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ABSTRACT

A 13.8 ha field with subsurface drain tubing was instrumented to
determine the effects of water table management on losses of
fertilizer nutrients and pesticides in the North Carolina lower
Coastal Plain. The field was divided into eight 1.7 ha plots.
Water table management treatments were drainage (D), controlled
drainage (CD), and subirrigation (SI). CD increased corn and
soybean yields by 11% and SI increased corn yields by 21%. Wheat
yields were not affected by CD and SI. CD reduced total nitrogen
(N) losses via drainage outflows by as much as 48% and SI reduced
total N losses via drainage by as much as 66%. Nitrate nitrogen
(NO,-N) concentrations at depths less than 1.2 m peaked at 5 to
15 ppm about 30 days after fertilization of corn. NO,;-N
concentrations were typically less than 1.0 ppm at depths greater
than 2 m due to denitrification. Concentrations of metolachlor
in soil and drainage water decreased with time after application.
The amounts of aldicarb lost through the subsurface drains and by
surface runoff for all three management modes were extremely
small (less than 0.07% of applied).

DRAINMOD-N was developed to simulate a simplified version of the
nitrogen cycle using the water balance calculations of the
standard DRAINMOD model. DRAINMOD-N simulation results compared
well with those of VS2DNT, a more complex, two-dimensional model.
DRAINMOD-N simulations were compared to observed results of the
field study. Comparisons indicated that simulated water table
depths were within 8-13 cm of the observed data for conventional
drainage, controlled drainage and subirrigation. Differences
between simulated and observed annual subsurface drainage amounts
were within 0.9-6.6 cm for all cases. Predicted annual surface
runoff was within 0.5-8.9 cm of the observed value. DRAINMOD-N
consistently underestimated NO,-N concentrations in the soil
solution. However, simulated and observed nitrate-nitrogen
losses in subsurface drainage for the 14-month observation period
were within 1.5 kg/ha of each other for all six experimental
plots. Except for one case, the predicted total losses
(subsurface plus surface) were within 2.4 kg/ha for the
observation period. Both predicted and observed results showed
that controlled drainage and subirrigation reduced total nitrogen
losses. DRAINMOD-N can be used to guide design and management
decisions for satisfying both productivity and environmental
objectives and assessing the costs and benefits of alternative
choices to each set of objectives.

The USGS computer model, VS2DT, was modified to simulate
pesticide transport in fields with subsurface drains under
conventional drainage, controlled drainage and subirrigation
conditions. These modifications were validated by comparing
measured and simulated values for drainage and subirrigation
volumes, water table elevations and water quality data. The
modified VS2DT model accurately predicted surface and subsurface
flow rates as well as water table response to rainfall events.
Model predictions were in excellent agreement with observations
for chemical transport in the saturated and unsaturated soil
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profile as well as concentrations in the tile outflow. However,
small concentrations (<15 ppb) of aldicarb were detected in the
field much deeper than simulated plume limits. These indications
of preferential flow transport observed in the field were not
predicted by the model. The modified VS2DT model is a useful
tool for assessing the effects of water table management on the
transport of chemicals in fields with subsurface drainage.

vi



TABLE OF CONTENTS
ACKNOWLEDGMENTS
ABSTRACT
LIST OF FIGURES
LIST OF TABLES
SUMMARY AND CONCLUSIONS
RECOMMENDATIONS
INTRODUCTION

FIELD EXPERIMENTS: DESCRIPTIONS AND RESULTS
SITE DESCRIPTION e e e e
PROCEDURES
Cllmatologlcal Data
Cropping and Fertlllzatlon
Water Management .
Pesticide Appllcatlon, Sampllng, and Analy51s -
Metolachlor - .
Pesticide Application, Sampling, and Analysis -
Aldicarb .
Soil and Water Sampllng and Nutrlent Analy81s
Procedures . e e e e e e e e
RESULTS AND DISCUSSION
Hydrology
Crop Yields . . . . . . . . . . . . .
Nitrogen in Subsurface Drainage Water
Nitrogen in groundwater .
Metolachlor in the groundwater and dralnage water
Aldicarb in the groundwater and drainage water

DRAINMOD-N, A NITROGEN MODEL FOR ARTIFICIALLY DRAINED SOILS:

DEVELOPMENT
MODEL DESCRIPTION
MODEL COMPARISON
Procedure .
Results and Dlscus51on
SUMMARY AND CONCLUSIONS

DRAINMOD-N, A NITROGEN MODEL FOR ARTIFICIALLY DRAINED SOILS:

FIELD TESTING

MATERIALS AND METHODS
Experimental Site
Water Flow Parameter Estlmatlon .
Nitrogen Movement and Fate Parameter Estlmatlon
Sensitivity Analysis

RESULTS AND DISCUSSION
Hydrology
Nitrogen

SUMMARY AND CONCLUSIONS

vii

iii

ix
bla%
xvii

xx1i

10
10
10
12

16
17

17
18
18
26
27
30
31
38

41
41
48
48
50
64

67
67
67
68
68
71
81
81
89
104



PREDICTION OF NITROGEN LOSSES VIA DRAINAGE WATER WITH

DRATINMOD

MODEL DESCRIPTION
MODEL APPLICATION

Procedure
Results and Dlscu331on

SUMMARY AND CONCLUSIONS

ALDICARB TRANSPORT IN A DRAINED COASTAL PLAIN SOIL
RESULTS AND DISCUSSION .

Conventional Drainage.

Controlled Drainage.

Subirrigation.

Ditch, Shallow Irrlgatlon Well and Deep Irrlgatlon
Well . e e e e e e .o .o

Aldicarb Degradatlon

SUMMARY AND CONCLUSIONS

SIMULATING ALDICARB TRANSPORT IN A DRAINED FIELD
THE COMPUTER MODEL . .
THE GOVERNING EQUATIONS

Ground Water Flow
Chemical Transport

BOUNDARY CONDITIONS

Ground Water Flow .
Chemical Transport

SIMULATION INPUTS

Ground Water Flow .
Chemical Transport

SIMULATION ANALYSIS

Ground Water Flow

Chemical Transport .o

Average Absolute Deviation .

Transport Simulation Results for Sublrrlgatlon

Transport Simulation Results for Controlled
Drainage

Transport Slmulatlon Results for Conventlonal
Drainage

SUMMARY AND CONCLUSIONS

REFERENCES

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

1 - Depths of drains in each experimental plot

2 - M.S. Thesis Abstracts for Kimmelshue and Kliewer
3 - Rainfall, PET, and Root Depth For DRAINMOD-N .

4 - Estimating field-scale hydraulic conductivity

5 - DRAINMOD-N input and output data

6 - Publications resulting from this project

viii

107
107
107
107
109
127

129
130
130
136
136

141
141
143

145
145
146
146
147
147
147
147
148
148
148
149
149
152
152
153

156

159
159

163

171

189

193

207

211

233



Figure

Figure
Figure

Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

w N

N oYU

10
11
12
13
14
15
16
17
18
19
20

21

22

LIST OF FIGURES

Experimental layout of water table management study in
Plymouth, N.C. . e e e e e e e e v . . . .5
Layout of experlmental plot .. 7
Layout of facilities for controlllng dralnage outlets

and measuring and sampling runoff and drainage water 7

Experimental water management set up for 1991. . . 13
Experimental water management set up for 19%2. . . 14
Experimental water management set up for 1993. . . 15

Cumulative subsurface drainage, water table

elevation, and water level control for

conventional drainage (plot 4) during 1992. . . . . 21
Cumulative subsurface drainage, water table

elevation, and water level control for controlled
drainage (plot 5) during 1992. . . e .. 22
Cumulative subsurface drainage, water table

elevation, and water level control for

subirrigation (plot 6) during 1992. . . . . . 23
Water table elevations for conventional dralnage

(house 4), controlled drainage (house 5), and
subirrigation (house 6) during 1992. . . . . . . . 25
Nitrate distribution in the soil profile before

and after fertilization of the corn crop with
conventional drainage in 1993 . . . . . < . . 32
Nitrate distribution in the soil proflle before

and after fertilization of the corn crop with
controlled drainage in 1993 . . . .+« . . . 33
Nitrate distribution in the soil proflle before

and after fertilization of the corn crop with
subirrigation in 1993 . . . . .. . 34
Nitrate concentrations in shallow groundwater

wells during the 1991 corn growing season with
conventional drainage . . . . . 35
Nitrate concentrations in shallow groundwater

wells during the 1991 corn growing season with
controlled drainage . . . . . 36
Nitrate concentrations in shallow groundwater

wells during the 1991 corn growing season with

subirrigation . . o Y
Nitrogen cycle con51dered in DRAINMOD-N . . . . . 42
Nitrogen uptake demand versus growing season (Adapted

from Shaffer et al.,1991) . . . 46

Water table depth and cumulative dralnage and runoff
simulated by DRAINMOD and VS2DNT for a 0.75-m drain
depth and 15-m spacing. . . . . . b1
Water table depth and cumulatlve dralnage and

runoff simulated by DRAINMOD and VS2DNT for a

0.75-m drain depth and 30-m spacing. . . . . 52
Water table depth and cumulative dralnage and

runoff simulated by DRAINMOD and VS2DNT for a 1.0-

m drain depth and 15-m spacing. . . . . . B3
Water table depth and cumulative dralnage and

runoff simulated by DRAINMOD and VS2DNT for a 1.0-

m drain depth and 30-m spacing. . . . . . . . . . . 54

ix



Figure

Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

Simulated nitrate-nitrogen concentration in soil

(ug/g) at three depths (30, 60 and 90 cm) for a

0.75-m drain depth and 15-m spacing. . . . 57
Simulated nitrate-nitrogen concentratlon in s01l

(ug/g) at three depths (30, 60 and 90 cm) for a

0.75-m drain depth and 30-m spacing. . . . b8
Simulated nitrate-nitrogen concentratlon in 5011

(pg/g) at three depths (30, 60 and 90 cm) for a

1.0-m drain depth and 15-m spacing. . . . . 59
Simulated nitrate-nitrogen concentratlon in 5011

(ug/g) at three depths (30, 60 and 90 cm) for a

1.0-m drain depth and 30-m spac1ng .. 60
Simulated nitrate-nitrogen loss in dralnage (kg/ha)

for a 0.75-m drain depth and 15-m spacing . . . 61
Simulated nitrate-nitrogen loss in drainage (kg/ha)

for a 0.75-m drain depth and 30-m spac1ng .o . 61
Simulated nitrogen loss in dralnage (kg/ha) for a

1.0-m drain depth and 15-m spac1ng .. . 62
Simulated nitrate-nitrogen loss in dralnage (kg/ha)

for a 1.0-m drain depth and 30-m spacing . . . . . 62

Predicted NO,-N loss in drainage and runoff, as
affected by the denitrification (K,,) and minerali-
zation (K,,) rate coefficients (1/d), dispersivity
(Disp, cm), nitrogen content in rain (%Nr, mg/L), and
percent of nitrogen in soybean (%Ns) and wheat (%Nw) .73
Predicted cumulative rates of denitrification and
mineralization, as affected by the denitrification

(K4en) and mineralization (K,;,) rate coefficients

(1/d), dispersivity (Disp, cm), nitrogen content

in rain (%Nr, mg/L), and percent of nitrogen (%)

in soybean (%Ns) and wheat (%Nw). . . 74
Predicted maximum NO,-N concentration at dlfferent
depths in the soil solutlon, as affected by the
denitri-fication (K4, and mineralization (K,;,)

rate coefficients (1/d), dispersivity (Disp, cm),
nitrogen content in rain (%Nr, mg/L), and percent
of nitrogen in soybean (%Ns) and wheat (%Nw) . . . 175
Predicted NO,;-N loss in drainage and cumulative rate of
denitrification (kg/ha), as affected by the
denitrification rate coefflclent (Kgen, 1/4d) . . . 76
Predicted NO,-N concentration for different depths

in soil solution, as affected by the
denitrification rate coefficient (Ky,, 1/4). . . . 77
Predicted NO,-N loss in drainage and cumulative

rates of denitrification and mineralization

(kg/ha), as affected by the mineralization rate
coefficient (K,,, 1/d). . . . 78
Predicted NO,-N concentratlon for dlfferent depths

in soil solution, as affected by the
mineralization rate coefficient (K,,, 1/d). . . . . 79
Predicted NO,-N loss in drainage and runoff

(kg/ha), as affected by the nitrogen content in

rain (NO,-N Rain, mg/L). . -1 ¢



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Simulated versus observed water table depth,
subsurface drainage and surface runoff for field
3, conventional drainage. . e e e e
Simulated versus observed water table depth,
subsurface drainage and surface runoff for field
4, conventional drainage. e e e e
Simulated versus observed water table depth,
subsurface drainage and surface runoff for field
2, controlled drainage. e e e
Simulated versus observed water table depth,
subsurface drainage and surface runoff for field
5, controlled drainage. . e e e e e
Simulated versus observed water table depth,
subsurface drainage and surface runoff for field
1, controlled drainage-subirrigation.

Simulated versus observed water table depth
subsurface drainage and surface runoff for field
6, controlled drainage-subirrigation.

Simulated versus observed NO,-N losses in
subsurface drainage and surface runoff and plant
uptake for field 3, conventional drainage. .
Simulated versus observed NO,-N concentrations in
soil solution at different depths for field 3,
conventional drainage. .o
Simulated versus observed NO N losses in
subsurface drainage and surface runoff and plant
uptake for field 4, conventional drainage. .
Simulated versus observed NO,-N concentrations in
soil solution at different depths for field 4,
conventional drainage. . ..
Simulated versus observed NO3 N losses in
subsurface drainage and surface runoff and plant
uptake for field 2, controlled drainage. .
Simulated versus observed NO,-N concentrations in
soil solution at different depths for field 2,
controlled drainage. .

Simulated versus observed NO N losses in
subsurface drainage and surface runoff and plant
uptake for field 5, controlled drainage. .
Simulated versus observed NO,-N concentrations in
soil solution at different depths for field 5,
controlled drainage. . ..
Simulated versus observed NO3 N losses in
subsurface drainage and surface runoff and plant
uptake for field 1, subirrigation.

Simulated versus observed NO,-N concentratlons in
soil solution at different depths for field 1,
subirrigation. ..
Simulated versus observed NO N losses in
subsurface drainage and surface runoff and plant
uptake for field 6, subirrigation. .
Simulated versus observed NO,-N concentratlons in
soil solution at different depths for field 6,
subirrigation. e e e e e e e e

xi

83

84

85

86

87

88

90

- 91

92

93

94

95

96

97

98

99

100

101



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

57

58

59

60

61

62

63

64

65

66

Predicted average annual subsurface drainage and
surface runoff as affected by system management,
drain spacing and soil type. Results are for a
system with a 1-m drain depth and 0.5-cm
depressional storage. .
Predicted average annual subsurface dralnage and
surface runoff as affected by drain depth (DD),
drain spacing and soil type. Results are for a
conventionally drained system with a 0.5-cm
depressional storage. . .
Predicted average annual subsurface dralnage and
surface runoff as affected by surface storage
(8.8.), drain spacing and soil type. Results are
for a conventionally drained system with a 1-m
drain depth. )
Predicted average annual subsurface dralnage and
surface runoff as affected by system management,
drain spacing and soil type. Results are for a
system with a 1-m drain depth and 0.5-cm
depressional storage. Notation: FD=free or
conventional drainage, CD=controlled drainage,
Su=summer, and Wi=winter). C e e e
Predicted average annual net proflt ($/ha), as
affected by drain depth, drain spacing and system
management, for corn production in a Portsmouth
sandy loam with a 0.5-cm depressional storage in
eastern North Carolina. . e e e e
Predicted average annual net proflt ($/ha), as
affected by drain depth, drain spacing and system
management, for corn production in a Portsmouth
sandy loam with a 2.5-cm depressional storage in
eastern North Carolina. e e e
Predicted average annual net proflt ($/ha), as
affected by drain depth, drain spacing and system
management, for corn production in a Tomotley
sandy loam with a 0.5-cm depressional storage in
eastern North Carolina. e e e
Predicted average annual net proflt ($/ha), as
affected by drain depth, drain spacing and system
management, for corn production in a Tomotley
sandy loam with a 2.5-cm depressional storage in
eastern North Carolina. .
Predicted average annual nltrate nltrogen losses
in drainage and runoff as affected by system
management, drain spacing and soil type. Results
are for a system with a 1-m drain depth and good
surface drainage. .
Predicted average annual nltrate nltrogen losses
in drainage and runoff as affected by drain
spacing, drain depth and soil type. Results are
for a conventionally drained system with good
surface drainage. ..

xii

110

111

112

113

114

115

116

117

119

120



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure
Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

67

68

69

70

71

72

73

74
75

76

77

78

79

80

81

82

83

84

85

86

87

Predicted average annual nitrate-nitrogen losses

in drainage and runoff as affected by surface

drainage (S.D.) condition, drain spacing and soil

type. Results are for conventionally drained

system with a 1-m drain depth. . . . 121
Predicted average annual nitrate- nltrogen losses

in drainage and runoff as affected by system
management, drain spacing and soil type. Results

are for a system with a 1-m drain depth and good
surface drainage. . . 122
Predicted annual proflt and total NO3 N losses for

a Portsmouth soil as affected by system

management, and drain depth and spacing.. . . 124
Predicted annual profit and total NO,-N losses for

a Tomotley soil as affected by system management,

and drain depth and spacing. . . « + . . . . 125
Surface runoff, subirrigation 1nflow, and drain
outflow for free drainage, controlled drainage,

and subirrigation plots. . . .. ... 131
Rainfall record and midpoint water table

elevations for sublrrlgatlon, controlled drainage,

and free drainage . . . . 132
Total aldicarb lost as a percentage of the amount
applied in the tile outflow and surface runoff

(SRO) from subirrigation (plot 1), controlled

drainage (plot 2) and free drainage (plot 3). . . . 133
Schematic of flow domain simulated. . . . . . 148
Measured and simulated midpoint water table depth in
plot one under subirrigation. . . 150
Measured and simulated midpoint water table depth in
plot two under controlled drainage. . 151
Measured and simulated midpoint water table depth in
plot three under conventional drainage. . 151
Measured and simulated control drain outflow in plot
three under conventional drainage. . . 152
Measured and simulated aldicarb plumes 6 days after
application in plot one under subirrigation. . 154
Measured and simulated aldicarb plumes 20 days after
application in plot one under subirrigation. . 154
Measured and simulated aldicarb plumes 37 days after
application in plot one under subirrigation. . 155
Measured and simulated aldicarb plumes 47 days after
application in plot one under subirrigation. . 155

Measured and simulated aldicarb plumes 6 days after
application in plot two under controlled drainage. 157
Measured and simulated aldicarb plumes 20 days after
application in plot two under controlled drainage. 157
Measured and simulated aldicarb plumes 37 days after
application in plot two under controlled drainage. 158
Measured and simulated aldicarb plumes 47 days after
application in plot two under controlled drainage. 158
Measured and simulated aldicarb plumes 6 days after
application in plot three under conventional

drainage. . . . . . . . . . . .+ .+ .+ .« . . . . . . .160

xiii



Figure 88 Measured and simulated aldicarb
application in plot three under
drainage. .

Figure 89 Measured and s1mulated aldlcarb
application in plot three under
drainage.

Figure 90 Measured and 51mulated aldlcarb
application in plot three under
drainage.

xXiv

plumes 20 days after
conventional
e e e e« « « < . . 160
plumes 37 days after
conventional
e N
plumes 47 days after
conventional

161



LIST OF TABLES

Table 1. Cropping sequence and fertilization rates and
timing for the period 1990 to 199%4. . . . ..o 11
Table 2. Yearly cumulative rainfall, subsurface drainage,
surface runoff, and irrigation volumes under various
water table management practices. . O
Table 3. Cumulative rainfall, subsurface drainage, surface
runoff, and irrigation volumes under various water
table management practices for different growing

seasons. e e e e e e e e e e e e e e e e e e e 20
Table 4 Corn, wheat, and soybean yield as influenced by
water table management. . . . 26

Table 5. Yearly cumulative nitrogen loss through subsurface
drainage under various water table management
practices. . . . . 28

Table 6. Effect of drainage control and fertilizer N on
losses of NO,-N in subsurface drainage during

wheat growing season of 1993-94 . . .« . . 29
Table 7. Summary of inputs to DRAINMOD-N and VSZDNT
simulations. . . . . . . 50

Table 8. Summary of standard errors of estimate (s) and
average absolute deviation («) for hydrologic

results simulated by DRAINMOD and VS2DNT. . . . 55
Table 9. Summary standard errors of estimate (s) and average

absolute deviation(a) for nitrogen results simulated

by DRAINMOD-N and VS2DNT. .o . . 63

Table 10. Total rates (kg ha™) of NOabiloss in drainage,
denitrification, net mineralization, plant uptake,
rainfall deposition, and fertilizer dissolution

simulated by VS2DNT and DRAINMOD-N. . . . . . . . . 64
Table 11. Soil properties of experimental site in

Plymouth, NC . . . 69
Table 12. Water table management parameters for experimental

site in Plymouth, N.C. . . . 70

Table 13. Nitrogen movement and fate parameters Data listed
as range are based on values reported in the

literature. Single values given below were measured
or developed for the experimental site. . . 71
Table 14. Ranges of the nitrogen movement and fate parameters
considered in the sensitivity analysis. . . 72
Table 15. Nitrogen movement and fate parameters resulting from
the calibrating procedure. . . . . 81
Table 16. Summary of simulated versus observed hydrologic
results. .. . 82

Table 17. Summary of simulated versus observed nitrogen
results for the period of Nov 1, 1991 to

Dec 31, 19%92. . . O 0
Table 18. Summary of inputs for DRAINMOD N .. . « « . . . 1los8
Table 19. Aldicarb concentrations (ng/g dry s01l) in the free

drainage plot in the soil samples. .« .« . . . 134
Table 20. Aldicarb concentrations (ug/L) in the free

drainage plot in the center drain wells. . . . . . 134
Table 21. Aldicarb concentrations (pug/L) in the free

drainage plot in the midpoint wells. . . . . . . . 135

XV



Table 22. Aldicarb concentrations (ug/L) in the free dralnage

plot in the tile outflow. . . . . 135
Table 23. Aldicarb concentrations ng/g dry SOll) in the

controlled drainage plot in the soil samples. . . 137
Table 24. Aldicarb concentrations (ug/L)in the controlled

drainage plot in the midpoint wells. . . . . 137
Table 25. Aldicarb concentrations (ug/L) in the controlled

drainage plot in the quarter p01nt wells. . . . 138
Table 26. Aldicarb concentrations (ug/L) in the controlled

drainage plot in the center drain wells. . . . . 138
Table 27. Aldicarb concentrations (ug/L) in the controlled

drainage plot in the tile outflow. . . . . . . . . 139
Table 28. Aldicarb concentrations (ng/g dry soil) in the

subirrigation plot in the soil samples. . . . . . . 139
Table 29. Aldicarb concentrations (ug/L) in the

subirrigation plot in the midpoint wells. . . . . . 140
Table 30. Aldicarb concentrations (pg/L) in the

subirrigation plot in the center drain wells . . . 140
Table 31. Aldicarb concentrations (ug/L) in the

subirrigation plot in the tile dralnage . .. 142
Table 32. Aldicarb concentrations (ug/L) in the dralnage

ditch and irrigation wells. . . . .. . . 142

Table 33. The percent of aldicarb and the metabolltes
sulfoxide and sulfone detected in all soil samples

taken 1, 6, 20 and 37 days after application. . . . 143
Table 34. VS2DT inputs for soil properties. . . . . . . . . . 149
Table 35. VS2DT inputs for chemical transport. . . 149
Table 36. Average absolute deviation (AAD) of measured and

simulated aldicarb concentrations. . . . . . . . . 153

xvi



TTAX

JIO0J %$8T O3 %ST wWOxJ pabuer SSSSOT USHOIFTU JO SUOTIIONPII

ATxeax -obeuteip TeUOTIUSAUOD 03 paxedwod usym juswtiadxs a2yl
JO uosess butmoib yoes pue IesAk yoes I03J SPISTF SY3 WOIJ SSOT (N)
USbOI3TU 3yl PIoNPaI UOTILHTIITANS puer abeurelp pPa[[OIIU0D ylog

‘swnyoa Sbeurtelp Te303 JeNUUR 20NPaX ATIURDTIITUBTS

JOU PIP UOTIeDTIITOnNsS pue %6 03 30 Aq (FFounx soejans snid
obeuteip soeJINSgNs) swnToa abeurTelp [e303 [eNUUER 3Yl pPaoOnpal
sbeuteip psTToxlUCO ‘ATjusanbssucd !FJounx so0eIINS PISEIIDUT A3yl
‘sbeutelp soejansgns syl pPISeaIOSpP UOTIIeBTIITANS pue abeuteIp
POTTOIIUOD STTUYM " TOIJUOD JO SwWI3 O3 SATIR[aI TIBJUTBRI JO
suxslijed 03 Snp sem UOTIETIRA STYL "UOTILBIIITQNS I0F %76 O3 %0€
WoxXF pue sbeurelp pPITTOIIUOD I0F £H8 OF 0T woxF burtbuex AT3esab
paTIeA Suosess butmoirb 9yl butanp ssunioa sbeurteap soejansqns

JO SUOTIONP3Y SIS3UTM 9yl butanp spotaad Buol I10J uoriebraxtqns
I0 SbeuTeIp PSTTOIIUOD UT JOU SISaM SPISTI Y ‘I3asamoy
!UOTIEeBTIITANS I0J L€ OF L€ WOIJ pue 2H6eUTRIP P TOIIUOD

I0J %91 O3 %S woxj pabuex sbeurterp aoeJINSNs JO SUOTIONPSDI
ATxesax -abeurteap TeRUOTIUSAUOD 03 paxedwod usym jJuswutradxs

9yl JO uosesas butmoxab yoes puer 1esk yoes I0J sSawunfoa aHeuTeIp
20rJINSONsS 9Yl poOoNpPaI UOTIebIIITnNS pue sbeuteap pa][0XI3IUO0D Ylog

‘ueagAos pue jesym ‘urod JO UOT3Ie3OX Iesk-Oom3-utl

-doxo-991y3l © 03 psjueld sem pPIaTI 9Yl -sSaprtorisad pajoolas pue
‘Jusutpas ‘snaxoydsoyd ‘usboxlTUu JO SISATRUR JIOJ PSIOST[OO oI9M
sa7dwes I193em pue TIOS °S33eX JJOUNI 20BIINS pue ‘UOTIeDHTIIAT
‘obeutTelp pIocOSa1 pue IINSeEaW AT33ANDDOER O3 puR ‘UOCTILBTIATCNS pue
obeuTeIpP PITIOIIUOD ‘SbeuTtelp I0J ISTINO 3yl Toxjuod Arsstosxd o3
pajuswuniisut axsm sduns a3yl -~s3oTd Tejuswutaadxs sjexedss 3ybrs
91e3JD0 O3 pPST[BISUT SI9M SUTRIP I03ID3TT0oo pue sdung -butoeds

Ww P TT & IO W 6°ZZ © ISY3IT2® Yyatm o23exsado o3 wailsAs ayl burmoite
SOUTT UTeIp PO 9Y3 UO PITTEISUT 9I3M SaATBA ‘W $°TT Jo buroeds
utexp MauU e Ut burjnsax saqni pIo 9yl ussmiaq AempTuw pLa31edoT
9I9M sSuTeIp MdU IJYL -wa3sAs abeuteap =yl 3o uotiexado syl
saanoxdwut 03 soeJaINS punoxb morsq w T 03 Z°'T woxl Burtbuex syaidep
aodosp 1B T66T PUB Q66T UT PO[[RISUT Ssem suTlelp or3iseTd Jo 39S
I9Y3louy ‘90rIINS 8yl MOTaq W T°'T 03 8°0 JO syidep 3e pue w ¢°22
Jo sbutoeds 3e pPISTI BY 8 €T B UO G86T UT POI[BISUT 9I9M wWaISAS
Jjuswsbeuew I93em B I0J sagni urexd ‘ON ‘YInowlkld IeSU UOTIBR]S
Juswitxadxy I93emMapPT] 9Y3 UO PI3ONPUOD 9I9M Sjuswixadxs PISaT4

‘sjuswutxadxe pIoTJd

SU3l UT pa309[TO0 klep DUTSN poajenieas 3I92M ST9pow pPaTITpow 3YylL
*AQTTTIqeTISaI xT9yl saoxdut o3 padolsasp ISYylani pue pPaTITpow SIam
I931eM S0BIANS pue I923emMpunolb moTTeys O3 S3USTIINU ISZTTTIIISF pue
soptoTisad Jo juswsaouw syl buriorpsad 103 (LAZSA PUBR N-JOWNIYIJ)
STopoW pPa309T9S "sopToTisad pue JusWIPSS ‘SIUSTIINU ISZTTTIIST
JO 23®J puer jusWLAOW O3 PIa3e[aX safgeTiea A3Trenb xaj3em pue
oTboToapAYy uo uoTilebTIITNS pue ‘sbeurtelp PST[OIIU0D ‘sbeuteap
TRUOTIUSAUOD JO S309IJ2 SYl S3enlead pue aiInseaw O3 pa3dnpuod
a19m sjuswtaadxs pIoTd -~ FJOUNI |DBIANS pue Idjempunorb ‘TTos

3yl UT s9pToTisad pue SIUSTIINU JO JUSWSAOW UO Juswabeuew a1gel]
I93em JO s3109I79 9yl Apnis o3 poaleTriTul sem 303loxd yoaessax STYL

SNOISANTONOD ANV XYYWWOS



controlled drainage and from 47% to 66% for subirrigation. The
reductions in annual N losses reported here do not reflect the
potential reductions that could be achieved if the fields were in
controlled drainage during the winter months. All plots for this
experiment were in conventional drainage during most winters to
allow drain tube installation and measurement of free drainage
rates. During the one winter growing season that controlled
drainage was used, controlled drainage reduced N losses by 48%
when compared to conventional drainage. Nitrate concentrations
in the soil and water profile declined with depth. No nitrate
was detected in water samples collected from depths of 1.8 m or
deeper.

Concentrations of the pesticide metolachlor decreased with time
after application. Average soil concentrations of metolachlor in
1992 decreased from 1.6 ppm on the day of application to 0.3 ppm
112 days after application. Average soil concentrations of
metolachlor in 1993 decreased from 8.1 ppm to 1.2 ppm over the
same length of time. Metolachlor was not detected in subsurface
drainage water or in soil water longer than 4 weeks after
application for both 1992 and 1993.

Aldicarb dissipated from the soil by 61 days after application.
Most of the aldicarb detected in the soil was found at depths
between 0.00 to 0.15 m. Aldicarb was detected in the soil at a
maximum depth of 0.46 m. Conventional drainage had the highest
percentage of aldicarb lost from tile outflow (0.02% of applied),
followed by controlled drainage (0.01% of applied), and then
subirrigation (0.001% of applied). More aldicarb was lost by
surface runoff in the subirrigation mode (0.06% of applied) than
in the controlled drainage (0.04% of applied) or conventional
drainage (0.02% of applied) modes. The amounts of aldicarb lost
through the subsurface drains and by surface runoff for all three
management modes were extremely small.

Controlled drainage significantly increased corn yields compared
to free drainage. Subirrigation significantly increased corn
yields compared to both controlled and free drainage treatments.
Controlled drainage significantly increased soybean yields
compared to free drainage, but there was no significant
difference in soybean yields between subirrigation and either
controlled or free drainage. Wheat yields were not significantly
affected by the water management treatments.

DRAINMOD-N was developed to simulate a simplified version of the
nitrogen cycle. As the name implies, DRAINMOD-N is based on the
water balance calculations of the standard DRAINMOD model. It
uses modifications to determine average daily soil water fluxes
and water contents. The solute transport component is based on
an explicit solution to the advective-dispersive-reactive
equation. Functional relationships are used to quantify the
controlling processes of rainfall deposition, fertilizer
dissolution, net mineralization, denitrification, plant uptake,
and runoff and drainage losses.
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DRAINMOD-N was compared with VS2DNT, a more complex, two-
dimensional model. Water table depths, total subsurface drainage
rates, and total surface runoff rates predicted by DRAINMOD were
within 7-15 cm, 0.7-2.0 cm, and 0.2-0.5 cm, respectively, of
those predicted by VS2DNT for a 250-day simulation at Plymouth,
NC. Daily NO,-N concentrations predicted by DRAINMOD-N and
VS2DNT were in disagreement, unless a lag between the
concentration profiles is taken into account. However, DRAINMOD-
N predictions for total nitrate-nitrogen loss in drainage water
were within 1.0-2.9 kg ha? of those predicted by VS2DNT. On the
average, total drainage loss predictions by DRAINMOD-N were
within 21% of those simulated by VS2DNT. Denitrification, plant
uptake and net mineralization DRAINMOD-N predictions were within
%, 15% and 26% of those simulated by VS2DNT.

A sensitivity analysis of DRAINMOD-N indicated that predicted
NO,-N loss via subsurface drainage is most sensitive to the rate
coefficients of denitrification and mineralization. Predicted
NO,-N loss in surface runoff is most sensitive to NO,;-N content
in rainfall.

DRAINMOD-N simulations were compared to observed results of the
field study from November 1991 to December 1992. Crops grown
during this period were wheat followed by soybean. Comparisons
indicated that simulated water table depths were within 8-13 cm
of the observed data for conventional drainage, controlled
drainage and subirrigation. Differences between simulated and
observed subsurface drainage volumes were within 0.9-6.6 cm for
all cases. Predicted surface runoff volumes were within 0.5-8.9
cm of observed values.

DRAINMOD-N consistently underestimated NO,-N concentrations in
the soil solution. However, simulated nitrate-nitrogen losses
for the 14-month observation period were within 1.5 kg/ha of
those observed for subsurface drainage for all six experimental
plots. Except for one case, the predicted total losses
(subsurface plus surface) were within 2.4 kg/ha of those observed
during the 14 month period. Both predicted and observed results
showed that controlled drainage and subirrigation reduced total
nitrogen losses.

DRAINMOD-N was used to study long-term effects of drainage system
design and management on two poorly drained eastern North
Carolina soils. Hydrologic results indicate that increasing the
drain spacing, decreasing the drain depth, and/or improving the
surface drainage reduces subsurface drainage while it increases
surface runoff. Results also show that the use of controlled
drainage reduces subsurface drainage and increases runoff.
Results also indicate that increasing the drain spacing or
decreasing the drain depth reduces nitrate-nitrogen (NO,-N)
drainage losses and net mineralization, while increasing
denitrification and runoff losses. Controlled drainage causes a
predicted reduction in drainage losses and an increase in
denitrification and runoff losses.
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The ideal drainage design and management combination is one that
will optimize profits and minimize environmental impacts.

Results from economic analyses indicate that the maximum profit
from a corn crop on Tomotley soil would be obtained with a
conventional drainage system with a 20-m drain spacing, 1.25-m
drain depth, and 2.5-cm depressional storage. In the case of the
Portsmouth soil, a conventional drainage system with a 2.5-cm
depressional storage, 40-m spacing, and 1.25-m drain depth would
maximize profit from a corn crop.

Simulated results indicate that NO,-N losses to the environment
could be substantially reduced by reducing the drainage intensity
below the level required for maximum profits from grain sales.
That is, if the environmental objective is of equal or greater
importance than profits from the agricultural crops, the drainage
systems can be designed and managed to reduce NO,-N losses while
still providing an acceptable profit from the crop.

The simulation results have demonstrated the applicability of
DRAINMOD-N for quantifying effects of drainage design and
management combinations on profits from agricultural crops and on
losses of NO,;-N to the environment for a specific crop, soil and
climatic conditions. Thus the model can be used to guide design
and management decisions for satisfying both productivity and
environmental objectives and assessing the costs and benefits of
alternative choices to each set of objectives.

The USGS computer model, VS2DT, was modified to simulate
pesticide transport in fields with subsurface drains under
conventional drainage, controlled drainage and subirrigation
conditions. These modifications were validated by comparing
measured and simulated values for drainage and subirrigation
volumes, water table elevations and water quality data. The
modified VS2DT model accurately predicted surface and subsurface
flow rates as well as water table response to rainfall events.
The model also provided excellent simulations of chemical
transport in the saturated and unsaturated soil profile as well
as concentrations in the tile outflow. However, small
concentrations of aldicarb were detected in the field much deeper
than simulated plume limits. Preferential flow transport, which
was measured in the field, was not predicted by the model. The
modified VS2DT model is an extremely useful tool in assessing the
effects of water table management on the transport of chemicals
in fields with subsurface drainage.
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RECOMMENDATIONS

This project has produced a large and comprehensive database of
field observations that has been used to study the hydrology and
water quality resulting from various water table management
systems. Data collected in the field support the past
observations that the water table can be managed through
controlled drainage and subirrigation to substantially reduce the
efflux of nitrogen from high water table agricultural fields
without reducing productivity. 1In all cases observed, controlled
drainage and subirrigation reduced the amount of nitrate nitrogen
and total nitrogen flowing from the field when compared to
conventional drainage. Controlled drainage and subirrigation
increased crop yield in some cases and did not affect crop yield
in other cases. We recommend that the practices of controlled
drainage and subirrigation be continued and expanded in the
Coastal Plain of North Carolina and other high water table areas.

DRAINMOD-N was developed to simulate the movement and
transformations of nitrogen in agricultural fields using water
table management practices. DRAINMOD-N simulation results
compared well to those of a more complex model and to the
observations made in the field. DRAINMOD-N predictions could be
improved to more accurately characterize hydraulic head losses
near the drain and the transitions that occur during drainage and
subirrigation processes. Additional work is needed to improve
our understanding of these processes and to develop new
algorithims for subsurface drainage, controlled drainage, and
subirrigation. Research to make these modifications is
recommended.

DRAINMOD-N should be tested on this site for an extended period
of time that would include several corn-wheat-soybean rotations.
This would allow evaluation of the model under a wider range of
eastern North Carolina weather conditions. The model should also
be tested in other locations with different soils, crops and
climatological conditions. Modifications to the model are needed
to improve methods used to predict and to handle freezing,
thawing, and snowmelt processes. Research to make these
modifications and to conduct expanded and extended field tests of
DRAINMOD-N is recommended.

The model was used to determine optimum designs of water table
management systems that satisfy both productivity and
environmental objectives. We recommend that DRAINMOD-N be used,
with appropriate field verification, to study the interaction
between fertilization (amounts and timing) and water table
management. Results of this study can then be used to develop
user-oriented design guideleines for poorly drained soils in
eastern North Carolina. This will ensure that these lands will
remain agriculturally productive with minimal environmental
impact.
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The USGS computer model, VS2DT, was modified to simulate
pesticide transport in agricultural fields using water table
management practices. When compared to field observations, the
modified model accurately predicted the hydrology of the system
and the transport of aldicarb in the saturated and unsaturated
profile and in the drain tube. The modified VS2DT model can be
used to assess the effects of water table management on the
transport of aldicarb in high water table fields and to test
simpler models that may be developed for that purpose.
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INTRODUCTION

Protection of the nation’s ground and surface waters is of vital
importance. Over the past 25 years, attention has been focused
on point source pollution of surface and groundwater systems.
More recently, concern has increased about the effects of non-
point sources on both groundwater and surface water quality.
Agricultural cropland is considered a major contributor of
nonpoint source pollutants to surface and groundwater.

The development and use of water management, fertility, and
pesticide practices to reduce nonpoint source pollution of
surface waters in eastern North Carolina is a high priority for
government officials. The primary pollutants of concern are
pesticides, fertilizer nutrients (N and P), and sediment.
Generally, the goal of management practices used to control
surface runoff and nonpoint source pollution of surface waters is
to increase retention of water on the land and increase infiltra-
tion. In some cases, these practices may have a detrimental
effect on the quality of groundwater. For example, installation
of subsurface drains in poorly drained North Carolina soils will
reduce surface runoff, sediment, and P loadings to surface waters

(Deal et al., 1986), but will increase nitrates in the shallow
groundwater and nitrate outflows in the subsurface drainage water
(Gambrell et al., 1975a). It is important to understand the

linkage between surface water management and groundwater impacts.

The primary concern about nonpoint source groundwater pollution
involves pesticides and fertilizer nutrients, mostly nitrates.
Holden (1986) and Ritter (1986) reported detection of widely used
herbicides such as alachlor, atrazine, metolachlor, and cyanazine
in the groundwater in several states. Other pesticides of
concern include fumigants such as DCP and DBCP (Cohen et al.,
1984) and aldicarb (a carbonate insecticide) which has been found
in groundwater in New York, Florida, and several other states.

This project addresses the effects of agricultural water manage-
ment practices on pollutant movement from poorly drained lands to
shallow groundwater and to surface water via both surface and
subsurface runoff. These are important soils from both agricul-
tural and environmental perspectives. Over 25 percent (110
million acres) of the total cropland in the United States re-
quires improved drainage for agricultural production. In North
Carolina 2.2 million acres or about 40 percent of our cropland is
on soils that are poorly drained under natural conditions and
require drainage improvements. Most of these lands are in the
Coastal Plains and Tidewater regions of Atlantic Coastal states,
where they are close to environmentally sensitive waters.

Effects of water management, fertility, and pesticide practices
on pollutant loading from these lands are magnified because of
the short time required for the outflow water to appear in the
receiving waters.



Previous research (Gilliam et al., 1978; Gambrell et al., 1975b;
Skaggs and Gilliam, 1981; Gilliam and Skaggs, 1986) has focused
on determining the effects of various water management practices
on the rate and quality of runoff from the poorly drained soils.
Field studies (Gilliam et al., 1979; Gilliam and Skaggs, 1986;
and Skaggs and Gilliam, 1981) have shown that nitrate loss to the
environment can be greatly reduced by the use of controlled
drainage during certain periods of the year. The effectiveness
of this practice depends on the intensity of management. Because
of the potential environmental benefits of controlled drainage,
it has been accepted as a Best Management Practice by the
regulatory agencies in North Carolina. Structures to achieve
control have been cost-shared by the State of North Carolina in
nutrient sensitive watersheds for the past three years. Farmers
have also readily accepted controlled drainage because it
conserves water and increases yields.

Control structures have been placed in ditches draining over
250,000 acres in North Caroclina. Based on results of field
experiments on several soils, it is estimated that nitrate
nitrogen outflows from the controlled areas have been reduced by
nearly two million pounds annually. This practice has expanded
to other areas along the Atlantic Coast with new programs to cost
share structures for water quality purposes in adjacent states.
Frequent inquiries from both regulatory and agricultural agency
personnel in other Atlantic Coast states indicate that interest
in this practice is widespread. A closely related water manage-
ment practice involves pumping water into the controlled outlet
to raise the water table in the field. This practice, called
subirrigation, provides both irrigation and drainage in one
system and is also being rapidly accepted by farmers in the
coastal area. Protasiewicz et al. (1989) reported that subirri-
gation decreased nitrogen loading, but increased losses of both
phosphorus and atrazine from clay soils in Michigan for one year,
1987. Both controlled drainage and subirrigation are growing in
popularity as farmers learn of their advantages; thus they have
the potential for dramatic increases in use over the next few
years.

Methods for estimating nutrient losses as related to drainage
system design and management have been developed (Deal et al.
1986) . However, these methods are based on field experimental
data and can be used with confidence for only a few soils. They
cannot be used to determine the best way to manage controlled
drainage systems to minimize nutrient loading to receiving
waters, nor can the effects of increased or decreased use of
fertilizer or changes in the timing of fertilizer application be
predicted. Pollutant loading from agricultural lands is clearly
affected by cultural practices such as crop rotation and tillage
methods, as well as water management. The effects of these
factors cannot be evaluated with present methods. Furthermore,
we are not able to predict the effects of alternative water
management and cultural practices on sediment and pesticide
losses from flat agricultural lands with high water tables.



USDA Agricultural Research Service Researchers have developed the
models CREAMS (Knisel et al., 1983) and GLEAMS (Leonard et al.,
1987) for predicting the effects of cultural practices such as
reduced tillage and contour farming on the movement of sediment,
pesticides, and fertilizer nutrients from agricultural lands.
However, both models were developed for upland conditions and are
not directly applicable to poorly drained soils. They do not
consider subsurface drainage and water table control processes,
which are dominant in soils with high water tables. The water
management model, DRAINMOD (Skaggs, 1978) was developed to
quantify the hydrology of high water table soils and has been
combined with CREAMS for application to poorly drained soils
(Parsons et al., 1989; Wright et al. 1992).

The CREAMS and GLEAMS models do not treat subsurface drainage
processes and are therefore not appropriate for predicting losses
and fate of mobil solutes such as nitrates and some pesticides.
Two approaches were followed to develop models to quantify losses
of these solutes. DRAINMOD was extended to simulate the movement
and fate of nitrogen in poorly drained soils. The resulting
model, DRAINMOD-N was tested using experimental data from this
study. Another approach involved modification of the USGS model,
VS2DT, to simulate the movement and fate of the pesticide
Aldicarb. Thus, this research project involved the collection
and analysis of field data, the development and testing of
simulation models, DRAINMOD-N and VS2DT and the application of
the models to examine effects of various combinations of water
management, fertility and pesticide practices.

The objectives of the research project were to:

1. Conduct field experiments to measure and evaluate the
effects of drainage, controlled drainage, and subirrigation
on the following hydrologic and water quality variables:

a. Movement and fate of fertilizer nutrients and sediment
in surface runoff, shallow groundwater and subsurface
drainage waters.

b. Loss of pesticides in surface and subsurface drainage
waters and their movement into shallow groundwaters,
2. Test the reliability of selected models for predicting the

movement of pesticides and fertilizer nutrients to shallow
groundwater and the losses of these pollutants via surface
and subsurface drainage waters.

3. Modify and further develop these existing models to improve
their reliability.

Work on this project has proceded in two phases. The project was
first funded by WRRI under the name of "Prediction of Pollutant
Movement from Poorly Drained Soils". This first project became
part of a larger project "Effects of drainage and water table
control on groundwater and surface water quality" funded by the
USGS Matching Grants Program in 1991. During the early part of
the study, the effectivness of the original drainage system was
found to be reduced due to a slowly permeable layer located in
the soil profile at approximately the same depth as the drain

3



tubes. New drain tubing was installed at deeper depths in 1991
to improve drainage and allow realistic comparisons between water
management treatments.

This is the second in a series of two reports on this project.
The first report describes the research site prior to the
installation of the new drains, the installation and design of
the data collection system, initial modelling of the site
hydrology and pollutant movement, and preliminary results from
the field site. This report describes the research site after
the installation of the new drainage system and presents field
results for comparing the hydrology and water quality of
different water management treatments. This report also
discusses the development, verification and application of the
VS2DT model and the DRAINMOD-N model.



FIELD EXPERIMENTS: DESCRIPTIONS AND RESULTS

SITE DESCRIPTION

A 13.8 hectare agricultural field has been instrumented to study
the movement of nutrients and pesticides in the soil, groundwater
and surface runoff. The site is located on the Tidewater
Research Station, near Plymouth, in the North Carolina Lower
Coastal Plain approximately 200 km east of Raleigh. The field,
which was cleared for agriculture in 1975, is nearly flat. The
research site is bounded on all four sides by drainage ditches
approximately 2.0 m deep. Plastic drainage tubes, 101 mm in
diameter, were installed in 1985 at a spacing of 22.9 m on
center, and a depth of 0.8 to 1.1 m below the surface (Figure 1).
The effectiveness of these drains was limited by low hydraulic
conductivity of soil at the depth of the drains. A new set of
plastic drains was installed in 1990 and 1991 at deeper depths
to improve the operation of the drainage system.

A detailed description of the drainage and data collection system
before the installation of the new drain lines is given in the
first report on this project (Munster et al., 1994). A
description of the new drainage system is given below along with
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Drainage and runoff rates and volumes are measured in two ways.
1. The water level in each holding tank is continuously measured
with a potentiometer mounted on a Stevens water level recorder.
The output is recorded directly by the computer which determines
flow rate by calculating the change of volume (water elevation
times tank area) with time in the tank during an inflow cycle.
The rates are stored and integrated to determine cumulative flow
volumes, which are also stored as part of the data file. 2.
Flowrates are measured directly by a Signet Industrial
Paddlewheel Flowmeter installed in the outlet line from each of
the drainage outlet tanks. The computers record the flowrate and
the time of pumping at 10 sec intervals. Flowmeters and
cumulative flow volumes are processed by the computers and
available in graphical form for on-site monitoring.

The function of the guard drains is to prevent water table
management treatments in one plot from influencing soil water
conditions in adjacent plots. The two outside drains on each
side of the center drains function to hydraulically isolate the
area drained by the center drains from the influence of adjacent
experimental plots.

Three water table management treatments: conventional drainage,
controlled drainage and subirrigation can be implemented using
the subsurface drains. In conventional drainage, the pumps are
set so that the water level in the holding tanks is always below
the drain tubes in the field. 1In controlled drainage, pump
controls are set to remove water when the water level in the
holding tanks exceeds a set point or control elevation, which is
higher than the drain. The pumps come on when the water level
exceeds the set point and go off when the tank water level falls
to the set point. No water is pumped in to maintain the control
water level elevation in controlled drainage. This emulates
field conditions where a weir in a drainage ditch serves to block
drainage until the water level in the ditch rises to the weir
elevation. In subirrigation, the water level in the holding tank
is maintained at a set point above the field drain outlet.
Irrigation water from a shallow irrigation wells is pumped in to
replace water lost from the outlet tanks via subirrigation; when
rainfall occurs, drainage water is pumped out of the tanks to
maintain the subirrigation set point. Set points changed time
depending on water table managemnt strategy. The exact
elevations and timing of the set points for this study are
presented later.

Drainage outflow and subirrigation data are collected and
processed by personal computers located in climate controlled
rooms in equipment houses 2 and 5. The computer in house 2
collects data from plots 1, 2 and 3 while the computer in house 5
collects data from plots 4, 5, 6, 7,and 8. Water surface
elevations in the outlet tanks, flow rates and weather data are
processed by the computers, which can be accessed by telephone
from our lab in Raleigh to evaluate experimental conditions and
to download data.



Each equipment house has a refrigerator to preserve samples.

Each refrigerator contains three large sample containers
(carboys), one for subsurface drainage and two for surface runoff
samples. Flexible 12 mm diameter tubing is connected to the
discharge pipes from the subsurface drainage tank and the surface
runoff tank. This flexible tubing passes through the wall of the
refrigerators and discharges into the sample containers. Every
time the drainage tank pump or the surface runoff tank pump
operate, a 0.5% portion of the discharge flows into the
refrigerated sample containers. The flow proportional samples
are taken to the soil science water quality laboratory for
analysis at least weekly and more frequently for rainfall events
after fertilization.

Each experimental plot has two 100 mm diameter water table wells
equipped with automated water level monitoring equipment. One
well is located midway between the two control drains and the
other well is located midway between the old control drain and
the new guard drain. Both wells are equipped with a float,
weight, and pulley system connected to a potentiometer and an
Omni Data Pod mounted on a Stevens Recorder platform. Thus water
table depth is continuously recorded at two points in each plot.
A deep irrigation well, 91 m deep, and two shallow irrigation
wells, 23 m deep, are located on the eastern edge of the field.

Surface runoff is collected from two in-field surface runoff
plots approximately 6.1 m (4 crop rows) wide by 30.5 m long
(Figure 2). The north plots were graded at 0.6% to 0.8% slope
and the south plots were left with their natural slope which is
approximately flat. The plots are surrounded by 30 cm tall berms
to isolate them from the rest of the field. Gutter collectors
made of PVC were installed at the end of each plot to collect
runoff and route it through underground PVC pipe to the vaults.
The soil surface within 30 cm of the collectors is stabilized by
a porous plastic sheet.

A series of five to six wells, referred to as a well nest, are
installed in lines parallel to the drain tubes. Wells in each
nest are spaced approximately 0.45 m horizontally and are at
depths of 0.6 m, 0.9 m, 1.2 m, 1.8 m, 2.4 m, and 3.0 m, or 3.7 m.
They are constructed of 50.8 mm diameter polyvinyl chloride (PVC)
well casing, with a slotted screen for the bottom 150 mm. Each
well in the nest is screened in a distinct soil layer. The
number, location, and depth of the wells are designed to provide
detailed information on the movement of fertilizer nutrients in
the flow domain. The wells are installed with granular filter
pack around the screen and a bentonite clay seal around the well
casing.

The research site is equiped with a complete Campbell CR-10
weather station as well as two additional recording rain gages.
Weather parameters measured at the research site are rainfall,
air and soil temperature, wind speed and direction, and solar
radiation.
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Table 1. Cropping sequence and fertilization rates and
for the period 1990 to 1994.

4-03-89

12-06-89
Wheat 12-06-89
2-22-90
3-26-90

total

Soybean 1990

Corn 4-10-91
4-17-91
4-18-91
5-22-91

total

11-15-91
Wheat 11-15-91
2-21-92

total

Soybean 1992

Corn 4-21-93
4-29-93
5-04-93
6-09-93
6-30-93

total

11-08-93
Wheat 11-12-93
3-22-94

total

Soybean 1994

Fertilizer

Analysis Rate
0-48-0 896
lime 2643
10-20-20 365
30-0-0 158
30-0-0 79
4-0-38 448
10-34-0 198
30-0-0 268
30-0-0 343
lime 1833
5-25-25 326
30-0-0 487
0-25-25 300
10-34-0 50
30-0-0 268
30-0-0 219
30-0-0 174
lime 2013
30-0-0 69
30-0-0 271

38.
47.
23.
110.

17.
19.
80.
105.
224.

(@ RN e o]

O Wbk oW

16.3

146.
le62.

80.
65.
52.
203.

20.
81.
102.

N 9O

[e0]

timing

[oNe)

170.2

170.2

81.5

81.5

‘Nitrogen side dress fertilizer applied to plots 2,4,7 and 8

only.

rows. One side dress application of nitrogen was applied in
February or early March at the rate of 100 kg/ha. Wheat was

harvested early to mid June.

Soybeans were planted

(no-till drill)

in the wheat stubble

immediately following wheat harvest. No-till soybeans would
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normally be planted flat, but to accommodate surface runoff
collection, soybeans were planted on the 90 cm beds in 17 cm
rows. Soybeans received no fertilization or nitrogen sidedress.
Soybeans were typically harvested in mid November. The soybean
stubble was left in tact and the field was fallow from soybean
harvest until corn was planted the following April. This cropping
sequence was completed twice (two harvest of each crop) during
the period reported herein.

The cultural practices just discussed represent typical
procedures, although some exceptions are noteworthy. Soybeans
were planted on beds in 50 cm rows in 1990 to be compatible with
a one time application of aldicarb. Corn harvest in 1993 was
extremely low due to drought conditions. In anticipation of
significant N carryover resulting from poor 1993 yields, only
half the 1994 wheat crop (plots 2,4,7 and 8) received N
fertilizer at the rates previously discussed. No nitrogen was
applied to the other four plots in 1994.

Crop yield was determined for each water management plot from two
subplots located at the midpoint between drains (i.e., 6 m on
either side of the experimental drain). Corn subplots were
typically 2 rows wide (1.8 m) by 23 m long. Soybean and wheat
subplots were approximately 4 m wide by 23 m long. Harvest area
varied slightly from year to year and crop to crop depending on
planting arrangement. Yields reported herein are based on scaling
the exact harvest area which ranged from 0.0042 to 0.0094
hectares.

Water Management. The following general water management
strategy was implemented from 1991 to September of 1993. Plots 3
and 4 were managed in conventional drainage, plots 2 and 5 were
managed in controlled drainage, and plots 1 and 6 were managed in
subirrigation. Plot 7 and 8 began operation in June 1991 and
were managed in subirrigation for the 1991 corn season, the 1991-
92 wheat season, and the 1992 soybean season. Plot 7 was in
controlled drainage for the 1993 corn season, and plot 8 was in
conventional drainage for the 1993 corn season. The exact dates
and water elevations of the various water management strategies
are summarized in Figures 4 - 6.

Very low drainage volumes (less than 3 cm) occurred during the
corn growing season of 1993. We hypothesized that low drainage
rates coupled with low crops yields resulted in low nutrient
losses from the field. This meant that relatively high amounts
of nutrients remain in the field at the end of the 1993 corn
season. In response to this condition, an aggressive management
plan to reduce nutrient outflow was implemented on half of the
experimental plots. This management plan involved raising the
level of controlled drainage to 30 cm below the soil surface on
September 14 1993 and keeping controlled drainage at that level
throughout the winter. The winter wheat crop was planted on
November 15 with no adjustments to the water control practices.
The management plan for the 1993-94 winter wheat crop was free
drainage for plots 1, 2, 3, and 8, and controlled drainage for

12
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plots 4, 5, 6, and 7. Plots 6 and 7 were put into subirrigation
at a level of 15 cm below ground surface on May 5, 1994.

Pesticide Application, Sampling, and Analysis - Metolachlor. The
pesticide portion of the project was designed to study the most
important herbicides and insecticides used in the production of
corn and soybeans on the blackland socils. We concentrated
efforts on metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N- (2-
methoxy-1-methylethyl)acetamide], a herbicide used on both corn
and soybeans in the blackland area, and on aldicarb (2-methyl-2-
(methylthio)propionaldehyde O-methylcarbamoyloxime) a systemic
insecticide, acaricide and nematicide for use in agriculture and
silviculture. Aldicarb is not normally used on these soils, but
was chosen because it is among the more mobile pesticides that
could be used.

On June 27, 1990, soybeans were drilled into wheat stubble on
plots 1 through 6; and metolachlor as the Dual 8E formulation
(EPA Reg. No. 100-597) was applied preemergence at a rate of 2.8
kg of active ingredient per ha (kg ai/ha). Glyphosate
[isopropylamine salt of N- (phosphonomethyl)glycine]l was applied
with the metolachlor at a rate of 1.12 kg ai/ha to control
emerged weeds in the wheat stubble. Metolachlor was not applied
to plots 7 and 8 in order to provide untreated water and soil for
quality control analyses.

Corn was planted on April 16, 1991, by conventional tillage
methods, and a herbicide formulation containing metolachlor and
atrazine [6-chloro-N-ethyl(l1-methylethyl)-1,3,5-triazine-2,4-
diamine], with the product name of Bicep, was applied as a
preemergence spray to plots 1 through 6 on April 18, 1991. Rates
of application were 2.8 and 2.2 kg ai/ha of metolachlor and
atrazine, respectively. Plots 7 and 8 received a preemergence
application of alachlor [2-chloro-N-(2,6-diethylphenyl)-N- (meth-
oxymethyl)acetamide] at a rate of 4.5 kg ai/ha. Plots 7 and 8
were, therefore, set aside for sampling as control for plots 1
through 6.

In 1992, Soybeans were planted over wheat and plots 1 through 7
were treated with metolachlor (Dual 8E) using a tractor-mounted
Hi-Boy Sprayer at an application rate of 3.4 kg a.i./ha. Plot 8
was treated with alachlor and was used as an untreated control.
To verify that the correct amount of metolachlor was applied to
the plots, 16 filter papers (934AH, 11 cm diam.) were placed in a
linear arrangement ca.l1.0 M apart. Analyses of these papers
confirmed the application rate.

In 1993, corn was planted on April 29 and 30. Two rates of
metolachlor, 3.4 and 6.8 kg a.i./ha were applied to three (plots
1, 2, and 3) and four (plots 4, 5, 6, and 7) plots, respectively,
and experimental plots 1 - 7 received atrazine at a concentration
of 1.7 kg a.i./ha. Plot 8 was treated with alachlor and was used
as an untreated control. Sampling protocols were identical to
1992 tests. Filter papers were placed on all plots and confirmed
the proper application rates of both herbicides.
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Concentrations of metolachlor were determined in soil samples
collected in the field plots, and water samples collected from
sampling wells and from the center drainage and surface runoff
tanks. Soil and water samples were analyzed using gas
chromatography. Details of sampling and analysis procedures are
given in the first report (Munster et al. 1994).

Pesticide Application, Sampling, and Analysis - Aldicarb.
Aldicarb was applied to a no-till soybean crop on experimental
plots 1, 2, and 3 at the time of planting (June 27, 1990). The
granular aldicarb was incorporated into the soil, 25 mm deep, in
0.48 m rows at a formulated rate of 6.1 kg/ha (0.92 kg/ha active
ingredient). Over a six month period, nine sampling rounds were
conducted starting on the day aldicarb was applied to the field.
A total of 106 soil samples and 545 water samples were obtained.
Included in the 545 water samples were 60 replicate samples that
were used for split sample analysis by an independent laboratory.
Since aldicarb had never been applied to the research site, no
background sampling was performed.

Water samples for aldicarb analysis were obtained from the well
nests, the drain outflow, the surface runoff collectors, the
outlet ditch and from two irrigation wells on the site. The well
nest piezometers were purged and sampled using polyethylene
bailers as described in Munster (1992).

Soil samples were obtained in 0.15 m increments in the
unsaturated zone to the depth of the water table using an 83 mm
diameter bucket auger (Kirkland 1989). Soil samples from four
random locations were sampled and compcsited within each
experimental plot. A 1000 g subsample for each increment was
taken from the composite samples. All soil samples were
refrigerated until the aldicarb extraction procedure as described
by Hudson (1990) was performed. The soil water extract was then
frozen until the analysis was performed.

Aldicarb concentrations were determined by a high pressure liquid
chromatography (HPLC) system with on-line post-column
derivatization/fluorescence (Hudson 1989). This HPLC system is
capable of simultaneously measuring the amount of aldicarb and
its breakdown products, sulfoxide and sulfone in a sample. All
aldicarb concentrations reported are the sum of aldicarb,
sulfoxide and sulfone concentrations.

Soil and Water Sampling and Nutrient Analysis Procedures. Water
quality samples were collected from the refrigerated carboys
receiving drainage water at least once a week or more frequently
if drain flow rates were high. Surface runoff samples were
collected from the refrigerated carboys as soon as possible after
a runoff event, usually within two days. Shallow ground water
and soil samples were collected every two weeks or one day after
a significant rainfall event (greater than 1.3 cm), whichever
occurred first. All soil, well water, surface and subsurface
drainage water samples were stored in freezers on-site,
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transported in coolers to the laboratory in Raleigh and stored at
4°C until analysis.

Soil samples were collected to quantify nitrate-nitrogen movement
in the vadose zone. A 1.9-cm dia, 30-cm long probe was used to
take 15 cm samples at 0-15 cm, 15-30 cm, 45-60 cm and 75-90 cm or
90-105 cm depths. Samples were taken at three locations (32, 62,
and 92 m from the equipment houses, Figure 1) within a 0.3-0.9 m
strip along the side of the center drain line. Soil samples were
composited in plastic bags and stored in refrigerators. Soil
nitrate-nitrogen was extracted using a 1M KCL solution. The
extracted solution and water samples were analyzed for nitrate-
nitrogen using the bacteroid method (Lowe and Hamilton, 1967).

Well and subsurface drainage samples were filtered through
Whatman no. 42 filter paper which gave a clear filtrate on which
NO,-N, NH,-N, PO,-P, and Cl were determined. The procedure of
Lowe and Hamilton (1967) was used for nitrate. Ammonium was
determined using the procedure of Smith (1980). Orthophosphate
was determined by the Murphy and Riley (1962) method. Chloride
was analyzed using a chloride titrator. Total Kjeldahl nitrogen
(TKN) was determined by digestion of an aliquot using H,SO,,
K,SO,, and CuSO, at 350°C for 6 hours after the solution cleared.
Total phosphorus was analyzed using the persulfate digestion
method in "Standard Methods for the Examination of Water and
Wastewater" followed by analysis using the procedure of Murphy
and Riley.

Surface runoff samples were centrifuged at 10,000 rpm, after
which NO,-N, NH,-N, PO,-P, and Cl were analyzed using the
procedures described above. An aliquot of stirred whole sample
was taken for digestion by the Kjeldahl procedure. After
digestion, the sample was brought to a volume of 100 ml and an
aliquot taken for determination of total P using the same
colorimetric procedure as PO,-P. Ammonium was distilled from
another aliquot, collected in boric acid and titrated to obtain
total Kjeldahl nitrogen in the runoff sample. Total suspended
solids were obtained using the procedure from "Standard Methods".

RESULTS AND DISCUSSION

Hydrology. Water management affected subsurface drainage
volumes, surface runoff volumes and water table elevation.
Conventional drainage resulted in the highest subsurface drainage
volumes and the lowest water table elevations when compared to
controlled drainage and subirrigation (Tables 2 and 3) . Since
the head in the drain was managed at the lowest level in
conventional drainage, subsurface drainage occurred for longest
periods of time. For example, drainage water was flowing from
the drains in the conventional drainage plot (plot 4) for nearly
the entire year in 1992 with the exception of a 45 day period in

April and May (Figure 7). In contrast, drainage water flow was
stopped for much of the time that plots 5 and 6 were in
controlled drainage and subirrigation (Figures 8 and 9). No

drain flow occurred from plots 5 and 6 between Mar 3 and Jun 1,
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Table 2.

Yearly cumulative rainfall,
surface runoff,
water table management practices.

subsurface drainage,
and irrigation volumes under various

1991

Rainfall

Subsurface Surface Irrigation
Drainage Runoff
(cm) (cm) (cm) (cm)
SI® & CD° 128 19.9 ND 6.4
CD 128 31.4 ND 0.0
FD* 128 33.8 ND 0.0
1992 Rainfall Subsurface Surface Irrigation
Drainage Runoff
(cm) (cm) (cm) (cm)
SI & CD 115 28.8 19.1 6.5
CD 115 33!4 10.8 0.0
FD 115 39.9 8.7 0.0
1993 *x* Rainfall Subsurface Surface Irrigation
Drainage Runoff
(cm) (cm) (cm) (cm)
ST & CD 72 22.5 10.4 8.4
CDh 72 27.9 6.9 0.0
FD 72 29.3 4.9 0.0

*

SI & CD in the table represents subirrigation and controlled

drainage. CD in the table represents controlled drainage.
Conventional drainage is represented by FD in the table.

** Data for 1993 are only from January 1 to September 14. The
water management strategies were changed on September 14 (see

Figure 6

ND -

Not determined
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Table 3. Cumulative rainfall, subsurface drainage, surface
runoff, and irrigation volumes under various water

table management practices for different growing

seasons.
1991 Rainfall Subsurface Surface Irrigation
Corn Drainage Runoff

(cm) (cm) (cm) (cm)
SI* & CD' 59.5 5.7 ND 6.4
CDh 59.5 10.2 ND 0.0
FD* 59.5 12.6 ND 0.0
1991-92 Rainfall Subsurface Surface Irrigation
Wheat Drainage Runoff

(cm) (cm) (cm) (cm)
SI & CD 49.2 7.7 0.0 2.8
CD 49.2 9.9 0.0 0.0
FD 49.2 11.0 0.0 0.0
1992 Rainfall Subsurface Surface Irrigation
Soybean Drainage Runoff

(cm) (cm) (cm) (cm)
SI & CD 51.5 7.6 19.1 3.6
CD 51.5 10.6 10.8 0.0
FD 51.5 19.6 8.7 0.0
1993 Rainfall Subsurface Surface Irrigation
Corn Drainage Runoff

(cm) (cm) (cm) (cm)
ST & CD 20.1 0.2 0.0 8.4
CD 20.1 0.4 0.0 0.0
FD 20.1 2.4 0.0 0.0
1993-94 Rainfall Subsurface Surface Irrigation
Wheat Drainage Runoff

(cm) (cm) (cm) (cm)
SI & CD 75.8 7.6 13.1 4.7
CD 75.8 15.3 9.9 0.0
FD 75.8 24.7 6.8 0.0

* SI & CD in the table represents subirrigation and controlled
drainage. CD in the table represents controlled drainage.
Conventiocnal drainage is represented by FD in the table.
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and drain flow only occurred for 10 days for the time between Jul
9 and Nov 5.

Controlled drainage reduced the subsurface drainage volumes for
each year and each growing season of the experiment. Yearly
reductions of subsurface drainage ranged from 5% to 16% (Table
2); however, the fields were not in controlled drainage for long

periods during the winters (Figures 7-9). Reductions of
subsurface drainage volumes during the growing seasons varied
greatly ranging from 10% to 84% (Table 3). This variation was

due to patterns of rainfall relative to time of control. For
example, only a 10% reduction occurred during the 1991-92 wheat
season since controlled drainage was used for only the last half
of the season when there were small amounts of rainfall to be
drained and the water table was near or below the elevation of
the drains (Figures 7-9). A 54% reduction occurred during the
1992 soybean growing season since controlled drainage was used
for most of the period and and higher rainfall amounts caused the
water table to fluctuate above and below the control elevation
(Figures 7-9). The 84% reduction occurred during the 1993 corn
season when controlled drainage began just after a wet spring and
before a very dry summer. The very dry summer of 1993 resulted
in very low water tables and total drained volumes less than 3 cm
for all treatments.

Reductions of subsurface drainage volumes for subirrigation were
greater than the reductions observed for controlled drainage.
This was due to the higher weir levels used for subirrigation.
Yearly reductions of subsurface drainage by subirrigation ranged

from 23% to 37% (Table 2). Reductions of subsurface drainage
volumes during the growing seasons varied greatly ranging from 30
to 92 % (Table 3). As for controlled drainage, the greatest

reduction occurred during the very dry 1993 corn growing season
and the lowest reduction occurred during the 1992 soybean season
when subirrigation was used for only part of the season.

Higher subsurface drainage rates observed in conventional
drainage resulted in lower water table elevations when compared
to controlled drainage (Figure 10). The water table elevations
during subirrgation were higher than for controlled drainage
since water was being pumped into the drain lines. Higher water
table elevations will likely increase evapotranspiration;
however, higher water table elevations will also increase surface

runoff. The surface runoff volumes for 1992 were: 8.7 cm for
conventional drainage, 10.8 cm for controlled drainage, and 19.1
cm for subirrigation (Table 2). Surface runoff volumes for 1993

were: 4.9 cm for conventional drainage, 6.9 cm for controlled
drainage, and 10.4 cm for subirrigation.

Controlled drainage reduced the total drainage volume (subsurface
drainage plus surface runoff) by 9% for 1992 and did not reduce
total drainage for 1993. The observation of no reduction for
1993 even though a 84% reduction was observed for the 1993 corn
season was not surprising since the very dry conditions during
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the controlled drainage period resulted in extremely low drainage
volumes. Note also that the 1993 data in Table 2 were only for
the first 9.5 months of the year. The experimental design for
water management changed for the last 2.5 months of 1993.

Subirrigation did not significantly change the total drainage
volume for 1992 or 1993 when compared to free drainage. Total
drainage volume for 1992 was more than that of controlled
drainage due to the addition of irrigation water to the system.
While more irrigation water was added to the subirrigation plots
in 1993, the very dry conditions during the corn growing season
caused nearly all of the added water to be removed by ET.

Crop Yields. Corn, soybean and wheat yields are summarized by
water management treatment in Table 4 for the period 1990 to
1994. Controlled drainage significantly increased corn yields at
the 5 percent level of significance (LSD = 475 kg/ha) compared to
free drainage in both 1991 and 1993. Subirrigation significantly
increased corn yields compared to both controlled and free
drainage treatments. Yields were significantly lower in 1993, a
dry year, than in 1991 on all three water management treatments
(LSD = 387 kg/ha).

Controlled drainage significantly increased soybean yields (LSD
= 162 kg/ha) compared to free drainage, but there was no
significant difference between subirrigation and either
controlled or free drainage. Wheat yields were not significantly

Table 4 Corn, wheat, and soybean yield as influenced by water
table management”.

Free Controlled
Crop Year Drainage Drainage Subirrigation
------------------ kg/ha --------------~--
Corn 1991 6513.5 6908.7 7426 .0
1993 3728.7 4512.7 5019.2
Mean® 5121.1 a 5710.6 b 6222.6 C
Wheat 1890 2815.0 2860.7 2539.2
1992 4934.2 4898.9 5172.5
1994" 4268.9 3185.3 3324.8
Mean 4244 .5 a 3805.8 a 3894.7 a
Soybean 1990 2563.7 3087.9 2306.4
1992 2859.4 3022.3 2923.2
Mean® 2760.8 a 3044.2 b 2917.6 ab

"Only one replication of each treatment received nitrogen
fertilizer. Fertilized plot yields were approximately 2 times
higher than unfertilized plots.

*Values are means of two replications with 2 subplot samples
measured for each replication.

*Means followed by the same letter are not significantly different
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Table 5. Yearly cumulative nitrogen loss through subsurface
drainage under various water table management
practices. * SI & CD in the table represents
subirrigation and controlled drainage. CD in the table
represents controlled drainage. Conventional drainage

is represented by FD in the table.

1991
Total N NO,~ NH,* TKN Organic
N
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)
SI" & CD" 16.2 13.8 0.4 2.4 2.0
CD 28.0 24.7 0.2 3.3 3.1
FD" 34.3 31.1 0.1 3.2 3.0
1992
Total N NO,~ NH,* TKN Organic
N
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)
SI & CD 5.8 2.7 0.8 3.1 2.3
CD 9.2 6.7 0.6 2.5 1.9
FD 10.9 8.3 0.4 2.7 2.2
1993
Total N NO,~ NH,* TKN grganic
(kg/ha) (kg/ha) (kg/ha) (kg/ha) (kg/ha)
ST & CD 5.1 2.4 0.7 2.7 2.0
CD 12.7 10.1 0.6 2.6 2.0
FD 14.9 12.3 0.3 2.6 2.2
subirrigation. This effect can best be determined by looking at

selected time periods

(less than a year but for several months)

when all water management treatments were being imposed in the
experiment.

The most interesting and important period showing effects of
water management on N losses in subsurface drainage occurred
during the winter and spring of 1993-94.

This period followed a
dry summer when corn yields were considerably below normal
4). Because of the low corn yields during 1993,
harvested in the crop was also below normal.

(Table
the amount of N
This low harvest of



Table 6. Effect of drainage control and fertilizer N on losses
of NO,-N in subsurface drainage during wheat growing
season of 1993-94 (From 9/14/93 to 6/18/94).

TREATMENT
Free Drainage Controlled Drainage
N Added' No N Added* N Added* No N Added*
N lost
(kg/ha) 47.3(C)° 33.6(F) 36.3(F) 27.8(C)
54.4(SI) 5.8(SI)
Averages

Free drainage - 45.1 Controlled Drainage - 23.3
Fertilizer N - 41.8 No sidedness N 30.4

* All plots received 21 kg N/ ha at planting (11/12/93)and plots
indicated by N added received 81 kg N as a sidedness
application (3/22/94).

* Letters refer to water management treatment on plot during the
previous corn crop. F is free drainage, C is controlled
drainage and SI is subirrigation and controlled drainage.

N by the crop meant that more N was potentially available for
loss through the drainage system during the winter. This worst
case situation with regard to N loss offered a best case
situation with regard to use of water and fertility management to
minimize N losses. Because of this opportunity, we changed our
management strategy for the field during the wheat growing season
of 1993-94. The treatments consisted of free and controlled
drainage and N and no N fertilizer added as a spring sidedress
application with two replications of each treatment. We had
measurement problems with drainage water on two treatments but
the results obtained on the six remaining plots were extremely
valuable for understanding the interaction of fertilizer and
water management on N losses to the environment.

The data in Table 6 show that the average reduction in NO,-N lost
for controlled drainage across all fertility treatments during
the wheat growing season was 23.3 kg/ha or a 48% reduction over
free drainage. The average reduction for no sidedress N
application was 11.4 kg N/ha for a 28% reduction compared to
plots receiving N sidedress. There were not sufficient plots to
sort out the interaction between water and N sidedress
application. However, it is apparent that controlled drainage
was much more effective in reducing N loss in the drainage water
than not applying N fertilizer. Also, there was a tremendous
difference between the two treatments in effects on wheat yield.
Controlled drainage had no measurable effect on wheat yields
compared to free drainage, but the plots receiving no sidedress N
yielded 56% less than fertilized plots. Thus controlled drainage
was more effective in reducing N loss and is a much more
attractive management option for the producer. Because of the
large reduction in yield on the plots not receiving sidedress N,
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this would be a management option only when the primary
consideration was reduction of entry of N into surface water with
potential profit from the crop being relatively unimportant.

The water management treatment imposed during the previous corn
crop also had an apparent effect on N lost during the wheat crop.
In both the controlled drainage and uncontrolled drainage
treatments during the wheat crop, the plot which lost the most N
was the one which had been in free drainage during the previous
corn crop. The plots which lost the least N during the wheat
season were those that had been in subirrigation and controlled
drainage for the previous corn crop. It is believed that this
difference is a result of the differences in amount of N
harvested in the corn crop, the effect of water management on the
amount of N mineralized and the level of N management. The
average N harvested in the corn crop in the free drainage,
controlled drainage and subirrigation-controlled drainage plots
were 61, 73 and 75 kg N per ha, respectively. Thus the free
drainage plots contained more residual N for leaching during the
growth of the following crop.

The water management treatments were also impcsed during the
growing seasons of 1991-93. These periods are not the most
important for controlling loss of N to surface waters because
losses during the growing season are generally small compared to
the winter. However the total average losses during the growing
seasons from the corn crop in 1991 through the corn crop in 1993
was 18.3, 12.6 and 6.3 kg NO,;-N per ha for the free drainage,
controlled drainage and subirrigation treatments, respectively.
Thus the reduction for controlled drainage during this period was
31% while subirrigation reduced the losses by 66%.

Nitrogen in groundwater. The presence of excessive nitrate (>
10mg/L of NO,-N) in groundwater is a problem in most of the world
where grain crops are grown. We obviously have nitrate moving to
shallow groundwater in our experimental field because it moves
into surface waters via the subsurface drainage system. One of
the objectives of our research program has been to determine the
effect of water management on concentration of mineral N (usually
NO,-N) at various depths in the soil profile. This concentration
is influenced by several factors including fertilization,
mineralization and denitrification. The amount of fertilizer N
added is known, and one M.S. thesis (Kimmelshue, 1992) has been
completed on the effect of water management on mineralization and
another M.S. thesis (Kliewer, 1994) on the effect of water
management on denitrification. These studies are very valuable
for prediction of the concentrations of NO,-N in shallow
groundwater. The abstracts of these studies are included in
Appendix 2 of this report.

Although NO,-N certainly moves into the shallow groundwater at
this site, there is essentially no nitrate which moves to deeper
ground water. Figures 11-13 show NO,-N concentration in the soil
before and after fertilization of the corn crop in 1993. These
data show that regardless of the water management treatment,
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nitrate concentrations decrease with depth in the soil profile.
Figures 14-16 show NO,-N concentrations in shallow groundwater
wells during the 1991 corn growing season. These data show that
concentrations are variable above the 1.2 m depth but all nitrate
has been lost from the percolating water by the time it reaches
the 1.8 m depth. All previous information and the data in
Kliewer’s thesis indicate that the reduction in concentration is
a result of denitrification. Because of the reduced conditions
present in the groundwater below a depth of 1-2 m, there is
essentially no possibility of nitrate contamination of deeper
groundwater below naturally poorly drained soils similar to those
on this experimental field.

Metolachlor in the groundwater and drainage water. Soil samples
collected from the field and water samples collected from shallow
groundwater wells and from surface and subsurface drainage water
were analyzed from 1990 to 1993. The results for the first two
years of the study are reported in the first report of this
series. The results for 1992 and 1993 are reported below.

Soil samples were collected prior to spraying and at 0, 7, 14,
28, 56 and 112 days after application in 1992. Initial samples
were collected at two depths, 0 to 15.2 and 15.2 to 30.5 cm by
taking 20, 2.5 cm diam. cores. The average background of
metolachlor was 0.07 ppm. For the remaining sampling data only
the 0 to 15.2 cm. depth were analyzed. Average soil
concentrations at 0, 7, 14, 28, 56 and 112 days after application
were 1.56, 1.43, 1.42, 0.74, 0.48 and 0.30 ppm, respectively at a
low detectable level of 0.01 ppm. Six surface water samples were
to be collected 24 to 30 h after rainfalls of 2.5 cm or greater.
The 1992 season was particularly dry and only 4 collections were
made, 21, 30, 46 and 50 days after application. Residue levels
of metolachlor in the first two sampling periods ranged from
<0.01 to 0.27 ppb. All of the third and fourth samples had
residues less than the low detectable level of 0.01 ppb.

Residues of metolachlor were detected in most tile drainage
samples from the first three weekly samplings after applications
and averaged 0.11, 0.06 and 0.01 ppb, respectively. There was
neither field irrigation nor significant rainfall during this
time period.

Well water samples were taken every 14 days after application or
within two days following a significant rainfall. The first two
samples from well depths of 61 to 579 cm generally found
metolachlor at concentrations ranging from 0.01 to 0.12 ppb. No
residue level > 0.01 ppb was found in any subsequent sampling.

Soils collected prior to application in 1993 contained average

residue levels of atrazine of 0.43 and 0.29 ppm at soil depths of
0 to 15.2 and 15.2 to 30.5 cm, respectively. Concentrations of
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metolachlor from the same sample depths averaged 1.44 and 1.08
ppm, respectively. Average concentrations of atrazine in soils
sampled at 7, 14, 28, 56 and 112 days after application were
1.21, 1.12, 1.10, 0.64 and 0.45 ppm, respectively. Plots
receiving the 3.4 kg/ha a.i. rate of metolachlor averaged 8.07,
4.10, 4.59, 4.15 and 1.21 ppm at 7, 14, 28, 56, and 112 days,
respectively, where residue levels from plots receiving 6.8 kg/ha
a.i. were 7.94, 5.92, 4.40, 3.35 and 1.11 ppm. Although the
filter paper indicated that twice as much metolachlor was applied
to 4 of 7 plots, the data do not show twice the residue level.

We have no good explanation for this as residue levels among
replications were consistent. Due to a dry season, surface run
off samples were collected only once. This sampling occurred at
ca. 42 days after application when greater than 2.5 cm of rain
were recorded. The atrazine and metolachlor residue levels, if
present, were below the detection limit of 0.01 ppb from all
plots.

Residues of atrazine and metolachlor were detected in the
drainage samples from the first three weekly collections after
application. Average concentration of atrazine were 0.16, 0.01
and 0.02 ppb, respectively. Samples from plots receiving
metolachlor at 3.4 kg/ha a.i. averaged 0.16, 0.02 and 0.09 ppm at
1, 2 and 3 weeks after application, respectively. Average levels
of metolachlor from plots receiving 6.8 kg/ha averaged 0.32, 0.31
and 0.31 ppm 1, 2 and 3 weeks after application, respectively.

Because of the dry season measurable levels of atrazine and
metolachlor were found in well water only in the first three
collections, 1, 2 and 4 weeks after application. Residue levels
of atrazine from all well depths averaged 0.31 ppb and ranged
from 0.01 to 1.09 ppb. Highest levels were found in the 122-,
183-, 244- and 305-cm deep wells. No residue level of atrazine
was found above the detectable level of 0.01 ppb in the 457- and
579-cm deep wells. Concentration of metolachlor from all plots
ranged from 0.01 to 1.87 ppb and averaged 0.42 ppb. Highest
levels were found in the 122-, 183- and 244- cm deep wells, and
although only levels of 0.01 ppb were found in the 457- and 579-
cm deep wells at 1 and 4 wk. after application, measureable
levels averaged 0.74 and 0.39 ppb in samples collected from these
wells at 2 wks.

In general, residue levels of metolachlor, applied at 3.4 kg/ha
a.i. were higher in both soil and water samples collected in
1993. It is possible that the cover crop of corn had some effect
on herbicide movement compared to soybeans planted in 19%2. 1In
addition, the organic matter content difference between wheat and
soybean stubble might have influenced movement into water and
soil residue levels.

Aldicarb in the groundwater and drainage water. Aldicarb
dissipated from the soil in all three treatments by 61 days after
application. Most of the aldicarb detected in the soil was found
at depths between 0.00 to 0.15 m. Aldicarb was detected in the
soil at a maximum depth of 0.46 m.

38



In each treatment, the aldicarb concentrations in well water at
the midpoint between the drains were consistently higher than in
well water near the drain. For the subirrigation plot, this is
due to a combination of dilution due to subirrigation water and
aldicarb transport from near the drain with tile outflow when
there was drainage. For the controlled drainage and conventional
drainage plots, aldicarb transport in the vicinity of the drain
with tile outflow is the sole cause. Aldicarb was not
consistently detected in the well water samples past 61 days
after application.

The conventional drainage plot produced the largest volume of
drain outflow with the highest aldicarb concentrations. This
combination resulted in conventional drainage having the highest
percentage of aldicarb lost from tile outflow (0.02% of applied),
followed by controlled drainage (0.01% of applied), and then
subirrigation (0.001% of applied). However, the amount of
aldicarb lost through the subsurface drains for all three
management modes is extremely small. Aldicarb was not detected
in the tile outflow after Julian day 225, 47 days after
application.

Aldicarb concentrations in the surface runoff were similar in all
three plots. However the volume of surface runoff was highest for
the subirrigation plot and lowest for the conventional drainage
plot. The subirrigation plot maintained the highest water table
while the conventional drainage plot had the lowest water table.
Therefore, the soil profile in subirrigation had the least amount
of storage for infiltration and the soil profile in conventional
drainage had the most storage. Accordingly, more aldicarb was
lost in the subirrigation mode (0.06% of applied)than in the
controlled drainage (0.04% of applied) or conventional drainage
(0.02% of applied) modes. Although the amount of aldicarb lost
through surface runoff was higher than tile outflow, the total
percentage of aldicarb lost through surface runoff is extremely
low. Aldicarb was not detected in the surface runoff after Julian
day 239, 61 days after application.

Aldicarb degraded quickly in each plot. Calculations based on a
mass balance for aldicarb resulted in an estimated half life of
11.5 days. The information summarized above is given in more
detail in the Section 5 of this report.
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DRAINMOD-N, A NITROGEN MODEL FOR
ARTIFICIALLY DRAINED SOILS: DEVELOPMENT *
The movement of agricultural chemicals in soils is a major public
concern because of potential contamination of surface and ground
water. Pollutant outflows from shallow water table soils with
improved drainage are increasingly perceived as a major
contributor to the degradation of surface waters (Gilliam and
Skaggs, 1986; Gilliam, 1987; Hubbard et al., 1991; Evans et al.,

1992; Thomas et al., 1992). However, extensive research has
shown that the water quality effects of improved drainage are
complex and cannot be stated clearly (Skaggs et al., 1994). They

can be positive or negative, depending on factors such as
conditions prior to drainage improvements, design and management
of drainage systems, cultural practices, soil type, solute type,
and climate (Skaggs et al., 1994).

Computer simulation models are useful to evaluate the effects of
agricultural practices on the movement and fate of nutrients and
pesticides. Although many simulation models are available, only
a few adequately incorporate the effects of improved drainage on
pollutant transport and fate. Coupling DRAINMOD (Skaggs, 1978),
a model that simulates the hydrology of shallow water table
.soils, with CREAMS (Knisel, 1980) or GLEAMS (Leonard et al.,
1987), two water quality models, is a common approach used to
consider the effects of artificial drainage on water quality
(Skaggs et al., 1982; Parsons and Skaggs, 1988; Parsons et al.,
1989; Chung et al., 1991, 1992; Saleh, 1992; Singh et al., 1992;
Wright et al., 1992).

An alternative approach is developed in this paper. Algorithms
to compute the movement and fate of solutes were added to
DRAINMOD. They make use of recent modifications in DRAINMOD to
compute soil-water fluxes (Skaggs et al., 1991) and are most
applicable for mobile constituents such as nitrogen. The
objective of this paper is to describe DRAINMOD-N, a quasi two-
dimensional model that simulates the movement and fate of
nitrogen in shallow water table soils with artificial drainage;
model predictions are compared to those of a more complex, two-
dimensional nitrogen model.

MODEL DESCRIPTION

DRAINMOD-N was developed to simulate a simplified version of the
nitrogen cycle. Nitrate-nitrogen is the main N pool considered.

*

The following chapters on DRAINMOD-N were taken (with minor
editing) from the Ph.D. dissertation by M.A. Brevé entitled
"Modeling the movement and fate of nitrogen in artificially
drained soils". The work was directed by R. W. Skaggs and J. E.
Parsons. J. W. Gilliam assisted in developing methods to
describe chemical reactions and transformations and the analysis
of water quality data. G. M. Chescheir, R. 0. Evans, and A. T.
Mohammad assisted with collection and analysis of the field data.
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Figure 17. Nitrogen cycle considered in DRAINMOD-N.

The ammonium-nitrogen pool is ignored because in most soils
ammonium nitrifies quickly or stays fixed to the soil; thus
ammonium losses in subsurface drainage can be neglected. The
controlling processes considered by the model are rainfall
deposition, fertilizer dissolution, net mineralization of organic

nitrogen, denitrification, plant uptake, and runoff and drainage
losses (Fig. 17).

The nitrogen cycle shown in Figure 17 can be represented by the
advective-dispersive-reactive (ADR) equation:

a(ec)
dt

_ 0 _
-EE(BDE 3z + T

(1)

where C is the NO,-N concentration [M L?], 6 is the volumetric
water content [L® L3], g is the vertical water flux [L T*], D is
the coefficient of hydrodynamic dispersion [L? T], T is a
source/sink term [M L3 T!], used to represent additional pro-
cesses (plant uptake, transformations, etc.), z is the coordinate
direction along the flow path [L], and t is the time [T].

The coefficient of hydrodynamic dispersion is defined as follows:

D= A[-gl + D"

(2)
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where A is dispersivity [L], 7 is a dimensionless tortuosity
factor, and D' is the molecular diffusion coefficient [L? M™]
Assuming z is positive in the downward direction and water flows
downward in the soil profile, Equation 1 may be approximated as
follows:

o, Ch - cf o, Cl-ct
cia L GO 6l.Dit (1) - elpft ()
eé-&l AZ e§+1
(gitciy - giici) At , TAt
8i"Az gl

(3)

where 1 and 1+1 indicate the previous and new time steps,
respectively, 1 corresponds to the layer where the concentration
is being estimated, and Az and At are the space and time
discretizations, respectively.

As the name implies, DRAINMOD-N is based on the water balance
calculations of DRAINMOD. It uses modifications described by
Skaggs et al. (1991) to determine average daily soil water fluxes
and water contents by breaking the profile into increments and
conducting a water balance for each increment. In the saturated
zone, vertical fluxes are linearly decreased from Hoodghout'’s
drainage flux at the depth of the water table to zero at the
impermeable layer depth. In addition, a water content profile is
generated using soil-water characteristic data, based on the
assumption that hydrostatic conditions are prevalent in the
profile at the end of the day. This approach for computing
fluxes and water contents proved to be reliable for shallow water
table soils as indicated by comparisons with numerical solutions
to the Richards equation for saturated and unsaturated flow
(Skaggs et al., 1991; Kandil et al., 1992; Karvonen and Skaggs,
1993). Since DRAINMOD fluxes may be computed at midpoint between
the drains or as the average vertical flux in the zone between
drains, depending on the drainage algorithm used, the predicted
solute concentrations correspond to the same location.

An additional term is added to Equation 3 for the saturated zone
to represent lateral mass flow. Equation 3 then becomes:

1 1 1 1
Civp - Cj Ci - Cy
1 1+1 i+1 i 11+1 1 i-1
1l 0;.,Dj.; (————=) - 0;D; _
S I VRt

I+1 1+1
ei Az 0;

1+1 _
i =

141 41 1+ .
(giciy - givici - a.t icf) At , At

1+1
0:i"'Az 93t

(4)

where qg,, the difference between the vertical fluxes entering and
leaving the corresponding layer, is the lateral flux going to the
drain [L T']. Total nitrate-nitrogen losses in subsurface
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drainage are estimated by adding up the lateral transport from
each layer in the saturated zone. An average concentration in
drainage water is approximated by dividing the predicted total
lateral mass transport by the predicted drainage rate.

The solution for upward flow is similar to Eg. 4, except that the
product of g;’*'C;.,! becomes g;*!C;! and gq;,,!*’C;! becomes gq;,,***C;.,?.

In addition, the g, term vanishes, unless water is flowing from
the drains into the soil profile as it sometimes happens for
controlled drainage or subirrigation. In that case, the model
assumes water flows proportionally into each layer in the

saturated zone, with a corresponding concentration.

DRAINMOD-N uses functional relationships to quantify processes
other than NO,-N transport, as follows:
r=r,_ +rI,, +I_,-T

dep fer mnl rnf Pupt - 1-‘den

(5)

where T, stands for rainfall deposition [M L™* T™'], T, for
fertilizer dissolution [M L3 T'], I,, for net mineralization [M
L? T?*], I, for loss in surface runoff [M L* T'], r,, for plant
uptake [M L3 T'], and Iy, for denitrification [M L3 T7].

Fertilizer dissolution is quantified by a zero-order function:

Af
Pfer = Kfer 'f:
Keep = 1 day™ for 6 2 64,

Keop = 0 day™ for 6 <6

fer

(6)

where K,, is the dissolution constant [T?], 6., is a threshold
soil-water content [L® L®] below which fertilizer dissolution
will not occur [L® L%), D, is the depth at which the fertilizer
is incorporated [L], and A, is the amount of fertilizer present

in D, [M L?]. Fertilizer dissolution is controlled by the water
content (i.e., fertilizer will dissolve into the soil solution
only if the water content is greater than a given value). The

threshold water content, 6,,, is fixed to a value equivalent to
wilting point plus a fraction (0.25) of the difference between
saturation and wilting point.

Net mineralization is also represented by a zero-order term:

anl = Kmnl fnmle ftemp p On
(7)

where K, ; is the net mineralization rate coefficient [T], fmnI,
and ftemp are dimensionless soil-water content and temperature
adjustment factors, as defined ahead, p is the soil bulk density
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[M L], and O, is the concentration of organic nitrogen [M M1].
Since net mineralization is the net effect of mineralization and
ammonium and nitrate immobilization, the rate coefficients for
net mineralization are similar to those of mineralization.
Values for K, range from 0.00003 to 0.008 4% in the literature
(Davidson et al., 1978; Johnsson et al., 1987; Schepers and
Mosier, 1991).

The effect of soil type on net mineralization is also reflected
in the O, term, as it represents the amount of organic nitrogen
in the soil. O, is estimated using the following expression by
Davidson et al. (1978):

0, =0, lexp(-az)]

(8)

where On,, is the maximum organic nitrogen concentration in the
top layer, kept constant in the simulation, and a is an empirical
constant (0.02-0.05). The choice of a is based on a best-fit
relationship between observed organic nitrogen concentrations in
the soil profile and Equation 8.

Denitrification is approximated by a first-order equation, as
follows:

r
T

1 ~1
den = Kaen fdena ftemp i Ci for8 2 eden

0 for6<o

den den

(9)

where K,, is the denitrification rate coefficient [T!], 6,, is a
threshold water content below which denitrification will not
occur [L? L], and fden, and ftemp are dimensionless soil-water
content and temperature adjustment factors, as defined ahead.
Values for K,., range from 0.004 to 1.08 4! in the literature

den

(Davidson et al., 1978; Johnsson et al., 1987).
Plant uptake is represented by a relationship similar to that
presented by Shaffer et al. (1991):

T _ Yld 8N Aft
upt
Rz

(10)

where Yld is the actual crop yield [M L?], %N is the percentage
of nitrogen present in the crop yield, Rz is the effective
rooting depth [L], and Aft is a fractional N-uptake demand [T],
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Figure 18. Nitrogen uptake demand versus growing season

(Adapted from Shaffer et al., 1991).

given by an N-uptake versus growing season curve presented by
Shaffer et al. (1991) and shown in Figure 18.

Runoff loss is quantified with methods similar to those used in
CREAMS (Knisel, 1980):

C
1+
I-‘rnf = QIIJ;—Z{%{

- (Cf B Crain) [1 - exp (-Kz qz"zx;;) ]
Conr = To1 + Crain

_ Kz drnf

Cf = (Cll - Crain) eXp(-Klfl*l) + Crain

K K
Kl - ext, ) K2 - ext,

esax: esat:

(11)

where C,., is the mean NO,-N concentration in runoff [M L3], qg.f
and f are the runoff and infiltration rates [L T%],

respectively, C,,;, and C, are the NO,-N concentrations in the rain
and surface layer [M L73], Kext, and Kext, are the extraction
coefficients for infiltration and runoff, and 6., is the soil-
watexr content at saturation (porosity).
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Rainfall deposition to the surface layer is estimated as follows:
T = £ Crain
dep Az

(12)

where all terms are as defined previously.

In the case of legumes, DRAINMOD-N uses a simple method to
account for nitrogen fixation. If the crop NO,-demand is greater
than the NO,-N available in the soil, the model assumes that the
difference is fixed and supplied by the legume (Knisel, 1993).

Soil water content and temperature adjustment factors are used to
account for the effect of aerobic or anaerobic conditions and
temperature on the different reaction rates. The functional
relationships presented by Johnsson et al. (1987) for
denitrification and mineralization are adopted in DRAINMOD-N.

The soil-water content coefficient for denitrification is defined
as follows:

6 -0
Loong = [g——a 212
esaz: - eden
(13)
where all terms are as defined previously.
For net mineralization, the soil-water content factor is:
0 -0
fmnle =0.6 +0.4 [%]2 ehighse<esac
sat high
ﬁm% =1.0 GmWs6<@um
6 -0
— 2
fmnle - [Blow — Bpwp] Bwpsﬁ<610w
(14)

where 6,;, and 6,, are threshold soil-water contents defining the
optimum range for mineralization.

The temperature coefficient, for both denitrification and net
mineralization, is also based on a relationship given by Johnsson
et al. (1987):

T-t,

[ 10

ftemp = 0o

]

(15)

where Q,, is the rate of change associated with a 10°C change in
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soil temperature, t, is the base temperature at which f.,, is
unity [°C], and T is the soil temperature [°C]. Soil temperature
can be estimated based on observed soil or air temperature by
fitting the following equation, similar to the one presented by
Rijtema and Kroes (1991):

T =T, - Ajexp (-2 ) cos [ZX (¢; - ¢) _EZ_]

Z
D, 365

(16)

where T, is the average yearly surface (or air) temperature [°C],
A, is the amplitude of the temperature wave [°C], D, is the wave
damping depth [L], ¢ is the phase shift [T], t; is Julian date,
and the other terms are as previously defined. The value for A4,
can be computed as the difference between the highest and lowest
average monthly surface or air temperatures divided by two and ¢
can be taken as 16 d. Field data has shown that common values
for D, in North Carolina are within 2 m.

Because the overall algorithm used in DRAINMOD-N is an explicit
solution to the ADR equation, limitations to the time and space
discretizations are necessary in some cases, especially to
minimize numerical dispersion and conserve mass. DRAINMOD-N has
an internal mechanism which adjusts the time step based on the
Courant number [Cr=q Az/(6 At)]. When limited or no rainfall/ET
occurs, a time step of 0.5 d is selected. 1If substantial
rainfall/ET occurs, the time step is computed based on a Cr
number of 1.0. A global mass balance is performed at the end of
each time step. If a mass balance error criterion is not met,
the time step is reduced by half. However, the smallest time
step is limited to 0.025 d, to prevent run times from being
excessive. In most cases, a 5-cm space discretization is
sufficient to meet the numerical criteria. If the error
criterion is not met for dz=5 cm and dt=0.025 d, a small mass
balance error may result. When this occurs the concentrations
are adjusted at the end of day to satisfy conservation of mass
requirements on a daily basis. Daily outputs include NO,-N
concentrations in the soil solution, drainage water and runoff
water, total nitrate-nitrogen amounts in the soil solution, and
cumulative rates for rainfall deposition, fertilizer dissolution,
plant uptake, net mineralization, denitrification, and drainage
and runoff losses.

MODEL COMPARISON

Procedure. One method of verifying DRAINMOD-N, which is a quasi
two-dimensional, management model, is to compare it to a more
complex, two-dimensional, model. Such comparisons are especially
valuable when simulating water flow and solute transport in soils
with drainage systems where lateral flow is significant in the
saturated zone. The United States Geological Survey (USGS)
developed the 2-D, numerical model VS2DT to handle water flow and
solute transport in variably saturated soils (Healy, 1990). The
water flow model is based on a finite difference solution to the
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Richards equation. A modified version, VS2DNT, was presented by
Harmsen et al. (1991) to simulate the movement and fate of
ammonium-nitrogen and nitrate-nitrogen in artificially drained
soils. VS2DNT also uses finite differences to sequentially solve
the ADR eqguation (first for NH,-N, then for NO,-N). The
controlling processes in VS2DNT include mineralization
(ammonification), immobilization, nitrification, adsorption,
fertilizer dissolution, plant uptake, and drainage losses for
NH,-N, and immobilization, adsorption, nitrification,
denitrification, fertilizer dissolution, plant uptake, and
drainage losses for NO,;-N.

Simulations were conducted with DRAINMOD-N and VS2DNT for
identical inputs characterizing a Lumbee sandy loam typical of
eastern North Carolina. Simulations were conducted for corn
production over a 250-day wet period (1989) of climatological
record at Plymouth, NC. The field was assumed to have a
depressional storage of 0.5 cm. A subsurface drainage system
consisting of parallel, 10-cm diameter corrugated plastic drains
was used in the simulations. Two drain spacings, 15 and 30 m,
and two drain depths, 75 and 100 cm, were simulated. Detailed
inputs of the soil properties, drainage system parameters, corn
production practices, and nitrogen transport and transformation
variables are listed in Table 7. The nitrogen reaction rates
were assumed based on values reported in the literature (Johnsson
et al., 1987; Schepers and Mosier, 1991).

Because VS2DNT does not consider the effect of temperature on the
reaction rates, the DRAINMOD-N simulations were performed without
adjustments for temperature. Other inputs specific to VS2DNT are
a value of 0.07 for the immobilization rate and 100 cm for the
longitudinal dispersivity. In addition, inputs to VS2DNT were
also manipulated to simulate the fertilization and adsorption
processes accordingly. Fertilizers were applied in nitrate form
only and adsorption was assumed linear for NH, and non-occurring
for NO,.

Daily results based on the standard DRAINMOD for water flow and
on DRAINMOD-N for nitrogen movement and fate were compared to
those generated with VS2DNT using two statistical parameters: the
standard (root mean square) error and average absolute deviation
(mean absolute residual). These two parameters are defined as
follows (Workman and Skaggs, 1989):

S = J Z (szz B YDMOD)2

n

o = Z |Yv52 B YDMOD[
o)

(17)
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Table 7 Summary of inputs to DRAINMOD-N and VS2DNT simulations.

1. Soil Properties: Lumbee Sandy Loam
O (cm® cm?) 0.34
bp (cm® cm™) 0.12
Bulk Density (g cm™) 1.1
Organic-N in top soil (ug g™*) 3300
Lateral Sat. Hyd. Cond. (m d-}) 0.24 (0-100 cm)
0.72 (100-170 cm)
2. Drainage System Parameters:
Drain Depth (m) 0.75 and 1.0
Drain Spacing (m) 15 and 30
Depth to Impermeable Layer (m) 1.7
Effective Drain Radius (cm) 1.5
Surface Storage (cm) 0.5
3. Corn Production Parameters:
Desired Planting Date April 15
Length of Growing Season (d) 130
Max. Effective Root Depth (cm) 40
N-Fertilizer Input (kg ha™?) 150
Date Fertilizer Application April 15
Depth Fertilizer Incorporated (cm) 10
4., Nitrogen Movement and Fate Parameters:
Longitudinal Dispersivity (cm) 100
Transverse Dispersivity (cm) 20
Ko (A7) 5.0E-05
Kden (d-l) 0.25
Ky (d7) 3.0
Kimm (d_l) . 0.07
Potential Yield (kg ha™) 10000
N Content of Plant (%) 1.55
NO;-N Concentration of Rain (mg L) 0.8

where s is the standard error, a is the average absolute
deviation, Yy, and Y,,, are daily values of variables predicted
by VS2DNT and DRAINMOD-N, respectively, and n is the number of
days in the simulation period.

Results and Discussion. Hydrologic results (rainfall, mid-point
water table depth, and cumulative drainage and runoff) are shown
in Figures 19-22 for the different drain depth and spacing
combinations. These results show good agreement between the
water table (WT) depths simulated by DRAINMOD and VS2DNT (Fig.
19-22). This is also reflected by the statistical parameters
presented in Table 8.

Water table results indicate that, on the average, DRAINMOD
predictions for any day are within 9-15 cm of those predicted by
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Table 8. Summary of standard errors of estimate (s) and average
absolute deviation (o) for hydrologic results simulated
by DRAINMOD and VS2DNT.

15-m Spacing 30-m Spacing
Hydrologic s o s o
Variable (cm) (cm) (cm) (cm)
0.75 m Drain Depth
Daily Water Table Depth 15.2 12.1 13.1 9.8
Adjusted Daily Water Table Depth 11.6 9.5 8.2 6.4
Daily Drainage 0.2 0.1 0.1 0.1
Daily Cumulative Drainage 1.5 1.3 0.8 0.7
Daily Runoff 0.0 0.0 0.6 0.1
Daily Cumulative Runoff 0.4 0.3 0.5 0.2
1.0 m Drain Depth
Daily Water Table Depth 11.5 8.8 9.5 6.5
Adjusted Daily Water Table Depth 11.1 7.0 11.7 6.5
Daily Drainage 0.2 0.1 0.1 0.1
Daily Cumulative Drainage 2.0 1.5 1.9 1.6
Daily Runoff 0.0 0.0 0.1 0.0
Daily Cumulative Runoff 0.3 0.2 0.4 0.3
VS2DNT for the 15-m spacing (Table 8). The agreement in the

predictions is better for the 30-m spacing (DRAINMOD values are
within 7-13 cm of those simulated with VS2DNT). WT predictions
by DRAINMOD are within 10-15 and 7-12 cm for the 0.75 and 1.0 m
drain depths, respectively. The largest differences in WT
predictions between the models occurred after major rainfall
events (Fig. 19-22). 1In these situations, VS2DNT predicts
greater water table rises than DRAINMOD. Results for predicted
water tables also indicate DRAINMOD responded faster to rainfall
events, as reflected by the lagging in WT peaks observed between
the two curves. These differences may be explained by the method
each model uses to handle rainfall events. VS2DNT assumes daily
rainfall is distributed linearly throughout the day while
DRAINMOD uses hourly rainfall inputs. This may become an
important limitation for VS2DNT when intense events occur over a
relative short period of time. Differences between the models
may also be attributed to the underlying assumptions of each
model. DRAINMOD assumes that the profile is drained to
equilibrium with the water table for some distance above the
water table. VS2DNT is based on a numerical solution to the
Richards’ equation. Drained-to-equilibrium assumptions imply
equilibrium is obtained instantaneously after a rainfall event
which may not be the case in the surface layers where solutions
to the Richards’ eqguaticn predict the development of a wetting
front, especially for low conductivity soils (Workman and Skaggs,
1989) .
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Except for the peak water table elevations, the differences
between water table depths are primarily due to the lag between
the predicted curves. The instantaneous drained-to-equilibrium
assumption in DRAINMOD causes the predicted water table to rise
and fall earlier than predicted solutions to the Richards’
equation. Correcting for a one-day lag between DRAINMOD and
VS2DNT, the water table depth predictions of DRAINMOD are, on the
average, within 12 cm of those of VS2DNT for the 15-m spacing,
and within 12 cm for the 30-m spacing. This is indicated by the
statistical parameters shown in Table 8 for the adjusted daily
water table depth analysis.

Results for the rates of subsurface drainage and runoff (Figures
19-22 and Table 8) show that there is also good agreement between
values simulated by the two models. While Figures 19-22 show that
there is a better agreement in the daily runoff results for the
30-m than for the 15-m spacing, the standard error (s) and
average absolute deviation (a) values are greater for the 30-m
spacing. This is attributed to the observed lagging in the water
table curves which is more substantial for the 30-m spacing, as
reflected by the DRAINMOD predictions of some runoff events one
day before they are simulated by VS2DNT (Fig. 20 and 22). As
previously stated, these differences can be explained by the
rainfall inputs and the underlying assumptions of each model.

Simulated results for NO,-N losses in drainage and concentrations
in the soil profile are shown in Figures 23-30. Figures 23-26
display mid-point nitrate-nitrogen concentrations in the soil
solution at three depths for all drain depth and spacing
combinations. Figures 27-30 show predicted cumulative NO,-N
losses in drainage. While the concentration profiles simulated
by the models display somewhat similar trends (Fig. 23-26), there
is a lag between the curves. The graphical results also indicate
that the lag increases with depth. The concentration lag may be
partially explained by differences (in magnitude and lag) in
water table depth (Fig. 19-22). Simulated results show that in
general DRAINMOD-N tends to overestimate NO,-N concentrations
predicted by VS2DNT, especially in the top 60 cm. Statistical
analyses indicate that the concentration differences range from
0.3 to 3.8 ug gt for the 15-m spacing and from 0.1 to 2.6 ug gt
for the 30-m spacing (Table 9). Similarly, differences in
predicted concentrations between the models range from 0.1-2.6
and 0.4-3.8 ug g* for the 0.75 and 1.0 m drain depths,
respectively. The differences in concentration decrease
substantially if an adjustment is made to take into account the
lag between the concentration profiles.

NO,-N losses in drainage predicted by DRAINMOD-N and VS2DNT are
shown in Figures 27-30 and Tables 9-10. Simulated results show
that VS2DNT predicted a more substantial drainage loss than
DRAINMOD-N for the rainfall events occurring between days 104-106
and 199-201 (Fig. 29-30). Statistical results listed in Table 9
indicate that DRAINMOD-N predictions for cumulative nitrate-
nitrogen loss in drainage water are between 1.7-2.5 and 1.0-2.9

56



-
N

-
o
L

Nitrate-Nitrogen Concentration (ug/g)
o oo
L 1

‘ -
2
° v v T T
0 50 100 150 200 250
Julian Day
12

60 cm

pry
o
|

F S
1

N
|

Nitrate-Nitrogen Concentration (ug/g)
(-] o

o

8
3

-y
o
1

(-]
1

Nitrate-Nitrogen Concentration (ug/g)
(]
1

Figure 23 Simulated nitrate-nitrogen concentration in soil (ng/g)
at three depths (30, 60 and 90 cm) for a 0.75-m drain
depth and 15-m spacing.

57



-
N

-
o

1

F S

N

Nitrate-Nitrogen Concentration (ug/p)
o o

[~}

-
N

-
o

Nitrate-Nitrogen Concentration (ug/g)
o [- )

-
N

Y
o
1

F S
1

Nitrate-Nitrogen Concentration (ug/g)
N o o
A 1 1

1

1

|

-— VS2ONT

= DRAINMOD-N

Julian Day

250

1

1

—— VS2DNT

60 cm

Julian Day

o

Figure 24 Simulated nitrate-nitrogen concentration in soil

T B

200 250

50 100 150
Julian Day

(ng/9)
at three depths (30, 60 and 90 cm) for a 0.75-m drain

depth and 30-m spacing.

58



- -
N »n
1

-
o
i

Nitrate-Nitrogen Concentration (ug/g)
(-]

—— VSONT

30cm

250

e -

4

2 -

o L] AJ T T

0 50 100 150 200
Julian Day
14
60cm
—— VS2DNT e DRAINMOD-N

-
N
1

oy
o
1

Nitrate-Nitrogen Concentration (ug/g)
oo
1

Julian Day

- -
N LS
1

-
o
1

Nitrate-Nitrogen Concentration (ug/g)
[ ]
1

90 cm

Figure 25 Simulated nitrate-nitrogen concentration

at three depths (30, 60 and 90 cm)
depth and 15-m spacing.

59

200

in soil

250

(ng/qg)

for a 1.0-m drain



- -
~N o
1

e
o
1

(-]
1

a
1

N
1

Ntrate-Nitrogen Concertration (ug/g)
[ ]
1

o
g
8
g
8
g

—
n

80 ecm

-
N
1

-
o
1

[« ]
1

Nitrate-Nitrogen Concentration (ug/g)
@
|

14
80 cm
——— VS2DNT  ceoeee DRAINMOD-N

-
N
1

Nitrate-Nitrogen Concentration (ug/g)
Lo ]
1

200 250

Julian Day

Figure 26 Simulated nitrate-nitrogen concentration in soil (pg/g)
at three depths (30, 60 and 90 cm) for a 1.0-m drain
depth and 30-m spacing.

60



2

£ 186

(o]

X 14

0

212 - ’//ﬂ_______ﬁf___/"__

—

£ 10

O

S g-

T

3

z 4

0 —— VS2DNT —— DRAINMOD-N

5 21

2 y

EOI T T T T

o 0 50 100 150 200 250
Julian Day

Figure 27 Simulated nitrate-nitrogen loss in drainage (kg/ha)
for a 0.75-m drain depth and 15-m spacing.

26
N |
)] j
X 14 i
. ;
I's) 1 2 ﬂ} H
— ;
£10+ ‘
O
- :
] 8 5 ;
T f
el ;
CZ) H
4 |
o —— VS2DNT -— DRAINMCD-N '
t 2
E o- E
o 0 50 100 150 200 250

Julian Day

Figure 28 Simulated nitrate-nitrogen loss in drainage (kg/ha)
for a 0.75-m drain depth and 30-m spacing.

61



3525

N

(o))

=

0 20 -

o

-

c /

5 151 g

S

z

10 A

M

o

z

0 54 —— VS20NT DRAINMOD-N

§

3 ¢

€ 0 , ; . .

3 0 50 100 150 200 250
Julian Day

Figure 29 Simulated nitrate-nitrogen loss in drainage (kg/ha)
for a 1.0-m drain depth and 15-m spacing.

5575

N7 {

o) l

= i ;
| !

w 204

wn i

o i

- T

c ;

5 197

j-

D H

T10 |

S i

e} i

g i

g) — VSZ2DNT — DRAINMOD-N

o

5

£

3

O

]
0 50 100 150 200 250
Julian Day

Figure 30 Simulated nitrate-nitrogen loss in drainage (kg/ha)
for a 1.0-m drain depth and 30-m spacing.

62



Table 9. Summary of standard errors of estimate (s) and average
absolute deviation (a) for nitrogen results simulated
by DRAINMOD-N and VS2DNT.

Water Quality 15-m Spacing 30-m Spacing
Variable s? ot s? o?

0.75 m Drain Depth

NO,-N Conc. at 30 cm 2.6 2.2 2.6 1.9
NO,-N Conc. at 60 cm 1.2 1.0 0.8 0.5
NO,;-N Conc. at 90 cm 0.7 0.5 0.8 0.5
NO,-N Conc. at 120 cm 0.4 0.3 0.2 0.1
Cumulative NO,-N Drainage Loss 1.9 1.7 1.2 1.0
1.0 m Drain Depth

NO,-N Conc. at 30 cm 3.7 3.1 2.4 1.8
NO,-N Conc. at 60 cm 3.8 3.2 1.0 0.8
NO,-N Conc. at 90 cm 1.6 1.4 0.6 0.4
NO,-N Conc. at 120 cm 0.4 0.4 0.5 0.5
Cumulative NO,-N Drainage Loss 2.5 1.9 2.9 2.6

! Units are pg g*' for concentration and kg ha? for cumulative
loss.

kg ha of those predicted by VS2DNT for the 15 and 30 m
spacings, respectively.

On the average, total drainage loss predictions by DRAINMOD-N are

within -21% of those simulated by VS2DNT (Table 10). Agreement
in predicted drainage losses is better for the 0.75 m than for
1.0 m drain depth (-19% versus -24%). Predictions are within -

22% and -21% for the 15 and 30 m drain spacings, respectively.

Total simulated rates of NO,-N loss in drainage, denitrification,
net mineralization, and plant uptake are listed in Table 10.
Predicted runoff losses are not shown because VS2DNT does not
predict losses by surface runoff. Denitrification, plant uptake
and net mineralization DRAINMOD-N predictions are within a -8%,
+15% and +26% of those simulated by VS2DNT. The agreement in
denitrification predictions is better for the 30-m spacing (+1%),
but for plant uptake and net mineralization the agreement is
better for the 15-m spacing (+11% and +24%).

Besides the 1D versus 2D nature of the models, the major
difference between the models are the mineralization and plant
uptake algorithms which may have a considerable impact on
resulting NO,;-N concentrations in the root zone (0-40 cm) as well
as in the overall cumulative rates. As described previously,
DRAINMOD-N uses a simple, zero-order function to quantify plant
uptake which is based on relative yield and N-uptake demand. The
VS2DNT plant uptake component is based on a complex Michaelis-
Menton approach which is dependent on NO,-N concentration and
transpiration flux (Harmsen et al., 1991). Furthermore, net
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Table 10. Total rates (kg ha) of NO;-N loss in drainage,
denitrification, net mineralization, plant uptake,
rainfall deposition, and fertilizer dissolution
simulated by VS2DNT and DRAINMOD-N.

Total Rate 15-m Spacing 30-m Spacing
(kg ha™) DRAINMOD-N  VS2DNT DRAINMOD-N  VS2DNT
0.75 m Drain Depth
Drainage Loss 12.4 15.6 8.9 10.1
Denitrification 118.8 138.7 145.2 146.0
Plant Uptake 135.4 114.5 122.0 106.4
Net Mineralization 129.4 105.3 126.6 95.2
1.0 m Drain Depth
Drainage Loss 17.4 22.5 14.6 19.4
Denitrification 89.4 114.1 132.1 128.7
Plant Uptake 138.3 132.8 129.9 106.1
Net Mineralization 140.5 112.1 131.3 108.2

mineralization in DRAINMOD-N is treated as a direct (zero order)
reaction affected only by the soil water content and the amount
of organic nitrogen in the soil. In VS2DNT, net mineralization
is a complex process involving three reactions: nitrification and
immobilization of NO, and NH, which are also affected by soil
water content and organic nitrogen.

Overall, hydrologic results have shown that the standard DRAINMOD
model compares well to the VS2DNT model when predicting water
table depth profiles and drainage rates for a 250-day simulation
at Plymouth, NC. Daily NO;-N concentrations predicted by
DRAINMOD-N and VS2DNT were in disagreement, unless the lag
between the concentration profiles is taken into account.
Simulated results also indicate that DRAINMOD-N compares well to
VS2DNT when predicting cumulative nitrate-nitrogen losses in
drainage, denitrification, net mineralization and plant uptake.
Differences in total cumulative rates are largely due to
differences in the plant uptake and net mineralization algorithms
used by the models. Considering DRAINMOD-N is a simpler model
and that VS2DNT has not been fully tested with field results, it
is not possible to conclude which model will give the most
reliable predictions. Overall results have shown that DRAINMOD-N
can predict nitrogen movement and fate within an acceptable range
compared to the truly 2D model VS2DNT. This is especially
important for long-term applications, if one takes into account
that both the water flow and nitrogen movement and fate
simulations can be executed at least 300 times faster with
DRAINMOD-N.

SUMMARY AND CONCLUSIONS

Computer simulation models are useful tools to evaluate the
effects of agricultural practices on the movement and fate of
nutrients and pesticides. Although many simulation models are
available, only a few adequately incorporate the effects of
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improved drainage on pollutant transport and fate. DRAINMOD-N, a
guasi two-dimensional model that simulates the movement and fate
of nitrogen in shallow water table socils with artificial
drainage, was described and compared with VS2DNT, a more complex,
two-dimensional model.

DRAINMOD-N was developed to simulate a simplified version of the
nitrogen cycle; thus only a nitrate-nitrogen pool is considered.
As the name implies, DRAINMOD-N is based on the water balance
calculations of the standard DRAINMOD model. It uses
modifications to determine average daily soil water fluxes and
water contents. The solute transport component is based on an
explicit solution to the advective-dispersive-reactive equation.
Functional relationships are used to quantify the controlling
processes of rainfall deposition, fertilizer dissolution, net
mineralization, denitrification, plant uptake, and runoff and
drainage losses.

Water table depths, total subsurface drainage rates, and total
surface runoff rates predicted by DRAINMOD were within 15 cm, 2.0
cm, and 0.5 cm, respectively, of those predicted by VS2DNT for a
250-day simulation at Plymouth, NC. Daily NO,-N concentrations
predicted by DRAINMOD-N and VS2DNT were in disagreement, unless a
lag between the concentration profiles is taken into account. :
However, DRAINMOD-N predictions for total nitrate-nitrogen loss
in drainage water are between 1.0-2.9 kg ha? of those predicted
by VS2DNT. On the average, total drainage loss predictions by
DRAINMOD-N are within 21% of those simulated by VS2DNT.
Denitrification, plant uptake and net mineralization DRAINMOD-N
predictions are within 8%, 15% and 26% of those simulated by
VS2DNT.

Overall results indicate that DRAINMOD-N can be used to predict

the fate and movement of nitrogen in artificially drained soil.
More research is needed to test DRAINMOD-N against field data.
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DRAINMOD-N, A NITROGEN MODEL FOR
ARTIFICIALLY DRAINED SOILS: FIELD TESTING

Computer simulation models are useful to evaluate the complex
mechanisms governing contaminant transport in agricultural
fields. This is especially true for poorly drained soils with
artificial drainage where hydrologic and water quality impacts
depend on factors such as land use, management practice, soil
type, site condition, and climate (Skaggs et al., 1994).
Although several models are available to predict pollutant
transport in agricultural fields, only a few adequately
incorporate the effects of artificial drainage and related water
management practices on the movement and fate of agricultural
contaminants.

DRAINMOD-N is a quasi two-dimensional model that simulates the
movement and fate of nitrogen in shallow water table,
artificially drained soils. The flow component of the model is
based on the water balance calculations in DRAINMOD (Skaggs,
1978). It also uses modifications to determine average daily
soil water fluxes and water contents (Skaggs et al., 1991). The
solute transport component is based on an explicit solution to
the advective-dispersive-reactive (ADR) equation. Functional
relationships are used to quantify the processes of rainfall
deposition, fertilizer dissolution, net mineralization,
denitrification, plant uptake, and runoff and drainage losses.

DRAINMOD-N is presented in detail and compared to a more complex
numerical model (VS2DNT, Harmsen et al., 1991) in the previous
chapter. The objective of this chapter is to evaluate the
reliability of DRAINMOD-N based on predicted and observed
hydrologic conditions and nitrogen losses on the experimental
site in eastern North Carolina.

MATERIALS AND METHODS

Experimental Site. The reliability of DRAINMOD-N was evaluated
using the data collected at the Plymouth, NC experimental site
described in the "Field Experiments" section of this report.
The cropping system was the wheat-soybean rotation from Nov. 15,
1991 to Nov. 16, 1992. These crops were grown with conventional
tillage and fertilizer and pest management practices typical of
the region. The field was fertilized on Nov. 15, 1991 at a rate
of 16.3 kg N/ha and wheat was planted on Nov. 20, 1991. Wheat
was fertilized on Feb. 21, 1992 at a rate of 145.6 kg N/ha and
harvested on Jun. 18, 1992. Soybeans were planted on Jun. 30,
1992 and harvested on Nov. 16, 1992.
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Water Flow Parameter Estimation. Input data and model parameters
required in DRAINMOD include hourly rainfall, daily potential
evapotranspiration (PET), lateral saturated hydraulic
conductivities (K., , soil water characteristic (SWC) data, and
upward flux-volume drained-water table depth relationships.

Field-measured, instantaneous rainfall was processed and is
summarized in Appendix 3. Daily PET values, also shown in
Appendix 3, were computed from collected weather data based on
the Penman-Monteith method (Jensen et al., 1990).

Eight pits (one per plot) were dug to characterize the soil
profile, and soil samples were taken to determine texture, K.
and SWC parameters in the first four layers. Analyses of
particle size distribution (Gee and Bauder, 1986) were conducted
to determine soil texture. The constant head method (Klute and
Dirksen, 1986) was used to measure saturated hydraulic
conductivities of the cores. SWC curves were determined with a
pressure apparatus (Klute, 1986). Other parameters estimated
from the soil core samples were porosity (6.,.) and bulk density
(ppy) . A summary of these soil properties for plots 1-6 is
presented in Table 11. The data reported for layer 5 are based
on a previous study by Munster (1992). Upward flux-volume
drained-water table depth relationships were developed from SWC
data using the SOILPREP program of DRAINMOD.

Observed subsurface drainage rates and water table depths were
used to estimate field-scale hydraulic conductivities for each
plot using an inverse method. The procedures for this method are
explained in Appendix 4. Average K., values resulting from the
analysis are also shown in Table 11.

The water table management parameters (dates of conventional
drainage, controlled drainage and subirrigation, and their
corresponding weir depths) for each experimental plot are listed
in Table 12.

Nitrogen Movement and Fate Parameter Estimation. Nitrogen
movement and fate parameters required in DRAINMOD-N include
standard rate coefficients for denitrification and net
mineralization, nitrate-nitrogen content in rainfall and crop(s),
and dispersivity. Table 13 lists common ranges for these

parameters, as reported in the literature (Davidson et al., 1978;
Johnsson et al., 1987; Harmsen et al., 1991; Schepers and Mosier,
1991; Pierce et al., 1991). Other parameters that are also

important include organic nitrogen in the soil and crop yield;
they were measured for each field plot (Table 13).
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Table 11. Soil properties of experimental

site in Plymouth, N.C.

Plot 1 2 3 4 5 6
Laver 1
Thickness (cm) 0-29 0-33 0-27 0.27 0-24 0-31
Texture SL SL SL SL SL L
6., (cm® cm?) 0.44 0.42 0.41 0.41 0.43 0.46
py (g cm™) 1.30 1.38 1.37 1.35 1.30 1.22
Lat. Ksat., (m d?') 1.70 1.90 --- 1.90 --- 0.90
Lat. Ksat;, s (m d') 0.88 0.91 1.10 1.30 1.14 0.60
Laxer 2
Thickness (cm) 29-83 33-85 27-64 27-69 24-69 31-81
Texture SL SL SL SL SL L
B, (cm® cm™) 0.35 0.27 0.31 0.34 0.37 0.41
py (g cm?) 1.58 1.92 1.69 1.77 1.54 1.46
Lat. Ksat ., (m d? 0.25 0.15 0.20 1.50 0.85 0.20
Lat. Ksat,.,, (m 4%) 0.43 0.65 0.40 0.75 0.91 0.40
Laver 3
Thickness (cm) 83-105 85-105 64-100 69-98 69-97 81-99
Texture SL SL SL SL SL CL
0., (cm® cm3) 0.33 0.35 0.34 0.35 0.33 0.40
pp (g cm) 1.74 1.74 1.69 1.72 1.54 1.54
Lat. Ksat., (m d?') 0.10 0.45 0.20 --- 0.20 0.05
Lat. Ksats,,, (m d%) 0.10 0.09 0.10 0.12 0.10 0.10
Layer 4
Thickness (cm) 105-150 105-150 100-150 98-150 97-150 99-150
Texture LS LS S LS SL CL
B..c (cm® cm™) 0.38 0.40 0.36 0.37 0.39 0.33
py (g cm?) 1.53 1.48 1.48 1.45 1.54 1.59
Lat. Ksat,, (m 4 0.05 0.05 0.50 0.50 0.20 0.15
Lat. Ksate,, (m d?) 0.10 0.11 0.14 0.13 0.12 0.10
Laver 5
Thickness (cm) 150-240 150-240 150-240 150-240 150-240 150-240
Texture S S S S S S
Lat. Ksat;;,q (m d?') 3.75 3.75 3.75 3.75 3.75 3.75

Soil temperature predictions are used by DRAINMOD-N to adjust
coefficients in temperature-dependent processes.
the previous chapter, soil temperature can be estimated by an

equation whose key parameters are average yearly air temperature,
and damping depth.
were obtained by fitting the equation to observed air and soil
The resulting best-fit

wave amplitude,

temperature data for Plymouth, N.C.

phase shift,

parameters are shown in Table 13.
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Table 12. Water table management parameters for experimental site
in Plymouth, N.C.!

Conventional Controlled
Drainage Drainage Subirrigation
Dates Dates Dates
(Weir depth) (Weir depth) (Weir depth)
Field Nov 1,91-Dec 31,92 )
(115 cm)
Field Nov 1,91-Dec 31,92
(122 cm)
Field Nov 1,91-Mar 2,92 Mar 3,92-Jun 9,92

(116 cm) (50 cm)
Jun 10,92-Jul 14,92 Jul 15,92-Nov 4,92
(116 cm) (45 cm)

Nov 5,92-Dec 31,92
(116 cm)

Field Nov 1,91-Mar 2,92 Mar 3,92-Jun 9,92
(118 cm) (40 cm)
Jun 10,92-Jul 14,92 Jul 15,92-Nov 4,92
(118 cm) (35 cm)

Nov 5,92-Dec 31,92
(118 cm)

Field Nov 1,91-Mar 2,82 Mar 3,92-Mar 23,92 Mar 24, 92-Apr 21, 92?
(130 cm) (50 cm) (50 cm)
Jun 11,92-Jul 8,92 Apr 22,92-Apr 28,92 Apr 29,92-Jun 10, 92
(130 cm) (50 cm) (50 cm)
Nov 5,92-Dec 31,92 Oct 6,92-Nov 4,92 Jul 8,92-Jul 14 92
(130 cm) (50 cm) (50 cm)

Field

Nov 1,91-Mar 2,92
(122 cm)

Jun 10,92-Jul 14,92
(130 cm)

Nov 5,92-Dec 31,92
(130 cm)

Mar

Oct
(50

3,92-Apr 26,92
cm)
6,92-Nov 4,92
cm)

Jul 15,92-0Oct 5,92
(30 cm)

Apr 27,92-Jun 9,92
(55 cm)
Jul 15,92-0Oct 5, 92
(30 cm)

1992.
1992

1991 and harvested on 18 Jun,
1992 and harvested on 16 Nov,

‘Wheat was planted on 20 Nov,
Soybean was planted on Jun 30,

‘Used for simulation purpcses only since a flow experiment was in
progress in the field during this time.
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Table 13. Nitrogen movement and fate parameters. Data listed as
range are based on values reported in the literature.
Single values given below were measured or developed
for the experimental site.

Parameter Range
Rate coefficient of denitrification (Kg,, 4d*) 0.05-1.00
Rate coefficient of net mineralization (K,,, d7) 10°5-10"*
NO,-N in rain (mg L’%) 0.05-1.20
Dispersivity (cm) 5-30

N in crop (%)

Wheat grain 1-3
Soybean grain 4-7
Organic nitrogen in top 15 cm (ug g!) Wheat Yield Soybean Yield
Before wheat After soybean {kg/ha) (kg/ha)

Field 1 1600 2000 4900 3000
Field 2 2000 2200 5100 3100
Field 3 2000 1900 5100 2500
Field 4 2300 2000 4800 2800
Field 5 2000 2200 4700 3000
Field 6 2600 2700 5400 2800
Soil temperature parameters

Average yearly air temperature (°C) 15.61

Wave amplitude (°C) 9.93

Wave damping depth (cm) 50

Wave phase shift (d) 16

Sensitivity Analysis. A sensitivity analysis was performed to
study the effect of input parameters on DRAINMOD-N predictions
for NO,-N losses in drainage and runoff, denitrification and
mineralization rates, and NO,-N concentration in the soil
solution. The input parameters analyzed included the NO,-N
content in the precipitation and crops (wheat and soybean), the
rate coefficients of denitrification and mineralization, and the
value of dispersivity. A baseline set of these parameters was
assumed based on values reported in the literature. Each
parameter was individually varied downward and upward to
determine the sensitivity of the model predictions to changes in
the variable. The range of the values considered in the analysis
is shown in Table 14. A set of DRAINMOD-N simulations was
performed based on those parameters. Other key input parameters
(i.e., hydraulic conductivity, soil water characteristic, weather
data, etc.) were taken to be the same as those measured in the
field and laboratory for plot 3 (Table 11).

Results of the analysis are shown in Figures 31-38. Figures 31-
33 show effects of changing several input parameters on total
(cumulative) rates of drainage and runoff NO,-N losses,
denitrification, and mineralization, and on maximum NO,-N
concentrations in soil solution. Figures 34-38 display those
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Table 14. Ranges of the nitrogen movement and fate parameters
considered in the sensitivity analysis.

Parameter Values

Rate ccefficient of denitrification (Ky,, d*) 0.15 0.225 0.30 0.45
0.60
Rate coefficient of net mineralization (K,,, 4*) 2.5x10° 5.0x10° 1.0x10*

Dispersivity (A, cm) 5 10 20
NO,-N in rain (mg L'') 0.4 0.8 1.2
N in winter wheat (%) 1 2 3
N in soybean (%) 4 5 6

effects through time for selected parameters. These simulated
results indicate that NO,;-N loss in drainage is most sensitive to
the rate coefficients of denitrification and mineralization,
mildly sensitive to N content in both crops, and practically
insensitive to NO;-N content in rainfall and dispersivity

(Figures 32, 34, 36 and 38). On the other hand, NO,-N loss in
runoff is most sensitive to NO,;-N content in rainfall (Figures 31
and 38). The cumulative rate of denitrification was found to be

sensitive to its rate coefficient (K,.,), mineralization rate
coefficient (K,,), and NO,-N content in winter wheat, mildly
sensitive to dispersivity, and insensitive to nitrogen content in
soybeans and rainfall (Figures 32, 34 and 38). Predictably, the
cumulative rate of net mineralization was most sensitive to its
rate coefficient (Figures 33 and 36).

Maximum NO,-N concentrations in the soil solution were found to
be sensitive to the mineralization rate coefficient and N content
in winter wheat, especially at low to medium depths (60 cm or
less), and to the denitrification rate coefficient and
dispersivity, especially at medium depths (30-60 cm) (Figure 33).
Maximum NO,-N concentrations are practically insensitive to all
the parameters analyzed at deeper depths (90 cm or more) (Figure
33). Figures 35 and 37 show that the overall NO,-N concentration
profile in the soil solution is sensitive to the mineralization
and denitrification rate coefficients.

Results of the sensitivity analysis for Ki.,, K., and dispersivity
were used to calibrate the nitrogen model. Simulations were
conducted for a range of these parameters. Inputs for organic
nitrogen in the soil and N content in wheat and soybean were
based on observed data. Simulated results were compared to
observed data (NO,-N losses via subsurface drainage and surface
runoff and NO,-N concentrations in shallow ground water) for plot
3. The Kg.,, K., and dispersivity values that resulted in the best
agreement are shown in Table 15. These calibrated values were
used as input for all other fields.
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Figure 31 Predicted NO3;-N loss in drainage (a) and runoff (b), as

affected by the denitrification (Ks,) and
mineralization (Kg,) rate coefficients (1/d),
dispersivity (Disp, cm), nitrogen content in rain (%Nr,

o)

mg/L), and percent of nitrogen (%) in soybean (%Ns) and
wheat (2%Nw).
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Figure 32 Predicted cumulative rates of denitrification (a) and
mineralization (b), as affected by the denitrification
(K4en) and mineralization (Kg,) rate coefficients (1/d),
dispersivity (Disp, cm), nitrogen content in rain (%Nr,
mg/L), and percent of nitrogen (%) in soybean (%Ns) and
wheat (%Nw).
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Figure 33 Predicted maximum NO3;-N concentration at different
depths in the soil solution, as affected by the
denitrification (Kg,) and mineralization (K..) rate
coefficients (1/d), dispersivity (Disp, cm), nitrogen
content in rain (%Nr, mg/L), and percent of nitrogen
(%) in soybean (%Ns) and wheat (%Nw).
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Figure 34 Predicted NO3;-N loss in drainage (a) and cumulative
rate of denitrification (b), as affected by the
denitrification rate coefficient (Kg,, 1/d).
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Table 15. Nitrogen movement and fate parameters resulting from
the calibrating procedure.

Parameter Calibrated value
Rate coefficient of denitrification (Kg,, 4%) 0.30

Rate coefficient of net mineralization (K,,, d7) 5.0x10°®
Dispersivity (A, cm) 5

RESULTS AND DISCUSSION

Simulations were conducted for each experimental field for the
period of November 1, 1991, to December 31, 1992. Model
predictions were compared to observed results for both the
hydrologic variables and nitrogen losses. The comparison of
hydrologic results was limited to the period of January 1 to
December 31, 1992 because the water table measurements were not
complete for all plots prior to January 1, 1992. Results for the
water balance are discussed first followed by predicted and
observed results for nitrogen status in the soil and losses via
surface runoff and subsurface drainage.

Hydrology. As previously stated, key input parameters (Ki,, Kun
and dispersivity) were calibrated against observed data from
field 3. Calibrated results are shown in Table 16 and Figure 39.
This figure displays a comparison between simulated and observed
water table depths, cumulative subsurface drainage, and
cumulative surface runoff. The two observed surface runoff
curves correspond to two runoff subplots located in each field.
The calibrated results indicate simulated water table depths,
subsurface drainage volumes and surface runoff volumes were
within 7.7, 0.9 and 0.5 cm, respectively, of observed values
(Table 16).

Results for the hydrologic components of the remaining plots are
shown in Figures 40-44 (conventional drainage, field 4;
controlled drainage, fields 2 and 5; controlled drainage-
subirrigation, fields 1 and 6). A statistical summary of the
results is shown in Table 16.
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Table 16. Summary of simulated versus observed hydrologic
results. (Jan. 1, 1992 to Dec. 31, 1992)

Experimental Plots

3 4 2 5 1 6
Water table depth (cm)
Avg. abs. dev. 7.7 11.9 13.3 10.1 12.8 13.5
Subsurface drainage volume (cm)
Total obs. 33.1 46.7 28.8 37.9 26.0 31.7
Total sim. 34.0 37.0 32.6 33.0 32.6 30.3
% errorxr +2.7 -20.8 +13.2 -12.9 +25.4 -4.4
Surface runoff volume (cm)
Total obs. 11.2 8.7 11.7 10.8 15.8 15.1
Total sim. 10.7 8.4 15.6 15.5 24.7 24.9
% error -4.5 -3.4 +33.3 +43.5 +56.3 +30.4
Subirrigation volume (cm)
Total obs. 8.7 8.4
Total sim. 8.3! 7.8
% error -4.6 -7.1

'Total simulated subirrigation does not include simulated
subirrigation of March 24-April 21, 1992, for plot 1.

Good agreement was found between the observed and predicted
results for the conventionally drained field 4 (Figure 40). This
is indicated, in Table 16, by the values of the average absolute
deviation of the water table depth (12 cm) and percent error for
subsurface drainage (21%) and surface runoff (4%). The largest
deviation occurred during the months of June and July. This was
the period when wheat was harvested and soybeans were planted.
The deviation appeared to be due to the model overestimating ET
during this period.

Agreement was also good for fields 2 and 5, under controlled
drainage (Figures 41-42), especially for the water table depths
and cumulative subsurface drainage. The average absolute
deviation for the water table depth in the two fields were 10 and
13 cm, respectively, and the percent error of the subsurface
drainage was about 13% (Table 16). Surface runoff was
overpredicted for both fields, as the simulated values were 33-
43% greater than observed, but the simulated values were still
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Figure 39 Simulated versus observed water table depth (a),
subsurface drainage (b) and surface runoff (c) for
field 3, conventional drainage.
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within 4-5 cm of the observed data (Table 16). There was again
evidence that ET was overestimated and subsurface drainage
underestimated during the June-July period in fields 2 and 5
(Fig. 41 and 42). The predicted water table and subsurface
drainage were both lower than observed for that period.
Furthermore, underprediction of subsurface drainage in field 5
was nearly the same as the overprediction of surface runoff
(Table 16 and Fig. 42).

Good agreement was found between the observed and simulated
results for field 6 (subirrigation), as shown in Figure 44. The
agreement was not good for field 1 (Fig. 43). Part of this
discrepancy can be explained by a situation that occurred during
the early spring of 1992. An experiment to monitor water table
drawdown was conducted from March 23 to April 22, which consisted
of pumping water through both guard lines in field 1. This
caused the water table to rise in early April (Fig. 43). This
situation is difficult to model since water is being subirrigated
through the guard lines and drained through the control line. An
attempt was made to approximate this situation by setting the
model under subirrigation (Table 16), which is reflected in the
water table depth and subirrigation plots (Fig. 43). After the
conditions normalized, the agreement was good for water table
depth and subirrigation, but not good for drainage and runoff

(Fig. 43). Another factor that affected results for field 1,
when water tables were high, was seepage to the drainage ditch on
the south side of the field (Fig. 1). This seepage reduced

observed subsurface drainage and surface runoff volumes compared
to what they would have been if the seepage had been eliminated.
Conversely, model drainage and runoff volumes would have been
reduced had the seepage been accounted for in the model. Results
in Table 16 indicate that the average absolute deviation of the
water table depth for fields 1 and 6 was about 13 cm, and the
percent errors were 4% and 25% (1.4 and 6.6 cm) for subsurface
drainage, 30% and 56% (5.8 and 8.9 m) for surface runoff, and 7%
and 5% (0.6 and 0.4 cm) for subirrigation, respectively.

Nitrogen. Nitrogen results (NO,-N losses in subsurface drainage
and surface runoff, plant uptake of nitrogen, and NO,-N
concentrations in soil solution) are shown in Figures 45-56, for
all six experimental fields. Table 17 gives a statistical
summary of the results for nitrogen predictions and observations.
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Figure 45 Simulated versus observed NO;-N losses in subsurface
drainage (a) and surface runoff (b), and plant uptake

(c) for field 3

, conventional drainage.
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Figure 49 Simulated versus observed NO;-N losses in subsurface
drainage (a) and surface runoff (b), and plant uptake
(c) for field 2, controlled drainage.
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Figure 50 Simulated versus observed NO3;-N concentrations in soil
solution at different depths for field 2, controlled

drainage.
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