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During summer and autumn 2007, a 11 GHz microwave radiometer was deployed in an experimental tree
plantation in Sardinilla, Panama. The opacity of the tree canopy was derived from incoming brightness
temperatures received on the ground. A collocated eddy-covariance flux tower measured water vapor fluxes
and meteorological variables above the canopy. In addition, xylem sapflow of trees was measured within the
flux tower footprint. We observed considerable diurnal differences between measured canopy opacities and
modeled theoretical opacities that were closely linked to xylem sapflow. It is speculated that dielectric
changes in the leaves induced by the sapflow are causing the observed diurnal changes. In addition, canopy
intercepted rain and dew formation also modulated the diurnal opacity cycle. With an enhanced canopy
opacity model accounting for water deposited on the leaves, we quantified the influence of canopy stored
water (i.e. intercepted water and dew) on the opacity. A time series of dew formation and rain interception
was directly monitored during a period of two weeks. We found that during light rainfall up to 60% of the rain
amount is intercepted by the canopy whereas during periods of intense rainfall only 4% were intercepted. On
average, 0.17 mm of dew was formed during the night. Dew evaporation contributed 5% to the total water
vapor flux measured above the canopy.
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1. Introduction

1.1. Rain interception and dew formation

Tropical rain forests play a dominant role in the earth's water
balance. An important fraction of the hydrological cycle amounts to
rain water interception and its subsequent re-evaporation. According
to Lawrence et al. (2007), transpiration is the dominant process of
evapotranspiration with a contribution of 58%, followed by intercep-
tion evaporation (33%) and soil evaporation (9%).

Rain interception is rather difficult to measure accurately. The
most frequently used technique is the measurement of throughfall by
setting up several rain-gages below the canopy and one ormore above
the canopy. The difference of the collected water is assumed to be
withheld by the canopy. There are some major drawbacks to this
method: Due to the complex structure of a forest canopy, the spatial
variability of the throughfall is very large, hence numerous rain gages
are needed in order to achieve representative and accurate sampling
(Kimmins, 1973). Direct evaporation of intercepted rain water is
another effect that cannot be tackled with the throughfall method,
wherefore reliable measurements can only be conducted during night
time.

A promising technique is the attenuation measurement of a
10 GHz signal over a horizontal path through a Douglas fir stand as
reported in Bouten et al. (1991). They observed a distinct linear
relation of the attenuated signal to intercepted rain. The authors then
employed this attenuation method in several upcoming studies as a
monitoring tool for water interception in forest canopies (Bouten
et al., 1996; Vrugt et al., 2003). Czikowsky and Fitzjarrald (2009)
reported on a new interception estimation technique that estimates
the excess evaporation following rain events with eddy covariance
flux measurements.

Recently, a global assessment of canopy interception from satellite
data was published in Miralles et al. (2010). The authors used an
analytical interception model (Valente et al., 1997) and fed it with
satellite data of precipitation, lightning frequency and canopy
fraction. It was found that the interception loss is sensitive to the
rainfall volume, rain intensity and the forest cover. Some of these
findings will be confirmed in the article at hand.

http://dx.doi.org/10.1016/j.rse.2011.04.016
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Compared to intercepted rain, very little is known about the
importance of dew formation and dew evaporation, most likely
because no established measurement technique is available so far to
measure the dew amount in a forest canopy. It is although known that
dew not only promotes diseases of plant crops and is therefore an
important parameter in agriculture (for tropical conditions see e.g.
Holliday, 1980), according to Kabela et al. (2009), dew “also may
contaminate remotely sensed measurements of important ecosystem
variables such as soil moisture, land surface temperature, and
vegetation biomass”. Dew duration is relatively easy to measure by
using electrical devices that change their resistance or capacity when
becoming wet (Kidron et al., 1965; Noffsinger, 1965). However,
methods for measuring dew amounts (e.g. weighing dew gages,
weighing lysimeters) are limited and solely used for measurements
close to the ground (Agam & Berliner, 2006).

1.2. Microwave properties of forest canopies

Microwave properties of tree canopies have been investigated for
many years and good overviews over this research topic are given in
Chukhlantsev (2006) and Pampaloni (2004). In contrast to the wealth
of available information on radiometric forest properties like the
emissivity of forests (e.g., Della Vecchia et al., 2007; Ferrazoli &
Guerriero, 1996; Santi et al., 2009), canopy scattering (e.g., Karam
et al., 1995) and canopy attenuation (e.g., Kurum et al., 2009), reports
on measurements of diurnal variations in tree opacities as well as
observations of tree opacities focusing on intercepted water are
sparse. McDonald et al. (2002) reported on diurnal variations in the
dielectric constant of the xylem and hypothesized a relation to the
ascent of sap in the xylem. Satake and Hanado (2004) studied diurnal
changes of the radar backscatter of tropical trees with the Ku-Band
Radar of the TRMM satellite and concluded that the signal has a
relation to dew formation. A large experiment on diurnal changes in
the optical andmicrowave frequency range was reported inWay et al.
(2004), although no evident conclusions on diurnal variations could
be derived from their measurements at X-band frequencies.

With the launch of the SMOS satellite in November 2009, L-band
attenuation through tree canopies is recently attracting interest and
therefore several studies are being performed with L-band radiom-
eters. A recent study by Guglielmetti et al. (2007) measured the L-
band and X-band transmissivities of a deciduous forest site during a
4 month defoliation period. The main focus of this work was not on
diurnal changes but they found out that leaves contribute more to the
transmissivity at X-band than at L-band frequencies, leading to a
stronger response to the defoliation of the canopy. In addition, it was
shown that the transmissivity at both frequencies is related to the rain
intensity. A similar experiment was conducted by Mätzler (1994b),
who observed an individual beech tree during two years with several
microwave radiometers that covered a frequency range from 1 to
100 GHz. A pronounced seasonal cycle caused by the foliation and
defoliation of the tree was registered during this experiment.

In our study, the downwelling brightness temperature of a tropical
tree canopy was measured with a ground deployed 11.4 GHz
microwave radiometer that was looking up through the canopy. The
objectives of these measurements were to test if the opacity of the
tree canopy underlies a diurnal cycle and to relate the microwave
signal to the amount of water deposited on the leaves. In Section 2, the
microwave radiometer and the other instruments are described.
Section 3 treats the different radiative transfer models that allow 1. to
calculate the canopy opacity, 2. to model the effect of the temperature
on the opacity and 3. to account for the radiative effect of wet leaves in
the canopy. Furthermore, we also relate the sapflow in the tree to
opacity of the tree. These findings were then applied to opacity time
series in Section 4 and they allowed us to quantify the water amount
of intercepted rain and dew formation in the canopy. Finally, in
Section 5 we summarize and conclude on our findings.
2. Instruments and study site

2.1. Microwave radiometer

For this experiment, a single polarization microwave radiometer
operating at a frequency of 11.4 GHz has been developed. The
frequency selection was based on the availability of high-quality but
still inexpensive receivers. From the point of view of the application
there is nothing against this selection. For our purpose and in order to
be deployed in a tropical environment, the instrument had to fulfill
certain requirements. First of all, an instrument with automated
internal calibration was needed, since tipping-calibration (Han &
Westwater, 2000) is not possible below the canopy and manual
calibration with hot/cold black-body loads not desirable. To achieve
this, the instrument was equipped with a waveguide switch, switch-
ing every 5 s to an ambient load (internal termination load enclosed in
a copper block). Every minute, additional 80 K noise from a solid state
noise source was coupled in over a 20 dB cross coupler. Second, the
instrument needed protection against tropical heat, high relative
humidity, rain and insects. This was achieved by installing the
radiometer together with the horn antenna in a sealed solid
aluminum box. The radiation entered the box through a microwave
transparent Styrofoam window. The Schottky diode detectors and the
noise source, being the most temperature critical components, were
enclosed in a solid aluminum block and attached to a Peltier element,
capable of heating and cooling. The temperature of this block was
stabilized to 26 °C such that the Peltier element had to cool during the
day and to heat during the night, whenwe had high relative humidity.
Finally, our system had built-in data acquisition and storage and was
capable of unattended operation over several days. Data were taken
every 100 ms and averaged over one full calibration cycle of 1 min.

The radiometer has two channels, both measuring at the same
center frequency but one with 50 MHz and the other with 500 MHz
bandwidth. The 50 MHz channel was built in the radiometer in order
to mitigate possible radio frequency interferences (RFI) that are more
likely for a wider bandwidth. Since the antenna could be adjusted to a
position where no RFI was detected, the wider bandwidth was
employed for all the measurements, resulting in an improved signal-
to-noise ratio. The antenna we used is a rectangular horn with a beam
width of about 15°. In addition to the microwave part, a thermal
infrared radiometer (Everest 4000.5 GL) was installed in the box.
More technical details on the radiometer system are found in
Schneebeli et al. (2008).

The microwave radiometer was placed on the ground, looking
upwards through the canopy under an elevation angle of 40°,
measuring in horizontal polarization. A tarp, set-up above the
instrument without interfering with the radiometer's line-of-sight,
protected the antenna from becomingwet and therefore enabled us to
conduct measurements during rain as well. Data were gathered from
July to October 2007. Fig. 1 shows the instrument operating at the
field site in Sardinilla.

2.2. Sapflow measurements

Continuous measurements of xylem sapflow were performed
within the flux tower footprint using the thermal dissipation method
by Granier (1985). The sapflow sensors consisted of two cylindrical
probes that were embedded into the tree stem (0–20 mm below
cambium) with a vertical distance of 10–15 cm between both probes.
Two sensors were installed on each of the 5 trees measured, at 130 cm
height (DBH) on the southern and northern side of the trees. A
Styrofoam box combined with reflective foil and a plastic cover
reduced thermal influences and provided rain shelter. Voltage output
of the thermocouple were measured every 30 s and 15 min averages
were stored on CR800 and CR1000 data loggers, and AM16/32 and
AM416 multiplexer (Campbell Scientific, Logan, USA). Sap flux



Fig. 1. The microwave radiometer deployed in the field.
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velocity (m/h) was calculated from differences in voltage using the
calibration equation determined by Granier (1987). Further details on
the measurements and the calculation of sapflow are given in Kunert
et al. (2010).

2.3. Eddy covariance flux measurements

Continuous eddy covariance flux measurements were conducted
at 20 Hz atop a 15 m aluminum triangle tower using an open path
infrared gas analyzers (IRGA, Li-7500, LI-COR, Lincoln, USA) and a
three-dimensional sonic anemometer (CSAT3, Campbell Scientific,
Logan, USA). An industry grade embedded box computer (Advantech
ARK-3381, Taipei, Taiwan) running a Debian based Linux operating
system (Knoppix 4.0.2, Klaus Knopper, Schmalenberg, Germany) was
used for the flux data acquisition. Raw data were processed to half-
hourly averages using the in-house eddy covariance software eth-flux
(ETH Zurich, Grassland Sciences Group) and the equation

F = paw′c′ ð1Þ

where F denotes the vertical water vapor flux, pa the air density,w the
vertical wind speed, c the water vapor concentration, the overbar the
temporal averaging (30 min) and primes the variations from the
mean. During post-processing, fluxes were corrected for damping loss
(Eugster & Senn, 1995) and density fluctuations (Webb et al., 1980).

2.4. Meteorological and leaf area measurements

Additional meteorological measurements included air tempera-
ture and relative humidity (MP100A, Rotronic, Bassersdorf, Switzer-
land), and precipitation (10116, TOSS, Potsdam, Germany).
Meteorological measurements were conducted at 10 s and stored as
half-hourly averages (sums for precipitation) using a CR23X data
logger (Campbell Scientific, Logan, USA). The leaf area index (LAI) of
the canopy was determined with hemispherical photography and the
software ‘Gap Light Analyzer’ (© Simon Fraser University, Institute of
Ecosystem Studies, BC).

Specific leaf area (SLA in cm2 g−1) was estimated for trees
equipped with sapflow sensors. For each tree five sun leaves and five
shade leaves were collected and scanned with a commercial USB-
scanner. Leaf surface area was determined from the images usingWin
Folia 5.1 a (Rgent Instruments Inc., Quebec, Canada). Leaves were
dried for 3 days at 70 °C and weighed. We calculated SLA as the ratio
of leaf surface to leaf dry mass.
2.5. Study site

The experiment was conducted near the village Sardinilla, Panama
(9°19′N, 79°38′W), in an experimental biodiversity plantation (Potvin
& Dutilleul, 2009). The canopy under observation consisted of
Anacardium excelsum, Tabebuia rosea and Hura crepitans. The trees
had an age of about 7 years and an average height of 8 m. Mean SLA of
the studied species and trees were 88, 96 and 138 cm2 g− 1,
respectively (Kunert, unpublished data). Our experiment took place
within the wet season (May to November) that is characterized by
about 205 mm rainfall per month. The site receives 2289 mm annual
precipitation and the temperature is relatively constant throughout
the year with an annual mean of 25.2 °C.

The leaves of A. excelsum are simple, alternative and relatively
large. Leaf length is between 15 and 35 cm, leaf width is between 5
and 15 cm. The leaves have no stipules, are obovate–oblong in outline
with a rounded apex. The texture is glabrous and coriaceous. The
species has a rounded and dense crown (Fournier, 2003).

The leaves of H. crepitans are simple and have long petioles. The
leaves areovatewith cordate-shapedapexanda roundbase. Themargin
of the leaves is denticulated and the stipules are lanceolate or triangular.
Leaves are between 4 and 16 cm long and equal in width. The texture is
glabrous. The crown ofH. crepitans is wide and the horizontal spreading
branches have hanging twigs (Sandi & Flores, 2003).

The leaves of T. rosea are decussate, compound, digitate and long
petiolate. Each leaf consists out of five leaflets that differ in size, with
the leaflet in the middle being the largest. The shape ranges between
elliptic–oblong, obovate and oblong–ovate. The apex is acute or
acuminate, has an entire margin, and an obtuse base. The leaf surface
can be glabrous or rough on both the upper and lower surfaces. The
leaflets are between 6 and 20 cm long and between 3 and 10 cmwide.
The crown of T. rosea is wide, well stratified with a few thick branches
that grow irregular and horizontal (Flores & Marin, 2003).

3. Method

3.1. Canopy opacity from measurements

According to Mätzler (1994b), the canopy transmissivity tc can be
expressed with the following equation:

tc =
Tc−Tb;in
Tc−Tb;sky

ð2Þ

Tc is hereby the physical canopy temperature measured with the
infrared radiometer, Tb,in is the brightness temperature measured
with the microwave radiometer and Tb,sky is the brightness temper-
ature emitted from the sky. This formula is valid if one of two possible
conditions is fulfilled: (1) if the reflectivity of the canopy is zero or (2)
if the ground temperature is equal to Tc and the emissivity of the
ground is 1. For details the reader is referred toMätzler (1994b). Since
our trees are relatively small, it is likely that condition (2) is true and
that Eq. (2) is therefore valid. The effective opacity is obtained with
the Beer–Lambert law,

τmeas = −ln tcð Þ: ð3Þ

The subscript ‘meas’ was added to τ to indicate that this opacity is
considered asmeasuredquantity. As stated inMätzler (1994b), this law is
only valid for homogeneousmedia: In a canopy,where the transmissivity
within thebeamofa radiometervariesdue togapsbetweenbranches and
leaves, the mean opacity is higher than what is obtained with Eq. (3).
Since we observed a relatively dense canopy (LAI≈3.5), where the
spatial inhomogeneity is expected to be small, we neglected this effect.

What cannot be measured with this configuration is the sky
radiation Tb, sky, wherefore this contribution needs to be modeled. The
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solution of the radiative transfer equation for a non-scattering
atmosphere (e.g. Janssen, 1993) is used to calculate the incoming
brightness temperature on the ground:

Tb;sky = Tce
−τ sð Þ + ∫∞

0
γdry
a s′ð Þ + γrain

a s′ð Þ
� �

T s′ð Þe−τ s′ð Þds′: ð4Þ

In the above equation, Tc≈3 K is the cosmic microwave
background, τ(s) is the opacity along the path through the
atmosphere s, γa

dry(s) and γa
rain(s) are the absorption coefficients for

the dry atmosphere and the rain respectively and T(s) denotes the
temperature profile.

We assume γa
dry(s) to decrease exponentially with height.

Therefore, the height profile of γa
dry(s) can be written as

γdry
a zð Þ = γdry

a 0ð Þe−z= zdry0 ð5Þ

where z0
dry denotes the scale height and z=s/cos(θ) is the height

above the ground with the zenith angle θ.
In addition, T(s) is assumed to decrease linearly with height while

γa
rain(s) is assumed to be equal to its surface value γarain(0) between the

rain layer height z0rain and the surface. Everywhere elsewe setγa
rain(s)=0.

Above z0
rain we therefore have only the cosmic microwave background

and the thermal emission from thedry atmosphere that contribute to the
downwelling brightness temperature. The analytic model developed in
Schneebeli and Mätzler (2011) can be used to calculate the brightness
temperature Tb

dry intercepted at height z0
rain as a function of the

temperature on the ground Tg, the temperature gradient of the
troposphere Γ, the height of the tropopause zp, the scale height z0dry, the
surface value of the absorption coefficient γa

dry(0) and the zenith angle θ.
Below z0

rain the total absorption coefficient profile and the temperature
profile need to be discretized such that Eq. (4) can be solved numerically.
The cosmic microwave background Tc is thereby exchanged with the
already obtained Tb

dry.
For our simulations, theheight of the tropopause zpwas set to 15 km

and Γ to−6.5 K/km.With Tg, as well as the pressure and RHmeasured
on the ground serving as input to the microwave absorption model of
Rosenkranz (1998), γa

air(0) can be determined. Similarly, γa
rain(0) is

calculated from the rain intensity measured on the ground by using the
model of Liebe et al. (1993). Finally, adequate values for z0rain and z0

dry had
to be found.We found the best agreement betweenmodeled brightness
temperatures and measurements made above the canopy during clear-
sky conditions with z0

dry=4 km (see Fig. 3).
Usually, the rain layer height z0

rain is parameterized with the
height of the melting layer hm, i.e. the 0 °C barrier of the atmosphere.
In the tropics, this barrier is found around 4000 m, but it was pointed
out in Czekala et al. (2001) that for heavy convective situations, as
they predominantly occurred in the present study, the true rain layer
height is no longer of importance, because of the three-dimensional
structure of the rain fields. A simplified model that takes the spatial
extent of the rain cells into account was therefore developed: The
horizontal length of the rain field lr was determined from the
duration of the individual rain event tr and the average wind speed of
the event vr with lr=vrtr. Fig. 2 illustrates the situation of the
radiometer being inside of a rain cell that was approaching the
radiometer from ahead. From this figure it is seen that the rain layer
height can be calculated as

zrain0 = tan θð Þ lr−tevrð Þ ð6Þ

where te is the elapsed time since the beginning of the rain event. If
the rain cell is approaching the radiometer from behind, z0

rain is
calculated as

zrain0 = tan θð Þ tevrð Þ: ð7Þ
The above equations are only true if tevr is smaller than lr. For the
case of a rain cell approaching from the side, we have to assume that
both sides of the rain field have length lr and that the radiometer is
located in the middle of the field. This leads to

zrain0 = tan θð Þ lr = 2ð Þ: ð8Þ

The melting layer height hm=(0°C+Tg)/Γ is used instead of z0rain

where z0
rain exceeds hm. The three different cases were distinguished

with the wind direction measurements. There is also a contribution
from the rain when the radiometer is not located within the cell but
the radiometer beam captures radiation from the remote rain field.
This contribution is not modeled because information on the intensity
of the distant rain field is not available. This modeling approach might
appear like a strong simplification, but it was found that Tb,sky
modeled with this method is consistent with brightness temperature
measurements that were made above the canopy during rainfall (see
the comparison shown in Fig. 3). Without considering the three
dimensional structure of the rain fields the modeled radiation would
be largely too high.

One must be aware that the estimation of z0
rain introduces

ambiguities in the estimation of Tb,sky during rainfall. On the other
hand, the impact of Tb,sky on the canopy opacity is relatively small: An
underestimation of Tb,sky of 20 K results in an opacity error of about
4% only. Despite the fact that the agreement between the modeled
and measured brightness temperature is relatively good in the
example shown in Fig. 3, one must be aware that a direct
measurement with a second radiometer above the canopy would
lead to more trustful results. For example, the contribution of clouds
cannot be taken into account with our model and it is therefore
expected that opacity errors exist during overcast non-rainy situa-
tions. Another potential error source is the spatial variability of
precipitation (see e.g., Moreau et al., 2009): within a few hundred
meters, the rain intensity can vary significantly, which also introduces
opacity errors since the radiometer is looking into a distant
atmosphere. The fact that rain intensity data with a temporal
resolution of 1 min are averaged onto a half an hour time grid for
the calculation of Tb,sky might however mitigate this error source.

3.2. Canopy opacity model

For the interpretation of our measurements we incorporated an
effective medium canopy opacity model of leaves, that treats
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scattering with a geometrical optics approach. It was described in
Wegmüller et al. (1995) and is written as

τtemp = Ap⋅LAI⋅kd�″l
1

cosθ
tl + τb: ð9Þ

The subscript ‘temp’ was added to τ in order to emphasize that in
the forthcoming treatment all model parameters except the temper-
ature are kept constant. In contrast to the original model, we added a
constant opacity τb that takes into account the opacity contribution
from the branches and the stem. In the above equation, Ap denotes a
geometrical factor we set to 1 (Wegmüller et al., 1995), the leaf area
index is set to LAI=3.5, k=2π/λ is the wave number, d the leaf
thickness, �″l the complex part of the leaf dielectric constant, θ the
observation elevation angle and the tl expresses the single leaf
transmissivity. It can be computed with the coherent model for
layered media, discussed e.g. in Kong (1975). As input parameters the
model requires the frequency, incidence angle, leaf thickness and �l.
The leaf thickness distribution was manually measured and a mean
value of approximately d=0.2 mm was found. The leaf dielectric
constant was determined with the semi-empirical model developed
in Mätzler (1994a) that reads:

�l = 0:522 1−1:32mdð Þ�sw + 0:51 + 3:84md ð10Þ

with the leaf dry matter fraction md and the temperature dependent
saline water dielectric constant �sw. This constant was determined
with a dielectric model of sea water (Meissner & Wentz, 2004). For
the salinity, we used a constant value of 0.5 % which is a reasonable
choice considering literature values given in Guglielmetti et al.
(2007), McDonald et al. (2002) and El-Rayes and Ulaby (1987). In
the latter report it is also seen that at X-band frequencies the influence
of the salinity on the imaginary part of the dielectric constant is very
low, therefore the assumption of a constant value does not hamper
the applicability of the model. The quotient of the dried leaf mass and
the fresh leaf mass md was determined to a value of about 0.4. In
Mätzler (1994b) and Guglielmetti et al. (2007) the X-band opacity of a
defoliated tree canopy was determined to values between
0.6 and 1.2. Since the visual impression suggests that our canopy
under consideration consists of less branches than the canopies from
the two cited articles, we set τb=0.5. This is also supported by the fact
that our canopy is much younger wherefore the branches and the
stem are less developed. A time series of the raw brightness
temperature measurements as well as the results of this modeling
and measuring approach are presented in Fig. 4.

The most prominent feature between the modeled and measured
opacity time series is that they exhibit a strong anti-correlated
behavior. Consequently, either the measurement or the opacity
modeling was wrong or at least incomplete. Since the literature
gives some indication that the dielectric constant of vegetation is
related to the sapflow (McDonald et al., 2002), we hypothesized that
the difference between the modeled and measured opacities
originated from dielectric changes related to the sapflow in the
observed trees, that were not accounted for in the model. In order to
test this hypothesis, the time series of the difference between the
modeled (τtemp) and the measured opacity (τmeas), formally written
as

τres = τtemp−τmeas ð11Þ

and named ‘residual opacity’, was plotted in Fig. 5-a in comparison to
the time series of the sapflow.

We found a strong correlation between the two time series, at least
during dry periods. Water on the leaves is expected to strongly
influence the dielectric characteristics of the canopy, which is an effect
that needs to be treated separately from the dielectric changes during
dry conditions (see Section 3.3).

The interaction between the sapflow and τres can be quantified by
only correlating the two variables during dry periods. For that, periods
without water deposited on the leaves had to be identified. As a first
criterion, the relative humidity, RH, had to be lower than 90%. This
threshold was suggested by Thompson (1981) based on the common
belief that plants remain wet after rain or dew as long as the relative
humidity remains above 90% (Agam and Berliner, 2006). Although
this is not a very sharp threshold visual inspection of our own data did
not suggest the need to define a different threshold. The goal in our
application was to reject cases where dew formation could potentially
affect our interpretation. As a second criterion for dry periods, the
delay after the latest detected rainfall had to be larger than 6 h such
that there was enough time to evaporate the rain water intercepted in
the tree canopy. In Fig. 6, a scatter plot between the dry residual
opacity, τresdry, and the sapflow is shown.

The high correlation coefficient (R2=0.84) supports the hypoth-
esis of previously unaccounted dielectric changes induced by the flow
of sap in the tree. With a linear model that relates the sapflow S with
τresdry, determined as

τdryres = 1:29⋅S−0:0367 ð12Þ

it was now possible to completely model the time series of the canopy
opacity during dry periods. Hence, any deviations of the measured
opacity to modeled opacity must originate from water in the canopy.
Formally, this can be expressed as

τmeas = τtemp + τdryres + τwet
res : ð13Þ

The opacity component that is due to a water film on the leaves,
τreswet, is treatedwith some radiative transfer considerations that will be
presented in more detail below.
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Fig. 4. a) Time series of the microwave and infrared brightness temperature measurements. b) Time series of the measured canopy opacity determined with Eqs. (2) and (3) and the
result of the modeled opacity from Eq. (9).
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3.3. Effect of wet leaves

In order quantify the influence of water on the leaves on the canopy
opacity, the effective canopy opacitymodel fromEq. (9) has to be slightly
modified. In ourmodel,we considered thewater as a homogeneous layer
on both sides of the leaves. In the case of dew, this assumption is justified
regarding the observations made by Kabela et al. (2009): The authors
found that in a soybean and corn canopy, dew forms on top and on the
bottom of the leaves, while the fraction between top- and bottom-
formed dew depended not only on the dew amount but also on the time
of the observation. For details, the reader is referred to Kabela et al.
(2009). In the case of rain interception, we follow the assumption of a
homogeneous water layer around the leaf by Schwank et al. (2008). The
effect of suchwater layers on the single leaf transmissivity tl is calculated
with the matrix model of Bass et al. (1995). The second alteration in
Eq. (9) concerns the leaf dielectric constant �l, as this is influenced by
water-layer induced changes. Since we consider the water-leaf com-
231 233 235 237

Day of y

(b)

0

10

20

30

40

A
cc

um
ul

at
ed

 r
ai

n 
[m

m
]

(a)

0

0.05

0.1

0.15

0.2

0.25

0.3

S
ap

 fl
ow

 v
el

oc
ity

 [m
/h

]

Fig. 5. a) Time series of the residual opacity τres and the sapflow of the tre
pound as stratified dielectric layers, the problem can be regarded as
parallel plate capacitors connected in serial: The capacitance C of such a
capacitor is calculated with the well-known formula

C =
�A
d

ð14Þ

with the plate area A, the dielectric constant of the medium between
the plates � and the plate distance d. Consequently, we can write the
total capacity of serially connected capacitors with the water and leaf
material acting as dielectric media as following:

dw + dl + dw
�effA

=
dw
�wA

+
dl
�lA

+
dw
�wA

: ð15Þ

Hereby, �w and �l are the dielectric constants of water and the leaf,
respectively and dw, l are the corresponding thicknesses of the layers,
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Fig. 8. a) 2-day time series of the canopy water storage I together with the above-
canopy water vapor flux that was measured with the eddy covariance technique.
b) Time series of the cumulative rainfall measured with a tipping bucket rain gage.
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i.e. the distance of the capacitor plates. Since A is similar in all the
terms the total dielectric constant can be written as:

�eff =
2dw + dlð Þ�l�w
2dw�l + dl�w

: ð16Þ

By that, the thickness of the water layer can vary and we can
observe the change in the opacity. The LAI enables us also to calculate
the canopy stored water amount per unit area I:

I = 2⋅dw⋅LAI ð17Þ

Fig. 7 depicts the results of opacity calculations with different
water layer thicknesses. In addition, the temperature was set to a
range from 290 K to 300 K. These results were fitted with a
polynomial of 9th degree, such that τreswet can be directly related to
the stored water amount in the canopy.

Separating τreswet from the total observed opacity and transforming
this variable into I by employing the determined relation between I
and τreswet enables us to quantitatively monitor time series of rain
interception (Irain) and dew formation Idew. Hereby we assume the
stored water amount in the canopy I to be a sum of rain interception
and dew formation:

I = Irain + Idew: ð18Þ

Whether Idew or Irain (or both) contributes to Imust be determined
by observing the rain gage and the temperature of the canopy leaves
relative to the dew point temperature.

Canopy water Irain and Idew can be quantified with even more
accuracy if the knowledge of the occurrence of dry periods is used.
During these periods, where I must be zero, an additive correction
ΔIdry is introduced which corrects the determined I to a value of zero,
i.e., ΔIdry= I. For the whole time series, dry periods are determined
with the criteria defined in Section 3.2 and ΔIdry is calculated for all
time points within these periods. The resulting ΔIdry time series
contains gaps at times when the conditions were wet. These gaps
were finally filled with linear interpolation.
4. Results and discussion

4.1. Rain interception

With the methods developed in the previous section, the water
stored in the canopy was quantified and the result is given in Fig. 8,
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where a time series of I is plotted jointly with the above-canopy water
vapor flux. We observe a temporal evolution of intercepted water and
a first slight increase of I in the morning hours of day of year (DOY)
236. This increase did not correspond to any detected rain, and hence
it is assumed that this signal is induced by dew formation which will
be treated in more detail in Section 4.2. At the peak of the dew
formation signal, the water vapor flux started simultaneously with
sun rise and caused evaporation of dew from the leaves.

Shortly after midday of DOY 236, rainfall of high intensity started,
immediately causing I to rise abruptly. At the same time, increasing
water vapor fluxes were observed, which is most likely caused by
direct evaporation of the intercepted water. After the rain stopped, I
decreased quickly during about 2 h, but since the water vapor flux is
more or less terminated after sun set, I does not reach zero causing
some water to remain on the leaves during the night. Due to dew
formation, I even slightly increases in the night hours until the two
upcoming rain showers in the morning and the afternoon of DOY 237
again cause the water vapor flux as well as I to strongly increase. In
between and after these rain events, strong evaporation reduces I to
zero.

As can be seen in Fig. 8, it is not the most intense rain event that
leads to the highest value of intercepted rain. The reason of this
behavior might be related to possible inaccuracies of the modeled
background brightness temperatures Tb,sky, which is assumed to be
more inaccurate during intense rain events. However, heavy precip-
itation also strongly disturbs the leaves which might facilitate the
throughfall of rain through the canopy. In order to test the existence of
a relationship between the rain intensity and the percentage of
intercepted to total rainfall, all 13 rainfall events that occurred during
the two week period from mid- to end of August have been analyzed
and the results are plotted in Fig. 9. In this graph, the intercepted rain
fraction was calculated by dividing the maximum amount of
intercepted rain by the accumulated rain measured by the tipping
bucket during each rain event, which was plotted as a function of the
maximum rain intensity during each rain event.

We observe a strong anti-correlation between both quantities. For
light rain events, up to 60% of rain was intercepted by the canopywhile
during intense precipitation, only about 4% of rain was intercepted by
the canopy. During moderate events, i.e. rain intensities between 2 and
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Fig. 9. The percentage of rain water intercepted in the canopy to the total rain amount
as a function of the rain intensity.
16 mm/h, the average interception percentage is 15%, which is in
agreement with findings of Czikowsky and Fitzjarrald (2009) and
Miralles et al. (2010).

4.2. Dew formation

While rain interception measurements can be performed with
various techniques, the formation of dew on a forest canopy is much
more difficult to quantify and very few (if any) direct measurements
exist. As mentioned in Section 4.1 we believe that the increase of I
during non-rainy nocturnal periods is induced by dew formation. A
more evident understanding of this condensation process is obtained
if several dry midnight to midday time series of I are averaged: The
mean time series of 8 periods of similar kind is shown in Fig. 10
together with the averaged water vapor flux and the relative
humidity. Although the standard deviation error bars are relatively
large, distinct characteristics were observed: During the night, while
the air around the canopy is saturated with water vapor, dew is
deposited on the leaves and reaches a maximum at around 7.30 a.m.
After sun rise (6.10 a.m.), the water vapor flux starts to increase at
7.00 a.m. with evolving turbulent mixing that reduces water vapor
concentrations in the air surrounding the canopy. As soon as the air
becomes unsaturated (between 7.30 a.m. and 8.00 a.m.), dew on the
canopy starts to evaporate until the leaves are completely dry at
around 11.00 a.m. In Fig. 10-b the averaged time series of the
difference between the leaf temperature (measured with the infrared
radiometer) and the temperature of the surrounding air is depicted. It
is emphasized in the review paper by Agam and Berliner (2006) that,
being a physical principle, dew only forms if the temperature of the
respective surface (i.e. the leaves) is below the dew point. During the
night hours of the time series shown in Fig. 10, the relative humidity is
100%, meaning that the physical temperature equals the dew point
temperature. If then the leaf temperature is below the air tempera-
ture, dew can form on the leaf surface. The air–leaf temperature
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temperature and the surrounding air temperature averaged over the same periods
considered in panel a). The error bars in both plots show the standard deviation.
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difference remains at a mostly steady and positive state during the
night until 6.30 h. After sunrise (6.10 h), this difference starts to drop
and reaches a new steady state at 8 h. In the transition phase between
these two states, the water vapor flux is about to increase. In addition,
dew also continuous to form and reaches its maximum amount
shortly before the steady state is reached, which is most likely the
time where the air–leaf temperature difference is becoming negative.
It must be kept in mind that the absolute value of the air–leaf
temperature difference might be slightly shifted towards higher
values, since the leaf temperatures are inferred from IR radiation
measurements that are likely to be affected by calibration errors and/
or the fact that the tree canopy is not an optimal black body radiator.

Visual observations confirmed the measured duration of dew on
the leaves. Due to the fact that this is the first time (to our knowledge)
that the dew amount of a tree canopy is directly quantified, we cannot
compare our findings with any references in the literature. However,
since our rain interception measurements made with the same
technique are in agreement with the findings of other authors (e.g.
Czikowsky & Fitzjarrald, 2009) and since the averaged time series
plotted in Fig. 10 seem realistic from the micro-meteorological point
of view, we are confident that our measurements are reliable.

Furthermore, the ratio of dew amount to the total evaporated
water enables some further insights: For the eight day period that was
taken into account for the dew quantification, we calculated an
average water vapor flux per day (3.24 mm) and related this value to
the average maximum dew amount (0.17 mm). These figures show
that a considerable fraction of 5.2% of the evaporated water vapor
originates from the dew on the leaves.

5. Summary and conclusion

Diurnal cycles of downwelling microwave brightness tempera-
tures were measured from below a 7 year old tropical tree plantation.
The experimental setup was composed of a 11.4 GHz microwave and
thermal infrared radiometer, an eddy covariance flux tower as well as
xylem sapflow sensors that measured several trees in the close
vicinity of the observed canopy. The radiometer was deployed on the
ground and pointed at an elevation angle of 40∘ towards the canopy.

The canopy microwave opacity was calculated from modeled
incoming sky brightness temperatures at 11.4 GHz and from thermal
infrared temperatures that provided the physical temperature of the
canopy. A canopy opacity model that considered the canopy
temperature as the only input variablewas found to be anti-correlated
to the opacities that were inferred from microwave brightness
temperature measurements. The difference between the modeled
and the measured opacity during dry periods was found to be linearly
related to the xylem sapflow of trees. Our study provides the first
observation of a close relationship between the two variables.
However, the physical cause of this behavior remains subject to
speculation: on one hand, it is possible that the sapflow somehow
modifies the dielectric constant of the plant material. On the other
hand, sapflow is also expected to modify the water amount in the
leaves: Under ample soil moisture conditions, xylem sapflow is
increasing with decreasing leaf water status (Cermak et al., 1980) to
compensate stomatal water loss.

The elucidated relation of the canopy opacity to the xylem sapflow
made it possible to completely describe the opacity behavior during
dry conditions. In addition, this enabled us to account for opacity
changes that were caused by water deposited on the leaves of the
canopy. The ability of taking into account a thin water film on both
sides of the leaves was added to the canopy opacity model, leading to
the possibility to quantitatively relate opacity changes to the amount
of water stored in the canopy.

Time series of rain interception and of dew formation were
calculated and it was found that between 4% and 60% percent of the
rain amount was intercepted in the canopy, depending on the rain
intensity. On average, about 15% of the rain amount was intercepted
during rainfalls of medium intensities. By comparing the interception
with the water vapor flux time series it was found that intercepted
water is evaporated rapidly after it is deposited on the leaves, which
resulted in an enhanced water vapor flux.

Our study provides the first direct measurements and quantifica-
tions of the temporal evolution of dew formation and evaporation in a
tree canopy on a diurnal base. Dew accumulated during the night and
until about 2 h after sunrise, when the water vapor flux began to
exceed the dew formation rate. The dew continued to evaporate for
another 3.5 h until the surface of the leaves was completely dry. The
fact that dew continued to form even after sunrise can be explained
with the Priestly–Taylor equilibrium equation (Priestley & Taylor,
1972), which is used to estimate the actual evaporation. In this
equation, evaporation is linear to the difference between net radiation
and the soil heat flux. Measurements made by Clothier et al. (1986)
show that this difference is very small after sunrise and starts to
increase significantly 1 h after sunrise. However, this time delay
between sunrise and the beginning of evaporation most probably
depends on the location as well as the structure and type of the
canopy and is therefore only qualitatively comparable to our findings.
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