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EXAMPLE 7-5

During the infiltration event of Example 6-7 a total of 81.4 mm
irfiltrated. Foliowing this, stage-1 evaporation lasted for f, = 3
days and occurred at an average rate of £ = 10 mm day™".
Compute the stage-2 evapaoration rate over the next 10 days in
which no rain fall,

Sofution From Equation (7-43), the stage-1 evaporation is
£ = 10mmday™ - 3day = 30 mm.

For stage 2, Equation (7-44) gives the cumulative evaporation:

[ t
- A= . 11| — | |-
Folfi = 30mm- 1 + 08N H(SEIayM’

and Equation (7-45) gives the evaporation rate:

E(t) = 0.811+10 mm day I._BE'rﬁF 2 2_4-3Img

The results are tabulated as follows:

tiday} 4. 3.5 4.0 45 5.0 55 6.0
Eif)immday™) 811 B985 608 540 486 442 405

Fel ) imm) 300 338 370 388 424 447 4619

f{day] 6.5 7.0 7.4 a.0 8.4 8.0 9.5 100

Eif)y(mmday")y 374 247 324
Flt) (mm) 488 506

304 286 270 256 243

523 539 553 567 580 593

7.5 TRANSPIRATION
7.5.1 The Transpiration Process

Transpiration is the evaporation of water from the
vascular system ol plants into the atmosphere. The
entire process (Figure 7-9) involves absorption of
soil water by plant roots; translocation in liquid
form through the vascular system of the rools, stem,
and branches (o the leaves; and translocation
through the vascular system of the leaf to the walls
ol tiny stomatal cavities, where evaporation takes
place. The water vapor in these cavities then moves
into the ambient air through openings in the leaf
surtace called stomata.

Plants live by absorbing carbon dioxide (CO;)
from the air to make carbohydrates, and that gas
can enter the plant only when dissolved in water.
The essential function of the slomatal cavities is to
provide a place where CO); dissolution can ocour
and enter plant tissue; the evaporation of water is
an unavoidable concomitant of that process. How-
ever, transpiration also performs the essential func-
tions of maintaining the turgor of plant cells and
delivering mineral nutrients from the soil to grow-
ing tissue,

Air in stomatal cavities is saturated at the tem-
perature of the leaf, and waler moves from the cav-
itics into the air due to a vapor-pressure difference,
just as in open-water evaporation. The major differ-

ence between transpiration and open-water evapo-
ration is that plants can exert some physiological
coniral over the size of the stomatal openings, and
hence the case of vapor movement, by the action of
guard cells (Figure 7-10). The major factors affect-
ing the opening and closing of guard cells are (1)
light (most plants open stomata during the day and
close them at night), (2) humidity (stomatal open-
ings tend to decrease as humidity decreases helow
ils saturation value), and (3) the water content of
the leal cells (if daytime water contents become 1oo
low, stomata tend to close),”

It is important to emphasize that (ranspiration
is a physical, not a metabolic, process: Water in the
transpiration stream is pulled through the plant by
potential-energy gradients that originate with the
movement of water vapor into the air through the
stomata in response to a vapor-pressure difference.
When vapor exits through the stomata, water evap-
orates from the walls of the stomatal cavity to re
place the loss; this loss of hguid water causes 4
potential-energy decrease that induces the mave
ment of replacement water up through the vasculal
system; this movement ultimately produces a waler

¥ Several other factors are known to affect the opening and cltlr-*'
ing of stomalte, including wind, OOy levels, temperature, Flj]'j & {
tain chemicals A mathematical representation of the ':.’:rt'l-'l_-'_‘lI
the [uctors most important in hydrological modeling 5 v
later,
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FIGURE 7-9 ) R&d:ttin?
piagram of the transpiration
process and enlarged views of
plant cellular structure where ab-
sorption, translocation, and tran-
spiration occur. From Hewlett
{1992].
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tontent gradient between the root and the soil; and
this gradient induces movement of soil water into
the root. Absorption at the root surface decreases
soil-water content in the adjacent soil, inducing
sime flow of water toward the root (ollowing
Direy's Law |[Equation (6-10)]. However, roots
tome into contact with soil water mostly by growing
towird the water: During the BrOWing season roots
Wpically grow several tens of millimeters per day
(Raven eq g, 1976).

Translocation

Bark

— Phlocm
Cambinm

— Xylem

Soil particles

Foud hairs
(or mycorrhiza)

Xylem

The great cohesive strength of water duc (o its
intermolecular hydrogen bonds (sec Section B.1.1)
maintains the integrity of the transpiration stream
lo heights of the tallest trees,

7.5.2 Modeling Transpiration

Since transpiration is essentially the same physical
process as open-water evaporation, it can be repre-
sented by a mass-transfer equation of the form of
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FIGURE 7-10

Phatamicrograph of leaf surface showing stomata and the
crescent-shaped guard cells that regulate their openings.
Or. Jeremy Burgess/Science Photo Laboratory.

" Equation (7-1). In order to develop an equivalent
relation for transpiration, it is convenient first to
recast the mass-transfer relation for evaporation
using the concept of atmospheric conductance.
This allows us to use some electric-circuit analo-
gies for “scaling up” from a leaf to an entire vege-
tated surface.

Atmospheric Conductance

We can represent the process of evaporation from
apen water by combining Equations (7-1) and (7-2)
and defining an “atmospheric constant”™, K, as

A3

0.622 -
o=t (7-46)
P+ p,,
s that
iy Kru ; DV e -
’7 I = Td
U-w.ﬁ'25‘| ].]1( ™ )
| o

‘(€ — &), (7-47)
where Iy and Dy, are the diffusivities of water
vapor and momentum, respectively [equations (D-
25) and (I2-30).

The term in braces in Equation (7-47) repre-
sents the efficiency of the turbulent eddies in the
lower almosphere in transporting water vapor from
the surface to the ambient air. This can also be
viewed as an atmospheric conductance for waler

vapor, O, 50 that the mass-lransler equation [or
evaporalion can be written as

L = Koy = r ey = e

evaporation  atmospheric  atmospheric  driving

rate constanl  conductance  gradiem
(7-48)

If Dy is assumed identical to £2,,,° €, is given
explicitly as

Fa

Gl Vo e = i
625+ In (""—“’)]
L n

and has the dimensions [LT'].*

The zero-plane displacement, 7, and roughness
height, z,. can be approximately related to the
height of vegetation, z,,,. as

{7-49)

20 =072, (7-50)

and

7 =01-z,. (7-51)

If it is assumed that z,, is 2 m above the top of the
vegetation, Equations (7-49)—(7-51) can be used o
generate a relation between atmospheric conduc-
tance and wind speed for various values of g, a3
shown in Figure 7-11. Typical values of z,., for vari-
ous land-cover types are given in Table 7-5.

Since evaporation from an open-water surface is
a “one-step” process in which water molecules pass
directly from the liquid surface into the atmosphere,
it can be conceptually represented by the electric-
circuit analogy shown in Figure 7-12a. In this analo-
gy a current (water vapor) moves in response L 8
voltage (vapor-pressure difference) across a TEsis:
tance (inverse of the atmospheric conduclivity).

Leaf Conductance

Transpiration is a “two-step™ process, in which water
molecules pass (1) from the stomatal cavity to the
leaf surface, and (2) from the leaf surface into the

f This assumption 1 justified for short vegelation, but hgr_:ml‘_k"‘
less so for forests because g, and g, for water-vapor transtor I
creasingly differ from their values [or momentum transtet 48 II.T:
surface gets rougher (C.A. Federer, pars. comm.), [n the inters!

of simplicity, we assume Dy = Dy, in the developments herei-
? Many authors use atmospheric resistance, which is the 1V
of atmospheric conductance,
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ass [ atmosphere. Continuing the electric-circuit analogy,
e, E the same driving force in this case operales across
ric- | two resistances (inverse conductances) linked in se-
ilo- ¢ ries: leaf and atmospheric (Figure 7-12b).
i : Leaf conductance is determined by the number
iSl5e | of stomala per unit area and the size of the stomatal
:'"'B_LE -5 _ . openings. Stomatal densitics tange from 10,000 to
Yl values of maximum leaf conductance (€., leaf-area 100,000 stomata per square centimeter of leaf sur-
Index (LAT), albedo (2), and height (z,.,) for principal land-cover face, depending on species (Hewlett 1982), Table
Libed ¥ i 7-5 lists leaf conductances at maximum slomatal
ater Land Covey Clp(mms™y  LAJ @ 2 (m) opening for various land-cover types. As noted ear-
the e T - lier, plants control the size of the stomatal openings,
Coniler foresy 53 60 014 250 ; :
the Broadlcaf fopast e 25 gis  Caeg and hence leaf conductance, by the response of the
Savinnahishrub 53 10 018 80 guard cells, These t_:ells have been found to respond
Simpes e Grasstund B0 e 02 0.3 to (1) light intensity. (2) ambient CO, concentra-
i in: : lundra/nonforest b6 40 020 0.3 tion, (3) leaf-air vapor-pressure difference, (4) leat
s ﬂng U::t;llund : e Bk ; temperature, and (5) leaf water content (Stewart
“resls e 5 | (0. 1 ; - :
1.:_ : Thpienl crop IllLJII 3 ln 022 03 1959). We first examine how these factors affect leafl
verse L — ki ' : ' conductance, and then incorporate them in a model
Data froug Federer et al. (1996). for the transpiration from a vegetative canopy.
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FIGURE 7-12
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atmospheric resistance (1/5,)

-— Almusphere

|
—— Armosphere

§ 1ic;

Ar, g 1, A
and |eaf resistance (1/C). Ae,is o ' -
= 3 . » |
the driving vapor prﬁssureldlffer i
ence between the evaporating I ; 5 ey
fler surlace sutace
surface and the atmosphere. P e —~ i 7T S
T S Do e
| UGt |
e __i_/ﬁ'\
Water Stomatal
cavity
() (h)

Stewart (1988} developed and tested a model
[or estimating hourly evapotranspiration that incor-
porates four of the five factors that determine leaf
conductance—the effect of CO, concentration was
not included because it usually varies little with
time? As shown in Table 7-6, he substituted more
commonly measured hydrologic variables for some
of the controlling factors—in particular, soil-waler
deficit was used as a proxy for leaf-water content.
His model has the general form

('I'Iu.xl' = (".'Igul"f.i:(Kin:I '.fﬂ('lipﬁ} 'f'n"l::Ilu] 'fﬂ{ﬁﬂ:l:l
(7-52)

where C,..; is the maximum value of leaf conduc-
tunce (ie., values from Table 7-5), K, is incident
short-wave radiation flux, Ap, is the humidity deficit
[the difference between the saturated and actual
absolute humidity of the air, calculated from vapor
pressures and temperature via Equation (12-8)], 7,
is air temperature, and A# is the soil-moisture
deficit (the difference between the field capacity
and the actual water content of the root zone).

The fs in Equation (7-52) represent the effects
of each environmental factor on relative leaf con-
ductance; they are non-linear functions that vary
from 0 to 1 as shown in Figure 7-13. While the con-
stants in these lunctions have been derived from
studies at only one site (a pine forest in southeast
England), controlled studies indicate that their
form is quite general (Jarvis 1976). An abbreviated

" However, a long-term decrease in leaf conductance is a possi-
hle response of plants o the anthropogenic increase in almos-
pheric CCy concentration, as discussed in Section 325
{Rosenherg el al. 1989

[orm of the model incorporating gnly f( K} and
J{Ap,) (but with different constants, determined hy
calibration at the site) successfully modeled tran-
spiration [rom prairic grasses in Kansas (Stewarl
and Gay 1989,

Canopy Conductance

A vegetlaled surface like a grass, crop, or foresl
canopy can be thought of as a large number of leal
conductances in parallel. Again from the laws of
electric circuits, the total conductance of a number
of conductances in parallel equals the sum of the in-
dividual conductances. Thus it is possible to repre-
sent a reasonably uniform vegetated surface as o
single “big leal” whose total conductance to water
vapor is proportional to the sum of the conduc-
tances of millions of individual leaves, The relative
size of this big leal 1s reflected in the leal-area index,
LAl defined as

LAI =
total area of leaf surface above ground arca A
A
(7-5H
Canopy conduclance is then given by
Ct_'al:l = .III..-. -LAI- C]-;af- (?-54}

where [, is a sheller Eactor that accounts for the fact
that some leaves are sheltered from the sun :ntt!
wind and thus transpire al lower rates. Values “.{ f
range from 0.5 1o 1, and decrease with increasing
LANCarlson 1991, a value of f, = 0.5 1s prubal‘l'b‘ "‘
pood estimate for a completely vegetated ared
(Allen et al. 1959},
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stewart's {1988} model of leaf conductance as a function of environmental factors. Functional relations are platted in Figure 7-13.

Quantity Representing

Facior Conirolling Controlling Factor TFunctional
stomatal Opening in Mudel Relation
12758 K,

liekt incident solar radiation {MT m™ day 1)

(0 conceniration {not included)

vapor-pressure deficit

lvaf temperature zir lemperature, T, {7C)

feafl water comient soil-meisture deficit, AJ {cm)

Tl
FulKa) = 57 %, T 1044
0= K, =865MIm2day
[mome)

absolute-humidity deficit, Ap, (kg m™) Foldp) =1~ 6606 Ap,

g

= Ap, = 001152 kg m™
fuldp,) = 0233, 0.01152kgm™ = Ap
T,r(40 - T,

T

2
JrlT.) =
0=T,=40C

FAdd) =1 — 000119 - exp (081 - Ag)
0= Ad = 84cm

Leat-area indices for various types of plant
communilics are given in Table 7-3. For deciduous
lorests, leaf arca changes through the growing sea-
son, 11sing from near 0 to a maximum and back; Fig-
ure 7-14 shows the scasonal variation of LAT used
in modeling transpiration for three types of forests.

The Penman-Monieith Mode!

Making use of Equation (7-1) and the definitions of
v [Equation (7-13)], K, |[Equation (7-46)], and C,,
Equation (7-49)], the Penman (combination)
made] for evaporation from a free-water surface
[Equation (7-33)] can be written in terms of atmos-
pheric conductance as

o AK A L)+ pre, Curey(1- W,)
3 P Ay (A + ) '

(7-55)

Recall that the derivation of this equation assumes
o water-advected energy. no ground-heat conduc-
lion, and no heat-storage effects.

Monteith (1965) showed how the Penman
qualion can be modified 1o represent the evapo-
ranspiration rate, ET, from a vegetated surface by
Meorporaling canopy conductance:

_ A K+ LY+ et Cure- (1= W)

5T -
,f}w'flg-' |_j| | -‘5.-‘{1 + (-«I.:I'IC:.'J.-!:I]
(7-56)

This relationship has become known as the
Penman-Monteith Equation. The assumptions of
no water-advected cnergy and no heat-storage ef-
fects, which are generally not valid for natural water
bodies, are usually reasonable when considering a
vegetaled surface. (The term for ground-heat con-
duction can be included with K + £ if it is signifi-
cant.) Note that Equation (7-56) reduces io
Equation (7-535) when C_,, — =

The Penman-Monteith Equation has been suc-
cessfully tested in many environments [see, for ex-
ample, Calder (1977), (1978); Berkowicy und Prahm
(1982); Lindroth (1985); Dolman et al. (1988); Stew-
art (1988); Stewart and Gay (1989); Allen et al
(1989); Lemeur and Zhang (1990)] and has become
the most widely used approach to estimating evap-
otranspiration from land surfaces, The following ex-
ample shows how it can be applicd.

EXAMPLE 7-6

Compare the evapotranspiration rate fram the canopy for soil-
moisture deficits of 0 cm and 7.0 cm at the pine forest at Thet-
ford, England, in August. The following conditions apply
(Stewart 1988): z,; = 165 m; LAl = 2.8; £, = 0.5; (' =
2.3mms™; P=101.3KPa; K, =251 MIm 25 a=0.18: L =
~499MIm? s T, =19.2°C; W, =054; v, =3.00ms .
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FIGURE 7-13

Effects of (a) solar radiation, K, (b} air temperature, T, (c) vapor-pressure deficit, Ap; and (d) soil-moisture deficit, A4, on refa-
tive leaf conductances. {See Table 7-8.) After Stewart (1988).

(The values of 2., LAl G and & were determined for this Mg, = (1 — W) =223-(1 — 0.54)
site, s0 are used in preference to values from Table 7-5.) = 1.03 kPa:

Sofution Applying equations given in this chapter we have using this value in Equation [D-8c) yields Ap, = 7.62 107 ky

m®. Now we can compute the values of the £functions given in

- Table 7-G:
Quantity Equation Value

X (7-8) 2.45 MJ kg |

e 7-4) 2.23 kPa

A #?-5; 0.139 kPa K- Quantity Value

7 (7-13) 0.0666 kPa K ° £k 0.812 !

i {7-48}-{7-51) 0.232ms" fil A 0.493 ]
AT 0998 1
fiAg=0cm) 1.000 1
fjAa="7cm) 0.655 |

The vapor-pressure deficit, Ae;, is found as
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FIGURE 7-14
annual wariability of franspira-
tignal leaf-area indsx, LAY in (3} a

pine farest in sputheast England e
istewart 1988); (B) a hardwood e
forest in Mew Hampshire; and (o)
s hardwood forest in North Car- £
plina [Both from Federer and = 3.0 e
Lash [1378)]. b
o
i
e
2 2.0 L
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] 100 200 a0 365

From Lhe above Fvalues we calculate the following conductances:

Duantity Equation Value (mm s7)
Gy (86 =0cm) 7-52) 0.918

G {56 =T cm) [7-52) 0.602

Lo & =0pm) (7-54) 1,20

G (A8 =T om) [7=54) 0.843

substituting the appropriate values from above into Egua-
tion (7-56) yields £7 = 1.04 x 10° mm s (= 0.9 mm day ")
wihen Af = 0 cm and £7 = 688 » 10°° mm &7 (= 0.6 mm
day ') when Ag = 7 cm.

We will consider the Penman-Monteith Equa-
lion further in discussing methods of estimating
arcal evapotranspiration (Section 7.8),

7.6 INTERCEPTION AND INTERCEPTION
LOSS

Interception is the process by which precipitation falls
Yivegetative surfaces (the canopy), where it is subject
10 evaporation. As we will see, the intercepted water
that is evaporated (interception loss) is a significani
Chion of total evapotranspiration in most Tegions.

[;

Dy of vear

Interception loss depends strongly on (1) vee-
etation type and stage of development, which
should be well characlerized by leaf-area index;
and (2) the intensity, duration, frequency, and form
ol precipitation. Vegetation type is commonly al-
tered by human activities (e.g., deforestation), and
there is concern that aspects of precipitation
climatology may be altered by climate change
(Waggoner 1989). A sound physical basis for un-
derstanding the interception process is essential in
order to sort out and predict how these changes
will affect the hydrologic cycle locally and global-
ly. In particular, the question of whether inter-
ception loss is an addition to, as opposed 1o a
replacement for, transpiration loss is important in
cvaluating the effects of vegetation changes on re-
giomal water balances.

Contact of precipitation with vegetation can sig-
nificantly alter the chemical composition of water
reaching the ground; thus interception can also in-
fluence weathering processes and water quality.

Under some weather conditions, vegetation
can “comb” water from clouds and fog and there-
by add water input to a region. This phenomenon
is sometimes called “posilive interccption;” it
is briefly discussed as “occull precipitation” in
Seetion 4.2.2. Snow interception is treated in
Section 5.3.2,
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FIGURE 7-15

Definitions of terms used in describing the interception
process. A = gross rainfall; Ec = canopy interception loss, At=
thraughfall, As = stemflow; £/ = litter interception loss; Rn=
net rainfall.

7.6.1

Figure 7-15 illustrates the following definitions vsed
in deseribing and measuring interception:

Definitions

{ross rainfall, R, is the rainfall measured above the
vegetative canopy or in the open.

Throughfall, R, is rainfall that reaches the ground
surface directly through spaces in the canopy
and by dripping from the canopy.

Stemflow, Ry, is water that reaches the ground sur-
face by running down trunks and stems.

Canopy interception loss, Ec, is water that evapo-
rates from the canopw.

Litter interception loss, £, is water thal evaporates
from the ground surface (usually including
near-ground plants and leaf litter).

Total interception loss, Ei, is the sum of canopy and
litter interception losses,

Net rainfall, £, is the gross rainfall minus the total
interception loss.

These definitions are applied over a represen-
tative arca of the plant community ol interest, so
they take into account the typical spacing between
plants. If the symbols given represent volumes of
water during & given time period and have dimen-
sions [L], we have

Rn=R- Ei, (7-57)

Ei = Ec + Ei, (7-58)

R =Rt + Rs + E¢, (7-539)
and

Rn = Rt + Ks - El. (761

71.6.2 Measurementi

As with other components of evapotranspiration,
interception loss cannot be measured directly. The
most common approach to  determining  the
amounts of canopy interception loss in various
plant communitics is to measure gross rainfall,
throughfall, and stemflow, and solve Equation (7-
59) for Ec. However, this 1s not a simple procedure
because of (1) the difficuliics in accurately measur-
ing rainfall, particularly at low rainfall intensitics
when interception losses are relatively large (see
Section 4.2.2); (2) the large spatial vardability of
throughfall; and (3) the difficulty and expense of
measuring sternflow.

Helvev and Patric (1965a) reviewed criteria [or
measuring interception guantities and concluded
that averaging the catches in 20 rain gages spaced
randomly over a representative portion of the
community should give acceptable estimales of
throughfall; typical inter-gage spacing lor forest
studies is on the order of 10 to 30 m (Gash el al.
1980). Large plastic sheets have also been uscd 10
get an integrated measure of net rainfall (Calder
and Rosier 1976),

Stemflow is measured by attaching flexible
troughs tightly around the trunks of trees and con-
ducting the water to rain gages or collecting bottles.
Helvey and Patric (1965a) stated thal measuring
stemflow from all trees on randomly selected plots
gives the most representative results, with plot di-
amecters at least 1.5 times the diameter of the crowi
of the largest trees. However, since stemlflow is usi-
ally much less than throughfall, most studies have
estimated stemflow less rigorously by sampling @
[ew “typical” trees, :

The few published studies of grass or litter il
terception have uwsually been done using artificial
rain, either measuring the net rainfall from small
isolated arcas in the ficld (Merriam 1961) or by cal-
lecting undisturbed samples of the surface Liler :!ndl
setting them on recording scales in the laboraton
(Pitman 1989; Putuhena and Cordery 1996).

g
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7.6.3 Madeling
Modeling via Regression Analysis

Most ol the earlier studies of interception have
used results of field or laboratory measurements in
particular plant communitics to establish equations
relating Ry, Rs, El, Bn, and/or Ei to R via repression
analysis. These equations are usually of the form

Y = MyR+ By, (7-61)

where Y is one of the components of the intercep-
tion process (Rt, Rs, Ec, El, or Ei), R is ETOSS Tain-
fall for an individual storm, and My and By are
empirical constants determined by regression
analysis. Equations in the form of (7-61) can readi-
Iy be adapted to give estimates for scasonal or an-
nual periods:

Y = My-ZR + By-n, {7-62)

where the summation sign indicates seasonal or an-
nual totals and # is the number of storms per sea-
s07 OF VEar.

Table 7-7 summarizes published equations for
various community types. Unfortunately, few of
the studies that developed these equations made
concurrent measurements of leaf-arca index, so 1l
is difficult to judge the range of applicability of
their results,

Only a few studies have included estimates of
litter interception loss; most of these have found FEI
in the range 0.02-R to 0.05-R, though some higher
values have been reported (Helvey and Patric
1965b; Helvey 1971).

As shown in Example 7-7, regression equations
can be useful for showing the effects of rainfall
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amount and number of storms on net rainfall. How-
evet, such equations cannot usually be confidently
applied 1o areas other than where they were devel-
oped, and they cannot be used to predict the effects
of land-cover changes.

EXAMPLE 7-7

summer gross rainfall at Fairbanks, Alaska, ranges from 100 to
400 mm, typically arriving in about 45 low-intensity storms. De-
velop relations to estimate the effects of total summer gross
rainfall and number of storms on (a) net rainfall and (b} net rain-
fall a5 & fraction of gross rainfall in birch forests in this reqion.

Solution None of the equations listed in Table 7-7 applies to
central Alaska, but for purposes of illustration, we use the ones
for eastern hardwoods in leaf:

E(At+ As) = 0941 ZR - 092

and assume that £/ = 0.04-X 8. Then, from Equation {7-62),
WEe have

ZhAn=0941-ZR - 082-n
=08M-Zf - 092-n

Now we can use this relation to estimate 3R and SRR for
f =10 to 60 storms per season over the range 100 = 3F <
400 mm, with the results shown in Figure 7-16.

0.04- =R

Conceptual Models

Because of the uncertain transferability of regression
equations and the need for simulating Intercepiion
loss in predictive models, considerable effort has

TABLE 7-7 z ] ; i < B

Regression Equations for Estmating _.Plani Eummun_lt}' uuantll}rl‘[}_.::m] My By (cm)
Throughfall, A% and Stemflow, As, Gastern hardwoods full 1eaf Rt 9041 -0.079
&s Functions of Gross Rainfall, £, for Hs 0.041 -0.013
Individual Storms. [Equation (7-61)], R+ Bs 0.941 -0.092
or for Seasons [Equation (7-62)] Castern hardwosnds leatless Rt 0914 —U.EI.!?
Ry (062 —(013

Ri + R 978 -0.051

Red ping Ri + Rs {LEY —0.10

Lohlolly pine Rt + R .88 —0.0R

Shortleaf pine fi+ K .91 ~0.141

Easlern white pine Rt + Ry 0491 —0.13

Ponderosa pine Ri+ Ry 0.93 015

Pines (average) Rt + Rx .90 =010

Spruce-fir-hemlock Ri+ Rz .79 -0.13

Lastern hardwoed values from Helvey and Patric {19650, conifer values from Uelvey (19713,
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been expended (o develop conceptual models of the
process. The most widely used of these was originally
developed by Rutter et al. (1971) and modified by
(Gash and Morton (1978) and Valente et al. (1997). In
this model the area of interest is partitioned into the
fraction covered by a forest canopy (/) and the open

T T . B ¥ T T N 1

fraction (1 — F). The model computes a running water
balance of the canopy (leaves and branches) and the
tree trunks using the conceptual scheme shown in Fig-
ure 7-17 and a time step (Af) of 1 day.

The canopy storage is filled by ramnfall and cmp-
tied by drainage and evaporation. Drainage from the

——— T —
14 22 26 o 34 it
Gross mainfall, B (o)

i



N T Y

he

7.6 Interception and Interception Loss 305

FIGURE 7-17 | Interceplion loss |
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canopy oceurs when the canopy storage capacity 5,
15 exceeded. A small fraction p of this drainage be-
comes stemflow. Throughfall (R¢ in Figure 7-15) is
the sum of the rain falling in open areas plus the
fraction of drainage that drips from the canopy (1 -
). When the actual amouni of water on the canopy,
C.(1), exceeds §,, evaporation from the canopy,
E.{t), vecurs at the rate given by the Penman Equa-
livn [Equation (7-55)]; when C.(f) < S. the EVAPOLa-
lion rate equals the Penman rate times (1 — &)
C(1M5,, where ¢ is the fraction of total evaporation
that oceurs from the trunks. The interception loss
from the canopy-covered area is the sum of the
evaporation from trunks and canopy. The canopy
Interception loss for the entire area ( Ec in Figure 7-
15) s the sum of the evaporation from the canopy
and the trunks multiplied by the canopy-covercd
lraction, F,

The structure of the vegetation is reflected in
the parameters 5. 5. p,and e, Valente et al. (1997)
discuss how these can be determined from analysis

ol regression relations of the form of Equation (7-
61) developed from field measurcments. Typical
values of §, are in the range 0.2-1.1 mm, The quan-
tities involved in stemflow and evaporation from
trunks are small: the few measured values sugpest 5,
< (.02 mm, p < 0.03 and & = 0.023,

Several studies have found good agreement be-
tween observed interception loss and that simulat-
ed by the Rutter model and its variants {e.g., Gash
and Morton 1978; Gash 1979; Lloyd et al. 1988: Va-
lente 1997). However, such models clearly requirc
extensive lield studies to establish the canopy-struc-
ture parameters. The computation of interception
in the BROOK9) model uses a simplified version of
the Rutter model, as described in Box 7-2.

The Penman Equation is appropriate for com-
puting the rate of evaporation of intercepted water
because the evaporation is from the leaf surface
and stomata are nol involved (this is equivalent to
an infinite canopy conductance in the Penman
Monteith Equation). Thus canopy evaporation rates
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BOX 7-2

R T T T T |

Computation of Interception
in the BRDOKS0 Model

| The capacity of the vegetation to store intercepted rain,
INTAMX, is related to the leaf-area index, LA) and the
analogously defined stem-area index, SAL, by the formula

INTRMX = CINTRL- LA + CINTRS- 5AlL  (7B2-1) |

where the default values are CINTAL = CINTRS = 0.15
mm. These values give INTRMX = 1.0 mm at typical for-
est values of LA/ = 6 and SAf = 0.7. Prior fo filling the
canopy capacity, the rate of canopy interception, AT, is
computed as a fraction of the rainfall rate, ARAL; thal is,

RINT = ( FRINTL - LAl + FRINTS- SAI) - RFAL,
(7B2-2)

where the default values are FRINTL = FRINTS = 0.06.
With these values and the typical LAf and S47 values,
RINT = 0.40- RFAL.

The rate of evaporation of intercepted water is cal-
I culated from the Penman—Monteith Equation [Equation
| (7-56)) with infinite canopy conductance, as in Example
| 7-8.The storage of water an the canopy is tracked using
standard water-balance accounting, as in the Rutler
model {Figure 7-17).

will be larger than transpiration rates for the same
conditions. For forests, the difference is consider-
able because of the effects of roughness on the effi-
ciency of turbulent transfer, as illustrated by
Example 7-8.

EXAMPLE 7-8

Compare the canopy evaporation rate with the transpiration
rates for the pine forest at Thetford, England, for the conditions
of Example 7-6.

Solution The atmospheric conductance for Example 7-6 is
0.232 m 57", Substituting that and the other appropriate val-
ues into Equation (7-55) yields a canopy evaporation rate of
B.21 = 107 mm 57" or 53.6 mm day™", over 40 times greater
than the transpiration rate with A& = 0 cm. Thus if there is 1
mm of intercepted water on the canopy, this water will be

completely evaporated in (1 mm)/(6.21 = 107 mm s} =
1610 5= 0.45 hr.

It is of Interest to compare the latent-heat flux, LE, associ-
afed with the evaporation of this intercepted water with the
available energy (net radiation). This flux is calculated as

LE = py* Ay E= “'Dm] kg m_ej : L245 A l{g_1:|
(621 x 107" ms™)
= 0.00152MJ m2s7",

which is about 8.4 times the net radiation. The difference be-
tween the latent-heat flux and the net radiation must be sup-
plied by downward sensible-heat transfer from air-advected
energy. Several studies have shown that such advection is com-
monly involved in evaporating intercepted water (e.q., Stewart
197 7l—Ihat is, interception loss can markedly cool the air,

The contrast between rates of evaporation of
intercepted waler and rates of transpiration illus-
trated in Example 7-8 have important bearing on
understanding the hydrologic impacts of land-use
changes, as discussed in Section 7.6.4,

7.6.4 Hydrologic importance of Interception Loss

As shown in Table 7-8, interception loss ranges
from 10 to 40% of gross precipitation in various
plant communities. There has been considerable de-
bate concerning the extent to which this loss is an
addition to, as opposed to a replacement for, water
loss by transpiration.

Clearly most of the interception loss that oc
curs in seasons when vegelation is dormant is a nel
addition to evapotranspiration. When intercepted
waler 18 present during the growing season, it evap-
orates in preference to waler in stomatal cavities
because it does nol encounter stomatal resistance.
However, in lorests the evaporation of intercepted
water occurs at rates several times greater than for
{ranspiration under identical conditions. (See Ex-
ample 7-8) Thus intercepted water disappedrs
quickly and interception loss replaces transpiralion
only for short periods. For example, Stewart (1977}
found that annual interception loss for the forest he
studied was 214 mm, and that 69 mm would have
transpired during the time this loss was occurring:
Thus the net additional evapotranspiration due 1
interceplion was 143 mum; this was 26% of the total
annual evapotranspiration.

For short wvegelation, atmospheric conduc-
tances are much lower than over forests (Figul®




