APPERDIX G

FIELD TLSTEZ OF DRAINMOD

The model predicts water table depth, drain outflow, surface runoff,
¢ry zone depth and other soil water variables on a continucus basis.
Therefore the validity of the model can be tested directly by measuring
these variables in the field and comparing model predictions with measured
values. It is important that field tests of the model be conducted and
especially that final predictions of the model be compared to measured
data.

The basis of DRAINMOD is an expression for a water balance in the
soil profile. Individual compomnents of the water balance are evaluated
from approximate methods, While most of these methods have been tested
individually, to varying degrees, and their limitations documented in the
literature, accumulation of errors from the various components could cause
large inaccuracies in the composite model, The most direct and meaningzful
way of testing the reliability of DRAINMOD is tc compare model predictions
with results measured in field situations. Such experiments not onlv sro-
vide a good test of the reliability of the model but also docurents the
required model inputs for the sites and soils considered. Thev alsc oro-
vide a measure of the difficulty and expense of obtaining input valuss for
the model.

Most of the uses coﬁtemplated for the model are related in scme wev
to water table depth and its variation over time., Therefore, when possible
the model has been tested by comparing measured and predicted water table
derths. In the case of the Ohio experiments discussed later in this sec-
tion, water table measurements were not made but excellent data for sub-
surface drainage rates and surface runoff were available for several vears
of record. In this case comparison betuween measured and predicted drain-
age and runoff rates were uvsed as z basis for judging the validity of the

mocdel for Ohio conditions.



Data from four states representing widely different soils and
climatological conditions are being used to test the validity of the
model. Extensive field experiments were ~onducted to test DRAINMOD
during its development in North Carolina and the results presented in =
technical report (Skaggs, 1978). Additional data have been obtained
from researchers in Ohio, Florida, and California. The results of the
tests of the model for each location are discussed in the following
sections,

NORTH CARQLINA

Field experiments were installed in four locations to determine soil
property and climatological inputs and to test the reliability of the
model. Experiments were conducted over a five year period and comparisons
cf predicted and measured daily water table depths were made for a total
of 21 site-years. The results of the experiments have been reported by the
author {fkaggs, 1978) and are reoroduced in the following sections for the
convenience of the user.

Experimental Procedure

Field Sites

Experimental sites were located near Aurora, Plymouth, laurinburg
and Kinston, N.C. so field data representing a good geographical distri-
bution of the Coastal Plains and Tidewater Regions in North Carolina were
obtained. The water management systems on all sites have facilities for
subsurface drainage and water table control as well as varying degrees of
surface drainage. A brief description of each site is given below.
Drainage system parameters for each site are given in Table 16-1 anc z I1Zst

of crops grown on the research sites is given in Table 13-2.

N
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Table 10-1. Drainage system parameters for the experimental sites.

Parameter Aurora - Austin Farm Plymouth Laurinburg Kinston
7.5 m 15 30 m Rains  Goldsbero
Soil type Lumbee 5.1, (some Myatt)* Cape Fear 1. Ogeechee 1 F Rains  Goldsboro
s.1. s.1.
Type Drain clay tile - 4 1in. open ditch  tubing tubing clay tile
Drain spacing 7.5m 15 m 30m 85 m- 48 m 0m 30 m
Prain depth 0.8 m 0.9 m 1.0 m 0.8 m 1.1 m Tm Tm
Drain diameter 102 mm 102 mm 102 mm  open 125 mm 152 mm 102 mm
Effective drain _
radius 2.5 "’ 2.5mm 2.5 mm - 7 mm 7 mm 5.1 mm

Depth from drain

to restrictive

layer 0.5m 0.5m 0.7 m 2.2 m 1.4 m 0.4 m 0.4 m
Facilities for water

table control

a. controlied

13

ouilet _ yes yes yes yes yes yes yes
b. pumpiin o
capability yes yes yes yes Timited ne no

*
A recent examination of the soil profile descriptions by SCS soil scientists indicate that
the following changes should be made in soil names used in this report.

T. The soils referred to as Lumbee s.1. and Myatt s.1. should have been classified as
Tomotly s.1.

2. The soil referred to herein as Ogeechee 1. should be classified as a Coxville 1.

Detailed descriptions of the soil profiles are given in Appendix B. The soil} properiies
and other inputs used in DRATNMOD were determined from on-site measurements and from soil
samples analyzed in the lab and not inferred from published descriptions or properties of
the soil series. The soil series names are used herein for jdentification purnoses only

and the Lumbee and Ogeechee names vewain unchanged in the text, tables and fiaures nf this
report. .



TabTe 10-2. Crops grown on research sites; planting and harvesting dates.

Aurora Plymouth Laurinbura
Year Crop Plant Harvest Crop Plant Harvest Crop Plant Harvest
date date date date date date
1973 potato 3-10*% 6-20 corn q4-15% 9-12 - - -
soybean 7-17 11-14
1974 potato 3-10* 6-17 corn 4-.15* 10-4 cotton 4-1* 10-15*
soybean 7-10 V1-27
1975 corn 4-21 9-10 corn 4-21 9-23 - cotton 4-1* 10-15*
wheat 11-12 -
1976 wheat - 6-16 corn 4-15 9-1 cotton 4-4* 11-10*
soybean 6-17 11-17 wheat 12-1 -
1977 corn 4-25 g-1* wheat - 6-18* cotton 4-5*% 10-25*

soybean 6-20* 11-20*

*
Approximate dates for planting or harvest.



Auyrora. The site near Aurora is located on the H. Carroll Austin
farm and is the same site that was used in a previous study to investi-
gate the feasibility of water table control and subirrigation in the
Coastal Plains (Skaggs and Kriz, 1972). The water management system
consists of tile drains spaced 7.5, 15, and 30 m apart and buried appro-
ximately 1 m deep. The soil is primarily Lumbeé*sandy Toam with some
Myatt sandy leam and Torhunta sandy loam in the areas of the 7.5 and 15 m
spacings. A schematic of the experimental setup is shown in Figure 10-1.
The four drains for each spacing empty into an outlet ditch where a water
level control structure is used to raise or lower the water level for
subirrijgation or drainage. Subirrigation was implemented by pumping
additional water into the ditch from a well located near the five acre
field. In some years this system was used to control the water table
during April - July for growing potatoes and corn; however, it was used
as a conventional drainage system during most of the experimental peried.

Plymouth. The experimenpg] site near Plymouth is located on the
Tidewater Research Station and was also used in the previous water table
control study. The soil is a Cape Fear loam and the water management
system consists of open lateral ditches spaced 85 m apart. The field was
land-formed in about 1969 and has excellent surface drainage. A water
Tevel control structure in the outlet d{tch‘permitted the water level in
the ditches to be controlled by either collecting field runoff and drain-
age waters or by pumping into the ditch from an irrigation well. A weir
was installed in the outiet structure to raise the water table during the
months of May, June, and July in 1974 and 1975 to supply water to the
crop. Water was pumped into the outlet and the ditch water maintained
for subirrigation purposes for short pericds in both years. However the
system was operated in a controlled drainage mode without pumping for
most of the growing season. Figure 10-2 shows the weir and the raised
water level in the outlet. This field was also used as one treatment
in another Water Resources Research Institute sponsdred study reported
by Gilliam et al. (1978) on controlling the movement of fertilizer
nitrates in draiinage waters, As a part of this investigation the weir
level was raised almost to the surface durino the winter months of

.See footnote, Table 10-1.
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Figure 10-2. A water level contreol structure in the outlet ditch at
the Trcewzter Research Station permitted controlled
drainage ana subirrgation on the .22 Fear soil,



1973-74 and 1974-75 and the system operated in the controlled drain-
age mode for purposes of studying the effect of high water tables on
the movement and denitrification of fertilizer nitrates.

Laurinburg. Experiments were conducted on a water management
system located on the McArne Bay farm of McNair Seed Company near
Laurinburg, N.C. The soil was formerly c1a§sified as a Portsmouth
loam but more detailed analysis indicated primarily Ogeechee' with small
areas of Coxville in the experimental area. The loam and sandy clay
surface layers are underlain at about 1 m by a cocarse sand layer which
varies in thickness from 0.50 to 1.2 m. Drain tubes are spaced 48 m
apart and outlet into a large drainage ditch. The water level in the
ditch is controlled by raising or lowering the weir on a water level
control structure and holding drainage and runoff water in the ditch.
During dry periods water may be pumped from a drainage canal to raise
the water in the outlet ditch. This water management system is ad
intanral part of the drainage and irrigation system for an entire
Carolina Bay consisting of about 1200 acres. _

Kinston. Water management systems on a Rains sandy loam and a
Goldsboro sandy loam on the Tobacco Experiment Station at Kinston were
studied. Both systems have good surface dréinage and have tile drains
spaced 30 m apart and buried 1 fo 1.2 m deep. Water level caontrol
structures were installed on the main tile lines in each systam to
control the drainage rate and were used in the fertilizer nitrats stucy
by Gilliam et al. (1978) referenced above. Although water table records
of sufficient length to test the model were not collected on these siies,
short term experiments were conducted and input properties were measurad
for each soil and may be used for long term simulaticns.

Field Measurements.

Although the design and management of the water table control

systes vary in some respects among the sites discussed above, most of
the field measurement procedures were the same for each site. The
water table elevation midway between drains was measured in 10 cm
diameter observation wells, drilled to the depth of the impermeable
layer, and fitted with Leupold and Stevens type F water leve] recorders

*See footnote, Table 10-1.



to give a continupus record of the water table position. The same
instrument was used to record the water level in the drainage ditches,
or, in the case of drain tubes, the water level in the outlet ditch.
The unsaturated soil water pressure head distribution was measured
with tensiometers for intervals of a few weeks duration during the
growing season at the Plymouth and Aurora sites. Tensiometers were
placed at 15, 30, 45, 6C, 75, and 120 cm depths midway between sub-
surface drains,

Tests of short duration were conducted on the Aurora and Plyroutr
sites to make {ntensive measurements of soil water conditions during
drainage and subirrigation. The water table was raised to near the soil
surface by raising the weir levels in the water level control structures
and pumping water into the outlet ditches. Piezometers were installed
at the tensiometer depths given above at the midpoint and quarter points
between drains and used to determine the existence of vertical gradients
in the saturated zome of the profile. Then the weir level was lowered ‘
and the tensiometers and piezometers read several times daily during the \\_’)
drainage period to test the validity of the linear pressure head dis-
tributions assumed in DRAINMCD for the drainage period.

Rainfall was measured on each site with a Weathertteasure Mode!
PSC1-1 tipping bucket recording rain gauge with a P521 event recorder,
Although this instrument accurately measured the varijation of rainfa?’l
intensity with time, hourly values were used as inputs to test DRAINYCD.
Use ¢of rainfall data on a more frecuent hasis, sayv 10 to 15 minutes, wzs

possibie and would have probably allowed a betzer estimation of infiltrz.

[¥al

Tien and runoff. However, data avaiiablie from weather station recors
have a maximum frequency of one hour in most cases. Since these are the
data that will be used in simulation, the model was tested using measured
rainfall accumulated over one-hour intervals,

Daily maximym and minimum temperatures were obtained from weather
stations near each site and the potential ET calculated by the
Thornthwaite method. U.S. Weather Bureau standard evaporation pang were
installed at each location and modified to record evaporation contin-



ucusly (Figure 1C-3). Details of the design and operation of the recorg-
ing pan as well as comparisons between pan measurements and

Thornthwaite.predictions are given by Mohammad (1978). However, the
Thornthwaite method is used to compute PET in the present version of
DRAINMOD, so it was also used in testing the validity of the model
predictions.

Surface runoff plots were installed to measure surface runoff
during rainfall events and to be used in determining the infiltration
characteristics of the soils. Sheet metal barriers were installed
around the 3 m x 4 m plots and the runoff was diverted to buried
reservoirs (Figure 10-4}. Runcff rates were measured and recorded using
a tipping bucket apparatus in conjunction with an event recorder. In-
filtration tests were conducted by sprink]i}g water on the surface of
the plot at a rate of approximately 120 mm/hr and measuring the runoff
rate. _

Surface depression storage was characterized by making elevaticon
surveys on a fine meshed grid and by using a surface sealing procedure
to determine the storage in small pockets or depressigons caused by
micro-relief. These measurements were made as a part of a detailed
study of surface storage and are described in detail by Gayle and
Skaggs {1978).

Qne of the functions of DRAINMOD is to determine, on a day to day
basis, whether conditions are suitable for conductirg field operations,
as discuyssed in Chapter 3. This determination is based on soil and
weather conditions and requires input data specifying the drained, or
air, volume below which conditions are not suitablie for field operations.
The amount of rainfall necessary to postpone field operations and the
length of time after rainfall occurs before operations can continue are
also needed inputs to the model. These parameters were approximated
for the soils considered in this study by field observations in the
spring months of 1975 and 1976, Field conditions on all ressarch sites
were monitored by experienced technicians in c¢oordination with the farm-
er or expariment station personnel. When the soil reached a condition
that was just dry enough to plow and prepare saedbed, soil samples were
taken from 10 and 20 cm depths at several locations within the field



Figure 10-3. A standard evapc-ation pan was modit ec to record pan
evaporation directly. # reservoir was set up to supply
water to the pan through a float valve as evaporation
took place. By recording the water lev 1 'n the
reservoir, evaporation could be determined as a function
of time.

Figure 1C-4.  Runoff from 3 m X 4 m plots was recorded with a tipping
bucket apparatus and an eve:t recorder.
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and the volumetric water content determined. Drainage or air vclumes
corresponding to the measured water contents were determined from the
soil water characteristics and the drainage volume - water table depth
relationships. The amount of rain necessary to postpone field opera-
tions and the minimum time required after that amount of rainfall before
operations can proceed were also approximated based on the so0il type and
experience of the farmer or station manager.

Scil Property Measurements.

The saturated hydraulic conductivity was measured in the field
using the auger hole method (Beast and Kirkham, 1971) and a method based
on water table drawdown (Skaggs, 1976). The unsaturated hydraulic conduc-
tivity function K(h) was estimated using the method of Millington and
Quirk (1960) with a matching factor at saturation. The K{h) functicn for
the Wagram and top 50 cm of the Lumbee soils were measured experimentally
(Wells and Skaggs, 1976).

S0i1 water characteristics for each s¢il horizon down to the drain
depth were determined on small undisturbed core samples using a stindard
pressure plate method {Richards, 1965). The relationship between drain-
age volume and water table depth was measured directly on large undis-
turbed soil cores (0.50 m in diameter and approximately 1 m long}. The
procedures for extracting the cores and making the measurements are des-
cribed by Skaggs et al. (1978). The cores were attached to gravel filled
bases in the iab and wetied from the bottom by raising a water reservoir
connected to the outlet. After the water table rose to the surface and
remained for at least one day the cutlet reserveir was lowered in small
increments and the drainage volume measured at each water table depth.

Results - Soil Properties

Hydraulic Conductivity

The results of the saturated conductivity measurements are summariz-
ed in Table ¥-3. Values obtained from both drawdown and auger hole measure-
ments varied with inftial water table depth and frcn point to point in
the fields so average values are tabulated. The soils on the Aurora,
Plymouth and Laurinburg sites have sandy layers at depths below about 1 m
{Appendix B) which have higher K values than the surface layers., The con-



G-12

Table 10-3. Summary of average hydraulic conductivity values from auger
hole and drawdown measurements,

Site Method No. measurement Average K value
Aurora
7.5 m drawdown 17 1.01 cm/hr
auger hole 9 1.84
5 m drawdown 19 1.84
auger hole 9 1.73
0m drawdown 19
auger hole 10 3.16
Plymouth drawdown 7 37.2
auaer hole 6 15.3
Laurinburg drawdown 8 6.3
auner hole 3 7.8
Kinston -
Goldshoro atver hole 2 6.5
' l.rge core |{
(vertical K) 2 1.
Rains auger hole € 4.3
large core ,
(vertical K) 1 1.8

ductivities af the various profile layers are difficult to determine from
drawdown measurements as the drawdown depends on the conductivities in
all layers below the water table. Likewise measurements from augsr helss
that penetrate or closely approach the sandy Tayer may be expected <2
give an intermediate value between the K's of the upper and lower layers.
The s0ils on the Aurora site are particularly difficult to

tharacterize because of sandy layers in the surface horizons which are

of varying thickness and sometimes discontinuocus. For examnle, in pre-
vious studies (Wells and Skaggs, 1976}, we found the vertical K in 3
large cores of the surface 60 cm of Lumbee to be greater than 10 cm/hr
yet oh]y 1.2 ¢cm/hr in a 4th core from the same general arez of the field.
Measurements from other cores greater than 1 m deep and analysis of the

K determinations from auger hole and drawdown measurements accorcinc to
initial water table depth indicates that the surface 0.75 to 1 m of the

4

Aurora soils have an effective lateral K of about 1 em/hr. In some Tie’d

),



Tocations the effective K of the surface zone is higher, and there are
high K layers within this zone in nearly al7 locations. However draw-
down and auger hole measurements indicate that the effective K falls
within the range of 0.75 to 1.5 cm/hr for the surface layer. Values
tend to be near the higher end of the range for the Lumbee soils where
the épacing is 30 m and somewhat lower for the soils in the 7.5 and
15 m spacing. The K value of the deeper sandy layer is about 3 cm/hr.
Analysis of the K values with respect to initial water table depth
and seil profile layering resulted in the values given in Table 10-< for
conductivities at each site. The effective lateral K of the profile
when the water table is near the surface was calculated from the condug-
tivities of the two layers and may be compared to the values in Table 15-2,

Table 10-4. Surmary of K values of profile layers used as input to

DRAINMOD.
31te Layer leptn (m; . K {(em/hr; Equivalent K* tor
profile {cm/hr)
Aurora .
7.2 m 0 - 1.0 s 1.0 cm/hr
1.0 - 1.08 3.0 1.14 cn/hr
15 m 0 - 1.0 .x 1.0
1.0 - 1.23 3.0 1.37
iCm 0 - 1.0 .4 1.0 '
1.0 - 1.5 3.0 1.73
Plymcuth 0 - 1.7 s 15.0
1.1 - 2.82 45.0 34.0
Laurinburg 0 ~1.20 Q.78 3.5
1.20- 2.40 £.3
Kinston
Goldsboro 0-1.4 £.5 6.5
Rains 0 - 1.1 4.3 3.6
1.1 - 1.4 1.0 1.6

*This value is calculated for lateral flow {parallel to the layers)
with the water table at the surface.

x
Effective depths of the profiles when corrected for convergence near
the drain.
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The conductivity inputs to DRAINMOD are the values given for individua)
layers in Table12-4, It should be noted that the values given for the
drawdown method in Table 10 are averages obtained for a range of initiz’
water tabie depths. Generally the values for Aurora and Plymouth in-
creased with initial water table depth. Likewise the equivalent conduc-
tivities obtained from the layer values given in Table 10-4 will increase
with depth because of the higher conductivity of the bottom layer.

Soil Water Characteristic and Drainage Volume - Water Table Depth

Relationships

Soil water characteristic data {drainage branch) are tabulated in
Table ©-5for the soiis considered in this study. Data are also presen*ed
for two additional soils, a Wagram loamy sand, and a Portsmouth sandy
Toam; the latter soil is Jocated cn the Tidewater Exneriment Station at
Plymouth. Wilting point water contents are also included in the s¢il ~
water characteristic data. The main use of the soil water characteris-
tic in DRAINMOD is to calculate the relationship between drainage volume
and water table depth. However these reiationships were measured direct-
ly from large field cores for all soils on the experimental sites excep:
for the Ogeezine  soil on the Laurinburg site. The measured draimace
volume - water table depth relationships are plotted in Figure 3iC-Z.
Relationships for vater table depths greater than the core depth were
calculated from the soil water characteristics., The entire relatignsiic
was calculated for the soil on the Laurinburg site as large cores were
not collected from this location.
Infiltration Parameters

Coefficients of the Green-Ampt infiltration equation were deter—ined
from infiltration measurements on the surface runoff plots and on larze

undisturbed field cores. Some runofi plot infiltration measurements were
made by sprinkling water at a known rate on the plot and subtracting the
measured runoff rate from the application rate. Other infiltraticn
measurements were determined from runoff caused by natural rainfall
events. Measurements on field cores were made by ponding water on the
surface of the same large cores used to determine the drainage volume -



Tablel0-5. Drainage branch of the soil water characteristics for the soils considered in this
study. Values given in table are volumetric water contents.

Soil water pressure head (cm of water) T HiTting
Soil poeint
0 -10 =20 -30 ~40 -50 -60 -70 . -80 -100 -150 -200 -500 (15 bars)
Lumbee s.1. - Aurora -
(0 < 0.6m) 0.342 0.335 0.322 0.305 0.290 0.230 0.270 0.265 0.756 0.25%0 0.210 0.190 0.12

Cape Fear 1. - Plymouth

(0.15 m) 0.482 0.444 0.429 0.418 0.410 0,402 0.396 0.392 0.333 0.381 0.372 0.368 0.22
(0.5 m) 0.462 0.444 0,329 0.422 0.417 0.412 0.409 0.405 0.400 0.39%4 0.378 0.367 o
Ogeechee 1, - Laurinburg i
(0.3 m) 0.450 0.433 0.720 0.410 0.405 0.462 0.398 0.397 0.391 0.385 0.372 0.365 0.340 0.24
(0.75 m) 0.425 0.398 0.383 0.368 0.358 0.347 10,335 0,331 0.326 0.320 0.312 0.307 0.293

Goldshoro s.3. - Kinston

(0.15 m) 0.364 0.354 0.340 0.322 0.300 0.272 0.253 0.242 0.234 0.224 0.192 0.186 0.06
(0.4G m) 0.370 6.360 0.350 0.340 0.320 0.312 0.303 0,277 0.290 Q.288 0.282 0.280

Rains s. |, - Kinston

(0.15 m) 0.370 0.300 0.282 0.272 0.266 0.258 0.254 0.248 0.244 0.238 0.228 0.224 0.09
(0.40 wm) 0.368 0.326 0.302 0,286 0.275 0.267 0.261 0.25 0.2517 0.244 0.231 0.222

Wagram 1.s.
(0-0.9 ) 0.302° 0.299 0.285 0.254 0.218 0,184 0.154 0,132 0,117 0.103 0.037 0.072 0.051 0.03

Portsmouth 5,1, - Plymouth
(0.1% m) 0,390 0.363 0.354 0.346 0.340 0.334 0.328 0.324 0.319 0.312 0.304 0.29 Q.13
(0.40 m) 0.400 0.382 0.370 0.361 0.35% 0.348 0.342 0.338 0.336 0.334 0.331 0.328
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Figure 10-5. Urainace volume or sir volume (cm?/cm?) as a functicn o7
water table denth for soils considered in this stucy.
(Same as Figure 5-4).
water table depth relationshipe. Finally, additional measurements were
made using guarded ring infiltrometers. Coefficients A and B cf the
Green-Ampt equaticn were determined from each measured relatignshin anc
plotted versus the initial water table depth (e.q. Figure iC-oc fcr Lumoe2
sandy Toam). When a dry zone existed at the soil surface an eguivaient
initial water tzble depth was defined such that the air voliume corres-
ponding to the equivalent denth is equal te the total air volume in the
profile inciuding the dry zone. Values of the coefficients A and S
corresponding to selected initial water table depths were obtained froo
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the plots and used as inputs to the computer program. These values are
tabulated in Tabie 13 for the experimental sites. In the simulation
process, DRAINMCD selects coefficients by interpolatior from the table
based on the initial equiva'ent water table depih.

Upward Water Movament ‘

Relationships between maximum rate of upward water novement and
water table depth were defined for each soil by numerically solving
zquation 18 for vertical unsaturated water movement due to ET at the
The surface boundary cordition was assumed tc Le h = -1000 cm.

surface.
The relationships are plotted in Figure 25.
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Figure 10-7. Effect of water table depth on steady upward flux from
the water table. (Same as Figure 5-6).

Trafficability parameters
Trafficability parameters for the soils considered in this study

are listed in Table 10-7. These data are not used to test the model but
are inportant inputs for long term simulations for the given soils. The
parameters given were determined for plowing and seccbed preparation in
th: spring. Mo attempt was made to determine the parameter values for
the harvest season. Generally the maximum allowable soil water conient
for field operations would be higher and the required drained (air)
volume lower during the harvest season than for seedbed preparation.
Root Depths

The crop root depths were estimated from the planting and harvesting
dates given in Table10-2.The plots given in Figure 2-2¢ were used &5 a4
guide to determine the rooting depth for corn. The maximum effective

o
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Table10-6. Estimates of coefficients for the Green-Ampt infiltration equation as a function of
initial equivalent water table depths. ‘

—
Fquivalent water table depth (m)

Soil 0 0.50 1.0 1.5 2.0 . 5.0
B - A B A B A B A B A B

Cape Fear O 0.8 0.5 6.6 0.8 9.5 1.0 1.0 1.0 13.0 1.0
Lumbee™™ 0 0 3.3 0.3 8.0 0.8 15 1.0 20 1.0 20 1.0

Ogeeche** 0 0 2.0 0.75 4.0 1.0 6.0 2.0 8.6 2.6 30 2.6
Goldsboro O 0 1.2 0.75 2.7 1.25 4.4 2.0 5.3 2.0 26.0 2.0
Rains 0 0 1.2 0.5 3.0 0.75 6.0 1.0 9.2 1.0 25.0 1.0

Nagram 0 O 3.0 150 5.5 2.0 87 3.0 1.5 3.0 25 3.0
Portsmouth 0 0 1.2 075 6.5 1.2 100 1.5 12.0 1.5 15.0 1.5
Bladen 0 0 0.82 0.15 1.3 0.15 1.5 0.15 1.8 0.15 2.1 0.15

*Equiva]ent water table depth is the drained to equilibrium water table depth correspanding. to a
given amount of air volume in the profile. For example if the water table depth was 1.0 m but a
dry zone exists so that the profile contains 10 cm3 of air per cm? of surface area, the equivalent
water table depth is the drained to equilibrium depth that would have 10 cm of air.

*
See footnote, Table 10-1.
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Table 10-7. Trafficability parameters for plowing and seedbed preparation.

Maximum water

Soitl content-plow * "k ;¥
Tayer AMIN ROUTA ROUTT
(cm3/cm3) (mm) (mm) (days)
Cape Fear 1. 0.395 33 12 2
Lumbee s.1. 0.265 28 15 ]
Ogeechee 1. 0.39 34 12 2
Goldsboro s.1. 0.23 32 15 1
Rains s.1. 0.25 39 12 2
Hagram 1.5, 0.15 35 15 1
Biladen s.1. C.40 30 10 2
Portsmouth s.1. 0.32 30 12 2

<

AMIN = the minimum air volume (or drained volume) for plowing and
seedbed preparation. That is, it would be too wet to prepare
seedbeds if the drzined volume is less than AMIN,

*%
ROUTA = the amount of rain necessary to postpone field work.

£ 2
ROUTT = the time necessary for soil water redistribution before

field work can be restarted after it has been postponed by
rainfall in excess of ROUTT,

rooting depth for corn was assumed to be 30 cm while 25 ¢m was assurmed
for potatces, soybeans and wheat. The rooting depths for each site arz
tabulated as a function of Julian date for each year in Appercix C.
Climatological Date
Hourly precipitation data measured on each experimental si%e are
given by Skaggs (1578) for the duratizn of thz s*udy  Daily maximum and

minimum temperatures were obtained from published U.S. Weather Bureau
records for stations at Aurora, Plymouth and Laurinburg. The Plyrouth
weather records were coliected on the Tidewater Experiment Station while
the weather stations at Aurora and Laurinburg were within a few kn of
the experimental sites.
' tiater Level in Drainage Qutlet

The drainage outlets in the field experiments at Aurora, Plymouth
and Laurinburg all received water from large areas outside of the




experimental areas. As a result it was noi possibie to predict the
water level in the drainage cutlet. The water level in the outlet was
measured continuocusly and the average daily value was used as an input
to test DRAINMOD. That is, the measured water level in the ditch was

read in rather than predicted from subroutine YDITCH in the model.
The outlet water levels are plotted for the Aurora site in Figures 1023
to 1026,

Measured Versus Predicted Water Table Elevations
Hater table elevations predicted by DRAINMOD are compared to measured
values in the plots given on the following pages. The measured and pre-

dicted watar table elevations at the end of each day were plotted automa-.
tically by the computer for a series of one-year test periods. The agree-
ment between predicted and measured values was quantified by calculating

a standard error for each test period defined as follows,

s= /> - Y)Y (16-1)
1=

n

where s is the standard error, n is the number of days in the test period
(year), Yi is the'measured water table elevation above a datum at the end .
of each day and Yi is the predicted water table elevation. The average
deviation (a.d.) was also computed for each test period as,

a.d. = ;§;|Y1 - ¥, /n {10-2}

where the symbols are the same as defined above,

t should be emphasized that the plots given on the following paces
are not the results of a data fitting exercise,. In every case the agree-
ment between measured and predicted results could be imprcved by chang-
ing one or more of the.model inputs. However the values reguired %o
optimize the fit could not be determined & pr<iori so jugaling the
various inputs to improve the agreement with observed data would not pro-
vide a meaningful test of the model reliability. Instead, each input
parameter was determined independently as discussed in previous sactions
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of this report. In a few cases the parameters will be varied to deter-
mine the sensitivity of the model to errors in parameter determinations,
However, comparison of predicted results with values measured in the
field using independently measured input parameters is the only true
test of the reljability of the model. This is the method used herein
to determine the suitability of DRAINMOD for application to design and
analysis of water management systems.

Plymouth
' Predicted and observed water table elevations from the Tidewater
10-12. The

Experiment Station near Plymouth are given in Figures 10-8 through
agreement between predicted and observed results is very good with stan-
dard errors of estimate (s values) ranging from 8.6 cm (1977) to 2.8 ¢~
(1975). The agreement is particularly good during periods when the water
Tevel in the drainage ditch is raised by controlled drainage or subirri-
gation. This is due to the high conductivity of the profile, especially
the sandy layer below a depth of approximately 1.1 m, which permits the
water table to respond quickly to changes in the observed ditch water
level. The net effect is that the high K values makes the water tahle
more sensitive to ditch water elevation than tc some of the other input para-
meters such as those used in predicting infiltration, upward water move-
ment and £T. Controlled drainage was used during most of 1974, the first
60 days of 1975, and for a two month period frem Dec., 1975 to Jan., 1%77.
Subirrication was also used for short periods in 1973 and 1875 by purninc
water into the drainage outlet from a deep well., However, for most of
1973, 1975, 1976 and 1977, the system was operated as a conventional
drainage system and still gave excellent agreement between measured and
predicted results.
Aurora

Water table elevations are plotted for the 7.5 m drain spacing at
Aurora in Figures 10-13 {1673} through 1C-17 (1577'. Results are plcotied for
the same years for the 15 m spacing in Figures 10-18 through 10-22 and for
the 30 m spacing in Figures 10-23 through 10-27. The standarc evrors of

estimate (s) are given on each plot and summarized, along with corres-
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Figure 10-1Z2. Observed and predicted water table elevations midway between
drzins spaced 85 m apart on the Plymouth site during 1977,

ponding values from the Plymouth and Laurinburg tests, in Table 10-2.

The Aurora system was operated in the drairace mode during most of
the five year period. Subirrﬁgatidn was used for relatively short pericds
in 1973, 1974 and 1975 as indicated by the outlet ditch water level eleva-
tions included in plots for the 30 m spacing (Figures 10-23 through 10-27). Or
of the weaknesses of the model is demonstrated by the subirrigation even:
starting on Julian day 150, 1975 (Figure 19-25). DRAINMOD predicts an up-
ward water tabie response at the midooint between the drains immediagtely
after the water level in the outlet ditch is raised. However, it has
been previously demonstrated {(Skaggs, 1973) by theory as well as by labora-
tory and field experiments, that there may be a considerable time lac
between a rise in the ditch water level and a water table response midway
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Table 10-8. A summary of standard errors of estimate {cm) and averace
deviations (cm) for comparison of observed water table eleva:-
tions with predictions by DRAINMOD.

Year
Site 1673 1974 1975 1875 1977
S a.d. s a.d. s a.d. 5 a.d. 5 g.d.
ATT units in cm

Auraora

L=7.5m 14.2 11.8 11.2 9.0 11.3 8.2 16.% 12.7 7.5 5.7

L=15m 15.0 13.4 19.6 16.1 16.4 13,2 17.4 13.2 9.4 7.1

L=30m 18.¢ 13.3 18.3 14.4 16.7 12.] 15,2 10.9 13.4 10.3
Plymouth 10,84 7.7 9.6 6.3 8.8 7.t 8.7 6.2 8.6 6.7
Laurinburg _ EE— 13.9 11.€
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between drains. This is particularly true when subirrigation is

initiated during dry soil conditions., This is consistent with the resuits
given in Fircures 10-25 for the 30 m spacing and Figure 10-20 for the 13
m spacing. In both cases the observed midpoint water table continued <45
recede, mostly due to ET, after the ditch water level was raised and dic
not reverse its downward trend until nearly 30 days later when rainfal}
occurred. This was not the case for the 7.5 m spacing which responde?

gquickly to the raised water table as predicted by the model {Figure 175-12°.

The model predicts an immediate response to subirrigation because
flux 1s calculated with the Hooghoudt equation in terms of the water
table elevation at the midpoint and the water level in the drain. No
allowance is made for the time lag required to change from a drainage
profile to a subirrigation profile which may be several days for larss
drain spacings. Everything else being equal, the time lag is propertionail
to the square of the drain spacing. It should be emphasized that tre
problem with the model in this respect occurs during the transition pericd
from drainage to subirrigation or vice versa. Once the subirrigation
profile is established, DRAINIOD will do a good job in characterizing the
water table response (see for example the results for Plymouth, 1974 -
Figure1({-%). Errors during the transition periods may also be negliginle
if the drain spacing is small or if hydraulic conductivity is high.

Predicted and observed results are in good agreement for a1l tnree
spacings on the Aurora site with a maximum s value of 19.6 cm for the 1%
m spacing during 1974 and a minimum s value of 9.4 cm for the 1% m spacing
in 1977. The predicted water table drawdown rate was usually hicher thar
the observed and the predicted water table elevations tended to be sore-
what lower than meacured for both the 7.5 and 15 m spacings (Figures i-13
through 15-22). This could have been caused by a K value which was tco high
or an erroneous relationship for the drainage volume versus water table
depth. However the values selected were based on actual hydraulic corduc-
tivity measurements and the same K values were used for the 30 m spacing
which had about the same predicted drawdown rate as measured. Resultis
of hydraulic conductivity tests indicated that the effective K of the

o
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profile should be smaller for the 7.5 and 15 m spacings than for the 30
m spacing (Table 10-3). These differences were thought to be due to a
thicker sandy layer for the 30 m profile. The results given in 10-13
through 10-27 indicate that the conductivity of the individual layers
for the 7.5 and 15 m spacings may be smaller than that for the 30 m
spacing. If fact, trial runs showed that agreement between predicted
and observed results can be improved considerably by using a Tower X
vatue for the 7.5 and 15 m spacings. However, such values were not
obtained from hydraulic conductivity measurements so their use would not
provide a fair test of the validity of the model as discussed ezrlier in
this section. In any event, the agreement between observed and predicted
results for all spacings (Fiqures 10-1310-27) is consicersd excelient “or
field conditions.
Laurinburg

Observed and predicted water table elevations are plotted in Figure 10-
28 for the Laurinburg site during 1876. This was a very dry year at
Laurinburg and the water table did not reach the surface at any time
during the year. The total recorded rainfall on the experimental site
was only 780 mm versus a normal annual rginfall of about 1200 mm for
this area. The agreement between cbserved and predicted water table
depths was good with a standard error of estimate of 13.% ¢m for the
vear. Although subirrigation was possible on the site, it was not used
during 1976. The drain depth was 1.07 m so the water table was actually
below the drain for a large part of the year. Cotton, which has a rela-
tively deep root system, was grown on the site and the water table was
Treqguently lowered below the drain elevation by ET. The rate that the
water table was drawn down by ET was more rapid than observed 7or the
garly part of the year, Julian days 45 to 100, but was in good agreement
with observations during the peak and latter part of the season, days
180 to 30C. Trials with a range of values of hydraulic conductivity
showed that, as was the case with the Aurora data, agreement could be
improved by reducing K. However the results given in Figure 10-23 whicr
were obtained with independently measured K values, are considered
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excellent for field conditions.
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Experimental data were obtained from long-term field drainage experiments
at the North Central Branch, Ghio Agricultural Research and Development Center
near Sandusky, Chic (Schwab et al., 1963, 1975). The experiments included re-
plicated plots for subsurface (tile) drainage, surface drainage, and combinazion
surface plus subsurface drainage. Therefore these data can be used to test
DRAINMOD for tﬁree different drainage system designs. Inputs for DRAINMOD were
obtained from soll property data and climatological records and the performance
of the drainage systems was simulated for a total of eight vears. Comparisons
between measured and predicted surface and subsurface drainage volumes were
zade and used as a basis for judging the wvalidity of DRAINMOD for YNorth Central
Ohio comditions. Results of this investigation were reported in a paper by
Skaggs, Fadsey and Nolte (1979} and are given in this sectioen.

Experiments

Zxperimental Site

This field experiment was installed at the North Central Branch, Ohio
Agricultural Research and Development Center near Sandusky, Ohio in 19538,
The field installation consisted of plots having tile only, surface only, and
a combination of tile and surface drainage. There were four replications.
Each plot was 37 by 61 m (0,55 acres) and was surrounded with an earth dike so
that surface water could not enter or leave the plots except through the Ilow
measuring device. The tiled plots contained three 100 mm diameter concrete
tile lines with a spacing of 12 m and depth of about 1 m. Tile flow was measured
from the center line only. The tile-only plet had a level surface, while the

surface~drained and combination-drained plots were graded to a slope of about
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0.35 percent along the short dimension of the plot. The surface water was
collected in a surface drain and carried to the measuring station.
Soils

The predominant soil type at the experimental site is Toledo silty clav,
a Mollic Haplaquept, fine. The remaining 20 percent is classified as Fulton
silty clay, which occurs at elevations 15 to 20 cm higher than the Toleds.
These soils are typical of the fine-textured soils that occur in the lake
tegion of Worth Central United States. They are on flat or nearly level
topography, are high in clay, require drainage, and are difficult to manage.
The hydraulic conductivity decreases rapidly with depth as does the 60-cnm
porosity.

The Toledo soil contains 45 to 50 percent clay in the plow layer. The
clay contents approach 60 percent clay in the lower B horizon at about 50 to
75 cm depths. This soil is classified as being "very slowly permeable”. Its
hydraulic conductivity is greatly influenced by the large number of cracks
that form upon drying and the rate at which they are closed by subsequent wet-
ting. Root channels alsc appear to greatly influence ﬁhe conductivity. The
Fulton soil has a slightly higher clay bulge than the Toledo, the former having
clay contents of 62 percent in the lower B heorizon. It is classified as being
less permeable than the Toledo, particularly in the upper B horizon. As with
the Toledo, cracking and root channels also greatly influence its hydraulic
conductivity.

Experimental Procedure

Tile and surface flew data were recorded continuously for the growing

season {March 1 to September 30) each year. Excess water was applied twice
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each year in May, June, or July to provide a repeatable l0-year return period
storm. Drain flow data for the eight years (1962-64 and 1967-71) were used
irn this analysis because the same crop (corn) was grown during these vears.

Mcdel Input Data

Climarplogical Data

Hourly precipitation data were recorded on the site during the months
of March - September. Daily precipitation data for the remaining months were
obtained from the nearby National Weather Service Station at Sandusky, Chio.
The lack of hourlyv data for these months was nbt critical because tests of the
model were based on comparisons for April through September only. Daily maxi-
mum and minimum air temperatures used to estimate potential ET by the Thornthwaite
method were obtained from the same station.

Soil Properties

Some of the physical and hydraulic soil properties needed in the model are
available from previocus publications bv Schwab et al., 1963, Taylor et al.,
1961, Other inputs such as infiltration equation coefficients and upward flux
relationships were estimated from available unpublished data.

Soil water characteristics. Data were compiled by Fausey (1975) and are plotted

in Figure 10-29. The curve obtained for the 5-15 cm depth increment was used
for depths less than 30 cm and that obtained for 50-75 cm depth for profile
depths greater than 30 cm. These data were used to calculate the equilibrium
relaticnship between drained volume and water table depth {(Figure 10-30) which
is also a model input.

Hydraulic conductivity. The effective saturated hydraulic conductivity (K) was

determined for the experimental site from drain outflow and water table draw-
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K\’/ down data by Hoffman and Schwab (1%964). They also determined K by the ausger
hole method and from soil cores. Their results showed that the effective con-
ductivity of the profile decreased rapidly with depth. The values used in
testing the mcdel were taken from Figure 10-32 in Hoffman's and Schwab's {1964}
paper and are given in Table 10-9.

Table 10-9. Effective saturated hydraulic conductivity of the soil preofile as
i

a function of water table depth (From Hoffman and Schwab,
Figure 10-32).

Water Table Depth K (cm/h) of Profile
7.5 cm : ' 3.0 ex/h
15 D.R5
30 0.32
Al , Q.3453
100 0.01
165 0.01

Gpward flux. The relationship betwesn steady state upward flux and water table
depth is a model input. This relationship was estimated by solving Eg. 3-3
using explicit finite difference methods as discussed in Chapter 5. IThe soil
water characteristic data {(Figure 10-29) were used in the procedure of
Millington and Quirk (1960} (as described in Chapter 5) to determine the un-
saturated hydraulic conductivitv function, K{(h). The conductivity functiecn
was matched at saturation to the saturated conductivity of the subsoil which
was estimated from soil core data of Hoffman and Schwab (1964, Figure 10-32)
to be 0.2 cm/hr. Results are plotted in Figure 10-31.

Infiltraticon parameters. Parameters for the Green-Ampt infiltration equation

were determined by methods proposed by llein and Larson (1973) and Brakensiex
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{1977) as discussed in Chapter 5. Values for A and B are given as a function
of water table depth im Table 10-10. The A and B values were determined from
properties of the subsoil for initial water table depths less than 100 cm.
Deeper initial water tzbles are usually accompanied by a dry zone at the sur-
face so the properties of the surface layer were used to obtain A and 2 for
water table depths greater than 200 cm.

Table 10-10. Parameters for the Green-Ampt equation for various water table
depths at the start of rainfall.

Water Table Depth {(cm) A=K M Sav (cmzlh) : B = Ks {em/h)

0

20 0.

50 a.

100 ¢
200 1
500 1

RO OCO
ST N S O

Crop Data

Effective root depth as a function of time is a required input for the
model. The effective root depth for corn was estimated from the data of
Mengal and Barber (1974) and Foth (1962) as discussed in Chapter 2. The
maximum effective root depth was taken as 30 em. It was assumed that water
could be rermoved from the top 3 cm of soil by evaporation so the minimum
effective root depth was taken as 3 cm.

Drainage System Parameters

Input data describing the drainage system are summarized in Table 10-11.
These data are used in combination with soil property dara to compute drainage

flux, surface runoff, etc. in the computer simulation process.



Table 10-11. Summary of input parameters for the experimental drainage system.

Parameters Subsurface Surface Combination
Drainage Drainage Surface and
Alone Alone Subsurface
Drainage
Drain Spacing 1220 cm - 1220 em
Drain Depth 90 cm - 90 cm
Equivalent Depth from Drain . *
to Impermeable Laver 75 cm - 75 cm
Equivalent Profile Depth 165 em 180 cm ' 165 cz
Depth of Surface Storage 15 cm 0.25 cm 0.25 cxm
Surface Slope 0.0% 0.35% 0.35%
Drain Diameter 10 cm - 16 ¢

Evaluation Procedure

Surface runcff and drain flow data were recorded for the period March 1 tc
September 30 each year. However the March data were inconsistent due to start-
up problems during scme years, so the evaluations are based con the period
April 1 to September 30. Precipitation data were available for all months and
preliminary simulations were conducted for January 1 to March 31 to predict
initial conditions for the tests beginning April 1. Simulations were concucted
for all four replications on three drainage treatments (surface, subsurface and
combpination) for each of the eight years. Predicted and measured tile flow and
surface runctf vclumes were compzred to evalupate the zccuracy of DRAINMOD for the
given conditions. Comparisons were made on the basis of both daily and cumula-

tive runoff volumes. However, either tile flow or surface runoff occurs on only

* .
This equivalent depth was used by Hoffman and Schwadb (1964) to obtain the x
values in Table 10-% so it is also used in the simulation.
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a few days during the growing season so comparisons for daily flow volumes
involve numercus zero values for both predicted and observed. This is not the
case with cumulative volumes and the evaluations are mainly based on these
values.

The agreement between predicted and measured cumulative flow volumes was

guantified by computing the average deviation over the season as,

(10-3)

~

where Yi is the predicted cumulative drainage or runoff volume and Yi is the
observed value on day i; n = 183, the number of days from April 1 to September
25. A problem with comparing cumulative flow volumes in evaluating the model
is that the effect of an error early in the season may be carried over the

entire duration. For example, if predicted drain flow is 2 cm too high on the

i

irst dayv of the test but predicted and measured values on succeeding dayvs are
exactly equal, the average deviation would be a relatively high value of 2 cm.

Results and Discussion

Means of the average deviations for cumulative flow volumes for all four
replications are given in Table 10-12. Values are tabulated for each year for
surface drainage plots, subsurface drainage plots, surface drainage from the
combination plots and subsurface drainage from the combinaticn plots. Agree-
ment between measured and predicted outflow volumes was good for all treatments
with values ranging from a low of 0.92 cm to a maximum of 4.3 cm. These
results seem particularly pood when field variabilityv and the approximate nature

of many of the model inputs are considered.



Table 10-12, AFAvercee deviations (o.4.) as dofined in Equation 10- 3 hetween ohserved and calculated
Each velee in the mean of deviations for four replications.

Coutflow volumes.,

Comblnatlun Plots

Year Surface Drainage Subsurface Drainage Sut face Runoff Subsurface Dratnage
a.d. percent *uf a.d. percent*of a.d. percent*of a.d, percent of
total toval total total
1962 1.29 cm 18.4 0.94 cm 8.1 0.97 cm 31.3 1.13 cm 1)
1963 1.14 17.8 1.43} 12.5 1.48 96.0 4,05 iz ¢
1964 3.70 34.2 3.92 25.0 1.02 31.0 2.08 12.4
1967 1.90 11.4 3.40 23.4 1.10 5.0 4,12 hz b
1968 2.27 13.3 1.54 9.9 1. 68 21.2 1.3 13
199 2,04 4.1 4,32 6.1 .5/ 9.2 3.69 14..
1970 1.52 11.0 3.97 20 2,06 22.0 2,15 17.2
197) 0,92 7.6 1.12 g.8 1,99 18. 8 i.00 15.7
*

Vitues given for "percont of total" were

1otal

out fltow vohime for

1t he

test petiod

obteined hy

geviding tie a d. value by the mear

(Ap 23 - Lopteminr),

9y~
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It is difficult to judge the agreement of predicted and obhserved results
from & single statistic such as the average deviation. Plots representing
the best and worst fits of the model for each treatment are given and discussed
in the following sections. The reader should note that, the model has not been
fitted or matched to the observed data for the same reasons that it was not
fitted to the N.C. data discussed on page 10-21. The practical use of the
model depends not only on its ability to reliably predict the water table posi-
tion, drainage rates, etc., but also on the premise that the required inputs can
be obtained from scil property measurements, site characteristies and drainage
system parameters. That is, it is not anticipated that the model requires
"calibration" for a given site and drainage situation, a requirement that would
severely limit its usefulness for drainage system design and evaluation. 1In
this study, the input parameters were determined independently, as discussed
in previous sections, and the results obtained should be indicative of the
model's reliability for field conditions in ¥orth Central Ohio.

Surface Drainage

Cbserved and calculated runoff volumes from plots with surface drainage
alone are plotted in Figure 10-32Z for 1971. Based on the magnitude of the
a.d., these plots represent the best fit of the model to observed results
with a.d. = 0.92 cm. The model predicted about the right amount of runeirf
for all rainfall and irrigation events except for day 230 when surface runoi:
was predicted but none measured. Closer inspection of the results showed
that the predicted water table rose to the surface during this event followed
by runoff of about 1.5 em. The error may have been caused by underestimating

ET for the period prior to day 230. Low estimates of ET would have reduced
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the unsaturated storage volume available for infiltrating water and resulted
in erroneous high predictions of surface runoff.

The worst agreement for surface drainage plots was obtained for 1964
(Figure 10-33). 1In this case the mean a.d. was 3.7 cm which is 34 percent of
the total measured runoff (10.8 cm) for the April-September test period. The
deviation was mostly due to overprediction of runoff during April (davs 20 -
1203. April was a relatively wet month (12.95 cm of razinfall) in 1964 and no
explanation 1s given for the low measured runcff volumes during that period.
is noted that predicted daily runoff volumes were rather low and scattered
throughout the month. Such low runoff rates are difficult to measure and mav
not have been accurately metered by instrumentation on the site. Deviations
occurring in April are carried over for the rest of the vear even though good
agreement between predicted and observed daily runoff volumes was obtained
after dayv 120.

Subsurface Drainage

Agreement between predicted and observed results for the subsurface drain-
age plots was excellent. The best and worst fits of the model are shown in
Figures 10-34 and 10-35, respectively. Although the best fit was actuallv
obtained for 1962 (a.d. = 0.%4 cm), the results for 1971 (a.d. = 1.12 cm) are
plotted iIn Figure 10-34 representing the best fit. (Results for 1962 were not
plotted because each replicétion was irrigated separately resulting in four
separate predicted relationships.} Results for 1971 are in excellent agree~
ment for all replications.

The worst fit for subsurface drainage, as determined from the a.d. values,

was obtained for 1969 (Figure 10-35). However, agreement between predictec

-
it
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and observed results was excellent for most of this year as shown in Figure
10-35. Rainfall was extremely high for 1969 with over 25 cm occurring on
July &4 (day 185). The major deviations resulted from that rainfall event
and were carried over for the rest of the year (Figure 10-35). Although the
mean a.d. was 4.32 cm, it represents only 6.1 percent of the tctal drainage
for 1969.

Combination Surface and Subsurface Drainage

Agreement of observed and predicted results for the combination plots
was deteymined by making compariscns for both surface and subsurface drain-
age volumes. The best fit of the model for the subsurface drainage component
was obtained for 1971 and is shown in Figure 10-36. Corresponding plots for
surface drainage for the same yeay are given in Figure 10-37, There were
goed agreements in both cases with a.d. = 1.0 ¢m for the subsurface compon-
ent and a.d. = 0.99 cm for the surface components. For the combination plots,
the overprediction of subsurface drainage was often accompanied by low pre-
dictions for the surface drainage and vice versa. Since the a.d. values are
based on absolute deviations, the sum of the wvalues for surface runcff and
subsurface drainage has ne significance and is not indicative of the accuracy
of the model for a given year.

The worst fit for the combination plots was obtained for 1967. Results
for the subsurface drainage component are shown in Figure 10-38 and these
for the surface compeonent in Figure 10-39. Replications 1 and 2 were irrigated
at a different time than replications 3 and 4 so there are two predicted re-
lationships for each plot. Predicted cumulative drainage volumes were higher
than measured after day 130 for all replications (Figure 10-38). This was

primarily due to predicted drainage volumes that were too high for davs 1-°
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and 130. However subsurface drainage was also overpredicted for later events
during the year, although by a smaller amount. Examination of Figure 10-39
indicates that, except for replication 3, surface drainage predictions were
alsc too high. Therefore, the problem does not appear to be one of incorrect-
ly partitioning the surface and subsurface drainage components. The deviations
could have been caused by low estimates for ET prior to day 129 but there is
no way to determine if this was actually the case.

Summary And Conclusions

The water management model DRAINMOD was evaluated for North Central Ohio
conditions by comparing predicted and measured draiqage volumes for eight
yvears of record. Comparisons were made on four replications of subsurface
drainage alone, surface drainage alone and combination plots having both
surface and subsurface drainage. Inputs to the model were measured climatolo- \~—4)
gical, crop, and soil property data and drainage system parameters for each
treatment. Comparisons were made for the months of April through Seotexber;
corn was grown on the experimental plots for all vears considered.

Predicted surface runoff and subsurface drainage volumes were in gooc
agreement withh measured values for all three drainage freatments. Compari-
sons of measured and predicted relationships showed that the times of cccur-
rence of surface runcff and subsurface drainage events.were predicted accurate-
ly in almest all cases. VWhile there were some deviations in the magnitude cf
predicted and measured volumes for individual drainage events, thev were
usually small and, in most cases, were about the same magnitude as the

differences between replications.



FLORIDA

Water table and drain outflow data were obtained from the SWAP project
(a cooperative project between the USDA-ARS and the Florida Agricultural
Experiment Station, Gainesville, Fla.) at Fort Pierce, Florida. The data
were obtained through the cooperation of Dr. J. 5. Rogers, SEA-AR, at-the
University of Florida. The field experiments were set up in 1968 to studr
problems of drainage, water control and citrus tree growth on sandy flatwoods
soils. Both water table and drain outflow data for two field plots were
obtained and analyzed and the results are presented in this section.

Experiments

Experimental Site

Details of the experimental layout which is located on a 20-hectare
experimental watershed were given by Knipling and Hammond (1971). The soils
are Wabasso and Oldsmar sands (Alfic Arenic Haplaquods) which consist of a
75 to 90 cm deep A horizon of acid sand underlain by a 10 to 20 cm thickness
of an organic horizon called spodic laver, which in turn is underlain bv
sandy clay loam. Subsurface drazins consisting of 4-inch (10 em) corrugared
plastic tubing were installed 60 feet (18.3 cm) apart. Two drain depths were
used and one set of 1976 data were obtained for each depth. In one case the
depth was 107 cm (3.3 ft) to the bottom of the drain and the outlet was oven,
i.e. above the water level in the outlet ditch. The other drain depth was
122 ¢cn (& ft) but the outlet end was turned up (elbowed) so that the line was
submerged during drainage with an outlet water depth of 3.5 ft (107) em.
Water tables were measured midway between the drains and daily maximum and

minimum water levels recorded. These values vere compared to predicted dav
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end water table depths. Citrus, with an assumed effective rooting depth of

25 em, was grown continuously on both plots analyzed. Although the experiments
included three profile modification treatments, the data analvzed here were
taken for conventional surface tillage only.

Soil Properties

The physical and mineralogical characteristics of the soils were descrihed
by Hammond, et al. (1971). Factors affecting the rate of subsurface drainage
were discussed by Stewart and Alberts (1971) and by Alberts, et al. {(1¢71).
Drainage characteristics of the soils were simulated on a resistance networ:
by Rogers, et al. (1971) and the water table behavior further studied bv
Rogers and Stewart (1972 and 1976). Input soil property values ﬁere obtzined
from the above references. The soil water characteristics given by Hammoend
et al. (1971) were used to calculate the ‘'drainage volume-water table depth
relationship given in Figure 10-40. Saturated hydraulic conductivity was
ocbtained from cores for each profile laver and were reported by Hammond et al.
(1971). The effective hydraulic conductivity was also calculated from the
drain outflow data of Stewart and Alberts {1971) (their Figure 1). The con-
ductivity values cbtazined from these sources and used in testing DRAINMCD are
given in Table 10-13. The equivalent depth from the drain to the impermesztls

Table 10-13. Effective saturated hydraulic conductivity as a function of
profile depth.

Depth from Surface K

0~ 12 cm 12.7 em/hr
12 - 36 25.4
36 - B4 16.0
84 - 108 0.025

108 - 132 5.08

132 - 204 1.27

below 204 0.0 {(impermeable)

-/
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Figure 10-40. Water yield relationship for Wabasso and Oldsmar sands on
the Florida site.
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layer was calculated to be 63 cm for a drain depth of 107 ¢m and 57 cm for
the 122 cm depth. However the methods for determining equivalent depth (Egs.
2=13 and 2-15) assume a uniform soil. The de value was adjusted to acccunt
for layering as follows. The product of conductivity and depth in the botton
zone (for a drain depth of 107 en) should be reduced by de/d = 63/97 to com-
pensate for convergence near the drain. Therefore if we assume the region

'

below the drain is uniform with K = 5,08 cm/hr an equivalent depth of de

should be used such that,

! 63
5.08d =—-= (5,08 x 25+ 1.27 x 72).
e 97 ,
1
Then de = 27 ¢m. In like manner, de = 22 cm for the 122 cm drain Zepth. Thesc

values were used as the depth from the drain to the impermeable laver with a
uniferm k = 5.08 cm/hr.

The upwaré flux-water table depth relationship was calculated using the \“-’/
numerical methods given in Chapter 5 and the unsaturated hydraulic conducti-
vity values given by Hammond et al. (1971). The relatiomship is plettec in
Figure 10-41.

Dzilv maximun and minimum femperatures were obtained from the Fational

Qceanic and Atmospheric Administration (0AA) for Fort Pierce. These datz were

used to calculate potential ET using the Thornthwaite method. Daily evagcra-

purposes.
Results

The observed daily maximum water table elevations are compared to pre icted

day end values in Figure 10-42 for plot 12, The drain depth is 121 cm (s ok,

The outlet was raised so that the effective outlet depth is 107 em. In zen

the agreement between predicted and measured water table elevations is goos
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with a standard error (Egq. 10-1) of only 10.2 em. Predicted values are high
during the early part of the test period (days 0 te 90) and somewhat low
during the midsummer months. A closer examination of the simulation results
showed that predicted water table elevations would have been even lower during
the summer had the ET not been limited by upward water movement {Figure 10-21).
These discrepancies are apparently due to high estimates of potemtial ZT during
the summer months and low estimates during the winter and early spring.

Because PET predictions by the Thornthwaite method depend only on temperature
and daylight hours, rather high values are obtzined for the hot summer davs in
Florida. However the humidity is also very high and tends to limi:c the PET.
Predicted water table elevations using daily evaporation pan readings

Ty e

digher

T3]

(corrected by pan coefficient of 0.7} are plotted in Figure 10-43, ET
values during the spring and lower values duringz the summer improved agreement
between predicted and observed water table elevations resulting in a standard
error of 9.4 em. Still the agreement shown in Figure 10-42 is judged accep-
table for field conditioms.

Predicted and observed subsurface drainage volume for plot 12 are pleotted
in Figure 10~44. Predictions obtained by using PET from beth the Thorathwaite
method and from daily pan evaporation readings are given. In this case the
effects of low Thornthwaite PLT values in the spring and high values in the
summer are clear. High PET wvalues during the summer months caused predicted
drainage volumes to be much lower than observed while the opposite effects
ococurred in the winter, although to a lesser degree. Predicticns using the -an

ET values were in better agreement with observed drainage volumes, although

they were still somewhat low.
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Predicted and observed water table depths for plot 13 are plotted in Figure 10-45
for ET calculated by the Thornthwaite method and in Figure 10-46 with ET chtained
from daily pan evaporation measurements. Standard errors were 13.9 c¢m and
13.0 cm for the relationships plotted in Figures 10-45 and 10-46 respectivelv.
Again there is evidence in figure 10-45 of high ET predictions (and corres-
pondingly low water table elevations) during the summer months. This situa-
tion is improved when pan evaporation is used to estimate PET (Figure 10-46)
but high ET rates during days 30 to 90 cause the predicted water table eleva-
tions to be low during that pericd. These observations are comsistent with
the drainage outflow plots given in Figure 10-47. Calculated values obtained
by using both Thornthwaite and pan PET values are plotted. As was the case
for plot 12 (Figure 10-44), high ET predictions by the Thornthwaite method
for the summer months caused the calcul;ted drainage ocutflow to be low.

The results presented for the Florida site generally confirm the validitr
of DRAIIMOD for the conditions represented. However these results also peint
out potential problems with using the Thornthwaite method to predict PET at &ll
locations. This method worked well for 1.C. and Ohio conditions but may neecd
modification for other locations. One modification that could be used is to
calculate monthly PET values with the Thornthwaite method and with one of the
more sophisticated models such as the Penman method. Then correction factors
could be obrained for the Thornthwaite method by taking a ratio of the mon:hlyr
values. Definition of the correction factors would only be required zt cne
location within a rather wide geographic region so the necessarv data could
possibly be obtained. This would still allow consideration of the day—to=cay

variation in ET duve teo temperature changes as predicted by the Thornthwai:te
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method. Of course an alternative method for predicting PET can be easily
substituted into DRAINMOD if necessarv input data are available for the
desired locatien.
CALIFORNIA

Data were obtained from results of a USDA-ARS study on drainage from an
irrigated field in the Imperial Valley of Californiz. The data were obtained
through the cooperation of Mr. Lee Hermsmeier, SEA-AR, at Brawley, California.

Experiments

Experiments were conducted on a subsurface drained field on the Galleano
ranch during 1968, 1969 and 1970. Barley was grown in 1968. Sugar beets were
planted in the fall, 1969 and harvested in summer, 1970. The soil is a sandy
clay with parallel drains placed 152 cm (5 ft) deep and 61 m (200 ft) apart.
The soil is tight and the recommended drain spacing would normally be much
closer than 61 m. Irrigation water was applied by the furrow method and the
amount applied at each irrigation was measured and recorded. Observation wells
were placed at several locations between the tile lines so that the positien and
shape of the water table could be measured. Wells were installed between thres
separate sets of tile lines at 3 locations along the linmes. !Mzasurements wers
made periodically (daily in several cases) to determine the change in water table with
time after irrigation. Drain outflow rates were recorded ceontinuously frem both
4=inch clay tile and 3-inch plastic tubing.

The effective hydraulic conductivity was calculated from daily drain flovw
and water table elevation measurements. The K value obtained was X = 0.1 ca/hr.
The upward flux was evaluated using the critical depth concept with CRITD = 199

cm. A drainable porosity'of 10 percent was assumed and the drainage volume-



water table depth relationship determined as discussed in Chapter 5. Daily
irrigation volumes were input to the model as rainfall distributed over a
four-hour period. Daily pote;tiai evaporation was calculated by Hermsmeier
(persenal communication) by the Jensen-Haise forﬁﬁla, the Penman method and
another modified formula. Daily evaporation pan Aata wer; available and
corrected values (pan coefficient of Q0.7) were aléo used as inputs to DRAIINCD,
Results

Predicted and observed water table elévations for & point midwayv between
drain lines are ﬁlotted in Figure 10-48 for 1968. Agreement between obszrvel
and predicted water table elevations was good for 1968. Predicted wesrer tablsas
Irequently rise to the surface after irrigation and, in many czses, surfaée run-
off 1s predicted. Runoff is predicted because the total calculated drained
velume {(air volume)} at the time of irrigation is less than the irrigation water
that was applied. The drainage volume predicted is close to that measurald s0
the discrepancy cannect be accounted for by errors in the scil properties or

drainage svsterx paramecers. Predicted runoff for 1962 was relstivelr small and

[§)

culd nave been the resul® in errors in the field measurement cof the irrigazion

~ -

tailwater. That is, the amount of runoff predicted could have actuall~ lef:
tae field during the furrov irrigation process. Another explanation is thecs
water was lost from the field bv deep or lateral seepare that was not acrountel

for. In summarv, for the 1965 data. the model did a good job in prediztine the

water table position with time under furrow irrigation conditions.

While predicted water table elevations were in close aqreement with 0bssroel
for 19A%, the results were poor for 1970 (Figure 1N-49). The predicted water
takle 22ain rose o the surface framuentlv with surface runoff mredicted on mans

cccasions. However the ohserved water tahle tended to recede throughcut :the
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irrigation period with limited rises of only short duration. The data set

was not as complete -—— fewer measurements at fewer locations -- in 1970 as

in 1968 and the trends observed indicate that differences in the measurement
procedures may have occurred. Apparently a significant amount of water is

lost from the system by deep or lateral seepage. Water balance calculations
between irrigation periods in 1970 show water loss rates as high as 0.9%4 cm/day
(0.37 in/day) that cannot be accounted for by ET or drainage through the tile
lines.

The results presented in Figures 10-48 and 10-49 indicate that the model
shows promise for application to irrigated lands, but that more work is needed
to test the model for these conditions. This work is now being done under a
BARD research project that is discussed in the next section. Data are being
collected and processed from severzl field drainage experiments in California
that were conducted in the 1960's. Plans are to use these data to test the
model for several seoils and conditioms.

OTHER TIELD DATA

There are several other potential opportunitries for testing the model
which are being pursued in the research programs at North Carolina State
University. Datza on drained plots for sugar cane production at Batcon Rouge,
Louisiana have been obtained by Mr. Cade Carter -~ SEA-AR at Baton Rouge. Twe
or three vears of data on at least two sites are available from this source.
Data have been obtained for one site and the model is being tested for those

conditions.
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Dr. Gideon Sinai, a researcher at the Technion in Israel, is interested
in testing the model for use in that country. He is now setting up field ex-
periments fd check the model validity. This work is being conducted under a
BARD (Binational Agricultural Research and Development) ccoperative research
project between North Carolina State University and The Technion.

The SEA-AR unit at Orono, Maine has just recently completed installatien
of a rather large field drainage experiment. Mr. Joe Bormstein, s USDA re-
searcher at thar location, has indicated an interest in testing the model
Maine conditions. Mr. Bornstein and his coworkers are now making the necessarw

measurements for checking the model at that location.



