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Abstract  22	  

Rapid Asian industrialization has led to increased atmospheric nitrogen deposition 23	  

downwind threatening the marine environment. We present an analysis of the sources 24	  

and processes controlling atmospheric nitrogen deposition to the northwestern Pacific, 25	  

using the GEOS-Chem global chemistry model and its adjoint model at 1/2°× 2/3° 26	  

horizontal resolution over the East Asia and its adjacent oceans. We focus our 27	  

analyses on the marginal seas: the Yellow Sea and the South China Sea. Asian 28	  

nitrogen emissions in the model are 28.6 Tg N a-1 as NH3 and 15.7 Tg N a-1 as NOx. 29	  

China has the largest sources with 12.8 Tg N a-1 as NH3 and 7.9 Tg N a-1 as NOx; the 30	  

high NH3 emissions reflect its intensive agricultural activities. We find Asian NH3 31	  

emissions are a factor of 3 higher in summer than winter. The model simulation for 32	  

2008-2010 is evaluated with NH3 and NO2 column observations from satellite 33	  

instruments, and wet deposition flux measurements from surface monitoring sites. 34	  

Simulated atmospheric nitrogen deposition to the northwestern Pacific ranges 0.8-20 35	  

kg N ha-1 a-1, decreasing rapidly downwind of the Asian continent. Deposition fluxes 36	  

average 11.9 kg N ha-1 a-1 (5.0 as reduced nitrogen NHx and 6.9 as oxidized nitrogen 37	  

NOy) to the Yellow Sea, and 5.6 kg N ha-1 a-1 (2.5 as NHx and 3.1 as NOy) to the 38	  

South China Sea. Nitrogen sources over the ocean (ship NOx and oceanic NH3) have 39	  

little contribution to deposition over the Yellow Sea, about 7% over the South China 40	  

Sea, and become important (greater than 30%) further downwind. We find that the 41	  

seasonality of nitrogen deposition to the northwestern Pacific is determined by 42	  

variations in meteorology largely controlled by the East Asian Monsoon and in 43	  

nitrogen emissions. The model adjoint further estimates that nitrogen deposition to the 44	  

Yellow Sea originates from sources over China (92% contribution) and the Korean 45	  

peninsula (7%), and by sectors from fertilizer use (24%), power plants (22%), and 46	  

transportation (18%). Deposition to the South China Sea shows source contribution 47	  

from Mainland China (66%), Taiwan (20%), and the rest 14% from the Southeast 48	  

Asian countries and oceanic NH3 emissions. The adjoint analyses also indicate that 49	  

reducing Asian NH3 emissions would increase NOy dry deposition to the Yellow Sea 50	  

(28% offset annually), limiting the effectiveness of NH3 emission controls on 51	  
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reducing nitrogen deposition to the Yellow Sea. 52	  

 53	  

Keywords: fixed nitrogen; nitrogen deposition; northwestern Pacific; adjoint 54	  

 55	  

1 Introduction   56	  

 57	  

Anthropogenic emissions of reactive nitrogen (or fixed nitrogen) have led to a rapid 58	  

growth of nitrogen deposition to both land and marine ecosystems (Galloway et al., 59	  

2004; Duce et al., 2008; Liu et al., 2013). This additional input of nitrogen nutrient 60	  

may enhance the primary production and carbon storage of the terrestrial biosphere 61	  

(Pregitzer et al., 2008; Hyvonen et al., 2008). Excessive nitrogen deposition has been 62	  

observed over sensitive ecosystems and can cause adverse effects including soil 63	  

acidification and a reduction in plant biodiversity over land (Bowman et al., 2008; 64	  

Stevens et al., 2004), and eutrophication on lakes and oceans (Bouwman et al., 2002). 65	  

 66	  

The northwestern Pacific is a region vulnerable to atmospheric nitrogen deposition as 67	  

its productivity is generally limited by the low nutrient supply from deep water (Duce 68	  

et al., 2008; Kim et al., 2011; 2014). Frequent incidences of harmful algal blooms in 69	  

the marginal seas of the Pacific Ocean such as the Yellow Sea have been of great 70	  

concern (Hu et al., 2010). This region is subject to significant anthropogenic nitrogen 71	  

deposition as it is located downwind of the Asian continent with high fixed nitrogen 72	  

emissions from increasing human activities (Kurokawa et al., 2013; Luo et al., 2014). 73	  

Increased nitrogen availability in waters of the northwestern Pacific has been 74	  

observed in the past 30 years, most likely due to increasing deposition from the 75	  

atmosphere (Kim et al., 2011). To alleviate the eutrophication conditions in the 76	  

northwestern Pacific requires a better understanding of the sources and atmospheric 77	  

processes controlling nitrogen deposition to the region. Here we use a nested global 78	  

chemical transport model (GEOS-Chem) and its adjoint to study the issue. 79	  

 80	  

Atmospheric nitrogen deposition mainly originates from emissions of ammonia (NH3) 81	  
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and nitrogen oxides (NOx ≡ NO + NO2). NOx sources include fuel combustion, 82	  

lightning, and microbial processes in soil. It can be oxidized to nitric acid (HNO3) and 83	  

organic nitrates in the atmosphere on a time scale less than one day except in 84	  

extratropical winter (1-2 days) (Martine et al., 2003). HNO3 is water-soluble and is 85	  

readily removed from the atmosphere by both wet and dry deposition. NH3 is mainly 86	  

produced by agricultural activities (fertilizer use and manure management), human 87	  

waste, as well as natural sources such as oceanic emissions (Bouwman et al., 1997). 88	  

Reacting with H2SO4 and HNO3, NH3 forms ammonium sulfate and ammonium 89	  

nitrate particles in the atmosphere. The formation of ammonium particles increases 90	  

the lifetime of nitrogen in the atmosphere, promoting its long-range transport as dry 91	  

removal of particles is slow. 92	  

 93	  

Globally a large fraction (~40%) of emitted NH3 and NOx enters the ocean via wet 94	  

and dry deposition from the atmosphere, and the rest ~60% is deposited over the land 95	  

(Duce et al., 2008). Inputs from rivers provide additional fixed nitrogen to the ocean, 96	  

but it is estimated that much of the riverine nitrogen is lost by denitrification in 97	  

continental shelves and has a smaller impact on the open ocean (Seitzinger et al., 2006; 98	  

Duce et al., 2008). Sanderson et al. (2008) showed using multiple models that about 99	  

10-15% of the emitted NOx is exported out of East Asia as nitrogen oxides (NOy≡100	  

NOx + HNO3 + aerosol NO3
- + PAN + N2O5 + isoprene nitrates) with 34%-49% of 101	  

them deposited within 1000-km distance. A number of studies have examined the 102	  

processes of Asian pollution transport to the Pacific (Liu et al., 2003; Liang et al., 103	  

2004; Dickerson et al., 2007). Few studies have been conducted to quantify the 104	  

patterns, processes, and source attribution of atmospheric nitrogen deposition to the 105	  

northwestern Pacific. 106	  

 107	  

We use the nested version of GEOS-Chem global chemical transport model (CTM) 108	  

and its adjoint model with horizontal resolution of 1/2°×2/3° (Chen et al., 2009; Jiang 109	  

et al., 2015) to investigate the factors controlling atmospheric nitrogen deposition to 110	  

the northwestern Pacific, particularly over the Yellow Sea and the South China Sea. 111	  
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Three-year (2008-2010) GEOS-Chem model simulations are conducted to quantify 112	  

the deposition processes and to understand the impact of meteorology on the seasonal 113	  

variability of atmospheric deposition. We evaluate the model simulation with surface 114	  

measurements of wet deposition fluxes and satellite observations of NH3 and NO2 115	  

columns. We further use the adjoint method to ascribe nitrogen deposition to the 116	  

Yellow Sea and the South China Sea to nitrogen sources from different regions and 117	  

sectors. 118	  

 119	  

2. The GEOS-Chem model and its adjoint 120	  

2.1 General description 121	  

 122	  

We use a nested version of the GEOS-Chem 3-D global CTM (Chen et al., 2009; 123	  

Zhang et al., 2012; 2014; http://geos-chem.org) driven by GEOS-5 (Goddard Earth 124	  

Observing System) assimilated meteorological data from NASA Global Modeling and 125	  

Assimilation Office (GMAO). The GEOS-5 meteorological data have a temporal     126	  

resolution of 6 hours (3 hours for surface variables and mixing layer depths), a 127	  

horizontal resolution of 1/2° latitude × 2/3° longitude, and 72 layers in the vertical. 128	  

We use the native 1/2°×2/3° horizontal resolution over the East Asia and its adjacent 129	  

oceans (70°E-150°E, 11°S-55°N), and 4°×5° over the rest of the world. We present 130	  

results from three-year GEOS-Chem simulations for 2008-2010. A global 4°×5° 131	  

simulation is first conducted to provide the boundary conditions for the nested model 132	  

at 3-h temporal resolution. Simulations are initialized on January 1, 2008 with model 133	  

fields generated by a 6-month spin-up run at both 4°×5° and nested resolutions. 134	  

 135	  

Zhang et al. (2012) has applied a similar nested model for North America to analyze 136	  

the sources and processes of nitrogen deposition to the United States. The model 137	  

includes a fully coupled tropospheric ozone-NOx-hydrocarbon-aerosol chemical 138	  

mechanism (Bey et al., 2001; Park et al., 2004; Mao et al., 2010). Partitioning of gas 139	  

and aerosol phase of total NH3 and HNO3 is calculated using the ISORROPIA II 140	  

thermodynamic equilibrium model (Fountoukis and Nenes, 2007). Following Zhang 141	  
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et al. (2012), we assume that isoprene nitrates produced from the oxidation of 142	  

biogenic isoprene are removed by dry and wet deposition at the same rate as HNO3. 143	  

The reactive uptake coefficients for N2O5 in aerosols are from Evans and Jacob 144	  

(2005), but are reduced by a factor of 10 as in Zhang et al. (2012).  145	  

 146	  

Model parameterization of wet deposition via both convective updraft and large-scale 147	  

precipitation scavenging follows the scheme described by Liu et al. (2001) for aerosol, 148	  

and by Mari et al. (2000) and Amos et al. (2012) for soluble gas. Dry deposition 149	  

calculation follows a standard big-leaf resistance-in-series model (Wesely, 1989) 150	  

including the aerodynamic resistance, the boundary layer resistance, and the canopy 151	  

or surface uptake resistance. Dry deposition velocities are calculated relative to the 152	  

lowest model layer (~70 m above the surface) as discussed in Zhang et al. (2012). The 153	  

GEOS-5 data have a low bias for nighttime planetary boundary layer height (PBLH). 154	  

This has been corrected by setting a minimum PBLH computed as a function of local 155	  

friction velocity (Koracin and Bberkowicz, 1988; Sajeev Philip; 156	  

http://wiki.seas.harvard.edu/geos-chem/index.php/Boundary_layer_mixing). 157	  

 158	  

Table 1 summarizes the model calculation of monthly mean daytime (10:00-16:00 159	  

local time) dry deposition velocities for different nitrogen species over the 160	  

northwestern Pacific. Calculated dry deposition velocities are largest for HNO3, N2O5 161	  

(0.56-1.16 cm s-1) and NH3 (0.60-1.10 cm s-1), 0.06-0.08 cm s-1 for aerosol NH4
+ and 162	  

NO3
-, and near zero for insoluble species such as NO2 and PAN. The values are 163	  

generally much smaller than those over land (e.g., Table 1 of Zhang et al. (2012)) as 164	  

the uptake resistance over the smooth ocean surface is high. Deposition velocities are 165	  

higher in winter than those in summer due to stronger winds near the ocean surface in 166	  

winter.  167	  

 168	  

The model calculated dry deposition velocities for aerosols are consistent with the 169	  

mean value of 0.1 cm s-1 (with a range of 0.03-0.3 cm s-1) estimated by Duce et al. 170	  

(1991) for aerosol dry deposition over the ocean surface. For gaseous NH3 and HNO3, 171	  
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Zhang et al. (2010) estimated similar dry deposition velocities (0.5-0.85 cm s-1) over 172	  

the eastern China seas in spring-fall using the MM5/CMAQ model, but suggested 173	  

minimum deposition velocities in winter (~0.5 cm s-1 versus 1.10-1.16 cm s-1 in our 174	  

estimates). Understanding this discrepancy would require a close examination of 175	  

differences between the two studies, such as different simulation years and different 176	  

air-sea roughness parameterizations in the two models. Zhang et al. (2010) modified 177	  

the sea-surface roughness length by considering the impact of sea-surface height, 178	  

while GEOS-5 used in this study follows the Monin-Obhukov similarity theory with 179	  

improved parameters to match recent air-sea exchange observations (Garfinkel et al., 180	  

2011). 181	  

 182	  

2.2 Emissions 183	  

 184	  

Global anthropogenic emissions (NOx, SO2, CO, and non-methane VOCs) are from 185	  

the Emission Database for Global Atmospheric Research (EDGAR) inventory 186	  

(Olivier and Berdowski, 2001) except for global anthropogenic NH3 emissions that 187	  

are taken from the Global Emissions InitiAtive (GEIA) inventory (Bouwman et al., 188	  

1997). Regional emission inventories are then applied including the European 189	  

Monitoring and Evaluation Programme (EMEP) inventory (Vestreng and Klein, 2002) 190	  

over Europe, the EPA 2005 National Emissions Inventory (NEI-2005) over the US, 191	  

the Canada Criteria Air Contaminants (CAC) inventory 192	  

(http://www.ec.gc.ca/pollution/default.asp?lang=En&n=E96450C4-1) over Canada, 193	  

and the Regional Emission inventory in Asia (REAS-v2) inventory for 2008 194	  

(Kurokawa et al., 2013) over Asia (with updates for NH3 emissions as described 195	  

below). Global ship NOx emissions are from the International Comprehensive 196	  

Ocean−Atmosphere Data Set (ICOADS) (Wang et al., 2008). The emitted NOx from 197	  

ships is directly converted into HNO3 and ozone to account for their rapid chemistry 198	  

at a sub-grid scale (Vinken et al., 2011). 199	  

 200	  

The model also includes various natural sources of NH3 and NOx. Lightning NOx 201	  
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emissions are calculated using the cloud top height parameterization of Price and Rind 202	  

(1992), vertically distributed following Pickering et al. (1998), and further spatially 203	  

constrained with satellite observations as described by Sauvage (2007) and Murray et 204	  

al. (2012). Global lightning source is adjusted to be 6 Tg N a-1 (Martin et al., 2007). 205	  

Soil emissions are computed by the algorithm Yienger and Levy (1995) with canopy 206	  

reduction factors (Wang et al., 1998). Biomass burning emissions of NOx and NH3 are 207	  

from the GFED-v2 inventory (van der Werf et al., 2006). Natural NH3 emissions 208	  

include both terrestrial and ocean emissions from the GEIA inventory (Bouwman et 209	  

al., 1997).  210	  

 211	  

The REAS-v2 emission inventory is estimated based on activity data and emission 212	  

factors separated by different source categories (Kurokawa et al., 2013). Major NOx 213	  

sources include fuel combustion in power plants, industry, transport and domestic 214	  

sectors, and NH3 sources are mainly from fertilizer use and manure management of 215	  

livestock and human waste (Kurokawa et al., 2013). The sectorial information allows 216	  

us to quantify nitrogen deposition contributions from different source categories in the 217	  

adjoint analysis as discussed in Section 5. 218	  

 219	  

The REAS-v2 NH3 inventory consists of constant annual emissions without any 220	  

seasonal variation (Kurokawa et al., 2013). Here we keep the annual total NH3 221	  

emissions from REAS-v2 and derive monthly scalars over each model grid cell for 222	  

NH3 from different sectors (fertilizer use, livestock and human waste). NH3 emissions 223	  

from fertilizer use are controlled by soil properties, meteorology, and the timing of 224	  

fertilizer application. We follow the method and formula given in Skjøth et al. (2011) 225	  

and Paulot et al. (2014). We consider nine types of crops (early rice/late rice, winter 226	  

wheat/spring wheat, maize, cotton, sweet potatoes, potatoes, fruit and vegetables) 227	  

with the harvest areas given by Monfreda et al. (2008). The growth cycles of those 228	  

crops and their fertilizer inputs at different application time are based on Liao et al. 229	  

(1993) and Sacks et al. (2010). For NH3 emissions from livestock and human waste, 230	  

we use the temperature-dependent experimental formula from Aneja et al. (2000). For 231	  
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the diurnal variability, the NH3 agricultural emissions are increased by 90% during 232	  

the day and reduced by 90% at night following Zhu et al. (2013). Here we have not 233	  

considered air-surface bi-directional exchange of NH3 (Sutton et al., 1998), and treat 234	  

the NH3 fluxes as uncoupled emission and deposition processes. 235	  

 236	  

Figure 1 shows the spatial distribution of annual total NH3 and NOx emissions over 237	  

Asia. Monthly NH3 and NOx emissions from different source types over this region 238	  

are also shown in Fig. 1 and the annual totals for Asia and China are summarized in 239	  

Table 2. The largest NH3 emissions are over the eastern China and India with values 240	  

over 50 kg N ha-1 a-1. We estimate strong seasonality for the NH3 emissions from 241	  

fertilizer use mainly determined by its usage timing, and from livestock and human 242	  

waste depending on surface temperature. Asian NH3 emissions are highest in 243	  

May-August, and a factor of 3 higher than emissions in winter, similar to the 244	  

seasonality of US NH3 emissions in Zhang et al. (2012) derived by NHx (NH3 gas + 245	  

aerosol NH4
+) surface concentration measurements and in Zhu et al. (2013) 246	  

constrained by TES NH3 observations. Natural NH3 emissions account for 5% of the 247	  

total Asian NH3 emissions in summer, 11% in winter, and 7% annually. 24% of the 248	  

natural NH3 emissions are from the oceanic emissions (0.50 Tg N a-1) over the region. 249	  

Recent studies suggested that the GEIA NH3 oceanic emissions were too high (Paulot 250	  

et al., 2015). Anthropogenic NOx emissions show weak seasonal variation, consistent 251	  

with other emission estimates (Streets et al., 2003; Zhang et al., 2009). Natural NOx 252	  

emissions (lightning, soil, and biomass burning) account for 23% of the total Asian 253	  

NOx emissions in summer, 8% in winter, and 16% annually.  254	  

 255	  

Annual NH3 and NOx emissions over China are respectively 12.8 and 7.9 Tg N a-1 256	  

(REAS-v2 anthropogenic and natural emissions). Our NH3 emissions are at the high 257	  

end of the range of 7.9-13.2 Tg N a-1 in the published Chinese NH3 emission estimates 258	  

(Streets et al., 2003; Dong et al., 2010; Paulot et al., 2014 (and references therein)). 259	  

This is mainly attributed to a higher estimate of NH3 from fertilizer use in REAS-v2 260	  

(7.8 Tg N a-1) than other emission inventories (e.g., 3.2 Tg N a-1 in Huang et al. 261	  
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(2012)). The successful simulation of NH3 column concentrations and ammonium wet 262	  

deposition fluxes as described below lends support to the high Chinese NH3 emissions. 263	  

Comparing with nitrogen emissions in the US (2.9 Tg N a-1 as NH3, and 6.3 Tg N a-1 264	  

as NOx) (Zhang et al., 2012), NH3 emissions in China are a factor of 4 higher, 265	  

reflecting its high levels of agricultural activities as well as the population. 266	  

 267	  

2.3 The adjoint model 268	  

 269	  

The adjoint method provides an efficient way to calculate the sensitivity of model 270	  

variables (e.g., concentrations and deposition fluxes) to model parameters (e.g., 271	  

emissions). Here we briefly describe the adjoint method, and more details are given in 272	  

Henze et al. (2007). Mathematically, the GEOS-Chem model can be viewed as a 273	  

numerical operator F: 𝐲!!! = 𝐅 𝐲!, 𝐱 , where yn is the vector of concentrations at 274	  

time step n, and x is the vector of model parameters such as emissions. If we define a 275	  

model response function, J (e.g., model deposition), and let λ𝐱! =
𝝏  𝑱
𝝏𝐱𝒏

!
 and 276	  

λ𝐲! =
𝝏  𝑱
𝝏𝐲𝒏

!
, then λ𝐱! = ∇𝐱  𝑱 represents the sensitivity of J to model parameters, and 277	  

λ𝐲! = ∇𝐲𝟎  𝑱 represents its sensitivity to the initial conditions. In the adjoint model they 278	  

are computed simultaneously backwards: 279	  

 λ𝐲!!! =
!𝐅
!𝐲

𝐲!!!, 𝐱
!

λ𝐲!     (1) 280	  

 λ𝐱!!! =
!𝐅
!𝐱

𝐲!!!, 𝐱
!
λ𝐲! + λ𝐱!   (2) 281	  

where !𝐅
!𝐲

𝐲!!!, 𝐱
!

 and !𝐅
!𝐱

𝐲!!!, 𝐱
!

are the transpose of the model Jacobian 282	  

matrix. 283	  

 284	  

The adjoint of GEOS-Chem was constructed by Henze et al (2007) for constraining 285	  

aerosol sources, and extended by Kopacz et al., (2009) for inverse estimates of CO 286	  

sources. The GEOS-Chem adjoint explicitly includes transport components 287	  
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(advection, boundary layer mixing, and convection), gas-phase chemistry, and 288	  

heterogeneous chemistry (Henze et al., 2007; 2009). The adjoint of the ISORROPIA 289	  

aerosol thermodynamic equilibrium model was constructed by Capps et al. (2012). 290	  

 291	  

The GEOS-Chem adjoint model has been evaluated and applied in a number of 292	  

studies, including optimizing aerosol emission (Henze et al., 2009; Zhu et al., 2013), 293	  

attributing sources of ozone pollution in the western US (Zhang et al., 2009), and 294	  

quantifying processes affecting nitrogen deposition to biodiversity hotpots worldwide 295	  

(Paulot et al., 2013; 2014). Those studies used the adjoint model at global 4°×5° or 296	  

2°×2.5° resolution. The adjoint of the nested-grid GEOS-Chem has been developed 297	  

by Jiang et al. (2015) and Zhang et al. (2015), and applied to constrain black carbon 298	  

emissions (Mao et al., 2014) and assess human exposure to Equatorial Asian fires 299	  

(Kim et al., 2015). Here we apply it to quantify sources contributing to atmospheric 300	  

nitrogen deposition over the northwestern Pacific.   301	  

 302	  

3 Column concentrations and wet deposition fluxes over Asia 303	  

 304	  

We compare model simulation of NH3 tropospheric columns with satellite 305	  

measurements from the Tropospheric Emissions Spectrometer (TES) (Beer 2006), and 306	  

NO2 tropospheric columns with those from the Ozone Monitoring Instrument (OMI) 307	  

(Levelt et al., 2006). Both are aboard the NASA Aura satellite in a sun-synchronous 308	  

orbit with an ascending equator crossing time of 13:45 (Beer 2006). We evaluate 309	  

model simulated wet deposition fluxes of ammonium and nitrate with observational 310	  

data from the Acid Deposition Monitoring Network in East Asia (EANET; data 311	  

available at http://www.eanet.asia/index.html) and ten sites monitored by the Chinese 312	  

Academy of Science (CAS) located in North China (Pan et al., 2012). Measurements 313	  

of nitrogen dry deposition fluxes are rather limited over the northwestern Pacific.  314	  

 315	  

Figure 2 compares GEOS-Chem simulated NH3 and NO2 tropospheric columns with 316	  

satellite measurements. These comparisons provide valuable tests of the nitrogen 317	  
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emissions and their spatial distributions in the model since both NH3 and NO2 have 318	  

short lifetimes in the atmosphere. Although NO2 has a small dry deposition velocity 319	  

(Table 1), it rapidly converts to other NOy species, thus NO2 emissions still largely 320	  

control the deposition of NOy.  321	  

 322	  

The top panels of Figure 2 compare TES measured and GEOS-Chem simulated NH3 323	  

tropospheric columns in summer (June-August). TES is an infrared Fourier transform 324	  

spectrometer with high spectral resolution of 0.06 cm−1 (Beer, 2006). The 325	  

observations have a spatial resolution of 5×8 km2 with global coverage achieved in 16 326	  

days. NH3 retrievals from TES are based on the optimal estimation method of 327	  

Rodgers (2000), as described by Shephard et al. (2011). Following Zhu et al. (2013) 328	  

that used TES NH3 observations to optimize the US NH3 emissions, we filter the TES 329	  

observations based on the retrieval quality control flags, and only use the daytime 330	  

observations with cloud optical depth < 1.0. We use TES observations in summer as 331	  

they generally have the highest sensitivities during the year (Shephard et al., 2011), 332	  

and use observations collected from 2005 to 2010 to increase the number of 333	  

observations for comparison. The GEOS-Chem model results for 2009 are sampled 334	  

along the TES orbit tracks at the overpass time (The standard TES products are 335	  

Level-2 data due to the sparse daily spatial coverage), and then applied with the TES 336	  

retrieval operator following Zhang et al. (2006) and Zhu et al. (2013). As shown in 337	  

Figure 2, the model generally captures the observed high NH3 columns over the North 338	  

and Northeast China, and India (correlation coefficient r = 0.53). The model largely 339	  

underestimates NH3 columns over India by 28%, which suggests NH3 emissions over 340	  

India are too low. For observations over China, the model only has a small negative 341	  

bias of 3%. 342	  

 343	  

The bottom panels of Figure 2 compare OMI measured and GEOS-Chem simulated 344	  

NO2 tropospheric columns averaged over March-November 2009. OMI measures 345	  

backscattered solar radiation over the 270–500 nm wavelength range, and has a 346	  

spatial resolution of 13×24 km2 and daily global coverage (Levelt et al., 2006). We 347	  
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use the DOMINO v2.0 NO2 data from KNMI (Boersma et al., 2011; 348	  

http://www.temis.nl/). To facilitate the comparison we use the monthly gridded 349	  

tropospheric NO2 column data which are averages of the retrievals with cloud 350	  

radiance fraction < 50% (http://www.temis.nl/docs/readme_tomsascii.pdf). The 351	  

DOMINO NO2 data has been validated against surface and aircraft observations 352	  

(Boersma et al., 2008; 2009; Hains et al., 2010), and used to constrain NOx emissions 353	  

in the model (Boersma et al., 2008; Lamsal et al., 2010). The wintertime 354	  

measurements are excluded due to large retrieval errors over snow (O’Byrne et al., 355	  

2010). The model generally captures the observed distribution of NO2 tropospheric 356	  

columns over Asia (r = 0.93), but it is biased low by 15% over North China on 357	  

average. Recent studies have indicated that DOMINO NO2 columns might be biased 358	  

high due to the a priori profile shape, error in the surface air-mass factor, and 359	  

exclusion of aerosols in the retrieval (Hains et al., 2010; Lamsal et al., 2010; Lin et al., 360	  

2014). The comparison also did not apply the averaging kernels to the model 361	  

simulated columns, which may lead to additional biases when simulated NO2 vertical 362	  

profiles are different from the a priori profiles used in the OMI retrievals (Huijnen et 363	  

al., 2010). 364	  

 365	  

We compare in Figure 3 the observed vs. simulated seasonal mean ammonium and 366	  

nitrate wet deposition fluxes at the EANET and CAS monitoring sites. The EANET 367	  

data and model results are averaged for January 2008-December 2010, and the CAS 368	  

data are for December 2007-November 2010. We compute the correlation coefficient 369	  

and the normalized mean bias (NMB= M! − O!!
!!! / O!!

!!! ) between the 370	  

observations (O) and model results (M) for the N monitoring sites. The model 371	  

simulation is in good agreement with the observations for both ammonium and nitrate 372	  

wet deposition fluxes. For all seasons the correlation coefficients are greater than 0.7 373	  

and NMB values are less than 15%. Annually model simulated nitrogen wet 374	  

deposition (NH4
++NO3

-) fluxes over China averages 9.3 kg N ha-1 a-1 with NH4
+ 375	  

contributing 70%. Compared with previous studies using ensembles of surface 376	  

measurements, our estimated annual nitrogen wet deposition over China is ~30% 377	  
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lower than the estimates of 13.9 kg N ha-1 a-1 by Jia et al. (2014) and 13.2 kg N ha-1 378	  

a-1 by Zhu et al. (2015a), but is consistent with 9.88 kg N ha-1 a-1 by Lv and Tian 379	  

(2007). The NH4
+ contribution to wet deposition is higher than that estimated by Zhu 380	  

et al. (2015a) (55%), but is consistent with Lv and Tian (2007) (72%) and Pan et al. 381	  

(2012) (63-78% over North China). 382	  

 383	  

Previous studies have shown that model simulation of wet deposition flux is highly 384	  

sensitive to the model precipitation (Pinder et al., 2006; Paulot et al., 2014). We 385	  

evaluate the GEOS-5 precipitation data over the northwestern Pacific with data from 386	  

the CPC Merged Analysis of Precipitation (CMAP). The CMAP data are based on 387	  

several satellite measurements as described in Xie and Arkin (1997), and have a 388	  

spatial resolution of 2.5° × 2.5° and monthly variation (data available at 389	  

http://www.cpc.ncep.noaa.gov/products/global_precip/html/wpage.cmap.html). 390	  

Figure 4 compares the monthly averaged GEOS-5 precipitation data with CMAP in 391	  

January, April, July and October 2009. Both CMAP and GEOS-5 show maximum 392	  

precipitation over the northwestern Pacific Ocean in July and minimum in January. 393	  

The GEOS-5 precipitation data generally agree well with the CMAP data (r = 394	  

0.83-0.92), with only small negative biases of 2-5% over the ocean.  395	  

 396	  

To focus on the northwestern Pacific, we further examine the measured and simulated 397	  

nitrogen wet deposition fluxes at nine coastal EANET sites. Figure 5 shows locations 398	  

of these monitoring sites and the focused region of this study. Figure 6a and 6b 399	  

compare the observed vs. simulated monthly mean ammonium and nitrate wet 400	  

deposition fluxes at the nine coastal sites. For the sites over the continent, both 401	  

ammonium and nitrate wet deposition fluxes show summer maximum and winter 402	  

minimum, consistent with seasonal variation of nitrogen emissions and precipitation. 403	  

For the island sites in the open ocean (Cheju and Hedo), the deposition fluxes are 404	  

much smaller with much weaker seasonal variations. Overall the model closely 405	  

reproduces the magnitudes and variability of the measured wet deposition fluxes.  406	  

 407	  
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4 Nitrogen deposition to the northwestern Pacific 408	  

4.1 Seasonal variation and deposition process 409	  

 410	  

We now examine the deposition processes, patterns, and seasonal variation of 411	  

atmospheric nitrogen deposition to the northwestern Pacific. Figure 7 shows the 412	  

spatial distribution of total nitrogen deposition (ammonium and nitrate, dry and wet) 413	  

to the northwestern Pacific in January, April, July and October, and Figure 8 shows 414	  

annual total deposition fluxes average over 2008-2010. Unlike the strong seasonality 415	  

in nitrogen deposition over the Asian continent, deposition over the ocean has weaker 416	  

seasonality as also shown by the wet deposition fluxes in Figure 6. At low latitudes 417	  

(<30°N) or over the oceans east of Japan, we can see nitrogen deposition reaches its 418	  

maximum in January and is lowest in July. At middle latitudes (>30°N) along the 419	  

eastern China coast, nitrogen deposition peaks in July with the highest values greater 420	  

than 2 kg N ha-1 month-1 along the coastlines. In all seasons, deposition decreases 421	  

rapidly downwind of the continental sources. Jung et al. (2011) using aerosol and rain 422	  

samples estimated total nitrogen deposition fluxes of 32-64 µmol m-2 d-1 (1.6-3.3 kg N 423	  

ha-1 a-1) in the central Pacific Ocean with 66-99% via wet deposition. Our model 424	  

shows similar results (0.8-4 kg N ha-1 a-1).  425	  

 426	  

We selected two regions as shown in Figure 7 representing the Yellow Sea and the 427	  

South China Sea. Table 3 summarizes the monthly and annual nitrogen deposition 428	  

fluxes over the two regions for 2008-2010. Nitrogen deposition averages 11.9 kg N 429	  

ha-1 a-1 over the Yellow Sea (5.0 kg N ha-1 a-1 as reduced nitrogen NHx and 6.9 kg N 430	  

ha-1 a-1 as oxidized nitrogen NOy). Seasonal variation of the deposition to the Yellow 431	  

Sea is weak with fluxes in October and January about 10% higher than in April and 432	  

July. Nitrogen deposition to the South China Sea averages 5.6 kg N ha-1 a-1 with 433	  

deposition in January nearly a factor of 3 higher than deposition in July. This reflects 434	  

seasonal variations in both meteorology and nitrogen emissions as will be discussed 435	  

below. 436	  

 437	  
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Wet deposition accounts for 67% of the total nitrogen deposition to the Yellow Sea 438	  

(82% for NHx and 57% for NOy) and the South China Sea (84% for NHx and 55% for 439	  

NOy). The ratio of wet vs. dry deposition over the ocean is generally higher than that 440	  

over the land, because of slow dry deposition velocities (Table 1) and less nitrogen 441	  

exported near the surface, particularly for reduced nitrogen. Simulated nitrogen 442	  

deposition fluxes are in the range of 20-55 kg N ha-1 a-1 in the eastern China, with wet 443	  

deposition accounting for 65% of the NHx deposition and 54% of the NOy deposition 444	  

(Figure not shown).  445	  

 446	  

4.2 Contribution from the oceanic emissions 447	  

 448	  

It is important to separate the contributions of ocean vs. land emissions to the nitrogen 449	  

deposition over the northwestern Pacific. Sources of fixed nitrogen from the ocean 450	  

include both anthropogenic ship NOx emissions and natural oceanic NH3 emissions. 451	  

Those emissions are small compared with land sources, but their contributions to the 452	  

nitrogen deposition over the open ocean cannot be neglected due to the short lifetimes 453	  

of nitrogen species. We have conducted two sensitivity simulations respectively with 454	  

ship NOx emissions or oceanic NH3 emissions shut off. The differences with the 455	  

standard simulation represent contributions of each source to the nitrogen deposition.  456	  

  457	  

We separate in Figure 8 the annual contributions of nitrogen sources over land, ship 458	  

NOx emissions, and oceanic NH3 emissions to total nitrogen deposition over the 459	  

northwestern Pacific. We can see nitrogen deposition to the marginal seas of the 460	  

northwestern Pacific is dominated by transport of nitrogen sources over the Asian 461	  

continent. Ship NOx and oceanic NH3 emissions contribute little nitrogen deposition 462	  

(together less than 1%) to the Yellow Sea, and about 7% over the South China Sea. 463	  

Further to the equatorial Pacific Ocean ship NOx emissions contribute 10-25% of the 464	  

total nitrogen deposition along the ship tracks. And oceanic NH3 emissions account 465	  

for 15-40% of the total nitrogen deposition annually. 466	  

 467	  



	   17	  

4.3 Outflow from Mainland China 468	  

 469	  

We have demonstrated above that nitrogen deposition to the marginal seas of the 470	  

northwestern Pacific such as the Yellow Sea and the South China Sea mainly 471	  

originates from nitrogen sources over the land. We now focus on the outflow fluxes 472	  

from Mainland China where the largest nitrogen emissions are located. Figure 9 473	  

shows the outflow fluxes of fixed nitrogen transported across the coastline of 474	  

Mainland China (as defined by the grid cells in Figure 5) in different seasons. Fluxes 475	  

of NH3, NH4
+, HNO3, isoprene nitrates, and NO3

- are included. Other fixed nitrogen 476	  

species such as PAN, although important in outflow fluxes, account for less than 1% 477	  

of the nitrogen deposition to the northwestern Pacific.  478	  

 479	  

We can see that the spatial and seasonal variations of atmospheric nitrogen deposition 480	  

over the marginal seas of the northwestern Pacific as shown in Figure 7 can be mainly 481	  

explained by variations of outflow fluxes from China. Nitrogen outflow fluxes across 482	  

the eastern coastline (cell 1-14 in Figure 5) to the Yellow Sea show strong transport 483	  

from Jiangsu Province (cell 7-14 in Figure 5) below 800 hPa corresponding to the 484	  

maximum nitrogen deposition near the east coast of China in July. Fluxes in April and 485	  

October are strong in the free troposphere, where the lifetimes of nitrogen species are 486	  

longer than in the boundary layer leading to deposition further to the open ocean of 487	  

the Yellow Sea. Over the southern coastline (cell 20-38 in Figure 5) to the South 488	  

China Sea, nitrogen fluxes are largest within the boundary layer in January and 489	  

October. The fluxes turn to inflow in April and July, minimizing deposition to the 490	  

South China Sea during these months. 491	  

 492	  

The seasonal variation of pollution transport over the eastern Asia is largely 493	  

controlled by the East Asian monsoon system (Liu et al., 2003; Liang et al., 2004; 494	  

Zhang et al., 2010). We show in Figure 10 the monthly mean wind fields averaged in 495	  

the boundary layer (generally below 950 hPa) and in the free troposphere at 700 hPa 496	  

plotted over the monthly emissions of fixed nitrogen. In January the northwesterly 497	  
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monsoon prevails at middle latitudes (> 30°) in the boundary layer and gradually turns 498	  

to the northeasterly at lower latitudes (< 30°). Asian pollution is generally trapped in 499	  

the boundary layer by the large-scale subsidence over the continent and transported 500	  

southward as shown in Figure 9. In July, the summer southerly monsoon winds bring 501	  

clean ocean air to the southern China, but at latitudes north of 30°N the southwesterly 502	  

winds combined with the high nitrogen emissions over the eastern China lead to large 503	  

fluxes to the Yellow Sea. Spring and fall represent the transitional periods, and 504	  

frequent cold fronts are the primary driver lifting anthropogenic pollution to the free 505	  

troposphere followed by westerly transport (Liu et al., 2003; Liang et al., 2004).  506	  

 507	  

Thus the strong seasonal variation in nitrogen deposition to the South China Sea is 508	  

mainly attributed to the monsoonal Asian outflow. Over the Yellow Sea, we find the 509	  

weaker winds in July can be compensated by higher nitrogen emissions over the land, 510	  

leading to the weak seasonality of nitrogen deposition. We find in a sensitivity 511	  

simulation without seasonal variations of Asian NH3 emissions that nitrogen 512	  

deposition to the Yellow Sea would have been 64% higher in January than July. 513	  

 514	  

5 Source attribution using the adjoint method 515	  

 516	  

The adjoint model allows us to further quantify the sources contributing to 517	  

atmospheric nitrogen deposition over the receptors at the model underlying grid scale. 518	  

Here we calculate the sensitivities of nitrogen deposition (reduced and oxidized 519	  

nitrogen, wet and dry) over the Yellow Sea and the South China Sea to grid-resolved 520	  

NH3 and NOx emissions for January, April, July and October 2009. For each month, 521	  

we calculate sensitivity of the monthly mean nitrogen deposition to emissions in that 522	  

month and a week in the preceding month (accounting for the lifetimes of nitrogen 523	  

species). We separate the sensitivities to different source types (e.g., fertilizer and 524	  

livestock for NH3, and industry and power plants for NOx) based on their relative 525	  

contributions to the total anthropogenic emissions.  526	  

 527	  
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The top panels of Figure 11 show the adjoint sensitivities for the monthly total 528	  

nitrogen deposition to the Yellow Sea. The magnitude of adjoint sensitivity reflects 529	  

deposition amount contributed by the nitrogen emissions in each grid cell. The sum of 530	  

sensitivities integrated geographically matches the monthly deposition flux to the 531	  

Yellow Sea within 5%. From winter to summer the source regions move southward 532	  

from North China and Northeast China to East China and Central China, consistent 533	  

with the seasonal variation of the monsoonal flow. Nitrogen sources over China are 534	  

the main contributor to the nitrogen deposition to the Yellow Sea (93% in January, 88% 535	  

in July, and 92% annually). Sources over the Korean peninsula contribute 7% of 536	  

annual nitrogen deposition to the Yellow Sea.  537	  

 538	  

The bottoms panels of Figure 11 separate the sensitivities of nitrogen deposition 539	  

components (reduced and oxidized nitrogen, wet and dry) to emissions from different 540	  

source types. The total sensitivity of each deposition component also approximately 541	  

matches the simulated deposition flux (Table 3), with small discrepancies of 0.01-0.06 542	  

kg N ha-1 month-1 that can be attributed to nonlinearity between nitrogen deposition 543	  

and emissions (including nitrogen, SO2, and VOC emissions) as discussed in Paulot et 544	  

al. (2013). Figure 11 shows that NOx emissions from power plants (37%), followed by 545	  

emissions from transport (26%) and industry (22%) contribute most of the nitrogen 546	  

deposition in January. In other months, NH3 emissions from fertilizer use (25-32%) 547	  

are the largest source of nitrogen deposition to the Yellow Sea. Annually the major 548	  

sources contributing to nitrogen deposition to the Yellow Sea are fertilizer use (24%), 549	  

power plants (22%), and transportation (18%). 550	  

 551	  

Figure 12 shows source attribution of atmospheric nitrogen deposition to the South 552	  

China Sea. Unlike that to the Yellow Sea, nitrogen deposition to the South China Sea 553	  

shows a distinct winter peak as reflected by the largest source contributing areas in 554	  

January spreading over the Asian continent. Kim et al. (2014) using back trajectories 555	  

suggested transport of nitrogen from the east coasts of China and Indonesia to the 556	  

South China Sea. Here we estimate that nitrogen deposition to the South China Sea is 557	  
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mainly from Mainland China and Taiwan, contributing 66% and 20% of the annual 558	  

total nitrogen deposition. The rest 14% results from sources over the Southeast Asian 559	  

countries as well as oceanic NH3 emissions.  560	  

 561	  

For the sectorial contributions, nitrogen sources from power plants, transport, industry, 562	  

and fertilizer use show comparable contribution to nitrogen deposition over the South 563	  

China Sea in January (16-21%) and October (14-23%). But in April and July, 564	  

fertilizer use and natural emissions become most significant. In April, natural 565	  

emissions account for 17% of the nitrogen deposition to the South China Sea mainly 566	  

via wet deposition, including 7% from the oceanic NH3 emissions, 4% from lightning, 567	  

and 6% from biomass burning emissions over Southeast Asia.  568	  

 569	  

One interesting feature we can see from Figure 11 and Figure 12 is that anthropogenic 570	  

NOy dry deposition exhibits different response to increasing NH3 emissions over the 571	  

Yellow Sea (negative) and the South China Sea (near zero). It indicates that reducing 572	  

NH3 emissions would even enhance dry deposition of NOy to the Yellow Sea. We 573	  

show in Figure 13 the sensitivity of NOy dry deposition to NH3 emissions for 574	  

deposition to the Yellow sea and to the South China Sea in January 2009. The values 575	  

are generally negative for the Yellow Sea, and positive for the South China Sea 576	  

except for the areas near the coast.  577	  

 578	  

This can be explained by the conversion of HNO3 to aerosol NO3
- and their different 579	  

dry deposition velocities. Dry deposition velocities for aerosol nitrate is much slower 580	  

than HNO3 gas (Table 1). NH3 emissions would lead to formation of aerosol NO3
- 581	  

from HNO3, increasing the lifetime of NOy and allowing them transport to a longer 582	  

distance. It would thus decrease the dry deposition of NOy (mainly via reduction of 583	  

HNO3) near the source region (e.g., the Yellow Sea), and enhance its dry deposition 584	  

further downwind (e.g., the South China Sea). The same response applies to NHx dry 585	  

deposition and NOx emissions (the April panel of Figure 11), but it is much weaker 586	  

because NHx dry deposition fluxes to the ocean are small and mainly from dry 587	  
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deposition of aerosol NH4
+. This can have important implications on the effectiveness 588	  

of the emission control strategy for reducing nitrogen deposition to the Yellow Sea. 589	  

As shown in Figure 11, NH3 emissions from fertilizer use are identified as the largest 590	  

contributor to nitrogen deposition to the Yellow Sea except in winter. However, we 591	  

estimate annually 28% (negative sensitivity of NOy dry deposition vs. sensitivity of 592	  

NHx total deposition to NH3 emissions, averaged over the four months in Figure 11) 593	  

of the expected benefits of reduction of nitrogen deposition to the Yellow Sea via 594	  

controlling NH3 would be offset by an increase in NOy dry deposition.  595	  

 596	  

6 Conclusions 597	  

 598	  

Increasing atmospheric nitrogen deposition to the northwestern Pacific has likely been 599	  

altering the marine environment. The purpose of this study is to quantify the sources, 600	  

processes, and seasonal variation of atmospheric nitrogen deposition to the 601	  

northwestern Pacific. We have used a nested-grid version of the GEOS-Chem global 602	  

chemistry model and its adjoint model to address the issue. The model has a 603	  

horizontal resolution of 1/2° latitude × 2/3° longitude over the East Asia and its 604	  

adjacent oceans (70°E-150°E, 11°S-55°N), and 4°×5° over the rest of the world. It 605	  

includes a detailed tropospheric chemistry to simulate the sources, transformation, and 606	  

deposition of fixed nitrogen (NHx and NOy) in the atmosphere. 607	  

 608	  

The model uses the anthropogenic emissions of fixed nitrogen (via NH3 and NOx) 609	  

from the REAS-v2 emission inventory for Asia (Kurokawa et al., 2013). The original 610	  

NH3 emissions had no seasonal variation, inconsistent with recent Asian NH3 611	  

emission estimates. We calculate the seasonal variations for NH3 emissions from 612	  

fertilizer use based on soil properties, meteorology, and the timing of fertilizer 613	  

application (Skjøth et al., 2011; Paulot et al., 2014), and for NH3 from livestock and 614	  

human waste using surface temperature (Aneja et al., 2000). The resulting Asian NH3 615	  

emissions are highest in May-August, with emissions in summer a factor of 3 higher 616	  

than winter. Total Asian NH3 and NOx emissions are 28.6 and 16.2 Tg N a-1, 617	  
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respectively. China has the largest nitrogen sources with 12.8 Tg N a-1 as NH3 and 7.9 618	  

Tg N a-1 as NOx. Both NH3 and NOx emissions are dominated by anthropogenic 619	  

sources. Natural sources account for 7% for NH3, and 16% for NOx. 620	  

 621	  

We evaluate the model simulation of NH3 and NO2 tropospheric columns with 622	  

satellite observations from TES and OMI over Asia. The model generally captures the 623	  

observed distribution of NH3 and NO2 tropospheric columns with only small negative 624	  

biases for both species (-3% for NH3 over China and up to -15% for NO2 over the 625	  

North China), providing support to the model emissions. The model further closely 626	  

reproduces the magnitudes and variability of ammonium and nitrate wet deposition 627	  

fluxes at the EANET sites and additional monitoring sites over the North China. Wet 628	  

deposition fluxes measured over the continental sites show strong seasonality with 629	  

summer maximum and winter minimum, while for the island sites in the open ocean, 630	  

deposition fluxes are much smaller with weak seasonal variations. 631	  

 632	  

We analyze three-year (2008-2010) model simulation of atmospheric nitrogen 633	  

deposition to the northwestern Pacific, particularly over the marginal seas such as the 634	  

Yellow Sea and the South China Sea. Atmospheric nitrogen deposition reaches as 635	  

high as 20-55 kg N ha-1 a-1 in the eastern China, and decreases rapidly downwind of 636	  

the Asian continent (0.8-20 kg N ha-1 a-1 over the northwestern Pacific). Nitrogen 637	  

deposition averages 11.9 kg N ha-1 a-1 over the Yellow Sea (5.0 kg N ha-1 a-1 as NHx 638	  

and 6.9 kg N ha-1 a-1 as NOy), and 5.6 kg N ha-1 a-1 to the South China Sea (2.5 as NHx 639	  

and 3.1 as NOy). Although Asian NH3 emissions are much higher than NOx emissions, 640	  

less NHx is exported and deposited over the open ocean due to its shorter lifetime. We 641	  

find contributions of nitrogen sources over the ocean, including ship NOx emissions 642	  

and oceanic NH3 emissions, are negligible for nitrogen deposition to the Yellow Sea, 643	  

and about 7% over the South China Sea. Further downwind in the ocean ship NOx 644	  

emissions contribute 10-25% of total nitrogen deposition along the ship tracks, and 645	  

oceanic NH3 emissions are responsible for 15-40% of the nitrogen deposition.  646	  

 647	  
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Seasonal variations in nitrogen deposition to the northwestern Pacific are generally 648	  

determined by variations in meteorology and nitrogen emissions. Nitrogen deposition 649	  

to the South China Sea showed strong seasonal variation, with deposition in January 650	  

(0.62 kg N ha-1 month-1) nearly a factor of 3 higher than deposition in July (0.23 kg N 651	  

ha-1 month-1). This is consistent with the nitrogen outflow fluxes from Asia (mainly 652	  

Mainland China), which are controlled by the East Asian monsoon system as 653	  

discussed in previous studies (Liu et al., 2003; Zhang et al., 2010). In winter the 654	  

northerly monsoon favors transport of Asian pollution to the open ocean in the 655	  

boundary layer, while the summer southerly monsoon winds bring clean ocean air to 656	  

the southern China. Nitrogen deposition to the Yellow Sea has weak seasonality 657	  

(0.85-1.12 kg N ha-1 month-1). We find the weaker winds in summer over the Yellow 658	  

Sea suppress dry deposition of nitrogen, but are compensated by higher nitrogen 659	  

emissions in summer. 660	  

 661	  

We have further applied the adjoint of GEOS-Chem to estimate the contributions of 662	  

nitrogen sources from different sectors and at the model underlying resolution to 663	  

nitrogen deposition over the Yellow Sea and the South China Sea. This detailed 664	  

source information can be crucial to design an effective strategy for reducing nitrogen 665	  

deposition to these areas. Nitrogen deposition to the Yellow Sea mainly originates 666	  

from nitrogen sources over China (92% contribution) and the Korean peninsula (7%) 667	  

categorized by regions, and is contributed from fertilizer use (24%), power plants 668	  

(22%), and transportation (18%) categorized by emission sectors. For deposition to 669	  

the South China Sea, nitrogen sources over Mainland China and Taiwan contribute 66% 670	  

and 20% of the annual total deposition, with the rest 14% from sources over the 671	  

Southeast Asian countries as well as oceanic NH3 emissions. Natural sources are 672	  

particularly important in April, accounting for 17% of the nitrogen deposition to the 673	  

South China Sea (7% from the oceanic NH3 emissions, 4% from lightning, and 6% 674	  

from biomass burning emissions over Southeast Asia). 675	  

 676	  

The adjoint analyses also indicate that dry deposition of oxidized nitrogen to the 677	  
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Yellow Sea shows negative sensitivity to Asian NH3 emissions, ie., reducing Asian 678	  

NH3 emissions would increase the NOy dry deposition to the Yellow Sea. This 679	  

response mainly reflects conversion of gaseous NH3 and HNO3 to ammonium nitrate 680	  

aerosol and their different deposition efficiencies. Annually 28% of the reduction of 681	  

nitrogen deposition to the Yellow Sea via reducing NH3 emissions would be offset by 682	  

increases in NOy dry deposition, placing a limitation on the effectiveness of NH3 683	  

emission controls for mitigating nitrogen deposition over the Yellow Sea. 684	  

 685	  

While this study provides a pilot investigation of the sources and processes 686	  

controlling atmospheric nitrogen deposition to the northwestern Pacific, some 687	  

uncertainties still need to be considered. A main uncertainty is associated with the 688	  

lack of in-situ measurements to evaluate the model simulated nitrogen dry deposition 689	  

fluxes. Uncertainties exist in both model calculated dry deposition velocities over the 690	  

ocean surface (as discussed in section 2.1) and simulated surface concentrations of 691	  

nitrogen species. Recent studies have shown that GEOS-Chem overestimates 692	  

wintertime surface concentrations of nitrate and nitric acid (Heald et al., 2012; Zhang 693	  

et al., 2012; Wang et al., 2013), which can lead to a model overestimation of NOy dry 694	  

deposition flux in winter.  695	  

 696	  

Uncertainties also exist in Asian NH3 emissions; in particular, air-surface 697	  

bi-directional NH3 fluxes are not considered in the study. Although it has little impact 698	  

on the oceanic emissions, recent implementations of the bi-directional NH3 flux on 699	  

fertilizer use showed lower NH3 agricultural emissions over China (Fu et al., 2015; 700	  

Zhu et al., 2015b), and thus would lower its transport to the ocean. In addition, any 701	  

bias in the GEOS-Chem simulation would affect the adjoint sensitivity. Also to 702	  

ascribe nitrogen deposition to sources from different emission sectors, we rely on the 703	  

bottom-up sectorial emissions to separate the adjoint sensitivity. Even though the total 704	  

emissions can be constrained with the satellite measurements, the sectorial 705	  

information is subject to larger uncertainties (Zhang et al., 2009). We recommend 706	  

future research to reduce these uncertainties. 707	  
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Tables 1056	  
	  1057	  

Table 1. Monthly mean daytime dry deposition velocities over the northwestern 1058	  

Pacifica 1059	  

 	   January April July October 
NH3 1.10  0.70  0.60  0.85  

Aerosol NH4
+ 0.08  0.06  0.06  0.07  

HNO3, Isoprene 
nitratesb 1.16  0.69  0.56  0.84  

Aerosol NO3
- 0.08  0.06  0.06  0.07  

N2O5 1.16  0.69  0.56  0.84  
NO2 0.01  0.01  0.01  0.01  

PANsc 0.01  0.01  0.01  0.01  
a Numbers are in unit of cm s-1 and averaged over 2008-2010. 1060	  
b Isoprene nitrates represent the organic nitrates produced from the oxidation of 1061	  
isoprene by OH in the presence of NOx. 1062	  
c Peroxyacetyl nitrate (PAN) and higher peroxyacyl nitrates. 1063	  
	  1064	  
	  1065	  

Table 2. Annual total NH3 and NOx emissions over Asia and Chinaa 1066	  

a Annual emissions in unit of Tg N a-1 for 2008-2010. 1067	  
b Other anthropogenic sources include ammonia emissions from power plant, 1068	  
transport, industry, and domestic emission. 1069	  
c Natural NH3 emissions include emissions from natural terrestrial and ocean. 1070	  
d Annual NH3 oceanic emissions over this region. 1071	  
e Natural NOx emissions include emissions from soil, lightning and biomass burning. 1072	  
	  1073	  

 Source type Asia China 
NH3 Fertilizer 15.5 7.8 

 Livestock 5.1 2.4 
 Human waste 4.0 1.5 
 Othersb 1.8 0.7 
 Naturalc 2.1 (0.5)d 0.5 
 Total 28.6 12.8   

NOx Power plants 4.1 2.8 
 Transport 4.8 1.8 
 Industry 2.8 2.0 
 Domestic 1.3 0.7 
 Naturale 2.6 0.7 
 Total 15.7 7.9 
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	  1074	  
	  1075	  
	  1076	  

Table 3. Monthly and annual nitrogen deposition fluxes to the Yellow Sea and 1077	  
the South China Sea for 2008-2010a 1078	  

 	    	   Wet deposition Dry deposition Total 

 	    	   NH4
+ NO3

- NHx NOy  	  

The 
Yellow 

Sea 

January 0.24 
(0.16-0.27) 

0.38 
(0.25-0.47) 

0.05 
(0.05-0.06) 

0.45 
(0.45-0.45) 

1.12 
(0.92-1.25) 

April 0.35 
(0.21-0.46) 

0.27 
(0.18-0.37) 

0.10 
(0.07-0.12) 

0.14 
(0.13-0.15) 

0.85 
(0.63-1.08) 

July 0.48 
(0.40-0.60) 

0.36 
(0.30-0.43) 

0.08 
(0.06-0.11) 

0.13 
(0.11-0.15) 

1.04 
(0.89-1.28) 

October 0.34 
(0.20-0.53) 

0.32 
(0.21-0.46) 

0.12 
(0.07-0.17) 

0.29 
(0.22-0.38) 

1.07 
(0.71-1.54) 

Annual 4.1 
(3.8-4.2) 

3.9 
(3.9-3.9) 

0.9 
(0.8-1.0) 

3.0 
(2.8-3.1) 

11.9 
(11.3-12.3) 

	   January 0.18 
(0.13-0.24) 

0.17 
(0.12-0.21) 

0.03 
(0.02-0.04) 

0.23 
(0.15-0.34) 

0.62 
(0.43-0.83) 

The 
South 
China 

Sea 

April 0.20 
(0.14-0.26) 

0.12 
(0.08-0.16) 

0.04 
(0.04-0.05) 

0.08 
(0.07-0.09) 

0.43 
(0.34-0.56) 

July 0.10 
(0.04-0.14) 

0.09 
(0.05-0.11) 

0.02 
(0.01-0.02) 

0.02 
(0.01-0.02) 

0.23 
(0.11-0.29) 

October 0.20 
(0.16-0.24) 

0.16 
(0.13-0.22) 

0.05 
(0.04-0.07) 

0.13 
(0.10-0.18) 

0.54 
(0.42-0.63) 

Annual 2.1 
(1.8-2.3) 

1.7 
(1.5-1.8) 

0.4 
(0.4-0.5) 

1.4 
(1.2-1.5) 

5.6 
(4.8-6.1) 

	  1079	  
aNumbers are three-year (2008-2010) averages and ranges (in parentheses) in unit of 1080	  
kg N ha-1 month-1 for the monthly values and kg N ha-1 a-1 for the annual totals.  1081	  
	  1082	  
	  1083	  

  1084	  
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Figures 1085	  
	  1086	  

	  1087	  

Fig. 1. Asian NH3 and NOx emissions in 2008-2010. The left panels show annual total 1088	  
emissions and the right panels show monthly values of NH3 and NOx emissions from 1089	  
each source type over Asia. 1090	  
 1091	  
 1092	  
 1093	  
 1094	  
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	  1095	  

Fig. 2. Satellite observations of NH3 tropospheric columns from TES (top left) and 1096	  
NO2 tropospheric columns from OMI (bottom left). The TES observations are 1097	  
daytime measurements during June-August 2005-2010. The OMI observations during 1098	  
March-November 2009 are from KNMI at 0.125°×0.125° resolution. Both are 1099	  
regrided to the model resolution (1/2° × 2/3°). The middle panels show corresponding 1100	  
GEOS-Chem model results for 2009 sampled at the satellite overpass time (13:45 1101	  
local time). The right panels show the GEOS-Chem minus satellite differences. 1102	  
	  1103	  
	  1104	  



	   37	  

	  1105	  

Fig. 3. GEOS-Chem simulated seasonal mean ammonium (top panels) and nitrate 1106	  
(bottom panels) wet deposition fluxes for 2008-2010. The measurements from 1107	  
EANET (49 sites in the domain) and ten CAS sites are over-plotted (circles). 1108	  
Correlation coefficients (r) and mean normalized biases (NMB) are given inset. The 1109	  
EANET data and model results are averaged for January 2008-December 2010, and 1110	  
the CAS data are for December 2007-November 2010. DJF represents 1111	  
December-Januray-Februray, MAM: March-April-May, JJA: June-July-August, SON: 1112	  
September-October-November.  1113	  
	  1114	  
	  1115	  
	  1116	  
	  1117	  
	  1118	  
	  1119	  
	  1120	  
	  1121	  
	  1122	  
	  1123	  
	  1124	  
	  1125	  
	  1126	  
	  1127	  
	  1128	  
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	  1129	  

	  1130	  

Fig. 4. Monthly mean precipitation data from CMAP (left panels) and from GEOS-5 1131	  
(central panels) for January, April, July and October 2009. The right panels show 1132	  
corresponding scatter-plots of CMAP versus GEOS-5 precipitation over the 1133	  
northwestern Pacific Ocean. Correlation coefficients (r) and mean normalized biases 1134	  
(NMB) are shown inset. 1135	  
	  1136	  
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	  1137	  
	  1138	  

Fig. 5. Map of the focused domain. The black dots are the locations of nine EANET 1139	  
sites that used for model evaluation of nitrogen deposition near the coast (Figure 6a 1140	  
and 6b): Mt. Sto. Tomas, Hedo, Cheju, Imsil, Kanghwa, Xiamen (Hongwen and 1141	  
Xiaoping sites), and Zhuhai (Xiang Zhou and Zhuxiandong sites). The red dots 1142	  
represent the grid cells covering the coastline of Mainland China that used for 1143	  
determining the outflow fluxes as indicated by the orange arrows. 1144	  
	  1145	  
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	  1146	  
Fig. 6a. Monthly averaged ammonium wet deposition fluxes at nine EANET coastal 1147	  
sites (Figure 5). The black lines are three-year averages (2008-2010) of observations, 1148	  
and the blue lines are the corresponding model results. The vertical black lines 1149	  
represent the range of observed values for 2008-2010. 1150	  
	  1151	  
	  1152	  
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	  1153	  

Fig. 6b. Same as Fig. 6a but for nitrate wet deposition fluxes. 1154	  
 1155	  
 1156	  
 1157	  
 1158	  
 1159	  
 1160	  
 1161	  
 1162	  
 1163	  
 1164	  
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	  1165	  

Fig. 7. GEOS-Chem simulated monthly nitrogen deposition fluxes to the northwestern 1166	  
Pacific in January, April, July and October 2008-2010. The black boxes in the left 1167	  
panel represent areas of the Yellow Sea and the South China Sea used in the adjoint 1168	  
analyses. 1169	  
	  1170	  
	  1171	  
	  1172	  
	  1173	  

	  1174	  

Fig. 8. Annual total nitrogen deposition fluxes to the northwestern Pacific averaged in 1175	  
2008-2010 (first panel), and annual percentage contributions from nitrogen sources 1176	  
over land, ship NOx emissions, and oceanic NH3 emissions. 1177	  
 1178	  
 1179	  
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 1180	  
	  1181	  

Fig. 9. Vertical profile of fixed nitrogen (totals of NH3, NH4
+, HNO3, isoprene nitrates, 1182	  

and NO3
-) transported from the mainland of China to the ocean. The number of 1183	  

x-coordinate corresponds to the grid cell number in Figure 5. Positive values represent 1184	  
transport outside Mainland China, while negative values represent the opposite 1185	  
transport. The dotted lines represent the model boundary layer height. Three back 1186	  
lines divide the each panel in four parts. From left to right, we calculated 1187	  
transportation of nitrogen in each part in the direction of arrow F1 to arrow F4. 1188	  
 1189	  
 1190	  
 1191	  
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 1192	  

	  1193	  

Fig. 10. Monthly mean wind fields from the GEOS-5 assimilated meteorological data 1194	  
over-plotted on the monthly emissions of fixed nitrogen (NH3 + NOx). The top panels 1195	  
are wind fields in the boundary layer (1000 hPa-950 hPa) and the bottom panels show 1196	  
the wind fields in the free troposphere (700 hPa).  1197	  
 1198	  
 1199	  
 1200	  
 1201	  
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	  1202	  

Fig. 11. (Top panels) sensitivity of monthly total nitrogen deposition over the Yellow 1203	  
Sea to emissions in each grid box, and (bottom panels) sensitivity of nitrogen 1204	  
deposition over the Yellow sea (domain defined by the black lines) to each emission 1205	  
sector. In the x-axis labels P denotes Power plant, T: Transport, I: Industry, D: 1206	  
Domestic, F: Fertilizer use, L: Livestock, H: Human waste, and N: Natural emissions. 1207	  
 1208	  
 1209	  

	  1210	  

Fig.12. Same as Figure 11 but for the South China Sea. 1211	  
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	  1212	  
	  1213	  

	  1214	  
Fig. 13. Sensitivity of NOy dry deposition over the Yellow Sea (left) and over the 1215	  
South China Sea (right) to NH3 emissions in each model grid box for January 2009.	  1216	  
	  1217	  
	  1218	  

 1219	  


