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Abstract: Crops can uptake only a fraction of nitrogen from nitrogenous fertilizer, while losing the
remainder through volatilization, leaching, immobilization and emissions from soils. The emissions
of nitrogen in the form of nitrous oxide (N2O) have a strong potency for global warming and depletion
of stratospheric ozone. N2O gets released due to nitrification and denitrification processes, which
are aided by different environmental, management and soil variables. In recent years, researchers
have focused on understanding and simulating the N2O emission processes from agricultural farms
and/or watersheds by using process-based models like Daily CENTURY (DAYCENT), Denitrification-
Decomposition (DNDC) and Soil and Water Assessment Tool (SWAT). While the former two have been
predominantly used in understanding the science of N2O emission and its execution within the model
structure, as visible from a multitude of research articles summarizing their strengths and limitations,
the later one is relatively unexplored. The SWAT is a promising candidate for modeling N2O emission,
as it includes variables and processes that are widely reported in the literature as controlling N2O
fluxes from soil, including nitrification and denitrification. SWAT also includes three-dimensional
lateral movement of water within the soil, like in real-world conditions, unlike the two-dimensional
biogeochemical models mentioned above. This article aims to summarize the N2O emission processes,
variables affecting N2O emission and recent advances in N2O emission modeling techniques in SWAT,
while discussing their applications, strengths, limitations and further recommendations.

Keywords: nitrous oxide modeling; greenhouse gases; SWAT; biogeochemical model; SWAT-modified
versions

1. Why Is N2O Important?

The protective layer of ozone in the Earth’s atmosphere keeps it warm and habitable by
trapping high-energy ultraviolet rays. However, anthropogenic activities have led to the emission
and corresponding accumulation of other gases, such as carbon dioxide (CO2), methane (CH4) and
nitrous oxide (N2O). These gases have more complex structures than ozone and can absorb a significant
amount of heat and restrict its dissipation. Collectively known as greenhouse gases, these gases
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cause global warming and trigger changes in weather patterns, including frequent droughts, floods,
melting of polar ice caps, increasing food insecurity and spreading diseases [1]. Thus, there is a need to
understand how these greenhouse gases can be minimized so that earth as we know it stays habitable,
with favorable conditions. Even though CH4 and N2O are present in relatively smaller quantities
(2–6 order of magnitude lower) than CO2, their infrared radiation absorption capacities are 25 and
300 times higher [2]. The long atmospheric residence time of N2O is also associated with the depletion
of ozone in the stratosphere. Neubauer and Megonigal [3] reported that the removal of N2O from the
atmosphere via photolysis takes around 121 years. A multi-model simulation suggested that, with each
increase in N2O in stratosphere, ozone gets depleted 5–10 times, leaving the earth vulnerable to harmful
radiative forcing [4]. This highlights an imminent need of understanding N2O emission processes.

2. Sources and Sinks of N2O

N2O gas is a natural byproduct of the nitrogen cycle, which is one of the most important
biogeochemical cycles in the world. The nitrogen cycle starts with the fixation of dinitrogen (N2)
gas, which comprises 78% of our atmosphere, into ammonia (NH3) and ammonium (NH4

+) in
the lithosphere [5]. The conversion of nitrogen into other forms can be mediated by microbes [6],
leguminous crops [7] and/or natural processes like lightning [8]. A synthetic fixation is also possible
through the Haber–Bosch process, which has established its dominance over the natural fixation [9–11].
However, the majority of plants and autotrophs cannot use the abovementioned forms of nitrogen
directly for their basic processes. They can uptake nitrogen as nitrates (NO3

−), which are rather
unstable and easily susceptible to drainage and leaching [12].

The oxidation process under favorable conditions can convert NH3 and NH4
+ into nitrites (NO2)

and finally into nitrates (NO3
−), a process which is known as nitrification. The conversion process is

facilitated by chemoautotrophic bacteria (e.g., Nitrosomonas, Nitrosospira and Nitrosolobus [13]) under
favorable environmental conditions, including sufficient aeration (e.g., Jamieson et al. [14] showed 93%
removal of ammonia via nitrification when aeration was introduced in a soil system, compared to 50%
removal efficiency in non-aerated conditions), NH4

+ concentrations, soil temperature (nitrification
is reported to be at maximum around 20–25 ◦C [15]), suitable pH levels (nitrification is reported to
linearly increase with soil pH ranging from 4.9 to 7.2 [16])) and others. Intermediate products like
hydroxylamine (NH2OH), nitric oxide (NO) and nitrous oxide (N2O) also form during the nitrification
process [17,18]. A direct contribution of N2O may also come from oxidation of NH2OH, known as
“nitrifier denitrification” [19], or an indirect production which may arise from transported nitrogen via
volatilization, deposition, leaching and runoff [6]. These gases, in the form of NO and N2O, are released
back to the atmosphere and are a potent source of global warming.

N2O and NO are also released during the denitrification process of a nitrogen cycle when unstable
NO3

− and NO2
− convert to more stable dinitrogen [20]. During this reductive process of denitrification,

a certain fraction of gases is also released in the form of N2O. This process is also facilitated by
facultative microbes (denitrifiers, e.g., Pseudomonas, Alcaligenes and others [21]), which can reduce
NO3

− and NO2
− to N2O and N2 under anaerobic conditions, abundant soil nitrates, soil organic

content (SOC), higher soil temperatures, neutral to slightly basic soil pH (pH above 7 leads to higher
N2:N2O ratio [22]) and higher water-filled pore spaces (WFPS) (WFPS more than 60% [23]).

The dominant source of N2O emission may be either nitrification or denitrification, depending on
the soil properties, including water-filled pore spaces (e.g., during 35%–60%, nitrification dominates,
while above 60%, denitrification is a major source of N2O flux [23]), oxygen concentration, nitrogen
and residue (as carbon source) availability and others [24,25].

Unlike sources, sinks (where N2O is converted to other products that are less harmful and
thus has a negative effect on radiative forcing) are not straightforward for N2O. In the atmosphere,
N2O may be removed by photolysis with ultraviolet light [3], but it takes a very long time. However,
N2O reduction strategies could be adopted following schemes proposed by Schlesinger [26] and
Bakken and Frostegård [27]. The scheme includes minimization of N2O:N2 product ratio, N2O:N2 ratio
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of denitrification and anammox (anaerobic ammonium oxidation), N2O:NO3
− ratio of nitrification,

and N2O:NH4
+ ratio of dissimilatory nitrate reduction to ammonia in systems like agricultural soils,

managed wetlands and wastewater treatment plants. A simple N-cycle showing sinks and sources of
N2O based on above discussions is adapted from Lehnert et al. [28] and is presented in Figure 1.
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While N2O emissions may arise from different systems, like riverine, livestock rearing and even
commercial products, the focus of this article is on agricultural emissions, since they account for most
of the anthropogenic emissions (around 67%–80%), as reported by Wrage et al. [29] and Ussiri and
Lal [30].

3. N2O Controlling Factors

In this study, factors affecting agricultural N2O emissions are divided into three groups:
environment-related, crop-related and management-related.

3.1. Environmental Factors

3.1.1. Weather

N2O emissions from arable lands are dependent on weather variables like rainfall [31] and
temperature [32] and vary with seasonal [33] and weather patterns [34]. The effect of weather variables
is already significant, and when compounded with other variables, like crop type, residue and
management, N2O emissions are significantly altered [31]. High rainfall can lead to high soil moisture
and favor denitrification conditions, and this can lead to high N2O emissions. Thus, rainfall events
can trigger pulse N2O emissions. Moreover, seasonal characteristics may enhance the impact of
rainfall-induced emissions [35]. Pulse N2O emission may be defined as value(s) greater than twice the
standard deviation of the moving average (emissions with 90-day moving window) and is neighbored
by at least one similar other value [36]. Such pulses may be few in number (not to be confused with
outliers), but contribute a significant amount (20%–80%) of the total emission [36]. Air temperatures
also impact seasonal N2O emission patterns, especially due to increased microbial activities during
nitrification and denitrification [37]. Hot–humid seasons have been attributed with higher emissions
than cold–dry season for different land use in China [33]. Weather patterns have also been found
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to correlate with temporal variability of N2O emissions driven by nitrogen mineralization rates in
different counties in the USA [34].

3.1.2. Freeze–Thaw Cycles

In high-altitude or -latitude regions, freezing and thawing of soil is a seasonal process and affects
the vertical and horizontal movement of moisture and nutrients. Soils with higher water content are
prone to freezing than soils with lower water, even at same temperature [38]. The freezing-and-thawing
processes are known to alter soil’s physical properties, microbial biomass and nutrient distribution,
along with causing a general increase in denitrification upon thawing [39]. The alternate freezing and
thawing of soils in cold climatic regions also leads to pulse N2O emissions [40]. This enhanced release
could be due to the physical release of trapped N2O from underneath the frozen layers or due to the
immediate production at the onset of thaw from increased biological activity. Failure to account for
the contribution of N2O from freeze–thaw cycle is expected to underestimate global agricultural N2O
emissions by 17%–28% [41].

3.2. Land- and Crop-Management Factors

Land uses have impacts on N2O emission patterns [33]. For agricultural lands, vegetable
lands were reported to have higher emissions than orchards and uplands (having crops like corn,
peanut, sweet potato, and chestnut interplanted with Camellia sinensis and rapeseeds) [33]. Emissions
from grasslands may be higher than that from arable soils [42]. However, such emissions may not
increase significantly, compared to their arable counterparts, under increasing water-filled pore spaces.
The emissions may even diminish with increasing water-filled pore spaces for restored lands, such as
prairie lands [35]. The higher emissions of N2O from grasslands are reported by Schaufler et al. [43]
compared to croplands, forests and wetlands because of the presence of high soil microbial activity
stimulated by higher carbon and nitrogen contents. Vilain et al. [44] reported that riparian buffers,
followed by grassland had higher N2O-emission potential than forests. Even for the same land use,
the fluxes may differ, depending on their previous land-use history [45]. Katulanda [46] discussed
the effect of legacy land use and how they affect the microbial communities and regulate nitrogen
cycle, even after a long time. Studies have also shown that animal grazing could accelerate N2O
emission [47,48].

Similarly, different crop-management practices can alter biogeochemical cycles, the understanding
of which is crucial for greenhouse-gas-emission modeling. A meta-analysis by Mei et al. [49], based
on 40 peer-reviewed publications, suggested that N2O fluxes are more affected by crop-management
practices than the soil properties.

3.2.1. Tillage

Tillage changes the soil structure and redistributes soil minerals and is thus expected to impact
GHG processes. No-till and reduced tillage (both are subsets of conservation tillage) have been
reported to yield higher N2O fluxes from agricultural lands compared to conventional tillage [50,51].
Though conservation tillage has been considered to be a potential mitigation option for CO2 emissions
due to the enhanced soil carbon sequestration, it is likely to increase N2O emissions compared to
the conventional tillage [49] and thus limits its benefits. This may be due to the better aeration and
diffusivity of gases in case of conventional tillage, compared to best management practices, like no-till
and the cumulative impact of residue accumulation. Kessel et al. [50] reported that the effects of tillage
were more complicated based on a meta-analysis of 239 comparative studies. On average, there was
no significant variation in N2O fluxes between conservation and conventional tillage [52]. They also
reported that, in dry climates, conservation tillage increased N2O fluxes significantly (57%) when
practiced for less than 10 years but decreased significantly (27%) afterward. N2O fluxes were also
reported as being high in soils with perennial crops, compared to those with annual crops, possibly
because of the minimum requirement of tillage [53].
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3.2.2. Fertilizers

Nitrogenous fertilizers are often reported as the single best predictor and proxy of N2O fluxes
from agricultural soils [54,55] and have a positive relationship [33]. Shcherbak et al. [54] also reported
that the response of N2O to increasing nitrogen fertilizer use is not linear as IPCC suggested, but an
exponential one. Whenever nitrogen fertilizer application exceed crop requirement, the emissions of
N2O were significant [54]. Fertilizers enrich the arable lands with ammonium and nitrates, which
are eventually taken by plants and/or leached, washed off or lost as gases [56]. They regulate farm
processes and increase crop yields. However, their introduction into the nitrogen cycle increases
N2O fluxes, especially during wet seasons [57]. These increased emissions are short-lived and have
been found to drop back to normal levels within 2–6 days, depending on a number of factors [58,59].
Moreover, N2O emissions from nitrate-based fertilizer are reported to be significantly higher than those
from ammonium-based fertilizer, under wet conditions [60]. The application technique and depth of
fertilizer-N application are also reported to alter the N2O fluxes [52]. Enhanced nitrogen fertilizers,
which are formulated to reduce nitrogenous losses to the environment by preventing NH3 volatilization
and by inhibiting urease activity and nitrification, can reduce nitrification/denitrification losses and
thus the N2O emissions from agricultural systems [61,62]. Improvement in fertilizer application and
management techniques have been known to reduce the annual nitrogen fertilization rates, irrigation
requirement and increase the crop production with significant decrease in N2O emissions [33]. Practices
such as split fertilizer application and the use of the recommended fertilizer dose can significantly
(20%) reduce N2O emission [63].

3.2.3. Residues

Residue incorporation increases greenhouse gases’ fluxes from arable lands. Long-term incorporation
of residues are known to significantly increase such fluxes [64]. Likewise, management of residues,
like stover removal, reduces the N2O emission [61,64]. Leaving leguminous-crop residues in fields
contributes excess nitrogen and leads to higher emissions than the grass residues [65]. Introducing
biochar, however, may decrease such fluxes, without decreasing the yields [66].

3.2.4. Cover Crops

Cover crops are planted for their several inherent environmental benefits [67]. However, their
reported effects on N2O emissions are ambiguous, with 60% of studies indicating an increase,
and remaining studies indicating a decrease [68]. Crops which can fix nitrogen (leguminous crops) are
likely to increase such fluxes more than other crops [54]. Cover crops may benefit by up-taking soil
nitrates, but they might add more mineralizable carbon and could emit more N2O [69]. The presence of
leguminous residue is likely to increase N2O emissions from the nitrification, compared to denitrification,
process [24].

3.3. Soil Characteristics

3.3.1. Soil Type

Soil type not only affects the magnitudes of emissions, but also their patterns. For example,
clay soil has been reported to have higher N2O fluxes compared to sandy clay loam and loess for
the same moisture content in several studies, which is due to the higher soil organic carbon and
mineral levels in clay soils [53,70]. Similarly, Xiong et al. [70], reported higher N2O emissions in clay
soils during non-flooding to flooding period and in loess soil during flooding to non-flooding period.
In general, however, soils with finer texture are reported to have higher N2O emissions than the coarser
ones, as they retain higher soil moisture, are more compact in nature and have localized high microbial
activity [71,72].
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3.3.2. Soil Temperature

Several studies have described the relationship of N2O emissions and soil temperature as
exponential [73]. N2O emissions are widely known to increase with increasing soil temperature,
with peak values around 20–35 ◦C (Parton et al., 2001). However, these peak temperature values may
vary from region to region, based on their climatology and adaptability of micro-organisms, along with
the presence of other organisms, like earthworms [74,75]. For example, N2O fluxes were negligible
from soils when temperature dropped below 5 ◦C, started to increase till it reached 20 ◦C and decreased
again with increasing temperature in Hungarian loess soil [76].

3.3.3. Water-Filled Pore Spaces

Water-filled pore space (WFPS) is another key factor controlling N2O fluxes from agricultural
soils. Microbiological denitrification is reported to occur when WFPS is in the range of 65%–80%,
generally following intense rainfall events [65,77–79]. N2O is found to be positively correlated with
soil moisture [43], and its previous legacies (historical land use) [78]. For different soils, the range of
optimal WFPS for maximum N2O production is also different.

3.3.4. Compaction

Compact soil means less aeration, which alters gas diffusivity and increases N2O fluxes from
favorable denitrification conditions [80]. For example, Tullberg et al. [81] reported double emission
from a trafficked soil compared to non-trafficked one. Ball et al. [82] explained how trampling of
urine rich fields reduced air permeability and pore continuity, without changing the bulk density,
increased cumulative N2O emissions significantly. Ball et al. [82] also explained how the trampling
did not impact the performance of inhibitors and was successful in decreasing N2O fluxes when used.
Implementation of biochar is reported to alleviate the impacts of soil compaction on crop growth and
mitigate N2O fluxes [83].

3.3.5. Carbon and Nitrogen

Increasing soil organic carbon (SOC) content is reported to increase N2O fluxes differently for
different soil types [71]. The N2O emissions were reported minimal when the mineral nitrogen in the
top soil layer (0–15 cm) was less than 20 mg N/kg in Canadian soils [84]. N2O emissions also showed a
significantly positive correlation with mineral nitrogen present in sugarcane fields in Australia [85].
The ratio of carbon content to the nitrogen content available in soil has also been identified as an
efficient index to estimate N2O emissions, when cover crops are used [65]. The soils with low C:N
ratio and high N content can accelerate N mineralization and, thus, higher N2O emissions, while the
soils with reverse characteristics can have less impact on emissions [86].

3.3.6. The pH

The pH controls N2O emissions by affecting different enzyme activities [87]. For example,
Liu et al. [88] reported low fluxes at neutral to basic pH for most of the soils. Wagena et al. [89] also
reported that, although total denitrification increased, the total emissions reduced by 70%–74% at a
soil pH of 8 compared to a pH of 6.5 when N2O fluxes were simulated in the USA. Similarly, pH values
in the range of 4–8 are expected to increase the N2O:N2 ratio. At a pH value below 4, denitrification
gets inhibited [88].

While all these factors are responsible for N2O emission, the interaction among them to supply
readily available substrates of nitrogen is also equally important, if not more.

4. Capability of Process-Based Models for N2O Emission Modeling

Theoretically, any model capable of simulating a nitrogen cycle may be used to estimate
nitrate (NO3

−) leaching, nitrous oxide (N2O) emissions and ammonia (NH3) volatilization [90].
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Denitrification-Decomposition (DNDC [91]), CENTURY [92], daily CENTURY (DAYCENT [93]),
modified Nitrate Leaching and Economic Analysis Package (NLEAP [94]), Expert-N [95], ecosys [96]
and root zone water quality model (RZWMQ [97]) are some of the process-based models that are capable
of estimating N2O emissions and have been extensively tested in agricultural systems. However,
modelers agree that modeling such fluxes from soil is quite vexing due to the interaction of different
biotic and abiotic factors and processes (e.g., nitrification and denitrification), many of which are still not
fully understood [98]. Chen et al. [99] reviewed multiple laboratories’ field-, regional- and global-scale
N2O emission models and reported that, while all models have their own unique limitation and
strengths, the majority of modelers prefer robust field-scale models that can be upscaled. The primary
challenges in efficient N2O modeling, as discussed by Chen et al. [99], included uncertainties arising
from limited temporal resolution of experimental data, identification of N2O contribution from
nitrification and denitrification processes, partition of N2O:N2 during denitrification, development of
N2O emissions from chemo- and nitrifier-denitrification and analysis of N2O diffusion from depth
and profile of soil and have been repeatedly raised by successive studies including Zhang et al. [100],
Regaert et al. [101] and Gaillard et al. [102], among many others.

Since N2O fluxes are affected by several factors and their interaction components, a process-based
model that can incorporate all of these components is needed for realistic simulations. The model
should have robust components of hydrology, nutrient management, crop, land use and management
practices, to include all possible facets of N2O emission. Ehrhardt et al. [103] assessed the ability
of 24 process-based biogeochemical models for N2O emission modeling from wheat, rice, corn and
temperate grasslands for blind, partial- and full-calibration scenarios and reported that, even with
full calibration, the errors in N2O emissions did not reduce significantly, compared to blind or partial
scenarios. Furthermore, most of the aforementioned models and those used by Ehrhardt et al. [103],
in principle, consider only the vertical transfer of hydrologically driven nutrient transport, while lateral
transfer of nutrient is important in watershed scale [104]. Among few potential models, the Soil and
Water Assessment Tool (SWAT) [105] is becoming increasingly popular among ecological modelers,
to estimate N2O emissions at the watershed scale.

5. Introduction to SWAT

SWAT is a process-based, continuous hydrological model which was initially developed to assist
management of water-resources system and non-point sources of pollution in large river basins [106].
Over the years, it has been extensively tested in multiple river basins across the globe and has been
reported to replicate their quantitative and qualitative aspects satisfactorily [107,108]. A brief history
of SWAT development can be found in Williams et al. [109]. The advances in SWAT modeling since the
last decade include development of user-friendly GIS interface; inclusion and assessment of potential
impacts of sediment loading, nutrients and best management practices; ponding and wetlands; climate
change; water-resources management; and groundwater and biogeochemical cycles [105,110–115].

Among different biogeochemical cycles included in SWAT, the nitrogen cycle (N-cycle) module is
the one responsible for N2O emissions. A typical model layout of SWAT simulating the N-cycle and
N2O emission is presented in Figure 2.

The details on how SWAT conceptualizes nitrogen cycle can be referred from the Supplementary
Materials section of this article. It can also be referred from theoretical documentation of SWAT [114].
As such, the most recent version of SWAT (SWAT2012 rev. 670) incorporates nitrification and
denitrification components in its N-cycle but does not explicitly quantify the N2O emission during the
processes. Gramig et al. [116] reported that, until 2012, none of the hydrological models including
SWAT could simulate biogeochemical cycles. Thus, various researchers have developed or integrated
several N2O simulation modules in SWAT, for different regions, in the recent years.
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6. Advancements of SWAT in Simulating N2O Emissions

The updates of N2O emission modules in SWAT are categorized into coupler, semi-empirical,
empirical and process-based revisions. Coupler revisions include integration (simultaneous) of SWAT
with another biogeochemical model, using an independent platform like OpenMI. The outputs of
one are used as input for the other model, to derive final integrated outputs. Semi-empirical revision
means inclusion of established semi-empirical equations of nitrification and denitrification within
SWAT. Empirical revisions mean inclusion of an empirical equation within SWAT, which is specific
to an area or a region and does not explicitly split nitrification and denitrification schemes. These
equations give cumulative N2O emissions, using different SWAT variables. Process-based revision
means the inclusion of a detailed oxidation-reduction-potential model, which quantifies emission of
N2O under different states in SWAT. A brief development history of such revisions is presented in
Figure 3 and subsequently explained in the sections below.
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There have been several modifications made to the SWAT hydrological model, as reported by
several researchers, since its development in 1998. However, Figure 3 shows the timeline of the first
version of SWAT and not its revisions. Moreover, the application of the N2O emission models using
the modified SWAT models are also not reported. It only reports the development and modification
of SWAT for N2O emission modeling. Moreover, the year attributed to the development is the year
when the corresponding research article was accepted for publication in a peer-reviewed journal. It is
distinctly visible that the developments have picked a rapid trend since 2016, with the majority of
research being on semi-empirical revisions of SWAT.

6.1. Coupler Revisions

The first framework to integrate SWAT and DAYCENT was developed by Reeling and Gramig [117]
and included a genetic algorithm to analyze the optimal conservation practices, but the integration was
not simultaneous (it used both models separately). The first-ever simultaneous N2O emission module
in SWAT was added by Wu et al. [114], who developed DAYCENT input files for each hydrologic
response unit (HRU) and drove DAYCENT automatically (coupler named SWAT–DayCent). SWAT was
chosen as the base model to integrate DAYCENT because of its easy-to-setup-and-use configuration and
its availability of user interface for spatial analysis. There was no need of separate inputs for DAYCENT
once the modeler developed a SWAT project for his region of interest. Specifically, the authors obtained
SWAT HRU variables, like soil properties, site-specific properties, daily weather data, management data
and other data. They then wrote them into input files for DAYCENT and used a loop to run DAYCENT
at each unit and aggregated the output files. This allowed modelers to analyze the DAYCENT outputs
at the same spatial details of the watershed, in addition to typical SWAT outputs.

The discrepancies in SWAT’s original output structure at HRU and input data structure of
DAYCENT were addressed in the coupler by adding input files on detailed soil structure and property
information, long-term weather statistics, daily weather and land management information at the
HRU level [114]. The authors discussed that the watershed delineation and configuration of HRU
affected not only SWAT, but also the DAYCENT simulation results. The major biogeochemical outputs
of SWAT–DayCent were net primary production (NPP), soil organic carbon (SOC), biomass, yield,
soil respiration and N2O fluxes. These outputs were then aggregated with SWAT outputs, to provide
comprehensive simulation results of hydrological and biogeochemical cycle modeling.

SWAT–DayCent was later used by Zhao et al. [118] in the semiarid upper Wei River Basin of
China, where the authors used remotely sensed NPP values to calibrate the DAYCENT component.
Zhao et al. [118] identified “PRDX” (potential tree/grass/crop/aboveground production) as the sensitive
parameter for SWAT–DayCent model. However, it is worthwhile to note that “PRDX” may be subjected
to easy overfitting, while aiming the calibration of such models. Performance of the coupler was
satisfactory in simulating hydro-biogeochemical cycles (annual R2 values ranged from 0.36 to 0.63,
and bias was less than 2%) in not only the Wei River, but also in the Jhinge River Basin of China (annual
R2 value ranged from 0.25 to 0.83, and bias was less than 15%) [118,119]. Though N2O fluxes were
not simulated and validated with the coupler in these studies, it showed the potential to satisfactorily
estimate N2O fluxes from agricultural watersheds. With increasing availability and accessibility of
open-access platforms like Open Modeling Interface (OpenMI), couplers like SWAT–DayCent can be
implemented in full fledge [120].

6.2. Semi-Empirical Revisions

Yang et al. [121] integrated N2O emission algorithm of DAYCENT (semi-empirical equations
of Parton et al. [122]) with the nitrogen cycle of SWAT (modified version named SWAT–N2O) and
tested the model for three agricultural systems with different management intensities in Southwestern
Michigan, USA. The default parametrization of SWAT–N2O had satisfactory reproduction of N2O
emission from corn, switchgrass and smooth brome grass sites, and the model performance was further
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improved when the parameters were calibrated. The equations used by SWAT–N2O for nitrification
and denitrification N2O are presented below:

Nnit = fmoist * fst * fpH * Nnit_max + Nnit_base (1)

fmoist = 1/(1 + 30 * eˆ(−9*relwc)) (2)

relwc = (SW/STH−SWmin)/(FC/STH−SWmin) (3)

SWmin = WP/STH − SWdel (4)

f st = eˆ((4.5*(5*ST/(−40))ˆ7*(5*ST/(−40))ˆ4.5))/7) (5)

fpH = 0.56 + 1/π *atan(π* 0.45 * (SPH−5)) (6)

Nnit_max = fnit_max*NH4 (7)

where Nnit is the soil nitrification rate, estimated using maximum (Nnit_max) and minimum (Nnit_base)
nitrification rates, maximum fraction of ammonia nitrified during nitrification (fnit_max), soil water
content (SW), temperature (ST), depth, pH (SPH), ammonium content (NH4) and moisture at wilting
point (WP) and field capacity (FC), minimum soil water content (SWmin) and minimum volumetric soil
water content below wilting point (SWdel).

N2O production from nitrification (EN2O_nit) was specified as a fraction of nitrified ammonia as
follows:

EN2O_nit = f N2O_to_nit*Nnit (8)

f N2O_to_nit = (adjwp−adjFC)/(dDOwp−dDOFC) * (dDOsf−dDOwp) + adjwp (9)

where, f N2O_to_nit = maximum ratio of N2O production to nitrified nitrogen at field capacity, minimum
ratio of N2O production to nitrified ammonia at wilting point, normalized diffusivity of soil at field
capacity and wilting points, and normalized diffusivity of the topsoil layer.

Similarly, Yang et al. [121] revised the denitrification algorithm in SWAT–N2O, following
Parton et al. [122] and Del Grosso et al. [123]. N2O emissions from denitrification (EN2O_den) were
estimated as a function of denitrification rate (Eden), ratio of N2:N2O (Rn2n2o), CO2 effect on N2:N2O
(fRno3_co2), WFPS effect on N2:N2O (fRwfps), normalized soil diffusivity (fDOfc), soil nitrate content (nppm),
soil carbon dioxide content (co2ppm), denitrified nitrogen (Dtotflux), effects of WFPS on denitrification
(fDwfps), soil density (ρsoil), denitrification rate due to CO2 concentration (f Dco2), denitrification rate due
to soil nitrate (fDno3), minimum nitrate concentration in a soil layer for trace gas calculation (min_nit),
impacts of CO2 concentration on fDwfps (x-inflection) and soil respiration (respc), as presented in the
equations below:

EN2O_den = Eden/(1 + Rn2n2o) (10)

Rn2n2o = fRno3−co2 * fRwfps (11)

fRno3−co2 = (38.4−350*dDOfc) *eˆ(0.8*nppm/co2ppm) (12)

fRwfps = 1.5*wfps − 0.32 (13)

ENden = Dtotflux * fDwfps * Cunit * ρsoil (14)

Dtotflux = min(fDco2,fDno3) (15)

fDco2 = 0.1 * (CO2correction)1.3
− minnit (16)

fDno3 = 1.556 + 79.92/3.14 * Arctan(3.14 * 0.0022 * (nppm−9.23)) (17)

fDwfps = (0.45 + (atan(0.6 * π * 10 * (wfps − xinflection))))/π (18)

wfps = swcfrac/porosity (19)
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xinflection = (9 −M*CO2correction) *wfpsadj (20)

M = dDOFC*(−1.25) + 0.145 (21)

CO2correction = CO2ppm * (1 + aa*(wfps−wfpsthreshold)) (22)

CO2ppm = respc/ρsoil (23)

where cunit is a conversion coefficient to change from ppm to g/g, co2correction is corrected CO2

concentration, M is a parameter to calculate x-inflection, aa is impact of soil diffusivity on soil CO2

concentrations, wfpsthreshold is a threshold value for wfps and wfps_adj is the correction factor in
inflection point for wfps effect on denitrification curve.

In general, the variability (explained by R2) of N2O fluxes simulated by SWAT–N2O were reported
around 22% by Yang et al. [121] for emissions, including extremely high values and around 49% when
such extremes were excluded. Parameters like adjustment on inflection point for WFPS effect on
denitrification curve, maximum fraction of N2O to nitrified nitrogen at field capacity and maximum
fraction of ammonia nitrified during nitrification were reported sensitive in N2O emissions. The highest
sensitivity of adjustment on inflection point for WFPS effect on denitrification curve represents the soil
properties affecting soil diffusivity along with moisture, texture and density for which better datasets
and algorithms are needed to define the underlying mechanisms. The high fluxes of N2O, especially
after fertilizer use, were reported to highly impact the model’s performance, for which finer temporal
measurements were recommended by Yang et al. [121]. A more comprehensive parameter optimization
algorithm was also recommended, and the cumulative sensitivity of the model parameters were
suggested for future research.

A few of these suggestions have been incorporated by Wagena et al. [89] in modifying SWAT–VSA
(integrated model termed SWAT–GHG) to estimate N2O emissions from agricultural plots of USA.
SWAT–VSA is a reconceptualization of SWAT to account the areas where saturation dynamics is variable
in nature [124] and is thus an advancement in simulating hotspots of N2O fluxes. Wagena et al. [89]
used the denitrification flux equation of Parton et al. [125] and Mosier et al. [126], which is similar
to the revised model of Yang et al. [121]. However, the authors used an additional variable, the pH,
in estimating total denitrification rate (DNtotal), as follows:

DNtotal = min[Fd(NO3),Fd(C)]*Fd(θ)*Fd(T)*Fd(pH) (24)

where, Fd(NO3), Fd(C), Fd(θ) and Fd(T) are similar to that of Equations (32) and (33). The Fd (pH) was
calculated as follows:

Fd(pH) = {(0.001 for pH ≤ 3.5; (pH-3.5)/3 for 3.5 < pH < 6.5; 1 for pH ≥ 6.5)} (25)

Similarly, the N2O emission from nitrification process included the same empirical equations of
Parton et al. [93] and Parton et al. [122], but also incorporated effects of pH as follows:

FN2O = FNO3 * K2 * Fθ * Ftemp * FpH (26)

FpH = 0.56 + (arctan(π*0.45*(soilpH-5)))/π (27)

SWAT–GHG was reported capable of capturing N2O fluxes from agricultural watersheds of Indiana
and Pennsylvania. The model performance statistics R2, calculated from the discrete observations
and simulations indicated a good model performance in N2O emission simulation in the range
of 0.5–0.95 during calibration and 0.4–0.7 during validation. The identified sensitive parameters
in SWAT–GHG were soil pH and N, followed by soil temperature, moisture and carbon levels.
SWAT–GHG was used by Wagena et al. [127] to analyze the impacts of climate change on N2O fluxes.
Changing soil moistures under future conditions were reported to alter the emissions from soils by
Wagena et al. [127]. A combination of modules reported by Yang et al. [121] and Wagena et al. [89]
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was done by Shrestha et al. [47] with minor modifications, to estimate N2O fluxes from long-term
grasslands in Canada.

Shrestha et al. [47] also incorporated semi-empirical equations of nitrification and denitrification
modules suggested by Parton et al. [125] and Parton et al. [122] into SWAT. The estimation of N2O from
denitrification was done using the same partitioning approach of Equation (10). However, a temperature
reduction factor was complemented in addition to that of Yang et al. [121], and the pH factor was
neglected from Wagena et al. [89], explaining that up to 95% of N2O dynamics from denitrification are
explained by variations in soil moisture and temperature [47]. The total denitrification calculated by
the model of Shrestha et al. [47] can be represented as follows:

DENITtotal = min[Fdenit,NO3, Fdenit,C] * Fdenit,wfps* Fdenit,solt (28)

Fdenit,solt = max[(0.9*Tsoil/(Tsoil + eˆ(9.93−0.312*Tsoil)) + 0.1),0.1] (29)

The contribution of N2O from nitrification was also taken from established equations of
Parton et al. [125], as opposed to Wagena et al. [89], who took SWAT’s original formulation. The fraction
of nitrogen was taken as a calibration parameter. While the remaining explanation of the variables
could be referred to Shrestha et al. [47], the equations are fairly similar to that of Yang et al. [121].
Shrestha et al. [47] replicated the discrete N2O measurements in the range of 0.02–0.47. The model
developed by Shrestha et al. [47] was used by Melaku et al. [59] to estimate N2O emissions from
selected grassland sites of the United Kingdom applied with solid manure and had good performance
(R2 values of 0.58–0.71 for discrete measurements) in representing the dynamics of fluxes.

While all models discussed above included only direct emissions (occurring within the soil),
Fu et al. [128] developed both direct and indirect (occurring from streams) N2O emission modules in
SWAT. Fu et al. [128] also developed a calibration module to estimate spatiotemporal flux of direct
and indirect emissions and tested it in different order of streams and catchments in Minnesota, USA.
Direct emission modules were integrated with SWAT’s nitrogen cycle, while indirect emissions were
calculated from SWAT’s stream transportation of nitrates. The nitrogen cycle adopted in the model of
Fu et al. [128] was that of the Century model [129] and is thus similar to the above mentioned models.
The direct N2O emissions can be calculated by using the parameters from Community Land Model
version 4.5 by Fu et al. [128], as follows:

EN2O_nit = 6* 10−4 *Nnit (30)

where EN2O_nit = N2O emissions from nitrification and Nnit = nitrification rate.
Similarly, the ratio of N2:N2O (PN2:N2O) by denitrification was calculated by following

Del Grosso et al. [123]:

PN2:N2O = max(0.16*k1,k1*eˆ(−0.8*PNO3:CO2))*fWFPS (31)

fWFPS = max(0.1, 0.015*WFPS−0.32) (32)

where PNO3:CO2 = ratio of CO2 production/soil respiration to nitrate concentration in soil, K1 = calibration
parameter affected by soil gas diffusivity and fWFPS = function of water-filled pore space (WFPS).

The indirect emissions of N2O from the streams once nitrates are transported are calculated as a
function of surface water N2O concentration, equilibrium N2O concentration and N2O transfer velocity
as follows:

F = k*(N2O−N2Oamb) * 413.2 (33)

where F is N2O emission from unit water surface area, k is N2O transfer velocity, N2O is the surface N2O
concentration and N2Oamb is theoretical N2O concentration in equilibrium with atmospheric N2O.
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6.3. Empirical Revisions

A few researchers have developed modules to simulate N2O emission from agricultural farms
by using equations derived from observed data and integrating them with SWAT. Gao et al. [130]
for example, used 4488 measurements of N2O emissions and other soil variables and developed
empirical equations for N2O fluxes. However, there is no partitioning between nitrification and
denitrification. The modified SWAT model of Gao et al. [130] was named SWAT–N2O coupler and it
could simulate N2O emissions from soils in paddy and non-paddy fields at different spatiotemporal
scales. Different variables established in the literature and known to be sensitive on N2O emissions,
like soil nitrate, temperature, moisture, etc., were used to define the fluxes from different agricultural
scenarios. For non-paddy fields, Gao et al. [130] integrated the following equation in SWAT:

N2Osoil = −6.519 + 1.075*SN + 0.246*ST + 0.12*SW (34)

where N2Osoil = emission fluxes, SN = soil nitrate, ST = soil temperature and SW = soil water content in
the soil layer.

For paddy fields, the base SWAT model was not the unaltered one, but the revised version
developed by Xie and Cui [131], where different irrigation modes for paddy were defined. N2O emission
algorithms for different irrigation modes were integrated into the SWAT model as follows:

N2Opaddy = −0.249*(SN)2 + 14.448*ln(ST) − 31.909 for control irrigation (35)

N2Opaddy = −0.228*(SN)2 + 6.561*ln(ST) − 9.463 for intermittent irrigation (36)

N2Opaddy = −0.616 * ln(SN) + 0.011*(ST)2 + 5.191 for basin irrigation (37)

The SWAT–N2O coupler is also reported to provide modelers the features of spatiotemporal
analysis, sensitivity and scenario analysis module and was tested in agricultural fields of Northeast
China [130]. The study demonstrated the capability of the model to simulate N2O hotspots under
different land uses and also reported its sensitivity to precipitation in non-paddy fields and temperature
in paddy fields. The coupling was reported to be more precise compared to the previous versions and
could explain 52%–78% of variability (R2 for discrete measurements of N2O for different soil NO3

levels) of N2O fluxes in the study area. The fluxes increase under the scenarios of increasing nitrogen
application rates and may decrease under a warmer and wetter climate in paddy fields and increase
under a warmer and drier climate in non-paddy fields.

6.4. Process-Based Revisions

While the majority of the aforementioned studies used semi-empirical and empirical equations,
very few researchers have used mechanistic approach in estimating N2O emissions using SWAT.
A detailed decomposition process of soil organic matter based on Microbial Kinetics and
Thermodynamics (MKT model) was integrated with the SWAT model by Bhanja et al. [132]. Sequential
oxidation reduction potential and chemical reactions were formulated at the soil–water zone, using
dual Michaelis–Menten kinetics, for which the required variables were taken from SWAT. A testing
of the developed model for three different locations in Saskatchewan, Canada, showed improved
performance in N2O emission estimations, compared to other modified SWAT models discussed above.
The R2 values computed by using discrete measurements of N2O and model simulation showed that
the model was able to explain 40%–80% of the variability in the fluxes.

7. Limitations

While all coupled, empirical, semi-empirical and process-based revisions of SWAT are dedicated to
estimate N2O fluxes from agricultural watersheds, all models have some limitations. The performance
of these models is not able to adequately explain the variability of fluxes, often ranging from R2 values
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of 0.52–0.78 at monthly timestep and 0.0–0.6 at daily timestep [47,130]. However, the DAYCENT model
itself was not able to capture the daily emissions satisfactorily in its initial application [122]. Therefore,
it maybe overambitious to apply SWAT to simulate daily N2O flux satisfactorily. N2O processes are
highly temporal in nature and often vary significantly during sub-daily resolutions, which is yet to be
established in SWAT (as its lowest simulation time-interval is daily).

Currently, none of above-discussed models incorporated freeze–thaw cycle module, which is
a characteristic process in cold regions, and thus the associated pulse N2O fluxes are overlooked.
As discussed by Wagner-Riddle et al. [41], such processes may contribute significant amounts of
emissions. The landscape effect, which has prominence in biogeochemical models, was incorporated
into SWAT by using its VSA modified version, but the use of static pH has limited its full potential [89].
A dynamic pH inclusion in the model can simulate impacts of different management practices, like
liming or acid fertilization on N2O emissions.

Calibration components in these models were mostly manual [89,121]. Moreover, these models
were not able to calibrate the contribution of nitrification and denitrification separately, which needed
to be addressed, mostly from the observation standpoint. The timing of N2O peaks is also quite difficult
to model due to the discrepancies in measured and simulated temporal resolutions. Moreover, several
environmental variables affecting N2O fluxes are very difficult to measure and will miss their spatial
and temporal characterization in modeling [104].

While process-based algorithms and techniques may be expected to yield better results than
semi-empirical and empirical approaches, such techniques are relatively complex, and the data
required to support them might not be readily available. The bi-directional nature of nitrogen
release and deposition and their impact on ecosystem [133] are yet to be integrated into SWAT.
Furthermore, the existing structure of SWAT itself may be not supportive enough for fully process-based
biogeochemical model.

8. Recommendation

So far, the integration of SWAT has been done with either DAYCENT or with semi-empirical
equations included in DAYCENT, to simulate the N2O fluxes. Possible integration of SWAT with
other models, like DNDC, needs to be explored [134]. The integration of SWAT with DNDC has been
done in the past, and it helped in simulating realistic turnover of nitrogen in soils [134,135]. Model
improvement should focus on model simulation of individual processes of N2O simulation, the stocks
of inorganic nitrogen in soil, etc., to strengthen its capacity. Process-based algorithms may be able to
better simulate the fluxes if the spatially explicit datasets of different environment variables are used.

The calibration algorithm to optimize model parameter needs to be included in mainstream
software like SWAT–CUP, which is quite popular among SWAT modelers [121]. The interaction element
of different variables and their sensitivity on N2O fluxes also needs to be analyzed.

Several researchers recommended the usage of model capable of simulating landscape and
associated soil moisture dynamics, in order to simulate hydrologic conditions more realistically. Other
key variables, like soil pH, are also recommended to be considered as dynamic variables due to their
complex interaction with N2O emissions.

Research involving N2O emission modeling using SWAT is mostly focused on estimating the
direct fluxes, whereas the indirect emissions are also important and need to be integrated. Studies
have shown that indirect emissions from aquatic systems may also be significant [136].

Similarly, different best management practices are reported for their advantages in CO2

sequestration, but limited research has been conducted for estimating N2O emissions reduction.
Developing advanced SWAT models which could further enhance our holistic understanding of
how such practices impact N2O fluxes is important to evaluate the avenues of sustained agricultural
production. Last but not the least, researchers should not be discouraged from trying different avenues
of integrated hydrological–biogeochemical modeling.
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