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ABSTRACT
Tile systems drain water applied to agricultural fields as irrigation

and precipitation but also may intercept regional groundwater flow.
Identification and characterization of the potential sources of tile
water is essential for informed management of salinity and contami-
nants. Factors influencing tile discharge including depth of water ap-
plied, evapotranspiration, water storage, drain blockage, and intercep-
tion of regional groundwater flow were evaluated to determine which
may be related to a fivefold variation in cumulative tile discharge
among six sumps located 100 km west of Fresno, CA. Cumulative
depths drained were calculated for 5 yr of weekly irrigation, precipita-
tion, and discharge data. Evapotranspiration and water storage were
estimated using the UnsatchemGeo variably-saturated water flow
model. Well water levels measured on 19 dates were spatially-averaged
providing spatial variation of depth-to- water among the drained areas.
Variability in depth of water drained (0.18-0.95 m) was large and was
not correlated with either water applied (3.26-4.58 m, r2 = 0.03) or
with computed water flux from the bottom of the soil column (0.05-
0.31 m, r2 = 0.00). Groundwater interception by tile drains was a
factor because depth-to-water was negatively correlated with discharge
(r2 = 0.42) and drawdown of groundwater levels by drains was rela-
tively larger for those drained areas encountered first during regional
groundwater flow. For all six sumps, drained water is likely derived
from locally applied water and interception of regional groundwater
flow implying that standard two-dimensional models of flow to drains,
representing only water applied locally, would not be applicable to
modeling of drain flows or drain-water solute concentrations.
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T ILE DRAINAGE in agricultural areas provides a
method of regulating the depth of shallow water

tables. The water drained from tile systems is frequently
not reusable as irrigation water because of high salinity
and contamination. Two contaminants often present in
the San Joaquin Valley of California are B and Se.
Disposal of tile water in this area is a necessary compo-
nent of a management system that includes tile drainage.
But tile water disposal raises environmental concerns
such as the well-known experience of Se contamination
at Kesterson reservoir in the San Joaquin Valley. The
source of tile water is shallow groundwater which may
be derived from water applied during irrigation of a
field, from local precipitation, or it may have moved
laterally to the tile drain by regional groundwater flow.
The determination of the relative importance of these
components is significant because drainage of irrigation
water represents an economic loss. Drainage of ground-
water which has moved laterally from other areas is,
however, not locally controllable and cannot be factored
into the local economics of production. Regulation of
drain water quality is therefore a complex issue because
there are, potentially both local and regional compo-
nents controlling water quality.

Tile drain tubes are normally installed in parallel sets
with a fixed spacing. This arrangement can be modeled
by analytical techniques which lead to expressions for
flow rates within tubes based on drain diameter, spacing

Abbreviations: CIMIS, California Irrigation Management Informa-
tion System; CIS, geographic information system.
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and various boundary conditions for water flux and hy-
draulic head (Kirkham, 1949, 1958; Jury, 1975a; Fipps
and Skaggs, 1991). The lower boundary condition of
these models is an impervious layer which permits a
solution using the method of images. This assumed
boundary implies that all water arriving at a drain origi-
nated at the soil surface between the drains. In the
analytical solutions, certain flow paths pass through
lower elevations than the elevation of the drain resulting
in upwards flow to the drains. Such paths may have
travel times on the order of 10 yr or more (Jury, 1975b).
The utility of the impervious layer assumption is ques-
tionable under certain field conditions as, for example,
in the western San Joaquin Valley. In this area, a highly
permeable sand layer underlies clay-rich soils that have
much lower permeability (Deverel and Gallanthine,
1989; Belitz and Phillips, 1995). Groundwater flow is
from southwest to northeast and the historic record of
artesian wells at the margin of the alluvial fan near the
San Joaquin River (Mendenhall et al., 1916) suggested
that this groundwater flow was occurring in conditions
where the groundwater level was close to the surface.
Groundwater levels in this area were lowered by pump-
ing during the first half of the 20th century, but the
introduction of irrigation water from northern Califor-
nia, through the Delta-Mendota canal, and the installa-
tion of tile drainage have again stabilized the water table
at a depth of 1.5 to 3 m (Deverel and Gallanthine, 1989).
Water flowing to tile drains in this area is a mixture of
local irrigation water and water that has moved upwards
from the sand layer (Deverel and Fujii, 1988). Evidence
for this partitioning includes isotopic enrichment of g180
with depth, and decreases in tritium concentrations
when compared with irrigation water sampled at the
same site (Deverel and Fio, 1991). Based on water chem-
istry data, the proportion of drained water that arrived
from greater depths was 30% for a drain at 1.8-m depth
and 60% for a 2.7-m drain. Furthermore, Se concentra-
tions indicated that the deep groundwater component
had arrived from the west (Deverel and Fio, 1991).
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Fig. 1. Map of six drainage areas that drain to the numbered sump
in the northeast corner of each area. Groundwater movement direc-
tion was a mean value computed for the entire water district using
water table elevation data for 1991. Well locations are 24 of the
57 wells used in water table surface calculations.

These geochemical studies of groundwater and tile-
drained water on the west side of the San Joaquin Valley
indicated that a significant portion of the water ap-
pearing in tile drains was not applied to the same field,
but was water that had flowed upwards from greater
depths and horizontally from the west.

In this study, we examined the water budget of an
irrigated agricultural area located in the same general
area of the western San Joaquin Valley as the aforemen-
tioned groundwater geochemical studies (Deverel and
Gallanthine, 1989; Deverel and Fio, 1991). Considering

Wet -]- I42ro ~- Wdp ~- AWst -I- Wtd -- Wip -- Wig = 0 [1]

a water balance in terms of water depth ILl for a control
volume consisting of a soil column and a tile drain.
Water enters the volume as irrigation, precipitation or
tile interception of groundwater and leaves as evapo-
transpiration, runoff, deep percolation, and tile drain-
age. The terms are: w~p depth of water applied through
irrigation and precipitation, wet evapotranspiration, Wro
runoff, Wdp deep percolation, w,d tile drainage, Awst
change in soil water storage (expressed as a depth of
water within a soil column of specified height), and W~g
groundwater interception by tile drains. Spatial variabil-
ity in the depth of water drained by tile systems could
be caused by spatial variability in any of the amounts
represented in Eq. [1] or by some combination these
terms. The question addressed here was the origin of
variability in depth of water drained given these spa-
tially-variable processes.

MATERIALS AND METHODS

Field Area

The Broadview Water District is located on the west side
of the San Joaquin Valley of California approximately 100
km west of Fresno. Most of the water district is divided into
quarter-sections which are square fields with area of 64.8 ha.
On the borders of the water district there are also some smaller
fields with irregular shapes. This study was concerned with
only quarter-sections, and henceforth we will refer to quarter-
sections as fields. The district maintains irrigation turnouts in
the southwest corner of each field. Water supplied from these
turnouts is metered with a precision of 123 m3 (0.1 acre-feet).
Sumps are located in the northeast corner of certain fields for
collection and disposal of water from tile-drain systems. Water
draining into the sumps is pumped into drainage ditches and
metered to the same precision as the irrigation water. The
sumps may drain a single field, two adjacent fields, or all four
fields that make up an entire section (Fig. 1). Because sumps
may drain more than one field, the term drainage area is used
to refer to the entire area drained by a sump.

Approximately 80% of the water district has tile drainage
at approximately 1.8-m depth. The most common spacing of
drain laterals is 91.4 m, but several other spacings are also
present (Fig. 1). Maps of drains were compiled by the water
district staff using data obtained from individual landowners.
Six sumps were selected for analysis of irrigation and drainage,
each located in the northeast corner of an entire section.

Every 2 d, cumulative flow meters for irrigation were read
and weekly readings of meters on sumps were taken during
the period of i Jan. 1991 to 1 May 1996 (the study period).
Daily precipitation data, collected at the California Irrigation
Management Information System (CIMIS) station 10 km east
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of the study area, in Firebaugh, were combined with the irriga-
tion data to generate a complete record of water applied to
each field. There were probably minor differences in precipita-
tion at the two locations but these differences were not signifi-
cant for the analysis of spatial variability within the water
district. For the summer growing seasons between 1991 and
1995, the land-use distribution for crops in the drainage areas
was: 47% cotton (Gossypium hirsutum L.), 15% tomato (Ly-
copersicon lycopersicum L.), 11% alfalfa (Medicago sativa L.),
9% melon (Cucurnis melo L.), and 18% fallow. No winter
crops were grown during this period.

Simulation of Drainage from the Root Zone

Some terms in Eq. [1] can be evaluated easily from available
data but others must be estimated. Evapotranspiration was
an important component of the water balance but direct mea-
surements of soil evaporation and transpiration were not avail-
able, so model calculation of evapotranspiration was neces-
sary. In the San Joaquin Valley, crops such as cotton and
alfalfa are often grown under conditions of periodic water
stress, as a management tool, to increase crop production. A
significant effect of water stress is reduction of transpiration
from that of a fully-watered crop implying that daily transpira-
tion can be considered as coupled to the soil water content.
One model that includes coupling between these processes is
the UnsatchemGeo model which computes variably-saturated
water flow, plant root water uptake, multicomponent solute
transport, and other processes occurring in the vadose zone
(Vaughan et al., 1997). UnsatchemGeo is a generalization 
the original Unsatchem model and operates in the context of
a geographic information system (GIS), which stores both
the data required by the model and the results. The original
Unsatchem model is a finite-element solution of the Richards
equation coupled to various numerical models of heat, multi-
component chemical, and carbon dioxide transport (Suarez
and Simunek, 1994; Simunek and Suarez, 1994; Simunek et
al., 1996; Suarez and Simunek, 1997). UnsatchemGeo models
one-dimensional water flow and other processes at point loca-
tions within a geographic area. Data required by this model,
such as initial water content as a function of depth, are speci-
fied for point locations. Other data, such as material proper*
ties, are specified for areas rather than points. The hierarchical
nature .of data organization in the model allows storage of
data for points or areas and avoids unnecessary duplication
of data. For the calculations described in this paper, the Unsat-
chemGeo model was set up to compute only water flow, plant
root water uptake, heat flow, and root growth. The computed
water flux at the lower boundary of the modeled soil column
was of primary importance in this paper because it can be
compared with the measured drainage.

Other terms in Eq. [1] that can be studied using Unsatchem-
Geo are the change in water storage (Aw~t) and runoff (Wro).
The surface boundary condition for water flow for the model-
ing described here was time-dependent, prescribed flux. At
certain times, this prescribed flux exceeded the computed infil-
tration rate, resulting in ponding at the soil surface and an
automatic reset to a constant head condition. Runoff was
assumed for ponding depths >0.05 m. For a one-dimensional
model this means ponding depths were limited to 0.05 m, and
any further water application was considered runoff and was
ignored. No measurements comparing runoff with surface wa-
ter depth were available for the study area, so the ponding
depth limitation of 0.05 m was simply a reasonable assumption.

At the lower boundary of the modeled soil column the
specified flux boundary condition was the "deep drainage"
condition (Simunek et al., 1996; Hopmans and Stricker, 1989),

q = -A exp(-Blh - h0[) [2]

where q is the flux [L3 L-2 T-~], A [L3 L-~ T-~], and B [L-Z]

are parameters, and h0 is the pressure head at the bottom
node when the entire soil profile is fully-saturated [L]. For
the calculations discussed here, A = 0.169 cm d-~ and B =
0.027 cm-L

Hydraulic properties required by the model were measured
or estimated for the two main soil types that occur in the
drainage areas. The soil types are the Lillis series (very fine,
montmorillonitic, thermic Entic Chromoxererts) and the Cer-
ini series (fine-loamy, mixed (calcareous), thermic Typic Tor-
rifluvents) mapped by the Natural Resources Conservation
Service (a preliminary, unpublished map based on soil surveys
taken during 1990-1992). The measured hydraulic property
was saturated hydraulic conductivity which was a mean value
for two samples collected for each soil texture (Table 1). The
two cylindrical soil samples (5.40 cm diam.) were collected
using a bulk density sampler from a depth of 0.3 m at a spacing
of 0.1 m. In 1991, a soil sampling operation collected soil
samples from 315 locations within the Broadview Water Dis-
trict. From this sampling, an average saturation percentage
for each soil type was determined by taking the mean for all
samples collected from locations within the mapped area of
that soil type. Locations for the soil sampling reported here,
were selected from the sets of locations in the 1991 survey,
as those which most closely matched the mean saturation per-
centage.

UnsatchemGeo uses the van Genuchten-Mualem model of
water retention with m = 1 - 1/n,

0(h) = 0r +(1 + Ic~hln) 0-~j’) h < hs [3]

h >- hs

where 0~ and 0r are the saturated and residual water contents
(cm~ cm-~), ~ (cm-~) and n are empirical parameters, h (cm)
is the pressure head, and h~ (cm) is the pressure head 
saturation (van Genuchten, 1980; Simunek et al., 1996). 0~, 0r,
~, and n were selected from a list of properties for a variety of
soils (Carsel and Parrish, 1988). Error estimates for hydraulic
properties given in Table 1 were not available because the
values were either assumed, or, in the case of hydraulic conduc-
tivity, only two measurements were available.

Soil evaporation and plant transpiration were modeled
through a combined potential evapotranspiration. Daily refer-
ence evapotranspiration, ET0 (ram -~) was obtained f rom
stored records representing conditions measured at the CIMIS
station in Firebaugh. ET0 in these records was calculated using
the Penman equation (Penman, 1963). A potential crop evapo-
transpiration, Tp (cm -~) was obtained f rom

T~ = 0.~ E~0~

where K~ is the crop coefficient (Doorenbos and Pruitt, 1977).
The evapotranspiration was split into soil evaporation and

Table 1. Soil hydraulic properties.

Saturated
Saturated Residual hydraulic

Soil water water Parameters: conductivity’~
texture content content [Eq. 3l n K, (m/d)

0~ fern~ cm-3) 0, (cmS cm-~) ~ {m ~)
Sandy clay~ 0.45 0.10 2.7 1.23 0.016
Clay loam§ 0.41 0.09 1.9 1.31 0.lll

Mean of measured values for two samples.
Lillis series.
Cerini series.
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plant transpiration under the assumption that the fractional
rooting depth also represents the fraction of the evapotranspi-
ration that is transpiration (Simunek et al., 1996). When the
actual rooting depth reaches the maximum specified value, the
canopy coverage of the soil is complete, the soil evaporation is
zero, and the potential transpiration is equal to the potential
evapotranspiration. Root water uptake at depth z was calcu-
lated using

~c(Z) -- ,~(h)~(Z)7; [5]

where Tc(Z) is the rate of water removal (cm -1 d- 1) with
13(z) the normalized root distribution function (cm ~). 
water stress function is

1- [61
1 + (h/h5o)p

where hs0 is the pressure head causing a 50% reduction when
the exponent p = 1 (see Simunek et al., 1996, for further
details on root water uptake). The parameter hs0 was set to
-20 m and p = 3 in the calculations discussed here.

The UnsatchemGeo simulation of water flow in the various
drainage areas was set to run over the study period. The initial
condition for this simulation was volumetric soil water content,
0(z). The gravimetric soil water content was determined for
samples collected at 0.3-m intervals to a depth of 1.2 m for
each location (Lesch et al., 1992). A separate set of 75 measure-
ments of bulk density taken both within the study area (Fig.
f), and in fields nearby, were kriged to obtain estimates of
bulk density at sampling locations (Vaughan et al., 1996).
0(z) was computed using these estimates and was linearly
interpolated between the sampling depths. The finite-element
column extended to a maximum depth of 1.84 m. The time step
was varied during the simulation depending on how rapidly
convergence occurred during iteration of the water flow calcu-
lation. The minimum time step was 8.6 s and the maximum
was 1 d. All changes in prescribed water flux at the soil surface
were preceded by a gradual reduction of the time step to the
minimum value.

Calculations were performed for two locations within each
field. Cumulative drainage from the bottom of the modeled
profile was compared with measured depths of drainage which
were recorded on a weekly basis. Computed results were
stored at time intervals varying from one to two days rather
than at the computational time step to minimize data storage
requirements. A subset of computed results was selected to
match the dates when measurements were taken. Mean cumu-
lative drainage depths for each drainage area were calculated
as a simple arithmetic mean of the coincident data from all
locations within the area.

Determination of Depth-to-Water

Groundwater levels throughout the study area were calcu-
lated from depth-to-water measured at 57 wells for 19 dates
during the study period. These levels provided an independent
data set for use in evaluating the role of groundwater in tile
drainage. Because of equipment failures, the actual number
of measured wells for any given date varied between 34 and
54 with a mean value of 48. The surface elevation of well sites
was determined from a digital elevation model produced by
the TOPOGRID~ program (a modified version of an algorithm
described by Hutchinson, 1989). Input data for the calculation

tA program in the ARC/INFO software package. The use of brand
names in this report is for identification purposes only and does not
constitute endorsement by the USDA.

was a digital line graph file of topographic contour locations
obtained from the U.S. Geological Survey. Elevation of the
water table was determined, for each well, by subtracting the
the measured depth-to-water from the computed surface ele-
vation. The resulting water table elevations were fitted using a
third-order trend surface. Residuals for water table elevations
were calculated at each well location. These residuals were
kriged to provide an improved representation of each surface

Zest = Zt ~- Zk [7]

(Zest) where zt is estimated from the trend surface and zk is
estimated by kriging the residuals. Kriging permitted better
representation of the variability at shorter distances. All krig-
ing calculations used the ordinary kriging program (OKB2D)
in the GSLIB package (Deutsch and Journel, 1992). For the
water table elevations and residuals, the surfaces were repre-
sented as grids with cell size of 20 m. Spatial covariance was
modeled for semivariogram data for each of the 19 dates.
These models normally included a small nugget effect (mean
of nugget values: 0.016 m2) and an omnidirectional spherical
model but the residuals for 2 of the 19 dates required direc-
tional modeling.

RESULTS AND DISCUSSION

During the 1948 d represented in the study period,
cumulative tile drainage for the six fields was a maxi-
mum depth of 0.95 m in field 16-2 and a minimum of
0.18 m in field 9-2, a factor of five variation (Fig. 2).
This variation in depth drained was also consistent over
time. The main question, addressed here, was the origin
of this variability in depth of water drained. Some possi-
ble contributing factors were: different amounts of irri-
gation water applied to the fields, different degrees of
water use caused by planting different crops, spatial
variability of Awst [Eq. 1], blockage of tile drains causing
reduced flow and correspondingly greater deep percola-
tion to the groundwater, lateral groundwater flow to
the sump drainage area, and variation of hydraulic con-
ductivity for different soil types causing variability in
the efficiency of the drains.

Variation in cumulative depth of applied water among
the drainage areas was 3.26 to 4.58 m depth, or a factor
of 1.4. This was significantly less than the factor of five
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Fig. 2. Cumulalive depth of water drained from six drainage areas
by tile drain syslems belween 1 Jan. 1991 ~nd 1 Nay 1996.
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variation that occurred for the cumulative drainage
depths (Fig. 3). Furthermore, the depth of water applied
and depth drained for specific fields were poorly corre-
lated (coefficient of determination, 2 =0.03). Th
drainage area with the greatest drainage depth had the
lowest depth of applied water (16-2). Also, the greatest
depth of applied water (4.6 m) was almost identical for
two drainage areas (3-2 and 4-2), but the depth drained
for these areas differed by a factor of 1.8. The data
for drainage area 4-2 did suggest a positive correlation
because 4-2 had the greatest depth of applied water and
the second largest cumulative drainage. But, considering
the entire data set, there was only a small, poorly-corre-
lated variation in irrigation amount, implying that varia-
tions in drainage depths are probably better explained
by other factors.

Spatial variability in water storage is likely to be sig-
nificant in the analysis of cumulative drainage for short
modeling periods. But variations in water storage are
restricted to a finite range of soil water content implying
that such variations will be less significant as the mod-
eled time period increases. Aw~, [Eq. 1] is expressed as
the change in depth of water over the 1.84 m modeled
soil column. For the 5-yr period, computed Aws~ varied
from a mean value of -0.11 m in drainage area 4-2 to
0.10 m in 10-2. This variation was not negligible and
suggested that spatial variation of soil water storage was
a potential contributing factor to the observed variations
in drainage. However, the variation was not large
enough to consider spatial variation in/~ws~ as a major
factor in the 0.8 m variation in cumulative drainage
depth.

Compared with irrigation and precipitation amounts,
the explanation of drainage variability based on spatial
variation of evapotranspiration rates was less certain
because there was no source of continuous evapotrans-
piration estimates from measured data within individual
fields. However, evapotranspiration was computed by
the UnsatchemGeo program using the plant root water
uptake module. The calculated cumulative drainage
from the base of the modeled profile predicted the frac-

tion of applied water that was drained. The remaining
fraction was either removed by evapotranspiration or
was stored in the profile. Because this study attempted
to determine whether variability in evapotranspiration
could have resulted in the observed variability in drain-
age, a conservative assumption was that the entire com-
puted flow entered the tile drains and appeared at the
sump. This assumption was equivalent to Wdp = 0 [Eq.
1], and would tend to maximize the effect of variability
in evapotranspiration. The difference between observed
and modeled drainage, termed the drainage residual in
this paper, was plotted to demonstrate the degree to
which variability in observed drainage can be explained
by the model (Fig. 4). The model made substantially
better predictions of observed drainage for sumps 3-2,
9-2, and 10-2 than for sumps 4-2, 15-2, and 16-2. Pre-
dicted and observed cumulative drainage for each set
of sumps, taken separately, were positively correlated.
But, when the data were combined, the correlation be-
came nonexistent (r 2 = 0.00). By subtracting an arbi-
trary 0.5-m depth from the measured depths for sumps
4-2, 15-2, and 16-2, the correlation for all six sumps was
improved (r 2 = 0.45). This suggested that poor model
performance, indicated by the nonexistent correlation,
could have been caused by additional water, from some
other source, that entered sumps 4-2, 15-2, and 16-2. In
summary, while variations in evapotranspiration among
different fields might have been a secondary contribut-
ing factor to observed variability in cumulative drainage,
such variations were not a prime factor.

Variations in cumulative drainage depths could also
be caused by drain blockage. Although such variations
were not directly quantifiable because no data were
available regarding performance of individual drain lat-
erals, some observations of relative drainage rates were
relevant. The least cumulative depths drained occurred
for sumps 9-2 and 10-2 whereas the greatest depths
drained occurred at sumps 4-2 and 16-2. If blockage
were an important factor, then the argument would be
that drains in 9-2 and 10-2 tended to have more
blockage, resulting in slower flow rates. Drainage areas
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Fig. 3. Cumulative depth of water (irrigation + precipitation) applied
to six drainage areas designated by the sump identification number
between 1 Jan. 1991 and 1 May 1996.
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Fig. 4. Cumulative drainage depth residual (observed calculated).
Drainage depths were calculated assuming all water drained from
the soil column entered the tile drains.
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9-2 and 10-2, however, have the greatest density of tile
drains and the slowest drainage rates (Fig. 5). It seemed
unlikely that tile drain blockage would have been more
significant in fields where the density of drains was
greatest. Also, there was no specific evidence of substan-
tial tile drain blockage in drainage areas 9-2 and 10-2
(David Cone, manager of the water district, 1998, per-
sonal communication). Finally, drainage area 16-2 only
had a main drain running east-west at the northern end
of the western field (Fig. 1), there are no tile drain
laterals. This accounted for the low tile drain density in
this drainage area. The lack of tile drain laterals could
be thought of as a hypothetical blockage of all drains
in this field except the main drain. Drainage area 16-2
had the highest cumulative depth drained, however, so
the complete elimination of flow from the hypothetical
set of drain laterals in half of the drainage area resulted
in no reduction of cumulative drainage depths relative
to other areas. This was quite surprising, but it certainly
suggested that blockage of tile drain laterals was un-
likely to have been an important factor in this drainage
area. A more reasonable conclusion is that, over long
time periods, flow within tile drains in the study area
was probably not the rate-controlling factor for sump
drainage rates.

The fifth possibility, groundwater flow into drains,
was difficult to evaluate because the flux of groundwater
into the drains cannot be calculated accurately. Instead,
the approach we chose was calculation of mean depth-
to-groundwater within drainage areas, and comparison
of these depths with mean daily drainage. If depth-to-
groundwater were a significant factor then there should
have been a negative correlation between depth-to-
groundwater and mean daily drainage at least for
groundwater depths that were shallower than the depth
of the drains. Modeling of water table elevation was
done to obtain estimates of the mean depth-to-water
within each drainage area for each of the 19 sets of
measurements of depth-to-water. The addition of the
kriged residual surface to the original third-order trend
surface substantially improved the fit [Eq. 7]. The tern-

porally-averaged sum of squares taken over the 19 dates
was 6.22 m2 for the trend surface, but only 0.80 m2 when
the kriged surface was added. The kriged surface was
not an exact interpolation because of the non-zero nug-
get effect.

Comparison of well levels and mean daily depth
drained was done for the period between 1 Jan. 1991
and 2 Jan. 1996 (Fig. 6). This final date was the date 
the last well-level measurement during the study period.
The estimated mean depth-to-water, Zest [Eq. 7], was
spatially averaged over each drainage area by taking
the arithmetic mean for all grid cells located within the
area including an areal weighting to accommodate those
cells along the boundaries which are smaller than 20 by
20 m. This was done for each measurement date. These
results were temporally-averaged over the 19 dates to
obtain a mean depth-to-water. Resulting mean depths
were likely biased from the true mean depth-to-water
because the dates of the measurements did not follow
a sampling strategy that would adequately characterize
the seasonal fluctuations in water levels. Nonetheless,
if there was spatial variation in depth-to-water that was
negatively correlated with daily depth drained, such spa-
tial variation should have been apparent even if the
computed means did not represent true mean values
because the seasonal fluctuations were approximately
the same at all sites. The results were consistent with
negative correlation of mean daily depth drained and
mean depth-to-water (coefficient of determination,
r2 = 0.42, Fig. 6). A regression model, such as a linear
model, was not plotted because the functional form of
the relationship is likely to exhibit a threshold depth-
to-water occurring whenever the depth-to-water is less
than the depth of the bottom of the drain. A rapid
increase in drain flows would be expected as the mean
water table moves upwards above the drains. The data
were generally consistent with a threshold model of
drain flow because the three greatest depths drained
occurred in drainage areas having the three smallest
values of depth-to-water. However, there are not
enough data to adequately characterize a threshold
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Fig. 5. Mean daily depth ofwater drained vs. areal density ofdrains for
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model, and the mean depth-to-water was likely biased
by the sampling such that it could not be compared to
the actual depth of the drains.

Other evidence, based on groundwater movement,
also supported the idea that regional groundwater was
flowing into tile drains. The groundwater movement
direction (north-northeast) was calculated from the av-
erage slope of the water table surface in 1991 (Fig. 1).
Water levels in six wells located along an east-west road,
0.8 km south of the study area, were compared with
data from all other wells in the district (Fig. 7). The
mean well depths for these six wells were slightly greater
than mean well depths for the remaining wells in the
district during 1991 but, starting in late 1992, these well
depths were consistently less than those in the remain-
der of the district. This trend continued through June
of 1997, as indicated by the last point on the plot. Thus,
for most of the study period, depth-to-water was actually
less at locations upslope from the drainage areas. Two
of the three drainage areas showing the greatest cumula-
tive depth drained were located near the southern
boundary of the water district (1.5-2 and 16-2). Ground-
water moving north-northeast from areas to the south
and west of the district would encounter these tile drain
systems first and the maintenance of groundwater levels
at tile drain depths would tend to require higher flows of
nonlocal groundwater in these sumps. The two drainage
areas with the lowest cumulative drainage amounts (9-2
and 10-2) were not in the direct path of groundwater
moving into the district from the south and would be
expected to drain less groundwater, as observed (Fig.
2). Thus, drainage in areas 9-2, 10-2, 15-2, and 16-2 can
be rationalized by this argument based on groundwater
movement. Mean depth-to-water in drainage area 4-2
was 2.0 m, essentially the same as the mean depth-to-
water in 15-2 and 16-2. Area 4-2, however, was located in
the interior of the water district so the high groundwater
level and large cumulative depth drained would not
be explained by groundwater movement. The depth of
water applied in 4-2 was equal to that applied to 3-2
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Fig. 7. Depth-to-water is an arithmetic mean for well depths that were
measured on each specific date. Triangles represent six wells ’along

the southern boundary of the water district. Squares represent all
the remaining wells.

and approximately 1.2 m more than the depth applied
to the other drainage areas during the 5-yr period.
Depth of water applied was, therefore, probably a factor
in the greater amount of drainage in this drainage area.
Cumulative depth drained in drainage area 3-2 was
somewhat greater than for 9-2 and 10-2, but the simula-
tion of depth drained for 3-2 brought the drainage resid-
ual close to those of 9-2 and 10-2 (Fig. 4). Thus, spatial
variation in evapotranspiration and/or hydraulic con-
ductivity could account for the variation in depth
drained among 3-2, 9-2, and 10-2.

Because regional groundwater flow to tile drains was
not easily quantifiable, another approach involved ex-
amining relationships between the factors that were
likely related to groundwater movement and the ob-
served drainage. One such factor was saturated hydrau-
lic conductivity which varied by a factor of 7 for the
two soil textures present in the study area (Table 1).
Greater saturated hydraulic conductivities would be ex-
pected to result in more rapid drainage of irrigation
water or groundwater. For irrigation water, greater hy-
draulic conductivities would be expected to drain water
more rapidly out of the root zone to the groundwater
level, reducing evapotranspiration losses. More rapid
drainage of groundwater that has moved laterally would
be expected for the clay-loam soil which occurs in north-
northeast-trending stringers. Thus, variations in areal
fraction of clay-loam among the fields might have been
related to the effectiveness of removal of either type of
water by tile drains. The areal fraction of clay-loam, in
each drainage area, was determined using a GIS overlay
procedure. The data set was expanded to include some
other drainage areas for which modeling data were not
available. The data for daily depth drained versus areal
fraction of clay-loam were not correlated based on the
available data (coefficient of determination, 2 =0. 002,
Fig. 8). Thus, a straightforward conclusion that greater
drainage rates occurred in areas that had a greater areal
fraction of clay-loam was not supported by these data.
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CONCLUSIONS
In this 5-yr study of Broadview Water District irriga-

tion and drainage records we have shown that variability
in cumulative tile drain flows could not be uniquely
explained by specific local variations in any one of the
following factors: irrigation amount, evapotranspira-
tion, variation in water storage, or tile drain blockage.
Drainage depths that were consistently higher for cer-
tain sumps were especially difficult to rationalize on
the basis of yearly irrigation amounts which were quite
consistent among the various fields. All these factors,
however, may have possibly contributed to the observed
variability and there were probably interactions among
them. Another possible explanation was variation in the
fraction of nonlocal groundwater appearing at different
sumps. Evidence for this was negative correlation of
groundwater levels and cumulative depth drained. In
addition, greater cumulative depths of drainage oc-
curred in the two drainage areas that would be encoun-
tered first by groundwater moving in a north-northeast
direction. The relatively large depth drained by one
sump near the northern boundary of the water district
was probably not related to lateral groundwater flow but
might be explained by the greater amount of irrigation
water applied to that drainage area. Because several of
the possible explanations that were presented might be
operable to different degrees and might exhibit interac-
tions, it was not possible to complete a quantitative
evaluation of the fractional contribution by each pro-
cess. In general, caution is warranted when modeling
tile-drain flow or the chemical composition of tile drain
waters because mixing with groundwater that was trans-
ported laterally from other areas may be occurring. Fur-
thermore, this study, and the earlier work cited (Deverel
and Gallanthine, 1989; Deverel and Fio, 1991), suggest
that any modeling of tile drain flows in this area which
requires the assumption of a shallow impermeable layer
and no mixing of drained irrigation water with non-local
groundwater will have poor predictive capability unless
it can be independently confirmed that such mixing is
not occurring.
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