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Abstract

The relationship between actual (Eact) and potential (Ep) transpiration above a grass-covered forest clearing was investigated

numerically and experimentally from simultaneous measurements of soil moisture content pro®les, mean meteorological conditions,

turbulent heat and water vapor ¯uxes in the atmospheric surface layer, and soil hydraulic properties for two drying periods. The

relationship between Eact/Ep was found to be approximately constant and insensitive to variability in near-surface soil moisture

content. To explore this near-constant Eact/Ep, a model that relates potential and actual transpiration and accounts for root-uptake

e�ciency, potential transpiration rate, and root-density distribution was proposed and ®eld-tested. The total amount of water

consumed by the root system was integrated and compared with eddy-correlation latent heat ¯ux measurements (®eld scale) and

total water storage changes (local scale). Model calculations suggested that the deeper and more e�cient roots are primarily re-

sponsible for the total water loss within the root zone when the near-surface soil layer approaches their wilting point. Ó 1999

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Quantifying soil moisture content redistribution
within a strati®ed soil in the presence of a rooting system
continues to be a practical problem in surface hydrology
and climate research [14,30,34,46,58]. The basic ap-
proach to describe soil moisture content dynamics in the
root-zone follows a modi®ed one-dimensional continu-
ity equation [18,36], given by

oh�z; t�
ot

� ÿ oq�z; t�
oz

ÿ S�z; t�; �1�
where h is the soil moisture content at depth z (positive
downward) and time t, q is the Darcian water ¯ux, and S
is the water sink by the plant-root system in a soil layer
of thickness dz, and is related to the actual transpiration
(Eact) via

Eact�t� �
ZL

0

S�z; t�dz; �2�

where L is the root-zone depth. In order to model h�z; t�
within the root-zone, a complete description of S�z; t� is
necessary. Typically, S�z; t� depends on root-density
distribution [19,24,31,43,45,55], relative proportion of
active roots responsible for water uptake [50], soil
moisture content [18,57], and atmospheric demand [43],
among other things [20,51,52], and is di�cult to imple-
ment in practical soil-plant-atmosphere models. In ad-
dition, much of the root properties (e.g. root-density,
proportion of active roots, etc.) are not stationary
[3,4,16,21,33]. In climate and hydrologic models, it is
di�cult to explicitly describe (or resolve) all the complex
processes in¯uencing S�z; t�. Hence, in such models, Eact

is typically modeled or estimated using

Eact � b�h�Ep; �3�
where b is an empirical reduction function b�h� 2 �0; 1�
[2]. More elaborate resistance formulations such as the
Penman±Monteith (see [5,32] for reviews) are widely
used to estimate Eact; however, estimating Eact alone
only permits computing depth-averaged S�z; t� over the
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entire L. That is, with such Eact model estimates, only
depth-averaged soil moisture content over the entire L
can be calculated using

o
ot

ZL
0

h�z; t�dz � ÿ q�L; t�� ÿ q�0; t�� ÿ Eact�t�: �4�

Such an approach cannot permit any detailed account-
ing for the large vertical variability in observed h within
the root-zone. To permit elementary accounting of such
large vertical gradients in soil moisture in climate
models, Dickinson et al. [14] proposed that relative rates
of water extraction from di�erent soil layers be strictly
represented in terms of root-density distribution.
Whether such a representation is realistic remains to be
investigated given the strong experimental evidence
against the Dickinson et al. [14] proposition
[22,26,37,52]. On the other extreme, Clausnitzer and
Hopmans [12] and Somma et al. [53] proposed a tran-
sient model for root growth as a function of mechanical
soil strength, soil temperature, solute concentration, and
a branching pattern described by root age and empiri-
cally speci®ed impedance factors. Such an approach can
reproduce observed patterns in root-growth and chan-
ges in root-density; however, the model parameters of
such an approach are not known a priori and cannot be
determined from quantities resolved by hydrologic and
climate models. Hence, there is a clear need for an in-
termediate class of models that combine many observed
features about root-water uptake yet are su�ciently
simple to incorporate in practical hydrologic and cli-
mate models.

In this study, a model for S�z; t� that accounts for
vertical variability in root-density distribution, a newly
proposed root-uptake e�ciency, and atmospheric de-
mand is developed. This model is then combined with
measured soil moisture content time series at multiple
depths to investigate mechanisms responsible for root
activity at di�erent soil layers in relation to soil mois-
ture. The outcome of this study will help guide future
multi-level soil-vegetation-atmosphere models in which
vertical variability of root-zone soil moisture content is
an intrinsic component.

2. Theory

2.1. Water movement in soil

In order to describe h�z; t� within the root-zone,
the two terms on the right-hand side of Eq. (1) re-
quire parameterizations. The ®rst term can be quanti®ed
using

q � ÿk h� � 1

�
� oW�h�

o z

�
; �5�

where k h� � is the hydraulic conductivity function, and
W�h� is the soil matric potential.

The Clapp and Hornberger [11] formulation for W�h�
and k h� �, given by

W h� � � Ws

h
hs

� �ÿb

; �6�

k h� � � ks

h
hs

� �2b�3

�7�
are used, where ks, Ws are saturated hydraulic conduc-
tivity and air-entry soil tension, hs is the saturated
moisture content, and b is an empirical parameter that
varies with soil texture [10].

2.2. Root-water uptake

The sink term S�z; t� in Eq. (1) varies with atmo-
spheric demand, the ``water-extracting'' root-density,
and root-water uptake e�ciency. Many models have
been proposed and tested for S (e.g. [1,19,35,36,38,47]).
However, Perrochet [43] demonstrated that S can be
collapsed to a canonical form given by Feddes' formu-
lation:

S�h; z; t� � a�h�g�z�Ep�t�; �8�
where a h� � is a root e�ciency function, g z� � is a root-
density function, and Ep is the potential transpiration
used as surrogate for atmospheric demand and is dis-
cussed in Section 2.2.3. We emphasize that (8) is still the
fundamental basis for many elaborate root-zone models
such as the models described in [12,53]. We have
adopted the Perrochet [43] canonical form for S�z; t� for
two reasons:

(1) Both g z� � and a h� � represent macroscopic prop-
erties of the root-soil system and, as such, inherently
vary with macroscopic properties such as h.

(2) The inherent similarity between the Perrochet and
the Budyko formulation (presented in Eq. (3)) com-
monly used in climate and hydrologic models [7].

This similarity is best revealed upon integrating (8)
and combining the integration outcome with Eq. (3) to
arrive at a formulation for b given by

b �
ZL

0

g�z�a�h�dz: �9�

2.2.1. The root-density distribution
The g�z� is a rather complex function [12,13,53] and

in practice, is not a priori known. The model proposed
by Clausnitzer and Hopmans [12] can describe many
canonical features of g�z� at the expense of detailed soil
and root-morphologic information. Alternatively, many
®eld studies [19,24,27,49] found that simpli®ed
analytic expressions describe well g�z� for a wide
range of biomes. For illustration, the commonly used
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root-density distributions derived from such ®eld studies
are qualitatively compared in Fig. 1. In Fig. 1, the for-
mulations of Hoogland et al. [24] and Jackson et al. [27],
given by

g�z� � 2cz=L2 � �1ÿ c�=L; �10a�
g�z� � ÿaz ln�a�; �10b�
respectively, are displayed for a 0.35 m rooting depth,
where c is a slope parameter of the Hoogland et al. [24]
model and is constrained by ÿ16 c6 0 and a (<1) is an
empirical parameter of the Jackson et al. [27] model (if z
is expressed in cm) and is analogous to an extinction
coe�cient. Notice that the equation of Hoogland et al.
becomes identical to Feddes' (constant g�z�) model when
c� 0. Finally, the product g�z� by Ep de®nes the maxi-
mum root-water uptake (� Smax) at a given layer [40] if
the soil moisture content is not limiting root e�ciency
(i.e. a� 1). While h < hs, a < 1 and S < Smax represent
such conditions.

2.2.2. The root-e�ciency function
Much of the root-e�ciency models are empirical and

depend on a local soil moisture or matric head formu-
lation [36]. Here, we propose a root-e�ciency function
de®ned by

a h� � � a1 h� � � a2 h� �; �11�
where

a1 h� � � max
h

hs ÿ hw

;

R z
0
h z� �dzR L

0
h z� �dz

( )
; �12�

a2 h� � � hÿ hw

hs

� �c=�hÿhw�
; �13�

where hw is the wilting point of soil moisture, and c is an
empirical constant. Unlike the W-based form
[12,19,36,38,39,43,53] we used a h-based formulation
[18,35] because of the large uncertainty associated with a
®eld-measured soil water characteristic curve. We
discuss our rationale for adopting the formulations in
(11)±(13) next.

The proposed form in (11) decomposes the root-e�-
ciency function into two terms: a root ``shut-down''
mechanism occurring around wilting point (a2) and a
maximum e�ciency (a1) when soil moisture availability
is not limiting water uptake. Hence, a2 ! 0 when soil
moisture approaches near wilting point and must grad-
ually approach unity when h � hs. The rate at which
a2 ! 0 is dictated by the parameter c of (13). In this
study, we found that a c� 0.01 ensures that a2 ! 0 as
h � hw as demonstrated in Fig. 2.

In (12), a1 is de®ned as the maximum of two
possible uptake-e�ciency limits: a local and a non-lo-
cal. The non-local limit ensures that deeper
roots (�0.2±0.35 m) are more e�cient than top roots
(�0±0.2 m) [54]. However, in the event of rapid soil
wetting following a precipitation event, the top roots
become more e�cient (�h/ hs) if water is available and
preferentially enhance their water uptake irrespective of
water uptake from deeper layers. Studies [22,26] found
that roots are able to preferentially uptake water from
the near surface when water is freely available, but are
able to adjust to near-surface drought by uptaking
water from deeper layers. It is because of these pre-
vious ®eld studies that we propose a root e�ciency
function to account for the switch of the root water
extraction from layer to layer.

Fig. 1. Vertical variation of root density g�z� with depth z as proposed

by Feddes et al. [19] (square-line), Hoogland et al. [24] (plus-dashline),

and Jackson et al. [27] (dot-line). The three pro®les are computed for a

L� 0.35 m rooting depth.

Fig. 2. Variation of root-uptake e�ciency with changes in c. Only

a2 h� � (Eq. (13)) is used to illustrate root ``shut-down'' when h! hw for

c � 0, 0.01, 0.1, 0.5 and 1 represented by dot, star, plus, open circle and

triangle, respectively.
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Finally, we note that a h� � and g z� � must satisfy sev-
eral constraints:

(i) The product of a h� � and g z� �ZL
0

g�z�a�h�dz6 1: �14�

(ii) The root-density distributionZL
0

g�z�dz � 1: �15�

(iii) The root-e�ciency function is also bounded such
thatZL

0

a�h�dz6 1: �16�

2.2.3. Potential transpiration model
For potential transpiration (Ep), the Penman±Brut-

saert model described in [5,28] is used. The general form
of Ep is a Penman-like [42] combination equation given by

Ep � W �Rn ÿ G� � �1ÿ W �EA; �17�
where Ep is the potential latent heat ¯ux, Rn is the net
radiation, G is the soil heat ¯ux, W is a dimensionless
weighing function that depends on the slope of the sat-
uration vapor pressure±temperature curve and the psy-
chrometric constant, and EA is the atmospheric drying
power function given by

EA � ju�q�q� ÿ qa� ln
za ÿ d0v

z0v

� ��
ÿ wv

za ÿ d0v

Lmo

� ��ÿ1

;

�18�
where j� 0.4 is von Karman's constant, u� is the fric-
tion velocity, q is the mean air density, d0v is the dis-
placement height for water vapor, za is the measurement
height above the surface, z0v is the vapor roughness
height calculated using the formulation in [5] (p. 123)
with a leaf area index (LAI) of 3, qa and q� are the actual
and saturated air speci®c humidity, respectively. The
Monin±Obukhov similarity stability correction function
wv depends on �za ÿ d0v�=Lmo, where Lmo is the Obukhov
length, de®ned by

Lmo � ÿu3
�

jg Hv=�qCpTa�
� � ; �19�

where Hv � H � 0:61TaCpEp

ÿ �
is the speci®c ¯ux of

virtual sensible heat at the surface, Cp is the speci®c heat
capacity at constant pressure, Ta is the mean air tem-
perature, g is the gravitational acceleration and H is the
sensible heat ¯ux.

The friction velocity, u�, can be determined from

V � u�
j

ln
za ÿ d0

z0

� ��
ÿ wm

za ÿ d0

Lmo

� ��
; �20�

where V is the mean horizontal wind velocity, d0 and z0

are the momentum displacement height and roughness
length, respectively. The functions wv and wm in (18) and
(20) are computed by the Businger±Dyer stability
correction functions with the atmospheric stability
classi®ed by Lmo [6,8,15]. The sensible heat ¯ux can
be computed from the surface energy budget residual
using

H � Rn ÿ Gÿ Ep; �21�
which closes the system of equations to solve for Ep.

Recently, Cahill and Parlange [9] found that the
Brutsaert model [5] for blu�-rough surfaces, as derived
from laboratory relationship between the Stanton
number and the roughness Reynolds number, consis-
tently underestimates large sensible heat ¯ux events. It is
not clear whether the Brutsaert z0v formulation [5] for
permeable rough surfaces also underestimate latent heat
¯ux. Given the uncertainty in LAI dynamics, and the
uncertainty in the parameterizations of S�z; t�, such a
correction to Ep is minor.

2.3. Schematic integration of soil-vegetation-atmosphere
system

Fig. 3 schematically shows the dynamic linkage be-
tween atmospheric demand and the soil-vegetation-sys-
tem. Input parameters for potential transpiration are
measured mean meteorological variables (mean air
temperature, mean relative humidity, mean wind ve-
locity, net radiation, and soil heat ¯ux). The computed
Ep is then combined with soil properties (hydraulic
conductivity, saturated soil moisture, air-entry soil ten-
sion and the empirical soil parameter b) and serves as an
input for the root-water uptake S�z; t� model and sub-
sequent soil water redistribution via the modi®ed
Richards' equation. During precipitation events

Fig. 3. Schematic linkage between micrometeorological inputs and the

soil-vegetation system.
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and subsequent wetting front calculations, k�h� was
estimated using the suggestion of Hanks [23] at soil
layers bounded by sharp soil moisture content vertical
gradients. In such formulation,

Kj�1=2

iÿ1=2 � Dj�1=2

iÿ1=2

�hj
iÿ1 ÿ hj

i�
�Wj

iÿ1 ÿWj
i�
; �22�

where D, the di�usivity, is de®ned as

Dj�1=2

iÿ1=2 �
Phj

iÿ1

hL
�DDh� ÿPhj

i
hL
�DDh�

� �
�hj

iÿ1 ÿ hj
i�

; �23�

where i and j are depth subscript and time superscript,
respectively, and hL is the lowest moisture content prior
to the precipitation event (see [23] for details). Addi-
tionally, we made the following assumptions about the
boundary conditions:

(i) The evaporation from the soil surface is negligible
relative to the transpiration.

(ii) The water ¯ux at the lower boundary (z� 0.45 m)
is gravitational.

(iii) The precipitation was reduced using the inter-
ception curve (Fig. 4) derived from the measurements
reported for grass by Feddes [17] based on the experi-

ment of Rijtema [48]. This interception function, derived
by us using the measurements of Rijtema [48], can be
expressed by a shifted power law:

Ip � 58:56� �Pavg � 0:3026�ÿ0:522
; �24�

where Ip is the foliage interception (in %) and Pavg is the
average precipitation (in mm) for a given storm dura-
tion. In (24), the storm duration is de®ned as the time of
sequential non-zero precipitation. Only through-fall
enters the ¯ow domain at z� 0 before initiating the
wetting front calculations. The interception loss esti-
mates were indirectly veri®ed from soil moisture content
measurements as discussed in the next section.

3. Experiments

3.1. Study site

The study site is an Alta Fescue grass-covered forest
clearing at the Blackwood division of the Duke Forest in
Durham, NC. The site is a 480 m � 305 m grass site
surrounded by a 10±12 m Loblolly pine stand. The av-
erage elevation of the site is 163 m above mean sea level.
The measurements were collected from May to July
1997. The grass height (hc) was 0.7 m at the beginning of
the experiment and kept growing up to 1.05 m.

3.2. Meteorological measurements

The required meteorological inputs (mean wind
speed V, air temperature Ta, and relative humidity qa)
to compute Ep were measured by a R.M. Young pro-
peller/vane system and a HMP35C temperature/RH
Probe, respectively. The surface energy components,
net radiation Rn and soil heat ¯ux G, were measured by
a Q-7 net radiometer and HFT-3 soil heat ¯ux plate,
respectively. All meteorological instruments were in-
stalled at height of za � 3:3 m, while the soil heat ¯ux
plate was placed just below the soil surface (0.05 m).
The precipitation was measured by a tipping bucket
gage (Met One Instruments), situated 15 m from the
eddy-correlation tower. The precipitation measure-
ments, reduced to account for interception losses, were
used as top boundary conditions for modeling the
wetting fronts.

3.3. Turbulence ¯ux measurements

An Applied Technology triaxial sonic anemometer
and a Campbell Scienti®c krypton hygrometer were used
to measure latent and sensible heat ¯ux along with the
friction velocity. All meteorological and energy com-
ponents were sampled at 5 Hz with an averaging period
of 20 min per run. The surface roughness was deter-
mined from near neutral runs using

Fig. 4. The precipitation interception (Ip) curve for grass derived from

the report of Feddes [17] based on measurements of Rijtema [48]. The

dots are the data reported by Feddes and the curve is ®tted by a shifted

power-law function. The average precipitation (Pavg) is computed by

averaging the precipitation (P) over the storm duration.
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zo � �za ÿ d�exp
ÿjV

u�

� �
; �25�

where d is the momentum zero-plane displacement
height (�2=3hc) and za is the measurement height of the
triaxial sonic anemometer. We found that zo � 0:1hc

described well the average behavior though some de-
pendence on wind direction was noted as discussed in
Hsieh et al. [25]. Table 1 summarized the general at-
mospheric and meteorological conditions for the ex-
perimental periods.

3.4. Soil properties

The soil texture in the top 0.5 m was decomposed into
®ve layers as shown in Table 2 based on visual obser-
vation of soil color while excavating the moisture con-
tent trench. During excavation, we also noted that the
rock content for this soil was high. A hard clay pan
bounding the deeper soil layers (>0.45 m) was also in-
tercepted during the excavation. This clay pan restricted
root development beyond 0.45 m depth.

The soil moisture content pro®le was measured by an
array of CS615 water content re¯ectometers (Campbell
Scienti®c, Logan, UT) close to the meteorological tower.
Eight sets of 0.3 m length rods were installed horizon-
tally every 0.05 m depth increment starting from 0.05 to
0.45 m below the ground surface. An additional set was
installed vertically to measure the average water content
within the root zone. This vertical rod con®guration was
also used to compute soil moisture storage following a
precipitation event to indirectly assess the interception
calculations. The 0.3 m rods installed horizontally into
the soil-root system ensure strong coupling between the
local soil moisture and the integrated root-water uptake
from an ensemble of roots crossing that layer.

The averaging time interval for all multiplexed
CS615 soil moisture system was 20 min, which syn-
chronized with the meteorological and ¯ux measure-
ments. A compact constant head permeameter (Ksat,
Raleigh, NC), which measures the steady-state water
¯ow rate through the soil column, was used to estimate
the in situ saturated hydraulic conductivity separately
for three soil layers (layers 1, 3, and 5 in Table 2). The
saturated soil water content was determined by the
highest recorded value following a concentrated pre-
cipitation event. The e�ective values of the empirical
parameters b and Ws were selected from Clapp and
Hornberger [11] based on soil texture [56] and our
measured ks. Oren et al. [41] reported similar ks and b
values for soils in an adjacent pine forest site. The
values for the clay pan (z > 0:45 m) in their study,
determined from drainage experiments, were very close
to the values used in this study. However, in the top 0.3
m, root diameter of pine trees is much larger than
grass' resulting in an ``apparent'' coarser soil texture
and a lower b value as expected [29]. Petersson et al.
[44] conducted an extensive experiment to study the
in¯uence of root mass on saturated hydraulic conduc-
tivity in arid soils. They found that a strong positive
linear relationship between ks and root mass was ob-
tained in a well-developed root systems, but not in
younger plantations. Such an adjustment to our soil
hydraulic properties was not considered.

4. Results and discussion

The experiment duration (22 May±10 July 1997) co-
incided with maximum grass growth for which increase
in grass height can be visually noted. Two drying cycles
(22±31 May) and (1±10 July) were selected to evaluate

Table 1

General weather characteristics for the experimental periods

Period Date (1997) Cumulative

precipitation (mm)

Ta (°C) RH (%) V (m sÿ1) Rn (W mÿ2)

Max Min Avg Max Min Avg Max Min Avg Max

1 22 May/31 May 9.91 28.9 7.1 18.9 98.3 22.6 72.3 4.32 0.03 1.65 719

2 1 July/10 July 8.89 36.5 15.5 24.8 98.5 26.6 74.8 4.04 0.00 1.15 740

Max: maximum, min: minimum, avg: average.

Table 2

Soil hydraulic properties used in soil-vegetation system

Depth (cm) Soil texture Ks (cm dÿ1) hs (cm3 cmÿ3) jwa
s j (cm) b a

0±16 Silt loam 15.1 0.30 32.0 4.0

17±22 Loam 5.1 0.38 10.0 4.5

24±33 Silt clay loam 5.5 0.45 62.6 6.5

34±37 Silt clay 3.5 0.56 20.0 7.0

38±45 Clay 1.5 0.63 30.0 10.6

aData reference: Clapp and Hornberger [11].
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the proposed theoretical framework because these peri-
ods had complete soil moisture content measurements
and continuous meteorological and eddy-correlation
measurements. Additionally, both periods experienced
comparable total precipitation input (9.91 and 8.89 mm,
respectively).

In this section, the observed relationship between Ep

and Eact at the ®eld-case is considered using eddy-cor-
relation measurements, and at the local scale using
depth-averaged temporal soil moisture changes along
with (4). The measured Eact/Ep relationship permits us to
assess whether the main root-uptake mechanisms de-
scribed in (9) are signi®cant at both spatial scales.

To model the observed relationship between Ep and
Eact using the theoretical framework described in Sec-
tion 2.2, the parameters (c, c) of the root-density and
e�ciency function must be determined. How well the
model independently reproduced the observed Eact/Ep

and h�z; t� is also discussed.

4.1. Relationship between Eact and Ep

Using the Penman±Brutsaert estimated Ep, the eddy-
correlation measured ``®eld-scale'' Eact, and the
estimated ``local scale'' Eact (hereafter referred to as Sm)
from (4), the relationship between Ep and Eact is

Fig. 5. Diurnal variation of measured Eact (dashed) by the eddy-correlation method and calculated Ep (dot) by Penman±Brutsaert model for period 1

(top-panel) and period 2 (middle-panel). The measured precipitation distribution is also shown for reference. The constant Eact/Ep (bottom-panel) is

demonstrated using the Eact measurements from period 1 (dot) and period 2 (star). The solid line is 0.55Ep.
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investigated. In Fig. 5, the variation of measured P,
eddy-correlation measured Eact and computed Ep is
shown for the two periods along with the relationship
between Eact and Ep. In Fig. 6, a similar relationship is
shown between cumulative water uptake derived from
(4) and Ep for both periods. Notice that the eddy-cor-
relation measured Eact is 60% larger than Sm measured
from soil moisture changes (local-scale) for both peri-
ods. Given the small changes in soil moisture, such a
comparison could not be performed on a 20 min time
step.

From Figs. 5 and 6, it is evident that Eact/Ep (� b) is
approximately constant but scale dependent for both
periods. Using linear regression analysis, b is 0.55 for the
eddy-covariance measurements (see Fig. 5), and 0.33 for
the soil moisture measurements (see Fig. 6). Hence,
whether a large-scale atmospheric perspective or a local-
scale soil perspective is adopted, b appears to be nearly
constant for the range of soil moisture content varia-
tions encountered in this experiment. We investigate
possible mechanisms responsible for such a constant b
using the proposed formulation. Before we proceed, the
two model constants must be determined.

4.2. Model parameter estimation

The empirical root-density and e�ciency functions
introduce two empirical constants: the slope parameter
c (or a) in (10) and the empirical parameter c in (13)
that must be determined prior to estimating root-water
uptake. A multi-dimensional optimization was per-
formed using the measurements for period 1 to deter-
mine c (or a) and c. These optimized parameters are
independently tested for period 2. The optimization
objective function is de®ned by minimizing the mean
squared error (MSE):

MSE � 100�
Zt�tk

t�ti

Zz�L

z�0

�S�z; t� ÿ Ŝ�z; t��2 dz dt; �26�

where ti is the time just after an intensive precipitation
event and tk is time at the end of period 1 (�5 dry-
down days for period 1 as evidenced by Fig. 5), S�z; t�
is modeled root-water uptake at depth z and Ŝ�z; t� is
the root-uptake calculated from (1) using measured h
and estimated q. In Fig. 7, the variation in MSE with
simultaneous variation in c and c is shown. It is evident
from Fig. 7 that the MSE is much more sensitive to
variation in c (root-e�ciency) when compared to vari-
ations in c (root density). Interestingly, the optimum c
is close to its expected 0.01 value as discussed in Sec-
tion 2.2.2. At c� 0.01, the MSE was robust to c vari-
ations for c 2 [0,ÿ0.7]. Additionally, g�z� of Jackson
et al. [27] along with optimization on the parameter a
was considered. The optimization results indicate that
the minimum MSE for the g�z� model of Jackson et al.
[27] is 2.5 times larger than the Hoogland et al. model
[24] if a 0.35 m root-zone depth is used. The apparent
failure of Jackson et al. model [27] is attributed to the

Fig. 6. Comparison between cumulative Ep and Eact for period 1 (top)

and period 2 (bottom). The Ep (dot), Eact (star), and Sm (square) are

from model calculations, eddy-correlation measurements, and CS615

measurements, respectively. The 0.55Ep and 0.33Ep are plotted in

dashed and solid lines to illustrate the constant b observed at both

spatial scales.

Fig. 7. Variation in MSE for period 1 as a function of model param-

eters c and c. The optimization resulted c � 0:01 and was insensitive to

c for a wide range of c values.
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large reduction in g�z� for z > 0:2 m; hence, only a
small percentage of the e�cient deep-roots are per-
mitted to contribute to Eact. A comparable MSE can be
obtained if in (10(b)), the root-zone depth is extended
to 0.9 m thus increasing the percentage of deep roots.
Because of the hard clay pan below 0.45 m, such a deep
rooting zone is rather unrealistic. We do not claim that
the linear root-density model of Hoogland et al. [24] is
more realistic than the power-law function of Jackson
et al. [27] as an absolute descriptor of root density but
rather that the root e�ciency a�h� is much more im-
portant than g�z� for ®eld conditions encountered in

this experiment. Hence, for the remaining discussion,
the near-optimum empirical constants are c � ÿ0:5 and
c� 0.01.

4.3. Soil moisture content comparisons

Using c � ÿ0:5 and c� 0.01, a comparison between
measured and modeled h is shown in Fig. 8 for both
periods. It is important to note that while the cumulative
precipitation are nearly identical for both periods, the
temporal distribution is not. For the second period, P is
rather concentrated in time (�3.5 h) when compared to

Fig. 8. Comparison between measured (top-panels) and modeled (middle-panels) soil moisture content pro®les for period 1 (left-column) and period

2 (right-column) using the optimized c and c values from period 1. The modeled S�z; t� is also shown (bottom-panel) for both periods.
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the ®rst period (�1.0 d) as evidenced by Fig. 5. As such,
the interception losses in the ®rst period (�85%) are
much larger than the second period (�55%). The dif-
ferences in interception losses between the two periods
are realized in patterns of measured near-surface h�z; t�
(Fig. 8 top ®gures). During a precipitation event,
S�z; t� � 0 and the ability of the model to reproduce
measured h is primarily dependent on the soil hydraulic
properties. Hence, the good agreement between mea-
sured and modeled h as the wetting front progresses (see
Fig. 8) suggests that the choice of hydraulic properties
(see Table 2) is reasonable and adequate to model the
drying patterns discussed next.

When S�z; t� > 0, the model captures the basic dry-
ing patterns at di�erent soil layers; however, in certain
near-surface regions, discrepancies are apparent, par-
ticularly in water uptake following the precipitation
event for period 2 (see Fig. 8). The observed rapid
drying pattern in the 0.05±0.15 m layers is larger than
model prediction. There are several potential explana-
tions for such underestimation; however, it must be
emphasized that for such a strati®ed soil, the vertical
variability in h is much larger than the temporal vari-
ability for any given layer. Also, the coloring scheme in
Fig. 8 is chosen to amplify di�erences in measured and
modeled h near the surface. In fact, these di�erences
are of the order of 0.03 cm3 cmÿ3 and are well within
the CS615 calibration error [29,41]. The fact that the
model was able to reproduce much of the observed
h�z; t� for both periods (especially for the deeper soil
layers) permits us to investigate the primary mecha-
nisms responsible for the observed near constant b
using model calculated S.

The calculated S�z; t� is also shown in Fig. 8 for both
periods (bottom-panel). Based on the modeled S�z; t�,
the following can be noted (speci®cally for period 2):

(1) Directly following the precipitation event, the top
layers (0±0.2 m) rapidly uptake water in direct propor-
tion to the root density. The deeper layers (0.2±0.35 m)
continue to uptake water but not at the same strength as
the top layer.

(2) As moisture content approaches near-wilting
point in the top layers, the deeper layers become the
main contributors to Eact.

Based on these two results, we deduce the following:
(1) The rooting-system preferentially uptake water

from the top layers if the water is freely available.
(2) The deeper layers are able to extract water at a

high rate. These ®ndings are in excellent qualitative
agreements with heat pulse measurements within Kiwi-
fruit vines rooting reported by Green and Clothier [22]
and dry weight root measurements for turf grasses re-
ported by Huang et al. [26]. Both studies conclude that
roots are able to preferentially uptake water from the
near surface when water is freely available, but are able
to adjust to near-surface drought by uptaking water

from deeper layers. The transition from shallow-layer to
deeper layer uptake occurs within days. They also found
that root viability (which is a physiological function) is
more critical than the root length density. Sala et al. [50]
also demonstrated a shifted root water extraction from
shallow to deep soil layers in a shortgrass study for a
long drying cycle. They proposed that the gradual shift
be related to the distribution of water potentials within
the soil and the pattern of daily dynamics in leaf water
potential. They also concluded that in the dryer (sur-
face) layer, the water ¯ow to the rooting system is re-
stricted because of a small soil-leaf water potential
gradient; in the wetter (deeper) layers, the ¯ow is
somewhat more limited by the lack of su�cient root
length density. Our model indirectly accounts for such
observations by forcing the deeper layers to uptake
water more e�ciently when compared to the surface soil
as in (12) but allocate more rooting density to the top
layers via g�z�. In summary, the proposed root e�ciency
functions in (12) and (13) permit such uptake adjust-
ment from shallow to deeper layers when near-surface
h! hw; meanwhile, it allows the near-surface roots to
preferentially uptake water for large h. Hence, the model
mirrors the relative contribution of these two layers to

Fig. 9. Variation in cumulative Eact as a function of cumulative Ep for

period 1 (top) and period 2 (bottom). Open circles represent calculated

Eact from modeled S�z; t�, and plus symbols represent estimated Sm

using CS615 measurements for h. The solid line is 0.33Ep.
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Eact as the drying cycle progresses. We consider next
whether the modeled Eact preserves the near constant b
shown in Fig. 9(a) and (b).

4.4. Model validation of Eact/Ep

Using (2), (8) and computed Ep, Fig. 9(a) and
Fig. 9(b) display the variations of cumulative Eact as a
function of cumulative Ep for both periods. The solid
lines represent Eact� 0.33Ep. While the good agreement
between measured and modeled Eact/Ep is not surprising
for period 1 given that the parameters are optimized to
match observed S�z; t�, the good agreement for period 2
cannot be attributed to such optimization artifacts. We
iterate again that the model calculations were not forced
to produce a constant Eact/Ep; however, the modeled
near constant b of Fig. 9(b) was the result of deeper root
contribution to Eact.

5. Conclusion

This study investigated the role of root-water uptake
on the Eact/Ep relationship experimentally and numeri-
cally. A model linking atmospheric demand (via
potential evaporation) to soil moisture redistribution in
the presence of a root system was developed. The
Penman±Brutsaert potential evaporation model, a
moisture-dependent root e�ciency function and a linear
root-density function were used to model water move-
ment within the soil-vegetation-atmosphere continuum.
Based on the measurements and model calculations, we
concluded the following:

(1) The measured Eact/Ep at the ®eld scale (� 0.55
using eddy-correlation measurements) and the local
scale (� 0.33 using soil moisture content measurements)
suggest a near constant b for both drying periods.
Hence, the root-dynamics responsible for such a con-
stant b are not dependent on the measurement spatial
scale and their in¯uence is sensed at both local and ®eld
scales.

(2) The proposed root e�ciency function along with a
linear root-density distribution provides a parsimonious
model to describe root-water uptake. When coupled
with Richards' equation, the proposed root-water up-
take model reproduces well measured time-depth soil
moisture content dynamics within the root zone.

(3) The root-uptake model captures well preferential
water uptake from the top layers when water is freely
available and is able to permit high extraction rates from
deeper layers despite limited rooting density in those
layers. While the model does not explicitly treat water
uptake transition from shallow to deeper layers as ob-
served by Green and Clothier [22] and Huang et al. [26],
it does provide a practical solution to account for the
dynamic switching of root water extraction as a function

of soil moisture content. Hence, the model indirectly
mirrors the relative contribution of root-water uptake at
di�erent depths to the over all Eact. In fact, the com-
puted b by such model is nearly constant and is in close
agreement with the local b measurements for both pe-
riods.

The broader implication of this study, when consid-
ered in concert with Green and Clothier [22] and Huang
et al. [26], is that vertical root-density distribution can-
not be the primary variable used to allocate water up-
take at di�erent soil layers. Such root-water allocation
has been used in many recent GCM model runs (e.g.
[14]). In fact, the root viability re¯ected by root-water
uptake e�ciency can be equally critical (if not more
important) for many vegetation types.
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