Authors’ response to Reviewer Comment 1

Reviewer:

The Authors present and evaluate an approach to derive cloud-base height (CBH) from a network of
seven upward looking all-sky imagers (ASls). The analysis focusses on a region in NW Germany during
summer and shoulder seasons. The authors demonstrate that a network approach outperforms
individual pairs of ASls.

The manuscript is generally well-written, and the figures complement the main text appropriately. |
recommend publication of this article after resolving several general and few minor comments.

Authors’ response:

We would like to thank the reviewer a lot for the time and effort spent on providing feedback to our
manuscript and for the insightful comments. We believe that these led to valuable improvements of
our manuscript. We addressed all comments and have incorporated all of the suggestions made by
the reviewer as good as it was possible to us.

In the following, we will address the reviewer’s further comments point-by-point. Changes 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 General Comment 5. This change has been excluded from the
markup, as it would have obscured all other changes. Further, please note, that Sect. 3 and Sect. 4
have been reworked strongly, based on Reviewer Comment 2, Major Comments 1, 2.

Changes in manuscript:

See below.

General comment 1:

The Authors motivate their work as it allows to better nowcast downwelling solar fluxes (e.g., for
photovoltaic power plants) and it is said that “accurate knowledge of CBH is required”. It is not
perfectly obvious why better knowledge of CBH itself improves nowcasting. I’'m assuming CBH is only
one piece of information - apart from knowledge of each cloud’s horizontal extend, cloud-top height,
and geolocation (derived from satellite?) as well as the wind vector in cloudy altitudes (from
meteorological forecasts or from ASIs?). Section 1 (Il. 26-32, Il. 48-53) touches on this topic but leaves
open questions of how exactly this work fits into a larger picture. It is also unclear to me if voxel
carving (ll. 58-59) is a competing approach or if this work could be used for voxel carving efforts — the
Authors should clarify this in Section 1.



Authors’ response:

We agree with the reviewer, that indeed nowcasting of solar irradiance is a complex task which

includes a number of subtasks, which may all bring uncertainties to the method. Based on previous

works, e.g.

Nouri, B., S. Wilbert, P. Kuhn, N. Hanrieder, M. Schroedter-Homscheidt, A. Kazantzidis, L. Zarzalejo, P. Blanc, S.
Kumar and N. Goswami (2019). "Real-Time Uncertainty Specification of All Sky Imager Derived Irradiance

Nowcasts." Remote Sensing 11(9): 1059.,

knowledge of CBH was identified as critical, especially if the accurate position of cloud edges is of
interest. We addressed this by a summary of the nowcasting procedure, pointing out the importance
of cloud base height (CBH).

We also added a short explanation on the relationship of stereoscopic and voxel carving approaches.

From our perspective these approaches are in principle competing. However, previous works have

shown that voxel carving approaches can be improved, if CBH is received from a stereoscopic
approach.

Changes in manuscript:

p.3,1l. 76-78:

75

here (Nouri et al., 2019a) enhances the approach by Kuhn et al. (2018b) and works completely independently from cloud
recognition which is considered to bring a greater robustness. While stereoscopic and voxel carving/ tomographic approaches
are_in_principle competing technigues, Nouri et al. (20192) demonstirated, that voxel carving-based cloud modelling can be

enhanced by incorporating CBH from a stereoscopic procedure,
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p.4 1. 91-102:
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The selected ASls are located in the city of Oldenburg. At the moment of writing, Eye2Sky contains 24 ASls in Oldenburg and

aregion of about 110 km x 100 km to the west of Oldenburg.

allows-the-use-of Eye2Sky is mainly dedicated to nowcasting of solar irradiance at high spatial and temporal resolution. The

forecasting procedure, which will be described in more detail in 2 future publication, first recognizes clouds from the images

of the ASls. Cloud observations are then projected into a horizontal plane at the current CBH. These georeferenced cloud

observations of multiple ASIs are merged and cloud properties are estimated. The angular velocities of clouds, as recognized by
the individual ASls, are transformed into absolute velocities over ground relying on an accurate estimation of CBH. Clouds are
tracked along received cloud motion vectors 1o predict the clouds” future positions. Prior works studying ASl-based forecasting
systems with up to four cameras (e.g. Nouri et al., 2019b) suggested that CBH is an essential component when predicting maps
of solar irradiance based on cloud observations from ASls, as the current and future positions of cloud shadows on the ground
can only be predicted accurately if the clouds’ height and velocity are determined accurately. Thus, in this publication an
important compenent of this nowcasting system, namely the estimation of CBH, & presented. Our appwoach allows to use

pairs are formed from the seven ASls and CBH i1s estimated by each ASI-pair based on the method presented by Nouri

General comment 2:
Reviewer:



When using a network of ASls over an area of (100km)2 to obtain a single CBH, do the Authors
inherently assume a cloud (or a field of clouds) of unique base height? The Authors should make this
more explicit (perhaps in Section 3) and discuss the realism of this assumption (perhaps in Section
4.4)

Authors’ response:

We share the reviewer’s opinion that the use of CBH assessed in the urban area for the whole region
of Eye2Sky measuring 100 km x 100 km is a strong simplification. We now tried to outline, which
scope our method may fulfill and how the method can be enhanced for a broader scope in future.
For this, we added an explanation to Sect. 3.2, as in this section the conditions at the studied site are
analyzed. More precisely our expectation from the conditions on site is, that our method is suited to
provide an estimation of CBH which is useful to nowcast solar irradiance in the urban area of
Oldenburg. For the task of providing nowcasts for the whole of Eye2Sky, we intend to classify the
cloud conditions at larger distances from the urban area by a number of ASIs which are dispersed
over the region and then to assign CBH from the urban area, by looking up which CBH was observed
recently in the urban area for similar cloud conditions.

Changes in manuscript:

p. 12, Il. 305-310:

CBH of the cloud layer most dominant in the urban area of Oldenburg accurately, is considered bene s and model
clouds in the same area (depicted in Fig. 1. right). Still, if clouds over the whole region covered by Eye2Sky (depicted in Fig.
1, left) are assessed, this method alone may not be sufficient. In the future, local cloud conditions may be classified by image

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

310 were recently observed in the urban area.

General comment 3:
Reviewer:

To obtain CBH probabilities (Section 3.3) the Authors use a subset of available datapoints. It is
unclear what portion of the data was excluded. Did this selection mostly affect samples of high-
altitude clouds? Perhaps the Authors could add a column to Table 1 that lists the fraction of data
points excluded per altitude group?

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.



As suggested, we added a column to Table 1, indicating the excluded fraction of time stamps per
interval of CBH and added a description, how the filter influences the distribution of CBH in the
validation data set. The filter excludes observations from all ranges of CBH in a similar way. However,
for the lowest range of CBH a larger fraction is excluded. As this range is still represented by a large
number of observations in the filtered data set, this was accepted.

Changes in manuscript:

Description on filtering of validation data was corrected, moved; additional description of the filter
effect added (Sect. 4.4):

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

535 assurecompuarabiityof both-measurements—
pp. 28-29, II. 691-702:
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695

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

700

p. 28, Table 1:



Table 1. Frequency of measurements from the validation data set (period 30 June 2019 to 27 September 2019) per range of cloud base

--------------- i i o R R e R A P P P e B

CBH range [kin]  NumberofobservationsObservations  Observations.

fetained Sjecicd
< CBH<1 11844 13255
1< COBH <2 14130 9120
2 < CBH < 4 9962 5923
4< CBH <8 5559 3570
8 < CBH < 12 4935 1355

General comment 4:
Reviewer:

The Authors measure accuracy of their approach by using a three-month dataset, shown in Fig. 9 and
elaborated in Section 4.3. From a machine-learning stand point is would be important to know if
these were “training samples” (i.e., used to prepare CBH probabilities, etc.) or whether these data
points were withheld from algorithm preparation.

Authors’ response:

In the study we use two separate data sets: one for training/development of the method and one for
the test/validation. The training period is 01 April 2019 to 29 June 2019. The validation period is 30
June 2019 to 27 September 2019. We hope that this answers the reviewer’s question satisfyingly. We
revised passages, by which we intended to describe this split of the used dataset, as shown below,
for more clarity.

Changes in manuscript:

p. 20, . 530:

In this section. the accuracy of CBH measurement by the ASI network and by 42 independent ASI-pairs set up at a wide
variety of camera distances and alignments is compared. This section is based on a validation data set including the days

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

p. 7, 1. 160-162:

160

estimation of conditional probabilities.

General comment 5:
Reviewer:



The Authors introduce the Maximum Likelihood Estimation (MLE) approach in Section3.4 and —
before in Section 3.3 — provide information on conditional CBH probability. This arrangement seems
confusing to me and recommend that Section 3.3 follows 3.4(or is a subsection of 3.4).

Authors’ response:

We changed the order of the sections accordingly. As this change would obscure the markup of other
changes in the red-line version, we excluded this exchange from the markup (by applying the change
before comparing with latexdiff).

These sections have additionally been revised strongly based on Reviewer Comment 2, Major
Comment 1.

Changes in manuscript:
Order of 3.3 and 3.4 is exchanged (p. 12-20, Il. 311-526):

3.3 Estimating CBH in the ASI network (ORDER OF SECTIONS 3.3 AND 3.4 WAS EXCHANGED)

In this 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 ASls (Nouri et al., 2019a). However, with a large number of ASL-pairs, we consider a statistic:

315 promising, which analyzes the CBH samples received and, based on the known characteristics of each ASl-pair, determines

RDER OF SECTIONS 3.3 AND 3.4 WAS EXCHANGED)

3.4 Estimation of conditional probabilities of CBH (

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 ASl-pair given the true CBH takes on some

required

405  specific value. The

General comment 6:
Reviewer:

Section 3.3 lists a variety of filters that were applied (ll. 240ff). The Authors should revise Section 3.3
and reference the use of these filters - if applied in the past —and explain their intended effect.

Authors’ response:

We revised Sect. 3.4 (in new order) strongly according to the reviewer’s feedback but also based on
the Reviewer Comment 2, Major Comment 1. We now pointed out, why a method to estimate the
distributions of conditional probability from measurement data, was developed, which was new in
our perspective at least to this application. Such distributions were so far not available for
stereoscopic CBH measurements.



We moved details on the implementation of the filters to the appendix and focused on the intended

effects of the filters and motivated the value assigned to the parameters of the filters.

Changes in manuscript:

pp. 16-20, Il. 403-526

405

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 UL e required
distribution aims to answer the following question: If true CBH ranges in between 1.5...1.9 km, how large will be the probabil-
ity that an ASI-pair with camera distance 2.2 ki delivers a certain CBH e.g. within 0...0.1 ki or 1.8...1.9 km or 11.9...12 kin?

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



450 First, a weighted mean filter is applied between the original joint frequency distributions #5-—reeeived-from-attreceived for

ASl-pairs with arbitrary-eamersdistaneed-
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As discussed above, ASI-pairs with similar camera distance

455

wy m = max(0,1 — Ad; ., /0.5 km).

460 To each filtered distribution resulting from the prior step, a composite of three Gaussian filters is appliedto—rrr—ro6f
each-ASt-pairt. We first decompose each distribution #r—5rr=—by conditional filters into three separate modes—tthesecond
step, which correspond to parts of the joint frequency distributions which are estimated with descendin
we apply te-each-mode-a Gaussian filter g—with-distinet-standard-deviation 710 _gach mode. The standard deviation of
the Gaussian kermel—The-subseript-mode indieates-the-speeifie-modeforwhichwmm—is-apphied—{ilter applied 1o each mode

with which the prior joint frequency distribution is estimated within grid cells of

recision. Thereafter,

465 corresponds gualitatively to the uncertaint

The first mode is constituted by i - JIER fers ST : Loty
cells for which the ASI-pair based measurement of CBH #-rsr-deviates by more than 1.5 km from the ceilometer readingfrr—+

F fitter 1(hgef, hasr), |hasr =hges| > 1.5 km
470 F‘Louﬁir:r{hﬁ!cf ] hz‘l.’?f} =
0, else.
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scattering effects, the joint frequency

fitterdistributions are found to be comparabl

The second mode is constituted by grid cells that-are-notpart-of the firstmode-and-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 less—thun-the-wverage
ever-below the average of all grid cellsef-thejoint-frequeneydistribution:

Fy fitter 1(hpeghasr), |hasr — hrep| < 1.5km
ﬂ.i::n(}::fédf:ni[h'Rnf:h;‘lS!} - M F‘g‘fﬁm,— 1 [J’F-Rﬁf.h.,qs;} < IIl[:}lIl[.F:[:f,“(.r 1 )

0, else.

the comparably small number of observations in these grid cells is expected to cause an increased uncertainty of the estimated

joint frequencies.

and preserving meaningful variations a Gaussian filter with standard deviation 0.5 km is applied.

The third mode Fl:(.,m},dr,,t,(hm,; —Fr=r+makes 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=
Fl fitter 1(hRef, hast), |hasi —hreg| <1.5km
ﬂ«!anj:dcnf{hf?cj‘.""-‘15?] = M F fitter 1(RRes, iasr) = mean(F piger 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 smatvatse-otsmmrmer—t-H - Gaussian filter

with a standard deviation of (1.1 km is used. Fhe-threefiltered- modesgaresummedtorecetve the smoothenedqointfregqueney
istributi

F.f‘flu"!‘" 2 = 0 pusties {ﬂ:f’“ﬂh’!f] t .qﬂm.:.mfm.:u: {H‘lﬂ*"nﬂfﬁd““t) | yﬂcm.;nhma (Fi:f'”ﬂfld““t]‘

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 gnid cells, a
greater dataset-data set would be required 1o 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 half of the joint frequenc

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

leads to slightly reduced precision for most readings but increased robustness in the case that these grid cells (hg.f.hasr) are

indeed observed in the measurement.

19



Finatby-Finally, from each joint frequency distributions

anc-to-cotnetdentully easureaeertuin CBH with-the eeometer s-yielded—The-, the conditional probability P(hasr | href)
to receive a certain CBH reading from an ASI-pair, given that the ceilometer measures some certain CBH, is eslenisted-by

505

510

515
The inference procedure, which #s-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 to the center of this range, is selected

rovided 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 = 1, 4, 11 respectively. The-furthercontentof- Fig—5
#-explaned--the-nextseedonBlAS and precision, with which ASI pairs of distinct camera distances measure CBH

certain reference CBH, are visible in these conditional probabilities. Such characteristics will be evaluated in more detail in the

iven a

525

Appendix A, pp. 35-37:

880 Appendix A: Details on the retrieval of conditional probabilities

Al Retrieval of raw joint frequency distributions

of 12 km. This yields N = 120.



First, a weighted mean filter is applied between original joint frequency distributions Fj received from all ASl-pairs with
camera distance d, this yields Fj r; :
Wy o
895 H,j:IL(:r 1= M (Al)
Zm Wi,m

wy g = maz(0,1 — Adj m /0.5 km). (A2)
a00 We decompose each distribution F g0 1 by conditional filters into three separate modes. In the second step, we apply to
each mode a Gaussian filter g, with distinet standard deviation o, 4. 0f the Gaussian kernel. The subscript mode indicates the
specific mode for which op04. is applied. The first mode is constituted by all outlier observations. Qutliers are defined here
as grid cells (hges. hasr) for which ASI-pair measurement of CBH & deviates by more than 1.5 km from the ceilometer
reading hgeg:
By pitter 1(hRrep hast),  hasr — hreg| > 1.5 km
905 H,(}11t1ér:r[!5i?!cf;h-ASI:' = . (A3)
0 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 gnid cell (hp.r.hagr) may vary significantly. Therefore
the strongest filter is applied to this mode using gayttier = 1 km,
The second mode is constituted by grid cells that are not part of the first mode and feature a joint frequency less than the
910 average over all grid cells of the joint frequency distribution;
Fi fitter 1(hreg, hasr)s  |hasr — hreg| < 1.5 km
ﬂ.i:zne}:tfide:nt[hRnf:hi\.‘?I} = A F‘f‘fﬁﬁ(:;— 1[1’?-}?:5_{.1’1,151} < IIl[:}lIl[Fj:f;“(-r 1} (A4)

General comment 7:
Reviewer:

The Authors list high temporal and spatial resolutions (“30 s or 5 m”, |. 6) of state-of-the-art
nowecasts. It is not obvious if chosen CBH intervals (“100m”, |. 231) are fine enough to provide such
high resolution. Perhaps the Authors could expand on this in Section 3.3 or in their discussion to
address this question.

Authors’ response:

We agree with the reviewer that indeed the specification of the used state-of-the-art ASI-pairs may
appear contradictory to the accuracy of the CBH estimation attested in this study for all of the
studied ASI-based CBH measurements. As suggested, we added a short discussion to give an



explanation why ASI-based nowcasts may be provided at a resolution which is by far finer than the
deviations of cloud shadow positions induced by deviations in the estimation of CBH. The source
cited in this discussion was additionally added to the introduction. Note that Sect. 4.4 was also
reworked based on Reviewer Comment 2, Major Comment 2.

Changes in manuscript:
p. 2, Il.37-38:

nowcasts can reduce the uncertainty of supply from solar power plants and can support efficient balancing of energy supply
and demand (Law et al., 2014 Kaur et al., 2016). Further, they can be applied to control concentrating solar power plants
(Nouri et al., 2020a) more efficiently. The coordination of renewable production and energy consumption at a local scale is a
way to minimize requirements on grid-infrastructure while keeping curtailment of feed-ins from renewable sources at a low

40 level. Ghosh et al. (2016) use nowcasts (135 s ahead) to control PV-feed in and provide reactive power. In this context, spatially

p. 30, Il. 740-754:

740

745

properties of spatial variability may still be captured in these maps.

uuuuuu s

General comment 8:
Reviewer:

To help the reader appreciate the scientific advance in the work, the Authors should stress wherever
(in Section 3.3 or 3.4) new techniques were developed or combined.

Authors’ response:

To emphasize the novelty of the method used in the study we added a short introduction to the MLE-
based method in 3.4. Our combination method allows to combine the CBH measurements from a
large number of ASI-pairs. Additionally, the method takes account of the individual characteristics of



the ASI-pairs by the use of conditional probabilities. Finally, the use of MLE is to the best of our
knowledge not known to this application.

Further we also pointed out that the required distributions of conditional probability were so far not
available for CBH measurement by ASl-pairs.

Changes in manuscript:
pp. 12-13, Il. 312-321:

The-estimationprocedure presented-here s motivated-by- In this section we present our method to combine the measurements

315 promising, which analyzes the CBH samples received and, based on the known characteristics of each ASI-pair, determines

ving a certain

ing from an ASI-pair, given that 2 speci 0 ion procedure then uses

e P

sles from Maximum Likelithood Estimation (MLE) —Fieureand ifies spec To best of our

e

320 is novel to

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

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

Minor comment 1:
Reviewer:

Fig. 2: The plot seems to contain redundant information (by switching perspectives between two
ASls). The Authors could color code each perspective or exclude one redundant half.

Authors’ response:

We adapted Fig 2 (left) and for consistency also Fig. 2 (right). As suggested, the plots now make it
clearer which ASI-pairs’ axes orientations and also distances were yielded by switching the used main
camera.

Changes in manuscript:

p. 6, Fig. 2:



Freguency [-]
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Figure 2. Frequency distribution of eameraaxis-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 each ASt-tuple
2 ASLwple two different ASI-pairs result by switching the main camera, counts of ASI-pairs with switched main camera are marked orange,

striped)

Minor comment 2:
Reviewer:

Il. 140-144: Please provide the minimum optical thickness for ceilometer detection.

Authors’ response:

We requested this information from the manufacturer but did not receive a response yet. As
requested by Reviewer Comment 2, Specific Comment 4, 9, we added a more detailed description of
the algorithm used by the ceilometer and extended the description of how this reference instrument
was validated in previous studies. We hope that this may be helpful to a possible reader. Otherwise,
we hope that we can add this information in a response to be handed in later.

Changes in manuscript:
p. 6, Il. 137-141:

The used ceilometer #sof type Lufft CHM 15 k Nimbus =(firmware v().747) is operated by DLR since 2018. CBH is measured

by the manufacturer’s Sky Condition Algorithm (Lufft, 2018) in the default configuration, Heese el al. (2010) specifies for a
cedlometer of the same type, that full overlap of the lager’s and the receiver’s field of view i reached at a height of 100 m,

140 However relying on _an overlap correction, the manufacturer specifies a minimum CBH of down to () m. In this study the

manufacturer’s default minimum CBH of 45 m is used.
e e N e S I e

pp. 7-9, Il. 174-203:



Regarding the accuracy of the-instrument—a-benchmuark—by Murtieet-etal{20H0)-exhibited-abias—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 difTerent types of ceilometers. In a benchmark performed by Martucci etal. (2010). the measurement of a Vaisala CL31
ceilometer CBHgy, showed a significant deviation from the reading CBH 754 of the instrument eempared-to-aneother munufaeturer

] B . J

180  used here. This trend was given by UBHgy, = 160.315 m 1 0.925 * CBHg s, However, the measurement procedure, of the
instrument used here, was modified by firmware updates in the meantime. Gorsdorf et al. (2016) presented results from a more

recent measurement campaign, CeilinEx2015, which took place in 2015, In this experiment the measurements of six types of

ceilometers were compared, For stratus and stratocumulus clouds as well as for fog, deviations between the instruments of up

10 70 m were observed. For each of these conditions, the CHM 13 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

instrument types 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 LD40 ceilometer, by a UV lidar
(I cosphere ALS450) and by visibility sensors mownted in variows altindes on 3 tower of 213 m height. For CRH of up

200 m. the CHM 15 k typically measured a CBH 30.. ... 50 m smaller than the one of the LD40. However, the CHM 15 k was in

190 better agreement with the estimate based on visibility sensors. Gorsdorf et al. (2016) and de Haij et al. (2016) suggest, that the
negative mean deviation of the CHM 15 k attested by all these studies, for clouds in the range CBH < 3 km, is mostly caused by

the manufacturers’ algorithms to detect CBH from backscatter profiles. Whereas, according to the manufacturer (Lufft, 2018),
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 etal, (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 etal. (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
the CHM 15 k within a tolerance of £3 classes in hh code (WMO Table 1677). This tolerance corresponds to a CBH-range

of £1050 m centered around the discretized reference CBH. CHM 15 k was attested a probability of detection of > 98% and

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

range of CBH < 3 km and also for the range of CBH > 3 km, a rather good performance of the instrument is indicated. The
experimental results of this study will in particular be compared to prior studies which used a ceilometer of the same type. This

Minor comment 3:
Reviewer:

Il. 145-151: Is there a maximum solar zenith angle that limits CBH retrieval?
Authors’ response:

The measurement of CBH by the ASI-pairs is in principle only limited by the illuminance of the scene.
In this study we included zenith angles smaller than 90 degree. We added a description on this. Note
that a further addition was made here based on Reviewer Comment 2, Specific comment 6.



Changes in manuscript:

p.7,1l. 157-158:

155 avoiding redundant calculations. In this way, computational cost scales mostly linear with the number of ASls used instead
of with the number of ASI combinations so that execution in real time is possible. In total, including computation time, the
estimation of CBH by the ASI network can be retrieved within 10 s after image acquisition. CBH is computed by the ASl-pairs

and by the AS1 network during daytime, i.e. if the sun elevation at the time of image acquisition is greater than (7.

Minor comment 4:
Reviewer:

4

|. 171-173: Please substitute “most dominant in features, driven by area and optical thickness’
instead of “most dominant in the sense of area and optical thickness”.

Authors’ response:

We appreciate the reviewer’s suggestion and replaced the term accordingly.

Changes in manuscript:

p. 11, II. 270-271:

270 measurement approximates the median CBH of the cloud layer that is locally most dominant in the-sense-efeatures, driven

by area and optical thickness.

Minor comment 5:
Reviewer:

I. 193-195: Please link to reference or plot(s) or else put “not shown”.

Authors’ response:

We added this note as suggested.

Changes in manuscript:

p.12, 1. 292:



290 Within the range of high clouds, a roll-off of the frequency is seen for CBH = 10 km. A reliable estimation of CBH should
therefore provide accurate readings for the range of CBH €]0,12[ km.

A visual analysis and a k-means classification for the site of Oldenburg (not shown) suggested that local conditions predom-

Minor comment 6:
Reviewer:

Equ. 1: What is “j”?

Authors’ response:

We would like to apologize for the mistake, the letter was indeed not intended. We corrected the
equation.

Changes in manuscript:
Appendix, p. 36, |. 895:

First, a weighted mean filter is applied between original joint frequency distributions £y received from all ASI-pairs with

camera distance d. this yields F

Em N, m -F:'u

T W1 rn

i

(Al)

895 Fijiner1 =

For the joint frequency distribution Fy of each respective ASI-pair I, weights wy ., are used that include ASI-pairs with similar

Minor comment 7:
Reviewer:

Fig. 8: Please provide performance metrics (e.g., correlation coefficient, bias, and RMSD) to each
panel.

Authors’ response:

We added performance metrics to all scatter-density plots shown in the publication. We further
adapted the scatter-density plots as Sect. 4 was reworked based on Reviewer Comment 2, Major
Comment 2.

Changes in manuscript:

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 (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
(50%-guartile. red dotted). limits to the interquartile range (IQR, red dashed) and 5—.95—percentiles (red solid line) based on floating

1000 m-bins of CBH from ceilometer are plotted.




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 ASl-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

33 Estimating CBH in the ASI network (ORDER OF SECTIONS 3.3 AND 3.4 WAS EXCHANGED)

¥ In this 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). However, with a large number of ASl-pairs, we consider a statistical method

315 promising, which analyzes the CBH samples received and, based on the known characteristics of each ASl-pair, determines
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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, esndittonal-probabilites-estimsted-in Sect. 3.4,
conditional probability distributions will be estimated. These conditional probabilities are translated into the likelihood that
actually certain values of (reference) CBH are present (step 1) based on the readings of CBH received fer-from ASI-pairs in

this range 7 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 AS+s-ASI-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
ASI-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 of all valid CBH readings of the previous 10 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.

Fo-Thus, the readings of ASI-pairs in these ranges of camera distance may prevail in the estimation of CBH. As the variet

as possible—, For this, we define ranges of camera distancesre-defined-, using the range limits {0.5,1,1.5,...,6} kmand-. CBH
readings of all ASI-pairs with camera distance in range ¢ are averaged to yield CBH;. Consecutively, the conditional probability
PLEBHAH-P(CBH, | By ) is evaluated that the found CBH; would be received for a given true CBH £y, (red marked
box prior to step 1 in Fig. 5). Note that 2(CBHHwas- P(CBH, | by, ) will be modeled in Sect. 3.4 measuring CBH hp, ¢
by a ceilometer which previded-fp—r#provides hp. s 7 by, Thus, the likelihood £:48-L, (hyy,,.) is obtained (Fig. 5,
output of step 1):

Li(Bhipyue) = P(CBH; | Bhirue). (1)
Step 2: Likelihood4s-We define cumulative likelihood C; h as the likelihood of receiving the present reading CBH

given that by is smaller or equal to an estimation of true CBH by Accordin ly in_the implementation, likelihood is

summed cumulatively over all bins of reference CBH #+e-defineeumulative likelihood-hy, . (Fig. 5, step 2):

Cilhtrue) =D 0<inye <heyy, £ Ohirue)- @

Likewise, a complementary cumulative likelihood is defined

Ci(6) = _Li(8).
00

14
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as the likelihood of receiving the present reading CBH; given that h is oreater than an estimation of true CBH k

C1 [iltrur:} - Z Et’ {hirur: ) - (3)

htrur‘.}ﬁh'\u:

His-meinty-the-In_particular, the use of these cumulative functions that-and the estimation of likelihood functions from
measurement data distinguishes the present approach from a regular Maximum-Likelihood-Estimation (MLE). This modi-

fication 1s used as in MLE typically smooth analytical fkelhood-functions are assumed as likelihood function. In contrast,

likelihood functions here are-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 representable:

representative. When using cumulative distributions, it is expected that the method still works robustly if the conditional

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 (deseribed-determined in Sect. 3.4) reduces systematic deviations of estimated

CBH compared to 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. Whenusinscomulative

C—,Eﬁ-)—Buth functions C,(h and C; (h
of step 2.

Step 3: ?he—m&ufﬂi—k}gﬂf&hm—ﬁﬁaeﬂ—ﬂppheﬁﬁ-&%—ﬁﬂﬁmd—m%We aim to determine the likelihood of receivin
the combination of readings CBH; from all the intervals i of camera distance te-yield-the-given that h < hypge. This can be

roduct of C; (h

are shown for three exemplary intervals of camera distance in Fig. 5 as output

from all intervals 2. As this product would often become zero in our numerical treatment, we
which we refer to as overall logarithmized cumulative likelihood log C,, (R . This
operation also allows to replace the product by a sum (Fig. 5, step 3 jeiven-the readings-CBHperintervali-of comers-distance

expressed as

instead calculate its natural logarithm,

Ao

log Cn{flm} = Zlngﬁi(ﬁw). (4)

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

i of camera distance

log C,.{f;m} = ZI(JgG(ﬁM). (5)

Both functions are visualized exemplarily as output of step 3 in Fig. 5. Intheorythe methodconld dowithoutthe spplication
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Step 4: Phe lelt -hand sides 4n By and Hy- log C h and log C,(h are unl)r known at discrete points. Linear

interpolation yields continuous representations of these.

wh-ieh—ksg—%{ﬁ-]—&&d—k&g—%{é—)—Then finall

LTS ST S

we aim 1o select the true CBH hy; which makes it likeliest to receive the

are equal (Fig. 5, step 4): _

Hhhkrhr*s! = flrgnungh I(Jf_',' Cﬂ(ht'ru('j ]()g Cn(&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). Fherefinement-is-motivated-by-the-fHnding-thatsome-As a first observation from
the generation of conditional probabilities, ASI-pairs uf&u#mudy—aee&mi&r?&eb&uﬂy—u—eeﬁ&&hmﬂge—ef—%—pmﬂ-me

irs-with camera distance greater

than 4.5 km as-these AN pairs—cause large deviations for CBH < 4 km and &Hl-y—mmfde—ﬂ—hm&e&—beﬂe&kg&bm
Mmg&% e at gredter CBH.

These ASI-pairs are excluded from the refined

estimation of Fygeeese: On the other hand, AST-pairs with
distance are alread
of the ASI-pairs
as input to step 1 in Fig. 5) —Fhisand identified the ASI-pairs

accurate if only small CBH occur, as we will discuss in Sect. 4. We inspected conditional probabilities

Mreﬁned estimation is

estimation of CBH #repmearetdshp pineq reads
Biiketiest, hiiketicst €]3,12] km
Bhrofined § min(3 km, mean(fic i)d<1.6 km}))y  Pliketiest < 3 km Amean(hic (i|d, <16 km)) > 1.5 km (7

min(1.5 km, mean(Ric fijd 1.2 kmp))s  tiketiest < 3 km Amean(Ric 4, 216 kmy) < 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

required
distribution aims to answer the following question: If 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..0.1 kmor 1.8...1.9km 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
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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 to approximate 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 o

29 June 2019 are used. CBH measured by the ceilometer serves as reference CBH. It is considered not to be essential that

the training period is r sentative of the period to which the method is applied. However, we expect that the method works
best if the inchaded ASI-pairs exhibit 3 similar digtribution of measurement deviations given the same seference CBH in both

periods. For solar applications and the latitude of this study, we consider the used dataset and its split reasonable. The summer

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

The seven ASIs available in the urban area are arranged into 42 ASI-pairs. Each tuple of two ASIs, that is selected from 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 {rom 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 hig, ; and the respective ASI-pair

values, [0,12 km[x[0,12 km[, which the pair (g, can take on, is discretized into a mesh of square grid cells with
side lengths Ah. Then the frequency is calculated with which (hg.f,hasr) is observed in adiseretegrid-celldefined-bythe
3 al-LAd {4 ) . : ab-HeAh — e {012 N cach of the
discrete grid cells. A bin size Ah = 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 to a minimum level of 100 m. Jeint-fregueney

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 distributions 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 extentas

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

17



450 First, a weighted mean filter is applied between the original joint frequency distributions #5-—reeeived-from-attreceived for

ASl-pairs with arbitrary-eamersdistaneed-

F E :j “"LmFm
I filter 1 = E .
Wy
g L

T

As discussed above, ASI-pairs with similar camera distance

455

wy m = max(0,1 — Ad; ., /0.5 km).

460 To each filtered distribution resulting from the prior step, a composite of three Gaussian filters is appliedto—rrr—ro6f
each-ASt-pairt. We first decompose each distribution #r—5rr=—by conditional filters into three separate modes—tthesecond
step, which correspond to parts of the joint frequency distributions which are estimated with descendin
we apply te-each-mode-a Gaussian filter g—with-distinet-standard-deviation 710 _gach mode. The standard deviation of
the Gaussian kermel—The-subseript-mode indieates-the-speeifie-modeforwhichwmm—is-apphied—{ilter applied 1o each mode

with which the prior joint frequency distribution is estimated within grid cells of

recision. Thereafter,

465 corresponds gualitatively to the uncertaint

The first mode is constituted by i - JIER fers ST : Loty
cells for which the ASI-pair based measurement of CBH #-rsr-deviates by more than 1.5 km from the ceilometer readingfrr—+

F fitter 1(hgef, hasr), |hasr =hges| > 1.5 km
470 F‘Louﬁir:r{hﬁ!cf ] hz‘l.’?f} =
0, else.




475

480

485

490

495

500

scattering effects, the joint frequency

fitterdistributions are found to be comparabl

The second mode is constituted by grid cells that-are-notpart-of the firstmode-and-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 less—thun-the-wverage
ever-below the average of all grid cellsef-thejoint-frequeneydistribution:

Fy fitter 1(hpeghasr), |hasr — hrep| < 1.5km
ﬂ.i::n(}::fédf:ni[h'Rnf:h;‘lS!} - M F‘g‘fﬁm,— 1 [J’F-Rﬁf.h.,qs;} < IIl[:}lIl[.F:[:f,“(.r 1 )

0, else.

the comparably small number of observations in these grid cells is expected to cause an increased uncertainty of the estimated

joint frequencies.

and preserving meaningful variations a Gaussian filter with standard deviation 0.5 km is applied.

The third mode Fl:(.,m},dr,,t,(hm,; —Fr=r+makes 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=
Fl fitter 1(hRef, hast), |hasi —hreg| <1.5km
ﬂ«!anj:dcnf{hf?cj‘.""-‘15?] = M F fitter 1(RRes, iasr) = mean(F piger 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 smatvatse-otsmmrmer—t-H - Gaussian filter

with a standard deviation of (1.1 km is used. Fhe-threefiltered- modesgaresummedtorecetve the smoothenedqointfregqueney
istributi

F.f‘flu"!‘" 2 = 0 pusties {ﬂ:f’“ﬂh’!f] t .qﬂm.:.mfm.:u: {H‘lﬂ*"nﬂfﬁd““t) | yﬂcm.;nhma (Fi:f'”ﬂfld““t]‘

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 gnid cells, a
greater dataset-data set would be required 1o 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 half of the joint frequenc

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

leads to slightly reduced precision for most readings but increased robustness in the case that these grid cells (hg.f.hasr) are

indeed observed in the measurement.

19



Finatby-Finally, from each joint frequency distributions

anc-to-cotnetdentully easureaeertuin CBH with-the eeometer s-yielded—The-, the conditional probability P(hasr | href)
to receive a certain CBH reading from an ASI-pair, given that the ceilometer measures some certain CBH, is eslenisted-by

505

510

515
The inference procedure, which #s-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 to the center of this range, is selected

rovided 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 = 1, 4, 11 respectively. The-furthercontentof- Fig—5
#-explaned--the-nextseedonBlAS and precision, with which ASI pairs of distinct camera distances measure CBH

certain reference CBH, are visible in these conditional probabilities. Such characteristics will be evaluated in more detail in the

iven a

525

Appendix A, pp. 35-37:

880 Appendix A: Details on the retrieval of conditional probabilities

Al Retrieval of raw joint frequency distributions

of 12 km. This yields N = 120.



A2 Filtering operations applied

First, a weighted mean filter is applied between original joint frequency distributions F; received from all ASI-pairs with

camera distance d, this yields Fj

1 Fm
2o, _ (A1)
Do Wim

895  Fifitter1 =

wim = maz(0,1 = Adt 0.5 km). (A2)

reading hpep:

Fy fitter 1(hRegsbast),  |hast —hgeg| = 1.5 km
905 F‘metlinr{hﬂ!efsh:‘l.‘;'f) = . (A3)

0, else.

Such outliers will contain a large random component. We expect that in a reproduction of the experiment, a similar number of

910  average over all grid cells of the joint frequency distribution:

Fi fitter 1(hgef. hasr), |hasr —hpreg| < 1.5 km

F‘i.énmnfidcnt(th.‘f!hASf) = A -Fi,ft'i!cf 1 (thf,hAS'f) < mc?m(ﬁ,_fﬂtcr l} (A4)

0, else.

The comparably small number of observations in these grid cells is expected to cause an increased uncertainty of the estimated




The third mode F; il Rpef. b | makes up the complementary of the first and second mode. It contains grid cells
915 that are observed with an at least average joint frequency and which are not classified as outliers:
F fitter 1(hReg, hasr), |hasr = hrep| <1.5km
‘Ff,f:mfzdcni{hﬁ‘f:jfh'.'i.’i'f) = M Fi:falt{'r I(h.l‘?r:feh-;‘l."i'!) = Tncan{ﬂ:fﬂir:r 1) (AS)

0, else.

o

SRR

S

Joint_frequencies in these grid cells are considered o have a comparably high accuracy. To avoid a loss of precision and
Ele LS, e UTACY,

ultimately a loss of accuracy in the estimation of CBH, a small value of 0o figene = 0.1 km is used. The three filtered modes

g are summed Lo receive the smoothened joint frequency distribution
920 Fipitter 2 = Joousiee (Flouttior) + Gouncongusens (Flincontident) + 9eeon pesens (Fiscon fident)- (A6)
For all grid cells, joint frequency is increased 1o a minimum value of (1.5 to avoid underestimations of joint frequency. This

zle actual observation in a grid-cell.

P

value is chosen to be half of the joint frequency associated with a sin
Each joint frequency distribution is normalized with the sum of all joint frequency grid cells. In this way, a probability mass

925

a certain CBH reading from an ASl-pair, given that the ceilometer measures some certain CBH, is calculated by dividing the

respective probability mass function by the marginal distribution of CBH measured by the ceilometer. The latter distribution

St

simultaneously received from an ASI-pair. The distribution can be derived from any of the probability mass functions b
930  summing all grid cells of the probability mass function which correspond to the respective bin hpg. ¢ of CBH measured by the

A3 Representation of intervals of camera distance

5.1,1.5, ... km by a single

The inference procedure represents each range i of camera distance bounded by the limits {0.
distribution of conditional probability. For each range of camera distance, the distribution of conditional probability, which
is selected. For example, for the range i = 2 representin

camera distances 1...1.5 km, the center of the range would be 1.25 km. For the camera distances 1.081, 1.247 and 1.352 km,

conditional probabilities have been modeled. Consequently, for this range of camera distance, the distribution of conditional
probability corresponding to the camera distance 1.247 km is used.

935 corresponds to the camera distance closest to the center of this range,

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.

- To give 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 at 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 1s 10 min-median CBH.

20
Range 2-ASl-based +  ASl-pair CLO-FLE + Ceilometer
+  ASl-pair DON-MAR *  ASl-network
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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 lilled), by
two exemplary ASl-pairs DON-MAR and CLO-FLE with respective camera distances (1.8 and 4.2 km, by the ASI network with refinements

and by a ceilometer in the urban area of Oldenburg.

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 esineideneeof-CBH —measured-measurements

L

e

and from all individual ASI-pairs per interval of CBH are discussed.

4.1 Comparison of CBH measurements for twe-an exemplary daysday

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.
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teftrand-on{()2 September 2019 7:20 (eenterleft) and an almost clear-sky situation on (2 September 2019 17:00 (right) respectively.

In the momning (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, centerleft). 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
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 suc
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 CBHthatisassumedtobe

22
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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 if 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

585 (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.

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

590 4.2 Comparison of CBH measurements by relative frequencies

ir-the-folowing-deviations-found-for-two-Deviations found for the exemplary ASI-pairs DON-MAR and UOL-HOL with
camera distances of 0.8 km and 5.7 km as well as for the AST network, with-and-without-without and with 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

relative frequency of CBH measured by the respective ASI-based systems given a CBH measured by ceilometer. Thus, relative

595

rformance metrics of the individual systems: Root mean squared deviation (RMSD), BIAS

of the subplots further indicates

and coefficient of correlation (p).

421 ASL-pairs

600 The readings of ASI-pair DON-MAR, (Fig. 8 upper row, left) 5 - SbE 5
EBHreadings—Additionally-CBH-fromthe-are well aligned with the main diagonal up to a reference CBH of around 4 km. As

reference CBH increases further, the ASI-pair increasingly underestimates CBH, indicated e.g.

based on the median-value, its readings are well aliened with the reference at lareer CBH.
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Figure 8. Relative frequency of ASl-based CBH estimation for given CBH from ceilometer—. Evaluation for two of the ASIl-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, left) and with refinements (bottom row, right). Relative frequency in each column adds up to 1. Additionally, median

@ﬁ{qﬂyggilc red dotied), limits to the interquartile range (1QR, red dashed) and 5— 95 —percentiles (red solid line) based on floatin
1000 m-hins of CBH from ceilometer are plotied.

Both AST-pairs exhibit a strong scattering of the measurements, clearly visible from the wide spread of the quartiles as well
as of the 5—, 95 —percentiles. In agreement with the prior finding, DON-MAR is rather precise at low CBH (<7 3 km), whereas
UOL-HOL is notably more precise at greater CBH. CBH from the ASI-pairs often deviates towards very—tow—EBH—This

24



feature-is-in-partwso-seenfor the-ASHaetwork{Fie—S-bottomrowHow CBH, when the ceilometer measures CBH in the range
3...

12 km. In this range, the 5-percentile of ASI-based CBH increases only slightly with reference CBH and comparably large

610 relative frequencies are found close to the H-percentile. As discussed beforein Sect. 4.1, this can #partresult from low cloud
layers which are actually present in the ASI-pairs’ field of view but not at the ceilometer's location. Fowardshishreadinesof

615

620

CBH which scatter randomly around a medusvalue ofd-3-lemforreference CBH <18 lem-Hreference CBHranges - between

The-messvrementof CEBH by the ASTretworkwithout refinementsisshowninQverall, the ASI-pairs are characterized by a

630 minimum CBH in the range of 0.32 x d. As described above, this suggests that the matching procedure of the ASI-pairs almost

er than G7°. Further, also for reference CBH close to this minimum

. below 0.5 km and 3 km for DON-MAR and UOL-HOL.

always [ails il matched windows cover zenith angles lar

CBH, the ASI-pairs yield increased deviations, e.
422 ASInetwork

Based on Fig. 8 bottom row, left-

-, the ASI-network without refinements

635 succeeds to combine the preferred rties of ASI-pairs with distinct camera distances. The median values of the ASI
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In the range of reference CBH > 10 ki, the ASI network constantly returns CBH of around 10 km. In the studied cli-

. reference CBH in this range are comparably

g

viations resulting from these inaccuracies and ¥ields-thus to vield a more conservative but-in-this-ease-biased-estimationrof

EBHestimation. However, this approach also su; sses the estimation of extreme CBH readings, which causes a BIAS under

650 these conditions. For the analyzed site, deviations found in this range of CBH are of minor importance. Fortow—values—of
; CBH-ASI LASL-pair DON-MAR formsimmilasiv-athisk Onbvf
For very low values of reference CBH (espeudlly EBH—<H5 e rwith-CBH < 0.3 ki) the ASI network a-larseshare-of

without refinements overestimates CBH drastically. None of

665 cially if the whole range of studied reference CBH 0)...12 km should be covered. This is also indicated by the performance
4.3 CBH accuracy under nowcasting conditions

670

675
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air DON-MAR (Fig. 9, left) and the ASI-network with refinements (Fig. 9, right),

nclude tl he median (red dotted), limits to the interquartile range (IQR, red dashed

Under most conditions included in Fig. 9, median and interquartile range indicate a good alignment of the CBH estimation
from _the ASI-network and of CBH from the ceilometer. For ASI-pair DON-MAR, a notable negative BIAS is indicated if

the ASLpair returns a CBH of 9 km or more. Also, if a CBH of more than 4 km is detected, the interquartile range indicates

a notably increased precision of the ASI networkbehaves—tor-. The range between the 5. 95 sentiles 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 km from
the ceilometer measurement in the case of the ASI-pair and the ASI network, respectively. Still, this range is notably narrower
for the greatest partke ASHpairs PON-MAR-and MAR-DON-Concurrentty-the-ASI networkkeepsitsadvantagesoverthese
- 9, both systems are considered suited for an application in nowcasting at the studied site, while a considerable

Based on Fi
et

uncertainty is present. The ASI-network provides a notably improved accuracy in particular in cases when clouds at a CBH = 4 km

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

variability of CBH (rejected).

CBH range [km| MNemberofebservattonsObservations  Observations

0< CBH<1 11844 13255
1< CBH=<2 14130 9120
2< CBH <4 9962 5923
4< CBH<S 5559 3570
8 < CBH <12 4935 1355
®  ASl-pair ASI network raw
Mean of ASl-pairs ASI network refined
H
4+ " :
L] ! 3 I . |
351 : ; T 5 H :
[ r [ ] 1
— 3 r ] = i 7 (]
£ : T .l T .
X 2.5+ ! : 1 ¢ ] X 1 i i : ]
o m ry i
w 2+ ! | < 8 @
= ' =0 ‘1’ @ ]
. m 1
15 = : o - 1 i
L] 1 1t 1 i
o &
- H
0.5+ é @ 1 2t I
L]
0 1 L 1 L

0.1 1.2 2.4 4.8 8..12 0.1 1.2 2.4 4.8 8.12
Range of CBH [km] Range of CBH [km]

Figure 10. RMSD (left) and BIAS (right) for five ranges of CBH received for all individual ASl-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 to be less than 30% of mean CBH
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720

within the same window. As discussed above, the ASI-pairs 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 of 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

(see also Fig. 4). Table 1 also shows the number of observations excluded from the validation as significant temporal variabilit

sl 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). As-imphied-by-the findingsfrom Seet:

the most accurate or at 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 € [L, 8] km (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 ASI-pairs for these conditions. This
deviation svastraeed-baek-te-is probably related to situations in which the ASI-based messsrementsorEBH-missinshishtayer

ks TEAE ERE e 3 The distance between the cameras used by an ASI-pair
and the reference ceilometer were considered as an influence on the accuracy of an ASI-pair. However, for the ASI-pairs

studied, this distance to the validation site is not confirmed as a

features, driven by area and optical thickness.
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735

seer—+r-As shown in Fig. 10, without the refinements, in the range CBH < 1 km 12 ASI-pairs with camera distance up to

1.6 km perform better than the ASI network in terms of RMSD and BIASis-everlsid-by—strongsseatterne—The-vartationof
in Sect. 4.2, in this range of reference CBH the ASI network could be improved by ASI-

airs with even smaller camera distance.

metfesbetweenthe-variousapplied refinements improve the accuracy notably. Figure 10 includes the error metrics received
when simply averaging CBH measurements of all ASI-pairs. Firstlysporadietarse erfors may-occuronty-insomeof- The ASI

vides a significantly more accurate estimation of CBH in terms of

network in both variants, with and without refinements.

4.4.2 Influence of the camera distance on performance metrics
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different-nature-of-beth-measurements—the-aeeuraey—of-EBH-in different ranges of CBH and compare these results those
of Kuhn et al. (2019) who studied the accuracy of ASI-

rovides RMSD and BIAS received from the ASI network ts-expeetedto-improve-furtherHamaverage-CBH-overarange-of

airs with camera distances in the range of (1.5...2.56 km. Figure 11

765 4.5

Fordow-CBHACHH—<2Hanraceurey-ol-the-measurement-by-and ASI-pairs deereases—with-und distinguishes the latter b

camera distance.

analyzed the accuracy of CBH measurement was-onby-anabyzed-for three ranges of CBH defined by the limits {0, 3, 8, 12} km.
770 Wenotieed-that-a-finer-elassiheationr-ob-CBH-asused-Overall, in the present study yields-moreinsighis-torsmat-CBH-Figore-8

775

tively, BIAS increases linearly with camera dl\unmmﬁwﬂe}ﬂ%kmmgmm
the same trend is visible for RMSD in these ranges of CBH. From the analysis in Sect. 4.2, this effect is clearly connected to the

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

790 which may be present in spite of the applied filter.
: : verall, 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 1s noticed for BIAS. From Kuhn et al. (2019) the influence of camera distance on accuracy

wias expected to be more significant in this range of CBH. Theinflueneeof CBHonacenrseyof-the- measurementcotneides
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Besideeamersdistaneethe-Further, the orientation of the esmeraASI-pair’s axis to the present direction of cloud movement
was considered as an influence on accuracy in Kuhn et al. (2019). Based-enthat-study-ASI-pairs may measure CBH more
accurately if theireamera-the ASI-pair’s axis is aligned with the direction of cloud motion. Fe-study-this-effeet-the-The direction
of cloud motion was retrieved from AST UOL as disewssed-described in Sect. 3.2 —Fhenand the dataset was restreted-to-times
rwhiehetondsmeovediltered to imestamps with cloud motion from west to east. Accuracies of ASI-pairs with similar camera
distance but different orientation of the eameraaxis-overthedirectionofelond-motion-ASI-pair’s axis were compared. In this
comparison no correlation of eamersatienmentoverthedirectionofcloud-motionand-uecuraey-wasrecognized—accuracy and
ment of the ASI- nized.

the ali air's axis over the direction of cloud motion was reco

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 from 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&BH71.4 x CBH,;,, and in no case larger
than 3 % CBH45. 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 < (0.5 km.

Appendix B, pp. 38-39, Il. 943-953:
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layers, resulting in similar observations. In the morning and evening high cloud layers are dominant. The CBH of these varies
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in_the range of 7...11 km according to the ceilometer. The range of CBH from ASI-pairs reflects this spread. Stll, it is not
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by a ceilometer in

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
qualitatively 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.17,1l. 412-418:

415

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 ASls 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
ASl-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 1o a ceilometer and characterized by camera distance.
The ASI-pairs are formed from seven ASIs and feature camera distances of 0.8...5.7 km. Each of the 21 AS-tuples-tuples of

two ASls formed from seven ASls yields two independent ASI-pairs as the ASI used as main and auxiliary camera respectively

1s 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 arbirarty-iteratively selecting a tuple of ASds

Awo ASls out of the 21 tuples aresvaitable+available and forming two independent ASI-pairs from each tuple by swapping

its main camera. The main camera of an ASI-pair is central to the measurement of CBH through an ASI-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 A&d-tuplesiuples of 2 ASIs,
42 ASl-pairs are received. All 42 ASI+
orientation of the easmera-ASI-pair’s axis characterize the ASI-pairs. The orientation of sessmeraan ASI-pair’s axis is defined

airs are included in the estimation procedure. The paired cameras’ distance and the

p. 6, caption of Fig. 6:

striped)

p.17 1. 419

The seven ASls available in the urban area are arranged into 42 ASl-pairs. Each tuple of two ASls, that is selected from the

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 “ASI-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 Il. 132-135, caption Fig. 2:

130

135

more detail in Sect. 3-43.1, and defines the center of the area for which CBH is estimated. From 21 AStuptestuples of 2 ASls,
42 ASl-pairs are received. All 42 ASI-pairs are included in the estimation procedure. The paired cameras’ distance and the

orientation of the esmers-ASI-pair’s axis characterize the ASI-pairs. The orientation of sesmersan ASI-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-ASIl-pair’s axes

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

Freguancy [-]

1B0* 2 3 4
Camera distance [km]

Figure 2. Frequency distribution of easmers-axis-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 area into 42 ASI-pairs (from each ASt-tupte
2-ASl-tuple two different ASl-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 ().8...5.7 km cover most of the range (0.02...5.5 km that is used in literature (Kuhn

p. 33 11. 798, 800, 803, 805:

800

805

Beside-cameradistaneethe-Further, the orientation of the eamera-AS1-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-stody-ASI-pairs may measure CBH more
accurately if thetreamera-the AS|-pair’s axis is aligned with the direction of cloud motion. Fe-study-thiseffeetthe-The direction
of cloud motion was retrieved from ASI UOL as disenssed-described in Sect. 3.2 =Fhen-and the dataset was restricted-to-times
irwhieheloudsmovedillered to timestamps with cloud motion from west to east. Accuracies of ASI-pairs with similar camera
distance but different orientation of the esmers-axis-overthe-direction-oleloud-meton-AS|-pair’s axis were compared. In this
comparison no correlation of esmersalisnmentover the-direetionof elotd- motionand-seetrtey-was reeoghized—accuracy and
the alignment of the ASL-pair’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, . 137-141:

The used ceilometer #s-of type LufTt CHM 15 k Nimbus =(firmware v().747) is operated by DLR since 2018. CBH is measured

by the manufacturer’s Sky Condition Algorithm (Lufft, 2018) in the default configuration. Heese et al. (2010) specifies for a

ceilometer of the same type, that full overlap of the laser’s and the receiver’s ficld of view is reached at a height of 1500 m.

140 However relying on an overlap correction, the manufacturer specifies a minimum CBH of down to () m. In this study_the

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

Specific comment 5
Reviewer:

Line 116: Are you using the color or B&W version of Q25?

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 Howeyer relying on an overlap correction, the manufacturer specifies a minimum CBH of down to (/. m. In this study the

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.7,1l. 156-158:

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

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

extination of CBH by the AST network com be setrieved within 10 5 aftex image acquisit

n. CBH is computed by the AST-pairs

and by the ASI network during daytime, i.e. if the sun elevation at the time of image acquisition is greater than 0°.

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

uuuuuuuuuu

evaluate readings provided for the lowest layer. This approach applies 1o all evaluations presented in this publication.

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 ASI-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—a-benchmuark—by Murtieet-etal{20H0)-exhibited-abias—ceilometers in general,

175 de Haij et al. (2016) and Girsdorf et al. (2016) noted that there is no generally excepted

uantifiable definition of CBH

180

185

190

recognize the peak’s maximum.

195

200

pp. 9, l. 210:

210

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:

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 areas considered as features in the cross-correlation for

light blue.

pp. 9-10, Il. 204-251
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225

230
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240
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From all ASls 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
algorithm wsed here to estimate CBH by the individual ASl-pairs has been described and validated in the latter publication,

bin edges 0. 3. 6. 9, 12 km, RMSDs of 0.6, 1.1, 3.2, 3.1 km were found for 10 min average CBH. The study did not provide

we refer to Nouri et al. (2019a).
Images from both eameras-ASls (e.g. UOL and FLE, see Fig. 3, left) are first projected into horizontal planes yielding

orthogonal images (Fig. 3, center) by a well established method described e.g. by Luhmann (2000). Then, the difference in the
red-channel efeonseeutive-images-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 shift received in cross-correlation 1s 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 suntuhretat=2048b0y,
as found by Kuhn et al. (2018b). Moreover, we do not exactly measure CBH but the height of these distinct cloud edges. We
expect to introduce a small bias when using this cloud height as CBH. Nowuri 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-firstprojeet-the-field-oFview-ofeachcomers-up-to-a-First, the main ASI's
orthogonal image is restricted to a square-shaped arca (Fig. 3, red dashed shape) defined by a maximum zenith angle of 67°,

measured #+in the center of each 4 —side of the square. In a cross-correlation, each

B

of the nine squares confined by dotted or dashed lines (also known as windows, Fig. 3. bottom, right) from the orthoimage of the
main ASI is matched with an area of identical shape from the orthoimage of the second ASI (Fig. 3, red-dashed-shaper—tnthe

correlation-the centralureaforwindewclop, right). With the known camera distance, the shift is converted into a measurement
of CBH.

If the estimation of CBH failed 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 images
ey I A A A e TS, T AN 54

of both ASIs are evaluated up 1o a maximum zenith angle of 77.87 (measured at the center of each image side, green shapes
in Fig. 3; ): These orthoimages from both cameras are matched in the cross-correlation and the

by Nouri et al. (2019a), we only use CBH provided for the central point of the orthoimage of the seeond-eamers—this-centrat

method

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 km 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, II. 243-248:

As a modification of the £ sutehed-with--window-of identieat-dimensions-from-the- method
by Nouri et al. (20192), we only use CBH provided for the central point of the orthoimage of the seeond-eamera—this-central
245 main ASI, corresponding to a zenith angle of 07, This procedure is followed for both the ASI-pairs and for the ASI network

using these ASl-pairs. We expect that ASl-based measurement of CBH is most accurate for this central point. This point
receives CBH primarily from matches involving the central window of the erthoimege-main ASI's orthoimage, which is less
affected by image distortion. The central window of the main eamer=ASI's orthoimage covers zenith angles up to 38.17,
measured at the center of each window side. FhereforeThus, a CBH measurement for a square-shaped area around the main
250 eameraAS]'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, |. 266-269:

's location and as observed CBH

of the validation presented by Nouri et al. (2019a) as the ceilometer was placed at one AS

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 ASI 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, II. 236-242:

window for which the estimation filed. In cages with no valid meagrement in any of the windows, the orthogonal images
of both AS1s are evaluated up 1o a maximum zenith angle of 77.87 (measured at the center of each image side, green shapes
In Fig. 3-central-red-dotied-boxifrorr). These orthoimages from both cameras are malched in the cross-correlation and the

ASl-pair returns a uniform CBH. This second step can yield a valid measurement of CBH in ¢

s when only few clouds 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

s e =St e

in this step is very large.
p. 10-11, II. 252-265:

Hthe-estimation-of-CBH-faitsfor-Only based on geomeltry and the evaluated image areas, this central window —we-use-the

255  tsee-could provide readings down 1o a minimum CBH of 0.25 x d. Where d is the camera distance. However, under such

extreme conditions the matching procedure may fail very frequently. The central peripheral windows, shown in Fig. 3, center,

-approximately
260  cover zenith angles 38.1..67°. The matched area from the auxiliary ASI’s orthogonal image has identical shape and can cover
a zenith angle up to 77.8%tmeasured-at-, Based on this, we estimate the minimum CBH, which an ASI-pair can measure, 10 be

0.18 x d. However, from our experience, a large fraction of clouds observed at zenith angles larger than 67° are not matched
Ha20 0, TOWEVET, 1Tom Our experience, a4 aciion ol clouds observed 4t zenid 15 Jarger tun b dre nol maichec

fully between the ASIs and typically rejected. If the matching procedure could only be successful, if also the window of

the second ASI included zenith angles not larger than 677, then CBH could be measured down 1o (.32 > d using the peripheral

265 windows and 0.64 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, II. 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 :

omeler. The majority of all ceilometer readings

owest cloud layer detected by the cei

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, 1l. 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 infrastructuref FarbDEM-X-toposraphie-duta-used-in-this-study-is-deseribed-by-Wes

300, as we calculated from the TanDEM-X elevation 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, Il. 305-310:

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

CBH of the cloud layer most dominant in the urban area of Oldenburg accurately, is considered beneficial to assess and model

clouds in the same area (depicted in Fig, 1. right). Stll, if clouds over the whole region covered by Eye2Sky (depicted in Fig.

o e A

1, left) are assessed, this method alone may not be sufficient. In the future, local cloud conditions may be classified by image

310 were recently observed in the urban area.

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




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, 8jixeliest, Orefinea BY
Rerue eruer Rlikeliests 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:

T

box prior to step 1 in Fig. 5). Note that 266 as-P(CBH, | hypy.) will be modeled in Sect. 3.4 measuring CBH hp. ¢

ER S s

by a ceilometer which previded-fm—rrfprovides hp, ¢ = hy,,.. Thus, the likelihood £-4#4-C;(hy,,,.) is obtained (Fig. 5,
340  output of step 1):

T

Li(Bhyrye) = P(CBH; | Bhypoe). (1
Step 2 -We define cumulative likelihood G (fsr.) as the likelihood of receiving the present reading CBH

given that by, is smaller or equal to an estimation of true CBH fiyrp... Accordingly in the implementation, likelihood is

e A

summed cumulatively over all bins of reference CBH é+o-define-cumulativedlikebihood-h, . (Fig. 5, step 2):

345 C1 [h.f_.r_ﬂ_r: } =

 LilOhirne). @

Likewise, a complementary cumulative likelihood is defined

C.(6) = Li(6).

(=1

e e WA e 2D

(3)

e
B T e e

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



365

370

375

C—,H;'-)—Buth functions C, (h and C, (h are shown for three exemplary intervals of camera distance in Fig. 5 as output
of step 2.
Step 3: ?he—ﬁutuf&l—lﬂgﬁﬂ%hfﬂ%thﬁﬂ—aﬁﬁmﬁn—&%—ﬂnﬂﬂﬂmtd—me%We aim to determine the likelihood of receivin

the combination of readings CBH; from all the intervals i of camera distance te-vieldthe-given that h < Jigzpe. 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 to as overall logarithmized cumulative likelihood log C, h . This
ration also allows to replace the product by a sum (Fig. 5, step 3)given-the readings-CBHperintervaliof eomeradistunee

0

A

10g Ca(irue) = Y 108 Ci(htrue). (@)

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

i of camera distance

1og Cn(byrye) = Y 10gCilhtpye). (5)

Both functions are visualized exemplarily as output of step 3 in Fig. 5. Intheorythe-methodcould do—withoutthe apphestion

Step 4: The delt hand sides 4n By and Hy: log C i and log C, (h are Lll'll)’ known at discrete points. Linear

interpolation yields continuous representations ol these.

385

390

395

400

are equal (Fig. 5, step 4):

"')hhkrhraﬁ - :].I‘g'l'l'lll'lgh 1()?; C‘rb(hi'rur) ]()g Cn{flm) . (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). Fherefinementis-motivated-by-the-findingthatsome-As a first observation from
the generation of conditional probabilities, ASI-pairs are-already-seeurnie--setuntby-seeruinranse-of-CBH-is-present-as-we

irs-with camera distance greater

than 4.5 km as—these-ASpaiss—cause large deviations for CBH < 4 km and eﬁl-y—pfﬁﬁdfru—&mﬂed—heﬁeﬁ{—gy;m
m@;\ e at greater CBH.

These ASI-pairs are excluded from the refined

estimation of Ayjiess: On the other hand, AST-pairs with's
distance are already accurate if only small CBH oceur, as we will discuss in Sect. 4. We inspected conditional probabilities
of the ASI-pairs
as input to step 1 in Fig. 5) —Fhisand 1dentified the ASI-pai

Mreﬁned estimation is

hliktlicah Riiketicst ‘::]3 12] km

Ope fined § min(3 km, mean(hic fid, <16 km}))>  Pliketiest < 3 km A mean(hie (54,216 km}) > 1.5 km @)

min(1.5 km, mean(R;e ;4,212 km}))s  Pliketiest <3 km Amean(Ri¢ (314,21.6 km}) < 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 ASl-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, Il. 531-535:

R e o o i St o ot et o o ot e

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

analyzed guantity is 10 min-median CBH. F

More preciselys the standard deviation oF OB H within @ window 105 min belore amd-abier the analvred time 4 reguired 4o-he

i

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 required to be less than 30% of mean CBH

within the same window. As discussed above, the ASl-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 to assure a good comparability

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

Accuracies of CBH measurement by ASl-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 ASI-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 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
(50%-quartile, red dotted). limits to the interquartile range (IQR, red dashed) and 5—.95—percentiles (red solid line) based on floating

1000 m-bins of CBH from ceilometer are plotted.

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 (0.8 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 +ws-an exemplary daysday

p. 22, Fig. 7:

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

p. 22, 1. 553:

fraction of the sky in the urban area (compare Fig. 7, eenterleft). 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 is made up by the cirrus layer. Around this

p. 23, 11.572-581:



575

p. 23, Il. 588-589:

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

590 4.2 Comparison of CBH measurements by relative frequencies
Appendix B, pp. 38-39, Il. 943-953:

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.
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Figure B2. Time series of cloud base height for an exemplary day (06 August 2019) measured by 42 ASl-pairs (grey filled), by two

and

exemplary A

Figure B3. Sky image taken by ASL UOL representing a multi-cloudlayer situation 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? s 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 ASI-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, II. 564-571:

565

570

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 «+- EBHthat-is-assumedtobe

this almost clear sky period). This situation reflects the expected behavior of the ASI network under mostly clear conditions.

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



940 Bl Estimation of CBH during a clear sky period
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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 ASI-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, II. 236-242;

window for which the estimation failed. In cases with no valid measurement in any of the windows, the orthogonal images

of both AS1s are evaluated up 1o a maximum zenith angle of 77.87 (measured at the center of each image side, green shapes
in Fig. 3r-eentral-rod-detied-bonjfrem-), These orthoimages from both caneras are matched in the cross comrelation and the

ASI-pair returns a uniform CBH. This second step can yield a valid measurement of CBH in cases when only few clouds are

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

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

Hthe-estimation-of- CBH-failsfor-Only based on geometry and the evaluated image areas, this central window —we-use-the

255

4 i eastremen . Biwiaymerasiim statead o s W L8 R 63

: ; . : approximately
38.1..67°. The matched area from the auxiliary ASI’s orthogonal image has identical shape and can cover

a zenith angle up to 77.8%tmeasured-at-, Based on this, we estimate the minimum CBH, which an ASI-pair can measure, 10 be

260  cover zenith angles

018 x d. However, from our experience, a large fraction of clouds observed at zenith angles larger than 677 are not matched

successfully between the ASIs and typically rejected. If the matching procedure could only be successful, if also the window of

the second AS| included zenith angles not larger than 677, then CBH could be measured down 1o .32 x d using the peripheral
265 windows and (.64 x d using the central window.

p. 2511. 614-632:



620 larger minimum CBH of about 2 km is evident. If referenc

1]

CBH is smaller than 2 km, the ASI-pair yields measurements of

i e S B e

625 from-ASkpairandeeiometerisseenmmedian value of 4 km, This behavior can be explained as the matching procedure fails if

630 minimum CBH in the range of .32 x d. As described above, this suggests that the matching procedure of the ASI-pairs almost

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 ASI-pair. Is this reasonable from the local meteorological
conditions? What seems more reasonable is that ASI-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 ASl-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, 1. 605-610, Fig. 8:
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Figure 8. Relative frequency of ASl-based CBH estimation for given CBH from ceilometers—._Evaluation for two of the ASI-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, left) and with refinements (bottom row. right). Relative frequency in each column adds up to 1. Additionally. median
Qﬂ%ﬂgmb\rg’i\goucd), limits to the interquartile range (IQR,

red dashed) and 5—85_percentiles (red solid lin) based on floating

1000 m-bins of CBH from ceilometer are plotied.

Both ASI-pairs exhibit a strong scattering of the measurements, clearly visible from the wide spread of the quartiles as well
as of the 5, 95 percentiles. In agreement with the prior finding, DON-MAR is rather precise at low CBH (< 3 km). whereas
UOL-HOL is notably more precise at greater CBH. CBH from the ASI-pairs often deviates towards verytow-EBH—Fhis

feature-sv-in-partalsoseentor-the-ASknetwork-{Fig—8-bottom-rowilow CBH, when the ceilometer measures CBH in the range
3...12 km. In this range, the 5-percentile of ASI-based CBH increases only slightly with reference CBH and comparably large

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:

240

window for which the estimation failed. In cases with no valid measurement in any of the windows, the orthogonal images

ol both ASs are evaluated up to a maximum zenith angle of 77.87 (measured at the center of each image side, green shapes
in Fig. 3--central-red-dotied-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 matched. This step mainly mtends b increase the robustness of the CRH 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:

255

260

265

Hthe-estimationror-EBH-faisforOnly based on geometry and the evaluated image areas, this central window —we-use-the

fsee—could provide readings down to a minimum CBH of (.25 x d. Where d is the camera distance. However, under such

extreme conditions the matching procedure may fail very frequently. The central peripheral windows, shown in Fig. 3, eenter;

HSESWHTS oy e asHre et HEES PerteafReTas- i strteaH s e fthan M{nﬁm
cover zenith angles 38.1..67°. The matched area from the auxiliary ASI's orthogonal image has identical shape and can cover
a zenith angle up 1o 77.8°¢measured-at-. Based on this, we estimate the minimum CBH, which an ASI-pair can measure, (o be

successfully between the ASIs and typically rejected. If the matching procedure could only be successful, if also the window of

the second ASI included zenith angles not larger than 677, then CBH could be measured down to 0.32 x d using the peripheral
windows and (.64 x d using the central window.

p. 25 Il. 614-632:



615 . ASl-pairs with large camera distance are expected 1o 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

B T S

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

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

S e B P e e RN A e e e e e v S S S e e

625 fromAsh-pairandeettometertrseen—median value of 4 km, This behavior can be explained as the matching procedure fails if

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.

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

645

: —this : see Fig. 4). Therefore, corresponding grid
cells of the conditional probability distributions, used by the estimation procedure, were aj

el S

roximated coarsely based on a




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:

645

#(see Fig. 4). Therefore, corresponding grid

o e

ions, used by the estimation procedure, were approximated coarsely based on a
O, Hsec DY e eslimation procecire, were @ MOANDalec codisely Jascona
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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 if variations of irradiance have to be predicted for lead times immediately ahead
35 (0...20 min) and at highest temporal and spatial resolution (e.g. 30 s 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, . 45-58:

45 CBHiseommonty, required in ASI-based nowcasting, can be estimated in multiple ways. Most commonly, CBH is measured

by ceilometers or other LIDARs. In Germany, the meteorological service Deutscher Wetterdienst ( DWD) operates a network

of cellometers which has a distance between stations of approximately 60 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 ceilometers 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—Ameng-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 CT'H is of interest. Fhisupproachis

55

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 AS] 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 et al., 2018) or similarly voxel carving approaches (Nouri et al., 2018) first

maodel 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 ASl-based nowcasting system

Changes in manuscript:



p.3,1.79:

Most ASt-systems-AS I-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 (Wessel et 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 (0...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, Il. 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 _ﬁ%mﬂtﬂm
of CBH by ASI network and ASI-pairs w4 - compared to the one of the

ceilomeier by scatier-density plots. Subsequentily, €

4

540 agmnstthe-cettometer-by-RvSB-and-BEASthe accuracy of an ASIvgmr and of the ASI network are analgzcd for the application



