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Summary Three canopy interception models were applied to a stand of young Japanese
cypress to obtain a better understanding of the dependence of canopy interception on
rainfall intensity (DOCIORI) and the mechanism of splash droplet evaporation (SDE). The
applied models were the heat budget model, the newly proposed DOCIORI model, and
the revised Gash model. The heat budget model underestimated observed interception
by 62.9% in 1999 and 63.4% in 2000; these amounts could be regarded as approximately
equal to the amount of SDE. Canopy interception comprises SDE and evaporation from
the canopy surface, but the heat budget model calculates evaporation only from the can-
opy surface. Estimates derived from both the DOCIORI model and the revised Gash model
are consistent with observed interception; these models are mathematically equivalent.
Reanalysis of previously published data yielded DOCIORI values for interception sites in
Spain, Puerto Rico, and the USA. In addition, the relation between mean rainfall intensity
and mean evaporation rate calculated using the original and revised Gash models was
examined using combined data from the present study and previously published studies;
a positive correlation was found between the two values especially in the areas where
the rainfall intensity is high. These results support the proposal that DOCIORI and SDE
are universal phenomena especially in the high rainfall intensity areas. As literature data
indicate that mean evaporation rate is independent of tree height and leaf area index, it
can be concluded that canopy interception is mainly governed by rainfall regime rather
than forest architecture in the high rainfall intensity areas.
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Introduction

Canopy interception is a function of canopy structure, rain-
fall regime and climatic variables. Among those factors
Murakami (2006) focused on rainfall regime, especially rain-
fall intensity and revealed that canopy interception loss is
clearly proportional to rainfall intensity in a young stand
of Japanese cypress, which was termed the dependence of
canopy interception on the rainfall intensity (DOCIORI). This
phenomenon can be explained by evaporation from splash
droplets that are produced when raindrops intercept the
canopy (Murakami, 2006). As both the number of raindrops
and their size increase with increasing rainfall intensity
(Marshall and Palmer, 1948), so does the kinetic energy of
the raindrops. This in turn acts to increase the number of
splash droplets, which promotes evaporation from their sur-
faces due to their large combined surface area.

A conventional heat budget method such as the Pen-
man–Monteith equation (Monteith, 1965) is unable to ex-
plain DOCIORI because it does not include rainfall
intensity as input data and/or parameters. The Rutter mod-
el (Rutter et al., 1971, 1975) that includes a conventional
heat budget component also cannot explain DOCIORI. The
heat budget approach considers evaporation from the can-
opy surface but not from splash droplets. This commonly
leads to underestimates of canopy interception and/or
evaporation during rainfall, especially at sites with high
rainfall intensity (Calder et al., 1986; Schellekens et al.,
1999; Iida et al., 2005). The other major canopy intercep-
tion models are the original Gash model (Gash, 1979) and
its revised version (Gash et al., 1995). The three primary
aims of the present study are concerned with the applica-
tion of three canopy interception models: the heat budget
model, the new DOCIORI model, and the revised Gash mod-
el. The first aim is to estimate the percentage of splash
droplet evaporation (SDE) using the conventional heat bud-
get model for a wet surface that considers evaporation only
from the canopy surface. The difference between observed
and estimated canopy interception using the heat budget
model is expected to represent the difference between
the total canopy interception and evaporation from the can-
opy surface, i.e., evaporation by splash droplets. Toba et al.
(2006) applied this approach and conducted a canopy inter-
ception experiment using imitation Christmas trees of 60 cm
in height and an artificial rainfall simulator to estimate the
amount of splash droplet. The amount of splash droplet
(termed ‘mist’ in their study) M was estimated from the
measurement of rainfall for the rain event PG, net rainfall
TS, evaporation from the canopy surface Es (using the Pen-
man–Monteith equation), and water storage on the canopy
10 min following the cessation of rainfall d. Where E is the
mean evaporation rate from the canopy during rain event,
s is the duration of the rain event

M ¼ PG � TS� Es� d ð1Þ

PG was measured using a raingauge, TS was collected on a
tray and measured using a tipping bucket, d was measured
by weighing the tree with an electric balance, and Es was
estimated via the Penman–Monteith equation by conduct-
ing micrometeorological observations above the canopy.
The experiments were conducted for four different values
of plant area index (PAI): 9.1, 7.2, 4.5, and 2.7. The PAI

was changed by cutting leaves and branches from the trees.
The authors concluded that the amount of splash droplet
represented approximately 60% of total canopy intercep-
tion. The authors also pointed out that M increased with
rainfall intensity but was independent of PAI. Validity of this
estimation is evaluated in the present study.

The second aim is to interpret the Gash models in terms
of DOCIORI. The third aim of the study is to assess the uni-
versality of DOCIORI and SDE by highlighting the limitations
of the heat budget model, mainly based on a literature re-
view. The relationships between vegetation height, leaf
area index (LAI), and mean evaporation rate during rainfall
are also discussed.

Study site and observation data

Canopy interception was observed from 1999 to 2000 within
a stand of young Japanese cypress (Chamaecyparis obtusa)
that was planted in 1988 at the Hitachi Ohta Experimental
Watershed on the Pacific coast of eastern Japan (latitude
36�34 0 N, longitude 140�35 0 E; altitude: 320 m; Murakami
et al., 2000; Murakami, 2006). Total dimension of the stand
is 13.2 ha that comprises of Japanese cedar (Cryptomeria
japonica, areal ratio of 12%) and C. obtusa (88%). Annual
precipitation was 1707.9 mm and 1452.9 mm in 1999 and
2000, respectively, with annual average precipitation of
1467.7 mm for the period 1991–2000. Winter is the dry sea-
son in this area, and snowfall was 34.3 mm and 21.3 mm in
1999 and 2000, respectively.

Average tree height and average diameter at breast
height (DBH) were 5.8 m and 7.0 cm in May 1999, and
6.3 m and 8.1 cm in October 2000, respectively. LAI mea-
sured in 2000 using a LAI-2000 Plant Canopy Analyzer (LI-
COR Inc., Lincoln, NE, USA) changed seasonally from 3.9
to 5.7. The stand density was 2944 stems per hectare, and
the canopy was almost closed.

Throughfall was collected using two troughs of 590 cm in
length and 18 cm in width, and stemflow collectors were set
at eight trees. The area of the canopy interception plot was
29.63 m2. Throughfall and stemflow flowed into separate
tanks, and both tanks were drained automatically once
the collected water reached the maximum level. Through-
fall and stemflow were then calculated from the changes
in water level in the tanks with the resolutions of 0.1 mm
and 0.07 mm, respectively. Two raingauges were installed
within open areas at the ground level in the watershed.
One had the resolution of 0.5 mm installed at the clearing
of some 4 m in radius (about 170 m away from the canopy
interception plot), and another, which was at a meteorolog-
ical station described later, had that of 0.1 mm installed at
the clearing of about 3 m in radius. Since both the rainga-
uges were located at the ridges (Fig. 1 of Murakami, 2006)
the effects of trees on the measurements were small in
spite of small clearing radii. Rainfall was considered to be
a single rain event in the case that rainfall was not observed
for a period of more than 6 h following the cessation of the
rainfall event of interest. If rainfall of the single rain event
was less than 5.0 mm the data obtained by the raingauge
with the resolution of 0.1 mm was employed, and if rainfall
was more than or equal to 5.0 mm the averaged data of the
two raingauges was regarded as gross precipitation and used
to calculate canopy interception. The meteorological
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station was also established within the open area in the wa-
tershed, some 20 m from the interception site. Using the
instruments manufactured by Ikeda Keiki Seisakusho, air
temperature and relative humidity RH (HM-202S, thermistor
and film polymer sensor), wind speed and direction (KS82P)
and global solar radiation (SR-180) were measured at 10-min
intervals.

The Mito Meteorological Observatory (36�23 0 N,
140�28 0 E, 29 m above sea level, 25 km southwest of Hitachi
Ohta) whose RH data were used in Section ‘‘Heat budget
model’’ is one of the Meteorological Observatories of the
Japan Meteorological Agency, a government organization.
They measure air temperature, RH, air pressure, precipita-
tion, wind speed, wind direction, sunshine duration and
snow depth automatically. In addition to it, observation of
cloud, atmospheric phenomenon, weather and measure-
ment of visibility are conducted manually four times per
day. RH is measured using Vaisala HMP 233 that can measure
RH within ±2% for 90% 6 RH 6 100%, and ±1% for
0% 6 RH 6 90%. The sensor is installed in a ventilated cylin-
der with a wind speed of 4 m s�1 and is calibrated every
month.

Models

Three models were applied to the C. obtusa stand: a con-
ventional heat budget model, a newly constructed DOCIORI
model, and the revised Gash model. Both the heat budget
model and the DOCIORI model are constructed from the
same backbone model (Section ‘‘Backbone model’’) and
are applied on a rain-event basis. The heat budget model,
which is outlined in Section ‘‘Heat budget model’’, has al-
ready been applied to the Hitachi Ohta Experimental Wa-
tershed (Murakami et al., 2000), while the DOCIORI model
is described in Section ‘‘DOCIORI model’’. The revised Gash
model is outlined in Section ‘‘Revised Gash model’’ and fi-
nally, the interrelations and the interpretations of the mod-
els are considered in Section ‘‘Interrelations and
interpretations of the models’’.

Backbone model

The background equations that are common to both the
heat budget model and the DOCIORI model are explained
in this section. These equations are termed the backbone
model, and are based on the work of Kondo et al. (1992).
The backbone model considers discrete rainfall events,
and it is assumed that each of the events consists of one
or two evaporation processes, depending on storm size.
For a small rain event that does not saturate the canopy,
only one stage is considered, whereas two stages are consid-
ered for a large event that saturates the canopy or the can-
opy and the tree trunks.

For a small rain event, when the inequality c*PG < Es +
Smax presented in Eq. (2) is satisfied, the evaporation rate
from the canopy and water stored on the canopy and the
tree trunks are larger than the capture rate of raindrops.
In this case, all the water caught by the canopy and the tree
trunks evaporates and canopy interception I is written
as

I ¼ c�PG for c�PG < Esþ Smax ð2Þ

where c* is the chance of a raindrop hitting the canopy and
Smax is the total water storage capacity of the canopy and
the tree trunks. That is, Smax = S + St, where S is water stor-
age capacity on the canopy and St is the trunk storage
capacity. The specific methods used to calculate E are de-
scribed in Sections ‘‘Heat budget model’’ and ‘‘DOCIORI
model’’.

For a large rain event, when the inequality
c*PG P Es + Smax shown in Eq. (3) is satisfied, two canopy
interception processes should be taken into account: evap-
oration during rainfall and evaporation once the rain ceases.
Thus, I is written as

I ¼ Esþ Sa for c�PG P Esþ Smax ð3Þ

where Sa is the water stored within the canopy and the
trunks immediately following the rainfall event. At the ini-
tial stage of rainfall leaves and branches are wetting up
and dripping begins. Dripping water is wetting up lower
leaves and branches or reaches the forest ground directly.
A longer period of rainfall is wetting up the trunks and this
makes Sa larger. As Sa increases with PG, it is assumed that
Sa is proportional to PG for a small amount of rainfall and
that Sa approaches Smax with rainfall. Similarly, c* ap-
proaches c (canopy closure, 0 6 c 6 1) with F (the leaf incli-
nation factor, set at 0.5 in this study) and LAI. Sa and c* are
assumed to be written as

Sa ¼ Smax½1� expð�PG=SmaxÞ� ð4Þ
c� ¼ c½1� expð�FLAI=cÞ� ð5Þ

The value of c was determined from a tree survey, and S was
estimated from the relation between throughfall and rain-
fall for rain events with minimal evaporation during rainfall
(Leyton et al., 1967). The forest parameters c are 0.81 and
0.94, and S are 0.41 mm and 0.44 mm, respectively, for the
years 1999 and 2000. The values of S are different from
those of Murakami (2006), 0.5 mm in 1999 and 0.7 mm in
2000, which were based on the preliminary analysis. The
values of St were 0.19 mm in 1999 and 0.13 mm in 2000,
which were estimated from the relation between stemflow
and rainfall. LAI was assumed to be constant at 4.5, which
is the average value for 2000. The heat budget model and
the DOCIORI model are developed on the basis of this back-
bone model, as described in the following two sections.

Heat budget model

E in Eqs. (2) and (3) was calculated in terms of the heat bud-
get equation and the transfer equations. Total incident radi-
ation Rn, which canopy surface absorbs, comprises of three
components

Rn ¼ ð1� refÞS# þ L# � rT4
s ð6Þ

where ref is the surface albedo, S# is the downward solar
radiation and L# is the downward longwave radiation, rT4

s

is the upward longwave radiation, r is Stefan–Boltzmann
constant, and Ts is canopy surface temperature. Rn is parti-
tioned into sensible heat flux H, latent heat flux kE and soil
heat flux G , where k is the latent heat of vaporization

Rn ¼ H þ kE þ G ð7Þ

H and E can be expressed by the transfer equations
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H ¼ cpq
ra
ðTs � TaÞ ð8Þ

E ¼ q
ra
ðqsatðTsÞ � qðTaÞÞ ð9Þ

where cp is the specific heat of air at constant pressure, q is
air density, Ta is air temperature, ra is aerodynamic resis-
tance, qsat is the saturated specific humidity, q is specific
humidity. The aerodynamic resistance ra was estimated
using the logarithmic boundary layer equation:

ra ¼
1

j2u
ln

z� d

z0

� �� �2
ð10Þ

where j (=0.4) is von Karman’s constant, u is wind speed at
the reference height z, d is the zero plane displacement,
and z0 is the roughness length. The relations d = 0.78h and
z0 = 0.07h, where h is tree height (Hattori, 1985), were
used. Wind speed measured at the meteorological station
(Section ‘‘Study site and observation data’’) was used and
z = h + 1m, neutral stability and equal conductance for heat
and momentum were assumed.

Both the downward and the upward longwave radiation
were estimated and used on a daily basis. Downward long-
wave radiation was estimated from air temperature, rela-
tive humidity, and daily sunshine hours (Kondo et al.,
1991). Upward longwave radiation was calculated from the
Stefan–Boltzmann law using numerically calculated canopy
surface temperature from Eqs. (7)–(9). ref and G were set
at 0.1 and zero, respectively. A hygrometer stationed at
the study site failed to accurately measure humidity during
rain events. A high-polymer hygrometer was used (Section
‘‘Study site and observation data’’), however, the measur-
able range is limited to less than humidity values of 95%.
For this reason, monthly average humidity during rain
events (hourly average) recorded at the Mito Meteorological
Observatory (Section ‘‘Study site and observation data’’)
was used in the present calculations. In employing the heat
budget approach, evaporation from the canopy surface can
be calculated using Eqs. (2)–(10): Eqs. (7)–(9) were solved
numerically.

DOCIORI model

E in Eqs. (2) and (3) is estimated based on DOCIORI. Mura-
kami (2006) analyzed rain events with rainfall of more than
20 mm and found that hourly canopy interception loss is
proportional to hourly rainfall during a rain event (Fig. 2
of Murakami, 2006) that could be explained by SDE. The
inclination of this regression line is defined as DOCIORI, i
(dimensionless). Therefore, the hourly evaporation rate
from the canopy for the rain event is estimated as ipg,
where pg is hourly rainfall (rainfall intensity). Since E is de-
fined as evaporation rate from the canopy, ipg and E are
equivalent:

E ¼ ipg ð11Þ

E includes evaporation from both the canopy surface and
splash droplets. The goal of this section is to generalize
and formulate i.

i shows seasonal variation (Figs. 2 and 3a in Murakami,
2006), with DOCIORI reaching a maximum in summer. Data
shown in Fig. 3a of Murakami (2006) was superimposed for

the years 1999 and 2000 and approximated as a function
of the day of the year (DOY), as shown in Fig. 1. The curved
line in Fig. 1 is the regression sine curve that fits all data
points except three (arrowed) that show extraordinary val-
ues. The cause of these outlying points could be attributed
to the hydrometeorological variability during rain events
such as variations in vapor pressure deficit (VPD). Though
SDE seems to be an important mechanism governing canopy
interception loss, there are other variables that are impor-
tant and contributive to variability in losses between differ-
ent rain events. The sine curve is expressed as

i ¼ 0:243 sinðDOY=2:16Þ � 0:0184 for 63 < DOY < 326

ð12Þ

This sine curve can be applied to DOY between 62 and 325.
For the other two periods (DOY smaller than or equal to 63
and larger than or equal to 326), i is assumed to be constant
at 0.1, as no observed data were available and the lower
distribution limit of i is around 0.1:

i ¼ 0:1 for DOY 6 63 or DOY P 326 ð13Þ

It is now possible to calculate the hourly evaporation rate
during rainfall, ipg (i.e., E), using Eq. (12) or (13) as a func-
tion of DOY, although the applicability of this approach
might be limited in the forest stand analyzed in the present
study. Thus, canopy interception can be calculated by com-
bining Eqs. (2)–(5), and Eqs. (11)–(13). The actual calcula-
tion was carried out on a rain event basis. DOY was fixed to
the date of the beginning of the rain event, even if the
event lasted for more than one day.
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For 63 < DOY< 326
i = 0.243 sin (DOY / 2.16) - 0.0184
r = 0.726

For DOY < 63, DOY > 326
i = 0.1

Figure 1 DOCIORI (dependence of canopy interception on
rainfall intensity) plotted versus DOY (day of year). The
DOCIORI data in Fig. 3a of Murakami (2006) that show two
years of data were superimposed annually. The three arrowed
data points were excluded from the calculation of the regres-
sion curve. The unit of the sine function is degrees.
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Revised Gash model

The revised Gash model (Gash et al., 1995) was applied bi-
monthly for two years. At first the model was applied on an
annual basis for the two years (Murakami, 2007), however,
the discrepancy between observed and calculated intercep-
tion was larger than the results of bimonthly analysis in both
years. Calculated interception for the two respective years
was 0.9% and 13.6% larger than observed interception for bi-
monthly analysis (Section ‘‘Results’’), while was 9.2% and
24.4% larger than observed values for annual analysis. The
reason why the accuracy in annual analysis was inferior to
in bimonthly could be explained by seasonal changes in E.
As seen in Fig. 1 DOCIORI changes with seasons, which sug-
gests E also change with seasons and an analysis on a sea-
sonal basis would be required in stead of annual basis for
accurate calculation. For this reason a monthly application
was also attempted, but the number of rain events was
insufficient in certain months to enable analysis; thus, bi-
monthly analysis was used. The revised Gash model can be
calculated from daily rainfall totals assuming one rain event
per day; however, in this study it was employed on a rain-
event basis.

The revised Gash model considers a series of discrete
rain events, as with the backbone model, and assumes that
each rain event comprises three evaporation periods: a per-
iod of wetting up under rainfall of less than P0G, which is the
rainfall amount required to saturate the canopy; a period of
saturation; and a period of drying following the cessation of
rainfall. P0G is expressed using the mean rainfall rate R, the
canopy capacity per unit area of cover, Sc, and Ec, the mean
evaporation rate during rainfall from the canopy cover:

P0G ¼ �
RSc

Ec

ln 1� Ec

R

� �� �
ð14Þ

The bars on R and Ec represent the mean for a time t, the
time from canopy saturation to the end of the rain event.
R can be expressed as R ¼ ðPG � P0GÞ=t, and is approximately
equal to the average of pg for rain events where PG is large
in comparison with P0G. Sc is expressed as Sc = S/c: the values
of Sc are 0.51 mm in 1999 and 0.47 mm in 2000. Ec can be
written as Ec ¼ E=c, and E, the mean evaporation rate dur-
ing rainfall, can be calculated by multiplying R by a, the
inclination of the regression line between PG and I, on a bi-
monthly basis (see Section ‘‘Basic equation between the
backbone model and the Gash models’’ and ‘‘Results’’).
The values s and t are largely equivalent for the purpose
of this study (Section ‘‘Basic equation between the back-
bone model and the Gash models’’), though their physical
meanings are different. E and E are also approximately
equal if equivalent time scales are considered.

Depending on the threshold rainfall P0G, the canopy evap-
oration scheme is categorized into the four following
processes:

1. Evaporation for m number of storms that do not saturate
the canopy ðPG < P0GÞ

2. Evaporation for n number of storms that wet-up the can-
opy to saturation ðPG P P0GÞ

3. Evaporation from the saturated canopy during rainfall
4. Evaporation once rainfall ceases

In addition to these four processes, evaporation from
trunks is also considered once the canopy is saturated; this
can be estimated as follows from the amount of rainfall:

1. Evaporation for q number of storms that saturate tree
trunks (PG P St/pt)

2. Evaporation for n � q number of storms that do not sat-
urate tree trunks (PG < St/pt)

pt is the portion of rain water diverted to stemflow. The val-
ues of pt were 0.042 in 1999 and 0.050 in 2000.

Interrelations and interpretations of the models

In this section the similarities and differences in the back-
bone, the heat budget, and the DOCIORI models are dis-
cussed in terms of the Gash models.

Basic equation between the backbone model and the
Gash models
Both the original and the revised Gash models include E,
while the backbone model has a similar variable E. E and
E, and t and s are largely equal, respectively, as described
in the previous section. The aim of this section is to organize
these relations mathematically, and to derive an important
equation, Eq. (17), from the backbone model, which is a ba-
sis for understanding the relation between the backbone
model and the Gash models.

The empirical regression equation between rainfall and
canopy interception is expressed as

I ¼ aPG þ b ð15Þ

where a and b are regression constants. Eq. (15) can be used
either to describe sets of storm data or to describe one rain
event with PG and I as variables. Comparing Eqs. (3) and
(15), the evaporation rate E is written as

E ¼ a
PG

s

� �
ð16Þ

As PG � PG � P0G, and s � t for large values of PG, therefore,
ðPG=sÞ � ðPG � P0GÞ=t ¼ R. As a and b are mainly controlled
by large values of PG for sets of storm data, this approxima-
tion is valid; consequently:

E ¼ aR ð17Þ

Eq. (17), which is shown in Gash (1979), is also derived from
the backbone model using approximation. This means that
Eq. (17) is effective for the Gash models, the heat budget
model and the DOCIORI model.

Contradiction of the heat budget model
Eq. (17) states that the mean evaporation rate during rain-
fall E is proportional to the mean rainfall intensity R via the
coefficient of proportion a. However, the heat budget mod-
el does not include rainfall intensity as a variable (Eqs.
(7)–(9)) and cannot explain the physical meaning of Eq.
(17) that is understandable by introducing the idea of the
SDE. Forest hydrologists have not regarded Eq. (17) as it
is: as the proportional relation between E and R. If they
had interpreted Eq. (17) to the letter, they could have no-
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ticed the contradiction of Eq. (17) concerned with the heat
budget or could have obtained linear relation between E
and R as shown by Tsukamoto et al. (1988) and Murakami
(2006). Even though some of them had obtained enough
data to reveal the proportional relation between E and R,
that is, DOCIORI, they did not notice it (Section ‘‘Is DOCIORI
universal ?’’). Actually, there are mainly two causes to pre-
vent the right interpretation of Eq. (17). For one thing,
usual analysis of canopy interception is conducted on a
rain-event basis since many canopy interception models
are constructed so that they can be applied on a rain-event
basis. Taking a time average of E and R over one rain event
is often too long to detect DOCIORI. To make the matter
worse, in many cases for the application of the Gash models
E and R are calculated as an average of a series of rain
events for longer periods, typically, a few months. Instead,
an hourly or shorter period of analysis is suitable because
the rainfall intensity varies within much shorter time span
than that of one rain event. For another, the SDE would
not be always dominant canopy interception mechanism
especially in the area where rainfall intensity is weak, which
makes DOCIORI undetectable.

Relation between the DOCIORI model and the Gash
models
Though both the original and revised Gash models are de-
rived based on the physical processes of canopy intercep-
tion, the application of these models do not necessarily
require meteorological data above canopy that the Rutter
model (Rutter et al., 1971, 1975) or the heat budget model
(Section ‘‘Heat budget model’’) does. In this respect, the
Gash models resemble the DOCIORI model that does not re-
quire meteorological data above canopy but the values of i
and pg (Section ‘‘DOCIORI model’’). The DOCIORI model is
very simple but is as much reproducible as the revised Gash
model that is constructed based on the physical processes
(Section ‘‘Results’’). This implies that the evaporation pro-
cesses considered in the Gash models are built-in in the
DOCIORI model as an integrated form. The aim of this sec-
tion is to clarify the relation between the DOCIORI model
and the Gash models mathematically.

The following relation is derived from the definition of
the DOCIORI model:

Es ¼
X
ðipgÞ ð18Þ

The summation to the right of the equation is made for
hours of rainfall. As i is independent of rainfall hours, it
can be removed from the summation. As

P
pg = PG, Eq.

(18) is expressed as

Es ¼ iPG ð19Þ

Insertion of Eq. (19) into Eq. (3) gives

I ¼ iPG þ Sa ð20Þ

If we regard a = i and b = Sa, Eq. (20) has the same form as
Eq. (15) that is the basis of the Gash models; accordingly,
the Gash and the DOCIORI models are equivalent. Forest
hydrologists have therefore employed the Gash models
without knowing that DOCIORI is considered within the
models.

Results

Precipitation events whose corresponding values of inter-
ception were negative due to measurement error, occult
precipitation or which were inferred to be snowfall were
not included in the analysis. Consequently, the annual rain-
fall amounts used for the analysis, which are defined as the
effective annual rainfall, were 1673.3 mm for 1999 and
1365.0 mm for 2000; annual observed precipitation was
1707.9 mm for 1999 and 1452.9 mm for 2000, as described
in Section ‘‘Study site and observation data’’. For effective
annual rainfall, canopy interception was 320.1 mm (inter-
ception rate: 19.1%) in 1999 and 256.4 mm (interception
rate: 18.9%) in 2000.

Canopy interception calculated using the heat budget
model was only one-third of the observed value on an annual
basis for both 1999 and 2000 (Fig. 2a and b). Calculated and
observed values were 118.7 and 320.1 mm for 1999 and 93.9
and 256.4 mm for 2000, respectively. The corresponding
values for ra were 18.6/u s m�1 in 1999 and 17.8/u s m�1

in 2000 for tree heights of 5.8 and 6.3 m, respectively. Cal-
culated interception does not increase with increasing ob-
served values: it reaches a plateau at approximately 10 mm.

Canopy interception calculated using the DOCIORI model
is in good agreement with observed interception on an an-
nual basis, both for 1999 and 2000 (Fig. 2c and d). Calcu-
lated and observed values were 353.5 and 320.1 mm in
1999 and 294.9 and 256.4 mm in 2000, respectively.

The forest parameters c, S, Sc, St, and pt described in the
previous section were used for the revised Gash model.
These parameters were assumed to be constant through
the year. The parameters a, R, E, Ec, and P0G are listed in Ta-
ble 1, and were estimated bimonthly. Canopy interception
calculated using the revised Gash model is also in good
agreement with observed values for both 1999 and 2000
(Fig. 2e and f). Calculated and observed interception were
323.1 and 320.1 mm in 1999 and 291.2 and 256.4 mm in
2000, respectively. Calculated bimonthly and annual com-
ponents of canopy interception are shown in Table 2 along
with effective rainfall and observed canopy interception.
The main component of observed canopy interception was
evaporation during rainfall, which accounted for 80.1% of
total canopy interception during 1999; the equivalent figure
for 2000 was 73.9%. On a bimonthly basis, this represents
60.3–86.9% of rainfall, except for January and February in
1999 during which time the rainfall amount was the lowest
recorded and evaporation following rainfall was the largest
component.

Discussion

Amount of splash droplet evaporation

The difference between observed and calculated canopy
interception using the heat budget model is expected to
be equal to the amount of splash droplet evaporation.
However, much of this assumed SDE could be due to
parameter or measurement errors. To assess the potential
errors a simple sensitivity analysis was conducted by
changing relative humidity RH, rau and Smax. First, RH
was decreased by 5%, though the accuracy of RH sensor
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is much better, ±2% for a RH range of 90–100% (Section
‘‘Study site and observation data’’). Calculated annual
canopy interceptions were 149.6 mm and 119.8 mm for
5% reduction in RH in 1999 and 2000, respectively, which
were still underestimation and were less than half of ob-
served annual interceptions of 320.1 mm and 256.4 mm in
1999 and 2000, respectively. Secondly, the values of rau
were reduced by half, from 18.6 to 9.3 in 1999 and from
17.8 to 8.9 in 2000. These figures correspond to the equiv-
alent tree heights of 58 m and 92 m, respectively, which

are unrealistically high in comparison with the actual tree
heights. Calculated interceptions were 175.6 mm in 1999
and 131.3 mm in 2000, which were some half of observed
values. Thirdly, the values of Smax were doubled, from
0.60 mm to 1.20 mm in 1999 and from 0.57 mm to
1.14 mm in 2000, which are larger than expected errors:
they are assumed to be several tens of percent at most.
Calculated interceptions were 153.9 mm in 1999 and
130.9 mm in 2000 that were about half of observed inter-
ceptions of the corresponding years.

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120 140

C
al

cu
la

te
d 

in
te

rc
ep

tio
n 

(m
m

 2
 m

on
th

s-1
)

Observed interception (mm 2months-1)

Observation  256.4 mm
Calculation    291.2 mm

1:1

2000 Revised Gash model

0

20

40

60

80

100

120

140

0 20 40 60 80 100 120 140

C
al

cu
la

te
d 

in
te

rc
ep

tio
n 

(m
m

 2
 m

on
th

s-1
)

Observed interception (mm 2months-1)

Observation 320.1 mm
Calculation   323.1 mm

1:1

1999 Revised Gash model

0

10

20

30

40

50

0 10 20 30 40 50

C
al

cu
la

te
d 

in
te

rc
ep

tio
n 

(m
m

)

Observed interception (mm)

2000 DOCIORI model

Observation 256.4 mm
Calculation   294.9 mm

1:1

0

10

20

30

40

50

0 10 20 30 40 50

C
al

cu
la

te
d 

in
te

rc
ep

tio
n 

(m
m

)

Observed interception (mm)

Observation   320.1 mm
Calculation     118.7 mm

1999 Heat budget model

0

10

20

30

40

50

0 10 20 30 40 50

C
al

cu
la

te
d 

in
te

rc
ep

tio
n 

(m
m

)

Observed interception (mm)

1:1

Observation 320.1 mm
Calculation   353.5 mm

1999 DOCIORI model

0

10

20

30

40

50

0 10 20 30 40 50

C
al

cu
la

te
d 

in
te

rc
ep

tio
n 

(m
m

)

Observed interception (mm)

Observation  256.4 mm
Calculation      93.9 mm

1:11:1

2000 Heat budget model

Figure 2 Observed and calculated canopy interception determined using three different models. (a) Heat budget model for 1999.
(b) Heat budget model for 2000. (c) DOCIORI model for 1999. (d) DOCIORI model for 2000. (e) Revised Gash model for 1999.
(f) Revised Gash model for 2000. (a)–(d) were compiled on a rain-event basis, while (e) and (f) were compiled on a bimonthly basis.
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Table 1 Bimonthly changes in parameters in Gash model

Parameters 1999 2000

January–
February

March–
April

May–
June

July–
August

September–
October

November–
December

January–
February

March–
April

May–
June

July–
August

September–
October

November–
December

a 0.052 0.142 0.244 0.230 0.083 0.107 0.166 0.169 0.168 0.211 0.161 0.189
R 0.794 1.736 1.610 1.917 1.577 1.024 1.210 1.415 1.039 2.721 1.670 0.621
E 0.042 0.247 0.393 0.441 0.131 0.110 0.201 0.240 0.174 0.574 0.269 0.117
Ec 0.052 0.305 0.486 0.545 0.162 0.136 0.214 0.255 0.185 0.611 0.286 0.124
P0G 0.523 0.557 0.602 0.595 0.534 0.543 0.515 0.516 0.516 0.530 0.513 0.523

Table 2 Observed effective rainfall, observed canopy interception and calculated components of canopy interception by the revised Gash model

1999 2000

January–
February

March–
April

May–
June

July–
August

September–
October

November–
December

Annual January–
February

March–
April

May–
June

July–
August

September–
October

November–
December

Annual

Effective rainfall (mm) 22.5 426.6 453.9 411.2 274.4 84.8 1673.3 69.8 241.7 350.4 294.8 323.8 84.7 1365.0
Canopy interception (mm) 2.2 59.9 109.3 97.7 39.6 11.4 320.1 13.3 37.1 66.9 58.8 62.2 18.1 256.4
Evaporation for small
storms that are
insufficient to saturate
the canopy (%)

4.7 0.8 0.6 2.8 6.2 4.1 2.0 4.5 1.0 2.3 2.5 2.5 1.7 2.4

Evaporation for storms
that wetting-up the
canopy to saturate (%)

1.5 0.9 1.1 1.5 0.8 1.2 1.1 1.2 1.1 1.0 1.2 1.0 2.3 1.3

Evaporation from the
saturated canopy during
rainfall (%)

29.0 80.7 86.9 81.7 65.3 63.5 80.1 73.0 76.0 76.3 81.5 76.4 60.3 73.9

Evaporation after the
rainfall ceases (%)

44.9 8.9 5.6 8.2 14.5 16.0 8.9 11.6 11.0 10.1 8.9 10.3 19.8 11.9

Evaporation from the
trunks (%)

19.9 8.7 5.9 5.8 13.2 15.2 7.9 9.8 10.9 10.2 6.0 9.8 15.8 10.4

The sum of the components for each period is not necessarily 100% due to the rounding error.
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Measurement error can be also derived from the non-
above canopy data; the heat budget model should be applied
with meteorological data above canopy, but in the present
study those obtained above grass, at the clearings or RH data
at Mito (Section ‘‘Study site and observation data’’) that
were also measured above grass, were used. However, this
is not the cause of underestimation for the results of the
heat budget model in Fig. 2a and b. Pearce et al. (1980) ap-
plied the Rutter and the original Gash model for a Scots pine
stand, and showed that systematic differences in the mete-
orological parameters controlling the evaporation rate from
wet forest and wet grass are the cause of the overestimation
of interception losses when grassland data are used in the
models. According to this study the use of the non-above
canopy data can yield not underestimation but overestima-
tion. This might be one of the reasons that Murakami et al.
(2000) obtained good results for estimation of interception
with the heat budget method that were applied for a stand
of the same species with an average height of 18 m.

The sensitivity analysis of the heat budget model sug-
gests that evaporation of canopy interception from the can-
opy surface accounts for about half of total canopy
interception at most, though the analysis was conducted fo-
cused only on RH, rau and Smax separately. The assumed
amounts of SDE, the differences between observed and cal-
culated canopy interception using the heat budget model
are 201.4 mm (=320.1–118.7 mm; 62.9% of observed annual
interception) in 1999 and 162.5 mm (=256.4–93.9 mm;
63.4% of observed annual interception) in 2000. These val-
ues are consistent with the amount of splash droplet esti-
mated by Toba et al. (2006) described in the Section
‘‘Introduction’’, and evaporation estimated using the re-
vised Gash model. Namely, for the revised Gash model the
maximum values for SDE are the sum of the three compo-
nents listed in Table 2: evaporation for small storms that
are insufficient to saturate the canopy, wetting up of the
canopy, and evaporation from the saturated canopy, yield-
ing values of 83.2% in 1999 and 77.6% in 2000.

Deguchi et al. (2006) demonstrated that seasonal differ-
ences in interception loss for a multi-species, deciduous,
broad-leaved secondary forest were at most 15.3–22.8%,
despite significant seasonal variations in LAI (LAI decreased
by 38.9–46.6% from the growing season to the dormant sea-
son). The insensitivity of canopy interception to LAI and PAI
(Toba et al., 2006, Section ‘‘Introduction’’) could be caused
by some factors. One is meteorological variability such as
RH, wind speed, and rainfall regimes that controls evapora-
tion from both the canopy surface and the splash droplets.
Another is the productivity of splash droplets that would
not be strongly affected by the amounts of leaves or
branches.

Limitations of the heat budget model

Many forest hydrologists have applied the heat budget mod-
el, as it is believed to be the most robust and reliable mod-
el. However, importantly, a number of workers have
noticed that the heat budget model underestimates ob-
served interception despite its underlying principles. In such
cases, there are alternatives that can be used to treat the
discrepancy between observed and calculated interception.

Calder et al. (1986), in their study in West Java, opti-
mized ra and used a reduced value of ra (5 s m�1) at the
same time as employing a larger value of S (about
4.5 mm). Schellekens et al. (1999) applied both the Rutter
model (Rutter et al., 1971, 1975) and original Gash model
to a lowland rain forest in Puerto Rico. The Rutter model,
a conceptual model with a heat budget component, under-
estimated canopy interception for large rain events with
estimated E of 0.11 mm h�1and S of 1.15 mm. The authors
attempted to optimize the parameters of the model by
increasing E and/or S, and this resulted in improved esti-
mates: the model with larger E (2.80 mm h�1) showed a bet-
ter fit to observed data than the model with larger S
(5.75 mm) or larger E (1.10 mm h�1) and S (5.75 mm). They
also concluded that the claims of very large storage capac-
ities for tropical rain forests (Herwitz, 1985; Calder et al.,
1986) are not supported by their analysis.

Iida et al. (2005) applied the Penman–Monteith equa-
tion, one of the heat budget models, to a stand of Japanese
red pine to estimate evaporation during rain events. The
authors then estimated rainfall storage by the tree surface
as the difference between observed canopy interception
and calculated evaporation during rainfall. Their results
show that the storage capacity tends to increase with an
amount of rainfall: the maximum storage capacity was esti-
mated at 6.5 mm with a rainfall amount of 50 mm. The
authors also claimed that the large storage capacity was
reasonable by referring to Herwitz (1985); however, it is
unusual that the storage capacity increases with rainfall of
until 50 mm. As rainfall intensity increases with rainfall
amount, especially for large rainfall events (Kondo et al.,
1992), evaporation during rainfall also increases with
increasing rainfall because of SDE. Iida et al. (2005) imposed
an increase in canopy interception with rainfall amount on
the storage capacity, rather than evaporation during rain-
fall, because their use of the Penman–Monteith equation,
which considers evaporation only from the canopy surface,
resulted in an underestimate of evaporation during rainfall.

All of the above models underestimated observed inter-
ception and/or evaporation during rainfall within study sites
in tropical areas or monsoonal Asia where rainfall intensity
is often high. These results indicate that SDE may be able
to explain the underestimation; in Section ‘‘Is DOCIORI uni-
versal?’’, it is demonstrated that this is indeed the case.

In the present study, the heat budget model significantly
underestimated observed interception, as shown in Fig. 2a
and b. An optimization of the simulation was conducted
by changing the storage capacity Smax or the aerodynamic
resistance ra such that the annual difference between cal-
culated and observed interception reached a minimum. ra
and Smax were varied in units of 0.1 s m�1 and 0.1 mm,
respectively. Smax was optimized as shown in Fig. 3a, while
ra was optimized as shown in Fig. 3b. Though annual values
agreed within 2.1 mm, canopy interception was overesti-
mated for smaller rain events (for smaller observed canopy
interception) and underestimated for larger rain events (for
larger observed canopy interception) in both Fig. 3a and b.
This trend was not improved even if both ra and S were var-
ied in tandem for the optimization.

As described by Schellekens et al. (1999), optimization of
observed canopy interception using the heat budget model
is difficult to implement, especially for large rain events.
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If only DOCIORI and SDE are introduced, it is possible to fol-
low the reason for this trend, at least qualitatively. In the
following section, the universality of DOCIORI and SDE is dis-
cussed, based mainly on a literature review.

Is DOCIORI universal?

Hattori et al. (1982) first described DOCIORI, while Tsukam-
oto et al. (1988) concluded that evaporation during rainfall
is linearly related to rainfall intensity. Murakami (2006)
made detailed observations of DOCIORI and proposed a
mechanism for this phenomenon by introducing SDE. These
three studies were all conducted in Japan. Although no
other studies have conclusively demonstrated the phenom-

enon of DOCIORI, it must have been observed at all inter-
ception sites across the globe sufficiently high rainfall
intensity.

DOCIORI observed in Puerto Rico, Spain, and the USA
Luckily, Schellekens et al. (1999) conducted observations of
canopy interception within a rainforest, as mentioned at the
previous section, and their detailed data on rainfall and
throughfall at 5-min intervals enables the construction of
a chart that shows the relation between rainfall intensity
(hourly rainfall) pg and hourly canopy interception Ih, i.e.,
DOCIORI. The authors did not obtain stemflow data because
it was negligibly small at the site; therefore, the difference
between rainfall and throughfall was regarded as canopy
interception. Fig. 4a–d was drawn based on Figs. 3a and c
and 4a and c of Schellekens et al. (1999). DOCIORI is clearly
evident, with a high correlation coefficient in all cases ex-
cept Fig. 4d. In Fig. 4a–c, which is derived from Schellekens
et al. (1999), values of i (0.478–0.625) are much larger than
those obtained in the present study (Fig. 1; 0.092–0.294).

Data collected by Llorens et al. (1997) for Pinus sylves-
tris in a Mediterranean mountain region in Spain also reveal
DOCIORI, though it was shown on a rain-event basis. The
duration of the rain event, VPD, rainfall, and canopy inter-
ception are listed in Table 1 of their study. Based on the
data, mean hourly rainfall PG is derived from the rainfall
amount divided by the rainfall hours, and mean hourly inter-
ception I represents canopy interception divided by the
rainfall hours. It is important to note that each dataset of
PG and I corresponds to a single rain event that is averaged
hourly rather than representing hourly data. In contrast,
each panel in Fig. 4 corresponds to a single rain event and
pg and Ih are exactly hourly data. I and PG calculated from
Table 1 in Llorens et al. (1997) show positive correlations
for all three categories. For all the data: I ¼ 0:101PGþ
0:179, r = 0.778; for VPD < 1.0 hPa: I ¼ 0:0737PG þ 0:4521,
r = 0.724; and for VPD P 1.0 hPa: I ¼ 0:121PG þ 0:051,
r = 0.881. The regression coefficients provide an indication
of i rather than an exact measure, and the positive correla-
tion represents DOCIORI. If you draw the chart you can find
that most values of I are larger for VPD P 1.0 hPa than for
VPD < 1.0 hPa, though the scatter is large for VPD P
1.0 hPa. In this dataset the maximum PG is 13.0 mm h�1. Ta-
ble 3 in Link et al. (2004), whose data were derived from a
seasonal temperate rainforest of old-growth Douglas-fir
(>450-year-old) in southwestern Washington, USA, also en-
able to demonstrate the relation between I and PG. The
regression equation is, I ¼ 0:212PG þ 0:093, r = 0.584, with
the maximum PG of 2.1 mm h�1. The increasing trend of I
with PG is not apparent with a low correlation coefficient
of 0.584. The subsequent work conducted by Pyker et al.
(2005) at the 25-year-old Douglas-fir forest, approximately
4 km apart from the old-growth Douglas-fir (Link et al.,
2004), also lists the values of I and PG on a rain-event basis
and the regression line can be calculated: I ¼ 0:172PGþ
0:098, r = 0.728, with the highest PG of 3.5 mm h�1. Though
the value of r is higher than that of the old-growth Douglas-
fir, the number of data is only eight, which is much less in
comparison with the old-growth Douglas-fir of 43. The in-
crease trend in I with PG is not reliable enough in this
respect.
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Figure 3 Optimization of the heat budget model. The result
shown in Fig. 2b was optimized by changing Smax (a) or ra (b).
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Although the data used above were obtained from a rain-
forest in Puerto Rico, a Mediterranean mountain environ-
ment, and the USA (rather than Japan), all of the datasets
reveal DOCIORI as expected. The presence of DOCIORI in
these datasets implies that SDE holds true at sites world-
wide. The scatter of data is greater in Llorens et al.
(1997), Link et al. (2004), and Pyker et al. (2005) than that
in Fig. 4 (and greater than that in Fig. 2 of Murakami, 2006)
because the lower time resolution in Llorens et al. (1997),
Link et al. (2004), and Pyker et al. (2005) derived from
the longer average hours over the duration of the rainfall
tends to obscure DOCIORI. It seems that the higher PG or
pg becomes, the more apparent DOCIOR is. The figures of
PG or pg are 43.9 mm h�1 (Murakami, 2006), 16.8 mm h�1

(Fig. 4), and 13.0 mm h�1 (Llorens et al., 1997), which all
have relatively higher correlation coefficients with apparent
DOCIORI in comparison with 3.5 mm h�1 (Pyker et al., 2005)
and 2.1 mm h�1 (Link et al., 2004). The difference in i or
regression coefficients among Fig. 1 (Fig. 2 in Murakami,
2006), Fig. 4, and Llorens et al. (1997), Link et al. (2004),
and Pyker et al. (2005) might possibly be explained as the
difference in the raindrop size distribution (DSD) among

the interception sites in addition to differences in meteoro-
logical factors and forest architecture.

Perception of DOCIORI based on Gash models
Detailed data required to demonstrate DOCIORI, such as
those collected by Schellekens et al. (1999), Llorens et al.
(1997), Link et al. (2004), and Pyker et al. (2005) are rarely
available; however, there are many data that show the rela-
tion between E or Ec and R: many studies that employ Gash
models list these values. Some of these studies are re-
viewed in Table 3, while the regression lines between E
and R, and between Ec and R are calculated, using data
obtained in the present study (Table 1) along with
previously published data listed in Table 3. For E
and R : E ¼ 0:0716Rþ 0:139, r = 0.589; for Ec and
R : Ec ¼ 0:0959Rþ 0:109, r = 0.810. DOCIORI, i, is defined
as the inclination of the regression line between Ih and pg,
as shown in Figs. 4 and 2 of Murakami (2006). The regression
coefficients in between E and R, and between Ec and R are
not equal to i, but can be regarded as indicators of DOCI-
ORI, as described in Section ‘‘DOCIORI observed in Puerto
Rico, Spain, and the USA’’.
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Figure 4 DOCIORI for a tropical rain forest in Puerto Rico. Canopy interception data collected at 5-min intervals (Schellekens
et al., 1999) were digitized manually and rearranged into hourly data. (a) Fig. 3(a) of Schellekens et al. (1999). (b) Fig. 3c of
Schellekens et al. (1999). Negative interception data (triangle) were excluded when fitting the regression line. (c) Fig. 4a of
Schellekens et al. (1999). (d) Fig. 4c of Schellekens et al. (1999).

Application of three canopy interception models 315



Author's personal copy

Table 3 Review of rainfall intensity and evaporation rate calculatd by Gash model

Reference Commnents R E Ec LAI Vegetation hight Forest or vegitation type Country

Gash and Morton (1978) 1.38 0.19 18 Scots pine Great Britain
Gash et al. (1980) 1.75 0.13 8.9 Sitka spruce Great Britain

1.22 0.33 15 Scots pine
1.37 0.21 12.9 Sitka spruce

Row (1983) Summer 2.12 0.53 Evergreen beech forest New Zealand
Winter 1.95 0.39

Dolman (1987) Summer 1.44 0.32 9.6 Oak forest The Netherlands
Winter 1.20 0.11

Hattori and Before thinning 1.56 0.25 5.7 13.5 Coniferous forest Japan
Chikaarashi (1988) Before thinning 1.54 0.26 5.7 13.5

After thinning 1.34 0.17 13.5
Lloyd et al. (1988) 5.15 0.21 35 Amazonian rain forest Brazil
Hutjes et al. (1990) 19.99 0.34 24–28 Primary evergreen forest Cote-d’Ivoire
Loustau et al. (1992) Summer 1987 1.34 0.15 1.5–4.0 12.6 Pinus pinaster France

Winter 1988 1.06 0.07
Summer1988 1.34 0.15
Winter 1989 1.38 0.09
Summer1989 1.64 0.18

Návar and Bryan (1994) 13.52 2.95 4.5 Semi-arid vegetation Mexico
Gash et al. (1995) 1.65 0.08 0.17 2.3 20.3 Plantation forest of

maritime pine
France

Dykes (1997) 5.54 0.71 0.75 30–40 Lowland tropical forest Burnei
Llorens (1997) 3.83 0.47 10 Pinus sylvestris Spain
Valente et al. (1997) Pinus 1.74 0.32 2.7 23.9 Pinus pinaster Portugal

Eucalyptus 1.81 0.20 3.2 16.5 Eucalyptus globulus
Carlyle-Moses and Pre-infestation 3.83 0.39 0.45 12–15 Temperate hardwood Canada
Price (1999) During infestation 12.98 1.29 1.53 12–15

Post infestation 3.36 0.15 0.18 12–15
Schellekens et al. (1999) 1.85 0.94 5.9 20 Tabonuco type forest Puerto Rico
Jackson (2000) 2.28 0.23 0.5–9.5 Agroforestry system Kenya
Martin et al. (2000) Sedimentary plain 5.88 0.342 0.411 4.4 25–30 Amazonian rain forest Colombia

High terrace 7.09 0.447 0.528 4.9 25–30
Low terrace 6.48 0.412 0.467 5.6 25–30
Flood plain 6.61 0.677 0.737 6.6 25–30
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Though scatter in the data is large, E shows an increasing
trend for increasing R, with a correlation coefficient of
0.589. The increasing trend of Ec with increasing R is clearer
than that between E and R, with a correlation coefficient of
0.810. These results again support the proposal that DOCI-
ORI and SDE are a universal phenomenon that can be ob-
served worldwide in the areas where rainfall intensity is
high. One of the sources of scatter in the data is inconsisten-
cies in the methods used to define rain events: methods vary
from assuming a single storm per day (Gash, 1979) to defin-
ing an interval from the cessation of the rain event, whether
it be 6 h (Murakami, 2006), 5 h (Deguchi et al., 2006) or 3 h
(Schellekens et al., 1999). Other sources of scatter in
the data are rainfall regime and hydrometeorological
variability.

Vegetation height, LAI, and evaporation rate

One important aspect of Table 3 is the relation between E
(or EcÞ and vegetation height. E or Ec does not depend on
vegetation height: the correlation coefficient between
E ðEcÞ and vegetation height was 0.0332 (�0.0141). In Table
3, some vegetation heights are shown as a range of heights
rather than fixed values. In such cases, the mean of the
range in vegetation height was used to calculate the corre-
lation coefficient. The exception to this approach is data
from van Dijk and Bruijnzeel (2001); here, maximum heights
were adopted as vegetation heights.

Generally, E or Ec highly depends on VPD and u, but if
these variables are constant E or Ec is controlled by ra.
Although an assumption that VPD and u are constant does
not hold true for the data in Table 3, an increase trend of
E or Ec with decreasing ra would be expected since the
worldwide data in Table 3 could represent general trend.
While the independence of E or Ec in terms of vegetation
height means that values of ra determined primarily from
vegetation height (as described in Section ‘‘Heat budget
model’’) are not a major parameter in terms of determining
evaporation during rainfall. Eq. (10) and the relations
d = 0.78h, and z0 = 0.07h imply that ra decreases and that
E or Ec increases with vegetation height; however, some
values of E (or EcÞ in Table 3 are large for short vegetation.
For very high R of 13.52 mm h�1, Návar and Bryan (1994) ob-
tained an E value of 2.95 mm h�1 for a vegetation height of
only 4.5 m. van Dijk and Bruijnzeel (2001) demonstrated
that E ðEcÞ is 0.86 mm h�1 (1.178 mm h�1) and 0.30 mm h�1

(0.545 mm h�1) for low vegetation heights of <1.5 m and
<2.2 m, respectively. These evaporation rates that are lar-
ger than or equivalent to those of the forest canopy cannot
be attributed to vegetation height.

With respect to SDE it is assumed that the interception
loss increases with tree height, since the fall distance is
longer for taller trees, which gives splashed small droplets
longer time to evaporate. In the present study canopy inter-
ception accounted for 19.1% of total rainfall in 1999 and
18.9% in 2000 for the tree height of 5.8 m and 6.3 m, respec-
tively (Section ‘‘Results’’), while it does 14.8% in a stand of
the same species with the tree height of 18 m in the same
Watershed (Fig. 5a in Murakami et al., 2000). This result
does not support the assumption; a small droplet with a
radius of 25 lm evaporates and disappears with a fall of only
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less than 3 m (Fig. 4a in Murakami, 2006), and provided that
slash droplet size distribution (SDSD) has a peak at less than
25 lm in radius SDE can be insensitive to the fall of over
3 m. At present SDSD is not available, which is a key to ex-
plore the details of the SDE.

The amount of splash droplet is affected by LAI, and this
might influence E or Ec. The relation between LAI and E or
Ec was examined using the data in Tables 1 and 3 in terms
of the correlation coefficient. Seasonal changes in LAI esti-
mated in the present study were expressed as a function of
DOY using 18 measurements of LAI undertaken in 2000. The
value of the correlation coefficient between LAI and E or Ec

are unexpectedly small: �0.0445 and 0.0265, respectively.
This result means that both E and Ec are insensitive to
LAI, in agreement with the findings of Deguchi et al.
(2006) and Toba et al. (2006) who showed that canopy inter-
ception is insensitive to changes in LAI or PAI (see also Sec-
tions ‘‘Introduction’’ and ‘‘Amount of splash droplet
evaporation’’).

Canopy interception is undoubtedly controlled by both
meteorological factors including rainfall and forest struc-
ture; however, in terms of the evaporation rate during rain
events that account for the greatest amount of canopy
interception in many cases, climatic variability including
rainfall intensity is a major governing factor whereas forest
architecture is a minor factor.

Conclusions

To obtain a deeper understanding of DOCIORI and SDE, three
canopy interception models, the heat budget, the DOCIORI,
and the revised Gash models, were applied to a young stand
of Japanese cypress for the years 1999 and 2000. The heat
budget model underestimated observed interception by
62.9% in 1999 and 63.4% in 2000. The amount of underesti-
mation is expected to be equal to the amount of SDE, as
although canopy interception consists of SDE and evapora-
tion from the canopy surface, the heat budget model calcu-
lates evaporation only from the canopy surface. The
development and comparison of equations used in the DOCI-
ORI and Gash models revealed that the DOCIORI and the
Gash models are equivalent. DOCIORI was confirmed at
interception sites in Spain (Llorens et al., 1997), Puerto Rico
(Schellekens et al., 1999), and the USA (Link et al., 2004,
Pyker et al., 2005) by reanalyzing the data from these ear-
lier studies. The mean evaporation rate E or Ec and the
mean rainfall intensity R calculated using Gash models were
reviewed and analyzed along with data obtained in the pres-
ent study. E or Ec demonstrated increasing trends with R,
which again supports the proposal that DOCIORI and SDE
are universal phenomena. Literature data indicate that E
or Ec are independent of tree height and LAI.
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