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1. Introduction 

1.1 Purpose 

This document is the Impact Assessment Report (Deliverable D9) as part of the Sentinel-5 pre-
cursor Innovation: SO2 LH project. This document describes the impact and benefits of the Sen-
tinel-5p SO2 LH data. 

1.2 References 

1.2.1 Applicable Documents 

The following project documents contain provisions which, through reference in this text, become 
applicable to the extent specified in this document.  

Table 1 Applicable Documents 

Document Title Document ID Issue 

[AD01] Statement of Work, ESA Express Procurement 
Plus - [EXPRO+] Sentinel-5p Innovation (S5p+I) 

EOP-SD-SOW-2018-049 
2.0 

(20.08.2018) 

1.2.2 Reference Documents 

The following standards or documents are referenced in this document. They have been used (in the sense 
of tailoring) to prepare the document on hand.  

Table 2 Reference Documents 

Title Document ID Issue 

[RD01] Sentinel-5P TROPOMI SO2 LH ATBD S5P+I-SO2LH-D4-ATBD-v4 4.0 

[RD02] Sentinel-5P TROPOMI SO2 LH Validation 
Report 

S5P+I-SO2LH-D5-VR-v2 
 

2.0 

[RD03] Sentinel-5P TROPOMI SO2 LH Requirements 
Baseline 

S5P+I_SO2LH_RB_D1 1.0 

[RD04] Sentinel 5 L2 Prototype Processors SO2 ATBD 
BIRA-ESA-S5L2PP-ATBD-
002 

4.0 

[RD05] Sentinel-5P TROPOMI UVAI ATBD S5P-KNMI-L2-0008-RP 1.1 

 

  

https://doi.org/10.5281/zenodo.5118540
https://doi.org/10.5281/zenodo.5118558
https://doi.org/10.5281/zenodo.5118558
https://sentinels.copernicus.eu/documents/247904/2476257/Sentinel-5P-TROPOMI-ATBD-UV-Aerosol-Index
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1.3 Terms and Abbreviations 

Abbreviations specific to the report are found in the following table: 

Abbreviation Meaning 

DOAS Differential Optical Absorption Spectroscopy 

FP_ILM Full-Physics Inverse Learning Machine 

LIDORT Linearized Discrete Ordinate Radiative Transfer 

LH Layer height 

LUT Look-up table 

NN Neural Network 

PCA Principal Component Analysis 

PCR Principal Component Regression 

RTM Radiative Transfer Model 

S5P Sentinel-5 precursor 

SCD Slant column density 

SO2 Sulfur dioxide 

TROPOMI Tropospheric Ozone Measurement Instrument 

VCD Vertical column density 
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2. Overview about the SO2 layer height algorithm 

Volcanic eruptions eject large amounts of ash and trace gases such as sulphur dioxide (SO2) into 
the atmosphere. A significant difficulty in mitigating the impact of volcanic SO2clouds on air traffic 
safety is that these gas emissions can be rapidly transported over long distances. The use of 
space-borne instruments enables the global monitoring of volcanic SO2emissions in an economi-
cal and risk-free manner.  

The total SO2column retrieved from satellite measurements can only be determined when the 
vertical distribution of the SO2 cloud is known after a volcanic eruption or other natural or anthro-
pogenic events causing a release of SO2 into the atmosphere. In the operational SO2 total column 
retrieval of any current and near-future UV satellite instrument (e.g. Metop/GOME-2, S5p/TRO-
POMI, Aura/OMI, Suomi NPP/OMPS, Sentinel-4/UVN, etc) fixed volcanic emission scenarios are 
used to convert the retrieved SO2 slant column into a number of total vertical column (by means 
of an AMF) results, which are provided to the end user. 

In the operational Sentinel-5p/TROPOMI SO2L2 product, the SO2 VCD is calculated for different 
scenarios (anthropogenic and volcanic emissions), assuming that the SO2 layer is located at 1, 7, 
and 15km altitude. These aprioi SO2 profile scenarios were chosen to simulate a volcanic degas-
sing event, a weak volcanic eruption or an explosive event, respectively. Finally, the end-user has 
to choose which scenario fits the observed volcanic eruption best.  

Within this project we apply machine learning techniques to retrieve the SO2 LH information from 
Sentinel-5p/TROPOMI data to overcome the issue of current state-of-the-art direct fitting ap-
proaches to directly retrieve the SO2 LH, which use computationally expensive radiative transfer 
calculations. 

This section gives only a short summary of the S5P SO2 layer height (LH) algorithm. A detailed 
description of the retrieval algorithm can be found in the SO2 LH Algorithm Technical Baseline 
Document (ATBD, [RD01]).  

The retrieval of the SO2 LH based on Sentinel-5P/TROPOMI measurements is performed using 
the ’Full-Physics Inverse Learning Machine’ algorithm (FP_ILM, Hedelt et al. 2019). combines a 
Principal Component analysis (PCA) and a Neural Network (NN) approach to retrieve the SO2 LH 
based on Sentinel-5P/TROPOMI backscattered UV Earthshine measurements in the wavelength 
range between 311 and 335 nm.   

In general, the FP_ILM algorithm creates a mapping between the spectral radiance and the at-
mospheric parameter (here the SO2 LH) using machine learning methods. The main advantage of 
the FP_ILM algorithm over classical direct fitting approaches is that the time-consuming training 
phase involving complex radiative transfer (RT) modelling and NN training is performed offline; 
the final trained inversion operator itself is robust and computationally simple and therefore ex-
tremely fast and can be applied in near-real-time (NRT) processing environments. 

The algorithm has been extensively validated against other datasets, which is described in detail 
in the SO2 LH Validation Report (VR, [RD02]). 
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3. Comparison with existing and current state of the art results 

The FP_ILM SO2 LH product developed in the framework of this ESA S5p+I: SO2LH project ena-
bles, for the very first time, the accurate operational near-real-time (NRT) retrieval of the SO2 layer 
height from UV Earthshine satellite measurements. So far, operational SO2 LH retrieval algorithms 
were only applied to IR satellite measurements for which the retrieval is much easier due to the 
strong SO2 absorption bands at 7.3 and 8.7μm, see e.g. Clarisse et al. 2014 or Carboni et al. 2016. 

In contrast, in the UV wavelength range that is covered by the main Earth Observation satellite 
missions and instruments NASA AURA/OMI, NASA Suomi/OMPS, EUMETSAT MetOp/GOME-2, 
ESA/Sentinel-5 precursor as well as upcoming Copernicus missions Sentinel-4 and Sentinel-5, 
the SO2 layer height has never been operationally retrieved. The main reason is the computational 
expensive retrieval required to characterize the spectral information content. For the upcoming 
Copernicus Sentinel-5 mission, a dedicated SO2 layer height product is envisaged (see details 
below). 

In the past, direct determination of the vertical distribution of SO2 based on UV satellite data was 
only applied offline, since it demands computational expensive and time-consuming radiative 
transfer calculations, see details in [RD03]. Only recently new algorithms have been developed 
that are much faster than the direct fitting approaches:  

The first version of the FP_ILM SO2 LH algorithm, that was developed for MetOp/GOME-2, applied 
a combined PCA and Principal Components Regression technique and therefore separated the 
time-consuming radiative transfer calculations and training operations from the online application 
to measured data (see Efremenko et al. 2017). Based on this algorithm the SO2 LH FP_ILM algo-
rithm for TROPOMI was developed (see Hedelt et al. 2019) and optimized within this ESA S5P+I: 
SO2LH project, by replacing the PCR step with a Neural Network approach. This allowed for a 
much higher retrieval accuracy. This so-called inverse learning approach was also applied to the 
OMI and OMPS UV instruments, see Fedkin et al. 2021. Another algorithm which is applicable in 
operational retrieval systems is the SO2 LH retrieval algorithm developed in the framework of the 
Sentinel-5 L2PP project. It is based on a modified DOAS algorithm where SO2 optical depth (OD) 
spectra are used in the DOAS fit using a look-up-table (LUT) approach to replace the radiative 
transfer calculations, see [RD04]. Very recently, a new SO2 LH retrieval algorithm using a covari-
ance-based retrieval scheme has been developed by the Royal Belgian Institute for Space Aero-
nomy (BIRA-IASB), which allows for height retrievals for SO2 VCDs as low as 5 DU. Further details 
about this algorithm and a detailed cross-validation with the FP_ILM algorithm were however not 
available at the time of writing this document. 

 

As a summary, the existing SO2 LH retrieval approaches for UV Earthshine data are: 

• Iterative Spectral Fitting approach (Yang et al. 2009), solving the linear fit equation itera-
tively to minimize the residuals i.e. differences between measurements and forward model 
computations. The estimated precision of the effective altitude is ~0.1 km for a 10 DU SO2 
plume located in the troposphere. 

• Optimal Estimation approach (Nowlan et al. 2011), applying an optimal estimation (OE) 
scheme to minimize the difference between an observation vector and a forward model. 
The results were essentially uncorrelated to the a priori altitude value only for very large 
amounts of SO2 (VCD > 50DU).  

• Modified DOAS approach (see [RD04]), which is conceptually close to the iterative spectral 
fitting approach. A LUT replaces the computational demanding radiative transfer calcula-
tions and the optical depth spectra are fitted in a modified DOAS algorithm. The SO2 re-
trieval is triggered above a SO2 VCD of 25 DU and the layer height retrieval error is fixed 
at 2km. The processing time in order to retrieve the SO2 LH from one entire S5 orbit (i.e. 
from 700,000 pixels) is estimated to be 130min. 
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• Inverse Learning approach, which involves offline training of an inversion operator using a 
combined PCA and PCR or Neural Network approach and therefore fast and accurate 
application to real measurement data, see [RD01], Efremenko et al. 2017, Hedelt et al. 
2019 and Fedkin et al. 2021. The accuracy is better than 2 km for VCD>20 DU. The pro-
cessing time for the SO2 FP_ILM algorithm developed within this S5P+I SO2LH project is 
estimated to be 330s for 50,000 pixels, or 77 minutes when scaled to a full S5 orbit with 
700,000 pixels. 

 

 

Table 3 Comparison of characteristics of different SO2 LH retrieval approaches for UV Earthshine data 

 Threshold 
SO2 VCD* 

SO2 LH accuracy Processing speed Reference 

Iterative Spectral 
Fitting 

n.A. 
~0.1km for VCD>10 DU 

tropospheric plume 

n.A.,  
(only offline retrieval) 

Yang et al. 
2009 

Optimal  
Estimation 

50 DU n.A. 
n.A.,  
(only offline retrieval) 

Nowlan et al. 
2011 

Modified DOAS 25 DU 2km (fixed) 
~9min 

(for 50,000 pixels) 
[RD04] 

Covariance-
based 

5 DU n.A. n.A. 
N. Theys, 
pers. comm. 

Inverse Learning: PCA & PCR 

GOME-2 
FP_ILM 

20 DU 2-5km 
~3min** 

(for 50,000 pixels) 

Efremenko et 
al. 2017 

Inverse Learning: PCA & NN 

TROPOMI 
FP_ILM  

(this project) 
15 DU 

<2km for VCD>20 DU 

<1km for VCD>100DU 

~5min*** 

(for 50,000 pixels) [RD01] 

OMI FP_ILM  40 DU 1-1.5km for VCD>40 DU 
2–3 s per OMI row, 

<10min for entire orbit 

Fedkin et al. 
2021 

*Threshold SO2 VCD above which the LH retrieval is applied 

**Processing time has been estimated from TROPOMI FP_ILM due to comparable retrieval approach. 
It is estimated to be shorter due to the much lower GOME-2 L1b product size and related shorter time 
for reading the data 

***Processing time includes reading of L1b and L2 data (about 300s) whereas the LH retrieval itself 
takes ~20s for 50,000 pixels 

 

In conclusion, the FP_ILM algorithm and SO2 LH product developed in the framework of the 
S5P+I: SO2LH project enables the operational NRT retrieval of the SO2 layer height from UV 
Earthshine data, allowing for the accurate determination of volcanic SO2 mass and loading in 
NRT with high accuracy (<2km) even for modest volcanic eruptions (SO2 VCD>15DU) and 
with unprecedented processing performance (~3ms per TROPOMI pixel). It is currently the 
only UV algorithm that is able to retrieve an extended volcanic SO2 plume within the NRT 
processing time specifications in an operational system. 
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4. Error analysis 

In general, SO2 LH retrieval errors can be roughly subdivided into two categories: 1) theoretical 
errors related to the retrieval approach and 2) observational errors, i.e. uncertainties in the retrieval 
input variables or interference with other atmospheric constituents (i.e. ash and sulfates). This 
chapter is a summary of the detailed error and dependency analysis found in the SO2 LH ATBD 
[RD01]. 

4.1 Theoretical errors  

One of the main challenges when applying machine learning algorithms to real atmospheric prob-
lems is to generate a sufficient amount of training data that resembles the real measurements and 
covers the entire parameter range of observational scenarios.  

By building a complex neural network, it is quite easy to perfectly fit the training dataset. When 
this model is however evaluated on actual observational data (here satellite measurements), it 
performs very poorly, which is known as overfitting. During training this can be diagnosed if the 
validation error is much higher than the training error. To reduce overfitting, L2 regularization was 
implemented in the training, reducing the effect of small and very large weight values by penalizing 
the loss function and preferring diffuse weight vectors.  

Another aspect of neural network performance is the number of training samples and the trained 
parameter range: With increasing trained parameter range, the accuracy of the retrieval de-
creases, since the inversion becomes increasingly degraded. This is especially an issue for low 
SO2 VCDs, with partly significantly higher layer heights and related higher SO2 LH errors. The 
number of training samples. With an increasing number of training samples, the retrieval error 
converges to a minimum when more than 350.000 training samples are used for training.  

The NN topology, and the number of components in the PCA also have a strong effect on the 
retrieval performance. The final algorithm settings were chosen after a detailed analysis of SO2 
LH retrievals based on measured volcanic eruptions, see [RD01]. 

4.2 Observational errors 

 

One of the main issues in the retrieval of volcanic SO2 LH is the presence of ash, which can be 
initially collocated with the SO2 plume, especially in fresh plumes. Volcanic ash absorbs the 
backscattered UV Earthshine radiation over a broad wavelength range and thus affects the SO2 
LH retrieval.  

From closed-loop tests with independent test data including volcanic ash absorption it was found 
that the retrieved SO2 LH is strongly underestimated by up to 10km when the SO2 layer is located 
below or within the ash layer. When the SO2 layer is located above the ash layer, the error on the 
retrieved SO2 LH is only about 5km, which is still significantly higher than the 2km accuracy 
achieved for ash-free scenes. 

This underestimation will mainly occur in fresh volcanic plumes close to the volcanic source, since 
ash particles have a significantly shorter lifetime in the atmosphere with respect to SO2, due to the 
difference in mass. With increasing plume age, the amount of ash in the plume will decrease much 
faster than that of the much lighter gas SO2 due to wet and dry deposition, and depending on the 
vertical wind distribution and injection height, both the SO2 and ash plume may be transported in 
different directions. 

The presence of ash or sulfate aerosols is flagged in the SO2 LH product for each TROPOMI pixel, 
based on the S5P/TROPOMI Ultraviolet Aerosol Index (UVAI) L2 product. The UVAI is based on 
the residual value between observed and modeled reflectance for the wavelength pair 340/380nm. 
Positive values indicate the presence of UV-absorbing aerosols, like ash, dust and smoke, 
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whereas negative values can be indicative of the presence of non-absorbing aerosols, e.g. sul-
phate aerosols. More details about the TROPOMI UVAI L2 product can be found in [RD05]. The 
quality assurance value (QA_value) in the SO2 LH product is furthermore decreased in the case 
that the UVAI indicates the presence of ash. 

 

Another, albeit relatively minor issue occurring during strong volcanic eruptions is the underesti-
mation of the O3

 total column for very high SO2 loadings, which can be as high as 8% for moderate 
and high volcanic eruption scenarios with the presence of ash, and within 2% for ash-free volcanic 
eruption scenarios. This underestimation of the O3 VCD has an indirect effect on the SO2 LH 
retrieval because it is a retrieval input parameter. Only a negligible impact on the SO2 LH retrieval 
was found for ash-free scenarios. The strong O3 underestimation in the presence of volcanic ash 
clouds results in SO2 LH error of the order of about 500 m, which is negligible with respect to the 
significant direct effect of ash or aerosols, as outlined above. Thus, no operational correction of 
the O3 VCD is performed. 
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5. Potential, benefit and impact of the Sentinel-5p SO2 LH L2 product 

 

The Sentinel-5p Innovations SO2 LH project has enabled the development of a novel scientific and opera-
tional application and product, exploiting the potential of the Sentinel-5p mission’s capabilities beyond its 
primary objective.  

Within this project a major step towards the operational near-real-time retrieval of the SO2 LH based on 
satellite UV spectral data was made, which was not available so far due to the computationally expensive 
radiative transfer calculations applied in state-of-the art direct fitting approaches. Within this project the ca-
pabilities of machine learning and neural network techniques were applied to overcome this issue.  

The knowledge gained enables the easy and flexible adaption of the developed algorithm to any other UV 
satellite missions. Especially the knowledge gained about applying machine learning is of major importance 
for upcoming (e.g. Sentinel-4 and Sentinel-5) and future satellite missions with increasing spectral and spa-
tial resolution and related increasing data amount with near-real-time processing requirements. Of major 
interest are here the current geostationary satellite missions (i.e. NASA/TEMPO, GEMS and ESA/Sentinel-
4), which provide observations every 15 minutes up to 1 hour. This set-up no only allows to immediately 
detect any volcanic eruption but also to track the movement of the emitted plume. In combination with the 
timely information about its layer height, nowcasting and precise forecasting of the plume movement is 
possible. Near-real-time SO2 LH retrievals based on geostationary satellite data most importantly enables 
the direct use by local authorities for disaster mitigation after an volcanic eruption and also Volcanic Ash 
Advisory Centers (VAACs), which are responsible for coordinating and disseminating information on atmos-
pheric volcanic ash clouds that may threaten aviation. 

The Sentinel-5p SO2 LH L2 product enables the accurate forecast of the volcanic SO2 plume movement.  

Current atmospheric monitoring and forecast entities like e.g. the European Center for Medium-Range 
Weather Forecasts (ECMWF) Copernicus Atmospheric Monitoring Service (CAMS) or MeteoFrance provide 
daily near-real-time analyses and forecast of the atmospheric composition, including SO2. These entities 
assimilate the total column SO2 retrievals from UV satellite instruments including GOME-2 and TROPOMI 
instruments which give information about the location and strength of volcanic plumes. However, the oper-
ational SO2 retrieval products do not provide any information about the height of the volcanic plume and 
therefore some prior assumptions about the (vertical) location of the SO2 plume need to be made.  

Currently, in the ECMWF/CAMS system, SO2 is by default placed in the mid-troposphere (around 550 hPa 
or 5 km), where it acts as a SO2 source in the mid-troposphere in areas with enhanced volcanic SO2. Alt-
hough this method produces good results for a large number of volcanic eruptions that inject SO2 into the 
mid-troposphere, it is clearly wrong for eruptions that inject SO2 at very different altitudes, in particular for 
exceptional events where part of the SO2 reaches the stratosphere. In those cases, the CAMS system (and 
any other system with a fixed pre-defined initial SO2 LH) will not be able to forecast the SO2 transport well, 
because the model SO2 plume will be located at the wrong altitude where the prevailing winds might 
transport the SO2 in the wrong direction. The availability and use of NRT information about the altitude of 
the volcanic plumes would therefore greatly improve the quality of the SO2 analysis and subsequent fore-
casts.  

The Sentinel-5p SO2 LH L2 product enables for the first time the precise determination of the total vertical 
SO2 column and thus the SO2 mass and flux after a volcanic eruption. 

The total SO2 column retrieved from satellite measurements can only be determined when the vertical dis-
tribution of the SO2 cloud is known after a volcanic eruption or other natural or anthropogenic events causing 
a release of SO2 into the atmosphere. In the operational SO2 total column retrieval of any current and near-
future UV satellite instrument (e.g. Metop/GOME-2, S5p/TROPOMI, Aura/OMI, Suomi NPP/OMPS, Senti-
nel-4/UVN, etc) fixed volcanic emission scenarios are used to convert the retrieved SO2 slant column into a 
number of total vertical column (by means of an AMF) results, which are provided to the end user. In the 
operational Sentinel-5p/TROPOMI SO2 L2, the SO2 VCD is calculated for different scenarios (anthropogenic 
and volcanic emissions), assuming that the SO2 layer is located at 1, 7, and 15km altitude. These aprioi SO2 
profile scenarios were chosen to simulate a volcanic degassing event, a weak volcanic eruption or an ex-
plosive event, respectively. Finally, the end-user has to choose which scenario fits the observed volcanic 
eruption best. Therefore, the availability of the SO2 LH at the same time as the SO2 total column retrieval 
significantly improves the SO2 retrieval and allows for detailed information about the volcanic eruption al-
ready in NRT operational retrievals. 
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The Sentinel-5p SO2 LH L2 product developed in the framework of this project is not only able to meet the 
requirements imposed by entities related to aviation, forecast, disaster mitigation and society - it is already 
actively used in the community 

1) A Sentinel-5p/TROPOMI SO2 LH L2 product is already generated by DLR as part of the INPULS 
project on a semi-operational hourly basis, based on NRT Sentinel-5p/TROPOMI measurements. 
The operational assimilation of these products by ECMWF/CAMS has been activated in the recent 
upgrade to the CAMS NRT model on 12 October 2021. While the SO2 analysis and forecasts pro-
vided by CAMS still rely on the assimilation of GOME-2 and S5P retrievals assuming a volcanic 
cloud in the mid troposphere, an additional volcanic SO2 tracer that makes use of the assimilation 
of the LH data has been included. 

2) An analysis of Inness et al. 2021 (submitted) found that the operational CAMS approach of placing 
the SO2 increment in the mid-troposphere in general provides good results for the total column SO2 
analyses and short-range forecasts in a lot of situations. However, the vertical distribution of SO2 in 
the analysis is clearly wrong for strong eruptions with SO2 being injected into the stratosphere: The 
baseline experiment underestimated the plume altitude by more than 5km in case of the Raikoke 
2019 eruption: Figure 1 shows the results of the CAMS SO2 forecast when using the baseline ap-
proach (BLexp) of placing the SO2 layer around 550 hPa or 5 km (center row) and when assimilating 
the S5P SO2 LH product (LHexp, bottom row), in comparison with the IASI SO2 LH (top row), for 
two consecutive days of the Raikoke eruption. For details, see Inness et al. (2021) and Koukouli et 
al. (2021). 

Consequently, the assimilation of the LH data leads to much improved SO2 forecasts and should 
improve the usefulness of the CAMS SO2 forecasts for users and also for the aviation industry. 

3) Furthermore, a volcanic detection algorithm developed by DLR automatically analyses the TRO-
POMI SO2 VCD and LH data and triggers a Twitter tweet, automatically informing the public as well 
as global and local volcano observatories already within a few hours after measurement by TRO-
POMI. This Twitter feed is actively followed by more than 400 users world-wide, including the Italian 
association of Volcanology (AIV), SESAR Knowledge Transfer Network (Engage KTN, European 
air traffic management research), the MOUNTS volcano monitoring system, the Croatian Crisis 
Management Association (HUKM), the Smithsonian Global Volcanism Program, the Copernicus 
European Union Earth Observation Programme, the VISTA project (Volcanic monitorIng using Sen-
Tinel sensors by an integrated Approach), just to name a few. 

4) Direct collaborations with ECMWF/CAMS, MeteoFrance, the MOUNTS project, the Swedish De-
fense Research Academy as well as with the ESA Support to Aviation Service (SACS) have already 
been established in the course of this S5P+I SO2LH project, thus enabling the support for a broad 
range of applications. 
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Figure 1 Raikoke eruptive day of the 24th (left) and 25th (right) of June 2019. Top: The IASI ULB/LATMOS SO2 
layer height in km. Center: The CAMS BLexp SO2 layer height. Bottom: The CAMS LHexp SO2 layer 
height. Figure taken from Koukouli et al. (2021). 

 

The SO2 LH retrieval algorithm which has been applied and improved in the framework of this project is 
easily adaptable to other UV satellite missions 

Due to the design of the SO2 LH FP_ILM algorithm, the algorithm is so versatile, that can be easily adapted 
and quickly applied to any other (future) UV satellite mission or in case of any instrument changes (e.g. 
degradation, different instrument settings, etc): The high-resolution simulated training spectra dataset only 
needs to be convolved with the corresponding instrument slit function and the PCA and NN operators need 
to be retrained. This has already been successfully done for the NASA Aura/OMI instrument (Fedkin et al. 
2021) and Metop/GOME2 (Efremenko et al. 2017).  
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