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Ammonia (NH3), as an alkaline gas, contributes substantially to atmospheric nitrogen deposition, which can
cause biodiversity loss, water eutrophication and soil acidification. Advances in the application of satellite obser-
vations allow us to gain deeper insights into atmospheric NH3 concentrations at large spatial scales. A new
satellite-based methodology is proposed for estimating dry NH3 deposition with consideration of bi-directional
NH3 exchange. We estimate the global dry NH3 deposition for nine years (2008–2016) by using the Infrared At-
mospheric Sounding Interferometer Instrument (IASI) NH3 retrievals. Satellite-based dry NH3 deposition is in
general consistent with measured dry NH3 deposition over the monitoring sites (R2 = 0.65). Global dry NH3 de-
position over 8 kgN ha−1 ismainly distributed in the Eastern China, Northern and Central Pakistan, andNorthern
India. An annual increase rate of 0.27 and 0.13 kg N ha−1 y−1 in dry NH3 deposition during 2008–2016 occurs in
Eastern China and Sichuan Basin, which are themajor Chinese agricultural regions. The NH3 compensation point
is high during warm months, and can be above 1 μg m−3 such as in Eastern China, implying the importance of
considering the NH3 compensation points for estimating dry NH3 deposition. We find, if the upward NH3 flux
was ignored, it will cause 11%, 17%, 5% and 3% overestimation in dry NH3 deposition in Eastern China, Northern
India, Eastern United States andWestern Europe, respectively. This study presents the potential of using the sat-
ellite retrievals to estimate the large-scale dryNH3 deposition, and themethodology is able to provide temporally
continuous and spatially complete fine-resolution datasets.
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1. Introduction

Global reactive nitrogen (N) increased greatly since the industrial
revolution due to the dramatic growth of food and energy production
(Galloway et al., 2008; Wei et al., 2019a). Ammonia (NH3), as an alka-
line gas, significantly contributes to neutralizing acids and then forming
ammonium (NH4

+) particulate matter (Yu et al., 2018; Zhang et al.,
2013). Excessive atmospheric deposition of NH3 and NH4

+ can also
cause damage to sensitive ecosystems (Endo et al., 2011). It is critical
to quantify the global dry NH3 deposition to evaluate its consequences
to ecosystems and environment.

NH3 exhibits bidirectional air-surface exchange including both up-
ward and downward transportation (Ludwig et al., 2001; Sutton et al.,
2013). Most previous works estimating large-scale dry NH3 deposition
considered only the deposition process and neglected thepotential bidi-
rectional exchange between the air and earth surface (Qi et al., 2013;
Reay et al., 2008; Sickles II and Shadwick, 2015; Zhang et al., 2003).
The phenomenon of air-surface NH3 exchange was observed in nu-
merous ground-based measurements (Azouz et al., 2019; Husted
et al., 2010; Sutton et al., 2000; Sutton et al., 2010), suggesting the
existence of a so-called “NH3 compensation point” controlling dry
NH3 deposition. The NH3 compensation point represents the com-
bined effects of N availability, plant physiology and the complex
soil processes (Sutton et al., 1994; Sutton et al., 1998). Bidirectional
air-surface NH3 exchange based on ground-based observations
have been comprehensively reviewed by a previous study (Zhang
et al., 2010), which provided valuable datasets on the stomatal and
soil NH3 emission potentials by different land use types. However,
evaluation of large-scale dry NH3 deposition is still difficult due to
the sparse ground-based measurements around the globe (Jia et al.,
2016; Nemitz et al., 2000).

Recent advances in the application of satellite NH3 retrievals with
large-scale spatial coverage (Van Damme et al., 2018; Warner et al.,
2016) make it possible to evaluate global spatial and temporal atmo-
spheric NH3 abundance in more details. Global satellite NH3 retrievals
provide great potentials to estimate large-scale surface NH3 concentra-
tions and dry NH3 deposition. Estimating global surface NH3 concentra-
tions is a prerequisite for estimating dry NH3 deposition, when using
bidirectional dry deposition scheme. A previous study used CrIS
(Cross-track Infrared Sounder) NH3 retrievals to estimate dry NH3 de-
position in North America, but ignoring the upward NH3 fluxes
(Kharol et al., 2018). Another study used the IASI (Infrared Atmospheric
Sounding Interferometer) NH3 retrievals to estimate the dry NH3 depo-
sition in Europe (Graaf et al., 2018), which only concerned the down-
ward NH3 process. Liu et al. (Liu et al., 2019) followed these studies,
and gained the global surface NH3 concentrations with a validation by
ground-based measurements.

In this study, we use IASI NH3 retrievals to estimate the global dry
NH3 deposition, with consideration of bi-directional air-surface ex-
change rather than the commonly used unidirectional dry deposition
scheme, followed by a validation of the estimated dry NH3 deposition
with the ground-based measurements. We aim to explore a simple,
fast and practical approach from a satellite perspective to gain an overall
insight into spatiotemporal global dry NH3 deposition, and assess the
overall bi-directional NH3 exchange over the globe.

2. Data

2.1. IASI NH3 retrievals

As a passive satellite instrument, IASI (Infrared Atmospheric Sound-
ing Interferometer Instrument) measures the infrared radiation in the
spectral ranges of 645–2760 cm−1 from earth and atmosphere, operat-
ing in downward viewing geometry (Van Damme et al., 2014a). IASI
NH3 retrievals were gained from the Metop-A at 9:30 and 21:30 local
time with spatial resolutions ranging from 12 × 12 km2 to
20 × 39 km2. Only measurements in the morning (at 9:30) were used
in this study, since they are more sensitive to the atmospheric NH3,
linked with the thermal contrast (Van Damme et al., 2014b). We used
the ANNI-NH3-v2.1R-I retrievals from 2008 to 2016 (Van Damme
et al., 2017), which were based on an artificial neural network by
converting a hyperspectral range index to NH3 column (the driven
data also included the meteorological data such as water vapour, pres-
sure and temperature) (Van Damme et al., 2017; Whitburn et al.,
2016). The ANNI-NH3-v2.1R-I can be used to analyze the inter-annual
trends of atmosphere NH3. There are no vertical profiles for each mea-
surement in the ANNI-NH3-v2.1R-I. The retrievals with a relative error
above 100% or an absolute error above 1016 molec cm−2 were excluded
in this study. We processed the daily IASI NH3 columns to the monthly
average of the retrievals at 0.25° grids using arithmetic averaging
methods, which were then used to estimate dry NH3 deposition.
Fig. S1 shows an example of spatial distributions of IASI NH3 columns
in 2014 using the arithmetic averaging methods. For more information
on this dataset including the algorithm and the quality control, please
refer to the previously published papers (Liu et al., 2019; Liu et al.,
2017; Van Damme et al., 2017; Whitburn et al., 2016).
2.2. Surface NH3 measurements

Dry NH3 deposition is not measured directly from different regional
networks including the Nationwide Nitrogen Deposition Monitoring
Network (NNDMN) in China, the European Monitoring and Evaluation
Programme (EMEP) and the Ammonia Monitoring Network (AMoN)
in the US, because of the requirements for expensive instrumentation
and complex methods. Instead, the surface NH3 concentrations were
measured directly, and then the dry NH3 deposition can be obtained in-
directly by combining the measured NH3 concentrations with the
modeled deposition velocity of NH3 using the inferential methods. The
measured surface NH3 concentrations in NNDMN, AMoN-US and
EMEP were used here to calculate the dry NH3 deposition, combining
the modeled deposition velocity. Then, dry NH3 deposition at the mon-
itoring sites was contrasted with the estimates. The NNDMN used
DELTA and the ALPHA systems, and the AMoN-US used the radiello dif-
fusive sampler, while the EMEP used the multiple measurement sys-
tems since it consists of multiple countries in Europe. The overall
biases of the measurements were below 30% by different measurement
systems from the networks (Bobrutzki et al., 2010; Sutton et al., 2001;
Xu et al., 2015).
2.3. NH3 vertical concentration

The GEOS-Chem, as a widely used atmospheric chemical transport
model, was applied here to simulate NH3 vertical profiles. GEOS-Chem
is driven by the GEOS-FP meteorological data by NASA GMAO, and in-
cludes the simulation of NH3-H2SO4-HNO3 chemistry (Fountoukis and
Nenes, 2007; Pye et al., 2009), adopted by the ISORROPIA II model.
NH3 emission inputs were obtained from EDGAR, with updates by re-
gional datasets (such as MIX in Asian, EMEP in Europe and NEI in the
US) (Chen et al., 2009; Kharol et al., 2018). Dry deposition of NH3 fol-
lows the big-leaf models (Wang et al., 1998; Wesely, 1989), without
considering the bidirectional NH3 exchange.We here used the 47 layers'
vertical NH3 concentrations at 2° × 2.5° grids to construct the NH3 ver-
tical profile models.
3. Methodology

We firstly presented a brief description of procedures applied to es-
timate dry NH3 deposition, and then gave detailed information for the
satellite-based methods.
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3.1. Method steps

The generalflowchart of using satellite data to estimate dryNH3 depo-
sitionwith amodule of air-surface exchange of NH3 is shown in Fig. 1. IASI
NH3 retrievals are column data that have no vertical profiles. We gained
surface NH3 concentration by using modeled NH3 vertical profiles. We
constructed the Gaussian model to fit the 47 layers' vertical NH3 concen-
trations, which can generate the continuous NH3 profile. Hence, based
on the constructed the Gaussian model, we can obtain satellite-based
NH3 concentration at any height. More importantly, the constructed the
Gaussianmodel has general rules, appropriate for converting satellite col-
umns to surface concentration simply.Wehave the followingmajor steps:

Step 1: Construct the NH3 vertical profiles. We try to generate NH3

vertical profile models that can be applied to convert IASI NH3 col-
umns to surface NH3 estimates quickly and simply. The widely
used GEOS-Chem outputs including 47 layers' NH3 concentrations
from the surface to the troposphere are the best available datasets
that can be used to construct the NH3 vertical profile models.
Step 2: Estimate surface NH3 concentration by IASI at fine resolu-
tions. With the constructed vertical profiles (step 1), we can esti-
mate the ratio of surface NH3 concentrations (at any height) to
total columns, and then use this ratio and IASI NH3 columns to
gain the satellite-based surface NH3 estimates at fine resolutions
(0.25o grids in this study).
Step 3: Estimate the NH3 emission potentials. The NH4

+ and H+ in
the soil are important variables to determine the soil NH3 emission
potentials. We try to model the NH4

+ and H+ in the soil with consid-
eration of the N fertilization using the processed model DNDC (See
the Sect. 1.1 in the supporting information). The stomatal NH3 emis-
sion potentials were calculated by combining the LAI and the ratio of
NH4

+ and H+ in the apoplastic fluid based on ground-based mea-
surements in different land use types.
Step 4: Estimate canopyNH3 compensation points. Stomatal and soil
compensation points are then estimated by the estimated stomatal
and soil NH3 emission potentials. Then, calculate theNH3 compensa-
tion points combining both the stomatal and soil compensation
points.
Step 5: Estimate the deposition velocity of NH3. The deposition ve-
locity of NH3 is related to aerodynamic resistance and quasi-
Fig. 1. Diagram and Flowchart of using satellite data to estimate dry
laminar sub-layer resistance, which can be estimated using the me-
teorological data under different land use types.
Step 6: Estimate the dry deposition of NH3. Combined with the
satellite-derived surface NH3 concentrations, NH3 compensation
points and its deposition velocity, the dry NH3 deposition can be es-
timated using the widely used inferential methods.

3.2. Estimating dry NH3 deposition with Bi-directional air-surface exchange
models

NH3 can be volatilized from the ground to the atmosphere, and can
also be deposited back to the ground, which is called bidirectional flux
(Sutton et al., 2013; Zhang et al., 2010). The fundamental concept to es-
timate dry NH3 deposition is based on the bi-directional air-surface ex-
change models (Nemitz et al., 2001; Sutton et al., 1998), which can be
expressed by (Zhang et al., 2010):

F ¼ C−C0ð Þ � Vd ð1Þ

Vd ¼ 1
Ra þ Rb

ð2Þ

where C and C0 are the surface NH3 concentrations (μg m−3) and the
NH3 compensation points; Vd is the deposition velocity (cm s−1); Ra

and Rb are aerodynamic resistance and quasi-laminar sub-layer resis-
tance. Ra and Rb can be calculated by (Erisman et al., 1994):

Ra zð Þ ¼ 1
ku

ln
z−d
z0

−φh
z−d
L

� �
þ φh

z0
L

� �� �
ð3Þ

Rb ¼ 2
ku

Sc
Pr

� �2=3

ð4Þ

where k indicates the Von Karman constant (0.4); u indicates the fric-
tion velocity; Z0 represents the roughness length and L represents the
Monin-Obukhov length; φh represents the stability function for heat;
Pr and Sc are the Prandtl and Schmidt numbers.

Surface NH3 concentration can be estimated by combining IASI-
derived NH3 columns and the NH3 vertical profiles. The NH3 vertical
profiles can be well fitted by a Gaussian function based on 47 layers'
NH3 concentrations from the GEOS-Chem outputs (Liu et al., 2019).
Based on the function of NH3 vertical profiles and IASI NH3 columns,
NH3 deposition with the bi-directional NH3 exchange process.
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we can retrieve satellite-based surface NH3 by the following equation
(Liu et al., 2019):

C ¼ GGEOS−Chem

ΩGEOS−Chem
�Ω9−10

IASI � GGEOS−Chem
1−24

GGEOS−Chem
9−10 ð5Þ

where C indicates the IASI-derived surface NH3;
GGEOS−Chem

ΩGEOS−Chem
represents

the ratio of surface NH3 to NH3 columns by GEOS-Chem; ΩIASI
9−10 indi-

cates IASI NH3 column at overpass time (9–10 am);
GGEOS−Chem

1−24

GGEOS−Chem
9−10 in-

dicates the ratio of daily average to that at 9–10 am.
When C is greater than C0, theNH3fluxwill be downward, andwhen

C is less than C0, the NH3 flux will be upward. Co can be calculated by

C0 ¼ C
Ra þ Rb

þ Cst

Rst
þ Cg

Rac þ Rg

� �
1

Ra þ Rb
þ 1
Rst

þ 1
Rac þ Rg

þ 1
Rcut

� �−1

ð6Þ

where Rac, in-canopy aerodynamic; Rg, soil; Rcut, cuticle; and Rst, stoma-
tal resistance. Cst and Cg are stomatal and soil compensation points.

Co can be calculated by setting C_Co in Eq. (6):

C0 ¼ Cst

Rst
þ Cg

Rac þ Rg

� �
1
Rst

þ 1
Rac þ Rg

þ 1
Rcut

� �−1

ð7Þ

Cst and Cg can be both simplified by the formula:

Cst ¼ A
Tst

exp −
B
Tst

� �
τst Cg ¼ A

Tg
exp −

B
Tg

� �
τg

�
ð8Þ

where Tst (Tg) is the stomata (soil) temperature; τst (τg) is the stomatal
(soil) emission potential; A and B (fixed parameters) are 161,500 and
10,378 (Zhang et al., 2010).

τg ¼
NHþ

4

	 

g

Hþ	 

g

ð9Þ

where [NH4
+]g and [H+]g are NH4

+ and H+ concentrations in the soil.
We used the DNDC model to simulate the NH4

+ and H+ concentra-
tion in the soil and calculated τg, as shown in Fig. S2. Briefly, the DNDC
is a processedmodel, which can be used to simulate the biogeochemical
processes and model the NH4

+ and H+ concentration in the soil, with
consideration of the chemical fertilizer N, manure N as well as litter N
from plant residues.

τst ¼
NHþ

4

	 

st

Hþ	 

st

ð10Þ

where [NH4
+]st and [H+]st are NH4

+ and H+ concentrations in the
apoplastic fluid. The τst was highly linked with the LAI (Zhang et al.,
2010), and varied significantly by different types of land use (Wen
et al., 2014; Whaley et al., 2018; Zhang et al., 2010). We referred to
these studies (Wen et al., 2014; Whaley et al., 2018) by setting: If
LAI b 0.5, τst=0; If LAI ≥0.5, τst=300, 800, 300 for forests, farmlands
and grasslands, respectively.

4. Results

4.1. Global estimates of surface NH3 concentration

Satellite-based surface NH3 estimates during 2008–2016 have been
obtained by combining IASI NH3 columns and the NH3 vertical profiles
using Eq. (5) (Liu et al., 2019).We considered the effects of spatially dy-
namic NH3 vertical profiles rather than the fixed vertical profiles to gain
the surface NH3 estimates. Overall, satellite-based NH3 estimates
achieved a reasonably high consistency with measured surface NH3

concentrations over the monitoring sites (R2 = 0.76) (Liu et al., 2019).
As illustrated in Fig. 2a, in the Northern Hemisphere, high surface NH3

concentrations above 5 μg m−3 appeared in Eastern China and North-
eastern India, followed by Northeastern and Southern China, Eastern
US, Middle and South India, and Western Europe.
4.2. NH3 compensation points

As described in the method section, the NH3 compensation point is
also an important variable influencing the estimation of dry NH3 depo-
sition. The NH3 compensation point can be separated into two parts: the
stomatal compensation point (Cst) and the ground compensation point
(Cg). For these two key variables, the τst and τg (as the stomatal and soil
NH3 emission potential) are the two key parameters. Previous works
(Cooter et al., 2010; Zhang et al., 2010) based on the ground-based ob-
servations found the τg was highest in the farmland soils due to the fre-
quent N fertilization (such as urea and NH4

+ contained chemicals). We
calculated the τg using the processed model DNDC to quantify the τg,
with the consideration of the effects of N fertilization and N litter. For
the τst, the LAI shows a strong positive relationship with τst based on
the ground-basedmeasurements and the variable of LAI (by satellite re-
trievals) was added in the algorithm. Based on the calculated τst and τg,
the Cst and Cg can be quantified using the Eq. (7), which can be found in
Fig. 2c and d.

High Cst were high in forests and agricultural lands, such as the
Southern and Northern India (N0.7 μg m−3), Eastern China
(N0.4 μg m−3) and Africa North of Equator (N1.0 μg m−3). The Cst in
Eastern China, Northern India, Eastern US and Western Europe were
on average 0.36, 0.49, 0.08 and 0.04 μg m−3, respectively. On the other
hand, high Cg had the highest values over agricultural soils with high
N fertilization (Cg can be above 1 μg m−3), while in natural ecosystems
Cg had low values (b0.1 μg m−3). The Cg in Eastern China, Northern
India, Eastern US and Western Europe on average were 0.71, 0.75,
0.07 and 0.04 μg m−3, respectively. Zhang et al. (Zhang et al., 2010)
summarized a number of ground-based measurements on Cst and
Cg. The τg in agricultural soils in this study was modeled using the
processed model DNDC producing a Cg above 1 μg m−3 over high N
fertilization areas, similar to the majority of ground-based measure-
ments by Zhang et al. (Zhang et al., 2010). The τst in the forest in this
study was set as 300, producing a Cst within 0.0–1.0 μg m−3, close to
the observed values from Zhang et al. (Zhang et al., 2010). The τst in
agricultural land in this study was set as 800, producing a Cst within
0.2–2.0 μg m−3, which are believed as the conservative estimates.
The τst in other natural vegetative canopies in this study was set as
20, producing a Cst below 0.1 μg m−3, which can be mostly consid-
ered as a sink of NH3.

Regarding the seasonal variations, both Cst and Cgwere high inwarm
months (May–October) and low in cold months (November–April) in
the six selected regions in Northern Hemisphere (Fig. 3). Both Cst and
Cg were highly impacted by the temperature, N availability (related to
N fertilization time), and growth status (indicated by LAI). For the se-
lected regions in Northern Hemisphere, the temperature was high
from March to October, and highest in summer months (June, July and
August); the N fertilization to planted crops was often applied in
March to October and can lead to high NH4

+ in the soil; for the natural
ecosystems the LAI was larger in summer and spring due to more pre-
cipitation and higher temperature than those in autumn and winter.
Combined with all these, the Cst and Cg were highest in summer (Cg

can be higher than 1 μg m−3), followed by spring, autumn and winter.
Considering both the Cst and Cg, the NH3 compensation points
(Fig. 2b) can be calculated using Eq. (7). The NH3 compensation points
in ECH, NEI, EUS and WEU were on average 0.54, 0.62, 0.08 and
0.04 μg Nm−3, respectively, which were 11%, 17%, 5% and 3% of the av-
eraged surface NH3 concentration.



Fig. 2. Spatial maps of satellite-based surface NH3 concentration (a), NH3 compensation points (b), stomatal and soil compensation points (c and d) in 2014. The red rectangles include
West Europe (WEU), East US (EUS), Guangdong (GD), Sichuan and Chongqing (SCH), East China (ECH), and Northeast India (NEI). The summary of surface NH3 concentration and
NH3 compensation points in different land use types in China, US and Europe can be found in Table S1. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4.3. Deposition velocity of NH3

The NH3 Vd can be calculated by Eq. (2). The highest Vd of NH3 (N
0.8 cm s−1) occurred in the land-use type of water (Fig. 4a and b),
mainly due to the adsorption of NH3 by water (or wet climatic condi-
tions) (Asman, 1998; Poor et al., 2001; Van der Graaf et al., 2018;
Yang et al., 2010). The Vd varied between 0.12 and 1.07 cm s−1 in
China in different land use types, and was on average 0.51, 0.52, 0.63,
0.49 and 0.37 cm s−1 in farmland, urban area, water, forest and grass-
land, respectively; In the US, the Vd varied between 0.18 and
1.03 cm s−1, and was 0.52, 0.49, 0.68, 0.55 and 0.45 cm s−1 in farmland,
urban area, water, forest and grassland, respectively; In Europe, the
range of NH3 Vd was 0.14–1.12 cm s−1, and the averages were 0.54,
0.55, 0.61, 0.50 and 0.56 cm s−1 in farmland, urban area, water, forest
and grassland, respectively.

4.4. Dry deposition of NH3

Combined by surface NH3 concentrations, NH3 compensation points
and Vd, the dry NH3 deposition can be estimated using the Eq. (1). No-
tably, we also applied our estimates of NH3 compensation points to
the ground-based measurements, to calculate dry NH3 deposition at
the monitoring sites. Finally, we contrasted satellite-derived estimates
with the monitoring dry NH3 deposition. Overall, satellite-based esti-
mates were in general consistent with the ground measurements
(R2 = 0.65 in Fig. S4). The average estimated dry NH3 deposition in
2014 at the monitoring sites was 3.49 kg N ha−1, which was close to
Fig. 3.Monthly variations of Cst
the measurements at the monitoring sites (3.34 kg N ha−1). Regarding
different regions, the regression of IASI-derived dry NH3 deposition
with ground-based measurements over China had the highest R2

(0.68), followed by Europe (0.52) and the US (0.43). Better accuracy
for China than other regions is related to the thermal contrast and the
detection limits by satellite instruments (Liu et al., 2019; Whitburn
et al., 2016); China also had the largest RMSE, followed by Europe and
the US. 73% of the estimates were within ±50% of observations. For
China, 71% and 77% of estimates were within ±50% observations in
urban and rural land; For the US and the Europe, these sites were lo-
cated at rural sites (Li et al., 2016; Tørseth et al., 2012). We did not
found significant difference in the validation of satellite estimates in dif-
ferent land use. An underestimation in the estimated dry NH3 deposi-
tion occurred in China (4.74 vs. 7.33 kg N ha−1), while a slight
overestimation of dry NH3 deposition occurred in the US (2.16 vs.
1.79 kg N ha−1) and Europe (2.95 vs. 1.90 kg N ha−1). This is mainly be-
cause that a number ofmonitoring sites in Chinawere located in the ag-
ricultural land (hadhigh surface concentrations),whilemost of the sites
in Europe and the US were located in the background areas (having
low surface concentrations). This suggests that these ground-based
sites may be not well representative for a given grid cell as the satel-
lite indicated. Nevertheless, the satellite-derived dry NH3 deposition
can generally reflect the spatial gradients that the ground-based
measurements gained over the regions with intensively distributed
monitoring sites. Generally, the hotspots of dry NH3 deposition
(Fig. 4d) mainly occurred in the farmlands (such as East China, Si-
chuan Basin, Northern India and East US). The global dry NH3
and Cg in selected regions.



Fig. 4. Spatial distribution of NH3 deposition velocity (a), measured dry NH3 concentration (b), spatial difference of dry NH3 deposition between using the bidirectional and unidirectional
NH3 exchange methods (c), satellite-derived dry NH3 deposition (d). The validation results between satellite estimates and ground-based measurements can be found in Fig. S4.
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deposition over 8 kg N ha−1 appeared in East China, Pakistan, and
Northern India. Dry NH3 deposition at 4–8 kg N ha−1 occurred in
Eastern, Southern, Northeastern and Southwestern China, Northern
and Middle India, Vietnam, Western Europe, Eastern US.

4.5. Trends in dry deposition of NH3 in six hotspot regions

We calculated annual changes of dry NH3 deposition based on
satellite-based estimates (Fig. 5a), and six hotspot regions with high
dry NH3 deposition were selected to analyze the trends (2008–2016)
including ECH, SCH, GD, NEI, EUS andWEU (Fig. 5b). An annual increase
of 0.27 and 0.13 kg N ha−1 y−1 in dryNH3 deposition during 2008–2016
occurred in ECH (R = 0.89 and p = .001), and SCH (R = 0.68 and p =
.043). The trends of dry NH3 deposition during 2008–2016 in GD, EUS
andWEUwere not significant (p N .05), with small fluctuations (varying
within ±0.02 kg N ha−1 y−1). NEI was identified with a decreasing
trend in dry NH3 deposition (−0.09 kg N ha−1, R = 0.68 and p =
.043). A continuous increase of dry NH3 deposition occurred in ECH
and SCH, as the densely populated agricultural production areas,
where NH3 emissions were reported to account for 40–60% of China's
total NH3 emissions (Huang et al., 2012). The fertilizer use, animal hus-
bandry and industry were believed as themain sources of NH3, and fer-
tilizer use contributed the most to NH3 deposition (~50%) (Wei et al.,
2019b; Xu et al., 2018). Before 2015, there were no strict policies and
regulations to control NH3 emissions in China, which led to the contin-
uous growth of NH3 deposition. NEI is the only selected hotspot region
with a significant downward trend of NH3 deposition. The significant
downward trend is consistent with that of IASI NH3 columns (Van
Damme et al., 2015). The decline of dry NH3 deposition in NEI may be
related to the continuous increase of acid gases (SO2 and NO2) in
India, which may accelerate the conversion of NH3 to NH4

+ (Lachatre
et al., 2019; Liu et al., 2018).

5. Discussion

5.1. Differences and similarities with previous studies of estimating dry NH3

deposition

Most of the previous estimates on large-scale dry NH3 deposition
only concerned the downward NH3 process, and neglected the upward
process (Jia et al., 2016; Yu et al., 2019; Zhao et al., 2017). However, the
NH3 air-surface exchange is bidirectional, and the upward NH3 flux can-
not be ignored, especially in areas with high soil NH3 emission poten-
tials (Bouwman et al., 2002; Zhang et al., 2010). Although the bi-
directional NH3 exchange was observed over a number of ground mea-
surements,most of the current atmosphericmodels only include the de-
position process, and ignored the mechanism of bidirectional air-
surface exchange of NH3 (such as the widely used model GEOS-
Chem). Thus, previous estimates can only represent the upper limit es-
timates, especially for regions with large NH3 emission potentials at
warm conditions (Feng et al., 2015; Li, 2000).

This study used the satellite retrievals to estimate the dry NH3 depo-
sition by bi-directional NH3 exchange models at a global scale. Fig. 3
shows the monthly variations of NH3 compensation points in hotspot
regions. In general, high NH3 compensation points occurred during
warm months (April to October) in six selected regions, due to the
higher temperature, N fertilization and growth status (indicated by
LAI). Our results showed that the Cst and Cg were highest during the
summer (June, July and August) and Cg could be above 1 μg m−3

(such as in Eastern China, Sichuan Chongqing and Northern India re-
gions with high N fertilization), implying the importance of considering
the NH3 compensation points for estimating dry NH3 deposition. A rel-
atively large uncertainty existed on estimating the NH3 compensation
points in previous studies, which wasmainly caused by the uncertainty
of the parameters of τst and τg, whichwere determined empirically. We
considered the management practices on τg including all N inputs (N
fertilization, manure N and N litter), and used the processed model
DNDC tomodel the τg globally. Thus, our resultsmay provide amore re-
alistic status of currentNH3 compensation points, especially inmanaged
agricultural land type.

Overall, the global average of NH3 compensation points was
0.12 μg N m−3, which was about 12% of global surface NH3 concentra-
tions. This suggests an approximately 14% overestimation of dry NH3

deposition using unidirectionalmethods. If the upwardNH3 fluxwas ig-
nored, it will cause 11%, 17%, 5% and 3% overestimation in dryNH3 depo-
sition in Eastern China, Northern India, Eastern US andWestern Europe.
The estimated mean global dry NH3 deposition in the land were
1.39 kg N ha−1, similar to the estimates (1.44 kg N ha−1) by a previous
study (Jia et al., 2016), summarizing 267 monitoring sites around the
globe. The validation of estimated global dry NH3 deposition has
shown a high predictive power of proposed satellite-based methods
(R2 = 0.65), although an underestimation in China and a slight



Fig. 5. Annual changes of dry NH3 deposition globally. (a) spatial map of gridded changes of dry NH3 deposition globally; (b) the same as (a) but focusing on China, the US, Europe and
India; (c) trend of dry NH3 deposition over six selected regions including ECH, SCH, GD, NEI, EUS and WEU.
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overestimation in the US and Europe still exist. This inconsistency may
be due to the limited spatial representatives of the monitoring sites at
a given satellite grid (0.25o) as well as the uncertainty in the satellite-
based estimates.
5.2. Prospects for estimating surface NH3 concentrations

This study established a satellite-based approach for deriving surface
NH3 estimates. In this study,we gave a brief description of the validation
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results, and more detailed information has been demonstrated in the
previous paper (Liu et al., 2019). Our previous study (Liu et al., 2019) fo-
cused on the approach of estimating surface NH3 concentrations, while
this study aims to develop satellite-based methods for estimating dry
NH3 deposition considering the bidirectional NH3 air-surface exchange.
Although we found better accuracy in the satellite estimates of surface
NH3 concentrations than the GEOS-Chem modeling surface NH3 con-
centrations, challenges still exist for generating higher spatial resolu-
tions of surface NH3 concentrations. First, the accuracy of satellite
estimates can be also determined by the thermal contrast (TC) and
the detection limits of the satellite instruments. The accuracy increases
with increasing atmospheric NH3 abundance and TC. However, for low
TC and NH3 abundance, the uncertainty of satellite NH3 retrievals can
be high. Second, IASI-derived NH3 concentrations are instantaneous
values around 9:30 a.m., and may not representative of the daily aver-
age of NH3 concentrations. We employed the ratio (the daily average
of NH3 concentration to that at 9–10 am) to convert the instantaneous
values to daily average NH3 concentrations. However, this may cause
large uncertainties because the GEOS-Chem may not well reconstruct
this relationship. We have no hourly measured NH3 concentrations in
a day, and cannot test the validity of the conversion of the instantaneous
values to daily average NH3 concentrations using the GEOS-Chem.
Third, the estimated global surfaceNH3 concentration can be considered
to be conservative values, rather than overestimated values since the
surface concentration are the values at about 50–60mabove the ground
(the middle altitude in the bottom layer by GEOS-Chem). In reality,
most of themonitoring sites focusing on the surface NH3 concentrations
were often set at the height of 1–50 m (lower than the height we esti-
mated), and higher NH3 concentrations often occurred at the lower
height compared with those at a higher height. Fourth, this study as-
sumes the relationship between surface NH3 concentrations and NH3

columns are scale independent. In other words, the relationship (NH3

vertical profiles) gained at the coarse resolution from GEOS-Chem was
directly used to the IASI's fine resolution without corrections. This
scale effect, however, may be significant when the resolution is finer
than 0.1o (lower than the actual resolutions that IASI can capture).

5.3. Prospects for estimating NH3 compensation points

The Cst and Cg are acknowledged as the key variables to determine
the NH3 compensation points. The τst and τg were the key parameters
for quantifying the Cst and Cg. For thefirst time, this study used the proc-
essed model DNDC to simulate the τg, and numerously studies have
shown much higher τg in fertilized soils than the natural ecosystem
soils. We considered the effects of N fertilizer on modeling τg, and pro-
vided more details of spatial gradients globally. Thus this study should
bemore reasonable than previous studies only using the fixed τg values
in each land type. But, for the τst, we adopted themethods of a previous
study (Zhang et al., 2010), and added the LAI (having significant effects
on τst) into our algorithms. We set: If LAI b 0.5, τst=0; If LAI ≥0.5, τst=
300, 800, 300 for forests, farmlands and grasslands, respectively. The
τst values for different land types used in this study were based on the
ground-basedmeasurements that can be considered as conservative es-
timates. To date, the NH4

+ and H+ concentrations in the apoplastic fluid
can be hardlymodeled on a global scale. Themechanism of determining
the NH4

+ and H+ concentrations in the apoplastic fluid at large scales
should be studied further.

6. Conclusions

It is important to estimate large-scale dry NH3 deposition, with po-
tentially detrimental impacts on ecosystems. This work provides
satellite-based estimates of dry NH3 deposition at a global scale, taking
into account of the bi-directional NH3 exchange during 2008–2016.
High NH3 compensation points occurred during warm months (April
to October) in the selected hotspot regions, and were above 1 μg m−3
during the summer months in China and India. We found 11%, 17%, 5%
and 3% overestimations in dry NH3 deposition in Eastern China, North-
ern India, Eastern US and Western Europe, respectively, when ignoring
the upward NH3 process for estimating dry deposition. IASI-derived es-
timates generally matched with measured dry NH3 deposition over
monitoring sites (R2=0.65).Global dryNH3depositionover8kgNha−1

was mainly distributed in the Eastern China, Northern and Central
Pakistan, and Northern India. An annual increase rate of 0.27 and
0.13 kg N ha−1 y−1 in dry NH3 deposition during 2008–2016 occurred
in East China and Sichuan Basin, which are the major Chinese agricul-
tural regions. The satellite-derived dry NH3 deposition can be used to
represent the current status of dry NH3 deposition, considering the pos-
sible NH3 bidirectional exchange, at a global scale, and can provide valu-
able datasets for evaluating the impact of N contamination on soil,
water, climate and biogeochemical cycles.
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