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SUMMARY

Earth observation satellites which monitor air quality and clouds retrieve their informa-
tion about the atmosphere from the reflected sunlight by the Earth. An estimation of, for
example, the amount of aerosols, trace gas concentrations, or cloud optical thickness,
are based on measurements of the reflected sunlight compared with model computa-
tions of this reflected sunlight. The model atmosphere and surfaces in those ’radiative
transfer models’ are based on assumptions, and any deviation from reality could intro-
duce biases in the measurements of the atmospheric constituent of interest. One of the
phenomena that has not yet been included in the radiative transfer models of the satel-
lite algorithms are shadows. In this thesis, the shadows of clouds and the shadow of the
Moon are addressed, the latter also often referred to as a solar eclipse. Besides the mea-
surement biases that they could introduce, they also provide the opportunity to study
the real sensitivity of the Earth’s atmosphere to variations in sunlight other than the di-
urnal cycle, but only if reliable measurements are available.

During a solar eclipse the solar irradiance reaching the top-of-atmosphere (TOA) is
reduced in the Moon shadow. The solar irradiance is commonly measured by Earth ob-
servation satellites before the start of the solar eclipse and is not corrected for this re-
duction, which results in a decrease of the computed TOA reflectances. Consequently,
air quality and cloud products that are derived from TOA reflectance spectra, such as the
ultraviolet (UV) Absorbing Aerosol Index (AAI), the cloud optical thickness (COT) and
the cloud fraction, are distorted or undefined in the shadow of the Moon. The availabil-
ity of air quality and cloud satellite data in the shadow during solar eclipses, however,
is of particular interest to users studying the atmospheric response to solar eclipses.
Given the time and location of a point on the Earth’s surface, we explain in this thesis
how to compute the obscuration during a solar eclipse taking into account wavelength-
dependent solar limb darkening. With the calculated obscuration fractions, we restore
the TOA reflectances and subsequently the measurements of air quality and clouds.

The first application of our eclipse correction method is to the AAI. We study the
penumbral shadow (i.e. partial eclipse region) during the annular solar eclipses on 26
December 2019 and 21 June 2020 measured by the TROPOMI/S5P instrument. We com-
pare the calculated obscuration to the estimated obscuration using an uneclipsed or-
bit. In the corrected products, the signature of the Moon shadow disappeared, but only
if wavelength-dependent solar limb darkening is taken into account. We find that the
Moon shadow anomaly in the uncorrected AAI is caused by a reduction of the measured
reflectance at 380 nm, rather than a color change of the measured light. We restore com-
mon AAI features such as the sunglint and desert dust, and we confirm the restored AAI
feature on 21 June 2020 at the Taklamakan desert by measurements of the GOME-2C
satellite instrument on the same day but outside the Moon shadow. No indication of
local absorbing aerosol changes caused by the eclipses was found.

The second application of our eclipse correction method is to the measurements of
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cloud fraction and COT. Clouds affected by solar eclipses could influence the reflection
of sunlight back into space and might change local precipitation patterns. Satellite cloud
retrievals have so far not taken into account the lunar shadow, hindering a reliable space-
borne assessment of the eclipse-induced cloud evolution. In this thesis we use satel-
lite cloud measurements during three solar eclipses between 2005 and 2016 that have
been corrected for the partial lunar shadow together with large-eddy simulations to an-
alyze the eclipse-induced cloud evolution. Our corrected data reveal that, over cooling
land surfaces, shallow cumulus clouds start to disappear at very small solar obscura-
tions (∼15%). Our simulations explain that the cloud response was delayed and was
initiated at even smaller solar obscurations. We demonstrate that neglecting the disap-
pearance of clouds during a solar eclipse could lead to a considerable overestimation
of the eclipse-related reduction of net incoming solar radiation. These findings should
spur cloud model simulations of the direct consequences of sunlight-intercepting geo-
engineering proposals, for which our results serve as a unique benchmark.

The other type of shadows in this thesis are the shadows of clouds. Cloud shadows
can be detected in the radiance measurements of the TROPOMI instrument on board
the Sentinel-5P satellite due to its high spatial resolution, and could possibly affect its air
quality products. The cloud shadow induced signatures are, however, not always appar-
ent and may depend on various cloud and scene parameters. Hence, the quantification
of the cloud shadow impact requires the analysis of large data sets. If the shadows are to
be removed from the data, or if shadows are to be studied, an automatic detection of the
shadow pixels is needed.

In this thesis, we present the Detection AlgoRithm for CLOud Shadows (DARCLOS)
for TROPOMI, which is the first cloud shadow detection algorithm for a spaceborne
spectrometer. DARCLOS raises potential cloud shadow flags (PCSFs), actual cloud shadow
flags (ACSFs) and spectral cloud shadow flags (SCSFs). The PCSFs indicate the TROPOMI
ground pixels that are potentially affected by cloud shadows based on a geometric con-
sideration with safety margins. The ACSFs are a refinement of the PCSFs using spec-
tral reflectance information of the PCSF pixels, and identify the TROPOMI ground pix-
els that are confidently affected by cloud shadows. Because we find indications of the
wavelength dependence of cloud shadow extents in the UV, the SCSF is a wavelength de-
pendent alternative for the ACSF at the wavelengths of TROPOMI’s air quality retrievals.
We validate the PCSF and ACSF with true color images made by the VIIRS instrument on
board of Suomi NPP orbiting in close proximity to TROPOMI on board of Sentinel-5P. We
find that the cloud evolution during the overpass time difference between TROPOMI and
VIIRS complicates this validation strategy, implicating that an alternative cloud shadow
detection approach using co-located VIIRS observations could be problematic. We con-
clude that the PCSF can be used to exclude cloud shadow contamination from TROPOMI
data, while the ACSF and SCSF can be used to select pixels for the scientific analysis of
cloud shadow effects.

We applied DARCLOS to detect cloud shadow pixels in the TROPOMI absorbing aerosol
index (AAI) product over Europe during 8 months. For every shadow pixel, we auto-
matically select cloud- and shadow-free neighbour pixels, in order to estimate the cloud
shadow induced signature. In addition, we simulate the measured cloud shadow impact
on the AAI with our newly developed 3D radiative transfer algorithm MONKI. Both the
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measurements and simulations show that the average cloud shadow impact on the AAI is
close to zero (0.06 and 0.16, respectively). However, the top-of-atmosphere reflectance
ratio between 340 and 380 nm, which is used to compute the AAI, is significantly in-
creased in 95% of the shadow pixels. So, cloud shadows are bluer than surrounding non-
shadow pixels. Our simulations explain that the traditional AAI formula intrinsically al-
ready corrects for this cloud shadow effect, via the lower retrieved scene albedo. This
cancellation of cloud shadow signatures is not always perfect, sometimes yielding sec-
ond order low and high biases in the AAI which we also successfully reproduce with our
simulations. We show that the magnitude of those second order cloud shadow effects
depends on various cloud parameters which are difficult to determine for the shadows
measured with TROPOMI. We conclude that a potential cloud shadow correction strat-
egy for the TROPOMI AAI would therefore be complicated if not unnecessary.





SAMENVATTING

Aardobservatiesatellieten die de luchtkwaliteit en wolken monitoren, halen hun infor-
matie over de atmosfeer uit het gereflecteerde zonlicht door de aarde. Schattingen van
bijvoorbeeld de hoeveelheid aerosolen, de concentratie spoorgassen of de optische dikte
van wolken zijn gebaseerd op metingen van het gereflecteerde zonlicht, vergeleken met
modelberekeningen van dit gereflecteerde zonlicht. De modelatmosfeer en -oppervlakken
in deze ’stralingstransportmodellen’ zijn gebaseerd op aannames, en elke afwijking van
de werkelijkheid kan leiden tot verstoringen van de metingen van het atmosferische be-
standdeel dat van belang is. Een van de verschijnselen die nog niet is opgenomen in
de stralingstransportmodellen van de satellietalgoritmen zijn schaduwen. In dit proef-
schrift worden de schaduwen van wolken en de schaduw van de maan behandeld, de
laatste ook vaak een zonsverduistering genoemd. Naast de meetverstoringen die ze zou-
den kunnen introduceren, bieden ze ook de mogelijkheid om de werkelijke gevoeligheid
van de aardatmosfeer voor andere variaties in zonlicht dan de dagcyclus te bestuderen,
maar alleen als er betrouwbare metingen beschikbaar zijn.

Tijdens een zonsverduistering wordt de zonne-instraling die de top van de atmos-
feer (TOA) bereikt, gereduceerd in de schaduw van de Maan. De zonne-instraling wordt
gewoonlijk gemeten door aardobservatiesatellieten voor het begin van de zonsverduis-
tering en wordt niet gecorrigeerd voor deze vermindering, wat resulteert in een afname
van de berekende TOA-reflectanties. Bijgevolg worden luchtkwaliteit- en wolkenpro-
ducten die afgeleid zijn van TOA-reflectiespectra, zoals de ultraviolette (UV) Absorbing
Aerosol Index (AAI), de optische dikte van de wolken (COT) en de wolkenfractie, ver-
vormd of ongedefinieerd in de schaduw van de Maan. De beschikbaarheid van satel-
lietgegevens over luchtkwaliteit en wolken in de schaduw tijdens zonsverduisteringen is
echter van bijzonder belang voor gebruikers die de atmosferische respons op zonsver-
duisteringen bestuderen. Gegeven de tijd en locatie van een punt op het aardoppervlak,
leggen we in dit proefschrift uit hoe de verduistering tijdens een zonsverduistering be-
rekend kan worden, rekening houdend met golflengte-afhankelijke verduistering van de
zonnelimb. Met de berekende verduisteringsfracties herstellen we de TOA-reflecties en
vervolgens de metingen van luchtkwaliteit en wolken.

De eerste toepassing van onze eclipscorrectiemethode is op de AAI. We bestuderen
de penumbra (d.w.z. het gedeeltelijke eclipsgebied) tijdens de ringvormige zonsver-
duisteringen op 26 december 2019 en 21 juni 2020, gemeten door het TROPOMI/S5P-
instrument. We vergelijken de berekende verduistering met de geschatte verduistering
met behulp van een satellietbaan zonder verduistering. In de gecorrigeerde producten
is de signatuur van de maanschaduw verdwenen, maar alleen als rekening wordt ge-
houden met golflengte-afhankelijke verduistering van de zonnelimb. We vinden dat de
maanschaduwafwijking in de ongecorrigeerde AAI wordt veroorzaakt door een vermin-
dering van de gemeten reflectie bij 380 nm, in plaats van een kleurverandering van het
gemeten licht. We herstellen veelvoorkomende AAI-kenmerken zoals woestijnstof en de
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glint in de oceaan, en we bevestigen de herstelde AAI-afdruk op 21 juni 2020 in de Tak-
lamakan woestijn door metingen van het GOME-2C satellietinstrument op dezelfde dag
maar buiten de maanschaduw. Er zijn geen aanwijzingen gevonden voor lokale absor-
berende aerosolveranderingen veroorzaakt door de verduisteringen.

De tweede toepassing van onze eclipscorrectiemethode is op de metingen van wol-
kenfractie en COT. Wolken die worden beïnvloed door zonsverduisteringen kunnen de
weerkaatsing van zonlicht in de ruimte beïnvloeden en lokale neerslagpatronen veran-
deren. Satellietmetingen van wolken hebben tot nu toe geen rekening gehouden met de
maanschaduw, wat een betrouwbare beoordeling vanuit de ruimte van de wolkenevolu-
tie door eclipsen belemmert. In dit proefschrift gebruiken we satellietwolkenmetingen
tijdens drie zonsverduisteringen tussen 2005 en 2016 die zijn gecorrigeerd voor de ge-
deeltelijke maanschaduw, samen met large-eddy simulaties om de wolkenevolutie door
eclipsen te analyseren. Onze gecorrigeerde gegevens laten zien dat, boven afkoelende
landoppervlakken, ondiepe cumuluswolken beginnen te verdwijnen bij zeer kleine ver-
duisteringen (15%). Onze simulaties verklaren dat de wolkenreactie vertraagd was en
begon bij nog kleinere verduisteringen. We tonen aan dat het verwaarlozen van het ver-
dwijnen van wolken tijdens een zonsverduistering kan leiden tot een aanzienlijke over-
schatting van de eclipsgerelateerde vermindering van de netto inkomende zonnestra-
ling. Deze bevindingen zouden een impuls moeten geven aan simulaties van wolken-
modellen voor de directe gevolgen van voorstellen voor geoengineering-concepten die
het zonlicht tegenhouden, waarvoor onze resultaten een unieke benchmark vormen.

Het andere type schaduwen in dit proefschrift zijn de schaduwen van wolken. Wol-
kenschaduwen kunnen worden gedetecteerd in de stralingsmetingen van het TROPOMI-
instrument aan boord van de Sentinel-5P satelliet vanwege de hoge ruimtelijke resolutie,
en kunnen mogelijk de luchtkwaliteitsproducten beïnvloeden. De door de wolkenscha-
duw veroorzaakte signaturen zijn echter niet altijd duidelijk en kunnen afhankelijk zijn
van verschillende wolken- en omgevingsparameters. Daarom vereist de kwantificering
van de invloed van wolkschaduwen de analyse van grote datasets. Als de schaduwen uit
de gegevens moeten worden verwijderd of als schaduwen moeten worden bestudeerd,
is een automatische detectie van de schaduwpixels nodig.

In dit proefschrift presenteren we het Detection AlgoRithm for CLOud Shadows (DAR-
CLOS) voor TROPOMI, het eerste algoritme voor detectie van wolkschaduwen voor een
spectrometer in de ruimte. DARCLOS maakt potentiële wolkschaduwvlaggen (PCSF’s),
werkelijke wolkschaduwvlaggen (ACSF’s) en spectrale wolkschaduwvlaggen (SCSF’s) aan.
De PCSF’s geven de TROPOMI-grondpixels aan die mogelijk worden beïnvloed door
wolkschaduwen op basis van een geometrische overweging met veiligheidsmarges. De
ACSF’s zijn een verfijning van de PCSF’s met behulp van spectrale reflectantie-informatie
van de PCSF-pixels en identificeren de TROPOMI-grondpixels die met zekerheid worden
beïnvloed door wolkenschaduw. Omdat we aanwijzingen vinden voor de golflengteaf-
hankelijkheid van de lengte van wolkenschaduwen in het UV, is de SCSF een golflengte-
afhankelijk alternatief voor de ACSF op de golflengten van de TROPOMI-producten. We
valideren de PCSF en ACSF met true color beelden gemaakt door het VIIRS-instrument
aan boord van Suomi NPP dat in een baan dicht bij TROPOMI aan boord van Sentinel-
5P draait. We stellen vast dat de wolkenevolutie tijdens het tijdsverschil tussen TRO-
POMI en VIIRS deze validatiestrategie bemoeilijkt, wat impliceert dat een alternatieve
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aanpak voor de detectie van wolkenschaduwen met behulp van VIIRS-waarnemingen
op dezelfde locatie problematisch kan zijn. We concluderen dat de PCSF kan worden ge-
bruikt om wolkenschaduwvervuiling uit TROPOMI-data te verwijderen, terwijl de ACSF
en SCSF kunnen worden gebruikt om pixels te selecteren voor de wetenschappelijke
analyse van wolkschaduweffecten.

We hebben DARCLOS toegepast om wolkschaduwpixels te detecteren in het TRO-
POMI absorbing aerosol index (AAI) product boven Europa gedurende 8 maanden. Voor
elke schaduwpixel selecteren we automatisch wolken- en schaduwvrije naastliggende
pixels om de door wolkenschaduw veroorzaakte signatuur te schatten. Daarnaast simu-
leren we de gemeten wolkschaduwimpact op de AAI met ons nieuw ontwikkelde 3D stra-
lingstransportalgoritme MONKI. Zowel de metingen als de simulaties laten zien dat het
gemiddelde effect van wolkenschaduw op de AAI dicht bij nul ligt (respectievelijk 0.06
en 0.16). De reflectantieverhouding tussen 340 en 380 nm aan de top van de atmosfeer,
die wordt gebruikt om de AAI te berekenen, wordt echter aanzienlijk verhoogd in 95%
van de schaduwpixels. Wolkenschaduwen zijn dus blauwer dan omringende pixels die
niet in de schaduw liggen. Onze simulaties leggen uit dat de traditionele AAI-formule in-
trinsiek al corrigeert voor dit wolkenschaduweffect, via het lagere albedo van de scène.
Deze annulering van wolkenschaduw signaturen is niet altijd perfect, wat soms resul-
teert in tweede orde lage en hoge biases in de AAI die we ook met succes reproduceren
met onze simulaties. We laten zien dat de grootte van deze tweede orde wolkschaduwef-
fecten afhangt van verschillende wolkenparameters die moeilijk te bepalen zijn voor de
schaduwen gemeten met TROPOMI. We concluderen dat een mogelijke wolkschaduw-
correctiestrategie voor de TROPOMI AAI daarom gecompliceerd, zo niet onnodig, zou
zijn.





1
INTRODUCTION

Earth observation satellite spectrometer instruments are designed to measure the opti-
cal properties of particles and the concentration of trace gases in the Earth’s atmosphere.
They retrieve this information from the spectrum (i.e. the light at various wavelengths) of
the top-of-atmosphere (TOA) reflectance, at wavelengths in the ultraviolet (UV), visible
(VIS), near-infrared (NIR) and short-wave infrared (SWIR) spectral domains. The TOA
reflectance is obtained by dividing the radiance reflected by the Earth, by the sunlight
(or solar irradiance) incident on the Earth, both at the top of the atmosphere. The Earth
radiance is commonly measured continuously, while the solar irradiance is calculated or
measured only once a day.

Spaceborne monitoring of the atmosphere using spectrometers started in 1978 with
the launch of the first Total Ozone Mapping Spectrometer (TOMS) instrument on board
the Nimbus-7 satellite. TOMS measured aerosol properties and concentrations of ozone
(O3) and sulfur dioxide (SO2) in the Earth’s atmosphere globally on a daily basis, retrieved
from the Earth’s TOA reflectance using six UV wavelength bands [57]. The Global Ozone
Monitoring Experiment (GOME) [19] launched in 1995 was the first high-spectral reso-
lution spectrometer, followed by the SCanning Imaging Absorption spectroMeter for At-
mospheric ChartograpHY (SCIAMACHY) [17], the Ozone Monitoring Instrument (OMI)
[89], the GOME-2 A/B/C instruments [106] and, launched in October 2017, the TRO-
POspheric Monitoring Instrument (TROPOMI) [177] on board of the ESA Sentinel-5P
satellite.

TROPOMI is the spaceborne spectrometer with the highest spatial resolution to date:
the ground pixels have dimensions of 7.2 × 3.6 km2 in the nadir viewing direction, and
decreased to 5.6 × 3.6 km2 on 6 August 2019 [93]. TROPOMI operates in a near-polar,
Sun-synchronous orbit at an average altitude of 824 km above the Earth’s surface, and
completes an orbit approximately every 101 minutes. TROPOMI is a nadir-looking in-
strument with a local equator crossing time of 13:30 LT. During its ascending node, it
collects measurements every 1.08 seconds in a 2600 km swath width. TROPOMI pro-
vides daily global maps of aerosol properties and concentrations of O3, NO2, SO2 and
HCHO from ultraviolet-visible (UV–VIS, 267–499 nm) wavelengths, of cloud properties
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from near-infrared (NIR, 661–786 nm) wavelengths and concentrations of CO and CH4

from shortwave infrared (SWIR, 2300–2389 nm) wavelengths. Because of its high spatial
resolution and data quality, TROPOMI has, for example, shown to be able to observe lo-
cal NO2 emission sources such as power plants [10], gas compressor stations [174] and
cities [92], detailed volcanic SO2 plumes [157], and CH4 leakage from oil/gas fields [110,
176, 137], volcanic SO2 plumes [157] and NO2 trails along ship tracks [46].

Satellite instruments in geostationary orbit can continuously scan one side of the en-
tire Earth, as they orbit the Earth with the angular speed and direction of the Earth’s rota-
tion. That is, unlike the satellite instrument mentioned in the previous two paragraphs,
geostationary satellite instruments provide a temporal resolution of the measurements
in certain regions throughout the day. An example is the Spinning Enhanced Visible and
InfraRed Imager (SEVIRI) instrument on board the Meteosat Second Generation (MSG)
series of geostationary satellites, operated by EUMETSAT. It should be noted that SEVIRI
is not a spectrometer but an imager: SEVIRI measures TOA radiances over the full Earth
disk centered at 0◦ latitude and 0◦ longitude every 15 minutes in twelve channels across
the visible and near-infrared part of the spectrum [135]. Eleven channels have a narrow
bandwidth at low spatial resolution (3 x 3 km2 at sub-satellite point) and one channel has
a broad bandwidth (0.6 - 0.9 µm) at high spatial resolution (1 x 1 km2). The EUMETSAT
Nowcasting and Very Short Range Forecasting Satellite Application Facility (NWC SAF)
[76] processes the signals of those SEVIRI channels into cloud properties, such as cloud
masks, cloud optical thickness (COT) and cloud top height, allowing for the continuous
space-based monitoring of clouds throughout the diurnal cycle.

The gas abundances, aerosol and cloud properties mentioned above are retrieved
by the comparison of spaceborne measurements of the reflected sunlight by the local
Earth’s atmosphere-surface system with model simulations of this reflected sunlight. If
physical phenomena occur in the Earth’s atmosphere-surface system that are not in-
cluded in the model atmosphere of the simulations, the retrieval may be biased. Exam-
ples of such phenomena are cloud shadows and the shadow of the Moon during solar
eclipses, which are usually not taken into account in atmospheric retrieval algorithms
of satellite spectrometers. However, if the shadows would accurately be captured by the
model, actual measurements of the potential physical impact of shadows on the atmo-
sphere could be derived. This thesis focuses on determining the impact of cloud shad-
ows on aerosol and cloud retrievals, in particular of TROPOMI and SEVIRI. In the rest of
this section, an introduction is given to the topic ’shadows in satellite remote sensing of
aerosols and clouds’ (Sects. 1.1 to 1.1.3). Then, the research questions are stated (Sect.
1.2) and the thesis structure is provided (Sect. 1.3).

1.1. SHADOWS IN SATELLITE MEASUREMENTS

1.1.1. SHADOW TYPES

Shadows can be found in volumes or on surface areas where direct light from a light
source, such as the sun, is (partly) blocked by a(n) (partly) opaque object, such as a cloud,
mountain, or the Moon during a solar eclipse. Shadows are not the volumes or surface
areas themselves, but refer to absence, or decrease, of their direct illumination. Those
volumes or surface areas appear darker than their illuminated surroundings, causing
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Figure 1.1: Sketch of the Moon shadow types that may occur during a solar eclipse (not to scale). In this exam-
ple, an annular solar eclipse is experienced at the Earth’s surface.

shadows to be able to be perceived. Those shadows are said to be ’cast’ on the volumes or
surface areas. For example, a cloud can cast a shadow on another cloud, a volume of the
atmosphere, or the surface below the cloud. Another type of shadow is the self-shadow,
referring to the part of the light-blocking object which is not illuminated by direct light.

The cast shadow can consist of either one of the following two types of shadows:
the umbra (or total shadow) or the penumbra (or half-shadow). For an observer in the
umbra of an opaque object, the light source cannot directly be perceived. All light that
reaches the observer has been reflected by objects or scattered at least once inside the at-
mosphere. Examples are the umbra during a total solar eclipse, or a the umbra of a large
and thick cloud. In the penumbra during a partial solar eclipse, or in the penumbra along
the cloud edge, the observer still sees part of the unattenuated solar disk, as illustrated in
Fig. 1.1. The size, shape and relative darkness of a shadow depend on the size, shape and
brightness of the light source, on the size, shape and opacity of the light-blocking object,
on the composition of the medium through which the light (and shadows) travel(s), and
on the locations of the light source, the light-blocking object, and the volume or surface
area that is cast by the shadow.

1.1.2. SOLAR ECLIPSES IN SATELLITE MEASUREMENTS
During a solar eclipse, the solar irradiance reaching TOA is reduced as the Moon blocks
(part of) the sunlight, consequently reducing the radiance reflected by the Earth. Be-
cause the solar irradiance is commonly calculated or measured only once a day as al-
ready mentioned above, it does not include the eclipse effect, and the computed TOA
reflectance is biased. Consequently, the atmosphere measurements retrieved from the
TOA reflectance are distorted in the shadow of the Moon or, after raising an eclipse flag,
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undefined. It should be noted that, also in the case of a total solar eclipse, the vast ma-
jority (> 99%) of the Moon shadow on the Earth’s surface is penumbra, in which solar
obscuration percentages between 0 and almost 100% are encountered. In those regions,
there is still direct sunlight illuminating the scene and satellites still receive the reflected
sunlight, albeit in a reduced amount.

An example of an air quality product of TROPOMI that is clearly affected by solar
eclipses is the ultraviolet (UV) Absorbing Aerosol Index (AAI). The AAI is a qualitative
measure of absorbing aerosols in the atmosphere such as desert dust, volcanic ash and
anthropologically produced soot, and can be used to daily and globally track the aerosol
plumes from dust storms, forest fires, volcanic eruptions and biomass burning [80, 30,
165, 150]. The AAI is retrieved from TOA reflectance measurements at two wavelengths
in the UV-range, 340 nm and 380 nm, hence the AAI is directly affected by the obscu-
ration during a solar eclipse. Since the start of the nominal operational mode of the
TROPOMI spectrometer instrument on board the S5P satellite in May 2018, 14 solar
eclipses occurred, and the solar eclipses left strong positive signatures in the AAI maps.
TROPOMI data contains an eclipse flag indicating the eclipse occurrence at a ground
pixel. For satellite instruments that do not contain an eclipse flag, such as the GOME-
2 instrument, these eclipse anomalies propagate into anomalies in temporal average
maps, potentially resulting in false conclusions about the mean aerosol effect in that
time period. Another example of affected satellite data during solar eclipses are satellite
images of the SEVIRI instrument. They show spatio-temporally varying darkening [47,
113] and satellite retrievals of cloud cover and cloud optical thickness (COT) show sig-
nificantly decreased values. This thesis deals with the question to what extent the AAI
increases and the cloud abundance decreases during a solar eclipse are physical, and to
what extent the retrieval algorithms are biased due to the solar eclipse.

In general, the unavailability of satellite data during solar eclipses is unfortunate, be-
cause solar eclipses provide the opportunity to study the impact of variations of sunlight
on the Earth’s atmosphere. This knowledge is becoming increasingly relevant nowadays
as artificially reducing the net incoming solar radiation, or solar geoengineering, by plac-
ing solar reflectors in space [36, 6, 43, 99, 112, 130] or injecting reflecting aerosols into
the stratosphere [29, 126], is considered as a possibly strategy to counteract the current
and future global temperature rise [74, 88, 140, 81]. However, solar eclipses show that
the reduction of the solar irradiance might influence the photochemical activity in the
atmosphere [48, 2, 59, 187], or may affect the clouds [54, 5]. Because the geometry of
the Moon shadow on the Earth’s surface is an astronomical well-understood problem
[39, 101], solar eclipses are ideal to compare with, and possibly improve, atmospheric
chemistry and cloud models. Until this thesis, measurements of trace gases and clouds
during solar eclipses only have been taken from the ground [48, 2, 59, 187, 54]. Mea-
suring the atmospheric responses from the ground only provides information a single
location. The precise locations of the eclipse-induced physical phenomena can be hard
to predict and are sometimes inaccessible for ground-based observers. In particular for
studying the eclipse-induced evolution of cumulus clouds (which naturally change size
and shape constantly), space-based measurements of large areas are desired.
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1.1.3. CLOUD SHADOWS IN SATELLITE MEASUREMENTS
The spatial resolutions of TOMS, GOME, SCIAMACHY, OMI and GOME-2 have been 50 ×
50 km2, 320 × 40 km2, 60 × 30 km2, 24 × 13 km2 and 80 × 40 km2, respectively. Those res-
olutions are too coarse to discern kilometer-scale clouds or cloud shadows. The pixels of
those spectrometers often have been partly cloudy, such that the effects of clouds, cloud
shadows and cloud-free regions are blended. Because of the inability to distinguish be-
tween those effects and the complexity of three-dimensional (3-D) radiative transfer,
state-of-art algorithms for satellite spectrometers employ one-dimensional (1-D) radia-
tive transfer models, which neglect 3-D cloud effects on cloud-free regions inside the
partly cloudy pixels or on adjacent cloud-free pixels. For example, the FRESCO (Fast
REtrieval Scheme for Clouds from the Oxygen A band) cloud retrieval algorithm uses
the independent pixel approximation, and does not take into account cloud shadows
[78, 183]. However, although cloud shadows are hardly visible on the coarse resolution
measurement grids of those spectrometers, they do in principle contaminate the total
radiances of the large pixels.

The small pixel size of 5.6 × 3.6 km2 of TROPOMI causes cloud shadows to be de-
tectable. Cloud shadow signatures can be found along cloud edges, manifested as pixels
with smaller radiances than measured in their cloud-free neighborhood. Contrary to the
large pixel sizes of its predecessors, the small pixel size of TROPOMI sometimes causes
one or several pixels to be fully covered by a single cloud shadow, particularly for high
clouds at large viewing and/or solar zenith angles. Smaller measured radiances result
in lower derived TOA reflectances, potentially affecting TROPOMI’s air quality products.
For example, cloud shadows are not yet taken into account in the current AAI retrieval,
and their influence on the AAI has not yet been investigated. The AAI is an important
input for the retrieval algorithms of other TROPOMI products. For example, the pixel se-
lection for the aerosol layer height (ALH) [131, 108] and aerosol optical thickness (AOT)
[31] retrievals of TROPOMI is based on the AAI. Hence, AAI features that are not related to
absorbing aerosols, for example caused by the ocean glint, clouds at specific scattering
geometries [80], and cloud shadows, may be undesired for those retrievals.

The natural horizontal variation of the AAI complicates the quantification of the
cloud shadow induced AAI signatures. Individual cloud shadow pixels may be identi-
fied manually in maps of TROPOMI data through visual inspection. For the automatic
removal or correction of shadow contaminated TROPOMI data, and for the statistical
analysis of shadow effects on large TROPOMI data sets, a cloud shadow detection al-
gorithm is needed. In addition, in order to understand the cloud shadow impact on air
quality products such as the AAI, a 3D radiative transfer code is needed that can simulate
the effect of 3D cloud structures.

1.2. RESEARCH QUESTIONS
The research questions of this thesis are:

1. What is the impact of solar eclipses on the AAI as measured by TROPOMI?

2. What is the impact of solar eclipses on clouds as measured by SEVIRI?

3. What is the impact of cloud shadows on the AAI as measured by TROPOMI?
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All research questions stated above consist of two subquestions:

A What is the shadow-induced bias in the respective satellite retrieval algorithm?

B What is the physical impact of the shadow on the atmospheric constituent?

1.3. THESIS STRUCTURE
This thesis is structured as follows. Chapter 2 explains how to restore the top-of-atmosphere
(TOA) reflectance, measured by Earth observation satellites, during solar eclipses. As a
proof of concept, we show the restored UV Absorbing Aerosol Index (AAI) measurements
by TROPOMI, which is retrieved from the TOA reflectance, in the shadow of the Moon.
In Chapter 3, we apply the similar data recovery method, but now to the cloud retrieval
algorithm of the SEVIRI instrument on board of the geostationary satellite Meteosat, and
we demonstrate the impact of solar eclipses on clouds.

In Chapters 4 to 5, other shadow types in satellite measurements are discussed: the
shadows of clouds. Chapter 4 demonstrates DARCLOS, our cloud shadow detection al-
gorithm for TROPOMI. In Chapter 5, we apply DARCLOS to TROPOMI data to analyze
the cloud shadow impact on the TROPOMI AAI. Here, we also show simulations of the
cloud shadow effect on the AAI using our newly developed 3D polarized radiative trans-
fer code MONKI. Finally, in Chapter 6 we state the most important conclusions of this
thesis.

Chapters 2, 3, 4, and 5 have been published as scientific articles in the scientific jour-
nals Atmospheric Chemistry and Physics (ACP), Nature Communications Earth and En-
vironment (Nat. Commun. Earth Environ.), and Atmospheric Measurement Techniques
(AMT). The links to the papers are provided in those chapters.



2
RESTORING THE

TOP-OF-ATMOSPHERE

REFLECTANCE DURING SOLAR

ECLIPSES

A proof of concept with the UV Absorbing Aerosol Index mea-
sured by TROPOMI

During a solar eclipse the solar irradiance reaching the top-of-atmosphere (TOA) is re-
duced in the Moon shadow. The solar irradiance is commonly measured by Earth obser-
vation satellites before the start of the solar eclipse and is not corrected for this reduction,
which results in a decrease of the computed TOA reflectances. Consequently, air quality
products that are derived from TOA reflectance spectra, such as the ultraviolet (UV) Ab-
sorbing Aerosol Index (AAI), are distorted or undefined in the shadow of the Moon. The
availability of air quality satellite data in the penumbral and antumbral shadow during
solar eclipses, however, is of particular interest to users studying the atmospheric response
to solar eclipses. Given the time and location of a point on the Earth’s surface, we explain
how to compute the obscuration during a solar eclipse taking into account wavelength-
dependent solar limb darkening. With the calculated obscuration fractions, we restore the
TOA reflectances and the AAI in the penumbral shadow during the annular solar eclipses
on 26 December 2019 and 21 June 2020 measured by the TROPOMI/S5P instrument. We
compare the calculated obscuration to the estimated obscuration using an uneclipsed or-
bit. In the corrected products, the signature of the Moon shadow disappeared, but only
if wavelength-dependent solar limb darkening is taken into account. We find that the
Moon shadow anomaly in the uncorrected AAI is caused by a reduction of the measured re-
flectance at 380 nm, rather than a color change of the measured light. We restore common

This chapter has been published in Atmospheric Chemistry and Physics 21, 8593–8614 (2021) [168].
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AAI features such as the sunglint and desert dust, and we confirm the restored AAI feature
on 21 June 2020 at the Taklamakan desert by measurements of the GOME-2C satellite in-
strument on the same day but outside the Moon shadow. No indication of local absorbing
aerosol changes caused by the eclipses was found. We conclude that the correction method
of this paper can be used to detect real AAI rising phenomena during a solar eclipse and
has the potential to restore any other product that is derived from TOA reflectance spec-
tra. This would resolve the solar eclipse anomalies in satellite air quality measurements
in the penumbra and antumbra, and would allow for studying the effect of the eclipse
obscuration on the composition of the Earth’s atmosphere from space.
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2.1. INTRODUCTION
Earth observation satellite spectrometer instruments are designed to measure the par-
ticles and gases in the Earth’s atmosphere. They rely upon the reflectance of the inci-
dent sunlight on the top-of-atmosphere (TOA) at various wavelengths in the UV, visible,
near-infrared and shortwave-infrared spectral domains. These TOA reflectances are cal-
culated through the division of the measured Earth radiance by the measured solar irra-
diance. During a solar eclipse, the solar irradiance reaching TOA is reduced as the Moon
blocks (part of) the sunlight, reducing the Earth radiance. Because the solar irradiance is
commonly measured before the start of the eclipse, the atmosphere measurements are
distorted in the shadow of the Moon or, after raising an eclipse flag, undefined.

Since the start of the nominal operational mode of the TROPOMI spectrometer in-
strument on board the S5P satellite in May 2018, 7 solar eclipses occurred, 6 of which
have been measured by TROPOMI. An example of an air quality product of TROPOMI
that suffers from the Moon shadow is the ultraviolet (UV) Absorbing Aerosol Index (AAI).
The AAI is a qualitative measure of absorbing aerosols in the atmosphere such as desert
dust, volcanic ash and anthropologically produced soot, and can be used to daily and
globally track the aerosol plumes from dust storms, forest fires, volcanic eruptions and
biomass burning. The AAI is retrieved from TOA reflectance measurements at two wave-
lengths in the UV-range, hence the AAI may directly be affected by the obscuration dur-
ing a solar eclipse. Figure 2.1 is a near-global AAI map on 21 June 2020, using TOA re-
flectance measurements at 340 nm and 380 nm by TROPOMI. Dust aerosol plumes over
the Atlantic Ocean originating from the Sahara can be identified through the AAI in-
crease of ∼ 2 to ∼ 4 points relative to their surrounding regions. In Western China an AAI
larger than 5 is measured, which is caused by the shadow of the Moon. TROPOMI data
contains an eclipse flag indicating the eclipse occurrence at a ground pixel. For satellite
instruments that do not contain an eclipse flag, such as the GOME-2 instrument, these
eclipse anomalies propagate into anomalies in temporal average maps, potentially re-
sulting in false conclusions about the mean aerosol effect in that time period.1

The reduction of the solar irradiance during an eclipse might influence the photo-
chemical activity, and therefore the composition, of the Earth’s atmosphere. Measure-
ments of the speed and significance of this atmospheric response could contribute to the
understanding of the sensitivity of planetary atmospheres to (variations in) their solar or
stellar illumination and could possibly be used to verify atmospheric chemistry models.
Ground-based measurements during solar eclipses of local ozone column fluctuations
have been taken using Dobson and Brewer spectrophotometers, but the reported results
are contradictory [16, 103, 23, 22]. Zerefos et al. [189] pointed out the importance of so-
lar limb darkening and the direct to diffuse irradiance on the ozone column retrieval,
but also the change in effective temperature in the ozone layer or other atmospheric
conditions (different cloudiness, solar zenith angle and turbidity) may have influenced
the measurements [186]. Unambiguous increases in local NO2 concentration have been
measured from the ground during solar eclipses resulting from the reduced photodis-
sociation of NO2 in the stratosphere [48, 2]. Unlike ozone, NO2 reacts on a timescale of

1An example of a monthly average AAI map of the GOME-2 satellite instrument that is distorted by a solar
eclipse can be found on https://d1qb6yzwaaq4he.cloudfront.net/airpollution/absaai/GOME2B/
monthly/images/2019/GOME-2B_AAI_map_201912.png, visited on 22 February 2021.

https://d1qb6yzwaaq4he.cloudfront.net/airpollution/absaai/GOME2B/monthly/images/2019/GOME-2B_AAI_map_201912.png
https://d1qb6yzwaaq4he.cloudfront.net/airpollution/absaai/GOME2B/monthly/images/2019/GOME-2B_AAI_map_201912.png
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Figure 2.1: The Absorbing Aerosol Index from the 340/380 nm wavelength pair by TROPOMI on 21 June 2020.
The anomaly centered at Western China is caused by the shadow of the Moon.

several minutes directly responding to the eclipse obscuration [59, 187]. Although simi-
lar information could be obtained during sunrise and sunset, Wuebbles and Chang [187]
pointed out that the relatively short time durations of solar eclipses allow for a more clear
identification of the major photochemical cycles in the stratosphere, due to the smaller
bias from atmospheric transport, mixing and interfering chemical reactions throughout
the diurnal cycle. Ground-based measurements, however, are taken at a single location.
Being able to restore satellite data in the Moon shadow would allow for studying the ef-
fect of solar eclipses on the Earth’s atmosphere from space at various locations with the
same instrument.

The geometry of the Moon shadow on the Earth’s surface is an astronomical well-
understood problem and predictions of the eclipse time, location and local eclipse cir-
cumstances can be done with high accuracy [39, 101]. The eclipse obscuration at a point
in the shadow can be approximated by the fraction of the area of the apparent solar disk
occulted by the Moon [138]. Montornès et al. [104] approximated the eclipse obscuration
by the fraction of the solar disk diameter occulted by the Moon in order to correct the
TOA solar irradiance in the Advanced Research Weather and Forecasting (WRF-ARW)
model and modeled a local surface temperature response of ∼ −1 K to ∼ −3 K, with a
time lag between ∼ 5 and ∼ 15 minutes after the instant of maximum obscuration. Such
wavelength-independent approximations of the eclipse obscuration fraction based on
the the overlapping disks indeed could work well to estimate the shortwave fluxes, de-
pending on the desired accuracy. If the spectral variation of the measured light is to
be studied, however, the wavelength dependence of the eclipse obscuration fraction,
caused by solar limb darkening, cannot be neglected. Koepke, Reuder, and Schween
[79] provided the formulae to compute the eclipse obscuration fraction for total eclipses
taking into account solar limb darkening if the relative position and apparent dimen-
sions of the lunar and solar disks are known. They showed that the error in the solar
irradiance close to total obscuration may become 30% at 1500 nm and 60% at 310 nm if
solar limb darkening is not taken into account.

Emde and Mayer [38], Kazantzidis et al. [73] and Ockenfuß et al. [109] performed ex-
tensive 3-D radiative transfer modelling of total solar eclipses, taking into account solar
limb darkening. Their work gives insight into the spectral behaviour of sunlight reach-
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ing a ground sensor located in or close to the total Moon shadow and the importance of
the various 3-D radiative transfer components. Emde and Mayer [38] pointed out that
solar eclipses provide excellent opportunities to test 3-D radiative transfer codes against
measurements because, unlike broken cloud fields, the Moon shadow’s geometry is well-
defined.

In this paper, we present a method to restore the TOA reflectance as measured by
Earth observation satellites in the penumbra and antumbra of solar eclipses, by combin-
ing accurate eclipse predictions with the computation of the eclipse obscuration frac-
tion taking into account wavelength-dependent solar limb darkening. We apply this
method to the TOA reflectances measured by the TROPOMI/S5P satellite instrument in
the penumbra during the annular solar eclipses on 26 December 2019 and 21 June 2020,
and we show how the calculated obscuration fraction can be compared to the estimated
obscuration fraction from measurements in an uneclipsed orbit. With the restored TOA
reflectances, we compute a corrected version of the AAI and analyze the features that
were otherwise hidden in the shadow of the Moon.

This paper is structured as follows. In Sect. 2.2, we explain the method to restore
the measured TOA reflectance during a solar eclipse. In Sect. 2.3, we show the results of
applying this method to the eclipsed TROPOMI orbits during the annular solar eclipses
on 26 December 2019 and 21 June 2020. In Sect. 2.4, we discuss the limits of the method
and the points of attention for future applications. In Sect. 2.5, we summarize the results
and state the most important conclusions of this paper.

2.2. METHOD
Here, we explain the method to restore the measured TOA reflectance during a solar
eclipse. We start with explaining the situation of measuring the TOA reflectance during a
solar eclipse and how these measurements can be restored with the eclipse obscuration
fraction (Sect. 2.2.1). Then, we explain the Moon shadow types (Sect. 2.2.2) and how
we compute the eclipse obscuration fraction taking into account solar limb darkening,
knowing the local eclipse circumstances (Sect. 2.2.3). In Sect. 2.2.4 and Appendix A.1 we
explain how we compute the local eclipse circumstances from the measurement time
and location of a point on the Earth’s surface.

2.2.1. SOLAR IRRADIANCE CORRECTION
The spectral TOA reflectance of an atmosphere-surface system as measured by a satellite
is defined as

Rmeas(λ) = πI (λ)

µ0E0(λ)
, (2.1)

where I is the radiance reflected by the atmosphere-surface system in W m−2sr−1nm−1

and E0 is the extraterrestrial solar irradiance perpendicular to the beam in W m−2nm−1.
The units nm−1 indicate that both I and E0 depend on wavelength λ. Also, I depends on
the viewing zenith angle θ, the solar zenith angle θ0, the viewing azimuth angleϕ and the
solar azimuth angle ϕ0. Furthermore, we use the definitions µ = cosθ and µ0 = cosθ0.
I is measured by TROPOMI continuously at the dayside of the Earth. E0 is measured by
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Figure 2.2: Schematic sketch of a satellite retrieving the top-of-atmosphere reflectance during a solar eclipse.
I is the measured radiance reflected by the atmosphere-surface system, fo is the eclipse obscuration fraction
and E0 is the uneclipsed solar irradiance.

TROPOMI near the North Pole once every 15 orbits, which is approximately once every
calendar day.

During a solar eclipse, the solar irradiance reaching TOA is reduced, as illustrated
in Fig. 2.2. The fraction of the spectral irradiance E0(λ) that is blocked by the Moon is
the wavelength-dependent eclipse obscuration fraction, fo(λ). The remaining spectral
irradiance at TOA is [1- fo(λ)]E0(λ). We neglect the contribution of the Sun’s corona2.
The intrinsic spectral reflectance of the atmosphere-surface system (i.e. the fraction of
the emerging radiance to the incident irradiance), is then obtained by correcting the
solar irradiance:

R int(λ) = πI (λ)

µ0[1− fo(λ)]E0(λ)
. (2.2)

If the optical properties of the atmosphere-surface system are constant just before and
during the eclipse, then R int is expected to be constant regardless of the eclipse condi-
tions. We compute R int from Rmeas by combining Eq. 2.1 and 2.2:

R int(λ) = Rmeas(λ)

1− fo(λ)
. (2.3)

Properties of the atmosphere-surface system can be derived during a solar eclipse from
the spectrum of R int. Note that potential changes of the atmosphere-surface system that
are caused by the eclipse obscuration may affect R int, depending on the significance and
nature of these changes.

We assume that the solar irradiance is randomly polarized. Also, we neglect light
travelling horizontally in the atmosphere from one ground pixel to the other. The im-
portance of horizontal light travelling between adjacent pixels is expected to increase
with increasing fo, but will only become significant close to totality [38]. In Sect. 2.4, we
reflect back on these assumptions.

2Emde and Mayer [38] estimated that the radiance of the corona is approximately 5.9 ·106 times smaller than
the radiance originating from the center of solar disk.
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Figure 2.3: Sketch of the Moon shadow types that may occur during a solar eclipse (not to scale). In this exam-
ple, an annular solar eclipse is experienced at the Earth’s surface.

2.2.2. MOON SHADOW TYPES

The experienced obscuration fraction fo(λ) depends on the location with respect to the
position of the Sun and the Moon. Figure 2.3 illustrates the shadow types that may be
experienced during a solar eclipse: (1) the umbra, where the lunar disk fully occults the
solar disk ( fo(λ) = 1) during a total eclipse, (2) the antumbra, where every part of the
lunar disk occults the solar disk but full obscuration is not reached (0 < fo(λ) < 1) during
an annular eclipse, and (3) the penumbra, where only a part of the lunar disk occults the
solar disk (0 < fo(λ) < 1) during a partial, total or annular eclipse. The Moon-Sun axis
is often referred to as the ’shadow axis’ as indicated in Fig. 2.3. The penumbra is always
present during an eclipse. Whether an umbra or an antumbra is present on the Earth’s
surface depends on the distances to the Moon and the Sun, which vary in time as the
Moon orbits the Earth and the Earth orbits the Sun, both in elliptical orbits.

In this paper, we do not study the umbra because Eq. 2.3 breaks down when fo(λ) = 1.
The solar irradiance correction only applies to pixels located in the penumbra or antum-
bra, and for which the signal-to-noise is sufficient (we set the constraint Rmeas > 50σ
where σ is the 1 standard deviation of Rmeas). It is important to note that the area in the
penumbra on the Earth’s surface is always much larger than the area in the (ant)umbra
on the Earth’s surface, as will be shown in Sect. 2.3.
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Figure 2.4: Definition of the heliocentric angle ψ used in Eq. 2.5 (not to scale). Distance dSE is the geocentric
Earth-Sun distance and r is the apparent distance on the solar disk from the solar disk center. All dimensions
are per solar radius Rs. We neglect the effect of the sphericity of the Sun on the apparent solar disk radius, such
that r = 1 for ψ= 90◦.

2.2.3. OBSCURATION FRACTION
In geometrical solar eclipse predictions, the eclipse obscuration fo is commonly com-
puted as the fraction of the solar disk occulted by the lunar disk [138].3 Indeed, during
an eclipse, the phase angle of the Moon approaches 180 degrees and, due to its solid
composition, its near-spherical shape and its optically insignificant exosphere, the ap-
parent eclipsing Moon can be approximated by an opaque circular disk. Not every part
of the solar disk, however, contributes equally to the total solar flux, as a result of darken-
ing of the apparent solar disk toward the solar limb, which is caused by the temperature
decrease with height in the Sun’s photosphere [26]. As the Moon covers different parts
of the solar disk during an eclipse, the relative contributions of the solar limb and the
solar disk center to the total brightness varies. Furthermore, because the emitted radi-
ance from the hot center peaks at shorter wavelengths than the emitted radiance from
the cooler limb, the reduction of the solar irradiance during an eclipse is wavelength-
dependent [79, 12].

We use the definition of the solar limb darkening function of Koepke, Reuder, and
Schween [79]:

Γ(λ,r ) = I0(λ,r )

I0(λ,r = 0)
, (2.4)

where I0(λ,r = 0) is the radiance originating from the solar disk center and I0(λ,r ) is
the radiance originating from the circle with radius r from the solar disk center, with r
ranging from 0 (center) to 1 (limb). Koepke, Reuder, and Schween [79] parameterized
the function Γ by using the simple wavelength-dependent formula of Waldmeier [181]
based on the temperature of the Sun’s surface. We, instead, follow Ockenfuß et al. [109]
employing the parametrization of Pierce and Slaughter [118] based on observations by
the McMath-Pierce Solar Telescope, for which the limb darkening predictions showed
a better agreement with measurements of the solar spectral irradiance during the total
solar eclipse on 21 August 2017 [12]. Function Γ is computed using the 5th order polyno-
mial

Γ(λ,r ) =
5∑

k=0
ak (λ)cosk (ψ(r )), (2.5)

3The eclipse obscuration fraction should not be confused with the eclipse magnitude, which is the fraction of
the diameter of the solar disk occulted by the Moon.
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Figure 2.5: Limb darkening function Γ for wavelengths ranging from 306 nm to 950 nm, using the limb dark-
ening coefficients of Pierce and Slaughter [118] and Pierce, Slaughter, and Weinberger [120], as a function of
distance r from the solar disk center (where r = 0), with r = 1 the solar limb. The dashed line is the result
without solar limb darkening taken into account (Γ= 1).

where ak are the limb darkening coefficients tabulated by Pierce and Slaughter [118] for
wavelengths between 303.3 nm and 729.7 nm, and by Pierce, Slaughter, and Weinberger
[120] for wavelengths between 740.4 and 2401.8 nm. Angle ψ is the heliocentric angle as
illustrated in Fig. 2.4 and can be computed, for any r with 0 < r < 1, from the radius of
the Sun, Rs = 695700 km, and from the Earth-Sun distance, dSE, which we retrieve from
a geocentric ephemeris of the Sun4. We linearly interpolate Γ between the tabulated
wavelengths in order to compute Γ at the wavelengths of interest. In Fig. 2.5, Γ is plotted
against r . Solar limb darkening is most significant at the shortest wavelengths, for which
the difference between the hot center and relatively cooler limb is most pronounced
[109].

Figure 2.6 is a sketch of the lunar disk occulting the solar disk during an annular solar
eclipse. The dimensions of the disks are normalized by the solar disk radius, such that
the solar disk radius equals 1. The lunar disk radius is denoted by rm. The solar disk and
lunar disk centers are denoted by Cs and Cm, respectively. Area r dα′dr is a differential
area element of a circular ring with radius r centered at Cs. If no eclipse occurs, the
expression for the irradiance from the solar disk, E0, follows from the integration of I0

(Eq. 2.4) over the solar disk area [79]:

E0(λ) =
∫ 1

0

∫ 2π

0
I0(λ,r = 0) ·Γ(λ,r ) · r dα′dr

= 2π · I0(λ,r = 0) ·
∫ 1

0
Γ(λ,r ) · r dr. (2.6)

During an eclipse, the irradiance from the solar disk is reduced by fo, resulting from the
lunar disk overlapping the solar disk. At distance r from Cs, the angle of the sector of the
solar disk that is occulted by the lunar disk is 2α (see Fig. 2.6). The solar irradiance that
is blocked by the Moon is

4Geocentric Ephemeris for the Sun, Moon and Planets Courtesy of Fred Espenak, http://
www.astropixels.com/ephemeris/sun/sun2019.html, visited on 3 September 2020.

http://www.astropixels.com/ephemeris/sun/sun2019.html
http://www.astropixels.com/ephemeris/sun/sun2019.html
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Figure 2.6: Sketches of the lunar disk (centered at Cm) occulting the solar disk (centered at Cs) during an
annular solar eclipse. Here, rm < 1 where rm is the radius of the lunar disk and the solar disk radius equals 1. X
is the distance between Cm and Cs. For X < rm+1, the lunar disk occults the solar disk. The eclipse obscuration
fraction fo increases with decreasing X . The annular phase occurs when X < 1− rm (bottom sketch). Angle α
is half the sector angle of the solar disk occulted at distance r by the lunar disk.

fo(λ)E0(λ) = 2
∫ 1

0

∫ α

0
I0(λ,r = 0) ·Γ(λ,r ) · r dα′dr

= 2π · I0(λ,r = 0) ·
∫ 1

0

α(r, X ,rm)

π
Γ(λ,r ) · r dr. (2.7)

The expression for α follows from the geometrical consideration of the solar and lunar
disks, based on X , r and rm:

α(r, X ,rm) = (2.8)
0 if r ≤ |X − rm| and X > rm,
π if r ≤ |X − rm| and X ≤ rm,

cos−1
[

r 2+X 2−r 2
m

2·r ·X
]

if r > |X − rm| and r ≤ X + rm,

0 if r > |X − rm| and r > X + rm.
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Figure 2.7: The obscuration fraction fo as a function of Moon-Sun disk center distance normalized to the solar
disk radius, X , for wavelengths ranging from 306 nm to 950 nm, using the limb darkening coefficients of Pierce
and Slaughter [118] and Pierce, Slaughter, and Weinberger [120]. The dashed line is the result without solar
limb darkening taken into account (Γ = 1). The assumed value for rm is 0.97, corresponding to the instant of
greatest eclipse during the annular solar eclipse on 26 December 2019.

Our expression for α slightly differs from the one of Koepke, Reuder, and Schween [79],
who studied a total solar eclipse (rm ≥ 1). Their expression is not valid during the an-
nular phase (X < 1− rm) of an annular eclipse, where r can be larger than X + rm while
r > |X −rm| (cf. bottom sketch in Fig. 2.6), and therefore cannot be used to compute ob-
scuration variations in the antumbra. Obscuration variations in the antumbra are most
significant for annular eclipses with a relatively small rm, for which the duration of the
annular phase is relatively long. Equation 2.8 is valid in the umbra, penumbra and in the
antumbra, and thus can be used during all phases of any solar eclipse type.

The eclipse obscuration fraction is computed by combining Eq. 2.6 and 2.7:

fo(X ,rm,λ) =
∫ 1

0
α(r,X ,rm)

π Γ(λ,r ) · r dr∫ 1
0 Γ(λ,r ) · r dr

. (2.9)

Figure 2.7 shows fo as a function of X , for wavelengths ranging from 306 nm to 950 nm,
compared to the computations without limb darkening taken into account (Γ= 1), for an
assumed rm of 0.97 corresponding to the instant of greatest eclipse5 during the annular
solar eclipse on 26 December 2019. The first point of contact occurs at X = 1+rm = 1.97.
As the disk centers move closer to each other, X decreases and fo increases. The differ-
ences with the results for Γ = 1 are again most pronounced at the shortest wavelengths
(cf. Fig. 2.5). During the starting phase of the eclipse, the Moon occults the limb of the
Sun, and not taking into account solar limb darkening results in a maximum overesti-
mation of fo of 0.025 at 306 nm and X = 1.52. When the eclipse approaches the annular
phase, the Moon occults the center of the Sun, and not taking into account solar limb
darkening results in a maximum underestimation of fo of 0.069 at 306 nm and X = 0.33.

5The instant of greatest eclipse is the point in time when the shadow axis passes closest to Earth’s center.
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Figure 2.8: Sketch of the fundamental reference frame (not to scale). The Moon shadow that is cast on the
Earth’s surface has a complicated shape, but the shadow on any plane parallel to the fundamental plane (z = 0)
has a circular shape, and the local eclipse circumstances solely depend on the distance to the shadow axis.

The annular phase occurs when X < 1−rm = 1−0.97 = 0.03. Note that, for total eclipses,
totality would occur when X < rm −1. The maximum obscuration for the ground-based
observer, for a certain value of rm, is reached when the centers of the lunar disk and the
solar disk coincide (X = 0). From Eq. 2.8, we derive that if X = 0, α=π for 0 < r ≤ rm and
α = 0 for r > rm. Given rm, the maximum obscuration during an annular (rm < 1) or a
total (rm ≥ 1) eclipse is expressed by

fo(X = 0,rm,λ) =
{ ∫ rm

0 Γ(λ,r )·r dr∫ 1
0 Γ(λ,r )·r dr

if rm < 1,

1 if rm ≥ 1.
(2.10)

If Γ= 1, the maximum obscuration equals the area of the lunar disk divided by the area of
the solar disk: fo(X = 0) = πr 2

m/π= 0.941 at the instant of greatest eclipse on 26 Decem-
ber 2019. At 306 nm, fo at X = 0 equals 0.982. Note that fo for Γ= 1 is constant within the
annular phase, while the limb darkened curves (colored lines in Fig. 2.7) show variations
of fo within the annular phase.

2.2.4. ECLIPSE GEOMETRY
The lunar disk radius, rm , and the separation between the lunar and solar disk, X , de-
pend on the location on Earth with respect to the position of the Moon and the Sun.
X and rm can be defined for each combination of location and measurement time of a
ground pixel at the Earth’s surface, i.e.

X = X (δ,ϑ,h, t1), (2.11)

rm = rm(δ,ϑ,h, t1), (2.12)
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where δ and ϑ are the ground pixel’s geodetic latitude and longitude, respectively, h is
the height with respect to the Earth reference ellipsoid and t1 is the measurement time
belonging to the ground pixel. We transform δ, ϑ and h to geocentric coordinates in
the so-called fundamental reference frame. The z-axis of the fundamental reference
frame is parallel to the shadow axis, as illustrated in Fig. 2.8, which simplifies geometrical
eclipse computations significantly. This idea was developed by Friedrich Wilhelm Bessel
in the 19th century and has widely been employed to predict local circumstances of solar
eclipses [25, 101, 138]. Even in this era of digital computers it is the most powerful eclipse
prediction technique6. The elements that define the orientation of the fundamental ref-
erence frame and the dimensions of the shadow are the so-called Besselian elements
which are precomputed for every eclipse separately and published by NASA [39]. For a
certain value of z in the fundamental reference frame, the local eclipse circumstances
solely depend on the ground pixel’s distance to the shadow-axis. In Appendix A.1, we
provide the recipe for the computation of X and rm from δ, ϑ, h and t1. We verified rm

and the ground track of the shadow axis (X = 0) on 26 December 2019 with the eclipse
predictions by Fred Espenak, NASA/Goddard Space Flight Center7. The mean absolute
differences between our results and the NASA results for rm, δ and ϑ were 0.002, 0.015◦
and 0.089◦, respectively.8

2.3. RESULTS
Here, we present the results of our computations of the eclipse obscuration fractions (Eq.
2.9) in the TROPOMI orbits and the corresponding restored TOA reflectance spectra (Eq.
2.3) during the annular solar eclipses on 26 December 2019 (Sect. 2.3.1) and 21 June 2020
(Sect. 2.3.2). With the restored TOA reflectance spectra, we correct the UV Absorbing
Aerosol Index (AAI) and analyze the results. We use the example of 26 December 2019
to compare the calculated obscuration fractions to the estimated obscuration fractions
from observations in an uneclipsed orbit, and to explain the AAI correction in detail.
The example of 21 June 2020 is discussed more qualitatively, in which we focus on the
AAI feature that we restore.

2.3.1. ANNULAR SOLAR ECLIPSE ON 26 DECEMBER 2019

On the 26th of December, 2019, the Moon shadow during the annular solar eclipse fol-
lowed a path along parts of Northeast Africa, Asia, and Northwest Australia. Figure 2.9
shows the area on the Earth’s surface that was located in the penumbra (in blue) and
in the antumbra (in yellow) at the instant of greatest eclipse, computed on a latitude-
longitude grid with a step size of 0.05◦. At the instant of greatest eclipse, the duration
of the annular phase for a local observer at 1.0◦N latitude and 102.2◦E longitude was 3
minutes and 40 seconds, while the complete eclipse duration was 3 hours, 51 minutes

6For more details, see https://eclipse.gsfc.nasa.gov/SEcat5/beselm.html, visited on 13 August 2020.
7See https://eclipse.gsfc.nasa.gov/SEpath/SEpath2001/SE2019Dec26Apath.html, visited on 9 Octo-

ber 2020.
8Fred Espenak rounded rm to 3 decimal digits while our results were double precision numbers. The differ-

ences in δ and ϑ were of the order of magnitude 0.01◦, which was the step size of the latitude-longitude grid
that we used for this verification.

https://eclipse.gsfc.nasa.gov/SEcat5/beselm.html
https://eclipse.gsfc.nasa.gov/SEpath/SEpath2001/SE2019Dec26Apath.html
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Figure 2.9: Moon shadow types at the instant of
greatest eclipse during the annular solar eclipse on
26 December 2019.

Figure 2.10: The calculated eclipse obscuration frac-
tion at 380 nm for the ground pixels in TROPOMI or-
bit 11404.

Figure 2.11: The measured top-of-atmosphere reflectance at 380 nm by TROPOMI on 26 December 2019 at
Southeast Asia in orbits 11403-11405, uncorrected (left) and after the solar irradiance correction (right).
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and 13 seconds.9 We compute that the penumbral shadow radius, perpendicular to the
shadow axis at the Earth’s surface, was 3537.3 km, while the antumbral shadow radius,
perpendicular to the shadow axis at the Earth’s surface, was 53.7 km. The area in the
antumbra on the Earth’s surface was 0.02% of the total area in the shadow of the Moon
(antumbra + penumbra) on the Earth’s surface.

RESTORED TOA REFLECTANCE

During the annular solar eclipse on 26 December 2019, TROPOMI measured the penum-
bra in orbit 11404 between 04:49:46 UTC and 05:48:19 UTC. The left image in Fig. 2.11
shows the measured TOA reflectance (without solar irradiance correction) at 380 nm on
26 December 2019, Rmeas

380 , in three adjacent orbits over Southeast Asia. An apparent de-
crease of Rmeas

380 may be observed between 5◦S and 25◦N latitude, as shown by the dark
shade in orbit 11404. Note that the brightening of the sky at larger viewing zenith angles,
due to the increase of multiple Rayleigh scattering, is also observed in each orbit, mani-
festing itself in a subtle increase of Rmeas

380 toward the east and west edges of the swaths.
Figure 2.10 shows fo at 380 nm that we calculated for the ground pixels of the TROPOMI

UVIS detector in orbit 11404. The antumbra, in which fo at 380 nm peaks at 0.976 (see
Fig. 2.7), was not captured because the antumbra was located slightly out of sight in the
West. The maximum calculated fo for this orbit is 0.89 at 2.27◦N latitude and 108.12◦E
longitude. Figure 2.10 shows that the eclipse obscuration in orbit 11404 was not limited
to the Gulf of Thailand and the South China Sea: small obscuration fractions (0 < fo <
0.4) could be experienced in Eastern China and the Northwest coast of Australia.

The right image in Fig. 2.11 shows the restored TOA reflectance at 380 nm, that is,
after the correction for the eclipse obscuration (Eq. 2.3) in orbit 11404. The dark shade
that could be observed in the left image in Fig. 2.11, resulting from the decreased Rmeas

380
in the Moon shadow, has disappeared. The appearance of the corrected Rmeas

380 in orbit
11404 is comparable to the appearance of Rmeas

380 in orbits 11403 and 11405.
To analyze the reflectance correction more quantitatively, Fig. 2.12 shows the aver-

age Rmeas
380 per scanline10 in orbit 11404 against the mean latitude in the scanline (i.e., the

average of all pixel rows), and the corresponding average calculated fo at 380 nm. The
dotted line represents Rmeas

380 before the solar irradiance correction, and the solid line
represents Rmeas

380 after the solar irradiance correction. The peak in both curves at 14◦N
is caused by the spiral cloud deck between Vietnam and the Philippines, and the peak
at 25◦N latitude is caused by the cloud deck above Southeast China (cf. Fig. 2.11). Be-
fore the solar irradiance correction, the lowest values are measured where fo is highest,
between 3◦S and 10◦N latitude. After the solar irradiance correction, the Rmeas

380 curve is
increased, but only at the latitudes where the Moon shadow resided.

COMPARISON TO THE OBSERVED OBSCURATION FRACTION

The restored TOA reflectance during an eclipse that we showed in Sect. 2.3.1 can be con-
sidered the intrinsic reflectance R int of the atmosphere-surface system, as explained in
Sect. 2.2.1. If the optical properties of the atmosphere-surface system are not affected

9See https://eclipse.gsfc.nasa.gov/SEgoogle/SEgoogle2001/SE2019Dec26Agoogle.html, visited on
9 September 2020.

10The line at the Earth’s surface perpendicular to the flight direction defined by the satellite swath which is
roughly oriented West-East.

https://eclipse.gsfc.nasa.gov/SEgoogle/SEgoogle2001/SE2019Dec26Agoogle.html
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by the eclipse, Rint approximates the TOA reflectance as if there were no eclipse. Con-
sequently, the eclipse obscuration fo at 380 nm can be estimated from the comparison
of observations of Rmeas

380 inside and outside the Moon shadow, and can be used to verify
the calculated fo at 380 nm from theory.

Orbit 11403 (east of orbit 11404) was not eclipsed and preceded the eclipsed orbit
11404. We compare each ground pixel of orbit 11404 to its equivalent in orbit 11403, i.e.,
for the same scanline and pixel row, such that differences in illumination and viewing
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Figure 2.12: The average solar irradiance corrected (solid line) and uncorrected (dotted line) measured top-of-
atmosphere reflectance at 380 nm by TROPOMI at 26 December 2019 in orbit 11404 per scanline (top image),
and the corresponding average calculated obscuration fraction fo at 380 nm (bottom image).

Figure 2.13: The observed eclipse obscuration fraction at 380 nm for the ground pixels in TROPOMI orbit 11404
that passed the filters described in Sect. 2.3.1.
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geometry are negligible. That is, we compute the observed fo at 380 nm as (cf. Eq. 2.3)

fo(λ= 380 nm) ≈ 1−
[
Rmeas

380

]
eclipse[

Rmeas
380

]
no eclipse

, (2.13)

where the label ’eclipse’ indicates orbit 11404 and the label ’no eclipse’ indicates orbit
11403. We can compute Eq. 2.13 for pixels that have a comparable atmosphere-surface
system. Therefore, we only compare ocean pixels, because, at the latitudes where the
eclipse was measured in orbit 11404, orbit 11403 was mainly above the Pacific Ocean.
Also, we only consider cloud-free pixels as the cloud types and cloud fractions in the two
pixels will hardly be identical. In Fig. 2.7 we showed that the difference of fo between 340
nm and 380 nm is insignificant (the fo curves for 340 nm and 380 are virtually indistin-
guishable), so the ratio Rmeas

340 /Rmeas
380 should not be affected by the eclipse for a constant

atmosphere-surface system. That is, if the atmosphere-surface system of the pixel in or-
bit 11404 is approximately identical to the atmosphere-surface system of its equivalent
pixel in orbit 11403, the ratio Rmeas

340 /Rmeas
380 is expected to be approximately identical re-

gardless of the eclipse conditions. Before estimating fo from observations, we therefore
apply the filter ∣∣∣∣∣

[
Rmeas

340

Rmeas
380

]
eclipse

−
[

Rmeas
340

Rmeas
380

]
no eclipse

∣∣∣∣∣< 0.01. (2.14)

Some cloudy pixels may pass the filter of Eq. 2.14, because clouds can alter the TOA
reflectance spectra at both 340 nm and 380 nm. The cloud fraction product FRESCO
[78, 183] is available on the TROPOMI UVIS grid, but suffers from the eclipse. For this
comparison, we apply the simple cloud filter

Rmeas
340 ·0.95 > Rmeas

380 (2.15)

to both orbits, which deletes the majority of the pixels with thick bright clouds. This
filter is based on the fact that the TOA reflectance over the cloud-free ocean generally
decreases with increasing wavelength from 340 nm to 380 nm [162], while the presence
of clouds may increase the TOA reflectance spectrum toward 380 nm.

Figure 2.13 shows the observed fo at 380 nm, computed with Eq. 2.13, that passed
the filters described in this section. Note the good agreement with the calculated fo at
380 nm in Fig. 2.10. The missing values result mostly from land or cloudy pixels in orbit
11403 or 11404. Between 0◦N and 10◦N latitude, at the very west side of the swath in
orbit 11404, many pixels did not pass the filter of Eq. 2.14, which can be explained by the
thin clouds that were present (see Fig. 2.11), but also possibly by a difference in aerosol
type and concentration or ocean color with respect to the pixels in orbit 11403.

Figure 2.14 shows the calculated fo at 380 nm (solid line) and the observed fo at 380
nm (diamond dots) for pixel row 6 (out of 450, i.e., at the west side of the swath) and
scanline 2000 to 3500. The dashed line is the calculated fo when solar limb darkening is
not taken into account (Γ= 1). Taking into account limb darkening in the calculation of
fo results in a much better agreement with the observed fo at 380 nm. This can also be
concluded from Fig. 2.15, where we show the calculated and observed fo at 380 nm for
all pixels in Fig. 2.13 plotted against the Moon-Sun disk center distance normalized to
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Figure 2.14: The observed eclipse obscuration fraction by TROPOMI in orbit 11404 on 26 December 2019 (grey
diamond dots), compared to the calculated eclipse obscuration fraction at 380 nm including solar limb dark-
ening (black solid line) and for Γ= 1 which excludes solar limb darkening (black dashed line), per scanline in
pixel row 6.

Figure 2.15: Similar to Fig. 2.14, but plotted against the disk center separation X .

the solar disk radius, X , computed for each of those pixels.11 On the domain X < 0.5, the
total mean absolute difference between the observed and calculated fo at 380 nm was
0.008, while the total mean absolute difference between the observed and the calculated
fo for Γ= 1 was 0.053. The maximum underestimation of fo at 380 nm when using Γ = 1,

11The density of points increases with increasing X because the Earth’s surface area for which a certain value
of X applies increases with increasing X . Making the filter of Eq. 15 more strict (e.g. Rmeas

340 ·0.75 > Rmeas
380 ),

decreases the scatter but also decreases the number of points. Another reason for the increasing scatter
with increasing X is that for low fo the compared pixels may have more differences, resulting from natural
variations, than caused by the obscuration (

[
Rmeas

380

]
eclipse /

[
Rmeas

380

]
no eclipse in Eq. 2.13 and the impact of

its variations on fo are relatively large).
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Figure 2.16: The Absorbing Aerosol Index from the 340/380 nm wavelength pair by TROPOMI on 26 December
2019 at Southeast Asia in orbits 11403-11405, uncorrected (left) and after the solar irradiance correction (right).

with respect to fo at 380 nm when solar limb darkening is taken into account, was 0.06
at 6.04◦N latitude and 107.19◦E longitude.

RESTORED UV ABSORBING AEROSOL INDEX

The AAI as derived by TROPOMI is computed from the ratio of the measured reflectances
at 340 and 380 nm and the ratio of the modeled reflectances at those wavelengths, ac-
cording to Herman et al. [60] and Torres et al. [165]

AAI =−100 ·
[

log10

(
R340

R380

)meas

− log10

(
R340

R380

)model
]

, (2.16)

where ’meas’ indicates the measured TOA reflectances and ’model’ indicates the mod-
eled TOA reflectances. The modeled TOA reflectances are computed for a cloud-free
and aerosol-free atmosphere-surface model with the ’Doubling-Adding KNMI’ (DAK)
radiative transfer code [53, 149], version 3.1.1, taking into account single and multiple
Rayleigh scattering and absorption of sunlight by molecules in a pseudo-spherical at-
mosphere, including polarization. The Lambertian surface albedo As in the model is
assumed independent of wavelength λ and is adjusted such that the model reflectance
equals the measured reflectance at 380 nm:

Rmodel
380 (As) = Rmeas

380 . (2.17)

The value of As that satisfies Eq. 2.17 is often referred to as the ’scene albedo’ or the
’Lambertian equivalent reflectance (LER)’. Because As is assumed wavelength indepen-
dent, it is also used to compute Rmodel

340 . More details about the TROPOMI AAI algorithm
can be found in Stein Zweers, Apituley, and Veefkind [150]. For our solar eclipse appli-
cation, it should be noted that a lower Rmeas

380 results in a smaller (spectrally flat) surface
contribution in the model, which increases Rmodel

340 /Rmodel
380 and increases the AAI.
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Figure 2.17: The scanline averages of (from top to bottom) Rmeas
340 /Rmeas

380 , Rmodel
340 /Rmodel

380 , As and AAI in orbit
11404, 26 December 2019. The average latitudes in the scanlines are indicated at the top. The dotted lines are
the results before the solar irradiance correction and the solid lines are the results after the solar irradiance
correction. The lines for the uncorrected and corrected Rmeas

340 /Rmeas
380 overlap.

The UV Absorbing Aerosol Index (AAI) can be interpreted as a comparison of the
measured TOA reflectance UV color to the TOA reflectance UV color of a cloud-free and
aerosol-free atmosphere-surface model. The AAI generally increases in the presence of
absorbing aerosols and can, unlike the aerosol optical depth, also be computed when
the aerosol layer is above clouds. For more details about the sensitivity of the AAI to
atmosphere and surface parameters, we refer to Herman et al. [60], Torres et al. [165], de
Graaf et al. [30], Penning de Vries, Beirle, and Wagner [115] and Kooreman et al. [80]. In
Appendix A.2 we provide an analysis of the precision of the AAI during the solar eclipses
studied in this paper.

The left image in Fig. 2.16 shows the AAI measured by TROPOMI during the annular
solar eclipse on 26 December 2019, in the three adjacent orbits over Southeast Asia con-
sidered in Sect. 2.3.1. We use a color scale ranging from AAI =−5 to AAI = 5. This range
usually covers most aerosol events. Significantly elevated AAI values are measured at the
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Figure 2.18: The AAI in pixel row 6 in orbit 11404, 26 December 2019. The latitudes in the scanlines are indi-
cated at the top. The solid line is the result after the solar irradiance correction, the dotted line is the result
after the solar irradiance correction when solid limb darkening is not taken into account (Γ= 1).

location of the penumbra: in orbit 11404, most apparent between 20◦S and 30◦N latitude
(cf. fo in Fig. 2.10). The maximum AAI was 53.9 at 2.17◦N latitude and 108.14◦E longi-
tude. The mean AAI in orbit 11404 was 0.15. At the spiral cloud deck centered at 15◦N
latitude and 118◦E longitude, the AAI increase is less significant. Similarly, the clouds
observed in Fig. 2.11 between 10◦S and 0◦N latitude, and between 22◦N and 32◦N, are
located in the penumbra but show a less significant AAI increase.

Outside the Moon shadow, in orbits 11403 and 11405, the mean AAI is −1.52 and
−1.48, respectively. At the locations in orbit 11404 where fo < 0.2, the mean AAI is also
negative (∼−1.5). The negative mean AAI are partly caused by the scattering of light by
cloud droplets, but also due to a radiometric calibration offset and degradation in the
TROPOMI irradiance data [162, 93]. The degradation in the irradiance leads to an in-
crease of the derived reflectance, decreasing the AAI values over time. The total AAI bias
of ∼−1.5 will be solved with the release of the version 2.0.0 TROPOMI level 1b processor,
foreseen for the first half of 2021. The bias is expected to be independent of viewing ge-
ometry, hence, it will not affect the relative AAI values nor the conclusions of this paper.

The right image in Fig. 2.16 is similar to the left image in Fig. 2.16, but then for the
corrected AAI product. That is, in Eq. 2.16 and 2.17, we replaced the measured TOA
reflectances, Rmeas

340 and Rmeas
380 , by the restored TOA reflectances, R int

340 and R int
380, which

we computed with Eq. 2.3. The red spot between 20◦S and 30◦N in orbit 11404 that
was observed in the uncorrected AAI product has disappeared. The mean of the cor-
rected AAI in orbit 11404 is −1.58. At the location of the thick spiral cloud deck the AAI
is closer to zero. We note that no significant absorbing aerosol events can be identified
in Figure 2.16. At 12◦S latitude and 122◦E longitude, an AAI increase is measured in the
corrected product, which could not be observed in the uncorrected image. This fea-
ture is caused by the specular reflection off the sea surface, often called the sunglint (see
also Fig. 2.11). The sunglint can also be observed in the middle of the swath of orbits
11403 and 11405, between 20◦S and 10◦S latitude and 34◦S and 5◦S latitude, respectively.
Kooreman et al. [80] explain that, when a strongly anisotropic reflector such as the sea
surface is viewed from its reflective side, the AAI may increase: the model assumes a
Lambertian (isotropic reflecting) surface, which increases the relative importance of the
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Rayleigh scattered light in the model and therefore computes a higher R340/R380 than is
measured. From Eq. 2.16, it follows that a deficit in the measured R340/R380 results in an
increased AAI. Note that the shape and size of the apparent sunglint may vary per orbit,
as they depend on the roughness of the sea surface (i.e. the wind speed), the presence of
clouds and aerosols, and the illumination and viewing geometries.

In Fig. 2.17, we show the average Rmeas
340 /Rmeas

380 , Rmodel
340 /Rmodel

380 , As and AAI of the pix-
els in the scanlines of orbit 11404, before the solar irradiance correction (dotted line) and
after the solar irradiance correction (solid line). The average latitudes in the scanlines are
also shown. The fraction Rmeas

340 /Rmeas
380 is not affected by the solar irradiance correction,

which is expected from the wavelength independence of fo between 340 and 380 nm
(see Fig. 2.7). Here, we did not detect signatures of sky color changes in the measured
UV reflectance due to secondary effects such as horizontally travelled light (see Sect. 2.4,
for a detailed discussion). Before the solar irradiance correction, Rmodel

340 /Rmodel
380 is signifi-

cantly higher than Rmeas
340 /Rmeas

380 between 20◦S and 30◦N where the Moon shadow resided,
which increases the AAI. The high Rmodel

340 /Rmodel
380 is caused by the relatively low As in the

Moon shadow (Fig. 2.17), which is caused by the decrease of Rmeas
380 by fo (Fig. 2.12). The

maximum scanline average AAI is 10.7 in scanline 2672 (see bottom graph in Fig. 2.17).
After the solar irradiance correction, the AAI increase in the Moon shadow disappeared
because Rmodel

340 /Rmodel
380 follows an approximately similar pattern as Rmeas

340 /Rmeas
380 , albeit

with an offset ranging from −0.03 to −0.06, which was also observed outside the Moon
shadow. We conclude that the increased AAI between 20◦S and 30◦N latitude in orbit
11404 before the solar irradiance correction was caused by the relatively low As used in
the model due to the reduction of the measured reflectance at 380 nm, rather than a UV
color change of the measured TOA reflectance in the Moon shadow.

Figure 2.18 shows the AAI in the scanlines of orbit 11404, but only for pixel row 6 (cf.
Fig. 2.14). The solid line is the eclipse corrected AAI and the dotted line is the eclipse
corrected AAI but without taken into account limb darkening (Γ= 1). If solar limb dark-
ening is not taken into account, the corrected AAI still shows an apparent increase be-
tween 14.9◦S and 21.6◦N latitude, with a maximum of AAI = 4.3 at 3.37◦N latitude. Note
that these are the latitudes at which the fo was underestimated if Γ = 1 as we showed
in Fig. 2.14, caused by the Moon occulting different parts of the solar disk during the
eclipse (see Sect. 2.2.3). In line with the discussion of the previous paragraph, an under-
estimation of fo at 380 nm results, after the solar irradiance correction, in too low Rmeas

380
and As, in too high Rmodel

340 /Rmodel
380 and, therefore, in too high AAI. We find a maximum

overestimation of the AAI of 6.7 points in scanline 2671 and pixel row 4 when using Γ= 1.
It can be concluded that not taking into account solar limb darkening would still result
in a ’red spot’ anomaly in the AAI map. The opposite effect occurs at the latitudes where
fo was overestimated if Γ = 1 in Fig. 2.14: south from 14.9◦S and north from 21.6◦N lat-
itude, the AAI after the correction without limb darkening is slightly lower than the AAI
after the correction where limb darkening was taken into account. We conclude that, if
the artificial Moon shadow signatures are to be removed in the corrected AAI product,
solar limb darkening cannot be neglected.
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Figure 2.19: The measured top-of-atmosphere reflectance at 380 nm by TROPOMI on 21 June 2020 over Asia
in orbits 11403-11405, uncorrected (left) and after the solar irradiance correction (right).

Figure 2.20: The Absorbing Aerosol Index from the 340/380 nm wavelength pair by TROPOMI on 21 June 2020
over Asia in orbits 13929-13931, uncorrected (left) and after the solar irradiance correction (right). In the cor-
rected image, the Taklamakan desert is located in the rectangular dotted box.
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2.3.2. ANNULAR SOLAR ECLIPSE ON 21 JUNE 2020
On the 21st of June, 2020, the Moon shadow during an annular solar eclipse could be
experienced in the majority of Africa (from South Africa to Libya) and almost all parts
of Asia. At the instant of greatest eclipse, rm was 0.994 and the duration of the annular
phase for a local observer at 30.5◦N latitude and 80.0◦E longitude was 38 seconds, while
the complete eclipse duration was 3 hours, 26 minutes and 53 seconds.12 We compute
that the penumbral shadow radius, perpendicular to the shadow axis at the Earth’s sur-
face, was 3493.9 km, while the antumbral shadow radius, perpendicular to the shadow
axis at the Earth’s surface, was 10.5 km. The area in the antumbra on the Earth’s surface
was 0.0008% of the total area in the shadow of the Moon (antumbra + penumbra) on the
Earth’s surface.

Figure 2.19 shows Rmeas
380 by TROPOMI on 21 June 2020 over Asia, before the solar irra-

diance correction (left image) and after the solar irradiance correction (right image). The
shadow of the Moon was captured in orbit 13930, as shown by the apparent decrease of
Rmeas

380 between 10◦N and 55◦N latitude. Only the penumbra was captured. The antum-
bra was located out of sight in the west of orbit 13930. The maximum calculated fo at
380 nm was 0.92 at 31.94◦N latitude and 82.51◦E longitude.

The left image in Fig. 2.20 shows the TROPOMI AAI in orbits 13929 to 13931 over
Asia, before the solar irradiance correction. Before the solar irradiance correction, the
AAI is significantly increased in the shadow of the Moon. The edge of the red spot in the
uncorrected AAI in orbit 13930 is shaped by the local cloudiness. For example, the AAI >
2 signature in West Mongolia (40-50◦N latitude and 90-110◦E longitude), is spatially cor-
related with low cloud fraction area. Note that this suppression of the eclipse anomaly
by clouds in the AAI product was also observed at the cloudy areas in the shadow of the
Moon on 21 December 2019 (left image of Fig. 2.16).

The right image in Fig. 2.20 is similar to the left image in Fig. 2.20, but after the solar
irradiance correction. The red spot between 10◦N and 55◦N latitude in orbit 13930 that
was observed in the uncorrected AAI product has disappeared. In Northwest China, a re-
gion of relatively high AAI values appears in the corrected product: at 36◦-42◦N latitude
and 78◦-86◦E longitude, the AAI is increased by ∼ 1.5 points. Note that this AAI change
is larger than the maximum standard AAI error in orbit 13930 of 0.40 (see Appendix A.2).
We verify this AAI feature using AAI measurements of the Global Ozone Monitoring Ex-
periment–2 (GOME-2) instrument on board the Metop-C satellite (referred to as ’GOME-
2C’ in what follows). Figure 2.21 shows the AAI measured by GOME-2C on 21 June 2020
in orbits 8411 to 8415 in the Middle-East and Western Asia, from the Polarization Mea-
surement Detectors (PMDs) using λ= 338 nm and λ= 381 nm for the AAI retrieval [173].
In order to show the eclipse location during the GOME-2C measurements, we did not
apply the solar irradiance correction to the GOME-2C data. Figure 2.21 shows that two
GOME-2C orbits were affected by the eclipse: significantly elevated AAI were measured
in the shadow of the Moon in orbit 8413 and 8414. The location 36◦-42◦N latitude and
78◦-86◦E longitude was not eclipsed during the measurements of GOME-2C. Indeed,
GOME-2C also measured an AAI increase of ∼ 1.5 points in this same area in North-
west China. At this location, the Taklamakan Desert is located. The Taklamakan desert is

12See https://eclipse.gsfc.nasa.gov/SEgoogle/SEgoogle2001/SE2020Jun21Agoogle.html, visited
on 28 September 2020.

https://eclipse.gsfc.nasa.gov/SEgoogle/SEgoogle2001/SE2020Jun21Agoogle.html
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the largest desert in China, about 960 km long and 420 km wide, and consists mostly of
shifting sand dunes that reach elevations of 800 m to 1500 m above sea level [117]. It is
an important source for the global atmospheric dust budget and for dust storms in East-
ern Asia [64]. Hence, we attribute this ∼ 1.5 points increase to the desert surface and,
possibly, desert dust aerosol.

2.4. DISCUSSION

The eclipse obscuration theory provided in Sect. 2.2.3 applies to any phase of any solar
eclipse type. The TROPOMI orbits during the annular solar eclipses analyzed in this
paper did not capture the antumbra. The maximum fo at 380 nm calculated in the
TROPOMI orbits were 0.89 and 0.92 on 26 December 2019 and 21 June 2020, respec-
tively, while the annular phase for these eclipses at 380 nm occurred for fo > 0.976 and
fo > 0.997, respectively. In this section, we reflect back on the assumptions we made and
we discuss some points of attention for potential future applications of the solar irradi-
ance correction to measurements closer to the (ant)umbra, and/or in the antumbra.

In this paper, we assumed that the solar irradiance is randomly polarized. Sunlight
scattered in the Sun’s atmosphere may become polarized. This linearly polarized spec-
trum is also known as the ’Second Solar Spectrum’ and its significance increases towards
the solar limb [152]. If there is no eclipse, this polarization cancels out due to the symme-
try and only very small linear degrees of polarization of the disk-integrated sunlight can
be measured (on the order of 10−6, see Kemp et al. [75], who attributed this polarization
in their ground-based observations to multiple scattering in the Earth’s atmosphere).
During an eclipse, the symmetry is broken, however, measurements show that a few arc-
seconds inside the solar limb the degree of polarization is lower than 0.01 and in most

Figure 2.21: The Absorbing Aerosol Index from the 338/381 nm wavelength pair by GOME-2C on 21 June 2020
over Asia in orbits 8411-8415. The Taklamakan desert is located in the rectangular dotted box.
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cases less than 0.001 [151]13. Only at 0.99 < r < 1, the degree of polarization can be larger
than 0.01, but never will grow bigger than the theoretical limit of 0.117 [151]. Note that,
during the annular solar eclipse of 26 December 2019, rm = 0.97 and the minimum disk
center separation X in the TROPOMI pixels was 0.22, meaning that, at the straight line
through the solar disk and lunar disk centers, the most narrow visible solar limb (when
the opposite solar limb was occulted) was 0.75 < r < 1. For 21 June 2020, rm = 0.994 and
the minimum encountered X was 0.20, giving 0.79 < r < 1. Hence, it may be expected
that, integrated over the visible solar disk, the polarization of the sunlight was negligible.

For this paper we did not take into account light travelling horizontally in the at-
mosphere from one ground pixel to the other. A well-known phenomenon during total
solar eclipses, for a local observer in the umbra, is the reddening of the sky near the hori-
zon, i.e., of light scattered from outside the umbra [139]. The path lengths of scattered
beams reaching a ground sensor in the umbra are relatively long, i.e., Rayleigh scatter-
ing may cause the reddening near the horizon, while overhead the sky may appear more
blue [44]. 3-D radiative transfer code simulations by Emde and Mayer [38] suggest that
scattered horizontal visible irradiance reaching a ground sensor in the umbra is about
20000 times smaller at 330 nm and about 23000 smaller at 500 nm than the total (direct
+ diffuse) irradiance received in uneclipsed conditions. Outside the umbra where, for
example, fo < 0.99, already > 1% of the uneclipsed solar irradiance is received at TOA
which is expected to dominate the horizontally travelled light. Emde and Mayer [38]
compared their 3-D simulations to a 1-D approach and computed that longer than 10
minutes before or after totality the uncertainty of a 1-D method is lower than 1%. An
analysis of this 1-D bias for the TOA reflectance versus fo could give a definite limit in
terms of fo. In the TROPOMI orbits studied in this paper, the maximum calculated fo at
380 nm were 0.89 and 0.92, which explains why we did not detect anomalies in the re-
stored TOA reflectances, nor in the corrected AAI, that could be attributed to 3-D effects
or a reddening of the measured UV spectrum.

A second reason for the potential reddening of the sky during a solar eclipse has a
fundamentally different origin. Yellow and orange cloud tops have been observed, for
example, in true color MODIS satellite images in the penumbra during the total eclipse
of 2 July 2019 and during the annular solar eclipse on 26 December 2019 [45]. During the
total solar eclipse of 20 March 2015, reddened Arctic Ocean sea ice and clouds have been
observed, 13 minutes after totality. Gedzelman [45] use a simple radiative transfer model
to suggest that these yellow and orange colors observed from space are mainly caused by
solar limb darkening. Figure 2.7 indeed shows that on 26 December 2019, the spectra in
uncorrected satellite measurements could redden for fo > 0.33. Because this reddening
is described by the wavelength dependence of fo, the reddening is automatically solved
for with the solar irradiance correction of this paper and can therefore not be detected in
a corrected product. Hence, the solar irradiance correction of this paper could be used to
potentially prove that the yellow and orange colors in satellite images are indeed caused
by solar limb darkening.

The solar irradiance correction is, besides the assumptions about the unpolarized
state of Eo and ignorance of 3-D effects, limited by the performance of the measure-

13See also https://ethz.ch/content/dam/ethz/special-interest/phys/particle-physics/
cosmologygroup-dam/People/StenfloPDFs/stenflo_spse06.pdf, visited on 8 October 2020.

https://ethz.ch/content/dam/ethz/special-interest/phys/particle-physics/cosmologygroup-dam/People/StenfloPDFs/stenflo_spse06.pdf
https://ethz.ch/content/dam/ethz/special-interest/phys/particle-physics/cosmologygroup-dam/People/StenfloPDFs/stenflo_spse06.pdf
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ment instrument. For this paper, all TROPOMI TOA reflectance measurements had a
SNR larger than 50. Measurement errors, 3-D effects and polarization of sunlight are
expected to only play a role closer to the (ant)umbra and/or in the antumbra, and there-
fore did not leave signatures in the results of this paper. For potential applications of
the solar irradiance correction to these regions in the future, it is advised to compare the
calculated fo to the observed fo as in Sect. 2.3.1, which can help distinguishing between
those artefacts and real air quality measurements.

The solar irradiance correction presented in this paper is a correction of the TOA re-
flectance spectrum. We have shown that the AAI successfully can be restored with the
corrected TOA reflectances. Theoretically, any other product that is derived from TOA
reflectance spectrum can be restored. The AAI is based on a ratio of absolute TOA re-
flectances in the UV which are directly affected by the eclipse obscuration. Differen-
tial spectral features are not expected to be directly affected by the eclipse obscuration.
Therefore, we speculate that the solar irradiance correction could certainly also work for
products that are based on differential spectral features, such as ozone, nitrogen dioxide
and sulfur dioxide. However, high spectral resolution solar spectrum features that are
not captured by the solar limb darkening measurements may have to be taken into ac-
count in the retrieval. As the photochemical activity in the Earth’s atmosphere is driven
by the TOA irradiation, solar eclipse related changes in the concentration of these gases
could potentially be studied from space.

2.5. SUMMARY AND CONCLUSIONS
In this paper, we presented a method to restore the TOA reflectance spectra in the penum-
bra and antumbra during solar eclipses, by computing the eclipse obscuration fraction
as a function of location and time, fully taking into account wavelength-dependent so-
lar limb darkening. We applied the correction to UV TOA reflectances measured by
TROPOMI in the penumbra during the annular solar eclipses on 26 December 2019 and
21 June 2020. We showed that the dark shade in the TOA reflectance maps for 380 nm, at
the location of the Moon shadow, disappeared after the correction. For the eclipse on 26
December, we compared the calculated obscuration fractions to the estimated obscura-
tion fractions at the ground pixels using measurements of the previous orbit and found
a close agreement. Not taking into account solar limb darkening, however, resulted on
26 December 2019 in a mean underestimation of the obscuration fraction fo at 380 nm
of 0.053 at disk center separations X < 0.5, and a maximum underestimation of 0.06.

The UV Absorbing Aerosol Index (AAI) is an air quality product derived from the TOA
reflectance spectra. If no correction is applied, a significant increase of the TROPOMI
AAI is measured in the shadow of the Moon. We explain this anomaly by the decreased
measured TOA reflectance at 380 nm, which is used to define the Lambertian surface
albedo in the model reflectance computations and propagates in the AAI formulae into
a more ’blue’ model UV spectrum, resulting in an increased AAI. That is, the AAI increase
in the Moon shadow is not caused by a ’redder’ measured UV spectrum.

With the restored TOA reflectance spectra, we computed a corrected version of the
TROPOMI AAI on 26 December 2019 and 21 June 2020. For both eclipses, the AAI anomaly
in the shadow of the Moon disappeared after the correction. For the eclipse on 26 De-
cember 2019, we showed that not taking into account solar limb darkening, however,
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could still result in an AAI overestimation of 6.7 points. We conclude that solar limb dark-
ening cannot be neglected if the artificial Moon shadow signatures are to be removed.

For the eclipse on 21 June 2020, we found an AAI increase of ∼1.5, as compared to its
surrounding regions, in the restored TROPOMI product in Northwest China. We verified
this AAI increase with AAI measurements by the GOME-2C satellite instrument on the
same day but outside the Moon shadow. We attribute this restored AAI feature to the
surface of the Taklamakan Desert and, possibly, desert dust aerosol. In this paper, we did
not find an indication of absorbing aerosol changes in the Moon shadow (e.g. which are
spatially correlated with the recent eclipse ground track). We conclude that the restored
AAI product successfully can be used to detect real AAI rising phenomena.

The antumbra was not captured by the TROPOMI orbits during the annular solar
eclipses studied in this paper, and the maximum fo was 0.92. Therefore, measurement
errors, light travelling horizontally through the atmosphere between adjacent ground
pixels and polarization of sunlight did not leave signatures in the corrected products,
but their effect should carefully be reconsidered when restoring measurements in areas
where fo > 0.92 in the future.

We have demonstrated that the restored TOA reflectances during solar eclipses can
be applied successfully to derive the AAI product. Since the method we developed has
taken into account the wavelength dependence of the solar limb darkening, the method
is applicable to the measured reflectances or radiances at all TROPOMI wavelengths. A
solar eclipse flag is already included in the TROPOMI level 1B product. With the addition
of the obscuration fraction in the level 1B product, all TROPOMI level 2 products will
benefit from the restored TOA reflectances or radiances. In principle, the method can
also be applied to GOME-2, Sentinel-4/5 and other satellite instruments which measure
the back-scattered and reflected solar radiation.
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CLOUDS DISSIPATE QUICKLY

DURING SOLAR ECLIPSES AS THE

LAND SURFACE COOLS

Clouds affected by solar eclipses could influence the reflection of sunlight back into space
and might change local precipitation patterns. Satellite cloud retrievals have so far not
taken into account the lunar shadow, hindering a reliable spaceborne assessment of the
eclipse-induced cloud evolution. Here we use satellite cloud measurements during three
solar eclipses between 2005 and 2016 that have been corrected for the partial lunar shadow
together with large-eddy simulations to analyze the eclipse-induced cloud evolution. Our
corrected data reveal that, over cooling land surfaces, shallow cumulus clouds start to dis-
appear at very small solar obscurations (∼15%). Our simulations explain that the cloud
response was delayed and was initiated at even smaller solar obscurations. We demon-
strate that neglecting the disappearance of clouds during a solar eclipse could lead to a
considerable overestimation of the eclipse-related reduction of net incoming solar radia-
tion. These findings should spur cloud model simulations of the direct consequences of
sunlight-intercepting geoengineering proposals, for which our results serve as a unique
benchmark.

This chapter has been published in Nature Communications Earth & Environment 5, 71 (2024) [171].
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3.1. INTRODUCTION
Blocking part of the solar radiation incident on the Earth’s (lower) atmosphere and sur-
face is one of the proposed strategies to counteract the current and future global tem-
perature rise, which may be inevitable if climate change mitigation efforts prove to be
insufficient [74, 88, 140, 81]. This type of (solar) geoengineering is based on placing sun
shields or reflecting particles in space between the Earth and the Sun [36, 6, 43, 99, 112,
130], or on the injection of aerosols into the stratosphere [29, 126]. General circulation
models (GCMs) suggest that an insolation reduction of 3.5-5.0% can largely undo the
global temperature rise and intensified hydrological cycle associated with a quadrupled
pre-industrial CO2 concentration [94, 82, 8, 70]. However, those GCMs also predict lat-
itudinal variations in temperature response, and an extra reduction of precipitation in
the tropics. Moreover, although clouds play a vital role in the Earth’s radiation balance
[125], the impact of solar dimming on clouds is still poorly understood [136, 129, 83,
179]. GCMs modeling the response to (extraterrestrial) dimming of sunlight are based
on idealized scenarios [84]. They inherently suffer from uncertainties [71], mainly focus
on the long-term impact, and highly parameterize short-term and small-scale processes
such as cloud formation [71, 83]. Twice a year on average, for a few hours the oppor-
tunity arises to take measurements of the Earth experiencing gradual insolation reduc-
tions from 0 to nearly 100%, during the partial phase of a solar eclipse. Although the time
scales involved with solar geoengineering will most likely not be equivalent to those of
solar eclipses, these measurements can help to better understand (and test models that
predict) the immediate cloud response to the deployment of sunlight intercepting ma-
terial.

Ground-based meteorological observations during solar eclipses have primarily fo-
cused on fast drops in air temperature, winds and turbulence, and on changing (photo)-
chemistry [7, 56]. Weather publications contain anecdotal descriptions of dissipating
low-level cumulus clouds right before totality, while mid- and high-level clouds survived
[5, 54]. The timing of the eclipse-induced effect on cumulus clouds is difficult to quantify
with ground-based measurements due to the chaotic nature of cumulus cloud evolution
and the missing observation of the non-eclipse state, and atmospheric model studies of
eclipses did not yet analyze the cumulus cloud sensitivity [41, 104, 27, 18]. Additionally,
the precise locations of the affected clouds can be hard to predict and are sometimes
inaccessible for ground-based observers. Earth observation satellites in geostationary
orbit can continuously monitor clouds in large geographical areas [128, 153, 11] and
hints of dissipating cumulus clouds have been observed by comparing satellite images
before and after a total solar eclipse, without estimating the non-eclipse state [5, 47].
However, during solar eclipses, satellite images show spatio-temporally varying darken-
ing [47, 113] and satellite retrievals of cloud cover and cloud optical thickness (COT) are
biased. This bias is caused by not taking into account the insolation reduction in the
calculation of the top-of-atmosphere (TOA) reflectance from which cloud properties are
derived. Hence, it has remained unknown how fast clouds are modified by various solar
obscuration fractions.

Here, we present geostationary satellite measurements of clouds during three solar
eclipses between 2005 and 2016 that have been corrected for the insolation reduction.
Our corrected measurements reveal that shallow cumulus clouds start to dissipate at a
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Figure 3.1: SEVIRI images of the annular solar eclipse on 3 October 2005. (a) The original and (b) the eclipse
corrected TOA VIS reflectance over East Africa (in the West) and Indian Ocean (in the East), at 09:37, 10:37,
11:37 and 12:37 UTC (from top to bottom). The colored contour lines indicate the solar obscuration fraction
and the white squares over land mark the study area. (c) The corresponding eclipse corrected cloud optical
thickness zoomed-in on the study area.

solar obscuration of ∼15% over cooling land surfaces, which would have been hidden in
the partial lunar shadow without insolation reduction correction. Using large-eddy sim-
ulations we explain the timing of the cloud dissipation and demonstrate that the rising
air parcels in the atmospheric boundary layer are already affected by the solar eclipse at
even smaller obscurations. We calculate that neglecting the dissipating cloud behaviour
in the simulations would result in an overestimation of 20 W m−2 of the eclipse-related
reduction of net incoming shortwave radiation at the top-of-atmosphere. Finally, we
discuss that the high cloud sensitivity to rather small insolation reductions should spur
cloud model simulations of the short-term impact of sunlight-intercepting geoengineer-
ing concepts.

3.2. RESULTS

SATELLITE OBSERVATIONS
Figure 3.1 shows the uncorrected and corrected TOA visible (VIS) reflectance over East
Africa and part of the Indian Ocean, at four subsequent hours during the annular solar
eclipse on 3 October 2005, obtained by the Spinning Enhanced Visible and InfraRed Im-
ager (SEVIRI) instrument (see Methods). In the first hour, cumulus clouds were present
over land. They are better visible in the corrected high resolution images of the COT
zoomed in on the specific area over land at 3◦-7◦ latitude and 27◦-31◦ longitude (Fig.
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Figure 3.2: Time series of cloud and land surface parameters in the study area (i.e., the white square in Fig.
3.1). (a) The retrieved cloud cover by SEVIRI. (b) The cloud optical thickness (COT) retrieved by SEVIRI. (c) The
spatial mean land surface temperature (LST) retrieved by SEVIRI. (d) The modeled cloud cover with DALES.
(e) The COT simulated with DALES. (f) The sensible and latent heat fluxes modeled with DALES. The black
solid lines are for the day of the solar eclipse (3 October 2005). The grey dashed lines in (a), (b) and (c) are for
the comparable days but without solar eclipse. The black dashed lines in (d), (e) and (f) are the results of the
modeled reference case. The blue solid lines illustrate the spatial average obscuration fraction, with error bars
in (a), (b) and (c) representing the standard deviation of the spatial variation. The blue vertical dotted lines
indicate the start, maximum, and end of the eclipse (from left to right). The missing observations between 9
and 10 UTC in (b) are caused by COT retrieval errors at that scattering geometry due to the cloud bow. The
insets show the time series zoomed in on 09:00 to 10:00 UTC. Local noon occurred at 10:04 UTC.

3.1c), which we call the study area. The derived COT in the cloudy pixels was ≲ 5 and SE-
VIRI estimated a cloud top altitude of ∼2 km (see Supplementary Figure 3.6), indicating
that they were shallow and located in the planetary boundary layer. Similar large-scale
daytime shallow cumulus cloud fields over land can be found in central Africa and the
Amazonian rainforest throughout the year, and in northeast America and Siberia during
the boreal summer [124, 58]. When the obscuration increased in the second hour, the
cloud cover in the study area diminished, although remnants of the cloud pattern of the
previous hour are still recognizable. In the third hour, the insolation increased again, but
the shallow cumulus clouds stayed away while the clouds that survived had grown in size
and COT. It was only during the final stage of the eclipse that shallow cumulus clouds re-
turned throughout the study area. Over ocean, the cumulus clouds did not disappear. In
Supplementary Figures 3.7 and 3.8, we provide two more examples of vanishing shallow
cumulus clouds over land during solar eclipses.

The disappearance of shallow cumulus clouds only occurred on the day of the solar
eclipse. Figure 3.2a shows the time series of the cloud cover in the study area, compared
to that during 11 comparable days which we selected based on a similar type of cloud
pattern before the eclipse started (see Methods). Also depicted in Fig. 3.2 is the obscu-
ration fraction on the eclipse day. The time series shows that the increasing cloud cover
in the morning already halted at low obscuration fractions (∼0.15), happening at around
09:30 UTC which was 30 minutes after the start of the eclipse. Secondly, there was a ∼50
minutes time lag with respect to the instant of maximum obscuration at 10:52 UTC be-
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fore the clouds started to return. During the increase in cloud cover between 12:00 and
12:30 UTC, the mean COT in the cloudy pixels decreased (see Fig. 3.2b), which can be at-
tributed to the contribution of the newly formed shallow clouds. This decrease is absent
in the time series of the comparable days.

Because shallow cumulus clouds in the boundary layer are generated by rising ther-
mals originating from air close to the surface [142], we collected land surface tempera-
ture (LST) measurements from space by SEVIRI, derived from infrared radiation emitted
by the shallow land surface layer (see Methods). Figure 3.2c shows the spatially aver-
aged LST in the study area on the eclipse day and the comparable days. The maximum
LST on the comparable days was two hours delayed with respect to local noon at 10:04
UTC, which could possibly be explained by the smaller heat flux into the ground due to
the warmed subsurface layer in the afternoon [155]. On the eclipse day, the LST drops
instantly with the obscuration fraction, due to the direct response of the shallow land
surface layer temperature to net radiation forcing [155]. We estimate a maximum LST
drop of 5.8 K induced by the eclipse at 11.00 UTC (see Methods). Comparable fast drops
in satellite LST measurements have been found in a study over Europe during the total
solar eclipse of 20 March 2015 by Good [49] who showed dependencies of the drop mag-
nitude on the eclipse duration and time of the day (earlier eclipses gave larger drops),
vegetation, surface height and distance to the coast. We did not detect a time lag in the
LST minimum with respect to maximum solar obscuration: a time lag of ∼1.5 minutes as
reported in literature [49] is not resolved in our LST data at 15 minutes intervals. Hence,
the measured time lag of ∼50 minutes before clouds return in Fig. 3.2a cannot be ex-
plained by a time lag in the LST. Over ocean, we found no sea surface temperature drop
when the eclipse passed (see Supplementary Figure 3.9), due to the large heat capac-
ity of water and the efficient heat transport from the sea surface to deeper water layers
through turbulent mixing [155].

LARGE-EDDY SIMULATIONS

In order to explain the land-cloud interaction in the study area, we simulated the evolu-
tion of shallow cumulus clouds during a solar eclipse with the Dutch Atmospheric Large-
Eddy Simulation (DALES) model [63]. Figures 3.2d and 3.2e show the time series of the
simulated cloud cover and mean COT, respectively, as would be measured from space
(see Methods), and Supplementary Figure 3.10 contains snapshots of the spatially re-
solved cloud fields. We present the results for the solar eclipse case, using the measured
LST as input, and a reference case without eclipse-induced LST drop (see Methods). In-
deed, in the solar eclipse case, our simulations show a substantial decrease in cloud
cover with respect to the reference case. The cloud cover already differed ∼15 to ∼20
minutes after the start of the eclipse when the obscuration was still smaller than 10%.
As in the observations (Fig. 3.2a), there is a time lag in the instant of minimum cloud
cover with respect to mid-eclipse, after which the cloud cover rapidly increases. We note
that the simulated cloud cover right after the eclipse is even larger than in the reference
case, while the simulated COT is lower. A larger cloud cover after the eclipse compared
to the hypothetical non-eclipse scenario is difficult to prove with our observations, due
to the large variability of the cloud cover on the comparable days in the afternoon (cf.
Fig. 3.2a). During the rapid increase in cloud cover, the simulated COT also increases,
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Figure 3.3: Large-eddy simulation results from DALES for the solar eclipse and reference case. (a) Time-varying

vertical profiles of the horizontal mean liquid water specific humidity ql and (b) the buoyancy flux w ′θ′v for
the solar eclipse case. (c) The vertical updraft velocity w3% of the 3-percentile fastest rising parcels at various
altitudes and (d) the travel time ∆t of the 1- to 5-percentile fastest rising parcels from the surface to lifting
condensation level (LCL) and to the cloud top (indicated with brown and grey color shades, respectively), for
the solar eclipse case. Similar for Figs. (e), (f), (g) and (h), but then for the reference case. In Figs. (a), (b),
(e) and (f), the LCL and level of minimum buoyancy flux (LMBF) are indicated with a dashed and dotted line,
respectively.

which is not in agreement with the observations, but can be attributed to the absence of
the deeper convective clouds in the south part of the study area due to the horizontally
averaged input settings in our simulations (see Methods).

The disappearing clouds during a solar eclipse can be explained by the drop in sen-
sible (thermal) and latent (moisture) heat fluxes from the surface to the lowest atmo-
sphere layer (Fig. 3.2f), as a result of the dropping LST (see Eqs. 3.1 and 3.2). Those
heat fluxes drive the buoyancy flux (Figs. 3.3b and f) of relatively warm and moist air
parcels from the surface, through the well-mixed boundary layer, up to the level of min-
imum buoyancy flux (LMBF) where the parcels are capped by a temperature inversion
(see Supplementary Figure 3.11). The rising parcels are cooled through adiabatic expan-
sion which increases the parcel relatively humidity (RH) up to 100% at the lifting conden-
sation level (LCL) where shallow cumulus clouds are formed that can extend to higher
altitudes (Figs. 3.3a and e). During a solar eclipse, this process is suppressed, which is
clear from the overall drop in buoyancy flux. The drop in surface and buoyancy fluxes
is consistent with the diminished boundary layer turbulence during solar eclipses found
in other studies [37, 98, 18]. It should be noted that the LMBF is still higher in our model
than the LCL, but with smaller upward parcel velocities (Fig. 3.3c) which are controlled
by the surface buoyancy flux, fewer parcels reach the LCL.

The ∼15 to ∼20 minutes delay of the simulated vanishing cloud cover with respect
to the dropping LST can be related to the ∼16 to ∼24 minutes travel time around 09:00
UTC of the fastest rising parcels from the lowest atmospheric layer to the cloud top as
shown in Fig. 3.3d, after which the first individual clouds could fully disappear. We note
that the vertical updraft velocity of the lowest layer responded within 5 minutes to dif-
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Figure 3.4: Conceptual model of shallow cumulus cloud evolution during a solar eclipse. The time progresses
in the horizontal direction to the right. Background color shading indicates the virtual potential temperature
of the atmosphere and land surface in our simulation. The red and blue arrows are the sensible and latent
heat fluxes, respectively, which depend strongly on the temperature difference between the surface and the at-
mosphere just above the surface. The yellow arrows represent the amount of incoming solar radiation, which
is largest around noon but is reduced during a solar eclipse as illustrated by the lunar disk covering the solar
disk. When the growing atmospheric boundary layer height (dotted line) intersects with the lifting condensa-
tion level (dashed line), clouds are formed, but they are diminished when the updrafts are slowed down during
a solar eclipse, as indicated by the smaller inclination of the black arrow.

ferences in surface fluxes. The travel time depends on the cloud top height and vertical
updraft velocities (see Figs. 3.3c and g and Methods). Thus, the cloud response was initi-
ated when the parcels affected by the eclipse started rising, at even smaller obscuration
fractions than at which this response could be observed. The ∼18 minutes time lag of
the simulated cloud cover minimum with respect to mid-eclipse can be related to the
relatively long travel time around 11:10 UTC of ∼13 to ∼19 minutes to LCL at which the
newly formed clouds started influencing the cloud cover. Furthermore, we note that the
LCL and cloud base remained slightly lower after the eclipse compared to the reference
case, due to the continued colder air near the surface (see Supplementary Figure 3.12
and Eq. 3.4). In Fig. 3.4 we provide a conceptual model in which we summarize the most
important processes responsible for the shallow cumulus cloud behavior during a solar
eclipse.

The disappearance of the shallow cumuli during the solar eclipse has a notable feed-
back on the solar radiative fluxes. This can be understood from Fig. 3.5, which shows
the simulated reflected and net incoming shortwave (SW) radiative flux at TOA, for both
the reference and solar eclipse cases. As a result of the solar eclipse the net incoming SW
flux started to decrease at 09:00 UTC. However, this change, which has solar dimming as
its main cause, is also affected by the decrease of SW radiation reflected back into space
due to the clearance of the sky. Indeed, the latter indirect effect causes an opposing in-
crease in the net incoming SW flux at TOA. Neglecting the solar eclipse-induced cloud
disappearance in our simulations (as illustrated by dotted line in Fig. 3.5), resulted in an
overestimation of 20 W m−2 of the eclipse-related reduction of net incoming SW flux at
TOA at 11:22 UTC. We note that this error would further increase with longer time lags of
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the cloud return with respect to mid-eclipse, such as found in the satellite observations
(Fig 3.2a), because then more sunlight illuminates the cloud-free scenes.

3.3. DISCUSSION
The observed response of shallow cumulus clouds to a solar eclipse at already ∼15% ob-
scuration, initiated at even smaller obscurations due to the parcel travel time, reveals the
potential direct consequence of deploying sunlight intercepting material in the strato-
sphere or in space. We note that the duration of the cloud response is expected to depend
on the speed and magnitude of the local obscuration variations, as the altered difference
between the near-surface air and surface temperature, which causes the response, may
possibly restore after a certain period. Diminished shallow cumulus clouds would partly
oppose the objective of solar geoengineering which is to decrease the amount of net
incoming solar radiation, and could prevent the growth into deeper convective and pos-
sibly precipitating clouds [51]. While solar geoengineering proposals aim to reduce the
solar radiation reaching the (lower) atmosphere and surface globally by only a few per-
cent (depending on the required compensation), the use of non-uniform reductions to
achieve this goal could increase the locally experienced variations in obscuration [130].
Space-based examples are the deployment of solar reflectors in Earth orbit [99, 112] or
in orbit around the 1st Lagrange point [130], offering daily and seasonally varying shad-
ing, respectively. Injected stratospheric aerosols can also exhibit spatio-temporally vary-
ing patterns due to seasonally changing global stratospheric circulation, depending on
the injection location [158] and strategy employed (whether constant or step-wise) [180,
87]. Consequently, aerosol optical depths of 0.4-0.6 could be attained locally [180, 158,
87], causing up to ∼45% of the local direct sunlight to be scattered or absorbed by the
aerosols before it reaches the lower atmosphere. Our results should spur model simu-
lations investigating the response of shallow cumulus clouds to those geoengineering
concepts, particularly for scenes over land where the surface temperature can adjust
quickly. Additionally, our measurements provide an opportunity to validate these mod-
els, enhancing their reliability in predicting cloud behavior under natural conditions and
in a world influenced by solar geoengineering.

3.4. METHODS

3.4.1. CLOUD MEASUREMENTS
The primary data set used in this research consists of measurements from the Spinning
Enhanced Visible and InfraRed Imager (SEVIRI) on board the Meteosat Second Genera-
tion (MSG) series of geostationary satellites operated by EUMETSAT. We used data from
Meteosat-8 and Meteosat-10, for the 2005-2006 and 2016 cases, respectively. SEVIRI
measures TOA radiances over the full Earth disk centered at 0◦ latitude and 0◦ longi-
tude every 15 minutes in twelve channels across the visible and near-infrared part of the
spectrum [135]. Eleven channels have a narrow bandwidth at low spatial resolution (3
x 3 km2 at sub-satellite point) and one channel has a broad bandwidth (0.6 - 0.9 µm)
at high spatial resolution (1 x 1 km2), the latter being referred to as the HRV channel.
Shortwave channel reflectances were obtained from the observed radiances and the cal-
culated solar irradiance, and were calibrated with MODIS following Meirink, Roebeling,



3.4. METHODS

3

43

Net incoming SW flux at TOAReflected SW flux at TOAa b

UTC time [decimal hour] UTC time [decimal hour]

Figure 3.5: Simulated radiative fluxes at the top-of-atmosphere (TOA). (a) The reflected and (b) the net in-
coming shortwave (SW) radiation (note the different scales of the vertical axes). The solid line is for the solar
eclipse case, the dashed line is for the reference case, and the dotted line is for reference case multiplied by (1
- fo), with fo the solar obscuration fraction. The bottom panels show the deviation of the latter from the solar
eclipse case.

and Stammes [102]. For the longwave channels, the operational calibration from EU-
METSAT was used.

For the surface temperature analyses at low spatial resolution (see Surface temper-
ature measurements), cloud masks were calculated using the EUMETSAT Nowcasting
and Very Short Range Forecasting Satellite Application Facility (NWC SAF) v2021 cloud
algorithm [76]. The NWC SAF software also provided the cloud top height at low spatial
resolution. For the cloud analyses at high spatial resolution, we used the low-resolution
NWC SAF cloud mask as a basis and improved the spatial resolution of the cloud mask
using the HRV TOA reflectances by comparing with a HRV TOA reflectance climatology,
which was generated for each pixel with HRV TOA reflectance measurements in a 16-
day period centered at the day of the eclipse, following the method of Bley and Deneke
[13]. The TOA reflectances of the 0.6 and 1.6 µm channels were paired to simultaneously
retrieve the COT and effective droplet radius [107, 11], which were downscaled to high
spatial resolution using the HRV channel as described in more detail in [34, 33]. The COT
of the pixels that were not masked as cloudy was set equal to zero. For the study area (3-
7◦ N latitude, 27-31◦ E longitude on 3 October 2005) and between 06:00 and 09:00 UTC,
pixels with a TOA reflectance value larger than 1.0, originating from the sunglint in the
rivers, were removed from the cloud product.

3.4.2. SOLAR ECLIPSE CORRECTION
We corrected the TOA reflectance for its reduction during a solar eclipse, that was due
to the ignorance of the reduced solar irradiance in its calculation, through a division by
1 - fo, with fo the solar obscuration fraction. In previous work [168], we validated this
approach with the TROPOMI satellite instrument, which allowed for accurate monitor-
ing of aerosols in the partial lunar shadow up to fo = 0.92. Recently, Wen et al. [185]
applied a similar type of correction to images of the Earth Polychromatic Imaging Cam-
era (EPIC) instrument on the Deep Space Climate Observatory (DSCOVR), to quantify
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the measured TOA reflectance error without eclipse correction of the sunlit side of the
Earth during the annular solar eclipse on 21 June 2020. The value of fo is different for
every pixel as it depends on measurement time, surface height, latitude and longitude,
which are provided with the SEVIRI data. The so-called Besselian elements describing
the temporal variation of the Moon shadow’s geometry were taken from Espenak and
Meeus [39]. The value of fo also depends on wavelength through the wavelength depen-
dent limb darkening of the solar disk [79]. For the corrections of the TOA reflectances in
the HRV channel and 0.6 µm, 0.8 µm and 1.6 µm channels, we used the limb darkening
coefficients of Pierce and Slaughter [119] and Pierce, Slaughter, and Weinberger [121] at
0.7 µm and the central wavelengths 0.635 µm, 0.81 µm and 1.64 µm, respectively. We
refer to Trees et al. [168] for more details about the solar eclipse correction of the TOA
reflectance. Applying the cloud algorithms to the corrected TOA reflectance yielded the
corrected cloud mask and COT.

3.4.3. SURFACE TEMPERATURE MEASUREMENTS

For the measurements of land surface temperature (LST), we used the LST product of
the Land Surface Analysis Satellite Application Facility (LSA SAF) [172] derived from the
10.8 µm and 12 µm SEVIRI channels [182] with an uncertainty of 1 to 2 K [42] which is
expected to be stable within the time scales of solar eclipses [49]. We computed the hor-
izontal average LST in the study area in every 15 minutes time step, after replacing the
cloudy pixels by interpolated nearest neighbour values using the corrected SEVIRI NWC
SAF cloud mask (see Cloud algorithm and Solar eclipse correction). The maximum LST
drop due to the eclipse was estimated with respect to the average LST of comparable
days (see Selection of comparable days). For the measurements of the sea surface tem-
perature (SST), we used the hourly SST product of the Ocean and Sea Ice Satellite Ap-
plication Facility (OSI SAF) [133] derived from the 10.8 µm and 12 µm SEVIRI channels
with an uncertainty well below 1 K [132].

3.4.4. SELECTION OF COMPARABLE DAYS

The selection of days without solar eclipse that are comparable to our study case on 3
October 2005 in East Africa was done by first selecting 100 days from September and Oc-
tober in 2004, 2005 and 2006 with the smallest differences with respect to our study case
in the sums of the predicted sensible and latent heat fluxes by ERA5 [62] (which does not
take into account the solar eclipse effect) in the complete diurnal cycle. Subsequently,
we refined the selection by removing the days for which the mean of the absolute differ-
ences in high spatial resolution cloud cover with respect to our study case between 06:00
and 09:00 UTC was larger than the threshold of 0.1. In this way, we obtained 11 days
for which we find the cloud cover comparable in the morning before the lunar shadow
reached the study area: 2004-09-10, 2004-10-24, 2005-09-03, 2005-09-19, 2005-09-25,
2005-09-29, 2005-10-04, 2006-09-01, 2006-09-04, 2006-09-08, 2006-10-06. We visually in-
spected the HRV TOA reflectance and COT for those comparable days and indeed found
between 06:00 and 09:00 UTC similar types of shallow cumulus clouds throughout the
scene, with low COTs (≲ 5) as shown in Fig. 3.2b.
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3.4.5. CLOUD SIMULATIONS
The cloud simulations were performed with the Dutch Atmospheric Large-Eddy Simu-
lation (DALES) model [63]. The setup was a horizontally cyclic domain of 50 by 50 km2

with horizontal cell sizes of 100 by 100 m2 and 209 vertical layers between 0 and 14 km
altitude. The vertical extent of each layer was stretched by a factor 1.01 with respect to
the layer just below, and it was 20 m in the lowest layer. The ground surface was as-
sumed flat. The atmosphere variables in the domain were initialized with horizontally
homogeneous vertical profiles of the liquid potential temperature, total water specific
humidity, and horizontal wind speed and direction. Those profiles were the horizontal
mean profiles at 02:00 UTC in the study area (3◦-7◦N latitude, 27◦-31◦E longitude on 3
October 2005), taken from ERA5 [62]. The pressure profile was determined with the use
of the thermodynamic profiles, the gas law and mean hydrostatic balance. After 02:00
UTC, the simulation freely propagated those variables, until 15:00 UTC when the simula-
tions ended. The time and altitude dependent mean horizontal advective tendencies of
heat and moisture, in addition to the geostrophic winds, were all diagnosed from ERA5
and prescribed in the DALES runs. That is, we neglect the horizontal in- and outflow
of eclipse-induced atmospheric changes at the boundaries of the domain, e.g. due to
short-term disturbances in the horizontal pressure gradient [52]. At the top boundary
during the simulation, we imposed large-scale subsidence, also taken from ERA5.

The surface fluxes of heat and moisture were computed according to the vertical dif-
ference of potential temperature θ and the water vapor specific humidity qv between
the ground surface and the lowest atmospheric model layer (indicated by the subscript
’bot’), respectively. With the appropriate conversion of potential temperature to temper-
ature the sensible and latent fluxes can be expressed as

FSH = ρcp

ra,T
(Tsfc −Tbot −

g zbot

cp
) (3.1)

FLH = ρLv

ra,q
(qsat(Tsfc)−qv,bot) (3.2)

where ρ is the air density in kg m−3, cp = 1004 J kg−1 K−1 the heat capacity of dry air,
g = 9.81 m s−2 the gravitational acceleration, Lv = 2.5·106 J kg−1 the latent heat for vapor-
ization of water, and qsat the temperature dependent saturation specific humidity. The
aerodynamic resistance coefficients for heat and moisture, ra,T and ra,q, respectively, de-
pend on the atmospheric stability near the surface following Monin-Obukhov similarity
theory [63]. The dependencies of the ra values on the surface roughness length and the
actual soil water content, which for land conditions will typically be much lower than
the saturated value qsat, were taken into account by multiplying them with constant cor-
rection factors. This calibration step was made to obtain sensible and heat fluxes that
were consistent with the ECMWF model for the reference case. As a consequence, the
surface heat fluxes were not parameterized as functions of net incoming radiation, to
avoid unnecessary complexity and uncertainties. Instead, the surface temperature Tsfc

was prescribed using the SEVIRI LST measurements in the study area (see Satellite mea-
surements), and shifted to the ERA5 skin temperature at 02:00 UTC through a positive
offset of 2.0274 K applied to the complete LST time series, for consistency with the initial
atmospheric profiles. In the simulation without eclipse and until 09:00 UTC, Tsfc was
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identical to that in the simulation with eclipse, but after 09:00 UTC it was the average of
the LST time series of the comparable days shifted to the ERA5 skin temperature at 02:00
UTC.

The simulated cloud cover in the study area was computed as follows. First, we re-
gridded the DALES output liquid water specific humidity ql in kg kg−1 to a grid with cell
sizes of 1 x 1 km2, for a fair comparison with the SEVIRI observations. Secondly, we com-
puted the COT by evaluating the following integral from the surface (0) to TOA (zTOA)
[154]:

COT(x, y) =
∫ zTOA

0

3
2ρair(z)ql(x, y, z)

ρliqreff
d z (3.3)

where ρair is the air density in kg m−3, ρliq = 1000 kg m−3 is the density of liquid water,
and reff is the droplet effective radius which we assumed to be constant and equal to 10−5

m. Thirdly, the columns (x, y) with a COT larger than 1 were flagged as a cloudy column.
The cloud cover was computed as the number of cloudy columns divided by the total
number of columns in the domain. For the mean COT time series, we computed the
horizontal average COT considering the cloudy columns only.

The lifting condensation level (LCL) in m was computed from the DALES output of
air temperature Tbot in K and relative humidity RHbot in % of the bottom atmospheric
layer (at 10 meter altitude), using the suggested formula by Lawrence [86]:

zLCL =
(
20+ Tbot −273.15

5

)
· (100−RHbot) (3.4)

The level of minimum buoyancy flux (LMBF) was computed as the altitude at which the

buoyancy flux w ′θ′v was minimum, where θv is the virtual potential temperature which
depends on specific humidity qv in kg kg−1, temperature T in K, pressure p in Pa, refer-
ence pressure p0 = 105 Pa, cp, the gas constant for dry air Rd = 287.0 J kg−1 K−1, and the
gas constant for water vapor Rv = 461.5 J kg−1 K−1 [28]:

θv = T

(
p0

p

) Rd
cp

(
1+

(
Rv

Rd
−1

)
·qv

)
(3.5)

and w ′θ′v was defined as:

w ′θ′v =
∑Nx

i=1

∑Ny

j=1 wi j (θv,i j −θv)

Nx Ny
(3.6)

in which Nx and Ny are the number of grid cells in the horizontal x- and y directions, and
the overbar indicates a horizontal mean value. The mean updraft virtual potential tem-
perature, θv,up(z), was computed as the mean of θv(z) of the updrafts only (i.e., the grid
points at a certain altitude z for which wi j > 0). The velocities of the fast rising parcels
were defined by the p-percentile velocities wp% (with p = 1, 3 and 5), which were the
vertical velocities at a certain altitude z for which a percentage p of the w-distribution
contained grid points with wi j > wp% (see [143]). The travel time ∆t of the fast rising
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parcels from the surface to a certain altitude z∗, using vertical velocity wp%, was com-
puted by numerically evaluating

∆t =
∫ z∗

0

d z

wp%(z)
(3.7)

with z∗ = zLCL for the travel time to LCL and z∗ = zCT for the travel time to the cloud top.
The cloud top was defined as the highest altitude for which ql > 0.

DALES uses the Rapid Radiative Transfer Model for Global climate model applica-
tions (RRTMG) radiation scheme [68, 14] to compute the shortwave (SW) and longwave
(LW) radiative fluxes through the atmosphere, emitted and reflected by the surface, and
emerging from TOA during the simulation. In the solar eclipse case, the SW radiation
incident at TOA was multiplied by (1− fo), where fo was the horizontal mean obscura-
tion fraction in the study area taken at 0.635 µm (see Solar eclipse correction). We used
vertical profiles of the ozone mass mixing ratios in the study area from ERA5 [62]. The
surface albedo was the horizontal mean white-sky albedo in the study area measured by
MODIS [134].

SUPPLEMENTARY INFORMATION

This article has accompanying supplementary videos of the corrected SEVIRI TOA VIS
reflectance and cloud optical thickness during the solar eclipses of 3 October 2005, 29
March 2006, and 1 September 2016 (corresponding to Fig. 3.1 and Supplementary Fig-
ures 3.7 and 3.8, respectively) at 15 minutes temporal resolution.
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CODE AVAILABILITY

The Dutch Atmospheric Large-Eddy Simulation (DALES) software used for this research
is publicly available under the terms of the GNU GPL version 3 on https://github.com/
dalesteam/dales.

3.5. SUPPLEMENTARY MATERIAL

Figure 3.6: Cloud top height above geoid in the study area on 3 October 2005 measured by SEVIRI. The surface
height above geoid in this area varies between 300 and 1700 m.

https://github.com/dalesteam/dales
https://github.com/dalesteam/dales
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Figure 3.7: Similar to Fig. 3.1, but for the total solar eclipse of 29 March 2006 passing over West Africa (in
the North-East) and the Atlantic ocean (in the South-West) at 07:37, 08:37, 09:37 and 10:37 UTC (from top to
bottom). The white squares in (b) indicate the zoom area for the cloud optical thickness in (c).
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Figure 3.8: Similar to Fig. 3.1, but for the annular solar eclipse of 1 September 2016 passing over Middle Africa
and the Indian Ocean (in the East) at 07:50, 08:50, 09:50 and 10:50 UTC (from top to bottom). The white squares
in (b) indicate the zoom area for the cloud optical thickness in (c).
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T [K] ΔT [K]

Land and sea surface temperature Land and sea surface temperature anomalya b

09:07

10:07
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Figure 3.9: SEVIRI images of the land and sea surface temperature and their anomaly over East Africa and part
of the Indian Ocean during the annular solar eclipse on 3 October 2015. (a) The land surface temperature
measurements at five subsequent hours (from top to bottom) and (b) the deviation from the mean of the
comparable days. The white square indicates the study area. The negative deviation over land at 10:07, 11:07
and 12:07 UTC was caused by the solar eclipse.
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Eclipse Referencea b

08:00

09:00

10:00

11:00

12:00

Figure 3.10: Simulated cloud optical thickness (top view) with DALES for (a) the solar eclipse case and (b) the
reference case, at 08:00, 09:00, 10:00, 11:00 and 12:00 UTC (from top to bottom).
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a b c

d e f

Figure 3.11: Vertical profiles of atmospheric horizontal mean quantities simulated by DALES at 11.00 UTC. (a)
The virtual potential temperature taking all columns (black solid line) and columns with updrafts only (red
solid line), and (b) their normalized difference, for the solar eclipse case. (c) The liquid water specific humidity
for the solar eclipse case. Similar for (d), (e) and (f) but then for the reference case. Positive values in (b) and (e)
indicate positive buoyancy. In (b), (c), (e) and (f), the level of neutral buancy (LNB), lifting condensation level
(LCL), level of minimum buoyancy flux (LMBF), level of free convection (LFC) and limit of convection (LOC)
are indicated.

a b

Figure 3.12: (a) Simulated horizontal mean air temperature and (b) relative humidity by DALES of the bottom
atmospheric layer (at 10 meter altitude) for the study area in the solar eclipse case (solid line) and reference
case (dotted line).
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DARCLOS: A CLOUD SHADOW

DETECTION ALGORITHM FOR

TROPOMI

Cloud shadows are observed by the TROPOMI satellite instrument as a result of its high
spatial resolution as compared to its predecessor instruments. These shadows contami-
nate TROPOMI’s air quality measurements, because shadows are generally not taken into
account in the models that are used for aerosol and trace gas retrievals. If the shadows
are to be removed from the data, or if shadows are to be studied, an automatic detection
of the shadow pixels is needed. We present the Detection AlgoRithm for CLOud Shadows
(DARCLOS) for TROPOMI, which is the first cloud shadow detection algorithm for a space-
borne spectrometer. DARCLOS raises potential cloud shadow flags (PCSFs), actual cloud
shadow flags (ACSFs) and spectral cloud shadow flags (SCSFs). The PCSFs indicate the
TROPOMI ground pixels that are potentially affected by cloud shadows based on a geo-
metric consideration with safety margins. The ACSFs are a refinement of the PCSFs using
spectral reflectance information of the PCSF pixels, and identify the TROPOMI ground
pixels that are confidently affected by cloud shadows. Because we find indications of the
wavelength dependence of cloud shadow extents in the UV, the SCSF is a wavelength de-
pendent alternative for the ACSF at the wavelengths of TROPOMI’s air quality retrievals.
We validate the PCSF and ACSF with true color images made by the VIIRS instrument on
board of Suomi NPP orbiting in close proximity to TROPOMI on board of Sentinel-5P. We
find that the cloud evolution during the overpass time difference between TROPOMI and
VIIRS complicates this validation strategy, implicating that an alternative cloud shadow
detection approach using co-located VIIRS observations could be problematic. We con-
clude that the PCSF can be used to exclude cloud shadow contamination from TROPOMI
data, while the ACSF and SCSF can be used to select pixels for the scientific analysis of
cloud shadow effects.

This chapter has been published in Atmospheric Measurement Techniques 15, 3121–3140 (2022) [169].
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4.1. INTRODUCTION
Air quality monitoring from space using satellite spectrometers started in 1978 with the
launch of the first Total Ozone Mapping Spectrometer (TOMS) instrument on board the
Nimbus-7 satellite. TOMS globally measured aerosol properties and concentrations of
O3 and SO2 in the Earth’s atmosphere on a daily basis, retrieved from the Earth’s re-
flectance of sunlight using six ultraviolet (UV) wavelength bands [57]. The first high-
spectral resolution spectrometer was the Global Ozone Monitoring Experiment (GOME)
[19] launched in 1995, followed by the SCanning Imaging Absorption spectroMeter for
Atmospheric ChartograpHY (SCIAMACHY) [17], the Ozone Monitoring Instrument (OMI)
[89], the GOME-2 A/B/C instruments [106] and, most recently, the TROPOspheric Mon-
itoring Instrument (TROPOMI) [177], allowing for trace gas retrieval using differential
absorption features in the spectra of the Earth’s reflectance [122].

The spatial resolutions of TOMS, GOME, SCIAMACHY, OMI and GOME-2 have been
50 × 50 km2, 320 × 40 km2, 60 × 30 km2, 24 × 13 km2 and 80 × 40 km2, respectively.
Those resolutions are too coarse to discern kilometer-scale clouds or cloud shadows.
The pixels of those spectrometers often have been partly cloudy, such that the effects of
clouds, cloud shadows and cloud-free regions are blended. Because of the inability to
distinguish between those effects and the complexity of three-dimensional (3-D) radia-
tive transfer, state-of-art algorithms for satellite spectrometers employ one-dimensional
(1-D) radiative transfer models, which neglect 3-D cloud effects on cloud-free regions in-
side the partly cloudy pixels or on adjacent cloud-free pixels. For example, the FRESCO
(Fast REtrieval Scheme for Clouds from the Oxygen A band) cloud retrieval algorithm
uses the independent pixel approximation, and does not take into account cloud shad-
ows [78, 183]. However, although cloud shadows are hardly visible on the coarse reso-
lution measurement grids of those spectrometers, they do in principle contaminate the
total radiances of the large pixels.

TROPOMI on board of the ESA Sentinel-5P satellite was launched in October 2017
and is the spaceborne spectrometer with the highest spatial resolution to date: the ground
pixels have dimensions of 7.2 × 3.6 km2 in the nadir viewing direction, and decreased to
5.6 × 3.6 km2 on 6 August 2019.1 TROPOMI provides daily global maps of aerosol prop-
erties and concentrations of O3, NO2, SO2 and HCHO from ultraviolet-visible (UV–VIS,
267–499 nm) wavelengths, of cloud properties from near-infrared (NIR, 661–786 nm)
wavelengths and concentrations of CO and CH4 from shortwave infrared (SWIR, 2300–2389
nm) wavelengths. Because of its high spatial resolution and data quality, TROPOMI has,
for example, shown to be able to observe local NO2 emission sources such as power
plants [10], gas compressor stations [174] and cities [92], detailed volcanic SO2 plumes
[157], and CH4 leakage from oil/gas fields [110, 176, 137]. Recently, NO2 plumes from
individual ships have been identified with TROPOMI in areas where the ocean sunglint
enhances the signal-to-noise [46].

The small pixel size of TROPOMI also causes cloud shadows to be detectable. Cloud
shadow signatures can be found along cloud edges, manifested as pixels with smaller ra-
diances than measured in their cloud-free neighborhood. Smaller measured radiances
result in lower derived reflectance values, potentially affecting TROPOMI’s air quality

1The radiance co-addition time reduced from 1080 to 840 ms starting in orbit 9388. This resulted in a decrease
of the minimal along-track sampling distance from 7 km at nadir to 5.5 km at nadir [93].
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products. Cloud shadow effects on air quality data sets can only be studied, discarded
and/or corrected if the cloud shadow contaminated pixels are identified. Individual
shadow pixels may be identified manually in maps of TROPOMI data through visual in-
spection. However, for the automatic removal or correction of shadow contaminated
data, and for the statistical analysis of shadow effects on large data sets, an automatic
shadow detection is needed.

For satellite spectrometer measurements, cloud shadow detection is a new topic and
will become more important with the increasing spatial resolution in future satellite
spectrometer missions, such as Sentinel-5 (7.5 × 7.3 km2) [116], CO2M (< 2 × 2 km2)
[144] and TANGO (300 × 300 m2) [85]. For high spatial resolution aerial and satellite
imagers, shadow detection is not new. Shadows of buildings affect the applications of
aerial images, such as urban change detection and traffic monitoring [3]. The screening
of clouds and their shadows is an important step in the preprocessing of satellite imager
data of for example Landsat and MODIS [193, 184]. Shadows degrade the quality of the
images lowering the accuracy of their applications such as land cover classification and
change detection [188]. If cloud shadows are not screened correctly, they may be con-
fused with dark surface features such as, for example, water bodies affecting the remote
sensing performance of flood detection [90].

Several approaches have been followed by aerial and spaceborne imagers to detect
cloud shadows. The main approaches can be categorized into geometry-based methods
[145, 146, 67] where the shadow location is computed with known or assumed parame-
ters of the cloud shadow geometry, and spectral-based methods [1] where the shadow is
determined with spectral tests applied to the measured radiance. Often, a combination
of those approaches is being used, first determining the potential cloud shadow loca-
tions with one of the two approaches and subsequently refining the shadows with the
other approach [65, 192, 156]. The spectral tests may consist of simple darkness thresh-
olds, however dark surface features can easily incorrectly be interpreted as shadows.
Luo, Trishchenko, and Khlopenkov [95] therefore presented a method to detect cloud
shadows in MODIS images exploiting the ratio between the blue and NIR (or SWIR)
spectral bands, arguing that shadows may appear more blue due to the lack of direct
solar illumination. [95] concluded that their method is problematic over water regions
and wetlands, because the relatively dark spectra of water and shadows are difficult to
distinguish. Additionally, the blueness of shadows may depend on the shadow geometry
and cloud parameters such as thickness and height.

Unsupervised machine learning (clustering) techniques have been proposed for ur-
ban shadow detection in aerial images, but the spectral variability of the shadowed ma-
terials can complicate the choice of the number of classes [3]. Because various cloud
and land surface types may be mixed within individual pixels of satellite imagery, [15]
proposed a fuzzy clustering algorithm for cloud and cloud shadow detection in Landsat
images, in which pixels can belong to multiple classes with associated weighting fac-
tors. Supervised machine learning techniques (neural networks and support vector ma-
chines) have been proposed for cloud shadow detection in satellite images also [66, 69],
but are generally computationally expensive, require large training data sets with classi-
fied shadows (which itself is the problem to be solved), and trained classifiers may not
work for new scenes with different shadow patterns [3, 193].
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The most suitable approach for shadow detection for a satellite imager depends on
the characteristics of the instrument and its host satellite. For example, the cloud and
cloud shadow detection algorithm Fmask for Landsat 4-7, introduced by Zhu and Wood-
cock [192], uses for its geometry-based part the thermal band (10.4 to 12.5 µm) measur-
ing the cloud’s brightness temperature. Assuming a constant lapse rate, Fmask com-
putes the cloud top height and projection of the cloud shadow onto the surface. For im-
agers that do not have a thermal band, a range of potential cloud heights can be assumed
[190] or the approach can be limited to spectral tests only. Parmes et al. [111] proposed a
cloud and cloud shadow detection method for Suomi NPP VIIRS only based on spectral
tests avoiding the usage of a thermal band, and suggested that the method could there-
fore also work for Sentinel-2 which does not have a thermal band. However, the accuracy
of their shadow detection was low (36.1%), with a false alarm rate of 82.7%. Goodwin et
al. [50], Zhu and Woodcock [191], Candra, Phinn, and Scarth [20] and Candra, Phinn,
and Scarth [21] chose to perform spectral tests based on the reflectance differences with
cloud-free historical reference images, for Landsat cloud shadow detection. Such multi-
temporal shadow detection approaches generally enhance the shadow detection perfor-
mance [193], but require the availability of cloud-free seasonally dependent reference
images which may be challenging for satellites with long revisit periods.

In this paper we present the Detection AlgoRithm for CLOud Shadows (DARCLOS),
a fast cloud shadow detection algorithm for TROPOMI and the first cloud shadow de-
tection algorithm for a spaceborne spectrometer. DARCLOS starts with a geometry-
based computation of potential shadow locations, using the cloud fraction, cloud height,
viewing and illumination geometries, and surface height stored in the already available
TROPOMI NO2 product and cloud product FRESCO. Climatological cloud-free surface
albedo reference data is available for TROPOMI and is used to perform spectral tests re-
fining the shadows. The spectral tests are only based on the darkness of shadows relative
to the reference data. This means that no assumptions are made about the color of cloud
shadows. As TROPOMI is a spectrometer, DARCLOS exploits the spectra of TROPOMI by
using the wavelength for shadow detection where the surface reflectance is strongest,
independent of surface classification. We validate the PCSF and ACSF with true color
images of Suomi NPP VIIRS which orbits in close proximity to TROPOMI. Because geo-
metrical shadow extents may be wavelength dependent, DARCLOS also outputs a wave-
length dependent cloud shadow flag for the wavelengths at which TROPOMI’s air qual-
ity products are retrieved. Such a cloud shadow detection at the precise wavelengths of
TROPOMI’s air quality products is unique for DARCLOS and cannot be done with data
from an imager.

This paper is structured as follows. In Sect. 4.2, we explain the method to detect
cloud shadows in TROPOMI data. In Sect. 4.3, we show the results of the cloud shadow
detection algorithm with three case studies. In Sect. 4.4, the validation results are pre-
sented. In Sect. 4.5, we discuss the limits of the algorithm and raise several points of
attention for future applications. In Sect. 4.6, we summarize the results and state the
most important conclusions of this paper.
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Figure 4.1: Summary of the inputs and outputs of DARCLOS. The white boxes describe the main input data
and the grey boxes describe the calculated output products. SCNLER refers to the reflectivity of the scene
(Sect. 4.2.2) and DLER refers to the climatological directionally dependent surface reflectivity (Sect. 4.2.2).
More details are provided in the main text.

4.2. METHOD
Here, we explain the method to detect cloud shadows in TROPOMI data. We first com-
pute the potential cloud shadow flag (PCSF), explained in Sect. 4.2.1, and then compute
the actual cloud shadow flag (ACSF), explained in Sect. 4.2.2. Figure 4.1 summarizes
the inputs and outputs of DARCLOS. The PCSFs indicate the TROPOMI ground pixels
that are potentially affected by cloud shadows based on a geometric consideration with
safety margins. The ACSFs are a refinement of the PCSFs using spectral reflectance infor-
mation of the PCSF pixels, and indicate the TROPOMI ground pixels that are confidently
affected by cloud shadows. The PCSF can be used to exclude cloud shadow contamina-
tion from the TROPOMI Level 2 data, while the ACSF can be used to select pixels for the
scientific analysis of cloud shadow effects. The spectral cloud shadow flag (SCSF) is a
wavelength dependent alternative for the ACSF and will be explained in Sect. 4.5.

4.2.1. POTENTIAL CLOUD SHADOW FLAG (PCSF)
The PCSFs indicate the pixels that are potentially affected by cloud shadows. The PCSF
is intended to be useful for filtering any cloud shadow contaminated TROPOMI data.
Therefore, the number of false negative shadow detections in the PCSF should be mini-
mized (see Sect. 4.4). Hence, the PCSF shadow is an overestimation of the true shadowed
area.

The PCSF is computed in two steps. First, we compute the maximum potential ge-
ometric shadow extent from the cloud, with additional safety margins. Then, we flag
the area between the cloud and the maximum potential shadow extent. Both steps are
explained in more detail below.

THE MAXIMUM POTENTIAL SHADOW EXTENT

Figure 4.2 illustrates the cloud shadow geometry in the local reference frame at the Earth’s
surface. The reference frame is equivalent to the topocentric reference frame of TROPOMI
[91], except for the x y-plane which is now lifted in the zenith direction with the surface
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Figure 4.2: Sketch of the cloud shadow geometry in
the local reference frame at the Earth’s surface. The
cloud as observed by the satellite is located at point
O, resulting in a TROPOMI cloud pixel at O (indicated
by the white quadrilateral), while the actual cloud is
located at height h above point P . The shadow is lo-
cated at point Q.
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Figure 4.3: Sketch of the PCSF flagging of the
TROPOMI ground pixels in the local reference frame
at the Earth’s surface. The PCSF pixels are indicated
in grey and the cloud pixel is indicated by the white
quadrilateral. Points O, P . and Q correspond to points
O, P and Q in Fig. 4.2.

height hsfc w.r.t. the WGS84 Earth reference ellipsoid. Here, the origin (point O) of the
reference frame is set at the center of a cloud pixel, which represents the projection of the
cloud’s centroid in the viewing direction onto the Earth’s surface at geodetic latitude δc

and longitude ϑc. The cloud pixels are the TROPOMI ground pixels with a raised cloud
flag (CF) and are determined by an effective cloud fraction (the cloud fraction assuming
a cloud albedo of 0.8) larger than 0.05. The effective cloud fraction was determined in
the NO2 spectral window and taken from the TROPOMI NO2 data product [175]. Angles
θ0 and θ are the solar and viewing zenith angles, respectively. Angles ϕ0 and ϕ are the
solar and viewing azimuth angles, respectively, measured positively clockwise from the
North when looking in the nadir direction. The values for θ0, θ, ϕ0 andϕ are provided in
the TROPOMI data for the origin of the unlifted topocentric reference frame, i.e., when
hsfc = 0. In the problem of finding the cloud shadow belonging to the cloud pixel at the
origin, we neglect variations of θ0, θ,ϕ0 andϕ in the horizontal (x and y) and vertical (z)
direction, and we assume that hsfc is constant.

The location, dimensions and darkness of a cloud shadow cast on the Earth’s sur-
face and/or atmosphere below the cloud, as observed from space, may depend on (1)
the cloud’s location in 3-dimensional space, (2) the location of the underlying surface
and/or atmosphere on which the shadow is cast in 3-dimensional space, (3) the horizon-
tal and vertical extents of the cloud, (4) the optical thickness of the cloud, (5) the optical
thickness of the atmospheric layers, (6) the illumination geometry (θ0 and ϕ0), and (7)
the viewing geometry (θ and ϕ). Because in the first step of the PCSF determination we
search for the maximum potential shadow extent, we assume an opaque cloud and ne-
glect the optical thickness of the atmospheric layers, such that the computed shadows
are cast on the Earth’s surface where the shadow separation from the cloud is largest.

In Fig. 4.2, the cloud is located at (xn, yn,h). Point P at (xn, yn,0) is the nadir projec-
tion of the cloud’s centroid onto the surface and h is the cloud height w.r.t. the surface,
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which can be computed as

h = (1+C ) (hc −hsfc) . (4.1)

In Eq. (4.1), hc is the FRESCO cloud height [78, 183], which is an approximation of the
true height of the cloud’s centroid w.r.t. the WGS84 Earth reference ellipsoid. Because,
for the PCSF, we search for the maximum potential shadow extent, we have introduced
the safety margin C which increases the cloud height proportional to hc −hsfc. We set
C = 0.5, for which the number of false negative shadow detections (i.e. the omission
error of the PCSF, see Sect. 4) resulting from underestimated maximum potential shadow
extents converged to a minimum.

If we assume that the center of the cloud pixel is the projection of the cloud’s centroid
in the viewing direction onto the Earth’s surface, xn and yn can be computed as [95]:

xn = h · tanθ sinϕ, (4.2)

yn = h · tanθcosϕ. (4.3)

The location of point Q in the cloud shadow on the Earth’s surface, (xsh, ysh), then follows
from:

xsh = xn −h · tanθ0 sinϕ0, (4.4)

ysh = yn −h · tanθ0 cosϕ0. (4.5)

Finding the geodetic latitude, δsh, and longitude, ϑsh, of Q is an example of the direct
geodetic problem for which the solution involves an iterative procedure [178]. However,
because of the small distances in the cloud shadow geometry relative to the Earth’s radii
of curvature, δsh and ϑsh can accurately be approximated by differential northing and
easting formulae:

δsh ≈ δc + ysh

M +hsfc
, (4.6)

ϑsh ≈ϑc + xsh

(N +hsfc)cosδc
, (4.7)

where M and N are the Earth’s ellipsoidal meridian radius of curvature and radius of
curvature in the prime vertical, respectively, which both vary with latitude δc [164].

The center of the cloud pixel may not coincide with the projection of the cloud’s cen-
troid in the viewing direction onto the Earth’s surface, as was assumed in Eqs. (4.2) and
(4.3). This is particularly true, for example, when small clouds in the pixel are located
near the pixel edges or corners, or when the edge of a large cloud deck traverses the pixel.
Moreover, the actual projections of the unknown true horizontal and vertical cloud ex-
tents are located inside but near the edges of the cloud pixel.2 Therefore, we repeat the
computation of point Q four times, now placing the corners of the cloud pixel in the ori-
gin of the reference frame (not shown in Fig. 4.2).

2An even larger horizontal or vertical cloud extent would be part of an adjacent cloud pixel.
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RAISING THE PCSF
In the second step of the PCSF determination, we select the area in which PCSFs are to
be raised, based on the calculated points P and Q. As illustrated in Fig. 4.3, we flag all
the cloud-free ground pixels (i.e. for which no CF is raised) within or intersected by the
triangle OPQ.

All cloud-free ground pixels intersected by line segment OQ are flagged for two rea-
sons. First, OQ is the projection in the viewing direction onto the Earth’s surface of a line
segment, between the cloud’s centroid and point Q, where the shadowed atmosphere
is located (e.g., an optically thick atmosphere may lead to short shadows, cast on the
atmospheric layers, projected onto the surface close to point O). Secondly, a possible
overestimation of h implies an actual cloud’s nadir projection closer to O (along line OP )
which, with an unchanged illumination geometry, results in a shadow location between
O and Q on line segment OQ.

All cloud-free ground pixels intersected by line segment PQ are flagged because the
vertical cloud extent below the cloud’s centroid is unknown. Although the vertical cloud
extent of an isolated cloud may result in an adjacent cloud pixel, the vertical extent below
the cloud’s centroid may be invisible from space if neighboring clouds cover the volume
below the cloud’s centroid. For that reason, line segment PQ represents the potential
shadow locations of a hypothetical cloud extending from the cloud’s centroid to the sur-
face.

All cloud-free ground pixels within or intersected by triangle OPQ are flagged, be-
cause combinations of the aforementioned situations may occur. For similar reasons as
mentioned in Sect. 4.2.1, we repeat the flagging four times for the triangles OPQ where
O is placed in the corners of the cloud pixel (not shown in Fig. 4.3).

4.2.2. ACTUAL CLOUD SHADOW FLAG (ACSF)
In this section, the computation of the ACSF is explained. The ACSFs indicate the pixels
that are confidently affected by cloud shadows. They are a subset of the PCSFs, and are
intended to be useful for selecting pixels for the scientific analysis of cloud shadows. The
number of false positive shadow detections in the ACSF should therefore be minimized
(see Sect. 4.4).

The ACSF is determined in two steps. First, we apply a Rayleigh scattering correction
to the measured reflectance at the top of the atmosphere for the PCSF pixels. Then, we
compare the corrected reflectance to the expected surface reflectance from climatolog-
ical observations by TROPOMI, revealing the actual shadowed pixels. This comparison
is done at the wavelength where the surface reflectance is strongest. Both steps are ex-
plained in more detail below.

LAMBERTIAN-EQUIVALENT REFLECTIVITY OF THE SCENE (SCNLER)
The spectral Earth’s reflectance at the top of the atmosphere (TOA) as measured by a
satellite is defined as

Rmeas(µ,µ0,ϕ,ϕ0,λ) = πI (µ,µ0,ϕ,ϕ0,λ)

µ0E0(λ)
, (4.8)

where I is the radiance reflected by the atmosphere-surface system in W m−2sr−1nm−1,
E0 is the extraterrestrial solar irradiance perpendicular to the beam in W m−2nm−1 and
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µ0 = cosθ0. I and E0 depend on wavelength λ in nm, and I additionally depends on
µ= cosθ, µ0, ϕ and ϕ0.

First, we calculate the albedo of the surface, As, needed to match a modeled TOA
reflectance, Rmodel, to the measured TOA reflectance, Rmeas. The model assumes a Lam-
bertian (i.e., depolarizing and isotropic reflecting) surface below a cloud-free and aerosol-
free atmosphere, such that the modeled TOA reflectance can be expressed as [24]:

Rmodel(µ,µ0,ϕ−ϕ0,λ) = R0(µ,µ0,ϕ−ϕ0,λ)+ As(λ)T (µ,µ0,λ)

1− As(λ)s∗(λ)
. (4.9)

The first term at the right-hand side of Eq. (4.9), R0, is the so-called path reflectance,
which is the modeled TOA reflectance of the atmosphere bounded below by a black
surface. The second term is the modeled surface contribution to the TOA reflectance,
where As is the albedo of the Lambertian surface, T is the total transmittance of the
atmosphere for illumination from above and below, and s∗ is the spherical albedo of
the atmosphere for illumination from below. Quantities R0, T and s∗ of the cloud-free
and aerosol-free atmosphere-surface model were prepared with the ’Doubling-Adding
KNMI’ (DAK) radiative transfer code [53, 149], version 3.2.0, taking into account single
and multiple Rayleigh scattering of sunlight by molecules in a pseudo-spherical atmo-
sphere, including polarization. Absorption by O3, NO2, O2, H2O and the O2-O2 collision
complex was taken into account. For more details about the computation of the quanti-
ties in Eq. (4.9), we refer to Tilstra [159].

The albedo As for which Rmodel(λ) = Rmeas(λ) holds is in this paper indicated by
Ascene. The expression for Ascene follows from Eq. (4.9) [163]:

Ascene(λ) = Rmeas(λ)−R0(λ)

T (λ)+ s∗(λ)(Rmeas(λ)−R0(λ))
, (4.10)

where the notation for the dependency onµ, µ0,ϕ andϕ0 is omitted. We compute Ascene

for λ = 402, 416, 425, 440, 463, 494, 670, 685, 696.97, 712.7, 747, 758 and 772 nm, and
co-register the results at NIR wavelengths to the Level 2 UVIS ground pixel grid. The
values of Ascene can be interpreted as the TOA reflectances of the scene corrected for
molecular Rayleigh scattering. They are in fact scene albedos, because they include non-
Lambertian surface, aerosol, cloud and shadow effects. Therefore, in what follows, we
refer to Ascene as the Lambertian-equivalent reflectivity of the scene (SCNLER). Only in
the absence of non-Lambertian effects, Ascene is independent of µ, µ0, ϕ and ϕ0 and
approximates the true surface albedo.

DIRECTIONALLY DEPENDENT LAMBERTIAN-EQUIVALENT REFLECTIVITY (DLER) CLIMATOL-
OGY

In the second step of the ACSF determination, the SCNLER of the PCSF pixels is com-
pared to climatological observations at the same coordinates and time of the year. For
the climatological observations, we use the directionally dependent Lambertian-equivalent
reflectivity (DLER) data3 version 0.6 generated with TROPOMI observations of the SCN-
LER since the start of TROPOMI’s operational phase in May 2018. The DLER is available

3See https://www.temis.nl/surface/albedo/tropomi_ler.php, visited on 23 October 2021.

https://www.temis.nl/surface/albedo/tropomi_ler.php
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on a global 0.125◦ by 0.125◦ resolution latitude-longitude grid for each calendar month
at 21 one-nm wide wavelength bins between 328 and 2314 nm [159]. We linearly inter-
polate the DLER data to the TROPOMI Level 2 UVIS ground pixel grid and measurement
times. Unless stated otherwise, the wavelength bins we use are centered at 402, 416, 425,
440, 463, 494, 670, 685, 696.97, 712.7, 747, 758 and 772 nm.

In the DLER algorithm, an initial cloud screening was performed on the basis of
NPP-VIIRS cloud information. After that, the 10% lowest SCNLER measurements in the
seasonal grid cell were used which serves as a second-stage cloud filter, and measure-
ments containing aerosols were excluded [159]. The DLER can generally be considered
shadow-free. The DLER takes into account the viewing zenith angle dependence of the
SCNLER caused by non-Lambertian surface reflectance. The DLER is a more accurate
estimate of the expected aerosol-, cloud- and shadow-free SCNLER than the tradition-
ally used LER (without viewing zenith angle dependence). The viewing zenith angle de-
pendence of the DLER is only taken into account over land surfaces. Over water surfaces,
DLER = LER. For more details about the DLER theory, we refer to [161].

RAISING THE ACSF
In order to select the pixels for which an ACSF is to be raised, we define the SCNLER-
DLER contrast parameter Γ:

Γ(λ) = Ascene(λ)− ADLER(λ)

ADLER(λ)
×100%. (4.11)

The division by ADLER (the value of the DLER) in Eq. (4.11) allows us to search for a
ADLER-independent ACSF threshold for Γ, that is, a single threshold that can be used for
both dark and bright surface types. Because of the division by the DLER, Γ is more stable
(i.e., less susceptible to potential offset errors in the DLER) when the DLER is high. For
each PCSF pixel, we compute the wavelength for shadow detection, λmax, at which the
pixel’s DLER is maximum:

λmax = argmax
λ

ADLER(λ). (4.12)

We raise an ACSF at PCSF pixels for which

Γ(λmax) < q, (4.13)

where q is the contrast threshold. We set q = −15%, yielding the highest actual shadow
detection score in the validation (see Sect. 4.4).

RATIONALE BEHIND THE SCNLER-DLER CONTRAST PARAMETER

Here, we demonstrate the behavior of the variables in Eqs. (4.11) to (4.13) which deter-
mine the SCNLER-DLER contrast parameter Γ with an example measurement. Figure
4.4 is a true color image made by the Visible Infrared Imager Radiometer Suite (VIIRS)
instrument on board the Suomi National Polar-orbiting Partnership (NPP) satellite, on
3 August 2019 above Southern Chile and Argentina. Suomi NPP orbits in close proxim-
ity to Sentinel-5P: the measurement time intervals of TROPOMI and VIIRS were 19:00-
19:01 UTC and 18:57-18:58 UTC, respectively. A specific land region (52.5◦-50.5◦S lat-
itude and 71.5◦-70◦W longitude) and water region (53◦-51.5◦S latitude and 67.5◦-66◦W
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Figure 4.4: VIIRS-NPP true color image of Southern Chile and Argentina on 3 August 2019. The land and water
regions belonging to the spectra of Fig. 4.5 are indicated by red dashed boxes.

(a) (b)

Figure 4.5: Spectra of the mean and 1-σ of the Lambertian-equivalent scene reflectivity (SCNLER) measured
by TROPOMI at Southern Chile and Argentina on 3 August 2019, for the steppe region within 52.5◦-50.5◦S lati-
tude and 71.5◦-70◦W longitude (Fig. 4.5a) and for the ocean region within 53◦-51.5◦S latitude and 67.5◦-66◦W
longitude (Fig. 4.5b). Here, all measurements are cloud-free (i.e., without CF). The measurements affected
by shadow (i.e., with ACSF) are presented in blue, and the shadow-free measurements (i.e., without PCSF) are
presented in red. The additional black spectra are of the mean and 1-σ of the directionally dependent clima-
tological Lambertian-equivalent reflectivity (DLER) at the TROPOMI ground pixels in the particular regions.

longitude) are indicated by red dashed boxes. The main surface types in those regions
are steppe and ocean, respectively. Figures 4.5a and 4.5b show the spectral behavior of
the mean and 1-σ of SCNLER measurements affected by shadow (Ascene shadow) and
not affected by shadows (Ascene no shadow) of cloud-free TROPOMI pixels in the land
and water region, respectively. We used the PCSF to remove shadow pixels and the ACSF
to select shadow pixels. Also shown are the mean and 1-σ of the DLER interpolated on
the TROPOMI Level 2 UVIS grid.

Figure 4.5a shows that over land (steppe), the DLER and the cloud- and shadow-free
SCNLER follow a typical surface reflectivity spectrum for grasslands [163]: they increase
with increasing wavelength, and include a subtle signature of the so-called ’red edge’
(i.e., the sudden surface albedo increase at λ ∼ 700 nm caused by vegetation). Over
ocean, the DLER and cloud- and shadow-free SCNLER follow a typical surface reflectiv-
ity spectrum for ocean water: they increase with decreasing wavelength, and peak at λ∼
400 nm where the peak significance depends on the water constituents [105]. The mean
value of Ascene affected by shadow is smaller than the DLER and cloud- and shadow-free
Ascene at all wavelengths, for both the land and water region. The shadow signature in the
difference Ascene − ADLER is most evident at the wavelength where the DLER is highest.
The Rayleigh scattering correction results in negative Ascene for part of the shadowed
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(a) (b)

(c) (d)

Figure 4.6: The wavelength at which DLER is maximum λmax (Fig. 4.6a), the SCNLER at λmax (Fig. 4.6b), the
DLER at λmax (Fig. 4.6c), and contrast parameter Γ at λmax (Fig. 4.6d), for Southern Chile and Argentina on 3
August 2019.

pixels. Above land, a slight increase of the shadowed Ascene can still be observed with
increasing wavelength, but above ocean, the water albedo increase in the UV cannot
be observed anymore. Note that the mean DLER is consistently smaller than the mean
cloud- and shadow-free SCNLER measured at all wavelengths, which is expected since
the DLER at a certain location was generated with the 10% lowest SCNLER values at that
location.

Figure 4.6a shows λmax on the TROPOMI Level 2 UVIS ground pixel grid for this mea-
surement example. As expected from Fig. 4.5, λmax = 772 nm for the majority of the
land covered pixels and λmax = 402 nm for the majority of the water covered pixels. In
shallow water regions near the coast line, however, λmax = 494 nm, while in some land
coast regions we find λmax = 670 nm. Indeed, employing λmax, the usage of surface type
classification flags is avoided [127]. That is, λmax does not rely upon assumptions made
in a surface type classification product, and will also give the most suitable wavelength
for shadow detection when mixed and/or rare surface types are present within the pixel.

Figures 4.6b, 4.6c and 4.6d show Ascene, ADLER and Γ, respectively, at λmax. Cloud-
and shadow-free pixels yield Γ(λmax) ∼ 0% or slightly positive (up to ∼ 50%), because the
DLER is generated with the 10% lowest SCNLER values in the particular calendar month
that passed an aerosol- and cloud screening. The clouds at latitudes larger than 52.5◦
increase Ascene significantly relative to ADLER , which results in Γ(λmax) > 50%. Pixels
affected by true shadows show a significantly decreased Ascene relative to ADLER, which
is most apparent for the elongated cloud shadow along the edge of the cloud deck.



4.3. RESULTS

4

67

(a) (b)

Figure 4.7: The TROPOMI Level 2 UVIS ground pixels for Southern Chile and Argentina on 3 August 2019 with
raised PCSFs (Fig. 4.7a) and with raised ACSFs (Fig. 4.7b), indicated in blue. The white pixels are cloud pixels
and grey pixels do not contain a raised cloud or shadow flag.

4.3. RESULTS
Here, we discuss the potential and actual cloud shadow flag results for three case studies
with different cloud and surface types: the cloud deck example above steppe and ocean
surfaces introduced in Sect. 4.2.2 (Sect. 4.3.1), an example with patchy clouds above
grass and forest surfaces (Sect. 4.3.2) and an example of a relatively large area above the
Sahara desert containing thin cirrus clouds (Sect. 4.3.3).

4.3.1. SOUTHERN CHILE AND ARGENTINA, 3 AUGUST 2019
Figures 4.7a and 4.7b show (in blue) the TROPOMI Level 2 UVIS ground pixels with raised
PCSFs and ACSFs, respectively, for the cloud shadow example on 3 August 2019 at South-
ern Chile and Argentina.

Figure 4.7a shows that the PCSFs indicate the presence of an elongated cloud shadow
southward of the edge of the cloud deck longitudinally traversing the scene from ∼ 51◦S
to ∼ 52.5◦S latitude. The southward shadow is expected because in this example the Sun
is located in the Northwest (ϕ0 ranges from -29.3◦ in the West to -41.7◦ in the East). The
Sun is located relatively low in the sky because of the local winter season (θ0 ranges from
72.2◦ in the Northwest to 79.7◦ in the Southeast), which is geometrically beneficial for the
existence of long shadows (see Eq. (4.5)). The latitudinal extent of the elongated shadow
is relatively large compared to the shadows of the isolated small clouds found at latitudes
southward of 51.5◦S. This variation of shadow extent can be explained by the difference
in cloud height: h ∼ 15 km for the cloud deck, while h ∼ 1 km for the isolated small
clouds. The cloud deck shadow extent is larger than expected from visual inspection of
the true color image (Fig. 4.4), which is caused by the cloud height safety margin C that
we included in Eq. (4.1).

Figure 4.7b shows that the latitudinal extent of the cloud deck shadow detected with
the ACSF is a more realistic approximation of the latitudinal cloud deck shadow extent
observed in the true color image of Fig. 4.4. Only a few shadows of small isolated clouds
are detected by the ACSF. Note that part of the small isolated clouds are in fact false posi-
tive cloud detections in the cloud product caused by bright surfaces. This can readily be
concluded by comparing Fig. 4.7b to Fig. 4.4. For example, the water constituents along
the coast between 53◦S and 53.5◦S latitude, but also the snowy mountains westward of
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(a) (b)

(c) (d)

Figure 4.8: VIIRS-NPP true color image (Fig. 4.8a), SCNLER-DLER contrast parameter Γ at λmax measured
by TROPOMI (Fig. 4.8b), TROPOMI Level 2 UVIS ground pixels with raised PCSFs (Fig. 4.8c), and with raised
ACSFs (Fig. 4.8d), for the Netherlands and Germany on 18 November 2018. In Figs. 4.8c and 4.8d, white pixels
are cloud pixels and grey pixels do not contain a raised cloud or shadow flag.

71◦W, are falsely interpreted as clouds. These false cloud shadow detections in the PCSF
are correctly filtered out by the threshold for Γ(λmax) (Eq. (4.13)), and are therefore not
part of the ACSF. Indeed, the performance of the shadow detection algorithm depends
on the quality of the input cloud and DLER products. The gaps in the cloud deck be-
tween 51◦S and 50◦S are caused by undefined cloud fractions in the cloud product, but
again, the false PCSF shadow detections within those gaps are (except for 2 pixels) cor-
rectly removed from the ACSF.

4.3.2. THE NETHERLANDS AND GERMANY, 18 NOVEMBER 2018
Figures 4.8a and 4.8c show the true color image and the TROPOMI Level 2 UVIS ground
pixels with raised PCSFs, respectively, for an example on 18 November 2018 above the
Netherlands and Germany. TROPOMI orbits northwestward, and the viewing geometry
is southwestward: θ ranges from 8.8◦ in the Northeast to 54.3◦ in the Southwest. The Sun
is located in the South (ϕ0 ranges from -180.0◦ in the West to -165.7◦ in the East) and the
solar zenith angle θ0 ranges from 65.8◦ in the South to 76.8◦ in the North.

With the PCSF, long potential cloud shadows are found extending towards the North-
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east. Here, all clouds that produce shadows are relatively high (h ∼ 10 km or higher).
Note that at the location of the small isolated clouds above the sea at ∼ 54◦N latitude and
4.5-6◦E longitude, the Sun is almost directly located in the South. The eastward compo-
nent of the potential shadow at these longitudes is caused by the parallax effect (cf. Fig.
4.2): the southwestward looking instrument projects the cloud as a cloud pixel onto the
surface southwestward from the cloud’s actual nadir location. Although the path from
the cloud’s nadir location to the actual shadow is strictly northward, the path from the
cloud pixel to the actual shadow is northeastward.

The majority of the cloud shadows in this example are found above land surface. The
main land surface types in this part of Europe are grassland and forest, with in general a
higher vegetation density than for the steppe land in the example shown in Sect. 4.3.1.
Consequently, the red edge is more pronounced in this example resulting in a stronger
surface reflectance in the near-infrared. Hence, we find that λmax = 772 nm for all pix-
els over land. The relatively high surface reflectance in the near-infrared results in a
clear shadow signature in Γ(λmax) (see Fig. 4.8b): in the cloud- and shadow-free regions
Γ(λmax) equals 0 or is slightly positive, while strong negative Γ(λmax) values are confined
to cloud shadows (cf. Fig. 4.8a).

Figure 4.8d shows the TROPOMI Level 2 UVIS ground pixels with raised PCSFs for
this example. Comparing the shadows detected with the ACSF to the true color image of
Fig. 4.8a shows that ACSF shadows are detected where they can be expected. The small
high isolated clouds above the sea do not produce dark enough shadows for an ACSF to
be raised, similar to the small high isolated clouds above land at ∼49.5◦N latitude and
∼10.5◦-11◦E longitude.

4.3.3. SAHARA DESERT, 18 JANUARY 2021
Figure 4.9 is equivalent to Fig. 4.8, but then for an example above the Sahara desert on
18 January 2021. The area of this example covers most of the orbit swath of TROPOMI
traveling north-northwestward: θ ranges from 66.5◦ in the West-southwest to -58.1◦ in
the East-northeast. Although the latitudes in this example are relatively small, the local
winter season causes the Sun not to be located directly overhead (θ0 ranges from 28.4◦
in the South to 59.3◦ in the North, and ϕ0 ranges from -178.7◦ in the West to -140.3◦ in
the East).

With the PCSF, northward shadows of longitudinally elongated cirrostratus clouds
between 25◦N and 28◦N latitude, and of cirrocumulus clouds between 13◦N and 22.5◦N
latitude, are detected. For both cloud types, h > 10 km. The vertical location of the
detected foggy patch at 15◦-17.5◦N latitude and 14◦-19◦E longitude is just above the sur-
face, hence the absence of the potential shadow (see Fig. 4.9c). This example is a clear
demonstration of the parallax effect: on the west side of the area, TROPOMI looks west-
ward projecting the clouds as cloud pixels onto the surface ’too far’ westward, resulting
in an eastward component of the potential shadow locations w.r.t. the cloud pixels. Sim-
ilarly, on the east side of the area, TROPOMI looks eastward and potential shadows tend
to be located westward of the cloud pixels.

With the ACSF, the detected shadows are a more accurate approximation of the shad-
ows observed in the true color image (cf. Figs. 4.9d and 4.9a). The most distinctive
shadow signature in the true color image, which is the northward shadow of the longi-
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(a) (b)

(c) (d)

Figure 4.9: Similar to Fig. 4.8, but for the Sahara desert on 18 January 2021.

tudinally elongated cirrostratus cloud between 25◦N and 27◦N latitude, is indeed also
detected by the ACSF. Although, geometrically, many other clouds in this example are
high enough to produce potential cloud shadows, some of those clouds are too small
and/or too thin to produce actual cloud shadows. This can be seen in Fig. 4.9b: for ex-
ample, the cirrocumulus clouds near 13.5◦N latitude and 4.5◦E longitude are not able to
decrease Γ(λmax) significantly enough for an ACSF to be raised.

The spectral reflectance of desert surface does not contain a red edge, but is relatively
strong already at λ< 700 nm and further increases with increasing wavelength [163]. We
find that for almost all pixels in this example, λmax = 772 nm. Comparing Fig. 4.9b with
the false color image of Fig. 4.9a shows that strong negative Γ(λmax) are strictly confined
to cloud shadows (except for a few pixels near 12.7◦N latitude and 17.8◦E longitude). The
cloud- and shadow-free area yield Γ(λmax) ∼ 0 or slightly positive. That is, dark surface
features in the Sahara desert are not falsely detected as cloud shadows.
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4.4. VALIDATION
In this section, we validate DARCLOS by comparing the computed PCSFs and ACSFs to
the shadows visually found at similar locations and time in VIIRS-NPP true color im-
ages. For the visual inspection of the true color images, we have developed an interac-
tive Python tool which plots the TROPOMI Level 2 UVIS grid on top of the true color
image. The software allows for the manual selection and de-selection of TROPOMI pix-
els containing VIIRS shadows by clicking on the image, after which the row and scanline
numbers of the selected TROPOMI pixels are saved.

Figure 4.11a shows a VIIRS-NPP true color image of cloud shadows found at the Tak-
lamakan desert at Xinjiang, China, on 22 December 2019. The red lines represent the
TROPOMI Level 2 UVIS grid, and the blue crosses indicate the TROPOMI pixels with a
raised ACSF. If, also, a VIIRS shadow is visually found at the TROPOMI pixel with a raised
shadow flag, we speak of a true positive (TP) shadow detection. Similarly, we register the
false positive (FP), false negative (FN), and true negative (TN) shadow detections (see
Fig. 4.10).

The overestimation of the VIIRS shadow by DARCLOS can be expressed by the com-
mission error, ϵC [20]:

ϵC = NFP

NTP +NFP
, (4.14)

where NFP and NFN are the number of false positive detections and the number of false
negative detections, respectively. The underestimation of the VIIRS shadow by DARC-
LOS can be expressed by the omission error, ϵO:

ϵO = NFN

NTP +NFN
, (4.15)

where NFN are the number of false negative detections. For the definition of the VI-
IRS shadows, we distinguish between TROPOMI pixels that are totally shadowed (with
geometrical shadow fractions ≳ 0.75), and partly shadowed (with geometrical shadow
fractions ≳ 0 and ≲ 0.75). For the computation of ϵO, we use only the totally shadowed
pixels, while for the computation of ϵC, we use both the totally and partly shadowed pix-
els. That is, we consider the underestimation of the totally shadowed pixels, and the
overestimation of the totally and partly shadowed pixels, to be erroneous. The overall
performance of the algorithm can be assessed with the F1 score which combines ϵC and
ϵO as follows [40]:

VIIRS 

shadow

VIIRS 

no shadow

TROPOMI 

shadow

TROPOMI 

no shadow

True positive 

(TP)

False negative 

(FN)

False positive

(FP)

True negative 

(TN)

Figure 4.10: Confusion matrix of the shadow detection on the TROPOMI Level 2 UVIS grid. TROPOMI shadows
are detected with the PCSF or ACSF of DARCLOS. VIIRS shadows are manually determined by visual inspection
of VIIRS true color images.
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(c) (d)

(a) (b)

Figure 4.11: VIIRS-NPP true color image of the Taklamakan desert at Xinjiang, China, 22 December 2019, with
the TROPOMI Level 2 UVIS grid plotted on top (in red) and the detected ACSF by DARCLOS (blue crosses),
uncorrected (Fig. 4.11a) and at the VIIRS measurement times (Fig. 4.11b). Figures 4.11c and 4.11d show,
respectively, the eastward and northward atmospheric movement at the cloud height during the TROPOMI-
VIIRS measurement time difference, computed using ERA5 reanalysis wind data.

F1 = 2(1−ϵC)(1−ϵO)

(2−ϵC −ϵO)
. (4.16)

In the hypothetical case of a perfect shadow detection, we would obtain ϵO = 0, ϵC = 0
and F1 score = 1. For the ACSF in a slightly larger area than shown in Fig. 4.11a (36.5 -
43.0 ◦N, 76.0 - 88.0 ◦E), the results are ϵO = 0.27, ϵC = 0.21 and F1 score = 0.76.

It can be observed that the TROPOMI pixels with a raised ACSF in Fig. 4.11a are con-
sistently located slightly eastwards of the shadows found in the VIIRS true color image.
The eastward shift can be explained by the motion of the clouds during the measurement
time difference of TROPOMI and VIIRS. In the example of Fig. 4.11, the VIIRS measure-
ments were on average taken 4.33 minutes ahead of the TROPOMI measurements, with
a 1-σ of 0.07 minutes4. We interpolate ERA5 data [61] of hourly eastward and north-
ward wind speed components, provided at 37 vertical pressure levels on a 0.25◦ by 0.25◦
latitude-longitude grid, onto the FRESCO cloud pressure on the TROPOMI Level 2 UVIS
grid (i.e., without manually raising the cloud height such as in Eq. (4.1)). The cloud deck
in the South-west in Fig. 4.11 is relatively high (the cloud pressure is ∼ 400 hPa), where
eastward wind speeds between 20 and 40 m/s are found. The eastward and northward

4TROPOMI-VIIRS measurement times differences were taken from the S5P-NPP cloud product, which is the
cloud product of VIIRS regridded to the TROPOMI Level 2 grid [141].
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Example Coordinates Date Orbit
Omission
error PCSF

Commission
error PCSF

Omission
error ACSF

Commission
error ACSF

F1 score
ACSF

Southern Chile
and Argentina

53.528 - 49.626 ◦S
73.047 - 62.418 ◦W

03-08-2019 9355 0.05 0.48 0.10 0.01 0.94

The Netherlands
and Germany

49.004 - 54.991 ◦N
3.4119 - 12.5062 ◦E

18-11-2018 5690 0.06 0.52 0.16 0.04 0.90

Sahara desert,
North Africa

24.802 - 27.400 ◦N
3.506 - 12.011 ◦E

18-01-2021 16927 0.14 0.70 0.18 0.13 0.84

Taklamakan desert,
China

36.500 - 43.000 ◦N
76.000 - 88.000 ◦E

22-12-2019 11348 0.02 0.77 0.08 0.02 0.95

The Netherlands,
Belgium
and Luxembourg

48.995 - 55.004 ◦N
2.000 - 8.000 ◦E

09-10-2018 5123 0.05 0.61 0.20 0.07 0.86

Taklamakan desert,
China

37.006 - 42.005 ◦N
80.005 - 88.007 ◦E

21-12-2020 16527 0.10 0.51 0.13 0.11 0.88

Table 4.1: Results of the validation of the PCSF and ACSF by inspection of VIIRS-NPP true color images. The
final results are shown in bold.

cloud displacements are shown in Fig. 4.11c and 4.11d, respectively. The cloud displace-
ments from ∼ 6 to ∼ 9 km are significant enough to shift some clouds, and hence some
cloud shadows, at least one TROPOMI ground pixel in the eastward direction.5

In Fig. 4.11b we have corrected the locations of the TROPOMI cloud and cloud shadow
pixels for the eastward and northward movement of the clouds during the TROPOMI-
VIIRS measurement time difference. Note the much better agreement between the ACSF
and the VIIRS shadows compared to Fig. 4.11a. Indeed, using the corrected ACSF, the er-
rors decreased and the F1 score increased: ϵO = 0.08, ϵC = 0.02 and F1 score = 0.95. It
should be noted that the validation may suffer from an imperfect correction of the cloud
movement during the TROPOMI-VIIRS measurement time difference, because the cloud
evolution is ignored and because of the relatively coarse resolution of the wind product.
Therefore, we expect the true shadow detection performance at the TROPOMI measure-
ment time to be even better than the performance presented with this validation.

The last 3 columns of Table 4.1 show the results for ϵO, ϵC and the F1 score of the ACSF
for the three examples discussed in this paper, and three additional examples (on the
22nd of December 2019, on the 9th of October 2018, and on the 21st of December 2020)
not shown in this paper. The F1 score is 0.84 or higher for all examples. The F1 score
is highest (0.94 and 0.95 respectively) for Southern Chile and Argentina, 3 August 2019,
and for the Taklamakan desert, 22 December 2019. The shadows in those examples are
caused by relatively large and thick cloud decks, and are therefore relatively distinctive.
The examples with the lowest F1 scores (0.84 and 0.86 respectively) are the Sahara desert,
18 January 2021, and The Netherlands, Belgium and Luxembourg, 9 October 2018. The
shadows in those examples are caused by relatively thin and small clouds, and are there-
fore relatively subtle. Subtle shadows lead to less distinctive shadow signatures in Γ,

5It should be noted that the cloud movement during the TROPOMI-VIIRS measurement time difference im-
plies that the cloud flags (retrieved at the TROPOMI measurement time) cannot be replaced in DARCLOS by
cloud flags from the S5P-NPP cloud product (retrieved at the VIIRS measurement time). Moreover, Fig. 4.11
is a general warning for all applications of the S5P-NPP cloud product which require a spatial cloud precision
of about the size of a TROPOMI ground pixel.
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leading to more false negative shadow detections and a higher ϵO of the ACSF. Also, thin
and/or small clouds are sometimes not detected by the cloud product because the cloud
fraction is too low to raise a CF, resulting in false negative PCSFs and ACSFs. Moreover,
we speculate that thinner and/or smaller clouds are more likely to appear and disap-
pear during the TROPOMI-VIIRS measurement time difference, complicating the cloud
movement correction and validation of these examples.

The fourth and fifth column of Table 4.1 show ϵO and ϵC, respectively, of the PCSF.
The value of ϵC of the PCSF is higher than 0.48 and higher than that of the ACSF, since
the shadow in the PCSF is, by definition, an overestimation of the actual shadow. Be-
cause the PCSF is intended to be useful for excluding any cloud shadow contamination
from TROPOMI Level 2 data, ϵO of the PCSF should be minimized. The value of ϵO for
all examples is 0.14 or lower. Also here, we attribute the nonzero ϵO to the imperfect
correction of the cloud movement during the TROPOMI-VIIRS measurement time dif-
ference, and to thin and/or small clouds resulting in false negative CF. Again, the best
performances are found for Southern Chile and Argentina, 3 August 2019, and for the
Taklamakan desert, 22 December 2019, with an ϵO of 0.05 and 0.02, respectively.

In order to put the validation results in perspective, we note that the state-of-the art
imager cloud and cloud shadow detection code Fmask version 4.0 [123] reports shadow
detection commission errors of 0.49 for Landsat 4-7 and 0.38 for Landsat 8, and omis-
sion errors of 0.27 for Landsat 4-7 and 0.31 for Landsat 8. Using multi-temporal refer-
ence images of specific regions, Candra, Phinn, and Scarth [21] achieved omission and
commission errors ranging from 0.001 to 0.084 and 0 to 0.058, respectively, depending
on the region. The PCSF omission errors and ACSF commission errors in Table 4.1 are
lower than those of Fmask 4.0, and are of the same order of magnitude as those achieved
by Candra, Phinn, and Scarth [21]. Of course, because of the much higher spatial reso-
lution of Landsat than that of TROPOMI, the error values for Landsat actually refer to a
much larger number of pixels.

4.5. DISCUSSION
Here, we discuss some limitations and points of attention for the usage of the DARCLOS
cloud shadow flags. Also, we point out the possible spectral dependence of cloud shadow
extents, and present the (unvalidated) spectral cloud shadow flag as an auxiliary product
of DARCLOS.

4.5.1. LIMITATIONS OF THE ACSF AND PCSF
The PCSF depends on the CF which is determined by the effective cloud fraction. As
discussed in Section 4.3.1, false negative cloud detections in the CF can result in falsely
detected gaps in cloud decks, resulting in false positive PCSFs inside the gaps (Fig. 4.7a).
Note that false negative cloud detections in the CF can also result in false negative shadow
detections in the PCSF and ACSF, since there is no shadow to be detected in the absence
of a cloud detection. The surface albedo input for the effective cloud fraction calcula-
tion in the NO2 product is the LER climatology made by the Ozone Monitoring Instru-
ment (OMI) at 440 nm available at a 0.5◦×0.5◦ latitude-longitude grid [77]. With a fu-
ture implementation of the TROPOMI DLER climatology, which uses a 0.125◦ × 0.125◦
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latitude-longitude grid instead (see Sect. 4.2.2), in the effective cloud fraction algorithm,
the accuracy of the CF, PCSF and ACSF is expected to further increase.

DARCLOS has not been tested at regions covered by ice and/or snow, nor at sunglint
geometries over ocean. In these circumstances, the performance of the current effective
cloud fraction is limited, often resulting in false positive CFs. For the ACSF, we have dis-
carded the cloud pixels (and corresponding shadows) that contain a raised sunglint flag
and/or snow/ice flag. For the PCSF, these pixels are not discarded, such that they are re-
moved from the data when the PCSF and CF are used together to both remove cloud
and cloud shadow contaminations. With future potential improvements of FRESCO
above glint and snow/ice regions, DARCLOS could be tested above glint and snow/ice re-
gions. Then, the DLER for snow/ice conditions [159] should be employed in DARCLOS,
and possibly an ocean surface reflectance calculation can help distinguishing between
clouds and then glint.

The performance of the ACSF depends on the quality of the DLER climatology. Al-
though the DLER takes into account monthly surface reflectivity changes throughout the
year, temporary deviations from this climatology (e.g., agricultural land usage changes,
forest fires, precipitation, flooding and snow cover) are measured by the SCNLER, and
may affect Γ and possibly the ACSF. In addition, the spatial resolution of the DLER of
0.125◦×0.125◦ is somewhat coarser than the spatial resolution of the TROPOMI Level 2
UVIS grid at which the SCNLER is measured. Dark small-scale surface features not cap-
tured by the DLER may, theoretically, give too low Γ and may result in false positive ACSF.
In the examples treated in this paper, however, dark small-scale forest (Sect. 4.3.2) and
desert (Sect. 4.3.3) features did not convincingly deteriorate the ACSF performance.

Both the irradiance and radiance measurements by TROPOMI have degraded dur-
ing its operational lifetime. The irradiance measurements are known to degrade faster
than the radiance measurements (and most significantly at the shortest wavelengths),
leading to an increasing derived reflectance over time [162, 93]. Since the release of the
version 2.0.0 TROPOMI level 1b processor on 5 July 2021, the irradiance degradation is
being corrected. The thresholds used in this paper for clouds and cloud shadows, which
were set at an effective cloud fraction of 0.05 and Γ=−15% respectively, may have to be
adjusted for the corrected data.

4.5.2. SPECTRAL CLOUD SHADOW FLAG (SCSF)
In Sect. 4.4, the ACSF has been validated by visual inspection of true color images of
the VIIRS instrument. Hence, the shadows found with the ACSF can be interpreted as
the shadows that could be observed from space by the human eye. We find, however,
a significant wavelength dependency of the contrast parameter Γ in the UV part of the
spectrum. For example, Fig. 4.12a shows Γ at 340 nm for the example above the Nether-
lands and Germany on 18 November 2018. Comparing to Γ at λmax (Fig. 4.8b), where
λmax = 772 nm over land, the negative Γ related to cloud shadows between 52◦-53◦N lat-
itude and 9◦-12◦E longitude have disappeared. Also, the locations of some pixels with
significant negative Γ have changed. Although these shadows have not been validated
(they could possibly not be observed by the human eye) or could be a result of noisy
Γ in dark scenes (cf. Eq. (4.11)), they may be relevant for studying shadow effects on
TROPOMI air quality products retrieved at particular UV wavelengths, such as the Ab-
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(a) (b)

Figure 4.12: SCNLER-DLER contrast parameter Γ at λ = 340 nm measured by TROPOMI (Fig. 4.12a) and
TROPOMI Level 2 UVIS ground pixels with raised SCSFs at λ = 340 nm (Fig. 4.12b), for the Netherlands and
Germany on 18 November 2018. In Fig. 4.12b, white pixels are cloud pixels and grey pixels do not contain a
raised cloud or shadow flag.

sorbing Aerosol Index (AAI) at λ = 340 nm and λ = 380 nm [30, 150, 80] or the NO2 col-
umn at λ = 440 nm [175]. Therefore, DARCLOS also outputs the spectral cloud shadow
flag (SCSF), which is raised at PCSF pixels for which:

Γ(λ) < q, (4.17)

where q is again set at −15%. Contrary to the ACSF (Eq. 4.13), the SCSF is by definition
wavelength dependent. The SCSF is computed at 328, 335, 340, 354, 367, 380, 388, 402,
416, 425, 440, 463, 494 nm.

Figure 4.12b shows the SCSF at λ = 340 nm for the example above the Netherlands
and Germany on 18 November 2018. Comparing to Fig. 4.8d shows that part of the
shadow flags has disappeared or has changed location. For example, the cloud shadow
detected with the SCSF at ∼ 49.5◦N latitude and ∼ 11.3◦E longitude has shifted closer to
the cloud as compared to the corresponding ACSF shadow. We speculate that the wave-
length dependence of shadow locations in the UV can be explained by the wavelength
dependence of the molecular scattering optical thickness of the atmosphere: at shorter
wavelengths, the molecular scattering optical thickness is higher such that higher at-
mospheric layers are probed from space, decreasing the observed shadow extents with
TROPOMI. The explanation and validation of the wavelength dependence of observed
cloud shadow extents in the UV is subject to future research.

4.6. SUMMARY AND CONCLUSIONS
In this paper, we have demonstrated DARCLOS, a cloud shadow detection algorithm for
TROPOMI. DARCLOS provides a potential cloud shadow flag (PCSF) based on geomet-
ric variables stored in TROPOMI Level 2 data, and an actual cloud shadow flag (ACSF)
based on the contrast of the measured scene reflectivity with the climatological surface
reflectivity. For each TROPOMI pixel, this contrast is computed at the wavelength where
the DLER is largest. The ACSFs are a subset of the PCSFs.
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Three case studies with different spectral surface albedo and cloud types have been
discussed in detail. We have shown that the PCSF vastly overestimates the shadows
observed in true color images of the VIIRS-NPP instrument, as expected. The shad-
ows detected with the ACSF are better approximations of these true shadows, but may
miss some shadows that are produced by thin and/or small clouds. We showed that the
shadow signatures in the contrast between the scene reflectivity and the climatological
surface reflectivity can, for almost all pixels, only be attributed to cloud shadows. That
is, dark surface features are not falsely detected as cloud shadows in the ACSF.

The PCSF and ACSF are validated by visual inspection of true color images made by
the VIIRS-NPP instrument, for in total six cases. We found that the cloud motion during
the measurement time difference between TROPOMI and VIIRS complicates this val-
idation strategy. We showed that a cloud movement correction using the wind speed
vectors at the cloud height significantly improves the validation results. The best detec-
tion scores were achieved for the cases with relatively thick and horizontally large cloud
decks (ACSF F1 score ≥ 0.94 and PCSF omission error ≤ 0.05). After the cloud movement
correction, the validation may still suffer from cloud evolution and the relatively coarse
resolution of the wind product. Hence, the true shadow detection performance at the
TROPOMI measurement times may be expected to be even better than presented with
the validation in this paper.

At UV wavelengths, we have found cloud shadow signatures at different locations
than determined with the ACSF, potentially indicating a wavelength dependence of cloud
shadow extents. Because TROPOMI’s air quality products are retrieved at specific wave-
lengths or wavelength ranges, DARCLOS also outputs the spectral cloud shadow flag
(SCSF), which is a wavelength dependent alternative for the ACSF. Such a cloud shadow
detection at the precise wavelengths of TROPOMI’s air quality products is unique for
DARCLOS and cannot be done with data from an imager.

The shadow flags of DARCLOS are planned for implementation in the TROPOMI L2
SCNLER product. DARCLOS is, to the best of our knowledge, the first cloud shadow
detection algorithm for a spaceborne spectrometer instrument. In principle, DARCLOS
can also be used for other spectrometer instruments than TROPOMI which have a spatial
resolution high enough to observe cloud shadows. An effective cloud fraction and clima-
tological surface albedo are prerequisites for DARCLOS, and should therefore be avail-
able at the ground pixel grid of the instrument. It should be noted that, when computing
the ACSF using UVIS and NIR wavelengths from different detectors, a co-registration of
the SCNLER measurements from one detector ground pixel grid to the other has to be
performed. Ideally, true color images are available of the scenes with approximately the
same measurement times, in order to validate the PCSF and ACSF by visual inspection
and to optimize the cloud and cloud shadow thresholds.

We conclude that the PCSF can be used to remove cloud shadow contaminated pix-
els from TROPOMI Level 2 UVIS data, and that the ACSF can be used to select pixels for
further analysis of cloud shadow effects. If both cloud and cloud shadow effects are to be
removed, the PCSF and CF can be used together. Also, the ACSF can be used to demon-
strate and/or count the true shadows that would be observed from space by the human
eye. However, at UV wavelengths, we have found indications of the wavelength depen-
dence of cloud shadow signatures, and a spectrally dependent cloud shadow flag such



4

78 4. DARCLOS: A CLOUD SHADOW DETECTION ALGORITHM FOR TROPOMI

as the SCSF could possibly be more suitable when selecting shadow pixels in air quality
products retrieved at UV wavelengths. Further research is needed to explain and validate
the spectral dependence of these cloud shadow signatures. The detection of shadows
with the ACSF and SCSF allows users to perform this analysis, and is a first step towards
the understanding and correction of cloud shadow effects on satellite spectrometer air
quality measurements.
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5
CANCELLATION OF CLOUD SHADOW

EFFECTS IN THE ABSORBING

AEROSOL INDEX RETRIEVAL

ALGORITHM OF TROPOMI

Cloud shadows can be detected in the radiance measurements of the TROPOMI instru-
ment on board the Sentinel-5P satellite due to its high spatial resolution, and could pos-
sibly affect its air quality products. The cloud shadow induced signatures are, however,
not always apparent and may depend on various cloud and scene parameters. Hence, the
quantification of the cloud shadow impact requires the analysis of large data sets. Here
we use the cloud shadow detection algorithm DARCLOS to detect cloud shadow pixels in
the TROPOMI absorbing aerosol index (AAI) product over Europe during 8 months. For
every shadow pixel, we automatically select cloud- and shadow-free neighbour pixels, in
order to estimate the cloud shadow induced signature. In addition, we simulate the mea-
sured cloud shadow impact on the AAI with our newly developed 3D radiative transfer
algorithm MONKI. Both the measurements and simulations show that the average cloud
shadow impact on the AAI is close to zero (0.06 and 0.16, respectively). However, the top-
of-atmosphere reflectance ratio between 340 and 380 nm, which is used to compute the
AAI, is significantly increased in 95% of the shadow pixels. So, cloud shadows are bluer
than surrounding non-shadow pixels. Our simulations explain that the traditional AAI
formula intrinsically already corrects for this cloud shadow effect, via the lower retrieved
scene albedo. This cancellation of cloud shadow signatures is not always perfect, some-
times yielding second order low and high biases in the AAI which we also successfully re-
produce with our simulations. We show that the magnitude of those second order cloud
shadow effects depends on various cloud parameters which are difficult to determine for

This chapter has published in Atmospheric Measurement Techniques 18, 73–91 [170].
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the shadows measured with TROPOMI. We conclude that a potential cloud shadow cor-
rection strategy for the TROPOMI AAI would therefore be complicated if not unnecessary.
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5.1. INTRODUCTION
The TROPOspheric Monitoring Instrument (TROPOMI) is a spectrometer onboard the
Sentinel-5 Precursor (S5P) satellite in low Earth orbit, launched on October 13, 2017
[177]. TROPOMI provides daily global maps of trace gases, aerosols and clouds, derived
from the spectrum of sunlight reflected by the Earth. The spatial resolution TROPOMI
of 5.6 × 3.6 km2 in the nadir-viewing direction is very high compared to its predecessors,
such as OMI with 24 × 13 km2 [89], GOME-2 with 80 × 40 km2 [106] and SCIAMACHY
with 60 × 30 km2 [17]. Because of this unprecedented spatial resolution and its high data
quality, TROPOMI is able to observe local NO2 emission sources such as power plants
[10], gas compressor stations [174], and cities [92], CH4 leakage from oil/gas fields [110,
176, 137], volcanic SO2 plumes [157] and NO2 trails along ship tracks [46].

TROPOMI also effectively tracks aerosols that absorb light in the UV part of the spec-
trum, such as desert dust, volcanic ash, and smoke from biomass burning, by providing
the Absorbing Aerosol Index (AAI) in every pixel of each orbit [150, 30]. Unlike most
other aerosol retrieval products, the AAI can also successfully be derived above clouds
and bright surfaces. In addition, the AAI is an important input for the retrieval algo-
rithms of other TROPOMI products. For example, the pixel selection for the aerosol layer
height (ALH) [131, 108] and aerosol optical thickness (AOT) [31] retrievals of TROPOMI
is based on the AAI. Hence, AAI features that are not related to absorbing aerosols, for ex-
ample caused by the ocean glint, absorbing constituents in the ocean water, and clouds
at specific scattering geometries [80], may be undesired for those retrievals.

The effect of clouds on the AAI in cloudy pixels has been studied before using data of
SCIAMACHY [115, 114], OMI [167, 72] and TROPOMI [80]. Besides cloud signatures in
cloudy pixels, clouds can also leave signatures in cloud-free adjacent pixels, for example
in the form of cloud shadows. Contrary to the large pixel sizes of its predecessors, the
small pixel size of TROPOMI sometimes causes one or several pixels to be fully covered
by a single cloud shadow, particularly for high clouds at large viewing and/or solar zenith
angles [169]. Those three-dimensional radiative transfer effects are not yet taken into ac-
count in the current AAI retrieval algorithm, and their influence on the AAI has not yet
been investigated. The natural horizontal variation of the AAI complicates the quantifi-
cation of the cloud shadow induced AAI signatures. Recently, we developed an accurate
and fast cloud shadow detection algorithm for TROPOMI, called DARCLOS [169], which
allows for a statistical analysis of the cloud shadow effect on the AAI in large data sets.

In this paper, we present a statistical analysis of the cloud shadow effect on the mea-
sured TROPOMI AAI for all pixels above Europe during 8 months. We use the cloud
shadow detection algorithm DARCLOS to detect the cloud shadow pixels, and we se-
lect cloud- and shadow-free neighbour pixels for comparison to the non-shadow state.
In addition, we simulate the measured cloud shadow effect on the AAI for various scenes
using our 3D radiative transfer code MONKI, recently developed by us at KNMI. Using
our simulations, we explain the measured cloud shadow effects on the AAI. Finally, we
discuss the implications of our findings for the TROPOMI AAI product.

This paper is structured as follows. In Sect. 5.2, we describe the methods we used to
measure and to simulate cloud shadow effects on the Absorbing Aerosol Index product
of TROPOMI. In Sect. 5.3., we show the results of those measured and simulated cloud
shadow effects. In Sect. 5.5, we discuss the implications of our results and state the most
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important conclusions of this paper.

5.2. METHOD
In this section, we first give a brief description of TROPOMI (Sect. 5.2.1), the Absorbing
Aerosol Index product (Sect. 5.2.2) and the data set we selected (Sect. 5.2.3). Then,
we explain the employed methods to detect cloud shadow pixels (Sect. 5.2.4) and their
shadow-free neighbour pixels (Sect. 5.2.5). Finally, we describe our model to simulate
cloud shadow effects (Sect. 5.2.6).

5.2.1. DESCRIPTION OF TROPOMI
The TROPOspheric Monitoring Instrument (TROPOMI) was launched on October 13,
2017, as the only instrument onboard the Sentinel-5 Precursor (S5P) satellite [177]. Op-
erating in a near-polar, Sun-synchronous orbit at an average altitude of 824 km above the
Earth’s surface, TROPOMI completes an orbit approximately every 101 minutes. TROPOMI
is a nadir-looking instrument. During its ascending node, it collects measurements ev-
ery 1.08 seconds in a 2600 km swath width, providing a daily global coverage. The local
equator crossing time of TROPOMI is 13:30 LT. TROPOMI initially featured a footprint
size of 7.2 × 3.6 km2 in the nadir viewing direction, which was later adjusted to 5.6 × 3.6
km2 on August 6, 2018 [93].

TROPOMI is a spectrometer continuously measuring the Earth radiance, Iλ, at wave-
lengths λ and in units of W m−2 nm−1 sr−1, and the solar irradiance, E0λ, in units of
W m−2 nm−1 daily, to derive the measured local top-of-atmosphere (TOA) reflectance
Rmeas
λ

:

Rmeas
λ (µ,µ0,φ,φ0) = πIλ(µ,µ0,φ,φ0)

µ0E0λ
, (5.1)

where µ= cosθ and µ0 = cosθ0, and with θ, θ0,ϕ andϕ0 the viewing zenith, solar zenith,
viewing azimuth and solar azimuth angles, respectively. From Rmeas

λ
, properties of the

local Earth’s atmosphere and surface can be retrieved. Covering wavelengths in the
ultraviolet-visible (UV-VIS, 267–499 nm), near-infrared (NIR, 661–786 nm), and short-
wave infrared (SWIR, 2300–2389 nm) with high spectral resolution, TROPOMI globally
and daily retrieves the concentrations of trace gases (NO2, O3, CH4, CO, and SO2) and
properties of aerosols and clouds with unprecedented accuracy.

5.2.2. ABSORBING AEROSOL INDEX (AAI)
The air quality product that we analyze is the TROPOMI level 2 Absorbing Aerosol Index
(AAI). The AAI is retrieved from the measured and calculated TOA reflectances at 340 and
380 nm as follows [see 165, 30, 150]:

AAI =−100 ·
[

log10

(
R340

R380

)meas

− log10

(
R340

R380

)calc
]

, (5.2)

where ’meas’ and ’calc’ indicate the measured (Eq. (5.1)) and calculated TOA reflectances,
respectively. The calculated TOA reflectances are for a clear-sky atmosphere above a
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Lambertian (i.e., isotropically reflecting and fully depolarizing) surface, and were ob-
tained using the formula of Chandrasekhar [24]:

Rcalc
λ (µ,µ0,φ−φ0) = R0

λ(µ,µ0,φ−φ0)+ AsTλ(µ,µ0)

1− Ass⋆
λ

. (5.3)

In Eq. (5.3), R0 is the path reflectance, which represents the contribution to the TOA
reflectance of the clear-sky atmosphere bounded below by a black surface. The second
term in Eq. (5.3) represents the effect of the surface on the TOA reflectance. It contains
the Lambertian surface albedo As, the total two-way transmittance of the atmosphere T ,
and the spherical albedo s⋆ of the atmosphere for illumination from below. Quantities
R0, T , and s⋆ are computed with the ’Doubling-Adding KNMI’ (DAK) radiative transfer
code [53, 149]. This computation accounts for the effects of single and multiple Rayleigh
scattering and the absorption of sunlight by molecules within a pseudo-spherical atmo-
sphere, fully taking into account the polarization of light.

The Lambertian surface albedo, As, in Eq. (5.3) is retrieved at λ= 380 nm assuming
that Rcalc

380 (As) = Rmeas
380 . The value of As which satisfies this assumption is known as the

’scene albedo’ or the ’scene Lambertian equivalent reflectance (scene LER)’, and denoted
in this paper as Ascene. From Eq. (5.3) it then follows that

Ascene =
Rmeas

380 −R0
380

T380(µ,µ0)+ s⋆380(Rmeas
380 −R0

380)
. (5.4)

Ascene is assumed wavelength independent, allowing for the computation of Rcalc
340 using

Eq. (5.3) but with λ= 340 nm. Finally, the AAI is computed using Eq. (5.2).
In a scene without aerosols and clouds, above a spectrally neutral Lambertian sur-

face, the AAI is, in theory, equal to zero. The AAI of TROPOMI has an offset of ∼ −2.
The offset in the collection 1 AAI data used for this paper is due to radiometric calibra-
tion offsets and degradation in the TROPOMI radiance and irradiance data [162, 93].
The degradation in the radiance and irradiance results in an increase in the derived re-
flectances at 340 and 380 nm, decreasing the average AAI values over time. The AAI
tends to increase in the presence of absorbing aerosols and can also identify aerosols
that are located above clouds [see, e.g., 166]. We refer to [60], [165], [30], [115] and [80]
for more details about the sensitivity of the AAI to aerosols, surfaces and clouds. For this
research about cloud shadow effects, it should be noted that dark pixels (low Rmeas

380 ) give
low Ascene (Eq. (5.4)) resulting in relatively small contributions of the surface to Rcalc

340 and
Rcalc

380 (Eq. (5.3)).

5.2.3. SELECTED DATA SET
We analyzed 8 months of TROPOMI AAI collection 1 data (processor version 1.3.0), from
1 November 2020 to 30 June 2021. For each day in the data set, we use all pixels that
fall in the selected area, on average resulting in 511616 pixels per day available for our
analysis. The selected area ranges from 34 ◦S to 61 ◦N latitude, and from 11 ◦W to 40 ◦E
longitude, as shown in the left figure of Fig. 5.1. This area covers all capitals of Europe
(except for Reykjavik), Ankara, Moscow, and some northern African cities such as Tanger,
Algiers and Tunis. The area of interest in Europe was covered by TROPOMI during three
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(a) (b)

Figure 5.1: Example of the AAI (left) and cloud shadow flags (right) in three partly overlapping TROPOMI orbit
swaths covering the selected area for this research, here on 3 November 2020. In the right figure, the blue pixels
contain a potential cloud shadow flag (PCSF), the red pixels contain (in addition) a spectral cloud shadow flag
(SCSF), the white pixels contain a cloud flag (CF) and the grey pixels are cloud- and shadow-free.

successive, partially overlapping overpasses on November 11, 2020, as shown in Fig. 5.1.
Days with missing data (2021-05-23, 2021-05-20 and 2021-06-29), inconsistent ground
pixel grids of the AAI and NO2 products (2021-06-24) and solar eclipse (2021-06-10) were
removed from the data set.

5.2.4. CLOUD SHADOW DETECTION
The flagging of pixels affected by cloud shadows was performed with the cloud shadow
detection algorithm DARCLOS, recently developed for TROPOMI at KNMI [see 169].

In DARCLOS, first, cloud pixels are identified using a threshold on the already avail-
able effective cloud fraction in the TROPOMI NO2 product [175], after which cloud flags
(CFs) are raised. Then, potential cloud shadow flags (PCSFs) are raised, indicating TROPOMI
ground pixels that are potentially affected by cloud shadows. The PCSFs are determined
using a geometrical calculation of the shadow location based on the cloud height from
the TROPOMI cloud product FRESCO [78, 183] and illumination and viewing geome-
tries. The PCSFs generally overestimate the true visible cloud shadow area but minimize
the omission of pixels affected by cloud shadows.

After the PCSFs are raised, DARCLOS raises spectral cloud shadow flags (SCSFs). The
SCSFs are a subset of the PCSFs, based on a threshold on the contrast Γ between the
retrieved scene albedo, Ascene (see Eq. 5.4), and the expected surface albedo from a cli-
matology, ADLER. An SCSF is raised for a pixel if [see Eqs. 11 and 17 of 169]

Γ(λ) <−15%, (5.5)

where

Γ(λ) = Ascene(λ)− ADLER(λ)

ADLER(λ)
×100%. (5.6)

The variable ADLER is also known as the directionally dependent Lambertian-equivalent
reflectivity or DLER [see 160]. For this research about cloud shadow effects on the AAI
retrieved at 340 and 380 nm, we employ λ = 380 nm. The SCSFs are a better estimate of
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(a) (b) (c)

Figure 5.2: The scene albedo at 380 nm, Ascene(λ= 380 nm), derived by TROPOMI on 3 November 2020 above
the Netherlands, Belgium and north-west Germany (Fig. 5.2a), the potential cloud shadow flags (PCSFs) in
blue, spectral cloud shadow flags (SCSFs) in red, cloud flags (CFs) in white (Fig. 5.2b), and the first cloud- and
shadow-free neighbour pixels in yellow and possibly shadow affected pixels according to Eq. (5.7) in blue (Fig.
5.2c).

the cloud shadows than the PCSFs. As an example, Fig. 5.1b shows the SCSFs indicated
in red, the PCSFs indicated in blue and the CFs indicated in white, in three TROPOMI
orbits covering the area of our case study, at 3 November 2020 which is one of the days in
our data set. Figure 5.2b shows the SCSFs and PCSFs zoomed in on north-west Germany.
From visual comparison of Fig. 5.2b to the map of the scene albedo Ascene (Fig. 5.2a), it
may be observed that the SCSFs are indeed located at pixels where Ascene is lower than
at surrounding pixels along cloud edges, which may be interpreted as cloud shadows.
For more details about the cloud shadow flagging with DARCLOS, we refer to Trees et al.
[169].

5.2.5. SELECTING CLOUD- AND SHADOW-FREE NEIGHBOURS
In order to be able to quantify the cloud shadow effect on the AAI in a shadow pixel (i.e.,
for which a SCSF was raised), we identify cloud- and shadow-free reference pixels in
the proximity of the shadow pixel and assume that they represent the hypothetical non-
shadow state of the shadow pixel, that is, as if the shadow pixel would not be affected by
cloud shadow. In what follows, we call those reference pixels the neighbour pixels. We
distinguish between first and second neighbour pixels, for the closest and second-closest
neighbour pixels respectively. The second neighbour pixels are used for comparison to
the first neighbour pixels as a control case, since both the first and second neighbour
pixels should not be affected by cloud shadow.

First, for each shadow pixel, we define a search area with potential neighbour pixels
within a two-pixel radius around the shadow pixel. That is, a neighbour pixel cannot
be located more than two scanlines, or more than two pixel rows, away from the shadow
pixel. The cloud pixels and shadow pixels are removed from the search area. Some pixels
that are darker than expected are possibly (partly) affected by cloud shadows but not
severely enough to raise a SCSF by DARCLOS (see Eqs. 5.5 and 5.6). Because we do not
trust them as shadow-free pixels, they are removed from the search area when

Γ(λ= 380 nm) < 0%. (5.7)

For each left-over potential neighbour pixel in the search area, we compute the distance
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in latitude-longitude space from the center of the potential neighbour to the center of
the shadow pixel. The left-over potential neighbour pixel with the closest distance to
the shadow pixel is selected as the first neighbour pixel for this shadow pixel. Similarly,
we define the second neighbour pixel as the left-over potential neighbour pixel with the
second-closest distance to the shadow pixel. Only if both a first and second neighbour
pixel can be determined, the shadow pixel is considered in our analysis.

Figure 5.2c shows an example of the SCSFs atλ = 380 nm indicated in red and the first
neighbour pixels indicated in yellow, for 3 November 2020 above north-west Germany.
In this scene, cloud shadows are found northward of the clouds between 6.0◦ and 10◦E
longitude. The pixels that could not be selected as a neighbour because Γ< 0% (see Eq.
(5.7)) are indicated in blue. Note that there are less neighbour pixels than raised SCSFs,
because (1) some shadow pixels do not have at least two cloud- and shadow-free pixels
with Γ≥ 0% in their search area and (2) neighbours can be recycled for multiple shadow
pixels. In Fig. 5.2, the first neighbour pixels are indeed not located where there are clouds
(i.e., pixels for which Ascene ≳ 0.3 in Fig. 5.2a) or where possibly cloud shadow darkening
occurs.

5.2.6. SIMULATING THE CLOUD SHADOW EFFECT

Three-dimensional radiative transfer simulations are required for the explanation of cloud
shadow effects on the AAI as found in the observations. In this research, we use the
three-dimensional radiative transfer code MONKI (Monte Carlo KNMI), that we recently
developed at KNMI. MONKI computes the TOA reflectance of an atmosphere-surface
system defined in a 3D Cartesian grid in a horizontally cyclic domain, using a forward
Monte Carlo technique [see, e.g., 97], and fully takes into account linear and circular
polarization of light for all orders of scattering. The simulated photon packets travelling
through the grid cells of the atmosphere-surface system are scattered by the atmospheric
gas through (anisotropic) Rayleigh scattering [55], and by cloud droplets through Mie
scattering [32] if the grid cell is cloudy. Absorption of the light by the gas and by cloud
droplets is taken into account. The surface reflects Lambertian (i.e., isotropic and fully
depolarizing), with a specified surface albedo. Instead of collecting the reflected pho-
ton packets at TOA in the very small solid angle subtended by the satellite, MONKI uses
the more efficient ’local estimation method’ [96, 97], commonly used in Monte Carlo ra-
diative transfer algorithms [see e.g. 147, 100, 35], in which at each scattering event the
contribution to the reflectance is computed as the probability that the photon is being
scattered towards the satellite. The TOA reflectance of MONKI has been compared to
the DAK (Doubling Adding KNMI) polarized radiative transfer code [53, 149], for plane-
parallel and horizontally homogeneous cloudy and cloud-free scenes, and shows an ex-
cellent agreement.

For this research, we use 50 by 50 grid cells in the horizontal directions of the 200 by
200 km2 cyclic domain and 33 grid cells in the vertical direction ranging from 0 km to 100
km. Ozone is the only absorbing gas in our model, with absorption cross-sections taken
from [9]. The pressure, temperature and ozone volume mixing ratios solely depend on
altitude according to the standard Mid-Latitude Summer profile [4]. We assume that the
pressure-temperature ratio decreases exponentially with height within each grid cell [see
148, for the calculation of the gaseous absorption and scattering optical thicknesses].
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Figure 5.3: Daily cloud fraction (grey curve) and cloud shadow fraction (black curve) in the selected area over
Europa from 1 November 2020 until 30 June 2021.

For our analysis, we vary the cloud optical thickness, cloud height, cloud horizontal di-
mensions, solar and viewing zenith and azimuth angles, and surface albedo, resulting in
various sizes and shades of cloud shadows in the atmosphere and cast on the surface.

5.3. RESULTS
In this section, we present the results of the determined cloud shadow fraction in our
selected data set (Sect. 5.3.1), and of the measured (Sect. 5.3.2) and simulated (Sect.
5.3.3) cloud shadow effect on the TROPOMI AAI.

5.3.1. CLOUD SHADOW FRACTION
Figure 5.3 shows the cloud fraction and cloud shadow fraction in the selected area over
Europe, from 1 November 2020 to 30 June 2021. The cloud fraction and cloud shadow
fraction were defined as the fraction of pixels with a raised CF and SCSF, respectively.
The cloud shadow fraction was relatively large from 1 November to 31 January with an
average daily mean value of 0.002, which corresponds to 1124 cloud shadow pixels on
average per day. After January, the cloud shadow fraction decreases. From 1 March to 30
June, the average daily mean cloud shadow fraction was 7.4 ·10−5, corresponding to 38
cloud shadow pixels on average per day. We note that changes in the trend of the daily
mean cloud fraction are much less apparent. The higher cloud shadow fraction in the
winter months than in the spring and summer months can be explained by the larger
solar zenith angles resulting in longer shadow extents.

5.3.2. MEASURED CLOUD SHADOW EFFECTS ON THE AAI
Here we present the results of the measured cloud shadow effect on the TROPOMI AAI.
That is, we compare the AAI in the shadow pixels of our data set with the AAI in their first
cloud- and shadow-free neighbour pixels. To show the natural variation irrespective of
cloud shadows, we also compare the AAI in the first and second neighbour pixels. In ad-
dition, we analyze the results for the measured TOA reflectance ratio (R340/R380)meas and
calculated TOA reflectance ratio (R340/R380)calc which determine the AAI (Eq. (5.2)), and
the retrieved scene albedo Ascene which determines (R340/R380)calc via Rcalc

340 (Eq. (5.3)).
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FIRST ORDER CLOUD SHADOW EFFECT

Figure 5.4 shows the AAI (top row) in the first neighbour pixels compared in a scatter
plot to the second neighbour pixels (first column), and to the shadow pixels (second
column). In both cases, the scatter plots show a high positive correlation (r = 0.82 and
0.81, respectively). The AAI in the shadow pixels is not consistently larger or smaller
than the AAI in the first neighbour pixels: 55% of the shadow pixels show a larger AAI
compared to their first neighbour pixels. This inconsistency is observed throughout the
complete time span the data set, which is clear from the daily mean AAI time series in the
third column of Fig. 5.4: the daily mean AAI in the shadow pixels is higher on some days
and lower on other days compared to their first neighbour pixels. Note that the number
of shadow pixels is significantly smaller in the spring months in the second half of the
data set, as seen in Fig. 5.3, which increases the uncertainty of the daily mean AAI. The
fourth column of Fig. 5.4 shows that the histograms of the AAI difference between the
shadow pixels and first neighbour pixels is approximately centered around 0 (the mean
AAI difference is 0.055 ± 0.002), and is about an order of magnitude smaller than the
standard deviation of the data set (σ= 0.316).

The second row of Fig. 5.4 shows the measured TOA reflectance ratio (R340/R380)meas.
Interestingly, although in the previous paragraph we reported no consistent cloud shadow
effect on the AAI, the value of (R340/R380)meas in the AAI formula (Eq. (5.2)) is consistently
higher in the shadow pixels than in their first neighbour pixels: 95% of the shadow pix-
els show a larger (R340/R380)meas compared to their first neighbour pixels. This higher
reflectance ratio in the shadow pixels is observed on all days (figure in the third column
and second row of Fig. 5.4) and clearly alters its distribution (figure in the fourth column
and second row of Fig. 5.4). The difference of the mean (R340/R380)meas in the shadow
pixels with respect to their neighbours is 0.036, which is larger than the standard devi-
ation σ = 0.026. Those results imply that the measured TROPOMI UV TOA reflectances
were consistently ’more blue’ in the shadow pixels than in the neighbour pixels.

The missing cloud shadow effect on the AAI, while TROPOMI consistently measured
higher values for (R340/R380)meas in the cloud shadows, can be explained by the be-
haviour of the calculated reflectance ratio (R340/R380)calc. Indeed, as shown in the third
row of Fig. 5.4, (R340/R380)calc is also elevated in the shadow pixels, which happens to
be similar to the increase of (R340/R380)meas. This increase of (R340/R380)calc is caused by
the lower retrieved scene albedo Ascene in the shadow pixels, as a result of the lower mea-
sured reflectance Rmeas

380 in the cloud shadows (see Eq. (5.4)). With lower Ascene, the con-
tribution of the (spectrally flat) Lambertian surface in the DAK model decreases, which
increases the ’blueness’ of the calculated TOA reflectances (Eq. (5.3)) and thus increases
(R340/R380)calc. A similar effect on (R340/R380)calc can be found during solar eclipses
[168]. However, in contrast to cloud shadows, the lunar shadow is imposed from outside
the Earth system, such that the light paths in principle do not change and (R340/R380)meas

is not altered, resulting in a strong increase of the AAI during solar eclipses. In cloud
shadows, simultaneous increases of (R340/R380)meas and (R340/R380)calc lead, to the first
order, to cancellations of cloud shadow effects in the AAI through Eq. (5.2). The explana-
tion of the missing first order cloud shadow effect is explained in more detail using our
simulation results in Section 5.3.3.

The cancellation of the cloud shadow effect on the AAI is also apparent in the AAI
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Figure 5.4: Comparison of the values in the second and first neighbour pixels (first column), the cloud shadow
pixels and the first neighbour pixels (second column), the daily mean values of the cloud shadow pixels and
the first neighbour pixels (third column), and the histograms of their differences (shadow - first neighbour,
fourth column), for the TROPOMI AAI (first row), the measured TOA reflectance ratio between 340 and 380 nm
(second row), and the calculated TOA reflectance ratio between 340 and 380 nm in the AAI retrieval algorithm
(third row).

map of a single cloud shadow case. Fig. 5.5 shows maps of the AAI (first column),
(R340/R380)meas (second column) and (R340/R380)calc (third column) over the Netherlands,
Belgium and north-west Germany on 3 November 2020. From Fig. 5.2, it was known
that cloud shadows were present in this scene northward of the clouds between 6.0◦ and
10◦E longitude. Indeed, those cloud shadows appear to have increased (R340/R380)meas

and (R340/R380)calc, which is clear from the darker blue shade compared to their cloud-
and shadow-free surroundings. In the AAI map, the cloud shadows can hardly be distin-
guished from their surroundings.

SECOND ORDER CLOUD SHADOW EFFECTS

Although (R340/R380)meas and (R340/R380)calc are more blue in the shadow than their sur-
roundings in almost all cases, we found that the cancellation of cloud shadow effects in
the measured AAI as discussed in the previous Section is not always perfect. We inves-
tigated the dependency of the second order cloud shadow effect on the AAI to physical
parameters, and found a slight dependency on the illumination and viewing geometries,
and the surface albedo. We call those the second-order cloud shadow effects.

Figure 5.6 shows the AAI difference between the shadow and first neighbour pixels
(bottom row) versus the solar zenith angle θ0 (first column), viewing zenith angle θ (sec-
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Figure 5.5: Examples of the TROPOMI AAI (first column), the measured TOA reflectance ratio between 340 and
380 nm (second column) and the calculated TOA reflectance ratio between 340 and 380 nm in the TROPOMI
AAI retrieval (third column), for 3 November 2020 over the Netherlands and Germany.
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Figure 5.6: Similar AAI data as in Fig. 5.4, but now plotted as the differences between the second and first
neighbour pixels (first row) and between the cloud shadow pixels and first neighbour pixels (second row), as
functions of solar zenith angle (first column), viewing zenith angle (second column), geometric air mass factor
(third column) and retrieved scene albedo at 380 nm in the first neighbour pixel (fourth column).

ond column), geometric air mass factor AMFgeo = 1/µ+1/µ0 (third column), and scene
albedo Ascene of the first neighbour pixel (fourth column). Also, we present the differ-
ences between the second and first neighbour pixels (top row), which represent the nat-
ural AAI variation irrespective of cloud shadows. From the results in the bottom row, it
can be concluded that cloud shadows tend to increase the AAI slightly for decreasing θ0

from 80◦ to ∼50◦ (the mean ∆AAI is 0.18 in the shadow case between θ0 = 50◦ and 70◦),
and for small θ (the mean ∆AAI is 0.09 in the shadow case for |θ| < 30◦). This depen-
dency, however, seems to be more apparent when combining θ and θ0 in the geometric
air mass factor: smaller AMFgeo give slightly increased AAI (the mean ∆AAI is 0.14 in the
shadow case for AMFgeo < 5). We count an increase of 377 pixels for which ∆AAI > 1,
when cloud shadow pixels instead of second neighbour pixels are compared with first
neighbour pixels, provided that AMFgeo < 5. This number corresponds to 0.47% of the



5.3. RESULTS

5

91

total number of shadow pixels. Another dependency can be measured in Ascene: bright
surfaces (Ascene ≳ 0.2) tend to decrease the AAI. However, for most pixels in our data
set Ascene equals approximately 0.1, for which this dependency does not seem appar-
ent. We count an increase of 70 pixels for which ∆AAI < −1, when cloud shadow pixels
instead of second neighbour pixels are compared with first neighbour pixels, provided
that Ascene > 0.2. This number corresponds to 0.09% of the total number of shadow pix-
els.

5.3.3. SIMULATED CLOUD SHADOW EFFECTS ON THE AAI
Here we present the results of the simulated cloud shadow effect on the TROPOMI AAI
using our 3D radiative transfer code MONKI. We considered a box-shaped cloud with
dimensions of 10 x 10 x 1 km3 consisting of spherical droplets with effective radius reff of
2.0 µm, and placed it at three altitudes: at 2, 5 and 10 km cloud base height hc. Further-
more, we varied the cloud optical thickness (τc = 1, 5, or 10), the surface albedo (As = 0,
0.1, or 0.2), the viewing zenith angle (θ = 0◦, 30◦, 45◦, 60◦, or 75◦), the solar zenith angle
(θ0 = 0◦, 30◦, 45◦, 60◦, or 75◦), and the azimuth difference (φ−φ0 = 0◦ or 180◦), resulting
in 1350 simulated scenes.

FIRST ORDER CLOUD SHADOW EFFECT

The first row of Fig. 5.7 shows an example of the simulated TOA reflectances that would
be measured with TROPOMI at 340 and 380 nm, Rmeas

340 and Rmeas
380 respectively, together

with their ratio Rmeas
340 /Rmeas

380 , for a scene with hc = 5 km, τc = 10, θ0 = 75◦, θ = 0◦ and
φ−φ0 = 0◦ (i.e., the instrument is nadir-viewing and the Sun is located on the left side
of the scene). Here, we assume a black surface (As = 0.0). The cloud, located at x = 48
– 68 km and y = 28 – 48 km gives the strongest signal in both Rmeas

340 and Rmeas
380 , due to

light multiply scattered by the rather thick cloud towards the satellite instrument, which
is approximately wavelength-independent resulting in a white appearance of the cloud
(Rmeas

340 /Rmeas
380 ≈ 1). Outside the cloudy region, the signal is more ’blue’ (Rmeas

340 /Rmeas
380 > 1),

due to the λ−4 dependence of the Rayleigh scattering optical thickness of the gas. In the
cloud shadow, located along the right edge of the cloud, the signal of Rmeas

340 and Rmeas
380 is

smallest. Indeed, the ’blueness’ of the cloud shadow is even larger than that of the cloud-
and shadow-free region (Rmeas

340 /Rmeas
380 ≫ 1), which was also found in the observations by

TROPOMI (see Sect. 5.3.2).
In order to explain the ’blue’ appearance of cloud shadows as seen from space, we

analyze the vertical profiles of the contributions to Rmeas
340 , Rmeas

380 and Rmeas
340 /Rmeas

380 , in
the second row of Figure 5.7. In the cloud- and shadow-free region, most signal orig-
inates from below ∼ 15 km where the gaseous atmosphere is most dense. This sig-
nal of the background gas is larger at 340 nm than at 380 nm due to the λ−4 depen-
dence of the Rayleigh scattering optical thickness of the gas. We note that the ’color’
of the background contribution changes from ’blue’ (Rmeas

340 /Rmeas
380 > 1), through ’white’

(Rmeas
340 /Rmeas

380 = 1), to ’red’ (Rmeas
340 /Rmeas

380 < 1), with decreasing altitude, as the blue light
has been scattered out of the direct beam that is incident on the lowest atmospheric lay-
ers. The contribution from the surface is equal to 0, because all the light reaching the
surface is absorbed as As = 0.0 in this example.

Directly below the cloud, from 5 km to the surface, the contribution to both Rmeas
340
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AAI retrieval algorithm

TOA reflectance

Total contribution to TOA reflectance

Single scattering contribution to TOA reflectance

Multiple scattering contribution to TOA reflectance

Ascene

Figure 5.7: Simulations by MONKI of the measured TOA reflectance (top row) and the vertical profiles (in
km−1) of the contribution to the TOA reflectance for all photons (second row), for single scattering only (third
row) and for multiple scattering only (fourth row), at 340 nm (first column), at 380 nm (second column) and for
their ratio (third column). The bottom row shows the corresponding AAI (first column), the scene albedo at 380
nm (second column) and the calculated TOA reflectance ratio between 340 and 380 nm using the TROPOMI
AAI retrieval algorithm (third column). The vertical profiles were made using the mean values from y = 30 to
y = 46 km. The data point below 0 km altitude represents the contribution of the surface.

and Rmeas
380 is approximately 0, as the nadir-looking instrument cannot look through the

rather thick cloud. Inside the cloud shadow volume, located on the lower right side of the
cloud, the contributions are indeed smaller than in the cloud- and shadow-free region
but still larger than 0 (see second row of Fig. 5.7). Contrary to the cloud- and shadow-
free contribution at those altitudes, the color of the cloud shadow contribution is blue
(Rmeas

340 /Rmeas
380 > 1). Comparing the vertical profiles in the cloud- and shadow-free region

(e.g., at x = 26 km) and through the cloud shadow (e.g., at x = 74 km), it can readily be
concluded that a vertical integration of the contribution indeed leads to a relatively blue
cloud shadow signal at TOA, thus a higher Rmeas

340 /Rmeas
380 in the cloud shadow than in the

cloud- and shadow-free surroundings (see upper right figure in Fig. 5.7).
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Figure 5.8: Histograms of the differences in the simulated values by MONKI between cloud shadow pixels and
cloud- and shadow-free pixels, for the AAI (first column), the measured TOA reflectance ratio between 340
and 380 nm (second column) and the calculated TOA reflectance ratio between 340 and 380 nm using the
TROPOMI AAI retrieval algorithm (third column), for all 1350 simulated scenes. The total count is higher than
the number of scenes, because a scene can have multiple cloud shadow pixels.

We investigated the cause of the nonzero and blue contribution of the cloud shadow
volume by separating the vertical profiles of the contributions from single scattering only
(third row of Fig. 5.7) and of multiple scattering only (fourth row of Fig. 5.7). Note that
the sum of those contributions is again the total contribution as shown in the second
row of Fig. 5.7. In the cloud shadow, there is no contribution from single scattering in
our simulation, as shown by the black shades in the contributions to Rmeas

340 and Rmeas
380 ,

and the undefined values in the contribution to Rmeas
340 /Rmeas

380 . Apparently, all photons
were scattered away from the direct beam passing through the cloud before reaching the
cloud base. In multiply scattered light, however, photons can reach the cloud shadow
volume after being scattered by the gas in the cloud- and shadow-free region, as illus-
trated by the nonzero values in the cloud shadow in the fourth row of Fig. 5.7. Also, it
should be noted that, regardless of cloud shadows, the signal from multiple scattering
is more blue than that of single scattering (cf. third and fourth rows of Fig. 5.7). Thus,
because in cloud shadows the singly scattered light is intercepted and the multiply scat-
tered light is left, and because the multiply scattered light is more blue than singly scat-
tered light, the appearance of cloud shadows is relatively blue (second row).

Finally, we computed the AAI that would be retrieved from our simulated TOA re-
flectances. That is, we used the simulated Rmeas

340 and Rmeas
380 as input for the TROPOMI

AAI retrieval algorithm (see Sect. Sect. 5.2.2). The last row of Fig. 5.7 shows the retrieved
AAI, Ascene(380 nm), and Rcalc

340 /Rcalc
380 . In the cloud- and shadow-free region the simulated

AAI equals 0, since Rmeas
380 and Rcalc

380 are virtually identical due to the excellent agreement
between MONKI and DAK for clear-sky scenes. In the cloud shadow, the AAI is also ap-
proximately 0 but Ascene(380 nm) appears dark as a direct result of the lower Rmeas

380 (see
Eq. (5.4)). Note that for this scene with a black surface, the retrieved Ascene(380 nm) is
even negative in the cloud shadow (it should be noted that a negative albedo is non-
physical and a result of the AAI algorithm as explained in Sect. 5.2.2). Consequently, the
calculated (spectrally flat) surface contribution to Rcalc

340 is relatively small in the cloud
shadow and is negative, resulting in a relatively large and blue contribution of the path
reflectance R0 (see Eq. (5.3)). Indeed, Rcalc

340 /Rcalc
380 is enhanced in the cloud shadow, as

shown in the last row of Fig. 5.7. Because cloud shadows are more blue in both Rcalc and
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Rmeas (note that the figures of Rcalc
340 /Rcalc

380 and Rmeas
340 /Rmeas

380 look approximately identical
in Fig. 5.7), there is no visible cloud shadow signature in the AAI (lower left figure in Fig.
5.7). In conclusion, the AAI retrieval already automatically corrects for cloud shadows
via the lower retrieved scene albedo, which is in agreement with the first order cloud
shadow effect that we found in the TROPOMI observations (Sect. 5.3.2).

We note that at the opposite side of the cloud, the AAI is slightly increased in our
simulations (AAI ∼1). This increase is found on the cloud itself at x = 50 km, where
the cloud is directly illuminated by the sun from the side. We speculate that this result
demonstrates the positive TROPOMI AAI signatures at the bright side of vertical cloud
structures at high latitudes, that were found by [80] (see their Figs. 1 and 2). Numerical
experiments indeed showed that an increase of the cloud vertical extent from 1 km to 5
km further increased this positive AAI signature. Because the scope of our article is the
analysis of shadows, we leave the analysis of the bright side of clouds for future research.

In the previous paragraphs of this Section, we discussed the results of one simulated
scene. As mentioned in the beginning of this Section, we did those simulations for 1350
scenes. Figure 5.8 shows the difference between the AAI in the simulated shadow pixels
and the AAI in the cloud- and shadow-free regions of all simulated scenes. In addition,
we show those differences for Rmeas

340 /Rmeas
380 and Rcalc

340 /Rcalc
380 . For almost all cases (99% and

100% for the measured and calculated values respectively), indeed the cloud shadow pix-
els are more blue than their cloud- and shadow-free surroundings, and ∆Rmeas

340 /Rmeas
380 =

0.079 and ∆Rcalc
340 /Rcalc

380 = 0.086. The consistent enhanced blueness in both Rcalc and
Rmeas resulted in a mean AAI difference close to zero (∆AAI = 0.16 whileσ= 1.2), showing
that, on average, cloud shadow effects are approximately cancelled out in our simulated
data set. In Fig. 5.9 we summarize the cancellation of cloud shadow effects in the AAI
with a conceptual model.

SECOND ORDER CLOUD SHADOW EFFECTS

Although the simulated average AAI difference between pixels inside and outside the
cloud shadow is close to 0, in some cases the cloud shadows leave signatures in the
simulated AAI. This can be concluded from the negative and positive tails of the ∆AAI-
histogram in Figure 5.8, indicating that the cancellation was not always perfect and could
have values of several AAI points. Those imperfect cancellations, while both Rcalc and
Rmeas are both more blue in the cloud shadow, were also found in the observations (Sect.
5.3.2). They are the second order cloud shadow effects.

In the TROPOMI observations (Sect. 5.3.2) we found a slight dependency of the
second order cloud shadow effects on geometric air mass factor and surface albedo
(through the scene albedo of the first cloud- and shadow-free neighbour). We did not
analyze the dependency on cloud parameters in the observations, because our cloud
shadow detection algorithm DARCLOS does not allow for a precise determination of
the clouds responsible for certain cloud shadows. Figure 5.10 shows Rmeas

340 /Rmeas
380 and

Rcalc
340 /Rcalc

380 for all shadow pixels in our simulated scenes, grouped per cloud height (up-
per left), cloud optical thickness (upper right), geometric air mass factor (lower left) and
surface albedo (lower right). Data points on the symmetry line Rmeas

340 /Rmeas
380 = Rcalc

340 /Rcalc
380

are related to an AAI of 0 (see Eq. (5.2)) just as in the cloud- and shadow-free region in
our simulations, and to a perfect cancellation of cloud shadow effects. Data points in
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Figure 5.9: Sketches explaining the first order cloud shadow effect on the Absorbing Aerosol Index (AAI). The
top and bottom sketches are for the measured (meas) and the calculated (calc) top-of-atmosphere (TOA) re-
flectances, respectively. The left four sketches are for the clear case (i.e., without clouds and shadows), and the
right four sketches are for the cloud shadow case, where the first row is for 340 nm and the second row for 380
nm. Solid arrows indicate singly scattered light, dashed arrows indicate multiply scattered light, and dotted
arrows indicate light reflected once by the surface. The number of arrows leaving TOA illustrate the magnitude
of the respective TOA reflectance. The AAI retrieval algorithm automatically assumes a dark surface when the
measured reflectance is low due to the shadow (Eq. 5.4), as illustrated by the black shaded surface area. Be-
cause cloud shadows increase the ratio of the TOA reflectance at 340 nm with respect to 380 nm in both the
measurements and the retrieval algorithm calculations by approximately the same amount, the AAI is more or
less unaffected (Eq. 5.2).

the regions for which Rmeas
340 /Rmeas

380 > Rcalc
340 /Rcalc

380 and Rmeas
340 /Rmeas

380 < Rcalc
340 /Rcalc

380 result in
cloud shadow signatures with negative and positive AAI, respectively. Regardless of the
grouping of the data points, Fig. 5.10 demonstrates that the strongest positive AAI cloud
shadow signatures are caused by the bluest shadows: when R340/R380 ≳ 1.4 the data
points deviate towards the right from the symmetry line. The negative AAI signatures
seem to be caused by cloud shadows with R340/R380 ≲ 1.4.

Figure 5.10 (upper left) shows that the strong positive AAI cloud shadow signatures
are primarily caused by high clouds (hc = 10 km). Note that the low clouds (hc = 1 km)
group only contain few data points, because for too small viewing- and or illumination
geometries the size of the cloud shadow is too small to be visible from space. Figure 5.10
(upper right) shows that the thick clouds (τc = 10) give stronger (negative and positive)
AAI cloud shadow signatures than thin clouds (τc = 1). Figure 5.10 (lower left) shows
that the AAI cloud shadow signatures tend to become more positive with decreasing ge-
ometric air mass factor, which was also found in the TROPOMI observations (see Fig.
5.6). Figure 5.10 (lower right) shows that the AAI cloud shadow signatures tend to be-
come more negative with increasing surface albedo, which is also consistent with the
TROPOMI observations.

The explanation of the positive second order cloud shadow AAI signature can be
found by analyzing the differences in the shadow simulation results between a low and
high cloud. Figure 5.11 shows a top view of the AAI (first row), vertical profiles of the
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Figure 5.10: Analysis of the simulated measured and calculated TOA reflectance ratios between 340 and 380
nm for the 1350 simulated scenes with MONKI. The results are grouped per cloud height (upper left), cloud
optical thickness (upper right), geometric air mass factor (lower left), and surface albedo (lower right).

simulated altitude dependent Rmeas
340 /Rmeas

380 contribution (second row), cross-sections of
Rmeas

340 /Rmeas
380 and Rcalc

340 /Rcalc
380 at TOA (third row), and the vertical profiles of the contribu-

tions of Rmeas
340 and Rmeas

380 at several locations for x (fourth row). The left column shows
the results again for a cloud at 5 km altitude (similar as in Fig. 5.7), while in the middle
column the cloud is raised to an altitude of 10 km. For this higher cloud, the AAI is in-
creased up to ∼3 points in the shadow, but only close to the cloud (x = 74 km) where the
shadow is located in the atmosphere above ∼3 km altitude. Here, more light is being in-
tercepted than at lower altitudes, since the contribution to the TOA signal in the shadow-
free background (x = 26 km) at these higher altitudes is larger than close to the surface
(see orange lines in the bottom figures in Fig. 5.11). Hence, Ascene is much darker than
for the low cloud at x = 74 km, which strongly increases Rcalc

340 /Rcalc
380 (see Sect. 5.2.2). Also,

Rmeas
340 /Rmeas

380 is larger for this shadow at higher altitudes, as multiple scattering contribu-
tions at those higher altitudes are more blue (see fourth row in Fig. 5.7) and the shadow
only contains multiply scattered light (see Sect. 5.3.3). However, the latter effect on the
vertically integrated signal is relatively weak, because the single scattering background
contribution that is being intercepted is also more blue at higher altitudes than at lower
altitudes (cf. third row in Fig. 5.7), which suppresses the increase in measured blueness
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Figure 5.11: Simulations by MONKI of the AAI (first row), vertical profiles of the simulated altitude dependent
Rmeas

340 /Rmeas
380 TOA contribution (second row), cross-sections of Rmeas

340 /Rmeas
380 and Rcalc

340 /Rcalc
380 at TOA (third

row), and the vertical profiles of the TOA contributions of Rmeas
340 and Rmeas

380 (fourth row) at x = 26 km (unshad-
owed region), x = 74 km (atmosphere shadow), and x = 94 km (surface shadow). The scene parameters in the
first column are similar as in Fig. 5.7: h = 5 km, τc = 10, reff = 2.0 µm, As = 0.0, θ0 = 75◦, θ = 0◦, ϕ−ϕ0 = 0◦. In
the second row, h was modified into 10 km. In the third row, in addition As was modified into 0.2. The vertical
profiles were made using the mean values from y = 30 to y = 46 km. The data point below 0 km altitude repre-
sents the contribution of the surface.

of the high shadow as seen from space. The suppression of the increase in measured
shadow blueness is most effective at small geometric AMF, for which the vertical profiles
of the single scattering background contribution are more blue due to the relatively short
path lengths (not shown), and because the contribution peaks at lower altitudes (i.e.,
the lower atmosphere, where the shadows usually occur, are better visible from space).
Consequently, the positive second order cloud shadow signature increases with decreas-
ing geometric AMF. In summary, both Rmeas

340 /Rmeas
380 and Rcalc

340 /Rcalc
380 at TOA are larger for

shadows located higher in the atmosphere, but Rcalc
340 /Rcalc

380 increases stronger with alti-
tude than Rmeas

340 /Rmeas
380 , causing the AAI to become positive according to Eq. 5.2.
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The explanation of the negative second order cloud shadow AAI signature can be
found by increasing the surface albedo As from 0 to 0.2 (see third column in Fig. 5.11, and
Fig. 5.12 for more detailed simulation results). Without shadows, wavelength indepen-
dent Lambertian surface reflection makes the signal at TOA stronger but more ’white’,
resulting in both smaller Rmeas

340 /Rmeas
380 and Rcalc

340 /Rcalc
380 (see upper and lower right figures,

respectively, in Fig. 5.12), and a neutral effect on the AAI [see 30] (see lower right fig-
ure in Fig. 5.12). In our simulations, at a relatively large distance from the cloud where
the shadow is cast on the surface (at x = 94 km), the AAI is decreased by ∼1.5 points.
Here, incident light on the surface is being reflected, resulting in a larger TOA reflectance
compared to that in the black surface case. Consequently, Ascene in the AAI retrieval is
higher (see bottom middle figure in Fig. 5.12), such that the Lambertian surface in the
DAK model reflects more direct and scattered scattered light, which relatively decreases
Rcalc

340 /Rcalc
380 . However, in reality in the cloud shadow on the surface at x = 94 km, the sur-

face only reflects light that has been scattered before at least once (see third row in Fig.
5.12). Because the multiply scattered light contribution is more blue (see fourth row in
Fig. 5.12) than that of singly reflected light by the surface in the background, the mea-
sured surface shadow is relatively blue, which increases Rmeas

340 /Rmeas
380 . In summary, the

Lambertian surface reflection decreases both Rmeas
340 /Rmeas

380 and Rcalc
340 /Rcalc

380 in the cloud
shadow cast on the surface, but because the decrease of Rcalc

340 /Rcalc
380 is stronger the AAI

becomes negative.

5.4. MONKI SIMULATIONS OF A SHADOW CAST ON A REFLECT-
ING SURFACE PRODUCED BY A HIGH CLOUD

Figure 5.12 shows the MONKI output results as in Fig. 5.7, but then for a high cloud
(h = 10 km) above a reflecting Lambertian surface (As = 0.2). Although cloud shadows in
the atmosphere and on the surface are more blue than their shadow-free surroundings in
both Rmeas

340 /Rmeas
380 and Rcalc

340 /Rcalc
380 (first order effect), the blueness is not increased equally

resulting in a positive AAI signature of ∼ 2.5 in the atmosphere close to the cloud, at
x = 74 km, and a negative AAI signature of ∼ −1.5 in the shadow cast on the surface, at
x = 94 km (second order effects).

5.5. DISCUSSION AND CONCLUSION

The cancellation of cloud shadow effects on both the measured and simulated TROPOMI
AAI (Sect. 5.3.2 and 5.3.3, respectively) shows that the traditional AAI retrieval by itself al-
ready (partly) corrects for cloud shadows via the retrieved scene albedo. Simultaneously,
we measure and simulate that cloud shadows are almost always more blue than cloud-
and shadow-free regions. If the traditional AAI retrieval would not correct for this en-
hanced blueness, strong cloud shadow signatures could have been expected in the AAI.
But, due to the automatic cancellation, the average AAI difference between shadow and
non-shadow cases is close to zero. We note that other TROPOMI products that depend
on the pixel blueness, such as the aerosol optical thickness (AOT) [31], may be affected
by cloud shadows, but that was not studied in this paper.

We have shown that, for individual cases in the measurements and in the simula-
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Figure 5.12: Similar as Fig. 5.7, but for h = 10 km and As = 0.2.

tions, the blueness of the clouds shadows is not always perfectly compensated for by
the lower scene albedo in the AAI retrieval. This results in second-order cloud shadow
effects which sometimes yield lower, and sometimes higher, AAI than in the cloud- and
shadow-free regions. In the observations, we found weak positive and negative relations
of those second order cloud shadow effects to the geometric air mass factor and sur-
face albedo, respectively. Our simulations indeed demonstrated that positive AAI cloud
shadow signatures can mostly be related to high thick clouds with small geometric air
mass factor above dark surfaces, while negative AAI cloud shadow signatures should be
most prominent near thick clouds above bright surfaces. In the observations, 0.47% and
0.09% of the shadow pixels show an absolute AAI difference larger than 1, with respect
to their cloud- and shadow-free neighbours, that can be attributed to the cloud shadow,
when selecting data with AMFgeo < 5 and Ascene > 0.2, respectively. We did not specifi-
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cally select scenes that also include absorbing aerosol for this paper. We note that only
0.01% of the shadow pixels also may contain absorbing aerosols [based on a AAI > 0.8
threshold for the cloud- and shadow-free neighbour pixels, see 31].

Our simulations thus suggest that a potential correction of the second order cloud
shadow effects on the AAI should depend on cloud height, optical thickness, surface
albedo and geometric air mass factor. However, the height and thickness of the clouds
responsible for the measured cloud shadows are uncertain. That is because, although
the cloud height is a TROPOMI product [e.g. FRESCO, see 78, 183], the cloud height
product has a limited accuracy (the cloud height obtained with FRESCO is in fact the
cloud centroid height) and the optical thickness and vertical extent of the clouds are not
retrieved. Moreover, the clouds responsible for certain cloud shadows are difficult to de-
termine in the observations. The responsible clouds are not an output of DARCLOS, as
DARCLOS uses spectral tests to determine the cloud shadow flags in the final step of its
algorithm. Additionally, the accuracy of a ’reverse calculation’ of the responsible cloud
(height) would never be better than the ∼4 km spatial resolution of TROPOMI in the
nadir viewing direction, and again the cloud optical thickness and vertical extent would
be unknown. Hence, we conclude that a reliable correction method for the second order
cloud shadow effects on the TROPOMI AAI would be complicated. Moreover, because of
the automatic cancellation of the cloud shadow effects to the first order, such a correc-
tion method may not be needed.

For this study, we have developed the 3D radiative transfer code MONKI which suc-
cessfully simulated the effect of cloud shadows on the TROPOMI AAI. MONKI fully takes
into account the polarization of light for all orders of scattering, and can store the ver-
tical profiles of the altitude dependent reflected light contribution at TOA, for the to-
tal, singly, and multiply scattered light. In future research, MONKI can be used to find
explanations of more cloud effects on sensitive retrieval algorithms, such as the AAI al-
gorithm, in which polarization and geometry play on important role. For example, the
positive AAI increases at the bright side of clouds that are found in both our simulations
and previous observations, can be further analyzed using the MONKI model.
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6
CONCLUSION AND OUTLOOK

In this Chapter, we answer the research questions that were stated in the Introduction
(Sect. 1.2), and provide outlooks for the different topics.

6.1. CONCLUSION

THE IMPACT OF SOLAR ECLIPSES ON THE AAI AS MEASURED BY TROPOMI
The UV Absorbing Aerosol Index (AAI) is an air quality product derived from the TOA
reflectance spectra. If no correction is applied, a significant increase of the TROPOMI
AAI is measured in the shadow of the Moon. The magnitude of the AAI enhancement
increases with solar obscuration fraction, but can exceed 10 AAI points in the darkest
parts of the partial lunar shadow. We explain this anomaly by the decreased measured
TOA reflectance at 380 nm, which is used to define the Lambertian surface albedo in
the model reflectance computations and propagates in the AAI formulae into a more
’blue’ model UV spectrum, resulting in an increased AAI. That is, the AAI increase in the
Moon shadow is caused by the way the AAI algorithm responds to unexpected decreases
in solar irradiance, and not by a potentially ’redder’ measured signal, nor by a physical
eclipse-induced effect on aerosols.

In this thesis, we presented a method to restore the TOA reflectance spectra in the
penumbra and antumbra during solar eclipses, by computing the eclipse obscuration
fraction as a function of location and time, fully taking into account wavelength-dependent
solar limb darkening. We applied the correction to UV TOA reflectances measured by
TROPOMI in the penumbra during the annular solar eclipses on 26 December 2019 and
21 June 2020. We showed that the dark shade in the TOA reflectance maps for 380 nm, at
the location of the Moon shadow, disappeared after the correction. For the eclipse on 26
December, we compared the calculated obscuration fractions to the estimated obscura-
tion fractions at the ground pixels using measurements of the previous orbit and found
a close agreement. Not taking into account solar limb darkening, however, resulted on
26 December 2019 in a mean underestimation of the obscuration fraction fo at 380 nm
of 0.053 at disk center separations X < 0.5, and a maximum underestimation of 0.06.

101
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With the restored TOA reflectance spectra, we computed a corrected version of the
TROPOMI AAI on 26 December 2019 and 21 June 2020. For both eclipses, the AAI anomaly
in the shadow of the Moon disappeared after the correction. For the eclipse on 26 De-
cember 2019, we showed that not taking into account solar limb darkening, however,
could still result in an AAI overestimation of 6.7 points. We conclude that solar limb dark-
ening cannot be neglected if the artificial Moon shadow signatures are to be removed.

For the eclipse on 21 June 2020, we found an AAI increase of ∼1.5, as compared to
its surrounding regions, in the restored TROPOMI product in Northwest China. We ver-
ified this AAI increase with AAI measurements by the GOME-2C satellite instrument on
the same day but outside the Moon shadow. We attribute this restored AAI feature to
the surface of the Taklamakan Desert and, possibly, desert dust aerosol. We did not find
an indication of absorbing aerosol changes in the Moon shadow (e.g. which are spa-
tially correlated with the recent eclipse ground track). We conclude that the restored AAI
product successfully can be used to detect real AAI rising phenomena.

THE IMPACT OF SOLAR ECLIPSES ON CLOUDS AS MEASURED BY SEVIRI
In this thesis, we have used satellite cloud measurements by SEVIRI during three solar
eclipses over Africa between 2005 and 2016 that have been corrected for the partial lu-
nar shadow together with large-eddy simulations to analyze the eclipse-induced cloud
evolution. Our corrected data revealed that, over cooling land surfaces, shallow cumu-
lus clouds start to disappear at very small solar obscurations (∼15%). Our simulations
explain that the cloud response was delayed and was initiated at even smaller solar ob-
scurations. Over ocean, we did not find a change in shallow cumulus cloud cover, as
the ocean surface does not cool down so rapidly during a solar eclipse. We have demon-
strated that neglecting the disappearance of clouds over land during a solar eclipse could
lead to a considerable overestimation of the eclipse-related reduction of net incoming
solar radiation.

THE DETECTION OF CLOUD SHADOWS IN TROPOMI DATA

Before the impact of cloud shadows on air quality can be quantified, a cloud shadow
detection algorithm had to be developed in order to analyze large data sets. In this thesis,
we have demonstrated DARCLOS, a cloud shadow detection algorithm for TROPOMI.
DARCLOS provides a potential cloud shadow flag (PCSF) based on geometric variables
stored in TROPOMI Level 2 data, and an actual cloud shadow flag (ACSF) based on the
contrast of the measured scene reflectivity with the climatological surface reflectivity.
The PCSF and ACSF are validated by visual inspection of true color images made by the
VIIRS-NPP instrument, for in total six cases. We found that the cloud motion during the
measurement time difference between TROPOMI and VIIRS complicates this validation
strategy. We showed that a cloud movement correction using the wind speed vectors at
the cloud height significantly improves the validation results.

At UV wavelengths, we have found cloud shadow signatures at different locations
than determined with the ACSF, potentially indicating a wavelength dependence of cloud
shadow extents. Because TROPOMI’s air quality products are retrieved at specific wave-
lengths or wavelength ranges, DARCLOS also outputs the spectral cloud shadow flag
(SCSF), which is a wavelength dependent alternative for the ACSF. Such a cloud shadow
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detection at the precise wavelengths of TROPOMI’s air quality products is unique for
DARCLOS and cannot be done with data from an imager.

We conclude that the PCSF can be used to remove cloud shadow contaminated pix-
els from TROPOMI Level 2 UVIS data, and that the ACSF can be used to select pixels for
further analysis of cloud shadow effects. If both cloud and cloud shadow effects are to be
removed, the PCSF and CF can be used together. Also, the ACSF can be used to demon-
strate and/or count the true shadows that would be observed from space by the human
eye.

THE IMPACT OF CLOUD SHADOWS ON THE AAI AS MEASURED BY TROPOMI
In this thesis, we have used DARCLOS to quantify the cloud shadow effect on the TROPOMI
AAI. We selected shadow pixels and shadow-free neighbour pixels over Europe during 8
months. In addition, we simulated the measured cloud shadow impact ton the AAI with
our newly developed 3D radiative transfer algorithm MONKI. We measure and simulate
that cloud shadows are in principle always more blue than cloud- and shadow-free re-
gions. The shadow pixels are also darker than the non-shadow pixels, and consequently,
the traditional AAI retrieval by itself already (partly) corrects for cloud shadows via the re-
trieved scene albedo. If the traditional AAI retrieval would not correct for this enhanced
blueness, strong cloud shadow signatures could have been expected in the AAI.

We have shown that, for individual cases in the measurements and in the simula-
tions, the blueness of the clouds shadows is not always perfectly compensated for by
the lower scene albedo in the AAI retrieval. This results in second-order cloud shadow
effects which sometimes yield lower, and sometimes higher, AAI than in the cloud- and
shadow-free regions. In the observations, we found weak positive and negative relations
of those second order cloud shadow effects to the geometric air mass factor and sur-
face albedo, respectively. Our simulations indeed demonstrated that positive AAI cloud
shadow signatures can mostly be related to high thick clouds with small geometric air
mass factor above dark surfaces, while negative AAI cloud shadow signatures should be
most prominent near thick clouds above bright surfaces.

6.2. OUTLOOK
THE IMPACT OF SOLAR ECLIPSES ON THE AAI AS MEASURED BY TROPOMI
We have demonstrated that the restored TOA reflectances during solar eclipses can be
applied successfully to derive the AAI product. Since the method we developed has taken
into account the wavelength dependence of the solar limb darkening, the method is ap-
plicable to the measured reflectances or radiances at all TROPOMI wavelengths. A solar
eclipse flag is already included in the TROPOMI level 1B product. With the addition of
the obscuration fraction in the level 1B product, all TROPOMI level 2 products will ben-
efit from the restored TOA reflectances or radiances. In principle, the method can also
be applied to GOME-2, Sentinel-4/5 and other satellite instruments which measure the
back-scattered and reflected solar radiation.

THE IMPACT OF SOLAR ECLIPSES ON CLOUDS AS MEASURED BY SEVIRI
The observed response of shallow cumulus clouds to a solar eclipse at already ∼15% ob-
scuration, initiated at even smaller obscurations due to the parcel travel time, reveals the
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potential direct consequence of deploying sunlight intercepting material in the strato-
sphere or in space. We note that the duration of the cloud response is expected to depend
on the speed and magnitude of the local obscuration variations, as the altered difference
between the near-surface air and surface temperature, which causes the response, may
possibly restore after a certain period. Diminished shallow cumulus clouds would partly
oppose the objective of solar geoengineering which is to decrease the amount of net
incoming solar radiation, and could prevent the growth into deeper convective and pos-
sibly precipitating clouds. Our findings of the high cloud sensitivity to solar radiation
variations should spur cloud model simulations of the direct consequences of sunlight-
intercepting geoengineering proposals, for which our results serve as a unique bench-
mark.

THE DETECTION OF CLOUD SHADOWS IN TROPOMI DATA

At UV wavelengths, we have found indications of the wavelength dependence of cloud
shadow signatures, and a spectrally dependent cloud shadow flag such as the SCSF could
possibly be more suitable when selecting shadow pixels in air quality products retrieved
at UV wavelengths. Further research is needed to explain and validate the spectral de-
pendence of these cloud shadow signatures. The detection of shadows with the ACSF
and SCSF allows a user to perform this analysis.

THE IMPACT OF CLOUD SHADOWS ON THE AAI AS MEASURED BY TROPOMI
Our simulations thus suggest that a potential correction of the second order cloud shadow
effects on the AAI should depend on cloud height, optical thickness, surface albedo and
geometric air mass factor. However, the height and thickness of the clouds responsi-
ble for the measured cloud shadows are uncertain. That is because, although the cloud
height is a TROPOMI product, the cloud height product has a limited accuracy1 and
the optical thickness and vertical extent of the clouds are not retrieved. Moreover, the
clouds responsible for certain cloud shadows are difficult to determine in the observa-
tions. The responsible clouds are not an output of DARCLOS, as DARCLOS uses spectral
tests to determine the cloud shadow flags in the final step of its algorithm. Addition-
ally, the accuracy of a ’reverse calculation’ of the responsible cloud (height) would never
be better than the ∼4 km spatial resolution of TROPOMI in the nadir viewing direction,
and again the cloud optical thickness and vertical extent would be unknown. Hence, we
conclude that a reliable correction method for the second order cloud shadow effects on
the TROPOMI AAI would be complicated. Moreover, because of the automatic cancella-
tion of the cloud shadow effects to the first order, such a correction method may not be
needed.

For this study, we have developed the 3D radiative transfer code MONKI which suc-
cessfully simulated the effect of cloud shadows on the TROPOMI AAI. MONKI fully takes
into account the polarization of light for all orders of scattering, and can store the ver-
tical profiles of the altitude dependent reflected light contribution at TOA, for the to-
tal, singly, and multiply scattered light. In future research, MONKI can be used to find
explanations of more cloud effects on sensitive retrieval algorithms, such as the AAI al-
gorithm, in which polarization and geometry play on important role. For example, the

1The cloud height obtained with FRESCO is in fact the cloud centroid height.
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positive AAI increases at the bright side of clouds that are found in both our simulations
and previous observations, can be further analyzed using the MONKI model. MONKI
can in principle also be used to simulate the TOA reflectances of other planets, such as
Mars, Venus, and exoplanets, if the input model atmosphers and surfaces are provided.
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APPENDIX OF CHAPTER 2

A.1. ECLIPSE GEOMETRY AT THE GROUND PIXEL

In this appendix, we provide the method to compute the apparent lunar disk radius rm

and separation between the lunar and solar disk X as experienced at the location of a
ground pixel, from the geodetic coordinates (δ,ϑ,h) and measurement time t1 of that
ground pixel.

The latitude δ is defined w.r.t. the Earth’s equatorial plane and the longitude ϑ is de-
fined w.r.t. the Greenwich meridian. Height h is defined w.r.t. the Earth reference ellip-
soid. The transformation of the ground pixel’s geodetic coordinates (δ,ϑ,h) to Cartesian
coordinates in the geocentric Earth-fixed reference plane (xc, yc, zc) is given by

x

z
y

d

H
�/2

�/2 – d

Greenwich

North Pole

equatorial 
plane

fundamental  
plane

Figure A.1: Transformation of the Earth-fixed coordinates to coordinates in the fundamental reference frame.
Take the Earth-fixed x-axis pointed at Greenwich and rotate it around the z-axis (toward the North Pole) to
−(H −π/2). Then, rotate around the new x-axis by π/2−d to make the new z-axis parallel to the shadow axis
(cf. Fig. 2.8).
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xc = (Nδ+h)cosδcosϑ, (A.1)

yc = (Nδ+h)cosδsinϑ, (A.2)

zc = ((1−e2)Nδ+h)sinδ, (A.3)

with

e =
√

2 f − f 2, (A.4)

Nδ =
a√

1−e2 sin2δ
, (A.5)

where a = 6378137 m is the equatorial radius of the Earth and f = 1/298.257223563 is
the flattening parameter of the Earth reference ellipsoid.

The fundamental reference frame is a geocentric Cartesian coordinate system de-
fined w.r.t. the shadow axis, which is the axis through the centers of the Moon and the
Sun, as illustrated in Fig. 2.8. The z-axis of the fundamental reference frame originates
in the Earth’s center of mass and is parallel to the shadow axis. The x-axis is located in
the equatorial plane and is positive toward the East. The y-axis completes the positive
right-handed Coordinate system and is positive toward the North. The x y-plane of the
fundamental reference frame (z = 0) is called the fundamental plane.

The orientation of the fundamental reference frame with respect to the Earth-fixed
reference frame is defined by the shadow axis declination angle d and the shadow axis
Greenwich hour angle H (see Fig. A.1). The transformation of the Cartesian coordinates
in the Earth-fixed reference plane to the Cartesian coordinates in the fundamental refer-
ence frame is computed as [138]:

xf =
1

a

(
xc sin H + yc cos H

)
, (A.6)

yf =
1

a

(−xc sind cos H + yc sind sin H + zc cosd
)

, (A.7)

zf =
1

a

(
xc cosd cos H − yc cosd sin H + zc sind

)
. (A.8)

The declination d is one of the Besselian elements, published by NASA1 [39]. A Besselian
element is published as coefficients of a 3rd order polynomial B of time:

B =
3∑

N=0
cn t n , (A.9)

where time t in Terrestrial Dynamical Time (TDT) is the measurement time t1 in deci-
mal hours with respect to a reference time t0 commonly chosen close to the instant of
greatest eclipse. Because t1 by TROPOMI is stored as UTC, t is computed as

1The Besselian elements data can be retrieved from https://eclipse.gsfc.nasa.gov/SEcat5/SE2001-
2100.html, by clicking on the gamma value.

https://eclipse.gsfc.nasa.gov/SEcat5/SE2001-2100.html
https://eclipse.gsfc.nasa.gov/SEcat5/SE2001-2100.html
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t = t1 + ∆T

3600
− t0, (A.10)

where ∆T = TDT − UTC is in seconds. The values of ∆T and t0 are published together
with the Besselian elements for each eclipse. Another Besselian elements is the ephemeride
hour angle M . Angle H is computed as [101]

H = M − 360

23×3600+56×60+4.098904
∆T, (A.11)

where H and M are in degrees. Note that all angular Besselian elements are published
in degrees, and all dimensional Besselian elements are published per Earth’s equatorial
radius, a.

The Besselian elements l1 and l2 are the radii of the penumbral and (ant)umbral
shadow circle on the fundamental plane, respectively, as illustrated in Fig. A.2. The ver-
tex angles f1 and f2 of the penumbral and (ant)umbral shadow, respectively, are also
published as Besellian elements. Note that l2 is positive for annular eclipses and nega-
tive for total eclipses, while l1 is always positive.

L2 L1

l1l2

L1

l1 l2

L2

f1

Moon

Sun

f2

f1

f2

fundamental 
plane

ground pixel 
plane

zf

shadow axis

Figure A.2: Definition of l1, l2, L1, L2, f1 and f2.

The coordinates of the shadow axis in the fundamental reference frame, xsdw, ysdw

and zsdw are also published as Besselian elements. The distance m from the ground pixel
to the shadow axis, parallel to the fundamental plane, is then

m =
√

(xf −xsdw)2 + (yf − ysdw)2. (A.12)
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The plane parallel to the fundamental plane through the ground pixel is the so-called
ground pixel plane. The radii of the penumbra and the (ant)umbra on the ground pixel
plane, L1 and L2 respectively, can readily be computed by

L1 = l1 − zf tan( f1), (A.13)

L2 = l2 − zf tan( f2). (A.14)

If zf > 0, a ground pixel can be eclipsed. One can compute whether a ground pixel is
eclipsed and what shadow type is experienced by comparing m to L1 and L2. Quantities
rm and X can be expressed in terms of L1, L2 and m, as

rm = L1 −L2

L1 +L2
, (A.15)

X = 2m

L1 +L2
. (A.16)

For the derivations of Eq. A.15 and A.16, we refer to Sect. 8.3623 of Seidelmann [138].

A.2. ERROR PROPAGATION
In this appendix, we show the effect of the solar irradiance correction on the precision of
the AAI. It should be recalled from Eq. 2.3 that the corrected measured TOA reflectance,
R int(λ), is computed from the measured TOA reflectance by TROPOMI, Rmeas(λ), and
the calculated obscuration fraction, fo(λ). We assume that the noise of Rmeas(λ) and
the noise of fo(λ) are normally distributed with standard deviations σRmeas(λ) and σ fo (λ),
respectively. Also, we assume that the noise of Rmeas(λ) is not correlated with the noise
of fo(λ). Then, we may compute the precision of R int(λ) as follows:

σR int = R int ·
√(σRmeas

Rmeas

)2
+

(
σ fo

1− fo

)2

. (A.17)

σRmeas(λ) is provided in the current operational TROPOMI L2 AAI product for λ= 340 nm
and λ = 380 nm. σ fo(λ) depends on the precision of the geometrical eclipse prediction,
i.e. α in Eq. 2.9, and the precision of the solar limb darkening function, Γ. The geomet-
rical eclipse prediction was verified with the predictions by NASA (see Sect. 2.2.4). The
largest source of uncertainty for α in the present era (1800 CE to present) is the Moon’s
surface topography, which causes the lunar disk circumference to deviate from a perfect
circle.2 Our and NASA’s eclipse predictions do not include these effects of mountains
and valleys along the edge of the Moon, which may shift the limits of the eclipse path
north or south by ∼ 1 to 3 kilometers, and may change the eclipse duration by ∼ 1 to 3
seconds.3 For the solar eclipse of 21 June 2020, we added a time increment of 3 seconds
to estimate the effect of a local eclipse timing error due to the Moon’s topography on fo

and the AAI. At the ground pixels for which fo > 0, the average absolute changes in fo and

2See https://eclipse.gsfc.nasa.gov/SEhelp/limb.html, visited on 27 March 2021.
3See https://eclipse.gsfc.nasa.gov/SEpath/SEpath2001/SE2020Jun21Apath.html, visited on 27

March 2021.

https://eclipse.gsfc.nasa.gov/SEhelp/limb.html
https://eclipse.gsfc.nasa.gov/SEpath/SEpath2001/SE2020Jun21Apath.html
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Figure A.3: Precision of the AAI in the eclipsed TROPOMI orbits on 26 December 2019 (left) and 21 June 2020
(right) as a function of obscuration fraction fo at 380 nm, with solar irradiance correction such that both
σRmeas and σΓ are propagated (semi-transparent blue dots) and without solar irradiance correction such that
only σRmeas is propagated (semi-transparent black dots).

the AAI were 0.00049 and 0.00588, respectively. Hence, in what follows in this appendix,
we assume that there is no error in α.

Pierce and Slaughter [118] provide the probable error, Pe, of the estimated solar limb
darkening function Γ(λ,r ) for the tabulated set of λ’s, which is independent of r . We as-
sume that the measurement noise of Γwas normally distributed with standard deviation
σΓ(λ) = Pe(λ)/0.6745. We also assume that the noise of Γ was uncorrelated in r -space.
We performed a Monte Carlo error propagation simulation to estimate the error of the
obscuration fraction,σ fo (λ). That is, to each Γ(λ,r ) at λ= 340 nm and 380 nm, we added
100 times a randomly generated normally distributed error σΓ(λ), repeated the compu-
tation of fo (Eq. 2.9) for each sample, and computed σ fo as the standard deviation of fo.
The precision of the AAI can be computed as follows:

σAAI = 100

√√√√(
σRmodel

340

ln(10)Rmodel
340

)2

+
(

σR int
340

ln(10)R int
340

)2

. (A.18)

The expression for the precision of the modeled reflectance at 340 nm,σRmodel
340

, as a func-

tion of σR int
380

, can readily be derived by analytically solving σRmodel
340

= σAs |∂Rmodel
340 /∂As|

and σAs = σR int
380

|∂As/∂R int
380|. Possible calibration (offset) errors of TROPOMI and model

uncertainties of DAK are excluded from this analysis.
Figure A.3 shows σAAI at the ground pixels of the eclipsed TROPOMI orbits during

the solar eclipses that were discussed in this paper. The results are presented as a func-
tion of obscuration fraction fo at 380 nm, with solar irradiance correction applied (semi-
transparent blue dots) and without solar irradiance correction applied (semi-transparent
black dots). In the absence of a solar eclipse ( fo = 0), σAAI for with and without solar ir-
radiance correction is identical, since R int = Rmeas and σR int = σRmeas (see Eq. A.17). In
the presence of a solar eclipse, σAAI increases with increasing fo. When no solar irradi-
ance correction is applied, again R int = Rmeas, but R int is decreased at both 340 and 380
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nm in the Moon shadow, which increases σAAI through the division by R int
340 and through

the increased σAs and σRmodel
340

(Eq. A.18). When a solar irradiance correction is applied,

R int > Rmeas and is not decreased anymore by the eclipse. However, the additional solar
limb darkening noise term in Eq. A.17 increases σAAI, which is most significant at rela-
tively large fo resulting from the division by 1− fo. The maximum AAI precisions, after
a solar irradiance correction in the TROPOMI orbits on 26 December 2019 and 21 June
2016, are 0.26 and 0.40 respectively. The precisions in the uncorrected case are respec-
tively ∼ 0.05 and ∼ 0.10 better, but the uncorrected AAI value itself is off by many points
as shown in for example Fig. 2.17.
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