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Abstract. The Fraunhofer absorption feature at 430nm in-
fluences the retrieval of nitrogen dioxide (NO,) from mea-
surements by satellite-based instruments such as the Tro-
pospheric Monitoring Instrument (TROPOMI) and Ozone
Monitoring Instrument (OMI). The width and depth of the
feature in the measured spectrum are affected by rotational
Raman scattering (RRS) throughout the atmosphere and by
vibrational Raman scattering (VRS) in open water bodies.
RRS, or the Ring-effect, is accounted for in the Differen-
tial Optical Absorption Spectroscopy (DOAS) retrieval of the
NO slant column density (SCD) by means of a scalable ref-
erence spectrum, which will not fully pick up the variation of
the depth of the 430 nm feature with the solar activity cycle.
It is not possible to account for VRS with a scalable refer-
ence spectrum, since VRS characteristics depend on several
aspects, including the viewing geometry and the material dis-
solved in the water, such as chlorophyll. From detailed in-
spection of DOAS fit residuals, the difference between the
measured and modelled spectra, it is clear that the 430nm
feature disturbs the NO; SCD retrieval.

In this paper we investigate the benefits of removing the
wavelength range 428-433nm from the DOAS retrieval.
This “NO»-gap approach” reduces the SCD error and the
RMS error of the fit over water bodies by 10 %—20 % and the
fit residual for the remaining parts of the window improves.
Over some land scenes, where the residual outside the 428—
433 nm range looks very good, the SCD error and RMS error
are reduced by 5 %—10 %. For other areas the fit residual does
not deteriorate by the NO;-gap approach. Over ocean waters
the SCD is seen to decrease by a few percent, which leads to
a decrease of the stratospheric NO; column of on average up
to —2 umol m~2 in the tropics. Over land the change in SCD

may be positive or negative by a few percent, which in com-
bination with the change in the stratospheric column leads
to changes in the tropospheric NO, column of on average
42 umol m~2. These changes are too small to alter the gen-
eral conclusions of the routine validation of TROPOMI data.
Because of the improvement of the SCD error and systematic
improvements over open water it has been decided to imple-
ment the NO»-gap approach in the new processor versions of
TROPOMI (since 22 November 2025) and OMI (since April
2026, with full mission reprocessing).

1 Introduction

Tropospheric nitrogen dioxide (NO») is a key contributor to
air quality issues, as it directly affects human health (WHO,
2003), it is an essential precursor for the formation of ozone
(O3) in the troposphere (Sillman et al., 1990), and it influ-
ences OH concentrations and thereby shortens the lifetime
of methane (CHy4; Fuglestvedt et al., 1999). Over remote re-
gions with few to no sources, NO; is primarily located in the
stratosphere, where it is involved in photochemical reactions
with ozone, either by acting as a catalyst for ozone destruc-
tion (Crutzen, 1970; Seinfeld and Pandis, 2006; Hendrick et
al., 2012) or by suppressing ozone depletion (Murphy et al.,
1993).

Satellite measurements of NO; have provided valuable
contributions to world-wide monitioring of air quality (see
e.g. Levelt et al., 2018) and estimations of emissions of ni-
trogen oxides (NOy = NO; + NO; see e.g. van der A et
al., 2024). Such measurements usually provide total column
amounts of NO, which need to be seperated into a strato-
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spheric and a tropospheric contribution. This implies that
measurements of NO;, over large remote areas, such as the
oceans, need to be as accurate as possible, not just for the
sake of knowing stratospheric NO, concentrations but also to
sufficiently accurately determine tropospheric NO, concen-
trations over polluted areas in order to, e.g., reliably monitor
NO; emissions.

The first step in the NO, processing of satellite mea-
surements usually is a Differential Optical Absorption Spec-
troscopy (DOAS; see Platt, 1994; Platt and Stutz, 2008) re-
trieval in a window in the visible wavelength range around
440nm to determine the slant column density (SCD), that
is: the total amount of NO; along the effective light path
from Sun through atmosphere to satellite. This DOAS NO,
retrieval takes into account absorption by other atmospheric
species in the same wavelength window (in particular ozone,
water vapour and the O,-O; collision-complex), as well as
absorption by liquid water in clear open water bodies.

On its way to the satellite instrument, solar light also may
undergo Raman scattering, which leads to filling-in, widen-
ing and shifting of Fraunhofer lines in the measured radiance
spectrum. In the atmosphere this is primarily rotational Ra-
man scattering (RRS, a.k.a. the Ring effect: inelastic Raman
scattering of incoming sunlight by N, and O, molecules; see
Grainger and Ring, 1962; Chance and Spurr, 1997), which is
accounted for in the DOAS retrieval by including a scalable
reference spectrum determined from a reference solar irradi-
ance spectrum. Vibrational Raman scattering (VRS) occurs
in clear open water bodies (Vasilkov et al., 2002; Vountas
et al., 2003; Joiner et al., 2004; Vountas et al., 2007; Dinter
et al., 2015; Holtrop et al., 2021), while it is negligible in
the atmosphere (Peters et al., 2014). Accounting for VRS in
the DOAS retrieval by way of a scalable reference spectrum
cannot be done (Andreas Richter, personal communication,
September 2024), since VRS results in light coming into the
NO; DOAS fit window from a broad wavelength range, and
how much light is available in that spectral range depends
on (a) the incoming spectrum, i.e. on viewing geometry and
cloudiness, and (b) the type and concentration of absorbing
substances in the water (e.g. chlorophyll, dissolved organic
matter (DOM), etc.; e.g. Vountas et al., 2007; Dinter et al.,
2015; Holtrop et al., 2021). Hence, VRS effects may be dis-
turbing NO; retrievals over large ocean areas, which in turn
will have an impact on the derived stratospheric NO, con-
centrations.

Close inspection of NO, DOAS fit residuals, i.e. the dif-
ference between the measured reflectance (which is the ra-
tio between the earth radiance and the solar irradiance;
see Sect. 2.2.1) and the modelled reflectance over clear-sky
scenes, shows a significant structure around 430 nm. Clearly,
some absorption and/or scattering effects taking place along
the light path are not accounted for, or at least not sufficiently.

At 430nm, the solar irradiance has a large peak related
to Fraunhofer lines from iron (Fe, at 430.790nm; Fraun-
hofer line wavelengths mentioned are taken from https:/
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en.wikipedia.org/wiki/Fraunhofer_lines, last access: 15 June
2026) and calcium (Ca, at 430.774 nm), which are broadened
by RRS and VRS. In addition, VRS widens two strong Ca+
Fraunhofer lines at 393.368 and 396.847 nm and shifts these
to around 430 nm and higher (Peters et al., 2014; Dinter et
al., 2015). It thus seems likely that VRS is a large contributor
to the residual issue seen around 430 nm. Residuals may also
show broad-band structures above 430nm, which are likely
related to chlorophyll and/or other substances present in the
ocean waters (Sect. 6.3). NO; slant column retrievals over
clear-sky dry land, where VRS certainly does not play a role,
may also show remaining structures in the fit residual around
430nm in case the residual over the rest of the fit window is
very small, which seems to indicate that accounting for RRS
effects may not be fully accurate, though the impact of this
on the resulting NO» values is less than when VRS also plays
arole.

This paper uses Tropospheric Monitoring Instrument
(TROPOMI) and Ozone Monitoring Instrument (OMI) NO;
retrievals (Sect. 2) to investigate the issues around 430nm
(Sect. 3) and proposes as solution to disable a part of the fit
window (Sect. 4). Section 5 discusses the impact of this so-
lution on the stratospheric and tropospheric NO, columns,
while some additional points are discussed in Sect. 6.

2 Data sources and data retrieval
2.1 Data sources
2.1.1 TROPOMI instrument and data versions

The Tropospheric Monitoring Instrument (TROPOMI;
Veefkind et al., 2012), the sole instrument aboard ESA’s
Sentinel-5 Precursor (S5P) spacecraft, was launched on 13
October 2017 into an ascending sun-synchronous polar or-
bit with an equator crossing at about 13:30 local time.
TROPOMI provides measurements in four channels (UV,
visible, NIR and SWIR) of various trace gas columns (such
as NO,, O3, SO,, HCHO, CHy4, CO), as well as cloud
and aerosol properties. With its full swath width of about
2600 km, TROPOMI achieves global coverage each day, ex-
cept for narrow strips between orbits of about 0.5° wide at
the equator. Across-track, the swath is divided in 450 ground
pixels (rows) and their size is 3.6 km at nadir and increases
towards the edges; the largest pixels are about 14 km wide.
Along-track, the pixel size initially was 7.2km; as of 6 Au-
gust 2019 this is reduced to 5.6 km.

TROPOMI NO, data is available as of 1 May 2018 up
to the present. This paper uses officially released offline
(OFFL) and reprocessed (RPRO) data of collection 03 (pro-
cessor versions v2.4.0-v2.8.0, documented in van Geffen et
al., 2022, 2025), as well as dedicated data made locally with
a preliminary version of processor v2.9.1. The latter version
is operational since 22 November 2025 and contains as only
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update with regard to v2.8.0 the solution proposed in this
paper. A full mission reprocessing is currently (May 2026)
scheduled to take place in 2027; it will be based on v2.9.1
but will also include several improvements in the processing
steps that convert the SCD to tropospheric and stratospheric
vertical NO, column data.

2.1.2 OMI instrument and data versions

The Ozone Monitoring Instrument (OMI; Levelt et al., 2006),
one of the instruments aboard NASA’s EOS/Aura space-
craft, was launched on 15 July 2004 into an ascending sun-
synchronous polar orbit with an equator crossing at about
13:40 local time. OMI provides measurements in two chan-
nels (UV and visible) of various trace gas columns (such as
NO;, O3, SO,, HCHO), as well as cloud and aerosol prop-
erties. With its full swath width of about 2600 km, OMI
achieves global coverage each day. Across-track, the swath
is divided in 60 ground pixels (rows) and their size is 24 km
at nadir and increases towards the edges; the largest pixels
are about 150km wide. Along-track, the pixel size is 13 km
throughout the mission. Since June 2007 a part of the OMI
detector suffers from a so-called row anomaly, which ap-
pears as signal suppression in the level-1b radiance data at
all wavelengths (Schenkeveld et al., 2017), leading, e.g., to
large uncertainties on the NO, data in the affected rows and
hence these rows need to be skipped from the NO; analysis.

OMI NO, data is available as of 1 October 2004. Cur-
rently publicly available OMI NO, data version is collec-
tion 03, which was processed within the framework of the
QAM4ECYV project (Boersma et al., 2018), covering data from
October 2004 up to March 2021. OMI collection 04 NO,
SCD data — named OMNO2A - is available since mid April
2026, with a full mission reprocessing. The OMNO2A al-
gorithm is based on the TROPOMI NO, data processor and
includes the solution proposed in this paper (ATBD: van Gef-
fen et al., 2026). OMI collection 04 NO; tropospheric and
stratospheric column data will be generated and released at a
later date and documented in a separate ATBD.

2.2 Data retrieval

The NO; retrievals of TROPOMI and OMI use the three
step approach that was introduced for the OMI NO; retrieval
and named DOMINO (Boersma et al., 2007, 2011). The first
step is a DOAS retrieval to determine the SCD, Ny — see
Sect. 2.2.1 for details. Next, NO; vertical profile information
from the TM5-MP chemistry transport model / data assimila-
tion system that assimilates the SCDs is used to determine the
stratospheric vertical column density (VCD) N5 Finally,
the tropospheric VCD, NJ°P, is determined using strato-
spheric and tropospheric air-mass factors (AMFs), which
depend on surface albedo, surface pressure, cloud fraction,
cloud pressure, the shape of the NO, vertical profile (not of
the absolute concentration levels), and the viewing geometry
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of the satellite ground pixel in question. A description of the
last two steps falls outside the scope of this paper; for de-
tails see van Geffen et al. (2020, 2022, 2025). Since the SCD
depends strongly on the along-track and across-track varia-
tion in the solar and viewing zenith angles, it is often easier to
consider the geometric column density (GCD), NE°, defined
as the SCD divided by the geometric AMF, M8, which de-
pends only on the solar (6y) and viewing (6) zenith angles:
M?e° = (1/cosby) + (1/cosB).

To make the use of the TROPOMI data easier, a so-called
ga_value (where “qa” stands for “quality assurance”) is
assigned to each ground pixel, which serves as an easy fil-
ter of the NO, observations. The usage of the ga_value
is detailed in the Product User Manual (PUM,; Eskes et
al., 2024). For most applications, the recommended filter is
ga_value > (.75, which removes scenes with large cloud
fractions (cloud radiance fraction > 0.5) and snow/ice scenes
that are not considered cloud-free. In this paper “cloud-free”,
“clear-sky” or just “clear” thus refers to ga_value > 0.75,
while “cloudy” refers to 0.50 < ga_value < 0.75. Details
of how the NO, ga_value is constructed are given in the
ATBD (van Geffen et al., 2025, Appendix E).

2.2.1 NO; slant column retrieval

In the DOAS retrieval of the NO,, the difference between
the measured reflectance and a modelled reflectance is min-
imised. Details of the TROPOMI and OMI implementation
are given in van Geffen et al. (2020, 2022, 2025, 2026); in
short it is as follows.

The measured reflectance is the ratio between the radiance
at the top of the atmosphere (/) and the the solar irradiance
(Ep) measured by the same instrument:

Rmeas()&) = w (1)
o Eo(2)

where o = cos(6p) is the cosine of the solar zenith angle
(SZA). For TROPOMI the daily irradiance is used, while for
OMI the irradiance averaged over all the daily 2005 measure-
ments is used.

The modelled reflectance is given by:

nk
Rmoa(X) = P(3) - exp [— > o) Ns,k}
k=1

Iring (A) )

' <1 + Cringm (2)

where:

- P =) an\" (m=0,1,...,n,=35) is a 5-th order
polynomial, which accounts for spectrally smooth struc-
tures resulting from molecular (single and multiple)
scattering and absorption, aerosol scattering and absorp-
tion, and surface albedo effects;
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— or(A) the reference spectrum (a.k.a. cross section)
and Ny the slant column amount of molecule k =
1,...,ng =5 included in the fit: NO,, O3, water vapour
(H2Oyap), liquid water (H,0Oyig) and the O2—0; col-
lision complex, where all o} (A1) have been convolved
with the instrument spectral response function (ISRF,
ak.a. slit funtion) — see Fig. 1;

— Ciing is the Ring fit coefficient and Iyjng(A)/Eo(2) the
sun-normalised synthetic Ring spectrum (see Fig. 1),
with Iijng constructed following Chance and Spurr
(1997) from a reference irradiance spectrum, Eyer (Dob-
ber et al., 2008);

which makes a total of 12 fit parameters. If including VRS in
the DOAS fit with a scalable reference spectrum were pos-
sible, this could be done either as a oyrs-term in the sum-
mation term of Eq. (2) or as a non-linear term similar to the
Ring-term with an Iyrs spectrum.

The DOAS retrieval then amounts to minimisation of the
chi-squared merit function:

2 _ < Rresid()&i) 2
X = ; <ARmeas()\i)) (3)

where Riesiq(L) is the so-called fit residual:

Rresid ()\) = Rmeas ()\) - Rmod()\) (4)

n, is the number of wavelengths (spectral pixels) in the fit
window (405-465nm) and A Rpyeas(2i) is the uncertainty on
the measured reflectance, which depends on the precision
of the radiance and irradiance measurements as given in the
level-1b product, i.e. on the signal-to-noise ratio (SNR) of the
measurements (Kleipool et al., 2018; Ludewig et al., 2020).
The x2-minimisation is performed with an Optimal Estima-
tion (OE; based on Rodgers, 2000) routine. For TROPOMI
ny, is 304 or 305, for OMI n,, is 287 or 288, depending on the
row. Both x2 and the root-mean-square (RMS) error of the
fit:

5,
Resis = | =3 (Rresia (1)’ 3)
iz
can be seen as a measure for the goodness of the fit, though
both are continuous quantities, hence it is not possible to say
where the separation between “good fit” and “bad fit” lies.
Spectral pixels are flagged in case they need to be re-
moved from the fit due to problems encountered in produc-
ing the level-1b spectra (e.g. saturation, blooming, transients;
Ludewig et al., 2020), the outlier removal routine included
in the NO, DOAS retrieval (van Geffen et al., 2020, 2025,
Appendix F), or deliberate removal of a section of the fit
window, as suggested in this paper. The error on the re-
flectance of these flagged spectral pixels is set to 10* times
the measurement: A Rypeas(Ai) = 10* x Rmeas(A;), as a result
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Figure 1. Convolved reference spectra used in the TROPOMI NO,
SCD retrieval, Eq. (2), as well as the reference irradiance spectrum
for detector row 225 within the fit window. The vertical dashed
lines indicate wavelengths 428.0 and 433.0nm. A description of
these spectra, including references, is given in the NOy ATBDs of
TROPOMI and OMI (van Geffen et al., 2025, 2026).

of which they do not contribute to the residual in the y2-
minimisation, but the value of X2 will be lower due to the
flagging, even if the rest of the residual would remain un-
changed. In the computation of the RMS error in Eq. (5),
however, the flagged pixels need to be skipped, lowering the
n;, therein.
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If the DOAS retrieval does not converge or if the number
of flagged spectral pixels is too large (> 1/4-th of the fit win-
dow) or if the number of outliers found is too large (> 10),
the ga_value is set to zero. The OE retrieval provides an
estimate of the uncertainties on (precision of) the fit param-
eters; if the NO, uncertainty is large (ANg > 33.0 umol m—2
=2 x 10" molec. cm’z), the ga_value is set to 0.15.

2.2.2 NOj; slant column uncertainties

The DOAS uncertainty on the NO, SCD, AN, provided by
the OE routine is an estimate that depends on details of the
fit. The spatial variability of the SCDs over a remote Pacific
Ocean sector can be used as an independent statistical es-
timate of the random component of the SCD uncertainty.
Zara et al. (2018) used this approach to compare OMI and
GOME-2A NO; and formaldehyde SCDs retrieved by differ-
ent retrieval groups within the QA4ECYV project, as well as to
compare the SCD error estimates following from the differ-
ent DOAS fits over the years 2005 through 2015. van Geffen
et al. (2020) provided an initial analysis of TROPOMI NO,
SCD uncertainties based on the then available data versions
(v1.2.0 & v1.3.0) up to 31 January 2020.

As part of an ongoing monitoring of the stability of
TROPOMI NO; retrievals, the DOAS and statistical uncer-
tainties were recomputed after the mission reprocessing with
data version v2.4.0 and is continued for subsequent versions
manually on an irregular basis. To monitor the OMI NO,
stability, preliminary collection 4 data (cf. Sect. 2.1.2) has
been analysed as well, from the first available data of 1 Oc-
tober 2004 onwards up to end of 2025.

For each day the first available orbit with satellite (nadir
viewing) equator crossings west of about —135° is selected
as Pacific Ocean orbit (if such an orbit is missing on a given
day, that day is skipped from the analysis) and analysed in the
latitude range [—60° : +60°]: Ny and ANy values are aver-
aged in 2° x 2° grid cells, after which the average over these
grid cells of the ANy gives the DOAS uncertainty, while the
standard deviation of the Ny over these grid cells gives the
statistical uncertainty (following Zara et al., 2018, grid cells
wherein the geometric AMF varies more than 5 % are dis-
carded from the averaging, as are grid cells with less than 10
ground pixels in them). Results of this analysis, along with
the monitoring of several other quantities, are presented on a
set of web pages (see https://www.temis.nl/tropomi/no2scd/;
last access: 15 June 2026).

Figure 2 shows a summary of the results: yearly average
DOAS and statistical uncertainties for TROPOMI and OMI
for clear-sky and cloud-free pixels separately. Per ground
pixel the mean uncertainty of TROPOMI is significantly
smaller then for OMI (due to the lower SNR of OMI) and
on top of that the ground pixels are also much smaller. The
pixel size reduction of TROPOMI on 6 August 2019 has
lead to an increase of the uncertainties of about 10% (van
Geffen et al., 2020). After this size reduction there is a
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Figure 2. Yearly average DOAS (open symbols) and statistical
(filled symbols) uncertainties for clear-sky (blue symbols) and
cloudy (red symbols) pixels of the OMI (top four curves) and
TROPOMI (bottom-right four curves) NO; slant column retrieval
over the Pacific Ocean. In view of the TROPOMI pixel size reduc-
tion on 6 August 2019 (indicated by the vertical dotted line), the
first year cannot be a calendar year; instead the period 1 August
2018 through 31 July 2019 is used.

small increase in the TROPOMI uncertainties of on average
0.03 umolm=2 (= 2.0 x 10'> molec.cm™2) per year, while
OMI uncertainties increase nearly five times faster: on av-
erage 0.14 umolm—2 (= 8.5 x 102 molec. cm—2) per year.

As mentioned in Sect. 2.1.1, the improvement described
in this paper is used in the operational TROPOMI proces-
sor since 22 November 2025, so that in fact the 2025 values
shown in Fig. 2 are averages mixing two versions, but that
is not a problem in view of the purpose of this figure since
the improvement has only a small effect on the uncertainties;
the TROPOMI data will be re-analysed after the forthcom-
ing mission reprocessing (cf. Sect. 2.1.1). The OMI averages
in Fig. 2 are determined from a preliminary version of the
OMI collection 4 slant column data (OMNO2A) and thus not
yet including the improvement discussed here; the final OMI
collection 4 slant column data will be re-analysed at a later
date.

2.2.3 The Wald-Wolfowitz runs test on the fit residual

TROPOMI observations over lakes in Tibet under clear-
sky and snow-free circumstances revealed tropospheric NO;
columns markedly larger than in the surrounding area. Kong
et al. (2023) attributed these enhanced columns to unknown
NO; sources in the lakes. This prompted us to investigate
NO; fit residuals in detail and we noticed, as reported by
Labzovskii et al. (2024), that these residuals contain clear
broad-band structures that are likely an indication that the
NO;, SCDs retrieved over these lakes are unreliable: some
kind of absorber present in the water is clearly not ac-
counted for in the modelled refectance. A tell-tale sign in
this case was also that the water vapour fit coefficients
have large negative values (down to —1700 mol m~2) rather
than positive values similar to those around the lakes (about
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+200 mol m~2). The issue found over these Tibetan lakes is
revisited in Sect. 6.1.

The discovery of structures left in the fit residual prompted
us to implement a statistical test to try to signal for re-
maining low frequency structures in the fit residual: the
Wald-Wolfowitz runs test, or “runs test” for short (Barlow,
1989, Sect. 8.3.2; see also: https://en.wikipedia.org/wiki/
Wald-Wolfowitz_runs_test, last access: 15 June 2026).

This test checks a randomness hypothesis based on the
number of positive (kp) and negative (k) values in the fit
residual, i.e. based on the notion that an ideal fit residual is
pure white noise, where a sequence of same-signed values is
called a “run” and n; = kp +k;, the number of spectral points
in the fit window. The number of expected runs, k; ", the
variance o2, and the deviation in terms of the standard devi-
ation, Rp, are given by:

ki'? =1+ (2kpky) /s,
V(kEP) = 02 = (2ky kn (2kp ki, —n,Q)/(n%(nA _ 1))

Rp = (" = K™) /o ©)

where k[ is the number of runs in the fit residual. The devia-
tion Rp has been defined here with a sign in order to make a
distiction between fewer-than-expected (Rp < 0) and more-
than-expected (Rp > 0) runs, i.e. to identify between low-
frequency and high-frequency structures, respectively, in the
fit residual. An additional quantity that proved to be useful is
the length of the longest run, Ry, in the fit residual. See the
ATBD (van Geffen et al., 2025) for further details and some
examples.

An Rp that is > +5 or < —5 means that the number of
runs is really in the tail of the distribution, while an Ry, of,
say, > 20 is a significant fraction of the fit window. But since
both Rp and Ry are continuous variables, it is not clear where
to put a line between “good” and “bad” results. In addition,
it is not certain that large Rp and Ry, values actually mean
that the retrieved NO, SCD is incorrect. And, vice versa, it
is not certain that problems with the fit will always be picked
up in the form of large Rp and/or Ry, values. Still, both quan-
tities can give useful information, which is why Rp and R,
are added to the TROPOMI NO; data product as additional
independent information for the data user as of NO, data ver-
sion v2.7.1.

3 Investigation of the fit residual issue

When looking at areas with large Rp and Ry, large patches
over the oceans stood out clearly, prompting an investigation
of fit residuals there, which in turn led us to the issue that is
the subject of this paper. Initial investigations were done with
TROPOMI orbits from 5 June 2019, as for that date the input
data necessary for local reprocessing was available, since it
was used for earlier investigations into the Tibetan Lakes is-
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Figure 3. Examples of fit residuals of clear-sky pixels over the At-
lantic Ocean (“atl” for short) that have large Ry, and Rp. Top panel:
residual of one example (thin red line) and the smoothed residual
(thick red line). Bottom panel: smoothed residuals of six examples
(thin lines) and a smoothed average of the six residuals (thick black
line). Vertical dashed lines in the bottom panel indicate wavelengths
429.0 and 432.0nm. Smoothing here and in other graphs is done
with a natural spline without weights.

sue (Sect. 6.1). Local reprocessing of (sections of) orbits was
necessary, as the DOAS fit residual is not part of the nom-
inal level-2 NO files, since including residuals would lead
to very large files while they would be of little use to by far
most data users.

3.1 Atlantic Ocean

A section of orbit 08516 over the Atlantic Ocean (“atl” for
short as id in figures and tables), with nadir latitudes [+10° :
+40°] was locally reprocessed so as to store the DOAS fit
residuals and from this six clear-sky ground pixels with large
Ry and large negative Rp were arbitrarily picked.

The top panel of Fig. 3 shows the fit residual from one
example as a thin red line and a smoothed version of that as
a thick red line. Results of the runs test for this fit residual
are Rp = —6.3, i.e. really in the tail of the distribution, and
Ry, =33 (at A = [432.28 : 436.58] nm).

The bottom panel of Fig. 3 shows smoothed residuals of
the six examples as thin lines and a smoothed average resid-
ual (“all”) as a thick line. All examples are around longitude
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Table 1. Residual RMS values over the full fit window (second col-
umn), the [429 : 432]nm range (third column), the remainder of the
fit window (fourth column) and the Qﬁ\?[s ratio (fifth column) of
the average over the six clear-sky examples of the Atlantic Ocean
(“atl_all”) in Fig. 3 and Western Australia (“aus_all”) in Fig. 5.

RMS [x10™4]

residual full [429:432] rest ratio

atl_all 1.73 390 1.53 254
aus_all  1.52 323 138 234

—40°, latitude +26°; scanline and row numbers of these and
of the other example pixels in this paper are listed in Ap-
pendix B.

Clearly noticeable in the fit residuals is the large peak
around 430nm. Both the RMS error and the x2 of the fit do
not have suspiciously large values: those two quantities give
no cause for alarm. Yet, the 430 nm peaks is clearly system-
atic and will have some impact on the NO, DOAS fit results.

To investigate the magnitude and occurence of this peak
further, consider the ratio of the RMS of the peak — i.e.
the wavelength range [429 : 432] nm, indicated in the bottom
panel of Fig. 3, which spans about 15 spectral pixels — and
the RMS of the rest of the fit window:

0430 _ Rrms (A € [429 : 432])
RMS = Rems (& € [429 : 432])

(N

(Like the fit residual, this ratio is not part of the nominal
level-2 files). The values of the RMS elements in Eq. (7) and
the full-window RMS error of the average residual (“atl_all”)
in Fig. 3 are given in Table 1; for the individual residuals
the ratio varies between 2.3 and 2.8. The higher the ratio,
the more pronounced the 430 nm peak stands out against the
noise in the fit residual. Although RMS values are continu-
ous quantities, a ratio Q4R?\%S > 2.0 likely indicates there is a
problem with the NO, SCD.

The top-left panel of Fig. 4 shows for the above mentioned
orbit section the Qﬁ%s ratio as function of the cloud radiance
fraction: by far most pixels with a ratio > 2.0 are clear-sky
pixels (left part of the panel). In fact, the ratio is large only for
clear-sky pixels for which the full-window RMS error of the
fit is small. For these clear-sky pixels, where the satellite sees
the ocean waters, the RMS_430 ratio increases with increas-
ing value of the liquid water fit coefficient (top-right panel
of Fig. 4): the deeper the light reaches into the ocean waters,
the larger the effect of VRS on the retrieval and therefore the
more pronounced the peak around 430 nm.

For pixels with higher cloud radiance fraction the RMS
error of the fit is higher and the RMS_430 ratio is lower.
In other words: for most cloudy pixels, any problem with
the fit residual around 430 nm is possibly hidden between the
larger noise on the residual due the presence of those clouds;
the higher the cloud radiance fraction, the larger the range
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Figure 4. Scatter plots of the RMS_430 ratio (y axis) as function
of the cloud radiance fraction (left column) and the liquid water
fit coefficient for clear-sky pixels (right column) over the Atlantic
Ocean (top row), Northern Africa (middle row) and Western Aus-
tralia (bottom row). Horizontal dotted lines indicate a ratio of 2.0.
The vertical line in the left column panels indicates the separation
between clear-sky (left) and cloudy (right) pixels. Colour bars in
scatter plots like this show the number of occurrences.

of RMS error values, i.e. of noisiness of the fit residual. The
RMS_430 ratio does not show a dependency with either the
solar or the viewing zenith angle, neither for clear-sky nor
for cloudy pixels.

3.2 Northern Africa

For comparison of what goes on over land, consider a sec-
tion of orbit 08514 over Northern Africa, with nadir latitudes
[+10°: +30°], which is slightly smaller than the Atlantic
Ocean section used above to avoid including the Mediter-
ranean Sea, but otherwise covers the same latitudes.

As the middle row of Fig. 4 shows, there are only a few
pixels with Q4R?\(/)IS > 1.5 (about 4 % from the orbit section),
while the full-window RMS has roughly the same range as
for the Atlantic Ocean section. Apparently there is no issue
around 430nm over this area of land. But this does not hold
everywhere over land.
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Figure 5. As Fig. 3 but for the clear-sky land pixels over Western
Australia (“aus” for short) that have an RMS_430 ratio larger than
2.0.

3.3 Western Australia

When inspecting other land areas where Qﬁ&s > 2.0 occurs

in the 5 June 2019 orbits, several pixels stood out over West-
ern Australia, though quite scattered. To look at this in more
detail, consider the land pixels of a section of orbit 08510
with nadir latitudes [—45.2° : —7.5°], which covers half of
Australia west of about +135°, most of which is free of
clouds.

The bottom-left panel of Fig. 4 shows the scatter plot of
the RMS_430 ratio as function of the cloud radiance frac-
tion: about 2% of the really cloud-free pixels (i.e. with a
very small cloud radiance fraction) have a ratio larger than
2.0, with a maximum of 2.43; for the Atlantic Ocean sec-
tion the maximum ratio found is 3.45. None of the Australian
land pixels is signaled by the runs test, with |Rp| < 3.5 and
R < 20.

Figure 5 shows fit residuals of six ground pixels around
longitude +120°, latitude —27° with RMS_430 ratios around
2.3; the bottom row of Table 1 lists the values of the RMS el-
ements of Eq. (7) for the average (“aus_all”) over the six ex-
ample residuals. There clearly is a peak around 430 nm that
stands out above the noise in the fit residual, which definitely
is not caused by VRS: the pixels are all classified as “shrub-
land”. Perhaps this indicates that the effect of RRS is not
completely accounted for in the fit.
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Figure 6. Map of ground pixels with Q4R31\9IS > 2.0 in black and the

other pixels in white from all orbits of 5 June 2019; a colour scale
version of the map is given in Fig. C1 for clear-sky and cloudy pix-
els separately (Maps like this one are made with Panoply).

3.4 RMS_430 ratio worldwide and change over time

Figure 6 shows a map of the locations where Q;g\(/}s > 2.0 for
all TROPOMI orbits of 5 June 2019. Almost all these loca-
tions are over open water; over land there are only scattered
pixels, as mentioned in the preceeding sections. Cloudy pix-
els tend to have a low RMS_430 ratio and therefore do not
show up in the map. The outer 22 (20) rows at the left (right)
edge of the swath have a larger spectral uncertainty, which is
reflected in larger SCD and RMS errors, as a result of which
the RMS_430 ratio is somewhat lower there.

Maps for other days (not shown) look similar, with a sea-
sonal variation in the overall North-South pattern over the
oceans and an apparent small decrease in time of the number
of pixels with QS&S > 2.0. To investigate this further, Fig. 7
shows the frequency distribution of the RMS_430 ratio for
cloud-free pixels of three selected days over water and over
land separately.

From 5 June 2019 to 7 June 2020, the RMS_430 ratio
decreases somewhat, clearly visible over water (blue lines)
and less clearly over land (red lines). The reason for this de-
crease is likely the fact that due to the along-track pixel size
reduction in August 2019 the uncertainties have increased
(Sect. 2.2.2), i.e. the noise in the fit residual has increased, as
a result of which the 430 nm peak stands out less clearly.

After that, the uncertainties of the NO; retrieval remain
almost the same, as illustrated in Fig. 2, but Fig. 7 indicates
that the 430nm peak decreases in magnitude between 2020
and 2024, in particular over water but also over land. This is
likely caused by the fact that in 2024 the Sun is more active
than in 2020, as a result of which the 430 nm structure is less
deep, in particular the calcium line there — see Appendix A
for a brief investigation of the line depth over time. The irra-
diance and radiance are affected directly by the varying depth
at that wavelength, while in addition to that the radiance over
water is also indirectly affected by the change of the depth
of the Ca+ lines around 395 nm which are shifted to around
430nm by VRS (Sect. 1).
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Figure 7. Frequency distribution of the RMS_430 ratio of all orbits
of 5 June 2019 (solid lines), 7 June 2020 (dashed lines) and 5 June
2024 (dotted lines) for clear-sky pixels over water (blue) and land
(red).

In other words: because the structure in the irradiance
around 430nm varies with the solar activity cycle, the ef-
fects of RRS are never really fully compensated around that
wavelength, since the Ring reference spectrum (Sect. 2.2.1)
is determined from a fixed irradiance reference spectrum, and
over water things are made worse by the effects of VRS.

For ground pixels over clouds (not shown), the frequency
distribution is slightly narrower than for the land pixels in
Fig. 7, with a peak value at about the same RMS_430 ratio,
also with a small narrowing over time and a small increase
of the peak value.

3.5 OMI measurements

To investigate the RMS_430 ratio for OMI collection-4 mea-
surements, Atlantic Ocean orbits similar to the TROPOMI
one of 5 June 2019, where selected on or close to 5 June of
2005, 2009, 2014, 2019 and 2024.

Fit residuals of clear-sky pixels of the 5 June 2019 orbit
(not shown) look very similar to those shown in Fig. 3, but
on the whole the RMS_430 ratio is lower, the reason no doubt
being that the noise on the OMI measurements is in general
larger than on TROPOMI measurements: ratios above 2.5 are
rare, most pixels have ratios well below 2.0, as can be seen
from the red solid line in Fig. 8.

That figure also shows that the change over time of
the RMS_430 ratio for OMI is quite different than for
TROPOMI (cf. Fig. 7) in relation to the solar activity cy-
cle: the higher activity of 2024 leads for TROPOMI to lower
RMS_430 ratios than for the lower activity of 2020, while
for OMI the higher activity of 2014 and 2024 (dotted lines in
Fig. 8) leads to higher RMS_430 ratios than for the lower
activity of 2009 and 2019 (dashed lines). The increase of
the overall SCD error for OMI over time (Fig. 2) and thus
of the RMS error, may be visible in Fig. 8 in the difference
between the two low-activity (dashed) lines as a small shift
to lower RMS_430 ratios, whereas in the two high-activity
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Figure 8. Frequency distribution of the RMS_430 ratio of clear-sky
water pixels from OMI Atlantic Ocean orbits of five different years:
2005 with medium solar activity (solid red line), 2009 and 2019
with low solar activity (blue and black dashed lines), and 2014 and
2024 with high solar activity (blue and black dotted lines). Data af-
fected by the row anomaly are filtered out; for consistency sake, the
2005 data have been filtered with the 2024 row anomaly flagging.

(dotted) lines it seems to show up as an small shift to higher
RMS_430 ratios; these differences, however, could also be
due to differences in atmospheric circumstances.

The reason for the different behaviour of TROPOMI and
OMI is not clear, but it may be related to the fact that for
OMI NO, retrievals the 2005 average irradiance is used,
while for TROPOMI the daily measured irradiance is used
(cf. Sect. 2.2.1), as a result of which the effect of the 430nm
issue on the reflectance and hence on the fit residual is quite
different for the two instruments.

For cloudy pixels (not shown), the situation is more like
TROPOMI: at low activity, the RMS_430 ratios are on the
whole a little larger than at high activity.

4 Dealing with the fit residual issue at 430 nm

From the above analysis it is clear that around 430 nm there
is a systematic feature that will have some impact on the NO»
SCDs, in particular over oceans but also lands pixels may be
affected. Compensating for this issue within the DOAS fit is
not trivial as the feature appears to vary over time. Using the
RMS_430 ratio of Eq. (7) as a filter is not possible either, as
that ratio is a continuous quantity, like the x> and RMS error
of the fit.

We therefore propose to cut the feature from the DOAS
fit by ignoring wavelengths in the range A = [428 : 433] nm,
named “NO;-gap fit” below. This window — slightly bigger
than the range used in Eq. (7), to be sure to include the full
feature — is indicated by the dashed vertical lines in Fig. 1.
We recommend that this fix is implemented for all ground
pixels, not just over ocean waters, to avoid introducing re-
trieval inconsistencies across land-water boundaries.
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Figure 9. Smoothed fit residual of the Atlantic Ocean “atl_1" ex-
ample in Fig. 3 using the full fit window for the retrieval (red line)
and with the NO»-gap fit (blue line). Vertical dashed lines indicate
the wavelength range that is cut out: 428.0 to 433.0nm.

Table 2. Changes in the main retrieval results between the NO»-
gap and the full-window fit in percent for the six clear-sky Atlantic
Ocean pixels of Fig. 3.

NO,-gap minus full-window fit [%]

atl_# Nq ANs  RrMS %2
1 —559 —1127 —16.03 —27.38
2 —532 —874 —13.00 —22.79
3 —0.99 —10.13 —14.08 —24.82
4 —178 —10.94 —10.94 —27.06
5 —395 —989 —13.74 —24.06
6 —407 —1239 —17.54 —28.81

4.1 Individual pixel comparisons

Figure 9 shows smoothed residuals of the Atlantic Ocean ex-
ample from the top panel of Fig. 3 using the full-window fit
(red line) and using the NO,-gap fit (blue line): especially on
either side of the gap the residual is reduced. Table 2 lists for
the six Atlantic Ocean examples the change in the NO, SCD
value, SCD error, RMS error and X2 of the fit. A reduction
of the latter three — in these cases of 10 % or more — is gener-
ally considered to indicate that the fit has improved and one
then assumes that the resulting SCD value has become more
reliable.

The NO;-gap fit also leads to improved fits for the West-
ern Australian land pixels, as can be seen from the results
listed in Table 3, which shows that in some cases the SCD
value may increase due to the improvements. For the North-
ern Africa land pixels (not shown), changes in the SCD and
RMS error are for by far most pixels no more than 2 %; for
clear-sky pixels the changes are less than for cloudy pixels.
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Table 3. As Table 2 but for the six clear-sky Western Australia pix-
els of Fig. 5.

NO;-gap minus full-window fit [%]

aus_# Ns AN RRMS )(2
1 +3.98 —-624 —10.10 —17.57
2 -5.82 —-7.27 -1032 —20.05
3 -324 324 -10.72 —18.24
4 -2.03 —6.89 -9.54 —19.56
5 —-3.88 —-7.98 —11.72 -20.49
6 -275 —-629 —10.73 —17.48

4.2 Changes across the world and over time

Figure 10 shows a map of the relative change in percent of
the NO, SCD error and the GCD value due to the NO;-
gap fit instead of the full-window fit for all orbits of 5 June
2019 — changes occur there where the RMS_430 ratio is large
(cf. Fig. 6). Scatter plots of the changes in the NO, SCD er-
ror and GCD value are shown in Fig. 11 for clear-sky pixels
over water and land and for all cloudy pixels, separately, as
function of the RMS_430 ratio. For pixels over water, the re-
duction of the SCD error is evident, while over land there
is also a decrease of the SCD error for a lot of pixels but
some pixels show a small increase as result of the NO;-gap
fit. The GCD values show a small decrease over water, while
over land they remain mostly the same. For cloudy pixels,
the SCD error and GCD value changes are relatively small,
where one has to keep in mind that for cloudy pixels with a
cloud radiation fraction just above 0.5 part of the light still
comes from the water or land surface.

Frequency distributions of the changes for clear-sky pixels
in the NO, SCD error and GCD value are shown by solid
lines in Fig. 12, along with the changes for the other two test
days mentioned above. The changes in the SCD error due
to the NO;-gap fit become a little smaller over time, along
with what is seen for the RMS_430 ratio in Fig. 7, but on the
whole there clearly is in improvement in the fit over water
and a small improvement over land. The GCD value changes
are more or less the same over time: a decrease over water
and on average no change over land.

For the initial evaluation of the impact of the NO,-gap
fit on the stratospheric and tropospheric columns, two full
months were processed: July 2023 and January 2024 — see
Sect. 5. The Pacific Ocean orbits of these two months can
be used to check the impact on the slant column uncertain-
ties discussed in Sect. 2.2.2. Given that there is quite some
day-to-day variation, Table 4 lists the monthly average ra-
tios of the uncertainties of the NO»-gap over the full-window
fit, as well as the average SCD value over the same latitude
range (the difference between the two months is related to
the seasonal cycle in the uncertainties; see the graphs on the
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Figure 10. Map of the relative change in the NO, SCD error (top
panel) and GCD value (bottom panel) of the NO,-gap minus full-
window fit for all orbits of 5 June 2019.

Table 4. Monthly average ratio of the DOAS and statistical uncer-
tainty (“unc.”) and the average SCD value of the NO;-gap over full-
window fit results of Pacific Ocean orbits of the two TROPOMI test
months and for a period around the switch in the operation proces-
sor from v2.8.0 to v2.9.1 as specified in the text.

pixel type  quantity Jul 2023  Jan 2024  switch
clear-sky ~ DOAS unc. 0.954 0.943 0.942
statistical unc. 0.992 0.992 0.989
average SCD 0.964 0.957 0.957
cloudy DOAS unc. 0.983 0.980 0.978
statistical unc. 0.914 0.908 0.901
average SCD 0.993 0.990 0.980

webpages https://www.temis.nl/tropomi/no2scd/, last access:
15 June 2026).

The NO;-gap fit is included in the operational TROPOMI
processor since 22 November 2025 (cf. Sect. 2.1.1), hence
we can compare results after that up to what is available at
the moment of writing, i.e. up to 30 April 2026, with v2.8.0
data of the same 160-d period one year earlier. The ratios of
the averages over these two periods, listed in the last column
of Table 4, agree quite well with those of the two test months.

As expected from the above reported changes in the SCD
error, the DOAS uncertainty improves, in particular for clear-
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Figure 11. Scatter plots of the change in the NO, SCD error (left
column) and GCD value (right column) of the NO;-gap minus full-
window fit in percent for clear-sky pixels over water (top row) and
land (middle row), as well as all cloudy pixels (bottom row), of all
orbits of 5 June 2019 as function of the RMS_430 ratio.

sky scenes. For those scenes the statistical uncertainty does
not change much, but the NO;-gap fit appears to have an im-
pact on the statistical uncertainty over cloudy scenes with
changes up to —10%. It is not fully clear why the latter de-
crease occurs. As the bottom-right panel in Fig. 11 shows,
the GCD does on average not change over clouds, but there
is quite some scatter, even for low RMS_430 ratio. In particu-
lar over bright clouds and at edges of clouds the illumination
of the instrument slit may be inhomogeneous, which is likely
to have greatest effect on strong Fraunhofer lines. Perhaps
the removal of the 430nm peak therefore gives better, more
consistent results over clouds due to the incomplete handling
of that peak by the Ring correction in the full-window re-
trieval. The main message, though, is that the NO-gap ap-
proach reduces the uncertainties, in some cases more than in
other cases, without a deterioration of the results.

4.3 OMI measurements

Inspecting OMI fit residuals of individual clear-sky Atlantic
Ocean pixels with a relatively high RMS_430 ratio of the
2005 orbit without and with the NO,-gap leads to graphs
similar to Fig. 9 and the changes in the SCD and RMS er-
ror are of the same order as those listed in Table 2. For pixels
from the 2024 orbit the changes in the SCD and RMS er-
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Figure 12. Frequency distribution of the NO, SCD error (top panel)
and GCD value (bottom panel) of all orbits of 5 June 2019 (solid
lines), 7 June 2020 (dashed lines) and 5 June 2024 (dotted lines) for
clear-sky pixels over water (blue) and land (red).

ror appear to be smaller, probably because the 430nm peak
is relatively less strong in 2024 than in 2005 due to the in-
creased solar activity (Sect. 3.5) and/or the increased mea-
surement uncertainties (Sect. 2.2.2).

An evaluation of the data for water pixels only in the
latitude range [—40° : +40°], which covers the area where
the largest changes are expected to occur, and filtering out
the rows suffering from the row anomaly (also for the 2005
data, to have equal viewing geometry coverage), reveals that
for most pixels the NO, SCD error is reduced in the NO,-
gap approach: the changes lie roughly between —12 % and
42 %. For clear-sky pixels the distribution of the SCD er-
ror changes peaks at about —0.5% for the orbits of 2009
and 2019, i.e. when solar activity is low, with a frequency
a 10th of the peak-frequency for a change of —5.5%. For
the high-activity years 2014 and 2024 the peak of the dis-
tribution lies at about —1.5% and a frequency a 10th of the
peak-frequency is found for a change of —9 %. For the 2005
orbit, a year of medium solar activity, the peak lies at roughly
the same change but the tail is somewhat longer: a frequency
a 10th of the peak-frequency is found at —10%. In other
words, for low-activity years the SCD error changes of clear-
sky pixels have a narrower distribution than for high-activity
years. The reverse is the case for cloudy pixels, and for these
pixels the peaks lie between —1.5 % and —0.5 % for all years.
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The changes of GCD values for these Atlantic Ocean pix-
els (which in general have low GCD values to begin with)
have a wide distribution, roughly between —15 % and 410 %
for most clear-sky pixels, with a peak at about —0.5 %, with
only a little difference between low- and high-activity years.
For cloudy pixels the GCD appears to increase a little on av-
erage: the changes range from about —10% to +15 %, with
peaks around +1 % to +2 %.

5 Impact on stratospheric and tropospheric columns

To study the impact of the NO,-gap approach on the fi-
nal stratospheric and tropospheric NO; columns two months
were selected: July 2023 and January 2024, so as to cap-
ture seasonal variation. Since the TMS5 data assimilation was
started from an existing distribution and the across-track
stripe correction amplitude is an average over a period of
seven days (van Geffen et al., 2025), it takes a few days to
adjust (spin-up) to new approaches, hence we analyse the
vertical column data starting at day 8 of each month; the
stripe correction amplitude is determined and applied after
the SCD and GCD are calculated, and it may be different
for the full-window and the NO;-gap approaches. NO, col-
umn data were gridded per day using the HARP software
(https://stcorp.github.io/harp/doc/html/; last access: 15 June
2026) on 0.2° x 0.2°, which gives average values where or-
bits overlap.

5.1 Opverall impact

Since most of the NO; over the oceans, away from emission
sources, is found in the stratosphere, a change in the SCD in
those regions will primarily lead to changes in stratospheric
NO,. For the vast majority of the grid cells the change of the
stratospheric column is in the range —5% (—2 umol m~2 or
1.2 x 10" molec. cm~2) to 0%; cf. the top panel of Fig. 13.
For some individual grid cells the changes may be a bit larger,
while for very few grid cells stratospheric NO, may increase
a little. Most of the change is found in the latitude range
[—40° : +40°], the same range where the largest changes in
SCD and SCD error occur.

Since tropospheric NO, column values over oceans are
usually small and over land they can vary quite a bit, it
is best just to consider absolute differences; cf. the bot-
tom panel of Fig. 13. For by far most clear-sky water grid
cells the tropospheric column decreases: average changes
are between —2.0 and +0.5 umol m~—2, with a peak around
—1.0 umol m~2. Clear-sky land scenes and all cloudy scenes,
on the other hand, show an overall increase of the tro-
pospheric column: average changes are between —0.5 and
+2.0pumolm—2. Some individual grid cells show much
larger (monthly average) changes though: between —20 and
415 umol m~2 for clear-sky scenes, while for cloudy scenes

https://doi.org/10.5194/amt-19-4233-2026


https://stcorp.github.io/harp/doc/html/

J. van Geffen et al.: Improving TROPOMI and OMI NO; retrieval 4245

NO2 tropospheric VCD difference [x1le-6 mol/m?]

<

-40  -30 -20 -10O 0.0 1.0 2.0 3.0 4.0

Figure 13. Average change NOj-gap minus full-window in the
stratospheric (top panel; all pixels) and tropospheric (bottom panel;
clear-sky pixels only) NO, vertical column for the test month July

2023. The two panels have different scale ranges, both in pmol m~Z,

where 4 umol m~2 corresponds to 2.4 x 1014 molec. cm 2.

the changes may range between —40 and +40pumol m—2
(2.4 x 105 molec. cm™2).

On average we expect that the impact on tropospheric
columns is small, since the data assimilation will remove av-
erage biases. The lower stratospheric columns above trop-
ical seas are transported over land, as is particularly visible
over Eastern Asia and over South-East USA and Mexico (top
panel of Fig. 13), where tropospheric columns will increase
since the SCD over land remains more or less the same. Since
over polluted areas the AMF is much smaller than the strato-
spheric NO;, tropospheric columns may increase more than
the stratospheric columns decrease. The data assimilation
with the NO;-gap retrieval results reduces the entire column
over oceans, leading to a small decrease of the tropospheric
columns there.

5.2 Impact over validation stations

Routine validation of TROPOMI tropospheric, stratospheric
and total column data with ground-based measurements is
being carried out by the Validation Data Analysis Facility
(VDATF, https://mpc-vdaf.tropomi.eu/; last access: 15 June
2026), with support from the S5P Validation Team (S5PVT),
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which issues Quarterly Validation Reports, such as Lambert
et al. (2026).

The VDAF data of a given station could be compared to
the new results by selecting the same ground pixel from the
orbit files, as a repetition of the validation. But that proba-
bly does not provide clear answers, given that (a) ground-
based measurements are not available on each day of the two
months, (b) in view of the spin-up the first seven days of each
months need to be skipped, and (c) a large day-to-day varia-
tion is observed in the validation results, which is larger than
the differences discussed here. Instead it seems a better idea
to considered the data from the full-window and NO;-gap
retrievals at the VDAF locations in the gridded data.

The results of this comparison are shown in Fig. 14 in
the form of monthly averages of daily absolute differences,
where vertical dashed lines separate the three groups of sta-
tions for the validation of the stratospheric (15 locations;
left), total (75 locations; middle) and tropospheric (8 loca-
tions; right) column; a few locations at high latitudes have
no data in the local winter month.

For most locations, the average SCD error (AN;
top panel) is reduced by about 0.1 umolm~2 (0.6 x
10'3 molec. cm’2) or about 1 %; the standard deviation of the
averaging is smaller than the average for most stations. These
reductions are quite small, because the stations are located
on land, where the impact of the NO,-gap approach is small.
The largest change in ANy occurs for the first stratospheric
column station (Bauru, Brazil): —0.6 (—0.4) umol m~2 for
the month July 2023 (January 2024), or —5.8 % and —3.7 %,
respectively.

For that station, the average GCD column (N§e°; 2nd
panel) goes down by 2.0 (1.3) umol m~2 in July 2023 (Jan-
uary 2024), or about —3.3 % for both months, while the third
stratospheric column station (Dumont d’Urville, Antartica)
shows a decrease of N5 by 1.3 umol m~2 in January 2024.
For most other stations, the change in N¥°° is between —1 %
and +1 %.

The average stratospheric column (N3"™'; 3rd panel) de-
creases for almost all stations, from —0.2 to —1.0 pmol m—2
(0.6 x 10 molec. cm™2, or up to —2 %), with a standard de-
viation lower than 0.3 umol m~2, i.e. the decrease of N3 is
fairly robust. The 14th stratospheric column station (St. De-
nis, Retinion) shows the largest decrease: —1.9 umol m~2 in
January 2024 (about —4.5 %), followed by the 47th total col-
umn station (Mauna Loa, Hawai): —1.6umolm~2 in Jan-
uary 2024 (about —5.1%). As the routine validation men-
tioned above shows, TROPOMI slightly underestimates the
stratospheric column, but those results are latitude depen-
dent. with a possible small overestimation in the tropics
where the NO;-gap approach is most prominent. It looks like
the NO»-gap approach reduces the latitude dependency a lit-
tle, but the impact on the biases is difficult to estimate in view
of the large uncertainties in the validation comparisons.

The average tropospheric column (NJP; 4th panel) of
the MAX-DOAS stations — all of which lie on the North-
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Figure 14. Average absolute change of, from top to bottom, the
NOj slant column error (A Ns) and the geometric (N§CO), the strato-
spheric (NS, the tropospheric (Ny °P) and the total (N2l ver-
tical columns between the NO;-gap and the full-window fit results
for the two test months over the VDAF validation sites for the 15
stratospheric (left part of each panel), 75 total (middle part) and 8
tropospheric (right part) columns. Stations have been assigned num-
bers in alphabethical order per group; the groups are separated by
vertical dashed lines.

ern hemisphere — does not change much and the same holds
for most of the stratospheric column stations. For the total
column stations the change of N\t,mp has a quite varied dis-
tribution, with little to no change for some locations and
changes +4.0 to 4+6.0 umolm=2 (3.6 x 10'* molec. cm~2)
for other locations. Given that the tropospheric column val-
ues for some stations are small, relative changes can be large,
but for most stations the relative change is less than 15 %.

The average total column (Nf,mal; 5th panel), i.e. the sum
of the tropospheric and total column, shows changes similar
to those in the NS"".

Atmos. Meas. Tech., 19, 4233-4254, 2026

All in all the changes in the vertical columns are on aver-
age small and are not likely to affect the main conclusions of
the VDAF validation reports.

6 Discussion points
6.1 Tibetan lakes

As mentioned at the beginning of Sect. 2.2.3, unexpectedly
large TROPOMI tropospheric NO, columns over Tibetan
lakes, attributed by Kong et al. (2023) to sources in those
lakes, are likely due to unreliable NO; slant column retrievals
(Labzovskii et al., 2024), as indicated by the presence of
broad-band structures in the fit residuals and large negative
water vapour (HyOy,p) coefficients over those lakes. For that
study, orbit 08511 of 5 June 2019 was selected — the first or-
bit in June 2019 that has fully clear-sky pixels over two major
lakes: Lake Siling and Lake Nam, but also other lakes in and
around Tibet were investigated. For this paper, we focus on
those two large lakes (located at about 4.5—4.7km altitude),
as well as on Issyk-Kul in Kyrgyzstan (at about 1.6km alti-
tude), as these cover multiple TROPOMI ground pixels.

The top panel of Fig. 15 shows the fit residual of a pixel
over Lake Siling. Like the residuals over the Atlantic Ocean,
shown in Fig. 3, there are broad-band structures in the resid-
ual above about 430nm, but there are striking differences:
the peak around 430nm that lead to the NO;-gap approach
is much less pronounced here, the “downward wave top” be-
tween 430 and 440nm is much deeper, and there is a strong
negative “peak” at about 442.7nm (indicated by an arrow).
That peak can be attributed to the fact that the DOAS fit has,
in order to minimise the residual, among others resulted in
a strongly negative HyOy,p, coefficient of —1.419 £ 0.280 x
103 molm~2 for this example, as opposed to an average of
+0.235x 10* mol m~2 outside the lake.

Both the broad-band structures and the large negative
HyOyyp coefficient were tell-tale signs to conclude that the
higher GCD values over the lakes (0.71 umolm~2 on aver-
age), compared to surrounding values (0.66 umolm~2 on av-
erage; cf. the maps in Labzovskii et al., 2024), are probably
due to unrealiable fit results rather than due to NO; emis-
sions from the lakes: since stratospheric NO; is more or less
constant over the short distances involved here, any elevation
in the retrieved SCD value will end up as an enhancement of
the tropospheric NO, column.

Residuals of other ground pixels over Lake Siling, Lake
Nam and Lake Issyk-Kul look similar, with some difference
in the details of the broad-band structures and the HyOyyp
values. The bottom panel of Fig. 15 shows for the three lakes
the smoothed fit residual averaged over six ground pixels
with surface classification “Water” — even in these smoothed
versions, the downward peak related to the negative HyOyyp
coefficient can be seen.
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Figure 15. Top panel: example of a fit residual over Lake Siling
(thin red line) and the smoothed residual (thick red line). The arrow
at 442.7nm points to an issue discussed in the text. Bottom panel:
smoothed fit residuals of the average over six residuals over three
lakes: Lake Siling (red line), Lake Nam (blue line) and Lake Issyk-
Kul (black line) from the full-window fit; the blue and black lines
almost exactly overlap.

The broad-band structure between 430 and 440nm is
picked up by the runs test: Ry, > 20, as is visible in the maps
on the top row of Fig. 16, and Rp < —5 for most pixels. For
Lake Siling, the RMS_430 peak is barely visible, while for
Lake Nam and Lake Issyk-Kul part of the water pixels have
Q‘lg\%s > 2.0 (red patches in the bottom row maps of Fig. 16).

The lower RMS_430 ratio over these lakes as opposed to
the ratio over the Atlantic Ocean indicates that for the lakes
the effects of VRS are less important and in some cases ap-
parently absent. Liquid water fit coefficients over the Atlantic
Ocean are usually around several metres (cf. top-right panel
of Fig. 4), whereas for Lake Siling and Lake Issyk-Kul they
are around +1 m, while Lake Nam has values around —3.5m;
the latter is another indication that the DOAS fit is not really
going well here. Differences in the overall broad-band struc-
tures in the fit residual may be due to the fact that the char-
acteristics of the material dissolved in the water of the lakes
differs from what is dissolved in the oceans.

Looking at results for the three lakes when using the NO;-
gap fit introduced above reveals that for Lake Siling the
changes are small and erratic: for some pixels the RMS and
SCD error and the GCD value go down by one or two per-
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Figure 16. Maps of the longest run Ry, (top row) and RMS_430
ratio (bottom row) for Lakes Siling and Nam (left column; centred
at +89.8°, +31.2°) and Lake Issyk-Kul (right column; centred at
+77.4°, +42.5°). Maps are 2° in north-south direction. Approxi-
mate lake contours are made by Panoply.

cent, while for other lake pixels they go up a little. For Lakes
Nam and Issyk-Kul, the RMS and SCD error appears to go
down by five to ten percent, and the GCD value by one to
four percent. In other words, the NO,-gap approach improves
the fit quality somewhat but does not solve the issue of the
observed bias in the slant column values over these lakes.
To solve the bias additional reference spectra, describing the
characteristings of the material dissolved in lakes, need to be
added to the fit, but such spectra are currently not known.

6.2 Intensity offset correction

Several DOAS applications include an intensity offset cor-
rection (IOC for short), constant or linear in wavelength, to
improve the retrievals in some spectral ranges. This correc-
tion has been implemented in the TROPOMI NO; processor
in the form of an addional term to Eq. (2):

Z Cm )\lﬂ

Rmod()\.) =...+ Eo()\,) ’

m=0,1,...,n0 (8)
with ¢, fit parameters; in most applications nqg =0 or 1.
The option has, however, not been turned on, mainly be-
cause the precise physical origin of such an intensity off-
set is not known — it is thought to be related to instrumental
issues (e.g. incomplete removal of stray light or dark cur-
rent in Level-1b spectra, neither of which is deemed neces-
sary for TROPOMI measurements) and/or atmospheric is-
sues (e.g. incomplete removal of Ring spectrum structures

Atmos. Meas. Tech., 19, 4233-4254, 2026



4248

N " smoothed : atl_1 - full-window fit ——

Atlantic Ocean “incl. intensity offset
6 : : NO2-gap fit -----
| | 1/E ¢ (arb. units)

Fit residual [x 107

m
Uwv\

41 0 420 430 440 450 460
wavelength [nm]

-4 W\V\/ \w\,\/\/’vﬁ M/\/\/ L/V

Figure 17. Smoothed fit residual of the Atlantic Ocean “atl_1" ex-
ample in Fig. 3 using the full fit window for the retrieval without
(red line) and with (blue line) the IOC, and with the NO;-gap fit
(black dotted line). The thin grey line at the bottom is 1/ Ef in ar-
bitrary units (cf. bottom panel in Fig. 1), indicative of the shape of
the IOC term.

Table 5. Changes in the main retrieval results in percent for the six
clear-sky Atlantic Ocean pixels of Fig. 3 due to the intensity offset
correction (I0C).

I0C minus full-window fit [%]

atl_# Ng ANs  Rpms %2
1 —3.64 —1276 —17.74 —26.36
2 —444  —737 —10.63 —16.46
3 —1.08 —1158 —1573 —23.83
4 —355 —829 —13.03 —18.29
5 —322 —1206 —16.60 —24.96
6 —328 —1135 —17.00 —23.89

and VRS in clear ocean waters); see, for example, Platt and
Stutz (2008), Richter et al. (2011), Lampel et al. (2015),
Boersma et al. (2018).

The blue line in Fig. 17 shows the smoothed fit residual in
case the IOC is turned on in the full-window fit with nyg = 0:
the IOC clearly decreases the 430nm issue and gives close to
it a slightly better fit residual, quite similar to the NO;-gap fit
(black dotted line); the shape of the IOC term is indicated by
the thin grey line at the bottom of the panel. The change in
the NO; SCD value, SCD error, RMS error and X2 for the six
Atlantic Ocean example pixels are listed in Table 5 — these
changes are similar to but somewhat less than those for the
NO;-gap fit listed in Table 2.

The IOC is proportional to one over the irradiance and
the Fraunhofer peak in the irradiance is much narrower than
the 430nm residual issue, hence the IOC can never fully
compensate for the issue. In addition to that, the 1/Eg(A)
spectrum has additional structures and shows a slope above
440nm, which may be introducing artifacts in the retrieval.

All things considering, the NO,-gap fit seems to be a phys-
ically better justifiable approach than including the IOC in
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the fit to solve the 430nm issue. Neither of the two ap-
proaches, however, are able to deal with the broad-band
structures at higher wavelengths.

6.3 Chlorophyll and other material in the water

The NO,-gap fit was introduced to remove the system-
atic residual feature around 430nm. This does not deal
with issues at higher wavelengths visible in the fit residuals
(e.g. Fig. 9), which are related on the one hand to wavelength
shifts caused by VRS effects (Peters et al., 2014; Dinter et al.,
2015; Holtrop et al., 2021) and on the other hand by the pres-
ence in the water of, for example, chlorophyll and dissolved
organic matter (DOM), which are known to absorb light in
the visible region (Joiner et al., 2004; Cannizzaro and Carder,
2006; Vountas et al., 2007), and particulate matter that may
be scattering UV radiation. Chrolophyll and DOM come in
different flavours, each with their own slightly different refer-
ence spectrum (Taniguchi et al., 2021). It is unclear whether
these structures remaining in the fit residual mean that the
retrieved NO, SCD is affected, but the results of the lakes
discussed in Sect. 6.1 suggest they may well be.

The broad-band structures visible in the fit residual them-
selves do not represent the missing reference spectrum, be-
cause the shape of the residual is the result of DOAS adjust-
ing all fit parameters so as to minimise the residual, i.e. pos-
sibly using incorrect fit coefficients — cf. the downward peak
in Fig. 15 due to the large negative water vapour coefficient.
Note further that the reference spectra oy (A) are in the ex-
ponent of the modelled reflectance of Eq. (2), rather than di-
rectly in the residual.

Over relatively small areas like the lakes in Sect. 6.1,
where one may assume the stratosphere to be more or less
constant, one could try to reconstruct the missing reference
spectrum by assuming that the fit coefficients found outside
the lake are valid over the lake as well, with some sensi-
ble assumption of what the liquid water coefficient might
be, although it is then unclear what one should assume for
the polynomial coefficients. An attempt in that direction falls
outside the scope of the present paper. In addition, the ap-
proach would not work over oceans, as there are no neigh-
bouring values for the fit coefficients available.

7 Concluding remarks

The first step in the process to determine NO, tropospheric
and stratospheric columns from measurements by satellite-
based instruments, such as TROPOMI, is the retrieval of
the so-called slant column density (SCD) of NO; with a
DOAS approach, in the case of TROPOMI NO in the wave-
length window 405—465 nm. This retrieval step accounts for
the presence of several absorption and scattering effects that
occur along the light path from Sun through atmosphere
to satellite and has proven to be quite successful and ro-
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bust. Since TROPOMI measurements have a higher signal-
to-noise ratio (SNR) and higher spatial resolution than earlier
instruments, some hitherto weak or even unobserved features
have been identified in TROPOMI retrievals.

The spectrum of the incoming solar light has a number of
Fraunhofer lines. In the atmosphere rotational Raman scat-
tering (RRS; a.k.a. the Ring effect) leads to filling-in, widen-
ing and shifting of these lines, which is accounted for in
the DOAS retrieval by way of a reference spectrum (Zying).
Over open, clear water bodies the light that reaches the satel-
lite may also be influenced by vibrational Raman scattering
(VRS) in the water, the characteristics of which depend on,
for example, the viewing geometry and the material that is
present in the water (such as chlorophyll), as a result of which
it appears not possible to compensate for VRS in the DOAS
retrieval by way of a scalable reference spectrum. Properly
accounting for VRS would require on-the-fly radiative trans-
fer calculations using the actual irradiance, in order to cap-
ture the variability of the viewing geometry, of the Fraun-
hofer lines, as well as characteristics of the chlorophyll and
other material in the water at the time of measurement. This
approach might work for case studies but it is outside pos-
sibilities in case of operational processing of satellite-based
NO; measurements for world-wide applications.

Close inspection of TROPOMI fit residuals, the difference
between the measured and DOAS-modelled spectrum, re-
vealed a distinct peak around 430nm, which is associated
with Fraunhofer lines. Apparently, this feature is not com-
pensated for completely by Ijig, While over water VRS may
further strengthen the 430 nm peak in the residual. The lower
the overall noise level of the measurements (i.e. the higher
the SNR), the more the systematic feature shows up, poten-
tially leading to incorrect NO, SCD values. In addition, the
depth of the 430 nm Fraunhofer line depends on the solar cy-
cle: the less active the Sun is, the deaper the line and hence
the larger the influence on NO; retrieval results.

The 430nm peak primarily occurs over open water bod-
ies, where both RRS and VRS play a role, but also for some
more scattered ground pixels over land, such as Australian
shrublands. The residual of the latter ground pixels outside
the peak wavelengths is close to zero, which makes the peak
stand out clearly.

As a way to prevent the 430 nm peak from influencing the
NO; SCD retrieval results, we investigated the impact of ex-
cluding the wavelength range 428-433 nm from the DOAS
fit. Over open water bodies this NO;-gap approach leads, on
average, to a 10 %—20 % decrease of the SCD error and of the
RMS error of the fit and the NO, SCD is reduced by a few
percent. A reduction of the uncertainties is generally consid-
ered be beneficial, as that indicates better fit results more re-
liable SCD values and uncertainty estimates. For some land
pixels the approach may lead to a reduction of the SCD and
RMS error of 5 %—10 %, while the SCD may decrease or in-
crease a few percent. For land pixels where the 430 nm peak
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is not prominent, the NO,-gap fit does not alter the results
significantly.

OMI retrievals over the Pacific Ocean also show a decrease
of the retrieval errors in the NO,-gap fit, but the improve-
ments are smaller than for TROPOMI, which is likely due to
the lower SNR of OM], as a result of which the 430 nm peak
is less pronounced.

The largest decreases of the SCD are seen over the oceans,
where most of the NO; will be in the stratosphere, as a re-
sult of which the stratospheric NO, column decrease as well,
by up to —2umolm~2 on average in the tropics. A change
in both the SCD and the stratospheric VCD lead to a de-
crease of the tropospheric NO> column for part of the wa-
ter scenes while for some land scenes the tropospheric col-
umn may increase; on average these changes are not very
big (2 umol m~2), but for individual clear-sky location the
changes may be as large as £20 umol m—2.

The NO»-gap approach reduces the problem directly re-
lated to the 430nm peak, linked in part to “pure” VRS ef-
fects on Fraunhofer lines, i.e. effects solely related to scat-
tering in water. It does not deal with the broad-band features
at wavelengths above that in the fit residual related to mate-
rial dissolved in the water, such as chlorophyll, which also
affects VRS characteristics. The impact of chlorophyll, dis-
solved organic matter and other substances in water bodies
on NO; retrievals — clearly shown by the problem with NO,
retrievals over some Tibetan lakes, where VRS effects seem
to be small —is difficult to assess and requires dedicated stud-
ies.

Note that both the fit residual and the RMS_430 ratio used
in this paper are not part of the nominal level-2 NO, files;
they are only available in special (re)processing exercises.
The results of the runs test, introduced earlier when inves-
tigating retrievals over Tibetan lakes, are still valuable in
the NO;-gap approach and therefore remain available in the
nominal orbit files.

The solution of the 430 nm peak issue presented in this pa-
per is implemented in the new NO; slant column processor
versions of TROPOMI (Sect. 2.1.1) and OMI (Sect. 2.1.2).
The solution is also relevant for the NO; retrieval of recently
launched and future missions with high spatial resolution,
such as Sentinel-5 (the first of which was launched on 12
August 2025), CO2M and TANGO. It may further be worth-
while to investigate whether the 430 nm issue also occurs in
NO; retrievals of preceeding low spatial resolution missions,
such as GOME-2, SCIAMACHY and GOME.

Appendix A: Depth of the 430 nm Fraunhofer structure

The structure in the irradiance around 430nm discussed in
this paper is caused by iron and calcium absorption lines, as
mentioned in the Introduction (Sect. 1). The depth and width
of some Fraunhofer lines in the solar spectrum is known
to depend on the activity of the Sun, in particular calcium
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Figure A1. Top panel: definition of the depth of the Fraunhofer line
structure around 430nm using the TROPOMI irradiance of orbit
08518 of 5 June 2019. Bottom panel: change over time of that depth
for selected irradiance measurements (red line, left axis) and the
daily sunspot number for the same days (blue line, right axis). The
arrows at the top point to the dates used in Sects. 3.4 and 4.2. Further
details are given in the text of App. A. Source of the sunspot number
data: WDC-SILSO, Royal Observatory of Belgium, Brussels.

lines (Bert van den Oord, personal communication, February
2025; see e.g. Marchenko et al., 2024, Chatzistergos et al.,
2024, Srinivasa et al., 2025 and references therein), while
other lines vary little if at all over time.

As a quick check of this characteristic, the depth of the
430nm structure is defined as illustrated in the top panel of
Fig. Al: the distance between the lowest irradiance value in
the structure and the point above that (black stars) along a
linear fit (grey) through the spectral points in the wavelength
ranges [424.0 : 428.0] and [432.0 : 436.0] nm.

The evolution over time of this depth is shown in red (left
axis) in the bottom panel of Fig. A1, derived from TROPOMI
irradiance measurements every 225-th orbit (about once ev-
ery 15 days), starting with orbit 02818 of 30 April 2018 (the
first publicly available TROPOMI irradiance), along with the
solar activity in terms of the sunspot number (blue line, right
axis, increasing downward): the higher the sunspot number,
i.e. the more active the Sun, the less deep is the 430 nm struc-
ture. The depth of the two Ca+ Fraunhofer lines near 395 nm
(involved in effects of VRS; cf. Sect. 1) vary in a similar way
with solar activity (not shown).
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Appendix B: Indices of example ground pixels

Table B1. Scanline and row number of Atlantic Ocean (“atl”’) and
Western Australia (“aus”) ground pixels used in the examples of
5 June 2019; orbit numbers are given between parenthesis in the
header line.

Atlantic Australia
“atl” (08516) | “aus” (08510)
# scan row ‘ scan oW
1 1583 367 755 209
2 1591 329 757 297
3 1604 426 766 264
4 1613 264 776 284
5 1633 146 777 141
6 1660 199 777 219

Table B2. As Table B1 but for the lake pixel used in Sect. 6.1.

Lake Siling Lake Nam Lake Issyk-Kul

“sil” (08511) | “nam” (08511) | “iss” (08511)
# scan  row ‘ scan row ‘ scan row
1 1687 376 | 1670 393 1873 200
2 1688 376 | 1670 394 1874 205
3 1688 377 | 1671 393 1875 193
4 1689 374 | 1671 394 1875 208
5 1689 375 | 1671 395 1876 197
6 1690 376 | 1672 391 1876 215

Tables B1 and B2 provide a list of the scanline and row
numbers of the example ground pixels used in this paper, la-
belled by a three-letter identifier.
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Appendix C: Additional figures

RMS_430 ratio : cloudy pixels [-]
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Figure C1. Colour scale version of Fig. 6 for clear-sky (top) and
cloudy (bottom) pixels.

Figure C1 shows a colour scale version of Fig. 6 for clear-
sky and cloudy pixels separately.
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Data availability. Standard TROPOMI NO, collection 03 data
(v2.4.0 and onwards) are available via ESA’s public data hub (https:
//dataspace.copernicus.eu/, last access: 15 June 2026); data product
DOI: https://doi.org/10.5270/S5P-9bnp8q8. OMI/QA4ECV NO,
collection 03 (v1.1) data are available via the TEMIS portal at https:
/Iwww.temis.nl/airpollution/no2.php (last access: 15 June 2026).
OMI NOj collection 04 slant column data, named OMNO2A,
are available via NASA at https://aura.gesdisc.eosdis.nasa.gov/data/
Aura_OMI_Level2/OMNO2A.004/ (last access: 15 June 2026);
data product DOI: https://doi.org/10.5067/AURA/OMI/DATA2433.
Data produced specifically for this paper is available upon request.
Sunspot Number data source is WDC-SILSO, Royal Observatory
of Belgium, Brussels, at https://www.sidc.be/silso/datafiles (last ac-
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