We thank the reviewers for the detailed feedback on the manuscript. We have revised the
manuscript to address the concerns raised, and below we give point by point response to
each comment. In the revised manuscript we have followed the recommendation of
Reviewer 2 and moved technical content from Section 2 to the supplement.

In addition, we found a coding error affecting the infiltration time for slurry (Section 2.4.3). In
effect, the infiltration time was approximately 12 hours instead of 6 h as reported in the initial
submission. We have repeated the simulations and evaluation with the 12 h infiltration time
resulting in an overall increase of global NH3 emissions by 0.6 % from 47.3 Tg Nto 47.6 Tg
N.

Reviewer comments are shown in italic.
Response to reviewer 1

Why did not you consider plants (crop or grasses) in your model? If you have ignored the
interaction between crops, does it mean NH3 emission from different crops is only related to
the fertilizer or manure application and its soil property? For different crops, do you use
different parameters to calibrate your NH3 emission module?

The NH3 emission is determined by the fertilizer/manure type, application and timing and the
simulated soil processes (Section 2.1). The fertilizer type, timing and amount is determined
from external datasets and by the CESM crop model. The FANv2 model itself does not use
crop-specific parameters. However, the FANv2 model is designed to interface with the
CLM-crop model which does consider specific crop properties.

FANvV2 is not intended as a replacement of the N cycling simulated by the CLM, but rather as
a module for evaluating the short-term volatilization loss of NH3. In this first set of
simulations we run FANv2 in a partially coupled mode (as stated in 2.1) where FANV2 is
coupled to the atmospheric model but not to the CLM biogeochemical cycling of N. A full
coupling with the model biogeochemistry and the crop model coupling will be described in
subsequent papers. However, at present, coupling FANv2 to the atmospheric model allows
using atmospheric measurements of ammonia and ammonium to provide strong
observational constraints on the NH3 emissions.

We have revised the manuscript to describe the scope of these simulations more clearly
throughout the Introduction.

Please at least indicate the total amount of annual N fertilizer application in the main text.

The amounts of total fertilizer N (79 Tg N per year in 2010 increasing to 87 Tg N per year in
2015) applied have been added to Section 2.5.2.

Also, does the timing of fertilization you mention vary with crop type? Only consider one-time
fertilization?



We assume fertilization only occurs once per growing season. Fertilization in CLM5 occurs
during the leaf emergence phenological stage of the crop model and lasts for 20 days
(Section 2.5.2). The phenological stage is determined dynamically and depends on the crop
type. Fertilization rates are prescribed by crop type, country, and year based on the
Land-Use Harmonization 2 dataset (Hurtt et al., 2011; Lawrence et al. 2019).

‘Each crop type, in contrast, corresponds to a single soil column. Since the primary input
variables in FANvZ2 are related to N cycling and hydrology in the CLM, FANVZ2 is introduced
into the CLM sub-grid structure on the soil column level.’ | cannot understand what you
mean.

The “soil column” has a specific meaning in the structure of CLM: for example, a grid cell
could be covered by a mix of different crop types each represented by a separate “soil
column” corresponding to a given fraction of surface area.

We have revised the paragraph as follows:

“The CLM uses a hierarchical structure to represent sub-grid scale heterogeneity in
land cover, and in particular this allows biogeochemical processes to be simulated
independently for each crop type within a given grid cell. FANv2 conforms to the CLM
sub-grid structure and evaluates the NH3 volatilization separately for the

grasslands and each managed crop present in a grid cell.”

If there is no interaction with crops when you apply fertilizer or manure, how can your FANv2
realistically simulate agricultural nitrogen flows? | expect how the updated FANv2 deals with
N flows when considering the interaction with plant dynamics.

Among the limitations in FANv1 were the inability to differentiate between different types of
fertilizers, and between different forms of manure. We prioritized these details in the
development of FANV2, since both factors are known to be critical in determining the global
variations in NH3 losses in crop and livestock systems.

As stated above, we are currently running FANv2 in a partially coupled mode where it is
coupled to the atmosphere but not to the CLM soil nitrogen cycle, nor is it explicitly coupled
to the crops through the CLM crop model. We intend to simulate the biogeochemical
interactions in a future version by leveraging the processes existing in the CLM. In the fully
coupled model we expect NH3 emissions to be similar to those analyzed in the current
study. Since the CLM currently applies the fertilizers in a single application during an early
phenological stage, both root uptake of NH4* and leaf uptake of NH3 during volatilization
are expected to be small due to the small root density and leaf area. As discussed in the
manuscript, the interaction with vegetation might be more significant for pastures and
other grasslands. Even then, the effect of root uptake would remain small, since the plant
uptake of N is slow compared to the NH3 volatilization, and since most of the root biomass
is typically located below the 2 cm depth.



The processes incorporated in FANv2 are now more explicitly outlined in Section 2.2 just
prior to equation (1).

The authors miss the description of input datasets. In page 2, line 33: ‘In this study FANv2 is
run globally within the CLM for the six-year period 2010-2015 to simulate the present-day
NH3 emissions, which are then compared with existing global and regional inventories.’
Moreover, you mention NH3 emission is sensitive to climate change, but | did not find any
information on climate conditions. The authors should add one more table listing the input
datasets that were used to drive FANv2

A table has been added to Appendix B.

Meanwhile, you need to mention that N input data are only for one-year. Even though you
only cover 6 years’ simulation, the temporal changes in N input amount, especially at the
regional scale, may introduce the uncertainty when you compare your results with existing
global and regional inventories.

The fertilizer inputs changed annually, as explained in our response to the comment about
fertilizer amounts above, while the manure inputs were for 2010. We agree that this
introduces some uncertainty to the comparisons between inventories. The uncertainty can
be investigated using available multi-year emission inventories: for example, in the
EDGARA4.3.2 inventory, the global NH3 emission increases by about 1.3 % per year in
2007-2012 (the last five years available). For India and China, the increase is up to ~3 %
per year. This suggests that the different base years would have a relatively small effect
compared to the overall differences between the inventories.

The temporal evolution of the fertilizer input has been clarified in Section 2.5.2.

Here, you should at least cite articles to support your statement. Moreover, in Xu et al.
(2019), they have considered the interaction between atmosphere and soils to investigate
the effect of meteorological forcing

Xu et al. (2019) provide interesting results regarding the role of atmospheric drivers in the
NH3 emission. However, the study does not consider the transport and deposition of NH3 in
the atmosphere. We recognize that the statement could be understood ambiguously, and
have revised the introduction accordingly.

2. Page 2, line 10: Please cite Xu et al. (2019) as well since they also emphasized the
importance of environmental factors.

Done.

3. Page 4, line 16: Why 2.4 days? Any explanation for this assumption? You need to add
citation here.



The 2.4 days e-folding times were used in the previous FAN version (Riddick et al., 2016)
based on the results of Agehara and Warncke (2005). The global sensitivity to this
parameter was low (Section 3.3).

The citation (Agehara and Warncke, 2005) has been added.

4. Page 5, line 21: Actually, it is not reasonable to use a constant Kd to deal with ammonium
adsorption in soils.

As noted recently by Pleim et al. (2019), a physically faithful description of the ammonium
adsorption would require a nonlinear isotherm depending on several soil-dependent
parameters which are generally not available. We agree that FANv2 and other models would
benefit from a better characterization of the adsorption. However, given the uncertainties in
global datasets of soil properties together with the uncertainty due to the linearized
adsorption model, we believe that assuming a constant Kd is reasonable for the current
version.

5. Page 11: What is the time step for your simulation? Is it in second (s)? How did you get
hourly, daily, monthly, and annual NH3 emission from s? Is there any assumption behind it?
By the way, you mentioned an assumed 2.4 days for urea hydrolysis. How does the model
deal with the 2.4 days reaction since your simulation is at second time step, right?

The time step was 30 minutes (Section 2.7). The hourly, daily, monthly and annual
emissions were obtained by averaging the emission flux. As noted above, the urea
hydrolysis is evaluated as a first order process (Eq. 1), and the 2.4 days refers to an
e-folding time, which corresponds to the rate of 4.83e-6 s (Eq. A20).

6. Page 18, line 6: Do you mean FANv2? | am confused with this sentence ‘Since FAN
assumes that fertilizers are applied in dry, granular form, no soil moisture perturbation is
assumed for the fertilizer N pools. However, similar to urine, the formation of ammonium in
urea hydrolysis increases the soil pH.’ If there is no soil moisture effect, how does soil water
content affect the NH3 volatilization?

Thank you for the correction, the text should indeed read FANv2.

We mean that the fertilizer application is not assumed to change the soil moisture, contrary
to urine patches or slurry. The existing soil moisture does affect the volatilization as
discussed in section 2.2. The text has been changed to “Contrary to urine and slurry,
fertilizer application is not assumed to change the soil moisture”.

7. Page 20, line 31: One time only for each crop?

Yes. This follows from the parameterization used in the CLM crop model; we have clarified
the text.



8. Page 21, line 12: ‘The CLM simulations were run in the satellite phenology mode and
forced with the Global Soil Wetness Project Phase 3 (GSWP3) meteorological data set
(http://hydro.iis.u-tokyo.ac.jp/GSWP3).” The model comparison project covers the time period
of 1850-2010; however, this study focuses on the period of 2010-2015. Did you use climate
data in 2010 to run the model for 2010-2015? Please clarify it.

The GSWP3 dataset has been extended to 2010-2014. The statement on p. 21 refers to the
single-point CLM runs which were performed separately for each site and the time of
measurement. One set of the measurements (Bell et al., 2017) were made in 2015, and the
CRUNCEP data were used instead of GSWP3. The remaining experiments were performed
in late 1970s until early 2010s.

The global simulations for 2010-2015 were performed by coupling CLM with the Community
Atmospheric Model (CAM; Section 2.7), which provided the meteorological forcing. The CAM
simulation was forced by the dynamical fields from the MERRA meteorological reanalysis for
2010-2015.

We have revised the paragraph to emphasize the distinction between the point simulations
and the main run for 2010-2015.

9. Page 23, figure 5: Did you check the effect of different levels of fertilizer or manure? Why
did you only include one site in China? What is the unit in this figure?

Fig. 5 shows the volatilization losses as a fraction of the N application. The FANv2 model is
linear with respect to the N application rate, and thus the absolute fertilization level would not
affect the simulated loss fraction.

Apart from the exceptions noted in Section 2.6, we included measurements which (i) were
published in international literature and (ii) were performed using micrometeorological
techniques (as opposed to chambers and wind tunnels), and (iii) reported the location and
time of the observation at sufficient detail. Unfortunately, we found only one site in China that
satisfied these constraints.

10. Page 27, figure 9: Can you explain why the fraction volatilized in urea is highest in
Southern Africa as well as Northern Africa?

Near the Equator, the volatilization rate is suppressed by high precipitation. The less humid
climates typical to subtropical Africa are predicted to cause higher volatilization losses.

11. Page 27, figure 10a: Why is it shown the highest fraction of NH3 volatilization in the
desert Africa? As | see, it seems there is little manure there in Figure 1 in the supplement.
Why is it shown the highest fraction of NH3 volatilization in Africa and South America in
figure 10b? Moreover, it seems the fraction is fixed for most of land areas. Please explain it.



The GLW?2 dataset allocates a very small but nonzero livestock density to desert areas. The
desert conditions favor large volatilization losses, which is visible in Fig. 10a. However, as
shown in Fig. 8a, the absolute NH3 emission is negligible in this region.

Fig. 10b shows the fractional volatilization loss in barns and manure storage. As described in
Section 2.5.1, the geographical variation of these losses is determined by the
temperature-driven parameterization of Gyldenkaerne et al. (2005), and the volatilization rate
in Fig. 10b therefore largely follows the global pattern of mean surface temperature. In
contrast, the emissions from soils (Fig. 9 and Figs. 10a and 10c) depend on precipitation,
soil moisture and other variables besides the temperature and therefore give a much higher
variability.

12. Page 30, figure 11: Please indicate the time period. Also, please indicate the version of
EDGAR that you used for comparison and add the citation here.

Done.

13. Page 30, line 9: ‘mainly due to increased emissions from manure management and
grazing’. Please check it carefully. Is there any data to support it?

The manure-originated emissions are higher than in any of the inventories included in Table
2, and the difference is especially large compared to EDGAR (Fig. 11). We consider this
difference in closer detail in Section 4. However, we acknowledge that it is difficult to verify
this prediction, since the literature and observations about nitrogen flows in Indian livestock
systems are scarce.

14. Page 30, line 13: ‘Also losses for fertilizers differ between the versions. FANv1 treated all
fertilizers as urea, resulting in a higher total volatilization rate (19 %) for synthetic fertilizers
than FANv2 (13 %). However, the mean volatilization rate for urea in FANv2 is 19 %, which
is similar to FANv1.’ You described how FANv1 deals with no crop interaction. In page 9, line
1: ‘FANv1 applies a 60 % reduction to the emissions to account for the NH3 captured by
plant canopy; this reduction is included in the flux shown in Fig. 2a.’ Did you consider this
percentage (60%) when you compared your current results with that from FANv1? If no, why
yours are similar to that in FANv1 for NH3 emission from urea? Please clarify.

FANv1 applies the 60 % reduction for all NH3 emissions, and all results we cite for FANv1
include this reduction. However, the formulation of FANv1 does not include a soil resistance.
The analysis in Section 2.2 as well as the experience from other models (Pleim et al., 2013)
indicates that the emissions are often limited by the soil resistance, and therefore the 60 %
reduction in FANv1 has to be understood to implicitly include some of the effects of soil. This
makes the parameter specific to FANv1, and it would not be meaningful to apply the
reduction to FANvZ2, or conversely, to evaluate the FANv1 emission without the reduction.

15. Page 31, line 10: Your higher emission is from manure. The canopy capture may be not
the explanation.



As noted above, FANv1 uses the 60 % reduction for all emissions including those from
manure (see comment above).

16. Page 32, line 5-8: In this study, you simulated NH3 volatilization only covering 6 years.
Climate change refers to a long-term change in weather. Thus, the author needs to put this
into your future research even though you have conducted the sensitivity analysis to show
how temperature and soil moisture can affect the NH3 volatilization processes. Please
reorganize this sentence to describe what your model has done at the current stage.

We have revised the paragraph as follows:

“Agricultural ammonia emissions are determined both by agricultural activity and
environmental conditions. Both of these aspects of ammonia emissions have been
incorporated into the process model FANv2, which embedded within the CESM simulates
agricultural ammonia emissions globally. While we simulated the response of emissions from
various agricultural processes to meteorological forcing on yearly level, FANv2 could be
used to estimate how the emissions respond to climate change on decadal to century
timescales, or how the emissions respond to weather anomalies on hourly to daily
timescales.”

17. Page 32, line 12: You mentioned that you used the local meteorological conditions to
parameterize your model. Where did these data come from? It is necessary to add this
information in Appendix B. Please add more detailed information on each site, such as
longitude/latitude, soil type, crop type, annual temperature, annual precipitation, etc.

We have added the longitude and latitude for each site, and the soil pH and cation exchange
capacity are shown if available. Most of the studies did not report annual temperature or
precipitation.

18. Page 32, line 17: ‘In particular, livestock manure is treated everywhere as a slurry, which
is likely to lead to uncertainties in developing countries where handling manure as slurry is
uncommon’. Any citation?

We have changed the sentence as follows: “In particular, livestock manure is treated
everywhere as a slurry and applied on land. This is likely to lead to uncertainties where
handling manure as slurry is uncommon (e.g. Ndambi et al. (2019) for sub-Saharan Africa),
or where a significant fraction of manure is discharged to waterways (e.g. Strokal et al.
(2016) for China and IAEA (2008) for Southeast Asia).”

19. Page 33, line 3: ‘It is difficult to isolate any particular factor that causes FANv2 to
underestimate the Chinese emission factors compared to the other inventories’. First, you
only include one site in China, which may cause the underestimate. Second, did you check
fertilizer and manure data and compare them with the previous study? It is possible that the
amount of N inputs to Chinese agricultural soils differ a lot in different studies. Please at
least state this here.



See comment above with regard to the Chinese sites. The difference in total emissions is
caused by the emission from fertilizer application; the manure NH3 emissions are well within
the range of previous estimates. The fertilizer application rates do differ between those used
in FANv2 and the previous studies, and this does explain some of the difference in the NH3
emission. However, as discussed in the text, a considerable difference remains even when
comparing the emission factors (NH3-N volatilized divided by N fertilizer applied). We have
added to the text a discussion about estimates of total fertilizer use in China.

20. Page 33, line 10: Omission of rice paddies may lead to the underestimate. It has been
reported that 90% of rice is cultivated in East, South, and Southeast Asia. Xu et al. (2019)
claims that rice cultivation has become the largest source for NH3 emission due to its high
rate of fertilization and warm temperature. Please at least discuss the important role of rice
here.

We state in the text: “The explicit consideration of rice paddies could also be potentially
important; FANv2 and the CLM do not explicitly simulate rice paddies, even though the
processes controlling NH3 volatilization in paddies are likely different from those in upland
crops. For Chinese rice paddies, Wang et al. (2018) report an average emission factor of
about 18 % for urea, which is higher than the factor calculated from FANv2, but not
significantly higher than the overall emission factors used by Zhang et al. (2017b) and Zhang
et al. (2018). This suggests that the omission of rice paddies in FANV2 is not solely
responsible for the discrepancy in emissions.” Thus we believe the text states the
importance of rice paddies, but also the fact that they may be unlikely to cause the
difference. We have revised the text to further emphasize the role of rice cultivation in NH3
emissions as pointed out in Xu et al. (2019).

21. Page 35, line 8-9: ‘The model evaluates ammonia emissions interactively with the
simulated atmosphere, and responds to both short and long-term variations in the
meteorological forcing.” Throughout the main text, | did not see any long-term estimates of
NH3 volatilization. You only reported the average annual amount for the period of
2010-2015. Also, the author did not report intra-annual estimates of NH3 volatilization.
Please carefully state ‘both short and long-term variations in the meteorological forcing’
since these were not fully reported in the current study. By the way, | am curious about the
intra-annual results. Is it possible to present your intra-annual results in the main text?

We have changed the sentence to read “The model evaluates ammonia emissions
interactively with the simulated atmosphere and therefore responds to variations in the
meteorological forcing”.

Due to the length of the manuscript we prefer to not include additional material. Seasonal
variations of the simulated emissions will be analyzed in an upcoming manuscript, where
they are evaluated using measurements of ammonium wet deposition. In brief, the
evaluation indicates that the model reproduces the main seasonality of NH3 emissions, but
also that the model would benefit from a more detailed representation of fertilizer application
and timing.



22. Page 35, line 23: It is odd to mention ‘This sensitivity includes the effect of increasing
grazing and earlier crop planting dates in warmer climates.” What is the relationship between
this sentence and the sensitivity analysis? You did not consider these factors in the
sensitivity test, right? Please reorganize it.

This refers to the last paragraph in Section 4, which discusses diagnosing the temperature
response from the geographical variations in the volatilization rate as described in the Suppl.
Section 5 (Section S6 in the revised manuscript). To make the manuscript more coherent,
we have expanded the discussion of the results in the main text and made it a new
Subsection 3.4 in Results.

Response to reviewer 2

1. The manuscript is very lengthy; and a lot of the modeling framework background should
be shortened.

We have shortened the manuscript by moving the more technical material in Section 2 to the
supplementary information.

2. The assumptions made in the manuscript need to be explained and or justified. For
example pg 3, line 30 "the soil below the topmost layer is treated as a sink—and all the N
transport below 2 cm layer is assumed to be permanently unavailable—-" needs to be
justified.

We have added the following explanation to the text:

‘Ammoniacal nitrogen is generally transported and distributed within the soil column by
molecular diffusion and movement of soil water. However, after a surface application of
synthetic fertilizers or manure, the slow molecular diffusion within soil pores initially confines
the ammoniacal N to the first few centimeters of the soil column (Pang et al., 1973; Sadeghi
et al., 1989). This allows the ammonia volatilization to be evaluated using a single model
layer similar to the earlier models of Sherlock and Goh (1985), Li et al. (2012) and Méring et
al. (2016). In FANv2, this layer covers the topmost Az = 2 cm of the soil profile, which
coincides with the topmost soil layer in CLM5; different values for Az are tested in Section
3.3. Since the TAN concentration in the topmost layer is much higher than in the soil below,
the underlying soil is not assumed to contribute to the emission, and the TAN transported
below the 2 cm layer is assumed unavailable for volatilization.”

3. Most of the References are old i.e. prior to 2015. More recent references i.e. 2018 and
2019 should be provided and their results discussed.

We have added two new references (Battye et al., 2017 and Pleim et al., 2019). The
manuscript currently cites 33 papers published in 2015 or later.



4. Pg 4, line 2 The role of microbial activity is not simulated. This is a very important
component of the N biogeochemical cycling and needs to be addressed.

We agree on the importance of microbial processes in N cycling. Several microbial
processes affecting the NH3 emission (urea decomposition, nitrification and N mineralization
from manure) are implicitly represented in FANv2, but since FANv2 is designed to evaluate
NH3 emissions exclusively from agricultural soils following a fertilizer or manure application,
a general representation of the microbial N cycling is outside the scope of FANV2. Interaction
with the soil N cycling could nevertheless be improved in a future version by integrating
FANv2 more closely with the soil biogeochemistry simulated elsewhere in the CLMS. We
have added a brief discussion of this aspect into Section 2.2.

5. Pg 2, line 33 "In this study FANVvZ2 is run globally within the CLM for the six-year period
2010-2015 to simulate the present-day NH3 emissions, which are then compared with
existing global and regional inventories". This is fundamentally incorrect since ammonia
emissions and thus ammonia concentrations calculated for 2015 will be different from
present-day i.e. 2019 or 2020.

We have changed the sentence to read “In this study FANv2 is run globally within the CLM
to evaluate the NH3 emissions for the six-year period 2010--2015, which are then compared
with existing global and regional inventories.”.

6. Pg 4, Eq 2. The rates are all first order. This assumption needs to both be explained and
justified.

First order kinetics has been found to provide an adequate description of the organic matter
turnover in CLM and many other biogeochemical models (see e.g. Manzoni and Porporato
2009).

7. Pg 5, Line 2. "The diffusion and leaching fluxes are not evaluated for the available and
resistant organic N". This reviewer does not understand what is being suggested.

We have changed the sentence as follows: “The organic N fractions (resistant and available
organic N) are assumed to be transported only by the mechanical disturbances described by
the rate coefficient k_, and the molecular diffusion in gas or aqueous phase is not
evaluated.”

8. Pg. 23, Figure 5 b. Model results and observations do not agree well. This needs to be
explained in detail.

We have added the following discussion:

“The simulated volatilization losses were evaluated against data from experimental studies,
which consist of one or more experiment typically spanning a period of several weeks. The
observations are therefore local in both space and time, which makes them challenging to
reproduce with a model intended for continental or global scales. Difficulties may arise



particularly due to the emissions' complex response to soil moisture (Section 2.2), which can
be strongly affected by local-scale orography and drainage conditions as well as unresolved
precipitation patterns. The evaluation presented here therefore focuses on the model's ability
to mechanistically reproduce the differences in the volatilization rates from different types of
fertilizers and manure.”
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