This chapter describes the WINDS tipping bucket approach
to water, salt, and nitrate transport in soils. The tipping
bucket model is based on the law of conservation of mass
(Fig. 26.1). The model runs quickly because rapid changes
due to irrigation or storm events are simulated with conser-
vation of mass, which allows for daily time steps. The
algorithms march forward in time with Euler’s finite differ-
ence method. Because the model is fast, it can simulate daily
changes in water, salinity, and nitrogen at hundreds of
locations within fields over a growing season.

The continuity equation can be written for any control
volume (Fig. 26.1):

Amg, = mj, + mR — Moy (261)

where

m;, = mass entering system, kg,

m,,, = mass leaving system, kg,

mg = mass generated or lost within system by internal
reaction, kg,

Am., = change of mass within control volume, kg.

Water Mass Balance

The conservation of mass equation is written in terms of
volume of water rather than mass because the density of
water is constant in the range of soil temperature.

AV = Vin + VIR — Vour (262)

where

Vi, = volume entering system, m3,

Vou = volume leaving system, m,

Vir = volume generated within system by internal reaction,
m’,

AV,, = change of volume within control volume, m>.
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Equation 26.2 is used to calculate daily water volume
change in the root zone. The change in volume is the differ-
ence between daily water inflow, outflow, and internal
change.

The sources and sinks for the entire soil profile are shown
in Fig. 26.2. The soil can be divided into layers with a
volume balance written for each layer. In the tipping bucket
model, it is assumed that water only flows downward
through the root zone and freely drains below the soil profile.
This assumption is appropriate for soils in which water
redistribution takes place within a few days. Subsequent
chapters describe upward and downward flow of water in
the soil due to energy gradients. The tipping bucked model is
used for irrigation or large storm events. Each soil layer is a
control volume that is treated like a “bucket” from which
water spills into the next layer when the “bucket” is full.

The soil is divided in layers in Fig. 26.3. Each of the
layers is treated as a bucket that can hold a certain volume of
water (Fig. 26.3). The volume of each bucket is the product
of layer volume and field capacity. When the volume of the
bucket is exceeded during an irrigation event, then excess
water drains to the next layer. The internal reaction term is
evapotranspiration.

Evapotranspiration can be treated like an internal reaction
term (Vg = V) for soil water.

Vin

- Voul - VET = AVCV (263)

where
Vgt = volume lost to evapotranspiration during time step.
Layer water volume is the product of depth of water in the

layer (equivalent to ponded depth but distributed within
pores) and layer horizontal area, Ax Ay.

dinAx Ay — doytAX Ay — dgrAXx Ay = Ad AX Ay
(26.4)
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Fig. 26.1 Control volume for conservation of mass
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Fig. 26.2 Sources and sinks for water in a single layer

Fig. 26.3 Layers in the soil

Divide Eq. 26.4 by Ax Ay

din - dout - dET = Adcv (265)
where

d;, = depth of water that flows into the layer, m,

dour = depth of water that flows out of the layer, m,
dgr = depth of water lost to evapotranspiration, m,
Ad., = change in depth of water within the layer, m,

The d;, term at the upper boundary (soil surface) is
infiltration from storms or irrigation events. Infiltration is
either specified in the WINDS program in the /rr worksheets,
is calculated with the Green-Ampt model (Chap. 29), or is
calculated with the NRCS curve number method. If a runoff
flume is used at a site, then infiltration can be calculated
based on precipitation, field area, and runoff volume.

dro = VRo/Aficld (26.6)
i=P—dro (26.7)

where

i = infiltrated depth, m,

Vko = volume of runoff from a field, m’.
Afelq = field area, m?,
dro = depth of runoff, m.

P = precipitation depth, m.

profile for tipping bucket model
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Water Mass Balance

The water exiting across the lower boundary of the layer
is seepage. Substitute water balance parameters into Eq. 26.5
to calculate change in the depth of water in the layer.

Adey =1 — dseepage —dgr (268)

where

dgeepage = depth leached below the layer, m,

The maximum depth of water that a layer can hold is the
product of field capacity and layer depth.

dcv—max = echZ (269)

where

dev_max = Maximum depth of water in each layer, m,
0¢. = Water content at field capacity, dimensionless.

The tipping bucket approach is sequential, beginning
in the upper layer. If there is excess water in a layer after
an infiltration event (exceeding field capacity), then the
water is routed to the next layer. Then, the process repeats
until there is no more seepage or the lower boundary is
reached.

If there is seepage, then the final water content in the layer
is field capacity. The calculation of seepage and final water
content is calculated in three steps for each layer.

Step 1: Calculate initial depth of water in layer.
dinitial = Oinitial AZ (26.10)

where

dinitiar = initial depth of water in layer, m.
O;niial = initial water content, ml/ml.
Step 2: Calculate sum of initial depth, infiltration, and ET.

dsum = dinitial + 1 — dEr (26.11)

where

dsum = antecedent water content + infiltrated depth, m.
Step 3: Calculate final water content and seepage

dsum 2> dev—max — Ofinal = Oc dseepage = dsum — dev—max
(26.12)

dsum < dey—max — Ofinal = dsum/AZ dseepage =0
(26.13)

where

Ohna = final water content, m.
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Example 26.1 During a two-day period, there are two
storms. The first high intensity, storm has 3 cm precipitation
depth. Runoff during and after the first storm is measured in
a flume at the lower end of the 38 ha field: 3,800 m>. A
second low intensity storm adds 4 cm water to the soil
profile, and there is no runoff. Model the soil as one layer
that is 1.2 m deep. Average water content in the soil profile
before the storm is 17 %. Field capacity is 20 %. The water
table is well below the soil profile. Assume that evapotrans-
piration between the storms is negligible. Perform the water
balance for each storm.

Calculate the maximum depth of water that the soil pro-
file can hold

dey—max = BrcAz = 0.2(1.2m) = 0.24m
Find the depth of runoff during the first storm

dro = Vro/Arield = 3,800m’ /(38ha(10,000m? /ha))
= 0.0lm

Find the depth of infiltration during the first storm

i=P—dro =3cm — lcm = 2cm = 0.02m.

Step 1: Calculate the initial depth of water in the soil
profile.

dinitial = OinitiarAZ = 0.17(1.2m) = 0.204m

Step 2: Calculate sum of initial depth and infiltration.

= dipitir +1=0.204m + 0.02m = 0.224m

dsum
Step 3: Calculate final water content and seepage.

dsum < dcvfmax — Bﬁnal = dsum/AZ = 0224/1211’1

= 0.187ml/ml  dgeepage = 0

Repeat calculation for second storm with i = 0.04.

Step 1: Calculate initial depth of water in soil profile.
dinitial = dinitial = Oinitiar AZ = 0.187(1.2m) = 0.224m

Step 2: Calculate sum of initial depth and infiltration.

dsum = dinitial +1 = 0.224m + 0.04m = 0.264m

Step 3: Calculate final water content and seepage.

dsum > dcvfmax - efinal - ef(: = 02ml/ml

dgeepage = dum — dev—max = 0.264 — 0.24 = 0.024m
If the soil is divided into layers (Fig. 26.3), then the three

steps can be repeated for each layer. The WINDS model
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numbers layers from the bottom of the soil profile to the top.
Thus, with two layers, the upper layer is layer number 2, and
the mass balance is calculated as follows, where deepage-2 18
the water that passes from layer 2 to layer 1.

Adey 2 =1— dseepage 2 —dgr2 (2614)

The volume balance is written as follows for layers below
the upper layer with seepage from the layer above entering
the layer.

Adcv—j = dseepage = dseepage i dET—j (2615)
where

j = layer number.

Evapotranspiration is the product of total ET and fraction
ET from each layer.

der—j = ETgac—1dET (26.16)

Adcv—j = dseepage 1 dseepage i ETfrac—jdET (26 17)

where
ETjac.j = fraction of ET that evaporates from layer j.

Example 26.2 Redo Example 26.1 with 3 layers that are
0.4 m deep. Initial water content in all layers is 0.17 and field
capacity is 0.20.

The maximum water depth held by each layer is

dev_max = OAz = 0.20(0.4m) = 0.08m

Storm 1. Layer 3 (Upper layer)
Step 1. Calculate initial water depth.

dinitial—3 = Oiitia—3Az = 0.17(0.4m) = 0.068m
Step 2. Calculate sum of initial depth and infiltration.

dsum—3 = dinitiai—3 +1 = 0.068m + 0.02m = 0.088m

Step 3. Calculate final water content and seepage.

dsum—3 Z dcv—max - efinal—3 = efc = Ozml/ml
dseepage—3 = dsum—3 — dey—max = 0.088 — 0.08 = 0.008m

26 Water and Solute Mass Balance Models
Storm 1. Layer 2

Step 2: Calculate sum of initial depth and infiltration.

dsum—2 = dinitial—2 + dseepage—3 = 0.068m + 0.008m
= 0.076m

Step 3: Calculate final water content and seepage.

dsum—Z < dcv—max - efinal—Z = dsum—Z/AZ
— 0.076m/0.4 = 0.19ml/ml deepage 2 = 0

There is no seepage to the third layer and no change in
water content. After the first storm, the depth of water in the
first layer is 0.080 m and the depth of water in the second
layer is 0.076 m. No water infiltrates to the third layer.

Storm 2. Layer 3

The second storm infiltration is 4 cm (0.04 m). The first
layer is already at field capacity so the entire 0.04 m drains
from layer 3 to layer 2.

Storm 2. Layer 2.

Step 1. Calculate initial water depth.
dinilia172 = einnialszZ = 019(04m) = 0.076m
Step 2. Calculate sum of initial depth and infiltration.

dsum72 = dinilia172 + dseepagef3 = 0.076m + 0.04m
=0.116m

Step 3. Calculate final water content and seepage.

dsum72 > dcvfmax i 6finale = 6fc = Ozml/ml
dseepage—2 = daum—2 — dev—max = 0.116 — 0.08 = 0.036m

Storm 2. Layer 1
Step 1. Calculate initial water depth.

dinitialfl = Ginmal,lAz = 017(04m) = 0.068m
Step 2. Calculate sum of initial depth and infiltration.

dsum-1 = dinjgiat-1 + dseepagefZ
= 0.068 m + 0.036 m = 0.104 m



Water Mass Balance

Step 3. Calculate final water content and seepage.

dsum—l Z dcv—max - efinal—l = efc = Ozml/ml
dseepage—1 = dsum—1 — dey—max = 0.104 — 0.08 = 0.024m

Example 26.3 A crop with a 1 m root zone is planted in a
soil with two layers.

Layerl (Upperlayer) : Ogc = 0.20,

Opwp = 0.10, layer depth Az = 0.6m, ETg, = 0.6
Layer2(Lowerlayer) : Opc = 0.26,

Opwp = 0.11, layer depth Az = 0.4m, ETg, =04

Total ET (dgy) is 0.01 m/day. Four days after a storm filled
the soil to field capacity, a second storm adds 3 cm to the
soil. Calculate water contents and percent depletions before
and after the second storm

Calculate water status before second storm based on ET
between storms and initial ;..

Layer 2 (Upper layer) d.,.m.x = 0.2(0.6) = 0.12 m (four
day time step)

Step 1. Calculate initial water depth.

dinitiai—2 = Oinitia—2Az = 0.2(0.6) = 0.12m
Step 2. Calculate sum of initial depth, infiltration, and ET.

dsum—2 = dinitial—2 + 1 — ETfrac—2dgT
= 0.12m + Om — (0.01m/day)(0.6)(4days)
= 0.096m

Step 3: Calculate final water content and seepage.

dsum72 < dcvfmax - efinale = dsum72/AZ
= 0.096m/0.6m = 0.16ml/ml dseepage_2 = 0

Depletion = (0.01m/day)(0.6m)(4days) = 0.024m
TAW = (0 — 0y p)Az = (0.2 —0.1)0.6m = 0.06m

%depletion = D,/TAW (100%) = 0.024m/0.06m(100%)
= 40%

Layer 1 (Lower layer) d.,_n.x = 0.26 (0.4) = 0.104 m

Step 1. Calculate initial water depth.

dinitialfl = einitialngZ = 026(041’1’1) = 0.104m
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Step 2. Calculate sum of initial depth, infiltration, and ET.
dsum—l = dini[ial—l + dseepage—Z - ETfrac—ldET

= 0.104m + 0 — (0.01m/day)(0.4)(4days)
= 0.088m

Step 3: Calculate final water content and seepage.

dsumfl < dcvfmax - efinalfl = dsumfl/AZ
= 0.088m/0.4m = 0.22ml/ml

dseepage72 =0
Depletion = (0.01cm/day)(0.4m)(4days) = 0.016m
TAW = (6t — 0 p)Az = (0.26 — 0.11)0.4m = 0.06m

%depletion = D,/TAW(100%) = 0.016m/0.06m(100%)
=26%

Calculate water status after second storm based on
infiltration.

Layer 2 (Note that the time step is just the time of the storm)
Step 1. Calculate initial water depth.

dinitial—2 = Ginitia—2Az = 0.16(0.6m) = 0.096m
Step 2. Calculate sum of initial depth, infiltration, and ET.

dsum—2 = dinitiai—2 +1 — dgr—2 = 0.096m + 0.03m — Om
=0.126m

Step 3: Calculate final water content and seepage.

dsum—2 = dev—max — Ofinai—2 = O = Ozml/ml
dseepage—Z = dgum—2 — dey—max = 0.126 — 0.12 = 0.006m

Depletion = Om
% depletion = 0%

Layer 1
Step 1. Calculate initial water depth.

dinitial—1 = Ginitiai—1Az = 0.22(0.4m) = 0.088m
Step 2. Calculate sum of initial depth, infiltration, and ET.

dsumfl = dini[ialfl + dseepag672 - dETfl
= 0.088m + 0.006m — Om = 0.094m
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Step 3: Calculate final water content and seepage.

dsum—l < dcv—max - efinal—l = gsum—l/AZ
= 0.094m/0.4m = 0.235ml/ml
dseepag372 =0

Depletion = 0.104m — 0.094m = 0.01m
%depletion = D;/TAW(100%) = 0.01m/0.06m(100%)
=17%

Salinity Mass Balance Model

Although there are many salinity sources and sinks that could be
incorporated into the salinity mass balance model, it was shown
in Chap. 4, that the sources and sinks can be ignored in a typical
model of salinity in agricultural soils. All of the cations and
anions can be lumped into one concentration term representing
all forms of salinity, EC or C. The approach in the WINDS
model is to calculate maximum solubility of the irrigation water
and if salinity exceeds the maximum solubility, then salts are
removed from the water phase. However, this level of salinity is
not normally encountered in agricultural fields. The maximum
solubility is a function of temperature, activity coefficients of
ions in solution and numerous other parameters. Programs such
as HYDRUS, available through the USDA-ARS Salinity Lab-
oratory, consider salinity transformations in soil.

The mass of salt within a layer (mg,y, is the product of
volume of the layer (Viayer), fraction of soil that is occupied
by water (0), and the concentration of salt within the soil-
water (C).

Mgt = VlayerC 0 (2618)

where

C = salt concentration, mg salt /L water,

0 = initial water content in the layer, L water /L soil,
Vliayer = volume of the layer, L.

Mgy, = mass of salt within the layer, mg/Lqo; m>.

The change of salt mass within the control volume during
a time step is

Amg, = A(C V., 0)

= Cfinalvlayereﬁnal - Cinitialvlayereinitial (26 19)

26 Water and Solute Mass Balance Models

where

Amyg,; = change in mass of salt, mg/L; m’.

Cinitis = initial salt concentration, mg salt /L water,

Cpna = final salt concentration, mg salt /L water,

Oinitial = Initial water content in control volume, L water/L
soil,

Onna = final water content in control volume, L water /
L soil.

The salt influx is the product of water influx (V;,) and
average salt concentration. Assuming piston flow through
the layer and no water passing completely through the layer,
the salt drained is the product of outflow (V) and average
salt concentration in the layer’s water.

mi, = VinGin  (L)(mg/L) = mg/Lyaerm? (26.20)

(L)(mg/L) = mg/Lyyem®  (26.21)

Moyt = VoutCinitial
where

Ci, = salt concentration in water entering the layer, mg salt /
L water

Cinitiar = Initial salt concentration in layer, mg salt /L water

Vin = Volume of water entering the layer, m3,

Vou = Volume of water exiting the layer, m>.

Plant uptake of salinity is neglected, and the change in
mass of salt is simply the difference between influx and
outflow.

AInlz:lyer = Mijp — Moyt (2622)
Substitute Eq. 26.32 into Eq. 26.29
Cfinalvlayerefinal - Cinitialvlayereinitial
= VinCin — VouCinitial (26.23)

With a finite difference soil solute model of a layered soil, it
is convenient to express the total mass of salt based on
concentration and depth, mg/Ly.;; m, or mg/L, e, m. Salt
concentration is expressed as mg/Laer-

Cinal AZ ginat — Cinitial AZ Ginigial

= dinCin — douCinitial (26.24)
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Salinity Mass Balance Model

Equation 26.24 can be rearranged to solve for final salt
content.

dinCin — doutCintiat + Ciniat Az Oinsiar

Az gﬁnal

Cinal = (26.25)

Equation 26.25 is used in the WINDS model to calculate the
concentrations in soil layers. Dimensional analysis shows
that the units in Eqs. 26.24 and 26.25, mg/L,; mgej, Or
mg/Lyaer Myaer (C dip) can be converted to kg/ha by
multiplying by 10:

mg

m Lwater mg m
evo= (P () - ()
(Lwater> <1 Lsoi/ 3 Lsoil4 s
mg 1 kg 10° L\ /10" m
kg/ha =
g/ a (Lmjl) (]O6 mg) ( m3 ha

(soil depth (m)) = 10 s (soil depth)

soil

Concentration, C, in Eq. 26.35 can be replaced by EC.

din ECiy, — douw ECinitial + ECinitiat Az Oinitiar

ECfina =
final Az 6final

(26.26)

The units for the mass of salts in the layers is now (dS/m m),
which is equal to mg/L m/640. Equation 26.26 can be
applied to individual soil layers. With the tipping bucket
model, the sequence of calculation for each time step is to
first calculate the water movement beginning with the upper
layer. Second, the salinity concentrations are calculated with
Eq. 26.26 beginning with the upper layer and then moving
downward through the soil profile from one layer to the next.
The input to each layer is the seepage from the layer above.
For the upper layer, Eq. 26.26 is written as

i ECiw - dseepage ECinitial + ECiniria/ Az einitial

ECfinal =
final Az eﬁnal

(26.27)

For layers (j) below the upper layer, Eq. 26.26 is written as

EC dseepuge-j+l ECj-H - dseepage-j ECinitial + ECinitial Az eim'tial
final =

Az Oppal
(26.28)

If infiltration from above exceeds the available water storage
capacity in the layer, (field capacity — water content) (layer
depth), then Eq. 26.28 is invalid. In this case, the existing
water and infiltrating water from above is mixed; the
weighted average is (i ECiy + ECipigial Oinitiar AZ)/(i + Oinigial
Az + Rain — ET). This average concentration is then the
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final layer concentration and the concentration of the seep-
age water below the layer.

Example 26.4 Using the parameters from Example 4.6,
perform a transient analysis of salinity in 4 layers that are
0.5 m depth with a root zone depth that is 2.0 m deep. An
irrigation is applied on the third day and every 7 days there-
after. Make hand calculations for the first 3 days for the
upper two layers and verify that they agree with the
WINDS model. Run the WINDS model simulation for
100 days beginning with DOY 1. Initial salinity of the
saturated extract, EC,, is 1.034 dS/m in all layers. Irrigation
water salinity is 1.0 dS/m. Ogc = 0.2, Opwp = 0.1, and O,
= 0.387. MAD = 0.35. ET is 10 mm/day during the entire
100 days, and 40-, 30-, 20-, and 10-% of ET is extracted
from the upper, next, next, and lower layers, respectively.
Initial water content in all layers is field capacity, 0.2. First,
calculate for no leaching, and then calculate for 15 %
LF. The comparison is complicated by the fact that the
WINDS model has an evaporation layer. This can be ignored
by reducing the evaporation layer thickness to 1 cm,
eliminating evaporation and transpiration from the evapora-
tion layer, and setting the EC in the evaporation layer to the
same concentration as the concentration in the irrigation
water. Because the evaporation layer is 1 cm thick, the
upper layer (below the evaporation layer) thickness in the
WINDS model is 49 cm. In the following calculations, the
calculations are more straightforward by letting the thick-
ness or the upper layer equal 0.5 m. Note that layers are
numbered from the bottom in the WINDS model; thus, the
upper layer (below the evaporation layer) is layer 4.

In order to calculate the irrigation frequency and amount,
calculate RAW.

AWC = Opc — Opwp = 0.2 — 0.1 = 0.1
TAW = AWCz = 0.1(2.0m) = 0.2m
RAW = TAW MAD = 0.2m(0.35) = 0.07m = 70mm.

Thus, with no leaching, irrigation takes place every 7 days
and adds 70 mm to the root zone.

Calculate initial soil water salinity if the field is at field
capacity and the saturated paste extract EC is 1.034 dS/m.

6 0.387
EC = EC,~% = (1.034)( —— ) =2 dS/m
Orc 0.2

The ET from each layer is calculated based on the percent
removal from each layer. For example, dgt from layer 4 is
ETfac - 4 dgr = 0.4 (0.01 m/d) = 0.004 mm/d.

The problem specified two scenarios: zero leaching frac-
tion and 1.15 leaching fraction. The following calculations
are made for zero leaching fraction.
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Day 1: Layer 4 (upper layer)

Calculate water content at the end of day 1

Adey_4 =i— dseepage74 — ETfrac—adgr
=0—0— 0.4(0.0lm) = —0.004m

A = Ad¢y_4/Az = —0.004m/0.5m = —0.008

Ofinal = Oinitial + A0 = 0.2 — 0.008 = 0.192

Calculate EC after the first day

i ECiw - dseepage-4 ECinitial + Ecinitial Az ginitial
Az O fina
0—0+20(0.5) (0.2)
=2.083dS
0.5 (0.192) /m

ECfina =

ECfina =

Day 1: Layer 3
Calculate water content at the end of day 1
Adcv73 = dseepage74 - dseepagef3 - ETfracf3dET
=0-0-0.3(0.0lm) = —0.003m
AB = AB,y_3/Az = —0.003m/0.5m = —0.006
Ofinal = Oinitiar + A0 = 0.2 — 0.006 = 0.194

Calculate EC after the first day

dseepage-4 EC4 - dseepage-3 ECinitial + EC% Az einirial

chinal = Az 9]0' ;
0-0+(20) (0.5) (02) _, 1o 4o -

ECfinal = (0.5) (0.194)

Day 2: Layer 4 (upper layer)

Calculate water content at the end of day 2

Adcvf4 =i- dseepagef4 - ETfrac74dET

=0 -0 - 0.4(0.0lm) = —0.004m
AB = Ady—4/Az = —0.004m/0.5m = —0.008
Ofinal = Ohnitial + Aq = 0.192 — 0.008 = 0.184

Calculate EC

i ECiw - dseepage-4 ECinitial + Ecinirial Az 9[nitial

AZ Ofipal

0 —0+2.08 (0.5) (0.192)
0.5 (0.184)

ECina =

ECfina] = =2.17 dS/m

26 Water and Solute Mass Balance Models
Day 2: Layer 3
Calculate water content at the end of day 2
Adcv—3 = dseepage—4 - dseepage—3 - ETfrac—3dET
=0-0-0.3(0.0lm) = —0.003m
AB = Adgy—3/Az = —0.003m/0.5m = —0.006
Ofinal = Oinitial + AO = 0.2 — 0.006 = 0.194

Calculate EC

_ dseepage-4 EC4 - dseepage-3 ECinitial + EC3 Az ginitial
ECfina =

Az gfinal
0 — 0+ (2.063) (0.5) (0.194)

(0.5) (0.188)

ECfinal = =2.13dS/m

Day 3: Layer 4

Irrigation depth 0.07 m is applied on this day. The infiltra-
tion depth far exceeds the capacity of layer 4 so most of the
water infiltrates to layer 3. The mass balance equation for salts
must be modified when water from a large irrigation event or
storm passes completely through the layer. As stated previ-
ously, the rationale is that all nitrate from the irrigation water
or storm is mixed with the nitrogen in the layer, and the mixed
concentration is the final concentration in the layer.

The depth of seepage from layer 4 to layer 3 is calculated
as follows:

i — ETiayer—4 — (AZ Opc — AZ Bipitiar)
— 0.07m — 0.004m — (0.2(0.5m) — 0.184(0.5m))

= 0.058m
Calculate EC
EC. . mass of salts i ECiy + ECiniiar Az Giitias
final = Volume of water i — ET jayer + AZ Oiitias
ECfinal

(0.07m) (1dS/m) + 2.17%0.5 (0.184)

= 0.07m — (10 mm) (0.4) /(1000 mm/m) + 0.5 (0.184)
= 1.71dS/m

Day 3: Layer 3

As with layer 4, the modified equation must be used. In
this case, the final salinity of layer 4 is the seepage concen-
tration instead of the initial salinity of layer 4.
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7
Soils data
I‘*_ Number of layers (n) in addition to the evaporation layer (E layer)
Initial Saturated Residual
(kws’ AR HC Sk s E;?::ﬁw ik it - _
depth (cm) % % % o Ksat Ko alpha n o L Select soil parameters
Elayern+1[ 4 [o5 [21 [387] 20 [ 383] 155 | 0027] 145] 39 | 0.861 | Sandyloam |
tevern [s0  [o9s5 [21 | 37|20 | 383] 155 [ 0027 145]| 39 | 0.861 | Sandyloam ~
tavern-1 [ 100 |95 [21 [387]|20 | 383]155 | 0027 145] 3.9 | 0.861 | Sandyloam ~
tavern-2 [ 150 |95 [21 [387]| 20 | 383] 155 | 0027 145] 39 | 0.861 | Sandyloam ~|
tavern-3 [ 200 |95 [21 [387] 20 |383]155 |0027 145] 39 | 0861 | Sancylloam -l
Layern-5 | g [ 25 | 41 |49 o0 | 148 ] 296 | 0015 | 1.25] o8 [ -1.561 | Pickasol ~|
Layern-6 | o |19 [37 [42]o0 8185 [oo1s8 142 79 [ 0.763 | Pikaso -l
Layern-7 | o | 12.1¢] 27.51] 36.4Z| 0 | 24.4g] 2.60¢ | 7.3227| 1.405| 4.215| -2.760( | Picka soi |
Layern-8 | ¢ | 12.1€] 27.51] 36.4z| 0 | 24.45] 2.60¢ | 7.3227| 1.405| 4.215| -2.760( | Picka soi ~
Layern-9 | g | 12.1¢| 27.51| 36.4z| 0 | 24.4g] 2.60¢ | 7.3227| 1.405| 4.215| -2.760( | Picka soi ~
Layern-10 | o | 12.1¢] 27.51| 36.4z| 0 | 24.4¢| 2.60¢ | 7.3227| 1.405| 4.215| -2.760( | Picka soi -l
layern-111| o | 12.1¢] 27.51 36.42f o | 24.4¢| 2.60¢ | 7.3227| 1.405| 4.215| -2.760( | Picka soi -]
layern-12 | o | 12.1¢] 27.51 36.42f o | 2445 2.60¢ | 7.3227| 1408 4.215] -2.760( | Pickasoi -]
Close l A chv?dt:t:awtaortfsheet [~ sealbottomofprofle [ MNoinfitraton |~ No evapotranspiration

Fig. 26.4 Soils dialog box with 4 layers plus evaporation layer parameters

dseepage-4 EC4 + Ecinirial Az eim'tial
i— ETlayer + Az Oinitial
(0.058 m) (1.71 dS/m) + 2.13%0.5 (0.188)

ECfina =
70,058 m — 10 mm (0.3) /(1000 mm/m) + 0.5 (0.188)
=2.01dS/m.

ECfina =

The same calculations are made in the WINDS model. The
process of setting up the WINDS model begins by defining
the soil parameters. The Soil data worksheet has typical soil
parameters for different soil textures. A button on the
Soil data worksheet triggers the Soils dialog box
(Fig. 26.4). In this case, field capacity, permanent wilting
point, and saturated water content are similar to sandy loam
so the sandy loam soil is selected and then slightly modified
to have the parameters in this example. Only the upper four
layers and the evaporation layer are defined. Only the left
five parameters are used in this example. The right six
parameters will be required in later chapters for water move-
ment in response to energy gradients. In order to ignore the

evaporation layer, the evaporation layer thickness is set at
1.0 cm (small).

Click the Write data to Active_data worksheet button. Soil
parameters are stored in cells B40:B229 in the Active_data
worksheet. The plant growth phases are defined in cells B3:
B18 (Fig. 26.5). For this example, the root zone is defined as
1.0 m depth from the beginning to the end of the growing
season. Kcb is also defined as 1.0 for the entire growing season
because the crop coefficient is 1.0 for the entire period of the
example.

Once the soils, plant, and salinity information are defined,
all information in column B can be written to one or more
field locations in the Crop data worksheet. The target
locations are entered in cells G13:G14. The information
is written to locations 1 and 2 by clicking the Copy data
to Crop_data button.

The fraction of evapotranspiration removed from each
layer is defined in the ET fractions worksheet (Fig. 26.6).
In this case, there are four layers (in the root zone) during the
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A B C D E F G

1 Cell number 1 The cell number that is active c

opy data from Crop_data
2 Field name TN The name of th 24 P_
3 Planting DOY 1 The day of yea hich the ¢ Soil
4 Initial phase days 30 Length of time from planting to =L Go to soil data
3 Development days 45 Length of time from increase of Keb to full Nitrogen page
6 Midseason days 100 Length of time at full canopy Kel Salini

alin WIN
7 Late season days 0 Length of time to decrease ity SqlojVhDs
8 Plant-Harvest days 100 Final day of hay Crop &ET _
. Initial root z (m} 1 Initial root depth (this is specified based on simulation results rather Soli Go to Main
10 Final root z (m) 1 Drainage Go to crop data
1 Min crop h (m) 2 Minimum crop heig
12 Max crop h (m) 2 Main
e Keb corresponding with tr: =
13 Initial Kcb 1 Searen First cell to copy data to or from
14 Midseason Kcb 1 Last cell to copy data to or from
15 End Kcb 1 Endseason son period. First row to copy
16 Management allow: n from the main page Last row to copy
17 Max yield (kg/ha) 10000 Maximum yi id reduction
18 Unit price ($/kg)  $ 0.30 Unit price of the crop Copy data to Crop=data
Fig. 26.5 Active data worksheet plant information

Fig. 26.6 ET_fractions
worksheet with fractions defined
for a 4 layer soil

- N W N =

entire simulation so only the 4 L. column needs to be defined.
No water is removed from the evaporation layer.

The reference evapotranspiration is set at 10 mm/day for
all days in column D in the Active_year weather worksheet
(Fig. 26.7). All other columns are ignored in this simulation.

The irrigation rate is defined in the /RR_0/ worksheet
(Fig. 26.8), which defines irrigation days and depths for each
section of a field. In this case, the reference irrigation depth
is 70 mm every 7 days. The field location Sec_1 (location 1),
which has no leaching fraction, has the same application
depth as the reference depth. Thus, the ratio entered in
column C is 1.0. However, section 2 (Column D) has a
value of 1.176 to represent the 15 % leaching fraction, as
calculated in Example 4.6. It is easy to imagine that this
approach can be used to specify many infiltration depths in
an agricultural field.

The simulations are run from the Main worksheet
(Fig. 26.9). Field locations in the simulation are defined in
cells E2 and G2 (field positions 1 and 2). Dates are defined in
row 3. Cell C5 is set to FALSE in order to ignore rainfall.
Cell ES is set to TRUE in order to include a salinity simula-
tion. The irrigation strategy is defined as 1 (defined dates and

depths in /RR 01 worksheet) in the combobox in cell A9.
The crop coefficient calculation method is defined as 5 (crop
coefficient always equals 1.0 with no evaporation from the
evaporation layer) in the 118 combobox. Cell 137 is defined
as TRUE in order to prevent ET_fraction adjustment based
on water content differences between layers, and cell 139 is
defined as TRUE in order to prevent water movement
between layers between irrigation events based on energy
differences (Richards equation).

Once all parameters are set, the Run button is clicked.
The Get data combobox located at cell LS (Fig. 26.9)
retrieves the simulation data from the CO0! worksheet
(Section 1) and places it in the Water content, Nitrogen
and Salinity worksheets, where the data can be viewed in
predefined graphs. Click the View water content button in
order to go to the Water content worksheet. There are many
graphs available in the Salinity, Nitrogen and Water content
worksheets. A dialog box (Fig. 26.10) allows the user to
select between graphs. The Water content graph is selected.
The dialog box also allows the user to specify the axis limits
and to select which layers are displayed. The water content
in the upper four layers are shown in Fig. 26.10.
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J
1 Chap 26isimulation
RHmn WS E™  Rain(mm) Tma Rak fre
2 (mm) (hr) LA
3 1 1 »
4 2 1 e ®
5 3 1 E=
6 4 . i 1 s
7 5 393 1 10 0 125 15 1 .
8 6 3 15 10 0 14.4 16 1 .
9 7 144 1.3 10 0 192 02 1
10 8 239 14 10 0 216 46 1
1 9 2901 1 10 0 214 26 1
12 10 196 0.45 10 0 223 48 1
13 11| 153 22 10 0 215 10.4 1
14 12 383 33 10 0 "7 32 1
15 13 215 2 10 0 16 23 1
16 14 132 1 10 0 20.4 3.1 1
17 15 1141 1 10 0 217 19 1
18 16 96 09 10 0 256 -1.2 i)
Fig. 26.7 Active year weather worksheet with 10 mm/d reference ET specified in column D

Fig. 26.8 The /IRR 01
wgrksheet with irrig_ation dates A = c D E |_ F _,|
and depths defined ; DOY 1 Ref (mm) Sec_1 Sec_2 Sec_3 Sec_4
3 2
4 | 3 70 1 1.15 I !
5 4
6 | 5
7 6
8 7
9 8
10 9
11 10 70 1 1.15
12 1
13 12
14 13
15 14
16 15
17 16
18 17 70 1 1.15

The water contents vs. time can be found in columns
AB:AF in the Water content worksheet. The calculated
water contents are the same as the manually calculated
values in this example in layers 3 and 4 for the first 3 days.
The evaporation layer water content (column AF) remains
at field capacity because the evaporation and evapo-
transpiration rates were set to zero for the evaporation
layer. Thus, irrigation water just passes through the evapo-
ration layer. Because the initial soil water salinity in the
evaporation layer was set to be the same as the irrigation
water salinity, the evaporation layer has no effect on the
solution in this problem. The 15 % leaching fraction simula-
tion (worksheet C02) has the same pattern of water content

vs. time as the no leaching alternative (Fig. 26.10 and
worksheet COI). The reason for this is that the same evapo-
transpiration pattern takes place and the soil is filled back to
field capacity during irrigation events in both cases. How-
ever, there is more seepage water with the 15 % leaching
fraction.

The salinity parameters can be specified in the Salinity
dialog box accessed from the Salinity button in the
Active_data worksheet (Fig. 26.11). The salinity data is
written to cells B250:B288 in the Active data worksheet.
The initial salinity is set at 1.033 dS/m saturated paste
extract salinity for this example. Because saturation is



A B C D E | F I G 1 J

To run from beginning of season. set Starting day (Cell C3) < (Cell E4) Planting DOY (Day Of Year) 3
; T _ View  View water View View View
MNumber of cells 1 First cell to 1 Last cell to simulate Data content nitrogen salinity Rem.

o

3 Start at DOY 1 Final DOY 100 Number of layers o data data Sensing &
4 Run Planting DOY 1

5 Include rainfall FALSE Similulate salinity TRUE Simulate nitrogen

6 I View water simulati FALSE | View salinity simulation | FALSE | View nitrogen simulation | FALSE

7 A Auto update weather FALSE Current year 2010 Location | Buckeye
8 lImigation scheduling strategy If False. run seasonal simulations for following years

9 | 1 ¥ |Select an imgation strategy Last year

10 1 Sgiﬁed imgation dates and depths in field in GO1 irrigation worksheet Weather file name  [Active year weather

1" 2 miaanon dates, average depth of ponding, reference pundmg time, and nlauve ponding times along furrow If program bombs, click button to tum T |
12 3 r‘speclﬁad ion dates and relative depths. Program beginning of furow) ponding time [Excel calculation utilities back on. um Excel
13 4 [Run MAD based schedul . Specify relative depths. Program calcs ref. depth based on ion + ing frac.

14 5 [Sensor based imigation trigger. Specify relative depths. Reference depth calculated as in option 4 Click to update weather Weather
15 MAD p or generate historical average

16 The following parameters app egies 4 and 5 but are also used in summary statistics for other strategies

17 ___FALSE |Trigger MAD or sensor imigati hased on average depletion greater than MAD Kc calculation method

18 __FALSE |Trigger MAD or sensor imigation based on percent of cells with depletion greater than MAD s | ™ |Select Ke calculation procedure

19 FALSE |Restrict MAD or sensor imigation based on imgation system schedule or maximum flow rate Input Kc for field in Daily Ws
20 FALSE  |Trigger MAD or sensor immgation if salinity exceeds allowable EC Calculate field Keb with FAO 56 dual Ke
21 50% MAD (%) Calculate Kcb with NDVI in RS worksheet
22 15% |Accegable percent of cells at depletions greater than MAD (%) Calculate Kc with AZSCHED

23 35% FAQSE table 22 p value for crop =1 a i i

15% Leaching fraction for MAD and sensor imgation modes (4 and 5! Econcmics

25 Surface infiltration pa for surface imigation (field area basis: decrease for furrows)

26 The followin, ameters apply to imgation strategies 2 and 3

27 FALSE |True for SCS curve number and False to use Green-Ampt and soil iies

28 1 [Ponded depth for Green-Ampt (cm) [Save dry soil cell number data | _____]

29 2 |SAV for Green-Ampt (cm)

30 07 |SCSa(em) | TRUE | |

M 05 |sCSb [ 1

32 TRUE |Ca|culate rain infiltration with Green-Ampt

33 The followin, imgation strateqy 3 Seal bottom

34 True for SCS curve number and False to use Green-Ampt and soil properties | Mo infiltration

35 No ET

36 No stress reduction

37 No ET frac adjustment

38 I Continue drainage rate

39 in i i - or SCS curves No redistribution by Richards equation

40

.
42 FALSE |Mo nitrogen frac adjustment
______________ n_ Spatal data . Active data - Sol data . Water_conten LS i en . Crop data . Crop datal . Q4| = |

Fig. 26.9 The Main worksheet set up for Chapter 26 simulations

Select water related graphs to display ﬁ = = ——— = = = — —
L M M 0 P Q R S T
Check graphs to make visible Select y-axis maximum values
v ETS potential transpiration, actual transpiration, ———
evaporation, and ETo (mm) 10
V¥ Water content vs. DOY for each soil layer() 0.2 =
™ Depletion vs. DOY for each soi layer (mm) - 0.25
™ Percent depletion vs. DOY for each solayer (%) | >~
[~ Depletion vs. DOY for entire soil profile (mm) e - ., 02
I % Dep.in profile vs. DOY for soil profie (%) = _E
4 —_—
[~ water table elevation vs. DOY
a wvation vs (m) o é 0.15
I Irrigation, rain depths, and deep leaching vs. DOY e
[
I™ Volume balance vs. DOY (mm) _111 c
[~ Fraction ET removed from each soil layer vs, DOY 2 8 0.1
S
I™ Water flux between soil layers vs. DOY (mm) 1o %
™ Remote sensing and Kcb graph < =2 0.05
Axes
Update Update visible water graph axes for seasonal DOY 0 T T T
(x-axis) range and maximum y-axis values above. 0 5 10 15 20 25
Update visible water graph axes for specified DOY
(x-axis) limits below and maximum y-axis values DOY
above

MinpOY | © MaxDO‘l’l 25

Select range of layers to display in visible graphs

Lower layer Upper layer and
[ L1 :] I L] LI save
Lower layer selection must be lower than or

equal to upper layer selection. E -
M ive_data Soil data | Water_content .~ RS_data_input Salinty 1] 4 [m] »ii

Fig. 26.10 Water Content worksheet with dialog box and water content graph
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Save Data I

layer). Cannot change from here

Fig. 26.11 Salinity dialog box with parameters for Example 26.5

38.7 % and field capacity is 20 %, this sets the initial soil
water salinity at 2.0 dS/m.

Click the Go to Main button and then click the View
salinity button in the Main worksheet in order to go to the
Salinity worksheet. The Salinity worksheet also has a dialog
box that allows the user to select between graphs
(Fig. 26.12). The salinities after 100 days are 2-, 3.5-, 6.5-,
and 7-dS/m in layers 1 to 4, respectively. The salinity
increases during each cycle as the water content decreases.
This is the result of the fact that the water is extracted but the
salinity remains in the soil.

This example illustrates the fact that soil salinity can
increase significantly within 100 days. In order to look at
the 15 % leaching fraction scenario, go to the Main
worksheet and click 2 in the Get_data combobox. The cal-
culated salinity values are the same as the manual
calculations in the first part of this example. The salinity
curves for 15 % leaching fraction are shown in Fig. 26.13.

The steady state salinity (Example 4.6) values with 15 %
leaching fraction (Example 26.4) were 1.5-, 2.5-, 4.3-, and
6.7-dS/m. The upper 3 layers have reached these equilib-
rium concentrations after 100 days while the lower layer

Go to soil data

Nitrogen it

I_ Salinity
Crop &ET
Soil

Drainage

Go to WINDS

Go to Main

Go to crop data

First cell to copy data to or from

Last cell to copy data to or from

First row to copy

Last row to copy

Copy data to Crop_data

CropET Rows 3-38

(layer 1) is still approaching the final steady state
concentration.

One of the most important checks for accuracy in simula-
tion models is the mass balance. Even if some processes are
modeled with some incorrect assumptions, a validated mass
balance is the first step towards a reasonable solution; on the
other hand, letting mass vanish into thin air guarantees an
inaccurate solution. The mass balance verification in the
WINDS model is based on the fact that the sum of sources
and sinks should equal the change in storage. The volume
balance for water is found in the Water content worksheet
and can be accessed with the dialog box in the Water content
worksheet. Figure 26.14 shows that the sum of sources and
sinks equals the change in storage so the volume balance is
verified. The reason that the sum of sources and sinks is less
than 70 on irrigation days is that some water was lost to
evapotranspiration.

The salinity mass balance also shows that salts are
conserved in the model (Fig. 26.15). The salt balance is
negative on the third day because irrigation was conducted
before it was required; thus, leaching greatly exceeded 15 %.


http://dx.doi.org/10.1007/978-3-319-05699-9_4

468

26 Water and Solute Mass Balance Models

E G

Go to WINDS Go to Main

Salinity graphs

Select salinity related graphs to display

— Check graphs to make visible Select y-axis maximum values —
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[~ Ece (dS/m), equivalent saturated paste extract
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Update visible water graph axes for seasonal DOY
(x-axis) range and maximum y-axis values above.

— Axes
Update |

Update visible water graph axes for spedfied DOY
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ma&w’c

MinpoY | ©

MaxDOYI 100

— Select range of layers to display in visible graphs
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[Sekciome ]

Lower layer
| selectiower i v ]

Lower layer selection must be lower than or
equal to upper layer selection.

oil data .

Water content .~

RS data input | Salinity . Nitrogen .~ Crdil 4

Fig. 26.12 WINDS model simulation of salinity for 100 days with no leaching in Example 26.5

VAV
2 AAAAAAAANAAS

Soil water salinity EC (dS/m)

40 60 80 100

Doy

Fig. 26.13 WINDS model simulation of Example 26.5 salinity for
100 days with 15 % LF in Example 26.5

Nitrate Mass Balance Model

Nitrate has a negative charge; thus, we can assume that
nitrate is not absorbed by soil particles and is in the soil
water solution. The following derivation of the soil nitrate
model is similar to the soil salinity model; however, there are
reactions terms.

110
90 —#—Depth difference (mm)
=#=Sum of sources and sinks
70
'g X X X X X X X X X X X X X
E 50
ey
=
&
o 30
10 T
LI
-10
-30 ‘ ‘ ‘ ‘
0 20 40 60 80 100
Doy

Fig. 26.14 Mass balance for water content in the WINDS model for
Example 26.5

The sources, sinks, and flux of nitrate in a layer are shown
in Fig. 26.16. The nitrate mass is typically reported as only
the mass of elemental nitrogen rather than the entire nitrate
molecule. This is commonly called nitrate-N (NO53-N) and is
represented by the letter N in this chapter.
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40
mj, = dinNin mg/Lm (2631)
=#=—Sum of fluxes
30 ——Change salt
Moy = doutNinitial mg/Lm (2632)
E 20
o where
¥ 10
£ u u u Ni, = NOs-N concentration in water entering the layer,
J)
: mg/Lwater
g 0 Ninitiar = Initial NO3-N concentration in layer, mg/Later,
20 The reaction terms include mineralization, denitrification,
0 20 40 60 80 100

DoY

Fig. 26.15 Mass balance for salinity in the WINDS model for Example
26.5

VinNin
Plant uptake
V0N Fertilization
e I'mnl Veenl (mineralization.)
["den © Veen (denitrification)
VoutNout

Fig. 26.16 Nitrate (NO3-N) mass balance in root zone

As with salinity, the mass of N in the water in a layer can
be calculated as mg/L m.

M jayer = AZNO (26.29)

where
Myjayer = Mass of NO3-N within the layer, mg/L m.

The change of N mass within the control volume is

dmn_jayer = AN Az 0)
= Nfinal AZ Ofinal — Ninitiat AZ Oinisiat ~ (26.30)
where

dmpjayer = change in mass of NO3-N, mg/L;; m.
Ninitiat = initial NO3-N concentration, mg/Lyacer,
Niina = final NO3-N concentration, mg/Lacer,

The nitrate flux terms are the product of water flux and the
concentration.

plant uptake, and fertilization. The change in nitrate mass
due to mineralization is the product of the mineralization
rate (I'y,, from Eq. 25.3) per volume of soil, time, and the
depth of the layer.

Mpypin = AZ Diyin At = (m) (mg/Lyoi /d)(d)

= mg/Lm (26.33)

where

I'min = rate of reaction, mg/L;/d.

Mpy;, = mass added to the layer by mineralization, mg/Lg;
m

At = time step, days.

The change in nitrate mass due to denitrification is calcu-
lated with 4., from Eq. 25.15.

Mgen = AZ TgenAt (26.34)

The change in nitrate mass due to fertilization is calculated
by dividing the kg/ha application rate by 10.

App rate(kg/ha)
Mfer =10

- () (%) Goae) ()
ha kg 10* m2) \10° L

= mg/Lmil m

(26.35)

The change in nitrate mass due to plant uptake is calculated
by dividing the kg/ha plant nitrate uptake by 10.

Ny pi(kg/ha)

10 = mg/Lsoil m

(26.36)

My pr =

where
my,, = mass of nutrients taken up by crop, mg/L m,
Nype = Nitrate removed by the crop, kg/ha.
The continuity equation for mass of NO3-N within a layer is

dmN—layer = dinNin - doutNinilial + Mpin — Mgen

+ Mgy — My pt (2637)
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Substitute Eq. 26.37 into Eq. 26.30

Nfinal AZ Ofinal — Ninitial AZ Oinitial
= dinNin - doutNinitial + Mpyjpn — Myen + M fer
— My pt

(26.38)

din Nin — dout Ninitial + Mmin — Maen + Mper — Mypr + Ninisiat Az Oiisiar

26 Water and Solute Mass Balance Models

Equation 26.38 is rearranged to solve for final nitrogen
content within the soil profile.

Nfinar =

As with the salinity model, if infiltration into the layer from
above exceeds the available water storage capacity in the
layer (the product of field capacity and layer depth), then
Eq. 26.39 is not valid. In this case, the weighted average
concentration of the layer water and the infiltrating water
from the above layer leaches to the next layer. Thus, the final
NOs3-N concentration as well as the leachate NO5-N concen-
tration would be

Ninal = (i Niw + Ninitial Oinitiat AZ + Mpin — Myen
+ M fer — My p[)/(i + OinitiaAz — ET — E)

(26.40)

Example 26.5 For the parameters in Example 26.4
(no leaching fraction), make sample calculations of nitrate
concentration during the first 3 days for the upper layer
(below the 1 cm evaporation layer). Use the following nitro-
gen model parameters. Then use WINDS to calculate nitrate
concentration for the first 100 days of the year. Apply 20 kg/
ha fertilizer on DOY 1, to be incorporated into the upper
layer. Irrigate on DOY 3, and then irrigate every 7 days
thereafter. Ignore the 1 cm evaporation layer. Plant uptake
of nitrogen is 50 kg/ha, with no uptake during the first
30 days and uniform uptake during the last 70 days of the
growing seasons. The WINDS model parameters are set as
shown in Fig. 26.17.

Parameter Value
K 0.0002
Olow 0.15
6high 0.22
Quemp 3
On-max 3000

o 0.025
Kgen 0.002
Frac NO3 uptake 0.75
Fertilizer dissolution rate 1.0/day
Nitrate conc. in irrigation 10 mg/L

(continued)

(26.39)
Az efina/
Parameter Value
tm 100 days
Tbar 121.0C
A0 17.1C

Nitrogen requirement 50 kg/ha (no uptake until

development phase is over)

Initial nitrate concentrations (mg/kg soil) are

Evap layer | 1.2
Layer 4 35
Layer 130
Layer 2 | 25
Layer 1 | 20

Day 1: Upper layer (layer 4)

Calculate initial nitrate concentration in layer 1 by
converting from mg/kg soil to mg/L water. The initial
water content is 20 %

N = N_soil/6(1 — 6s57)(2.65)
= 35mg/kg/0.2(1 — 0.387)(2.65) = 284mg/L

Calculate average soil profile temperature on day 1.
. 2n
T(1) =21.1+17.1sin %(t—lOO) =4.15C

Calculate NO3-N mineralization in layer 1
0 = 0.20, B} = 0.15, thus f,,0 = 1.0

4.15-20

ftemp = Qlo(Tr_“m) = 3( 10

) =0.175
p=p,(1—) =265(1—0.387) = 1.62

On =0 e—().()ZSZ — 37000 e—(].()25 *25 — 17606 ﬂg/g

Mmax
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Fig. 26.17 Nitrogen specifications in WINDS model for Example 26.5

Tt = Kinnl Tmnlo fempPOn 0 = 0.20 and 6., = 0.387. Because no denitrification

= 0.0002(1.0)(0.175)(1.62)(1,606) takes places is less than 60 % of pore space is filled with
= 0.09106 mg /Ly, /day water, denitrification does not take place
Calculate fertilizer addition. The dissolution rate is 1.0.
Myt = DAz At = 0.9106(0.5 m)(1 day) This means tl'lz.lt al} fer.tilizer will be added to the soil on the
= 0.0455 mg/Lyo m day after fertilization 1.n the WINDS model. o
There is no plant nitrogen uptake at the beginning of the
season.

The water content decreases to 0.192
Calculate new concentration

Calculate denitrification

din Nin — dout Ninitial + Mmin — Mgen + Mper — Mypr + Ninitiat Az Oiniriar
Az eﬁnal
(0)Nin — (0)Ninigal + 0.0455 — 0 + 0— 0 + 284 (0.49) (0.2)
0.49 (0.192)

Nfina =

=296 mg/L

Nfinal =
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Day 2: Upper layer (layer 4)

Temperature remains the same; thus, NO3-N mineraliza-
tion remains the same since it is a zero order equation (not
dependent on nitrate concentration), my,, = 0.0455

Denitrification remains zero.

Calculate fertilizer addition. The dissolution rate is 1.0.
This means that all fertilizer applied on the previous day is
added to the soil this day.
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_ App rate(kg/ha) 20 kg/ha

Mfer = 10 10 =2 mg/Lso,-l m

Calculate new concentration

din Nin - dout Ninilial + Mpyin — Mgen + M fer — My py + Ninitial Az eim'tial

Nfinal =

Az gfinal

(O)Nin -

(0)Ninitiat +0.0455 —0 + 2 —0 + 296 (0.49) (0.192)

Nfipa =

0.49 (0.184)

=331 mg/L

Day 3: Upper layer (layer 4)

This day has a 0.07 m depth irrigation. Most water passes
through since initial water content is 0.184, and 0.2 is field
capacity; thus, the soil can only hold 0.016*%0.5 m = 0.008 m
— 0.07 — 0.008 = 0.062 passes through layer 1. The nitrate

concentration in irrigation water (and in the evaporation
layer) is 10 mg/L. When water from a large irrigation event
or storm passes completely through a layer, the following
mass balance equation can be modified as follows. This
equation calculates the mixed concentration, and is the con-
centration of nitrogen in the water that seeps to the next layer.

din Nin + Mpin — Mgen + M fer — My py + Ninitial Az 9[m'tia1

Nfinal =

din - ETlayer + Az eiinitial

(0.07 m)(10 mg/L) +0.0455 —0 + 0 —0 + 331 (0.49) (0.184)

Nfinal —

0.07m — 10 mm*0.4/(1000 mm/m) + 0.49 m (0.184)

=196 mg/L

The 196 mg/L in layer 4 is the same concentration reported
in the WINDS model Nitrogen page in cell AE3. The WINDS
model nitrogen page also has many graphs and a dialog box
to select from them. The mass balance graph shows that
nitrate is conserved. The fertilizer addition on day 2 resulted
in a gain of total nitrate, and the drainage event on day
4 resulted in a loss. The mineralization increased later in
the season when the temperature increased. The irrigation
events added nitrate every seven days (Fig. 26.18). A closer
look shows that mineralization increased during the season,
but that plant uptake of nitrogen began at DOY 30 and
decreased the overall increase in nitrogen per day
(Fig. 26.19).

The leaching of nitrate to the lower layers over time
(Fig. 26.20) is similar to the leaching of salinity over time
(Fig. 26.12).

Although the total average nitrogen in the soil profile
increases, much of it is leached below the upper layers.

—&— Sum of fluxes and reactions

- Daily total mass difference

Nitrate balance (mg/L-soil *m / day)
N

100
Doy

Fig. 26.18 Nitrate mass balance for Example 26.6
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Fig. 26.20 Nitrate concentration in layers for Example 26.6

Thus, the weighted average nitrate concentration decreases
if the weights are based on the fraction of water extraction in
each layer (Fig. 26.21). Most of the nitrate in the soil profile
has been leached to the lower layers (Fig. 26.20).

The cumulative contribution to the nitrate mass balance
of all sources and sinks is shown in Fig. 26.22. The cumula-
tive change due to plant uptake is only 34 kg/ha while the
plant nitrogen requirement was 50 kg/ha. This was caused by
the fact that only 75 % of the plant nitrogen uptake was
nitrate (37.5 kg/ha) and by the uptake being penalized by
low nitrate concentration in the upper layers by the
Michaelis-Menton equation. The optimal concentration

Soil N Ave
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Fig. 26.21 Average weighted nitrate concentration versus time with
weights based on fraction of water extraction (root density) in each
layer, for Example 26.6
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Fig. 26.22 Cumulative change versus time for all nitrate sources and
sinks in Example 26.6

was specified as 30 mg/kg, but the weighted average nitrate
concentration dropped below 20 mg/kg; thus, the uptake was
reduced. Of course, these types of numbers would need to be
generated by experiment for a particular crop. By far, the
biggest loss was due to the irrigation event on the third day,
when the soil water content was higher than it normally
would be just before an irrigation event. This demonstrates
the environmental hazard associated with overapplication or
mistiming of irrigation events and nitrogen fertilization.
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Questions

1. Repeat Example 26.1, but change the infiltration from the
first storm to 3 cm, and the field capacity to 0.25. As

before, infiltration from the second storm is 4 cm.
2. Redo question 1, but divide the soil into three layers of

0.4 m depth.

3. Redo Example 26.3, but change the upper layer FC is 0.26,
and the lower layer FC to 0.24. Also, 70 % of ET is removed
from the upper layer and 30 % from the lower layer.

4. Redo Example 26.4 with the WINDS model and by hand,
but lower the leaching fraction to 0.05. Make calculations
for the irrigation on the third day for the upper two layers
by hand. Next, use the WINDS model to calculate EC for
100 days. There are only two field sections in the WINDS
Chapter 26 workbook. The sections are organized with
respect to their irrigation zones in the spatial data
worksheet. Add another GO1 section in column C and
write “3” in the same row in column. In cell K7, specify
that the number of cells is 3 and click the Make new
sections button. This process adds the C_3 worksheet to
the end of the workbook. The next step is to populate the
date in the Crop_data worksheet for section 3. You can
do this in the Active Data worksheet or just copy the cells
from section 2 (column C) to section 3 (column D) in the
Crop_data worksheet. If you use the Active data
worksheet, then the copy the information from section
2, “Copy data from crop data,” and then copy rows 3 to
450 to section 3 (specified in cells G13:G16) and click the
“Copy data to crop data” button. After calculating the
required application depth for 0.05 leaching fraction, add
the calculated fraction of baseline irrigation to the section
3 column in the GOl worksheet. Go to the Main
worksheet. In cell G2, specify that three sections will be
evaluated. After clicking Run, select position 3 in the Get
Data combo box (upper right side of the worksheet). Find
the “Water content” graph and the “Irrigation, rain depth,
and leaching” graph with the Selection form. If rainfall
appears in the graph, remove the rainfall from the Active
year weather page for the first 100 days. Find the soil
water salinity graph in the Salinity worksheet. Compare
to the salinity levels in Example 26.4. Copy and paste the
worksheets or graphs into this document. Use the graphs
to assess the processes.

5. Calculate leaching fraction for irrigation water salinity
2 dS/m and required EC, 1.5 dS/m?

6. What are the ratios EC./EC,,., and EC./ EC,,, in Exam-
ple 26.4? ECq, is the leachate salinity. Discuss the
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importance of understanding these ratios with respect to
crop management decisions?

. Redo Example 26.5, but change the fertilizer application

to 40 kg/ha on the first day application and change nitrate
concentration in the irrigation water to 20 mg/L. Make a
new hand calculation of the changes due to fertilizer
application and irrigation during the first 3 days in the
upper cell. Run the WINDS simulation for 100 days with
the higher irrigation water nitrate concentration and
higher fertilization rate on day 3. The irrigation rate will
be the same as question 4. You can change the nitrogen
data in the Active_data worksheet and copy it to section
3 in the Crop_data worksheet. Make sure that cell G5 in
Main worksheet is marked True. Run the simulation from
the Main worksheet. Select 3 in the Get_data combobox
in the Main worksheet. Click the View Nitrogen data
button. Copy the following graphs into your homework
document: Nitrate (mg/kg) in layers, [rrigation and
drainage nitrate (you might need to update both x and y
axes from the selection form or from the axes), Reactions,
and Cumulative leaching, nitrate and reactions. Assess
the processes by looking at the graphs.

. A soil has three 0.4 m layers, numbered 1, 2, and 3 from

the bottom, with field capacity in all layers equal to 0.25.
The initial water salinity in layers 1, 2, and 3 is, 23-, 7-,
and 5-dS/m, respectively. ET is 10 mm/day with 20 %,
30 %, and 50 % of ET in layers 1, 2, and 3 respectively.
Irrigation water salinity is 2 dS/m. The initial water
content on the previous day in layers 1, 2, and 3 is 0.18,
0.15, and 0.10, respectively. Soil porosity is 0.4. An
irrigation event adds 11 cm water to the soil in the
morning. Compare to the final water content, actual salin-
ity, and saturated paste extract salinity before the morning
irrigation event. Compare the changes in water salinity
and saturated paste extract salinity.

. During a one day period, the upper layer of soil, 0.4 m

depth, has a mineralization rate of 0.1 mg/L * m, a
denitrification rate of 0.05 mg/L*m, and plant uptake of
1 kg/ha. One cm (average for the field) depth of water is
added to the layer by drip irrigation and the irrigation
water has a nitrate concentration of 20 mg/L. Transpira-
tion removes 1.4 cm from the layer. No water leaches to
the next layer. The initial water content is 0.18, and the
initial nitrate concentration in the soil water is 15 mg/L.
Calculate the final water content and nitrate concentration
in the water. Calculate the kg/ha nitrate in the layer at the
end of the day.
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