above the canopy) during the drying phase of both seasons.
The dominant wind direction was W-NW in both cases (70% and
60% of events in the leafed and leafless seasons, respectively).

Wetness duration decreased markedly as wind speed and VPD
measured above the canopy (13 m) increased (Fig. 5). The relation-
ship between wetness duration and wind speed followed the same
negative exponential trend in both seasons (Fig. 5a), with wetness
durations under 2 h when wind speed was higher than 1.5 ms�1.
The relationship between wetness duration and VPD followed
the same negative exponential trend, but the relationship was dif-
ferent for the two seasons. During the leafless season when VPD
was higher than 0.2 kPa, wetness durations were shorter than
2 h, while in the leafed season wetness durations shorter than
2 h were observed for VPD higher than 0.4 kPa (Fig. 5b).
3.4. Day and night-time wetness duration

Results indicated considerable differences in wetness duration
between day and night in both seasons, with the sensors remaining
wet for longer at night (Fig. 6). Mean wetness duration at night was
11.5 and 7 h in the leafed and leafless seasons, respectively,
whereas during the day duration was 5 and 2 h. Moreover, wetness
duration at night was more similar between events, especially in
the leafed season (coefficients of variation of 17% and of 67% in
leafed and leafless seasons, respectively), than during the day
(98% and 170%). In the leafless season, the very short wetness dura-
tions during the day, compared with the wide range of durations at
night, explain the bimodal distribution shown in Fig. 1. In addition,
during the day, in both seasons the wetness duration was more
uniform throughout the profile than at night. Maximum differ-
ences of one level respect to the mean of the whole profile were
less than 8% during the day, while at night they were up to 18%. Fi-
nally, the stratification of wetness duration was more marked at
night than during the day in the leafless season (mean difference
of 2 h between 12 and 3 m), while the opposite occurred in the
leafed season (mean difference of 1.5 h) (Fig. 7).

The shapes of VPD profiles were similar by day and by night,
with the highest VPD at the top of the canopy. However, mean
VPD was about double during the day than at night in both seasons
and for each measured height (Fig. 7). During the leafless season
the shape of the wind speed profiles was similar during the day
and at night, while in the leafed season there were differences,
especially at the maximum crown volume (Fig. 7). However, both
varied greatly within the canopy (with coefficients of variation
up to 170% for both variables at the bottom of the profile).
3.5. Inter-event time

A series of three rainfall events in June shows important differ-
ences in wetness duration depending on the meteorological condi-
tions (Fig. 8). Wetness lasted longer with low wind speed and VPD
measured above the canopy (Fig. 8a). Moreover, differences
depending on the measurement height, 12 or 3 m, were also seen.
The drying started earlier at the top of the canopy and took longer
at the bottom (Fig. 8d).

The comparison of three examples of fixed rainless periods or
MITs of 2, 6 and 12 h, as well as the measured event duration using
the wetness sensors for the three events indicates low correspon-
dence between the two, whatever the MIT used (Fig. 8c). As there
is no correspondence in the number of events for MIT equal to 12 h,
more than one rainfall burst is considered in the same single event.
The use of a shorter MIT (2 h) allows rainfall events to be separated



Fig. 3. Box-whisker profiles of temperature, relative humidity and wind speed during the drying phase, for the leafed (a–c) and leafless seasons (d–f). The dotted lines
represent the means, the continuous lines the medians and the dots the outliers.

Fig. 4. Intra-canopy mean (±1 SE) vapour pressure deficit and wind speed profiles
for the leafed and leafless seasons (black dots and white dots, respectively).

Fig. 5. Relationship between event canopy wetness duration and wind speed and
vapour pressure deficit in the leafed and leafless seasons (black and white dots,
respectively).

Fig. 6. Relationship between time-end of rainfall (24-h clock time) and canopy
wetness duration for the leafed (left) and leafless (right). seasons.

258 P. Llorens et al. / Journal of Hydrology 512 (2014) 254–262
better. However, none of the MIT gave any indication of the real
canopy drying duration.

The relationship between event rainfall duration and wetness
duration after rainfall ends, for all the events studied, indicates that
if a set number of hours is used to separate events (fixed MIT), a
large number of events had longer durations than the selected
MIT (Fig. 9). For example, a MIT of 12 h is acceptable for 80% and
90% of the events during the leafed and leafless seasons,
respectively, but these values drop to 40% and 75% if the selected
MIT is 6 h. However, the risk of choosing longer MIT durations is
that different rainfall bursts may be taken as the same event. For
example, a MIT of 12 h considers events 1 and 2 in Fig. 8 as only
one event.

Using the separation of events proposed by Pearce and Rowe
(1981), we saw that their assumptions were better met during
the leafless season than during the leafed one. In the leafless sea-
son, half the observed events had wetness durations shorter than
the proposed ones. However, there were only 3 events in the leafed
season meeting the proposed conditions, inducing an over-estima-
tion of the intercepted depth.
4. Discussion

4.1. What about the method used for measuring the duration of
canopy wetness?

This paper compares the drying time of a profile of electric grid
sensors designed to allow the wind to move the sensors just as it
moves twigs. This monitoring design, with a replicate number of
sensors, at 10 levels with two sensors on each level, characterises



Fig. 7. Profiles of wetness duration, wind speed and VPD during day (left) and night (right). Black dots and white dots represent wetness duration in the leafed and leafless
seasons (±1 SE), respectively. Continuous lines represent VPD and discontinuous wind speed.

Fig. 8. Series of three rainfall events in June. Wind speed and VPD above the canopy (a), rainfall intensity (b), inter-event times of 2, 6 and 12 h (see text) (c) and wetness
duration at 3 and 12 m (d).
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the wetness profile adequately, as suggested by Chu et al. (2012).
However, we are aware that future research is needed to improve
canopy wetness monitoring, especially to interpret better the de-
gree of leaf wetness by artificial sensors (Klemm et al., 2002).
The grid sensors used in this study (237F, Campbell Scientific), as
well as the other wetness sensors measuring electric resistances
or dielectric constants (both grid and clip sensors), still do not al-
low the volume of water intercepted to be measured, even though
they are useful for calculating the duration of canopy wetness (Chu
et al., 2012; Klemm et al., 2002).

Miranda et al. (2000) indicated that grid sensors correlated
better with the weight loss of water than clip sensors did, but that
the water accumulation observed in the sensor structure gave
grid-sensor wetness durations longer than those given by direct
observations of wetness duration on natural leaves. For this reason,
the studies of differences in wettability of natural surfaces and the
factors influencing them (e.g. Garcia-Estringana et al., 2010;
Holder, 2012, 2013) should be considered, in order to adapt wet-
ness sensors to natural behaviour. Even if the measured wetness
durations do not exactly match the real behaviour of leaves and
twigs, they provided a standardized way to analyse the seasonal
changes in drying processes due to weather and canopy variations.

4.2. What are the seasonal differences observed in canopy wetness
duration? And which drivers explain these differences?

There were clear seasonal differences in wetness duration be-
tween seasons: wetness duration was longer in the leafed season,
with median duration 4 times greater than during the leafless sea-
son. The drivers explaining these differences could be related to the
characteristics of rainfall events, differences in canopy wetting and
differences in wet canopy evaporation between seasons.

The seasonal differences in the magnitude, duration and fre-
quency of rainfall events could contribute to seasonal variations



Fig. 9. Relationship between rainfall duration and wetness duration for the leafed
and leafless events studied (black dots and white dots, respectively). The dotted line
indicates fixed 6 and 12 h values for separating events. The grey boxes indicate the
hours proposed by Pearce and Rowe (1981) for separating events, Rd = rainfall
duration and MIT = Minimum Inter-event time (see text). Numbers refer to the
three events of Fig. 8.
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in intercepted water (e.g. David et al., 2005; Llorens et al., 1997)
and therefore in canopy wetness duration. However, in the present
study, there was no clear influence of rainfall characteristics on
canopy wetness duration. The shorter and the more intense rainfall
events occurring during the leafed season had the longer drying
durations.

Leaf area, increasing the canopy storage capacity, is the main
canopy factor determining rainfall interception (e.g. Deguchi
et al., 2006; Llorens and Domingo, 2007). In canopies with seasonal
changes, the differences in S are larger between seasons (Table 1)
and the absence of leaves reduces canopy storage and increases
free throughfall, i.e. helps the drops fall through the canopy. Differ-
ences in canopy storage capacity, as calculated by Muzylo et al.
(2012b) for the forest studied, are responsible for a higher volume
of water intercepted when there are leaves, which will result in
longer wetness duration for the same evaporative demand. More-
over, the greater frequency of rainfall events ending during the
afternoon in the leafed season, observed in this study, increases
the time the canopy remains wet and the number of drying periods
that last till the following morning, because of the lower evapora-
tive demand during the night, as described elsewhere (Chu et al.,
2012; Dietz et al., 2007).

Moreover, micrometeorological conditions differ between
seasons due to seasonal changes in the canopy structure. For both
seasons, mean wetness lasted much less when wind speed at the
top of the canopy was higher than 1.5 ms�1, indicating the marked
influence of wind speed on the canopy drying rate. However, high-
er wind speeds were observed in the leafless season at the top and
also within the canopy, indicating good wind penetration through
the leafless canopy. On the other hand differences in VPD between
seasons were observed only at the top of the canopy, related to
higher temperatures in summer, but longer wetness durations
were observed for the same VPD during the leafed season.

Differences in canopy wetness duration (as well as the wet
evaporation rate) should be primarily related to differences in
wind speed profiles between seasons, particularly to higher canopy
boundary layer conductance in the leafless season. Although high
VPD in the leafed season could enhance wet evaporation at the
top of the canopy, the foliage produces a denser canopy and shelter
that decreases wind speed and favours lower canopy boundary
layer conductance (Domingo et al., 1996) and, in consequence,
low turbulence transfer within the forest in this season (Baldocchi,
1989). Unfortunately, the possible role of radiation penetration in
wetness duration could not be analysed because radiation was
not measured along the profile.
4.3. Are there any differences in wetness duration between day and
night conditions?

The analysis of the differences between day and night wetness
duration has not, to our knowledge, been documented for seasonal,
temperate or Mediterranean, forests. However, there is some infor-
mation for tropical montane cloud forests, where the role of fog
and rain has been analysed (Chu et al., 2012; Dietz et al., 2007).

Our results indicated that canopies remain wet longer at night
in both seasons. However, in the leafed season night durations
were twice as long as day-time ones, whereas in the leafless season
night durations were 3.5 times longer. Long wetness durations fol-
lowing afternoon fog or rainfall were also observed by Chu et al.
(2012) and Dietz et al. (2007), as well as enhanced midday canopy
conductance during the days following afternoon fog or rain
events, compared with days with prevalent dry conditions (Chu
et al., 2012).

The stratification of wetness duration after rainfall events was
formerly described (e.g. Dietz et al., 2007). However, differences
in profiles of wetness duration between seasons, as described here,
have not been documented elsewhere. For this reason, the findings
reported here are highly relevant to the understanding of seasonal
differences in canopy wetness duration.

In the forest studied, the wetness stratification was more
marked during nights in the leafless season, while the opposite oc-
curred during the leafed season. This could be the result of stronger
stable thermal stratification during winter nights, whereas during
the day turbulence was effectively promoting transport through
the canopy. However, the stratification of day-time wetness dura-
tion in the leafed season should be related to higher air saturation
and slow air motion in the lowermost part of the profile, along
with dryer and hotter air at the top of the canopy (e.g. Baldocchi,
1989).
4.4. Is the use of a set number of hours sufficient for separating events?

The differences observed in wetness duration between seasons,
and especially between days and nights in the same season, raise
questions about the use, in both data treatment and modelling,
of a set number of hours to separate rainfall events.

Our results indicate that the comparison of event separation
when using wetness duration data with either set MITs or with
MIT changes depending on the rainfall duration (Herbst et al.,
2006; Pearce and Rowe, 1981), gave poor results, especially during
the leafed season.

If any of the set MITs tested gives an erroneous indication of the
real canopy drying duration, this will result in an incorrect deter-
mination of the number of rainfall events and, in consequence, of
their properties. Moreover, as indicated by Wallace and McJannet
(2006), the total simulated interception loss decreases as the MIT
increases, when using a model that considers that the canopy dries
completely between events, such as the Gash (1979) model or its
derivatives. This effect is due to both the decrease in the term of
the model associated with the evaporation of small events, which
are included in larger events, and the decrease of evaporation after
rainfall, since there are fewer rainfall events able to saturate the
canopy.

Furthermore, results indicating transpiration (sapflow-based)
prior to the end of the drying phase show that transpiration occurs
even when the canopy is still partially wet in a tropical montane
forest (Chu et al., 2012), which is an additional challenge to water
balance models.
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5. Conclusions

The canopy wetness patterns in a Mediterranean deciduous
stand show clear seasonal differences in wetness duration, with
longer wetness duration in the leafed season. While rainfall char-
acteristics seem to have no influence on canopy wetness duration,
differences in canopy storage capacity between seasons, as well as
the time of day when the rainfall ends, have a determining effect
on wetness duration. Differences in canopy structure, besides
entailing differences in canopy storage capacity between seasons,
will promote higher canopy boundary layer conductance in the
leafless season, due to better canopy ventilation. However, there
is a wind shelter effect in the leafed season, which entails low tur-
bulent transfer within the canopy.

Another important behaviour of deciduous stands is that cano-
pies remain wet longer at night in both seasons, but differences be-
tween day and night were larger in the leafless season. There is
greater wetness stratification at night than during the day in the
leafless season, whereas the opposite occurs during the leafed sea-
son. This is explained by stronger stable thermal stratification dur-
ing winter nights, as well as higher saturation and slow air motion
in the lowermost part of the profile during summer days. The find-
ings on the differences in wetness duration stratification reported
here, and not documented elsewhere, are highly relevant to the
understanding of seasonal differences in canopy wetness duration
in canopies with seasonal changes.

Finally, all the tested methods for separating rainfall events give
an erroneous view of real canopy drying duration, which will lead
to incorrect determination of the number of rainfall events and, in
consequence, of their properties. Moreover, these findings raise a
challenge to the rainfall interception models that assume that
the canopy dries completely between events.
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