Authors’ response to Reviewer Comment 2

Reviewer:

The manuscript presents an interesting use of a network of all-sky-imagers (ASls) to derive mean
cloud-base-height over a wide area. The method presented is interesting and, overall, the proposed
system seems robust of probable practical use. The authors offer practical suggestions about the
optimal layout of future ASls installations, thus providing some useful information to the user.
Reading the manuscript, it is clear that a lot of interesting work has been done, but unfortunately this
has not been distilled enough yet to be clearly presented to the scientific community. The new
algorithm is poorly presented, the novel contributions are not clearly identified, and the discussion of
the results lacks focus. The authors should drastically revise the manuscript, trying to clearly present
the essence and motivation of their work and separate it from implementation details.

To my understanding, there are three technical aspects presented: a) Implementation of three
different approaches to calculate CBH from a pair of ASls b) Evaluation of CBH retrievals from ASI-
pairs. c) The use of a network of multiple ASI-pairs to derive a robust CBH estimate for the region.

Each of these aspects should be discussed and evaluated one by one, or references should be given
in studies evaluating their performance. Otherwise, the reader cannot properly interpret the results.

Authors’ response:

We really appreciate the reviewer’s time and effort spent on reviewing our manuscript, their
insightful comments and suggestions. We have addressed all comments and incorporated the
suggestions as good as possible to us and we believe, these changes led to valuable improvements of
our manuscript. In particular, we have strongly revised the sections on modelling and validation.

In the following, we will address the reviewer’s comments point-by-point. Changes to the manuscript
are extracted from the adapted manuscript within which changes were highlighted using latexdiff.
Blue indicates insertions, red indicates deletions. Please note, that the order of Sect. 3.3 and Sect. 3.4
has been reversed as suggested by Reviewer Comment 1, General Comment 5. This change has been
excluded from the markup, as it would have obscured all other changes.

Changes in manuscript:

See below.

Major comment 1
Reviewer:

Sections 3.3 and 3.4 should be rewritten. The sections seem like a direct translation of computer
code into words, with no effort to describe why each step was implemented, what is essential, and



what is just an implementation detail or even an experiment that happened to work. E.g. why use
the three-gaussian filters? Why use the specific o thresholds? Why add an offset of 0.5 in low
frequency bins (why not 0.01 or 1)? Implementation details could be even moved into an appendix.

Authors’ response:

Based on the reviewer’s feedback we revised Sect. 3.3 and 3.4 drastically. Especially regarding the
modelling of conditional probability distributions, we moved the exact description of the procedure
to the appendix and focused more on describing the idea behind the procedure and every filter. We
further gave a reason for the value assigned to each of the parameters. However, we also stated that
these parameters may still be optimized in a future work and are so far only rough approximations.

Similarly, we reworked Sect. 3.3. In particular, we focused on pointing out for each step of the
procedure, what the intention of each equation/ calculation step was.

Changes in manuscript:
Sections 3.3 and 3.4: pp. 12-20

3.3 Estimating CBH in the ASI network (ORDER OF §

CTIONS 3.3 AND 3.4 WAS EXCHANGED).

“Fhe-estimution-procedure-presented-here-is-motivated-by- In Lhis section we present our method to combine the measurements

of CBH from a large number ASl-pairs organized as network. Prior works estimated CBH by a small number of two or

in some cases four ASIs (Nouri et al., 2019a
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the CBH which is most likely to be present. The characteristics of each ASI-pair are in the following described by conditional

probability distributions, which will by retrieved in Sect. 3.4, These distributions provide the probability of receiving a certain
CBH reading from an ASI-

air, given that actually a specific reference CBH is present. Qur estimation procedure then uses

principles from Maximum Likelihood Estimation (MLE) —Figureand modifies them for the specific case. To the best of our
knowledge, the usage of 4 statistical method and in particular one relying on conditional probability distributions is novel to

the task of estimating CBH from the observations of a multitude of ASIs.

To give an overview, Fig. 5 shows the inference process used to estimate CBH by the network based on the 42 CBH readings

provided by the individual ASI-pairs. For each range i of camera distance, eonditional-probabiitesestimuated-in Secl. 3.4,

conditional sbabilities are translated into the likelihood that

actually certain values of (reference) CBH are present (step 1) based on the readings of CBH received for-from ASI-pairs in
this range i of camera distance. After calculating the cumulative likelihood for each range of camera distance (step 2), these are
combined yielding the overall cumulative and complementary cumulative likelihood from all A54s-AS|-pairs (step 3). Finally,
the value of CBH which is most likely to be present at the site and at the evaluated time. given the readings from all involved
ASl-pairs, is estimated (step 4). These steps are explained-presented in more detail in the following.

Step 1: For each ASI-pair, the median value ol all valid CBH readings of the previous 1() min is calculated. If an ASI-pair
does not provide any valid CBH within this period, it is excluded from the prediction for the instance in time evaluated. The
ranges of camera distance 1...2.5 km and 3...4 km are represented by a larger number of ASI-pairs than the remaining distances.

Fe-Thus, the readings of ASl-pairs in these ranges of camera distance ma vail in the estimation of CBH. As the variety

of camera distances is considered Lo bring 4 benefit 1o the procedure, we inlend Lo represent all camera distances as uniformly
as possibler, For this, we define ranges of camera d.ismnceum-dﬁﬁned—ﬂ,husing the range limits {U.Fj, 1. 1.5,,.,,6} kmaﬁd-—,__‘CBH

readings of all ASI-pairs with camera distance in range i are averaged to yield CBH;. Consecutively. the conditional probability
FPLEBHAH-P(CBH, | hipye ) is evaluated that the found CBH; would be received for a given true CBH #-/1,.,,. (red marked
box prior to step 1 in Fig. 5). Note that £Z{CBH |- was-P(CBH, | By ) will be modeled in Sect. 3.4 measuring CBH hg, ¢
by a ceilometer which previded-hprs#provides hp r =2 by . Thus, the likelihood £:464-L;(hy, . ) is obtained (Fig. 5,
output of step 1):

Li(Bhiyue ) = P(CBH; | Bhgrye). (1)

Step 2: Bikelihood-++-We define cumulative likelihood C;(hy.) as the likelihood of receiving the present reading CBH,

given that fi. s smaller or equal to an estimation of true CBH Fispue. Accordin ly in _the implementation, likelihood is
summed cumulatively over all bins of reference CBH #-te-definecumulative likelthood-h, . (Fig. 5, step 2):

lh'l'.n.lr Zg\ {7 . p‘,“ &fahtrm} 2)

Likewise. a complementary cumulative likelihood is defined

=Y Li(6)

0=
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as the likelihood of receiving the present reading CBH; given that k.. is greater than an estimation of true g&ﬂf{m

C:(ﬁf.ruk:} = Z ﬁi{hiruc;}‘ (3)

Rerue }ﬁu\m:
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H-is-muinly—the-In particular, the use of these cumulative functions thet-and the estimation of likelihood functions from

measurement data distinguishes the present approach from a regular Maximum-Likelihood-Estimation (MLE). This modi-
likelihvod functions here sre-will be estimated based on empirical conditional probabilities. These approximated likelihood-
functions, derived from a dataset of finite size, may therefore be less smooth and may not be completely representnble:
‘ted that the method still works robustly if the conditional

Egpresentalive. When using cumulative distributions, it 1s ex

range of CBH is appropriate. In spite of the modification, the presented approach may adopt beneficial properties of MLE:
The use of appropriate conditional probabilities (deseribeddetermined in Sect. 3.4) reduces systematic deviations of estimated

CBH compared 1o the measurement of a single ASI-pair. Moreover. applied conditional probabilities are in general not specific
to the studied site and its meteorological conditions which allows to apply the method at other sites. Whentsinseumulative

C—,H;‘-)—B(llh functions C;(h and C, (R we) are shown for three exemplary intervals of camera distance in Fig. 5 as output
of step 2.

Step 3: FhenuturaHogarithmis therrapphied- oG -and-summed-overat-We aim to determine the likelihood of receiving
the combination of readings CBH, from all the intervals i of camera distance te-yield-the-given (hat heue < B, This can be

from all intervals 1. As this product would often become zero in our numerical treatment, we

instead calculate its natural logarithm, which we refer to as overall logarithmized cumulative likelihood lgng

operation also allows to replace the product by a sum (Fig. 5, step 3)es : +CBH;
log Cr(higue) = ) logCilherue)- “)

Analogously, an overall complementary logarithmized cumulative likelihood is computed given all readings CBH; per interval

 of camera distance

log C,—.(hm) = Zlugé,(ﬁm}. (5)
Both functions are visualized exemplarily as output of step 3 in Fig. 5. in-theory-the methodconld-do-without- the-apphestion
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Step 4: Fhedefi-hund—sides—inHg—und-Eq—log i and log C, (h are only known at discrete points. Linear
interpolation yields continuous representations of these. Arestimutionroi-the—tikehest-aetu-CBHFrmmmrmriselected—for
given combination of CBH,. In our formulation of the problem, this means we intend (0 find a hyikerice which simultancously

are equal (Fig. 5, step 4):
E&Iikﬂ“f!ﬂt = ?lr?,min[;f,hm IUI{ Cﬂ(ﬁm) ]("P; C"{f]m} - (6)

Besides this estimation of CBH, a version of this procedure will be discussed that includes further refinements (in the

following referred to as refined estimation). Fhe-refinementismotivated-by-thefindingthatsome-As a first observation from

the generation of conditional probabilities, ASI-puirs are-sireudy-neeurute-H-setuutly-u-ceriminrange-of CBH-iv-presentas-we

s-with camera distance greater

than 4.5 km ss—these-ASt-pairs—cause large deviations for CBH < 4 km and
moderate advantage at greater CBH. 2 t

; i texhibit only a

SRR SRR TEFINe =

2 £ These ASl-pairs are excluded from the refined
i : fatesmall camera
sted conditional probabilities

exemplarily viewed

estimation of fipp0i... On the other hand, ASI-pairs with +
distance are already accurate if only small CBH occur, as we will discuss in Sect. 4. We insj

of the ASI-pairs

as input to step 1 in Fig. 5) ~Fhisund identified the ASl-pairs which are most appropriate for an interval of CBH. Based on

this, the refined estimation is

it-is-upphiedreceived from the arithmetic average of CBH measured by ASl-pairs with corresponding small camera distance

if the first iteration of hyiperies; vielded a sufficiently small CBH. In summary, the refinement procedure to receive the final
estimation of CBH #—wmreads-h,, g g reads

h{ikr.‘!‘x’cat; h!ikcix’cst Clgtlz] km
O fined § min(3 km, mean(hie fi)d, < 1.6 km) ) )s Riiketiest < 3 km Amean(Pica1a,<1.6 kmy) > 1.5 km (7

min(1.5 km, mean(fic fija, <12 km}))s  Piiketiest < 3 km Amean(he (514, 1.6 km) ) < 1.5 km.

3.4 Estimation of conditional probabilities of CBH (ORDER OF SECTIONS 3.3 AND 3.4 WAS EXCHANGED)

The procedure to combine CBH-measurements from independent ASI-pairs, which are organized as a network, requires knowl-

edge of the (conditional) probability to receive a certain reading of CBH from an ASI-pair given the true CBH takes on some

specific value. The quired
distribution aims to answer the following question: I true CBH ranges in between 1.8...1.9 km, how large will be the probabil-
ity that an ASI-pair with camera distance 2.2 km delivers a certain CBH e.g. within ()...0.1 km or 1.8...1.9 km or 11.9...12 km?

In the following, these conditional probabilities are estimated not only for the range of true CBH between 1.8...1.9 km but

16
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for each range {0...0.1,0.1...0.2,0.2...0.3,...,11.9...12} km of true CBH. Conditional probability distributions of this kind are

not available so far for ASI-pairs. Therefore, we aim o a ximate them from the measurement data of a modelling period.

Estimations of CBH from the available ASI-pairs and measurements from the ceilometer during the period 01 April 2019 to

the trainin riod is representative of the period to which the method is applied. However, we expect that the method works
best if the included ASE-pairs exhibit a similar distribution of measurement deviations given the same reference CBH in both
lit reasonable. The summer

riods. For solar applications and the latitude of this study, we consider the used dataset and its s

and shoulder months provide the main share of the annual solar yield at the site and are therefore in the focus of the nowcasting

systermn under development, In that sense, the training dataset is considered 10 be for the large part representative of conditions
relevant 1o solar a

lications at sirnilar latitudes.

The seven ASIs available in the urban area are arranged into 42 ASl-pairs. Each tuple of two ASIs, that is selected [rom the
set of seven ASIs, yields 2 independent ASI-pairs by swapping the ASI used as main camera (see Sect. 3.1).

The procedure is developed based on periods in which valid measurements from ceilometer and the respective ASI-pair are
available and in which the variability of CBH is moderate: For each time stamp a window of 30 min centered at this time
stamp is defined. A time stamp is only included if standard deviation of reference CBH within the window is less than 30%
of the mean value of reference CBH within the same window. As discussed before. ASI-pairs and ceilometer measure CBH
as spatial median and point-wise respectively. Therefore, this filter intends to assure that ceilometer and ASI-pair measure
CBH of the same layer. CBH from the respective ASI-pair and from the ceilometer are processed by a moving-median filter
with a window of 10 min. The joint frequency distribution of CBH measured by ceilometer A, 5 and the respective ASI-pair
fiasy 1s computed from these simultaneously acquired time series. M&my%&m

side lengths AR Then the frequency is calculated with which (hp.s,hazsr) is observed in adiseretegrid-cell-defined-by-the
} + = } Db oy L v Mﬁ
discrete grid cells. A bin size Ak = 100 m is chosen in a trade-off between sources of error. Finer bins will allow to represent

the distributions at higher resolution and will thus allow for higher resolved measurements of CBH in the network. However.
the size of the used data set is limited which makes it difficult to model these distributions at highest resolution. The bin size

chosen here is expected to limit the achievable uncertainty of the measurement (o a minimum level of 100 m. Jeintfrequency

Joint frequency distributions were inspected and found to be well reproduced among the studied independent ASI-pairs,
if only the corresponding camera distances are similar. This meets the expectation from literature discussed in Sect. 3.1.
Moreover, we conclude that the distibutions modeled here will be transferable to other setups that use camera distances in the
studied range. Local climate is expected to influence the transferability to a minor extentaswitb-be-diseussed-duterTofurther

The limited size and representativeness of the data set used in model development are expected to cause random features in
the joint Irequency distributions which are not useful Lo the estimation procedure. when it is applied (o other setups, sites and

17
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times —we-aH-l-Supy (such as represented by the validation data set). To suppress such random features of received joint

frequency distributions:

—, we introduce a filterin sedure with tlwo consecutive steps
rocedure are i

tlter

described here und in more detail in Appendix A. The
arison of unfiltered and filtered distributions, evaluating the degree to which noise but also

arameler values set in the filterin ximate o this

point and are based on 4 visual co

reasonable features were suppressed. The parameters values may be optimized in a future study.

First, a weighted mean filter is applied between the original joint frequency distributions f—+reeeived-fromruttreceived for
ASl-pairs with arbitraryeamentdistaneed-

Ej Wy Fnl
F‘E.f{ltcr : ET
il “i,m

"+ = T

As discussed above, ASI-pairs with similar camera distance —More-precisely-a-trangularwindow-based-on-the differenceof

T

W) = mar(0,1 — Ad; ,, /0.5 km).

Fhem-ure_expectled to perform similarly in the measurement of CBH and should conseguently also exhibit similar joint

_Mish‘ibﬂtiuns of CBH. Thus, the filter aims to suppress differences between the joint distributions of
ASI-pairs which may result from disturbances in the estimation rather than from a difference in the systems’ characteristics.

To each filtered distribution resulting from the prior step, a composite of three Gaussian filters is appliedto~ ot
euehAd-pairt. We first decompose each distribution #r—mr=—by conditional filters into three separate modes—tthesecond
we apply to-each-mode-a Gaussian filler g—with-distinet-standard-deviationrmrt10 each mode. The standard deviation of
the Gaussian kerret—Thesubserptyode WW%WMMWFMM
corresponds qualitatively to the uncertainty with which the prior joint frequency distribution i estimated within grid cells of
that mode. Consecutively. the three filtered modes are summed (o receive the smoothened joint frequency distribution.

The first mode is constituted by t - TS S i St ET - —p o ref-grid
cells for which the ASI-pair based measurement of CBH #rs7-deviates by more than 1.5 km from the ceilometer readingfrrrr+

Fi piter 1 (hrep.hast), |hasr = hpep| > 1.5 km
F‘E.nuthu.‘r{h!?u'_frh,’\ﬁ'f) .
a, else.

joint frequency distribution will be estimated less precisely for the respective grid cells. On the other hand, apart from such
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scattering effects, the joint frequency %

fiter-distributions are found to be comparably smooth in the grid cells of this mode. A Gaussian filter with a large standard

deviation of 1km is applied to this mode wsine—rmmm—+er—which is considered 10 be apt to preserve the expected
distribution while suppressing random features.

The second mode is constituted by grid cells thatsre-notpartefthe-hrstmodeand-for which the ASI-pair based measurement
of CBH deviates by less than 1.5 km from the ceilometer reading and which feature a joint frequency fess—than-the-average
ever-below the average of all grid cellsofthejointrequeneydistribution:

F fitter 1{htreg has)y  |hasr —hpges| < 15 km
F‘f.imtonftdt'm (h-Hr:_r'- hasi }' — A ‘Fﬂ._flih'r I[th'f § flf.A_l,";} < mean( F:[._,flff.(.'r 1 }

0, else.

Fhe-. These grid cells typically exhibit a larger joint frequency, i.e. more ohservations, than grid cells in the first mode. Stll
the comparably small number of observations in these grid cells is expected to cause an increased uncertainty of the estimated
joint frequencies. Feorthis-moder s — -k C

onsequently in a trade-off between suj ssing random scallerin

The third mode F—srr=rtHtmmr—fr=rrmakes up the complementary of the first and second mode. It contains grid cells
that are observed with an at least average joint frequency and which are not classified as outliers=
Fijitter 1(hper. fiast), |hasr —hpey| <1.5km
E.<':najld<':5t(h!£<'f: Ihﬂ.."‘-! )= A F:[,jluﬂ- |{hnr:_|r.fl_-]5‘,l Ji Illf.?éul[F[I_ng,-,- 1)

0, else.

. Joint frequencies in these grid cells are considered to have-be estimated with a comparably high accuracy. To avoid a loss
of precision and ultimately a loss of accuracy in the estimation of CBH. a smat-vatueof-mmrrmmr—t-en-Gaussian filler

with a standard deviation of (1.1 ki is used. Fhethreefilered- modesgaresummedtorecetve the smoothenedjointfregqueney
kit

F‘i._.fllh‘r =G ilic {FI_-MHJN'] t .';I'r!..“._.m!"_,.\_", ( F‘Lam‘nr:jid::ul) t .f}'ﬂ__,,,_r“,,.,_,[ﬁ.m‘u:j:du'nt]-

Hence, only neighboring grid cells have a significant influence on this filter,
In many joint frequency distributions, there are grid cells with joint frequency close to zero. Especially for these grid cells, a

greater dutsser-data set would be required to receive more representative values. For all grid cells, joint frequency is increased
to a minimum value of (1.5 to avoid underestimations of joint frequency. This value corresponds to hall of the joint frequency

associated with a single actual observation in a grid-cell. For the estimation procedure of CBH, thissuch a minimum value

leads to slightly reduced precision for most readings but increased robustness in the case that these grid cells (hp.r.hasy) are

indeed observed in the measurement.
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Finuly-Finally, from each joint frequency distributionis

ancHo-comeidentally mensure seertun CBH-with- the celometertsvielded—The-, the conditional probability P(hasr | hrer)
to receive a certain CBH reading from an ASl-pair, given that the ceilometler measures some certain CBH, is edenlated-by

ALY R " s, Lok 1% ai B 4 by
¥ FHE-F ve-Pr Hy—F

ik Ledici
s Byt E-FREFE RS- S DU

thizit o 4B b b vl Fre-tan

=

g
i

o

i
e

listribution—sives-the-probubility to-receive-CBH-from-the ceil ithi is-bint surdless-of-which-CBH
dists sivesthe-probabilit y-to-receive CBH from-the eterwithin-u—certain-bin iy —resurdless

theeetometer—derived (see Appendix A for a more detailed description).
Ll 1 O - h : L Y O . TP | r .I"BH }‘“"“11.. :'

Hhrerence-p origP-r-rer-eati-raRse--or it PrHe et FRe

:, N : 1 u"ﬂ‘l 1k 1 ey ell o I aleds I [T i 1

o-thensummmed over-al ranues ol camer wrehdipgoveratcumulaiiveand vony v

ctmtshtive tthehtood-Step+-The 4 thrrof-Both-fuiciomr-sives-theestitsied-Hkehest-€ B H:

The inference procedure, which #-was introduced in Sect. 3.3, represents each range ¢ of camera distance bounded by
the limits {0.5,1,1.5,...,6} km by a single distribution of conditional probability. For each range of camera distance, the
distribution of conditional probability, which corresponds to the camera distance closest o the center of this range, is selected

Shorexample cdorthe range - — 2
E o po=-dye

provided in Appendix A). Figure 5 (above Step 1) shows exemplary conditional probabilities for three ASI-pairs with camera
distances (1.8, 2.2, 5.7 km representing the ranges of camera distance £ = 1, 4, 11 respectively. Thefurthercontentof-Fie—5

rexphiinedn-the-rext-seetionBIAS and precision, with which ASI pairs of distinct camera distances measure CBH, given a

following, based on a separate validation data sel.

Appendix A, pp. 35-37:

880

830

Appendix A: Details on the retrieval of conditional probabilities

Al Retrieval of raw joint frequency distributions

-median filter with a window of 10 min.

The joint frequency distribution of CBH measured by ceilometer hp, ¢ and the respective ASI-pair h 4o is computed from

is observed in

a discrete grid cell defined by the interval [jAh, (j + 1)Ah for hpy and the interval [kAh, (k 4 AR for hass. where
LEkef0.1.2, .. . N — 1}, where N is the number of bins used for CBH in the analysis. A bin size Ah = 100 m is chosen in a
trade-ofl between sources of error. Finer bins will allow to represent the distributions at higher resolution and will thus allow for

bighermesolved meannements of CiiLindhe sotaoek. However, the aize of fhe userd dats setis lienited wrhichomakes i sithondt

e,

to model these distributions at_highest resolution. The bin size chosen here is expected 1o limit the achievable uncertainty of

of 12 km. This yields N = 12().
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A2 Filtering operations applied

First. a weighted mean filter is applied between original joint frequency distributions Fj received from all ASl-pairs with
ields F

camera distance d, this

2 Wt
Zm Wi m

R,flh‘.l:r 1— (AI)

For the joint frequency distribution £} of each respective ASl-pair [, weights a .. are used that include ASI-pairs with similar

camera distance. More precisel

. a trangular window, based on the difference of camera distance Ad

compared 1o ASI-pair [, is used that is defined b

W = maz(0,1 — Adj 5, /0.5 km). (A2)
We decompose each distribution F) .1 by conditional lilters into three separate modes. In the second step, we apply to

each mode a Gaussian filter g, with distinet standard deviation 7, of the Gaussian kernel. The subscript mode indicates the

cific mode for which o, . is applied. The first mode is constituted by all outlier observations. Outliers are defined here

as grid cells (hpes b for which ASI-pair measurement of CBH b 455 deviates by more than 1.5 km from the ceilometer
reading figez:

. ) Furieer 1(hgesshast),  [hasr — hpeg| > 1.5 km
Flouttier(Rpef hast) = muad = A : i

o else.

Such outliers will contain a large random component. We expect that in a reproduction of the experiment, a similar number of
outliers will be received, while the joint frequency found for a single grid cell (hg.z. 1 may vary significantly. Therefore

The second mode is constituted by grid cells that are not part of the first mode and feature a joint frequency less than the
average over all grid cells of the joint frequency distribution:

Fi pitter 1(hreg.hasr), |hasr—hrep| <1.5km
F‘Linnm’lfidr:nt{h.ﬂcf:h;lSJ') = A Fg‘_ﬁjgrr 1[th__f,h,1_§'f) < m(cim(ﬂ‘;,;g.-,- 1) (A4)

i, else.

The comparably small number of observations in these grid cells is expected to cause an increased uncertainty of the estimated
= 0.5 km is applied.

joint frequencies. For this mode, a5




915  that are observed with an at least average joint frequency and which are not classified as outliers:

Fisitter 1(RRep hast)y  |hasr — higer| < 1.5 km

E.C(ﬂlfldrl?!('&Rﬂf'h'ﬂsf) = A FL_{,“,:, ](h.r(nf.hﬁs';) = ]D(‘.ﬂﬂtf“lf.un,— 1.] (A5)
0, else.
Joint_frequencies in these grid cells are considered to have a comparably high accuracy. To avoid a loss of precision and

920 F‘L_.hif.r:v' . .qrr_,"““.,.{-PI.mlihrr' 1+ _0‘.:(.‘.._..,.;,4“,., {.F{.ancnﬂ_fidr:ntj b 9 o pident [ H:Ctlflfidrllklj- ‘A6)

e i,

For all grid cells. joint frequency

value is chosen to be half of the joint frequency associated with a single actual observation in a grid-cell.
Back joint frequency distrilition i3 noowalized with the 00 of all joln fnapency. gid 2olls. I this wity, A probalulity infss

925 to coincidentally measure a certain CBH with the ceilometer is yielded. The conditional probability P(hagy | hg. ¢) to receive

930 summing all grid cells of the probability mass function which correspond to the respective bin hig, ¢ of CBH measured by the

A3 Repriseniation of Iorvali of eamexs distnie

,1,1.5,....6} km by a single

The inference procedure represents each range i of camera distance bounded by the limits {0.5
_camera distance, the distribution of conditional probability, which
935 corresponds to the camera distance closest to the center of this range, is selected. For example. for the range i = 2 representing

Major comment 2
Reviewer:

A similar comment goes also for the discussion part: It should be made much more concise, focusing
on key results. Moreover, the stated aim of the proposed method is to assist nowcasting, and thus
the authors should add an evaluation of the single measurement accuracy of the network. l.e. if the
network outputs a CBH value of h, what is the uncertainty of this estimate? It is good that the
network shows small overall biases in a three month period, but it wouldn’t be of much use if the
correct CBHs were measured at the wrong times.

Authors’ response:



We reworked the validation part strongly, intending most of all to focus on the key results. Still, we
also needed to add passages at some points as further discussions or clarifications were suggested by
the reviewers.

As suggested, we included an additional subsection which evaluates the accuracy of an ASI-pair and
of the ASI network for the nowcasting application as suggested above. We agree with the reviewer
that this is an interesting aspect, which attests a certain advantage of the ASI network for this
application.

In particular, we made the following larger changes to the discussion part (Sect. 4):

- The behavior of the ASI network during mostly clear periods has been detailed and described
more precisely.

- The discussion of exemplary time series of CBH has been limited to a single day. Descriptions
and visualizations of 06 August 2019 have been moved to Appendix B.

- Togive the reader a faster overview of the results (and also based on Reviewer Comment 1,
Minor Comment 7) scatter-density plots have been enhanced to include performance
metrics and quantiles

- Discussion of minimum CBH has been condensed and has been placed in Sect. 4.2.1 also
relating it to the expectation from geometry.

- Sect 4.3, evaluating accuracy in a nowcasting context, was added

- Based on Reviewer Comment 1, General comment 3, we described which portion of the
validation data set was filtered out

- Based on Reviewer Comment 1, General comment 7, we discussed the relationship between
the accuracy of CBH and the resolution of irradiance maps created by a nowcasting
procedure.

- We merged the prior “Sect. 4.4” with the present Sect. 4.4, intending to shorten discussions
as far as possible.

We hope to have found a reasonable trade-off regarding the length of this section. As another
measure to shorten the discussion part, Sect. 4.1, which analyzes time series of CBH from the
different sources, could still be moved to the Appendix. This section is majorly intended to give the
reader concrete examples of the effects discussed thereafter by statistical tools.

Changes in manuscript:

pp. 20-34
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4 Validation of CBH measurement by the ASI network and comparison to CBH measurements by the ASI-pairs

In this section, the accuracy of CBH measurement by the ASI network and by 42 independent ASI-pairs set up al a wide

variety of camera distances and alignments is compared. This section is based on a validation data set including the days

from 30 June 2019 to 27 September 2019. This dataset was excluded from the model development described in Sect. 3. The

analyzed quantity is 10 min-median CBH. F

20
Range 2-ASl-based - ASl-pair CLO-FLE - Ceilometer_
+  ASl-pair DON-MAR »  ASl-network
=
= j
=
o 8 7
2
& 6
@
o 4 i |
3 2
o
| @) 0 1 | L I I
06:00 08:00 10:00 12:00 14:00 16:00 18:00
Date, time [UTC+0] Sep 02, 2019
Figure 6. Time series of cloud base height for twe-an exemplary days-day (02 Sepiember 2019) | ed by 42 ASl-pairs (grey filled), by

two exemplary ASI-pairs DON-MAR and CLO-FLE with respective camera distances (1.8 and 4.2 ki, by the ASI network with refinements

and by a ceilometer in the urban arca of Oldenburg.

540

First, characteristics of CBH-measurements from the ASI network and from individual ASI-pairs are compared to the CBH-

measurement of the reference ceilometer based on insightful days. Then, the evineid HEBH-—measured-measurements
of CBH by ASI network and ASl-pairs with-EBH-measured-by—thecetometer—is-unulyzed-are compared 1o the one of the
ceilometer by scatter-density plots. Subsequently, EBH-derived-by-the networkand-by at-individuat-AShpairsare validated
sguinstthe cettometer by RMSBandBiASthe accuracy of an ASl-pair and of the ASI network are analyzed for the application
of nowcasting of solar irradiance. Finally, these deviation-metrionreeeived-deviation metrics of CBH received from the network
and from all individual ASI-pairs per interval of CBH are discussed.

4.1 Comparison of CBH measurements for twe-an exemplary daysday

Figtrefrbottorm-We _first analyze the properties of the different procedures to measure CBH based on exemplary situations.
Fig. 6 visualizes time series of CBH for a variable day (02 September 2019) measured by ceilometer, by all available ASI-
pairs and by the ASI network. The time series of two exemplary ASI-pairs DON-MAR and CLO-FLE with respective camera
distances 0.8 and 4.2 km are plotted. The range of CBH-readings covered by all available ASI-pairs is shaded grey in the

figure. s TS yer-whiehis . . r 5 : ¥
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Figure 7. Sky images taken by ASI UOL representing shti-cloudiaversituationsa multi-cloud-layer situation on

tefirand-on-02 September 2019 7:20 (eenterleft) and an almost clear-sky situation on 02 September 2019 17:00 (right) respectively.

In the morning (06:00). both ceilometer and the ASI network recognize adequately a high cloud layer. The ASI-pairs with
valid measurements deliver similar estimations of CBH. Around £07:004, the ceilometer still recognizes the high layer whereas
many ASI-pairs as well as the ASI network recognize the approaching cumulus clouds. These already cover a significant
fraction of the sky in the urban area (compare Fig. 7. eesterleft). The CBH estimation approach tends to react stronger (o
clouds in this area of the sky in which contrasts are typically pronounced. Around 10:20 a multilayer situation is present. In the
whole sky dome cumulus clouds are visible but a large fraction of the cloud cover is made up by the cirrus layer. Around this
time the measurements of ceilometer and ASI network coincide well. All ASI-pairs recognize a rather low cloud layer while
there are periods in which the ceilometer recognizes the cirrus layer. All of the ASI-based CBH estimations react stronger to
the low layer and miss the high layer clouds. These two situations impress well why the ASI-based estimations of CBH are less
accurate for higher clouds and tend to be negatively biased. On the other hand, for low clouds a high accuracy of the combined
CBH estimation is demonstrated.

Meanwhile, it is visible that, for low clouds, many ASI-pairs such as ASl-pair CLO-FLE., tend to overestimate CBH. In these
conditions, the ASI network manages well to follow appropriate estimations.

Around 17:00, a nearly clear sky is visible (compare Fig. 7, right). Consequently. the ceilometer does not provide any valid

CBH. The ASI-pairs provide a CBH that scatters over a wide range, while the ASI network provides s EBHthat-isassumedto-be

remsoubte—thean intermediale CBH, A similar reading of CBH is also recognized by a fraction of the ASL-pairs. From around

sing step detects the absence of clouds. This step is not part of the
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The time series of CBH from DON-MAR and CLO-FLE demonstrate the properties of ASI-pairs with respectively small
and large camera distance. DON-MAR is typically close to the reference CBH il it actually takes on a value below 4 km (e.g.
02 September 2019 9:00...13:00) while this ASI-pair tends to take on large deviations and a negative BIAS for larger CBH
(e.g. 02 September 2019 6:00...9:00). ASI-pair CLO-FLE typically misses the CBH of low clouds and provides a significantly
overestimated CBH (e.g. 02 September 2019 9:00...13:00). For high clouds, however, CBH measured by CLO-FLE often

coincides well with the reference. FEE; 5 5 £ : y 2 55
. : —H2 S -00--0:005—To give further insight, in Appendix B2, timeseries of CBH

from the different sources are compared for another exemplary day.

4.2  Comparison of CBH measurements by relative frequencies

In-the-following-devistions-found-for-two-Deviations found for the exemplary ASI-pairs DON-MAR and UOL-HOL with
camera Mm and Mx’eﬂ’:&fm the ASI network, WWM& the refinements
described in Sect. 3.3, are now analyzed with the help of scatter-density plots provided in Fig. 8. The plots visualize the
refative frequency of CBH measured by the respective ASI-based systems given a« CBH measured by ceilometer. Thus, relative
frequencies in each of the columns add to one. The plots also include the median (red dotted), limits 1o the interquartile range
(IQR. red dashed) and 5 reentiles (red solid line) based on floating 1000 m-bins of CBH from the ceilometer. Each
of the subplots further indicates performance metrics of the individual systems: Root mean squared deviation (RMSD). BIAS

421 ASkpairs

The readings of ASI-pair DON-MAR, (Fig. 8 upper row. left) . - Sk -
EBHreadingy—AdditionatyEBH-from-the-are well aligned with the main diagonal up o a reference CBH of around 4 km. As

reference CBH increases further, the ASI-pair increasingly underestimates CBH. indicated e.g. by the median, On the contra

ASI-pair UOL-HOL (Fig. 8 upper row, right), overestimates CBH massively if reference CBH decreases below 3 km. Whereas
based on the median-value, its readings are well aligned with the reference at larger CBH.
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Figure 8. Relative frequency of ASI-based CBH estimation for given CBH [rom ceilometer—. Evaluation for two of the ASI-pairs DON-
MAR (upper row, left) and UOL-HOL (upper row, right) with respective camera distances of 0.8 and 5.7 km, and from the ASI network

without (bottom row, left) and with refinements (bottom row, right). Relative frequency in each column adds up to 1. Additionally, median
red dashed) and .")—,Siﬁ—xpcrccmilc:-; (red solid line) based on foatin

W dotted), limits to the interquartile range (IQR,
1000 m-bins of CBH from ceilometer are plotied.

Both ASLpairs exhibit a strong scattering of the measurements, clearly visible from the wide spread of the quartiles as well

whereas

as of the 5. 95 —percentiles. In agreement with the prior finding, DON-MAR is rather precise at low CBH (< 3 km
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fenture-irinpartulsoseenfor the- ASretworktFie—8-bottomrowilow CBH, when the ceilometer measures CBH in the range
3...12 km. In this range, the 5-percentile of ASl-based CBH increases only slightly with reference CBH and comparably large
relative frequencies are found close to the H-percentile. As discussed beferein Sect. 4.1, this can a-partresult from low cloud
layers which are actually present in the ASI-pairs’ field of view but not at the ceilometer’s location. Fowardshighreadingsof
CBH-measured-by S -puir-
ualitatively, the effects seen meet the expectation from the literature (Nouri et al., 2019a; KW Nguyen and Kleis:

sted o be less accurate for small CBH values and are expected to exhibit

e e

a larger minimum CBH. below which no physically meaningful readings are received. From the geometric considerations in

Sect. 3.1, a minimum CBH of about (.18 x d was expected. Where d is the camera distance. For UOL-HOL, whieh-has—a

larger minimum CBH of about 2 km is evident. If reference CBH is smaller than 2 ki, the ASI-pair yields measurements of
CBH which scatter randomly around a

from-Adsh-pairand-cettometertsseencmedian value of 4 km, This behavior can be explained as the matching procedure fails if
attern are matched which are located at a larger zenith angle than a maximum value. Conseguently, random [eatures observed
which

under a zenith angle smaller than the maximum value are often matched erroneous! ields a oo large estimation of

CBH. Similarly for DON-MAR a minimum CBH of around 0.3 km is suggested.
Fhe-messtrement of CEH by the ASTretwork-without refinementstsshownin- Overall, the ASI-pairs are characterized by a

minimum CBH in the range of 0.32 x d. As described above, this suggests that the matchin

rocedure of the ASI-pairs almost

always fails if matched windows cover zenith angles larger than 67°. Further, also for reference CBH close to this minimum

CBH, the ASI-pairs yield increased deviations, e.g. below 0.5 km and 3 km for DON-MAR and UOL-HOL.

422 ASI network

Based on Fig. 8 bottom row, left—Fhe-medus-oftherelative frequeney-distributions—s-, Lhe ASL-network without refinements

succeeds to combine the preferred rties of ASI-pairs with distinct camera distances. The median values of the ASI

network are well aligned with the main diagonal for mostreferenee~EBH-a reference CBH in the range (1.5...10 km. As
indicated by the guartiles, the ASI network’s precision is similar to that of an ASI-

air with small camera distance, such as

Lmemd&ﬁgﬁ%ﬂﬂk Addittonaty-outiers-are-desy-Frequent-uid-oecurwith Herdevistions cormy Frertdn
A -puirsdis Hhetore—The-AdHrretwork i 4 HEBH-o-more-thurrH- - HrosC BHisurderestimuted
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In the range of reference CBH = 10 km, the ASI network constantly returns CBH of around 10 km. In the studied cli-

, reference CBH in this range are comparably

see Fig. 4). Therefore, corresponding grid
cells of the conditional probability distributions, used by the estimation procedure, were approximated coarsely based on a
viations resulting from these inaccuracies and yiehds-thus o yield a more conservative but-in-this—ease-biased-estimationof
EBHesumation, However, this a ach also su

sses the estimation of extreme CBH readings, which causes a BIAS under

these conditions. For the analyzed site, deviations found in this range of CBH are of minor importance. Fortowvaluesof

For very low values of reference CBH (especially €8H—~<+t-temrpwith-CBH < 0.3 ki) the ASI network #-turge-share-of
e : 5 HrHef without refinements overestimates CBH drastically. None of

expect that

To improve shortcomings connected to conditions with ve:

applied. As indicated by Fig. 8 bottom row. right. these refinements significantly improve the ASI network’s performance for
reference CBH < 2 km. In this range, the ASI network behaves for the greatest part like ASI-pairs with-svery-smat-minimum

i DON-MAR

the statistics notably for reference

ificantly better than an individual ASI-pair,
.12 km should be covered. This is also indicated by the performance

Fvery-s ~MAR-DON. The refinements do not affect
CBH = 2 k., Overall, this evaluation indicates that the ASI network performs si
especially if the whole range of studied reference CBH 0.
metrics shown in Fig. 8.

4.3 CBH accuracy under nowcasting conditions

The procedure to estimate CBH. developed here. will be used as part of a nowcasting system. In this application, it is of special

interest Lo be aware at any time which accuracy can be expected from a specific reading provided by the procedure-fiivebeen
proposed-ASl-network. For this purpose, Fig. 9 shows the relative frequency of CBH measured by the ceilometer given a
specific ASl-based estimation of CBH. In each row, the frequencies add up to one, It should be noted, that the performance
indicated by this evaluation is more dependent on the local cloud conditions than the one in Sect. 33-With-these-uduptions-the
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Figure 9. Relative frequency of CBH from ceilometer for given ASl-based CBH estimation. Evaluation for ASl-pair DON-MAR (left) and
for the ASI network with refinements (right). Subplots (left right) are created analogously to Fig. 8 (top, lelt and boltom, right). However,

relative lrequencies add up to one in each row not column.

the systems which are best in class: AST-

air DON-MAR (Fig. 9. left) and the ASI-network with refinements (Fig. 9. right).

and 5., 95 percentiles (red solid line) based on floating 1000 m-bins of ASI-bused CBH.
Under most conditions included in Fig. 9, median and interquartile range indicate a good alignment of the CBH estimation

a notably increased precision of the ASI networkbehaves—for-. The range between the 5, 95 centiles is wide for both

systems. For a wide range of CBH-readings. 5% of the estimations of CBH may deviate by more than 4 km and 3 ki from
the ceilometer measurement in the case of the ASI-pair and the ASI network ctively. Still, this range is notably narrower

S

for the sreatestparttike-AS-pairs DON-MAR-snd MAR-DON-—Concurrently- the- ASI networkkeepsttsadvantazesoverthese

4.4 Comparison of CBH accuracy for a three-month data set
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Table 1. Frequency of measurements from the validation data set (period 30 June 2019 to 27 September 2019) per range of cloud base
height (CB3H) used in the evaluations described in Sect. 444 (retained) and frequency of those filtered from the evaluation due to increased

CBH range [km| NumberefobservattensObservations  Observations

retained rejected
0<CBH<1 11844 13255
1<CBH<2 14130 9120
2<CBH<4 9962 5923
1< CBH <R 5559 3570
8 < CBH < 12 4935 1355
®  ASl-pair ASI network raw
Mean of ASl-pairs AS| network refined
1
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Figure 10. RMSD (left) and BIAS (right) for five ranges of CBH received for all individual AS1-pairs (dots), for the ASI network without
(circles), with refinements (diamonds) and for a basic average of CBH measured by all ASl-pairs (horizontal line).

The statistical evaluations are now restricted to times in which the variability of CBH is small. More precisely, the standard
deviation of CBH within a window 15 min before and after the analyzed time is required 10 be less than 30% of mean CBH
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within the same window. As discussed above, the ASLpairs and the ASI network are expected to measure a spatial median

Accuracies of CBH measurement by ASI-pairs and ASI network are analyzed separately for five ranges ol reference CBH
defined by the bounds {0. 1. 2, 4. 8, 12} km. The number of CBH measurements included in this evaluation is given in Table 1

for each of these ranges. The interval bounds are spaced irregularly to correspond better to the distribution of CBH at the site

of CBH was detected for these observations. While a significant fraction of the readings is sorted out, the representation of the

SERLLSE e

CBH ranges remains widely comparable to the original data set (see Fig. 2. left). Only the range of lowest CBH < 1000 m is

represented by a notably smaller share of the validation data set.

4.4.1 Accuracy of the ASI network and ASI-pairs

Figure 10 compares RMSD (left) and BIAS (right) for CBH estimated by the ASI network, with (diamonds) and without
refinements (circles) described in Sect. 3.3, to the one estimated by all ASI-pairs (dots). Asimphed-by-the-findingsfrom Seet
42-the-finalresulis-from-the-ASHnetwork-provide-The AS] network with relinements provides measurements of CBH that are

the most accurate or al least among the most accurate ones for all conditions. In terms of RMSD the estimation from the ASI
network is the most accurate for the range of CBH € [1,8] kan (see Fig. 10 left). For CBH < 1 km it is slightly outperformed
by two ASI-pairs (DON-MAR, MAR-DON) as well as for CBH > 8 km by two other ASI-pairs (UOL-CLO, CLO-UOL). ASI
network-based measurement of CBH provides among the smallest BIAS for CBH < 8 km (see Fig. 10 right). The magnitude
of BIAS ranges constantly below 100 m. Only for CBH = 8 km the ASI network independently from applied corrections
yields a BIAS of roughly —1050 m that corresponds to the average BIAS of all used ASl-pairs for these conditions. This
deviation wastraced-baek-te-is probably related o situations in which the ASI-based messurementsof ChH-missing-hightayer
elonds-inthe presenceofHowlayercloudsin-Seet—-bestimation of CBH recognizes 4 low cloud layer whereas the ceilometer
EJ;;U ﬂWw%L%mThﬂmfm& this deviation 1s rather related to the different nature

of the measurements (spatial-median compared to point-wise).

T 1 o » ¥ o Siws gy A i it HarstHh e gy oo § ) 5 I. P jiie -_ _‘F’i‘gm_;_}'
also-providesdeviation-metriesreeeivedfromthe ASEaetworkund-The distance between the cameras used by an ASl-pair

and the reference ceilometer were considered as an influence on the accuracy of an ASl-pair. However, for the ASI-pairs

Studied, this distance to the validation site is not confirmed as 2

significant influence on received accuracy. This was expected in part from the AShretworkowithrefinementsare givenby

features, driven by area and optical thickness.
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seein-Ay shown in Fig, 10, without the refinements, in the range CBH < 1k 12 ASDpairs with camera distance up 1o
1.6 km perform better than the ASI network in terms of RMSD and BIASis—everlaid-bystrongseatterine—Thevaratonof
in Sect. 4.2, in this range of reference CBH the ASI network could be improved by ASI-pairs with even smaller camera distance.
The e TRy s e P e v bk U e i By ey revtied-or vatise wpire b e oo e v at e ;

etresbetween-the-varous—applied refinements improve the accuracy notably. Fi 10 includes the error metrics received
when simply averaging CBH measurements of all ASI-pairs. Firstlysporadielarseerrors-may-oecuronly tnsomeof The ASI
vides a si

735 network in both variants, with and without refinements. ificantly more accurate estimation of CBH in terms of

The individual ASl-pairs and also the ASLnetwork exibit an RMSD of more than 180 m for all ranges of CBH. Based
on this. we do not expect that the bin size of 100 m chosen for the distributions of conditional probability in Sect. 3.4 is

4 limiting factor to the accuracy of the

- PsCtins et A ASI-based estimation of CBH in this study. Meanwhile, the underlying ASI-pairs

Ll £ '] 1.
-ttt ferefence-tentihcter-afefot

considerations of Nouri et al. (2019b) and with the sun elevations occuring at the site, deviations in CBH may cause deviations

750 in the positions of cloud shadow edges of at least 100 m under favorable conditions for the ASI-pairs messure-EBH-otthe-most
e ehoud-tyerand also for the ASI-network. This deviation is much larger than the spatial resolution of these maps of

solar 1rradiance. For certain applications. e.g. o control solar power plants (Nouri et al.. 2020a4), it may still be advantageous

s of solar irradiance at a resolution finer than the uncertainty of cloud shadow edge positions, as the statistical

755 Bused-oithesetindmes-the-ASHrerwork bines-thefuvorable-propertiesolthetavolved

atial variability may still be captured in these maps.
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differen F ol ety Hie secuFacy in different ranges of CBH and compare these results those
of Kuhn et al. (2019) who studied the accuracy of ASI-pairs with camera distances in the range of (1.5...2.56 km. Figure 11

pro dewcd from the ASI network is-expected-toimprove further Hamaversge ChHover wrangeof

45 bi inprol deviations in CBH

Mkm—@%&%h}%emmyﬂ%ﬁeﬁﬁmmﬂ—byﬂnd ASI-pairs deereases-with-und distinguishes the | dl[c]"v\i

camera distance.
of-256dan—Additionathy—Metrics of the ASI network, with refinements, are given by horizontal lines. Kuhn et al. (2019)
analyzed the accuracy of CBH measurement svas-only-ansbyzed-for three ranges of CBH defined by the limits {0, 3, 8, 12} km.
We-notced-thuu-hnerclssiticatioror-CBHas-osed-Overall, in the present study yietdsr-more-instghts-for-smuh-CBH-—Fisure

Aeeordingly-both- RMSB-and-BIAS steadily-inerease-However, beginning at a camera distance of around 1.1 km and 2.5 km

respectively, BIAS increases linearly with camera distancessshows-inFig—H-for CBH-={0Hem-Evenforthe, Consequently
the same trend is visible for RMSD in these ranges of CBH. From the dﬂdl}_“.]\ in Sect. 4.2, this effect is L]ed.rljr connected Lo the

minimum CBH specific to an ASI-pairwi

the IHMMJMMMM&EM relutionship of LMMWWMMMM Minimum
EhHwE

For intermediate and large CBH (4...12 km) the AS ; + et —-Jemcorrelation of
variation of error metrics found between these syslems ma

indicate further influences of the setup on accuracy apart from

camera distance. On the other hand, the limited set of observations of high clouds may not be sufficiently representative to

identify the influence of camera distance in the presence of other disturbances present in this benchmark, such as low clouds

which may be present in spite of the applied filter.

Forintermedinte-and-arge- EBH-Overall, in the range of CBH > 4 km, increased camera distance slightly improves the
accuracy of CBH estimation. On average a reduction in RMSD of 500 m is suggested over the interval of studied camera
distances. No significant influence is noticed for BIAS. From Kuhn et al. (2019) the influence of camera distance on accuracy
was expected to be more significant in this range of CBH. Fhe-influence-of CBH-onaecursey-of the- measurement-eotneides
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Besideeamersdistaneethe-Further, the orientation of the esmers-ASI-pair’s axis to the present direction of cloud movement
was considered as an influence on accuracy in Kuhn et al. (2019). Based-on-that-study-ASI-pairs may measure CBH more
accurately if theireamera-the ASl-pair’s axis is aligned with the direction of cloud motion. Fe-study-this-effeetthe-The direction
of cloud motion was retrieved from ASI UOL as disenssed-described in Sect. 3.2 —Fhen-and the datasel was restricted-o-times
wrwhicheloudsmovediltered 10 timestamps with cloud motion from west to east. Accuracies of ASI-pairs with similar camera
distance but different orientation of the esmersaxisover-thedirectionof elovd-motion ASL-pair’s axis were compared. In this

comparison no correlation of by tarverthe directomobclosd motiomand socurae v entzed-—uccuracy and

the alignment of the ASI-pair’s axis over the direction of cloud motion was recognized.

Based on these findings we recommend to chose camera distance of a single ASI-pair. that is not part of an ASI net-

work, based on the smallest CBH (CBH,,.i,) which is of interest at a site. This consideration differs [rom previous studies
by Nguyen and Kleissl (2014) and Kuhn et al. (2019) which suggest, based on theoretical and experimental findings respec-
tively. to optimize camera distance for the most frequent or most relevant CBH. Our experimental results suggest that camera

distance of a single ASI-pair should if possible not be chosen larger than +4+EBH51.4 x CBH,,;,, and in no case larger

than 3 % CUBH ... For the meteorological conditions studied here, ASI-pairs with even smaller camera distances than 0.8 km

would be beneficial to cover the range CBH < (.5 km.

repe L =
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B2 Comparison of CBH measurements for another exemplary day

Fi

ure B2 shows CBH on 06 August 2019 again measured by ceilometer, by all available ASL-pairs and by the ASI network.
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Figure B3. Sky image taken by AS1 UOL representing a multi-cloudlayer situation on (6 August 2019 12:35
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Specific comment 1
Reviewer:

Line 85: Is the 3-month period enough to monitor all available conditions? What would be a
suggestion to other users about the range of conditions that needs to be captured for good training?



Authors’ response:

One idea of our method was that it should not be necessary to train the model based on a dataset
which represents the conditions during the operation or validation. The method should work best if
the ASI-pairs exhibit the same behavior at a given reference CBH during model development and
validation. l.e. distributions of conditional probabilities at a given reference CBH should be
comparable for both data sets.

Apart from that the data sets used for modeling and validation are both considered to be
gualitatively representative of the months which are of greatest interest to solar applications at the
studied latitude, as they may provide the greatest energy yield, based on sky conditions and sun
elevation.

Changes in manuscript:

p.17,11. 412-418:

Specific comment 2
Reviewer:

Line 108: “by arbitrary selecting a tuple of ASIs”. From the text, you seem to be selecting all possible
combinations of ASIs not only some arbitrary pairs. Moreover, | am not sure if tuple is the proper
name as, in my mind, a tuple could include more than2 objects. Consider rephrasing.

Authors’ response:

The description we used was misleading and should be understood as indicated by the reviewer. We
replaced the term by “iteratively”. Further we now pointed out in the same paragraph, that all 42
ASlI-pairs are considered for the estimation procedure.

Indeed, the term tuple is not precise. Throughout the text, tuples are intended to have only two
members. We replaced the term in general by “tuple of 2 ASIs”.



Changes in manuscript:

p.11.10:

10 In this study, the deviations of 42 ASI-pairs are studied in comparison to a ceilometer and characterized by camera distance.
The ASl-pairs are formed from seven ASIs and feature camera distances of 0.8...5.7 km. Each of the 21 ASt-tuples-tuples of
two ASls formed from seven ASls yields two independent ASI-pairs as the ASI used as main and auxiliary camera respectively

is swapped. Deviations found are compiled into conditional probabilities telling how probable it is to receive a certain reading

p.51.127-131:

For this study, these ASIs are arranged into several ASI-pairs as defined by arbitrardy-iteratively selecting a tuple of ASis
t#iwo ASls out of the 21 wples aresvaitablet-available and forming two independent ASI-pairs from each tuple by swapping
its main camera. The main camera of an ASl-pair 1s central to the measurement of CBH through an ASl-pair, described in

130 more detail in Sect. 3-43.1, and defines the center of the area for which CBH is estimated. From 21 ASt-mplestuples of 2 ASIs,
2 ASI+

42 ASl-pairs are received. All 4 airs are included in the estumation procedure. The paired cameras’ distance and the

orientation of the easmera-ASI-pair’s axis characterize the ASI-pairs. The orientation of sesmersan ASI-pair’s axis is defined
p. 6, caption of Fig. 6:

Figure 2. Frequency distribution of essessssis-the bearing angles of the ASl-pairs” axes in the set of available ASI-pairs (over north, left)
and of available camera distances (right) resulting when arranging the seven ASls in the urban arca into 42 AS1-pairs (from cach ASt-uple

2-AST-ple two different ASI-pairs result by swilching the main camera, counts of ASL-pairs with switched main camera are marked orange,

striped)

p.171. 419:

420  set of seven ASls, yields 2 independent ASI-pairs by swapping the ASI used as main camera (see Sect. 3.1).

Specific comment 3
Reviewer:

Line 111: “Camera axis”. Does this refer to the line connecting the two ASls that form a pair? If yes,
then it should be called “pair-axis” or similar. “Camera axis” sound to me as the name for the
direction that a single camera is looking.

Authors’ response:
Indeed, the term is ambiguous and was adapted now to “ASl-pair’s axis”.

The nomenclature was originally motivated by the one used by Kuhn, P., B. Nouri, S. Wilbert, N.
Hanrieder, C. Prahl, L. Ramirez, L. Zarzalejo, T. Schmidt, Z. Yasser, D. Heinemann, P. Tzoumanikas, A.
Kazantzidis, J. Kleissl, P. Blanc and R. Pitz-Paal (2019). "Determination of the optimal camera distance
for cloud height measurements with two all-sky imagers." Solar Energy 179: 74-88.



Changes in manuscript:

pp. 5-6 . 132-135, caption Fig. 2:

130

135

more detail in Sect. 343, 1, and defines the center of the area for which CBH is estimated. From 21 Adr-tuplestuples of 2 ASls,

orientation of the esmera-ASI-pair’s axis characterize the ASI-pairs. The orientation of sesmersan ASl-pair’s axis is defined
as seen from the main ASI and given in degree north. Figure 2 shows the distribution of orientations of esmera-ASl-pair’s axes

(left) and camera distances (right) in the set of available ASI-pairs. This set covers almost all possible orientations of esmers

-~ o«

N\
NN

Frequency [-]
MW g

-

1 2 3 4 5 8

Camera distance [km]
Figure 2. Frequency distribution of essersasss-the bearing angles of the ASI-pairs” axes in the set of available ASI-pairs (over north, left)
and of available camera distances (right) resulting when arranging the seven ASls in the urban area into 42 ASl-pairs (from cach Ad-tapte
2-ASl-tuple two different ASI-pairs result by switching the main camera, counts of ASl-pairs with switched main camera are marked orange,

striped)

ASl-pair’s axes. Available camera distances (0.8...5.7 km cover most of the range (1.02...5.5 km that is used in literature (Kuhn

p. 33 1l. 798, 800, 803, 805:

800

805

Beside cameradistaneethe Further, the orientation of the esmera-AS|-pair’s axis to the present direction of cloud movement
was considered as an influence on accuracy in Kuhn et al. (2019). Based-on-thst-study-ASl-pairs may measure CBH more
accurately if theireasmerrthe ASI-pair’s axis is aligned with the direction of cloud motion. Ferstudy- thiseffeetthe The direction
of cloud motion was retrieved from ASI UOL as diseussed-described in Sect. 3.2 —Fher-and the datasel was restrieted-o-times

distance but different orientation of the HN B irection-oleloud-motien-ASLpair’s axis were compared. In this
comparison no correlation of HFect - ¢ Y-S tred-gecuracy and
the alignment of the ASEPaW’S axis over the direction of cloud motion was recognized.

Specific comment 4
Reviewer:



Line 116: For completeness, please provide some more information about the instrument: E.g. Is the
instrument part of DWD network you mentioned before? How is the CBH calculated from the data?
Are you using the manufacturer’s algorithm or a custom one? What is the minimum overlap height?
What is the minimum height that CBH can be detected? References?

Authors’ response:

We added a short description about the used instrument. It is operated by DLR since 2018. The
manufacturer’s algorithm is used with the default configuration. The algorithm is outlined in the
instrument’s manual. The firmware version is v0.747. A prior study stated that full overlap is given at
a CBH of 1500 m and above. Based on an overlap correction, the manufacturer allows to set a
minimum CBH down to 0 m. We use the default setting of 45 m. We also contacted the manufacturer
for further information on the used algorithms in the meantime but did not receive a response, yet. If
required, this can be handed in at a later time.

Changes in manuscript:

p.6, II. 137-141:

140

Specific comment 5
Reviewer:

Line 116: Are you using the color or B&W version of Q257

Authors’ response:

We use the daylight version of Mobotix Q25 6MP. This is the RGB/color version. We now also
attached a reference to the instrument’s specification.

Changes in manuscript:
p. 6, 1. 142:

140 However relying on an gverlup comection, the manufacturer specifies a minimum CBH of down to () m. In this study the

A e e

manufacturer’s default minimum CBH of 45 m is used.

The used ASls are surveillance cameras of type Mobotix Q25 6MP color version (Mobotix, 2017) with a fisheye lens pro-



Specific comment 6
Reviewer:

Line 130: Please mention what is the total time required to get a processed image (including data
transfer and processing)?

Authors’ response:

We now specified the overall time required for image acquisition, transfer and processing, as
suggested. Note that a further addition was made here based on Reviewer Comment 1, Minor
comment 3.

Changes in manuscript:

p.7,Il. 156-158:

155 avoiding redundant calculations. In this way, computational cost scales mostly linear with the number of ASIs used instead

of with the number of ASI combinations so that execution in real time is possible. In total, including computation time, the

o s,

1¢ time of image ac

Specific comment 7
Reviewer:

Line 141: *optically* thick clouds.

Authors’ response:

As suggested, we now specified this more accurately.

Changes in manuscript:

p.7,1.171:

170  As introduced in Sect. 2, a ceilometer of type Lufft CHM 15 k Nimbus is used as reference in the development and validation

presented in this study. When low and optically thick clouds are present, only the lowest cloud layer is expected to be recognized



Specific comment 8
Reviewer:

Line 141-144: How exactly do you distinguish if the first cloud layer is thick, to exclude the other
detected cloud layers? Do you always keep only the first layer when multiple layers are detected?

Authors’ response:

This is the case. We now specified this more clearly.

Changes in manuscript:

p.7,1.172-173:

170  As introduced in Sect. 2, a ceilometer of type Lufft CHM 15 k Nimbus is used as reference in the development and validation

presented in this study. When low and optically thick clouds are present, only the lowest cloud layer is expected to be recognized

reliably by the ceilometlersnd-resdingsprovided-or. Therefore, in the case of overlaid cloud layerssrenetevatusted—, we only

evaluate

Specific comment 9a
Reviewer:

Line 143-144: The accuracy discussion is not enough for an instrument sued as reference. The
differences reported in Martucci et al. 2010 seem to be coming from different algorithm or even
definition of CBH used by each instrument. Moreover, the bias they find is not only 160 meters, but
also has a range component (Y=0.925X + 160). Finally, Martucci et al used a rather old model of the
instrument you are using here. Therefore, you should give more details about the CBH algorithm
used with Ceilometer data and discuss the possible differences in definition of CBH as used for
ceilometer and for ASls.

Authors’ response:

Indeed, there have been several updates to the firmware after 2010. Some of these indicate changes
to the algorithm of CBH measurement. We now summarized the results of two more recent studies
which evaluated the CBH measurement by the ceilometer type used here. Based on these authors’
findings, we also provided differences in the algorithms used by the manufacturers. Further, we
explained that prior validations of the method used in this study to measure CBH by the ASl-pairs,
were performed by an instrument of the same type. This may avoid inconsistencies when comparing
the results of the present study to those prior ones.



Changes in manuscript:
pp. 7-9, Il. 174-203:

Regarding the accuracy of the-instrument—aberehmurk—by-Muartuee-et b 2040 -exhibited-s-bins-ceilometers in general,
175  de Haij et al. (2016) and Gorsdorf et al. (2016) noted that there is no generally excepted, quantifiable definition of CBH, yet.

Further, due to a lack of reference measurements, benchmarks may typically focus on the consistency of CBH measurements
by different types of ceilometers. In 2 benchmark performed by Martucci etal. (2010), the measurement of a Vaisala CL31
Gllovistr CHt gy, shiowed s mguificet devintion froon the seaiing CEH i of the mutanent Soppgat i iitee i i

180 used here. This trend was given by CBHey, = 160.315 m | 0.925 = CBHe . However, the measurement procedure, of the

Lo 70 m were observed. For each of these conditions. the CHM 15 k; used here, provided the smallest measurements of CBH

185  in terms of mean deviation from the median of all tested instruments. More severe deviations of several kilometers between the

e

instrument Lypes were observed during conditions with heavy rain.

In an acceptance test, de Haij et al. (2016) measured CBH by two CHM 15 k, by a Vaisala 1LD40 ceilometer, by a UV lidar
200 m, the CHM 15 k typically measured a CBH 30. .50 1 smaller than the one of the LD40. However, the CHM 15 k was in
2016) and de Haij et al. (2016) suggest. that the
negative mean deviation of the CHM 135 k attested by all these studies, for clouds in the range CBH < 3 ki, is mostly caused by

190  better agreement with the estimate based on visibility sensors. Giirsdorf et al.

the CHM 15 k detects the rising edge of a backscatter peak that exceeds a threshold, other manufacturers” devices may rather
recognize the peak’s maximum.

195 For the range of CBH in 3...12 km, an inspection of timeseries depicted by de Haij et al. (2016) indicates very good
agreement of the measurements from CHM 15 k and the UV lidar, used there. As a further test of de Haij et al. (2016),
performed at a resolution of 60 s. high clouds, detected by the UV lidar in a range of 6...7.5 km, were 1o be detected by

200  a false alarm rate of 0%. Based on these studies, the accuracy of the reference instrument is expected to be adequate for the

pp. 9, |l. 210:
210 less than 1 km occured, The studies of Kuhn et al. (2018b) and Nouri et al. (20192) were performed in Almerfa, Spain. Both

Specific comment 9b
Reviewer:



Lines 161 - 176: The description of the algorithm is not very clear. Please add a new figure (or add a
panel in Fig.) showing the image of the second ASlI, highlighting the matched window. Also, a small
flowchart could be helpful.

Authors’ response:

As suggested by the reviewer, we added another row to Fig. 3 showing the raw and processed image
simultaneously recorded by ASI FLE. For a flow chart of the method we would like to refer to

Nouri, B., P. Kuhn, S. Wilbert, N. Hanrieder, C. Prahl, L. Zarzalejo, A. Kazantzidis, P. Blanc and R. Pitz-Paal (2019).
"Cloud height and tracking accuracy of three all sky imager systems for individual clouds." Solar Energy 177: 213-
228.

We revised the description of the algorithm and hope that it is clearer now. Further, we aimed to

point out clearer that the CBH measurement of the ASI-pairs is only modified very slightly over the
one described and validated in the publication given above. We further provided validation results of
that study.

Changes in manuscript:

p. 8, Fig. 3:

-UOL,

with ASI UOL in

the top row and FLE in the bottom row. Maximum extent (solid green shape) and area used by the main camera in the default case (red
dashed shape) in the distorted ASI image (left), in the undistorted ortho-image (center), in the binary red-channel difference image of two
consecutive exposures (right). The binary red-channel difference image (right) shows arcas considered as features in the cross-correlation for

light blue.
L.

pp. 9-10, Il. 204-251
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From all ASIs available in the urban area, we form independent ASI-pairs that measure CBH by a stereoscopic triangulation
method—Fhe-method-used-here-which was introduced by Kuhn et al. (2018b) and further refined by Nouri et al. (2019a). The

Nouri et al. (20194) evaluated an ASL-pair with a camera distance of 495 m. For four ranges of reference CBH, defined by the
bin edges . 3. 6. 9, 12 kan, RMSDs o0 0.6, 1.4, 3.2, 3.1 km were found for 10 min average CBH. The study did nol provide
information on BIAS. Further, in that validation, higher clouds were more frequent and no observations at a reference CBH of
less than 1 km occured. The studies of Kuhn et al. (2018b) and Nouri et al. (2019a) were performed in Almeria, Spain. Both

we recapitulate aspects of the procedure which are important for the remaining publication. For a more detailed deseription,
we refer o Nouri et al. (201%).

orthogonal images (Fig. 3, center) by a well established method described e.g. by Luhmann (2000). Then, the difference in the
red-channel efeonsecutivedmuages-compared Lo the image recorded 30 s before is calculated for eseh-eamerathe image of each
ASL Areas in the difference images of the two cameras, in which the red-channel changes most significantly (98-percentile)
within the 30 s between consecutive images, are used as features (illustrated in Fig. 3, right) to be matched by block-wise
correlation. With the known camera distance, a shifl received in cross-correlation is translated into a height of the feature over
ground.

In practice, the triangulation relies on cloud edges which are visible from both perspectives and provide sufficient contrast.
Therefore. the method responds stronger to optically dense clouds. especially in the proximity of the sunticuhetat=20H803,
as found by Kuhn et al. (2018b). Moreover, we do not exactly measure CBH but the height of these distinct cloud edges. We
expect Lo introduce a small bias when using this cloud height as CBH. Nouri et al. (2019a) analyzed sources of deviations
when estimating CBH by an ASl-pair. In accordance with that study, we expect this bias to be acceptable compared to other
uncertainties and to be in the order of 100 m.

In the-presentstudyaccordance with the system used by Nouri et al. (2019a), we use a cascading procedure to estimate CBH
robustly also in conditions with low sky coverage. We-first-projeetthe-ieldof-view-obeach-eumers-upto-wtirs, the main ASI's
orthogonal image is restricted o a square-shaped area (Fig, 3, red dashed shape) defined by a maximum zenith angle of 677,

measured #+in the center of each +

5 shapeside of the square. In 4 cross-correlation, each

=

of the nine squares confined by dotted or dashed lines (also kn

e

m as windows, Fi Mhl) from the Mgg 9£ @&

main ASLis matched with an area of identical shape from the orthoimage of the second ASI (Fig. 3, red-dushedshaperinthe

eorreltion-the centrul ureufor window-top, right). With the known camera distance, the shift is converted into a measurement
of CBH.

If the estimation of CBH fuiled for one of the windows. valid readings from neighboring ones are averaged ignoring any
window for which the estimation failed. In cases with no valid measurement in any of the windows, the orthogonal imapes
of both ASls are evaluated up to a maximum zenith angle of 77.87 (measured at the center of each image side, green shapes
in Fig. 3-eentrul-red-dotted-boxjfrom-), These orthoimages from both cameras are matched in the cross-correlation and the
ASl-pair returns a uniform CBH. This second step can yield a valid measurement of CBH in cases when only few clouds are
present to be maiched. This step mainty intends to increase the robustness of the CBH measurement. This step is not expected
Lo increase the capability of an ASL-pair (o detect very low clouds in relation to the camera distance, as the window size used
in this step is very large.

As amodification of the

by Nouri et al. (2019a), we only use CBH provided for the central point of the orthoimage of the seeond-eomera—Hhis-ventrat
main ASL, corresponding to a zenith angle of 9°. This procedure is followed for both the ASEpairs and for the ASI network

measured at the center of each window side. FhereforeThus, a CBH measurement for a square-shaped area around the main
eameraAS]s location is yielded. For example, the area’s side lengths measure 1.6, 4.7, 7.8, 15.7 ki for a respective CBH of

1. 3. 5, 10 km.



Specific comment 10
Reviewer:

Lines 161 — 176: Have you compared the results from the three method (center box, side boxes, full
image) to validate your expectation that they yield similar results?

Authors’ response:

Unfortunately, we did not validate these sub-algorithms separately. As described in our response to
Specific Comment 9 we now pointed out clearer that the method to estimate CBH, used by the ASI-
pairs, is only modified very slightly over the publication which introduced this method and
implementation:

Nouri, B., P. Kuhn, S. Wilbert, N. Hanrieder, C. Prahl, L. Zarzalejo, A. Kazantzidis, P. Blanc and R. Pitz-Paal (2019).
"Cloud height and tracking accuracy of three all sky imager systems for individual clouds." Solar Energy 177: 213-
228.

Therefore, we would like to refer to this study for further validation results. As part of a future study,
it would be interesting to investigate the characteristics of these sub-algorithms. In our expectation,
CBH will be measured more accurately by matches which are detected at small zenith angles.

Further, CBH measurement received for this central image area, which is used here, were also in the
focus of the validation carried out in the publication named above, due to the cloud conditions at
that site and due to the positions chosen for ASls and ceilometer.

Changes in manuscript:

p. 10, Il. 243-248:

As a modification of the

by Nouri et al. (2019a), we only use CBH provid

245 main ASL corresponding to a zenith angle of 07. This procedure is followed for both the ASL-pairs and for the ASI network

affected by image distortion. The central window of the main esmereASIs orthoimage covers zenith angles up to 38.1°,

measured al the center of each window side. FhereforeThus, 1 CBH measurement for a square-shaped area around the main
250 eamersAS|'s location is yielded. For example, the area’s side lengths measure 1.6, 4.7, 7.8, 15.7 km for a respective CBH of

1. 3.5, 10 km.

p.11, 1. 266-269:

265 nd (.64 x d using the central window.

-entral point of the orthoimage, used here, was also in the eenterof-euch-imuge-sidel—Hhese-imuse-areasure-projecied

; i

1e validation presented by Nouri et al. (2019a) as the ceilometer was placed at one ASI's location and as observed CBH

values were not smaller than 1 km. Overall, we expect that, by applying cross-correlation to binary difference images, our



Specific comment 11
Reviewer:

Lines 161 — 176: Please provide the relations connecting a) the ASI-pair distance with b) the minimum
altitude that each method can be applied, due to purely geometric considerations.

Authors’ response:

We calculated the expected minimum CBH which can be detected relying on the central window as
well as when relying on all of the nine windows inside the cropped image of the main ASI. We
additionally calculated the minimum CBH which is achieved if matches only succeed if matched
windows cover zenith angles not larger than 67°. We further stated that the third iteration of the
matching procedure in which the ASl image is evaluated up to a zenith angle of 77.8° is not expected
to reduce minimum CBH as this step matches a very large windows.

Changes in manuscript:

p. 10, Il. 236-242:

are

240 present to be matched. This step mainly intends to increase the robustness of the CBH measurement, This step is not expected

Lo increase the capability of an ASI-pair to detect very low clouds in relation to the camera distance, as the window size used

p. 10-11, Il. 252-265:

Hthe-estimation-of-EBH-faHsfor-Only based on geometry and the evaluated image areas, this central window —we-nse-the

255 {seecould provide readings down to a minimum CBH of (.25 x d. Where d is the camera distance. However, under such
e LI S

rapproximately

260 cover zenith angles 38.1..677, The matched area from the auxiliary ASEs orthogonal image has identical shape and can cover

265 windows and (.64 x d using the central window.



Specific comment 12
Reviewer:

Line 186: Specify that this analysis is based on the ceilometer. Is the CBH analysis based only on the
lowest layer detected by the ceilometer?

Authors’ response:

We added the statement as suggested. As in the complete study, we carried out this analysis only
based on the lowest recognized cloud layer.

Changes in manuscript:
p. 12, Il. 284-285:

The distribution of CBH at the site of Oldenburg for the full measuring period is given in Fig. 4 right. As in general in this

285  study, the analysis is based only on the lowes

Specific comment 13
Reviewer:

Line 200: How are TanDEM-X data used in this study? This seems the wrong place of the manuscript
to introduce a new dataset.

Authors’ response:

TanDEM-X data are needed by the nowcasting system to create irradiance maps. For this study the
data set is only relevant for this estimation of the maximum elevation of the topography. We
rephrased as shown below.

Changes in manuscript:

p. 12, 1. 299-300:

tance of roughly 70 km. Eye2Sky and especially Oldenburg are situated in a plane with a maximum elevation over sea level of

less than 160 m including vegetation and human infrastructuret-tenrbEM-—X-toposraphie-dutu-uved-in-thisstady-is-deseribed-by-Wes

300 , as we calculated from the TanDEM-X

ation model (Wessel et al., 2018). The flat topography is expected to support a tem-

Specific comment 14
Reviewer:



Line 187-206: How is this analysis of CBH stability relevant to this study? Does your algorithm work
only in these conditions? Maybe the stability excludes some possible errors in transition periods?
Please mention the context and usefulness of this part of the manuscript.

Authors’ response:

The meteorological conditions described in this paragraph motivated the development of a method
which aims to estimate CBH of the most dominant cloud layer more accurately. We added a
conclusion to this paragraph which puts the analysis into the context of this study. Further as
suggested by Reviewer Comment 1, General comment 2, we outlined at this point the scope of the
method to estimate CBH and how it may be enhanced in the future.

Changes in manuscript:

p. 12, . 305-310:

305 characteristics are expected to cause greater temporal and spatial variability of CBH. 'To conclude, a procedure, which estimates

ng techniques (e.g. Fabel et al., 2021) and CBH may be assigned to local clouds from clouds of the same type, which

o o AP R

310 were recently observed in the urban arca.

Specific comment 15
Reviewer:

Line 228: “..., where N is the number of vertical bins used for the analysis” or similar.

Authors’ response:

We adapted this statement as suggested.

Changes in manuscript:

Appendix A, p. 35, 1.886:

885 a discrete grid cell defined by the interval [7AR, (7 + 1)AR] for hp.y and the interval [kAh, (k 4 1) AR for hagy. where

N1

n is chosen in a
s Chosenma

D15
trade-off between sources of error. Finer bins will allow to represent the distributions at higher resolution and will thus allow for
L S A A L L B SR R B P L S Bl L e B LS W S S o M S B L Bk U L L B A



Specific comment 16
Reviewer:

Line 303: Why use theta for true CBH and not a symbol based on h?

Authors’ response:

We adapted the nomenclature as suggested, as it may be clearer (replacing 8, 8, 8ixeliest» Orefinea bY

Rerues Peruer Niikeliest: hrefinea)- Theta was used as this symbol may be used frequently with

maximum likelihood estimation for the true/ estimated parameter.

Changes in manuscript:

p. 14-15, Il. 337-350:

340

345

FPEBHA-P(CBH, | Biypye) is evaluated that the found CBH; would be received for a given true CBH #1454, (red marked
box prior to step 1 in Fig. 5). Note that PHEBHA--was-P(CBH, | hyyy,. ) will be modeled in Sect. 3.4 measuring CBH hg, ¢

outpul of step 1)
L;(Bhgrue) = P(CBH; | Bhypye). (1)

Step 2: Eikelthood-+s-We define cumulative likelihood C;(frye) as the likelihood of receiving the present reading CBH,

summed cumulatively over all bins of reference CBH #4o-defineeumulative likelihood-h, . (Fig. 5, step 2):
Cilharne) =) o<y <y Ci(Olitrue). @

Likewise, a complementary cumulative likelihood is defined

Ci(6) =" L:(6).
0=
as the likelihood of receiving the present reading CBH, given that h, is greater than an estimation of true CBH Fryp,,.:

Ca”’lh'u- J == Z L‘f{hh'm:]- (3)

by, .....“-“flr‘ e

pp.15-16, Il. 364-401:



365

370

375

380

385

390

395

400

%m%&m&lae shown for three exemplary intervals of camera distance in Fig. 5 as output
of step 2.

the combination of readings CBH, from all the intervals 2 of camera distance to-yteldthe-given that by, < fzg(m.. This can be
expressed as product of C; h from all intervals i. As this product would often become zero in our numerical treatment, we
instead calculate its natural logarithm, which we refer 1o as overall logarithmized cumulative likelihood ]MM
operation also allows (o replace the product by a sum (Fig. 5, step 3)ziven-the readings-CHH: perintervak s of camers distanee

108 Cn(hirue) = Y 105Ci(hruc)- )

Analogously, an overall complementary logarithmized cumulative likelihood 1s computed given all readings CBH; per interval

 of camera distance

log Cn(htryc) = Zlugﬂ, (rtpue)- (5)

Both functions are visualized cxemplmly as oul.puL of step 3 in Fig. 5. h—mﬁtnj—ﬂwmthﬂd-eﬂu{d-dtrwﬂhmrkﬂaeﬁpﬁm

Step 4: %Mﬂ%ﬁ&—ﬂd&—llﬁwlﬂmm only known at discrete pomls Linear

interpolation yields continuous representations of these.
Tpo y P

which-loe Gl -anddos & #-Then finally, we aim to select the true CBH hy; MW
given combination of CBH;. In our formuldllun ufmm‘wm inda b which slrnull‘meuu.sl

maximizes lo:

are equal (Fig. 5. step 4):
Oliketicst = argmingj, [10g Calhizue) —10g Ca(furuc)|- (6)

Besides this estimation of CBH, a version of this procedure will be discussed that includes further refinements {in the

following referred Lo as refined estimation). ?hemhﬂeﬁmnﬁﬁﬂetﬁeﬁed-byﬂwﬁﬂdmgﬁm—ﬂume—ﬁh a first observation from

Hs 4 1 5 F!"'DL! H

Msnemlmn of conditional probabilities, ASI-pairs sre-already-necurntet Yot CeFLHHE PRI < v PTE SE A e
i i irr-with camera distance greater

than 4.5 km sas—these-AS-pairs—cause large deviations for CBH < 4 km and eﬂiy—pfﬂﬂde—ﬁ—irrmﬂed—bene&l—exhlbll only &

moderate advantage at greater CBH. Res
bt b ke Otherwise—the anthmobe-averaue of-OBH ; I T’hese A‘il airs are excluded from the refined

estimation of fuy;g. 1. On the other hand, ASI-pairs with speeifie el #ved—Fhe-mest-appropriste-small camera

Wﬁﬂ?x,%ﬂﬂﬁlzzt = mrﬂﬁwam\mwwmw’m memﬂmm
of the ASI-pairs : it
as input to step 1 in Fig. 5) —Fhis-and identified the ASl-pai
this, the refined estimation is HE AL
itivapphedreceived from the arithmetic average of CBH measured by ASl-pairs with corresponding small camera distance.
if the first iteration of by,

~(exemplarily viewed

ielded a sufficiently small CBH. In summary, the refinement procedure to receive the final

estimation of CBH #— e reads-hy, pip g Teads
Rliketiost, Riiketicst €]3,12] km
E&rnfﬁnnd min{?l km, n‘lean(h,-,_-mdmj_ﬁ km}})~ Riiketiost < 3 km A m(‘m(hl‘{_l"]d‘.cl_ﬁ k‘m}) > 1.5 km ("’)

min(L.5 km mean(hie (g, <12 km}))s  Piiketioss < 3 km Amean(fye fiyd, <1.6 kmy) < 1.5 km.



Specific comment 17
Reviewer:

Lines 350-354: The uniformity constraint is very reasonable during algorithm training, not so during
evaluation! It is very interesting to evaluate the algorithm in variable cases and understand what the
outputs are, if it is biased towards the low or high clouds etc.

Authors’ response:

First of all, we would like to apologize as a statement in the manuscript was misleading. The filter
excluding variable situations is applied in the modelling of conditional probabilities (now Sect. 3.4)
and in Sect. 4.4 to compare performance metrics from ASl-pairs and ASI network. In Sect. 4.1-4.3 this
filter is not applied. We now corrected this statement and moved it from Sect. 4.1 to Sect. 4.4.

The scatter-density plots shown in Sect. 4.2 may provide insights regarding effects occurring in
variable cases. Based on Reviewer Comment 1, minor comment 7 we also added performance
metrics to these plots. To enable the reader to evaluate the performance of the ASI-based estimation
of CBH under these conditions (e.g. concerning biases) more quickly, we also added percentiles to all
scatter-density plots.

Changes in manuscript:

pp. 20-21, II. 531-535:

More precisely - the stupdard deviaion of B Hwithing-window - belore and-dlier the analy red ime 4y feguired o be

535 sassurecomparabiity-ofboth-measurements—
p. 28-29, Il. 691-695

The statistical evaluations are now restricted to times in which the variability of CBH is small. More precisely, the standard

deviation of CBH within a window 15 min before and after the analyzed time is requited to be less than 30% of mean CBH

within the same window. As discussed above, the ASI-pairs and the ASI network are expected to measure a spatial median

CBH whereas the ceilometer measures CBH at the point of its installation. This restriction aims fo assure a good comparability

695 of both measurements. Further, this way our results are more comparable to a prior study by Kuhn et al. (2019).

Accuracies of CBH measurement by ASI-pairs and ASI network are analyzed separately for five ranges of reference CBH

p. 24, Fig. 8:
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Figure 8. Relative frequency of ASl-based CBH estimation for given CBH from ceilometer—, Evaluation for two of the ASI-pairs DON-
MAR (upper row, left) and UOL-HOL (upper row, right} with respective camera distances of (L8 and 5.7 km, and from the ASI network
without (botiom row, left) and with refinements (botiom row. right). Relative frequency in each column adds up to 1. Additionally, median
limits to the interquartile range (IQR. red dashed) and

1000 m=bins of CBH from ceilometer are plotted.

S0% -quartile. red dotted), H— _9h—percentiles (red solid line) based on floaiin

Specific comment 18
Reviewer:

Line 360: Why not reverse the two plots in Figure 6, to discuss them in order?

Authors’ response:

We appreciate the suggestion. However, as suggested by Major Comment 2, to shorten Sect. 4.1, this
figure and related descriptions have been moved to Appendix B.

Changes in manuscript:

p. 21, Fig. 6:
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Figure 6. Time series of cloud base height for twe-an exemplary days-day (02 September 2019) measured by 42 ASl-pairs (grey filled), by
two exemplary ASl-pairs DON-MAR and CLO-FLE with respective camera distances (1.8 and 4.2 kin, by the ASI network with refinements

and by a ceilometer in the urban area of Oldenburg.

p. 21, Il. 544-545:

4.1 Comparison of CBH measurements for twe-an exemplary daysday

Figure 7. Sky images taken by ASl UOL representing suhi-clondiayes shuationsa multi-cloud-layer situalion on 86-August 20401235

Hefrand-on-02 September 2019 7:20 (eenterlefi) and an almost clear-sky situation on 02 September 2019 17:00 (right) respectively.

p. 22, 1. 553:

fraction of the sky in the urbun area (compare Fig. 7. eenterlefl). The CBH estimation approach tends to react stronger to
clouds in this area of the sky in which contrasts are typically pronounced. Around 10:20) a multilayer situation is present. In the

555 whole sky dome cumulus clouds are visible but a large fraction of the cloud cover 1s made up by the cirrus layer. Around this

p. 23, Il. 572-581:



p. 23, Il. 588-589:

—To give further insight, in Appendix B2, timeseries of CBH

from the different sources are compared for another exemplary day.

590 4.2 Comparison of CBH measurements by relative frequencies

Appendix B, pp. 38-39, IIl. 943-953:

945

950

B2 Comparison of CBH measurements for another exemplary da

Figure B2 shows CBH on 06 August 2019 again measured by ceilometer, by all available ASI-pairs and by the ASI network.

This day, similar to 02 September 2019, discussed previously, includes multi-layer conditions with high layers overlaid by low

layers, resulting in similar observations. In the morning and evening high cloud layers are dominant. The CBH of these varies

in the range of 7...11 km according to the ceilometer. The range of CBH from ASI-pairs reflects this spread. Still, it is not
obvious which of the ASI-pai

o
estimation results which most of the time reflects the dominant CBH layer as recogmized by the ceilometer, The combined

estimation misses physically meaningful variations of CBH typically towards higher values recognized by the ceilometer. Also

for this day time series of CBH and corresponding ASI images were compared. Again larze underestimations of CBH by the

ASInetwork (a1 05:30, 08:15. 10:00, 12:30. 16:00) were traced back to the ASI-based estimations responding stronger to lower

optically denser low cloud layers which
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Date, time [UTC+0] Aug 06, 2019

Figure B3, Sky image taken by ASLUOL representing a multi-cloudlayer sitation on 06 August 2019 12:35
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Specific comment 19
Reviewer:

Line 377: As shown from the two pairs, in cloud-free conditions some ASI-pairs output the value of
12km, while others 2km (probably due to local low clouds). Why do you suggest that the 4km output
of the network is a reasonable prediction of a layer coming at least 30 minutes later? Is this layer
captured by any pair in the network? It could also be a lucky combination of these two extreme
values? In general, how does the network handle cloud-free conditions?

Authors’ response:

Our description may not have been precise in this point. We now added a plot (Fig. B1) in the
appendix which shows the measurements of CBH from the ASI-pairs and from the ASI network as
well as from the ceilometer during this clear period in more detail. We also added a short passage in
Sect. 4.1 to describe closer which period we referred to. From Fig. B1 it is visible that the ASI-pairs
measure a broad range of values between the extreme values of 2 km and 12 km, before around



17:00. Most ASl-pairs measure an intermediate CBH. After 17:00 the spread between the
measurements of the ASI-pairs reduces. From around 17:05 the ASI network and some of the ASI-
pairs measure a CBH of around 3 km. This CBH (3.1 km) is later also measured by the ceilometer.
During this period the approaching cloud layer may be detected before its arrival in the urban area.

During very clear periods, the ASI network is likely to return a CBH which is very large, in the range of
10 km. For an application this is not problematic, in our opinion, because another image processing
step is used which is able to detect the absence of clouds. We added a short explanation on this.

Changes in manuscript:

p. 22, 1. 564-571:

Around 17:00, a nearly clear sky is visible (compare Fig. 7. right). Consequently. the ceilometer does not provide any valid
CBH. The ASI-pairs provide a CBH that scatters over a wide range, while the ASI network provides s-EBHthatisussumed-to-be
565 ressonable—Ttheun intermediate CBH. A similar reading of CBH is ;

b ot

17:05, the ASI network detects a CBH of 3 km. With 3.

R e o i o

570

Appendix B, p. 38, Il. 940-942, Fig B1:



Appendix B: Comparison of CBH time series

940 B1 Estimation of CBH during a clear sky period

ASl-pairs
ASI netwark
Ceilometer

Cloud base neight [km]
=

o L L
16:00 16:30 17:00 17:30 18:00

Date, time [UTC+0] Sep 02, 2019

Figure B1. Detail view of CBIH measured by ASl-pairs (grey dots). by the ASI network (blue triangles) and ceilometer (red circles) ¢

by
A
00

a period with low sky coverage. Around 17;

0 approaching clouds are viewed close to the horizon by all ASls.

Skpuirs, by the ASI network and by the ceilometer during 4 mostly

xd in Sect. 4.1,

T b

Specific comment 20
Reviewer:

Line 395: The main ASl-based CBH retrieval limits the instrument to a maximum zenith angle of 67
degrees. For the CLO-FLE pair, given the 4.2km distance of the instruments, the minimum detectable
clouds should be around 1.4 km (if | calculate correctly). In the September cases many clouds are
below this limit, so probably the second or third sub-algorithm was used (using e.g. the complete
FOV of the camera). Could this be the reason of the overestimation? If yes, does the full-FOV
retrieval add anything to the estimate or could just be skipped?

Authors’ response:

We share the reviewer’s opinion, that the behavior seen for CLO-FLE in situations with CBH much
smaller than 2 km is connected to the minimum CBH which this system can detect. This minimum
CBH may indeed be determined by the sub-algorithm relying on the main ASI’s cropped orthogonal
image. The usage of the full FOV to retrieve CBH is not expected to improve an ASl-pairs capability to



detect very low clouds noticeably. We now pointed out in Sect. 3.1, that this sub-algorithm is mainly
intended to increase the robustness of the method. It may yield a valid measurement in some cases
when the first sub-algorithms failed. We condensed the discussion of the minimum CBH in Sect. 4.2

as shown below. See also our response to Specific Comment 22.

Changes in manuscript:

p. 10, Il. 236-242:

of both ASIs are evaluated up 1o a maximum zenith angle of 77.87 (measured at the center of each image side. green shapes

240 present to be matched. This step mainly intends to increase the robustness of the CBH measurement. This step is not expected

In this step is very large.

p.10-11, Il. 252-265:

Hthe-estimation-of-EBH-faHsfor-Only based on geometry and the evaluated image areas, this central window —we-nse-the

255 {seecould provide readings down to a minimum CBH of (.25 x d. Where d is the camera distance. However, under such

e

A S S S P L

e

260  cover zenith angles 38.1..677. The matched area from the auxiliary ASI's orthogonal image has identical shape and can cover

auceessfully betwomt the Al aud ypically rejectnd, If the waiching priiosthucs conld anly b sucossstul, ialen fhe window of

the second ASI included enith angles not lurger than 677, then CBH could be measured down 10 11.32 x d using the peripheral

265 windows and ().64 x d using the central window.

p. 25 1l. 614-632:



615 . ASI-pairs with large camera distunce are expected to be more accurate when measuring the CBH of high clouds. On the other

hand, ASI-pairs with large camera distance are expected to be less accurate for small CBH values and are expected to exhibit
e e et R T o e L i, v e -

‘‘‘‘‘‘‘‘‘‘‘‘‘‘ = e

Sect. 3.1, a minimum CBH of about 0.18 > d was expected. Where d is the camera distance. For UOL-HOL. which-fus-a

=8 s significantly

620  larger minimum CBH of about 2 km is evident. If reference CBH is smaller than 2 km. the ASI-pair yields measurements of

-ty behavior s stibbobservedHoru stepthicant-part-ob-the readinesbor-BOE-HOE -searb- o seadinesob-less Huan

625 fromAd-pairandeetlometertsseercmedian value of 4 km. This behavior ¢

B30

Specific comment 21
Reviewer:

Line 405: What | understand from the plot is that the low clouds are detected by the ceilometer and
not by the ASI-pair, not the other way around. If this is true, the ceilometer site should have
persistent low not present over the ASl-pair. Is this reasonable from the local meteorological
conditions? What seems more reasonable is that ASl-pair cannot detect low clouds, e.g. due to
geometric and algorithm considerations. Please provide more details.

Authors’ response:

We assume that the reviewer refers to the areas on the far left of the scatter-density plots (e.g.
reference CBH < 0.5 km for DON-MAR and reference CBH < 2 km for UOL-HOL) and we agree with the
analysis of the reviewer. At this point, we intended to discuss another area of these plots and now
indicated these areas more precisely in the manuscript. When reference CBH ranges around

3...12 km, the ASI-based systems frequently detect low clouds close to the 5-percentile line, i.e. far
below the main diagonal of the plot. In these cases, the ASI-based systems provide a CBH which is
too small. As described in previous sections, we expect that in these cases the ASI-based systems
recognize low clouds present in their field of view. At the same time there might be a gap in the low
cloud layer at the location of the ceilometer. Therefore, the ceilometer may recognize a larger CBH.

Changes in manuscript:

pp. 24-25, II. 605-610, Fig. 8:
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Figure 8. Relative frequency of ASl-based CBH estimation for given CBH from ceilometer—. Evaluation for two of the ASl-pairs DON-
MAR (upper row, left) and UOL-HOL (upper row, right) with respective camera distances of (1.8 and 5.7 km, and from the ASI network
without (bottom row, lefi) and with refinements (bottom row, right). Relative frequency in cach column adds up to 1. Additionally, median

UOL-HOL is notably more precise at greater CBH. CBH from the ASLpairs often deviates towards very-tow—EBH—This

feature-dv-in-partalsoseentorthe- ASkretwork-(Fig—8-bottemrowilow CBH, when the ceilometer measures CBH in the range
E: S i e .

610 relative frequencies are found close to the 5H-percentile. As discussed beforein Sect. 4.1, this can in-partresult from low cloud

layers which are actually present in the ASI-pairs’ field of view but not at the ceilometer’s location. Fewsrdshish-readinesof

Specific comment 22
Reviewer:

Line 408-410: This doesn’t sound very surprising since the minimum altitude where your ASI have
overlapping images at 67deg FOV should be around 1.7km. Please discuss such issues, preferable in a
previous section, before presenting the results.



Authors’ response:

As suggested by Specific Comment 11, we now calculated the minimum CBH which may be related to
the sub-algorithms in Sect. 3.1. We reworked the discussion of minimum CBH in Sect. 4.2. and
adapted it to refer to these values of minimum CBH expected from geometry.

Changes in manuscript:

p. 10, Il. 236-242:

of both ASIs are evaluated up 1o a maximum zenith angle of 77.87 (measured at the center of each image side. green shapes

240 present to be matched. This step mainly intends to increase the robustness of the CBH measurement. This step is not expected

In this step is very large.

p. 10-11, Il. 252-265:

255 {seecould provide readings down to a minimum CBH of (.25 x d. Where d is the camera distance. However, under such

steetapproximately
260, Sover waith angley 38,2070 Thiematthed atca St sxibany S50 ouiogonal sunge huis ientical shipie Amd oo Cover.

h an ASI-pair can measure, to be

the second ASLincluded zenith angles not larger than 677, then CBH could be measured down to 0.32 x d using the peripheral

265 windows and ().64 x d using the central window.

p. 25 1l. 614-632:



615

620
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B30

Mmmet the expectation from the literature (Nouri et al., 20]9&;@}1}5[]3%39]}%1}1 uyen and Klej’;

hand, ASI-pairs with large camera distance are ex
a larger minimuwm CBH. below which no physically meaningful readings are received. From the geometric considerations in

Sect. 3.1, a minimum CBH of about 0.18 > d was ¢ AR e S e CATICH, e O
lareer minimum CBH of about 2 km is evident. If reference CBH is smaller than 2 km, the ASI-pair yields measurements of

-

always fails if matched windows cover zenith angles larger than 67°. Further, also for reference CBH close to this minimum
CBH, the ASI-pairy yield increased deviations, e.g. below 0.5 km and 3 km for DON-MAR and UOL-HOL.

Specific comment 23
Reviewer:

Line 417: “in the dataset used for modelling”?

Authors’ response:

As we understand the comment, it is not clear at this point why the “dataset used modelling” is

discussed in this context. As also suggested by the following Special Comment 24, we rephrased this
passage. We hope this makes the intended statement clearer, also in this perspective.

Changes in manuscript:

p. 26, Il. 642-650:

In the sange of soference CRH > 10000, the AST network oristantly ietinng COM of st 10 T the stified ol

il

. reference CBH in this range are comparably

- : 4 see Fig. 4). Therefore, corresponding grid
cells of the conditional probability distributions. used by the estimation procedure. were approximated coarsely based on 2
small number of observations. The ASI network’s combination method using cumulative likelihood is intended to avoid de-

viations resulting from these inaccuracies and vields-thus Lo yield a more conservative but-i-thisease-binsed-estimationof
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Specific comment 24
Reviewer:

Line 418-422: The text is not well written, and it is not clear what you mean. Please rephrase.

Authors’ response:

We rephrased the passage as shown below.

Changes in manuscript:

p. 26, Il. 642-650:

In the range of reference CBH > 10 km, the ASI network constantly returns CBH of around 10 km. In the studied cli-

matefsee-Fie—

& #5-of-, reference CBH in this range are comparably

645 tre——€ spe-of-tikeh s tvoidsF stromz—(see Fig, 4). Therefore, corresponding grid

viations resulting from these inaccuracies and wyields-thus lo yield a more conservative but-in-this-ease-binsed-estimation-of

EBHestimation. However., this approach also suppresses the estimation of extreme CBH readings, which causes a BIAS und

650 these conditions. For the analyzed site, deviations found in this range of CBH are of minor importance. Fordow—values—of

relerence £ BH-AS bactwork-amd-AS-puie DON-MA R bodrappesrto performesimtarby-at-chaceurcy-Only-dor

Technical comment 1
Reviewer:

Lines 42-54: As written now, the paragraph starts as if to present ceilometers but ends up presenting

various CBH estimation techniques and ends up with ASI-based forecasting requirements. A slight

editing is needed to make the text clearer.

Authors’ response:

We rewrote this paragraph in part to put a stronger focus on possible sources of CBH to be
considered for nowcasting. We moved this specification of nowcasts up.

Changes in manuscript:

p. 2, II. 34-35:



The method to measure CBH, presented in this study, is used as part of an ASI-based nowcasting system of the solar resource.
ASl-based nowcasting is typically applied il variations of irradiance have to be predicted for lead times immediately ahead
35 (0...20 min) and at highest temporal and spatial resolution (¢.g. 30 5 and 5 m respectively as used by Nouri et al., 2020b). Such

nowcasts can reduce the uncertainty of supply from solar power plants and can support efficient balancing of energy supply

p. 2-3, II. 45-58:

45  CBHiseommonly, required in ASL-based nowcasting, can be estimated in multiple ways. Most commonly, CBH is measured
by ceilometers or other LiIDARs. In Germany, the meteorological service Deutscher Wellerdienst (DWD) operates a network
of ceilometers which has a distance between stations of approximately 6() km in the region of the measurement site Oldenburg
{(Chan et al., 2018). Ceilometers are specialized instruments that come at a high price and provide CBH zenith-wise for the
location of their installation. Therefore, we do not consider ceilomelers as an option to provide CBH in real time for most

50 solar power plants or cities with many roof top installations. Further —common approaches to measure CBH, which could be

applied for operational use in nowcasting—Avmeong-others-these-, include weather balloons and the estimation of CBH based on
a recognized cloud genus (World Meteorological Organization, 2018). Satellites can measure CTH of the highest cloud layer
{Hamann et al., 2014) but require estimations of cloud vertical extent (see e.g. Noh et al., 2017) to provide cloud base height

(CBH). ASls can directly measure CBH but require estimations of cloud vertical extent if CTH is of interest. Hhrisapprosehis

[

55 In ASl-based nowcasting, the double use of ASls for

st and accuracy.

o

ASl-based estimation of CBH may follow different principles. Some approaches first measure the angular velocity of clouds

60 in the sky-image of a single ASI and estimate CBH with an external source of cloud velocity. Wang et al. (2016) derives cloud
velocity by three photocells placed at known distances from each other. Kuhn et al. (2018b) measures cloud velocity by a
cloud speed sensor based on nine photocells and by a shadow camera system and compares the accuracy of received CBH.
Tomographic reconstruction approaches (Mejia el al., 2018) or similarly voxel carving approaches (Nouri et al., 2018) first

model 3-dimensional representations of clouds from which their base height can be retrieved.

Technical comment 2
Reviewer:

Line 71: Better use “Most ASI-based monitoring systems...” or similar.

Authors’ response:

We adapted ASI system to ASI-based nowcasting system

Changes in manuscript:



p.3,1.79:

Most ASt-systems-AS1-based nowcasting systems described in the literature feature one (Schmidt et al., 2016), two (Allmen
80 and Kegelmeyer Jr, 1996; Beekmans et al., 2016; Blanc et al., 2017; Savoy et al., 2016) or three (Peng et al., 2015) ASls. Four

Technical comment 3
Reviewer:

Line 202: “For example, Tabernas,...”

Authors’ response:

We inserted accordingly.

Changes in manuscript:

p.12,1.302:

300 | as we calculated from the TanDEM-X elevation model (Wess

al., 2018). The flat topography is expected to support a tem-

porally and spatially low variability of CBH within cloud layers. For other sites, a focus on measuring CBH for every cloud
object is of higher priority. For example, Tabernas, the site studied by Nouri et al. (2019a), features a cold-arid steppe climate
(BSk according to Kottek et al., 2006) and is surrounded by mountains with elevations up to 2168 m over sea level within a

radius of 25 km. As shown by (Nouri et al., 2019¢), CBH at the site is distributed almost uniform in the range ()...11 km. These

Technical comment 4
Reviewer:

Line 355: “Then, the coincidence,...”. The sentence needs rewording.

Authors’ response:

We reformulated as shown below.

Changes in manuscript:

p. 21, 1l. 537-539:

First, characteristics of CBH-measurements from the ASI network and from individual ASI-pairs are compared to the CBH-
measurement of the reference ceilometer based on insightful days. Then, the m—mm
of CBH by ASI network and ASI-pairs w4 secare compared (o the one of the

ceilometer by scatter-density plots. Subsequently,

540 agsinst-the-cettemeter-by-HESB-and-BEAShe accuracy of an ASI-pair and of the ASI network are analyzed for the application



