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This study reviews recent literatures on estimating reactive nitrogen (Nr) deposition 

using the satellite retrievals of NO2 and NH3, proposes a framework of using satellite 

data to estimate Nr deposition, and suggests a few research challenges. The topic of 

nitrogen deposition is important, and the compilation of recent literatures on reactive 

nitrogen deposition is useful to the research community. However, the manuscript 

mainly gives general descriptions of the previous results but lacks critical analysis and 

synthesis. The uncertainties in satellite measurements and chemical transport models, 

which are key to estimating Nr deposition based on satellite column measurements, 

are not addressed in detail. Overall, the scientific values of this work could be 

enhanced by more in-depth discussion of the advancement, challenges, and directions 

for future research. 

The authors appreciate the valuable suggestions given by Referee #1 for improving 

the overall quality of the manuscript. In this document, we describe how we addressed 

the reviewer’s comments. Detailed responses to each comment are given below (in 

blue).  

Specific comments: 

1. The authors highlight the advantages of satellite-based method compared to 



ground-based monitoring and ACTM simulation method. But there are significant 

uncertainties of satellite column measurements, especially for NH3. In addition, the 

satellite-based method strongly depends on the ACTM simulation. What are the key 

uncertainties of the ACTM related to deposition estimates? How do the uncertainties 

in satellite measurements and ACTM affect satellite-based estimation? What are 

recommendations to reduce these uncertainties? 

Yes, the uncertainties mainly came from the satellite retrievals and ACTM simulation. 

We did not aim to improve the accuracy of the satellite observations or the ACTM 

themselves, but to combine their advantages to gain surface Nr concentrations with 

better performance with the ground-based measurements. We have added the 

following text for more clarifications in the discussion: 

“For the dry deposition, the uncertainty mainly came from the satellite-derived 

estimates using the modeled vertical profiles. The uncertainty of vertical profiles 

modeled by CTM mainly resulted from the chemical and transport mechanisms. We 

recommend using the Gaussian function to determine the height of surface NO2 and 

NH3 concentrations that best matched with the ground-based measurements. There 

may exist systematic biases by simply using the relationship of NO2 columns and 

surface concentration to estimate satellite surface NO2 concentrations.”      

2. The authors propose a framework for combining satellite data, ground-based 

monitoring and ACTM (Figure 1). But it is not clear if it is a new idea. It seems that 

the approach has already been used in previous studies as indicated in the literatures 

shown in sections after Figure 1. 

Yes, it’s a new framework proposed in this study. Previous studies mainly focused on 

the methods to estimate surface NO2 concentrations, while Fig. 1 shows the general 

approach for estimating all Nr spices on both concentration and deposition.    



3. The title contains “Nr concentration and deposition”, but the introduction part and 

the framework only mention “deposition”. In my opinion, the estimation of Nr 

concentrations is just a part of the estimation of Nr depositions. There are many other 

studies which have offered more in-depth discussions of column concentrations of 

NO2 and NH3. I am not saying that concentrations cannot be shown but suggest 

framing the paper with a clearer focus on deposition. 

Thanks for your suggestion. But, we think the introduction is appropriate since the 

estimation of Nr concentrations is just a part of the estimation of dry Nr depositions. 

The title included both the “Nr concentration” and “deposition” because we reviewed 

on the methods of estimating both surface Nr concentration and Nr deposition.   

4. Line 193-195: Why may this method lead to an underestimation of surface NO2 

concentration? In your proposed framework, the similar method has been used to 

estimate the surface NO2 concentration. Why is there no large underestimation in 

your validation? While you use the Gaussian function to fit the vertical concentration 

profile, but for the surface layer, you still use the ACTM derived the relationship 

between the NO2 column and surface NO2 concentration. 

No, the methods in this study were different from the previous studies. We did not 

simply use the relationship between the NO2 column and surface NO2 concentration 

from the CTM. As presented in the main text, we can estimate surface NO2 

concentration at any height by using the Gaussian function. We used the surface NO2 

concentration at a certain height which best matched with the ground-based 

measurements.  

5. Line 405-409: The derived NO2 columns from these satellites are quite different. 

Can you give some suggestions to the readers about which satellite data to use? Why 

do you choose OMI NO2 in your estimation? What are the results if you use other 



satellite data? 

The readers can use any satellite data combining the Gaussian function to estimate 

surface NO2 concentrations. They can use surface NO2 concentrations at a certain 

height which best matched with the ground-based measurements. The key is not 

selecting which satellite data we should use, but determining which height of surface 

NO2 concentrations that better matched with the ground-based measurements by 

Gaussian function.   

6. Line 550-552: Can the similar method in equation 9 and 10 be used to estimate wet 

reduced Nr depositions? What are the different challenges for the estimations of wet 

reduced Nr depositions, compared with oxidized Nr? 

Yes, the methods were the same for estimating both oxidized and reduced Nr 

deposition. We did not identify big difference in the estimations of wet oxidized and 

reduced Nr depositions.  

7. Section 5: For the trend estimation of Nr concentrations and depositions, have you 

conducted ACTM simulation for each year? The changes in emission and 

meteorology can significantly affect the Nr vertical profile and Nr species ratio, which 

are important in your satellite-based estimation. 

Yes, we did. Please note that the simulated profile function has a general rule, which 

can be well simulated by Gaussian function for any year (for our case during 

2005-2016). Thus, there is no need to simulate the vertical profile of NO2 and NH3 for 

each year.   

8. Line 567-569: This statement needs to be modified. As mentioned above, the 

satellite-based method strongly depends on the ACTM simulation. The uncertainties 

in emission inventories and other parts of ACTM can also significantly affect the 

vertical distribution of pollutants and the ratios of NO2 and other Nr species (e.g. 



HNO3, NH4+). 

No, the emission inventories should not affect the vertical profiles shapes using 

Gaussian function, but the transport and chemical mechanism in the CTM may affect 

the accuracy of the vertical profile distribution. We mean that the satellite-based 

methods did not need to rely on the accuracy of the statistical emission data.     

9. Line 697: Are there any previous studies using a mechanism method to estimate Nr 

deposition? 

As far as we know, previous studies using satellite NO2 and NH3 column to estimate 

wet Nr deposition were through a statistical way, and no studies were done from a 

mechanism perspective. 

Minor comments: 

1. The authors should give the definition of reactive nitrogen (Nr). “Nr (such as NO3- 

and NH4+)” is mentioned in line 48, and “Nr (NOx and NH3)” is mentioned in line 

59. This is confusing. 

We have added the following text for clarifications: 

“Nr refers to the general term of N-containing substances in atmosphere, plants, soils 

and fertilizers that are not combined with carbon”.  

2. Line 57, change “mineral energy” to “fossil energy”. 

We have revised it as suggested.  

3. Line 83, add “and” between the two words “accurate quantitative”. 

We have revised it as suggested.  

4. Line 145-146: “Tian et al.” should be “Tan et al. (2018)”. 

We have revised it as suggested.  

5. Line 170: “Cheng et al. (Cheng et al., 2013)” should be “Cheng et al. (2013)”. 

Please check the citation format throughout the manuscript. 



We have checked the citation format throughout the manuscript as suggested.  

6. Line 170-171: This sentence is not easy to understand. Please revise it. 

We have revised it as follows:  

“This method used the simple linear model and did not consider the vertical profiles 

of NO2 (Cheng et al., 2013)” 

7. Line 198-200: The study of Larkin et al., 2017 should be put in the previous 

paragraph discussing the method using the satellite data and statistical model. I think 

that the authors are discussing the method using the satellite data and ACTM-derived 

relationship in this paragraph. 

No, Larkin et al. (2017) were also based on the satellite data and ACTM-derived 

relationship similar to Geddes et al. (2016), and it should be there.   

8. Line 225-232: This information based on Jia et al. (2016) has been mentioned in 

line 176-184. They are repetitive. 

We have removed it to avoid repetitive.  

 

Response to Referee #2 

Received and published: 1 June 2020 

We thank the reviewer very much for the detailed and valuable comments. We believe 

that addressing the issues raised by the reviewer will considerably improve the quality 

of our manuscript. Please see our response to each comment below (in blue).  

This manuscript presents an overview of Global Estimates of Surface Reactive 

Nitrogen Concentration and Deposition Using Satellite Observation. The authors 

discuss recent advances of estimating surface Nr concentration and deposition, 

present a framework of using satellite data to estimate surface Nr concentration and 

deposition, and summarize the existing challenges for estimating surface Nr 



concentration and deposition using the satellite-based methods.  

The manuscript is clearly written and logically organized. It provides sufficient and 

up-to-date literature citations. Listed below comments and suggestions for changes 

are relatively minor, but should be carefully considered. I recommend publication 

after addressing following comments:   

1. L290: It is unclear to me how the vertical resolution of GEOS-Chem can resolve 

the vertical gradients that are likely to exist in source regions. The authors should 

clarify these several issues: (1) the vertical structure of the model, (2) the 

measurement characteristics of the surface observation (including height), (3) how 

this information is used to calculate surface concentrations. 

IASI NH3 retrievals are column data that has no vertical profile information. We 

gained surface NH3 concentration by using modeled NH3 vertical profiles from 

GEOS-Chem including 47 layers. We constructed the Gaussian model to fit the 47 

layers’ vertical NH3 concentrations, 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 Gaussian 

model has general rules, appropriate for converting satellite columns to surface 

concentration simply. Please refer to the Sect. 3.1 for more details.  

2. Fig. 10b: It is true that NH3 can be more accurately retrieved in one region than 

another depending on the thermal contrast. But it is not clear to me why this would be 

so much better in China than that in the US? I guess it is also just a matter of detection 

limits? It could also be related to more reliable simulation of mixing, depending on 

sufficient observational input into the parent weather model. Please clarify this issue. 

We agree with you that the accuracy of IASI-retrieved surface NH3 concentrations in 

different regions is highly linked with the thermal contrast (TC) and the simulation of 



NH3 mixing from GEOS-Chem. The accuracy for satellite estimates over different 

area is related to the thermal contrast. The lowest uncertainties occurred when high 

columns and high TC coincide. In case either of them decreases, the uncertainty will 

gradually increase. In case both the TC and column are low, all sensitivity to NH3 is 

lost. When high TC and high NH3 columns (high HRI) occurs, the major contribution 

to the uncertainty results from the thickness of the NH3 layer, the surface temperature 

as well as the temperature profile (Whitburn et al., 2016). We have added following 

text for clarification in the Sect. 4.2: “Higher correlation over China than other 

regions for the satellite estimates is linked to the detection limits by the instruments 

and thermal contrast (Liu et al., 2019).”.  

3. L531: For the estimated ammonia deposition, its uncertainties from remote sensing 

and models should be discussed more in this manuscript. 

We have added the following text for further describing the uncertainties in the Sect. 

4.2: 

“The satellite NH3 retrievals were affected by the detection limits of the satellite 

instruments and thermal contrast. Higher accuracy could be gained with higher 

thermal contrast and NH3 abundance. Instead, the uncertainties of NH3 retrievals 

would be higher with lower thermal contrast and NH3 abundance.” 

4. title: I suggest to change the satellite observation to “satellite retrievals” since IASI 

NH3 data were not a direct satellite observation but a reanalysis data using the 

statistical methods.   

We have revised it as suggested.  

5. L30: The abbreviation must be defined for the first occurrence. 

We have removed these abbreviations.  

6. L137: Replace ACTM with Atmospheric chemistry transport model 



We have revised it as suggested.  

7. L306: Added the references of the equations. 

We have added the reference as suggested.  

8. L333: Added the references of the equations. 

We have added the reference as suggested.  
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Abstract 19 

Since the industrial revolution, human activities have dramatically changed the 20 

nitrogen (N) cycle in natural systems. Anthropogenic emissions of reactive nitrogen 21 

(Nr) can return to the earth’s surface through atmospheric Nr deposition. Increased Nr 22 

deposition may improve ecosystem productivity. However, excessive Nr deposition 23 

can cause a series of negative effects on ecosystem health, biodiversity, soil, and 24 

water. Thus, accurate estimations of Nr deposition are necessary for evaluating its 25 
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environmental impacts. The United States, Canada and Europe have successively 26 

launched a number of satellites with sensors that allow retrieval of atmospheric NO2 27 

and NH3 column density, and therefore estimation of surface Nr concentration and 28 

deposition at an unprecedented spatiotemporal scale. Atmosphere NH3 column can be 29 

retrieved from atmospheric infra-red emission, while atmospheric NO2 column can be 30 

retrieved from reflected solar radiation. In recent years, scientists attempted to 31 

estimate surface Nr concentration and deposition using satellite retrieval of 32 

atmospheric NO2 and NH3 columns. In this study, we give a thorough review on 33 

recent advances of estimating surface Nr concentration and deposition using the 34 

satellite retrievals of NO2 and NH3, present a framework of using satellite data to 35 

estimate surface Nr concentration and deposition based on recent works, and 36 

summarize the existing challenges for estimating surface Nr concentration and 37 

deposition using the satellite-based methods. We believe that exploiting satellite data 38 

to estimate Nr deposition has a broad and promising prospect.  39 

Keywords 40 

Nitrogen deposition; Satellite retrieval; Surface concentration; Oxidized and reduced 41 

Nr 42 

1. Introduction 43 

Nitrogen (N) exists in three forms in the environment including reactive nitrogen (Nr), 44 

organic nitrogen (ON) and nitrogen gas (N2) (Canfield et al., 2010). N2 is the main 45 

component of air, accounting for 78% of the total volume of air, but it cannot be 46 

directly used by most plants. Nr refers to the general term of N-containing substances 47 

in atmosphere, plants, soils and fertilizers that are not combined with carbon. Nr (such 48 

as NO3
-
 and NH4

+
) is the main form of N that can be directly used by most plants, but 49 

the content of Nr in nature is much lower compared with ON and N2 (Vitousek et al., 50 
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1997;Nicolas and Galloway, 2008). The supply of Nr is essential for all life forms and 51 

contributes to the increase in agricultural production, thus providing sufficient food 52 

for the growing global population (Galloway et al., 2008;David et al., 2013;Galloway 53 

et al., 2004b;Erisman et al., 2008). Before the industrial revolution, Nr mainly came 54 

from natural sources such as biological N fixation, lightning and volcanic eruption 55 

(Galloway et al., 2004a). Since the industrial revolution, human activities (e.g. 56 

agricultural development, combustion of fossil energy) have greatly perturbed the N 57 

cycle in natural systems (Canfield et al., 2010;Kim et al., 2014;Lamarque et al., 58 

2005).  59 

Nr (NOx and NH3) emitted to the atmosphere will return to the earth surface through 60 

atmospheric deposition (Liu et al., 2011). Atmospheric Nr deposition refers to the 61 

process in which Nr are removed from the atmosphere, including wet (rain and snow) 62 

and dry (gravitational settling, atmospheric turbulence, etc.) deposition (Xu et al., 63 

2015;Zhang et al., 2012;Pan et al., 2012). The input of Nr over terrestrial natural 64 

ecosystems primarily comes from the Nr deposition (Shen et al., 2013;Sutton et al., 65 

2001;Larssen et al., 2011). In the short term, atmospheric Nr deposition can increase 66 

the Nr input to ecosystems, which promotes plant growth and enhances ecosystem 67 

productivity (Erisman et al., 2008;Sutton et al., 2013). However, excessive 68 

atmospheric Nr deposition also causes a series of environmental problems (Liu et al., 69 

2017d). Due to the low efficiency of agricultural N application, plenty of Nr is lost 70 

through runoff, leaching and volatilization, causing serious environmental pollution. 71 

Excessive Nr deposition may aggravate the plant’s susceptibility to drought or frost, 72 

reduce the resistance of plant to pathogens or pests, and further affect the physiology 73 

and biomass distribution of vegetation (ratio of roots, stems and leaves) (Stevens et al., 74 

2004;Nadelhoffer et al., 1999;Bobbink et al., 2010;Janssens et al., 2010). Excessive 75 
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Nr leads to eutrophication and related algal blooms over aquatic ecosystems, reducing 76 

water biodiversity (Paerl et al., 2014), while excessive Nr in drinking water also poses 77 

a threat to human health (Zhao et al., 2013). Therefore, monitoring and estimation of 78 

surface Nr concentration and deposition on the global scale are of great importance 79 

and urgency. 80 

The methods of estimating atmospheric Nr deposition can be divided into three 81 

categories: ground-based monitoring, atmospheric chemical transport modeling 82 

(ACTM) and satellite-based estimation. Ground-based monitoring is considered to be 83 

the most accurate and quantitative method, which can effectively reflect the Nr 84 

deposition in local areas. ACTM can simulate the processes of Nr chemical reaction, 85 

transport, and deposition, as well as the vertical distribution of Nr. Satellite-based 86 

estimation establishes empirical, physical or semi-empirical models by connecting the 87 

ground-based Nr concentrations and deposition with satellite-derived Nr concentration. 88 

This study focuses on reviewing the recent development of satellite-based methods to 89 

estimate Nr deposition. We firstly give a brief introduction to the progress of 90 

ground-based monitoring, ACTM-based methods, and then present a detailed 91 

framework of using satellite observation to estimate dry and wet Nr deposition 92 

(including both oxidized and reduced Nr). Next, we review the recent advances of the 93 

satellite-based methods of estimating Nr deposition. Finally, we discuss the remaining 94 

challenges for estimating surface Nr concentration and deposition using satellite 95 

observation. 96 

2 Methods for Estimating Surface Nr Concentration and Deposition 97 

2.1 Ground-based Monitoring 98 

Ground-based monitoring of Nr deposition can be divided into two parts: wet and dry 99 

Nr deposition monitoring. Since the 1970s, there have been large-scale monitoring 100 



5 
 

networks focusing on the wet Nr deposition. The main large-scale regional monitoring 101 

networks include Canadian Air and Precipitation Monitoring Network (CAPMoN), 102 

Acid Deposition Monitoring Network in East Asia (EANET), European Monitoring 103 

and Evaluation Program (EMEP), United States National Atmospheric Deposition 104 

Program (NADP), World Meteorological Organization Global Atmosphere Watch 105 

Precipitation Chemistry Program, and Nationwide Nitrogen Deposition Monitoring 106 

Network in China (NNDMN) (Tan et al., 2018;Vet et al., 2014). The detailed 107 

scientific objectives of the wet Nr deposition observation networks vary, but most of 108 

the observation networks mainly concentrate on the spatiotemporal variation of wet 109 

deposition of ions including Nr compounds, the long-term trends of ions in 110 

precipitation, and the evaluation of ACTMs.  111 

Compared with wet Nr deposition monitoring, dry Nr deposition monitoring started 112 

late, due to the limitation of monitoring technology since it is more difficult to be 113 

quantified (affected greatly by surface roughness, air humidity, climate and other 114 

environmental factors) (Liu et al., 2017c). Dry Nr deposition observation networks 115 

include US ammonia monitoring network (AMoN), CAPMoN, EANET and EMEP. 116 

The monitoring methods of dry Nr deposition are mainly divided into direct 117 

monitoring (such as dynamic chambers) and indirect monitoring (such as inferential 118 

methods). The inferential model is widely applied in ground-based monitoring 119 

networks (such as EANET and NNDMN), mainly because this method is more 120 

practical and simpler. In inferential models, dry deposition is divided into two parts: 121 

surface Nr concentrations and the deposition velocity (Vd) of Nr (Nowlan et al., 2014). 122 

Vd can be estimated by meteorology, land use types of underlying surface as well as 123 

the characteristics of each Nr component itself using resistance models (Nemitz et al., 124 

2001). Thus, dry Nr deposition monitoring networks only need to focus on the 125 
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quantification of surface concentration of individual Nr components. The Nr 126 

components in the atmosphere are very complex, including N2O5, HONO, NH3, NO2, 127 

HNO3 and particulate NH4
+
 and NO3

-
. Most monitoring networks include the major 128 

Nr species such as gaseous NH3, NO2, HNO3 and the particles of NH4
+
 and NO3

-
.  129 

Effort of ground-based Nr deposition monitoring mostly concentrates on wet Nr 130 

deposition, while observations of dry Nr deposition are relatively scarce especially for 131 

surface HNO3 and NH4
+
 and NO3

-
. Second, most observation networks focus on a few 132 

years or a certain period of time, leading to the lack of long-term continuously 133 

monitoring on both wet and dry Nr deposition. More importantly, the global Nr 134 

deposition monitoring network has not been established, and the sampling standards 135 

in different regions are not unified. These outline the potential room for improvement 136 

of ground-based Nr deposition monitoring. 137 

2.2 Atmospheric Chemistry Transport Model (ACTM) Simulation 138 

An ACTM can simulate Nr deposition at regional or global scales through explicitly 139 

representing the physical and chemical processes of atmospheric Nr components 140 

(Zhao et al., 2017;Zhang et al., 2012). Wet Nr deposition flux is parameterized as 141 

in-cloud, under-cloud and precipitation scavenging (Amos et al., 2012;Levine and 142 

Schwartz, 1982;Liu et al., 2001;Mari et al., 2000), while dry deposition flux can be 143 

obtained as the product of surface Nr concentration and Vd, which is typically 144 

parameterized as a network of resistances (Wesely and Hicks, 1977). Based on the 145 

integrated results of 11 models of HTAP (hemispheric transport of air pollution), Tan 146 

et al. found that about 76%-83% of the ACTM’s simulation results were ±50% of the 147 

monitoring values, and the modeling results underestimated the wet deposition of 148 

NH4
+
 and NO3

-
 over Europe and East Asia, and overestimated the wet deposition of 149 

NO3
-
 over the eastern US (Tan et al., 2018). Though regional ACTMs can be 150 
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configured at very high horizontal resolution (e.g., 1×1 km
2
) (Kuik et al., 2016), the 151 

horizontal resolution of global ACTMs are relatively coarse (1°×1°-5°×4°) (Williams 152 

et al., 2017), which cannot indicate the local pattern of Nr deposition. On the other 153 

hand, the Nr emission inventory used to drive an ACTM is highly uncertain, with the 154 

uncertainty of the NOx emission at about ±30-40%, and that of NH3 emission at about 155 

±30-80% (Zhang et al., 2009;Cao et al., 2011).  156 

2.3 Satellite-based Estimation of Surface Nr Concentration and Deposition 157 

Satellite observation has wide spatial coverages and high resolution, and is 158 

spatiotemporally continuous. Atmospheric NO2 and NH3 columns can be derived 159 

from satellite measurements with relatively high accuracy (Van Damme et al., 160 

2014a;Boersma et al., 2011), providing a new perspective about atmospheric Nr 161 

abundance. 162 

Satellite instruments that can monitor NO2 in the atmosphere include GOME (Global 163 

Ozone Monitoring Experience), SCIAMACHY (SCanning Imaging Absorption 164 

SpectroMeter for Atmospheric ChartographY), OMI (Ozone Monitoring Instrument), 165 

GOME-2 (Global Ozone Monitoring Experience-2). Some scholars applied satellite 166 

NO2 columns to estimate the surface NO2 concentration, and then dry NO2 deposition 167 

by combining the surface NO2 concentration and modeled Vd. Cheng et al. established 168 

a statistical model to estimate the surface NO2 concentration based on the 169 

SCIAMACHY NO2 columns, and then estimated the dry deposition of NO2 over 170 

eastern China (Cheng et al., 2013). This method used the simple linear model and did 171 

not consider the vertical profiles of NO2 (Cheng et al., 2013). Lu et al. established a 172 

multivariate linear regression model based on the SCIAMACHY and GOME NO2 173 

columns, meteorological data and ground-based monitoring Nr deposition, and then 174 

estimated the global total Nr deposition (Lu et al., 2013). Lu et al. could not 175 
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distinguish the contribution of dry and wet Nr deposition using the multivariate linear 176 

regression model (Lu et al., 2013). Jia et al. established a simple linear regression 177 

model based on OMI tropospheric NO2 column and ground-based surface Nr 178 

concentration, and then estimated the total amounts of dry Nr deposition (Jia et al., 179 

2016). Jia et al. used OMI tropospheric NO2 column to estimate the dry deposition of 180 

reduced Nr deposition (NH3 and NH4
+
), which could also bring great errors since the 181 

OMI NO2 column could not indicate the NH3 emission. These studies highlight the 182 

problem of using only NO2 columns to derive total Nr deposition, that NO2 columns 183 

give us highly limited information about the abundance of reduced Nr (NH3 and 184 

NH4
+
). 185 

Lamsal et al. first used the relationship between the NO2 column and surface NO2 186 

concentration at the bottom layer simulated by an ACTM to convert OMI NO2 187 

column to surface NO2 concentration (Lamsal et al., 2008). A series of works (Lamsal 188 

et al., 2013;Nowlan et al., 2014;Kharol et al., 2018) have effectively estimated 189 

regional and global surface NO2 concentration using satellite NO2 column combining 190 

with ACTM-derived relationship between the NO2 column and surface NO2 191 

concentration simulated. It is worth mentioning that Nowlan et al. applied OMI NO2 192 

column to obtain the global dry NO2 deposition during 2005-2007 for the first time 193 

(Nowlan et al., 2014). However, using satellite NO2 column and ACTM-derived 194 

relationship between the NO2 column and surface NO2 concentration may lead to an 195 

underestimation of surface NO2 concentration. Kharol et al. found that the 196 

satellite-derived surface NO2 concentration using the above method is only half of the 197 

observed values (Kharol et al., 2015). To resolve such potential underestimation, 198 

Larkin et al. established a statistical relationship between the satellite-derived and 199 

ground measured surface NO2 concentration, and then calibrated the satellite-derived 200 
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surface NO2 concentration using the established relationship (Larkin et al., 2017). 201 

Some researchers also estimated other Nr components (such as particulate NO3
-
) 202 

based on satellite NO2 column. Based on the linear model between NO2, NO3
-
, HNO3 203 

obtained by ground-based measurements, Jia et al. calculated the surface NO3
-
 and 204 

HNO3 concentration using satellite-derived surface NO2 concentration and their 205 

relationship (Jia et al., 2016). Geddes et al. reconstructed the NOx emission data by 206 

using the satellite NO2 column, and then estimated the global NOx deposition by an 207 

ACTM, but the spatial resolution of global NOx deposition remains low (2°×2.5°), 208 

failing to exploit the higher resolution of satellite observation (Geddes and Martin, 209 

2017).  210 

Comparing with NO2, the development of satellite NH3 monitoring is relatively late. 211 

Atmospheric NH3 was first detected by the TES in Beijing and Los Angeles (Beer et 212 

al., 2008). The IASI sensor also detected atmospheric NH3 from a biomass burning 213 

event in Greece (Coheur et al., 2009). Subsequently, many scholars began to develop 214 

more reliable satellite NH3 column retrievals (Whitburn et al., 2016;Van Damme et al., 215 

2014a), validate the satellite-retrieved NH3 column with the ground-based observation 216 

(Van Damme et al., 2014a;Dammers et al., 2016;Li et al., 2017), and compare the 217 

satellite NH3 column with the aircraft measured NH3 column (Van Damme et al., 218 

2014b;Whitburn et al., 2016). In recent years, some scholars have carried out the 219 

works of estimating surface NH3 concentration based on satellite NH3 column. Liu et 220 

al. obtained the satellite-derived surface NH3 concentration in China based on the 221 

IASI NH3 column coupled with an ACTM, and deepened the understanding of the 222 

spatial pattern of surface NH3 concentration in China (Liu et al., 2017b). Similarly, 223 

Graaf et al. carried out the relevant work in Europe based on the IASI NH3 column 224 

coupled with an ACTM, and estimated the dry NH3 deposition in West Europe (Van 225 
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der Graaf et al., 2018). Jia et al. first constructed the linear model between surface 226 

NO2 and NH4
+
 concentration based on ground monitoring data, and then calculated 227 

the NH4
+
 concentration using satellite-derived surface NO2 concentration and their 228 

relationship (Jia et al., 2016). However, as the emission sources of NOx (mainly from 229 

transportation and energy sectors) and NH3 (mainly from agricultural sector) are 230 

different (Hoesly et al., 2018), the linear model between surface NO2 and NH4
+
 231 

concentration may lead to large uncertainties in estimating the global NH4
+
 232 

concentration. There is still no report about the satellite-derived dry and wet reduced 233 

Nr deposition using satellite NH3 column at a global scale. As reduced Nr plays an 234 

important role in total Nr deposition, satellite NH3 should be better utilized to help 235 

estimate reduced Nr deposition. 236 

2.4 Problems in Estimating Global Nr Deposition  237 

The spatial coverage of ground monitoring sites focusing on Nr deposition is still not 238 

adequate, and the monitoring standards and specifications in different regions of the 239 

world are not consistent, presenting a barrier to integrating different regional 240 

monitoring data. Large uncertainties exist in Nr emission inventory used to drive the 241 

ACTMs, and the spatial resolution of the modeled Nr deposition by ACTMs is coarse. 242 

Using satellite monitoring data to estimate surface Nr concentration and deposition is 243 

still in its infancy, especially for reduced Nr.  244 

Some scholars tried to use satellite NO2 and NH3 column to estimate the surface Nr 245 

concentration and dry Nr deposition. However, there are relatively few studies on 246 

estimating wet Nr deposition. In addition, the development of satellite monitoring for 247 

NH3 in the atmosphere is relatively late (compared with NO2). At present, IASI NH3 248 

data have been widely used, while the effective measurements of TES are less than 249 

IASI; CrIS and AIRS NH3 column products are still under development. There are 250 
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three main concerns in high-resolution estimation of surface Nr concentration and 251 

deposition based on satellite Nr observation. (1) How to effectively couple the satellite 252 

high-resolution NO2 and NH3 column data with the vertical profiles simulated by an 253 

ACTM, and then estimates the surface Nr concentrations? This step is the key to 254 

simulate the dry Nr deposition. (2) How to construct a model for estimating dry Nr 255 

deposition including all major Nr species based on satellite NO2 and NH3 column, and 256 

then estimates the dry Nr deposition at a high spatial resolution? (3) How to combine 257 

the high-resolution satellite NO2 and NH3 column data and ground-based monitoring 258 

data to construct wet Nr deposition models, and then estimate the wet Nr deposition at 259 

a high spatial resolution? 260 

3. Framework of Estimating Surface Nr Concentration and Deposition Using 261 

Satellite Observation  262 

We give a framework of using satellite observation to estimate surface Nr 263 

concentration and deposition as shown in Fig. 1 based on recent advances.  264 

 265 

Fig. 1 Schematic diagram of dry and wet Nr deposition. (a) indicates satellite observed NO2 266 
and NH3 column, and the vertical profiles by an ACTM; (b) shows dry and wet Nr deposition 267 
including the major Nr species (gaseous NO2, HNO3, NH3, particulate NO3

-
 and NH4

+
, as well as 268 

wet NO3
-
 and NH4

+
 in precipitation); (c) illustrates atmospheric vertical structures including the 269 

troposphere (satellite observation), atmospheric boundary layer (ABL), interfacial sub-layer; (d) 270 
and (e) represent procedures of calculating the dry and wet Nr deposition.  271 
 272 
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3.1 Conversion of Satellite NO2 and NH3 Column to Surface Nr Concentration 273 

An ACTM can simulate the vertical profiles of NO2 and NH3 with multiple layers 274 

from the surface to the troposphere. For example, the GEOS-Chem ACTM includes 275 

47 vertical layers from the earth surface to the top of the stratosphere. Most previous 276 

studies estimated the ratio of surface Nr concentration (at the first layer) to total 277 

columns by an ACTM, and then multiply the ratio by satellite columns to estimate 278 

satellite-derived surface concentration (Geddes et al., 2016;Graaf et al., 2018;Nowlan 279 

et al., 2014).  280 

Another approach tries to fit general vertical profiles of NO2 and NH3 (Zhang et al., 281 

2017;Liu et al., 2017b;Liu et al., 2017c), and then estimate the ratio of Nr 282 

concentration at any height to total Nr columns, and finally multiply the ratio by 283 

satellite NO2 and NH3 columns. This approach has an advantage compared with the 284 

previous one for that NO2 and NH3 concentration at all altitude included in ACTM 285 

simulations can be estimated.  286 

Taking the estimation of surface NO2 concentration using the latter approach as an 287 

example, the methods and steps are introduced in the following.  288 

Step 1: Calculate the monthly mean NO2 concentrations at all layers simulated by an 289 

ACTM.  290 

Step 2: Construct the vertical profile function of NO2. Multiple Gaussian functions are 291 

used to fit the vertical distribution of NO2 based on the monthly NO2 concentrations at 292 

all layers calculated in Step 1, in which the independent variable is the height 293 

(altitude), and the dependent variable is NO2 concentration at a certain height.  294 

The basic form of single Gaussian function is (Zhang et al., 2017;Liu et al., 2017b;Liu 295 

et al., 2017c;Whitburn et al., 2016):  296 

ρ = ρmaxe
−(

Z−Z0
σ

)2
  (1) 297 
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where Z is the height of a layer in the ACTM; ρmax, Zo and σ are the maximum NO2 298 

concentration, the corresponding height with the maximum NO2 concentration and the 299 

thickness of NO2 concentration layer (one standard error of Gaussian function).  300 

There are two basic forms of profile shapes of NO2: (1) NO2 concentration reaches the 301 

maximum concentration when reaching a certain height (Zo≠0). As the height 302 

increases, the NO2 concentration begins to decline; (2) NO2 concentration is basically 303 

concentrated on the earth surface (Zo=0). These two cases are the ideal state of the 304 

vertical distribution of NO2 concentration. In reality, single Gaussian fitting may not 305 

capture the vertical distribution of NO2 well. To improve the accuracy of fitting, the 306 

sum of multiple Gaussian functions can be used (Liu et al., 2019): 307 

ρ(Z) = ∑ ρmax,ie
−(

Z−Z0,i
σi

)2n
i=1   (2) 308 

Step 3: Calculate the ratio of NO2 concentration at the height of hG to total columns 309 

( ∫ ρ(Z)
htrop

0
dx ), and then multiply the ratio by satellite column (Strop). The 310 

satellite-derived Nr concentration at the height of hG can be calculated as:       311 

SG_NO2 = Strop ×
ρ(hG)

∫ ρ(Z)
htrop
0 dx

 (3) 312 

Step 4: Convert the instantaneous satellite-derived surface NO2 concentration (SG_NO2) 313 

to daily average (SG_NO2 ∗) using the ratio of average surface NO2 concentration 314 

(GACTM
1−24 ) to that at satellite overpass time (GACTM

overpass
) by an ACTM (Liu et al., 2020): 315 

SG_NO2 ∗=
GACTM
1−24

GACTM
overpass × SG_NO2 (4) 316 

The method for estimating the surface NH3 concentration (SG_NH3 ∗) is similar to that 317 

for estimating the surface NO2 concentration.  318 

3.2 Estimating Surface Concentration of Other Nr Species  319 

At present, only NO2 and NH3 column can be retrieved reliably, and there are no 320 
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reliable satellite retrievals of HNO3, NH4
+
 and NO3

-
. For example, the IASI HNO3 321 

product is still in the stage of data development and verification (Ronsmans et al., 322 

2016). Previous studies firstly derive the relationship between Nr species by an 323 

ACTM or by ground-based measurements, and then use the relationship to convert 324 

satellite-derived surface NO2 and NH3 concentration (SG_NH3 ∗) to HNO3, NH4
+
 and 325 

NO3
-
 concentrations: 326 

{
 
 

 
 GS_NO3 = SG_NO2 ∗×

GACTM_NO3

GACTM_NO2

GS_HNO3 = SG_NO2 ∗×
GACTM_HNO3

GACTM_NO2

GS_NH4 = SG_NH3 ∗×
GACTM_NH4

GACTM_NH3

 (5) 327 

GACTM_NO3

GACTM_NO2
, 
GACTM_HNO3

GACTM_NO2
, 
GACTM_NH4

GACTM_NH3
 is the estimated ratio of between NO2 and NO3

-
, 328 

NO2 and HNO3, NH3 and NH4
+
. 329 

3.3 Dry Deposition of Nr 330 

The resistance of dry Nr deposition mainly comes from three aspects: aerodynamic 331 

resistance (Ra), quasi laminar sub-layer resistance (Rb) and canopy resistance (Rc). 332 

The Vd can be expressed as 333 

Vd =
1

Ra+Rb+Rc
+ vg  (6)  334 

Vg is gravitational settling velocity. For gases, the Vg is negligible (Vg=0). 335 

Dry NO2, NO3
-
, HNO3, and NH4

+
 deposition can be calculated by: 336 

 F = GS × Vd (7) 337 

Unlike above species, NH3 is bi-directional, presenting both upward and downward 338 

fluxes. There is a so-called “canopy compensation point” (Co) controlling dry NH3 339 

deposition. Dry NH3 deposition can be calculated by: 340 

F = (GS_NH3 − Co) × Vd   (8) 341 

The calculation of Co is very complex including the leaf stomatal and soil emission 342 
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potentials related to the meteorological factors, the plant growth stage and the canopy 343 

type. The satellite-based methods usually neglected this complex process and set Co 344 

as zero (Graaf et al., 2018;Kharol et al., 2018) or set fixed values in each land use 345 

type based on ground-based measurements (Jia et al., 2016).  346 

3.4 Wet Deposition of Nr 347 

The satellite-based estimation of wet Nr deposition can be simplified as the product of 348 

the concentration of Nr (C), precipitation (P) and scavenging coefficient (w) (Pan et 349 

al., 2012). Satellite NO2 and NH3 can be used to indicate the oxidized Nr and reduced 350 

Nr; precipitation (P) can be obtained from ground monitoring data or reanalysis data 351 

(such as NCEP). However, the scavenging coefficient (w) is usually highly uncertain. 352 

To improve the accuracy of estimation, a mixed-effects model (Liu et al., 353 

2017a;Zhang et al., 2018) is proposed to build the relationship between satellite NO2 354 

and NH3, precipitation and ground monitoring wet Nr deposition: 355 

WetNij = αj + βi × Pij × (SABL)ij + εij (9) 356 

SABL = Strop ×
∫ ρ(Z)
ABL
0 dx

∫ ρ(Z)
htrop
0 dx

 (10) 357 

WetNij is wet NO3
-
N or NH4

+
-N deposition at month i and site j; (SABL)ij is the 358 

atmospheric boundary layer (ABL) NO2 or NH3 columns at month i and site j; Pij is 359 

precipitation at month i and site j; βi and αj are the slope and intercept of random 360 

effects, representing seasonal variability and spatial effects；εij represents the random 361 

error at month i and site j.  362 

The scavenging process of wet Nr deposition usually starts from the height of rainfall 363 

rather than the top of the troposphere, so it is more reasonable to use NO2 and NH3 364 

column below the height of rainfall to build the wet Nr deposition model. The NO2 365 

and NH3 column within ABL is used to build the wet deposition model since 366 
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precipitation height is close to the height of the ABL (generally less than 2-3 km).  367 

4. Satellite-derived Surface Nr Concentration and Deposition 368 

4.1 Surface NO2 Concentration and Oxidized Nr Deposition 369 

The spatial resolutions of global ACTMs and therefore modeled surface Nr 370 

concentration are very coarse (for example, the spatial resolution of the global version 371 

of GEOS-Chem is 2
o
×2.5

o
). Thus it can be hard to estimate surface Nr concentration 372 

and deposition at a fine resolution at a global scale by ACTMs alone. Instead, the 373 

satellite Nr retrievals have a high spatial resolution and can reveal more spatial details 374 

than ACTM simulations.  375 

Cheng et al. and Jia et al. established a linear model between the surface NO2 376 

concentration and NO2 column by assuming the ratio of the surface NO2 377 

concentration to the tropospheric NO2 column to be fixed, and then used the linear 378 

model to convert satellite NO2 columns to surface NO2 concentration, and finally 379 

estimated dry NO2 deposition using the inferential method (Cheng et al., 2013;Jia et 380 

al., 2016). However, these statistical methods are highly dependent on the 381 

ground-based measurements, and the established linear models may be not effective 382 

over regions with few monitoring sites.  383 

A comprehensive study (Nowlan et al., 2014) estimated global surface NO2 384 

concentration during 2005-2007 by multiplying OMI tropospheric NO2 columns by 385 

the ACTM-modeled ratio between surface NO2 concentration and tropospheric 386 

column (Fig. 2). Nowlan et al. also estimated dry NO2 deposition using the 387 

OMI-derived surface NO2 concentration combining the modeled Vd during 2005-2007 388 

(Nowlan et al., 2014). This approach followed an earlier study (Lamsal et al., 2008), 389 

that focus on North America. As reported by Lamsal et al., the satellite-derived 390 

surface NO2 concentration was generally lower than ground-based NO2 observations, 391 
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ranging from -17% to -36% in North America (Lamsal et al., 2008). Kharol et al. used 392 

a similar method and found the satellite-derived surface NO2 concentration was only 393 

half of the ground-measured values in North America (Kharol et al., 2015).  394 

 395 

Fig. 2 Satellite-derived surface NO2 concentration during 2005-2007 by Nowlan et al. (Nowlan et 396 
al., 2014) (a) and by Geddes et al. (Geddes et al., 2016) (b). We gained the surface NO2 397 

concentration by Nowlan et al. (Nowlan et al., 2014) and by Geddes et al. (Geddes et al., 2016) at 398 
the web: http://fizz.phys.dal.ca/~atmos/martin/?page_id=232. 399 

 400 

Geddes et al. followed previous studies, and used NO2 column from the GOME, 401 

SCIAMACHY, and GOME-2 to estimate surface NO2 concentration (Geddes et al., 402 

2016). Although Geddes et al. did not evaluate their results with ground-based 403 

observation (Geddes et al., 2016), it is obvious that their surface NO2 estimates were 404 

higher than Nowlan’s estimates based on OMI (Nowlan et al., 2014) (Fig. 2). This 405 

may be because the OMI-derived NO2 column is much lower than that derived by 406 

GOME, SCIAMACHY, and GOME-2, especially over polluted regions. For example, 407 

in China, the OMI NO2 column is about 30% lower than that of SCIAMACHY and 408 

GOME-2 consistently (Fig. 3).   409 

 410 

Fig. 3 An example of the time series of monthly NO2 column retrieved by GOME, SCIAMACHY, 411 
GOME2 and OMI in China. We obtained the GOME, SCIAMACHY, GOME2 and OMI data from 412 

http://www.temis.nl/airpollution/no2.html. 413 
 414 

Larkin et al. established a land-use regression model to estimate global surface NO2 415 
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concentration by combining satellite-derived surface NO2 concentration by Geddes et 416 

al. and ground-based annual NO2 measurements (Geddes et al., 2016;Larkin et al., 417 

2017). The study by Larkin et al. can be considered as using the ground-based annual 418 

measurements to adjust the satellite-derived surface NO2 concentration by Geddes et 419 

al. (Geddes et al., 2016;Larkin et al., 2017), which helped reduce the discrepancy 420 

between satellite-derived and ground-measured NO2 concentration. The regression 421 

model captured 54% of global NO2 variation, with an absolute error of 2.32 μg N m
-3

.    422 

Zhang et al. followed the framework in Sect. 3 to estimate the OMI-derived surface 423 

NO2 concentration (at ~50 m) in China, and found good agreement with ground-based 424 

surface NO2 concentration from the NNDMN at yearly scale (slope=1.00, R
2
=0.89) 425 

(Zhang et al., 2017). The methods by Zhang et al. can also generate OMI-derived NO2 426 

concentration at any height by the constructed NO2 vertical profile (Zhang et al., 427 

2017). Zhang et al. also estimated dry NO2 deposition using the OMI-derived surface 428 

NO2 concentration combining the modeled Vd during 2005-2016 (Zhang et al., 2017). 429 

Based on Zhang’s estimates, the Gaussian function can well simulate the vertical 430 

distribution of NO2 from an ACTM (MOZART) (Emmons et al., 2010) with 99.64% 431 

of the grids having R
2
 values higher than 0.99. This suggests that the 432 

ACTM-simulated vertical distribution of NO2 has a general pattern, which can be 433 

emulated by Gaussian functions. Once a vertical profile was constructed, it can be 434 

easily used to estimate NO2 concentration at any height.  435 

In this study, we used the framework in Sect. 3 to estimate the OMI-derived surface 436 

NO2 concentration globally. To validate the OMI-derived surface NO2 concentrations, 437 

ground-measured surface NO2 concentration in China, the US and Europe in 2014 438 

was collected (Fig. 4). The total number of NO2 observations in China, the US and 439 

Europe are 43, 373 and 88 respectively. The OMI-derived annual average for all sites 440 
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was 3.74 µg N m
-3

, which was close to the measured average (3.06 µg N m
-3

). The R
2
 441 

between OMI-derived surface NO2 concentrations and ground-based NO2 442 

measurements was 0.75 and the RMSE was 1.23 µg N m
-3

 (Fig. 5), which is better 443 

than the modeling results by the GEOS-Chem ACTM (R
2
=0.43, RMSE=1.93 µg N 444 

m
-3

). Satellite-based methods have the advantages of spatiotemporally continuous 445 

monitoring Nr at a higher resolution, which helps alleviate the problem of the coarse 446 

resolution of ACTMs in estimating Nr concentration and deposition.  447 

 448 

Fig. 4 Spatial distribution of measured surface NO2 and NH3 concentrations in 2014. For NO2 (a), 449 
the measured data in China, the US and Europe were obtained from the NNDMN, US-EPA and 450 
EMEP, respectively; for NH3 (b), the measured data in China, the US and Europe were obtained 451 

from the NNDMN, US-AMoN and EMEP, respectively   452 
 453 

 454 

Fig. 5 Comparison between annual mean satellite-derived and ground-measured surface NO2 455 
concentrations (a), and comparison between annual mean modeled (by an ACTM as GEOS-Chem) 456 
and ground-measured surface NO2 concentrations (b). The ground-based monitoring sites are 457 
shown in Fig. 4.  458 
 459 

For NO3
-
 and HNO3, previous studies firstly constructed the relationship between NO2, 460 

NO3
-
 and HNO3, and found a relatively high linear relationship between NO2, NO3

-
, 461 

and HNO3 at a monthly or yearly scale. For example, Jia et al. found a linear 462 
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relationship between NO2 and NO3
-
, HNO3 concentration at annual scale (R

2
=0.70) 463 

(Jia et al., 2016). Similarly, based on the ground-based measurements in the NNDMN, 464 

a high correlation was found between surface NO2 and NO3
-
 concentration at monthly 465 

or annual timescales (Fig. 6) (Liu et al., 2017c). Using these linear relationships and 466 

satellite-derived surface NO2 concentration, the annual mean surface NO3
-
 and HNO3 467 

can be estimated. Alternatively, the relationship of NO2, NO3
-
 and HNO3 can also be 468 

modeled by an ACTM. For example, a strong relationship of tropospheric NO2, NO3
-
 469 

and HNO3 column was simulated over all months by an ACTM, with the correlation 470 

ranging from 0.69 to 0.91 (Liu et al., 2017a). But, over shorter timescales, the 471 

relationship between NO2, NO3
-
 and HNO3 may be nonlinear, which we should be 472 

cautious about when estimating surface NO3
-
 and HNO3 concentration from NO2 473 

concentration.   474 
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 475 

Fig. 6 Correlation between surface NO2 and particulate NO3
-
 concentration in the NNDMN at 476 

annual and monthly scales, which were adopted from our previous study (Liu et al., 2017c). (a) 477 
indicates the spatial locations of monitoring sites in the NNDMN; (b) and (c) represent yearly and 478 
monthly relationship between surface NO2 and particulate NO3

-
 concentration, respectively.   479 

 480 

For the wet Nr deposition, Liu et al. followed the framework in Sect. 3 to estimate wet 481 

nitrate deposition using ABL NO2 columns derived from OMI NO2 column and NO2 482 

vertical profile from an ACTM (MOZART), and precipitation by a mixed-effects 483 

model showing the proposed model can achieve high predictive power for monthly 484 

wet nitrate deposition over China (R=0.83, RMSE=0.72) (Liu et al., 2017a).  485 

4.2 Surface NH3 Concentration and Reduced Nr Deposition 486 

With the development of atmospheric remote sensing of NH3, some scholars have 487 
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estimated surface NH3 concentration and dry NH3 deposition based on the satellite 488 

NH3 column data. Assuming the ratio between the surface NH3 concentration to the 489 

NH3 column was fixed, Yu et al. applied a linear model to convert satellite NH3 490 

columns to surface NH3 concentration and estimated dry NH3 deposition in China 491 

using the inferential method (Yu et al., 2019). But Yu et al. did not consider the spatial 492 

variability of the vertical profiles of NH3 (Yu et al., 2019), which may cause a large 493 

uncertainty in estimating surface NH3 concentration.  494 

In Western Europe, Graaf et al. used the ratio of the surface NH3 concentration (in the 495 

bottom layer) to total NH3 column from an ACTM to convert the IASI NH3 column to 496 

surface NH3 concentration, and then estimated dry NH3 deposition combining the 497 

modeled deposition velocity and IASI-derived surface NH3 concentration (Graaf et al., 498 

2018). Similarly, in North America, Kharol et al. estimated the dry NH3 deposition by 499 

the CrIS-derived surface NH3 concentration and deposition velocity of NH3 (Kharol et 500 

al., 2018). They found a relatively high correlation (R=0.76) between the 501 

CrIS-derived surface NH3 concentration and AMoN measurements during warm 502 

seasons (from April to September) in 2013 (Fig. 7). Over China, Liu et al. found a 503 

higher correlation (R=0.81) between IASI-derived surface NH3 concentrations and the 504 

measured surface NH3 concentrations than those from an ACTM (R=0.57, Fig. 8) 505 

(Liu et al., 2017b). 506 
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 507 

Fig. 7 Comparisons of the measured surface NH3 concentration by the AMoN and CrIS-derived 508 
surface NH3 concentration in the US during warm season (April-September) in 2013 (Kharol et al., 509 
2018). (a) and (b) indicate measured and CrIS-derived surface NH3 concentration at the AMoN 510 
sites, respectively; (c) represents the comparison of averaged surface NH3 concentration during 511 
warm months between CrIS-derived estimates and measurements, while (d) indicates the 512 
comparison of monthly surface NH3 concentration between CrIS-derived estimates and 513 
measurements.  514 
 515 

 516 

Fig. 8 Comparisons of the measured surface NH3 concentration with IASI-derived surface NH3 517 
concentration at the NNDMN sites over China (Liu et al., 2017b). (a) indicates the comparison of 518 
measured and modeled surface NH3 concentration from an ACTM (MOZART), and (b) represents 519 
the comparison of the measured and IASI-derived surface NH3 concentration.   520 
  521 

Liu et al. followed the framework in Sect. 3 to estimate the IASI-derived surface NH3 522 

concentration (at the middle height of the first layer by an ACTM) (Fig. 9), and found 523 
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a good agreement with ground-based surface NH3 concentration (Liu et al., 2019). 524 

The correlation between the measured and satellite-derived annual mean surface NH3 525 

concentrations over all sites was 0.87 as shown in Fig. 10, while the average 526 

satellite-derived and ground-measured surface NH3 concentration was 2.52 and 2.51 527 

μg N m
-3

 in 2014 at the monitoring sites, respectively. The satellite-derived estimates 528 

achieved a better accuracy (R
2
=0.76, RMSE = 1.50 μg N m

-3
) than an ACTM 529 

(GEOS-Chem, R
2
=0.54, RMSE = 2.14 μg N m

-3
). The satellite NH3 retrievals were 530 

affected by the detection limits of the satellite instruments and thermal contrast. 531 

Higher correlation over China than other regions for the satellite estimates was linked 532 

to the detection limits by the instruments and thermal contrast (Liu et al., 2019). 533 

Higher accuracy could be gained with higher thermal contrast and NH3 abundance. 534 

Instead, the uncertainties of NH3 retrievals would be higher with lower thermal 535 

contrast and NH3 abundance. 536 

 537 

Fig. 9 Spatially satellite-based surface NH3 estimates in 2014 (Liu et al., 2019). The global surface 538 
NH3 concentration datasets have been released on the website: 539 

https://zenodo.org/record/3546517#.Xj6I4GgzY2w. 540 
 541 
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 542 

Fig. 10 Comparison between yearly satellite-based and measured surface NH3 concentrations (a), 543 
and comparison between yearly modeling (by an ACTM as GEOS-Chem) and measured surface 544 
NH3 concentrations (b) (Liu et al., 2019). The ground-based monitoring sites are shown in Fig. 4.  545 
 546 

The proposed methods (Liu et al., 2019) can also estimate NH3 concentration at any 547 

height using the constructed vertical profile function of NH3. The Gaussian function 548 

can well emulate the vertical distribution of NH3 from an ACTM outputs with 99% of 549 

the grids having R
2
 values higher than 0.90 (Fig. 11). This means, for regional and 550 

global estimation, the vertical distribution of NH3 concentration has a general pattern, 551 

which can be mostly emulated by the Gaussian function. Once a global NH3 vertical 552 

profile was simulated, it can be easily used to estimate satellite-derived NH3 553 

concentration at any height. We can also estimate dry NH3 deposition using the 554 

IASI-derived surface NH3 concentration combining the modeled Vd. For the dry 555 

deposition, the uncertainty mainly came from the satellite-derived estimates using the 556 

modeled vertical profiles. The uncertainty of vertical profiles modeled by the ACTM 557 

mainly resulted from the chemical and transport mechanisms. We recommend using 558 

the Gaussian function to determine the height of surface NO2 and NH3 concentrations 559 

that best matched with the ground-based measurements. There may exist systematic 560 

biases by simply using the relationship of NO2 columns and surface concentration to 561 

estimate satellite surface NO2 concentrations. To date, there are still no studies 562 
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developing satellite-based methods to estimate the wet reduced Nr deposition on a 563 

regional scale.   564 

 565 

Fig. 11 Spatial distributions of R
2
 for Gaussian function by simulating NH3 and NO2 vertical 566 

profiles. This is an example of Gaussian fitting using 47 layers’ NH3 and NO2 concentration from 567 
an ACTM (GEOS-Chem). 568 

 569 

5. Trends of Surface Nr Concentration and Deposition by Satellite-based 570 

Methods  571 

The Nr concentration and deposition modeled by ACTMs are highly dependent on the 572 

accuracy of input Nr emissions. The methods commonly used to estimate 573 

anthropogenic Nr emissions are based on the data of human activities and emission 574 

factors, which can be highly uncertain. The ACTM methods driven by Nr emission 575 

inventory have relatively poor timeliness, and have limitations in monitoring the 576 

recent trends of Nr deposition.  577 

Satellite-based methods provide a simple, fast and relatively objective way to 578 

monitoring Nr deposition at a high resolution, and less susceptible to the errors in the 579 

assumptions that emission inventories are compiled based on, particularly the lack of 580 

reliable data over developing countries (Crippa et al., 2018). With such advantages, 581 

researchers developed the satellite-based methods to estimate surface Nr concentration, 582 

deposition and even emissions. Satellite-based methods have advantages in 583 

monitoring the recent trends of Nr deposition. Geddes et al. used NO2 column from 584 

the GOME, SCIAMACHY, and GOME-2 to estimate satellite-derived NOx emissions, 585 

and then used the calibrated NOx emission inventory to drive an ACTM to simulate 586 

the long-term oxidized Nr deposition globally (Geddes and Martin, 2017). They found 587 
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oxidized Nr deposition from 1996 to 2014 decreased by 60% in Eastern US, doubled 588 

in East China, and declined by 20% in Western Europe (Fig. 12). We use the datasets 589 

by Geddes et al. to calculate the trends of total oxidized Nr deposition during 590 

1996-2014 (Geddes and Martin, 2017). It is obvious that two completely opposite 591 

trends exist: (1) in East China with a steep increase of higher than 0.5 kg N ha
-1

 y
-1

 592 

and (2) East US with a steep decrease of lower than -0.5 kg N ha
-1

 y
-1

. Although it is 593 

not a direct way to use satellite Nr observation to estimate Nr deposition, the method 594 

of estimating trends of Nr deposition by Geddes et al. can be considered effective 595 

since it took account of the changes of both NOx emission and climate by an ACTM 596 

(Geddes and Martin, 2017).  597 

 598 

Fig. 12 Gridded annual changes of total oxidized Nr deposition simulated by GEOS-Chem 599 
constrained with GOME, SCIAMACHY, and GOME-2 NO2 retrievals during 1996-2014 (Geddes 600 

and Martin, 2017). We gained the generated datasets 601 
(http://fizz.phys.dal.ca/~atmos/martin/?page_id=1520) by Geddes et al., and calculated the trends 602 

using the linear methods. 603 
 604 

Some researchers developed a more direct way to infer the trends of surface Nr 605 

concentration and deposition. Geddes et al. presented a comprehensive long-term 606 

global surface NO2 concentration estimate (at 0.1° resolution using an oversampling 607 

approach) between 1996 and 2012 by using NO2 column from the GOME, 608 

SCIAMACHY, and GOME-2 (Geddes et al., 2016). The surface NO2 concentration in 609 

North America (the US and Canada) decreased steeply, followed by Western Europe, 610 

Japan and South Korea, while approximately tripled in China and North Korea 611 
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(Geddes et al., 2016). Jia et al. established a simple linear regression model based on 612 

OMI NO2 column and ground-based surface Nr concentration, and then estimated the 613 

trends of dry Nr deposition globally between 2005 and 2014 (Jia et al., 2016). They 614 

found that dry Nr deposition in Eastern China increased rapidly, while in the Eastern 615 

US, Western Europe, and Japan dry Nr deposition has decreased in recent decades.  616 

We split the time span of 2005-2016 into two periods: 2005-2011 and 2011-2016, as 617 

surface NO2 concentration shows opposite trend in China in these two periods. The 618 

magnitudes of both growth and decline in surface NO2 concentration in China are 619 

most pronounced worldwide in the two periods (Fig. 13). During 2005-2011, apart 620 

from Eastern China with the largest increase in surface NO2 concentration, there are 621 

also several areas with increasing trends such as Northwest and East India (New Delhi 622 

and Orissa), Western Russia, Eastern Europe (Northern Italy), Western US (Colorado 623 

and Utah), Northwestern US (Seattle and Portland), Southwestern Canada (Vancouver, 624 

Edmonton, Calgary), Northeast Pakistan and Northwest Xinjiang (Urumqi). Notably, 625 

the biggest decreases in surface NO2 concentration during 2005-2011 occurred in 626 

Eastern US and Western EU (North France, South England, and West German). 627 

During 2011-2016, due to the strict control of NOx emissions, Eastern China had the 628 

largest decrease in surface NO2 concentration than elsewhere worldwide, followed by 629 

Western Xinjiang, Western Europe and some areas in Western Russia.   630 

 631 

Fig. 13 Gridded annual changes in surface NO2 concentrations gained by OMI retrievals during 632 
2005-2011 (a) and during 2011-2016 (b) in this study. We have released the global surface NO2 633 

concentrations during 2005-2016 available at the website: 634 
https://zenodo.org/record/3546517#.Xj6I4GgzY2w.    635 

 636 

Liu et al. estimated surface NH3 concentration globally during 2008-2016 using 637 
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satellite NH3 retrievals by IASI (Liu et al., 2019). A large increase of surface NH3 638 

concentrations was found in Eastern China, followed by Northern Xinjiang province 639 

in China during 2008-2016 (Fig. 14). Satellite-based methods have been proven as an 640 

effective and unique way to monitoring the trends of global Nr concentration and 641 

deposition. To date, there are still few studies reporting the satellite-derived trends of 642 

reduced Nr deposition on a global scale.   643 

 644 

Fig. 14 Gridded annual changes in surface NH3 concentrations gained by IASI retrievals during 645 
2008-2016 (Liu et al., 2019). We have released the global surface NH3 concentrations during 646 

2008-2016 at the website: https://zenodo.org/record/3546517#.Xj6I4GgzY2w. 647 
 648 

6. Remaining Challenges for Estimating Nr Deposition Using Satellite 649 

Observation 650 

First, the reduced Nr deposition plays an important contribution to total Nr deposition. 651 

NH3 exhibits bi-directional air-surface exchanges. The NH3 compensation point 652 

(Farquhar et al., 1980) is also an important and highly variable factor controlling dry 653 

NH3 deposition (Schrader et al., 2016;Zhang et al., 2010). However, the current 654 

existing satellite-based methods did not consider this bi-directional air-surface 655 

exchange. It is important to better parameterize the NH3 compensation point, and 656 

assess the effects of bi-directional air-surface exchanges on estimating the dry NH3 657 

deposition.  658 

Second, the existing satellite-based methods to estimate Nr deposition used the ratio 659 

of the surface Nr concentration to the Nr column by an ACTM to convert satellite Nr 660 
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column to surface Nr concentration. However, the calculated ratio (by an ACTM) and 661 

the satellite Nr column have different spatial resolutions, and previous studies usually 662 

applied the modeled ratio directly or interpolate the ratio into the resolution of 663 

satellite Nr column. This method assumes the relationship at coarse resolution by an 664 

ACTM can also be effective in fine resolution as satellite indicated. When regional 665 

studies are conducted, regional ACTMs coupled with another meteorological model 666 

(e.g. WRF-Chem, WRF-CMAQ) (Grell et al., 2005;Wong et al., 2012) can be 667 

configured to match the spatial resolution of satellite observation, but this is not as 668 

viable for global ACTMs (e.g. MOZART, GEOS-Chem) due to differences in model 669 

structures and computational cost. The modeled ratio of surface Nr concentration to 670 

the Nr column may have variability at spatial scales finer than the horizontal 671 

resolution of global ACTMs. The impact of such scale effect (at different spatial 672 

scales) on estimated surface Nr concentration should be further studied.  673 

Third, the satellite observation can only obtain reliable NO2 and NH3 column 674 

presently, and there are no available high-resolution and reliable direct HNO3, NO3
-
, 675 

NH4
+
 retrievals. For HNO3, NO3

-
, NH4

+
 concentrations, the satellite-based methods 676 

often applied the satellite-derived NO2 and NH3 concentration and the relationship 677 

between Nr species from an ACTM (or ground-based measurements) to estimate 678 

surface HNO3, NO3
-
, NH4

+
 concentration. With the development of satellite 679 

technology, more and more Nr species can be detected, such as HNO3. However, at 680 

present, satellite HNO3 products are not mature, and the spatial resolution is low. 681 

Direct, high-resolution and reliable satellite monitoring of more Nr species is critical 682 

to further developing the use of using atmospheric remote sensing to estimate Nr 683 

deposition at global and regional scales.  684 

Fourth, estimating wet Nr deposition using satellite NO2 and NH3 column remains 685 
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relatively uncommon. Further studies should focus on how to combine the 686 

high-resolution satellite NO2 and NH3 column and the ground-based monitoring data 687 

to build wet Nr deposition models to estimate wet Nr deposition at higher 688 

spatiotemporal resolution. The proposed scheme to estimate the wet Nr deposition in 689 

Sect. 3 is statistical. On the other hand, the wet Nr deposition includes the scavenging 690 

processes of in-cloud, under-cloud and precipitation. Processed-level knowledge and 691 

models can benefit the estimation of wet Nr deposition using satellite NO2 and NH3 692 

column.  693 

7. Conclusion 694 

The recent advances of satellite-based methods for estimating surface Nr 695 

concentration and deposition have been reviewed. Previous studies have focused on 696 

using satellite NO2 column to estimate surface NO2 concentrations and dry NO2 697 

deposition both regionally and globally. The research on calculating surface NH3 698 

concentration and reduced Nr deposition by satellite NH3 data is just beginning, and 699 

some scholars have carried out estimating surface NH3 concentration and dry NH3 700 

deposition on different spatial and temporal scales, but the research degree is still 701 

relatively low. We present a framework of using satellite NO2 and NH3 column to 702 

estimate Nr deposition based on recent advances. The proposed framework of using 703 

Gaussian function to model vertical NO2 and NH3 profiles can be used to convert the 704 

satellite NO2 and NH3 column to surface NO2 and NH3 concentration at any height 705 

simply and quickly. The proposed framework of using satellite NO2 and NH3 column 706 

to estimate wet Nr deposition is a statistical way, and further studies should be done 707 

from a mechanism perspective. Finally, we summarized current challenges of using 708 

satellite NO2 and NH3 column to estimate surface Nr concentration and deposition 709 

including a lack of considering NH3 bidirectional air-surface exchanges and the 710 
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problem of different spatial scales between an ACTM and satellite observation.   711 
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