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We thank the reviewer for his/her careful reading and for the comments and suggestions, which have improved the manuscript.

Below, we give in blue italic the reviewer’s comment, in black our response, in black italic copied text from the manuscript

and in red italic the changed or new text in the manuscript.

The manuscript describes the findings of the systematic investigation of the effect that cloud shadows have on the AAI. The5

investigation was performed on an observational data set and compared with results from radiative transfer model (RTM)

calculations using a newly developed Monte Carlo model. The authors conclude that cloud shadow effects on AAI are (1)

difficult to correct, and (2) can mostly be ignored (due to the cancellation occurring within the AAI definition). The manuscript

addresses a topic that could be neglected when the AAI was originally developed, but has become of importance with the

advent of TROPOMI, which has a footprint on the same order of magnitude as cloud effects.10

The investigation is well performed, the manuscript reads well and figures are illustrative and appropriate. Nevertheless, I

have a number of serious concerns that I believe should be addressed before the manuscript can be published.

First: the advantages of using a Monte Carlo RTM to aid the understanding of cloud shadows and their effects on AAI can be15

clearly seen in the Figures 7 and 10, as the atmosphere’s extinction profile can be studied. However, the model is not described

in any detail (not even the acronym is explained) and the reader is expected to rely solely on the authors’ statement that the

RTM ”shows an excellent agreement” with DAK (line 177). To lend credibility to the results shown in the manuscript, at least

part of the analysis should be performed with DAK and the results compared.

We thank the reviewer for the request to elaborate on our Monte Carlo code MONKI. The acronym was explained on line 164:20

"... In this research, we use the three-dimensional radiative transfer code MONKI (Monte Carlo KNMI)."
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Unfortunately, it is not possible to redo the analysis with DAK, because DAK is a radiative transfer code assuming plane

parallel atmospheric layers (i.e., without 3D-ness), and therefore cannot simulate cloud shadows. Section 2.6 provides a short

explanation of MONKI, but does indeed not explain the model in detail, in order to avoid a loss of focus. We are currently

preparing a publication about MONKI, which contains comparison results between MONKI and DAK (for 1D scenes) and25

MONKI and other 3D Monte Carlo codes using the code intercomparison paper of Emde et al. (2018).

The good agreement between MONKI and DAK is also illustrated in Fig. 7. Outside the cloud and the shadow, the AAI is

virtually equal to zero (−0.01 on average with a standard deviation of 0.07 due to Monte Carlo noise). This means that in those

regions the simulated measured TOA reflectances at 340 and 380 nm with MONKI, Rmeas
340 /Rmeas

380 , are close to the calculated30

TOA reflectances with DAK, Rcalc
340 /R

calc
380 , in Eq. 2.

Second: a number of RTM results are presented and explained, but the explanations are not always easy to follow. A schematic

diagram of the phenomena involved, combined with a conceptual explanation, would greatly improve the understanding. The

diagram could show, in a more simple way than Figs. 7 and 10, what the effects of surface, atmosphere, and clouds are on the35

reflectance and how this results in the observed (and modelled) blueing effect. This would particularly aid the understanding

of ”second-order effects”, which I had trouble with.

We have added a conceptual model to the paper, explaining the cancellation of cloud shadow effects on the AAI, as shown in

Fig. 1 of this reply. We did not add diagrams for the second order cloud shadow effects, because that would become very messy

with all the arrows involved. We agree that the explanation of the second order cloud shadow effects is long. The second order40

cloud shadow effect can unfortunately not be explained with a few sentences, or be captured by a simple diagram. We think

Fig. 7 and 10 in their current forms are the best option to support the text.

Third: the discussion of the manuscript is very limited. The authors argue at length why a shadow-effect correction to the AAI

is not feasible (or necessary), a minor aspect of the manuscript, whilst ignoring a number of important aspects. The following45

points need to be added:

(1) statistics as to how often serious AAI deviations (greater than, say, 1 unit) due to high thick clouds, high surface albedo,

and/or low AMF_geo are encountered in observations. This would provide a more objective basis on which to build the argu-

ment that the correction is or is not necessary.50

We thank the reviewer for this suggestion. The cloud shadow detection algorithm DARCLOS does not identify the clouds that

were responsible for the cloud shadows, so the corresponding cloud optical thickness and cloud height are uncertain in the

observations (the cloud height was used in DARCLOS to compute the potential cloud shadow flag, but it was not used in the

refinement to the spectral cloud shadow flag). However, in the paper we studied the dependency of the AAI cloud shadow

effect on the geometric air mass factor and on the scene albedo. We have added the following lines:55
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Figure 1. 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) reflectances, 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.

In the ideal clear case, the calculated TOA reflectances equal the measured TOA reflectances, resulting in an AAI equal to zero. In the cloud

shadow case, the measured TOA reflectance ratio between 340 and 380 increases, due to the absence of singly scattered light and direct

Lambertian surface reflectance. The calculated TOA reflectance ratio also increases, as the AAI retrieval algorithm automatically assumes a

dark surface when the measured reflectance is low due to the shadow (Eq. 4), as illustrated by the black shaded surface area. Because 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. 2).

Paragraph starting on line 248:

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 total number of

shadow pixels.60

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 pixels.

65

3



Also, we have added to the conclusion, on line 405:

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 selection data with AMFgeo < 5

and Ascene > 0.2, respectively.

70

(2) A discussion of the effects of aerosols on the studied shadow effects — AAI is an aerosol index, after all — and

The focus of the paper is on the features that cloud shadows leave in the AAI, regardless whether or not there are aerosols in

the scene. In that extent it is an extension of the paper by Kooreman et al. (2020), who focused on the effect of clouds on the

AAI, regardless of the presence of absorbing aerosols. We think that a complete analysis of the behaviour of the AAI in scenes

with both absorbing aerosols and clouds (and their shadows) would fit better in another publication. Therefore, we consider it75

as beyond the scope of this paper. We note that only 8 shadow pixels (0.01 % of the shadow pixels) may also contain absorbing

aerosol (based on a AAI > 0.8 threshold for the cloud- and shadow-free neighbour pixels, see de Graaf, 2022). We have added

the sentence to the conclusion to emphasize this limitation of our work:

We did not specifically 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,80

see de Graaf, 2022).

(3) the opposite: the effect of blueing on TROPOMI aerosol retrievals. Even if a detailed discussion is out of scope, the issue

should be mentioned in your discussion.

We have added the following sentence to line 398:85

We note that other TROPOMI products that depend on the pixel blueness, such as the aerosol optical thickness (AOT) (de

Graaf, 2022), may be affected by cloud shadows, but that was not studied in this paper.

(4) A discussion on how the choice of first and second neighbours influences the observational analysis: E.g., Fig. 10 shows

that pixels between the cloud and the shadow have a larger AAI deviation than those in the shadow. And what happens if90

neighbouring pixels with a strongly deviating surface albedo are selected for comparison?

The positive AAI values in between the surface shadow and the cloud in Fig. 10 belong to the shadow inside the atmosphere.

The shadow inside the atmosphere is also darker than the cloud- and shadow-free surrounding (see e.g. the Ascene values in

Fig. 7), and should therefore be flagged as a shadow pixel when Γ(λ= 380) nm <−15%. If atmosphere shadows are not dark

enough to reach this darkness threshold, we at least make sure that they are not flagged as shadow-free neighbour pixel, by95

deleting the potential neighbour pixels from the search area if (see Sect. 2.5):

Γ(λ= 380) nm < 0% (1)
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Hence, we do not expect the atmosphere shadows to affect our results, as they are either flagged as shadow pixels or deleted

from search areas for neighbour pixels.

100

The first and second neighbour pixel indeed may contain scenes that are not comparable to those of the shadow pixels. There-

fore, we also have presented the AAI comparison between the first and second neighbour pixels in e.g. the first column of

Fig. 4. Those scatter diagrams represent the natural variation that cannot be attributed to cloud shadow, such as surface albedo

differences. If a first neighbour pixel with a strongly deviating surface albedo is selected, it could increase the AAI difference

between the shadow and the first neighbour pixel. But, we believe there is an equal probability that the shadow pixel itself, or105

the second neighbour pixel, encounters a strongly deviating surface albedo. Therefore, we think that our approach to estimate

the cloud shadow impact is unbiased.

All in all, the manuscript contains the description of a number of interesting observations and calculations, but in its present

form does not advance the field. A more in-depth analysis of the results, coupled with sufficient evidence that MONKI is an110

appropriate tool for the study, would greatly improve the impact of the research.

Please find a few other comments and suggestions below:

l. 69: ”extraterrestrial solar irradiance perpendicular to the beam” - change to ”solar irradiance”115

We have removed ’extraterrestrial’ and ’perpendicular to the beam’, as suggested.

ll. 109-110: ”As shown in Figure 1, (...) overlap each other.” - change to ”The area of interest in Europe was covered by

TROPOMI during three successive, partially overlapping overpasses on November 11, 2020, as shown in Fig. 1.”

We thank the reviewer for the suggestion, which indeed reads better. We have replaced the sentence by the suggested sentence.120

ll. 110-112: ”For each day (...) from the data set.” - insert the sentence before ”The selected” on line 106

We have moved the sentence to line 106, as suggested.

ll. 116-117: ”the already available effective cloud fraction in the TROPOMI NO2 product” - Which cloud algorithm does that125

come from - FRESCO?

This effective cloud fraction does not come from FRESCO, but from the cloud retrieval of the NO2 processor. This is because

the effective cloud fraction depends on wavelength and NO2 is retrieved at shorter wavelengths than normally considered in

FRESCO. The reference to the NO2 ATBD (van Geffen et al., 2021) is already provided in the same sentence, in which the

reader can find the details of this implementation.130

5



l. 130 - ”SCSFs are a better estimate of the cloud shadows than the PCSFs.” - In which sense are they better: more accurate?

Less or more strict? Where is the evidence? The next sentence refers the reader to the right panel of Fig. 1 ”as an example”,

but it is not clear what one should see there.

We agree with the reviewer that this part was not clearly formulated. We have added a figure of the PCSF as Fig. 2.b to Fig. 2135

as follows:

(a) (b) (c)

Figure 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. 2a), the potential cloud shadow flags (PCSFs) in blue, spectral cloud shadow flags (SCSFs) in red, cloud flags

(CFs) in white (Fig. 2b), and the first cloud- and shadow-free neighbour pixels in yellow and possibly shadow affected pixels according to

Eq. (7) in blue (Fig. 2c).

Comparing Figs. 2.a and 2.b shows that the PCSF often overestimates the cloud shadow area, while for every SCSF we find a

dark pixel in Ascene. We have changed the text as follows:

Line 130: ... shows the SCSFs indicated in red, the PCSFs indicated in blue and the CFs indicated in white, in three TROPOMI140

orbits covering the area of our case study, at 3 November 2020 which is one of the days in our data set. Figure 2b shows

the SCSFs and PCSFs zoomed in on North-West Germany. From visual comparison of Fig. 2b to the map of the scene albedo

Ascene (Fig. 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. (2022).145

l. 141: ” potential neighbour pixels of two TROPOMI pixels” - change to ”potential neighbour pixels within a two-pixel ra-

dius”.

We thank the reviewer for the suggestion. We have changed the sentence as follows:

l. 141: First, for each shadow pixel, we define a search area with potential neighbour pixels of two TROPOMI pixels around150

the shadow pixel. –> First, for each shadow pixel, we define a search area with potential neighbour pixels within a two-pixel
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radius around the shadow pixel.

l. 143: ” Because we require (...) shadow free,” - redundant, can be removed

We have removed this half sentence, as suggested.155

l. 198: ” (2) increased shadow darkness due to the longer slant path length of the incoming direct light through the clouds.”

- Is this hypothesis based on calculations? Intuitively, I’d say that there is a larger amount of indirect (Rayleigh-scattered)

radiation as well, maybe counter-acting this effect. Also, the light-path length effect is only valid for relatively thin clouds, as

thick clouds will not let any radiation through anyhow.160

We agree with the reviewer that multiple scattering may counteract the shadow darkness at large solar zenith angles. We thank

the reviewer for pointing this out and we have removed this sentence.

Fig. 4, upper right panel: please shrink the x-axis to -/+ 2.5 units to make out more details.

We have changed the figure as suggested.165

Fig. 4, middle and lower right panels: is the secondary peak visible at Delta(R340/R380)= 0 real? Where does it come from?

There indeed seems to be a secondary peak in the histograms of ∆(R340/R380)
meas and ∆(R340/R380)

calc, centered at about

0. We have analyzed the values of ∆(R340/R380)
calc (for which the secondary peak seems strongest), as functions of viewing

and illumination geometry. We found that the values of ∆(R340/R380)
calc close to zero are found at very negative viewing170

zenith angles <−55 degrees, as shown in Fig. 3 of this reply. Due to the longer path lengths, those scenes are relatively white

((R340/R380)
calc is relatively low) regardless of the shadows, and differences in (R340/R380)

calc between the shadow and

surroundings are relatively small. We found that those points occur throughout the whole study area. We could not find another

explanation for why there seems to be a high concentration of shadow pixels at those negative viewing zenith angle other than

coincidence.175
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Figure 3. The (R340/R380)
calc differences between the cloud shadow pixels and first neighbour pixels (left) and between the second and first

neighbour pixels (right), as functions of viewing zenith angle. The black arrow points at the concentration of points with (R340/R380)
calc

close to zero and very negative viewing zenith angles (<−55 degrees).

Section 3.2.2: This section is hard to follow without a conceptual diagram, as suggested above

As discussed above, we have added a conceptual diagram for the first order cloud shadow effect. We agree that the explanation

of the cause of the second-order cloud shadow effects is long, but we think it could unfortunately not be replaced by a simple

diagram or a short explanation, as that would not cover the full explanation.

180

l. 273 and further: ”gas” - change to ”atmosphere”

The Rayleigh scattering optical thickness only applies for the gas. Therefore, we keep the word ’gas’ instead of the word ’at-

mosphere’ in this sentence, which emphasizes that the cloud droplets are not Rayleigh scatterers at our wavelengths of interest.

l. 278: ”gas pressure (...) is largest.” - change to: ”atmosphere is most dense.”185

We have changed the sentence as follows:

l. 278: where the gas pressure (and consequently the Rayleigh scattering optical thickness) is largest –> where the gaseous at-

mosphere is most dense.

l. 280: ”of the gas” - remove190

We keep ’of the gas’ in this sentence, because in the previous sentence we removed ’Rayleigh scattering optical thickness’ and

only mentioned ’the gaseous atmosphere’. ’Of the gas’ now refers to ’the gaseous atmosphere’ in the previous sentence.

ll. 296-297: ” Apparently, all photons were scattered away from the direct beam” - this is not surprising in view of the cloud

droplets’ Mie phase function, which features a strong forward-scattering peak195

The Mie phase function describes the scattering direction preference of light upon scattering by the cloud droplets, but it does
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not describe the chance of scattering away from the direct beam (i.e., the extinction due to scattering). The extinction is deter-

mined by the optical thickness of the cloud and the direction of propagation of the direct beam through the cloud. Hence, we

do not think that the Mie phase function contains information about the photon survival along the direct beam through the cloud.

200

Fig. 7, lower left panel: please change the color scale to a more appropriate range, like -2.5 to 2.5; it would make the effects

more apparent to the reader

We have chosen this color scale to be consistent with 10 AAI points wide range used in Figs. 1 and 5, which is the range

commonly used in observations to distinguish absorbing aerosol, see e.g. Kooreman et al. (2020) and https://mpc-l2.tropomi.

eu/maps.html#aerosol_index_354_388_2. Therefore, we have decided to keep this color scale.205

Fig. 7, lower center panel: the shadow is very difficult to pick out in the figure; it might be helpful to change the color range

We have changed the plotting range, from [-0.1;0.4] to [-0.1;0.3], which makes the cloud shadow better visible.

Fig. 8: what do the histograms show? The number of counts is appreciably higher than the number of scenes.210

The count is indeed higher than the number of scenes, because a scene can have multiple cloud shadow pixels. The caption of

the figure already mentions that the histograms represent the differences between the cloud shadow pixels versus the cloud-

and shadow-free pixels. In order to make it even more clear, we have added the sentence to the caption of Fig. 8:

The total count is higher than the number of scenes, because a scene can have multiple cloud shadow pixels.

215

Fig. 9: these plots would make more sense as AAI contours plots with h_c and tau_c on the x- and y-axis, resp. Then these plots

can disappear into the appendix. It’s the AAI you’re interested in, not the blueness per se.

Fig. 9 supports the explanation in the text of the cause of the second order cloud shadow features in the AAI. This explanation

is based on the blueness, therefore, Fig. 9 shows the blueness. Additionally, we note that contour plots as functions of hc and

τc would not be so practical for our paper, because only 3 values of hc and τc are used in our analysis. Therefore, we have220

decided to keep Fig. 9 as is.

Section 3.3.2.: This section contains a lot of interesting results that probably form the key to understanding the investigated

effects — but I fail to understand it completely. Particularly the paragraph starting on line 378 is difficult to follow without a

schematic.225

ll. 409-410: ”the cloud height obtained with FRESCO is in fact the cloud centroid height” - this is a rather lazy argument, as

the correction could simply be made to depend on the cloud centroid height.

The cloud top height determines the vertical cloud size, and with that the maximum shadow extent in the horizontal direction.

With only the cloud centroid height, the cloud’s vertical size remains unknown. Therefore, we do not think that a correction230
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could simply be made dependent on the cloud centroid height.

l. 414: ”the 4 km spatial resolution” - is this not sufficient for such a correction?

The ∼4 km spatial resolution is only in the nadir viewing direction of TROPOMI. For slanted observations of the swath, the

ground pixel size increases up to 15 km. Because we see significant differences in AAI output in shadows for clouds at 1, 5 and235

10 km in our simulations (Fig. 9), we think that the spatial resolution of TROPOMI is not sufficient for a cloud height retrieval

based on just the cloud shadow geometry.

l. 422: ”the positive AAI increases”: please note that we have observed and modeled the same effect for a high-altitude non-

absorbing aerosol plume in the past as well [Penning de Vries et al., 2014]. Reference: Penning de Vries, M. J. M., Dörner, S.,240

Puk, ı̄te, J., Hörmann, C., Fromm, M. D., and Wagner, T.: Characterisation of a stratospheric sulfate plume from the Nabro vol-

cano using a combination of passive satellite measurements in nadir and limb geometry, Atmospheric Chemistry and Physics,

14, 8149–8163, https://doi.org/10.5194/acp-14-8149-2014, 2014.

We think that this AAI increase at the cloud edge could be a 3D-effect caused by the vertical dimension of the cloud and the

illumination of the cloud from the side (as explained on lines 317 to 322), rather than a viewing zenith angle dependent effect245

caused by the cloud droplet’s phase function. Such 3D-effects are not discussed in Penning de Vries et al (2014).
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