
Biogeosciences, 19, 3001–3019, 2022
https://doi.org/10.5194/bg-19-3001-2022
© Author(s) 2022. This work is distributed under
the Creative Commons Attribution 4.0 License.

R
esearch

article

Update of a biogeochemical model with process-based algorithms
to predict ammonia volatilization from fertilized cultivated
uplands and rice paddy fields
Siqi Li1, Wei Zhang1, Xunhua Zheng1,2, Yong Li1, Shenghui Han1, Rui Wang1, Kai Wang1, Zhisheng Yao1,
Chunyan Liu1, and Chong Zhang3

1State Key Laboratory of Atmospheric Boundary Layer Physics and Atmospheric Chemistry, Institute of Atmospheric
Physics, Chinese Academy of Sciences, Beijing 100029, China
2College of Earth and Planetary Science, University of Chinese Academy of Sciences, Beijing 100049, China
3College of Tropical Crops, Hainan University, Haikou 570228, China

Correspondence: Xunhua Zheng (xunhua.zheng@post.iap.ac.cn) and Yong Li (yli@mail.iap.ac.cn)

Received: 16 December 2021 – Discussion started: 17 January 2022
Revised: 5 May 2022 – Accepted: 28 May 2022 – Published: 22 June 2022

Abstract. Accurate simulation of ammonia (NH3) volatiliza-
tion from fertilized croplands is crucial to enhancing
fertilizer-use efficiency and alleviating environmental pollu-
tion. In this study, a process-oriented model, CNMM–DNDC
(Catchment Nutrient Management Model–DeNitrification–
DeComposition), was evaluated and modified using NH3
volatilization observations from 44 and 19 fertilizer appli-
cation events in cultivated uplands and paddy rice fields in
China, respectively. The major modifications for simulat-
ing NH3 volatilization from cultivated uplands were primar-
ily derived from a peer-reviewed and published study. NH3
volatilization from cultivated uplands was jointly regulated
by wind speed, soil depth, clay fraction, soil temperature, soil
moisture, vegetation canopy, and rainfall-induced canopy
wetting. Moreover, three principle modifications were made
to simulate NH3 volatilization from paddy rice fields. First,
the simulation of the floodwater layer and its pH were added.
Second, the effect of algal growth on the diurnal fluctuation
in floodwater pH was introduced. Finally, the Jayaweera–
Mikkelsen model was introduced to simulate NH3 volatiliza-
tion. The results indicated that the original CNMM–DNDC
not only performed poorly in simulating NH3 volatiliza-
tion from cultivated uplands but also failed to simulate NH3
volatilization from paddy rice fields. The modified model
showed remarkable performances in simulating the cumula-
tive NH3 volatilization of the calibrated and validated cases,
with drastically significant zero-intercept linear regression

of slopes of 0.94 (R2
= 0.76, n= 40) and 0.98 (R2

= 0.71,
n= 23), respectively. The simulated NH3 volatilization from
cultivated uplands was primarily regulated by the dose and
type of the nitrogen fertilizer and the irrigation implementa-
tion, while the simulated NH3 volatilization from rice paddy
fields was sensitive to soil pH; the dose and depth of nitro-
gen fertilizer application; and flooding management strate-
gies, such as floodwater pH and depth. The modified model
is acceptable to compile regional or national NH3 emission
inventories and develop strategies to alleviate environmental
pollution.

1 Introduction

Synthetic fertilizer application, as the second-largest contrib-
utor to ammonia (NH3) emissions after livestock production,
accounts for approximately 30 % to 50 % of anthropogenic
NH3 emissions (Behera et al., 2013; Bouwman et al., 1997;
Huang et al., 2012; Paulot et al., 2014). The great quantity
of NH3 volatilized from agricultural fields contributes to low
nitrogen use efficiency for crops (Chien et al., 2009; Mariano
et al., 2019; Zhu et al., 1989). The subsequent dry and wet de-
position to terrestrial ecosystems results in the acidification
and eutrophication of natural ecosystems (e.g., Anderson et
al., 2008; Bobbink et al., 1998; Li et al., 2016) and is also
considered an indirect source of nitrous oxide (Martin et al.,

Published by Copernicus Publications on behalf of the European Geosciences Union.



3002 S. Li et al.: Update of a processed biogeochemical model to predict ammonia volatilization

2004; Schjørring, 1998). Recently, NH3 in the atmosphere
has played a vital role in aerosol formation during several
haze periods, which has attracted great attention (e.g., Felix
et al., 2013; Kong et al., 2019; Liu et al., 2018; Savard et al.,
2017).

Many studies have attempted to estimate NH3 loss from
fertilized croplands using biogeochemical process models,
i.e., DeNitrification–DeComposition (DNDC; Dubache et
al., 2019; Dutta et al., 2016; Giltrap et al., 2017; Michal-
czyk et al., 2016), water and nitrogen management (WNMM;
Park et al., 2008), and Community Earth System Model
(CESM; Riddick et al., 2016; Vira et al., 2020). However,
these models do not distinguish between the simulation mod-
ules of NH3 volatilization for cultivated uplands and rice
paddy fields but rather use the same algorithm (Cannavo et
al., 2008; Li, 2016). It is worth emphasizing that the mecha-
nisms of NH3 volatilization are completely different between
cultivated uplands and rice paddy fields due to the presence
of floodwater over rice paddy soils. Recent studies also indi-
cate that estimating NH3 emissions without considering rice
cultivation results in large uncertainties (Riddick et al., 2016;
Xu et al., 2019). In particular, some studies have shown that
NH3 volatilization rates from rice paddy fields are not lower
than those of upland crops (Zhou et al., 2016), which also
indicates the different mechanisms of NH3 volatilization be-
tween cultivated uplands and rice paddy fields. Therefore,
using separate modules to simulate NH3 volatilization from
cultivated uplands and rice paddy fields is necessary for the
accurate estimation of NH3 emissions.

Given the totally different mechanisms of NH3 volatiliza-
tion between cultivated uplands and rice paddy fields, the
influencing factors affecting NH3 volatilization from culti-
vated uplands are different from those of rice paddy fields.
The dose, type, and application methods of nitrogen fertilizer
have been confirmed as the primary factors affecting NH3
volatilization from cultivated uplands (e.g., Liu et al., 2003;
Roelcke et al., 2002; Zhang et al., 1992). Moreover, several
studies have reported that irrigation and precipitation exert
a complicated influence (stimulated or inhibited) on NH3
volatilization from cultivated uplands (e.g., Han et al., 2014;
Holcomb et al., 2011; Sanz-Cobena et al., 2011). However,
the depth and pH of surface floodwater, which are unique
characteristics of rice paddy fields, were found to be the ma-
jor factors influencing NH3 volatilization from rice paddy
fields (Bowmer and Muirhead, 1987; Hayashi et al., 2006;
Jayaweera and Mikkelsen, 1991). A comprehensive discus-
sion of the influencing factors affecting NH3 volatilization
from cultivated uplands and rice paddy fields is crucial for
providing suggestions to further improve the performance
of process-based biogeochemical models in simulating NH3
volatilization from cropland soils and offer specific and per-
tinent policy advice for the reduction in NH3 loss.

A previous study established a scientific algorithm for the
DNDC model to simulate NH3 volatilization from cultivated
uplands, which performed well under validation with inde-

pendent cases of cultivated uplands from China (Li et al.,
2019). However, no biogeochemical model has achieved sim-
ulations of NH3 volatilization from rice paddy fields using a
process-oriented algorithm, although a classical and exten-
sively used model, i.e., the Jayaweera–Mikkelsen model (J–
M model), exists (Jayaweera and Mikkelsen, 1990a; Li et al.,
2008; Wang et al., 2016; Zhan et al., 2019).

The Catchment Nutrient Management Model–
DeNitrification–DeComposition (CNMM–DNDC) model,
established by coupling the core carbon and nitrogen
biogeochemical processes of DNDC (e.g., decomposition,
nitrification, denitrification, and fermentation) to the dis-
tributed hydrologic framework of CNMM, is one of the
latest versions of DNDC (Zhang et al., 2018). The CNMM–
DNDC has been gradually developing into a comprehensive
and reliable process-oriented biogeochemical model that
performs well in terms of simulating the complex hydrologic
and biogeochemical processes of a subtropical catchment
with various landscapes (Zhang et al., 2018), the nitrous
oxide and nitric oxide emissions from a subtropical tea plan-
tation (Zhang et al., 2020), and the NO−3 leaching processes
of black soils in northeastern China (Zhang et al., 2021).
However, the rationality of the CNMM–DNDC’s scientific
processes in simulating NH3 volatilization from fertilized
croplands is still lacking in terms of a thorough assessment.
In particular, CNMM–DNDC and other widely used biogeo-
chemical models (e.g., DNDC) do not consider floodwater
over rice paddy soils when simulating NH3 volatilization but
rather directly adopt the scientific processes and algorithms
applied in NH3 volatilization from cultivated uplands to
predict NH3 volatilization from rice paddy fields (Li, 2016;
Zhang et al., 2018).

Based on the above deficiencies, the authors hypothesized
that the CNMM–DNDC is able to simulate NH3 volatiliza-
tion following the application of synthetic nitrogen fertiliz-
ers to cultivated uplands and flooded rice paddy fields. To
test this hypothesis, this study evaluated and modified the
CNMM–DNDC’s scientific processes for simulating NH3
volatilization from cropland soils using 44 and 19 fertilizer
application events from cultivated uplands and rice paddy
fields in China, respectively. The objectives of this study
were to (i) evaluate the performance of the CNMM–DNDC
in simulating the observed NH3 volatilization following syn-
thetic nitrogen application to cultivated uplands, (ii) intro-
duce thoroughly tested and validated scientific algorithms
simulating NH3 volatilization from cultivated uplands into
the CNMM–DNDC, (iii) adopt widely applied process-based
algorithms (J–M model) into the modified CNMM–DNDC,
(iv) assess the performance of the modified model to simulate
NH3 volatilization from flooded rice paddy fields using col-
lected reliable observations, and (v) identify the major fac-
tors affecting NH3 volatilization from cultivated uplands and
rice paddy fields to offer suggestions for further improving
the model performance.
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2 Materials and methods

2.1 Model introduction and modifications

2.1.1 Brief introduction of the CNMM–DNDC

The CNMM–DNDC model was originally established by
Zhang et al. (2018). In the original CNMM–DNDC, the core
biogeochemical processes (including decomposition, nitri-
fication, denitrification, and fermentation) of DNDC (Li,
2016; Li et al., 1992) were incorporated into the distributed
hydrologic framework of CNMM (Li et al., 2017). Based
on comprehensive observations, the CNMM–DNDC was ini-
tially tested in a subtropical catchment, which showed cred-
ible performances in simulating the yields of crops, emis-
sions of greenhouse gases (i.e., methane and nitrous oxide),
emissions of nitrogenous pollutant gases (i.e., nitric oxide
and NH3), and hydrological nitrogen losses by leaching and
NO−3 discharge in streams for different land uses (includ-
ing forests and arable lands cultivated with maize, wheat,
oil rape, or rice paddy) (Zhang et al., 2018). Subsequently,
Zhang et al. (2020) modified the CNMM–DNDC by adding
tea-growth-related processes that may induce a soil pH re-
duction, and this modified model performed well in simu-
lating the emissions of nitrous oxide and nitric oxide from
a subtropical tea plantation plot. Moreover, the CNMM–
DNDC performed well in simulating the NO−3 leaching pro-
cess of black soils in northeastern China (Zhang et al., 2021).
However, during model preparation and operation for the
simulation of NH3 volatilization, the authors found that the
present model version, using a complicated and obscure R
programming script to prepare the ARC GRID ASCII data
format of site- and plot-scale inputs, was time-consuming
and confusing. Therefore, an easy-to-operate and standard-
ized version of the model needed to be established.

The new standard version of the model was built without
changing the original key scientific modules; however, the
complicated R programming script was converted into a sim-
ple Excel spreadsheet to prepare the model inputs, which is
easy for beginners to use. The site-scale and regional-scale
simulations were separated. In the site-scale simulation used
in this study, the authors hypothesized a flat terrain region
with a 5× 5 grid, and thus, the solar radiation was not af-
fected by topography. Therefore, the simulation of any grid
was the same and could be regarded as the representative
simulation results of the study region. If the users were only
interested in the simulation of a field site experiment or could
only provide the input data based on the site or plot scale,
then they would not need to provide any information about
the topography and stream of their study region which was
necessary for the regional-scale simulation. The site-scale
simulation, which was used in this study, is convenient for
model validation, saves time in terms of model operation,
and is easy to use for beginners.

2.1.2 Modifications for simulating NH3 volatilization
from cultivated uplands

In the original CNMM–DNDC model, the direct pro-
cesses involved in the calculation of NH3 volatilization
from cultivated uplands included ammonium bicarbonate
(ABC) decomposition, urea hydrolysis, and NH3 volatiliza-
tion (Fig. S1 in the Supplement). Among them, ABC decom-
position was regulated by soil pH and soil depth; urea hy-
drolysis was affected by soil temperature and soil organic
carbon; and NH3 volatilization from cultivated uplands was
simply determined by the regulating factors of wind speed,
soil depth, and soil temperature (Tables S1 and S2). More-
over, other synthetic fertilizers’ dissolution and organic ma-
nure mineralization were involved in the original model. The
modifications of the new version of the CNMM–DNDC for
simulating NH3 volatilization from cultivated uplands were
mainly adapted from Li et al. (2019). Compared to the orig-
inal CNMM–DNDC, three major modifications were con-
ducted. First, the soil temperature parameter (fT ) of the urea
hydrolysis function was recalibrated, and the effect of soil
moisture on urea hydrolysis (fSM) was newly added. Sec-
ond, the regulatory effect of soil temperature on ABC de-
composition (fTs_ABC) was parameterized. Finally, the ef-
fects of the original parameters of soil temperature and mois-
ture on NH3 volatilization were recalibrated, and the effects
of the clay fraction, plant standing, and canopy wetting on
NH3 release to the atmosphere were newly parameterized
(Fig. S1). The above-mentioned calibration and parameter-
ization were conducted by Dubache et al. (2019) and Li et
al. (2019). Therefore, the NH3 flux from cultivated uplands
(flux_(NH3)uplands) was jointly determined by the regulating
factors of wind speed (fwind, 0–1), soil temperature (ftemp,
0–1), soil moisture (fwater, 0–1), soil depth (fdepth, 0–1),
clay fraction (fclay, 0–1), vegetation canopy (fcanopy, 0–1),
and rainfall-induced canopy wetting (frain, 0–1), as shown
in Eq. (1). Each factor was defined as a dimensionless frac-
tion within 0–1. NH3(l) refers to the dissolved NH3 in the
liquid phase of upland soils. Among these regulating factors,
fdepth was calculated by the number of soil layers in Li et
al. (2019), where the thickness of the soil layer was set as
the value of the saturated hydraulic conductivity. However,
in the CNMM–DNDC, the simulated soil layers and their
corresponding thicknesses were set to be freely defined by
users. The algorithm of fdepth from Li et al. (2019) was inap-
propriate for this study. Therefore, fdepth was revised using
the thickness of the soil layer based on Eq. (2), wherein dsoil
denotes the depth of the simulated soil layer. The calibration
cases with fertilizer application depth were used for the cal-
ibration of fdepth. Moreover, the time step of the CNMM–
DNDC was 3 h, but the time step was 1 d in the DNDC
model. So the ratio of time steps of the two models (Tlayer
with the value of 8) was involved in Eq. (1). Nevertheless,
the deviation of the two models derived from the different
time steps existed, as shown in Table S3. To solve the de-
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viation, a time-step parameter (fTstep) was introduced into
Eq. (1), which was calculated at 0.75 in this study using the
calibration cases with surface broadcast (n= 21). The zero-
intercept linear regression was applied for model calibration.
We provided the calibration of fTstep in Fig. S2 as an in-
stance. Table S1 listed the algorithms of the original and
modified model in simulating NH3 volatilization from cul-
tivated uplands. The descriptions and units of the symbols
used in Table S1 were listed in Table S2.

flux_(NH3)uplands =3.6fwindftempfwaterfdepthfclay

fcanopyfrainfTstepNH3(l)/Tlayer (1)

fdepth = 0.5dsoil/0.03 (2)

2.1.3 Modifications for simulating NH3 volatilization
from rice paddy fields

The original CNMM–DNDC failed to simulate NH3
volatilization from rice paddy fields because it lacked the
capability to simulate the surface-water-flooded layer over
rice paddy fields. Given the presence of floodwater over rice
paddy soils, the mechanisms of NH3 volatilization are differ-
ent between cultivated uplands and rice paddy fields. How-
ever, CNMM–DNDC and other widely used biogeochemi-
cal models (e.g., DNDC) adopted scientific processes and
algorithms applied in simulating NH3 volatilization from
fertilized cultivated uplands to calculate NH3 volatiliza-
tion from rice paddy fields without considering floodwa-
ter over soils (Cannavo et al., 2008; Li, 2016). Therefore,
floodwater over rice paddy soils was added to the modi-
fied CNMM–DNDC. To add this component, the modified
CNMM–DNDC adopted the Jayaweera–Mikkelsen model
(i.e., J–M model), based on the two-film theory of mass
transfer (Jayaweera and Mikkelsen, 1990a), which is one
of the most widely applied process-based models for sim-
ulating NH3 volatilization from rice paddy fields. The J–M
model consists of two processes (Fig. 1): (i) the chemical
processes of NH+4 ions and aqueous NH3 (NH3(aq)) equi-
librium in floodwater and (ii) the volatilization processes of
NH3(aq) transfer in the form of NH3 gas (NH3(air)) across the
water–air interface to the atmosphere (Reaction R1); kd (first-
order; s−1) and ka (second-order; L mol−1 s−1) refer to the
dissociation and association rate constants for NH+4 –NH3(aq)

equilibrium, respectively; kvN (first-order; s−1) refers to the
volatilization rate constant of NH3(aq).

NH+4
kd


ka

H++NH3(aq)
kvN
−→ NH3(air) (R1)

According to the above theories, the change rate of the NH+4
concentration in floodwater ([NH+4 ]w, mol L−1) due to NH3
volatilization (Ra, mol L−1 s−1) can be estimated by Eq. (3)
as a function of [NH+4 ]w, H+ concentration in floodwater
([H+]w, mol L−1), kd, ka and kvN.

Ra =−
kdkvN

[
NH+4

]
w

ka
[
H+
]

w+ kvN
(3)

The dynamic changes in [H+]w and [NH+4 ]w are calculated
by the CNMM–DNDC instead of the field experiment de-
scribed in Jayaweera and Mikkelsen (1990a).

In the modified CNMM–DNDC, the pH of the floodwa-
ter, which is the negative logarithm of [H+]w, is related to
the initial pH of water for flooding and that of surface soil.
When the floodwater depth is less than 0.04 m, the pH of the
floodwater is equal to the mean of the initial pH of water for
flooding and that of surface soil, both of which are the inputs
of the modified model. Otherwise, the pH of the floodwater
is equal to the initial pH of the water for flooding. On the
one hand, [H+]w is regulated by urea hydrolysis in flood-
water, the algorithm of which was derived from that of urea
hydrolysis affecting soil pH in the model. On the other hand,
many studies have found that a marked diurnal fluctuation in
floodwater pH is associated with algal photosynthesis, which
was elevated with solar radiation (De Datta, 1995; Fillery and
Vlek, 1986). Therefore, a ratio of the daytime solar short-
wave radiation effect on algal photosynthesis (Rslr; 0–1) was
established by the authors using Eq. (4) as a quadratic func-
tion of the simulation time (t ; 06:00 to 21:00 LT (UTC+8)
with a 3 h interval) of a day. Rslr at the other moments with
no or extremely little solar radiation in a day was set as 0.
The effect of algal growth (falg) on floodwater pH was cal-
culated by Eq. (5), where the adjusted coefficient (kalg; 0–1)
was calibrated to 0.75 or 0.6 when the floodwater depth was
no more than or more than 0.04 m, respectively. The flood-
water pH of (t + 1) was modified by the floodwater pH of t

and falg using Eq. (6), which was set as no more than 10.

Rslr =−0.0036t2
+ 0.1096t − 0.7046 (4)

falg = kalgRslrR+ 0.25 (5)
pHt+1 = pHt + falg (6)

When fertilizers (e.g., urea) are applied to the rice paddy
fields, they are first allocated to the floodwater and soil lay-
ers according to the ratio of the floodwater depth and the ap-
plication depth of fertilizer in the modified CNMM–DNDC.
Subsequently, [NH+4 ]w increases with urea hydrolysis, and
ABC decomposition occurs in the floodwater. In the mod-
ified model, the calculation of urea hydrolysis in floodwa-
ter refers to that in the upland soils (Dubache et al., 2019)
by removing the influencing factors of soil organic carbon
and soil moisture. Therefore, urea hydrolysis in floodwater is
only determined by the floodwater temperature. To simplify
the calculation, the floodwater temperature is arbitrarily set
equal to the temperature in the first soil layer in the modified
model. Given that ABC decomposition in floodwater was not
involved in the original CNMM–DNDC, this study directly
adopted the algorithm of ABC decomposition in upland soils
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Figure 1. Mechanism of the Jayaweera–Mikkelsen model introduced into the modified CNMM–DNDC; kd and ka refer to the dissociation
and association rate constants for NH+4 –NH3 chemical equilibrium, respectively; klN and kgN refer to the exchange constants for NH3 in
the liquid and gas films, respectively. ClNi and CgNi refer to the average concentrations of NH3 at the interface in the liquid and gas films,
respectively. NH3(aq) and NH3(air) refer to the average concentration of NH3 in aqueous and gas phases, respectively.

used in Li et al. (2019), and this process was regulated by soil
temperature, pH, and the applied depth of fertilizer. How-
ever, ABC decomposition in floodwater is different from that
in upland soils; i.e., the ABC concentration is uniformly dis-
tributed in the floodwater, and the effect factors (i.e., temper-
ature, pH, and depth) applied should be those of floodwater
rather than those of soil. Therefore, this study ignored the
effect of soil depth and retained the effect of floodwater tem-
perature and pH on ABC decomposition in floodwater.

For each simulation time step, the NH+4 in the floodwa-
ter and the first soil layer experiences uniform mixing and
exchange. Then, NH+4 is transported in soil layers, accom-
panied by organic nitrogen mineralization, consumption via
plant uptake, nitrification, volatilization of NH3, and adsorp-
tion and desorption by clay (Li, 2016; Li et al., 1992, 2019).

The variables kd, ka, and kvN in Eq. (3) are determined by
the environmental factors, i.e., the temperature and the depth
of floodwater (Jayaweera and Mikkelsen, 1990a). As shown
in Eq. (7), ka is affected by its relationship with floodwater
temperature (Tf; K) based on Alberty (1983):

ka = 3.8× 1011
− 3.4× 109Tf+ 7.5× 106T 2

f ; (7)

kd is derived from the relationship with the equilibrium con-
stant for NH+4 –NH3(aq) (K) and ka (Eq. 8):

kd =Kka. (8)

K is calculated as a function of the floodwater temperature
(Eq. 9) derived from Jayaweera and Mikkelsen (1990a):

K = 10−[0.0897+(2729/Tf)]. (9)

TheNH3 volatilization rate constant (kvN) is estimated by the
law of conservation of mass, which is considered in the sys-
tem of NH3 transfer across the air–water interface. By di-
mensional analysis, kvN is determined by Eq. (10), based on
the ratio of the floodwater depth (d; m) and the overall mass-
transfer coefficient for NH3 (KON; cm h−1):

kvN =KON/(3.6× 105d). (10)

According to the two-film theory, based on Fick’s first
law and Henry’s law, KON is determined by Eq. (11) us-
ing the exchange constant for NH3 in the gas and liquid
phases (kgN and klN, respectively) and the non-dimensional
Henry’s constant (HnN). As described by Jayaweera and
Mikkelsen (1990a), HnN is a function of Tf, which can be
calculated by Eq. (12), whereas kgN and klN are dependent
on the wind speed measured at a height of 8 m (U8; m s−1),
which can be calculated using Eqs. (13)–(14). U8 can be de-
termined using the model input of wind speed measured at a
height of 10 m (U10; m s−1), based on Eq. (15) derived from
Jayaweera and Mikkelsen (1990a).

KON =
(
HnNkgNkIN

)
/
(
HnNkgN+ kIN

)
(11)

HnN = 183.8e(−1229/Tf)/RTf (12)
kgN = 19.0895+ 742.3016U8 (13)

kIN =
{

12.5853/
[
1+ 43.0565e(−0.4417U8)

]}
/1.6075 (14)

U8 =
11.51

ln
(
10/8× 105)U10 (15)

Finally, the 3 h cumulative flux of NH3 volatilization
(flux_(NH3)rice; kg N ha−1 3 h−1) is calculated by Eq. (16)

https://doi.org/10.5194/bg-19-3001-2022 Biogeosciences, 19, 3001–3019, 2022



3006 S. Li et al.: Update of a processed biogeochemical model to predict ammonia volatilization

using Ra, d, and the simulation time step based on the mo-
lar mass of N (∼ 14 g mol−1) and the conversion coefficient
from square meters to hectares (1 m2

= 1× 10−4 ha).

flux_(NH3)rice =−1.512× 109dRa (16)

The CNMM–DNDC with the above modifications is here-
inafter referred to as the modified CNMM–DNDC.

2.2 Brief description of the field sites and treatments

Two field observation datasets of NH3 volatilization using
micrometeorological methods or wind tunnel techniques,
which were measured in cultivated uplands and flooded rice
paddy fields of China, respectively, were collected from pub-
lished peer-reviewed articles. For the dataset of cultivated
uplands, the collected field observations were conducted at
seven experimental sites, including Dongbeiwang (DBW) in
Beijing; Fengqiu with cultivated uplands (FQU) in Henan;
Guangchuan (GC), Luancheng (LC), and Quzhou (QZ) in
Hebei; Yanting (YT) in Sichuan; and Yongji (YJ) in Shanxi
(Fig. 2). The datasets were directly inherited from Li et
al. (2019). The upland sites involved in this study were
calcareous soils cultivated with summer maize and winter
wheat. The 44 cases of synthetic-fertilizer-application events
in cultivated uplands (Table S4) involved various fertilizer
types (including urea, ammonium bicarbonate (ABC), am-
monium sulfate, and complex fertilizer), a wide range of ap-
plied fertilizer doses (60–348 kg N ha−1), and various agri-
cultural management practices (e.g., broadcast or deep point
placement of fertilizer(s) alone or fertilization coupled with
irrigation). For the rice paddy field dataset, field observations
were collected at five experimental sites, including Changshu
(CS) and Danyang (DY) in Jiangsu, Fengqiu with rice paddy
fields (FQP) in Henan, Shenzhen (SZ) in Guangdong, and
Yingtan (YTA) in Jiangxi (Fig. 2), and these sites were culti-
vated with summer rice and winter wheat or double rice (Ta-
ble 1). In total, 19 (P1–P19) synthetic-fertilizer-application
events were included in these measurements, covering dif-
ferent fertilizer types, including urea and ABC; fertilizer
doses in the range of 41–162 kg N ha−1; and various agri-
cultural management practices (e.g., broadcasting or broad-
casting followed by tillage; Tables 1 and 2). In addition, the
other auxiliary variables, e.g., temperature, pH, and ammo-
nium (NH+4 ) concentration of the floodwater, measured in the
rice paddy experimental sites during the NH3 volatilization
measurement periods were also collected for model calibra-
tion and validation.

2.3 Model preparation and operation

2.3.1 Input data formatting

The input data of the modified CNMM–DNDC used in this
study included the meteorological conditions of the study
area (e.g., 3-hourly average air temperature, Tair; precipita-
tion, P ; wind speed, W ; solar radiation, R; relative humidity,

RH), the necessary soil properties of individual layers (e.g.,
soil clay and sand fraction; organic carbon, SOC; bulk den-
sity, BD; pH), crop parameters (e.g., crop type; thermal de-
gree days for maturity, TDDs; nitrogen content; plant height;
and root depth), and the implemented management practices
(e.g., plant and harvest dates and methods and/or amounts
of individual management practices including fertilization,
tillage, irrigation, and flooding).

For the meteorological data inputs, the reported 3-hourly
meteorological data from the weather station at the experi-
mental site were used. If these data were not available, then
data from the adjacent weather station in the China Meteo-
rological Administration (CMA; http://data.cma.cn, last ac-
cess: 16 July 2020) were adapted by referring to the reported
average or maximum values (Table S5, Text S1).

The necessary inputs of surface soil properties at the in-
dividual upland sites for the modified model were derived
from Li et al. (2019), whereas those at the individual rice
paddy sites are shown in Table S6. If the observed surface
soil properties were not available, then the values were pro-
vided using the methods of Li et al. (2019). The soil clay and
sand fraction and pH in the deep layers were set to be con-
sistent with those in the surface soil. Depending on the SOC
at the surface soil, the modified CNMM–DNDC calculated
the SOC in the deep layers using the algorithms involved in
Li (2016), and the BD in the deep layers was estimated us-
ing the SOC value in the corresponding layers based on the
algorithms shown in Li (2016). Other soil properties (e.g.,
field capacity, wilting point, and saturated hydraulic conduc-
tivity) were estimated using the pedo-transfer functions of Li
et al. (2019).

The CNMM–DNDC contains a library of crop parameters.
However, to ensure the normal growth of the crop(s), the
model’s default values for the crop TDDs at the individual
sites were adapted by the multiyear (at least 5 years) aver-
age of the sums of daily air temperatures during the growing
season.

Agricultural management practice information included in
the CNMM–DNDC input was organized on a daily scale.
The management practice information for the cases of cul-
tivated uplands was derived from Li et al. (2019), whereas
that for the cases of rice paddy fields is listed in Table S7. It
is worth noting that the information input for the cases of rice
paddy fields required the start and end dates of the individual
flooding events accompanied by the corresponding pH and
depth of floodwater as model inputs. The default value of the
initial floodwater pH at all sites was set at 7.0 due to a lack
of observations. The cases in DY, FQP, and YT had reported
floodwater depth observations, and the cases of CS without
floodwater depth observations were arbitrarily set to the tra-
ditional floodwater depth (0.04 m) of the DY site, which was
located in the same region. For the SZ cases without flood-
water depth observations, given that no site is adjacent to the
Pearl River Delta region, where SZ is located, the floodwater
depth of the SZ site was calculated at 0.075 m.
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Figure 2. Location of the experimental field sites involved in this study. The sites are Changshu (CS), Danyang (DY), Dongbeiwang (DBW),
Fengqiu (FQ), Guangchuan (GC), Luancheng (LC), Quzhou (QZ), Shenzhen (SZ), Yanting (YT), Yingtan (YTA), and Yongji (YJ).

Table 1. Descriptive information of the studied experimental sites of rice paddy fields for model evaluation, including site name, experi-
mental year (Year), crop rotation (Crop), fertilizer type (Type) and dose (Dose; kg N ha−1), measurement method for ammonia volatilization
(Method), number of fertilization cases (Number), and reference (Ref.).

Sitea Year Cropb Type Dose Methodd Number Ref.

CS 2002–2003 RW Urea 41–135 MM 6 Song et al. (2004)
DY 1984 RW Urea/ABCc 90 MM 2 Cai et al. (1986)
FQP 1986 RW Urea/ABC 90 MM 2 Zhu et al. (1989)
SZ 2010 DR Urea 41–162 WT 8 Gong et al. (2013)
YTA 1992 DR Urea 90 MM 1 Cai et al. (1992)

a The sites are Changshu (CS), Danyang (DY), Fengqiu with rice paddy fields (FQP), Shenzhen (SZ), and Yingtan (YTA). b The
presented crop rotation types are rice–wheat (RW) and double rice (DR). c ABC is the abbreviation of ammonium bicarbonate. d The
presented methods for the measurement of ammonia volatilization are wind tunnel (WT) and micrometeorological technique (MM).

2.3.2 Model operation

To reduce the influences of initial model inputs, the model
simulation consists of a spin-up period conducted for at least
5 years (depending on the availability of the model inputs)
and the corresponding experimental period. The sources of
the daily meteorological data for the spin-up period and the
following simulation for cultivated uplands and rice paddy
field sites were derived from Li et al. (2019) and listed in
Table S8, respectively. The cases for model calibration were
identified on the basis of covering as many climate condi-
tions, soil properties, and management practices as possible.
Therefore, for the simulation of NH3 from urea application
on cultivated uplands and rice paddy fields, 26 typical cases
of DBW, FQU, and QZ and 10 typical cases of DY, FQP, and
SZ were used for model calibration. Regarding the simula-
tion of NH3 from the ABC application on cultivated uplands
and rice paddy fields, three typical cases of DBW and YT
and one typical DY case were conducted for model calibra-
tion. The remaining 23 independent cases were provided for
model validation.

2.4 Sensitivity analysis

Sensitivity analysis was adopted to investigate model inputs
and improved parameters in the modified CNMM–DNDC
that simulates NH3 volatilization following fertilizer appli-
cation. U37 in QZ and P4 in CS were chosen as the base-
line cases to assess the model’s behavior in simulating NH3
volatilization from cultivated uplands and rice paddy fields,
respectively. One reason for this selection was that U37 and
P4 were geographically located near the center of the region
for cultivated upland and rice paddy cases, respectively. An-
other reason was that the selected cases implement general
Chinese management practices. The authors altered only one
item at a time by keeping the others constant. Meteorological
variables (i.e., 3-hourly averages of Tair, R, and W , 3-hourly
totals of P during measurement periods of NH3 volatiliza-
tion), soil properties (i.e., soil clay fraction, pH, SOC con-
tent, and BD), and field management practices (i.e., water
management (irrigation water amount or depth of floodwa-
ter) and nitrogen fertilization type, dose, and depth) were
involved in the sensitivity test of model inputs. The model
input items of the 3-hourly average of W and R and 3-
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Table 2. Observed and simulated cumulative ammonia volatilization during the measurement periods, model biases, and management prac-
tices of individual fertilizer application cases in the rice paddy fields.

Case Siteb Period Oc Sc RMBc Water Pree Fertilizer application

codea tabled Typef Methodg Doseh

P11 DY 20 to 26 June 1984 16.4 7.04 −57.0 5 0 ABC BFT5 90
P2 FQP 21 to 30 June 1986 35.8 39.13 9.3 4 0.18 ABC BFT5 90
P3 CS 22 to 30 June 2002 10.3 9.89 −4.0 42 6.38 Urea B 40.5
P4 CS 22 to 30 June 2002 23.1 19.40 −16.0 42 6.38 Urea B 81
P5 CS 20 to 29 July 2002 20.9 15.04 −28.0 42 0.54 Urea B 54
P6 CS 20 to 29 July 2002 39.8 31.61 −20.6 42 0.54 Urea B 108
P7 CS 20 to 31 August 2002 7.5 10.02 33.6 42 3.07 Urea B 40.5
P8 CS 20 to 31 August 2002 17.9 20.68 15.5 42 3.07 Urea B 81
P91 DY 20 to 26 June 1984 7.9 15.44 94.9 5 0 Urea BFT5 90
P101 FQP 21 to 30 June 1986 27.8 34.32 23.7 4 0.18 Urea BFT5 90
P111 SZ 16 May to 4 June 2010 16.1 22.50 39.8 7.53 0 Urea B 162.2
P121 SZ 16 May to 4 June 2010 21.4 24.00 12.2 7.53 0 Urea B 162.2
P131 SZ 22 June to 11 July 2010 9.1 3.43 −62.4 7.53 0 Urea B 40.9
P141 SZ 22 June to 11 July 2010 17.2 9.07 −47.3 7.53 0 Urea B 81.8
P151 SZ 31 July to 19 August 2010 5.9 5.92 0.3 7.53 0 Urea B 40.9
P161 SZ 31 July to 19 August 2010 8.0 4.57 −42.9 7.53 0 Urea B 40.9
P171 SZ 26 August to 14 September 2010 10.0 7.66 −23.4 7.53 0 Urea B 81.8
P181 SZ 26 August to 14 September 2010 13.4 6.79 −49.3 7.53 0 Urea B 81.8
P19 YTA 29 July to 6 August 1992 36.0 20.98 −41.7 2 1.36 Urea BFT5 90

a P1 to P19 encode the experimental cases following individual application events of synthetic nitrogen fertilizers; the superscript “1” marks the cases with the
ammonia observations referring to the model calibration. b The sites are Changshu (CS), Danyang (DY), Fengqiu with rice paddy fields (FQP), Shenzhen (SZ), and
Yingtan (YTA). c O and S are the cumulative NH3 volatilization (kg N ha−1) observed and simulated by the modified CNMM–DNDC, respectively; RMB is the
relative model bias (%) of the modified model, which was determined as the relative difference between the simulated and observed values. d The depth of floodwater
table (cm). For the cases with “2” and “3”, the exact depth of the floodwater table was not reported. The floodwater table depth of the cases with “2” was arbitrarily
set as the traditional depth of the floodwater table of the DY site, which was located in the same region. The floodwater depths of the cases with “3” were set by
model calibration. e “Pre” denotes total rainfall (cm) during the experimental period(s). f ABC is the fertilizer type of ammonium bicarbonate. g The application
methods are surface broadcast (B) and broadcast followed by tillage (BFT). The figures following BFT are the depth in soil (cm). h Unit: kg N ha−1.

hourly totals of P during the measurement periods of NH3
volatilization as well as the soil clay fraction, SOC content,
nitrogen fertilization dose, and depth of floodwater were al-
tered by a range from −30 % to +30 % with an interval of
10 %. Soil BD and pH, with narrow amplitudes in situ, were
altered within the ranges of 1.17 to 1.47 (U37) and 0.89 to
1.19 (P4) with an interval of 0.05 and within the ranges of 7.3
to 8.9 (U37) and 6.2 to 8.1 (P4) with an interval of 0.3, re-
spectively. The 3-hourly average Tair during the measurement
period of NH3 volatilization was altered within the range of
−3 to +3 ◦C with an interval of 1 ◦C. The irrigation water
amount and nitrogen fertilization depth and type were re-
spectively set as 0.2, 0.5, and 5 cm; 5, 10, and 15 cm; and
ABC and ammonium-based nitrogen (N) fertilizers exclud-
ing ABC. The corresponding baselines and lower and upper
bounds of the above model inputs involved in the sensitivity
analysis are listed in Table S9. In addition, the parameters
added and revised for simulating NH3 volatilization from
cultivated uplands were involved in the sensitivity analysis
of improved parameters, including fSM and fT in the pro-
cess of urea hydrolysis; fTs_ABC in the process of ABC de-
composition; and ftemp, fclay, fwater, fdepth, fcanopy, and frain

in the process of liquid NH3 volatilization. The parameters
in Eq. (3) for simulating NH3 volatilization from rice paddy
fields were involved in the sensitivity analysis of improved
parameters, including kd, ka, and kvN. And falg, a newly in-
troduced factor effect on floodwater pH, was also involved in
the sensitivity analysis of improved parameters for simulat-
ing NH3 volatilization from rice paddy fields. In each sensi-
tivity analysis, an improved parameter was altered by a range
from −30 % to +30 % by an interval of 10 %, with the oth-
ers remaining constant. The sensitivity analysis of fTs_ABC
was conducted for the U4 case in QZ with ABC application.
The change ratios of cumulative NH3 volatilization during
the measurement periods between the lower and upper and
baseline simulations were applied as the quantitative evalua-
tion index for the sensitivity analysis (Abdalla et al., 2020).

2.5 Evaluation of model performance and statistical
analysis

The index of agreement (IA), Nash–Sutcliffe index (NSI),
and relative model bias (RMB) as well as slope, signifi-
cance level, and coefficient of determination (R2) of the
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zero-intercept linear regression (ZIR) between the observed
(O) and simulated (S) values were applied to quantitatively
assess the performance of the original and modified mod-
els. The algorithms of these statistical metrics refer to Li et
al. (2019). If the slope and R2 of the zero-intercept linear
regression as well as the IA and NSI values are closer to
1, then the model performance is better. The SPSS Statis-
tics 19.0 client (SPSS Inc., Chicago, USA) software package
was used for the multiple regression analysis. The Origin 8.0
(OriginLab Ltd., Guangzhou, China) software package was
used for graph drawing.

3 Results

3.1 Ammonia volatilization from cultivated uplands

The observed cumulative NH3 volatilization (CAV) in all
the cases of cultivated uplands during the measurement pe-
riods totaled 0.6–127.7 kg N ha−1 (mean: 27.5 kg N ha−1).
The corresponding CAVs simulated by the original
and modified CNMM–DNDC totaled 0.5–94.1 kg N ha−1

(mean: 33.2 kg N ha−1) and 0.8–115.2 kg N ha−1 (mean:
27.8 kg N ha−1), respectively (Table S4). The original
CNMM–DNDC performed poorly in simulating all the ob-
served cumulative NH3 volatilization cases, showing an ac-
ceptable IA (0.55), an unacceptable NSI (−1.49), and an
insignificant ZIR (slope= 1.11 and R2

= 0.06) (data not
shown).

In this study, several modifications were conducted to im-
prove the CNMM–DNDC performance in simulating NH3
volatilization from cultivated uplands. Regarding either the
typically calibrated or independently validated cases, the
modified CNMM–DNDC did not perform well in simulat-
ing daily NH3 fluxes, with low IA and unacceptable NSI val-
ues (Table 3). This result was probably because the simulated
NH3 dynamic peak time could not absolutely be matched to
the observed peak time, although the modified model cap-
tured the observed NH3 dynamic trend. For the three only
typically calibrated ABC cases, the modified model per-
formed marginally well in simulating CAVs, showing a good
IA (0.75) but a low NSI (0.14) and an insignificant ZIR
(R2
= 0.64) (Table 3). However, the modified model showed

a perfect performance in simulating CAVs of both the cal-
ibrated and validated urea cases, with IA values (0.93 and
0.91) close to 1, acceptable NSI values (0.73 and 0.49), and
significant ZIRs (R2

= 0.71 with slope= 0.94 and R2
= 0.74

with slope= 1.06) (Table 3). Regarding the CAVs of all the
individual cases of cultivated uplands, the modified model
reported an |RMB| of 1.0–307.8 % (mean: 69.8 %; Table 2),
with only 16 % (7 of 44) of cases suffering from an |RMB|
larger than 100 %.

3.2 Ammonia volatilization from rice paddy fields

Figures 3, 4, and 5 illustrated the observed and simulated
NH3 volatilization and auxiliary variables (e.g., tempera-
tures, pH, and NH+4 concentrations of floodwater) in each
rice paddy case. The cases with the same observed vari-
ables were associated in a figure for unified formatting. The
observed CAVs in all cases of rice paddy fields (2 and 17
cases for ABC and urea applications, respectively) during
the measurement periods totaled 5.9–39.8 kg N ha−1 (mean:
18.1 kg N ha−1; Table 2), with fertilizer application doses
of 40.5–162.2 kg N ha−1 (mean: 81.4 kg N ha−1). Given the
lack of the capacity to simulate the water-flooded layer over
rice paddy fields, the original CNMM–DNDC could not sim-
ulate NH3 volatilization from rice paddy fields. The corre-
sponding CAVs simulated by the modified CNMM–DNDC
totaled 3.4–39.1 kg N ha−1 (mean: 16.2 kg N ha−1; Table 2).
Regarding the CAVs of all the individual cases of rice paddy
fields, the modified model demonstrated an |RMB| of 0.3 %–
94.9 % (mean: 32.7 %; Table 2), and none of the 19 cases
showed an |RMB| larger than 100 %. With regard to the only
two ABC cases, the simulated daily NH3 fluxes generally
matched the observations of the typically calibrated and inde-
pendently validated cases (P1 and P2, respectively), although
the simulated peak emissions of the first day for P1 were
lower than the observations (Fig. 3e–f). For P1 and P2, the
corresponding statistical indices showed that IA values were
0.33 and 0.94, the NSI values were 0.02 and 0.85, and the
ZIR slopes were 0.16 (R2 and p values not available, n= 7)
and 0.90 (R2

= 0.71, not significant, n= 4), respectively (Ta-
ble 3). The observed and simulated daily NH3 fluxes due
to urea application in the individual cases are illustrated in
Fig. 4c–f and Fig. 5i–k, respectively. As the figures demon-
strate, the temporal NH3 flux variation pattern simulated by
the modified model generally followed that observed in the
field. Regarding the simulations of the 10 typically calibrated
and 7 independently validated urea cases, the modified model
did not show good performance in terms of the daily NH3
flux, with IA values of 0.53 and 0.72, NSI values of −0.35
and 0.36, and ZIR slopes of 0.47 (R2

= 0.04, p < 0.05,
n= 176) and 0.56 (R2

= 0.19, p < 0.001, n= 63), respec-
tively (Table 3). However, the modified CNMM–DNDC per-
formed extremely well in simulating CAVs of the calibrated
and validated urea cases, showing good IA values of 0.88 and
0.85, acceptable NSI values of 0.30 and 0.60, and significant
ZIR slopes of 1.03 (R2

= 0.68, n= 10) and 0.77 (R2
= 0.65,

n= 7), respectively (Table 3).

3.3 Model performance in terms of other auxiliary
variables in rice paddy fields

Table 4 lists the statistical indices used to evaluate the per-
formance of the modified CNMM–DNDC in the simulation
of floodwater temperatures, pH values, and NH+4 concen-
trations when the model was calibrated and validated. The
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Table 3. Statistical indices for evaluating the performance of the modified CNMM–DNDC in simulating daily and cumulative ammonia
(NH3) fluxes from ammonium bicarbonate (ABC) and urea (including other fertilizer types) applications for the independent calibration
(Cal) and validation (Val) cases in uplands and rice paddy fields.

Land use NH3 flux Fertilizer Operation Num IA NSI ZIR

type Slope R2 p

Upland Daily ABC Cal 39 0.5 −1.34 0.53 NA NA
Val 24 0.60 −0.51 0.69 NA NA

Urea Cal 287 0.44 −0.06 0.38 NA NA
Val 137 0.67 0.02 0.64 0.09 < 0.001

Cumulative ABC Cal 3 0.75 0.14 0.73 0.64 ns
Val 2 – – – – –

Urea Cal 26 0.93 0.73 0.94 0.71 < 0.001
Val 13 0.91 0.49 1.06 0.74 < 0.001

Rice paddy Daily ABC Cal 7 0.33 0.02 0.16 NA NA
field Val 4 0.94 0.85 0.90 0.71 ns

Urea Cal 176 0.53 −0.35 0.47 0.04 < 0.05
Val 63 0.72 0.36 0.56 0.19 < 0.001

Cumulative ABC Cal 1 – – – – –
Val 1 – – – – –

Urea Cal 10 0.88 0.30 1.03 0.68 < 0.01
Val 7 0.85 0.60 0.77 0.65 < 0.05

The statistical indices are the index of agreement (IA); Nash–Sutcliffe index (NSI); and the slope, determination coefficient (R2), and
significance level (p) of the zero-intercept univariate linear regression (ZIR) of observations against simulations. “Not available” (NA)
indicates a negative R2 and a suffering F test. “Not significant” (ns) indicates a ZIR with p > 0.05. Num is the abbreviation of sample
number.

Figure 3. Observed and simulated pH and ammonium concentra-
tions of floodwater and daily ammonia volatilization from the am-
monium carbonate application for DY and FQP. The definitions of
the case codes refer to Table 2. The sites are Danyang (DY) and
Fengqiu with rice paddy fields (FQP).

modified model generally captured the trends in floodwater
temperature (Fig. 5a–b), although the simulated floodwater
temperatures of several certain days for P9 were lower than
the observations. The modified CNMM–DNDC, which intro-
duced the effect of algal growth on floodwater pH, generally
simulated the observed daily elevated floodwater pH result-
ing from algal photosynthetic activity (Figs. 3a–b and 5c–e).
The simulation of calibrated (P1, P9, and P10; Figs. 3a and
5c–d) and validated cases (P2 and P19; Figs. 3b and 5e) of
floodwater pH resulted in good IA values of 0.83 and 0.79,
acceptable NSI values of 0.55 and 0.36, and ZIRs with sig-
nificant R2 values of 0.55 (slope= 1.00, n= 147) and 0.36
(slope= 1.01, n= 45), respectively. The simulated and ob-
served daily NH+4 concentrations in the floodwater of the
ABC and urea cases are illustrated in Figs. 3c–d, 4a–b, and
5f–h. Compared to the observed floodwater NH+4 concentra-
tions of the ABC cases, the model simulation underestimated
the peak concentration on the first day after ABC application
for the P1 case but captured the peak concentration of the
P2 case (Fig. 3c–d). The modified CNMM–DNDC generally
captured the observed temporal pattern in the daily NH+4 con-
centrations during the observation periods following urea ap-
plication, although discrepancies existed in the magnitudes
of some cases; e.g., the model overestimated the floodwa-
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Figure 4. Observed and simulated ammonium concentrations of floodwater and daily ammonia volatilization from the urea application for
CS and SZ. The definitions of the case codes refer to Table 2. The sites are Changshu (CS) and Shenzhen (SZ).

Figure 5. Observed and simulated temperatures; pH and ammonium concentrations of floodwater; and daily ammonia volatilization from
the urea application for DY, FQP, and YTA. The definitions of the case codes refer to Table 2. The sites are Danyang (DY), Fengqiu with rice
paddy fields (FQP), and Yingtan (YTA).
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ter NH+4 concentration in the P7 and P8 cases (Fig. 4a–b)
and underestimated that in the P6 (Fig. 4b) and P19 cases
(Fig. 5h). Significant ZIRs between the simulated and ob-
served daily floodwater NH+4 concentrations of the typically
calibrated and independently validated cases yielded signifi-
cant slopes of 1.03 (R2

= 0.48, n= 24) and 0.74 (R2
= 0.34,

n= 55), the IA values were 0.78 and 0.68, and the NSI values
were 0.48 and 0.25, respectively (Table 4).

3.4 Summary for the performance of CNMM–DNDC
in simulating NH3 volatilization

To sum up, as Fig. 6 shows, with regard to the simulations
of all 40 typically calibrated and 23 independently validated
cases of cultivated uplands and rice paddy fields by the modi-
fied model, significant zero-intercept linear relationships be-
tween the simulated and observed CAVs were found, with
slopes of 0.94 (R2

= 0.76) and 0.98 (R2
= 0.71), respec-

tively. In general, the above results indicated that the mod-
ifications made in this study obviously improved the perfor-
mance of the CNMM–DNDC in simulating NH3 volatiliza-
tion following applications of synthetic nitrogen fertilizers
to cultivated upland and rice paddy soils. Nevertheless, the
simulated CAV from cultivated upland cases with fertilizer
application depth (U6, U20, and U44) and irrigation/precip-
itation (U16, U22, and U26) by the modified model resulted
in the RMB larger than 150 %. With regard to the cases in
the rice paddy fields, the simulations of the modified model
with an absolute value of RMB larger than 50 % occurred in
the P1, P9, and P13 cases. The modified model resulted in
the largest RMB of 94.9 % between the observed and simu-
lated CAV that occurred in the urea case of P9, which was
located in DY under cloudy conditions. The ABC case of P1
with RMB of −57 % suffered from a serious underestima-
tion of NH+4 concentration in the floodwater (Fig. 3). For the
cases in SZ, the modified CNMM–DNDC generally under-
estimated NH3 volatilization from almost all cases with low
N dose but overestimated NH3 volatilization from the cases
with high N dose.

3.5 Sensitivity of model inputs and improved
parameters in simulating NH3 volatilization

The sensitivity analysis of model input items indicated that
NH3 volatilization from cultivated uplands was primarily
regulated by field management practices (Fig. 7a). The
changes in N dose, the different N types, and the implementa-
tion of irrigation had considerable effects on NH3 volatiliza-
tion from cultivated uplands. In addition, a fertilization depth
of 15 cm resulted in a −23 % change in NH3 volatiliza-
tion, and the increase in irrigation amount had an inhibitory
effect on NH3 volatilization. Moreover, in comparison to
other soil properties, the changes in soil SOC had a greater
influence (−19 % to 16 %) on NH3 volatilization. Among
all considered meteorological variables, NH3 volatilization

Figure 6. Comparison between the observed and simulated cumula-
tive ammonia volatilization from the individual fertilization events
across all calibrated and validated cases of upland and rice paddy
fields; n, p, and R2 denote the sample size, significance level, and
coefficient of determination for the zero-intercept linear regression,
respectively.

from cultivated uplands appeared to be the most sensitive re-
sponse to changes in air temperature (Fig. 7a). However, NH3
volatilization from rice paddy soils was sensitive to changes
in fertilization and floodwater management, which increased
with N dosage and decreased with the depth of fertilizer ap-
plication and that of floodwater (Fig. 7b). For all soil vari-
ables considered in the sensitivity analysis, only the changes
in soil pH had a great influence on NH3 volatilization from
rice paddy fields. In addition, NH3 volatilization from rice
paddy soils decreased with solar radiation. With regard to
the sensitivity analysis of the improved parameters (Fig. 8),
NH3 volatilization from cultivated uplands showed more sen-
sitivity to the reduction in the improved parameters than to
the increase in those. Generally, as the improved parame-
ters reduced, NH3 volatilization from cultivated uplands de-
creased. Moreover, NH3 volatilization from rice paddy fields
displayed a complicated response to the change in the im-
proved parameters involved in the process of NH3 volatiliza-
tion from rice paddy fields. For instance, no matter whether
ka increased or decreased, the NH3 volatilization decreased,
while NH3 volatilization increased with increasing kd. The
above results indicated that the modifications in simulat-
ing NH3 volatilization from either cultivated uplands or rice
paddy fields were effective and feasible.
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Table 4. Statistical indices for evaluating the performance of the CNMM–DNDC in simulating the daily temperature (T ), pH, and ammonium
concentration (NH+4 ) in floodwater for the calibration (Cal) and validation (Val) cases.

Variables Operation Num Cases IA NSI ZIR

Slope R2 p

T Cal 7 P9 0.43 −3.50 1.32 NA NA
Val 7 P19 0.51 −1.76 0.96 NA NA

pH Cal 147 P1, P9, P10 0.83 0.55 1.00 0.55 < 0.001
Val 45 P2, P19 0.79 0.36 1.01 0.36 < 0.001

NH+4 Cal 24 P1, P9, P10 0.78 0.48 1.03 0.48 < 0.001
Val 55 P2, P3–P8 0.68 0.25 0.74 0.34 < 0.001

The statistical indices are the index of agreement (IA); Nash–Sutcliffe index (NSI); and the slope, determination
coefficient (R2), and significance level (p) of the zero-intercept univariate linear regression (ZIR) of observations against
simulations. “Not available” (NA) indicates a negative R2 and a suffering F test. “Not significant” (ns) indicates a ZIR
with p > 0.05. “Num” is the abbreviation of sample number. The definitions of the case codes refer to Table 2.

Figure 7. Sensitivity analysis of the modified CNMM–DNDC in simulating cumulative ammonia (NH3) volatilization from uplands and rice
paddy fields during the measurement periods through change input factors. The investigated input factors include 3-hourly averages of air
temperature (Tair) and wind speed (W ); 3-hourly totals of precipitation (P ) and solar radiation (R) during individual measurement periods of
NH3 volatilization; soil clay fraction, pH, organic carbon (SOC) content and bulk density (BD); irrigation water amount (Irri. amount) and
floodwater depth (Flo. depth); and nitrogen fertilization depth, dose, and type (Fert. depth, N dose, and N type, respectively). The N types
include ammonium bicarbonate (ABC) and other ammonium-based nitrogen fertilizers (Other). The legends within the frame apply to all the
subfigures and all the factors without notes highlighted by arrows.

4 Discussion

4.1 Model performance in simulating NH3
volatilization from cultivated uplands

The mechanism of NH3 volatilization in the modified
CNMM–DNDC is mainly inherited from that in the DNDC
model modified by Li et al. (2019). The simulated rate of
NH3 flux is jointly determined by the regulating factors of
wind speed, soil depth, clay fraction, soil temperature, soil
moisture, vegetation canopy, and rainfall-induced canopy

wetting. We found that the complicated management prac-
tices bring obstacles to modeling. Across all the cases of cul-
tivated uplands (Table S4), the simulations of the modified
CNMM–DNDC with an RMB larger than 150 % occurred in
the cases with fertilizer application depth (U6 with broadcast
followed by tillage (BFT) 20 cm, U20 with BFT 5 cm, and
U44 with deep point placement 5–10 cm) and irrigation/pre-
cipitation (U16 with 4–6 cm irrigation, U22 with 4–6 cm ir-
rigation, and U26 with 0.8 cm irrigation and 3.69 cm precipi-
tation). Among all the cases with fertilizer application depth
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Figure 8. Sensitivity analysis on the improved parameters of the modified CNMM–DNDC model in simulating cumulative ammonia (NH3)
volatilization from cultivated uplands and rice paddy fields. The improved parameters for simulating NH3 volatilization from cultivated
uplands involved in the sensitivity analysis include effect of soil moisture and soil temperature on urea hydrolysis (fSM and fT); effect of
soil temperature on ammonium bicarbonate decomposition (fTs_ABC); and effect of soil temperature, soil clay content, soil moisture, soil
depth, dry canopy, rain wetting canopy on NH3 volatilization (ftemp, fclay, fwater, fdepth, fcanopy, and frain). The improved parameters
for simulating NH3 volatilization from rice paddy fields involved in the sensitivity analysis include the effect of algal growth on floodwater
pH (falg), the dissociation and association rate constants for NH+4 –NH3(aq) equilibrium (kd and ka), and the volatilization rate constant of
NH3(aq) (kvN).

or irrigation/precipitation (38 total cases), 16 % (6 cases) had
an RMB greater than 150 %.

This result might be because the model could not simu-
late well the inhibition mechanisms of some situations of
fertilization depth and water-adding events’ effect on NH3
volatilization. Moreover, Li et al. (2019) also reported that
irrigation/precipitation during the measurement periods had
a complex effect (e.g., reduction and stimulation) on NH3
volatilization following nitrogen fertilizer application in cul-
tivated uplands, and determining this information is still a
considerable challenge in NH3 simulations by biogeochem-
ical models. At the same time, Li et al. (2019) also found
that the doses and depths of the fertilizer applications jointly
accounted for 43 % (p < 0.001) of the variance in the ob-
served CAVs. The results demonstrated that the simulated
NH3 volatilization from cultivated uplands following nitro-
gen fertilizer application accompanied by deep or mixed
placement or irrigation/precipitation by the modified model
still had some deviation from the observations, and more syn-
chronous observations of NH3 volatilization and other auxil-
iary variables (e.g., soil moisture, NH+4 concentration, and
nitrogen uptake by crops) in these situations are urgently
needed to further revise the CNMM–DNDC.

4.2 Model performance in simulating NH3
volatilization from rice paddy fields

In this study, four improvements in the pH of floodwater were
involved in the modified CNMM–DNDC. First, floodwater
over rice paddy soil was added, which enabled the simula-
tion of floodwater pH in the modified model. Second, the
modified model used the initial pH of floodwater and the
pH of the surface soil to calculate the floodwater pH. The

above two improvements allowed the introduction of the J–
M model into the modified CNMM–DNDC. The present rel-
atively reliable biogeochemical models rarely involve flood-
water over rice paddy soil when simulating NH3 volatiliza-
tion from rice paddy fields, which is not in accordance with
the natural state. Third, when urea was applied to the surface
floodwater, the subsequent urea hydrolysis reaction could in-
crease the floodwater pH, and this process was added to the
modified model by referring to the algorithms applied in the
original model for upland soils (Sect. 2.1.2). Finally, the ef-
fect of algal growth on floodwater pH was introduced into
the modified model by calculating the ratio of the solar short-
wave radiation effect on algal photosynthesis. In detail, under
cloudy conditions in DY (P9), only 9 % of the applied urea
N was observed to be lost as NH3 from the rice paddy soil,
while up to 40 % of the applied urea N was observed to be
lost under high-solar-radiation conditions in YTA (P19) (Cai
et al., 1992).

However, the modified CNMM–DNDC overestimated the
emissions from DY but underestimated those from YTA,
which could be attributed to the overestimation of the pH
during the first 3 observation days in DY and the underes-
timation of NH+4 concentrations in YTA (Fig. 5). In addi-
tion, algal blooms only appeared on the surface of calm wa-
ter; thus, a number of factors, such as irrigation, heavy rain,
strong wind, and drainage, could hamper the growth of al-
gae (Cao et al., 2013). Due to the basal dressing followed by
irrigation (Gong et al., 2013), which inhibited the reproduc-
tion of algae in SZ (P11 and P12 cases), the observed NH3
emissions accounted for only 10 %–13 % of the applied nitro-
gen. Unfortunately, the aforementioned factors that reduced
algal growth were not introduced into the modified CNMM–
DNDC because of limited reports, which resulted in an over-
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estimation of NH3 emissions of 6.4 and 2.6 kg N ha−1 for
P11 and P12 in SZ cases with a high rate of urea application,
respectively. More observational data on the effect of algal
growth on floodwater pH and subsequent NH3 volatilization
are needed to improve the simulation of the modified model
on NH3 volatilization from rice paddy fields.

Therefore, the modified CNMM–DNDC with the intro-
duction of a floodwater layer, as well as the corresponding
processes, into the simulation of NH3 volatilization provided
a more scientific algorithm for the simulation of NH3 loss
from rice paddy fields, thereby enabling the simulation of
the pH and NH+4 concentration of floodwater. However, the
depth of surface floodwater was kept at a constant value (such
as the average depth of the floodwater) for each flooding
event in the modified model, but this operation was incon-
sistent with the field states. The floodwater depth actually
changed with real-time evaporation and precipitation. There-
fore, a module for calculating the dynamics of floodwater
depth driven by real-time evaporation and precipitation is
needed to better simulate the effect of floodwater depth on
NH3 volatilization. The results of this study suggest that ac-
curate field measurements and a corresponding reliable sim-
ulation of floodwater depth are crucial for the simulation of
NH3 volatilization by the modified CNMM–DNDC.

4.3 Differences between NH3 volatilization from
cultivated uplands and rice paddy fields

NH3 volatilization from soil–plant upland systems is an ex-
tremely complex process (Freney and Simpson, 1983; Som-
mer et al., 2004). It is obvious that soil properties play an im-
portant role in regulating NH3 volatilization from cultivated
uplands, as has been reported by a great number of studies
(e.g., Duan and Xiao, 2000; Lei et al., 2017; Martens and
Bremner, 1989). In addition, NH3 volatilization from culti-
vated uplands was simultaneously regulated by the compli-
cated management practices. As the sensitivity analysis in-
dicated, NH3 volatilization from cultivated uplands was pri-
marily regulated by the dose, type, and application depth of
N fertilizer and water management (Fig. 7a).

With regard to NH3 volatilization from rice paddy fields,
floodwater pH has been considered one of the primary factors
affecting NH3 volatilization from rice paddy fields (Fillery
et al., 1984; Hayashi et al., 2006; Jayaweera and Mikkelsen,
1991). As floodwater pH increases, the equilibrium of NH+4
ions and NH3(aq) in floodwater transfers in the direction
of NH3(aq) formation, which will increase the potential for
subsequent NH3 volatilization (Jayaweera and Mikkelsen,
1990a; Sommer et al., 2004). Previous studies have also
shown that the stimulation of NH3 volatilization from rice
paddy fields is affected by algal growth, which largely con-
tributes to the elevation of floodwater pH resulting from algal
photosynthetic activity (Buresh et al., 2008; Fillery and Vlek,
1986; Mikkelsen et al., 1978).

The addition of a suitable photosynthetic inhibitor also
controlled the pH of the floodwater, implying that the in-
crease in pH was caused by algal growth (Bowmer and Muir-
head, 1987). In addition, many studies have found that the
depth of surface floodwater has a substantial influence on
NH3 volatilization (Fillery et al., 1984; Freney et al., 1988;
Hayashi et al., 2006). The sensitivity analysis of this study
also indicated that NH3 volatilization from rice paddy fields
was sensitive to changes in the depth of surface floodwater
(Fig. 7b). Jayaweera and Mikkelsen (1990b) demonstrated
that the volatilization rate of NH3 decreases as the depth of
floodwater increases despite the small difference in meteoro-
logical factors and soil physicochemical properties. The re-
ducing effects might be attributed to the following mecha-
nisms. First, with increasing floodwater depth, the concen-
tration of NH+4 in floodwater decreases (Cai et al., 1986).
Many studies have found that a lower concentration of NH+4
in floodwater contributes to the reduced potential of NH3
volatilization in paddy fields (Bhagat et al., 1996; Hayashi et
al., 2006; He et al., 2014; Liu et al., 2015; Song et al., 2004).
Observations based on wind tunnel experiments showed that
the NH3 loss decreased from 14.6 to 4.5 mg L−1 as the depth
of floodwater increased from 6.4 to 21.3 cm, while other en-
vironmental conditions were similar (Jayaweera et al., 1990).
Second, a reduction in the depth of floodwater increases the
volatilization rate constant of NH3(aq) (kvN), thus increasing
NH3 volatilization from floodwater.

According to the above results, the regulatory factors
affecting NH3 volatilization from rice paddy fields were
demonstrated to be different from those from cultivated up-
lands, which was also supported by previous research (Tian
et al., 2001; Zhao et al., 2009). NH3 volatilization from
cultivated uplands was primarily influenced by the regula-
tory factors of soil properties and field management prac-
tices. However, given the existence of floodwater over rice
paddy field soils, NH3 volatilization from rice paddy fields
was additionally affected by flooding management strate-
gies, such as floodwater pH and depth. Therefore, the mech-
anisms and algorithms applied in simulating NH3 volatiliza-
tion from cultivated uplands are not appropriate for simulat-
ing NH3 volatilization from rice paddy fields. In the mod-
ified CNMM–DNDC, NH3 volatilization following nitro-
gen fertilizer application in cultivated uplands was based on
first-order kinetics. However, the modified CNMM–DNDC
adopted the J–M model, which was based on the two-film
theory of mass transfer, to calculate NH3 volatilization fol-
lowing nitrogen fertilizer application in rice paddy field
soils. The results suggest that the application of two dif-
ferent mechanisms according to the distinguished properties
of cultivated uplands and rice paddy fields to simulate NH3
volatilization is necessary for process-based biogeochemical
models, such as the CNMM–DNDC used in this study.
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