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EVALUATION OF MACROSCOPIC ROOT WATER

UPTAKE MODELS USING LYSIMETER DATA

Y. Luo,  Z. OuYang,  G. Yuan,  D. Tang,  X. Xie

ABSTRACT. Three macroscopic root water uptake models (Molz–Remson, Feddes, and Selim–Iskandar) have been widely used
in modeling water flow in soil–plant systems. In this article, we use evapotranspiration data and soil water content data
obtained from lysimeter measurements and root distribution data obtained in a nearby wheat field to evaluate the accuracy
of these root water uptake models in predicting the soil water content profiles in the winter wheat field. To account for the
role of root distribution, we modified the Molz–Remson model and the Selim–Iskandar model with the Feddes reduction
function, and the Feddes model with the root length density. These models, with and without modifications, were then
individually incorporated into the soil water flow equations as a sink term. The flow equations were solved numerically with
the measured evapotranspiration data as input, and the predicted soil water content profiles were compared with the measured
profiles to evaluate the validity of the root water uptake models. The comparison showed that: (1) the average deviation of
the Molz–Remson (linear version) model, the Feddes model, and the Selim–Iskandar model could reach as high as 25%, and
the non–linear version of the Molz–Remson model performed slightly better, with an average deviation of 13%;
(2) modifications made to the Molz–Remson models and the Selim–Iskandar model did not achieve any improvement in the
model predictions, but the modified Feddes model significantly improved the prediction accuracy, reducing the average
deviation to 5.6%.
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he boundary between soil and the root system of
plants is a major hydrologic interface across which
well over 50% of evapotranspiration moves. A
quantitative  study of water transport in the

soil–root system is an important component in modeling the
hydrological processes. Molz and Remson (1981) classified
these studies into two categories. The first category follows
a microscopic approach that studies radial flow of water to a
single root, which is idealized as an infinitely long cylindrical
sink of uniform radius. This type of microscopic approach
has contributed significantly to the understanding of the root
water uptake process. The second category follows a
macroscopic approach, in which the root system is treated as
a single unit to sum up the effects of all individual roots. The
total root system is assumed to extract moisture from each
differential volume of the root zone at a rate of S, which is a
function of location, moisture content, and time. In
application, the macroscopic approach has significant
advantages over the microscopic treatment. Based on
Richard’s equation, with the root uptake rate as a sink term,
Molz and Remson (1970) presented a one–dimensional soil
water flow model as:
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where
� = volumetric soil water content
� = soil water potential
K = unsaturated soil water conductivity
t = time.
Equation 1 has been widely used in modeling water flow

in soil–plant systems (Molz and Remson, 1970, 1971; Selim
and Iskandar, 1978, 1981; Iskandar and Selim, 1981;
Wallach, 1990; Singh and Singh, 1996; Mathur and Rao,
1996; Chang and Corapcioglu, 1997; Musters and Bouten,
2000).

There are many different forms of sink term functions.
Molz and Remson (1981) gave a review of those most widely
used, and they can be classified into two classes as well. One
class was developed based on the electrical analog, including
those by Gardner (1964), Whisler et al. (1968), Feddes et al.
(1976), Hakerlrath et al. (1977a, 1977b), Rowse et al. (1978),
and Molz and Remson (1981). These functions contain
parameters,  such as water potential of plant roots, pressure
head at the soil–root interface, and hydraulic resistance of
root and soil to water flow, that are difficult to measure and
often determined by trial and error with the aid of field data.
Another class of sink term functions was developed with the
assumption of the transpiration rate being equal to the sum of
uptake rate over the root profile. Therefore, the change of
water storage in the plant is negligible. Under this assump-
tion, the sink term function can be expressed as:

( ) ( )TrCS z,tz,t =  (2)
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where
Tr = transpiration rate
C(z,t) = weighing factor with:

( ) 1C
Lr

0
=∫ dzz,t  (3)

where Lr is the maximum root depth. Among this class are
functions given by Molz and Remson (1970), Feddes (1978),
and Selim and Iskandar (1978).

The key in applying the sink term functions of the
weighing factor type is the selection of the form of the
weighing factor. The weighing factor could be formulated as
a function of the root length density function, soil water
content or potential, soil water conductivity or diffusivity,
and reduction function. In the current study, we used the sink
term functions of the weighing factor type given in the
appendix of the review by Molz and Remson (1981) and
listed in table 1.

WEIGHING FACTORS
The weighing factors are empirical in nature. As shown in

table 1, both the Molz and Remson (1970) model (termed the
M–R model hereafter) and the Selim and Iskandar (1978)
model (termed the S–I model hereafter) include the root
length density function, R(z). Molz and Remson (1970)
defined R(z) as the “effective root length density” that
indicated the density of the active roots in uptake, and derived
the effective root length density implicitly with experimental
data under conditions of steady soil water flow. Although
R(z) may be derived implicitly with experimental data, in
practical application, R(z) was often obtained from field
measurements due to the difficulty in deriving it implicitly.
In addition, the R–M model uses the soil water diffusivity
function to account for the influence of soil properties on root
water uptake processes, while the S–I model uses the soil
water conductivity function. Both of these models have been
applied successfully in modeling water flow as a soil–plant–

Table 1. Sink term functions that were evaluated in this article.
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atmosphere system; however, it is not clear whether one of
the models may have any advantage over the other. To our
knowledge, no comparison of the performance of these two
models against a single data set has been reported.

Another sink term function by Molz and Remson (1970),
termed the M–R (L) model hereafter, was formulated
following a hypothetical linear distribution pattern of 40%,
30%, 20%, and 10% of uptake rate in each layer of equal
depth over the root profile. This model is widely used, mostly
because it only requires a root depth measurement.

In the case of the Feddes model, a reduction function was
defined and included in the weighing factor to account for the
influence of soil water status on root water uptake. Different
from the M–R model and S–I model, the Feddes model treats
the influence of the soil water status on root water uptake
more explicitly. However, it is not clear to what extent the
reduction function can account for the sink pattern in the soil
profile.

In the current study, we applied all these models to a single
set of input data and checked their predictions against the
same set of observation data. We evaluated the prediction
accuracy of each model and examined whether each model’s
performance was improved by combining the root length
density in the weighing factor and by the use of a reduction
function, and whether one of the models has any obvious
advantage over the other.

EVALUATION OF THE SINK TERM FUNCTION
It is usually difficult to evaluate the performance of the

various sink term functions in an unambiguous manner
because in most cases they are part of a complex one– or
two–dimensional soil water flow model, which, at best, is
“calibrated”  using field data such as soil water contents,
rainfall rates or amounts, and transpiration rate. The
parameters of the sink term functions, often including such
terms as root length density, root permeability, and root water
potential,  are then chosen by trial and error to make the
overall model fit the data (Molz and Remson, 1981).
Nevertheless, equation 1 has always been used to evaluate or
calibrate the sink term functions in one–dimensional cases.

When the sink term function of the weighing factor type
is evaluated from field data or applied in case studies,
evaporation and transpiration or evapotranspiration rates,
soil water profile, root length density profile, and soil water
parameters such as diffusivity and/or conductivity must be
determined carefully.

Evaporation and transpiration, or the evapotranspiration
rate, are often estimated from meteorological data (Lafolie et
al., 1991; Singh and Singh, 1996; Mathur and Rao, 1999) or
by a water balance method (Coelho and Or, 1996). There are
also researchers who used a constant transpiration rate (Molz
and Remson, 1970; Wallace, 1990; Chang and Corapcioglu,
1997; Selim and Iskandar, 1981). Equation 2 indicates that an
accurate transpiration rate is required when validating the
prediction capacity of the sink term functions. Otherwise,
errors in transpiration rate will affect the magnitude of the
uptake rate, and hence the reliability of soil water predic-
tions. Using a high–resolution lysimeter to measure the
evapotranspiration  rate will help to reduce the uncertainty in
the transpiration data.

Root length density is obtained either by field measure-
ment or by modeling. Traditionally, the line–transect method
(Newman, 1966) was used in the field measurement of root
length. For wheat that is rich in hair roots, measuring the root
length with this method is not only arduous work but also of
low accuracy. Hence, the uncertainty in root length measure-
ment will undoubtedly affect the performance of the sink
term functions. Zhang et al. (1993) measured root length
using a Comair root length scanner to study the distribution
of peanut root length. In addition to direct measurements,
there are attempts to describe root distributions with
empirical functions (Coelho and Or, 1996; Zhang et al., 1993;
Gerwitz and Page, 1974). Mathematical relationships are
more concise and easier to work with than “raw” data, and
functions can describe the data in a continuous, rather than a
discrete, fashion. This distinction will be especially impor-
tant when one is concerned with matching the spatial
discretization  in a simulation model (Zhang et al., 1993).
However, caution should be exercised when extrapolating
empirical relationships to conditions other than those
measured in the field. In the current study, the root
distribution of a wheat crop that is rich in hair roots was
determined from field measurements with a high–resolution
scanner.

The soil water profile is also needed in evaluating the
performance of the sink term function in equation 1 (Molz
and Remson, 1970; Mathur and Rao, 1999). The measured
and predicted soil water profiles are compared to evaluate the
performance of the sink term function. Soil water profile data
in the field are often measured with a neutron probe, TDR, or
other techniques such as gamma densitometry and resistance
blocks. Although neutron moderation is plagued by poor
spatial resolution, it is widely used because of its simplicity
and low cost. TDR has shown several favorable advantages
since its initial application in measuring soil water contents
(Topp et al., 1980; Patterson and Smith, 1981; Wraith and
Baker, 1991). However, it is much more expensive, and not
always available.

With a set of accurately obtained lysimeter data, including
the evapotranspiration rate, root length density, and soil
water content profile, this article is set to address the
following questions:
� Can the combination of the Feddes reduction function

improve the performance of M–R and S–I sink term
functions?

� Can the introduction of root length density into the Feddes
sink term function improve its prediction capacity?

� How do the performances of these sink term functions
compare to each other when evaluated with the same set
of data?

MATERIALS AND METHODS
EVALUATION APPROACH OF ROOT WATER UPTAKE MODELS

Direct measurement of water uptake rate distribution over
the soil profile is difficult. The difficulty comes from the
dynamics of soil water content caused by both the root uptake
and soil water potential gradient. Therefore, it is often
necessary to couple Richard’s equation with the sink term
function in order to test the root uptake models against the
field data (Molz and Remson, 1970, 1971; Marino and Tracy,
1988; Mathur and Rao, 1999; Gardner, 1991; Wallach, 1990;
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Chang and Corapcioglu, 1997; Singh and Singh, 1996;
Coelho and Or, 1996; Selim and Iskandar, 1981). Richard’s
equation coupled with the sink term function is normally
solved numerically, subject to proper initial and boundary
conditions, with either a finite difference scheme (Singh and
Singh, 1996; Chang and Corapcioglu, 1997; Molz and
Remson, 1970; Mathur and Rao, 1999) or a finite element
scheme (Lafolie et al, 1991; Omary and Ligon, 1992). If the
model prediction fits the observation reasonably well, the
sink term function is considered appropriate (Molz and
Remson, 1981).

Considering the spatial resolution of soil water content
measurements in the lysimeter for this study and the
simplicity needed for extension of the soil–root system
model for further use in field water management, this article
starts from a simple water flow modeling scheme following
ten Berge et al. (1992), Mihailovi� et al. (1993), Sellers et al.
(1996), and Acs (1994). The soil water flow was modeled as:

SDQE
θ

D 1121
1

1 −−−= ,sdt
d

 (4)

SDQQθ
D 11 iii,i,ii

i

dt
d

i −−= +−  (5)

SDQQθ
D N NNN1,N

N −−= −dt
d

N  (6)

where
i = 0, 1, 2,..., N, and N = total number of the soil layers
Di = thickness (m)
�i = mean volumetric soil water content of layer i
Qi,i+1 = soil water flux across the interface of layers i and

i + 1(m/s)
QN = gravitational drainage from the bottom layer N

(m/s)
Si = root water uptake rate in layer (1/s)
t = time (s)
Es = soil evaporation rate (m/s).
The water flux between adjacent layers is given by:
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where
Ki = soil water conductivity of layer i (m/s)
�i = soil matrix potential of layer i (m).
To measure the discrepancy between the calculated and

observed soil water profile, a relative error index is defined
as follows:
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where
�i′ = predicted soil water content in ith layer
�i = measured soil water content in ith layer
i = 1,..., N
�i = relative error index for ith layer.

By summing and averaging the individual relative error
indices over all layers, we obtain an averaged error index (�),
which is used to evaluate the overall performance of the
model’s prediction:
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FIELD EXPERIMENT

To evaluate the performance of those models with the
approach mentioned above requires us to determine precisely
(1) the evapotranspiration rate, (2) the root length density
profile, (3) the soil water content profile, and (4) other soil
parameters such as soil water retention, unsaturated hydrau-
lic conductivity, and diffusivity. Field experiments were
undertaken at the Yucheng Agro–ecosystem Experimental
Station (37³ 10′ N, 116³ 25′ E) of the Chinese Academy of
Sciences, which is located in northwest of Shandong
Province, China. The experiment included measuring evapo-
transpiration,  soil water content profile, drainage, and
groundwater table in a weighing lysimeter, measuring root
length density profile in the nearby wheat field, and
measuring the crop leaf area index both in the lysimeter and
in the nearby field. The crop used was winter wheat (Triticum
aestivum L.).

Weighing Lysimeter
This weighing lysimeter was constructed in 1990 and put

into operation in 1991. It is placed in the middle of a 1.0 Ü
106 m2 cultivated field. The basic components of the
lysimeter are illustrated in figure 1. Component I is a steel
soil cylinder with a surface area of 3.14 m2 and a soil profile
with depth of 4.5 m overlying 0.5 m of fine sand. The
aboveground part is 0.05 m in height. The steel cylinder was
cut into the soil when the lysimeter was constructed.
Therefore, the lysimeter was filled by undisturbed soil. A
neutron probe access tube (IV) is installed in the column. The
soil column rests on a sensitive weighing system (V) capable
of measuring the total mass of approximately 35 Mg to the
nearest 60 g. A Mariotte system (II) is connected to the soil
column to control and record the water table inside, and
measure the amount of water that is supplied to the soil
column and/or leaks out of it. Gravity drainage is collected
by a drainage tank (III). By recording the weight change of
the soil column, water leakage from or water supply to the
soil column, and the irrigation and/or rainfall amount, the
total evapotranspiration, at certain time intervals, from the
lysimeter can be obtained through a water balance approach.
Generally, observations are made at 08:00 and 20:00 each
day. The weighing system is calibrated every year.

Evapotranspiration (ET)
Data used in this article were from 24 April to 6 May 1999,

as shown in figure 2. The total evapotranspiration is
54.52 mm.

Soil Water Content Profile
Soil water content was detected using a neutron probe.

Calibration was done and calibration curves were obtained
for the surface 0.20 m layer and below, respectively. Soil
moisture content was detected with the neutron probe for
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Figure 1. Diagram of the weighing lysimeter system.
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Figure 2. The measured evapotranspiration and groundwater table in the lysimeter (Yucheng Comprehensive Experimental Station, Chinese Academy
of Sciences, 1999).

each 0.10 m of soil layer to a depth of 1.50 m below the
surface. This article used the soil water profile detected at
10:00 on 24 April as the initial profile of model simulation,
and that detected at 10:00 on 6 May to evaluate the model
simulation results. Figure 3 shows the measured soil water
profiles of 24 April and 6 May. During this period, the soil
water storage in the profile of 1.50 m decreased by 56.65 mm
in depth of water.

Drainage
There was no irrigation and rainfall between 24 April and

6 May. According to the evapotranspiration and soil water
profile data, there was 2.13 mm of water leakage at the 1.40
m depth during this period.

Groundwater
Groundwater table was recorded every day manually

through the observation tube. Figure 2 shows the water table
fluctuation during the period from 24 April to 6 May. The
water table changed slightly between 1.56 and 1.72 m.

Root Length Density Profile
Because of the limited space inside the lysimeter, the root

density was measured in the field around it instead of inside
the soil column. The sampling site was located at 5 m away
from the lysimeter. Because the planting and management of
winter wheat in the lysimeter and in the field around it were
maintained under the same conditions, it is reasonable to use
the root profile in the field to represent that in the lysimeter.



6 TRANSACTIONS OF THE ASAE

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0
0.0 0.1 0.2 0.3 0.4

Volumetric soil water content

 24–April
 6–May

S
o

il 
d

ep
th

 (m
)

Figure 3. Measured soil water content profile in the soil cylinder (1999).

In addition, we assumed that the root length density profile
measured on 22 April would have a negligible change
throughout the simulation period that started on 24 April and
ended on 6 May.

Root sampling and density profile measurement were
done as follows. A trench 2 m deep was excavated. Along the
wall of the trench, soil cores were taken as a 0.30 Ü 0.30 m
block that covered two rows, which consisted of one
complete row space (0.15 m) and two half–row spaces (2 Ü
0.075 m). At a depth of 1.40 m, one soil core was taken for
each 0.10 m soil layer. The sampled roots should represent
the average root distribution both in and between the rows.
The sampled cores were then cleaned by rinsing with water
and manually picked free of soil and other debris. Root length
was measured with the CI201 Area Meter (CID Corporation),
which is capable of measuring the length of thin hair roots and
has a calibration precision of 2%. The scanner was calibrated
periodically, as required by the user’s guide. Root length
density (root length in unit volume of soil, m/m3) was
calculated from the length and volume of the sample. The
obtained root length density profile is shown in figure 4.
Statistically, in soil layers 0.30 m, 0.60 m and 1.00 m below
ground, the root length comprised 81%, 94%, and 99% of the
total profile, respectively.

SOLUTION OF THE CONTINUITY FLOW EQUATIONS

Upper Boundary Conditions
In equation 4, Es was set as 10% of the measured

evapotranspiration,  because of the closed canopy (LAI = 4.5)
and zero irrigation and rainfall during the simulation period.

Lower Boundary Conditions
In equation 6, QN was simply set as the average of the total

leakage (2.13 mm) over the time period from between
24 April to 6 May. This brought about a great simplicity for
determining QN and caused little error in predictions since the
quantity of QN was very small.

Initial Conditions
We used the soil water profile detected at 10:00 on

24 April as the initial profile. Although the evapotranspira-
tion was measured between 08:00 and 10:00, the difference
in soil water profile between 08:00 and 10:00 caused by
evapotranspiration  on 24 April was negligible.
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Figure 4. Measured winter wheat root length density profile (22 April
1999).

Soil Parameters
The parameters of the soil water retention curve, unsatu-

rated hydraulic conductivity, diffusivity, and the measure-
ment methods were adopted from Wu (1993). The sandy
loam soil at the observation site was almost homogeneous,
with a dry bulk density of 1.4 Ü 103 kg m–3. The soil water
retention curve was measured with the soil moisture extractor
model 1400 (<5 bar) and 1600 (<15 bar) made by the Soil
Moisture Equipment Company. The test samples were
undisturbed soil cores taken from the site near the lysimeter.
The unsaturated soil water conductivity was measured by
double ring infiltration method. The diffusivity was mea-
sured by horizontal infiltration of homogeneous soil prepared
in the lab (Lei et al., 1988). It was found that the soil water
conductivity and diffusivity were of little difference at the top
and bottom, with the threshold depth being 0.50 m. The
detailed measurements are given in table 2.

In the Feddes reduction function, water uptake above ��

(oxygen deficiency) and below �� (wilting point) was zero.
Between �� and �� and between �	 and ��, a linear variation
was assumed. The value of �	 may vary with evaporative
demand of the atmosphere. In a 1990 study, de Jong and
Kabat used the following pressure–head limits for grass: �� =
–0.1 m, �� = –0.25 m, �	 = –2 m, and �� = –80 m when the
potential transpiration rate was set at 5 mm/d. When the
potential transpiration rate was set at 1 mm/d, �	 = –8 m,
while the other three limits remained same. Singh and Singh
(1996) gave another group of values for cotton: �� = –0.1 m,
�� = –0.25 m, �� = –160 m, and �	 = –4 or –8 m when the
potential transpiration rate was set at 5 mm/d and 1 mm/d,
respectively. Marker and Mein (1987) gave yet another group
of values: �� = 0 m, �� = –0.5 m, �	 = –5 m, and �� = –15
m. Hu (1995) used �� = 0 m, �� = –0.3 to 0.5 m, �	 = –4 to
–10 m, and �� = –15 m for winter wheat in his study at this
same observation site. Therefore, in this article, we used �� =
0, �� = –0.4 m, �	 = –6 m, and �� = –15 m.

Writing water flow equations for each 0.10 m layer for a
24 h time interval for all 14 layers, we obtained a closed
equation set. For each equation, the sink term was determined
by the measured evapotranspiration, soil water content, root
length density, and soil water conductivity or diffusivity.

Dynamic change of soil water content over the profile was
then simulated. Comparing the predicted soil water profile of
6 May with that measured at 10:00 on that day, we evaluated
the performance of different root uptake models using indices
given by equations 9 and 10.
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Table 2. Soil parameters used in this study.

RESULTS AND DISCUSSIONS
COMPARISON OF MODELS’ PERFORMANCE

Figure 5 depicts the simulated and measured soil water
content profile on 6 May, and table 3 lists the corresponding
�i and � values.

Figure 5 shows that the simulated soil water distribution
patterns are very similar to each other, except those predicted
by the modified Feddes sink term function. It also shows that
obvious discrepancies exist between the simulated and
measured profiles. At the 0.30 m layer, the predicted soil
water content was higher than the measured one, and the
highest difference appears at the layers between 0.10 m and
0.20 m. For those layers between 0.30 m and 1.40 m, the
predicted soil water contents were lower than the measured
values.

Table 3 summarizes the comparison quantitatively. For
the M–R (L) model, the Feddes model, and the S–I model and
its modified form, the relative error reached as high as 200%,
at approximately the 0.10 to 0.20 m layers. For the M–R

model and its modified form, the highest relative errors were
96.8% and 95.4%, respectively. However, the highest
relative error for the modified Feddes model was only 21%,
which is much smaller than that of the other models. At the
layers below 0.30 m, the discrepancies were small and
distributed fairly uniformly. Comparatively, the relative
errors of the modified Feddes model were the smallest.
Averaged over the entire soil profile, the average relative
errors for the M–R (L) model, the Feddes model, and the S–I
model and its modified form varied between 20% and 25%.
For the M–R model and its modified form, the average
relative errors were 12.5% and 13%, respectively. For the
modified Feddes model, the average relative error was 5.6%,
the smallest among all the models.

Distribution of root water uptake in the soil profile was
determined by both the root length density distribution and
soil water potential. In the M–R (L) model, the soil water sink
is distributed by the pattern 4:3:2:1, and the soil water
potential effect is not taken into account. Therefore, simplic–
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as M in the legends).
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Table 3. Statistics of the relative error of soil water content predicted
by different root uptake models to the measured value.

Root Uptake Models

M–R
Modified Form

αi

M–R
(L) M–R Feddes S–I M–R Feddes S–I

1 13.9 27.3 35.7 66.5 35.6 –10.3 66.5

2 203.6 96.8 209.8 180.1 95.4 21.0 180.1
3 32.4 14.5 34.1 29.5 13.9 11.6 29.5
4 5.8 1.1 6.4 6.5 0.8 3.1 6.5
5 –8.0 –8.6 –8.2 –4.7 –8.8 –7.3 –4.7
6 –4.6 –2.9 –5.4 –3.2 –3.1 –0.3 –3.2
7 –9.5 –8.3 –10.9 –8.8 –8.5 –5.7 –8.8
8 –4.8 –1.2 –6.8 –3.8 –1.2 2.2 –3.8
9 –4.2 –0.3 –6.7 –5.1 –0.4 2.7 –5.1

10 –1.3 0.7 –4.3 –7.0 0.6 4.8 –7.0
11 –7.1 –4.7 –10.4 –12.4 –4.8 –1.6 –12.4
12 –7.1 –5.5 –10.9 –13.4 –5.6 –2.2 –13.4
13 –6.6 –6.1 –11.0 –13.4 –6.2 –2.4 –13.4
14 –6.8 –4.0 –11.6 –9.9 –4.1 –2.5 –9.9

β 21.2 12.5 25.2 24.7 13.0 5.6 24.7

ity comes at the cost of reliability, and caution must be
exercised in application. In regard to the M–R model, Molz
and Remson (1970) stated that, when the simulation went on
to the 8th day, the upper layers became dry because of
depletion, and the root uptake pattern changed considerably
in a way that could not be accounted for by increasing or
decreasing diffusivity in the model. One of their possible
interpretations  was that the effective root distribution, which
was regarded as static, depended on the soil moisture content,
and this dependency could not be neglected at higher
suctions. This indicates that diffusivity cannot account for the
effects of soil water status on root uptake when the soil is dry,
and other mechanisms of root activity changing with soil
water status should be included in the model. This may also
explain the S–I model’s failure to give good results for the dry
upper layers.

Introduction of the Feddes reduction function into the S–I
and M–R models did not achieve any improvement. It is not
clear whether any compensation exists in the context of the
overall model. The Feddes model has the simplest form
among those listed in table 1. The Feddes reduction function
is believed to account for the effect of soil water status on root
uptake most explicitly, and it has a very good physical base.
Lanscano and van Bavel (1984) tested their hypothesis, that
the fractional water uptake by the root system from a soil is
proportional to the root density, using experimental data.
Their results indicated the importance of including root
density in the root uptake models. Modification of the Feddes
model by including the root length density function and
testing with experimental data given in this study further
supports this hypothesis. When the soil water conductivity
function in the modified S–I model and the soil diffusivity
function in the modified M–R model were eliminated, the
remaining parts were the same as the modified Feddes model.
This may also indicate that the soil water conductivity
function and the diffusivity function are not good for
modeling root water uptake, especially in the case of dry soil.
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Figure 6. Distribution of root water uptake density calculated by the mod-
ified Feddes model.
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Figure 7. Percentage of water uptake from different soil layers calculated
by the modified Feddes model.

ANALYSIS OF SOIL WATER USE FROM DIFFERENT SOIL
LAYERS BY CROP

Figure 6 shows the root uptake density distribution in the
soil profile modeled by the modified Feddes model on
24 April and 5 May. On 24 April, soil water potential was
high enough not to affect the crop root uptake, so the root
uptake density distribution was mainly determined by the
root length distribution. The water uptake density was high
at the locations where the root length density was high. On
5 May, the soil water content had been depleted due to the
crop water use in the past several days. Subsequently, the soil
water content limited the root water uptake at the upper
layers. During this period, the root water uptake density
distribution was determined by both the root length density
and the soil water content. The peak density moved
downward to the depth of 0.30 m, and at the upper 0.10 m
layer, the water uptake was stopped by the dry soil.

Figure 7 shows the percentage of water uptake from
different layers between 24 April and 5 May. It shows that
59% of the water was drawn directly from the layers between
0.00 m and 0.30 m, since most of the root system was
distributed in this section. Water uptake from the layers
between 0.30 m and 0.60 m accounts for 21% of the total
water uptake, which is about one third of that from 0.00 to
0.30 m.



9Vol. 46(3): xxx–xxx

CONCLUSION
Using the lysimeter data and other field measurements, we

evaluated the root water uptake models of Molz and Remson
(1970), Feddes (1978), and Selim and Iskandar (1978), as
well as their modified forms. By comparing the soil water
profiles predicted by the soil water flow equation with the
sink term given by these models with the measured soil water
profiles, we showed that the models of Molz and Remson
(1970), Feddes (1978), and Selim and Iskandar (1978) all
provided predictions with high errors. At the layers above a
depth of 0.30 m, these models tended to underestimate the
water uptake, and at the layers below 0.30 m, they
overestimated the water uptake. The average relative errors
of the predicted soil water content by the M–R (L) model, the
Feddes model, and the S–I model reached 21.2%, 25.2%, and
24.7%, respectively. The averaged relative error of the Molz
and Remson (1970) model was 13%. Modification of the
M–R and S–I models with the Feddes reduction function did
not improve their performance. Modification of the Feddes
model with the root length density function achieved great
success, with the average relative error being reduced from
13.7% to 5.6%.

This study showed that it might not be appropriate to
incorporate the soil water diffusivity and conductivity into
the sink term functions to account for the effects of soil water
properties on root uptake process, especially when the soil is
dry. Effects of soil water status on root water uptake should
be considered when formulating the sink term functions,
although much remains to be understood in this aspect.

Simulation results from the modified Feddes model
indicated that root water uptake rate was determined by both
the root length density and soil water content. When the
upper soil layers become dry, the peak water uptake rate
moves downward to the lower layers. The wetness of the
upper 0.30 m layer is important for crop water uptake due to
the existence of high root density in this region.

This work was limited to a period of 12 days, during which
root density was treated as static. Similar work should be
done with the consideration of root growth during the crop
season.
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NOMENCLATURE
� = volumetric soil water content (m3 m–3)
� = soil water potential (m)
z = soil layer depth (m)
K(�) = soil water conductivity (m s–1)
D(�) = soil water diffusivity (m2 s–1)
t = time (s)
S(z,t) = water uptake rate (s–1)
C(z,t) = weighing factor
Lr = maximum root depth (m)
�(�) = Feddes reduction function
��, ��, �	, �� = limit values of soil water potential in

Feddes reduction function (m)
Tr = transpiration rate (m s–1)
D1, D2,..., DN = thickness of the soil layer 1, 2,..., N,

respectively (m)
N = number of the soil layers
Qi,i+1 = water flux through the interface of layer

i and i + 1 (m s–1)
S1, S2,..., SN = water uptake rate in layers 1, 2,..., N (s–1)
Es = soil evaporation rate (m s–1)
Ki,i+1 = effective soil water conductivity of layer

Ii and i + 1 (m s–1)
�i = relative error of the simulated soil water

content to the measured one in layer i (%)
�i′ = measured soil water content in layer i

(m3 m–3)
�i = simulated soil water content in layer i

(m3 m–3)
� = average of the absolute �i over soil

profile (%)


