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Abstract. The original Gash analytical model and the sparsehigh as 50% of rainfall in some areas (Calder, 1990; Lankrei-
Gash’s model were combined to simulate rainfall intercep-jer et al., 1993).

tion losses from the top- and sub-canopy layers in Shaoshan Gash (1979) proposed a rainfall interception model, which
evergreen forest located in central-south China in 2003. Thegs essentially an analytical form of Rutter model (Rutter et
total estimated interception loss from the two canopy layersal., 1975). The Gash model retains some of the simplicity
was 334.1 mm with an overestimation of 39.8 mm or 13.5%0f an empirical approach, and also preserves much of the
of the total measured interception (294.3mm). The sim-fundamental physical reasoning explicit in the Rutter model.
ulated interception losses of the top- and sub-canopy sugThe original Gash model (Gash, 1979) demonstrated that
gested that the simulated interception losses in the stages @fie evaporation of the intercepted rainfall could be estimated
“during storms” and “after storms” were in good agreement from the forest structure, the mean evaporation, rainfall rates
with the published ones. Both the original Gash model andand rainfall pattern. Although the model has been used with
the sparse model overestimated the interception losses, bgbme success over various forests (Leyton et al., 1967; Lloyd
the sparse model gave more accurate estimates than the origt al., 1988; Hutjes et al., 1990; Dykes, 1997; Valente et al.,
inal Gash model. 1997; Aboal et al., 1999; Jackson, 2000; Price and Carlyle-
Moses, 2003), the model in less suited for application in the
sparse forests (Lankreijer et al., 1993; Gash et al., 1995). The
original Gash model tends in theory to overestimate the in-
terception loss from sparse forests as it is assumed that the

Canopy interception loss, the proportion of incident precip- €VaPoration area (canopy and trunks) extends to the whole

itation that is intercepted, stored and subsequently evapoplot area, whereas the actual evaporating area is greatly re-

rated from the leaves, branches and stems of vegetation, is%uced in these types of forests (Teklehaimonot and Jarvis,

significant and sometimes a dominant component of evapo—lggl)' To account for this weakness, Gash et al. (1995) and

transpiration from forest stands (Gash, 1979; Dolman, 1988;\/algnte etal. (1997) revised the original model for the appli-
Hormann et al., 1996; Acreman, 2003). Canopy intercep—cat'or_] to sparse fpr_ests.

tion loss is approximated as the difference between inci- Neither the original Gash model (Gash, 1979) nor the

dent precipitation measured above the canopy and the sufgformulated versions (Gash et al,, 1995; Valente et al.,

of throughfall and stemflow below the canopy (Lloyd, et 1997) have been applied to the subtropical forests in China.
al., 1988; Mahendrappa, 1990; Tobet al., 2000). Much Shaoshan forest canopy is with two-layer structure, where
forest research on forest canopy interception showed that i€ Projected top-canopy coverage of the stand is 82% and
can account for 1935 % of gross precipitation (Wright et  that of the sub-canopy coverage is 41% (Zhang et al., 2005).
al., 1990; Whitehead and Kelliher, 1991; Thimonier, 1998; Due to the two-layer structure, application of a single Gash

Zeng et al., 2005). But interception varies greatly among tregNdel in Shaoshan forest is likely to be problematic. Con-

species, forest density, canopy structure, vegetation physiols'de”ng the nature of Gash models and the height and cover-

ogy and different climatic conditions. Interception can be as@9€ of each canopy layer, we are inclined to use the original
Gash model to estimate the top-canopy interception loss and

Correspondence tds. M. Zeng the sparse model to estimate the sub-canopy loss. Kelliher et
(zgming@hnu.cn, ee-307 @hotmail.com) al. (1986, 1990) studied the evaporation from the understory

1 Introduction
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Fig. 1. Location of the studied site and distribution of 10 plots. —
in the two youndPinus radiatoD. Don stands and a Douglas Sub-canopy
forest, but the evaporation loss from the sub-canopy layer C
was often ignored (Brmann et al., 1996; Carlyle-Moses and !

Price, 1999; Gash et al., 1999; Carlyle-Moses, 2004). The y
combination of the original and sparse Gash models to pre-
dict the canopy interception losses in our present study is a
first for the forest hydrological studies.
The guantitative effects of woodland on water resourcesFig. 2. Schematic diagram of the two-layer structure canopy and
are largely dependent on interception loss (Jetten, 1996¢anopy water components in Shaoshan forest.
Calder and Hall, 1997), since forest canopies typically in-
tercept the majority of rainfall, and control its subsequent
evaporation and drainage (Carlyle-Moses and Price, 1999%he nearest town Xiangtan city (600 thousand inhabitants)
Barbour et al., 2005). The availability of water directly influ- (Fig. 1).
ences the vitality and growth of forest by limiting the transpi-
ration (Rowe, 1983; Price and Carlyle-Moses, 2003; Cui et2.2 Climate
al., 2005). If the interception loss models, such as the Gash
analytical models, can be applied to the forests in China, thi€®wing to the effect of the monsoon from the Pacific and
would provide watershed managers with a valuable tool for/ndian Oceans, the climate of Hunan is the humid mon-
evaluation of the hydrologic impacts on the forest ecosystemS00n subtropics, with four seasons a year, i.e. spring (March
The objectives of this research are: (i) to estimate the varii0 May), summer (June to August), autumn (September to
ous climatological and stand parameters required in the origNovember), and winter (December to February). About 20%
inal Gash model and the sparse Gash model for top- and sul®f the annual rainfall falls in spring and 60% in summer.
canopy layer when applied to Shaoshan forest, (i) to assessUmmer is very humid (90%), while autumn and winter are
the appropriateness of the two types of models, in particulathe dry and have short periods of rain. The annual mean pre-
to determine whether the combined model provide the bet€iPitation is 1200-1500 mm and the annual mean tempera-

ter estimates of canopy interception losses when comparef'® is 17.0C, with an absolute maximum of 38 in August
to single studying independent models. and an absolute minimum ef2.0°C in January.

2.3 Vegetation

2 Materials and methods
The projected top-canopy coverage of the standd2% and

2.1 Site description that of the sub-canopy coverage is 41%. The age of the for-
est trees is 2840-year-old. The species in Shaoshan forest
The study site of Shaoshan forest (27 ha) is located inform two-layer canopies, the top-canopy and the sub-canopy
the hills in central Hunan province, central-south Chinalayer (Fig. 2). As to the top-canopy-layer components, Chi-
(27°51 N, 112224 E). The experimental plots vary in ele- nese fir Cunninghamia lanceolajalominates the stand, and
vation between 25 and 290 m. The forest lies 30 km frommassoniana pineP{nus Massonianaand camphor wood
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(Cinnamomum camphoyare frequent species; in addition, Table 1. Density, basal area and relative dominance of tree species
some bamboosPhyllostachys pubescengrow here. The  yjthin the study plot.

four species make up approximate 93% of the density and
90% of the relative dominance of the top-canopy layer in the ~\ggetation type

- Density Mean Basal area Relative
study stand (Table 1). The top-canopy layer, with an approx- (reeshaly D.B.H.  (mfhal) dominance
imate height of 10-30m, is dominated by the four species (cm) (%)
crowns, while the sub-canopy layer, which ranges from ap- Top-canopy layer
proximate 0.8—3.5 m in height, is comprised of the crowns of ~ China Fir 134102 45239 22.6:2.6 420041

. S f f Massoniana 1088.8 34134 18.7#1.8 30.23.5
all tree species fpund within the plpt. The species of camellia Camphorwood  666.1 76368 4509 18822
(Camellia Ja_ponlc_a, oleander r@er_lum |nd|cun)1_and holly Bamboos 554.9 20529 3.3t07  5.0t15
(Euonumus japonicysTernstroemiaTernstroemiagymnan-  Sub-canopy layer
thera) dominate the sub-canopy |ayer_ Camellia 45:4.7 3.5:0.8 2.140.7 25.H-4.6
Oleander 324.0 6.4:1.1 1.5:05  20.2:3.7
Holly 30+3.5 5.6:0.9 0.6:0.2  18.6:2.6
2.4 Measurements of throughfall and stemflow Ternstroemia  152.8 55:1.0 08802 7.4-1.1

Data were collected from ten @0 n? plots in the sub-
tropical evergreen Shaoshan forest. The procedures of sam-

pling and design in Shaoshan forest stand were taken fronévents: 15-17 April and 28-30 October in 2003 were used,
the manual of EMEM (1996). From a total of 10 (A-J plot) as well as standard meteorological data averaged weekly.

plots in the studied forest, 3 plots (A-C plot) are set in the

lower parts of the forest (25-50m a.s.l., above sea level), 5

plots (D-H plot) in the middle parts (75-100m a.s.l.) and 2

plots (I-J plot) in the upper parts (125-170m a.s.l.) (Fig. 1).3 Descriptions of the models

In each plot, 16 canopy throughfall collectors were randomly

placed under the canopy and 1.0 m above the ground, and 3.1 The original Gash model

sub-canopy throughfall collectors were placed under the sub-

canopy and 0.20 m above the floor. The throughfall collectorThe original model of Gash (1979) considers rainfall to occur

is made of a 2 L plastic bottle, a plastic funnel (d=11.5cm), aas a series of discrete events, during which three phases can

connector with a filter (nylon screen) and a mounting equip-be distinguished: (i) a wetting phase; (ii) a saturation phase

ment. Stemflow from each tree was diverted from the cor-and (iii) a drying phase after rainfall has ceased. The model

rugated collar to a collection container at base of each treeis usually calculated from the total daily rainfall, assuming

Halved plastic corrugated tubing2.5 cm wide) was stapled one storm per day (Gash, 1979). The canopy is assumed to

and sealed with caulking around the circumference of 8 treefiave sufficient time to dry between storms. Therefore, the

at a mean height of1.5 m. The stemflow (mm) was derived model was not intended to be used for short vegetation types

employing the equation (Price and Carlyle-Moses, 2003): in temperate latitudes, which may stay wet for prolonged pe-

riods of time (van Dijk and Bruijnzeel, 2001). The original

=" SF(a) (1) Gash model has been successfully applied to simulate canopy

FA interception loss in relatively closed canopies (canopy cov-

whereSFis the estimated stemflow for a given area of forest €S from 60% to 100%). The model of the evaporative pro-
(FA) (m?) with n number of treesi=8) andSF(a)is the = CESS assumes that the canopy and trunk storages extend to

average stemflow volume from sampled trees. the whole plot area (Gash and Morton, 1978; Gash et al.,
1980; Pearce and Rowe, 1981; Lloyd et al., 1988; van Dijk
2.5 Meteorological instruments and Bruijnzeel, 2001). Consequently the results from some

other studies suggested that these models should not be ap-
A weather station was fixee5.0m above the top of the plied to the sparse forests, as they significantly overestimated
canopy on a 30 m metal tower, which included a wet-only the interception loss (e.g. Lankreijer et al., 1993).
collector MISU (Department of Meteorology, Stockholm  The forest structure is described in terms of a canopy ca-
University, Sweden) and an Eddy Correlation (ECOR) Sys-pacity, S (Gash and Morton, 1978), and a free throughfall
tem. The ECOR system includes a 3-D sonic anemometecoefficient, p (p is often assumed equal to one minus the
(Gill Instruments Ltd. Omnidirectional Model R3) and a LI- canopy coverg). More often (- p—p;,) is considered equal
6262 closed path infrared gas analyzer (LI-COR, Lincoln,to canopy cover, wherg; denotes the rainfall diverted to the
Nebraska). The data from ECOR system were sampled everfrunks, which represents a stem storage capagjtymm).
second and averaged 10 min are periods. Rainfall volume3he mean evaporation rate during rainfall(mm-h—1), and
and rainfall intensity were measured at a half-hour interval.the mean rainfall rateR (mm-h~1), for saturated canopy,
In this study, the detailed half-hour data from two typical are also required. The way separate components of the
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Table 2. Original form of the Gash’s analytical model compared with the form of the sparse Gash’s model revised by Valente et al. (1997).

Original Gash (1979) Sparse Gash model (Valente et al., 1997)
model

Components of interception loss

m m
Form storms insufficient to saturate the canopy;<Pg’) (1 —p—p1) ). Pg,j c Pgj

j=1 j=1
Forn storms P> Pg’)

Wetting up canopy n[(1—p—p)P;—S1  n(cPj —Sc)
- n = n

Wet canopy evaporation during storms % > (Pg,j — Pg) C(lf% > (Pg,j — Pp)I

j=1 j=1
Evaporation after storms nS nSe

m+n—q 1 i n—q
Evaporation from trunks fog storms Pg>S;/p:), qSt+p Y. PG qSt + pgcll— %] > (P j— P’G)
j=1 ’ j=1 '

which saturate the trunks and in the left column for the
n+m—gq, which do not g <S;/ps)

Parameters

; _ RS _ E ___ R S _ (-9E,
Rainfall necessary to saturate the canong ~F I_n[l (l—p—p;)lé] “@eF © In[1 7 ]
Mean wet canopy evaporation rate E=Ey E =cE,
Canopy capacity S S=cS¢

interception losses are calculated using these parameters & the dependent variable arflf—(1—c) Pg] as the inde-

shown in Table 2. pendent variable. While the drainage portioning coefficient
(pa) is equated with the slope of this linear equation divided
3.2 The sparse Gash model by (1 + the slope). The parametdrssS, andsS; are all scaled

to the fractional cover (C)E,, S., ands; .
Addressing both the conceptual error in the original model
and the inadequate performance in the sparse forests (Teld.3.2 Evaporation rate
lehaimonot and Jarvis, 1991), Gash et al. (1995) proposed a
revised version. Valente et al. (1997) further improved theThe measured evaporation rate, (mmh~1) is compared
Gash model by taking the canopy sparseness into considewith the estimated evaporation for calibratiofi., the cor-
ation by scaling the mean evaporation rate during a stornrected average evaporation rate over the hours of rainfall on
event and other model parameters to the proportion of canopgne day equals t&-c(mm-h~1). Potential evaporationk,)
cover present at the community of interest. The averages calculated using the Penman-Monteith equation (Rutter et
evaporation £) from the saturated canopy is calculated, asal., 1971), which is equivalent to the equation withset
in the original version of the model, through the Penman-to zero. The aerodynamic conductangg)(was calculated
Monteith equation. Evaporation from the open area is asfrom the equation for momentum transfer in near neutral con-
sumed to be zero. Valente et al. (1997) replaces the evaporalitions (Gash et al., 1999):
tion from the canopy termA_) with a term that includes both
evaporation from the canopy and trunks-¢) E.., wheres is k 2
a model constant relating trunk evaporation to canopy evaps¢ = {m} '
oration (Table 2).

)

wherek is von Kaman’s constanti=0.41),d (m) is the zero

3.3 Estimation of canopy-structure parameters plane displacementg (m) is the roughness for momentum
andu (m-s~1) is the windspeed at height(m). d andzg
3.3.1 Canopy storage capacity in each canopy layer were estimated as 0.75 and 0.1, respectively, of the average

stand height (Rutter et al., 1971, 1975).
The canopy storage capacity)(was calculated from a Evaporation rateK) for the saturated canopy of a sparse
plot of throughfall plus stemflow versus gross precipitation forest can be estimated & whenC=>S, or asE=E,-C/S,
(Aboal et al., 1999). Valente et al. (1997) suggests that thevhenC <S (C is the actual canopy storage afids canopy
trunks storage capacitys{) of the site may be estimated as storage capacity) (Teklehaimonot and Jarvis, 1991; Domingo
the negative interception of linear regression with stemflowet al., 1998; Schellekens, et al., 1999).
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Fig. 3. Cumulative measured precipitation (BP), throughfall (CTF) Incident precipitaion (mm)
and sub-throughfall (STRR), and stemflowb) in 2003.
Fig. 4. Throughfall as a percentage of incident precipitation in the
study site during the observe year of 2003.

Rainfall intensity,R, is calculated for all hours when the

rainfall exceeds the threshold, 0.5 mm (Gash et al., 1995). %0
3.3.3 Coefficient of free throughfallpj and model con- 8 r CV >25%
stant €) 70 L 7 TF<18%

The coefficient was estimated by the method of Leyton et 5
al. (1967), as the slope of the regression of single-event'E 50 |-
throughfall on single event rainfall, in this case considering s 4,
the event amount necessary exce€dd he model constant _g
(¢) that relates the evaporation rate from trunks to that of sat- 5 30 O
urated canopies was not determined experimentally. Rathei© 20 | :
the value of this constant was set to 0.023 based on the find-

ings of Valente et al. (1997). . f

CV < 25%
TF= 18%

0 100

3.4 Model calibration and validation 20Throughfa|| ?l%of incident%orecipitation) 80
To calibrate the two models, several rainfa” events _We_re SeFig. 5. Throughfall coefficients of variation (CV) (%) as a function
lected throughout the year and were put into an artificial se-yf the throughfall (% of incident precipitation).

quence of 10 days in total. The events were selected for rel-

atively extreme rainfall intensities and amounts, for low and

high evaporation rates at night and during t.he dgy, and fprrainfa” quantity of 1226:15.6 mmyr—! (Fig. 3). The cu-

low and high temperatures, and for low and high wind veloci- jyjative top-canopy throughfall accounted for 84.7%Pgf

ties. In parameter optimization, mutual interference betweenrne cuymulative sub-throughfall was measured to be 76.0%

parameters is to be eliminated as much as possible. of P; (Fig. 3). The stemflow in the top-canopy amounted to
To test whether one characteristic parameter set can bg 494 of P;. The stemflow in sub-canopy was not measured

used throughout the year, the total 10 calibration periodsoy field operational reasons.

were aga}in split into five original indi\{idual 'pe'riods. For  The variability of the throughfall depths between the

each period, each parameter was again optimized once atg?auges ranged from 3.5% to 18.6% with a mean of 7.2%.

time. The variability of throughfall between the measured 10 plots
was estimated at 12.7%, ranging from 5.6% to 20.8%.

4 Results For the large eventsPG>10mm) in Shaoshan forest
stand, throughfall accounted for more than 85% of the in-

4.1 Rainfall partitioning and variability cident precipitation (Fig. 4). The proportion of throughfall

for smaller eventsK¥s <10 mm) increased in a linear fashion
During the observed year of 2003 in Shaoshan forest, a tofrom 14.1% for events ranged from 0.4 to 2.0 mm to 74.8%
tal of 75 events were measured adding up to a cumulativéor events from 3.4 to 9.4 mm (Fig. 4).
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Fig. 6. Detailed half hourly meteorological data for two typical events distributed in 15-17 April and 28—30 October in 2003 in the Shaoshan
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Fig. 7. Weekly averaged precipitation (mrg), relative humidity (%)b), air temperature®C) (c), net radiation (Wm~2) (d), and wind-
speed (ms_l) (e)in Shaoshan forest during 2003.

The coefficients of variability (CV) of throughfall for all maximum windspeeds are presented because mechanical dis-
events averaged 11.2% and ranged from 6.8% to 81.3%odging of intercepted water is likely to be a function of the
(Fig. 5). The CV of sub-throughfall for all events were es- maximum, rather than the mean wind speed. The mean rain-
timated to be 5.5% and ranged from 2.1% to 10.7%. Thefall intensity was measured to be 5.3 it ranging from
CV values for small events were much higher than those for0.3 mmh=1 to 12.0 mmh—1,
large events. The CV values for90% of events, especially  as can be seen from Fig. 7a, 60% of precipitation was

for the event precipitation higher than 10 mm, were less thartoncentrated in the period from week 10th to week 32nd. A

25% (Fig. 5). similar distribution is found for temperature (Fig. 7b), wind-
speed (Fig. 7c¢) and net radiation (Fig. 7d).

4.2 Event weather conditions

) ) 4.3 Canopy structure parameters
Figure 6 shows the half hourly rainfall and canopy weather

data for the events in 15-17 April (wet season) (Fig. 6a— ,

e) and 28-30 October (dry season) (Fig. 6dj), respectively?-3-1 Canopy storage capacity

Both events illustrate the typical time lag of 1-2 h between

significant P and throughfall, associated with wetting up The values of parameters derived for the Gash model ver-
of the canopy (Fig. 6a and d). Both events show the diur-sions are presented in Table 3. The canopy storage capacity
nal cycling of rainfall depth (Fig. 3a and f), rainfall intensity (S) appeared to be related to season, increasing from 1.1 mm
(Fig. 3b and g), net radiation (Fig. 3c and h), temperaturein spring and winter to 1.7 mm (a 54.5% increase) in sum-
(Fig. 3d and i), and max windspeed (Fig. 3e and j). Themer, with a mean of 1.4 mm of in the top-canopy layer

www.copernicus.org/EGU/hess/hess/10/65/ Hydrology and Earth System Sciences,710) 2656
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Table 3. Derived parameters for the Gash models in Shaoshan stand.

Top-canopy layer Original model  Sub-canopy layer Sparse model

Gross precipitationPg (mm yr-1) 1226 1037
Necessary to saturate cano% (mm) 1.85 1.10
Free throughfall coefficieny 0.85 -
Stemflow partitioning coefficienty; 0.03 -
Canopy coverg 0.82 0.41
Canopy storage capacity,(mm) 1.40 0.72
Canopy storage scaling by canopy covge=S/c (mm) 1.71 1.76
Trunk storage capacity; (mm) 0.16 0.09
Average evaporation rat&, (mm h1) 0.79 -
Average evaporation rate scaling by canopy colierimm h1) - 0.32
Average rainfall intensity? (mm h~1) 53 3.8
Number of rainfall sufficient to saturate the canaopy, 41 35
Number of rainfall insufficient to saturate the canopy, 8 14
Number of rainfall sufficient to saturate the stems and trugks, 26 15
Constantg - 0.023
Drainage partitioning coefficieng, - 0.037

35

o]
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- m TF(m) y=085x-176 s
11 " R?=0.98

o SUB-TF(mm) \
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~
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T 260
£25 | £
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Measured evaporation (mm h™)

Fig. 9. Relationship between rainfall events and throughfall, and

Fig. 8. Comparison of measured and calculated evaporationsub-throughfall.

(mmh~1) by the eddy correlation system and the Penman-Monteith
equation. is the regression line of the calculated on measured
evaporation. The- — — is the 1:1 line.

unit ground,E, was calculated to be 0.79 mint! in the top-

(Table 3). The sub-canopy storage capadityis estimated ~ Canopy by the Penman-Monteith equation and 0.32hmMm
to be 0.72 mm (1.76 mm fcs,). of E, for the sparse sub-canopy.

4.3.2 Canopy evaporation rate

4.3.3 Free throughfall coefficient
There is no statistical difference between the measured and
calculated evaporation rate by the ECOR systems and the
Penman-Monteith equation with Eq. (2). Testing the hy- Free throughfall coefficienty) for the original Gash model
potheses of unit slope and zero intercept showed that the rés 0.85 in top-canopy layer by the method of Leyton et
gression line (with a slope of 1.03) is not significant from the al. (1967) and 0.76 in the sub-canopy (Fig. 9), respectively.
1:1 line (p-values of 0.35 and 0.14 for the slope and the inter-The stemflow coefficienty) in top-canopy layer was esti-
cept, respectively) (Fig. 8). The average evaporation rate pemated to be 0.03.
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Table 4. Measured and modelled results of the canopy intercepfigh¢omponents in the studied forest during 2003 (in mm and as % of
total estimated interception loss).

Parameters Top-canopy Original model  Sub-canopy Sparse model
For storms R; <P(;
Evaporation from canopy 7.7 (3.6 %) 4.0 (3.3 %)
For stormsPg > P/, (mm)
Wetting up of canopy 29.7 (13.8%) 15.3 (12.9%)
Evaporation from canopy during storms 118.0 (54.7%) 37.9 (32.0%)
Evaporation after storms 58.7 (27.2%) 56.9 (48.1%)
Evaporation from trunks and stems 17.5 (8.1%) 4.4 (3.7%)
Estimated interception loss in each canopy layer (mm) 215.6 118.5
Measured interception loss in each canopy layer (mm) 184.0 110.3
Deviation (%) 17.2 7.0
Total estimated interception loss of two layers (mm) 334.1
Total measured interception loss of two layers (mm) 294.3
Deviation (%) 135
4.4 Interception components ception losses, and a total error of 52.1 mm, i.e. 28.6% of

the sub-canopy interception. It should be noted that his er-
Measured and modelled interception loss components areor translates to error in the estimation of canopy parameters,
presented in Table 4. The annual canopy interception lossiotablyS (Gash and Morton, 1978; Lloyd et al., 1988).

in the top-canopy layer was measured to be 15.0%0&nd Error in the prediction of the top-canopy interception
that in the sub-canopy was 9.0% B during 2003, indicat-  |osses with the original Gash model, estimated by follow-
ing a total interception loss of 24.0% &%;. ing the method of Lloyd et al. (1988), was dominated by the

Modeled interception loss from the top-canopy by the errors in S,p, p;, and E, which assumed to b&0.1 mm,
original Gash model was 223.6 mm (18.2%Rj) with an 0.5, 0.01, and 0.02min1, respectively. And the error
overestimation of 21.5% compared with the measured lossin prediction of sub-canopy interception losses was dom-
Modeled interception in the sub-canopy layer by the sparsénated by errors in § E. and ¢, which assumed to be
Gash model was 118.5 mm, with an overestimation of 7.0%+0.1 mm, 0.01 mnh~ and 0.10, respectively. The method
of the measured loss. The total modelled interception los®of Rosenbluth (1975) was used to derive an estimated error of
was 334.1 mm, with an overestimation of 39.8 mm (13.5%)+13.7 mm for top-canopy interception losses atfl.2 mm
compared with the total measured loss, 294.3 mm (Table 4).for sub-canopy losses, respectively. From what has been dis-

The predicted top-canopy interception losses suggestedussed above, we can see that the predicted errors are smaller
that 54.7% and 27.2% of the losses were evaporated in théhan the observation errors. The sparse Gash model gives
stages of “during storms” and “after storms”, respectively. more accurate estimates than the original model.

Similarly, 32.0% and 48.1% of the simulated sub-canopy
losses were lost in the “during storms” and “after storms”
stages, respectively (Table 4). 5 Discussion

4.5 Error analysis 5.1 Canopy storage capacity

Error in the field determination of interception losses was es-The derived values of the storage capacity for the original
timated assuming that (a) a random error of 5% in incidentand sparse Gash model in top- and sub-canopy layer are 1.40
event measurement throughout the study year (Gash et aland 0.72 mm, respectively. The values fall within the typi-
1995), giving a total error of 61.3 mm for top-canopy and cal range of 0.5 to 2.5mm for deciduous canopies and 0.3
51.2 mm for sub-canopy, (b) an error of 11.2% for through-to 2.4 mm for coniferous canopies (Whitehead and Kelliher,
fall and 5.5% for sub-throughfall, estimated on the basis 0f1991; Navar and Bryan, 1994; Klaassen et al., 1998; van
its spatial variability, and giving a total error of 19.5 mm for Dijk and Bruijnzeel, 2001). The storage capacity is assumed
throughfall and 10.0 mm for sub-throughfall, and (c) an er-to be constant during a single storm, but is probably vari-
ror of 20% in stemflow (see Gash et al., 1995) giving a totalable between events (Robin, 2003; Keim, 2004). The stor-
error of 1.1 mm. The quadratic sum of these errors gives aage capacity tends to increase with smaller drops and lower
total error of 64.3mm, i.e. 37.0% of the top-canopy inter- rainfall rate (Calder, 1990, 1996). The raindrop size in the
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Table 5. Partitioning of interception losses (%) among the different 5.2 Evaporation rate
modelled stages of rainfall events in the Gash models. The results _ _ o .
shown for the present study refer to the estimates from the originall @ values of £ and E. are within typical range of

and sparse Gash models. 0.15 mmh—1 (LOUSteaU et al., 1992) to 0.65 re (Va'
lente et al., 1997). Gash et al. (1995) reported that the wet
Literatures | I m v Vv canopy evaporation rate is directly related to the canopy cov-

erage. The evaporation rate per unit cover area improves the

I from original Gash model agreement between the estimated and measured interception

Present study (top-canopy) 3.6 138 547 272 8.1 loss (Gash etal., 1995; Valente et al., 1997), which may ex-
Gash (1979) 19 5 34 41 1 plain the accurate estimates of the sub-canopy interception
Gash et al. (1980) 10 3 27 49 11 |gss compared with that in the top-canopy.
Pearce and Rowe (1981) 3 4 69 23 1 It i ted that fi f t d trunks |
Lioyd et al. (1988) 7 1 34 49 9 is note at evaporation from stem and trun s0 in
Navar and Bryan (1994) 0 4 71 22 3 Shaoshan study was sI.lght, accounting for 8.1 and 3.7% of
Carlyle-Moses and Price (1999) 4 3 34 54 5 the estimated interception loss in top- and sub-canopy, re-
Schellekens et al. (1999) 0 8 82 10 O spectively. Rutter and Morton (1975) suggested the evapora-
I¢c from sparse Gash model tion from stems (on a projected area basis) to be only 2% of
Present study (sub-canopy) 33 129 320 481 37 Wetcanopy evaporation rate. However, van Dijk and Brui-
Carlyle-Moses and Price (1999) 5 3 27 60 5 jnzeel (2001) reported that evaporation from wetted stems
Van Dijk and Bruijnzeel (2001) 0 8 84 8 0 during a storm had a significant impact on the relative magni-

tude of the interception loss and argued that evaporation rate

I, Evaporation from events in which rainfall was insufficient to sat- from wetted stems equaled to that from the wetted canopy.

urate the canopy; Il, Wetting up of canopy; Ill, Evaporation from ] )
canopy during storms; IV, Evaporation from canopy after storms; 2.3 ~Canopy interception loss

V, Evaporation from trunks and stems.
With regard to the interception losses, the original Gash

model overestimated the top-canopy interception by 17.2%;
in contrast, the sparse model gave an accurate estimate for
the sub-canopy loss (7.0%) (Table 4).
p- Table 5 shows that in previous studies~E4% of the
calculated interception loss by the original Gash model and
8~60% by the sparse model occurred in the stage of “af-
ter storms”, and 2¥82% and 2784% were in the “dur-

Canopy storage capacit§) in the top-canopy is almost ing storms” stage, respectiv_ely. In our present study, the
two times that in the sub-canopy layer in Shaoshan mixedModelled top-canopy losses in the “during storms” stage ac-
forest, which indicates thaf is more variable in the top- counted for 54.7% of the estimated loss and that in the “after
canopy than that in the sub-canopy. Also, in the sub-canop?torms" phase was 27.2%, which were in agreement with the
probably average drop-size is large. In deciduous forestsPrevious results (Table 5). Furthermore, for the sub-canopy
wind speed was demonstrated to redscey the mechani-  Intérception, 32% of the es_’umated interception in the “dur-
cal shaking of the canopy elementsofithann et al., 1996), N9 stqrms” stage and 48% in the “after storms” stage agreed
while Link et al. (2004) found no relationship betwegand ~ Well with the reported ranges (Table 5).
wind speed during an event study in an old-growth Douglas- There is an increasing number of studies report that wet
fir-western hemlock ecosystem. In some conifer forestsCanopy evaporation rates inferred from throughfall measure-
Calder (1996) found that canopy storage capadjy\aried ~ ments are much higher than that derived from Penman-
dynamically with rainfall intensity and suggested tiaisa ~ Monteith theory (Rowe, 1983; Vrugt et al., 2003; Keim,
function of raindrop size and thus rainfall intensity, wgh ~ 2004). Gash and Morton (1978), using the original ana-

being reduced when raindrop volumes and associated kinetitytical model with Penman-Monteith equation in England,
energies are large. found that the interception loss was overestimated by 6.9%.

Moreover, Gash et al. (1980) found large difference between

The sensitivity ofc and S in our study is similar to the observed and modelled values for three coniferous forests
analysis of Gash et al. (1995), which shows that the simu-in UK, although the value for the mean evaporation rate
lated interception loss is the most sensitive to the value ofwas within 20% level of confidence. Rowe (1983) found
the canopy covercf, followed by a lower sensitivity to the the Gash model overestimated interception loss by 3.4% in
canopy storage capacit§X. The modelled interception loss a evergreen mixed forest in New Zealand, whilériann
was fairly insensitive to the stemflow parametes,p; and et al. (1996) concluded, introducing a wind dependent stor-
e. age capacity, that the Gash model overestimated observed

sub-canopy layer does not vary significantly because the u
per canopy reduces the dependencs ohf rainfall intensity
by homogenizing the size distribution of raindrops prior to
contact with the lower layers (Link et al., 2004).
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interception loss by 5.4% in beech forests in northern Ger- ~ Listof symbols

many. In our Shaoshan forest study, the total estimated in- PG~ 9ross precipitation (mm)

terception loss by combining of the original Gash model and ~ P~ 9ross precipitation necessary to saturate the
the sparse model overestimated the total measured loss by canopy (mm)

13.5%, which is slightly higher than the reported results. p  free throughfall coefficient (dimensionless)
p:  stemflow portioning coefficient (dimensionless)
S

canopy storage capacity (mm)

5.4 Application of the groups of the Gash models Se  canopy storage capacity scaling by canopy cover
(mm)
S;  stem and trunk storage capacity (mm)
The main weakness of the reformulated Gash model is ¢ ©anopy coverage.(dlmenS|onIelss)
probably the assumption that the evaporation for the satu- £ ~ average evaporation rate (ihm®)
rated canopy of a sparse forest can be estimated adequately £c ~average evaporation rate scaling by canopy cover

by the Penman-Monteith equation. The application of the  _ (mmh~t)

Penman-Monteith equation to simulate the evaporation rate average rainfall intensity (mi1)

requires good description of the internal layer resistance of P«  drainage partitioning coefficient (dimensionless)
the canopy. In addition, the stability correction for aerody- 7 nhumber of rainfall sufficient to saturate the

=

namic resistance above forests cannot be neglected, as usu- canopy (dimensionless)

ally assumed. Valente et al. (1997) has found that the in- m  number of rainfall insufficient to saturate the
terception loss ipine stands was usually higher that that in canopy (dimensionless)

eucalyptforests, where the higher interception loss frompine ¢ number of rainfall sufficient to saturate the
forests can be attributed to their large canopy storage and the stems and trunks (dimensionless)
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