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Abstract
This study investigates the atmospheric impacts of the Baghjan oil well blowout in Assam, Northeast India, which occurred 
on 27 May 2020 and triggered a sustained fire from 9 June, lasting over five months. The incident caused significant air 
quality deterioration, disrupted atmospheric composition, and affected ecosystem stability. This is the first comprehensive 
study that combines satellite observations during the period from May 2020 to December 2020 with high-resolution 
WRF-Chem simulations to evaluate the atmospheric and ecological impacts of the Baghjan blowout. The analysis utilized 
MODIS, TROPOMI, ERA5, and IMDAA datasets, along with the WRF-Chem model (version 4.0), configured with a 
30  km parent and 10  km nested domain and 33 vertical levels to simulate chemical species. This integrative approach 
allowed simulation of pollutant dispersion, chemical transformation, and ecosystem response. IMDAA data showed rain-
fall variability, with monsoon rains briefly reducing pollutants, while ERA5 wind fields revealed dominant westward 
and south westward dispersion. MODIS Fire Radiative Power peaked on 9 June 2020, indicating intense fire activity. 
NDVI and EVI values declined significantly (NDVI ~ 0.25; EVI dropped 25–30%), reflecting vegetation loss. TROPOMI 
data recorded increased methane levels (~ 2000 ppbv). WRF-Chem simulations captured vertical transport and episodic 
peaks of CH4, PAN, ozone, and formaldehyde, suggesting active photochemistry. The presence of PAN, propylene, and 
propane further degraded air quality, posing health risks. Modeled near-surface methane (CH4) concentrations peaked 
at 1.854 ppm, while peroxyacetyl nitrate (PAN) reached 0.920 ppm during the simulation period. On 9 June 2020, both 
the model simulation and TROPOMI CH4 observations exhibited comparable surface methane concentrations, ranging 
approximately from 1.8 to 2.0 ppmv. The study highlights severe impacts on air quality, vegetation, and greenhouse gas 
emissions. It underscores the need for improved environmental monitoring, disaster preparedness, and policy intervention 
in environmentally sensitive regions.
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Introduction

The complex interactions between atmospheric processes 
and human activities play a crucial role in driving environ-
mental and climate changes. One significant consequence 
of these interactions is the occurrence of gas blowouts and 
oil spills, both of which pose severe environmental risks. 
The increasing global demand for crude oil and natural 
gas has raised concerns about the extraction process. One 
major risk is blowouts, sudden and uncontrolled releases of 
hydrocarbons during drilling operations. These incidents, 
often caused by inadequate well-control practices, human 
error, or unforeseen natural factors, can lead to catastrophic 
consequences for ecosystems and human health (Smith et 
al., 2021). Additionally, the discharge of produced water 
(PW), containing contaminants such as suspended solids, 
inorganic salts, soluble and non-soluble hydrocarbons, and 
synthetic chemicals, aggravates environmental damage, 
particularly to aquatic life and submerged ecosystems (Joye 
et al., 2011). Global records indicate that over four million 
onshore hydrocarbon wells have been drilled, with integ-
rity failure rates ranging from 1.9% to 75% depending on 
region, well age, and design (Davies et al., 2014).

The Baghjan blowout exemplifies such well failure in 
the Indian context, highlighting the urgent need for strin-
gent monitoring, maintenance, and regulatory oversight 
to prevent similar ecological disturbances. The total dis-
charge of hydrocarbons during a gas blowout event is 
indeed critical as it directly influences the magnitude of 
environmental, ecological, and health consequences. Forest 
fires, cropland burning, and grassland combustion during 
a blowout release particulate matter (PM), including black 
carbon (BC), which contributes to atmospheric warming. 
Simultaneously, natural gas emissions, primarily methane 
(CH₄) and other hydrocarbons, significantly impact climate 
dynamics. Methane, a potent GHG, oxidizes in the atmo-
sphere to form carbon dioxide (CO₂), further intensifying 
global warming. Multisatellite remote sensing has proven 
effective in quantifying methane emissions from oil and gas 
blowouts, as shown by the Eagle Ford Shale event, where 
emissions were measured ten times over a 20-day period 
(Cusworth et al., 2021). Higher alkanes and volatile organic 
compounds (VOCs) released during blowouts play a critical 
role in photochemical processes, such as ozone (O₃) forma-
tion. Ozone acts both as a GHG and an oxidizing agent in 
the atmosphere, thereby influencing the lifetimes of other 
GHGs, such as CH4. The primary health risks associated 
with air pollution from blowouts include ozone, fine par-
ticulate matter (PM2.5), and carcinogenic compounds such 
as formaldehyde, acetaldehyde, 1,3-butadiene, and ben-
zene. The complex atmospheric reactions involving 4VOCs 
can also lead to the formation of secondary pollutants like 

peroxyacetyl nitrate (PAN). These pollutants, if released in 
significant quantities during blowouts, pose severe threats 
to human health (Garcia-Gonzales et al., 2019; Jacobson, 
2019; Schade & Gregg, 2022). Recent advances in remote 
sensing and geospatial data science are rapidly transform-
ing multi-disaster risk assessment and environmental moni-
toring. The integration of satellite data with traditional and 
advanced machine learning approaches has led to substan-
tial improvements in the accuracy and scalability of land 
use/land cover (LULC) mapping (Alshari & Gawali, 2021), 
flood susceptibility modeling (Al-Ruzouq et al., 2024; 
Shivhare et al., 2024), and urban subsidence detection 
(Sudha Rani Nalakurthi et al., 2024; Thakur et al., 2025). 
In agriculture, remote sensing combined with ML models 
enables systematic crop monitoring, irrigation assessment, 
and rapid cyclone-induced damage mapping through cus-
tomized vegetation indices and regression algorithms (Peña-
Arancibia et al., 2025; Shamsuzzoha et al., 2024).

One of the most notable incidents in recent years was 
the gas leak at Baghjan in the state of Assam in North-East 
India in June, 2020. Drilled by Oil India Limited in 2006, 
the well produced 80,000 cubic meters of natural gas daily. 
On May 27, 2020, an uncontrolled release of natural gas 
and petroleum particles led to a catastrophic blowout while 
performing repairs on well no. 5, causing severe air pollu-
tion and profound impacts on both the ecosystem and local 
communities (Chakravartty, 2023; Colney, 2020; Talukdar, 
2021). The blowout ignited on June 9, 2020, with the fire 
lasting over five months, destroying approximately 60–70 
hectares of land around the site, displacing nearly 9000 
people, and devastating 55% of the Dibru-Saikhowa land-
scape. The release continued for over 170 days until it was 
finally contained using a snubbing technique on November 
15, 2020 (Baruah et al., 2024). The disaster led to severe 
environmental and socio-economic damage, with signifi-
cant loss of biodiversity, including wetlands, grasslands, 
and forests, affecting both wildlife and local communities 
(Chakravartty, 2023). A recent study by Dutta and Kalita 
(2024) employed the Normalized Difference Vegetation 
Index (NDVI) to quantify vegetation loss due to the Bagh-
jan blowout, highlighting the extensive ecological damage 
caused by the incident. During the Baghjan blowout period, 
total suspended matter (TSM) levels exceeded 175 kg/m3, 
which is exceptionally high for a wetland ecosystem, indi-
cating severe ecological stress on the Maguri-Motapung 
Wetland (Arandhara et al., 2023). A report by the Wildlife 
Institute of India highlighted significant health risks faced 
by the local population in Baghjan, particularly respiratory 
difficulties caused by toxic fumes released during the intense 
blowout period (Qureshi et al., 2020). Prolonged exposure 
to hazardous chemicals during and after the disaster has had 
lasting effects on the health of those in the region. Local 
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news reports have documented the impact of Assam’s Bagh-
jan gas well blowout on lives, livelihoods, and the environ-
ment (Colney, 2020). Similar incidents have occurred in 
Assam, such as those in Dikom and Naharkatia, further 
underscoring the environmental and health risks posed by 
such events (Gogoi et al., 2007; Lahiri et al., 2016). As this 
industrial disaster led to the uncontrolled release of large 
volumes of emissions, it posed serious risks to air quality, 
altered atmospheric composition, and affected climate-rel-
evant trace gases on a regional scale. These complexities 
make it essential to use a comprehensive atmospheric model 
like the Weather Research and Forecasting model coupled 
with Chemistry (WRF-Chem) to accurately simulate the 
dispersion of pollutants, their chemical transformations, 
and interactions with local meteorological conditions. The 
WRF-Chem model has been used not only to study atmo-
spheric parameters but also to investigate monsoon-related 
cloud dynamics and aerosol-cloud interactions during 
monsoon depressions (Sarangi et al., 2015), as well as to 
conduct air quality forecasts (Georgiou et al., 2022). Kedia 
et al. (2016) showed that WRF-Chem was used to simu-
late aerosol and rainfall distributions over India during July 
2010, and the model exhibited good agreement with both 
satellite and ground-based measurements. Recently, Bharali 
et al. (2024) reported that WRF-Chem simulated relative 
humidity and fog formation over the Indo-Gangetic Plains 
of India in good agreement with observational data. Despite 
the severity of the Baghjan blowout, no previous study has 
comprehensively analyzed its atmospheric and ecological 
impacts using a combined high-resolution modeling and 
satellite-based approach. Building on earlier approaches, 
this work uniquely integrates WRF-Chem simulations with 
multi-sensor satellite datasets to assess both atmospheric 
and ecological impacts of the Baghjan gas blowout in 
Northeast India.

In the present study, we aim to find the gas emission 
levels during the Baghjan gas blowout and its impact on 
vegetation and the environment. The meteorological condi-
tions in the Baghjan region, which significantly influence 
the dispersion, transport, and deposition of pollutants is also 
investigated. In this study, the WRF-Chem model (Grell et 
al., 2005; Powers et al., 2017) is used to assess the disper-
sion of pollutants and hydrocarbons released during a gas 
blowout event, analysing the height-time intensity of CH4, 
Peroxyacetyl nitrate (PAN), C₃H₈, C₃H₆, O3, HCHO and 
Benzene over the affected area. Furthermore, satellite data 
are used to explore the changes in vegetation cover and to 
determine the extent of environmental degradation over 
time. This approach provides a detailed understanding of 
the blowout's impacts on the local ecosystem and air quality 
over Baghjan. This is the first study to integrate WRF-Chem 
simulations with MODIS (Moderate Resolution Imaging 

Spectroradiometer), TROPOMI (Tropospheric Monitoring 
Instrument), ERA5 (Fifth generation ECMWF atmospheric 
reanalysis), and IMDAA (Indian Monsoon Data Assimila-
tion and Analysis) datasets to assess both chemical disper-
sion and ecological response following a gas well blowout 
in Northeast India.

Materials and Methods

This study employs a comprehensive methodological 
approach combining satellite remote sensing, meteorologi-
cal reanalysis, and chemical transport modeling to evaluate 
the environmental consequences of the 2020 Baghjan gas 
blowout. Specifically, IMDAA and ERA5 reanalysis data-
sets are used to examine prevailing meteorological condi-
tions during the event. Satellite products from MODIS and 
TROPOMI are analyzed to assess vegetation health, fire 
intensity, and atmospheric methane concentrations. Addi-
tionally, WRF-Chem model simulations are conducted to 
investigate the dispersion and vertical transport of pollut-
ants released during the blowout. Together, these methods 
provide an integrated understanding of the incident’s impact 
on air quality, atmospheric chemistry, and local ecosystems.

Study Region: Baghjan

Baghjan, located at latitude 27.4° N and longitude 95.2° E 
in Northeastern India, experiences a humid climate with 
substantial monsoon rainfall, making it wetter than most 
parts of the country (Fig. 1). Geologically, it lies within the 
Assam-Arakan Basin, which contains hydrocarbon-rich res-
ervoirs divided into eastern, central, and western sections 
by two major fault trends, supporting oil and gas extraction 
in the region (Arandhara et al., 2023). The region is seismi-
cally active due to the presence of major tectonic features 
such as the Main Boundary Thrust, Main Frontal Thrust, 
Mishmi Thrust, Tidding Suture, Lohit, and Naga Thrust 
zones (Borgohain et al., 2016). To the North, Baghjan bor-
ders Dibru-Saikhowa National Park, an ecologically sensi-
tive area that is also part of the Indo-Burma Biodiversity 
Hotspot, highlighting its environmental importance. The 
Dibru-Saikhowa Biosphere Reserve and the Maguri-Mota-
pung wetlands, both ecologically critical zones, are located 
within 2 km of the blowout site. Most local communities 
depend on traditional livelihoods such as agriculture, fish-
ing, and weaving, making them particularly vulnerable to 
environmental disasters. According to the 2011 Census, the 
area's population stands at 4488 (Bhatta et al., 2016).
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Baghjan using MODIS-derived NDVI and EVI from 2018 
to 2022. MODIS NDVI and EVI data used in this study 
are 16-day composite products at 250 m spatial resolution. 
Only high-quality observations were retained using stan-
dard quality assurance (QA) flags to minimize cloud and 
atmospheric contamination. MODIS-derived NDVI and 
EVI data were filtered using the Collection 6 quality flags 
to exclude cloudy or low-quality pixels, following validated 
cloud detection criteria (Marchant et al., 2020). NDVI and 
EVI data were spatially averaged over the region 95.00°–
95.99°E and 27.00°–29.99°N, and monthly time series were 
generated to assess vegetation dynamics before and after 
the blowout. MODIS Aqua daily cloud fraction data, with 
a resolution of 1° × 1°, were utilized for 2020 over Baghjan. 
The Fire Information for Resource Management System 
(FIRMS) distributes near real-time active fire data from the 
MODIS aboard the Aqua and Terra satellites. MODIS fire 
data classify hotspots as 0 (vegetation fire), 1 (active vol-
cano), 2 (stationary land fire), and 3 (offshore fire) (Giglio 
et al., 2009; Jain et al., 2021; Saxena et al., 2021). For this 
study, vegetation fire radiative power from MODIS for the 
blowout year 2020 was investigated. Vegetation fire was 
selected by considering only fires flagged as type 0. Vegeta-
tion fires data with nominal to high confidence level were 
used for the study. Low-confidence fires which have confi-
dence level less than 30% were eliminated from the data set 
(Giglio et al., 2018). FIRMS Fire Radiative Power (FRP) 
datasets (1 km × 1 km), were used to detect fires in Bagh-
jan from May 2020 to December 2020. FRP values were 
extracted from the nearest MODIS grid point to the well 
location to monitor fire intensity during the incident. Cloud 

Meteorological Data

Indian Monsoon Data Assimilation and Analysis (IMDAA) 
is the first high-resolution (~ 12  km) regional reanalysis 
designed to enhance understanding of Indian monsoon vari-
ability. It captured the fine-scale features associated with 
a notable heavy rainfall episode over a complex terrain 
region (Rani et al., 2021). IMDAA reanalysis data are used 
to study the temporal variation of daily accumulated pre-
cipitation over Baghjan in 2020. ERA5, the fifth-generation 
atmospheric reanalysis produced by the European Centre 
for Medium-Range Weather Forecasts (ECMWF), offers 
hourly estimates of global climate variables with enhanced 
accuracy and resolution. ERA5 employs advanced 4D-Var 
data assimilation for accurate estimates of temperature, 
wind, humidity, and ocean wave heights (Hersbach et al., 
2020) with a 31 km resolution and hourly outputs. To gen-
erate wind roses over Baghjan, wind data from the ERA5 
reanalysis for the year 2020 were used. The wind vectors 
were extracted from the nearest grid point to the well loca-
tion at 27.6002°N, 95.4018°E, which corresponds to the site 
of the gas blowout.

Remote Sensing Data

The Moderate Resolution Imaging Spectroradiometer 
(MODIS), aboard NASA's Terra satellite since 1999, pro-
vides near-daily global data across 36 spectral bands for 
Earth monitoring. It produces key land products like sur-
face reflectance, vegetation indices, land cover maps, etc. 
This study assessed the blowout's impact on vegetation in 

Fig. 1  Map of the study location of Baghjan showing the blowout that caught fire on 9th June 2020. Photo curtesy: Web
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Model Configuration

In this study, we have used the WRF-Chem (version 4.0), 
model at a spatial resolution of 30 km parent (10 km, nested) 
domain with 33 vertical levels to simulate the chemical spe-
cies over Baghjan. The simulation domain is defined on 
the Mercator projection and is centred at 27.4°N, 95.2° E 
with 60 × 60 with parent domain 91 × 91 nested domain grid 
points in the east–west and north–south directions, respec-
tively (Figure S1; see supplementary file). The WRF pre-
processing was carried out using the WRF Preprocessing 
system (WPS) version 3.7.1, which generated the necessary 
meteorological input files using Global Forecast System 
Final Analysis (GFS FNL) and Goddard Earth Observing 
System (GEOS) datasets (​h​t​t​p​​:​/​/​​r​d​a​.​​u​c​​a​r​.​​e​d​u​/​​d​a​t​​a​s​e​​t​s​/​d​s​0​8​3​
.​2​/) with a spatial resolution of 1°, available every 6 h, to 
provide the initial and boundary conditions for the meteoro-
logical fields. These outputs, along with CAM-Chem chem-
ical initial and boundary conditions, were integrated into 
the WRF-Chem model to simulate the blowout event. The 
data model integration and software are depicted in Fig. 2. 
The model was run for a duration of 30 days from 1st-30th 
June, 2020, out of which the first 4 days were discarded as 
spin-up, and outputs from 5th-30th June 2020 were used for 
analysis. The 30 km parent and 10 km nested domain resolu-
tion was selected to provide sufficient spatial detail over the 
Baghjan region while maintaining computational efficiency. 
The simulation period of June 2020 was chosen to capture 
the blowout onset, peak fire activity. The model outputs 
were post-processed using the NCAR Command Language 
(NCL), developed by the National Center for Atmospheric 
Research (NCAR), for further analysis and visualization.

Biogenic emissions of trace species are calculated online 
using the Model of Emissions of Gases and Aerosols from 
Nature (MEGAN). Anthropogenic emissions are taken from 
the Emissions Database for Global Atmospheric Research 
(EDGAR) 2011. Emissions from biomass burning are 
provided to the model via the Fire Inventory from NCAR 
version-1(FINNv2.5). Parameterizations used in this model 
for the study are provided in Table  1. The anthropogenic 
emission inventory EDGAR 2011 uses a methodology com-
bining emission factors with technology data from organisa-
tions like the Food and Agriculture Organisation (FAO) and 
the International Energy Agency (IEA) with activity data 
specific to each country like fuel consumption (Mogno & 
Marvin, 2022). Emissions are at 0.1° × 0.1° spatial resolu-
tion using a geographical data set of spatial proxies, includ-
ing locations of energy and manufacturing facilities, road 
networks, shipping routes, population density, and agricul-
tural land use (Crippa et al., 2018; Muntean et al., 2018). 
Global landcover data such as Leaf Area Index (LAI) and 
Plant Functional Types (PFTs), along with emission factors, 

cover is an important factor that may normally impact the 
availability of atmospheric composition data over a location. 
MODIS Aqua daily cloud fraction data at (1◦ × 1◦) resolution 
were used for the year 2020 over Baghjan. The Coperni-
cus, Sentinel-5P mission, with the TROPOMI instrument, 
provides atmospheric monitoring and has delivered Level 
2 data on gases like ozone, SO₂, NO₂, CO, formaldehyde, 
CH4, and aerosols since April 2018. TROPOMI measure-
ments were filtered to exclude cloudy scenes and high aero-
sol content, following the quality criteria outlined by Hu et 
al. (2018). CH4 column data for Baghjan (2018–2022) was 
obtained from the Sentinel Open Access Hub. These values 
were also spatially averaged over the same 95.00°–95.99°E 
and 27.00°–29.99°N region, and plotted as a time series to 
examine blowout-phase enhancements relative to previous 
years. CH₄ leaks are hard to detect as they are colorless and 
odorless, but satellite and airborne sensors have proven 
effective, as seen in the Aliso Canyon leak (Thompson et al., 
2016). MODIS NDVI, EVI, cloud fraction, and FRP data 
are freely available from NASA sources, with NDVI, EVI, 
and cloud data accessible via the NASA Earthdata portal, 
and FRP data through the FIRMS portal. CH₄ column data, 
derived from the Sentinel-5P TROPOMI instrument, are 
freely accessible from the Sentinel Open Access Hub.

WRF Chem Model

Model Overview

The Weather Research and Forecasting model coupled with 
Chemistry (WRF-Chem) is a powerful tool for studying 
atmospheric processes, including the quantification of emis-
sions and the simulation of specific events such as blowouts 
(Maasakkers et al., 2022). It provides users with a range of 
dynamic, physical, and chemical schemes, making it highly 
adaptable for various atmospheric studies (Grell & Frei-
tas, 2014; Skamarock et al., 2005). WRF-Chem’s chemical 
transport capability allows for the projection of pollutant 
concentrations, such as CH₄, across the simulation domain 
(Abdi-Oskouei et al., 2018; Barkley et al., 2017; Pandey 
et al., 2019). The model is capable of simulating emission, 
transport, mixing, and chemical alterations of trace gasses 
and aerosols concurrently with meteorology using differ-
ent approaches for photochemistry and aerosols (Saikia et 
al., 2019). The WRF-Chem model combines atmospheric 
chemistry with weather forecasting to simulate chemical 
components alongside typical meteorological variables. It 
includes features like dry deposition, biogenic and anthro-
pogenic emissions, and various chemical mechanisms. 
Additionally, it includes tracer transport and plume rise 
models for specific emission scenarios (Abdi-Oskouei et al., 
2018; Cusworth et al., 2021; Gogoi et al., 2017).
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are used by MEGAN v2.04's biogenic emission inventory, 
combined with meteorological inputs such as temperature 
and solar radiation from Meteorology-Chemistry Inter-
face Processor MCIP-processed models such as WRF. As 
detailed in the MEGAN documentation (Guenther et al., 
2006, 2012) and in updated user guides, these inputs drive 
estimates for biogenic volatile organic compound emissions 
spatially and temporally. FINN 2.5 (Fire Inventory from 
NCAR version 2.5), on the other hand, calculates the fire 
emission inventory. FINN 2.5 uses satellite detections of 
active fires from MODIS as well as VIIRS sensors so as to 
detect smaller fires (Wiedinmyer et al., 2023).

Results and Discussion

Prevailing Meteorology

Daily accumulated precipitation over Baghjan in 2020 was 
estimated using IMDAA reanalysis data. The temporal 
variation of daily accumulated precipitation over Baghjan 
for the year 2020, as shown in Fig.  3, reveals significant 
fluctuations in rainfall throughout the study period. Located 
in Northeast India, Baghjan experiences substantial rain-
fall, which likely contributed to the initial suppression of 
pollutants after the blowout, which occurred during the 
peak monsoon season. During the pre-event phase, rainfall 
remained relatively low, with irregular moderate precipita-
tion events. Around 133 mm of rainfall was recorded on the 

Table 1  Configuration Parameters of WRF Chem Model
Category Option
Chemical BC CAM-CHEM (Buchholz et al., 2019; 

Emmons et al., 2020)
Meteorology BC NCEP FNL
Physics
 Microphysics Morrison 2–moment Scheme (Mor-

rison et al., 2009)
 Cumulus Grell 3D Ensemble Scheme(Grell & 

Freitas, 2014)
 PBL Yonsei University Scheme (YSU) 

(Hong et al., 2006)
 Land Surface Unified Noah Land Surface Model 

(Tewari et al., 2004)
 Longwave Physics RRTM Longwave Scheme (Mlawer et 

al., 1997)
 Shortwave Physics Dudhia Shortwave Scheme (Dudhia, 

1989)
 Photolysis Madronich 
Fast-Ultraviolet–Visible 
Model (F-TUV)

Madronich fast-Ultraviolet–Visible 
Model (Madronich & Weller, 1990)

 Sf_sfclay_physics Revised MM5 scheme (Jiménez et al., 
2012)

Chemistry
 Chem_opt MOZART (Emmons et al., 2010)
 Anthropogenic emissions EDGAR 2011 (Mogno & Marvin, 

2022)
 Biogenic Emission MEGAN v2.04 (Guenther et al., 2006)
 Fire emissions FINN 2.5 (Wiedinmyer et al., 2023)
 Aerosol scheme MOSAIC (Zaveri et al., 2008)

Fig. 2  Schematic of data model integration and visualization of WRF-Chem model outputs
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in those areas (Goyal & Rama Krishna, 2002; Levy et al., 
2009).

Fire During the Oil Well Blowout

The monthly fire radiative powers (FRP) obtained from 
MODIS are plotted (Fig. 5) from May 2020 to December 
2020, covering the entire northeast India. The Baghjan fire, 
marked by a circle in Fig. 5, was absent before the event 
but became visible afterward. In May 2020, FRP values 
were relatively low, with scattered fire occurrences in the 
region. However, in June 2020, a significant rise in FRP was 
observed near Baghjan, marking the onset of the fire event, 
with radiative power reaching its peak intensity on 9th June, 
when the leak caught fire. In the subsequent months, FRP 
values declined, with only sporadic fire detections, indi-
cating a reduction in fire intensity. Thus, higher values of 
FRP observed in June 2020 decreased till November and 
disappeared in December 2020. The fire activities in May 
and October-December in the other parts are common in 
the region due to small-scale slash burning associated with 
plain area cultivation (Pathak et al., 2010, 2013). The tem-
poral variation of FRP and cloud cover over Baghjan from 
May to November 2020 is shown in Fig. 6, which reveals 
distinct patterns of fire activity and atmospheric conditions. 
The cloud fraction (black line) remains consistently high 
(close to 1) during most of the observation period, signify-
ing persistent cloud cover. However, periodic drops in cloud 
fraction coincide with increased FRP values, indicating that 
fire activity is more detectable during clear sky conditions. 
The FRP is not detectable when the cloud fraction is higher, 
which is a discrepancy in satellite retrievals. The FRP 
(red bars) shows significant peaks during June and July, 

early leak days of the event. However, during the leak days, 
an increase in rainfall intensity was observed, which may 
have influenced the dispersion of released gas and associ-
ated pollutants. Following the onset of the fire days, rainfall 
events became more frequent and intense, with peak pre-
cipitation exceeding 154.39 mm on 11th August 2020. The 
monsoon season (June–September) experienced sustained 
high rainfall, potentially contributing to the washout of air-
borne pollutants. Post-monsoon months (October–Novem-
ber) exhibited a gradual decline in precipitation, indicating 
a transition to drier conditions. These temporal variations 
suggest that rainfall played a crucial role in modulating 
the environmental impacts of the incident. Wind data from 
ERA5 reanalysis was used to generate wind roses, analys-
ing wind direction statistics for different periods: The entire 
year 2020, Pre-event days, Leak days and fire days (Fig. 4). 
These wind roses, constructed from 10  m surface wind 
data, indicate that pollutants primarily dispersed westward 
and south-westward. A noticeable shift in wind direction 
towards the southwest (SW) and west (W) was observed 
during the leak days. The wind speeds were slightly stron-
ger, which played a role in the transport of pollutants west-
ward. The wind direction during fire days remained largely 
similar to the leak days, favouring westward transport. Dur-
ing this period, nearly 40% of the winds originated from the 
south, reinforcing the westward dispersion of gas. Over the 
year, around 19% of winds flowed from the southwest to the 
west, suggesting a dominant wind-driven pollutant transport 
in this direction. However, during the leak and fire days, the 
regions situated to the north and south of Baghjan experi-
enced notably low wind speeds, leading to limited atmo-
spheric dispersion and a deeper accumulation of pollutants 

Fig. 3  Temporal variation of daily accumulated precipitation over Baghjan for the year 2020
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indicating substantial vegetation loss likely caused by the 
gas leak and subsequent fire at the well site. Figure 8 illus-
trates the monthly variation of EVI and NDVI for the Bagh-
jan region over five years, from 2018 to 2022. A notable 
decline in NDVI values was observed in 2020, particularly 
during the monsoon season when the blowout and forest 
fire occurred, with values dropping sharply to around 0.25. 
This sharp decrease indicates extensive vegetation loss 
and possible degradation due to fire-induced disturbances. 
In contrast, during previous years, NDVI ranged between 
0.32 and 0.36, while EVI remained between 0.48 and 0.51 
in the monsoon season. There was a significant reduction 
in 2020 for both EVI and NDVI (by ~ 25–30%) compared 
to earlier years, indicating the severe impact of the disas-
ter on vegetation dynamics (Figure S2; see supplementary 
file). This decline reflects the extensive damage to the local 
ecosystem, with substantial vegetation loss caused by the 
fire and gas blowout. Beyond environmental consequences, 
the reduction in vegetation also disrupted the region’s 

corresponding to the initial phases of the fire event. A subse-
quent decline in FRP is observed in August and September, 
indicating reduced fire activity. A secondary peak in FRP 
observed at the end of October, as seen from satellite data 
and supported by personal communication, was recorded 
during the period when the Canadian snubbing unit arrived 
at the Baghjan site on October 24, 2020 (Dutta & Kalita, 
2024) to control the blowout.

Vegetation Changes

The Enhanced Vegetation Index (EVI) and Normalized 
Difference Vegetation Index (NDVI) are essential for eval-
uating the impact of disturbances like the Baghjan blow-
out on vegetation (Kodimalar et al., 2020; Sarmah et al., 
2018). Figure  7 presents the spatial distribution of NDVI 
throughout 2020, highlighting a significant decline in NDVI 
values between June 25 and July 11. During this period, 
NDVI dropped sharply to a range of approximately 0.0–0.2, 

Fig. 4  Wind rose plot of 10 m surface wind speed over Baghjan
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Fig. 6  Temporal variation of FRP and cloud cover represented in terms of cloud fraction over Baghjan from May to November 2020

 

Fig. 5  Monthly FRP over North-East 
India, including Baghjan, from May 
2020 to December 2020
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Fig. 8  Monthly variation of NDVI and EVI from 2018 to 2021 over Baghjan

 

Fig. 7  Spatial variation of NDVI over the Baghjan region during 2020
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ensure reliability; under clear-sky conditions, the typical 
uncertainty remains within 1.5–2.5%, supporting confi-
dence in the observed ~ 2000 ppbv peaks. Compared to pre-
vious years, a higher level of methane was detected during 
the gas leak period. In winter, methane contributions from 
crop-burning activities may overlap; however, the elevated 
levels detected during the fire days indicate blowout-related 
emissions over the study location. The spatial distribution of 
CH4 concentrations during the Baghjan gas blowout event is 
shown in Fig. 10, which also reveals significant emissions in 
the affected region. Before the blowout, CH4 concentrations 
were relatively low, with localized enhancements. How-
ever, post-blowout, there is a substantial increase in CH4 
levels, as indicated by the higher concentrations spread-
ing across a wider area. The CH4 plumes observed in the 
later months suggest a persistent release of gas with fluc-
tuations in concentration and spatial coverage. The highest 
CH4 levels appear in specific regions close to the blowout 
site, gradually dispersing over time. This trend highlights 
the prolonged impact of the blowout on atmospheric CH₄ 
levels, necessitating further assessment of its environmental 
and climatic implications.

Due to the unavailability of ground-based measurements 
from the locations of interest and also the limitation of the 
satellite retrievals due to the cloud contamination, it is per-
tinent to use a climate model to simulate the atmospheric 
composition at a point of spatial and temporal interest. As 
such, we have incorporated the WRF-Chem model to simu-
late hydrocarbons associated with the blowout. Figure  11 
highlights the vertical profile of gases and compounds over 
the simulation period. Figure  11a presents the high-time-
intensity (HTI) plots of methane, indicate significant vertical 

economy and livelihoods, leading to crop losses and broader 
socio-economic instability in the affected area (Milesi et 
al., 2010). However, a gradual recovery is observed from 
August onward, suggesting post-fire regrowth and ecosys-
tem restoration. The patterns confirm that the fire event had 
a temporary but substantial effect on vegetation dynamics, 
as captured by satellite-derived indices.

Alteration of Atmospheric Composition

Blowouts represent a significant source of global GHG 
emissions. Hydrocarbons like CH4, one of the most potent 
GHGs, are among the major emissions released during a 
blowout (Cusworth et al., 2021; Maasakkers et al., 2022; 
Pandey et al., 2019; Schout et al., 2018). The loss at oil and 
gas wells, such as blowouts, can result in CH4 emissions 
that are challenging to quantify from the surface. Sentinel-2 
imagery, combined with a calibrated algorithm, has recently 
been shown to detect and quantify methane emissions from 
oil and gas sites (Zhang et al., 2022). Using TROPOMI data, 
a five-year record of CH4 column volume mixing ratios 
over the blowout area has been analysed. The CH4 levels 
remained relatively low during the monsoon period in 2018 
and 2019, with irregular spikes. However, in 2020, a sig-
nificant increase in methane concentrations was observed, 
with frequent high-intensity peaks, likely associated with 
the fire event. Irrespective of the satellite data gaps that 
occurred during the monsoon period, CH4 levels of 1900–
2000 ppbv were observed (Fig. 9) at the later stage of the 
fire period. TROPOMI CH4 retrievals, processed through 
HARP (HARmonized Atmospheric Retrieval Processing), 
were filtered using qa_value > 0.5 (Gouw et  al., 2020) to 

Fig. 9  Temporal variation of Methane (CH4) concentrations from 2018 to 2022 over Baghjan
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likely contributed to the observed EVI loss during this 
period. Other significant hydrocarbons emitted during the 
blowout, as reported by the Central Pollution Control Board 
(CPCB) (Baruah et al., 2024), include propylene and pro-
pane. Both propylene and propane concentrations were sig-
nificantly higher following the initiation of the fire (Fig. 11c, 
d). These VOCs remain concentrated near the surface, with 
propylene depleting rapidly due to its reactivity, while pro-
pane persists longer. Their episodic peaks suggest fluctua-
tions in emissions and oxidation processes. A noticeable 
increase in O3 and formaldehyde (HCHO) concentrations 
was observed between June 9 and June 14, 2020, as shown 
in Fig.  11e and f, respectively. O3 formation is driven by 
NOX and VOC, with peaks at different altitudes due to pho-
tochemical production and transport. A secondary pollutant 

mixing to upper atmospheric levels after the fire ignited at 
the well. High concentrations of CH₄ are observed near the 
surface, indicating strong emissions from the blowout. Lim-
ited vertical mixing suggests stable atmospheric conditions, 
with occasional upward transport linked to boundary layer 
dynamics. Notably, on 9 June 2020, when an overlap exists 
between the model simulation and TROPOMI CH4 obser-
vations (Fig. 10), both show similar surface concentrations 
in the range of approximately 1.8 to 2.0 ppmv, affirming 
the consistency between modeled and satellite-detected 
methane levels. Similarly, the PAN time series during the 
event reveals a notable increase as the blowout progressed 
(Fig.  11). PAN forms through photochemical reactions of 
VOCs and NOₓ, showing peaks at varying altitudes. PAN's 
impact on vegetation is severe (Sun & Huang, 1995) and 

Fig. 10  The spatial distribution of methane (CH4) during the Baghjan’s oil well fire event
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Fig. 11  WRF chem simulated a Methane (CH4), b Peroxyacetyl nitrate (PAN), c Propylene(C3H8), d Propane(C3H6), e Ozone (O3) and Formalde-
hyde (HCHO) over the blowout area of Baghjan
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Specifically, NDVI values declined from approximately 0.6 
to as low as 0.1 during the blowout period, indicating severe 
vegetation stress near the well site. Additionally, both WRF-
Chem simulations and TROPOMI observations showed sur-
face methane concentrations in the range of ~ 1.8–2.0 ppmv 
(~ 1800–2000 ppbv) during the peak fire days, highlighting 
a substantial enhancement compared to background lev-
els. However, the study is not without limitations, includ-
ing retrieval gaps during the monsoon due to cloud cover, 
the absence of ground-based validation data, and resolu-
tion constraints in the model simulations, which should be 
addressed in future investigations. The findings from this 
study underscore the urgent need for better monitoring and 
response strategies to address blowout events and mitigate 
their environmental impact. The long-term effects on air 
quality, ecosystems, and the socio-economic stability of the 
region highlight the critical importance of swift and effec-
tive intervention. Future research should focus on ground-
based validation of satellite and model outputs, long-term 
ecological monitoring to track recovery, and assessments 
of community-level health impacts to fully understand 
the broader consequences of such industrial disasters. The 
Baghjan blowout serves as a stark reminder of the risks that 
come with oil and gas extraction, emphasizing the need 
for ongoing research and stronger policies to prevent such 
disasters in the future.
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from VOC oxidation, HCHO exhibits localized peaks, indi-
cating active photochemical processes. Its fluctuations sug-
gest varying emission rates and reaction kinetics. It is also 
noted that monsoon-season variability, including frequent 
convection and wet deposition, may influence the accuracy 
of simulated pollutant dispersion and vertical transport in 
the WRF-Chem outputs. During this event period, both pol-
lutants exhibited simultaneous peaks, indicating enhanced 
photochemical activity and secondary pollutant formation 
under favourable atmospheric conditions. Such elevated 
levels of HCHO and O3 are of particular concern due to their 
combined impact on air quality and potential health risks 
during this time frame (Ebi & McGregor, 2008; Kim et al., 
2011). These elevated levels reflect the ongoing emissions 
from the blowout and further highlight the severe environ-
mental impact of the event. The increase in these hydro-
carbons, alongside CH4 and PAN, underscores the complex 
mixture of pollutants released during such incidents and 
their potential effects on air quality and vegetation. Also, 
the model capability of reproducing the presented chemical 
species is evident from the present study and is important, 
particularly over the complex terrain of northeast India.

Conclusions

The Baghjan blowout stands as a tragic reminder of the 
severe and long-lasting consequences disasters can have 
on the environment, the atmosphere, and local communi-
ties. Our study sheds light on the far-reaching impact of the 
blowout, specifically its toll on atmospheric composition, 
vegetation health, and regional air quality. Through satel-
lite imagery, meteorological data, and hydrocarbon analy-
sis, invaluable insights were obtained revealing the blowout 
released pollutants and subsequent fire to harm the environ-
ment. TROPOMI satellite data revealed alarming methane 
concentrations, peaking at 2000 ppbv during both the gas 
leak and the fire days. This underscores the massive con-
tribution of the blowout to GHGs emissions. In addition to 
methane, the release of other hydrocarbons like propylene 
and propane worsened the environmental damage, show-
ing just how complex and harmful the pollutants from such 
events can be. WRF-Chem simulations also revealed sig-
nificant vertical transport of methane and PAN, which had a 
devastating effect on local vegetation, as seen in the marked 
decline of the region's EVI and NDVI values.

A meteorological analysis indicated that the monsoon 
rains initially helped to suppress the spread of pollutants, 
but as the fire continued into the post-monsoon season, the 
wind patterns shifted, pushing pollutants south-westward. 
The relentless fire caused widespread damage to vegeta-
tion, and the recovery of the area has been slowed down. 
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