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Figure 11. Seasonality of NH3 emissions in China. The optimized
emission inventory from the adjoint inversion is compared to our
MASAGE_NH3 bottom-up inventory and to two bottom-up inventories
[Streets et al., 2003; Huang et al., 2012]. The GEOS-Chem a priori is based
on the Streets et al. [2003] inventory but uses a different seasonality
[Fisher et al., 2011].

and summer is reduced but remains
greater than calculated by [Huang
et al. 2012].

The MASAGE_NH3 inventory needs
to be adjusted to capture the season-
ality of Chinese emissions. We force
corn to be planted after winter wheat
harvest to account for double crop-
ping and we reduce fertilizer emissions
by 25%. Huang et al. [2012] showed
that a detailed treatment of fertilizer
emissions factors (𝛼c in equation (A1))
decreases estimated Chinese emissions
from mineral fertilizer by more than
50% compared to Streets et al. [2003].
MASAGE_NH3 fertilizer emissions are
15% greater than the estimate of Huang
et al. [2012]. Other uncertainties include
the magnitude and seasonality of fertil-
izer application to fruit and vegetable

crops, pasture, and forests, which is estimated to account for 40% of mineral fertilizer consumption in China
[Heffer, 2009].

5. Conclusions

We used the adjoint of the GEOS-Chem chemical transport model to optimize NH3 emissions in the U.S.,
European Union, and China by inversion of 2005–2008 monitoring network data for NH+

4 wet deposition
fluxes from NADP (U.S.), CAPMoN (Canada), EMEP (Europe), and EANET (Asia). We compared the optimized
results from the adjoint inversion to standard emission inventories (NEI, EMEP, Streets et al. [2003]) used as a
priori in GEOS-Chem. We also developed a new bottom-up emission inventory, MASAGE_NH3, which incor-
porates sector-resolved information for agricultural activities on a global scale. We used this inventory to
interpret the optimized estimates of NH3 emissions from the adjoint inversion in terms of the underlying
processes.

Wet deposition fluxes are closely related to emissions by mass balance, and the monitoring networks pro-
vide high-density data to constrain adjoint inversions at least for the U.S. and Europe. Model biases in
precipitation can be a source of error, since there is competition between wet and dry deposition (40% of
NH3 deposition to the contiguous U.S. in GEOS-Chem is by dry deposition). Here we estimated and corrected
for this error by conducting GEOS-Chem simulations for the same meteorological year but with different
assimilated meteorological fields. A drawback of the adjoint method is that error statistics on the solution
are not generated as part of the inversion, unlike for an analytical inversion; but such error statistics tend
to be too small in any case [Arellano and Hess, 2006] due to the assumptions of random errors and repre-
sentative sampling of the error distribution functions. An ensemble of inversions can provide a better error
characterization [Heald et al., 2004] but was not computationally practical here.

U.S. optimized emissions are 2.8 Tg NH3–N a−1. We show that annual total U.S. emissions agree within 10%
for a range of bottom-up and top-down emissions in the literature. However, regional and seasonal distri-
butions show greater differences. Based on MASAGE_NH3, we find that the distribution of emissions follows
that of fertilizer-intensive agriculture (in particular corn) and of animal feeding operations. Seasonality is
consistent with fertilizer emissions peaking in spring and manure emissions peaking in summer. This con-
trast explains the different seasonality of the Midwest (peak at corn planting in spring) and the rest of the
United States. Previous GEOS-Chem studies underestimated NH3 emissions in the Midwest, and we show
that this reflects inadequate accounting of fertilizer emissions.

Optimized emissions in the European Union are 3.1 Tg NH3–N a−1, consistent with the EMEP inventory. Sea-
sonality of emissions is more homogeneous across the European Union than in the U.S., which we attribute
to diversified food production at the national level. Unlike in the U.S., the seasonality of emissions in the
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Europe Union has a consistent spring peak that we attribute to different manure management practices. Our
optimized emissions in fall are much lower than the a priori for north-central Europe and we attribute this to
new regulations to reduce NH3 emissions by restricting manure spreading. Unlike other European countries,
Spain did not commit to an emission reduction under the Gothenburg protocol and our work suggests that
Spanish emissions have not been reduced.

In China, our optimized NH3 emission is 8.4 Tg NH3–N a−1. This is similar to a recent bottom-up inventory
by Huang et al. [2012] but 25% lower than the inventory of Streets et al. [2003]. Unlike in the U.S. and Euro-
pean Union, emissions peak in summer even though fertilizer application accounts for a larger fraction of
Chinese agricultural emissions (40–60%). We attribute this seasonality to double cropping, resulting in the
application of mineral fertilizer and manure to corn in summer.

The MASAGE_NH3 global inventory of NH3 emissions reproduces the major features of our adjoint opti-
mization, including spatial and seasonal variability. It provides global information for a range of agricultural
processes (see Table A1), which could be included in chemical transport models. MASAGE_NH3 may also be
used to calculate the seasonality of agricultural NH3 emissions, when only annual totals are provided such
as for future NH3 emissions from the Representative Concentration Pathways.

Global agricultural emissions of NH3 are estimated to be 34 Tg NH3–N a−1 (63% of the total NH3 emissions).
MASAGE_NH3 suggests that ∼60% of anthropogenic NH3 emissions are outside of the European Union,
China, and the U.S., which warrants further evaluations of this inventory.

Appendix A: Description of the MASAGE_NH3 Model

We present here a global process-based inventory of NH3 emissions called MASAGE_NH3 (Magnitude and
Seasonality of Agricultural Emissions for NH3, https://fpaulot.bitbucket.org/MASAGE/). This inventory is con-
structed on a 0.5◦ × 0.5◦ horizontal grid and focuses on providing improved sector-resolved estimates for
agricultural emissions. We use MASAGE_NH3 in the text to interpret the seasonal and spatial patterns of
NH3 emissions suggested by our inversion. Portions of the MASAGE model (e.g., crop model and livestock
distribution) can be readily used to investigate other agricultural emissions (e.g., methane and N2O).

A1. Mineral Fertilizer Emissions
NH3 emission from fertilizer application depends on the crop-dependent application rate (e.g., soybean
requires much less N input than corn), the application technique (broadcast and injection result in very
different emissions), and physical parameters (temperature and wind speed).

In each grid square, NH3 emissions from mineral fertilizer application (EF) at time t are given by

EF(t) =
∑

c

𝛼cΓcAc𝜓c(t) (A1)

where Ac is the area occupied by crop c from the Monthly Irrigated and Rainfed Crop Areas (MIRCA) data
set (0.5◦ × 0.5◦, Portmann et al. [2010]), Γc is the country-specific fertilizer application rate, 𝛼c is the annual
NH3 emission factor, and 𝜓c is the crop-specific application function (see A2). Γc is calculated annually using
annual fertilizer consumption [FAOSTAT, 2009], harvested area, and crop-specific fertilizer application rate
over the 2006–2007 period (International Fertilizer industry Association (IFA), Heffer [2009]). 𝛼c is calcu-
lated following Bouwman et al. [2002b] and includes the effect of fertilizer type (updated annually from
country-specific consumption (IFA)), soil pH and cation exchange capacity (from International Soil Refer-
ence and Information Centre – World Soil Information), application techniques, and crop type. We neglect
the effect of latitude, a proxy for temperature as it is represented through C(t) (see (A3)). Ac varies annu-
ally according to national statistics [FAOSTAT, 2009]. Based on the specificity of the MIRCA and IFA data
sets, the following crops are treated independently: wheat, winter wheat, rice, rice (double cropping), corn,
other cereals (barley and millet), other winter cereals (barley and millet), tropical cereals (sorghum and mil-
let), soybean, oil palm, rapeseed, groundnuts, cotton, sugar cane, temperate roots (sugar beet), fruits and
vegetables, tropical roots (cassava), pulses, and other perennial crops.

Plot experiments show that most NH3 emissions from fertilizer take place within a few days of application
[Plöchl, 2001]. Following Skjøth et al. [2004] and Gyldenkærne et al. [2005], we assume that NH3 emission from
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fertilizer can be represented by a Gaussian:

𝜓c(t) = NC(t)
3∑

a=1

𝛽a,c

𝜎a,c

√
2𝜋

e
−
(

t−𝜏a,c
𝜎a,c

)2

(A2)

where 𝛽a,c is the crop-specific fraction of fertilizer applied at each stage (a), 𝜏a,c is the crop-specific optimal
application date, 𝜎a,c is the deviation around this date [Gyldenkærne et al., 2005], N is a normalization factor
defined below, and C accounts for the effect of temperature (TC , the air temperature at 2 m in ◦C) and wind
speed (w, wind speed at 10 m in m s−1) [Søgaard et al., 2002]:

C(t) = 1.02TC × 1.04w (A3)

Three application stages (a) are considered: (1) at planting, (2) at the peak of nutrient demand (referred
to as “at growth” hereafter), and (3) after harvest. We assume 𝜎1,c = 9 days and 𝜎2,c = 𝜎3,c = 16 days
[Gyldenkærne et al., 2005; Skjøth et al., 2004] for most crops (see exceptions below). Planting dates (𝜏1,c) are
determined using a temperature and/or precipitation threshold as used in the Lund-Potsdam-Jena man-
aged Land model [Bondeau et al., 2007]. When planting dates are fixed (e.g., soybean) or not defined (e.g.,
cotton), we use a global survey of planting dates [Sacks et al., 2010], when possible, and Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) green-up dates averaged from 2001 to 2004 otherwise [Ganguly
et al., 2010; Hudman et al., 2012]. Growth application (𝜏2,c) and harvest (𝜏3,c) dates are determined using
accumulated growing degree days (GDD) since planting [McMaster and Wilhelm, 1997]

GDD =
max(Tmin, Tb) + max(min(TH, Tmax), Tb)

2
− Tb (A4)

where Tmax and Tmin are the maximum and minimum daily temperature, respectively, TH = 303 K (except for
tropical crops for which no upper limit is considered), and Tb is the crop-specific base temperature, below
which no growth is observed. Harvest can be triggered by crop maturity [Bondeau et al., 2007] or hard frost
(defined as an average 24 h temperature lower than −2◦C). Fertilizers are applied after harvest when soil
temperature drops below 10◦C [Goebes et al., 2003]. When no harvesting date can be calculated or when no
threshold is reported [Bondeau et al., 2007], we use a global survey of harvesting dates [Sacks et al., 2010],
when possible, and MODIS brown-down dates averaged from 2001 to 2004 otherwise. For fruits and vegeta-
bles, planting, harvesting, and growth application are defined as the start, end, and middle of the growing
season as defined by MODIS green-up and brown-down dates. For the crops that rely on MODIS cropping
dates (fruits and vegetables, oil palm, sugar cane, and other perennial crops), we use 𝜎1,c = 𝜎3,c = 30 days
and 𝜎2,c = 60 days to reflect the uncertainty in cropping practices. N is defined such that

N =
∫ 2008

2005

∑
Ω
∑

c 𝛼cΓcAcdt

∫ 2008
2005

∑
Ω
∑

c 𝛼cΓcAc𝜓c(t)dt
(A5)

where Ω designates the ensemble of GEOS-Chem grid squares. This normalization allows for interan-
nual variability in meteorology to affect NH3 emissions while imposing a multiyear total from the fertilizer
application rate.

A large source of uncertainty lies in the fraction 𝛽a,c of fertilizer applied at each stage. In the U.S., Goebes et
al. [2003] reported that fertilization of soybean in Illinois takes place mostly in the month preceding plant-
ing and in the fall. Pinder et al. [2004b] report significant manure application in the spring and fall. However,
in parts of Europe (e.g., Denmark), most of the application of fertilizer and manure takes place in spring and
during the growing season [Gyldenkærne et al., 2005; Skjøth et al., 2008]. In the absence of global data sets
of fertilization practices, the following assumptions are made. For wheat, corn, temperate roots, and other
cereals, we assume that 60% of fertilizer is applied at planting, 20% at growth, and 20% at harvest. For crops
that require vernalization (winter wheat, winter cereals, and rapeseed), we assume that 10% of fertilizer is
applied at planting, 70% at growth, and 20% at harvest. For fruits and vegetables, we assume 20% appli-
cation at planting, 60% at growth, and 20% at harvest. For all other crops, we assume that 80% of fertilizer
is applied at planting and 20% at harvest. A more realistic treatment would require accounting for crop
nutrient demand [Cooter et al., 2012] and differences in regional practices.
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Figure A1. MASAGE_NH3 emissions of NH3 from fertilizer.

The crop model used by MASAGE_NH3 does not account for double cropping. This leads to erroneous plant-
ing dates [Portmann et al., 2010], especially in Asia, where this practice is common. For instance, in the winter
wheat-summer corn rotation, corn is seeded in June [Huang et al., 2012], rather than in April as simulated
by the crop model. To account for this delay, we assume that all corn in China is planted when wheat is har-
vested. Fertilizer application techniques is a critical uncertainty in our model. For instance, Bouwman et al.
[2002a] found that NH3 emissions following fertilizer injection are 50% lower than following fertilizer broad-
casting. The default assumption in MASAGE_NH3 is that fertilization is through broadcasting, except for
anhydrous ammonia and nitrogen solution, which are injected. Early evaluation of MASAGE_NH3 with the
adjoint optimization results led to some further adjustments: NH3 emissions from fertilizer application in
China are reduced by 25% and NH3 emissions from fertilizer application to U.S. corn are reduced by 40%.

Figure A1 shows the MASAGE_NH3 seasonal distribution of NH3 emissions from fertilizer application,
and Table A1 shows the emissions associated with different crop categories. Emissions peak in spring
throughout the Northern Hemisphere, reflecting the dominant fertilizer application at crop planting.

Table A1 shows the emissions associated with the different crop categories used by MASAGE_NH3. The
largest emitting crops are corn in the U.S., and wheat (including winter wheat) in the European Union, China,
and the rest of the world.

A2. Manure Emissions
NH3 emissions from manure depend on the nitrogen content of the feed and on manure management prac-
tices at the housing, storage, and land application stages. In each grid square, NH3 emissions from manure
(EM) at time t are given by the following:

EM(t) =
∑

l

𝛼lDl

[
𝛾h,lΓh,l𝜓h,l(t) + 𝛾s,lΓs,l𝜓s,l(t) + 𝛾a,lΓa,l(P𝛼pC(t) + (1 − P)

∑
c

𝛼c𝜓c(t))

]
(A6)

where l is a livestock category (Table A1), Dl is the animal density (0.5◦ × 0.5◦), 𝛼l , 𝛼c, and 𝛼p are the live-
stock, crop, and pasture NH3 emission factors, 𝛾h,l , 𝛾s,l , and 𝛾a,l are the fractions of emissions associated with
housing, storage, and manure application, P is the fraction of manure applied to pasture, 𝜓h,l and 𝜓s,l are the
dependences of housing and storage emissions on temperature and wind speed [Gyldenkærne et al., 2005],
and Γh,l , Γs,l , and Γa,l are normalization factors defined below. Dl is taken from the FAO-gridded livestock
of the world [Wint and Robinson, 2007] and adjusted annually according to country-specific FAO statistics
[FAOSTAT, 2009]. P is taken as the fraction of pasture in each grid cell [Ramankutty et al., 2008]. The timing
of manure application to cropland is assumed to be the same as that of mineral fertilizer application (see
section A1). Manure is applied to pasture throughout the year. 𝛼l are taken from Faulkner and Shaw [2008]
for the U.S. and Canada, Velthof et al. [2012] for the Benelux, Denmark, and Germany, the GAINS model for
other European countries and East Asia (including China), and Bouwman et al. [2002b] for the rest of the
world. 𝛼l represent “country-average” management practices and do not capture regional variations. This is
an important limitation for large countries such as the U.S. or China. For each of these regions, Γh,l is defined
such that

Γh,l =
∫ 2008

2005

∑
ΩR
𝛼lDl𝛾h,ldt

∫ 2008
2005

∑
ΩR
𝛼lDl𝛾h,l𝜓h,l(t)dt

(A7)

where ΩR designates the ensemble of grid squares in region R. Γs,l and Γa,l are defined similar to Γh,l .
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Table A1. NH3 Emissions in GEOS-Chem Including MASAGE_NH3 for Agriculturea

Contiguous U.S. European Union China World

Anthropogenic 2425 2725 7920 35295
Agricultureb 2180 2595 7810 33970
Crops
Cotton 20 0 180 700
Corn 200 80 735 1790
Fruits and Vegetables 15 25 505 815
Groundnuts 0 0 50 85
Oil Palm 0 0 0 125
Other Cerealc 10 45 5 125
Other Cereal (Winter)c 15 90 30 335
Other Cropsd 95 95 185 980
Pulses 0 0 15 45
Rapeseed 0 30 60 155
Early Rice 5 0 145 555
Late Rice 0 0 150 325
Soybeans 5 0 45 85
Sugar Cane 5 0 60 455
Temperate Roots 5 25 305 480
Tropical Cereals 0 0 0 90
Tropical Roots 0 0 25 160
Wheat 40 25 105 435
Winter Wheat 55 195 425 1630

Manure
Beef 755 495 850 10080
Buffalo 0 30 195 1520
Dairy 370 530 35 3280
Goat 0 10 135 695
Poultry 280 300 1335 3985
Pork 295 525 2125 4075
Sheep 5 85 115 960

Biofuele 20 35 90 800
Other anthropogenicf 225 95 25 525

Natural
Open firesg 50 25 40 5540
Other naturalh 265 195 405 13655

Total 2740 2945 8365 54490

aGgNH3–N a−1. Values are for 2005–2008 except for biofuel and other anthro-
pogenic sources (2000).

bFrom MASAGE_NH3 (this work).
cBarley and rye [Portmann et al., 2010].
dInclude forestry, pasture, and ornamentals [Heffer, 2009].
eResidential (33%) + agricultural waste (67%) in 2000 from the Atmospheric

Chemistry and Climate Model Intercomparison Project (ACCMIP) [Lamarque et al.,
2010].

fTransportation (73%), industry (23%), and energy (4%) in 2000 from ACCMIP
[Lamarque et al., 2010].

gFrom GFED2 [Randerson et al., 2006].
hFrom GEIA [Bouwman et al., 1997], mostly from oceanic sources.

Dairy cattle produces significantly more NH3 than beef cattle because of greater protein intake. The FAO
livestock inventory does not distinguish between dairy and beef cattle. To estimate the fraction of dairy
cattle in each grid box, we use a previous global-gridded inventory of dairy and beef cattle [Lerner et al.,
1988], which is superseded in the U.S. by the 2007 agricultural census (http://quickstats.nass.usda.gov/)
and by the Statistical Office of the European Communities (EUROSTAT) in the European Union
(http://epp.eurostat.ec.europa.eu). In the U.S., dairy emission factors (𝛼dairy) are taken from Pinder et al.
[2004a, 2004b].

NH3 emission factors associated with beef can span a very large range depending on breeding prac-
tices. Faulkner and Shaw [2008] suggest 𝛼beef = 7.4 kg NH3–N head−1 a−1 for cow–calf systems and
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Figure A2. MASAGE_NH3 emissions of NH3 from manure.

10.7 kg NH3–N head−1 a−1 for feedyards. However, much higher emission factors have been measured at
concentrated animal feeding operations (CAFO), which may reflect different manure management practices
[Todd et al., 2008; Hristov et al., 2011]. MASAGE_NH3 does not currently use information on management
practices. To account for increased emissions from feed lots, such as CAFO, we assume that the emission
factor of beef is linearly related to the animal density (D), which is very high at CAFO.

𝛼beef(kg NH3–N head−1 a−1) =
{

7.4 Dbeef < 15 head km−2

0.25D(beef) + 3.65 Dbeef ≥ 15 head km−2 (A8)

Figure A2 shows the global distribution of NH3 from manure in different season. Globally, beef is the largest
source of NH3 from manure (and also the largest anthropogenic source) but dairy cattle and pork are the
largest sources of NH3 in Europe and China, respectively (Table A1).
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