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Abstract The contribution of regional ground water and
deep percolation from a furrow irrigated field to total drain
flow was estimated using salt load analysis. It was found
that 64% of the drain flow comes from regional ground wa-
ter flow. The electrical conductivity of the drain water was
highly correlated with the drain flow rate. From the field
water balance with deep percolation as estimated from the
salt load analysis, using yield function derived evapo-
transpiration, and measured changes in root zone water
storage, it was shown that 14% of the crop evapotranspi-
ration comes from ground water during the study period.

Extended periods of drought and unpredictability of pre-
cipitation causes uncertainty in managing irrigation
systems. With limited and uncertain water resources, min-
imizing deep percolation and drainage has been suggested
as the most important strategy to improve the performance
of irrigation systems. To relate water source control to
drainage reduction, deep percolation to the water table as
well as upward movement to meet the evapotranspiration
(ET) requirement need to be quantified. With this aim in
mind, the contribution of regional ground water and field
percolation to drain flow was investigated.

Precise quantification of field drainage using numeri-
cal models requires adequate mathematical description of
the process and the availability of data on the hydraulic
conductivity K(h), and the soil water retention 9(h) func-
tions (La Rue et al. 1968; Stone et al. 1968; Ragab and
Amer 1986). For practical purposes, however, use of sim-
plified field techniques rather than the more elaborate nu-
merical approach, may be sufficient.

Measurements of change in water storage in the root
zone are widely used to estimate crop evapotranspiration.
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However, in the presence of shallow ground water, this
technique cannot be used unless the contribution from the
water table is taken into account. Several studies have
quantitatively determined the contribution of a shallow wa-
ter table to crop ET; these have been reviewed by Ragab
and Amer (1986).

Drainage water from a single field or group of fields
with subsurface drainage system is generally conveyed to
a drain sump. A flow meter installed at such a sump meas-
ures the combined deep percolation from the field together
with the regional shallow ground water flow intercepted
by the drainage system.

This study describes a simple practical approach for es-
timating deep percolation from a furrow irrigated field and
regional ground water flow through an analysis of drain-
flow as measured with a meter installed in a drain sump at
the drain collector line outlet. In addition, the contribution
of groundwater to crop evapotranspiration was estimated.

Materials and methods

The site studied was a 32 ha field in Five Points at the West Side of
Fresno County (Diener Ranch). The soil is classified as Panoche loam
(fine-loamy, mixed (calcareous), thermic Typic Torriorthent). The
dominant soil textures are sandy loam, loam, and fine sandy loam.
The soils are deep, well drained, and are free of salt or are only slight-
ly salt affected. The field was furrow irrigated. Figure 1 shows sche-
matically the field layout, with the irrigation ditch at 400 m divid-
ing the field to reduce the length of the irrigation furrows. Drain lines
are 2.5 m deep and at 150 m intervals across the field. Part of the
drainage system extends to cover 16 ha of an adjacent cotton field.
At the site, cotton was planted on April 1, 1992. Most of the fields
in the surrounding areas are planted in cotton, onions, or tomatoes.

The field received a pre-plant irrigation in the period Janu-
ary 7-January 10, 1992. Five additional post-plant irrigations were
applied during the 1992 season, and the analyses presented in this
study are based on these five irrigations. The irrigation water was a
mixture of the grower's well water and the Westlands Water District
canal water. Irrigation on-flows were measured for irrigations I
through 4 from flow meters at the pump and Westlands Water Dis-
trict canal meter. Electrical conductivities (EC) of irrigation water
for irrigations 2, 3, and 4 were measured. Water was delivered to the
furrows by siphons. All irrigations were scheduled by the grower.
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Fig. 1 Experimental field layout

Neutron probe access tubes were installed to a depth of 2.1 m at
equal distances of 150 m along four monitoring cotton rows spaced
100 m apart. There were six access tubes per monitoring row. The
first and last tubes were placed about 50 m from the ends of the field.
This spacing gave a grid pattern of four by three access tubes in each
half of the field, for a total of 24 access tubes.

Neutron probe measurements were taken just prior, immediately
after, and one or two times between irrigations. Probe readings were
taken at 0.15 m intervals from 0.15 to 0.9 m and at 0.3 m intervals
from 0.9 to 2.1 m depth. A single calibration curve was used to con-
vert the neutron probe readings to water content within the 2.1 m
profile. Water storage in the soil profile was calculated from the wa-
ter content. The amount of infiltrated irrigation water was calculat-
ed by measuring the increase in water in the soil profile following
irrigation, and adjusting for crop evapotranspiration during the irri-
gation period. Changes in storage within the 2.1 m soil profile were
calculated for selected time intervals. Selection of the time intervals
depended on availability of neutron probe data taken from the entire
field on the same day. Field-average soil water storage values were
estimated for each of the 24 measurement locations.

Cotton yield was measured prior to mechanical harvest on Octo-
ber 10 by hand picking a 1 m strip at each access tube site. The mois-
ture content of the samples was determined from a pooled subsam-
ple dried at 75 "C for five days. Lint to seed ratio was determined
from the sub sample and was used to calculate lint yield per hectare.
Crop evapotranspiration was estimated with a yield function (Grimes
and Dickens 1977; Wallenderet al. 1979). This function was devel-
oped at the Westside Field Station of the University of California at
a site with identical soils and climatic conditions, 3.5 km from the

o

1200 |

1000

8 0 0

600 --

4 0 0

200 -

to
o
o
o

o
Uf

0 30 60 90
TIME (doyi) SINCE 5/30

Fig. 2 Drainage flow rate and salinity with time

present study field. Soil samples were collected after harvest for each
measurement site at the 0.3, 0.6,0.9, 1.2, 1.5, and 2.1 m soil depths.
The samples were taken to be laboratory, air-dried, and ground, af-
ter which saturation extracts were made, and EC of the extracts meas-
ured.

A flow meter was installed in the drain sump on May 31, 1992.
Drain flow rate and cumulative drainage were recorded from the me-
ter three limes a week. Water samples were taken at the same time
starting June 26, and EC measured. Figure 2 shows the drain flow
rate inm'day"' and the electric*] conductivity of drainage waier(dS
m"') as a function of time (days). Beginning of irrigations are shown
by arrows. The increases in drainage rates are assumed to represent
deep percolation from the field following an irrigation. Regional and
field drainage rates and amounts were estimated with an optimiza-
tion scheme using the electrical conductivity and flow rate of the
drain water as inputs. The salt load of the drain water (blend) is equal
to the sum of salt load of the intercepted ground water, and that of
field drainage water. Salt loads for selected periods were calculated
by multiplying cumulative drainage for each period with the corre-
sponding EC. Equation (I) relates total drain water salt load to ground
water and field drainage salt loads.

ECb Qb = Qr (1)

where EC is the electrical conductivity (dS m"'), Q is cumulative
drainage (m3); and subscripts b, /, and r denote blend (drainage wa-
ter in sump), local (field drainage) and regional (ground water), re-
spectively. Salt concentration is given as EC without conversion to
mass since a linear relationship with total mass of dissolved salt was
assumed.

The exact partition between field and regional contribution to
total flow is unknown since drainage from the field does not cease
at the beginning of the next irrigation. Therefore, line 1 in Fig. 2 was
used as a first approximation of the regional ground water flow rate.
Cumulative regional and field drainage were calculated based on the
area under the curve. Calculations were made for selected time inter-
vals. The EC of the drain water measured in the sump (blend) for a
given time interval was assumed to be equal to the arithmetic mean
of the drainage water EC over that interval. The blend salt load was
then calculated using this EC. The calculated salt load, field drain-
age, and regional drainage were substituted in Eq. (1) and HC; and
EC, optimized by minimizing sums of squared deviation between
measured blend salt load and calculated salt load. It was also assumed
that the flow at the end of the measurement period (day 97, Fig. 2)
was due to ground water only. Hence, the EC measured at this time
was assumed to be equal to EC,. Following this assumption, ECr was
fixed and only EC, was optimized for the selected time intervals. The
optimization results with both EC; and EC, as free variables were
compared with results from optimization with a fixed EC,.
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The above analysis was repeated with base lines 2, 3, and 4 in
Fig. 2. Each line as calculated by changing the slope of line 1, with
the flow at the end of the measurement period fixed. The optimum
base line was chosen based on the agreement between results of op-
timizations with both EC, and ECr free compared with results from
optimizations with ECr fixed.

A water budget approach was used to estimate the contribution
of ground water to crop ET. Figure 3 is a schematic representation of
the water budget analysis in the Field site. Using such a simplified
approach, it follows that, for a time interval between irrigations:

(2)

Table 1 Irrigation water amount and salinity

where AST is change in water storage from the soil surface to the
drain line at 2.5 m, ET is cumulative crop evapotranspiration for the
time interval, and DP is deep percolation beyond 2.5 m, calculated
using the drain-flow analysis. Water content data measured with the
neutron probe showed that the ground water table depth was near or
below 2.1 m during the time intervals considered. Readings taken
from piezometers installed 1 m away from each access the tube con-
firmed the neutron probe readings. In order to calculate the contri-
bution of groundwater to ET, AST was split into its components

_2.i (3a)

with A52 (3 b)

where A5o_j , is change in storage to the installed depth of the neu-
tron access tubes, A52 I_J j is change in storage below the bottom of
the access tubes, and WT is flow from or to the 2.1 -2.5 msoil layer.
A negative WT-value implies a capillary rise contribution to ET,
whereas a positive value indicates an increase in water storage in the
2.1 -2.5 m soil layer.

Results and discussion

The amount of applied irrigation water calculated from the
flow meters, and the irrigation water salinities are pre-
sented in Table 1. Also shown is the average amount of in-
filtrated water as estimated from neutron probe readings.
The high standard deviations of the soil water storage mea-
surements in Table I are caused by the soil spatial variabil-
ity in the field and the blocking of some furrows shortly
after runoff began.

Irrigation

1
2
3
3
5

Date

5/30-6/3
6/21-6725
7/14-7/17
7/31-8/4
8/16-8/20

Applied
Inflow
(mm)

92
135
120
97

NA

Measured water
Neutron probe
(mm)

88±34*
I27±52
98 ±54
80±4l
63 ±29

Irrigation water
Salinity
d S m r

NA
1.7
1.2
1.2
NA

NA = Not available
* Standard deviation

Total amount of infiltrated water measured with the neu-
tron probe is presented as a function of furrow number and
location along the furrow in Fig. 4. The tail end locations
1-5, 1-11, and 4-11 have much more infiltrated water than
other parts of the field. For these furrows, the flow rate was
cut back early, and water ponded at the tail end enhanced
infiltration by the larger intake opportunity time and pond-
ing depth. Although not reported in this paper, there was
no correlation between infiltrated water and cotton yield,
indicating that despite the unequal infiltration, water avai-
lability was sufficient across the field.

The drainage rate increases in Fig. 2 are assumed to rep-
resent contribution from the fields drained by the subsur-
face drainage system since they occur just after the begin-
ning of the irrigation period. Note that the second irriga-
tion started after the drainage rate had already begun to in-
crease. This increase is attributed to drainage from an ad-
jacent tomato field. The tomato field was not irrigated
again for the remainder of the study.

Table 2 shows the results of EC optimized with differ-
ent slopes of the base line with ECr fixed at 6.93 (F.C,, at
end of measurement period), and with both EC, and ECr
free. EC,* = EC, and ECr = 6.93 (optimized regional EC is
equal to the blend EC at the end of the measurement pe-
riod) were used as criteria for an optimum slope. The op-
timized EC-values for baseline 3 fits these criteria, and was
chosen to partition the total flow into regional (below base-
line) and field (above baseline) flow.
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Table 2

Base line

1
2
3
4

Electrical conductivities estimated with different base lines

Estimated 1

EC,*
dSrrT1

2.23
2.91
3.64
3.93

EC

ECr
dSm'1

5.73
6.00
6.87
7.22

EC,
dSrrT1

5.73
5.08
3.75
3.49

ECr=6.93 fixed

Table 3 Total drain flow, field drainage, and regional ground wa-
ter flow

Period Total flow Studied field percolation Regional flow
mJ m3 mm m3

6/5-6/21
6/26-7/14
7/18-7/31
8/4-8/16
8/20-8/28

Total

14258
13100
7452
4533
2328

41671

3128
3316
1943
1021
667

10075

10
10
6
3
2

31

9566
8126
4538
3001
1328

26559

Using baseline 3, values of deep drainage from each of
the five drainage events were calculated, and are presented
in Table 3. Drainage from the field studied ranges from 667
to 3316 m3 for the five time intervals considered. These
quantities are based on the assumption that the regional
ground water drainage rate decreases linearly with time.
The amount of deep percolation from the adjacent cotton
field is assumed to be proportional to the field area drained
since the soil, plant age, and amount of water applied per
unit area is the same as that in the studied field.

Because the adjacent cotton field was irrigated at about
the same time as the field studied, drainage contribution
from it was considered to account for 1/3 of the drainage
represented by the peaks above the base line. Total drain-
age from the field studied for the five time intervals was
10075 m3 (Table 3). or 24% of total water that passed
through the drain flow meter. This corresponds to 32 mm
of water loss from the soil profile above the drain line in
the 32 ha field during the five time intervals. Drainage from
the adjacent cotton field (12% of drain-flow) is not shown
in Table 3. The difference between total flow and drainage
from the two fields is assumed to be from shallow regional
ground water. The amount of regional water flow presented
in Table 3 represents only the portion that is intercepted by
the drainage system. It accounts for 64% of the total drain-
flow volume during the study period.

The function Y=-547.11 + 33.81 ET (Grimes and
Dickens 1978; Wallender et al. 1979) where Y (kg ha"1) is
cotton lint yield, and ET (cm) is crop evapotranspiration,
was used to calculate total ET for the season. The mean
lint yield was 1400 kg ha"1 with a standard deviation of
360. Seasonal ET was also calculated using the Westlands
Water District water conservation program. The total ET

Table 4 Changes in storage, adjusted program ET, deep percolation
and water table contribution (o ET

Interval Cumu- Change in Deep Water table
lative ET storage 0.0— 2.1 m percolation contribution

(mm) (mm) (WT. mm)

675-6/21
6/26-7/14
7/18-7/31
8/4-8/16
8/20-8/28

Total

76
115
106
66
32

395

* Standard deviation
*• Negative numbers

94±2O»
99±26
8O±27
62±25
41*13

376

only

10
10
6
3
2

31

8
- 2 6
-32
- 7

7

- 6 5 * *

estimated with the yield function was 84.7% of the com-
puter program ET. Therefore, 85% of program ET was used
in all subsequent analyses and is presented in Table 4. The
time intervals considered are the same as those for the
drainage calculations. Also shown in Table 4 are changes
in storage estimated using the neutron probe data and wa-
ter table contribution to ET calculated using Eq. (3 b) and
the estimated DP-values from the drainage analysis (Table
3). The use of Eq. (3 b) to estimate ground water contribu-
tion to ET is justified since the water table was never above
2.1 m. With a water table at 2.1 m, the change in water con-
tent between 2.1 m and 2.5 m would be zero, but there
could still be an upward or downward flux. At the begin-
ning of the season, WT is 8 and it is 7 mm at the end of the
season (20-28 August). In most cases, however, WT is
negative indicating that some of the ET is derived from
ground water. Hence, although some of the infiltrated wa-
ter may have been lost from the 2.1 m profile by deep per-
colation, some of it is taken up later by the crop through
capillary rise. Calculations indicated that 65 mm of the ET
for the periods considered originated from groundwater.
This is equivalent to 16.6% of total ET over the experi-
mental period.

At the beginning of the season (5-21 June) crop water
requirement is relatively low, and plant roots are shallow.
As a result there is no contribution from the groundwater.
The same is true toward the end of the season (20-28 Au-
gust) when crop water requirement is low and the water ta-
ble is deep.

The existence of a saline shallow water table is asso-
ciated with upward migration of salt as a result of capil-
lary rise. The deposition of salt upward can be accelerated
by water uptake from the water table. The mean EC of sat-
uration extract as a function of depth (Table 5) increased
from 1.66 dS m"1 at 0.3 m depth to 2.92 dS m~' at the
2.1 m depth. The increase in EC with depth is attributed to
leaching of the upper part of the profile by irrigation wa-
ter and upward salt migration from the water table. These
EC's are still much lower than the EC of the drain water,
which suggests that the amount of water moving upwards
due to plant water uptake was small, and that there was
some salt leaching during each irrigation. The EC of field
drainage water estimated by optimization are 3.6 and 3.8



157

>
o
o
z
o
o

o
a:
i—o

"X\
•

1

1 "

y - 6 91 - OO22»

r' - 0.77

•

J 0 0 600 900
- 1

1200

FLOW RATE (m" doy ' )
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Table 5 Statistical properties of saturation extract EC as a function
of depth

Soil depth

m

0.3
0.6
0.9
1.2
1.5
2.1

Mean EC

dSnT1

1.66
2.14
2.61
2.65
2.82
2.92

Standard
deviation
dSnT1

0.33
1.30
1.65
1.81
2.17
1.96

Coefficient
of variation
%

19.8
60.8
63.3
68.2
76.9
67.1

(Table 2). These EC's are higher than the mean profile EC
at the 2.1 m depth, which is to be expected because salt
content increases with depth as a result of the leaching ef-
fect of irrigation water and water extraction by plants.

Changes in the drain water EC (Fig. 2) are due to irri-
gation in the area and to the salinity of the shallow ground
water. The estimated EC of the field drainage water (Ta-
ble 2) and saturation extracts from the 2.1 m soil depth are
both lower than the EC of drain water. We believe that the
assumption that the EC of the shallow aquifer in the study
area is equal to the EC of the drain water at the end of the
measurement period is a good approximation. The EC of
drainage water (Fig. 2) decreases for a short time then in-
creases with decreasing flow rate. This trend in EC is at-
tributed to the fact that early in the season, the contribu-
tion of the low EC drainage water from fields in the area
to the drain-flow is high, thereby diluting the shallow
ground water. Irrigation in the region tapers off in the be-
ginning of July when tomato and onion irrigation season
is completed, at which time the ratio of drainage water com-
ing from the shallow aquifer to that from drainage water
in the fields increases. This increase, in turn, results in an
increase in EC. Therefore, the general trend is an increase
in EC with a decrease in flow rate with the exception of
the early irrigation period. The linear relationship between

the EC of the drainage water and flow rate is presented in
Fig. 5 for data collected starting July 1 1.

Conclusions

A simple practical approach for estimating deep percola-
tion from a field with a subsurface drainage system in the
presence of regional ground water flow has been presented
using an optimization scheme for estimation of the salt
load. The effectiveness of the technique relies on the pre-
cise knowledge of the area that is being drained, and on
the assumption that the increase in drain-flow following
an irrigation is due to deep percolation. Crop ET is not re-
quired for the calculation of deep percolation. The amount
of local regional ground water flow represents only that
amount intercepted by the drain lines. However, a better
understanding of ground water flow can be achieved by
monitoring of groundwater variations using piezometers,
and such an experimental study is ongoing.

Comparison of changes in storage with ET calculated
with the yield function (85% ET from Westlands Water
District) led to the conclusion that part of the crop ET was
derived from the shallow ground water. These results show
the need to consider ground water table depth in the deci-
sion of irrigation management strategies. The difference
between ET calculated with the computer program and the
yield function suggests that care must be exercised in
choosing a method for calculating ET values, which are
presentative of the fields under study. Our confidence in
the yield function ET used, arises from the fact that it was
developed in a soil and climatic condition similar to that
of the field in this study. Although our conclusions would
not change if the program ET were used, a much greater
contribution of the water table to crop ET would have been
predicted than that currently presented.
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Estimating Soil Hydraulic Properties from Neutron Meter Field Observations and
State-Space Statistical Analyses

D. R. Nielsen, M. B. Parlange, M. Kutflek and O. Wendroth1

Emerging state space formulations now can combine a deterministically based physical
equation with a statistically based observation equation to simultaneously examine i. alternative
formulations of the differential equation to describe the soil process, ii. alternative functions for
soil parameters contained in the equation, iii. alternative frequencies of spatial and temporal
measurements to match the theoretical considerations, and iv. the adequacy of accepting
different levels of uncertainty always inherent in observation instruments and their calibration
including human errors. For example, the description of infiltration and drainage in unsaturated
soils is generally complicated by uncertainties in estimating K(6).

Katul et al. (1993) formulated state space equations to estimate K(6) for a pedon. For the
details of our brief presentation here, see their original publications (Parlange et al., 1992, and
Katul et al., 1993). After the soil surface of a small field plot had been ponded with water for 10 d,
the final infiltration rate was 0.06 cnvmin"1. Subsequently, the soil surface was covered with a
plastic sheet to impose a no-flux surface boundary condition at z = 0. One neutron probe access
tube and 3 tensiometers per depth located 15 and 30 cm below the soil surface were used to
monitor the stored water in the surface 22.5 cm and the hydraulic gradient at 22.5 cm,
respectively. Neutron probe and tensiometric observations were recorded every 6 hours for the
first day and every 12 h afterwards for a total period of 43 d. The instrumentation noise of the
neutron probe was considered a white noise and found to be much smaller than the calibration
noise. The standard error of estimate of the calibration curve was equivalent to a soil water
content of 0.021 cm3cm"3, and was considered to be the standard deviation of the neutron probe
calibration.

An optimal nonlinear filter provides hydraulic conductivity function parameters that
minimize the mean square error of a differential equation describing the redistribution of soil
water content relative to measured soil water content. A simple scheme accounts for both
measurement and system uncertainty for processing and updating the time sequence of
measurements of soil water content 9 and hydraulic gradient dH/dz. The method presumes that
the simplifying assumptions for the soil water transport equation result in a random noise to an
initial value differential equation characterizing the water stored within the soil profile. The
hydraulic conductivity parameters stemming from discrete stored water and hydraulic gradient
measurements can then be determined iteratively from a sequence of prediction-updating steps
to maximize a defined objective function.

Simplifying Richards' equation for one-dimensional soil water flow to an equation in
terms of stored water W in a soil profile of depth b, we have

where K(W) is the hydraulic conductivity function. In the derivation of (1), the following

1 Professor Emeritus and Associate Professor, Department of Land, Air and Water Resources,
University of California, Davis, California; Professor Emeritus, Technical University Prague, The
Czech Republic and Research Soil Physicist, Center for Agrolandscape and Land Use Research,
Miincheberg, Germany, respectively.



assumptions were made: (i) horizontal transport is neglected, (ii) the depth-averaged soil water
content 0* and (iii) thermal and salinity effects on K(W) are neglected. Here we assume that K{6)
is of the form Aexp(BO), but the results can be generalized for any analytic form of the function.
In state-space formulation, these assumptions generate a stochastic noise component in the
description of time variation of stored water.

In state-space notation, (1) may be written as

dX(t) = - Aexp[BX(t)]^jdt + es(t)dt. (2)

The state noise es(0 results from the various simplifications invoked in the derivation of the soil
water transport equation. It is assumed that (1) describes the main dynamical characteristics of
soil water flow so that a zero mean state noise assumption is appropriate. The product esdt
defines a Wiener increment dU of the Wiener process (Gardiner, 1990; Gardner, 1990) with zero-
mean and covariance function defined by Q[5(t - s)]dt. Q is the variance per unit time of the state
noise process for which we treat as an unknown to find, and 8 is the Dirac delta function.

A corresponding discrete observation equation at t ime tk (k = 0, 1, 2,-••) is
Zm{tk)=X{tk)+vm{tk) (3)

where X(t) is now a stochastic state variable representing the stored water W, and Zm(fjt) is the
measured stored water (between z = 0 and b) at time f*- The stored soil water is measured by a
neutron probe with measurement noise vm{tk) at time tk, which is approximated by a zero-mean
Gaussian distribution.

The noise components in the observation and state equations permit separate accounting
for measurement errors and physical model errors (Gelb et al., 1974). Given the random nature of
the additive noises, the state variable X(t) and the neutron probe water storage observations Z(fjt)
become random variables in time. Determining the evolution of the mean behavior of X(t) in (2)
leads to

d<X{t)> . FD w . JdHl

Equation (4) approximates the dynamic evolution of the mean behavior of the stored water in
time between z = 0 and z = b. Other expressions for the hydraulic conductivity function could
have been used [see Wendroth et al. (1993)].

The variance P(t) given by

p(0 = ([x(0-<x(0>]2) (5)
is predicted with

where Q is the spectral density function or error variance per unit time (Gelb et al., 1974).
In order to integrate the extended Kalman filter equations for continuous dynamic (4) and

discrete observations (6) for <X(t)> and P(t), the coefficients A, B, and Q as well as the initial
conditions for the mean <X(to)> and the variance P{t0) need to be known. Once the initial
conditions are specified, (4) and (6) can be simultaneously integrated to yield a prediction of
<X(t)> and P(t) at time tk when an observation Z(f* ) is available. At time tk predictions of <X(f)>
and P(t), denoted by <X(tk)>~ and P{tk)~, respectively, are corrected by employing the information
contained in the neutron probe measurement Z(fjt)- Because of the measurement error variance
R in Z(fjt), the predictions and measurements have to be weighted according to their respective



variances in the updating steps. The solution requires equations for the updated mean <X(fjt)>+,
the updated variance P(£jt)+ and Kgr the Kalman Gain

(7)
R <7)

which defines how to weigh the two sources of information - predictions and observations.
The structure of the nonlinear extended Kalman filter is shown in Fig. 1. For determining

the hydraulic conductivity, values of <X(0)>, P(0), A, B, R, and Q are needed. The initial mean
<X(0)> was taken as the water storage between 2 = 0 and b immediately after ponding, and the
observation error variance R was determined from the neutron probe calibration curve. The
hydraulic conductivity parameters A and B as well as Q and P(0) were determined following an
iterative multivariate optimization scheme. Values of the initial mean <X(0)> and R were (0.478
x 22.5 cm) and (0.021 x 22.5 cm)2.

The raw data for 6' and the hydraulic gradient dH/dz are given in Fig. 2 for the 43-d
redistribution period. The estimated values of A, B, Q, and P(0) were 1.244xlO"8 and'1 , 1.625 cm"1,
2.41310"2 cm^d"1 and 1.50410'2 cm2, respectively. With these final estimates of A, B, Q, and P(0),
the predicted average soil water contents and their standard deviations are also shown in Fig. 2.

The variation of the standard deviation in time indicates that the proposed dynamic
equation performs better during rapid drainage (Fig. 2), which is consistent with other studies
(Fliihler et al., 1976). Also in this near saturated range, most of the water content fluctuation is
caused by drainage during redistribution, and the instrumental error noise is not critical.
However, the instrumental noise becomes more noticeable as the drainage flux at z = b (22.5 cm)
becomes smaller when steady-state conditions are approached (Fig. 2). This is described well by an
increase in the predicted variance. The computed initial standard deviation [P(0)^2/b] around the
field saturation value is 0.0055 cm3cm"3 indicating that the assumed value of the initial mean
<X(0)>/b = 0.478 cm3cm"3was very reasonable in the optimization scheme. The variance per unit
time Q of the white noise e was assumed to be stationary and treated as a fitting parameter in the
optimization scheme. An equivalent water content variation of 0.0069 d"1 was obtained for Ql/2/b
indicating that the model prediction uncertainty for quantifying daily stored water due to
drainage is 0.0069. Note that the observation uncertainty of 0.021 is much greater .

The K($) relation from the state space solution and that using the instantaneous profile
method are shown in Fig. 3. Unlike current field methods which provide K(6) relations in the
mean from arbitrarily smoothed field observations, this example of state space using Kalman
filtering provides mean estimates of K(6) and their variances based on direct raw measurements.
It also allowed a quantitative assessment of the validity of equation (1) on a daily basis, based on
the state variance per unit time Q. For a daily time step, the isothermal and nonhysteretic
assumptions assumed for this transient field experiment were acceptable

For the state-space solution above, the original partial differential equation of Richards
must be reduced to an ordinary one. This reduction is achieved by adding more information, e.g.,
providing a functional behavior of transfer coefficients, neglecting second order or less important
features of the processes, and deterministically defining magnitudes of more complicated initial
and boundary conditions. With these and other approximations, the simplified ordinary
differential equation is certainly not exact, but on the other hand, no equation is absolutely exact,
particularly when it is used to describe soil hydrology. The advantage of the method over most
all other field methods is that we acknowledge that the equation used is definitely approximate
and contains a model error. Indeed, we explicitly solve for the model variance, and through its
examination, ascertain the impact of our simplifications, and potentially identify improvements
for a more realistic equation.



The state-space approach includes an observation error which can be treated as a known,
measured quantity as was done above with the neutron probe calibration, or alternatively,
treated as an unknown for which a solution is found in the numerical scheme. The magnitude
of a known observation error allows a reconsideration of the state variable in the equation or an
improvement in instrumentation or calibration. On the other hand as we discuss in the next
chapter, treating the observation error as an unknown, its behavior in space and time can be
related to spatial and temporal correlation lengths that may manifest themselves within the
domain of the field being studied.

Regardless of the instrument or field sampling technique used to observe a soil physical
process, most measurements represent some sort of depth-averaged value. Hence, it is not only
convenient but more correct to use equations that describe depth-averaged phenomena. A large
array of combinations of state and observation variables together with different functions for
parameter estimation provides attractive opportunities to enhance the maturation of our field
technology in soil hydrology.
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Figure 1. Structure of the prediction-updating scheme for the extended Kalman filter.



0.50

8*
w

O
u

0.42

0.-

1
I o
I °

1

1 1
o

> V— HYDRAULIC

1 1

1

O

GRADIENT _

• *" -»--̂

0

0

3

20
TIME (d)

40
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