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Modeling Ammonia Volatilization from Surface-Applied Swine Effluent

J. Wu, D. L. Nofziger,* J. G. Warren, and J. A. Hattey

ABSTRACT

Ammonia volatilization is an important issue in agricultural produc-
tion and environmental protection. Experimental methods and nu-
merical models exist to estimate the rate and amount of ammonia
volatilization from commercial fertilizers and animal manures applied
to a field. The existing models imposed assumptions on water move-
ment in a soil profile that were judged to be inadequate for surface-
applied swine (Sus Domesticus) effluent. In this research, a computer
model was developed to estimate short-term ammonia volatilization
from swine effluent applied to a field by flood or sprinkler irrigation.
The model simulates simultaneous water flow, heat flow, and the
transport and transformation of ammoniacal N in a soil profile using
the finite difference method. Submodels were developed to evaluate
concentrations of ammoniacal N in the infiltration pond of a flood
irrigation event and in the droplets of sprinkler irrigation. The govern-
ing equations for the water flow, heat flow, and chemical transport
modules and the irrigation submodules were derived from mass bal-
ance and energy balance employing constitutive laws established em-
pirically. The model was tested against data from field experiments
using parameters obtained from independent sources. The simulation
results were in excellent agreement with experimental data in three
out of six experiments. In the other three experiments, the predicted
cumulative volatilization exceeded the measured amount by 5 to 30
kg ha™! at the end of 1 wk. The differences were primarily in the
first sampling period after the application. The simulated cumulative
volatilization was most sensitive to temperature, pH of the soil system,
and pH of the effluent applied.

AVIMONIA VOLATILIZATION from applied N fertilizer
and animal manure significantly reduces the amount
of ammoniacal N available for crop use. In calcareous
soils, over 50% of ammoniacal N from ammonium ni-
trate (NH,NO;) incorporated into the topsoils may be
lost to ammonia volatilization (Fenn and Escarzaga,
1977). Ammonia volatilization is also one of the largest
sources of atmospheric ammonia that contributes to soil

Department of Plant and Soil Sciences, Oklahoma State University,
Stillwater, OK 74078. This research was supported in part by funds
from the Oklahoma Agricultural Experiment Station. Received 26
June 2001. *Corresponding author (dIn@okstate.edu).

Published in Soil Sci. Soc. Am. J. 67:1-11 (2003).

acidification and water eutrophication (Asman and van
Jarrsveld, 1992; European Centre for Ecotoxicology and
Toxicology of Chemicals [E.C.E.T.O.C.], 1994; Sutton
et al., 1995). Therefore, enormous effort has been made
to quantify ammonia volatilization from the soil surface.
In the 1970s and 1980s, laboratory and field experiments
were conducted to measure ammonia volatilization
from urea incorporated in a soil profile (Fenn and Escar-
zaga, 1977; Khengre and Savant, 1977; Mclnnes et al.,
1985; Reynolds et al., 1985). In the 1990s the integrated
horizontal flux method and micrometerological meth-
ods were used to measure ammonia volatilization from
slurry and swine effluent applied to land surface (Ge-
nermont and Cellier, 1997; Schjoerring et al., 1992; Zu-
pancic et al., 1999). Mathematical models were devel-
oped to extend experimental results to different climate—
soil management conditions (Genermont and Cellier,
1997; Rachhpal-Singh and Nye, 1986; Kirk and Nye,
1991). Genermont and Cellier’s model was developed
for estimating ammonia volatilization from surface-
applied slurry while Rachhpal-Singh and Nye’s and Kirk
and Nye’s models were for estimating ammonia volatil-
ization from urea incorporated in a soil profile. In the
model developed by Genermont and Cellier (1997),
Darcy’s law was employed to evaluate the flux density
of vertical water flow. But no transient flow conditions
were considered in the model. Kirk and Nye (1991)
expanded Rachhpal-Singh and Nye’s (1986) model to
account for the effects of transient-state water evapora-
tion, but the model cannot simulate water flow during
infiltration. Since none of the above-mentioned models
could simulate the infiltration process at the soil surface,
they were considered inadequate for simulating trans-
port and transformation of ammoniacal N in a soil pro-
file under swine-effluent irrigation.

The main objective of this research was to develop a
mechanistic model to predict short-term (such as a week)
ammonia volatilization from swine effluent applied to

Abbreviations: E.C.E.-T.O.C., European Centre for Ecotoxicology
and Toxicology of Chemicals; IHF, integrated horizontal flux.
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a field during and after a flood or sprinkler irrigation
event. The case of flood irrigation was included to simu-
late field experiments. The main body of the model
developed in this research simulates simultaneous water
flow, heat flow, and the transport and transformation
of ammoniacal N in a soil profile using finite difference
methods. Submodels were also developed to estimate
the concentrations of ammoniacal N in the infiltration
pond of a flood irrigation event or the droplets of a
sprinkler irrigation event.

General Description of the Model

The mechanistic ammonia volatilization model con-
sists of modules simulating water infiltration and am-
monia volatilization during an irrigation event, water
evaporation, and ammonia volatilization from the soil
surface after an irrigation event, and transport and trans-
formation of ammoniacal N in a soil profile during and
after an irrigation event. The ammonia volatilization
model incorporates the effect of the major factors illumi-
nated by previous investigations. These include soil and
effluent pH, soil and air temperature, wind speed, appli-
cation rate of the source of ammoniacal N, soil wetness
and soil hydraulic properties (Ismail et al., 1991). The
transport-and-transformation module is the main body
of the model. It is made up of three submodules simulat-
ing water flow, heat flow, and the transport and transfor-
mation of ammoniacal N in a soil profile. The water
flow and heat flow modules were included to provide
information on soil wetness and soil temperature, which
were needed for the computation of the parameters in
the transport-and-transformation module. The trans-
port-and-transformation module produces concentra-
tions of ammoniacal N at different depths in a soil pro-
file. The rate of ammonia volatilization from soil surface
was determined from the concentration of ammoniacal
N at the soil surface. The governing equations of all the
modules were derived from mass and energy balances.
Constitutive relationships such as Darcy’s law, Fourier’s
law, and Fick’s law were employed to specify the fluxes
of water, heat, and ammoniacal N. Henry’s law, the
equilibrium constant of the NH{ (aq) < NHs(aq) reac-
tion, and linear adsorption-desorption isotherms were
used to quantify the transformation among the compo-
nent ammoniacal N species in a soil system.

The governing equations for water flow and heat flow
are well established in the literature (Hillel, 1998; Scott,
2000). The focus of this research is the transport and
transformation of ammoniacal N in a soil system. Be-
cause of the complexity of the processes involved, the
following simplifications were introduced in the deriva-
tion of the governing equation for the transport-and-
transformation model: (i) soil pH is not affected by the
current application of swine effluent; (ii) the transforma-
tion reactions among the component species of ammoni-
acal N reach equilibrium instantaneously; (iii) contribu-
tion of ammoniacal N from mineralization of soil
organic matter and loss of ammoniacal N through immo-
bilization and nitrification are insignificant compared
with volatilization loss for the small time of interest in

this research; (iv) adsorption-desorption reactions of
ammoniacal N species in soil follow linear equilibrium
isotherms; (v) convective movement of soil air is insig-
nificant and transport of gas-phase ammonia in soil is
controlled by diffusion; (vi) transport of liquid-phase
ammoniacal N is controlled by the convection-disper-
sion process.

A submodel for ponded infiltration was developed to
estimate ammoniacal N concentration in the ponding
layer of a flood-irrigation event. The concentration is
needed to specify the upper boundary condition of the
transport-and-transformation model during a flood irri-
gation event. Concentration of ammoniacal N in the
ponding layer is also needed for evaluating ammonia
volatilization rate during a flood-irrigation event. Equa-
tions in the ponded-infiltration submodel were derived
from mass balance of water and ammoniacal N. The
following simplifications were introduced in this submo-
del: (i) swine effluent was surface applied instantane-
ously in a flood irrigation event; (ii) distribution of am-
moniacal N is uniform in the ponding layer.

Another submodel for droplet volatilization was de-
veloped to estimate ammoniacal N concentration of a
droplet when it hits the ground. Droplet ammonium
concentration at the soil surface is needed to specify
the upper boundary condition of the transport-and-trans-
formation model during a sprinkler-irrigation event.
The droplet-volatilization submodel also evaluates the
loss of ammoniacal N from a droplet during its exposure
time in the air. Equations of the droplet volatilization
submodel were derived from mass and energy balance
in a droplet. Distributions of ammoniacal N and liquid
temperature inside a droplet were assumed uniform in
the derivation.

Development of the Transport-and-
Transformation Model

Mass Balance of Ammoniacal Nitrogen in Soils

Transport of ammoniacal N in a soil system is a multi-
phase, multispecies process. There are ammonium ions
(NH,"[aq]) and dissolved ammonia (NH;[aq]) in soil
solution, gaseous ammonia (NHjs[g]) in soil air, adsorbed
NH,*(ad) and NHj(ad) at the solid-liquid interface, and
adsorbed NH;(ad) at the solid—air interface. The total
concentration of ammoniacal N in a soil system is the
sum of the concentrations of all the component species
in the three phases of the soil system

prNHj(aq) T+ e(jNHf(aq)
C. = |+ PoSnuyag T 0Cnnyaq [1]
g PbSNﬂg(g) + (95 i 9)CNH,(g)

where C, is the total concentration of ammoniacal N
in a soil system, which is defined as the amount of
ammoniacal N in unit bulk volume of soil (kg m~* bulk
soil); Swu; (g 18 the concentration of ammoniacal N in
the form of adsorbed ammonium ion at the solid-liquid
interface (kg kg™ dry soil); Sxuaq is the concentration
of ammoniacal N in the form of adsorbed ammonia at
the solid-liquid interface (kg kg~' dry soil); S, is the
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concentration of ammoniacal N in the form of adsorbed
ammonia at the solid-air interface (kg kg™' dry soil);
Cnni g 18 the concentration of ammoniacal N in the
form of ammonium ion in soil solution (kg m—* solu-
tion); Cyi,aq i the concentration of ammoniacal N in

the form of dissolved ammonia in soil solution (kg m™
solution); Cyp is the concentration of ammoniacal N

in the form of gaseous ammonia in soil air (kg m™ soil
air); py is the bulk density of the soil (kg m™); 6; is the
porosity of the soil (m* m~?); and 6 is the water content
of the soil (m* m™).

The total flux of ammoniacal N crossing a horizontal
plane is the sum of the dispersive and convective fluxes
for aqueous ammonium ion and ammonia in soil solu-
tion and the diffusive flux for gaseous ammonia in soil

air. Mathematically the total flux can be expressed as

" I
9Cxn; (ag)

— Dy (ag) - + qCnuj o)

aCT‘“'ls(aq)
0z

D aCNH;(g)
T L/NH
| 3(8) 0z ]

where J, the total flux of ammoniacal N crossing a hori-
zontal plane (kg m™2s™"); Dyy; g is the dispersion coef-
ficient of ammonium ion in soil solution (m? s™');
Dyiiaq) is the dispersion coefficient of dissolved ammo-
nia in soil solution (m? s™"); Dy, is the diffusion coeffi-
cient of gaseous ammonia in soil air (m? s™'); q is the
flux density of soil solution (m s™'); 7 is time (s); and z
is the vertical coordinate starting from the soil surface
and positive downward (m).

Within a relatively short period (such as a week)
during and after a swine-effluent-irrigation event, the
contribution of ammoniacal N from mineralization of
soil organic matter and the loss of ammoniacal N be-
cause of immobilization (such as plant uptake) and nitri-
fication are expected to be negligible compared with
ammonia volatilization from soil surface. Neglecting the
effect of mineralization, immobilization, and nitrifica-
tion, the mass balance of ammoniacal N in a soil system
can be expressed as

it _DNHJ(H(I)

Il

+ 4Gy 2]

o 4 3

at 0z

Transformation of Ammoniacal Nitrogen in Soils

Ammoniacal N in swine effluent exists mainly in two
species: NH{,,) and NH;(aq). Upon entering a soil sys-
tem, the two component species are distributed into the
three phases of the soil system through adsorption—
desorption reactions at the solid-liquid and solid-air
interfaces, and the transformation of NH;(aq) into
NH;(g) at the liquid-air interface. Assuming a linear
equilibrium isotherm for the adsorption—desorption re-
actions, concentrations of the adsorbed species are re-
lated to those of their corresponding reactants by the
following system of equations:

Sniifag) = Knni g O ag)

Sntsag) = Knnyag Ontyaq)
Switye) = Knny Cniye) (4]

where Kyu; g is the partition coefficient for liquid-phase
ammonium ion (m’ kg™"), Kyu,uq is the partition coeffi-
cient for liquid-phase ammonia (m® kg™"), and Ky, is
the partition coefficient for gas-phase ammonia (m’
kg~!). The concentrations of ammonium ion and dis-
solved ammonia in soil solution are related to each
other by

o CNHg(aq)CH]O*'(aq)

K, (5]

Cri (ag)
where K, is an equilibrium constant for the following
Bronstead acid-base reaction in soil solution:

H,0O(l) + NH{ (aq) & H;0*(aq) + NHs(aq) [6]

Cii,0+(aq) 18 the molar concentration of hydronium ion in
soil solution (mol L") and is related to soil pH by

CH3O+(aq) = 10—pH [7]

Assuming instantaneous equilibrium between gas-phase
and liquid-phase ammonia, we have

Cuny = KuCnttyaq) (8]

where Ky is Henry’s constant for the dissolution of am-
monia in soil solution.

Equations [4], [5], and [8] reveal that under equilib-
rium conditions the concentrations of all the component
species of ammoniacal N in a soil system are related
to each other. Given the concentration of any of the
component species, the concentrations of all other com-
ponent species and the total concentration of ammonia-
cal N in the soils system can be evaluated from the
known concentration.

Governing Equation and Parameter Specification

Substituting the total concentration and total flux of
ammoniacal N in Eq. [1] and [2] into Eq. [3] of mass
balance gives

9 PbSNH;(aq) 4 OCNHI' (aq)
P + PoSNkiag) T OCNnH, ) =
L+ PoSnmy + (0 — 0)Crnye
] 9Cnn{ (aq) ]
D ag) ™ qCxnf ag)
aC,
] NH;(aq)
91+ D — — qC,
= NHsaq)— o 9 CNyag) [9]
dCnny)
_+ D) n |

Selecting the concentration of ammonium ion in solu-
tion as a dependent variable, plugging in the relation-
ships between concentrations of the component species
in the Eq. [4], [5], and [8] into Eq. [9], and rearranging
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yield the following governing equation for ammoniacal
N transport in a soil profile

d K, K. K
ot [(p"K“ B ( 10 )e s ol 9)10—93)&‘"? "“’] B
0 [ .0Cii g K,
E[D—az ~ I+ o-m/dCmien (10]
where
K, K,K
K KNH,, (aq) ot KNH3(aq) 10 pH KNH3(g) lO_p:: [11]
and
K K.K
D = Dyujag + Dnuyag) Tooon 10-" + Dy 10-; [12]

The dispersion coefficients, Dyy;(ag, and Dypyag, and
diffusion coefficient, Dy, in a soil system are related
to the corresponding coefficients in water and air by
(Marshall and Holmes, 1988; Moldrup et al., 1997,
Olesen et al., 1999)

DNH:’(aq) = aqul + 6Tw(e)DNHZ'.waler
DNH3(aq) = (lqul T+ eTW(e)DNH3.water
Dynyg = (8 — 0)7a(8) Dxngair [13]

where «; is the dispersivity of the soil medium (m),
Dy water 18 the diffusion coefficient of ammonium ion
in water (m” s™"), Dyy,waer is the diffusion coefficient of
dissolved ammonia in water (m?s™!), 7,,(6) is the imped-
ance factor of water flow path in the soil medium at a
water content 0, Dyy, .. is the diffusion coefficient of
ammonia in free air (m?> s7!), 7,(6) is the impedance
factor of the air flow path in the soil medium at a water
content 6. The dependence of the impedance factors on

soil-water content can be expressed as (Moldrup et al.,
1997; Olesen et al., 1999)

6 — 0.022b
05— 8 > 0022
T«(0) = o, — 0.022b
0,0 < 0.022b
1+3/b
7.(6) = 0.45 (es - 9) [14]

S

where 0.022b equals the threshold soil water content at
which solute diffusion ceases because of disconnection
of the continuous water films, b is a pore-size distribu-
tion parameter which is estimated from the percentages
of clay and fine sand particles using the equation
(Moldrup et al., 1997; Williams et al., 1992)

1
~0.303 — 0.093In(p,) — 0.0565In(f,,) + 0.00003f%
[15]

where fi., and fis are the mass percentages of clay
(<0.002 mm in diameter) and fine sand (0.02-0.2 mm
in diameter) particles, respectively.

Temperature Dependence of Transformation
and Transport Parameters

The equilibrium constant K,, Henry’s constant Ky, and
diffusion coefficients Dy waters DNnywaters a0d Dy, air Vary
with temperature. The following empirical formulas
were used to describe the dependence of these parame-
ters on temperature (Beutier and Renon, 1978; Ge-
nermont and Cellier, 1997):

1843

In(K,) = ~177.95 — == + 31.434In(T) — 0.0545T

158.17 — % — 25.677In(T) + 0.0354T

In(RTKy)

DNH:' water — Dﬁf_}} witir 1.03(T_TRel)
DNH\ water 1-03“—Tkef)
DNH1 air 1.03(T~Tren) [16]

where T (K) is the temperature of the fluids in which
the acid-base reaction, liquid-gas transformation, and
aqueous and gaseous diffusion occur, and R is the uni-
versal gas constant (0.008315 kJ mol™' K™'). In this
model we assume that the temperature of the soil solu-
tion is the same as that of the bulk soil. During ponding
infiltration, we assume that the temperature of the pond-
ing layer is the same as the temperature of the ambient
air. DR§: waters DR, waters and D i (m* s7') are the diffu-
sion coefficients at a reference temperature, Ty (K).
At 25°C, the diffusion coefficients of aqueous ammo-
nium ion and gaseous ammonia were taken as 1.96 X
10~° m? s~! (Kemper, 1986) and 2.8 X 1075 m? s™' (In-
cropera and DeWitt, 1990), respectively. The diffusion
coefficient of dissolved ammonia was also taken as
1.96 X 107 m*s™ .

D NHj water —

D NHjair —

Boundary Conditions for the Transport of
Ammoniacal Nitrogen in a Soil Profile

Upper Boundary. Transport and transformation of
ammoniacal N at the upper boundary of a soil profile
under swine-effluent irrigation is dependent on the way
the effluent is delivered to soil surface. During a flood-
irrigation event, the total flux of ammoniacal N into a
soil profile equals the flux entering the soil profile with
the infiltrating water. That is

Jil=o = (1 + G0Cn; (aq) [17]

g
10PHo
where J||,—, is the total flux of ammoniacal N into a soil
profile (m s g L™'); K} is the equilibrium constant of
the NH; (aq)—NH;(aq) reaction in the ponding layer
of the irrigated effluent; pH, is the pH value of the
swine effluent in the ponding layer; Cly; (39) (gL is
the average concentration of ammoniacal N in the form
of ammonium ion in the ponding layer; ¢, (m d™') is
the infiltration flux of swine effluent into the soil profile
from the ponding layer. CRy; g is evaluated in the sub-
module for flood irrigation. g, is evaluated in the sub-
module for water flow.

During a sprinkler-irrigation event, the net flux of
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ammoniacal N into a soil profile equals the flux entering
the soil profile with the infiltrating water minus the
volatilization flux from soil surface. That is

Kdrop

o a . ~drop
Jil=0 = (1 s _—10—Pﬂam)l' NH; (aq)

= (%f)hm[CNH;<g>|z=o — iy (18]
where K¢ is the equilibrium constant of the NH;
(aq)~NHj(aq) reaction in a droplet of a sprinkler-irri-
gation event; pHy,, is the pH value of the swine effluent
in the droplet; i, is the effective intensity of the sprinkler
irrigation event (m s™'); Chit g (g L") is the average
concentration of ammoniacal N in the form of ammo-
nium ion in the droplet; Cyy,gl.=o is the concentration
of ammoniacal N in the form of gaseous ammonia at
the soil surface (g L™"); Ciiji, is the background concen-
tration of ammoniacal N in the form of ammonia in the
air (g L™"); 0, is soil water content at the surface, and
h, (m s7') is the average mass transfer coefficient for
ammonia transport across an ammonia concentration
boundary layer at the soil surface of an irrigated strip.
Because of ammonia volatilization from droplet sur-
faces, the ammoniacal N concentration of a droplet at
the time it hits the ground may be different from the
concentration of the source effluent. The ammoniacal
N concentration in Eq. [18] is the average concentration
of all the droplets of a sprinkler system at the time the
droplets hit the ground. The average droplet concentra-
tion, Cxifk (g, is estimated in a droplet-volatilization sub-
module (Wu et al., 2002). The average mass transfer
coefficient, A, is estimated using the following empirical
equation established for mass transfer across a turbu-
lent-flow-dominated concentration boundary layer on
a hydraulically smooth flat plate in a parallel flow of
a binary fluid mixture (Genermont and Cellier, 1997;
Incropera and DeWitt, 1990; Schlichting, 1968)

D " 4/5 173
hy = 0.037&(“”1‘) ( E ) [19]
L % D NH;,air:

where L is the width of the irrigated strip in the wind
direction (m); u.. is the wind speed across the irrigated
strip (m s™'); v is the kinematic viscosity of the air (m?
s~!). The kinematic viscosity v is dependent on tempera-
ture and values of v at different air temperatures were
obtained through linear interpolation using the base
points given by Incropera and DeWitt (1990).

The upper boundary condition for ammoniacal N
transport in a soil profile after an irrigation event can
be expressed as

0, )
Ji |z=0 = _(e_o)hm[CNH_,(g) v C?}hj(g)] [20]

S
The gas-phase ammonia concentration at the soil sur-
face is dependent on the concentration of ammonium
ion in soil solution

K.,Ky
CNHj(aq) |z=0 = [—a CNH:(aq)

1074 (1]

Lower Boundary. The lower boundary for ammonia-
cal N transport in the soil profile can be set at a depth
deep enough that the ammoniacal N from the manure
application never reaches that depth, therefore

CNH(g)|z=ZN = {} [22]

where Zy is the depth set as the lower boundary for the
transport of ammoniacal N (m).

Development of the
Ponded-Infiltration Submodel

Assuming that the concentration of ammoniacal N in
the infiltration pond is uniformly distributed, the mass
balance of ammoniacal N in an infiltrating pond sur-
rounded by an elevated border can be expressed as

d
d_t[ho(t)(c?mr(aq) + Quyap)] =

—ha(Cuypy — i) — 9(Rtfag + Ruyag)  [23]

where Clyuq) (g L") is the concentration of ammoniacal
N in the form of aqueous ammonia in the infiltration
pond; Clu, (g L") is the concentration of ammoniacal
N in the form of gaseous ammonia at the liquid-air
interface of the infiltration pond; 4%(¢) is the thickness
of the ponding layer (m); Cy; (ag), Ciity(e)> 90, and h,, are
defined in the Eq. [17] and [18].

Applying Eq. [5] to [8] to the transformation of am-
moniacal N in the infiltration pond, we obtain

KO o C‘ngJ(aq)C‘l!hO*(aq)
e D = i
Cﬁmnaq)
Cliotag = 1077
Qi) = KhChityag) [24]

where CY; 0+ is the molar concentration of hydronium
ion in the infiltrating pond (mol L™'); KY; is the Henry’s
constant for the dissolution of ammonia in the infiltrat-
ing pond; K} and pH, are defined in Eq. [17].
Expanding Eq. [23], substituting Eq. [24] into the
expanded equation, and taking into account the fact

0,
L —qo yields
dr
d X}
ho(')E[(l ! 10—PHo)C')““‘+ “’“’] K
1(21(0 ir
—hm(mfp,:ql:maq) - C?"H.z(g)) (25]
) K KK,
Introd =01 b il &= il
ntroducing «(f) 10-P% B(1) (010 an

y = a(t)Clu: g, and rearranging Eq. [25], we obtain
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dy | h.B(0) B o
AL L) . 26
dt Kt R®p) e [26]

Solving Eq. [26] using the variation-of-parameter
method (Loomis, 1982) and replacing y with o(t)Cly ()

yields
‘hm
exp(—ﬁ)——h(it(;)dt)
Qi o) = T ey
[a(())cgm;(ﬂq)m) r ﬂexp(J;:h}':oL(f)t)dt)hffa) '“‘N"H](g)dt} 27]

where «(0) is the value of « at time zero; Clyi; g (0) is

the initial concentration of ammoniacal N in the form
of ammonium ion in the irrigated-swine effluent (g L™").
Variations of a and B are caused by the temperature
dependence of the equilibrium constant K and the Hen-
ry’s constant K, and the fluctuation of air temperature
with time.

Coupling the Component Modules

Distributions of soil-water content and soil tempera-
ture in a profile are needed to evaluate the coefficients
in the governing equation of ammoniacal N transport.
Soil-water contents and soil temperatures in a profile
are obtained by solving the water flow and heat flow
equations. Since the volumetric heat capacity and ther-
mal conductivity of a soil system are dependent on soil-
water content (Hillel, 1998; Scott, 2000; Wu and Nof-
ziger, 1999), the water flow equation must be solved
before the heat flow equation. Because of the nonlinear-
ity in the governing equation of water flow and the
complexity in the expressions of the coefficients in all
the governing equations and boundary conditions, nu-
merical methods are employed to solve the problems.
Temporal variations of the concentrations of ammonia-
cal N in a soil profile and the amount and rate of ammo-
nia volatilization from soil surface are obtained by solv-
ing the initial-boundary problems of N transport, water
flow, and heat flow in a stepwise manner. At each time
step, the model evaluates the concentrations of ammoni-
acal N, soil-water potentials, and soil temperatures in a
profile at the end of the time interval from those at the
beginning of the interval. The water flow problem was
solved first at a time step to determine water contents
and Darcy velocities in the profile. Then the heat flow
problem was solved for soil temperatures in the profile
using the volumetric heat capacity and thermal conduc-
tivity calculated from water contents obtained in the
solution of the water-flow problem (Farouki, 1986; Hil-
lel, 1998; Wu and Nofziger, 1999). Measured data of
hourly air temperature were used as the surface-soil
temperature at the upper boundary of the heat-flow
problem. The lower boundary was set at a location deep
enough that soil temperature at such a depth is not
significantly affected by temperature fluctuations at the
soil surface. Since the lower boundary of the heat-flow
problem was at a much deeper location than that of the
water-flow and transport problems, mesh points used

to solve the heat-flow problem are different from those
used to solve the water-flow and transport problems.
Linear interpolation was employed to evaluate soil tem-
peratures at the mesh points of the water-flow and trans-
port problems. Water contents at the mesh points of
the heat-flow problem were also evaluated by interpola-
tion. At locations below the lower boundary of the wa-
ter-flow and transport problems, water contents at the
mesh points of the heat-flow problem were set at the
water content of the mesh point at the lower boundary
of the water-flow and transport problem. Finally the
N transport problem was solved for concentrations of
ammoniacal N in the soil profile using the storage and
transport parameters calculated from the water con-
tents, Darcy velocities, and soil temperatures obtained
in the solutions of water-flow and heat-flow problems.

During the infiltration phase of an irrigation event,
a submodel is invoked at each time step to evaluate the
concentration of ammoniacal N entering the soil profile.
The submodel invoked is dependent on the irrigation
method used. In the case of flood irrigation, Eq. [27] is
used to calculate concentration of ammoniacal N enter-
ing the soil profile. For a sprinkler-irrigation event, the
droplet volatilization model (Wu et al., 2002) is invoked
to evaluate the average droplet concentration of ammo-
niacal N at the soil surface. The droplet volatilization
model also calculates the amount of droplet volatiliza-
tion of ammoniacal N from the sprinkler system.

Evaluating Rate and Amount
of Ammonia Volatilization

A major objective of this model is to estimate the rate
and amount of ammonia volatilization from surface-
applied swine effluent. Like the specification of the up-
per boundary condition for the transport of ammoniacal
N in a soil profile, the method for evaluating the rate
and amount of ammonia volatilization is dependent on
the irrigation method used to deliver swine effluent to
a soil surface. During the infiltration phase of a flood-
irrigation event, ammonia volatilization occurs at the
liquid—air interface of the ponding layer instead of the
soil surface. The volatilization rate during that time was
calculated using the equation

) )0
-lvula(t) = hm %C&HI(M) o Cf’l\}h;(g) [28]

where J,,,(1) is the vertical flux of ammoniacal N at time
t (kg ha™'s™).

During a sprinkler-irrigation event, ammonia volatil-
ization loss includes droplet volatilization loss, wind drift
loss, and volatilization loss from soil surface. Losses
from wind drift and droplet volatilization may be esti-
mated using the efficiency-coefficient method devel-
oped by irrigation engineers for estimating water losses
from wind drift and droplet evaporation (Wu et al.,
2002). The soil-surface-volatilization rate during a sprin-
kler-irrigation event was calculated using the follow-
ing equation

0 K.K
Jvula(t) = (e_?)hm[(ﬁCNHf(aq))

z=0

- G| 191
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Equation [29] can also be used to evaluate soil-surface-
volatilization rate during the redistribution phase after
an irrigation event.

The cumulative volatilization up to time ¢ for all the
upper-boundary scenarios described above can be ex-
pressed as

mNH‘ - \Lt‘/vnln(t)dt [3()]

where myy, is the cumulative amount of ammoniacal N

volatilized from unit area of soil surface and the surface
of the ponding layer in flood irrigation (kg ha™").

Model Testing

The partial differential equations for ammoniacal N
transport, water flow, and heat flow in a soil profile
were solved numerically using implicit finite difference
schemes (Allen et al., 1988; Haverkamp et al., 1977).
Explicit linearization was used to estimate the nonlinear
coefficients in the water flow equation (Haverkamp et
al., 1977; Nofziger et al., 1989). The numerical model was
implemented in MATLAB on a PC and the computer
model was tested against six sets of data from field
experiments conducted in different seasons of the year
(Warren, 2001; Zupancic et al., 1999).

The field experiments were conducted at the Okla-
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homa State University Panhandle Research Station lo-
cated in Goodwell, OK (36° 36" 6” N lat., 101° 36" 5”
W long.) in May, July, and September of 1998, July of
1999, and March and July of 2000. The swine effluent
was applied to a bare soil of a Richfield clayey loam
(fine, smectitic, mesic Aridic Argiustolls) by flood irriga-
tion. The integrated horizontal flux (IHF) method
(Mclnnes et al., 1985; Schjoerring et al., 1992) was em-
ployed to measure the volatilization rate from a circular
area of 15.24 m in diameter. Detailed information on
the experiments was given by Warren (2001) and Zu-
pancic (1999).

Figure 1 and Fig. 2 show the comparison of the mea-
sured and simulated volatilization rate and cumulative
amount of ammonia volatilized. The data points of dif-
ferent symbols in a graph represent measured data in
different replicate plots of an experiment. The solid line
represents simulation results. Simulated volatilization
rates in Fig. 1 are average rates over different experi-
mental sampling periods. Input data of management-
related parameters for swine-effluent irrigation events
are summarized in Table 1. Input data of climate-related
parameters including hourly averages of air tempera-
ture, wind speed, precipitation, and solar radiation were
taken from Mesonet observations. Air temperatures and
wind speeds were measured at a height of 1.5 and 2 m,

(b) July 28, 1998

(d) July 28, 1999

() July 13, 2000

0 48 72 96 0 144 168
time (hours after application)

Fig. 1. Comparison of predicted average rate of ammonia volatilization loss with field data measured in different seasons. Symbols represent
measured data of different replicates, and solid lines are simulation results.
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Fig. 2. Comparison of predicted cumulative ammonia volatilization loss with field data measured in different seasons. Symbols represent measured

data of different replicates, and solid lines are simulation results.

respectively. The Mesonet station was within 50 m of
the experimental plots. The saturated hydraulic conduc-
tivity of the soil was estimated from observed ponding
duration of a swine-effluent irrigation experiment (War-
ren, 2001). All other soil hydraulic properties were ex-
tracted from the UNSODA unsaturated soil hydraulic
database based on soil texture (Leij et al., 1996). Flow
and transport parameters of the soil medium used in
model testing are summarized in Table 2.

Both the experimental data and simulation results
revealed large seasonal changes in percentage of volatil-
ization loss of ammoniacal N from surface-applied swine
effluent primarily because of changes in air temperature
and wind speed. About 50% of ammoniacal N was lost
at the end of 1 wk after a swine-effluent-irrigation event
on 28 May 1998. The loss was <20% when swine effluent
was applied on 28 Mar. 2000. The simulated volatiliza-

Table 1. Management-related input data from experimental records.

tion rate in Fig. 1(a) to 1(f) matched well with the mea-
sured data. However, significant discrepancies between
the simulation results and the measured data occurred
in three of the cumulative volatilization curves (see
Fig. 2b, 2d, and 2f). Examining the volatilization-rate
curves in Fig. 1d and 1f revealed that the discrepancies
in the cumulative curves were caused mainly by the
differences of the volatilization rate in the first sampling
period of the experiments. Starting from the end of
the first sampling period, the curves of the simulated
cumulative volatilization losses in Fig. 2d and 2f are
basically parallel to the measured data. In Fig. 2b, the
significant discrepancy between the simulated and mea-
sured cumulative volatilization loss began at the end of
the third sampling period. The simulated volatilization
rate in Fig. 1b basically went through the upper limits
of the measured data points. Starting from the end of

Starting date NH;-N concentration Effluent pH Soil pH Depth applied Starting time Data source
gL™ cm h
28 May 1998 0.963 7.4 2.8 1000 Zupancic, 1999
28 Jul. 1998 0.963 7.4 2.3 1400 Zupancic, 1999
12 Sept. 1998 0.963 7.4 2.4 1300 Zupancic, 1999
28 Jul. 1999 0.778 8.0 7.05 2.5 1130 Warren, 2001
28 Mar. 2000 0.782 8.25 7.62 2.5 0900 Warren, 2001
13 Jul. 2000 0.856 7.88 7.84 25 1230 Warren, 2001
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Table 2. Flow- and transport-related input parameters.

Symbol Description Value Source

0, m*m™? Saturated soil water content 0.410 Leij et al., 1996

0, m*m™? Residual soil water content 0.095 Leij et al., 1996

o, m! Empirical constant in van Genuchten’s equation for hydraulic properties 1.900 Leij et al., 1996

n, Empirical constant in van Genuchten’s equation for hydraulic properties 1.310 Leij et al., 1996

K, ms™! Saturated hydraulic conductivity 9.54 X 1077 Derived from infiltration data
o, m Longitudinal dispersivity 0.039 Biggar and Nielsen, 1976
Kniifag m® kg™! Adsorption-desorption coefficient of aqueous NH{ 124 x 107} Measured

G K m2 K" Average volumetric heat capacity of soil solids 2100 Hillel, 1998

Ciy kI m3 K™! Volumetric heat capacity of liquid water 4200 Hillel, 1998

Ky kIm'd 'K Thermal conductivity of liquid water 5141 van Wijk, 1963

Koy kIm'd'K! Thermal conductivity of air 2.25 van Wijk, 1963

i Klm a1l K> Average thermal conductivity of soil solids 504.58-2.85f,,, Gemant, 1950

Janys % mass Mass percentage of clay particles 32.7 Measured

Jrss % mass Mass percentage of fine sand particles 46.3 Measured

the third sampling period, the curve of the simulated
cumulative volatilization loss in Fig. 2b also runs parallel
to the measured data. The averages of the air tempera-
ture and wind speed for the whole week and during
the first sampling period for the field experiments are
summarized in Table 3.

In the IHF method, the volatilization rate was deter-
mined by integrating horizontal fluxes measured at dif-
ferent sampling heights. This method may underesti-
mate the volatilization rate during the early period of
an experiment when the concentration boundary layer is
not fully developed. Before the top of the concentration
boundary layer reached the first horizontal-flux sampler
at the bottom of a sampling mast, the samplers would
not catch any of the volatilized ammonia. This underes-
timation is expected to increase with the increase in
wind speed, temperature, and the height of the first
horizontal-flux sampler. The average wind speeds and
air temperatures of the three experiments performed in
July of 1998, 1999, and 2000 were among the highest
observed (Table 3). This might explain why the mea-
sured volatilization rates in the first sampling period of
these three experiments were lower than the simu-
lated rates.

Sensitivity Analysis

The input parameters of the mechanistic model may be
divided into groups of soil-related parameters, weather-
related parameters, and management-related parame-
ters. Soil-related parameters include soil hydraulic prop-
erties, transport and reaction properties of ammoniacal
N in a soil medium, and particle-size distribution of the
soil medium. Weather-related parameters include wind
speed, air temperature, solar radiation, and relative hu-
midity. Management-related parameters include the
amount of swine effluent applied, concentration of am-
moniacal N in the effluent, effluent pH, and width in
the wind direction of the field where swine effluent is
applied. Figure 3 demonstrate the sensitivity of cumula-
tive ammonia volatilization loss to soil texture, soil pH,
air temperature, and wind speed. Clay-loam-textured
soil, Mesonet weather data at Goodwell, OK between
28 May 1998 and 4 June 1998, and the management-
related parameters from the experiment starting on 28
May 1998 were used in the simulations of sensitivity
analysis if not indicated otherwise.

The difference in simulated cumulative volatilization
loss at the end of 1 wk after an irrigation event between

a clay-loam textured soil and a silt-loam-textured soil
is <5%. The hydraulic parameters of the clay-loam and
silt-loam textured soils are shown in Table 4. A 0.2-unit
decrease in soil pH from 8.1 caused an 8% decrease in
simulated cumulative volatilization loss. The 0.2-unit is
the expected deviation of lab-measured pH value of
an individual soil sample (Dr. Hailin Zhang, personal
communication, 2000). The difference in simulated vola-
tilization loss caused by a change in soil texture from
clay loam to silt loam is less than that caused by the
uncertainty in lab-measured pH value of a soil sample.
Changes in air temperature also resulted in considerable
change in simulated cumulative volatilization loss. Rai-
sing the set of temperatures measured between 28 May
1998 and 4 June 1998 by 5°C caused a 13% increase in
the simulated cumulative volatilization loss while low-
ering the temperatures by 5°C caused a 16% decrease
in the simulated cumulative volatilization loss. The sen-
sitivity of the simulated cumulative volatilization loss
to changes in wind speed varies with the magnitude
of the wind speed. Reducing the set of wind speeds
measured between 28 May 1998 and 4 June 1998 by
50% caused a 13% decrease in simulated cumulative
volatilization loss at the end of 1 wk while increasing
the wind speeds by 50% caused a 6% increase in the
simulated cumulative volatilization loss.

To aid decision-making in swine-effluent irrigation,
we need to predict ammonia-volatilization loss under
future weather conditions. Since future weather is un-
known, historical weather data of the same season is
often used for making simulations. Under such condi-
tions, variation in weather conditions of the same season
over different years largely determines the quality of
the predicted results. Figure 4 shows the comparison
of simulated cumulative ammonia volatilization losses
from swine effluent applied to the soil surface on 28

Table 3. Weekly average air temperature and wind speed for the
field experiments.

Weekly average First sampling period

Air Wind Air Wind
Starting date  temperature speed temperature speed Length

C ms! °C ms! h
28 May 1998 26.1 3.87 315 3.16 12.0
28 Jul. 1998 254 2.96 32.0 4.05 7.8
12 Sept. 1998 23.7 245 29.7 3.88 8.9
28 Jul. 1999 271 3.39 348 5.30 8.0
28 Mar. 2000 6.9 6.51 12.9 3.98 8.5
13 Jul. 2000 27.0 4.94 28.1 5.67 7.8
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Fig. 3. Sensitivity of cumulative ammonia volatilization loss to soil texture, soil pH, air temperature, and wind speed. Time started from the

beginning of simulated irrigation events.

May of 1998, 1999, and 2000 respectively. Again, hourly
average Mesonet weather data were used in the simula-
tions. Average air temperatures of the simulated period
in 1998, 1999, and 2000 are 26.1, 20.8, and 25.2°C. Aver-
age wind speeds of the simulated period are 3.74, 3.85,
and 5.94 m s™! for 1998, 1999, and 2000, respectively.
The simulated volatilization loss in 1999 was <80% of
that in 2000. The difference in volatilization loss be-
tween 1999 and 2000 was caused by a difference of 4.4°C
in average air temperature, and a difference of 2.08 m
s ! in average wind speed during the simulated period.
Uncertainty of the simulated ammonia volatilization
loss because of unknown future weather conditions at
the time of application must be considered when using
this model in a decision support system.

SUMMARY AND CONCLUSIONS

A mechanistic model was developed to predict the
rate and amount of ammonia volatilization from sur-
face-applied swine effluents. The process-based model
couples water flow, heat flow, and multiphase, multispe-
cies ammoniacal N transport in a soil profile. A submo-

del was developed to predict concentrations of ammoni-
acal N in the infiltrating water of a flood-irrigation event
and to estimate the rate and amount of ammonia volatil-
ization from the surface of the infiltration pond. The
infiltration submodel was integrated into the transport-
and-transformation model to specify the upper bound-
ary condition for the chemical transport model. The
governing equations of water flow, heat flow, and the
transport-and-transformation models were derived
from mass and energy balances employing well-estab-
lished constitutive relationships. The equations of the
mechanistic model were solved numerically. The com-
puter model was tested against the field experiments of
ammonia volatilization from swine effluent applied to
a field of Richfield clay loam by flood irrigation. The
input parameters for the simulations were determined
independently. The simulated average volatilization
rate matched very well with the measured data with a
few exceptions. The exceptions occurred mainly in the
first sampling period of the experiments, which might be
because of experimental underestimation of the vertical
flux in the early stage of experiments with high wind

Table 4. Hydraulic properties of the clay-loam textured, and a silt-loam textured soils. The data were extracted from the UNSODA

unsaturated soil hydraulic database (Leij et al., 1996).

Parameters Description Clay Loam Silt Loam
0, m* m? Saturated soil water content 0.410 0.450
0, m*m? Residual soil water content 0.095 0.067
a, m! Empirical constant in van Genuchten’s equation for hydraulic properties 1.900 2.000
n, Empirical constant in van Genuchten’s equation for hydraulic properties 1.310 1.410
K, ms™! Saturated hydraulic conductivity 9.54 X 1077 125 X 1077
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Fig. 4. Comparison of simulated cumulative ammonia volatilization
loss from swine effluent applied to the soil surface on 28 May of
1998, 1999, and 2000. Hourly average Mesonet weather data were
used in the simulations.

speeds. Preliminary sensitivity analysis of the model re-
vealed significant effect of temperature fluctuation and
pH variation on the simulated amount of ammonia vola-
tilized. Variations in flow- and transport-related input
parameters (except saturated hydraulic conductivity)
caused relatively little change in the simulated cumula-
tive volatilization. Further testing of the model is needed
to determine if the discrepancies between simulated and
measured volatilization rates arise from problems in the
model or from the experimental methods employed.
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Pore-Space Dynamics in a Soil Aggregate Bed under a Static External Load

Teamrat A. Ghezzehei* and Dani Or

ABSTRACT

The loose and fragmented soil structure that results from tillage
operations provides favorable physical conditions for plant growth.
This desirable state is structurally unstable and deteriorates with time
because of overburden, external stresses, and capillary forces. The
objective of this study was to model these structural changes by cou-
pling soil intrinsic rheological properties with geometry and arrange-
ment of aggregates represented as monosized spheres. Calculations
of interaggregate stresses and strains, and associated changes in den-
sity and porosity, were performed for a rhombohedral unit cell. Soil
rheological properties determined by application of steady shear stress
were used for calculations of strains under steady interaggregate
stresses. The models developed herein correspond to the initial stage
of deformation when discrete aggregates exist. At strains exceeding
0.12 the interaggregate voids are isolated and the current model no
longer applies and an alternative approach is presented elsewhere.
Unit cell calculations were up scaled to an aggregate-bed scale by
considering a one-dimensional stack of unit cells, which allows only
vertical stress transmission. The stress acting at an interaggregate
contact is fully accommodated (dissipated) by viscous flow when it
exceeds the yield stress (strength) of the aggregates. The stress is fully
transmitted to subsequent unit cells when it is less than the yield
stress. Plausibility of the models was demonstrated by illustrative
examples that highlight the different features of the models. The
results were in qualitative agreement with observations from the litera-
ture for deformation of either loose structure, and for highly dense
cases close to maximal bulk density.

TILLAGE oF agricultural soil results in a loose and
fragmented structure where aggregates are sepa-
rated from each other by interaggregate voids. The total
volume and size distribution of these voids determine
important soil physical characteristics, such as air and
water conductivities, water retention, and mechanical
resistance to plant root growth. This loose structure
settles because of compaction by farm implements and
surface tension of pore water, and consolidation by
overburden (Koolen and Kuipers, 1989).

Settlement and increase in strength of agricultural
soils because of various factors are often quantified us-
ing bulk empirical stress—strain relationships such as the
Mohr-Coulomb curves (e.g., Horn et al., 1998; Kirby,
1994; Kirby et al., 1997; Koolen and Kuipers, 1989; Leb-
ert et al., 1989). Often, the soil mechanical coefficients
used in these constitutive relationships have no clear
physical meaning (Oda and Iwashita, 1999). Moreover,
bulk settlement and strength changes alone are not suffi-
cient to describe evolution of soil hydraulic properties.
Recently, we proposed alternative framework for mod-
eling evolution of soil structure by focusing on individual
soil aggregates and interaggregate pores (Ghezzehei

T.A. Ghezzehei, Earth Science Division, Lawrence Berkeley National
Laboratory, One Cycotron Road, MS90-1116, Berkeley, CA 94720;
D. Or, Dep. of Civil and Environmental Engineering, University of
Connecticut, 261 Glenbrook Road, Unit 2037, Storrs, CT 06269. Re-
ceived 10 Oct. 2001. *Corresponding author (TAGhezzehei@Ibl.gov).

Published in Soil Sci. Soc. Am. J. 67:12-19 (2003).

12

and Or, 2000; Ghezzehei and Or, 2001; Or, 1996). This
framework considers spherical soil aggregates and inter-
play between soil rheology, capillary forces, and exter-
nal stresses. We used stochastic formulation to upscale
the single-pore dynamics to evolution of sample scale
pore-size distribution (Or et al., 2000).

The objective of this study is to extend the earlier
framework from the rhombic unit cell to an aggregate-
bed scale by employing a simple and mechanistic up
scaling scheme. This paper emphasizes static and steady
external stress; extension to transient stresses such as
imposed by passage of a tractor, will be presented in a
subsequent work.

THEORY

We represent a soil aggregate bed as an assembly of discrete
structural units. The structural units are embodied in mathe-
matically tractable and simple geometric constructs that retain
many of the features and structural behavior of a real soil.
We calculate the deformation of unit elements under the influ-
ence of steady stress using rheological properties of the soil
that forms the aggregates. Subsequently, the unit element
model is up scaled to an aggregate bed model by considering
stress and strain propagation in a one-dimensional stack of
unit elements.

Basic Structural Unit Cell

The size, shape, and spatial arrangement of soil aggregates
vary widely, and the processes of soil aggregate bed deforma-
tion nonlinearly depend on these factors. For mathematical
tractability, we represent soil aggregates by spheres, and their
spatial arrangements by simple packing geometries. The sim-
plest packing systems often have the following features: (i)
they are monodisperse, (ii) they are continuous, in that each
sphere in the pack can be reached from any other sphere by
crossing surface contacts only, and (iii) the density of the pack
is uniform throughout the system. In cubic packing (Fig. 1a)
each sphere is in contact with six other spheres (coordination
number, N = 6) with internal porosity (¢) of 47.6%. Whereas
in the rhombic packing (Fig. 1b) each sphere is in contact with
12 other spheres (N = 12) and has a porosity (¢) of 26.5%.
For most aggregated soils the porosity of interest lies between
these extremes. Two common approaches exist for building
packing systems having intermediate porosity using the above
unit cell configurations. In the first approach, a cubic unit cell
made of eight spheres is transformed to a rhombohedral cell
by sliding one of the layers, such that the displacements in
the x-y plane are equal. The amount of movement is given
by the angle, 6, measured between centers of spheres on the
same side of the unit cell, and varies between 90° for cubic
and 60° for rhombohedral (e.g., Kezdi, 1964). The formula for
the porosity of the unit cell as a function of the packing angle
6 is given as

=1- ul : 1
(b 6(1 — cos)V1 + 2cos6 2

In the aforementioned transformation of a unit cell, the
coordination number (N) does not vary continuously. In a
second approach, the aggregate system is represented as a



