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Abstract. There remains a gap in the knowledge of both ing curve litter interception model being reliant on empirical
canopy and litter interception processes in forest hydrol-relationships, their application highlights the importance of
ogy and limitations in the models used to represent themconsidering canopy and litter interception in water resources
In South Africa, interception is typically considered to con- management and planning.
stitute only a small portion of the total evaporation and
in some models is disregarded. Interception is a threshold
process, as a certain amount of water is required before
successive processes can take place. Therefore an error dr Introduction
false assumption introduced in modelling interception will
automatically introduce errors in the calibration of subse-There is a gap in the knowledge of both canopy and litter in-
quent models/processes. Field experiments to assess thegception in South African forest hydrology, as well as inter-
processes, viz. canopy and litter interception were estabnationally. Interception is typically considered to constitute
lished for the three main commercial forestry genera in Soutronly a small portion of total evaporation, and in some models
Africa, namelyPinus, AcacisandEucalyptuswhich are de-  interception is disregarded completely (Gerrits et al., 2010)
scribed in a companion paper. Drawing on both field and lab-or merely lumped with total evaporation and not considered
oratory data, the “Variable Storage Gash” model for canopyas a separate process (Savenije, 2004). If interception is con-
interception and an idealised drying curve litter interceptionsidered, it is usually only canopy interception, whereas litter
model were developed to represent these processes for Souithierception may be as high or even higher (Gerrits, 2007).
African conditions. The Variable Storage Gash model waslnterception is a threshold process, so a certain amount of
compared with the original Gash model and it was found thatwater is required to saturate the canopy and litter storage
it performed better than the original model in forests with deficit, and is one of the first to consider in modelling before
high storage capacities yet was similar to the original modelsuccessive processes such as infiltration and runoff can take
in stands with a low storage capacity. Thus, the models deplace (Bulcock and Jewitt, 2012). Therefore, an error intro-
veloped here were shown to adequately represent the inteduced in modelling interception, especially disregarding it,
ception processes and provide a way forward for more repwill automatically introduce errors in the calibration of sub-
resentative water resources planning modelling. It was foundsequent models/processes (Savenije, 2004).
that canopy and litter interception can account for as much Interception may be defined as a stock, a flux or more ap-
as 26.6 % and 13.4 % of gross precipitation, respectively, angbropriately, as a process. If interception is considered as in-
are therefore important hydrological processes to consider ifierception storagest), then it is defined as the rainfall that
forested catchments in South Africa. Despite the limitation ofis temporarily stored on a surface. As a flux, interception
both the Variable Storage Gash model and the idealised dryis defined as water that is evaporated over a certain period
both during and after an event. However, if interception is
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considered as a process, then it is defined as being part afisite simplicity” (Stirzaker et al., 2010) where irrelevant de-
the rainfall flux that is intercepted by a surface and is subsetail has been discarded but conceptual clarity and scientific
quently evaporated back to the atmosphere. The interceptiorigour retained. In this paper we show how information from
may be expressed as the sum of the change in interceptiofield experiments and laboratory analysis to assess canopy
storage §¢) and the evaporation from this stock;( (Gerrits ~ and litter interception established for the three main com-

et al., 2010) as shown in Eqg. (1). mercial forestry genera in South Africa, as described in the
companion paper (Bulcock and Jewitt, 2012) can be used
dsc . X . o :
I =E +— (1) to improve the representation of interception in hydrological
dr models.

Currently, only the Rutter and Gash models or their deriva-
tives have been widely adopted to simulate canopy inter-

ception (Roberts et al., 2004). In a comprehensive revien? Methodology
of 15 rainfall interception models by Muzylo et al. (2009),
they showed that the original and revised Gash models wer

the most extensively applied models, and to a slightly lessefrng sy dy took place in the well documented Council for Sci-

extent, the original and revised Rutter models. As an altergpific and Industrial Research (CSIR) Two Streams research
native to the Rutter and Gash type models, Calder (1986

° catchment, located in the Seven Oaks area, about 70 km
1996) developed a stochastic model that accounted for varys ih_east of Pietermaritzburg in the KwaZulu-Natal Mid-

ing canopy storage capacity with drop size and, therefore|gngs The climate is humid, with an annual rainfall ranging

with rainfall intensity. This highlighted a controversy over ¢ 800 mm to 1280 mm that includes many days of mist.
whether the canopy storage capacity should be treated as Buring the study period from April 2008—March 2011, 51 %
variable or a fixed parameter (Roberts et al., 2004), which hag¢ the recorded events were less than 1 mm, and 74 % of the
not been resolved. Bulcock and Jewitt (2012) in a companion,ents were less than 4 mm (Bulcock and Jewitt, 2012). The
paper showed that canopy storage capacity varies with rainr'nean annual temperature is°X7 and is typical of the inland

fall intensity. Based on these studies, as well as the consideisq mercial plantation forestry areas of South Africa. Com-
ation of Eq. (1), which shows that storage changes with time o i) afforestation has long been practiced in the area and
the well-recognised Gash model was adapted to account fOg he most widespread land use, with exotic to South Africa
a variable storage capacity with a varying rainfall intensity gum Eucalyptu$, pine Pinug and wattle Acacia being the

by incorporating the methods developed by Calder (1996)genera of choice. Sugarcaf@accharum sp.js also grown

In this study, the development of the Variable Storage (VS)g; sjtes where drainage of cold air is good, ensuring that no
Gash model is des_cribed an_d_tested against observed data apds; of only light frost may occur (Everson et al., 2006). In
then compared with the original Gash model (Gash, 1979 sy dy, 5yr oldEucalyptus grandiandAcacia meamsii

to determine if including a change in storage capacity with ;5 \vell as 16 yr oldPinus patulastands, with LAl values of

varying rainfall intensity improves the model output. 2.7,2.3, and 1.9, respectively, were considered.
The throughfall derived from the VS Gash modelwasused = ' ’

as an input variable to model litter interception, as it is the2 2  Fjeld data collection

throughfall that determines the amount of water that will

reach the litter. Unlike canopy interception, which is depen-Gross precipitation and evaporation data were supplied by
dent on many factors including the storage capacity, potentiathe CSIR from two automatic weather stations forming part
evaporation, rainfall intensity and rainfall duration, litter in- of an ongoing Water Research Commission (WRC) project
terception is largely dependent on the storage capacity. ThigEverson et al., 2006). One was for tAe mearnsiiand E.

is due to evaporative drivers under the canopy such as radigrandissites, which is situated on a tower above the canopy,
ation, temperature and wind speed being moderated by thand the other for thE. patulasite situated in the open but not
above canopy. Therefore, as long as the input of simulate@bove the canopy and is closer to the study site. The models
throughfall from the VS Gash model and litter storage ca-were developed and validated with canopy and litter inter-
pacity is estimated accurately, then the idealised drying curveeption data collected from April 2008 to March 2011. Data
model should perform well. While the VS Gash model may from September 1998 to March 2011 were then used to sim-
be considered relatively complex and the idealised dryingulate canopy and litter interception for almost a thirteen-year
curves fairly simple, it is important to develop models that period.

are useful at the scale of implementation and can use read-

ily available data. While there are more complex, physically-

based litter interception models, these require input variables

and parameters that are not readily available. Thus, it is ar-

gued that combining the VS Gash model with the idealised

drying curves to simulate total interception achieves a “req-

g.l Study site
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2.2.1 Throughfall and canopy interception structure and interception parameters and climate forcing
measurements variables as input. In this study, the VS Gash model will be
compared to the Original Gash model (Gash, 1979). The stor-
Throughfall measurements were undertaken using a nest Gige capacity.) determined using the Klaasens et al. (1998)
three V-shaped troughs based on the design of Cuartus efmean method” for the study area will be used in the origi-
al. (2007) constructed from galvanised sheeting. The dimennal Gash model. As reported by Bulcock and Jewitt (2012)
sions of each trough are 10cm wide200cm long. Con-  these are 0.41 mm, 1.07 mm and 0.92 mmEograndis A.
ventional U- or V-shaped troughs are susceptible to block-mearnsiiandP. patula respectively.
age by fallen debris and water loss from splash out; how- The VS Gash model is based on three assumptions, the

ever, this system minimizes splash out by using steep Virst two being from the original Gash model:
shaped sides. The troughs were covered with mosquito net-

ting to minimize the entry of debris, which reduces the de- — the rainfall distribution pattern may be represented as a
mand of cleaning and maintaining the system. A correction ~ Succession of discrete storms, separated by sufficiently
factor for each trough was derived from laboratory measure-  long periods to allow the canopy and trunks to dry

ments to account for the initial abstraction from the netting (Gash, 1979; Gash et al., 1995), and
(Bulcock and Jewitt, 2012).The troughs were then connected
to a tipping bucket gauge and an event data logger. Because
the trough represents a linear and continuous sampling sur-
face, the length scale variation of leaves, branches, and tree
crown are assumed to be a representative integral of the
throughfall caught (Cuartus et al., 2007). During the StUdyHowever, an additional assumption is added:

period, canopy interception accounted for between 14.9 %

and 27.7 % of gross precipitation. A detailed description of — the maximum canopy storage capacif't®) is lin-
the field measurements and results can be found in the com-  early related to LAl (van Dijk and Bruinzeel, 2001a, b),

panion paper (Bulcock and Jewitt, 2012). but the storage capacityq) varies with rainfall inten-
sity (R).

— the rainfall and evaporation rates are constant during
each storm and may be considered as constant between
several storms during the same period (Gash, 1979;
Gash et al., 1995).

2.2.2 Litter interception and water drained into soil , . ) i
measurements The process of interception is a function of several properties

of the tree, including branch, stem and crown characteristics,
The litter interception and water that drains into the soil wasand the structure of the stand (Rutter et al., 1975). Widely
measured using two round galvanized iron basins that fit intoSpaced trees have larger spaces between them, therefore the
each other. The upper basin, which had a diameter of 0.5 mventilation within the stand increases and may result in more
was filled with litter and had a geotextile lining on top of rainfall being intercepted and evaporated from the tree. How-
a wire mesh base so water could percolate into the lowe€Ver, tree spacing also affects the leaf area per unit ground
basin. The water that was collected in the lower basin drained@rea and the spatial distribution of leaf area density and will
into a tipping bucket and recorded the water that would havemodify both the available energy and boundary layer conduc-
drained into the soil. The litter interception was then calcu-tance of the stand and thus influence the rate of evaporation
lated as the difference between throughfall and the water tha@f intercepted water (McNaughton and Jarvis, 1983 in Tek-
otherwise would have drained into the soil. The amount oflehaimanot et al., 1991). In the VS Gash model this has been
litter interception measured was about 12.1 %Ropatula,  accounted for by using LAl as the primary parameter to de-
8.5% for E. grandis and 6.6 % forA. mearnsiiand is de-  scribe the canopy structure.
scribed in detail in the companion paper (Bulcock and Jewitt, The integrity of the original Gash model has not been jeop-
2012). ardised by the modifications made for the VS Gash model.

The model requires the following input variables and pa-

rameters to describe canopy interception: gross precipitation,
3 Evolution of the Variable Storage Gash interception evaporation, rainfall rate, LAl and maximum storage capac-

model ity. For stemflow, the additional parameters are trunk storage
. ) capacity §;) and the stemflow partitioning coefficient:{.

The original Gash (1979) and later the revised Gash etrapie 1 summarizes the names of the various versions of the

al. (1995) model are probably the best known canopy inter-g,sh models and authors referred to in this document as well
ception models. Both the Gash (1979) and revised Gash el he variables and parameters used in the models.
al. (1995) models classify storms according to the amount of

gross rainfall fg) generated and then compute interception
(I), throughfall ("), and stemflow §;). The Gash (1979),
Gash et al. (1995) models, and subsequent Variable Storage
(VS) Gash model developed for this study require canopy
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Table 1. Evolution of the various versions of the Gash model referred to in this document and model parameter and varidbles used

Parameters Model(s) Dimension Forcing Variables Model(s) Dimension
p — throughfall coefficient 14 [-] Pg— gross precipitation 12,34 LR

pt — trunk fraction coefficient 1,34 [-] E —evaporation 1,2,3,4 [L ‘I’l]

St — trunk storage 1,2,3,4 [L] R - rainfall rate 1,2,3,4 LTh

P{ —rain to fill canopy 1,234 LTY

Sc — canopy storage capacity 1,2,3,4 [L] Output Variables Model(s) Dimension
S&'@ — maximum canopy storage capacity 2,3,4 [LY —interception 1,2,3,4 LTy

Se —elemental storage 4 [L] Sf — stemflow 1,2,3,4 LTh

Ssghax — maximum elemental storage 4 [L] T — throughfall 1,2,3,4 LT

¢ — canopy cover 2,34 [-]

g — drop retention 4 -]

v — drop volume 4 [L]

vo — drop volume with zero kinetic energy 4 [L]

a — scaling parmeter 4 [-]

b — scaling parameter 4 =
4

LAl — leaf area index 3, [

Model Author

1 — Original Gash model Gash (1979)

2 — Revised Gash model Gash et al. (1995)

3 — Modified Gash model van Dijk and Bruijnzeel (2001)
4 — Variable Storage Gash model This study

1 parameters are considered to be time-invariant and physical descriptions of surface and subsurface characteristics, and variables fluxes (time-variant) of water and
energy (Moradkhani et al., 2005).

3.1 Interception parameters and variables 3.2 Analytical model equations

One of the most important parameters in all versions of thelhe equations common to the original Gash (1979) and VS
Gash model, including the VS Gash model, is the rain to fill Gash models and used to distribute rainfall from individual

canopy storager) which is described by Eg. (5) from the storms between the different storage terms are described be-

original Gash model (Gash, 1979): low. Some are constant for all storms while others depend on
the actual rainfall amount.
, E R For (n) small storms, where the rainfall amount is insuf-
Py=~In <1— R(l——p—p)> c (E) (2)  ficient to saturate the canopy (i.8g<Py), the evaporation
! from the canopy L;) is described as Eq. (7):
In this equation, the main term iS.(R/E), which is the m
amount of rain needed to fill the storage given that most ofl; = (1— p — py) Z(Pg, - 4)
the rain passes through the tree canopy. It must be noted that j-1

itis impossible forE/R>(1-p-p), becausel-p-p) equals in- ) o )

interception. in four phases (Egs. 8 to 11):
The rain to fill the trunk storageP{) (Gash, 1979) is de- evaporation during wetting phase
scribed by Eq. (6):
y Ea. (6) IW=n(l—p—pt)Pé—nSc, (5)
P{ =St/ pt. ©) evaporation of saturated canopy
The stemflow partitioning coefficienp{) is the fraction of _(E 1 . ,
rain that runs down the stem of a tree during a storm, and's = R Z(Pg’f —Po) ©6)

the trunk storage capacitysij is the total amount of water it

the trunk can hold. The intercepted coefficient is thereforeeyaporation after rain ceases
the fraction of rain held in the canopy during a storm and is
described asltp-p). Ia=nSg, )

Hydrol. Earth Syst. Sci., 16, 46934705 2012 www.hydrol-earth-syst-sci.net/16/4693/2012/
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Litter Drying Curves Table 2. Drying curve equations and litter storage capacity derived
s from field and laboratory experiments for three litter types in the
§ 4 KZN Midlands.
S 35
o 3 ;
5 E 25 Litter
2t .2 storage Litter
£ ’ N .
= 0; capacity thickness
% Species Drying curve equations (mm) (mm)
0 1 2 3 4 5 6 7 8 9 10 1 12 K 11879
Days since saturation E. grandls y= 2.2202 (XY ) 2.6 38
_ A. mearnsii y = 1.40 (x) 0983 1.8 20
¢ Pine ® Eucalyptus 4 Wattle P.patula vy = —1.5935 In(x)}+ 4.1419 45 97

Fig. 1. Idealised drying curves derived from field and laboratory
experiments for three litter types in the KZN midlands.
the extinction coefficienk = 0.5 (Landsberg and Waring,

. 1997; Battaglia et al., 2004) was used in the simulation of
evaporation from trunks, fay storms ¢g > P) the Two Streams catchment. Gazarini et al. (1990) found that
L —aS 8 a value oft = 0.50 was appropriate in their study Bf glob-

t=4»t (8) ulus, while Pierce and Running (1988) and Sampson and Lee
or for m +n — g storms Pg<P), Allen (1998) used vaIue; of 0.52 and 0.60 for pine, respec-
tively. No values forAcacia could be found.
m+n—q LAl
Lk=pt Y (Pg.)). c=1—e* (11)
j—1
_ _ _ The throughfall coefficientf) is the fraction of rain that
For all storms, irrespective of size, the stemfléy (Eq. 12)  passes through a canopy during a storm without touching the
and throughfall ) (Eq. 13) are considered as canopy and can be describedras: 1— ¢ (van Dijk and Brui-
, jnzeel, 2001a).
St = pt(Pg— Fy) )
3.4 Storage capacity and drop size
T=Py—1—5 (10) g pacity p
An often ignored factor when simulating or measuring
. ) .2 7~ canopy interception is the raindrop size. The importance
efficient (pr) and the difference between gross precipitation of drop size when determining canopy interception losses

flow ' ical climates of Indonesia and In_d|§1 by Ca_lder (1986).
' Calder (1986) developed a stochastic interception model that
predicts that for storms with the same total rainfall, inter-

ception losses would be larger for those with smaller drop
Gash et al. (1995) introduced the canopy cover fractipno{ ~ Sizes. The model also considers the drop retention by the
account for inadequacies in the simulation of sparse canopieganopy, and is partially dependent on the kinetic energy and
in the original model. Van Dijk and Bruijnzeel (2001a, b) hence drop size. The ability of a canopy to retain raindrops
then modified the revised Gash et al. (1995) model, allowingiS Parameterised in the model by a drop retention faefpr (
it to be applied to rapidly growing vegetation where the LAI (mm~2). The drop retention is dependent upon the size and
is changing over time. The VS Gash model now introduces &inetic energy of the impacting drop, as well as canopy prop-
vegetation/species-specific parameter, termed the maximur@rties such as wettability and leaf angle (Hall, 2003).
elemental storages"™), which accounts for the water hold-  To incorporate the dependenceqgmm™2) on both drop
ing characteristics of the canopy and is described more fullyvolume and therefore kinetic energy to form the VS Gash
in Sect. 4.4 below. LAl is defined as the cumulative one-model, a vegetation/species specific parameter is introduced,
sided area of leaves per unit area. In this model, LAl andtermed the maximum elemental storagg'{") (mm) and is
¢ are related to one another via the Beer-Lambert equatiogXpressed in Eq. (15). This is calculated by considering drops
(Eq. 14) that describes the attenuation of radiation (i.e. phoimpacting the surface with a kinetic energy as close to zero as
tosynthetically active radiation, PAR) as a function of LAI. Possible to determine the maximum storage capasfiy®),
PAR, however, does not penetrate far through leaves, therévhich according to Calder (1996) are events with an intensity
fore the Beer-Lambert equation may be expressed in term8f less than 0.36 mmH. The 7' values used in this study
of canopy cover fraction using similar parameters. The rela-are as follows:
tionship betweei and LAl is thus given by Eq. (14), where

The stemflow is the product of the stemflow partitioning co-

3.3 Canopy structure parameters

www.hydrol-earth-syst-sci.net/16/4693/2012/ Hydrol. Earth Syst. Sci., 16, 4698205 2012
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Fig. 2. Cumulative observed and modelled canopy interception simulated with the Variable Storage Gash model and original Gash model
from April 2008 to March 2011 at Two Streams.

Table 3. Summary of observed and modelled canopy interception results for April 2008 to March 2011 using the original Gash model and
Variable Storage (VS) Gash model.

Original Original  Original
Observed Observed VS Gash VS Gash Gash Gash Gash VSGash
Gross canopy canopy canopy canopy canopy canopy Relative Relative
Precip. interception interception interception interception interception interception Error Error
Genus (mm) (mm) (%) (mm) (%) (mm) (%) (%) (%)
Eucalyptus 1884.7 280.4 14.9 318.4 16.9 309.7 16.4 10.4 13.4
Acacia 1884.7 522.4 27.7 501.4 26.6 451.4 24.0 13.6 4.0
Pinus 1909.7 408.7 214 4441 23.3 464.9 24.3 13.8 8.9
— Eucalyptus grandis= 0.24 mm (£0.04 mm) The drop volumey) (mm?3) is estimated using the Marshall-

Palmer (Marshall and Palmer, 1948) equation:
— Acacia mearnsi= 0.63 mm (£0.06 mm) b
v=aR (15)

— Pinus patula= 0.51 mm (x0.03 mm .
P ( ) wherea = 0.124,b = 0.63, and are unitless parameters of a

gmax power function to scale mnm# to mn? (Hall, 2003).R —
SN — g vp(i.e.g = —=—) (12)  Gross rainfall rate or intensity (mnr).
vo In order to operate the model for a particular vegeta-
tion type, two vegetation specific parametSf&E* and S7"2*
yare required. A functional relationship betwedg/ S{"2
(Eg. 19a and b) and is also required. Calder (1996) devel-
oped the following empirical exponential relationship from
rainfall simulator experiments:

whereg — drop retention factor (mnt); ST — is the max-
imum storage of water retained by a canopy element (mm
anduy is the mean volume of the raindrop (Mpwith almost
zero kinetic energy.

The term maximum storage capacityf/®) which is ob-
tgineq when the ca.nopy.is wetted with drops of almost ZeI‘OSC/S‘r:naxz 1 for v<0.065 (16)
kinetic energy and is defined as

Sc/Sg® = 0.5+ 0.73.exp(—5.5.v) for v>0.065 7
S = Sg LAl = g voLAl (13)

Then, rearranging the Marshall-Palmer (Marshall and
The storage capacitys§) for non-zero kinetic energy drops Palmer, 1948) equation to determi®efor v<0.065 it can

can therefore be defined as: be established thafi;/S{"®* =1 for R<0.36 mm L. From
field measurements of LAl and storage capacity for events
Sc = Se LAl =g v LAl (14) with R<0.36 mmrl, the vegetation/species specifif’®

Hydrol. Earth Syst. Sci., 16, 46934705 2012 www.hydrol-earth-syst-sci.net/16/4693/2012/
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60.0 T°=

study of a Douglas fir stand, as much as half of the total forest
evaporation may originate from the canopy and litter inter-
ception processes. The water holding capacity of the surface

50.0
40.0
30.0

Percentage of events (%)

o0 =6 . horizon depends on the surface area of the material, similar to
. n=266 44 n=33 n=21  n=16 .

100 NS n-20 G 090 nele nel3  n=s  nea the storage of the canopy. Researchers have shown that litter
0.0 interception is governed primarily by the moisture holding
O 4307 30 30t 10 00 et e® e® o P capacity and initial storage capacity of the litter, but also by

Rainfall depth category (mm) the evaporative demapd following the rainfall event (Rowe,
1955; Helvey and Patric, 1965). Throughfall that reaches the

dry litter gradually increases the litter moisture to field capac-
Fig. 3. Percentage of rainfall events per rainfall depth category ( ity and then saturation. The saturated litter can lose as much
595 andn = 2577) for the periods April 2008 to March 2011 and as 75 % of its moisture in the first four days of drying (Blow,
September 1998 to March 2011, respectively. 1955; Jacobsz, 1987) and reaches an equilibrium after 10 to
12 days (Metz, 1958).

can be calculated. By knowing the from the Marshall- _ o

Palmer (Marshall and Palmer, 1948) equation 4f@, the 5 Litter model conceptualization

variableS; can be calculated as the productSf S{"® and

gmax ¢ P t5f Sc The litter interception model is based on the drying curves
CThe maximum elemental storagi) does not change of E. grandis, A. mearnsii and P. patulaieveloped from'

with the growth of the tree due to the linear relationship be_samples collected at t_he TWO Streams _study S'te_' A drying

tween SM and LAI. The linear relationship between stor- curve for naturally drying litter samples is determined from

age capcacity and LA for a given vegetation type of COI,]S.[‘,jmtcalcuIations of moisture content in the litter in the days fol-

physiognomy and configuration has been corroborated by thWing @ saturating rainfall event following the approach of

results of Aston (1979), Von-Hoyningen-Huene (1981), pit. Jewitt (1991). A representative sample of the litter was col-

man (1989), Liu (1998) and van Dijk and Bruijnzeel (2011b). Ie(_:t_ed for_each of the three genera anc_j plgced in an alu-
minium foil tray that had holes punched into it to allow for

3.5 Climatic variables free drainage of water. The samples were then dried in an
oven overnight at 100C for 24 h. Once the samples were
The climatic forcing variables required for the VS Gash dried, they were weighed. They were then saturated and
model are gross precipitatiorP§), mean gross rainfall rate weighed again to obtain the litter storage capacity as shown
(R) and mean evaporation rat&€) per event (Table 1). In in Table 2. The samples were then weighed daily for twelve
this study the Penman-Monteith reference potential evaporadays. This process was repeated twice annually for the three
tion was used with the stomatal resistance tergnéqual to  years of the study, to obtain the idealized drying curves il-

zero for the period that the rainfall event took place. lustrated in Fig. 1. The drying curves were derived from a
combination of the samples dried in the laboratory and under
3.6 Model validation and verification a shaded outdoor area.

The drying curve equations, litter storage capacity and lit-
The 'VS Gash model and litter interception model were val- ter thickness for each of the three genera are summarized in
idated by testing that the individual components of the mod-Tgple 2.
els were conceptually sound and that the model was pro- The litter model, which is programmed in a Microsoft Ex-
grammed correctly and gave consistent and realistic outputsse| spreadsheet, is site specific, as the litter characteristics
Using the split-sample method (Kle&el1986), the model il vary between species, age, litter thickness and climatic
parameters were calibrated using the data from the first yeafegion. The model uses the daily throughfall simulated using
of study (April 2008-April 2009), which accounted for both the VS Gash model as an input. A “bookkeeping” method is
summer and winter conditions. The remaining data fromthen used to calculate the litter moisture content depending
May 2009 to March 2011 was used to validate the calibratechn the preceding dry days following the wetting of the litter
parameters. The model was then run for the entire study pefrom the drying curves in Table 2. Once saturation (storage

riod and the time series of the model output was used to vercapacity) is reached, any excess throughfall will infiltrate to
ify the model output. the sail.

4 Litter interception model

A smaller, although significant, role is played by litter in-
terception. According to Schaap and Bouten (1997) in their
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Table 4. Summary of Variable Storage Gash model and observed canopy interception statistics for the period April 2008 to March 2011.

Statistic Eucalyptus grandis Acacia mearnsii Pinus patula
Modelled Observed Modelled Observed Modelled Observed
Sample size 1066 1066 1066 1066 1066 1066
Mean (mm) 0.30 0.26 0.47 0.49 0.42 0.38
Standard Error (mm) 0.015 0.014 0.029 0.030 0.022 0.025
Standard Deviation (mm) 0.48 0.44 0.93 0.97 0.72 0.81
Sample Variance (mm) 0.23 0.19 0.86 0.95 0.52 0.64
RMSE 0.24 0.26 0.54
R2 0.76 0.83 0.56
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Fig. 4. Cumulative observed and modelled litter interception simulated using idealised drying curves for three commercial forestry species
at Two Streams for the period April 2008 to March 2011.

6 Results and discussion simulatedE. grandis, A. mearnsiand P. patulacanopy in-
terception results, summarized in Table 3, corresponded well
6.1 Canopy interception with the observed data, with the difference between the sim-

ulated and observed ranging between 1.1 % and 2.0 %. This

The importance of canopy interception in the water balancezorresponds to a relative error of between 4.0 % and 13.4 %
of a forested catchment is illustrated in Fig. 2 as well aspetween simulated and observed results.
in Table 3, showing both the observed and modelled re- Rainfall interception from the canopy was responsible for
sults of this study. Once the models described were vali- |arge amount of the total evaporation from the forested ar-
datEd, canopy and litter interception were then simulated USeaS, and perhaps more than many may anticipa’[E, as shown
ing historical rainfall and evaporation data obtained fromjn Table 3. A noticeable result is thEticalyptus grandifas
the CSIR from September 1998 to March 2011. The maxi-the lowest interception of the three species in this study, even
mum elemental storagég*®*) parameter was calibrated dur- though it has the highest LAI. The small difference between
ing the period April 2008 to April 2009 to account for both the observed and simulated canopy interception can there-
summer and winter rainfall. The parameters used in validatfore be attributed to the successful estimation of the canopy
ing the models during the study period from April 2009 to storage capacity. Whil€&. grandishas the highest LA, it
March 2011 were kept constant, with only the rainfall and also had the smallest elemental stora§® @nd canopy re-
evaporation data changing when modelling from Septem+ention ¢), therefore having the smallest canopy storage ca-
ber 1998 to March 2011. pacity. What is also noticeable from Fig. 2 and Table 3 is that

The results of this study show that the simulated canopyfor E. grandisthe original and VS Gash models performed
interception ranges from 16.9 % to 26.6 % Eargrandisand  very similarly and had relative errors of 10.4 and 13.4%
A. mearnsiirespectively, and 23.3 % of gross precipitation is respectively. This is because tig of E. grandisdoes not
intercepted byP. patula Figure 2a, b and c illustrate that the
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Table 5. Summary of gross observed and modelled litter interception results from April 2008 to March 2011.

Observed Observed Modelled Modelled

Gross litter litter litter litter Relative
Precipitation interception interception interception interception Error
Genus (mm) (mm) (%) (mm) (%) (%)
Eucalyptus 1884.7 160.4 8.5 191.1 10.1 18.8
Acacia 1884.7 124.7 6.6 102.1 5.4 18.2
Pinus 1909.7 231.2 12.1 255.9 13.4 10.7

Table 6. Summary of the litter interception model and observed litter interception statistics for the period April 2008 to March 2011.

Statistic Eucalyptus grandis Acacia mearnsii Pinus patula
modelled observed modelled observed modelled observed
Sample size 1066 1066 1066 1066 1066 1066
Mean (mm) 0.18 0.15 0.10 0.12 0.24 0.21
Standard error (mm) 0.016 0.014 0.01 0.01 0.023 0.021
Standard deviation (mm) 0.51 0.46 0.28 0.33 0.74 0.68
Sample variance (mm) 0.26 0.21 0.08 0.11 0.54 0.46
RMSE 0.24 0.10 0.23
R? 0.77 0.85 0.83

change greatly with a change in rainfall intensity as shownbeen partially or fully filled by the mist interception), so the
by Bulcock and Jewitt (2012). Conversely, mearnsiihas  interception amount may in fact be slightly underestimated.
a high storage capacity and is sensitive to changes in rain- The performance of the VS Gash model in compari-
fall intensity as highlighted by Bulcock and Jewitt (2012). son with the observed data for the period April 2008 to
In this case, the VS Gash model performed significantly bet-March 2011 is summarised in Table 4.

ter than the original Gash model with relative errors of 4.0 From Table 4 it can be seen that the descriptive statis-
and 13.6 %, respectively. It is therefore important to considettics for observed and modelled canopy interception corre-
the retention characteristics of the canopy when modellingspond well. The worst performing beirlg patulawith a
canopy interception and not just base the estimation of thek? and root mean square error (RMSE) of 0.56 and 0.54,
canopy storage capacity on LAl. Furthermore, the estimatiorrespectively. Ther? for E. grandisand A. mearnsiiare

of canopy storage capacity took the rainfall intensity into ac-0.76 and 0.83, respectively, as well as low RMSE values
count, which was an important consideration in a mistbeltof 0.24 and 0.26, indicating that the model performed at an
area where there are a large number of low intensity eventscceptable level.

but the bulk of the rainfall comes from the relatively few

large, high intensity storms. From Fig. 3 it can be seen thalg 2 | jtter interception

50.8% of the rainfall events during this study period were

Ies; than 1 mm day, with 10.9% and 7.4% of the gvents The results of the litter interception study are illustrated in
being between 1 and 2 mm and 2 and 3 mm, respectively. Th%ig 4 and summarised in Table 5

gross rainfall record from September 1998 to March 2011 s o414y shows that litter interception has an important
showed a very S'm"?‘r trend in the gross ram_fal_l d|_str|but|on role in the forest hydrological cycle, with as much as 13.4 %
to that recorded during the study period. This indicates thatOf gross precipitation being intercepted by the 16 yr Bld

the gross rainfall during the study period was typical for the ., itter. The results of the cumulative modelled and ob-
catchment. In these small events almost 100 % of the grOSgerved litter interception are illustrated in Fig. 4. The model

rainfall would be intercepted by the canopy and the remain'results were good, with the actual difference between mod-
€elled and observed fcE. grandis A. mearnsiiand P. pat-

der by the litter (Jacobsz, 1987). It must be noted that th
raingauges did not have a mist interceptor, but any mist capya being 1.6 %, 1.2% and 1.3 %, respectively. This corre-

tured by the canopy would be accounted for by throughfallsponds with a relative error of 18.8%, 18.2% and 10.7 %

if there is a rainfal! event that occurs after the canopy haSrespectively. From the summarized results in Table 5, it can
been wetted by mist (i.e. that canopy storage capacity ha§, saen thap. mearnsiihas the lowest litter interception

with between 5.4 % and 6.6 % of gross precipitation being
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Fig. 5. Cumulative observed and modelled water that drains into soil from April 2008 to March 2011 for three species at Two Streams.

Table 7. Summary of observed and modelled water that drained to soil for April 2008 to March 2011.

Observed Observed Modelled Modelled

water water water water
Gross drained drained drained drained Relative
Precipitation to soil to soil to soil to soil Error
Genus (mm) (mm) (%) (mm) (%) (%)
Eucalyptus 1884.7 1437.0 76.2 1375.2 72.9 4.3
Acacia 1884.7 1237.7 65.7 1281.5 64.3 2.1
Pinus 1909.7 1269.8 66.5 1209.7 63.3 4.8

interceptedE. grandisand P. patulahad the highest mod- A. mearnsiihaving the highest at 0.85 arifl grandisthe

elled and observed litter interception with the modelled re-lowest at 0.77. To determine how the two models performed

sults being 10.1 % and 13.4 %, respectively. together, the cumulative water that drains into the soil was

Relative to the depth of litter (cf. Table &, grandishas  also considered.

a high litter interception value. This may be due to the shape

of the leaves that form the litter layer. The broad leaves act

as “cups” that catch the throughfall, and provide very little 6.3  Water that drains into the soil

resistance to the evaporative process. The simple litter in-

;cjerceptlon model based on idealised dr.ymg CUTVES 1S depeni_he observed results for the water that drains into the soil,
ent upon the accuracy of the canopy interception model as

the modelled throughfall is used as the model input. If the€: the “Se‘?‘b'e .Water , are a good indicator of how the
throughfall or canopy interception is modelled poorly, then canopy and litter interception models performed together to

. . o . o represent the entire interception process. This is because the
the input into the litter interception model will induce a sys- ol o
' o . . measured water that drains into the soil is measured as a sep-
tematic error from the beginning of the simulation.

The statistics describing the performance of the litter inter—arate entity and is not dependant on measured throughfall to

: . : . .~ calculate, as is the case with litter interception. Therefore, if
ception model derived from the drying curves in comparison

with the observed data measured at Two Streams for the pet—he canopy and litter models did not perform well, then the

riod April 2008 to March 2011 is summarised in Table 6. modelled water that drained to the soil would not correspond

From Table 6 it can be seen that mean, standard error, star\{\-/e" to the observed results, as the litter model depends on

dard deviation and sample variance for the modelled and Obghe modelled throughfall as an input. The comparative results

. ) . L of the cumulative modelled and observed water that drains
served litter interception results are similar, indicating that. I -
L into the soil is illustrated in Fig. 5.
the model performed well. This is also seen by the RMSE™ " _.
) . : Figure 5 shows that the modelled and observed results
values forE. grandis, A. mearnsiand P. patulabeing be-

tween 0.1 and 0.24. The? values are also very good with compare well |Ilustrat|r_19 that the combination qf the r_ela-
tively complex canopy interception model and simple litter
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Table 8. Summary of modelled and observed water that drains into the soil statistics for the period April 2008 to March 2011.

Statistic Eucalyptus grandis Acacia mearnsii Pinus patula
modelled observed modelled observed modelled observed
Sample size 1066 1066 1066 1066 1066 1066
Mean (mm) 1.29 1.35 1.20 1.16 1.13 1.20
Standard error (mm) 0.134 0.141 0.131 0.123 0.128 0.132
Standard deviation (mm) 4.36 4.44 4.10 4.01 4.13 4.20
Sample variance (mm) 19.05 19.14 16.80 16.33 17.10 17.60
RMSE 0.33 0.27 0.55
R2 0.83 0.85 0.81

Table 9. Summary of all results modelled from September 1998 to March 2011 at the Two Streams research catchment.

Modelled Modelled

Modelled Modelled Modelled Modelled water water
Gross canopy canopy litter litter drained drained
Precipitation interception interception interception interception to soil to soil
Genus (mm) (mm) (%) (mm) (%) (mm) (%)
Eucalyptus 111455 1805.6 16.2 869.3 7.8 8470.6 76.0
Acacia 11145.5 3020.4 271 702.2 6.3 7422.9 66.6
Pinus 11145.5 2708.4 24.3 1605.0 14.4 6832.2 61.3

interception model work well together. The results are sum-riod from September 1998 to March 2011. The results of
marized in Table 7. the data simulated for the period from September 1998 to
From Table 7, it can be seen that the modelled water thaMarch 2011 are summarized in Table 9.
drains into the soil is 3.3%, 1.4 % and 3.2 % higher than the The simulated results for the study period between
observed results fdE. grandis, A. mearnsandP. patulg re- April 2008 and March 2011 are similar to those obtained
spectively, with between 63.3 % and 72.9 % of gross precip-from simulating between September 1998 and March 2011.
itation reaching the soil. This corresponds to a relative errorThe difference in the results of the modelled water that drains
of 4.3%, 2.1 % and 4.8 % fdE. grandis, A. mearnsandP. into the soil for the two periods are 3.1%, 2.3% and 2.0%
patula respectively, as shown in Table 7. for E. grandis A. mearnsiiandP. patulg respectively. This
The statistics of the performance of the model derivedonce again highlights that the climatic conditions during the
from the drying curves to estimate the water that drains intostudy period are typical of the catchment as the difference in
the soil in comparison with the observed data measured atanopy and litter interception as well as water that drains into
Two Streams for the period April 2008 to March 2011 are soil are very similar.
summarised in Table 8.
From Table 8 it can be seen that the combination of the VS ,
Gash model and the litter interception model derived from/ Conclusions
drying curves worked well, as the descriptive statistics for
the modelled and observed water that drains into the soil ar
very similar. This is also seen by the higtf values forE.
grandis A. mearnsij andP. patulaof 0.83, 0.85 and 0.81,
respectively.

This study confirms that interception plays a very impor-
fant role in the forest hydrological cycle, with between
63.3% and 72.9 % of gross precipitation being available wa-
ter that drains into the soil, after the losses due to canopy
and litter interception for the three year period April 2008
to March 2011. This also highlights the importance of in-
6.4 Interception for the period 1998-2011 cluding and accurately representing canopy and litter inter-
ception in water resources planning models. Both the Vari-
Based on the results obtained, it is accepted that the model iable Storage Gash model and litter interception models per-
representative of the processes and on this basis the modiermed well. The VS Gash model is conceptually complex,
elling study was extended to a longer period. The samebut can be applied with readily available data. Although the
model variables used to model for the study period betweennput data requirements are greater than the original Gash
April 2008 to March 2011 was assumed for the extended pemodel (Gash, 1979), an added consideration of the change in
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canopy storage capacity depending on the rainfall intensityBlow, F. E.: Quantity and hydrologic characteristics of litter and

has been added and is considered an important conceptual upland oak forests in eastern Tennessee, J. Forest, 53, 190-195.

advance. This improvement is particularly noticeable in for-  1955. _ _ _

est stands that have a high storage capacity relative to theffulcock, H. H. and Jewitt, G. P. W.: Field data collection and

LAI and which are sensitive to changes in rainfall intensity. analysis of canopy and litter interception in commercial forest
. L . . . _ plantations in the KwaZulu-Natal Midlands, South Africa, Hy-

This addition along with the consideration for the canopy wa- -y "o s o Sci- 16, 3717—3728:10.5194/hess-16-3717-

ter retention characteristics have resulted in the canopy inter- 2012 2012

c;eptlon S'mUIat!ons_ being very gO_Od' This pQ'm was high- Calder, I. R.: A stochastic model of rainfall interception, J. Hydrol.,

lighted by considering thek. 'grandlsh.ad the hlgh'est LAI, 89, 6571, 1986.

but had the lowest canopy interception due to its low wa-calder, I. R.: Dependence of rainfall interception on drop size: 1.

ter retention because of the angle at which the large leaves Development of the two layer stochastic model, J. Hydrol., 170,

hang, as well as their smooth, waxy surface. Conversely, 79-86, 1996.

the A. mearnsiihad the second largest LAI, but the largest Cuartus, L. A., Tomasella, J., Nobre, A. D., Hodnett, M. G., Wa-

canopy interception, due to the high water retention charac- terloo, M. J., and Minera, J. C.: Interception water-partitioning

teristics of its small pinnately compound leaves. While the dynamics for a pristine rainforest in Central Amazonia: Marked

VS Gash model may be considered complex, the litter in- differences between normal and dry years, Agr. Forest Meteorol.,

terception model, which is based on idealised drying curves 145, 69-83, 2007. .

. . .~ Everson, C., Moodley, M., Gush, M., Jarmain, C., Govender, M.,

is very simple. However, although the model may be sim-

le i f L Thi b lained by the f h and Dye, P.: Can effective management of riparian zone vegeta-
ple, it performs well. This can be explained by the fact that significantly reduce the cost of catchment management and

unlike canopy interception — which is strongly influenced  enaple greater productivity of land resources, Water Research
by many factors such as storage capacity, potential evapora- commission, Pretoria, Report K5/1284, 2006.
tion, rainfall intensity, rainfall duration amongst others — lit- Gash, J. H. C.: An analytical model of rainfall interception by

ter interception is mostly dependant on storage capacity and forests, Q. J. Roy. Meteorol. Soc., 105, 43-55, 1979.
modelling it is dependent on the accurate estimation thereofGash, J. H. C., Lloyd, C. R., and Lachaud, G.: Estimating sparse
This is because the evaporative drivers under the canopy such forest rainfall interception with an analytical model, J. Hydrol.,

as wind, temperature and radiation are moderated relative 170, 79-86, 1995.

to those above canopy. Therefore, as long as the inputs ¢fash. J- H. C., Wright, I. R., and Lloyd, C. R.: Comparative esti-
mates of interception loss from three coniferous forests in Great

simulated throughfall from the VS Gash model are adequate _ "™
and the litter storage capacity is estimated accurately, th%aigtr?r']?'f' gydxgl,ljis,,\jQElc?, é%??élho N. and Pereira. J. S.-

model .ShOUId perform well. It could in' faCF be argL!ed that Plant area index iftucalyptus globuluplantations determined
the Variable Storage Gash model and litter interception mod- jngirectly by a light interception method, Tree Physiol., 7, 107—

els should not be considered as separated models, but as onej13, 1990.

model that simulates total interception (i.e. canepyitter Gerrits, A. M. J., Savenije, H. H. G., Hoffmann, L., and Pfister, L.:
interception). Therefore, despite the introduction of new pa- New technique to measure forest floor interception — an applica-
rameters to the model, it is argued that the approach adopted tion in a beech forest in Luxembourg, Hydrol. Earth Syst. Sci.,
is aligned with the suggestion that any model should attain 11, 695-701d0i:10.5194/hess-11-695-2002007.

a “requisite simplicity” by discarding some detail but still Gerrits, A. M. J., Pfsiter, L., and Savenije, H. H. G.: Spatial and
maintain conceptual clarity and scientific rigour (Stirzaker et {€mporal variability of canopy and forest floor interception in a
al., 2010). Extending the study to other sites in different cli- = °€&ch forest, Hydrol. Process., 24, 3011-3025. 2010.

mate reaions will show whether this is indeed the case Hall, R. L.: Interception loss as a function of rainfall and forest
9 ’ types: stochastic modelling for tropical canopies revisited, J. Hy-

drol., 280, 1-12, 2003.
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