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A B S T R A C T

Satellite observations offer a unique way of monitoring the spatial distribution, vertical structure and temporal 
variation of volcanic sulfur dioxide (SO2) plumes. In this study, we use observations from the Hyperspectral 
Infrared Atmospheric Sounder (HIRAS) constellation on board China’s FengYun-3 (FY-3) meteorological satel
lites flying in three different sun-synchronous orbits, including dawn-dusk, mid-morning, and afternoon orbits. 
The constellation provides six global coverages (roughly every 4-h) each day, with equatorial overpass times at 
5:30 am/pm for FY-3E, 10:00 am/pm for FY-3F, and 2:00 am/pm for FY-3D. We retrieve SO2 total column and 
layer height from the Ruang volcanic eruptions in April 2024. The retrievals show consistency among the 
different HIRAS and are highly correlated with IASI and TROPOMI observations. The e-folding time of the 
volcanic SO2 mass is estimated to be 9.0 ± 2.8 days, which is representative of a plume in the Upper 
Troposphere-Lower Stratosphere (UTLS). Lastly, we apply the methods to the eruptions of the Russia’s Sheveluch 
volcano in November 2024 at high latitudes and show the effectiveness and high consistency among the HIRAS 
sensors in detecting the SO2 signal. This study demonstrates the capability of a global constellation of FengYun 
hyperspectral infrared sounders to monitor SO2 emissions from volcanic eruptions.

1. Introduction

Sulfur emissions from volcanic eruptions account for 7.5–10.5 % of 
global sulfur emissions annually (Halmer et al., 2002). Sulfur dioxide 
(SO2) injected into the Upper Troposphere-Lower Stratosphere (UTLS) 
from volcanic eruptions can have significant impacts on atmospheric 
chemistry and climate (Robock, 2000). The sulfuric acid aerosols from 
the oxidation of SO2 in the stratosphere can efficiently reflect solar ra
diation and affect the Earth’s energy balance for years (Robock, 2000). 
Tracking volcanic SO2 plumes provides important information for the 
study of the co-emitted volcanic ash (Prata and Kerkmann, 2007; Sellitto 
et al., 2024) and for understanding the climate impacts of volcanic 

emissions (e.g., Robock, 2000). In addition, it is also important for 
monitoring volcanic activity (Pardini et al., 2019) and for mitigating 
aviation hazards associated with volcanic sulfuric acid clouds that can 
reduce visibility and damage aircraft engines (e.g., Prata, 2009).

Satellite observations offer a unique way of tracking the spatial 
distribution, vertical structure, and temporal variation of volcanic SO2 
plumes. Nadir viewing satellites observing in the ultraviolet spectral 
region include, among others, TOMS, GOME/GOME-2, SCIAMACHY, 
OMI, and TROPOMI (e.g., Krueger et al., 1995; Rix et al., 2012; Lee 
et al., 2008; Carn et al., 2008; Queißer et al., 2019; Theys et al., 2021). In 
the infrared, these satellites include MODIS, AVHRR, TOVS, and ASTER 
(e.g., Watson et al., 2004; Prata, 1989; Prata et al., 2003; Pugnaghi et al., 
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2006), Hyperspectral infrared IR sounders: AIRS, TES, IASI, and CrIS (e. 
g., Carn et al., 2005; Clerbaux et al., 2008; Clarisse et al., 2008; Walker 
et al., 2011; Carboni et al., 2012; Hyman and Pavolonis, 2020). In 
addition, the Microwave Limb Sounder (e.g., Pumphrey et al., 2015), a 
limb sounder, and the Atmospheric Chemistry Experiment – Fourier 
Transform Spectrometer (e.g., Dodangodage et al., 2025), a solar 
occultation instrument, also measure SO2 from volcanic eruptions. All of 
the above instruments show high sensitivity to large SO2 enhancements 
from volcanic plumes. However, most of these studies focus on the 
detection of volcanic SO2 emissions from a single orbit. Here we explore 
the potential of a constellation of three hyperspectral infrared sounders 
in three different low Earth orbits to track SO2 plumes globally with high 
temporal frequency.

The Hyperspectral Infrared Atmospheric Sounder (HIRAS) in
struments on board China’s FengYun-3 (FY-3) meteorological satellites 
fly in three different sun-synchronous orbits, including dawn-dusk, mid- 
morning, and afternoon orbits, forming a low-Earth orbit constellation 
(see Fig. 1). The constellation provides six global coverages (roughly 
every 4-h) each day. As shown in Fig. 1(a), their equatorial overpass 
times are 5:30 am/pm for FY-3E, 10:00 am/pm for FY-3F, and 2:00 am/ 
pm for FY-3D. While sensors such as IASI use the mid-morning orbit and 
sensors such as TROPOMI and CrIS use the early afternoon orbit, the 
observational benefits of dawn-dusk orbit, in which FY-3E is currently 
flying (Zhang et al., 2024), has received far less investigation. The 
HIRAS sensors on board the FY-3 series have demonstrated their capa
bility to detect atmospheric compounds (e.g., Xie et al., 2023), including 
carbon monoxide (CO; Zeng, 2025), ammonia (Zhou et al., 2024), and 
volatile organic compounds (VOC; Hua et al., 2025; Liang et al., 2025). 
Recently, Li et al. (2025) conducted a series of channel selection 

experiments to detect volcanic SO₂ using FY-3E/HIRAS-II spectra based 
on brightness temperature differences. However, this study does not 
include quantitative retrievals of SO2 columns from the HIRAS spectra. 
The capability of HIRAS observations to monitor the variability of vol
canic SO₂ columns, particularly with regard to quantifying SO2 layer 
height, has not yet been evaluated.

This study aims to demonstrate, for the first time, the capability of a 
global constellation of FengYun hyperspectral infrared sounders to 
monitor volcanic SO2 plumes with a high observation frequency of 4-h 
each day. We use infrared spectra (1208.75 to 1400 cm− 1) from a 
constellation of HIRAS on board FY-3D, FY3E, and FY-3F to track SO2 
from the mid-April 2024 Ruang volcanic eruption. Intercomparisons of 
the SO2 total column and SO2 layer height with IASI and TROPOMI are 
performed. Observations from April 17 to 29, 2024 are used to estimate 
the lifetime of the atmospheric SO2 plume. In addition, we apply the 
methods to the eruptions of the Russia’s Sheveluch volcano in November 
2024 to investigate the effectiveness and consistency of the HIRAS 
sensors in detecting the SO2 signal at high latitudes. Such a Low-Earth- 
Orbit (LEO) satellite constellation is both unique and novel from the 
perspective of Earth observation. The HIRAS SO2 data, as demonstrated 
in this study, can serve as a valuable addition to the current capabilities 
for global volcanic SO2 monitoring.

The structure of this paper is as follows: Section 2 introduces the 
HIRAS instrument. The retrieval algorithms for SO2 column and layer 
height are described in Section 3. Section 4 provides the retrieval results 
and cross-comparisons with IASI and TROPOMI. Discussion and the 
conclusions are in Section 5.

Fig. 1. (a) The constellation of HIRAS on board the FengYun-3 satellite series in dawn-dusk, mid-morning, and afternoon sun-synchronous orbits; (b) Sample spectra 
from FY-3E/HIRAS-II, including short-wave, mid-wave, and long-wave wavelengths. The spectral range in green (1208.75 to 1400 cm− 1) is used in this study, which 
includes the SO2 ν3 absorption over 1300–1400 cm− 1. (c) The SO2 absorption feature for a SO2 layer at 10 km (with a thickness of 1 km) with a partial column of 1, 5 
and 10 DU. The main interference from H2O (10 % change) is also shown, as well as CH4 (2 % change) and N2O (1 % change); (d) An illustration of the constructed 
Jacobian for SO2 at different altitudes from 5 km to 25 km for every 2 km. The Jacobian is generated with a forward radiative transfer model (see Section 3). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2. Hyperspectral InfraRed atmospheric sounder (HIRAS)

The HIRAS on board the FY-3 satellite series is a Fourier Transform 
Michelson interferometer that collects upwelling infrared radiation in 
three spectral windows, i.e., the short-wave, mid-wave, and long-wave 
spectral bands (Fig. 1b). A summary of the instrumental characteris
tics for HIRAS on board FY-3D, FY-3E, and FY-3F is provided in Table I. 
The 1st generation of HIRAS on board FY-3D, hereafter referred to as FY- 
3D/HIRAS, was launched in 2017 (Wu et al., 2020). The 2nd generation 
of HIRAS on board FY-3E and FY-3F was launched in 2021 and 2023, 
respectively (Zhang P. et al., 2022, Zhang C. et al. 2022). Similar to IASI 
and CrIS, this study uses the SO2 ν3 absorption band, which is the 
strongest in the mid-infrared, to retrieve SO2 column and layer height. 
The spectral noise in this spectral region for the three HIRAS instruments 
is shown in Fig. S1. In the SO2 ν3 absorption region at 1300–1400 cm− 1, 
the averaged noise equivalent differential temperature (NEdT) of FY- 
3D/HIRAS is about 0.10 K at 280 K blackbody, better than 0.10 K for 
FY-3E/HIRAS-II, and about 0.05 K for FY-3F/HIRAS-II, indicating a 
potentially high sensitivity to SO2 from volcanic eruptions. The noise 
level over this spectral range is slightly larger than IASI (0.05 K; Clarisse 
et al., 2008) and CrIS (lower than 0.05 K; Hyman and Pavolonis, 2020). 
As shown in Table 1, FY-3D/HIRAS has slightly coarser resolution (16 
km) at nadir compared to FY-3E/HIRAS-II (14 km) and FY-3F/HIRAS-II 
(14 km). The spectral window covering the strong SO2 ν3 absorption 
(Fig. 1b) is used for the SO2 retrieval in this study, similar to the methods 
developed by Carboni et al. (2012) and the SO2 height estimation 
method by Clarisse et al. (2014). The main interfering gases are water 
vapor (H2O), nitrous oxide (N2O), and methane (CH4). Assuming a 
volcanic SO2 layer located at 10 km, the absorption features of SO2 are 
distinct from those of the interfering gases, as shown in Fig. 1(c).

3. Retrieval methods of SO2 column and layer height from 
HIRAS spectra

The workflow of the retrieval algorithms to estimate SO2 columns 
and layer heights from the HIRAS instruments on board FY-3D, FY-3E, 
and FY-3F is outlined in Fig. 2. Details on the radiative transfer model, 
the detection of volcanic SO2 (step 1), and the estimation of SO2 layer 
height (step 2) and column (step 3) are provided below.

3.1. Radiative transfer model in FY-LeoAIR

The FengYun Low Earth Orbit Atmospheric Infrared Retrieval (FY- 
LeoAIR) is adapted from the algorithm developed for the retrieval of CO, 
NH3, and HCOOH (Zeng et al., 2023a; Zeng et al., 2023b; Zeng et al., 
2024) from the Geostationary Interferometric Infrared Sounder (GIIRS) 
observations. FY-LeoAIR has been successfully applied to retrieve CO 
and VOCs (e.g., Zeng, 2025; Hua et al., 2025) from FY-3E/HIRAS-II. The 
radiative transfer model in FY-LeoAIR simulates the upwelling infrared 
radiance by summing up four components: the upward surface infrared 
radiation, the upward atmospheric infrared radiation, the surface- 
reflected component of the downward atmospheric infrared radiation, 

and the incoming solar radiation reflected by the surface (Zeng et al., 
2023a). The atmosphere in the forward radiative transfer model is 
separated into 34 layers, spaced at 1 km intervals from the surface up to 
1 hPa. In the infrared spectral region for SO2 retrieval (1300 cm− 1 to 
1400 cm− 1), molecular and aerosol scattering is very small and is 
therefore not considered. For the molecular absorption coefficients 
(ABSCO), we use the Line-By-Line Radiative Transfer Model (LBLRTM 
v12.11; Atmospheric and Environmental Research, 2025) to construct 
look-up tables under different temperatures and atmospheric pressures. 
The a priori surface and atmospheric parameters in the radiative transfer 
model are listed in Table 2. The a priori surface and atmospheric vari
ables are extracted from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) Reanalysis v5 (ERA5) (Hersbach et al., 
2020). Surface variables include surface pressure and surface skin 
temperature, while atmospheric variables comprise atmospheric tem
perature, water vapor, and ozone. For interfering gases, CO2 is extracted 
from the ECMWF-CAMS model, and a priori profiles for other interfering 
gases are taken from the LBLRTM standard atmosphere. The background 
SO2 (as shown in Fig. S2) represents the background conditions without 
volcanic contribution. The surface emissivity is extracted from the 
Global Infrared Land Surface Emissivity: UW-Madison Baseline Fit 
Emissivity Database (Seemann et al., 2008). The ocean emissivity model 
in Masuda et al. (1998) is adopted to calculate the ocean surface emis
sivity. A full description of the forward radiative transfer model is pro
vided in Zeng et al. (2023a).

The Jacobian vectors of the SO2 absorption are calculated using the 
forward radiative transfer model and then used in Section 3.2 and 3.3 to 
retrieve the SO2 layer height. The Jacobian is derived by finite difference 
using a total SO2 column of 1 DU, which is about 10 times the a priori. In 
Section 3.3, the Jacobian vectors at different altitudes (shown in Fig. 1
(d)) are calculated by assigning the SO2 partial column (10 DU) to 
different layers at different heights.

3.2. Detection of SO2 plume

In this study, the Hyperspectral Range Index (HRI) is calculated for 
the detection of SO2. The HRI has been shown to be effective for 
detecting infrared absorbers such as SO2 (e.g., Walker et al., 2011; 
Clarisse et al., 2014). It quantifies the magnitude of SO2 absorption 
through a weighted integration of contributions from all spectral 
channels. The HRI is defined as: 

HRI =
KTS− 1(y − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
KTS− 1K

√ (1) 

where K is the Jacobian, defined as the change in radiance relative to the 
change in SO2 column. y and S are the mean spectrum and its associated 
covariance matrix, respectively calculated from a set of background 
spectra. They represent the mean state and variation to be expected from 
the spectral observations in the absence of SO2. In this study, spectral 
observations on April 16 over a clean region (− 20◦W to 140◦E, − 15◦S to 
15◦N) are used to construct the background spectral mean and the 

Table 1 
Summary of the instrumental characteristics for HIRAS on board FY-3D, FY-3E, and FY-3F.

Instruments Spectra range (cm− 1) Spatial resolution (km) Spectral resolution (cm− 1) Characteristics Refs

FY-3D/ 
HIRAS

LW: 648.75–1136.25 
MW: 1208.75–1751.25 
SW: 2153.75–2551.25

16 0.625
FOR: 2 × 2 FOVs 

FOV: 1.1◦

ECT: 2 am/pm
Qi et al. (2020)

FY-3E/ 
HIRAS-II

LW: 648.75–1169.375 
MW: 1167.5–1921.25 

SW: 1919.375–2551.25
14 0.625

FOR: 3 × 3 FOVs 
FOV: 1.0◦

ECT: 5:30 am/pm
Zhang et al. (2022a, 2022b)

FY-3F/ 
HIRAS-II

LW: 648.75–1169.375 
MW: 1167.5–1921.25 

SW: 1919.375–2551.25
14 0.625

FOR: 3 × 3 FOVs 
FOV: 1.0◦

ECT: 10 am/pm
Zhang et al. (2022a, 2022b)

Notes: FOR (field-of-regard); FOV (field of views); ECT (Equatorial crossing time); LW (Long-wave); MW (medium-wave); SW (short-wave).
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covariance matrix. Spectral data from all three HIRAS instruments are 
combined to calculate the matrix to ensure consistency of the detection 
results. Unfortunately, in humid atmosphere like the tropics, due to the 
strong H2O absorption in the SO2 ν3 absorption window, infrared ob
servations are sensitive to SO2 only in the higher troposphere (Clarisse 
et al., 2014). For strong volcanic eruptions, which typically inject an SO2 
plume into the atmosphere above 10 km, infrared observations have 
shown high sensitivity (e.g., Walker et al., 2011; Clarisse et al., 2014). 
Note that HIRAS also covers the SO2 ν1 band, which exhibits weaker 
absorption. Additionally, the magnitude of the HRI is not linearly pro
portional to the SO2 column, as the correlation is affected by thermal 
contrast (TC) and the altitude of SO2. TC is defined as the difference in 
temperatures of the surface and the SO2 layer.

3.3. Retrieval of SO2 layer height

The retrieval algorithm for estimating the SO2 layer height is based 

on the HRI in eq. (1). The idea behind this algorithm is to exploit the fact 
that the SO₂ spectral signature (i.e., its Jacobian) varies significantly 
with the altitude of the SO₂ layer due to strong interferences with H₂O 
absorption features (Clarisse et al., 2014). The first step in the algorithm 
is to generate Jacobian vectors using the FY-LeoAIR algorithm (Zeng, 
2025) with SO2 layer located at different altitudes. The second step in
volves calculating HRI values at different altitudes, denoted as HRI(h), 
using the corresponding Jacobian at each altitude. Theoretically, if the 
actual SO2 layer is located at height h*, then HRI(h*) should have the 
largest value. The distinctive absorption features at different altitudes 
allow the retrieval of SO2 layer height.

The absolute values of the SO2 Jacobian at different heights, used to 
calculate the HRI, are affected not only by the SO2 layer height but also 
by the H2O profile, as well as surface and atmospheric properties. 
However, the relative difference in the SO₂ Jacobian at different heights 
is more important in the derivation of SO₂ layer height, because the layer 
height is retrieved as the altitude at which HRI(h) reaches its maximum 
value. In addition, the variability of H2O abundance at high altitudes 
around UTLS is relatively small compared to lower atmosphere, and 
therefore, its contribution to the SO2 layer height estimation uncertainty 
is limited. Consequently, this relative difference in the SO₂ Jacobian is 
primarily driven by the change of SO2 layer height, and the effectiveness 
of this method has been demonstrated in Clarisse et al. (2014) in vali
dation with MLS and CALIPSO observations. In addition, the clouds 
below the SO2 plume do not affect the retrieval of SO2 layer height using 
this method.

3.4. Retrieval of SO2 total column

The FY-LeoAIR retrieval algorithm (Zeng, 2025; Zeng et al., 2024) 
based on optimal estimation method (Rodgers, 2000) is adapted to es
timate the SO2 total column following Carboni et al. (2012). The 
retrieval algorithm aims to minimize the following cost function: 

J(x) = [y − F(x, b) ]TS− 1
ε [y − F(x, b) ]+ (x − xa)

TS− 1
a (x − xa), (2) 

where y is the HIRAS spectrum; F is the forward model of radiative 
transfer; x is the state vector consisting of to-be-retrieved variables; b is a 
set of input parameters that is not to be retrieved; Sε is the measurement 
error covariance matrix; Sa is the a priori covariance matrix for x; xa is 

Fig. 2. Framework of methodology to estimate SO2 columns and layer heights from HIRAS on board FY-3D, FY-3E, and FY-3F. Details of steps I, II, and III are 
provided in Sections 3.2, 3.3, and 3.4, respectively.

Table 2 
Surface and atmospheric parameters in the radiative transfer model of FY- 
LeoAIR.

Variable types Variables Sources References

Atmospheric 
properties

SO2 LBLRTM
Atmospheric and 
Environmental 

Research (2025)
H2O, O3 ECMWF-ERA5 Hersbach et al. (2020)

CO2 ECMWF-CAMS Inness et al. (2019)
Interfering 

gases: 
HNO3, CH4, 

N2O

LBLRTM
Atmospheric and 
Environmental 

Research (2025)

Atmospheric 
temperature ECMWF-ERA5 Hersbach et al. (2020)

Surface 
properties

Land emissivity
UW-Madison 

Emissivity 
Database

Seemann et al. (2008)

Ocean 
emissivity

Ocean 
emissivity 

model
Masuda et al. (1998)

Pressure ECMWF-ERA5 Hersbach et al. (2020)
Temperature ECMWF-ERA5 Hersbach et al. (2020)

Z.-C. Zeng et al.                                                                                                                                                                                                                                 Remote Sensing of Environment 331 (2025) 115057 

4 



the a priori state vector. We assume that Sa is a diagonal matrix. In the 
spectral window from 1208.75 to 1400 cm-1, the main interfering gases 
include CH4, N2O, and H2O. The spectral region from 1208.75 to 1300 
cm− 1, which does not contain strong SO2 absorption but has moderate 
H2O absorption, is mainly used to better constrain H2O and surface 
temperature.

Ideally for optimal estimation, all unknown variables should be 
included in the state vector. Instead, as in Carboni et al. (2012) and von 
Clarmann et al. (2001), they can be considered as unknowns that are not 
to be retrieved by the algorithm. Their contributions to the spectral 
variability can be included in the spectral error covariance matrix Sε. Sε 
represents the spectral difference between calculated and observed 
spectra from the radiative transfer model simulations in the absence of 
SO2, but with the best possible knowledge of all input parameters. Here, 
we use the observations of April 16, 2024, one day before the eruption, 
to construct Sε under both clear and cloudy conditions. For each HIRAS 
spectrum, simulated spectra are generated using ERA5 reanalysis data as 
inputs with zero SO2 amount. The resulting Sε includes the spectral 
variability caused by errors in the observed spectra and the forward RT 
model, including the contribution from clouds unaccounted for in the RT 
model.

Since the SO2 layer height has been retrieved in the previous step, the 
state vector in eq. (2) includes only the SO2 total column and the surface 
skin temperature. In the algorithm, the a priori SO2 layer (different from 
the a priori SO2 background shown in Fig. S2) is assumed to be a 1-km 
thick layer with a 1-DU total column, centered at the height retrieved in 
the previous step. Note that the a priori SO2 background is fixed and not 
adjusted during the retrieval process. The a priori error is set to 350 % 
for the SO2 column and 20 K for the surface skin temperature. These 
large errors ensure that most of the retrieved SO2 information comes 
from the measurements rather than the a priori. Based on the optimal 
estimation method, the inverse model in FY-LeoAIR uses the Levenberg- 
Marquardt modification of the Gauss-Newton method to minimize the 
cost function given by eq. (2). From the retrieval results, we obtain the a 
posteriori covariance matrix, from which the a posteriori error for the 
SO2 column retrieval is derived. To screen the retrieval results, we use 
the reduced χ2, which represents the quality of the spectral fit relative to 
the spectral error for each retrieval, as a post-filter (reduced χ2 < 5.0 and 
retrieved height > 5 km). Most retrievals yield a reduced χ2 below 1.5, 
indicating a good spectral fit relative to the measurement error. In 
addition, we compare SO₂ columns retrieved from this study with those 
from the conventional optimal estimation method, which simulta
neously retrieves all interfering gases (see Table 2) similar to Zeng et al. 
(2023a). Fig. S18 shows that the two methods produce consistent 
results.

3.5. Estimation of the e-folding time of volcanic SO2 mass

To estimate the e-folding time of volcanic SO2 mass due to removal 
processes of atmospheric SO2 including chemical sinks that convert SO2 
to sulfate aerosols, the exponential decay equation is given by: 

Mass(t) = Mass(t0)*e−
1
τ 

where Mass(t) is the volcanic SO2 total mass at time t. τ is the e-folding 
time representing the rate of chemical conversion to sulfate aerosols.

4. Results

4.1. Retrievals of SO2 columns and layer height from the HIRAS 
constellation

The Ruang volcano (2.3◦N, 125.37◦E) is located in Indonesia with a 
summit elevation of 725 m. According to Global Volcanism Program 
(2024), on April 16, 2024, explosive activity began at 21:45 local time 
(LT) and ash plumes rose 2 km above the summit. At 01:08 LT on 17 

April, an explosive pulse resulted in ash plumes rising to 9.1 km a.s.l. 
and drifting westwards. At 03:00 LT, the plumes reached 12.2 km a.s.l. 
and detached from the summit. This eruptive event is a good case study 
because of its intense eruptions and the long-range transport of the SO2 
plume (e.g., Dodangodage et al., 2025).

To detect the SO2 plumes from the Ruang volcanic eruption, we 
calculate the HRI for all observations from April 17 to 29, 2024. Ex
amples distributions are shown in Fig. 3. The signatures of the SO2 
plumes are evident with HRI values significantly higher than zero. The 
results show that the SO2 plume propagates westwards and gradually 
dilutes as it travels. During the process, SO2 chemically converts into 
sulfate aerosols. There are gaps between swaths of the satellite in
struments which may lead to missing parts of the plume. Based on the 
HRI results, we extract plumes with an HRI value of 5 or higher, which 
corresponds to a high-confidence detection threshold. The retrieval al
gorithms for SO2 column and layer height are then applied exclusively to 
these extracted plumes to reduce the computational burden.

Examples of SO2 column retrievals are shown in Fig. 4. The corre
sponding spatial distribution of SO2 layer height and histograms are 
shown in Figs. 5, S3 and S4. The full time series of SO2 columns from 
April 17 to 29, 2024 is shown in Movies S1. The a posteriori error for 
SO2 columns from the retrieval algorithm is about 6 % (Fig. S5). The 
results also show that the SO2 columns and layer heights estimated from 
the three different HIRAS instruments are in good agreement. The 
largest SO2 columns occurred on April 18, one day after the eruption.

Fig. 6(a) shows that the average SO2 layer height detected by HIRAS 
starts at about 12.5 km, and slowly increases to a height of about 16 km, 
stabilizing from April 19, 3 days after the eruption. The plume height is 
expected to remain relatively constant as the plume stabilizes, so the 
standard deviation of 1.0 to 1.5 km (Fig. 6(a)) may represent the un
certainty in the SO2 layer height estimate, which is consistent with the 
estimate made by Clarisse et al. (2014). The comparison of mean SO2 
layer height with IASI shows a good agreement starting from the 2nd day 
(April 18) after eruption, with a systematic difference (see next section 
for the quantitative comparison). IASI observed a lower height (~8 km) 
on the first day of eruption compared to HIRAS (~12 km). Both esti
mates on the first day show large uncertainties although their error bars 
overlap to some extent. This difference is probably due to a better 
spectral resolution of IASI, which allows it to detect deeper into the 
atmosphere, as the absorption lines are better resolved.

Note that FY-3D/HIRAS shows the largest variation although the 
mean values are close to the other HIRAS instruments. The tropopause is 
a barrier to the vertical transport of SO2. To understand the location of 
the estimated plume height relative to the tropopause, we adopted the 
method in Clarisse et al. (2014) for deriving the thermal tropopause 
height in the study area (Fig. S6) using ERA5 reanalysis data. The 
tropopause is defined as the first vertical level which is above 4 km and 
has a lapse rate that is less than 0.1 K/km. Our estimate shows that the 
tropopause is larger than 17.5 km, which suggests that the SO2 plume 
from the Ruang eruption remains largely below the tropopause.

To demonstrate the capabilities of HIRAS constellation in monitoring 
volcanic eruptions at high latitudes, we apply the method described 
above to the eruption of the Sheveluch volcano (56.653◦N, 161.36◦E; 
summit elevation of 3283 m) in Russia on November 2024. The results of 
HRI and SO2 columns are shown in Figs. S7–12, respectively, for three 
representative days after the eruptions. According to Global Volcanism 
Program (2024), a strong explosive eruption began at 19:19 (local 
time) on 7 November, that is UTC 7:19 on 7 November. Our results 
capture the elevated SO2 plumes on the second day after the eruption. 
The evolution of the SO2 plumes is evident in the spatial distributions of 
HRI and SO2 column retrievals. In addition, the retrievals from the three 
HIRAS instruments are consistent. For high-latitude overpasses, over
lapping observation regions among the three HIRAS sensors enable 
inter-comparisons at nearly coincident times. The HRI comparison re
sults are shown in Figs. S13 and S14. During this period, three collo
cated overpasses can be found on November 11, 12, and 13. The time 
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difference between FY-3D and FY-3E overpasses is about 0.1 h, and less 
than 0.4 h between FY-3E and FY-3F overpasses. These collocated ob
servations show correlation coefficients larger than 0.84 in all cases, 
suggesting high consistency among the HIRAS sensors in detecting the 
SO2 signal. Our results further demonstrate the effectiveness of the 
HIRAS constellation to monitor volcanic SO2 plumes from high-latitude 
volcanoes.

4.2. Temporal evolution of SO2 mass and estimation of SO2 lifetime

From the retrieved SO2 columns, we can calculate the total SO2 mass 
by integrating over the plume. Due to the footprint gaps between field- 

of-views, we re-grid the retrievals into regular grids (0.5◦ by 0.5◦) with 
known areas before calculating the mass. On the other hand, for the gaps 
between HIRAS swaths, we used the observations from adjacent HIRAS 
swaths to fill the gaps. For example, the swath gaps in FY-3F/HIRAS are 
filled by the data in FY-3D, and vice versa, while the those in FY-3E/ 
HIRAS are filled by FY-3F. Note that the HIRAS instruments on board 
FY-3D and FY-3E have overlapping swath gaps, making them subopti
mal for filling each other’s gaps. Since changes in SO2 columns within 
the 4-h time difference are minimal, we expect the error caused by gap 
filling to be small. Examples of the SO2 columns before and after gap- 
filling are shown in Fig. S15. To quantify the uncertainty due to the 
gap-filling procedure, in Fig. S16 we compare the SO2 columns from 

Fig. 3. Maps of SO2 HRI for three representative days (April 18, 21, and 24) from FY-3D/HIRAS, FY-3E/HIRAS-II, and FY-3F/HIRAS-II.
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different HIRAS sensors in overlapping observation regions. The average 
relative differences are 124 % between FY-3D and FY-3F, and 85 % 
between FY-3E and FY-3F. This discrepancy is mainly due to the 
movement of the SO2 plumes over the 4-h interval between observa
tions, which leads to spatial mismatches. Fortunately, the gap-filled SO2 
mass is only a small fraction of the total mass. On average, the gap-filled 

SO2 mass accounts for 24 % for FY-3D, 17 % for FY-3E, and 12 % for FY- 
3F. Consequently, the estimated uncertainty in the total SO2 mass due to 
gap-filling is 124 % × 24 % = 30 % for FY-3D, 85 % × 17 % = 14 % for 
FY-3E, and 124 % × 12 % = 15 % for FY-3F.

The SO2 mass can be used to infer the volcanic flux and the SO2 
lifetime (Theys et al., 2013) in the atmosphere. Quantifying the 

Fig. 4. The SO2 total column estimates for three representative days from FY-3D/HIRAS, FY-3E/HIRAS-II, and FY-3F/HIRAS-II. The corresponding HRI maps are 
shown in Fig. 3.
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atmospheric lifetime of SO2 is important for flux inversion (Theys et al., 
2013) and for assessing the potential impact of the eruptions on climate 
and local atmospheric chemistry. The time series of the estimated SO2 
mass from the HIRAS instruments are shown in Fig. 6(b). The largest SO2 
mass from HIRAS (around 200 ktons) occurred on April 19, 2024, the 
third day after the eruption. Thereafter, the SO2 mass decreases steadily. 
Detection of the SO2 plume becomes more difficult after April 29, 2024, 
so we stop tracking the plumes after this date. The total SO2 mass on the 
last day is about 60 ktons. Note that the lower value of TROPOMI on the 
last day is caused by a smaller coverage of its detected plume (Fig. S17). 
The decrease in SO2 mass fits very well with an exponential decay 
function (see Fig. 6(c)) with an e-folding time of 9.0 ± 2.8 days. Several 
sensitivity tests were carried out to assess the robustness of this estimate. 
When using observations from individual satellites, the estimated e- 
folding time and associated uncertainties are 10.4 ± 7.0 days for FY-3D, 

7.4 ± 3.2 days for FY-3E, and 10.1 ± 5.9 days for FY-3F. These results 
suggest that from the use of the entire HIRAS constellation significantly 
reduces the uncertainty in the e-folding time estimate. The SO2 decay 
derived in this study is representative of a plume in the UTLS (Carn et al., 
2016). As mentioned by Theys et al. (2013), since satellite observations 
have a detection limit, parts of the diluted SO2 plume that fall below this 
limit may go undetected. Consequently, the estimated e-folding lifetime 
is likely to be underestimated.

4.3. Cross-comparison with IASI and TROPOMI retrievals

As ground-based measurements are not available, we compare our 
results from HIRAS with data products from infrared IASI (version 4) 
and UV–Vis TROPOMI sensors. Both datasets have had wide applications 
(e.g., Taylor et al., 2018; Fioletov et al., 2020). The IASI SO2 retrieval 

Fig. 5. The spatial distribution of the estimated SO2 layer height and the corresponding histograms for the observations on April 21, 2024. The values of mean and 
standard deviation of the estimated SO2 layer height are indicated below each histogram. The results on April 18 and April 24 are shown in Fig. S3 and Fig. S4, 
respectively.
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algorithm, based on Clarisse et al. (2014), shows similarities with the 
approach applied to HIRAS observations. For the TROPOMI SO2 column, 
as described in Theys et al. (2021), the covariance-based retrieval al
gorithm retrieves only the SO2 slant column density by using a mea
surement error covariance matrix similar to IASI and HIRAS.

For this comparison, we have re-gridded the data to the same 0.5◦ by 
0.5◦ grids as HIRAS. Note that for TROPOMI, the SO2 volume column 
densities (VCDs) were retrieved for an assumed fixed plume height of 15 
km. Examples of the comparison results using morning observations on 
April 20, 2024 are shown in Fig. 7(a) for the total column between FY- 
3F/HIRAS-II and IASI, and Fig. 7(c) between FY-3D/HIRAS and TRO
POMI, based on their proximity in equatorial crossing times. Highly 
consistent spatial observations can be observed. The comparison of all 
retrieved SO2 columns from April 17 to 29, 2024 is shown in Fig. 7(b) 
and 7(d). The FY-3F/HIRAS-II and IASI have a correlation coefficient as 
high as 0.91. The root mean square error (RMSE) over this period is 0.53 
DU. Similarly, the comparison of all SO2 columns from FY-3D/HIRAS 
and TROPOMI shows a strong correlation of 0.86 and an RMSE of 0.6 
DU. Relatively, the median difference is 26 % between FY-3F/HIRAS-II 
and IASI, and 44 % between FY-3D/HIRAS and TROPOMI.

For the SO2 layer height, a comparison between FY-3F/HIRAS-II and 
IASI is shown (Fig. 7(e)). Unfortunately, no CALIPSO data is available 
for validation as the instrument ended its operation in mid-2023. The 
comparison results show that the SO2 layer heights have a systematic 
difference of about 1.89 km, which is close to the uncertainty on the SO2 
layer height estimates. This difference may be caused by the settings in 
the forward radiative transfer model or the different spectral signal-to- 
noise ratios between HIRAS and IASI. Note that the correlation 

coefficient is low (0.17), which is expected since the SO2 layer height 
changes only slightly after the plume ascends to the UTLS. The estima
tion uncertainty contributes to the spread of the data points, resulting in 
low correlation. Nevertheless, the HIRAS estimates successfully capture 
the general temporal evolution of the SO2 layer height.

5. Discussion and conclusions

The low-Earth orbit constellation of HIRAS instruments on board 
China’s FengYun-3 (FY-3) meteorological satellites fly in three different 
sun-synchronous orbits, including FY-3E (dawn-dusk orbit), FY-3F (mid- 
morning orbit), and FY-3D (afternoon orbit). This constellation provides 
six global coverages (roughly every 4-h) each day with equatorial 
overpass times at 5:30 am/pm, 10:00 am/pm, and 2:00 am/pm, 
respectively. Using the Ruang volcanic eruptions in mid-April 2024 as a 
case study, this study demonstrates the capability of the HIRAS 
constellation to track volcanic SO2 plumes at a high observation fre
quency of every four hours. Our results show that the HIRAS constel
lation captures well the spatial and vertical variability of the lofted 
volcanic SO2 plume, in good agreement with existing data products from 
IASI and TROPOMI satellites. In addition, the time series of the SO2 mass 
is used to estimate the e-folding decay time of the mass (9.0 ± 2.8 days). 
Furthermore, we apply the methods to the eruptions of the Russia’s 
Sheveluch volcano in November 2024 at high latitudes. The evolution of 
the volcanic SO2 can be effectively monitored by the HIRAS constella
tion and the consistency among the HIRAS sensors in detecting the SO2 
signal is demonstrated. This study is an important milestone towards a 
global constellation of hyperspectral infrared sounders to monitor global 

Fig. 6. (a) Time series of SO2 layer height from the HIRAS instruments from April 17 to 29, 2024. The error bar represents the data variability; (b) Time series of SO2 
mass of the Ruang volcanic eruption from April 17 to 29, 2024 estimated from HIRAS. The swath gaps of the HIRAS data are filled based on the adjacent HIRAS 
observations, as explained in the text. The SO2 masses from IASI/Metop-B and –C combined, and from TROPOMI are also shown. We have filtered out data with SO2 
less than 0.1 DU; (c) The regression fit using the exponential decay function (Text S2) from April 21, 2024. The e-folding time is estimated to be 9.0 days.

Z.-C. Zeng et al.                                                                                                                                                                                                                                 Remote Sensing of Environment 331 (2025) 115057 

9 



variations of atmospheric composition.
The frequent overpasses by the HIRAS constellation (occurring at 

least every 4 h) offer significant potential for applications in climate 
modelling, air quality monitoring, and volcanology. These opportunities 
warrant thorough exploration in future studies. The potential applica
tions include: (1) Hazard mitigation. The constellation with high revisit 
frequency makes it possible to catch large eruptions in their early stages. 

With a single instrument, in the worst case, an eruption may be missed 
by a short period of time and only detected 12 h later (or 24 h in case of 
UV/Vis sounders). This is particularly important for remote and un
monitored volcanoes; (2) Inverse modelling and assimilation to improve 
knowledge of volcanic SO2 fluxes. Models can be used to obtain accurate 
estimates of SO2 fluxes and injection heights by assimilating satellite 
data. These injection heights can be used to obtain improved SO2 

Fig. 7. (a) Example of SO2 column comparison between IASI and FY-3F/HIRAS-II on April 20, 2024 in the daytime (~10 am). For IASI, only the SO2 column data 
greater than 0.25 DU are used. Data from IASI onboard Metop-B and –C are combined before gridding. The SO2 column data are averaged over 0.5◦ by 0.5◦ grids 
before making the comparison; (b) Same as (a) but for all days from April 17 to 29, 2024. About 14 points larger than 25 DU are not shown. The total number of data 
is about 27,000; (c) similar to (a) but for examples between FY-3D/HIRAS-II and TROPOMI in the daytime (~1:30 pm). Only the TROPOMI data greater than 0.25 DU 
are used; (d) Same as (c) but for all days from April 17 to 29, 2024. About 7 points greater than 20 DU are not shown. The total number of data is about 11,000; (e) A 
comparison of SO2 layer height between IASI and FY-3F/HIRAS-II from April 17 to 29, 2024. The data have been averaged over 1◦ by 1◦ grids before the comparison.
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retrievals from satellites, which in turn improves the estimation of SO2 
fluxes (e.g., Pardini et al., 2019). A constellation with frequent over
passes will certainly facilitate this. In addition, SO2 fluxes can also be 
estimated without the use of complex models (e.g., Theys et al., 2013). 
More frequent overpasses should lead to improved estimates and allow 
the derivation of the atmospheric lifetime of SO2.

To further increase the observation frequency would require a global 
constellation of geostationary infrared sounders (e.g., Li et al., 2022; He 
et al., 2025) with SO2 detection capabilities. Currently, these include the 
existing and upcoming GIIRS instruments on board China’s FY-4 series 
over East Asia and the recently launched (in July 2025) infrared sounder 
- Meteosat Third Generation (IRS/MTG) over Europe. These geosta
tionary sensors would provide revisit times of 2 h for GIIRS and 30 or 60 
min for IRS. However, current GIIRS and IRS instruments do not 
encompass the ν3 absorption band but only the less intense ν1 band of 
SO2. Consequently, although the geostationary sounders have the 
advantage of higher frequency observations, the current polar-orbiting 
sounders (e.g., CrIS, HIRAS, and IASI) will remain better for robust 
and more accurate retrieval of volcanic SO2. In addition, in regions not 
covered by geostationary sensors, such as much of the Southern Hemi
sphere, the HIRAS constellation described in this study would provide 
critical datasets for monitoring volcanic SO2.
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The SO2 retrieval data from HIRAS in this study are available at 
https://doi.org/10.5281/zenodo.17239336. Further updates on the 
HIRAS SO2 data will be posted on the FengYun-AIR project website: 
https://fengyunair.github.io/. FY-3/HIRAS Level 1 data are publicly 
available from the FengYun Satellite Data Center (https://data.nsmc. 
org.cn/DataPortal/en/home/index.html); The IASI SO2 retrieval data 
presented in this paper are publicly available from the IASI Portal 
(https://iasi.aeris-data.fr/). TROPOMI SO2 data are available on the 
S5P-PAL Data Portal (https://data-portal.s5p-pal.com/products/so2cbr. 
html).
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