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Unsaturated zone N fate and transport were evaluated at 
four sites to identify the predominant pathways of N cycling: 
an almond [Prunus dulcis (Mill.) D.A. Webb] orchard and 
cornfi eld (Zea mays L.) in the lower Merced River study 
basin, California; and corn–soybean [Glycine max (L.) Merr.] 
rotations in study basins at Maple Creek, Nebraska, and 
at Morgan Creek, Maryland. We used inverse modeling 
with a new version of the Root Zone Water Quality Model 
(RZWQM2) to estimate soil hydraulic and nitrogen 
transformation parameters throughout the unsaturated zone; 
previous versions were limited to 3-m depth and relied on 
manual calibration. Th e overall goal of the modeling was to 
derive unsaturated zone N mass balances for the four sites. 
RZWQM2 showed promise for deeper simulation profi les. 
Relative root mean square error (RRMSE) values for predicted 
and observed nitrate concentrations in lysimeters were 0.40 
and 0.52 for California (6.5 m depth) and Nebraska (10 m), 
respectively, and index of agreement (d) values were 0.60 and 
0.71 (d varies between 0 and 1, with higher values indicating 
better agreement). For the shallow simulation profi le (1 m) 
in Maryland, RRMSE and d for nitrate were 0.22 and 0.86, 
respectively. Except for Nebraska, predictions of average 
nitrate concentration at the bottom of the simulation profi le 
agreed reasonably well with measured concentrations in 
monitoring wells. Th e largest additions of N were predicted 
to come from inorganic fertilizer (153–195 kg N ha−1 yr−1 
in California) and N fi xation (99 and 131 kg N ha−1 yr−1 in 
Maryland and Nebraska, respectively). Predicted N losses 
occurred primarily through plant uptake (144–237 kg N ha−1 
yr−1) and deep seepage out of the profi le (56–102 kg N ha−1 
yr−1). Large reservoirs of organic N (up to 17,500 kg N ha−1 
m−1 at Nebraska) were predicted to reside in the unsaturated 
zone, which has implications for potential future transfer of 
nitrate to groundwater.
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Nitrate is one of the most pervasive contaminants in 
groundwater, and its potential for transfer through the 

unsaturated zone has been investigated in numerous modeling 
studies (Domagalski et al., 2008; Green et al., 2008a; Jabro et al., 
2006; Ma et al., 2007a,b,c; Malone et al., 2007a,b; Saseendran et 
al., 2007; Schmied et al., 2000). Th e ability to quantify N losses 
in relation to loads at the land surface is essential for the develop-
ment of strategies to protect groundwater from excessive leaching. 
Nitrogen mass balances can help assess the relative contributions 
of N from fertilizer, the atmosphere, and natural sources, as well 
as comparative losses by plant uptake and leaching to groundwa-
ter (Puckett et al., 1999). However, N cycling processes such as 
fi xation, mineralization, immobilization, nitrifi cation, denitrifi ca-
tion, and plant uptake are diffi  cult and costly to measure. Field 
studies of nutrient–plant relations commonly measure nitrate 
concentration in the root zone but seldom investigate the deeper 
unsaturated zone. Previous studies below the root zone (Green et 
al., 2008a) have investigated nitrate fl uxes and denitrifi cation, but 
not the other processes.

Mechanistic models are potentially useful for simulating N 
cycling in the unsaturated zone and have become increasingly 
complex so as to simulate soil biological processes, the infl uence 
of soil physical factors, and substrate decomposition (Schmied et 
al., 2000). Th e more complex models have numerous parameters 
that are unknown and diffi  cult to estimate. Prior researchers used 
inverse modeling to estimate nitrifi cation rate, denitrifi cation rate, 
mineralization rate, and other parameters for the LEACHM model 
(Schmied et al., 2000). Model fi t to nitrate data was adequate except 
for high observed concentrations that apparently were caused by 
preferential fl ow, which is not simulated by LEACHM.

Th e Root Zone Water Quality Model (RZWQM) has pref-
erential fl ow capability and also provides a detailed mass balance 
comprising N losses, additions, and transformations (Ahuja et al., 
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2000). RZWQM has been applied extensively in the midwest-
ern and Great Plains regions of the United States, and has been 
evaluated in other agricultural settings as well (Nolan et al., 
2005). Previous RZWQM studies involved manual calibration, 
which is diffi  cult because the model has numerous parameters 
for multiple processes representing plant growth, microbial 
populations, water fl ux, and contaminant fate and transport. A 
typical approach estimates N pool sizes using long-term simu-
lations, and then the model is manually calibrated in iterative 
fashion to try to match observed soil water, N, and plant growth 
(Hanson et al., 1999). However, emphasizing one component 
of the model (e.g., crop yield) can cause other components 
(e.g., N leaching) to fi t less well, and vice versa. In long-term 
simulations at Iowa (Ma et al., 2007c), RZWQM predictions of 
annual tile fl ow and N loading were acceptable, but simulated 
corn and soybean yields were less accurate. Th is may have been 
caused by simulation errors in the plant uptake of N. In another 
Iowa study, corn yield was predicted with greater accuracy than 
N concentration based on model errors expressed as percentages 
of the observed means (Malone et al., 2007a).

Another aspect of previous RZWQM studies is that they 
were limited to the rooting depth of plants (3 m or less). Th e 
maximum simulation depth has been recently extended to 
30 m by the USDA–ARS as part of a collaboration with the 
U.S. Geological Survey’s National Water Quality Assessment 
Program.  Th us, the new version of the model (RZWQM2, v. 
1.8) predicts water quality eff ects well beyond the root zone.

In the current study, we calibrated RZWQM2 by inverse 
modeling using PEST parameter estimation software (Doherty, 

2004). Inverse modeling provides an objective means of simul-
taneously optimizing parameters and characterizing parameter 
sensitivity and uncertainty. We anticipated that systematic cali-
bration of RZWQM2 to measured data from various depths 
would yield realistic mass balance estimates for the bulk of the 
unsaturated zone. Th e goal of the study was to compare unsatu-
rated zone N mass balances at contrasting sites across the United 
States. Specifi c objectives were (i) to calibrate RZWQM2 using 
data collected throughout the unsaturated zone, where feasible 
and (ii) to characterize the predominant N cycling pathways for 
the overall unsaturated zone. Lastly, we predicted water and N 
fl uxes at a less intensively monitored site in California to evalu-
ate the eff ects of diff erent crop and irrigation practices on pre-
dicted N mass balances and nitrate leaching.

Materials and Methods
Site Descriptions
To test the robustness of the approach, N mass balances were 
simulated at four sites that represent nationally diverse condi-
tions: C22, an almond orchard in the lower Merced River study 
basin in California (Fig. 1A); C21, a cornfi eld that is about 
0.6 km from C22 (Fig. 1A); N23, a corn–soybean rotation in 
the Maple Creek study basin in Nebraska (Fig. 1B); and M21, 
a corn–soybean rotation in the Morgan Creek study basin in 
Maryland (Fig. 1C). Site designations are the same as reported 
in a previous study (Green et al., 2008a). Precipitation, soils, 
unsaturated zone thickness, and management practices at 
the four sites varied substantially. Sites C22, C21, and N23 
received signifi cantly less precipitation (31–72 cm yr−1) than 

Fig. 1. Unsaturated zone monitoring sites and well locations at the (A) Merced River in California, (B) Maple Creek in Nebraska, and (C) Morgan 
Creek in Maryland.
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M21 (112 cm yr−1) and were irrigated to 
meet crop water demand (Table 1). Site 
C22 was predominantly sand except for a 
silt layer at about 3 m (Table 2) and exhib-
ited minimal runoff  and erosion (Fisher and 
Healy, 2008). Average depth to water was 
6.5 m during the model simulation period 
(1 Jan. 2002–31 Dec. 2004). Th e site typi-
cally received 10 cm of sprinkler irrigation 
water with dissolved N fertilizer biweekly 
from March through August. Irrigation was 
stopped in late summer so that the almonds 
could ripen, after which another 20 cm of 
irrigation water was applied in mid-Octo-
ber for a total of 120 cm yr−1.

Soils at site C21 generally were siltier 
than at C22 (Table 2). Because several soil 
layers at C21 lacked measured particle size data, soil texture 
was inferred from the well driller’s log based on the Natural 
Resources Conservation Service soil texture triangle (NRCS, 
2009). Average depth to water at this site was 5.0 m from 1 
Jan. 2002 to 31 Dec. 2004, and an estimated 122 cm yr−1 of 
furrow irrigation water was applied (Table 1). Th e total irriga-
tion amount was allocated to individual dates according to a 
water-table fl uctuation analysis of data from the onsite well.

Of the four sites, N23 had the thickest unsaturated zone (Table 
1), and the inferred soil texture ranged from predominantly sand 
to predominantly silt (Table 2). Average depth to water during 
the simulation period (1 Jan. 2002–31 Dec. 2005) was 21.6 
m. Th e site received an estimated 20 cm yr−1 of irrigation water 
(Green et al., 2008a), substantially less than C22 and C21.

Although site M21 was in a corn–soybean rotation, soybean 
was grown in consecutive years during the model simulation 
period (3 Jan. 2002–20 Oct. 2004). Unsaturated zone texture 
ranged from loamy sand to sandy loam with medium silt content, 
and there was medium runoff  potential (Fisher and Healy, 2008).

Nitrogen fertilizer application rates ranged from 96 to 272 
kg N ha−1 yr−1 (Table 1) and were based on amounts indicated 
by the farmers who owned the fi elds (C22, C21, M21) or in 
the case of N23 on typical rates for the county in which the 
fi eld was located (Dave Varner, University of Nebraska-Lincoln 
Extension, personal communication, 2009). Th e high esti-
mate is for C21 and includes 90 kg ha−1 yr−1 of N as preplant 
manure. Bromide tracer was applied to the surface of 12-m2 
sections of land overlying the lysimeter clusters to help under-
stand unsaturated zone water fl uxes (Fisher and Healy, 2008).

Data Collection
Weather data and irrigation estimates are the driving variables 
used by RZWQM2 to mobilize and transport solutes and are also 
critical to microbial activity and predicted plant growth. Weather 
stations were installed at each of the three monitored sites as 
described in an earlier study (Capel et al., 2008). Precipitation 
data were measured at the stations, as well as other data used 
by the model to calculate potential evapotranspiration: mini-
mum and maximum temperature, wind speed, solar radiation, 
net radiation, and relative humidity. Weather data at C22 were 
supplemented by off site data (Domagalski et al., 2008) to pro-
vide three complete years of simulation (2002–2004) for mass 

balance purposes.  Similarly, off site data from Middletown, DE, 
were used to supplement onsite weather data collected at M21.

Model calibration was based on observed aqueous nitrate and 
bromide concentrations, soil nitrate and organic matter content, 
and soil moisture content and tension. All data were collected 
during 2003 to 2005 from working farms. Aqueous nitrate and 
bromide data came mainly from ceramic porous-cup suction 
lysimeters that were sampled 6 to 15 times per growing season 
for up to two seasons (Capel et al., 2008). Replicate samples were 
averaged to produce single observations per sampling date. Nitrate 
concentration was calculated for each sample by subtracting 
nitrite from nitrite-plus-nitrate and is reported as N. Lysimeters 
were arrayed vertically at depths of 0.91, 4.57, and 6.10 m at 

Table 1. General characteristics of the four modeling sites with annual rates of precipitation, 
irrigation, and nitrogen loading (modifi ed from Green et al., 2008a).

Site
Mean 

precipitation
Irrigation 

rate
Depth to 

water†
Predominant 

soil type
N load 

rate

——— cm ——— m kg ha−1

California (C22) almonds 
(Merced County) 31 120 6.54 Sand 140

California (C21) cornfi eld 
(Merced County) 31 122 4.99 Sandy loam 272‡

Nebraska (N23) corn–soybean 
(Dodge County) 72 20§ 21.59 Loam 146¶

Maryland (M21) corn–soybean 
(Kent County) 112 0 6.50 Sandy loam 96¶

† Average at monitoring well during model simulation period.

‡ Includes 90 kg ha−1 of preplant manure N.

§ From water-balance calculations (Green et al., 2008a).

¶ Corn fertilization rate.

Table 2. Soil texture and organic matter measured or inferred within 
the depth of simulation. Soil texture not directly measured was 
inferred from well logs.

Depth 
(cm)

Sand 
fraction

Silt 
fraction

Clay 
fraction

Organic matter 
fraction

California almonds (C22)

5† – – – 0.017
91–107 0.906 0.079 0.015 0.004
274–290 0.882 0.103 0.015 0.006
329–344 0.059 0.808 0.133 0.020
427–442 0.965 0.029 0.006 0.004
594–610 0.943 0.048 0.009 0.0

California corn silage (C21)

0–152‡ 0.700 0.260 0.040 –
152–305 0.700 0.260 0.040 0.01
305–457‡ 0.600 0.130 0.270 –
457–499‡ 0.100 0.450 0.450 –

Nebraska corn–soybean (N23)

5† – – – 0.029
3–120§ 0.210 0.720 0.070 –
244–366‡ 0.200 0.700 0.100 –
366–488‡ 0.900 0.050 0.050 –
762–914§ 0.944 0.044 0.012 –

Maryland corn–soybean (M21)

5† – – – 0.023
0–61 0.531 0.399 0.070 0.024

† Surfi cial soil sample near monitoring well.

‡ Particle size inferred from well log lithology at site.

§ From nearby well in same fi eld.
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C22 and 1.52 and 7.01 m at N23 (Capel et al., 2008). At M21, 
we used data from a 30-cm by 30-cm pan lysimeter at a depth 
of 0.52 m. Soil moisture data were collected using water content 
refl ectometry probes located at depths of 0.30, 0.61, and 0.91 m 
at C22, and 0.49 m at M21 (soil moisture and tension data were 
not collected at N23 and C21). Soil tension data came from heat 
dissipation probes located at depths of 0.30, 0.91, 3.32, 4.57, 
and 6.10 m at C22, and 0.40 m at M21. Sediment samples were 
collected at intervals of about 1.5 m to the water table during 
installation of lysimeters and monitoring wells. Sampling fre-
quency was increased as necessary if multiple prominent horizons 
were encountered within the 1.5-m interval. Sediment samples 
were analyzed for particle size distribution, bulk density, organic 
matter content, and soil nitrate and other ions using previously 
described methods (Capel et al., 2008). Lithologic logs obtained 
during well installation were used to infer particle size distribu-
tion at sites that lacked sediment cores (C21, N23).

Unsaturated Zone Fate and Transport Modeling
We used v. 1.8 of RZWQM2 to simulate water, N, and bromide 
fl uxes for the entire unsaturated zone thickness, where feasible. 
RZWQM2 is a one-dimensional model that integrates agricul-
tural management practices and fl ow and transport processes, 
including both preferential and matrix fl ow, N cycling processes, 
pesticides sorption and degradation, and plant uptake of water 
and solute. Th e model simulates soil evaporation and crop tran-
spiration with upper limits defi ned by potential evapotranspira-
tion (Ahuja et al., 2000). Th e latter is internally computed based 
on estimates of canopy and residue coverage, net radiation, and 
surface albedo. RZWQM2 accounts for diff erent N sources (fer-
tilizer in the form of nitrate, ammonium, or urea; and manure) 
and diff erent methods of application (surface broadcast, injec-
tion, and in irrigation water), and simulates microbially medi-
ated reactions that aff ect N cycling in the unsaturated zone. Th e 
model yields a detailed mass balance summarizing additions, 
losses, and transformations of N from various sources.

Initial versions of the models at C22 and M21 were predicated 
on manually calibrated models from previous studies (Bayless et 
al., 2008; Domagalski et al., 2008) and were altered as neces-
sary to confi ne estimates of N mass balances to the unsaturated 
zone. We specifi ed a unit gradient boundary condition for the 
lower boundary at all four sites to allow free drainage and keep 
the water table below the simulated profi le. Because the simu-
lations were comparatively short (3–4 yr), residue initial con-
ditions were established using a built-in module that stabilizes 
crop residues, organic matter pools, and microbial populations; 
a minimum of 10 yr was specifi ed. Th e residue initialization 
module uses fraction of organic matter as input and calculates 
microorganism populations for soil layers as well as the amount 
of carbon in fast, intermediate, and stable humus pools. Th e 
short duration of the simulations tended to produce declining 
water fl uxes within the simulation period, which was unrealistic. 
For this reason, two simulations were performed consecutively 
to stabilize the hydraulic state of the model. System values at the 
end of the fi rst simulation (hydraulic properties, carbon pools, 
N pools, etc.) were read into the model at the beginning of the 
second simulation, which produced stable water fl uxes through-
out the 3- to 4-yr period and also provided additional warm-up 
of the carbon and N pools.

RZWQM2’s minimum input option was specifi ed for soil 
hydraulic parameters, which requires estimates of saturated 
hydraulic conductivity (Ks), water content at fi eld capacity 
(WFC), and bulk density (BD). Initial estimates of Ks and WFC 
were taken from probability distributions of soil hydraulic prop-
erties (Meyer et al., 1997) for soil types indicated by sediment 
cores and/or well logs obtained at the sites. We simulated bro-
mide transport to better understand water fl uxes at C22, N23, 
and M21. Bromide was simulated as a pesticide with a very low 
sorption constant (10 6 cm3 g−1) and very high half-life (106 d).

Total seasonal irrigation amounts in the models at C22, 
C21, and N23 were reported by local landowners or estimated 
by other means (Green et al., 2008a). However, detailed irriga-
tion schedules were not available. Th erefore, the exact timing 
and amount of the irrigations were unknown. Large irrigation 
amounts (10–20 cm) on individual days were spread over mul-
tiple model days, particularly when they coincided with signifi -
cant rainfall, to prevent model instability. Shifting irrigation 
amounts to alternate dates was considered reasonable in the 
absence of specifi c application dates and because farmers typi-
cally do not irrigate on rainy days.

We used RZWQM2’s detailed crop growth model (DSSAT) 
for sites C21, N23, and M21, which provided crop biomass 
predictions for comparison with reported yields. DSSAT is 
parameterized for corn and soybean, but not almonds. For the 
latter, we used a new feature of RZWQM2 called Quicktree. 
Quicktree simulates crop eff ects on N mass balances but 
does not predict biomass yield. Compared with simplifi ed 
crop growth routines in previous versions of RZWQM (i.e., 
Quickplant), Quicktree provides additional fl exibility in the 
allocation of N to crop residues. Both Quicktree and a new 
version of Quickplant permit specifi cation of root biomass as 
well as the C-to-N ratio of the root material.

Measured and inferred soil properties corresponding to 
the simulation depths at the four sites are shown in Table 2. 
Simulation depth was set to unsaturated zone thickness for C22 
and C21 but was limited to 1 m at M21 because of concerns 
about two-dimensional fl ow below this depth. An argillic hori-
zon is present at about 1 m, and lateral transport of bromide 
from tracer tests was observed at the site. Water samples from 
deep suction lysimeters at the site (1.3–5.5 m) likely represent 
both vertical and horizontal components of fl ow, which violates 
RZWQM2’s one-dimensional fl ow assumption. Simulation 
depth was limited to 10 m at N23 because of Richards’ equa-
tion convergence problems with deeper simulations and because 
predicted water fl uxes at the depth of the water table (21.59 m) 
exhibited numerical instability. Simulation of deep water fl uxes 
at N23 may have been hindered by lack of soil moisture and 
tension data for use in inverse modeling. However, N fl uxes are 
unlikely to change between 10 m and the water table at this 
site. Analyses of stable isotopes of N in NO3  and N2, as well 
as unsaturated zone air concentrations of N2, N2O, and O2 for 
a well near N23 showed that nitrate was conservatively trans-
ported below 10 m (Green et al., 2008a).

RZWQM2’s macropore fl ow option was not invoked for 
any of the sites. Soils are predominantly sand or sandy loam at 
C22, C21, and M21, so matrix fl ow was expected to dominate 
water and solute fl uxes. Measured nitrate and bromide break-
through data at N23 indicated preferential fl ow, but attempts 



Nolan et al.: Unsaturated Zone Nitrogen Mass Balances in Agricultural Settings 1055

to use the macropore option in RZWQM2 did not improve 
model fi t for nitrate. Rather, we simulated preferential fl ow at 
N23 by increasing the Ks of soil layers until nitrate and bromide 
breakthrough curves were reasonably well approximated by the 
model. Macropore fl ow as simulated by RZWQM2 is one type 
of preferential fl ow. Other types include fi nger fl ow and funnel 
fl ow, which occur primarily in the soil matrix and are more 
common in coarse textured soils (Jarvis and Dubus, 2006).

We used PEST parameter estimation software (Doherty, 
2004) in conjunction with RZWQM2 to optimize soil 
hydraulic and N transformation parameters by inverse model-
ing. We anticipated that these parameters would have the most 
infl uence on N cycling and predicted water and nitrate fl uxes. 
PEST attempts to calibrate a model to observed data by mini-
mizing a weighted least-squares objective function:

1 2
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where ( ) = objective function based on parameter set ( ), 
O = observed value, P = predicted value,  = observation 
weight; subscripts i = ith observation, sm = soil moisture, t = 
soil tension, an = aqueous nitrate, b = aqueous bromide, sn = 
soil nitrate, om = soil organic matter, and m1–6 = numbers of 
observations associated with each of the preceding observation 
groups. Th e sensitivity of each parameter based on all of the 
observations (composite sensitivity) was calculated as follows:

1
2( )t

jj
js

m

J QJ
 [2]

where sj = the composite sensitivity of the jth parameter; J = 
the Jacobian matrix comprising m rows and n columns, m is 
the number of observations with nonzero weights, and n is the 
number of parameters; and Q = the cofactor matrix, typically 
a diagonal matrix comprising the squared observation weights 
(Doherty, 2004). Th e sensitivities and model residuals are used 
in inverse modeling to control the magnitude and direction 
of parameter adjustments required to decrease ( ) (Poeter 
and Hill, 1997). Additionally, we calculated the relative com-
posite sensitivity (RCS) based on composite scaled sensitivities 
described by Hill and Tiedeman (2007):

RCS j j js p m  [3]

where RCSj is the relative composite sensitivity of the jth 
parameter and pj is the value of the jth estimated parameter. In 
the case of a log-transformed parameter, pj is expressed as the 
log (base 10) of the parameter value for consistency with how 
log transforms are implemented in PEST. Th e RCS measures 
the composite changes in model predictions based on a frac-
tional change of a parameter value (Doherty, 2004).

We varied the parameters Ks, WFC, and BD in the inverse 
modeling to control predicted water fl uxes. Regarding nitrate, we 
initially varied organic matter transformation constants, N reaction 

rates, and plant N uptake rates, but several of these were found to be 
insensitive; therefore, after some experimentation, we emphasized 
the constant for the fraction of mass transfer from the medium soil 
humus pool to the slow pool (R45) and, at N23, the Arrhenius coef-
fi cient for nitrifi cation (ANIT). Observed values of aqueous and soil 
nitrate concentrations, bromide concentration, soil moisture con-
tent and tension, and soil organic matter content were supplied to 
PEST as a basis for parameter adjustment. Aqueous nitrate concen-
tration was computed from RZWQM2-predicted, soil nitrate con-
centration using an external Fortran program. Owing to the large 
number of unsaturated zone parameters being estimated (approach-
ing 20 per site) and the presence of correlations and wide ranges 
of sensitivities, we used truncated singular value decomposition to 
estimate linear combinations (eigenvectors) of parameters. Singular 
value decomposition enhances numerical stability in PEST, which 
can be diffi  cult to achieve when parameters are insensitive or highly 
correlated. Th e ratio of the lowest to highest eigenvalue at which 
truncation occurs (“EIGTHRESH” in PEST) was set at 10 5, 
which enhanced numerical stability with these data. EIGTHRESH 
limits the number of eigenvectors used in the Jacobian matrix inver-
sion, and higher values (10 3–10 4 vs. 10 6 or 10 7) have been rec-
ommended to promote stability of the matrix (Doherty, 2004). Th e 
soil hydraulic parameters Ks, WFC, and BD were log (base 10) 
transformed in PEST, which provided additional stability. Because 
porosity is a function of BD, we used the PAR2PAR utility in PEST 
to calculate porosity each time BD was adjusted, before it was writ-
ten to the model input fi le. Following a strategy suggested by prior 
researchers (Lin and Radcliff e, 2006), observation weights were 
manually adjusted so that selected terms in Eq. [1] either did not 
dominate or were not dominated by the other terms. Th e weights 
in general were inversely proportional to the variability of the obser-
vations. For example, soil tension measurements received small 
weights because they had high variability and ranged over thousands 
of centimeters. In contrast, soil moisture measurements received 
large weights because had low variability and varied between 0 and 
1. Soil nitrate and organic matter received smaller weights because 
they had fewer observations. Th e end result was that soil moisture, 
soil tension, aqueous nitrate, and aqueous bromide had about the 
same sum or squares contribution to ( ), with smaller contribu-
tions by soil nitrate and organic matter.

We reported the relative root mean square error (RRMSE) 
and the index of agreement (d) as additional indicators of 
model fi t. Th e RRMSE is the root mean square error normal-
ized to the mean of the observed values:

2

1

1
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m

i i
i

O P
m

O
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where  is the mean of the observations. Th e RRMSE is inter-
preted similarly to the coeffi  cient of variation, except that 
RMSE is substituted for the standard deviation. Th e index of 
agreement is defi ned as follows:
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Th e index of agreement is more sensitive than traditional corre-
lation measures to diff erences between observed and predicted 
means and variances; d varies between 0 and 1, with higher 
values indicating better fi t (Legates and McCabe, 1999).

In addition to the formal inverse modeling used to minimize 
the diff erence between observed and modeled observations, 
model output was also evaluated based on qualitative com-
parisons with independent estimates of water fl uxes and nitrate 
concentration in groundwater. Quantities reserved for this type 
of evaluation included measured annual water fl ux and nitrate 
concentration in colocated monitoring wells (C22, N23, M21) 
or, in the case of C21, measured nitrate in the monitoring well 
and in streambed and bank piezometers at the Merced River. 
Deep unsaturated zone water fl uxes (i.e., groundwater recharge) 
at C22, N23, and M21 were independently estimated either 
by the water-table fl uctuation method or by the saturated-zone 
chloride tracer method in prior studies (Fisher and Healy, 2008; 
Green et al., 2008b; Nolan et al., 2006). Crop biomass N yields 
at C21, N23, and M21, where the DSSAT crop growth model 
was used, saw limited manual calibration and also were com-
pared with fi nal predictions. At N23 and M21, DSSAT was 
loosely calibrated to grain biomass data before inverse model-
ing and afterward predicted N amounts in grain were compared 
with National Agricultural Statistics Service data for Dodge 
County, NE (NASS, 2009), or with yields reported by the 
farmer at M21. At C21, DSSAT was loosely calibrated to total 
aboveground biomass, and there was no inverse modeling step; 
predicted N in aboveground biomass was compared with local 
estimates for corn silage as a check on the limited calibration. 
Local and county crop yields were adjusted for moisture content 
for comparison with dry grain biomass predicted by RZWQM2. 
Site C22 used RZWQM2’s Quicktree model, which does not 
predict biomass yields.

Results and Discussion
Model calibration via PEST parameter optimization resulted 
in reasonable agreement between measured and predicted soil 
moisture content, soil tension, and nitrate and bromide concen-
trations. Whereas soil moisture content, soil tension, and bro-
mide concentration pertain to the hydraulic state of the model, 
nitrate concentration is related both to soil hydraulics and to the 
reactive components of the model (N loss and transformation).

Model Parameter Estimates and Sensitivities
Parameter estimates obtained by inverse modeling for sites 
with unsaturated zone monitoring data (C22, N23, and M21) 
are shown along with their RCS values in Table 3. In Fig. 2, 
the RCS values were normalized by expressing them as a per-
centage of the maximum RCS, to facilitate comparison among 
sites. Water content at fi eld capacity had the highest RCS at 
all three sites, generally followed by BD. Th ese parameters 
had more infl uence on predicted values and, hence, PEST’s 
objective function. Both WFC and BD are used by RZWQM2 
to estimate water retention functions used to calculate water 
fl uxes in the soil profi le.

Th e model generally was less sensitive to the two N cycling 
parameters that were varied (R45 and ANIT) than to soil 
hydraulic parameters. For example, R45 had sensitivities of 1.1 

to 13.4% (Fig. 2). Th e lower value suggested smaller precision; 
a parameter is considered imprecisely estimated when RCS is 
<1% of the maximum value for a set of parameters (Hill and 
Tiedeman, 2007). In such cases, more data may be required to 
increase the sensitivity of the parameter so that it can be esti-

Table 3. RZWQM2 parameters adjusted by inverse modeling for the 
three sites with unsaturated zone monitoring data. All parameters 
except R45 were log

10
 transformed.

Parameter†
Simulation 

depth
Estimate

Relative 
composite 
sensitivity

cm
California (C22)
 Ks, layer 1 0–10 24.07 3.40
 Ks, layer 2 10–200 6.37 2.11
 Ks, layer 3 200–330 16.08 1.52
 Ks, layer 4 330–400 20.00 0.90
 Ks, layer 5 400–650 21.69 1.32
 WFC, layer 1 0–10 0.11 19.51
 WFC, layer 2 10–200 0.11 12.20
 WFC, layer 3 200–330 0.08 4.95
 WFC, layer 4 330–400 0.24 2.20
 WFC, layer 5 400–650 0.04 2.24
 BD, layer 1 0–10 1.45 3.10
 BD, layer 2 10–200 1.67 5.95
 BD, layer 3 200–330 1.47 1.37
 BD, layer 4 330–400 1.10 0.14
 BD, layer 5 400–650 1.69 1.23
 R45 NA‡ 0.10 0.22
Nebraska (N23)
 Ks, layer 1 0–10 13.29 7.06
 Ks, layer 2 10–244 11.87 10.63
 Ks, layer 3 244–366 10.00 2.71
 Ks, layer 4 366–732 31.63 2.94
 Ks, layer 5 732–1000 6.65 2.31
 WFC, layer 1 0–10 0.13 90.20
 WFC, layer 2 10–244 0.10 47.96
 WFC, layer 3 244–366 0.32 41.19
 WFC, layer 4 366–732 0.20 15.07
 WFC, layer 5 732–1000 0.19 13.17
 BD, layer 1 0–10 1.43 10.58
 BD, layer 2 10–244 1.45 22.14
 BD, layer 3 244–366 1.70 16.56
 BD, layer 4 366–732 1.40 6.88
 BD, layer 5 732–1000 1.23 1.24
 R45 NA 0.86 6.12
 ANIT NA 1.00E-09 14.06
Maryland (M21)
 Ks, layer 1 0–10 0.36 127.65
 Ks, layer 2 10–99 2.82 38.06
 WFC, layer 1 0–10 0.15 1115.01
 WFC, layer 2 10–99 0.17 543.89
 BD, layer 1 0–10 1.61 376.97
 BD, layer 2 10–99 1.49 177.25
 R45 NA 0.69 149.29

† Ks, saturated hydraulic conductivity (cm h−1); WFC, water content at fi eld 
capacity (cm3 cm−3); BD, bulk density (g cm−3); R45, organic matter trans-
formation constant; ANIT, Arrhenius coeffi  cient for nitrifi cation (s d−1).

‡ NA, not applicable.
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mated by regression; or, the parameter can be fi xed so that it is 
not varied during inverse modeling. Th e maximum sensitivity 
of an N cycling parameter occurred at N23, where the RCS of 
ANIT was 15.6% (Fig. 2). Th is parameter may have assumed 
more importance at this site because measured soil moisture 
and tension data were not available for model calibration.

Soil Moisture, Soil Tension, and Bromide Tracer
Discussion of inverse modeling results for soil moisture and 
tension data is limited to the two sites that had measured values 
(C22 and M21). At C22, measured moisture contents were 
well simulated by the model, especially at 0.30 and 0.61 m 
(Fig. 3). Considering all measurement depths at C22, RRMSE 
= 0.17 and d = 0.74 (Table 4). Moisture contents were less 
well simulated for early times (February–July 2004) at 0.91 m; 
however, the predictions improved at later times (September–
October 2004). Both the measured and predicted moisture 
contents refl ected irrigation water applied during March to 
July and again in October. Moisture content declined between 
irrigations, then increased sharply in response to irrigation.

Predicted moisture contents at M21 refl ected natural rain-
fall patterns. Measured moisture contents generally were well 
simulated by RZWQM2 at M21 (RRMSE = 0.17 and d = 0.67) 
(Table 4), although the model underpredicted observed values 
at later times (October 2004) (Fig. 3). Predictions may have 
been hampered somewhat by using the minimum input soil 
hydraulic parameters to estimate Brooks–Corey water retention 
parameters. Prior researchers found that direct manipulation of 
Brooks–Corey parameters, such as bubbling pressure and pore 
size distribution index, improved soil water simulations (Malone 
et al., 2003). We found that estimating fewer unsaturated zone 
parameters (<20), combined with truncated singular value 
decomposition in PEST, enhanced the stability of the Jacobian 
matrix and helped the inverse modeling optimizations proceed 
to completion.

Model fi t to soil tension data at C22 varied by depth and 
is shown for depths of 0.91, 3.32, and 6.10 m (Fig. 4). Soil 
tension data at 0.30 and 4.57 m followed patterns similar to 
0.91 and 3.32 m, respectively, and are not shown. Soil tension 
at 0.91 m generally was well simulated at early times, but the 
model could not reproduce the highly negative tensions (to 

Fig. 2. Parameter sensitivities obtained by inverse modeling for the California almond site (C22), the Nebraska corn–soybean site (N23), and the 
Maryland corn–soybean site (M21) (ks, saturated hydraulic conductivity (cm h−1); wfc, water content at fi eld capacity (cm3 cm−3); bd, bulk density (g 
cm−3); r45, organic matter transformation constant for the medium and slow soil humus pools; anit, Arrhenius coeffi  cient for nitrifi cation (s d−1); 1, 
fi rst soil layer; 2, second soil layer; and so on). Sensitivities are expressed as a percentage of the maximum relative composite sensitivity obtained 
for each model.
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2620 cm) measured during dry conditions in early October 
2004, possibly because we used the minimum input option as 
discussed above. Soil tension at 3.32 m was well simulated at 
early times (February–July 2004) but less well so at later times 

(August–December 2004). Soil tension at 6.10 m was well simu-
lated throughout the range of measured data, which is notewor-
thy because calibration at depths >3 m had not been previously 
attempted with RZWQM2. Considering all fi ve depths at C22, 

RRMSE = 2.68 and d = 0.40 for soil tension data 
(Table 4).

Predicted soil tension at 0.40 m fi tted the mea-
sured values well at M21 throughout the simu-
lation period, including September 2004 when 
measured tensions approached 6000 cm (Fig. 
4). At M21, RRMSE = 2.91 and d = 0.86 for 
soil tension data (Table 4). Using the minimum 
input option for soil hydraulic parameters did 
not hamper model fi t at this site, which may have 
benefi ted from the fact that calibration involved 
only one measurement depth compared with fi ve 
depths at C22. On the basis of the soil moisture 
and tension plots shown in Fig. 3 and Fig. 4, 
RZWQM2 seemed to perform better for wetter 
conditions, when N cycling and transport would 
be most active.

Conservative transport of the bromide peak 
from tracer tests indicates the rate of water move-
ment in the unsaturated zone. Bromide concen-
tration data were reasonably well simulated at 

Fig. 3. Measured and predicted soil moisture contents at the California almond site (C22) and the Maryland corn–soybean site (M21).

Table 4. Model fi t statistics for the three sites with unsaturated zone monitoring data, 
following calibration by inverse modeling.

Observation group California (C22) Nebraska (N23) Maryland (M21) 

Soil moisture (cm3 cm−3)
 RMSE† 0.02 NA‡ 0.04
 Relative RMSE 0.17 NA 0.17
 Index of agreement 0.74 NA 0.67
Soil tension (cm)
 RMSE 714.60 NA 823.45
 Relative RMSE 2.68 NA 2.91
 Index of agreement 0.40 NA 0.86
Nitrate (mg L−1)
 RMSE 8.86 12.33 3.54
 Relative RMSE 0.40 0.52 0.22
 Index of agreement 0.60 0.71 0.86
Bromide (mg L−1)
 RMSE 20.35 16.64 0.91
 Relative RMSE 2.57 1.99 0.36
 Index of agreement 0.71 0.56 0.88

† RMSE, root mean square error.

‡ NA, not applicable.
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C22, N23, and M21, based on comparatively high d values 
(0.56–0.88) (Table 4) and inspection of Fig. 5. Th e arrival time 
of bromide in shallow lysimeters was well simulated at both 
C22 (0.91 m) and M21 (0.52 m). At C22, the measured bro-
mide data indicated rapid transport in irrigation water applied 
to highly permeable soils (Fisher and Healy, 2008). Th e pre-
dicted breakthrough curve had more dispersion, however, com-
pared with the measured values, which may have infl ated the 
RRMSE (2.57) at this site. Additionally, the model underpre-
dicted bromide concentration in the 4.57-m lysimeter, which 
saw measured values in excess of 30 mg L−1. Concentrations at 
early times (March–August 2004) in the 6.10-m lysimeter were 
low and were well simulated by the model.

At M21, measured bromide concentration generally increased 
with time (Fig. 5) and was well simulated by the model (RRMSE 
= 0.36, d = 0.88). At N23, predicted bromide breakthrough in 
the 1.52-m lysimeter lagged the measured values by about 7 wk, 
and the model overpredicted measured concentration at later 
times (June 2005). Th e predicted curves are shown as blank 
during the 9-mo gap in the measured data (August 2004–May 
2005). Th e lag time may be due to limitations of the macropore 
fl ow feature of RZWQM2 for conservative solutes. We initially 
attempted to use this feature because preferential fl ow transport 
of nitrate was observed at N23 (Green et al., 2008a), but this did 

not improve bromide or nitrate fi t at 1.52 m. Th e model predicts 
that macropore fl ow occurs when rainfall rate exceeds the infi l-
tration rate of the soil surface and that chemicals are transferred 
to overland fl ow by mixing with rainfall in the top 2 cm of the 
soil. Th e extent of transfer to macropores decreases exponentially 
with depth (Malone et al., 2001). RZWQM2 predicted compar-
atively rapid transport of conservative solutes below 2-cm depth 
via matrix fl ow at N23. Th ese solutes therefore were mostly 
unavailable for transfer to overland fl ow. We attempted to com-
pensate by increasing the hydraulic conductivity of selected soil 
layers to simulate preferential fl ow phenomena not simulated by 
RZWQM2. Bromide concentration in the 7.01-m lysimeter at 
N23 was negligible both in measurements and in model output, 
suggesting that preferential fl ow eff ects were dampened at this 
depth. Considering all lysimeter depths at N23, RRMSE = 1.99 
for bromide and d = 0.56 (Table 4).

Nitrate and Organic Matter
Discussion of inverse modeling results for nitrate is limited to 
the three sites that had lysimeter data (C22, N23, and M21). 
Nitrate concentration in lysimeter samples was reasonably well 
simulated by RZWQM2 at C22 and M21 and for the deeper 
lysimeter (7.01 m) at N23 (Fig. 6). At C22, measured nitrate 
concentration in the 0.91-m lysimeter was well simulated 

Fig. 4. Measured and predicted soil water tensions at the California almond site (C22) and the Maryland corn–soybean site (M21).
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in early March to April 2004 and at later times (October–
November 2004) but was underpredicted in June 2004. Th e 
single large measured value at this time (50.0 mg L−1) may have 
been caused by preferential fl ow, which was not invoked in the 
model for reasons discussed above. Nitrate concentrations in the 
4.57- and 6.10-m lysimeters were reasonably well approximated 
by RZWQM2, although predicted concentrations tended to be 
lower than measured. Considering all lysimeter sampling depths 
at C22, RRMSE for nitrate = 0.40 and d = 0.60 (Table 4).

Th e timing of nitrate breakthrough in the 1.52-m lysimeter 
was well simulated by the model at N23, but peak nitrate con-
centration was underpredicted (Fig. 6), possibly due to model-
ing assumptions of diff use nitrate transport (versus macropore 
fl ow) as discussed above. Th is resulted in a comparatively 
high RRMSE value (0.52) for N23 and d = 0.71 (Table 4). 
Simulation results in the current study contrasted with earlier 
RZWQM studies that eff ectively predicted chemical transport 
in macropores (Kumar et al., 1998; Malone et al., 2001). In 
both of the previous studies, delayed transfer of chemicals to 
depth in the soil matrix benefi ted the macropore component 
of the model. Macropore characteristics were directly measured 
in blocks of undisturbed, silt loam soil, and RZWQM accu-
rately predicted alachlor, atrazine, and bromide concentrations 
in percolate (Malone et al., 2001). Th e calibrated value of Ks 

in the latter study was 1 cm h−1 or less, which is an order of 
magnitude less than at N23 (13 cm h−1).

RZWQM accurately predicted total annual atrazine losses 
and concentrations in tile drain fl ow for fi eld sites in Iowa 
(Kumar et al., 1998). Simulations were performed with and 
without the macropore component for diff erent tillage prac-
tices and for both calibration (1990) and evaluation phases 
(1991–1992). Without the macropore component, observed 
atrazine losses were substantially underpredicted in four out 
of six cases, including both calibration and evaluation years. 
Th e Iowa soils had 20 to 28% clay content, and calibrated Ks 
values (1–2 cm h−1) were low compared with the current study. 
In contrast, soils at N23 contained an estimated 1 to 10% clay.

Our results suggest that the macropore component of 
RZWQM2 should be thoroughly evaluated for nitrate on 
both fi ne- and coarse-textured soils. We did not collect data 
to parameterize the macropore component of the model; other 
RZWQM studies of nitrate transport have been conducted 
for fi ne-textured soils but did not simulate fl ow in macropores 
(Ma et al., 2007c; Malone et al., 2007a).

In contrast to the 1.52-m lysimeter at N23, measured and 
predicted nitrate concentrations at the 7.01-m lysimeter agreed 
more closely, especially at later times (April–August 2005). 
Conditions at depth likely refl ect time-averaged water and 
nitrate fl uxes, rather than singular preferential fl ow events at the 

Fig. 5. Measured and predicted bromide concentrations at the California almond site (C22), the Nebraska corn–soybean site (N23), and the 
Maryland corn–soybean site (M21).
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land surface. Aside from the high values during July to August 
2004, measured nitrate concentration was greater at 7.01 m than 
at 1.52 m, and this feature was captured by the model.

Measured and predicted nitrate concentrations in the 
0.52-m lysimeter at M21 agreed closely with respect to both 
timing and concentration, based on model fi t criteria (RRMSE 
= 0.22, d = 0.86) and inspection of Fig. 6. In particular, the 
periodicity of the nitrate concentrations was well simulated by 
the model. In general, values of RRMSE and d at C22 and 
N23 suggested poorer model fi t to nitrate data compared with 
M21 (Table 4). Th e former sites had deeper simulation profi les 
and greater variability of soil characteristics. Simulation pro-
fi les consisted of fi ve layers at C22 and N23 but only two layers 
at M21 (Table 3).

Small numbers of sediment samples were collected at C22, 
N23, and M21 for comparison of soil organic matter and nitrate 
concentration with values predicted by RZWQM2. Th ese mea-
surements had a smaller contribution to PEST’s sum-of-squares 
objective function than the other components in Eq. [1] and 
therefore had less infl uence on model calibration by inverse 
modeling. Organic matter content was reasonably well predicted 
by the model. At C22, measured and predicted organic matter 
fractions at 0.05 m were 0.017 and 0.006, respectively, based on 
sediment samples procured in October 2003. Organic matter 
fraction was underpredicted at depths <6 m at N23 based on 

March 2004 samples but was simulated reasonably well at 8.4 to 
9.9 m (0.004–0.006 vs. 0.007). Measured and predicted organic 
matter fractions were 0.024 to 0.025 and 0.021 to 0.022, respec-
tively, at M21 based on October 2003 samples from a depth of 
0 to 0.61 m, indicating close agreement.

Predicted organic matter pool sizes were fairly constant over 
time. Although the simulation periods were only 3 to 4 yr, use 
of RZWQM2’s initialization routine at each site enhanced the 
stability of the organic pools. Otherwise, the fast and medium 
organic pools, which are associated with mineralization, might 
have had a disproportionate infl uence on simulation results.

Th e main features of soil nitrate concentration profi les at 
depth intervals of 0.99 to 6.02 m at C22 and 0.76 to 9.9 m 
at N23 generally were well simulated by RZWQM2 (data not 
shown). Soil nitrate in the 0 to 0.61-m depth interval was rea-
sonably well simulated at M21, but only one sample was avail-
able for comparison with predicted values.

Nitrogen Mass Balances
Nitrogen mass balances computed by RZWQM2 indicate 
additions, losses, and transformations of N for all four sites, 
as well as organic and inorganic storage pools of N in the soil 
profi le. In the following discussion, N storage pools were aver-
aged over the period of simulation and were normalized to 1-m 
depth to facilitate comparison among sites. Nitrogen additions, 

Fig. 6. Measured and predicted nitrate concentrations at the California almond site (C22), the Nebraska corn–soybean site (N23), and the Maryland 
corn–soybean site (M21).
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losses, and transformations are expressed on an 
annual basis.

Th e largest N additions (153 and 195 kg N 
ha−1 yr−1) came from inorganic fertilizer at C22 
and C21, respectively, and manure provided 
substantial N (90 kg N ha−1 yr−1) at C21 (Table 
5). At sites in corn–soybean rotation (M21 and 
N23), RZWQM2 predicted that most of the 
added N came from N fi xation (99 and 131 kg 
N ha−1 yr−1, respectively). Th e fi xation amounts 
are within the range of 57 to 219 kg N ha−1 yr−1 
reported for soybeans grown on midwestern 
and southeastern soils (Schepers and Mosier, 
1991) and are lower than amounts reported for 
conditions in northeastern Iowa (196–336 kg 
N ha−1 yr−1) (Ma et al., 2007c). Th e latter study 
noted that RZWQM2 calculates N fi xation as 
the diff erence between soybean N demand and 
the amount of N in the soil, which may have 
led to high estimates.

Mineralization was predicted to be the 
dominant transformation process at all four 
sites (Table 5). Estimated mineralization rates 
were 88 and 93 kg N ha−1 yr−1 at N23 and 
M21, respectively, which is bracketed by sea-
sonal N mineralization rates reported for cen-
tral Nebraska and Maryland (46 and 152 kg N 
ha−1, respectively) (Vigil et al., 2002).

Th e additions are off set to varying degrees 
by N losses from the soils. Th e largest estimated 
losses at all four sites were due to plant uptake 
(144–237 kg N ha−1 yr−1), followed by deep 
seepage out of the profi le (56–102 kg N ha−1 
yr−1). Deep seepage was predicted to be great-
est at C22 and C21, which is consistent with 
irrigated agriculture and highly permeable sedi-
ments. Th e temporal pattern of N fl ux predicted 
by the model at C22 (Fig. 7) was consistent with 
earlier studies, which reported that nitrate fl ux 
to the water table occurred primarily after irriga-
tion at this site (Fisher and Healy, 2008; Green 
et al., 2008a). Irrigation contributed practically 
all of the estimated recharge at C22, and the lag 
time between cumulative water input and cumulative recharge 
was 1 to 2 mo (Fisher and Healy, 2008). Predicted nitrate con-
centration at site C21 occurred in response to both preplant 
manure applications and to irrigation (Fig. 7). Up to 122 cm yr−1 
of furrow irrigation water was specifi ed, which was predicted to 
cause considerable transport of nitrate to groundwater. At M21, 
which was not irrigated, nitrate breakthrough was related more 
to the timing of N removal by the plant (represented by plant 
height in Fig. 8). As plant height increased, nitrate concentration 
at 0.5 m generally was predicted to decrease.

Losses from denitrifi cation were predicted to be negligible 
(0.6 kg N ha−1 yr−1 or less) at all four sites (Table 5). Th is is con-
sistent with high measured and predicted nitrate concentrations 
(typically >10 mg L−1) in shallow and deep lysimeters at C22 and 
N23, which suggests conservative transport of N below the root 
zone (Fig. 6). Th e denitrifi cation estimates are less than those 

reported for tile-drained sites in Iowa (6.5–46.4 kg N ha−1 yr−1) 
(Ma et al., 2007c). Th e glacial till soils in that study were poorly 
drained, resulting in a shallow water table (0.20–1.60 m) that 
promoted denitrifi cation. In contrast, soils were well drained 
in the current study and depth to water was 4.99 to 21.59 m. 
Low predicted denitrifi cation rates obtained here were consis-
tent with observations at an irrigated site that was about 250 
m from N23 and which had similar soils and depth to water 
(Green et al., 2008a). Only minor amounts of denitrifi cation 
were observed in the soil profi le, based on N2O measurements 
in unsaturated zone air. Additionally, stable isotope ratios ( 18O 
and 15N), which when elevated indicate denitrifi cation, were 
relatively constant with depth in the unsaturated zone. Potential 
indicators of limited denitrifi cation were observed at M21 
in the earlier study (Green et al., 2008a). Elevated concentra-
tions of Fe were observed in the shallow unsaturated zone (0.6 
m), suggesting transient anaerobic conditions. Although these 

Table 5. Nitrogen additions, losses, and transformations (kg N ha−1 yr−1) predicted by RZWQM2 
for the four sites (NA, not applicable because Quicktree was used, which does not simulate 
crop growth). Nitrogen storage pools were averaged over time and were normalized to 1 m. 
Predicted N in crop biomass was based on RZWQM2’s internal estimate of percentage N.

Mass balance component
California 

(C22)
California 

(C21)
Nebraska 

(N23)
Maryland

(M21)

Additions
 Atmospheric 5.4 5.4 7.1 6.9
 Fertilizer 153† 195† 73 37
 Manure 0.0 90 0.0 0.0
 Incorporated residue 19 1.2 50 11
 Dead roots 0.0 76 22 11
 Fixation 0.0 0.0 131 99
Losses
 Denitrifi cation 0.2 0.3 0.6 0.1
 Volatilization 0.0 0.2 0.0 0.0
 Runoff 0.0 0 0.0 1.4
 Deep seepage 71 102 56 59
 Plant uptake 144 205 237 176
Transformations
 Net mineralization‡ 54 109 88 93
 Immobilization 0.0 13 11 1.4
Plant budget
 Net plant N§ 125 128 166 155
 Predicted biomass N 

at harvest NA 128¶ 140# 108#

Organic storage pools
 Plant residue 2.2 28 6.5 27
 Soil humus 3879 7146 17,410 17,109
 Microorganisms 39 109 71 221
 Sum of organic pools 3920 7284 17,488 17,357
Inorganic storage pools
 Nitrate 22 47 39 19
 Ammonium 0.0 0.2 1.8 2.3
 Urea 0.0 0.1 0.0 0.0
 Sum of inorganic pools 22 47 41 21
 Total N pools 3942 7331 17,529 17,378

† Includes background N in irrigation water.

‡ Total mineralization − immobilization.

§ Plant N uptake − incorporated residue N − dead root N.

¶ Total aboveground (corn silage).

# Grain biomass.
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conditions were insuffi  cient to promote extensive denitri-
fi cation, RZWQM2 predicted sporadic denitrifi cation at 
M21. Higher predicted denitrifi cation rates generally were 
associated with increased amounts of stored water (Fig. 9). 
Overall, RZWQM2 predicted 0.3 kg ha−1 loss of N by deni-
trifi cation at M21 for the entire 965-d simulation period.

Th e models estimated comparatively large organic N 
pools at M21 and N23 (17,360–17,490 kg N ha−1 m−1) 
and smaller organic pools at C22 and C21 (3920–7280 
kg N ha−1 m−1) (Table 5). Particularly at N23 and M21, 
the organic N pools represent large sources of N that 
are potentially available for mineralization and leaching. 
Both fi eld sites have been in corn–soybean rotation for 
years, resulting in long-term N fi xation. Additionally, soils 
at both M21 and N23 had high organic matter content 
(2.3–2.9%, respectively), which corroborates the esti-
mated size of the organic pools.

Model Evaluation
Model evaluation was based on quantities predicted by 
RZWQM2 but not used in the calibrations: annual water 
fl ux at the bottom of the simulated profi le, and average 
nitrate concentration in deep seepage from the profi le. 
Annual water fl ux was obtained by calculating an average 
predicted daily fl ux for the length of the simulation and 
multiplying it by 365 d. Th e predicted annual water fl ux 
was compared with estimates of groundwater recharge 
obtained either by the water-table fl uctuation method 
(WTF) (Fisher and Healy, 2008; Green et al., 2008a) or 
by the saturated zone chloride tracer method (Nolan et al., 
2006) for selected sites. Average predicted nitrate concen-
tration at the bottom of the profi le was obtained by divid-
ing deep seepage nitrate fl ux for the simulation period by 
cumulative water fl ux for the same period, for compari-
son with median nitrate concentration in shallow moni-
toring wells (Fig. 1). A particle-tracking model indicated 
that samples from the well at C21 may have been infl uenced 
by recharge originating from upgradient of the cornfi eld. To 
account for this uncertainty, predicted nitrate concentration at 
C21 was compared with that of the colocated monitoring well 
and also with samples from down-gradient piezometers in the 
vicinity of the Merced River (Puckett et al., 2008).

As an additional check, N in dry grain or total biomass was 
compared with observed amounts after initial, limited calibra-
tion of the RZWQM2’s DSSAT model. Crop yield compari-
sons were not possible for C22 (almonds), where Quicktree 
was used. However, local yields were provided for almonds (Pat 
H. Brown, University of California at Davis, personal commu-
nication, 2009) and are shown in Table 6.

Predicted water fl ux at C22 (38.1 cm yr−1) was slightly less 
than a previous estimate of recharge at this site (42.3 cm yr−1) 
(Fisher and Healy, 2008) (Table 6). Th e WTF method is based 
on changes in groundwater elevation and thus is a more integra-
tive measure of recharge than a point estimate at a specifi c loca-
tion. Because WTF is more likely to capture preferential fl ow 
paths, the somewhat higher value by that method is reasonable. 
Th e predicted water fl ux (12.5 cm yr−1) was bracketed by the 
previous estimates at N23 (4.8–15.9 cm yr−1) (Green et al., 
2008a). Th e higher estimate refl ected irrigation. Additionally, 

the predicted water fl ux at N23 was similar to a chloride tracer 
recharge estimate of 10.2 cm yr−1 in the same area (Nolan et al., 
2006). Predicted water fl ux at 1-m depth at M21 (50.5 cm yr−1) 
was greater than recharge at 6.5 m estimated by WTF (31.5 cm 

Fig. 7. Precipitation, irrigation, and predicted nitrate concentration at 1-m depth 

at the almond (C22) and corn silage (C21) sites in California.

Fig. 8. Plant height and predicted nitrate concentration at 0.5-m depth 
at the Maryland corn–soybean site (M21).
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yr−1) and by saturated zone chloride tracer (34.6 cm yr−1). Th e 
lower values at depth are reasonable because the argillic horizon 
at 1 m likely restricted vertical water movement.

Except for N23, average predicted nitrate concentration 
at the water table at the four sites (11.6–44.5 mg L−1) gener-
ally agreed with measured values in groundwater samples from 
monitoring wells (9.2–29 mg L−1) (Table 6). Average predicted 
nitrate (44.5 mg L−1) was substantially greater than observed 
(20.9 mg L−1) at N23. One possible explanation for this diff er-
ence is that denitrifi cation occurred in the shallow groundwa-
ter at this site. Although eff orts were made to account for the 
nitrate lost to denitrifi cation, the derived concentration esti-
mate is less certain than direct measurements of nitrate at the 
other sites. Additionally, because the estimated recharge area 
for this well is near the edge of the cornfi eld (Green et al., 
2008b), the well may receive water below unfarmed land with 
comparatively low N load.

Nitrogen in crop biomass (dry basis) was well simulated by 
RZWQM2 for sites where the DSSAT crop growth model was 
used. Predicted N in grain biomass was 114 kg N ha−1 yr−1 at 
M21 and 168 kg N ha−1 yr−1 at N23, which was within 1 to 

3% of measured values (118 and 170 kg N ha−1 yr−1) (Table 
6). Predicted N in total aboveground dry biomass was 211 kg 
N ha−1 yr−1 at C21, which was within the range of estimates 
of N in corn silage yield in the area (154–224 kg N ha−1 yr−1) 
(Alejandro Castillo, University of California at Merced, per-
sonal communication, 2009).

Conclusions
Calibration and subsequent evaluation results suggest that 
the inverse modeling approach has merit for RZWQM2 and 
that the model has the potential to accurately predict deeper 
unsaturated zone conditions. Th e new version of the model 
(v. 1.8), utilized here, extended calculation of N mass balances 
to the deeper unsaturated zone below the root zone (>3 m). 
Rigorous calibration of the model by inverse modeling pro-
vided increased confi dence in the results and indicated the 
relative importance of model parameters to the predictions. 
Th e model yielded insight into the dominant pathways of N 
cycling and transport at four agricultural sites in the United 
States. Simulation results showed that the largest additions 
of N came either from inorganic fertilizer (at C22 and C21, 
almond and corn silage sites respectively) or from N fi xation (at 
N23 and M21, sites in corn–soybean rotation). Th e additions 
were off set by N losses attributed to plant uptake (144–237 
kg N ha−1 yr−1) and deep seepage out of the profi le. Predicted 
leaching of N from the bottom of the profi le was greatest for 
sites that received the most irrigation (71 and 102 kg N ha−1 
yr−1 at C22 and C21, respectively). Th e importance of water 
fl uxes to the predictions was underscored by the high sensitiv-
ity of the soil hydraulic parameters during calibration (in par-
ticular, water content at fi eld capacity). In contrast, N cycling 
parameters such as the organic matter transformation constant 
and the Arrhenius nitrifi cation coeffi  cient were comparatively 
insensitive. Denitrifi cation was predicted to be negligible at all 
four sites, which was consistent with earlier studies. Soils gen-
erally were well drained and aerobic, which was not conducive 
to denitrifi cation. Large amounts of N (up to 17,500 kg N 
ha−1 m−1) were predicted to be stored in organic pools at N23 

Fig. 9. Predicted denitrifi cation rate and water stored in the soil profi le 

at the Maryland corn–soybean site (M21).

Table 6. Evaluation of the fi tted models by independently estimated water fl uxes and groundwater nitrate concentrations. Estimates of crop biomass 
N from limited, manual calibration of the DSSAT crop growth routine are also shown (NA, not applicable because Quicktree was used, which does not 
simulate crop growth). Predicted corn and soybean N yields at N23 and M21 were based on dry grain biomass; corn silage yield (C21) was based on 
total above ground dry biomass; and almond yield (C22) was dry meat (excluding shell and hull). For comparison purposes, the same N percentages 
used for local and county yield estimates were applied to crop biomass predicted by RZWQM2.

California (C22) 
almonds

California (C21) 
corn silage

Nebraska (N23) 
corn–soybean

Maryland (M21) 
corn–soybean

Annual water fl ux, cm yr−1

 Observed 42.3 – 4.8–15.9† 31.5–34.6
 Predicted 38.1 53.1 12.5 50.5
Avg. groundwater nitrate, mg L−1

 Observed 24.3 10–29 20.9 9.2
 Predicted 18.7 19.1 44.5 11.6
N in dry crop biomass, kg N ha−1 yr−1

 Observed 105–195‡ 154–224‡ 170§ 118‡
 Predicted NA 211 168 114

† Unirrigated and irrigated, respectively.

‡ Local or fi eld estimate.

§ NASS data for Dodge County, NE.



Nolan et al.: Unsaturated Zone Nitrogen Mass Balances in Agricultural Settings 1065

and M21. Further study is warranted to assess the potential for 
leaching of N from these sources.

Calibration of RZWQM2 by inverse modeling resulted 
in reasonable representations of fl ow and solute transport at 
these sites. Temporal patterns of soil moisture content and 
tension were reasonably well simulated by RZWQM2 at the 
two sites for which such comparisons were possible (C22 and 
M21). Th e most negative soil tensions at C22 (approaching 

3000 cm) were not well simulated likely because we used 
RZWQM2’s minimum input option for soil hydraulic parame-
ters. Evaluation of the full suite of Brooks–Corey parameters in 
future inverse modeling studies with RZWQM2 is warranted. 
Bromide and nitrate concentrations in lysimeters were reason-
ably well simulated at C22, N23, and M21. However, trans-
port of nitrate at N23 was less well simulated in part because of 
model limitations regarding macropore transport of conserva-
tive solutes. For soils of the type studied here, preferential fl ow 
would more likely occur in fi nger fl ow or funnel fl ow.
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