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Abstract

Human-induced nitrogen (N) deposition poses a serious threat to biodiversity in ecologically 

sensitive protected areas. India, a major hotspot of reactive nitrogen (Nr) emissions, has so far 

lacked high-resolution assessments of nitrogen deposition impacts over its national parks (NPs). 

This study presents the first high-resolution modelling of total nitrogen deposition over India using 

an updated ammonia (NH3) emission inventory, which remains subject to substantial uncertainty. 

Ecological risks were evaluated under a baseline scenario (BS-2015) and a future emission 

scenario (FES-2030) by comparing simulated deposition with critical load (CL) thresholds 

prescribed for ecosystems in the United States (USA), China, and Europe. Under BS-2015, 6, 12 

and 18 NPs already exceeded China, Europe and USA CL values, respectively, whereas under 

FES-2030, the number of NPs CL exceedances doubled, with 25 NPs exceeding USA CLs and 12 

exceeding European CLs. The exceedances of Chinese CLs were less frequent, but a relative 

increase in the total N deposition ranging from 5% to 124% were projected across the various 

ecosystems. The findings indicate increasing N stress through 2030 and highlight the need for 

long-term field studies to establish region-specific critical load thresholds for India.

Keywords: WRF-Chem, Nitrogen deposition, India, national parks, critical load exceedance

Introduction

Anthropogenic alteration of the global nitrogen (N) cycle represents one of the most profound 

environmental changes during industrialization. These changes are majorly driven by the industrial 

Haber-Bosch process, that converts inert atmospheric dinitrogen (N2) into reactive nitrogen (Nr) 

species [1]. About half of the world's population depends on this invention for their food security; 
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however, the unintentional release of Nr into the environment leads to a series of negative 

consequences not only on human health but also on the various sensitive ecosystems causing 

detrimental effects on nature [2]. The atmospheric N deposition of Nr species (NO, NO2, HNO3, 

peroxyacetyl nitrate -PAN, NH3, NH4
+) occurs when emitted N oxides (NOₓ = NO + NO2 ; emitted 

by fossil fuel combustion, transportation, industrial, residential or other sources) and ammonia 

(NH3 ; emitted from agricultural and livestock activities) chemically transform and ultimately get 

deposited in the terrestrial and aquatic ecosystems through wet and dry deposition processes [3]. 

N deposition in an ecosystem, leads to plant growth, carbon sink and promotes crop yield [4,5], 

whereas excessive N deposition causes soil and water acidification [6], leaching of base cations 

[7,8] and disrupts the flux of key greenhouse gases (N₂O)[9], reduces soil buffering capacity [10], 

eutrophication and biodiversity loss in nutrient-poor ecosystems [11] and also affects human health 

[12]. High Nr loading impacts the atmospheric chemistry as (i) they are the precursors for the 

formation of secondary inorganic aerosols (SIA) such as ammonium chloride (NH4Cl), ammonium 

sulfate (NH4)2SO4) and ammonium nitrate (NH4NO3)) [13,14], which indirectly harms human 

health [15] and, (ii) actively participates in tropospheric ozone (O3) formation and chemistry [16].

North America and Europe have established an extensive monitoring network (e.g., NADN, 

EMEP) and implemented successful regulatory frameworks to curb emissions of NOₓ and NH3 to 

reduce the adverse impact of these Nr on ecological and human health [17]. The rise in the 

atmospheric deposition of Nr in the sensitive zones would lead to a permanent loss in the 

biodiversity of such regions and would ultimately lead to the change in the plant composition 

subsequently affecting the biodiversity of that ecosystem [18–20]. The N deposition value above 

which there is a loss, damage or changes in the behaviour, physiology or composition of the plant 

diversity in an ecosystem is called the critical load (CL) for that particular sensitive species [18]. 

Various and detailed critical load studies have been conducted by the USA, Europe and China to 

protect the ecologically sensitive zones of these countries [19–21].

India has a vast ecological wealth with a huge biodiversity of 7-8% of documented species and 

47,000 reported plant species [22]. The 104 NPs (SI-Table S1, SI-Figure S1) of India encompasses 

around one-fifth of the nation’s territory with diverse ecosystems like alpine/sub-alpine, desert, 

mangrove, deciduous, evergreen/semi-evergreen forests [23]. The NPs in India are designated as 

IUCN Category-II protected areas with 4 among 34 global biodiversity hotspots [24]. The 
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vulnerability of these ecosystems to atmospheric N deposition been neglected and the major 

studies have focused on the effect of N pollution in the urban areas, fertilization application, 

livestock N emissions, agricultural practises and eutrophication from the runoff without addressing 

the N deposition processes and their effect on the vegetation and various ecosystems [25–27]. India 

presents a critical and rapidly intensifying Nr pollution hotspot [28]. It is the second-largest 

consumer and third-largest producer of fertilizers globally, with highest urea production of 31.4 

million metric tonnes for the financial year 2023-24 [29]. The agricultural activities including 

livestock emissions are the paramount source of atmospheric NH3 emissions [30]. Simultaneously, 

a rapidly expanding industrial sector, coal-fired power plants, and transportation sector contribute 

significantly to NOₓ emissions [31]. The Indo-Gangetic Plain (IGP) region of India is known as 

the global epicentre for NH3 concentration [13] and Nr deposition [28], with estimated fluxes often 

exceeding critical loads (> 10-15 kg N ha⁻¹ yr⁻¹) known to cause ecological harm [30,32].

Several studies have assessed nitrogen deposition across India [32–50]; however, experimental 

investigations into critical load exceedance remain limited [47] and have not yet been conducted 

for ecologically sensitive zones. Long-term assessments of atmospheric nitrogen deposition over 

the Indian subcontinent are also scarce [47]. GEOS-Chem modelled Nr deposition, using 

Representative Concentration Pathways) RCP/MIX emissions (Asian anthropogenic emissions 

inventory) from 2010 till 2100, over the ecologically sensitive zones of India presented the need 

to carry N deposition studies as more than 80 NPs among 104 exceeded the critical load 

exceedance values of >10kg-N ha-1 a-1 [32]. A substantial uncertainty persists in the Indian 

nitrogen budget [51] due to limitations in emission inventories and the lack of nationwide 

observational constraints and atmospheric deposition monitoring networks [20–26,52]. Previous 

national-scale assessments have largely relied on global chemical transport models and global 

emission inventories, which are subject to uncertainties arising from gaps in sector-specific activity 

data, emission factor selection, and methodological inconsistencies challenges that are particularly 

pronounced in low- and middle-income countries such as India. The use of a 35 km × 35 km 

(WRF-Chem) regional modeling framework provides a detailed representation of spatial 

variability in emissions, meteorology, and nitrogen deposition across India. Such spatial detail 

facilitates the identification of localized deposition hotspots and critical load exceedances that may 

be less resolved in coarser-resolution global model simulations, although a direct model 

comparison is beyond the scope of this study (SI-Figure S1). We quantify the present for the year 
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2015 and the future for the year 2030, atmospheric nitrogen deposition over India’s NPs. The 

model is driven by an updated, India-specific NH₃ emission inventory developed under the South 

Asian Nitrogen Hub (SANH) [53], incorporating refined data on fertilizer use, crop distribution, 

livestock populations, and region-specific emission factors. Nitrogen deposition is evaluated 

across major ecosystem types under baseline (2015; BS-2015) and future (2030; FES-2030) 

emission scenarios. We evaluate whether improvements in modelled nitrogen deposition enhanced 

the assessment of ecosystem CL exceedance based on internationally reported thresholds 

[11,19,20], recognizing that ecological impacts may occur even at lower deposition levels. Given 

the uncertainty in ecosystem recovery, this study provides more robust and realistic estimates of 

nitrogen deposition risks over India’s ecologically sensitive regions, enabled using updated 

emission inventories.

Results

Model evaluation

The modelled deposition fields are compared with the ground-based deposition and concentration 

values from multiple observational studies carried out across India (as shown in SI-Table – S2(i) 

and SI-Table – S2(ii) and SI-Figure S3) to evaluate the model’s ability to reproduce observed 

magnitudes and regional variability. Normalized mean bias (NMB) and correlation coefficients 

are determined as explained in SI-section S1. Figure1 presents that the modelled wet deposition of 

NH4
+ is underestimated with NMB as -0.31 and the correlation coefficient is observed to be 0.50. 

The modelled nitrate (NO3
-) wet deposition flux is observed to be in consistent with the observation 

values with NMB and correlation coefficient as 0.74 and 0.85 respectively. Overall, these small 

biases suggest that the model reproduces the mean wet N deposition reasonably well. Despite the 

strong correlation, the model over-predicts NO3
- wet deposition, and from a quantitative 

perspective. Overall, the model demonstrates a reasonable skill in reproducing observed wet 

deposition patterns. It should be noted that the wet deposition observations used for model 

evaluation were collected during 1991–2008, compared to BS-2015. This temporal mismatch 

reflects the limited availability of long-term measurements of wet N deposition parameters in 

India. Consequently, the evaluation is intended to assess the model's ability to reproduce the 

broader spatial distribution and its magnitude. A definitive validation will be considered in future 

work. Furthermore, NH3 and NOx emissions in India have changed substantially over recent 
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decades, with NH3 emissions estimated to have increased by approximately 1.8% yr-1 and NOx 

emissions by approximately 7% yr-1, driven by rapid economic development and increasing 

anthropogenic activities [51,54]. Therefore, the observed historical emission trends represent an 

important source of uncertainty in comparing observations and the 2015 simulations. Since NO3
- 

and NH4
+ aerosols are key contributors to the N deposition, we further evaluated the simulated 

NO3
- and NH4

+ concentrations against observations in the Fig SI-Figure S3. Modelled NO3
- and 

NH4
+ concentrations had a correlation coefficient of 0.7 and 0.9 and a NMB of 1.2 and -0.06 

respectively. It is observed that the NO3
- aerosols are highly overestimated in the model while 

ammonium is near neutral. The model captures the spatiotemporal variability of NH4
+ well (r = 

0.9), while the lower correlation for NO3
- (r = 0.7) suggests greater uncertainty in simulating NO3

-

. These discrepancies may be associated with uncertainties in NOₓ emissions and gas-to-particle 

partitioning influencing the nitrate formation [14].

We further evaluated the model performance by comparing the simulated total NH3 and 

NO2 column densities (molecules cm-2) with satellite observations from the Infrared Atmospheric 

Sounding Interferometer (IASI) and Ozone Monitoring Instrument (OMI), respectively, to assess 

the model’s accuracy (Figure 2). The simulated total column ranges of NH3 and NOₓ are consistent 

with those reported in previous studies, providing confidence in the model's representation of these 

atmospheric species [13,55]. The model captures the spatiotemporal variability of NH3 particularly 

well (r = 0.90) (Figure 2a). Although the correlation coefficient for NO2 is slightly lower (r = 0.82), 

it still indicates that the model is able to capture the spatial distribution and major emission hotspots 

with good accuracy (Figure 2b). However, the NMB values for NH3 and NO2 are -0.39 and 2.10, 

respectively, indicating that the model underestimates the mean NH3 total column while 

substantially overestimating the mean NO2 column. The NMB for NH4
+ wet deposition is also 

negative (-0.31), indicating the ammonia-rich environment over the IGP. Furthermore, the 

comparison with IASI observations shows that the model still overestimates NH3 over the IGP 

despite the negative bias (Figure 2a). Thus, underestimation of NH4
+ wet deposition may also be 

influenced by uncertainties in HCl emissions [14]; however, quantifying this effect requires 

dedicated sensitivity simulations and will be investigated in future work. In contrast, the slight 

overestimation of NO3
- wet deposition and NO2 suggests that the model captures the overall high-

NOₓ environment over the study region, although the magnitude of NO2 is overestimated. Overall, 

compared with previous studies, the model demonstrates improved performance, with 
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comparatively lower bias in NH3 simulations [13,56]. Here, we primarily assess the model's ability 

to reproduce the overall spatial distribution and magnitude of the simulated species A detailed 

analysis of the model–observation discrepancies is beyond the scope of this study and warrants 

future work. Nevertheless, while satellite observations provide an independent evaluation of the 

simulated NH3 and NO2 column distributions, the validation of aerosol concentrations and N 

deposition remains constrained by the limited availability of contemporaneous ground-based 

observations. This underscores the need for long-term, continuous monitoring of atmospheric 

composition and N deposition to further improve and validate model simulations. The modelled 

total N wet (1.8 Tg-N a-1) and dry (1.5 Tg-N a-1) deposition values over India are well matched 

with the observation values given by Kulshreshtha (2017), 1.97 Tg a-1 and 1.67 Tg-N a-1 

respectively [28].

Figure1: Comparison of model results with ground-based observations reported in studies conducted across India.
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Figure2: Comparison of simulated and satellite-derived total (a) NH3 and (b) NO2 column (molecules cm2) over India.

Nitrogen deposition over India

Figure3 shows the spatial representation of oxidized (NOy = HNO3, HNO4, NO, NO2 and NO3

), reduced (NHx = NH3 and NH4) and total Nr deposition (NOy+NHx) over India for BS-2015 and 

FES-2030 scenario. The BS-2015 deposition of NHx and NOy is 2.94 Tg-N a-1 and 0.33 Tg-N a-1, 

and for the FES-2030 it was observed to be 3.81 Tg-N a-1 and 0.99 Tg-N a-1 respectively. The total 

Nr deposition over India is estimated as 3.2 Tg-N a-1 and 4.7 Tg-N a-1 for the BS-2015 and FES-

2030, respectively. A detailed N deposition processes are explained in SI-Table S3. The total Nr 

deposition values during the FES-2030 are 1.5 times higher than the BS-2015 total Nr depositions. 

The relative change in the total N deposition with respect to BS-2015 in the states like Maharashtra, 

Goa, Daman and Dui, Chhattisgarh, Odisha, Madhya Pradesh, Karnataka, Andhra Pradesh, 

Telangana, Haryana, Uttar Pradesh and Rajasthan was observed to be greater than 50% as can be 

seen from SI-Table S4. These states constitute of 40 ecologically sensitive zones and with a 

potential rise in the N loading and deposition in these regions would adversely affect their 

ecosystems. A detailed N deposition assessment in BS-2015 and FES-2030 scenarios is performed 

below to observe the CL exceedance occurred in the sensitive areas and their possibility of change 
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with respect to BS-2015.
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Figure3: Spatial oxidized, reduced and total N deposition for the BS-2015 and FES-2030 over India.

Nitrogen deposition in the National parks of India

Figure4 presents the total Nr deposition in the NPs of India under BS-2015 and FES-2030 

scenarios respectively. SI-Figure S4 presents the relative change in the total Nr deposition with 

respect to BS-2015 scenario for all the NPs of India. The range of critical load exceedance values 

from USA, China and Europe obtained from various studies are shown in Table1 in the Methods 

section. A significant rise in the number of NPs is observed exceeding the CL values in the FES-

2030 scenario. A detailed explanation about the N deposition in various ecosystems is provided 

below with respect to their CL exceedance values.

Alpine ecosystem: The total N deposition values in BS-2015 scenario ranged from 0.53 kg-N ha-

1 a-1 (Neora valley NP) to 19.4 kg-N ha-1 a-1 (Kishtawar NP). 12 out of 15 NPs in the alpine 

ecosystem exceeded the USA CL exceedance values. 5NPs exceed the Europe CL values while 

none exceeded China CL values. In the FES-2030 scenario 12 NPs exceeded USA and Europe’s 

CL value while none exceeded China CL exceedance values. The Model predicted that NPs like 

Kanchanzonga, Mouling and Neora valley NP had <1 kg-N ha-1 a-1 of total N deposition in both 

the scenarios. The relative changes are observed to be as low as 21% (Neora valley NP) and as 

high as 57% (Valley of flowers). A positive relative change is expected in a time span of 15 years 

where 80% of alpine ecosystems will be affected with the N deposition fluxes. According to the 

past studies reported in the USA for the sensitive zones in the alpine meadows of California 

presented a shift in the biodiversity community or change in the species composition [21] at a very 

low level of N deposition [20]. Hence, in the ecologically sensitive zones of the alpine ecosystem’s 

conservation is much of a concern for protecting the biodiverse and sensitive species.

Mangrove ecosystem: Bhitarkanika NP exceeded the CL values for USA in both the scenarios 

and none exceeded the China CL values. There are no exceedance values prescribed by Europe for 

the mangrove ecosystem. A maximum of 28 kg-N ha-1 a-1 of N deposition in the FES-2030 scenario 

with a leap from 17.4 kg-N ha-1 a-1 in the BS-2015 scenario is observed. Even though the values 

do not seem to exceed the China critical load exceedance values for mangrove ecosystem, still a 

strong percentage of changes (20% - 60%) could lead to carbon sink [57], prominent changes 

[58,59] and loss in the plant community [60] along with eutrophication, production of toxic bloom 

algae [61–63], enhanced microbial activity, changes in the biogeochemistry [64,65] and also NO3
- 
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leaching [66]. India lacks N deposition study for the mangroves. The critical load estimations 

would require understanding the responses of various components of the ecosystem towards N 

deposition as they can be the indicators for the ecological harm [20].

 
Figure4: Total N deposition (kg-N ha-1 a-1) in ecologically sensitive zones of India under the BS- 2015 (blue colour 

bar) and FES-2030 (red colour bar) containing the minimum and the maximum total N deposition for specific 

ecosystems of India along with the NP name. The background blue colour represents the USA CL limits, green (in the 

alpine region) represents the Europe CL limits and the red colour band is the China CL limits.
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Desert ecosystem: There are two NPs in this ecosystem: Desert NP and Sultanpur NP. Both 

exceeded the CL exceedance values of USA in both the scenarios (BS-2015 and FES-2030). Desert 

NP (17.6 kg-N ha-1 a-1) exceeded China CL values in FES-2030 scenario, but none exceeded the 

CL exceedance in BS-2015 scenario. Desert ecosystems are low-biomass regions due to dry and 

hearted climates [20], any increment in the N loading would lead to growth of invasive species 

[62]. This irreversible change in plant diversity like introduction of new species in the ecosystem 

indirectly affects the plant community already present in the ecosystem.

Deciduous ecosystem: It is observed that none of the NPs exceeded the China CL values whereas 

Rajaji NP (15.2 kg-N ha-1 a-1) and Shimlipal NP (18.6 kg-N ha-1 a-1) exceeded USA CL values of 

15 kg-N ha-1 a-1. 6NP exceeded the USA CL values in the FES-2030 scenario. A relative change 

of 5% - 85% is observed in this ecosystem. Deciduous ecosystems are diverse in plant physiology 

and are around 65.6% of the total forest area of the Indian subcontinent. Any addition of N 

nutrients in the ecosystem would lead to an enhanced soil acidification [67], and NO3
- leaching 

[19,68]. This ultimately reduces the soil fauna diversity [69] because of N deposition mediated 

acidification and not fertilization .

Evergreen ecosystem: None have exceeded China and USA CL values for both the scenarios. 

The relative change in the total deposition was estimated as 15% - 124%. These ecosystems are N 

limited regions and hence, not much change in the biodiversity could be seen because of higher 

CL values.

Overall 6, 12 and 18 of the total NPs of India exceeded China, Europe and USA CL values in BS-

2015 and 12, 12 and 25 NPs exceeded the CL values of China, Europe and USA respectively in 

the FES-2030 scenario. The FES-2030 scenario used in this study is based on the ECLIPSE v4 

Maximum Feasible Reduction (MFR) scenario, in which the growth in livestock numbers 

(approximately 1–2% yr-1) is largely offset by NH3 emission mitigation measures, resulting in 

relatively stable NH3 emissions between 2015 and 2030. In contrast, NOₓ emissions increase more 

rapidly (approximately 7% yr-1), consistent with continued growth in anthropogenic activities 

[51,70,71]. More recent ECLIPSE v6 Current Legislation (CLE) projections without additional 

NH3 abatement indicate an approximately 23% increase in NH3 emissions over India between 

2015 and 2030 [72]. Therefore, to assess the uncertainty associated with future NH3 emissions, a 

first-order sensitivity analysis is performed using ±30% NH3 emission perturbations. Assuming an 
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approximately linear response of NHₓ deposition to moderate emission changes [13,73–75], the 

baseline deposition fields are scaled by factors of 0.7 and 1.3 (SI-Figure S5). The mean NHₓ 

deposition varied from 2.08 to 3.85 kg N ha-1 yr-1 under the -30% and +30% emission scenarios, 

respectively. While the deposition magnitude changed, the spatial pattern of critical load 

exceedance and the number of national parks exceeding critical loads remained largely unchanged. 

This is because the resulting total N deposition (~2.0 and ~4.8 kg N ha-1 yr-1 for the -30% and 

+30% scenarios, respectively) is comparable to that simulated under the BS-2015 and FES-2030 

scenarios. Furthermore, a comparison of total N deposition simulated by WRF-Chem and GEOS-

Chem (SI-Figure S2) shows that, although GEOS-Chem generally estimates higher deposition than 

WRF-Chem, both positive and negative point-wise differences are evident across national parks 

and ecosystem types [32]. This suggests that while the absolute magnitude of deposition is model 

dependent, the overall spatial patterns and assessment of vulnerable ecosystems remain broadly 

consistent. It has been observed that the total N deposition in these ecologically sensitive zones 

will rise till 2030 and due course of action is needed to undergo long term field studies to generate 

India’s CL exceedance values for the ecologically sensitive zones of India. This will further be 

useful for monitoring the sensitive species in these zones and preserving the biodiversity of the 

country.

Furthermore, considering the 2030 predictions, there is a need to conduct long-term experimental 

research on how N deposition alters biodiversity in these ecologically sensitive areas. This work 

urges to establish a range of critical load thresholds for the various vulnerable species through the 

long-term N deposition studies.

Discussion

The current work focuses on assessing the impact of using a newly developed ammonia emission 

inventory based on actual activity statistics and the future trajectories of N deposition across 

various NPs in India. Despite the inherent uncertainties, the newly developed ammonia emission 

inventory demonstrates an improved performance and yields robust spatial patterns of N 

deposition. This underscores the need for generating region and ecosystem specific CL values for 

India.
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Under the FES-2030 scenario, a substantial increase in N deposition is projected for several NPs, 

along with a rise in the number of NPs exceeding CL thresholds prescribed for ecosystems in 

China, Europe and USA. These exceedances suggest severe and ecosystem-specific ecological 

implications. Alpine, mangrove, and desert ecosystems are identified as being at risk, with 

projected nitrogen (N) loads likely to drive biodiversity shifts, soil acidification, the proliferation 

of invasive species, and fundamental alterations in biogeochemical cycles, including a potential 

weakening of the carbon sink capacity of mangroves. Although evergreen forests currently exhibit 

lower CL exceedances due to their higher nitrogen tolerance, the large relative increases in 

deposition (up to 124%) warrant immediate attention. The absence of region-specific and species-

specific CL values further complicates impact assessments and necessitates reliance on 

international benchmarks. As these CL values vary substantially (~ threefold between USA and 

China) across the same ecosystem type. This could be due to the differences in the soil type, 

climatic conditions and species composition. Our reliance on USA, China and Europe benchmarks 

states that the reported exceedances are to be considered qualitative indicators rather than the 

quantitative thresholds. For Indian ecosystems the CL values for the dry desert and the N sensitive 

Himalayan alpine could be lower or higher than the nitrogen deposition CL values prescribed by 

USA, China and Europe. But this limitation amplifies the urgent necessity of developing India’s 

own ecosystem specific CL values through long-term N deposition field experiments in these 

ecologically sensitive zones. Beyond these direct terrestrial impacts, atmospheric N deposition 

also poses an indirect threat to surface water bodies within and downstream of protected areas. 

Feng et al. (2024) [76] demonstrated that 77–99% of N inputs to rivers from atmospheric N 

deposition occur not through its direct deposition onto water surfaces, but through the transport of 

deposited N from terrestrial landscapes into aquatic ecosystems. This indirect pathway 

significantly contributed to eutrophication in Chinese river basins, particularly as agricultural NH3 

emissions became the dominant source of total N deposition. For India's protected wetlands and 

lakes including Ramsar sites such as Chilika Lake, Keoladeo National Park, and Loktak Lake a 

similar process is likely to take place. Atmospheric N deposition onto surrounding forest, 

grassland, or agricultural land can be leached or eroded into these water bodies, exacerbating 

eutrophication, algal blooms, and hypoxia even when direct deposition onto the water surface is 

modest. Given that several Indian protected areas already face nutrient pollution pressures, 
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ignoring this indirect pathway risks substantially underestimating the full ecological footprint of 

N deposition on aquatic biodiversity and water quality.

The findings therefore serve as an urgent call to action. To effectively preserve these ecologically 

sensitive regions, India must prioritize the development of nationally relevant critical load 

exceedance standards through long-term field observations and ecosystem-level studies. This is a 

crucial prerequisite for reliable ecological monitoring, protection of sensitive species from the 

escalating threat of nitrogen deposition. However, reducing nitrogen deposition itself particularly 

the agricultural NH3 emissions that drive much of the threat requires practical, scalable 

intervention strategies. A demonstration square approach was successfully implemented in North 

China Plain to mitigate cropland NH3 emissions while maintaining high cereal production. In 

Quzhou County, this coordinated campaign involving government, researchers, businesses, and 

smallholder farmers achieved a 49% and 39% reduction in the amount of NH3 gas lost from 

fertilizer applied to fields of wheat and maize, respectively, with concurrent increase in nitrogen-

use efficiency (percentage of applied nitrogen fertilizer that is actually taken up by the crop) by 

28–40% and farmers profitability by 19–25%, and a 40% reduction in the atmospheric NH3 

concentration at the county scale [77]. This approach demonstrated feasibility of source-level NH3 

mitigation at meaningful scales and also, a replicable blueprint: coordinated, multi-stakeholder 

intervention at the county level can achieve large NH3 reductions without compromising food 

production or farmer livelihoods. For India, where agricultural NH3 emissions constitute a 

substantial fraction of total N deposition, reducing emissions from upwind agricultural districts in 

states such as Punjab, Haryana, Uttar Pradesh, Andhra Pradesh would, by mass balance principles, 

lower NHₓ deposition to downwind national parks, wetlands, and alpine zones. Such an integrated 

approach combining source mitigation with ecological monitoring offers a concrete pathway 

toward reducing the nitrogen deposition threats projected under our FES-2030 scenario. As a result 

for India, future research should couple demonstration-square emission reductions with chemical 

transport models (WRF-Chem) to estimate the source-receptor relationship between agricultural 

districts and specific national parks as an essential step before scaling such interventions for 

ecosystem protection.

Methods
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Emissions

Anthropogenic NH₃ emissions are obtained from a newly developed bottom-up inventory 

produced under the South Asian Nitrogen Hub (SANH) [53], Global HCl emissions are taken from 

the dataset provided by Zhang et al, 2022 [78]. Emissions of Non-Methane Volatile Organic 

Compounds (NMVOCs), particulate matter (PM2.5 and PM10), organic carbon (OC), black carbon 

(BC), carbon monoxide (CO), NOx, and SO2 at 0.32° × 0.32° spatial resolution are adopted from 

the SMoG-India V1 2015 emissions inventory [31,79], while the remaining emissions are adopted 

from EDGARv6 [80]. To assess projected changes in nitrogen deposition, a Future Emission 

Scenario simulation for the year 2030 (FES-2030) is performed by increasing NH3 and NOx 

emissions by 1.6% and 33% respectively, while maintaining the same model physics and chemistry 

configuration. These emission adjustments are based on the ECLIPSE V4 scenario [70,81]for 

India, which incorporates FAO agricultural projections [71] and IEA energy outlooks [82] to 

represent future conditions. SI-Table S5 shows the NH3 and NOx contribution from various 

emissions sectors over India for BS-2015 and FES-2030 scenarios. Figure5 shows the total NH3 

over the simulation domain with total NH3 emissions of 6.7 Tg a-1 over India.
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Figure5: Total NH₃ emissions over India (tonnes yr⁻¹) and the computational domain employed in WRF-Chem 

simulations at a resolution of 0.32° × 0.32° for the year 2015.

Biogenic emissions are calculated online using the Model of Emissions of Gases and Aerosols 

from Nature (MEGAN v2.1) [83]. Mineral dust emissions are represented using the GOCART 

dust emission scheme coupled with the MOSAIC aerosol module [84]. Emissions from open 

biomass burning are taken from the Fire INventory from NCAR (FINNv1.5), and the daily 

emission fluxes are vertically distributed within the model using the plume-rise parameterization 

of Freitas et al. (2007) [85]. Chemical initial and lateral boundary conditions are provided by global 

MOZART-4 simulations, whereas meteorological initial and boundary conditions are obtained 

from the fifth-generation ECMWF atmospheric reanalysis (ERA5) dataset at 6-hourly intervals. 

To limit the buildup of meteorological uncertainties, the model is reinitialized every five days, 

while chemical fields are continuously carried forward across consecutive simulation cycles. This 

configuration represents the Baseline Simulation for the year 2015 (BS-2015).

Model details

We employ the Weather Research and Forecasting model coupled with chemistry (WRF-Chem, 

version 4.2.2), which incorporates detailed HCl (hydrogen chloride) and reactive chlorine (Cl) 

chemistry, important for accurately representing atmospheric processes over India [14]. The 

chemical mechanism applied here improves the representation of gas-to-particle conversion 

processes. WRF-Chem enables a fully coupled treatment of emissions, transport, dry and wet 

deposition, photolysis, radiation, turbulent mixing, and chemical transformation of gases and 

aerosols in conjunction with meteorological fields [86,87]. Dry deposition is calculated using the 

resistance-in-series scheme [88], while wet deposition includes both in-cloud (rainout) and below-

cloud (washout) scavenging processes for gases and aerosols [89,90]. The simulations are 

performed at a horizontal grid spacing of 0.32° × 0.32° over the domain 0–45°N and 50–110°E, 

as illustrated in Figure5. A total of 47 vertical levels are employed, with the model top located at 

10 hPa. The physical parameterization schemes applied in this study are listed in SI-Table S6.

The gas-phase chemical reactions in the model are represented using the Model for Ozone and 

Related Chemical Tracers (MOZART-4) mechanism [91,92]. The aerosol processes implemented 

within the model is the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) [93] 
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with four size-resolved bins, such that particle formation, growth, and removal were simulated via 

nucleation, condensation, coagulation, and dry and wet deposition, along with aerosol-phase [14].

Satellite datasets

Ammonia total column densities (molecules cm-2) are derived from the Level-2 IASI METOP-B 

product, while tropospheric NO2 column densities are obtained from the Level-3 daily gridded 

OMI product available through the NASA Giovanni portal and averaged over the January–August 

2015 period [55,94,95]. For NH3, only morning overpasses (AMPM = 0) satisfying the 

recommended quality criteria (prefilter = 1, postfilter = 1, and cloud coverage <10%) are used. 

The filtered NH3 retrievals are regridded to a 0.3° × 0.3° spatial resolution [82]. Satellite 

observations of NH3 and NO2 are used to evaluate the WRF-Chem simulations for the January–

August 2015 period. Corresponding WRF-Chem column densities are calculated by vertically 

integrating the simulated mixing ratios over the model layers using pressure thickness and are 

subsequently averaged over the same period. Model performance is evaluated using the correlation 

coefficient and NMB.

N deposition estimation

The simulated depositions composes of a broad suite of N compounds, including reduced N (RDN 

or NHx = NH3 + NH4
+) and oxidized N (OXY or NOy), which comprise of NO, NO2, Nitric acid 

(HNO3), peroxynitric acid (HNO4), and NO3 radicals. NH3 and its particulate counterpart NH4
+ 

are explicitly treated, enabling the evaluation of gas-to-particle partitioning processes [67,96]. The 

oxidized N species NO, NO2, HNO3, HNO4, and NO3 are critical for secondary aerosol formation 

and atmospheric oxidation capacity. The total N deposition estimated is the sum of all the Nr 

species (NOy + NHx).

Critical Load exceedance for various ecosystems

The CL values for ecosystems like alpine/sub-alpine/tundra, desert, mangroves/wetlands, 

evergreen, semi-evergreen, tropical/subtropical forests, deciduous forests have been estimated by 

performing long term experiments and documented well in China [19], Europe [68] and USA [20]. 

The detailed review about the various CL studies carried out in China, Europe and USA for the 
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various ecosystem type and the behaviours of sensitive species is tabulated in Shende et al. (2026) 

[32].

Table1: CL values (kg-N ha-1 a-1) prescribed by various China, Europe and USA.

      Critical load exceedance        
   (kg-N/ha/a)Type of ecosystem

China[19] Europe[21] USA[20]
Alpine or Sub-Alpine 15 -30 5-15 4-10

Desert 15  3 - 8.4
Mangrove   10 - 15

 4 - 7 (Lichens)
Evergreen / Semi-evergreen 30 - 70

 15 (mixed forest)

Tropical or sub-tropical deciduous 30 - 70  15

the orange colour blank cells represent that the CL values for the particular ecosystem is not available by that country

The CL values across China, Europe and USA reveals a significant variations due to the ecosystem 

sensitivity, atmospheric conditions and the methodological approaches [69]. For alpine/sub-

alpine/tundra ecosystems, are vulnerable due to lower N retention rates and shorter growing 

seasons with CL ranging from 4 kg-N ha-1 a-1 - 10 kg-N ha-1 a-1 in USA, 5 kg-N ha-1 a-1 – 15 kg-N 

ha-1 a-1 in Europe and 15 kg-N ha-1 a-1 – 30 kg-N ha-1 a-1 in China. Desert/arid ecosystems 

demonstrate higher regional differentiation with N loading and the CL values defined by USA [3 

kg-N ha-1 a-1 – 8.4 kg-N ha-1 a-1] and China [15 kg-N ha-1 a-1]. The lower CL (for example : the 

study performed at Joshua Tree NP, USA) values reflects the sensitivity of these N-limiting area 

where any N deposition can trigger the growth of invasive species and alter the biodiversity with-

in the region [97,98]. For the forest ecosystems like deciduous and evergreen China reported 

higher CL [30 kg-N ha-1 a-1 - 70 kg-N ha-1 a-1] than USA [15 kg-N ha-1 a-1] . The CL varies with 

respect to the behaviours of the sensitive species to the specific N dose [20,99]. The sensitive 

species like lichens in the evergreen forests of USA had a tolerance limit of 4 kg-N ha-1 a-1 - 7 kg-

N ha-1 a-1 whereas mixed forest had CL of 15 kg-N ha-1 a-1 [20]. A change or replacement in the 

community composition [19] is commonly observed in evergreen ecosystems along with NO3
- 

leaching [20]. The mangrove ecosystem usually responses with increase in the grass cover and rise 

in the mycorrhizal fungi community with-in the region. The CL defined for this sensitive zone is 
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10 kg-N ha-1 a-1 - 15 kg-N ha-1 a-1 for the coastal scrubs of Mediterranean California, USA. In the 

present study, we have critically reviewed the CL values for individual ecosystems and have taken 

them into consideration as was earlier performed in Shende et al. (2026) [32]. A proper 

consideration of the natural climatic conditions like altitude, temperature and precipitation in these 

ecosystems from different countries is also taken into account for comparing the CL values for the 

Indian NPs [32]. Currently we have not taken the soil characteristics and ecosystem processes into 

consideration as it would go beyond the scope of the present work. Irrespective of this, the study 

draws focuses on the potential requirement of the long-term assessment of the N loading and 

understand the N budget and its deposition processes with-in the sensitive zones of India [32,43]. 

Table1 presents the range of CL exceedance defined by these three countries and will be 

considered in the present study.

Data availability: The datasets generated during and/or analysed during the study are available in 

the Supporting Information (SI). Satellite data for NH3 is available at https://iasi.aeris-data.fr/nh3/ 

while NOX is available at https://giovanni.gsfc.nasa.gov/giovanni/. The model output data 

generated and/or analyzed during the current study are available from the corresponding author 

upon reasonable request.
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Figure legends

Figure1: Comparison of model results with ground-based observations reported in studies 
conducted across India.

Figure2: Comparison of simulated and satellite-derived total (a) NH3 and (b) NO2 column 
(molecules cm2) over India.

Figure3: Spatial oxidized, reduced and total N deposition for the BS-2015 and FES-2030 over 
India.

Figure4: Total N deposition (kg-N ha-1 a-1) in ecologically sensitive zones of India under the BS- 

2015 (blue colour bar) and FES-2030 (red colour bar) containing the minimum and the maximum 

total N deposition for specific ecosystems of India along with the NP name. The background blue 

colour represents the USA CL limits, green (in the alpine region) represents the Europe CL limits 

and the red colour band is the China CL limits.

Figure5: Total NH₃ emissions over India (tonnes yr⁻¹) and the computational domain employed 

in WRF-Chem simulations at a resolution of 0.32° × 0.32° for the year 2015.

Tables

Table1: CL values (kg-N ha-1 a-1) prescribed by various China, Europe and USA.

      Critical load exceedance        
   (kg-N/ha/a)Type of ecosystem

China[19] Europe[21] USA[20]
Alpine or Sub-Alpine 15 -30 5-15 4-10

Desert 15  3 - 8.4
Mangrove   10 - 15

 4 - 7 (Lichens)
Evergreen / Semi-evergreen 30 - 70

 15 (mixed forest)

Tropical or sub-tropical deciduous 30 - 70  15

the orange colour blank cells represent that the CL values for the particular ecosystem is not available by that country
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