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Response to RC#1 of Anonymous Referee #1:
General comments

— To me, the study lacks quantitative information about the effects. Many violin plots are provided visualizing orange vs
blue data, but how close or different those are? Are the differences orange-blue statistically significant? For example,
L 291 mentions "significant": in which sense significant? Also comparison with other studies: when similarities are

mentioned, is it possible to say if they are quantitatively similar? How big effects can be expected?

* We have revised the discussion section and added quantitative information when possible or applicable from references
and from the study dataset. We have added a new figure (Fig.12) to the discussion section which provides the link of
absolute change of external variables and enhancement amplitude ¢ and e-folding distance x. as recommended in the

specific comments section. For details please refer to the specific comments section and the marked up document.

— I'would appreciate a better explanation of the analyses of transition signatures with regards to cloud shadow mask/with

regards to flow (Sec. 4.1 vs Sec. 4.2).

* We have revised the introductions and titles of both sections. Please refer also to the changes outlined in the specific

comments section.
Sect. 4.1 line 256ff. (preprint):

4.1 Signatures analysed with geometrieal-distance information from COGS

Transition signatures are shown and analysed versus the geometric horizontal distance to the mask edge in

Figs. 6, 7, 8, and 9. Observations—of-GHl-are-This is achieved using the COGS cloud and shadow masks

as 2D information for the calculation of the distance to the nearest cloud and shadow edge (see Sect.2.2)..
Therefore, this analysis is tied to the temporal resolution of COGS. At every COGS time step, the GHI
observation of PyrNet is supplemented with information on the distance and direction to the nearest cloud
and shadow edge.

The GHI observations are then aggregated into distance bins and are shown relative to its-their modelled
clear sky reference value.




Sect. 4.2 line 328ff. (preprint):

4.2 Signatures analysed with distance relative to flow

Focusing with-in greater detail on the radiation enhancement peak close to the cloud shadow, we examined
analyse the transition signatures identified by PyrNet in-—relation—to-as a function of the distance to the
cloud shadow edgecomputed-, derived from the flow vector. In this part of the analysis, we use only PyrNet
measurements, supplemented by flow information. The high temporal resolution enables for a more detailed
examination of the signature peaks. Because two-dimensional information is not used in this part of the
study, we restricted the analysis to a small area around the transition peak, which is predominantly affected
by the cloud whose shadow has just passed over the station. The identified transition signatures are fitted
to_obtain the two parameters € and x., which represent the amplitude of the enhancement peak and the
e-folding distance, respectively. In a second step, variations in external observed variables are compared
with ¢ and 7, to assess their statistical feature importance, working towards a parametrisation of cloud
shadow transition signatures.

Specific comments

— L 20-21: Plant photosynthesis and feedbacks belong to the previous sentence about land-atmosphere interactions, and

photovoltaic power generation is more of an engineering application.

* We agree and reorganized the paragraph to separate these sub-sentences.
Sect. 1 line 18ff. (preprint):

This variability is of scientific interest because it impacts the coupled atmosphere-land sys-
tem, including the energy balance and the water cycle (Vila-Guerau De Arellano et al.,
2023).

It affects plant photosynthesis (Du-
rand et al., 2021; Darko et al., 2023), and—even—as well as the feedback mechanisms involved
in—that _govern cloud formation and organisation (Jakub and Mayer, 2017). The—mentioned—These
processes are sensitive not only to the total selar—energy—reeetved—amount of incoming solar
energy, but also to its spatial and temporal distribution, which is also of particular interest from
an_engineering_standpoint for the performance and stability of photovoltaic (PV) power generation
(e.g., Barry et al., 2020; Kreuwel et al., 2021; Omoyele et al., 2024). The scales of this variability range

from seconds and metres to hours and kilometres (e.g., Madhavan et al., 2017; Schroedter-Homscheidt

et al., 2020; Mol et al., 2024).

— L 46: I would remove "Building on this network", it does not anything to the sentence if the same data set was used.



*

Agreed and deleted it.
L 88: "high concentrations of aerosols from the atmospheric boundary layer": change "from" to "in"
Yes we changed it.

L 95-96: I do not understand why "however" is used, and why not just report cloud shadow speeds, their direction and

cloud cover in one sentence.

"However" is used to emphasize a bit, that despite a similar weather pattern during the days of interest, there is some

variation in wind speed and direction. But we agree that it is not needed here and simply removed "However,".

L 105-106: these instruments, data from which is not used in this study, why they need to be mentioned? instead you
could give a bit more information including producers and precision of the instruments that were used for the purposes

of this study.

We felt that if we opt to not mention the extra pyranometers on a tilted plane here, the readers going to ask the question
of their purpose. We agree, that this shouldn’t be to extensive as they are not used in the end. To address this, we opt to

shorten this statement instead of removing it completely as follows:
Sect. 2.1 line 104ff. (preprint):

... At the 30 stations with two pyranometers, solar irradiance from a tilted plane is measured along the GHI

measurement (see Fig. 1 (a))-

this-current-stady:, but not used in this study.
PyrNet-photoeleetric-pyranometers—The Eko Instruments ML-020VM pyranometers are of photoelectric
type which have a spectral range from 400 to 1100 nm and response time (to reach 95 % of final output

value following a sudden change in irradiance) of about 10 ms;-and-are-therefoere-. Due to this response time
they are perfect for fast sampling te-analyse-of rapid changes of GHI (Madhavan et al., 2016) ...

The paragraph continues about quality assurance. The next paragraph in this section describes expected uncertainty
of GHI measurements an calibration with the used ML-020VM Pyranometers from Eko Instruments in the PyrNet,
referencing Madhavan et al. (2016) again, which describes these uncertainties in detail. We chose to not apply changes

to this descriptions.

Caption to Fig. 4 "shadow chord lengths represent arbitrary cross-sections of the shadow shape due to the stationary

nature of the measurements" — this point is not completely clear to me.



* We acknowledge that this sentence may not be clear and have reworded this part.
Fig. 4 caption (preprint):

... The measure D represents a linear cloud size representation, which differs from the cloud shadow
chord length recorded by PyrNet for two key reasons. Firstly, the relationship between shadow size

and actual cloud size varies based on sun elevation and cloud height. Secondly, because the measured

measurements are taken at fixed positions, the recorded shadow chord lengths represent-capture only ar-
bitrary cross-sections of the shadew-shape-due-te-respective cloud shadows passing the stationary-nature-of
the-measurementsstations...

— L 195: "-60m towards shadow and 600m towards ..." It is confusing when speaking about time series in the previous

sentence, one uses length as limits. Can you explain better, how you come to these limits?

* Those limits where arbitrarily chosen to by inspecting the data and find a reasonable data segment size per identified
peak, which include the drop to the core shadow and as much unshaded samples for further analyses. We rephrased this

paragraph for clarification.
Sect. 3.1 line 193ff. (preprint):

Using the SciPy algorithm find_peaks, we identified the enhancement peak close to the shadow edge. There-
after, using-employing the flow vector of the cloud field (Sect. 2.2), the time series snippets-were-limited-to

-60are converted into distance series along the flow direction, centred on the detected peaks. For each of
these peaks, a data segment is extracted that extends 60 m towards shadow-the cloud shadow from the peak.
location and 600 m towards the eloud-shadow-gaprelative-to-the-flowfrom-the-peaklocation—Thelowe
Himit-was-chosen-to-ensure-unshaded side of the enhancement peak. These bounds are chosen somewhat
arbitrarily based on manual inspection: the first bound is set such that the GHI values drop-below-the-elear
sky-inrthe shadow-partfall below the clear-sky level within the shadowed part of the segment, while the upper

dayssecond bound is selected where most segments have already intersected another cloud shadow. As a

last step, we filtered out the snipped time series that already encountered another shadow within 300 m from

the peak, to ensure a relatively undisturbed signature by nearby cloud mechanisms (except side-escape).

— Fig 5, y-axis: "normalized irradiance" — is not it transmittance? also T is used. I think, Lennard-Jones in the caption
should be changed to Buckingham (quite innovative use of potential functions, I found it amusing). I also suggest to
clarify definition of epsilon,; current is € = Tpeak/clearsky (%) but from the figure it looks like CE in % should be simply
(Tpeak-1)*100?

* This is true and thank you for spotting our oversight. The caption is correct which states € is the cloud enhancement

in %. The definition of € in Fig.5 is incorrect. The correct one, as you pointed out, is € = 100 * (Tpeax — clearsky) =



100 # (Tpeax — 1). We have changed Fig. (5) accordingly and added the definition as a new equation in the text.
Sect. 3.2 line 215ff. (preprint):

The original potential function is modified in the way that € describes the magnitude of the peak of the

transition signature in percent versus clear sky +-therefore-by applying an offset of lis-apphed-—.

€ =100 (Tpeak — 1)

— L 225: could authors show an example of fitting in Fig. 5?

* As this figure is just a hand-drawn sketch to point out the important variables and give an impression how Eq. (2) looks,
an example fit would not be possible here. An example fit of Eq.(2) is shown in Fig. (10) instead. We have added a

sentence referencing Fig. (10) here.
Sect. 3.2 line 225 (preprint):

From the results of the fit we calculate =, from Eq. (2). An example fit is shown in Fig. (10).




— Intro to Section 4: side-escape, forward-escape and albedo-enhancement mechanisms: would be good to have a short
discussion how those mechanisms could be separated from each other or how they manifest themselves in the current

framework. It would also benefit a reader, if the authors could name there all the cloud variables to be considered.

* We did a rework of the intro to section 4 with respect to this comment.
Sect. 4 line 233ff. (preprint):

During a cloud gap, that is, in between two cloud shading events, the GHI is strongly enhanced compared to clear sky

as shown in Fig. 3, where noon GHI values are about 20 % larger in cloud gaps than the reference clear sky values.

around 16:00 UTC and [...] single cloud shadow transitions.

Radiation enhancement can occur as a result of increased diffuse irradiance produced by reflections at nearby cloud
edges (side-escape). Consequently, the side-escape mechanism is likely the dominant factor controlling the e-foldin

distance x. on the bright side of the transition signature function (Eq.(2)). For optically thin clouds with cloud

optical depth (COD) below 10, radiation enhancement may also arise in the direct irradiance due to the pronounced
forward:scattering characteristics of cloud droplets (forward-escape). The forward-escape mechanism likewise affects
the e-folding distance by shaping the sharpness of the enhancement peak and strongly depends on the droplet scattering.
this work, as we concentrate on shallow cumulus clouds with negligible ice content. Both forward- and side-escape.
mechanisms modify the bright side of the transition signature and are therefore expected to exert the strongest influence
within the scope of our investigation. As shallow cumulus clouds rapidly deepen and attain COD values exceeding.
10, the side-escape mechanism likely shows the strongest influence. The two mechanisms, albedo-enhancement and.
downward-escape, tend to increase diffuse irradiance within the shadow of the cloud. As a result, radiation levels may.
exceed clear-sky values near the cloud edge due to these processes. and the enhancement peak is extended further into.
the shadow region. The key parameters are the effective cloud droplet radius and COD for downward-escape and surface.

albedo for albedo-enhancement.

To study cloud shadow transitions in more detail [...] the cloud whose shadow recently moved past the station.

To characterise specific cloud properties, we rely on the following externally observed variables: CBH, geometrical
cloud depth, and shadow chord length, which constrain the geometrical extent of the cloud; COD and droplet effective
radius, which represent the optical characteristics of the clouds. Additionally, the sunlight chord length and the cloud
fraction of opague clouds indicate how separated or clustered individual clouds are. The sun’s position and the




— Caption to Fig. 6: "distance to the respective cloud (orange) or shadow (blue) mask edge". Only shadow is mentioned in

x-axis label. Also probably I missed it, but how were the masks (distance) collocated with GHI analyses (time series)?

* We corrected the x-axis label of Fig. 6 and added a reference to Sect. 2.2 to the intro of Sect. 4.1.
Sect. 4.1 line 257ff. (preprint):

Transition signatures are shown versus the geometric horizontal distance to the mask edge in Figs. 6,7,8,

and 9. This is achieved using the COGS cloud and shadow masks as 2D information for the calculation of

the distance to the nearest cloud and shadow edge (see Sect. 2.2). Observations of GHI are shown relative
to its modelled clear sky reference value.

— Section 4.1 title does not really say anything; cloud vs shadow mask?

* We agree and updated both Sect. 4.1 and 4.2 titles in this regard.
Sect. 4.1 line 256. (preprint):

4.3 Signatures analysed with geometrical-distance information from COGS

Sect. 4.2 line 328. (preprint):

4.4 Signatures analysed with distance relative to flow

— L 271-272: reference is needed about 200 m distance

* We have revised this paragraph because it focuses on interpreting the figure, rather than on a discussion grounded in

references.

Sect. 4.1 line 268ff. (preprint):

This radiation enhancement peaks closest to the cloud shadow, but is already noticeable at roughly 1 km
from the cloud shadow, indicating significant 3D-radiative effects, referred—to-as-due to the side-escape
mechanism (e.g., Mol and Van Heerwaarden, 2025). Moreover, the most pronounced enhancement is
observed-within-found in the -100 to -200 m bin, which

identified-by-the COGS-mask—Additienally;-may stem from small gaps in the cloud cover, especially near
cloud edges, that are not captured by the cloud mask because of the COGS resolutionmay-lead-te-partial-bin

-by-clouds;resulting-in-them-being-marked-as-clouds—in-the-mask—Cleud-, In addition, cloud edges
are optically thin, re ee-so the forward-

escape which-mechanism enhances radiation through netable-pronounced forward scattering in the-eloud
edgeregionthese edge regions.




— L 287: "is more pronounced on the sunlit side of the cloud, also depending on the cloud depth". I would appreciate
illustration of sunlit vs dark side somewhere in the figures. Then about this effect: how strong effect was found in this

study?

* We have added a sketch to Fig. 7 to illustrate the dark and lit side of a cloud. The enhancement comparing the transition
on the lit and dark side of the cloud was pretty significant in Mol and Van Heerwaarden (2025). In section 5.5. they
showed cumulonimbus clouds and they found 5 to 10 times stronger enhancement even for clouds of 500 m geometric

cloud depth, which is comparable to the cloud heights in the S2VSR field campaign.
Sect. 4.1.1 line 284ff. (preprint):

Mol and Van Heerwaarden (2025) studied radiation enhancement for shallow cumulus clouds and found
that the peak enhancement varies significantly with sun-cloud geometry. Their simulations focused on the
side-escape mechanism, setting the surface albedo to zero. They found that the radiation enhancement peak
is more pronounced on the sunlit side of the cloud ;-alse-depending-on-the-and that this effect also depends
on cloud depth. With-reduced-etoud-depth—-As the cloud depth decreases, the enhancement in radiation
becomes weaker, though the radiation-enhanecement-diminishes-but-the-sunlit side remains-to-be-markedly
still remains significantly brighter than the shaded side. For instance, they reported roughly a 5 to 10 times.

stronger enhancement on the sunlit side of cumulus clouds with a depth of 500 m. In our case, the mean
cloud depth is approximately 300 m. However, in our observations shown in Fig. 7 panel (a), these findings

could not be replicated.

— L303: "shadow irradiance near the sunlit side showed a slight increase, highlighting the notable influence of the albedo-
enhancement" - I do not see this from the figure. What also puzzles me is that optically thickest clouds (b) show the same
measured-to clear sky GHI ratio as all cases (a), about 40%. why is that? I would expect thickest clouds should have

lower transmittance.

* As we agree, that the absolute differences of values shown in the -200m to Om range bin are small, there is a notable
difference between the ratio values of dark and lit side in panel (b) compared to panel (a), which is what this sentence
refers to. To your seconds hesitation: Yes, the differences are very small as panel (a) shows all situation including
COD>15, while panel (b) only the isolated COD>15 cases. A better comparison is presented later in Fig. 8 panel(b),
where cloud shadows in COD<15 cases show ratios slightly above 0.4 and cases with COD>15 below 0.4. The absolute

difference is small, as the total variation of COD is small.

— L 337: "radiation enhancement, approximately 2% above the existing enhancement level near the shadow’s edge" —

enhancement over enhancement level is quite confusing.



* We have rephrased this sentence.
Sect. 4.2.1 line 337ff. (preprint):

A sharprise-inradiation-enhancement-approximately-pronounced increase in GHI can be observed at the
edge of the shadow, about 2 % abeve-the-existing-enhancemen evelnear-the-shadew’s-edgeis-evidenthigher

than the prevailing enhancement level.

— About x_e and epsilon: I think there is not much information about how much these vary, but results of correlation with

different variables. It would be interesting to have these linear correlations visualized in the appendix.

* We agree and have added the new Fig. 12 to the manuscript. We opt to add it in the main section and not to the appendix

as we have referenced it in the discussion section 4.2.2 several times. Please refer to the marked up document for details.
New figure 12:

0, 180] ( °) sun-cloud azi. angle
0, 200] ( m) shadow chord length
300, 2100] ( m) sunlight chord length
10, 701 ( °) solar zenith angle

600] ( m) geom. cloud depth

260, 320] (mm) water vapour line of sight
6, 29] ( -) cloud optical depth

7, 11] (um) droplet effective radius
500, 2000] ( m) cloud base height

=
(<}
(=]

bin[N]

Figure 12. External features in comparison to € and z,, shown in a standardized binned representation. The

legend of the figure indicates the range and units of the features. Lines are drawn with increased thickness

if the linear correlation with € and z, exceeds 0.75.
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— Fig. 11: when feature importance is discussed, what method was used? Is it machine learning based? Which model? It

would be good to add this information in Methods.

* We agree and have added a short sub section in the method part of the manuscript.
New section 3.3:

3.3 Feature importance analysis

We analyse the importance of externally measured variables for the derived ¢ and x,. parameters (see

Sect. 3.2). As an initial step, we divided the data into several bins for three different external variables and.
applied the Virtanen et al. (2020) SelectKBest feature selection algorithm. Because our data set is relatively.
small compared to the large number of external variables, we constrained each feature-selection run to.
three variables at a time, each split into three bins. We then evaluated all possible combinations of three.
variables drawn from the entire set of external measurements. The choice of triplets is somewhat arbitrary,
but provides a compromise between exploring a wide range of combinations and maintaining sufficient
statistical robustness.

The SelectKBest method returns univariate F-test scores that quantify the linear dependence between each.
external variable and the target for a given triplet of variables. We consider scores larger than 0.3 to be
significant. For each variable, we record how often it achieved a significant score in all combinations in
which it appears. These frequencies are finally expressed as a percentage of significant occurrences per.
combination and are reported in Sect 4.2.2. This metric indicates which variables are most suitable for.
parametrisation when the model is restricted to three variables. The objective is to demonstrate a systematic

— Fig. 11: It is interesting that epsilon and x_e show correlations of opposite sign with the same variable (e.g., solar zenith
angle, droplet effective radius). Since both epsilon and x_e characterize the strength of CE, is it possible to make some

kind of estimate of "best’ combinations? Are there optimal combinations of variables?

* Yes, it is interesting, but not unexpected. € represents the (relative) peak amplitude versus clear sky, the strength of the
peak, so to speak. z., on the other hand, characterizes how gradually the enhancement tapers off with distance from
the cloud-shadow edge, specifically the point where the peak strength drops below 1/e of its maximum value. Since
x. 1s defined relative to the peak strength, it can certainly occur that . increases while e decreases. Regarding optimal
combinations, we refrain from proposing a single "best" set of only a few external variables, since it has shown that
the optimal choices for peak amplitude and e-folding distance differ substantially. This is because both geometrical and
microphysical properties of the current cloud conditions must be taken into account. This issue is discussed at the end of

Section 4.2.2 and in more detail in the conclusions in Section 5.
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Sect. 4.2.2 line 386ff. (preprint):

Finally, we can summarise that to parametrise the transition signature of radiation enhancement, one needs

to consider information from both geometrical and microphysical properties of the present cloud situation.

If one had to choose a limited set of external variables to describe transition signatures for shallow cumulus
clouds, one would start with the variables of highest significance shown in Fig. 11. The size of the cloud

gap, the azimuth angle of the sun to the cloud, and the CBH are the most significant features regarding the
peak enhancement amplitude. The droplet effective radius, solar zenith angle, and COD, on the other hand,

are significant to describe the sharpness of the enhancement peak.
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Response to RC#2 of Anonymous Referee #2:

So I don’t have so much to add, as I concur with many comments included in the first review, in particular, some results,
as provided in figures 6-9 could be explained a little more clearly and/or more quantitatively. Anyway, I think this is quite a
pioneering work that can be a first step for further analysis of the same data set, which could be devoted to better explain
causal relationships between the already identified features and the measured radiative effects.

Thank you for the motivating words towards further analysis on the topic. We definitely plan to continue in the future. Please

refer to the answers to comments from the first review in the previous sections of this authors response.
Technical details

— Figure 1. Panel (b) shows so many things. I would suggest using this panel to show only the position of PyrNet stations,
and reproduce a similar figure as an additional panel of Figure 2, which would contain the transmittance measurements,
the cloud mask, the cloud shadow and so... This would make much easier the comparison of the (suggested) two panels

in Figure 2.

* We agree and moved panel (b) of Fig. I as panel (a) of Fig. 2, which now has two panels. Panel (b) of Fig. 1 now only
shows the PyrNet layout during S2VSR.

— Projected valid area and focus area seem to be separated by 0.005 degrees, not 0.01 as you say in the caption of Fig. 2

and also in line 146. I might be missing something, but this is what it seems to be according with dashed lines in Fig. 2.
* This is correct, good catch! We have corrected the occurrences in the text.

— Figure 3 caption. Authors say that the blue line is "the mean of all observations" which is not clear to me. “All” means

observations in 1h time interval? Or a running mean?

* We have clarified the figure caption.
Fig. 3 caption (preprint):

Observed GHI distributions from PyrNet at 13 June 2023 in hourly bins. The distributions as violin plot
indicating extrema values in each bin and are of bi-modal shape in the presence of clouds (cloud shadow
and shadow gap with enhanced radiation). In addition, the GHI mean of-over all ebservations PyrNet stations |

in 1 min resolution (blue line) and the calculated enhancement level in cloud shadow gaps (black), and the

clear sky reference modelled by the Solis simple model (orange) are shown.

— The definition of epsilon (¢€) is not clear to me, and actually, is provided only in Figure 5 and its caption. If T is already

a kind of normalized irradiance, why do you need to divide it again by clearsky? Or is ¢ only the same as T but in %?

* Yes, this was an oversight. The definition provided in the sketch (Fig. 5) is not correct. The definition of € is indeed just

the cloud enhancement in %. So the correct definition is € = 100 % (Teak — clearsky) = 100 * (Tpeak — 1). We changed
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Fig (5) accordingly and added the definition of € as a new equation to the text.
Sect. 3.2 line 215ff. (preprint):

The original potential function is modified in the way that e describes the magnitude of the peak of the

transition signature in percent versus clear sky :-therefore-by applying an offset of lis-applied-.

€ =100 (Tpeak — 1)

— In Eq (4) and Eq (5) you use the expression "exp(1)". I understand that this results in the Euler number (e), so why don’t

you write simply "e"?

* Yes e and exp(1) where inconsistently used. We have now changed all appearances of exp(1) to e.
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