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Abstract. Retrievals of stratospheric ozone profiles from space-borne limb-scatter measurements in the UV-Visible spectral

range were found to produce a bias if the effective reflectance of the underlying scene has a strong gradient along the instrument

line of sight. This effect is particularly pronounced when the underlying scene between the sub-satellite and the tangent point

passes from desert to ocean or from cloudy to cloud-free conditions, especially over the ocean. For stratospheric ozone columns

retrieved from Ozone Mapper and Profiler Suite Limb Profiler (OMPS-LP) observations, regional biases of up to 7-10 DU were5

detected. When applying the limb-nadir matching technique, i.e. combining stratospheric and total ozone column information to

obtain the residual tropospheric column, these underlying scene related biases amount to about 10-30 % of typical tropospheric

ozone column values.

In this manuscript we present an improved retrieval algorithm, which substantially mitigates the observed biases in the

stratospheric and tropospheric ozone. The algorithm employs an extended version of the SCIATRAN radiative transfer model10

(v4.8) capable of accounting for variations of the effective reflectance of the underlying scene along the instrument line of sight.

VIIRS observations are used to prescribe the variation of the effective reflectance of the underlying scene along the instrument

line of sight in the radiative transfer model. The manuscript describes the implementation strategy, discusses the results in

terms of stratospheric ozone changes with respect to the standard version and presents updated OMPS-LP/OMPS-NM and new

OMPS-LP/TROPOMI tropospheric ozone column datasets along with the validation of the results with respect to correlative15

observations. Any retrieval of observations from solar limb sounding spectrometers is potentially affected by this issue and

should take it into account.

1 Introduction

While stratospheric ozone protects mankind from harmful UV radiation, and plays an essential role in the thermal balance and

dynamics of the stratosphere, tropospheric ozone is a major pollutant, which is detrimental to human health, and an important20

greenhouse gas. Tropospheric ozone is produced by the interaction between nitrogen oxides and hydrocarbons in the presence

of sunlight (Crutzen et al., 1999) and can reach concentrations, which are harmful for human health and crops, especially
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during intense summer smog episodes. Damages to ecosystems by ozone pollution are related to water acidification, leading

to yield losses and damages of crops and forests. Tropospheric ozone contributes to the anthropogenic greenhouse effect with

a radiative forcing of 0.40 ± 0.20 Wm−2 (Stevenson et al., 2013).25

Global scale information on short- and long-term variations of tropospheric ozone can only be obtained from observations

by space-borne instruments. Beside the tropospheric ozone retrievals from nadir ozone profiles, e.g. (Keppens et al., 2024),

from cloud slicing, e.g. (Ziemke et al., 2005) and convective cloud differential methods, e.g. (Heue et al., 2016; Leventidou

et al., 2016), tropospheric ozone can be provided by using the limb-nadir matching (LNM) technique applied to a combina-

tion of space borne observations in limb and nadir viewing geometries. A similar approach can also be applied to combined30

simultaneous measurements of nadir UV-Vis and thermal infrared observations (Mettig et al. (2022) and references therein).

At the University of Bremen, Institute of Environmental Physics (IUP), an algorithm to retrieve tropospheric ozone columns

by applying the LNM technique to observations from the Suomi-National Polar Partnership (SNPP) Ozone Mapper and Pro-

filer Suite (OMPS) has been developed (Orfanoz-Cheuquelaf et al., 2024). Tropospheric ozone columns (TrOC) are obtained

by subtracting the stratospheric ozone columns (SOC), which are retrieved from OMPS-Limb Profiler (LP) measurements35

(Arosio et al., 2018), from the total ozone columns (TOC) obtained from coinciding OMPS-Nadir Mapper (NM) observations

(Orfanoz-Cheuquelaf et al., 2021). Both SOC and TOC retrieval algorithms were previously developed at IUP, based on the

SCIATRAN radiative transfer model (RTM) and retrieval software, which assumed a 1-D atmosphere, i.e. atmospheric layers

and underlying surface were considered to be horizontally homogeneous along the instrument line of sight (LOS). Of historical

note, the use of near simultaneous measurement of scattered solar radiation for the retrieval of trace tropospheric gases was40

first proposed for the SCIAMACHY project (Burrows et al. (1995) and references therein).

Orfanoz-Cheuquelaf et al. (2024) identified the presence of regional artifacts in the retrieved LNM dataset, particularly in

the tropical Pacific region. This is illustrated in Fig. 1, which shows a multi-year average map of tropospheric ozone global

anomalies, where a positive band-shaped artifact across the Pacific ocean is observed a few degrees north of the equator. Similar

artifacts were also found in other TrOC products derived from space-borne measurements in the UV-Vis spectral range, e.g.45

in the SCIAMACHY LNM dataset (Orfanoz-Cheuquelaf et al., 2024). As discussed in more detail in Sect. 2, this artifact

originates from the limb SOC and is caused by the presence of the Inter-Tropical Convergence Zone (ITCZ) (Hwang and

Frierson, 2013). Within the ITCZ, a semi-permanent continuous cloud band develops a few degrees north of the equator. This

bright cloud band extends roughly perpendicularly to the viewing direction of the OMPS-LP instrument and is surrounded in

the south-north direction by the ocean surface with typically low reflectance. Along any instrument LOS crossing this area,50

strong gradients in the upwelling tropospheric radiance occur, which cannot be accounted for by using standard (1D) RTMs

and cause retrieval artifacts. Due to the semi-stationary nature of the ITCZ over the Pacific, this feature is not averaged out and

is evident in the multi-year average maps.

The physical origin of this artifact is related to the limb viewing geometry: for such observations, a substantial amount of

light entering the instrument field-of-view (FOV) is reflected by the Earth’s surface or scattered within the boundary layer or55

clouds (Oikarinen and Kyrölä, 1999). As discussed by Oikarinen (2002), the reflection from a region about ±75 km across-

track and ±500 km along-track around the tangent point (TP) constitutes about 95 % of the total reflected intensity received
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Figure 1. TrOC global anomalies from LNM OMPS data, averaged over 2012-2020.

by the instrument. The study highlighted a potential need for modeling the reflected intensity using surface albedo data from

concurrent measurements by other instruments. In fact, although in typical UV-Vis limb retrievals the effects of the underlying

scene reflectance are mitigated by normalizing the measured data by a reference spectrum observed at a high tangent altitude60

(Flittner et al., 2000), the retrieval results are still significantly dependent on the method to account for the reflectance of the

underlying scene. This is especially the case for space borne instruments which register a full vertical image at once (such as

OMPS-LP) because every tangent point of the limb image has somewhat different geographic location.

Typically, limb-scatter retrievals are performed assuming a horizontally homogeneous effective Lambertian surface albedo

in the forward model. However, on a scale of several hundred kilometers, the reflectance of the underlying scene can vary65

substantially. The most complicated scenario, which is relevant for our investigation, is when the distribution of the underlying

scene reflectance is not symmetric with respect to the TP and shows a strong gradient in the reflectance occurring between the

tangent point and the instrument (near field).

Several retrieval approaches accounting for the inhomogeneity of the atmosphere along the instrument LOS have been

developed during the last decades for limb-emission, e.g. Steck et al. (2005); Livesey et al. (2006), and limb-scatter retrievals70

(Zawada et al., 2018). However, these approaches are focused on accounting for variations in the ozone amount rather than the

reflectance properties of the atmosphere or underlying surface. In this manuscript, we present a new retrieval approach, which

uses the effective Lambertian surface albedo measured by the VIIRS instruments to initialize the SCIATRAN RTM. The latter

has been extended to account for variations of the effective surface albedo along the instrument LOS, including clouds.

The paper is structured as follows: in Section 2 the space-borne instruments and their datasets used in the study are presented.75

In Section 3 the ozone retrieval and known artifacts are discussed. Section 4 describes the modifications implemented in the

SCIATRAN RTM and the usage of an external surface albedo dataset. In Section 5 the surface spectral reflectance or albedo

datasets are presented. Section 6 introduces the resulting stratospheric profiles obtained with the newly developed retrieval

approach and compares them with correlative data. Finally, Sect. 7 introduces the LNM datasets which were created using the

updated stratospheric information and validates the results against ozonesonde data.80
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2 Used data

Most of the data used in this study are derived from OMPS measurements; the instrument was launched in October 2011 on

board the SNPP satellite platform, started measuring in February 2012 and is still in operation. OMPS comprises a suite of three

instruments: two nadir-looking, the Nadir Mapper (OMPS-NM) and the Nadir Profiler (OMPS-NP), and OMPS-LP performing

limb observations. As mentioned above, retrievals of the ozone total column from OMPS-NM and of the stratospheric ozone85

profiles from OMPS-LP have been developed at IUP Bremen over the last decade (Arosio et al., 2018; Orfanoz-Cheuquelaf

et al., 2021). The datasets from these retrievals are used in this study.

OMPS-NM is a spectrometer measuring back-scatter solar radiation in the UV spectral range from 300 to 380 nm, with a

spectral resolution of 1 nm (Flynn et al., 2014). The footprint of OMPS-NM is approximately 50 x 2800 km2, with a field of

view (FOV) of 0.27◦ (∼ 50 km) along-track and 110◦ across-track swath, divided into 36 bins (ground pixels). The across-track90

FOV naturally increases towards the edges of the swath, with a 20 km to 50 km FOV for the near-central pixels.

The OMPS-LP instrument observes the atmospheric limb in the backward direction through three vertical slits, from which

the well calibrated measurements of the central one pointing along the satellite’s orbital plane are used in this study. The central

slit is designed to observe the same air masses as in the nadir viewing geometry about 7 min later. Observations are performed

in the ascending node with the equator crossing time of 13:30. OMPS-LP performs 180 observations per orbit from which95

around 140 are at solar zenith angles smaller than 80◦. Horizontal sampling is about 3 km across track and 200 km along track.

The spectral coverage of OMPS-LP ranges from the UV (280 nm) to the NIR (1020 nm). A 2D CCD detector observes the

atmosphere from the surface to 100 km having a vertical sampling of 1 km. The vertical field of view is about 1.5 km for each

detector pixel.

One of the LNM products presented in this manuscript uses observations form the TROPOspheric Monitoring Instrument100

(TROPOMI), which was launched on board the Copernicus Sentinel-5 Precursor (S5P) satellite in October 2017, with data

available from May 2018, and is still in operation (Veefkind et al., 2012, 2018). TROPOMI has an ascending node equatorial

crossing time of 13:30, a ground pixel size of 3.5 km x 7 km for TOCs and all major atmospheric gases retrieved from the

UV-Vis, a swath of 2600 km, and daily global coverage with about 14 orbits per day.

As explained in Sect. 4, in the improved retrieval algorithm we use surface albedo information extracted from the Visible105

Infrared Imaging Radiometer Suite (VIIRS) dataset (Cao et al., 2013). The VIIRS instrument is also onboard the SNPP satellite

platform and observes the radiance upwelling from the Earth’s atmosphere across visible, near-infrared, and shortwave infrared

wavelengths, covering the spectral range from approximately 410 nm to 2250 nm. For our study, we used surface reflectance

values in the visible band at 673 nm, which we consider representative for the Chappius band, given that ocean reflectance and

cloud albedo have a small wavelength dependence across the visible range.110

3 Standard ozone retrieval and identified retrieval artifact

The SCIATRAN RTM (Rozanov et al., 2014) is used as the forward model in the stratospheric ozone profile retrieval algorithm

developed over the past three decades at the IUP Bremen to simulate the radiance scattered by the Earth’s atmosphere and
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reflected by the surface. The retrieval employs a standard iterative procedure (Arosio et al., 2018): first the SCIATRAN forward

model is used to simulate the measured spectrum and Jacobians for a first guess ozone profile, then, the ozone profile is115

retrieved based on the difference between the simulated and measured radiances and regularization constraints, the result

is used to initialize the forward model for the next run. The iterative process is stopped when the difference between two

subsequent solutions in the selected altitude range does not exceed a chosen criterion. The regularization employs a first order

Tikhonov constraint. Four spectral segments are selected to retrieve ozone from OMPS-LP observations: three in the UV

region and one in the Chappuis band, see Arosio et al. (2018, 2024). The altitude range over which the retrieval is performed120

spans from 8 to 60 km above sea level. Limb radiances in each spectral interval are normalized by a limb measurement at

an upper tangent height (TH), in order to provide a self-calibration of the instrument and reduce the effect of surface-cloud

reflectance. In the standard retrieval approach, the surface spectral reflectance reaching the OMPS field of view, also known

as effective surface albedo, is assumed to be horizontally homogeneous. It is retrieved simultaneously with the ozone retrieval

exploiting a sun normalized radiance spectrum measured at an upper tangent height. Beforehand, a cloud filter is applied125

rejecting measurements at tangent heights affected by clouds, and the aerosol retrieval is performed, whose results are used

then in the forward model within the ozone retrieval.

3.1 Identified retrieval artifact

In this section, we describe the retrieval artifact identified in the stratospheric ozone columns resulting from the standard

retrieval over the tropical Pacific region. Figure 2 shows the SOC, cloud top height and the effective Lambertian surface albedo130

retrieved from OMPS-LP measurements and averaged over the tropical Pacific region from July to September 2016. In addition,

the SOC from the Microwave Limb Sounder (MLS) are displayed, which is used as a reference instrument in this study because

it cannot suffer from the same effect. This instrument performs microwave emission measurements and is not affected by the

described artifact because it is insensitive to the reflectance of the underlying scene.

The effective Lambertian surface albedo, which characterizes the reflectance of the underlying scene, was obtained from135

observations in the nadir-viewing geometry by the OMPS-NM instrument. It is seen from the figure that the OMPS-LP SOC

shows a dip with respect to the MLS data with the largest discrepancies located around 5◦ N, a few degrees south of the

maximum in the reflectance of the underlying scene and cloud top height. This dip corresponds to the positive anomaly artifact

shown in Fig.1 (TrOC = TOC - SOC) and is caused by the presence of the highly reflecting cloud band located between the

instrument and the TP (near field) below the field of view of the lowermost detector pixel (corresponding to the lowermost140

TH) used in the retrieval. On the contrary, the presence of the highly reflecting cloud band beyond the TP (far field) causes a

positive bias in OMPS-LP SOC around 10-15 ◦ N. The latter is, however, significantly less pronounced.

4 Extension of the SCIATRAN RTM and a proof of concept analysis

To mitigate the artifact described above, the capability of the forward model used in the retrieval must be extended, to account

for variations of the underlying scene reflectance along the instrument LOS. Although the latest standard version of SCIATRAN145
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Figure 2. SOC and cloud top height from OMPS-LP (red and green, respectively), effective Lambertian surface albedo from OMPS-NM

(blue), and SOC from MLS (black, which also uses the left red axis). All data are averaged over the Pacific sector from July to September

2016.

(v4.7) is capable of handling variations of trace gas absorption as a function of solar zenith angle, the scattering properties of

the atmosphere and the reflective properties of the underlying surface are assumed horizontally homogeneous.

For this study, the reflectance of the underlying scene was represented by effective Lambertian surface albedo. The extension

to SCIATRAN uses the so-called independent pixel approximation approach in the framework of the combined differential-

integral (CDI) technique (Rozanov et al., 2001). In this approach, a fully spherical ray tracing is used to calculate the LOS150

coordinates and the contribution of the single scattering. To account for the multiple scattering contribution, the radiation

field is calculated at a selected grid along the instrument LOS employing the pseudo-spherical approximation (spherical ray

tracing for the direct solar beam and the plane-parallel treatment for scattering processes) and then integrated along the LOS

intersecting the spherical atmosphere. The only difference between the new version of SCIATRAN and the standard version

is that the latter uses the solar zenith angle grid to calculate the pseudo-spherical multiple scattering radiation field while155

the new extended version uses a grid of geographical locations along the instrument LOS and the Lambertian surface albedo

can be specified at each grid point, independently based on its geographical coordinates. The SCIATRAN version capable of

accounting for variations of the surface albedo is referred to as v4.8 and the retrievals performed using this version are referred

to in the following text as 2D-mode retrievals. Figure 3 shows a schematic view of the retrieval chains for the 1D standard

processing and for the 2D-mode; the surface albedo information is detailed in Sect. 5.160
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Figure 3. Schematic view of the 1D and 2D-mode retrieval chains.

An initial verification of the extended SCIATRAN RTM (v4.8) was achieved by testing the ability of synthetic retrievals

to reproduce the observed artifact. To this end, we used the extended version of SCIATRAN to simulate the limb radiance

for a sample surface albedo distribution in the Pacific characterized by a pronounced isolated pattern in the underlying scene

reflectance. The simulations were performed for several TP locations, a few degrees South and North of the peak of the

underlying scene reflectance. Then these simulated limb radiances were used as the input to the standard (1D) retrieval. For165

comparison, the retrieval was also performed for the limb radiance simulated with the standard SCIATRAN RTM (v4.7), the

results of this retrieval are referred to as the unperturbed run. The results of these synthetic retrievals are illustrated in Fig. 4.

We see that for the unperturbed run (green star), the profile resulting from the 1D retrieval coincides with the a-priori profile

(and with the result from the 2D-mode retrieval, not shown). On the contrary, for the TPs located to the South of the reflectance

peak (blueish colors), the 1D retrieval strongly underestimates the ozone number density, whereas for the TPs to the North of170

the peak (reddish colors) an overestimation is observed. These results reproduce the wave-like structure seen in Fig. 2. The

effect is observed mostly below 32 km, where the Chappius band is used for the retrieval. The largest differences are found

around the peak of the number density profile.

This example confirms that the identified artifact is caused by the inhomogeneity of the underlying scene reflectance along

the instrument LOS, which cannot be properly accounted for within the 1D retrieval. We also investigated the dependence of175

the artifact on the cloud top height and on the magnitudes of the absolute value and of the gradient of the underlying scene

reflectance. We found a direct correlation between the steepness of the gradient in the underlying scene reflectance and the

magnitude of the artifact.
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Figure 4. Results of the synthetic simulations for several TPs located a few degrees South and North of the underlying scene reflectance

peak. The color of the stars in the right panels (TP locations) corresponds to that of the profiles in the left panel.

5 Surface albedo datasets

In order to initialize the 2D-mode retrieval, we need to prescribe the effective Lambertian surface albedo values along the orbit180

for each OMPS-LP observation. To this end, three candidate datasets were considered:

1. Data from the OMPS Nadir Mapper (NM), retrieved at IUP Bremen (Orfanoz-Cheuquelaf et al., 2021). This instrument

was optimized to observe the scene which is observed 7 minutes later by the OMPS-LP instrument. Unfortunately, the

wavelength range of the OMPS-NM instrument is restricted to UV, whereas the knowledge of the effective Lambertian

surface albedo in the visible range is required for the 2D-mode retrieval. This is because the artifact affects ozone profiles185

mostly below 32 km, where the spectral information from the Chappuis absorption band of ozone is used.

2. Data from TROPOMI. The instrument provides daily maps of effective Lambertian surface albedo in the visible spectral

range. However, TROPOMI was launched in 2017 and its dataset does not cover the entire OMPS mission, which started

in 2012.

3. Data from VIIRS. The instrument is on board the same satellite platform as OMPS and its observations are nearly190

collocated with those from OMPS-LP. VIIRS dataset provides values of the effective Lambertian surface albedo in

several spectral bands including the visible spectral region.

We compared the effective Lambertian surface albedo values retrieved simultaneously with ozone profiles by the standard

IUP OMPS-LP algorithm, and the values provided in TROPOMI and VIIRS datasets. We found generally good agreement

between the three zonally averaged datasets with a small difference between OMPS-LP results and TROPOMI/VIIRS data,195
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which increases towards northern high latitudes (see Supplements, Fig. S1). This discrepancy might produce a bias between

the mean SOC values from 1D and 2D-mode retrievals, which increases in the Northern Hemisphere.

6 2D-mode retrieval results

6.1 SOC results for selected orbits

For the first tests on real data, we selected OMPS-LP orbits characterized by a strong isolated peak in the underlying scene200

reflectance along the orbit, i.e. two consecutive observations with high reflectance (in particular above 0.5) surrounded by

observations with low reflectance (below 0.3) (an example in the Supplements Fig. S2). We found about 30 suitable orbits in

2019 located in different regions/latitudes. For these orbits, we run both the standard and the 2D-mode retrievals. For each

orbit, the location of the maximum of the underlying scene reflectance gradient (∆) was taken as a reference. Then, the SOC

calculated for each observation around this location were sorted as a function of their distance from ∆. In Fig. 5, the difference205

between SOC from OMPS-LP and collocated MLS measurements is displayed as a function of the distance from ∆ for the 1D

(left panel) and the 2D-mode (right panel) retrievals.

Figure 5. Difference between collocated OMPS-LP and MLS SOC averaged over 30 selected orbits as a function of the distance from the

location of the maximum of the underlying scene reflectance gradient (∆, gray box). Left panel: 1D retrieval, right panel: 2D-mode retrieval.
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The typical wave-shaped artifact is pronounced for the 1D retrieval results, with OMPS-LP SOC underestimation occurring

when the TP is located to the South of the sharp gradient in the underlying surface reflectance (maximum at 2◦ S) and overes-

timation occurring when the TP is located to the North of it. As it was already noticed in Fig. 2, the negative artifact is larger210

in absolute values than the positive one. This is related to the geometry of limb observations: the negative artifact occurs when

the underlying scene reflectance gradient, e.g. a cloud, is located in the near field, i.e. between the satellite and the TP. In this

case the inhomogeneity of the underlying scene reflectance has a larger impact on the retrieval. On the other hand, the positive

artifact occurs when the reflectance gradient is located in the far field, i.e. to the South of the TP. Looking at the right panel of

Fig. 5, we notice that for the 2D-mode retrieval the distribution of the difference with respect to MLS is significantly flatter,215

i.e. more independent from the location of the underlying scene reflectance gradient. In this case the SOC from OMPS-LP and

MLS agree within the uncertainties (standard deviations of the differences).

6.2 Artefact mitigation in selected regions

A further evaluation of the 2D-mode retrieval results has been performed in selected regions of interest, where sharp gradients

in the underlying scene reflectance along the OMPS-LP LOS are expected. For comparison we also performed retrievals220

using the effective Lambertian surface albedo from TROPOMI and using different griddings for the VIIRS albedo. Figure 6

shows the SOC retrieval results from OMPS-LP using different effective Lambertian surface albedo data as well as SOC from

collocated MLS measurements for the Pacific sector and the Arabian Peninsula region. The data were averaged from July to

September 2021. In panel (a), the SOC cross sections over the Arabian Peninsula are displayed. The values from MLS (black),

OMPS-LP 1D (blue) and OMPS-LP 2D-mode, the latter using TROPOMI (magenta) and VIIRS (red) surface albedo data, are225

shown along with the effective surface albedo from VIIRS (green). The latter depicts the ocean-to-continent (desert) transition,

which spreads roughly perpendicular to OMPS-LP orbit tracks. We clearly see the expected negative artifact in the 1D retrieval

located a few degrees to the south from the effective surface albedo maximum. In contrast, the results from 2D-mode retrieval

show good agreement with MLS results for both TROPOMI and VIIRS surface albedo datasets. In panel (b), similar to panel

a), the SOC cross sections over the Pacific sector are shown, but here we compared OMPS-LP 2D-mode results using different230

griddings of the VIIRS surface albedo data rather than VIIRS/TROPOMI. We note that the red and the orange curves overlap.

Again, we can identify the wave-shaped artifact in the 1D retrieval whereas the 2D-mode results show good consistency with

the MLS SOC. When analyzing the effect of different sizes of the horizontal grid boxes used to average the VIIRS surface

albedo data around each TP, we see that the results are very similar. For further investigations, we averaged VIIRS surface

albedo data using the horizontal box size of 1◦×1◦ and sampled them in 0.5◦ steps along the orbit to initialize the SCIATRAN235

model. These values provide an optimal trade-off to avoid outliers in the VIIRS data and still capture sharp surface albedo

gradients.
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Figure 6. Cross sections of SOC from OMPS-LP and MLS over the Arabian Peninsula region (top panel) and over the Pacific sector (bottom

panel). The OMPS-LP results are shown for 1D and 2D-mode retrievals. The latter results are shown for surface albedo datasets form VIIRS

and TROPOMI (in panel a) and for different horizontal averaging of the VIIRS albedo (in panel b).

6.3 Data set validation against MLS and ozonesondes

In this section, we present validation results for the OMPS-LP dataset processed employing the 2D-mode approach, which is

identified as v5.6. The OMPS-LP 1D dataset was also updated to have the same retrieval settings (e.g., aerosol extinction coef-240
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ficient, altitude normalization, cloud screening) as the 2D-mode dataset, and referred to as v4.5. As reference data, collocated

measurements made by MLS and ozonesondes were used.

For each OMPS-LP observation, we selected a nearest-neighbor MLS v5 ozone profile with a maximum time difference of 6

hours and a maximum distance of 1◦ in latitude and 2◦ in longitude. The vertical resolution of the two products is comparable,

about 2-3 km. The relative difference between the OMPS-LP profiles and collocated MLS results as a function of latitude and245

altitude, is shown in the left panel of Fig. 7 . The results were averaged over the entire year of 2016.

Figure 7. Left panel: relative difference between the collocated OMPS-LP and MLS profiles averaged over 2016. Right panel: relative

difference between the collocated OMPS-LP and ozonesonde profiles averaged over 2012-2024

Overall there is good agreement with MLS within ±5 % between 20 and 50 km. Negative differences of about 10 % are

seen in the upper part of the profiles. In the lower stratosphere-upper troposphere (UTLS) region, discrepancies of about 10

- 15 % are observed, which are generally negative in the tropics and positive at middle and high latitudes. The positive bias,

which is more evident in the Northern hemisphere, is related to a positive bias of the VIIRS surface albedo with respect to250

that retrieved from OMPS-LP, when using the standard 1D retrieval. Furthermore, this discrepancy might also be caused by

the uncertainty in the aerosol information used in ozone retrievals, which has the strongest impact in the Northern hemisphere.

The results shown here are comparable to the validation results of the standard IUP retrieval, see e.g. Arosio et al. (2018), or

to NASA results (Kramarova et al., 2024). This gives us confidence in the good quality of the produced 2D-mode dataset.

For comparisons with ozonesondes, we used the homogenized data from the HEGIFTOM project (Van Malderen and Smit,255

2020; Van Malderen et al., 2025). To account for the very different vertical resolution, ozonesonde profiles were averaged

over the vertical range corresponding to the typical vertical resolution of OMPS-LP profiles. We prefer not to use averaging

kernels for this purpose for two reasons: (i) in the 2D-mode, the retrieval range is cut at the cloud top height and no averaging

kernels are produced below, thus the averaging kernels for several lowermost layers are incomplete and no reliable results can
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be produced for these layers; (ii) our previous studies have shown that the vertical averaging of the profiles and a smoothing260

with averaging kernels produce similar results for OMPS-LP ozone retrievals (Arosio et al., 2018). The relative differences

between the OMPS-LP profiles and collocated ozonesonde data for 3 latitude bands and at the Lauder station are shown in

the right panel of Fig. 7. Between 15 and 30 km, the discrepancies are generally within 10 %, except in the tropics where,

due to the low ozone values, the relative differences are larger. Also for ozonesonde comparisons we see larger positive bias at

northern high latitudes below 15 km.265

Figure 8 shows the difference in SOC between collocated OMPS-LP and MLS observations, averaged over 1 year (2016),

for the standard 1D-mode and for the 2D-mode retrievals. With respect to MLS, OMPS-LP generally reports larger SOC in the

extra-tropics and slightly smaller SOC in the tropics (5 DU corresponds to about 2 % of the column). Results are comparable

between the two versions, with a generally smaller bias of the 2D-mode version at southern mid-latitudes. The impact of the

surface albedo bias mentioned in Sect. 5 is not very relevant in terms of SOC, slightly affecting, however, the difference with270

respect to MLS as a function of latitude. In summary, the new SOC agrees as a function of latitudes somewhat better with those

from MLS. However there remain some differences which need to be further investigated.

Figure 8. Zonal mean difference between the SOC from MLS and OMPS-LP for the 1D and 2D-mode retrievals.
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7 Limb-Nadir matching and tropospheric ozone results

The new OMPS-LP 2D-mode stratospheric ozone dataset has been used to produce LNM TrOC data as discussed in this

section. In particular, two datasets have been generated by combining 2D-mode SOC with OMPS-NM and TROPOMI total275

column observations. Both datasets provide valuable data between 60◦ N and S.

The first version of OMPS LNM dataset (v2.0), as mentioned in the introduction, was presented by Orfanoz-Cheuquelaf

et al. (2024), combining IUP 1D limb retrievals (v3.3) and nadir observations from OMPS-NM. The validation presented in

that paper shows that OMPS-LNM TrOC is generally slightly lower than the other datasets. The average bias with respect to

ozonesondes was found to be -1.7 DU without significant latitudinal dependence.280

Within the present work, this dataset has been re-processed and extended using the stratospheric ozone profiles from the

2D-mode retrieval. The overall methodology was not changed, the collocation criteria between limb and nadir observations

and the ozone climatology used to extend limb profiles down to the tropopause remain the same (see Orfanoz-Cheuquelaf et al.

(2024) for details). The TrOC are computed up to the blended tropopause, which is defined as follows: in the tropics, between

20◦ N and 20◦ S, the thermal tropopause is used, beyond 30◦ latitude, a dynamical tropopause with 3.5 PVU threshold is285

employed, and in the transition zone, between 20 and 30° latitude, the TPH is obtained as average of the thermal and dynamical

tropopauses, weighted with the distance to the regime boundaries.

In Fig. 9 we compare the TrOC results obtained with the standard 1D and 2D-mode retrievals, i.e. v4.5 and v5.6, respectively,

of the stratospheric profiles. TrOC was calculated using the same total ozone column (TOC) for both SOC datasets. In the top

and middle panels of the plot, we observe a typical tropospheric ozone distribution with a maximum off-coast of western290

Africa, due to the production and transport of ozone precursors, significantly lower pollution in the tropical Pacific region, and

strongly decreased TrOC values towards the southern high latitudes. In the bottom panel, we note that the differences between

the two datasets are concentrated in specific locations, most prominently, in the Pacific band, to the South of Sahara desert, in

the southern Mediterranean Sea, and to the South of the Arabian Peninsula. In all these regions, sharp gradients of the effective

reflectance of the underlying scene are present along the LOS of OMPS-LP. These gradients are due to transitions from the295

ocean to the continent surface or from semi-stationary cloud bands to cloud-free scenes over the ocean. The sign of the changes

depends on the direction of the albedo gradient. On top of these regional differences, that actually illustrate the effectiveness

of the 2D-mode retrieval, we notice an overall negative bias in the southern middle and high latitudes.

In addition to the OMPS LNM TrOC product, we developed the TROPOMI-OMPS LNM dataset that combines TROPOMI

TOC results from ESA and OMPS-LP SOC from IUP Bremen. As a result of the TROPOMI high spatial resolution, nearly300

all OMPS-LP ozone profiles have collocated TROPOMI measurements. As a consequence, we simply averaged all collocated

TROPOMI pixels within ±1◦ latitude and ±0.5◦ longitude around each OMPS-LP measurement. Similarly to the OMPS LNM

product, the SOC was calculated by integrating the limb ozone profiles down to the blended tropopause height. A climatology

was used if the stratospheric profile bottom was above the tropopause.
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Figure 9. Multi-year mean TrOC obtained using 1D (top panel) and 2D-mode (middle panel) SOC and their difference (bottom panel).

Figure 10 shows the absolute difference between TROPOMI-OMPS LNM and OMPS LNM products, both obtained using305

2D-mode retrieved SOC, averaged over the common 2018-2025 period. We notice an overall positive bias, i.e., TROPOMI-

OMPS LNM results are 2-4 DU higher than those from OMPS LNM at most latitudes, except at northern mid-latitudes, where

a small negative bias is seen in some regions.
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Figure 10. Absolute difference between TROPOMI-OMPS LNM and OMPS LNM products, averaged over 2018-2025.

To validate the new OMPS and TROPOMI-OMPS LNM datasets, we compared our results to the monthly averaged inte-

grated HEGIFTOM ozonesonde profiles and to the tropospheric ozone columns from the OMI-MLS dataset (Ziemke et al.,310

2006), which provides global measurements of tropospheric ozone by combining data from OMI and MLS, both on board

the Aura satellite. The OMI-MLS TrOC dataset provides monthly L3 data from 60◦ S to 60◦ N at a resolution of 5◦ latitude

by 5◦ longitude. These data span the time from October 2004 to the present and were used in several studies to investigate

long-term trends, pollution events and interactions with other atmospheric gases (Ziemke et al., 2019, 2022). Figure 11 shows

two examples of TrOC time series from HEGIFTOM ozonesondes, OMI-MLS, OMPS LNM and TROPOMI-OMPS LNM315

(2D). We note an overall good agreement between the results, with mean discrepancies within 2-3 DU and a well reproduced

seasonal behaviour by both LNM products. The latter are somewhat more noisy, especially OMPS LNM showing some visible

outliers.

A general overview of the validation results is presented in Fig. 12. The plot shows mean differences and corresponding

standard deviations with respect to the ozonesonde data for OMI-MLS, OMPS LNM (2D) and TROPOMI-OMPS LNM (2D)320

for all considered ozonesonde stations. In the tropics, both OMPS LNM and OMI-MLS show a very good agreement with

ozonesondes while TROPOMI-OMPS LNM TrOC are generally a few DU higher. In the northern extra-tropics, we notice

that both LNM products of IUP Bremen are generally low biased with respect to both ozonesondes and OMI-MLS. This was

expected considering the positive bias of OMPS-LP ozone profiles with respect to MLS data, see Fig. 7, resulting in larger SOC

and smaller TrOC. In the Northern Hemisphere, TROPOMI-OMPS LNM tends to provide a closer to zero mean deviation with325

respect to ozonesondes than OMPS LNM.
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Figure 11. Time series of OMI-MLS, OMPS LNM, TROPOMI-OMPS LNM and integrated ozonesondes TrOC data at the two stations,

Hohenpeissenberg and La Reunion.

8 Conclusions

In this study, we investigated the impact of the inhomogeneities of the underlying scene reflectance along the instrument LOS

in the retrieval of stratospheric ozone profiles from limb measurements in the UV-Vis spectral range. The artifact resulting

from these inhomogeneities is a general problem in the retrieval of ozone profiles from measured limb scans of solar-scattered330

radiation. The effect is particularly pronounced when the scene below the limb line of sight changes from a dark surface, such

as the ocean, to a bright scene, for example above clouds. However, a bias can be introduced for all scenes below the limb line

of sight if this contribution is not properly accounted for.
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Figure 12. Mean differences with corresponding standard deviation between three LNM TrOC dataset and sondes, averaged over the 2018-

2025 period.

An approach to account for this bias was developed by extending the forward RTM, SCIATRAN, to account for gradi-

ents in the effective Lambertian surface albedo along the instrument LOS. To initialize the SCIATRAN RTM, the along-orbit335

measurements of the effective Lambertian surface albedo from the VIIRS instrument were used. In the presented set-up, the

albedo is only at a single wavelength in the visible range: a further step, which could bring an additional improvement of

the product, is the usage of spectrally resolved information. Employing the newly developed retrieval approach, we processed

the whole OMPS-LP time series (2012-2025) and updated/produced two LNM TrOC datasets: OMPS LNM and TROPOMI-

OMPS LNM. Stratospheric profiles and TrOC datasets were compared against reference products and with the results from340

the standard retrieval. The comparison results demonstrated a successful mitigation of the artifacts in ozone related to inhomo-

geneities of the underlying scene reflectance along the instrument LOS, and an overall good agreement with the reference data

for both stratospheric profiles and the TrOC products. An additional issue identified in this work is related to the uncertainty

of the aerosol information used in the ozone retrieval. The latter seems to be responsible for a slight overestimation of ozone

values in the lower stratosphere, particularly in the Northern hemisphere, which causes, as a consequence, a low bias in the345

LNM TrOC. Further investigations are needed to address this issue.

The research results presented here are important for the retrieval of ozone profiles from UV–Vis limb observations, in-

cluding observations from SCIAMACHY and OSIRIS, as well as the upcoming ALTIUS mission. Correcting for this effect

is relevant if such measurements are to provide the accuracy, stability and consistency required for long-term trend analyses,

in line with the objectives and requirements of the Global Climate Observing System (GCOS) (Global Climate Observing350

System, 2022).
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