Dear editor

In the following you will find all our answers to the referee comments. The marked-up

manuscript is attached at the end of this file.

We believe that the suggestions and comments of the Referees have substantially contributed
to the improvement of the manuscript and we hope that it is acceptable for publication in

Atmospheric Measurement Techniques.
Kind regards

Christine Aebi



Reply to comments by P. Kuhn (Referee #1)

on the manuscript "Cloud fraction determined by thermal infrared and visible all-sky cameras"
by Aebi et al., submitted to Atmospheric Measurement Techniques.

We would like to thank the referee for the constructive comments that contributed to the
improvement of the manuscript. Detailed answers to the comments are given below (bold:
referee comment, regular font: author’s response, italic: changes in the manuscript).

Summary
This script is concerned with an interesting and important field of research and should be
published once major improvements are included.

Major comments:
1. | somewhat feel that the title could be more concise: Maybe you could add the word
"comparison" and state the names of the used cameras.

We valued your suggestion, but we think that the title is adequate to the content of the paper.
We would also prefer to have the title as concise as possible.

2. Please discuss weaknesses / challenges of each studied system. How do the accuracies
depend on (high) Linke turbidities, (low) solar angles or a "wet" atmosphere? What other
situations could lead higher deviations? This could be an own section (for each system or
combined). Please discuss this quantitatively, with plots and figures.

Thanks for this comment. The authors are aware that at certain locations high turbidity
situations, due to aerosols or water vapour, may lead to problems in analysing/interpreting the
sky images. However, in Davos, throughout the year we measure rather low integrated water
vapour (IWV) values (between 2 and 25 mm) and also low AOD values. Thus, for our study we
cannot analyse the sensitivity of the cameras regarding these conditions.

Low solar angles can lead to a “whitening” of the images (as discussed in Long et al., 2006). Our
Mobotix camera in Davos is installed on a solar tracker and the sun is shaded with a shading
disk (as described on p. 8, I. 14f.). Therefore we do not have any problems with overexposed
images due to low solar angles. Also with the Schreder camera we do not see any problems in
situations with low solar angles.

3. Please add another section or at least a distinct paragraph in the introduction focused on the
discussion of satellite cloud products and ground-based cameras. There is a Himawari-8
satellite, apparently with a cloud product down to 250 m and a sampling rate down to 2.5
min. The competition for ground-based cameras may not be human observers, but such
satellites (see also minor comment 7). Where do you see the application of your cameras?
What advantages do you see in comparison to satellites? This discussion could include the
silhouette effect and projection uncertainties relevant to ground-based point-like observers,
but not present for satellites.

We increased the length of the introduction and extended the paragraph discussing satellite
measurements (p. 2, |. 6ff.):



An alternative to detect clouds from the ground by human observations is to detect them from
space. With a temporal resolution of 5 to 15 minutes, Meteosat Second Generation (MSG)
geostationary satellites are able to detect cloud coverage with a higher time resolution than is
accomplished by human observers (Ricciardelli et al., 2010; Werkmeister et al., 2015). The
geostationary satellite Himawari-8 (Da, 2015) even delivers cloud information with a temporal
resolution of 2.5 to 10 minutes and a spacial resolution of 0.5 to 2 km. However, these
geostationary satellites cover only a certain region of the globe. Circumpolar satellites (i.e. the
MODIS satellites Terra and Aqua (Baum B.A., 2006; Ackerman et al., 2008)) determine cloud
fraction globally, but for a specific region only four times a day. Satellites cover a larger area
than ground-based instruments and are also able to deliver cloud information from regions
where few ground-based instruments are available (e.g. in Arctic regions (Heymsfield et al.,
2017) or over oceans). However, due to the large field of view (FOV) of satellites, small clouds
can be overlooked (Ricciardelli et al., 2010). Another challenge with satellite data is the ability
to distinguish thin clouds from land (Dybbroe et al., 2005; Ackerman et al., 2008). Furthermore,
satellites collect information mainly from the highest cloud layer rather than the lower cloud
layer closer to the earth’s surface. Nowadays satellite data are validated and thus supported by
ground-based cloud data. Different studies focusing on the comparison of the determined cloud
fraction from ground and from space were presented by e.qg. Fontana et al. (2013); Wacker et
al. (2015); Calbo et al. (2016); Kotarba (2017).

However, at this point we would like to mention, that the paper focuses on the description of
a new ground-based instrument that might serve as an alternative to human cloud observations
(as mentioned on p. 3, |. 33ff.) and does not focus on cloud observations from satellites.

The authors added some more possible applications for the newly developed IRCCAM (p. 3, I.
35/p. 4,1. 1.):

Thus the IRCCAM could be used for different applications at meteorological stations, at airports
or at solar power plants.

4. The challenges being present regarding human cloud observation are partially addressed.
However, you might be able to enhance the discussion. What is "not objective" (p1, line 24)?
What are the differences if several experts evaluate images? You might be able to find such
figures, which would significantly increase the quality of this argument. There is a reference
missing on p2, line 1, for "nighttime determinations are difficult" - again, if you could find a
reference, this would be an improvement.

We extended and changed the paragraph about human cloud observations (p. 1, . 20ff.):

The most common practice worldwide to determine cloud coverage, cloud base height (CBH)
and cloud type from the ground are human observations (CIMO, 2014). These long-term series
of cloud data allow climate studies to be conducted (e.g. Chernokulsky et al., 2017). Cloud
detection by human observers is carried out several times per day over a long time period
without the risk of a larger data gap due to a technical failure of an instrument. However, even
with a reference standard defined by the World Meteorological Organisation (WMO) for human
observers, the cloud determination is not objective e.g. mainly due to varying degrees of



experience (Boers et al., 2010). Other disadvantages of human cloud observations are that the
temporal resolution is coarse and due to visibility issues nighttime determinations are difficult.
Since clouds are highly variable in space and time, measurements at high spatial and temporal
resolution with small uncertainties are needed (WMO, 2012). Recent research has therefore
been conducted to find an automated cloud detection instrument (or a combination of such) to
replace human observers (Boers et al., 2010; Tapakis and Charalambides, 2013; Huertas-Tato
etal, 2017; Smith et al., 2017).

5. Similar to major comment 3: If you state that “thin clouds cannot be distinguished from land”
(p2, 19), you might as well enter into a full scale discussion of the weaknesses of satellites
(beneficial to the quality of this paper). Please clarify the statement. Similar: “collect mainly
from the highest cloud levels” (p2, 111) — Can’t satellites, to some extent, differentiate? What
are these limitations / what is the advantage of ground-based cameras? Same argument hold
for the next sentence: “in order to retrieve. . .” — these statements are very absolute. How
good are the cloud products of satellites, having multiple channels / sensors? To my
knowledge, thin ice clouds can be differentiated from cumulus clouds quite well.

As already mentioned in the answer to major comment 3, we extended the discussion about
satellite cloud detection (p. 2, I. 6ff.). However, the authors would like to mention here again,
that the main focus of the paper is on ground-based cloud detection and not on the cloud
detection from satellites. Therefore, the authors think that it is not needed to go into further
details about satellite experiments.

6. Maybe, there are more ways to determine cloud coverages, which were not mentioned in
the introduction. For instance, cloud coverages could be estimated from PV-data or using
downward-facing cameras (https://doi.org/10.1016/j.solener.2017.05.074,
https://doi.org/10.5194/asr-15-11-2018 ).

Thanks for this comment, we included some more references in the text (for example p. 3, I.
13f.).

7. Please provide a cost estimate of all used systems.

From the used camera systems the one from Mobotix is the least expensive. The price of the
Schreder all-sky camera is in the order of five times as much as the Mobotix camera and the
IRCCAM in the order of fifty times a Mobotix camera.

8. P2, |. 28f: I'm not an expert on this, but radars (e.g. those rain radars in airplanes) have a
“lack of information about the whole sky”?

The authors refer to cloud radar systems as for example described in Boers et al., 2010, which
have a beam width of 0.3 degrees. Thus the cloud radars do also belong to the column cloud
detection instruments.

9. P2, |. 30: Please clarify how a point-like measurement system such as a ceilometer can
“detect”, “with considerable accuracy”, “a fully covered or cloud-free” situation. Isn’t this just
an assumption that the small measured cone is representative of the whole sky? Stationary

clouds outside this cone would not be detected by the ceilometer.


https://doi.org/10.5194/asr-15-11-2018

We revised our sentence (p. 3, |. 6f.):

Boers et al. (2010) showed that with smaller integration times the instruments tend to give okta
values of zero and eight rather than the intermediate cloud fractions of 1 to 7 oktas.

10. P2, |. 33: “The most common all-sky cameras are the total sky imager” — could you provide
some figures on that? How many systems has Reuniwatt (or other companies) sold? Given
the known issues with the TSI, one of which is its age, this might not be a very good reference.

We are aware that the TSl is an older (and even one of the pioneering instruments), but it is
still one of the most common all-sky cameras (as also mentioned by the other two referees).

11. Update your references. You quote many old papers in an area of active research.

We added some more recent publications in the text (for example p. 2, |. 5).

12. P. 3, I. 3: “low cost commercial cameras” “give no information during nighttime. There are
several commercially available IR surveillance cameras out there. Are you sure that they are
not used in meteorology as of today?

It is possible that some other commercially available IR surveillance cameras than the ones
mentioned in the text are used in meteorology. However, at present we do not have any
knowledge or did not find any publication about them.

13. P. 3, |. 7ff: 1 think there are more IR systems, e.g. the Reuniwatt one. Maybe you can highlight
the differences a bit more and improve the presentation (it is hard to get all the ranges out
of the text).

Thanks for this comment. As it seems the Sky Insight thermal infrared cloud imager from
Reuniwatt is very new on the market and we were not aware of this instrument before
submitting our discussion paper. In the revised version we added a few sentences about this
camera system (p. 3, |. 26ff.):

Relatively new on the market is the Sky Insight thermal infrared cloud imager from Reuniwatt.
The Sky Insight cloud imager is sensitive in the 8 um - 13 um wavelength range and its layout
and software is similar to the prototype instrument presented here.

To our knowledge, there is no publication about the performance of this instrument available
yet. Therefore we cannot highlight any differences in the performance.

We also added another recent publication about an infrared sky imaging system (p. 3, |. 25f.):
Redman et al. (2018) presented a reflective all-sky imaging system (sensitive in the 8 um - 14

um wavelength range) consisting of a longwave infrared microbolometer camera and a
reflective sphere (110° FOV).



14. Introduction: Please generally improve the readability and the structure of the introduction.
Maybe sub-titles might help.

The introduction was extended and rewritten following most of the referee’s remarks.

15. End of introduction: Clearly state your motivation to develop a new system? What are the
advantages in comparison to other developments?

We further motivated the development of a new camera system (p.3., |. 33ff.):

The IRCCAM was developed to provide instantaneous hemispheric cloud coverage information
from the ground with a high temporal resolution in a more objective way than human cloud
observations. Thus the IRCCAM could be used for different applications at meteorological
stations, at airports or at solar power plants.

16. P4, |. 22: Is there any reason why you assume a flat response curve? For cameras in the visible
spectrum, the curve is very far from being flat. Isn’t there a data sheet available?

We actually did not assume a flat response function and considered the response function we
received from the manufacturing company. We included Figure 2, which shows the actual
response function Ry. We changed Equation 2 correspondingly as well as the description in the
text. The conclusions of our study does not change regardless of the definition of the response
function.

17. P5, |.1: 1 think I’'ve just missed it: What does this calibration function include? Both the mirror
deviations and potential deviations of the imaging system of the camera?

The camera was placed in front of a blackbody aperture for retrieving the calibration function.
This function is then independent from the mirror. The function’s purpose is to convert the
output of the camera (i.e. the number per pixel) to brightness temperature and radiance
respectively.

18. P5, |. 9: To my experience, calibrations (with cameras in the visible spectrum) conducted with
the sun show relatively large deviations (as the sun disk is usually quite large). This is less of
an issue for IR cameras. However, | wonder: Why did you choose the sun instead of the full
moon or stars? Could you estimate the deviations (presumably very relevant for the
algorithms in the circumsolar area) for this EOR?

The solar disk on the image covers an area of around 1°. Thus we think that the sun covers a
very well defined area on the images and we do not see any problem to use the sun to remove
the distortion of the images. The full moon is only visible during cloud-free conditions and thus
not practical to use it as a reference to undistort the images. Stars are not visible at all on the
images.

19. Figure 3 c: Please provide a scatter density plot over all days similar to this figure. There seems
to be an offset in the center, which might be better visible or disappear if more data are
studied.



We are aware that there is an offset in the center of the images. Our analysis on p. 6, |. 28ff. is
showing that there is an average difference between the measurement and the model of 4 K
2.4 K which stems to a certain degree from this offset in the center. However, the authors
think that this offset is not relevant for the present study to determine the cloud fraction.

20. P6, |. 1: 1 was wondering about the mirror temperature and potential asymmetries. Could you
briefly state if the one-sided heating of the sun leads to a temperature distribution on that
mirror within your stated 1 K range? In Fig. 1, a wall is visible close to the IR-camera —is there
a problem with radiated heat, e.g. during night-times? Could you briefly state something on
the interplay between the ground temperature and that mirror? Do you expect aging effects
on the mirror? How bad is the soling?

We did not see any problems with asymmetries in the temperature distribution on the mirror.
We also did not see any effect of the wall next to the IRCCAM on the sky brightness distribution
on the mirror. However, what we have seen is the larger longwave emissivity from Davos (SSW
direction), which leads to a false classification of cloudy pixels on the images in direction of
Davos. This problem is briefly discussed on p. 10, I. 4ff.:

It is noteworthy that the IRCCAM clearly underestimates the occurrence of O oktas in comparison
to the cameras measuring in the visible spectrum (by up to 13 %). On the other hand, the relative
frequency of the IRCCAM of 1 okta is clearly larger (by up to 10 %) compared to the visible
cameras. This can be explained by higher brightness temperatures measured in the vicinity of
the horizon above Davos. These higher measured brightness temperatures are falsely
determined as cloudy pixels (up to 0.16 cloud fraction). Since these situations with larger
brightness temperatures occur quite frequently, the IRCCAM algorithm detects more often cloud
coverages of 1 okta instead of O okta.

So far the mirror did not show any relevant aging issues.

21. P6, | 7f: You are stating absolute values here, saying that there are no differences between
night and day data. Does this also hold for relative figures (I assume that the temperatures at
night are lower)?

The absolute differences between night and day are 4.32 K +2.3 K and 3.86 K +2.5 K
respectively. In relative numbers, the difference between day and night is around 0.2 % and
thus negligible.

22. P6, |. 18: | somewhat doubt if the “observed discrepancy of 4 K” is only caused by model
parameters (which one? Your LUT?). Please make this discussion a bit more wholesome.
Other attributing factors might be camera instabilities and maybe the effects named in major
comment 20.

We changed the sentence (p. 7, |. 1ff.):
Therefore, the observed discrepancy of 4 K between measurements and model calculations

mentioned previously can probably be attributed to the uncertainties in the model parameters
(temperature and IWV) used to produce the LUT.



23. P6, |. 29: Please further motivate the threshold of 6.5 K. This might be done with an example
image, including clouds. Was this threshold somewhat fitted to the data?

The threshold of 6.5 K is empirically defined. We chose this rather large threshold to minimise
the probability that cloud-free pixels are (wrongly) classified as clouds (described on p. 7, I.
16ff.). The second part of the algorithm decides whether thin (and therefore low-emissivity
clouds) are present or not.

24. Section 2.1.1 — please enhance visualization, e.g. using a flow-chart or pseudocode.

We slightly changed the description of the algorithm and are convinced that the changes
increased the readability of this section.

25. P7, I. 4: ’'m wondering how big intra-cloud temperature variations are. Could it be that parts
of the cloud are detected as such while some pixels within are below the thresholds? If so,
algorithms such as region growing or compression based approaches might enhance the
segmentation.

What we see from the images is that there is a smooth decrease of the brightness temperature
at the border of the clouds. Thus it becomes more difficult to detect certain pixels as clouds the
smaller the difference in brightness temperature to cloud-free pixels is. This behaviour makes
it also difficult to detect thin (low emissivity) clouds. In order to possibly improve the
determination of thin cirrus clouds, a pattern recognition algorithm could be tested in a further
study.

26. P7, I. 6: If possible, further motivate the threshold of 1.2 K —is there a physical explanation?

The threshold of 1.2 K is empirically defined. Different thresholds were tested for a certain
number of images and thereafter we chose the threshold of 1.2 K because it was the best fit
between classifying and mis-classifying cloudy/non-cloudy pixels.

27. P7, 1. 11: Quantify “usually”. Elaborate on the whole paragraph (this corresponds to a general
discussion of challenging situations and weaknesses of this device and does not have to be
done at this position. | suggest dedicating a whole section to this discussion).

We removed these sentences from this section.

28. P7, 1. 30: Why did you choose a custom resolution for the Mobotix camera? To my experience,
1/500 is a very bright exposure time (this might be solved by blocking out the sun, but I'm
curious) — is this an issue? You are using ratios to segment clouds, why did you not use an
automatic exposure time?

Our Mobotix camera is installed on a solar tracker and is shaded with a shading disk (as
mentioned on p. 8, |. 14f.) and the bright exposure time is therefore not an issue.

29. P8, |. 4: Please provide a brief statement on how good the Mobotix system performs under
high turbidity conditions, using a simple threshold-based approach, as well as for low solar
elevations.



See the answer to major comment 2.
30. Specify the total run time of each algorithm.

To calculate the cloud fraction from the two visible cameras for a full day takes on a personal
computer a few minutes whereas the calculation of the cloud fraction from the IRCCAM takes
30-60 minutes.

31. P8,119: 70°-isn’t it quite a problem if the FOV of all systems is not the same? Cloud coverages
might be correctly detected but yet different. The same holds for different occlusions.

Indeed itis a problem if the FOV of all systems is not equal. This problem is also briefly discussed
in different paragraphs of the paper (e.g. p. 11, . 9ff.).

32. Specify the distance between the cameras, provide example images for all.

The distance between the Mobotix and the Schreder camera is roughly six meters. The IRCCAM
is roughly 70 m and 76 m away from the Schreder and the Mobotix camera respectively.

33. Section 3.2: Aggregating the figures to 1/8-bins clearly reduces the deviations between the
systems. This is good for many applications in nowadays meteorology. However, | wonder
how much the deviations increase if the images are compared pixelwise. Could you provide
these figures?

Thanks for this comment. It would be indeed interesting to compare the different cameras
pixelwise, however, for the aim of our study, presenting a new camera system to detect clouds
for synoptic purposes, this analysis is out of scope.

34. Section 3.2.3: Please motivate why you assumed seasonal differences — what are the origins
of the deviations? It is presumably not earth’s inclination towards the sun. Identify these
parameters and study them separately. Example: | could imagine that e.g. a wet atmosphere
poses challenges for the IR system. A wet atmosphere can happen both during winter and
during summer times (with different probabilities). Aggregating over many different
conditions might make analyses more difficult.

We added a motivation for the seasonal analysis (p. 13, I. 17ff.):

The seasonal analysis is performed in order to investigate whether a slightly unequal distribution
of cloud types in different months in Davos (Aebi et al., 2017) have an impact on the
performance of the cloud fraction retrieval between seasons.

35. You could separate a new section “Next steps” (or similar) from the conclusion, stating in
more detail what could be made to further improve the system and why you think this would
lead to more accurate results.

On p. 14, |. 26ff. we mentioned different points that could be tested in order to improve the
system:



However, the known brightness temperature distribution of the sky and thus the known radiance
can also be used for other applications including the determination of other cloud parameters
(cloud type, cloud level, cloud optical thickness) as well as the retrieval of information about
downward longwave radiation in general. Thus, after some improvements in the hardware (e.g.
a heating or ventilation system to avoid a frozen mirror) and software (improvements of the
cloud algorithm detecting low-emissivity clouds by e.g. pattern recognition) the IRCCAM might
be of interest for a number of further applications for example at meteorological stations or
airports.

36. Figure 5.: There is an interesting offset visible at around 7.00 (please state timezone, UTC+0?)
—how comes? Is this caused by a different FOV or different occlusion affecting the systems?

Thanks for this comment. There were two time steps that had an extremely large cloud fraction
determined by the IRCCAM. During those two time steps someone was cleaning the mirror with
distilled water. A mirror covered with water leads to high emissivity values which are wrongly
detected as clouds. Therefore we removed now these two data points from the Figure (now
Figure 6).

37. Figure 6.: Please add a colorbar for Fig. 6b. Did you bother to mask out the camera arm and
the suspension? The forest to the right is very finely masked out — couldn’t there be minor
issues due to moving trees?

We added the temperature range to the caption of the Figure. The features depicted on Figure
7c (before Figure 6¢) are the shading disks of three sun trackers. Thus they are moving and
therefore it is difficult to mask them out without losing information about the sky pixels. In
Figure 7c (before Figure 6¢), these shading disk covers an area of only 0.4 %. The area between
the trees covers less than 0.01 % of the analysed pixels and is therefore not relevant for the
current study, even in cases of moving trees.

38. Figure 7.: | might have missed it, but is there so far a discussion on this bias included in the
script? (also Fig. 9). Could you provide the same plots for a Mobotix-Schreder comparison?
This would help to evaluate the references.

The focus of our study is to present and validate the performance of the IRCCAM regarding
cloud fraction determination. Therefore, the authors are convinced that it is not relevant to
increase the discussion about the comparison between Mobotix and Schreder cameras.

39. In general: You compare cloud fraction estimations from different systems, all of which are
not completely accepted by everyone in the community. Potentially, it could further
strengthen your line of argumentation if you included a comparison against a more
established approach. This could be (1) satellites or (2) a comparison to a clear sky index
derived from DNI measurements over the whole period (3), also unrealistic, from PV data or
(4) from ceilometer data. Presumably, (2) is the way to do it.

The Mobotix camera has been validated against and compared with data from satellites, human
observers and a ceilometer in former studies (for example in Wacker et al., 2015). Those studies
are avalid argument for using the Mobotix camera as a reference for the validation of the newly



developed IRCCAM. In Davos we do not have possibilities to compare our data with ceilometer
or PV data. As mentioned in the paper as well as in several answers here, the study focuses on
the cloud detection with ground-based instruments and not on comparisons with satellite data.

40. Table 5.: 1 okta is quite a lot and I’'m a bit concerned about the rather low values visible here
(e.g. 59%). Maybe, looking at pixel-wise deviations (major comment 33) could cast a light on
the origins of these rather large deviations. This is clearly as good as or even better than
human observers, but | think satellite cloud products and other camera systems (e.g.
https://doi.org/10.1002/pip.2968 or the works from Stefan Winkler) achieve smaller
deviations.

The focus of the paper is to present a newly developed ground based camera that might be
used for example at meteorological stations, airports or solar power plants. At meteorological
stations the state of the art unit for cloud fraction is oktas (also defined by WMO).

As we already mentioned in the major comment 3 and 5, the focus of the paper is on ground-
based measurements and not on satellite data.

41. Table 6.: You state that there are no significant deviations between the seasons. This is only
partially backed by the figures in this table. Please clarify in greater detail.

We extended the discussion in Section 3.2.3 (p. 13, |. 25ff.):

The slight difference between the two seasons might be explained by the slightly larger
frequency of occurrence of the thin and low-emissivity cloud class cirrocumulus-altocumulus in
Davos in summer than in winter (Aebi et al., 2017).

Minor comments:

1. I'm just wondering: Is there no English name for "Physikalisch-Meteorologisches
Observatorium Davos/..."?

This is the official affiliation of our institute and is therefore not translated.

2. In general, the language used could be a bit more fluent. Examples are "other study
instruments" in the abstract ("other instruments used here") or "coverage of the sun with
clouds" (p1, line 18).

Done

3. Ashort summary of major comment no 2 (challenges) should find its way into the abstract.

See the answer to major comment number 2.

4. | might have missed it, but why are there, in the abstract, two figures for low-level cloud, and
one figure each for mid-level and high-level clouds?

The abstract has been rewritten to a larger part.



5. Please rephrase the sentence between p1, line 17 and p1, line 19 (subpar English).
Done

6. P1, line 20, the position of "globally" seems to be odd. | furthermore disagree with that
statement - there are more cloud observations made by satellites than by human observers.

Following most of your recommendations, we changed a large fraction of the introduction.

7. P1,line 21: Human observation has the "advantage" to be carried out "several times per day"
- satellites have a higher sampling rate, what you also mention later.

Following most of your recommendations, we changed a large fraction of the introduction.

8. P1, line 23: "there is no reference standard for human observers" - really? No manual from
any organization?

We rewrote the sentence on p. 1, |. 23ff.:

However, even with a reference standard defined by the World Meteorological Organisation

(WMO) for human observers, the cloud determination is not objective e.g. mainly due to varying

degrees of experience (Boers et al., 2010).

9. P13, line 23: Humans are "independent of any technical failure" - please rephrase.

Done

10. P2, |. 2, leave out "measurement”

Done

11. P2, I. 2, This sentence could be rephrased to something like "Recent research has therefore
been conducted to find automated cloud detection instruments to ..." (more concise English).
You might mention the DWD objective to automate its stations in the next years.

Following most of your recommendations, we changed a large fraction of the introduction.

12. P2, |.5, is "synoptic" the correct word here? What do you want to say?

Following most of your recommendations, we changed a large fraction of the introduction.

13. P2, I. 5. “time resolution of 15 min”, there is a rapid scan method with 5 min

We changed the sentence on p. 2, |. 6ff.:

With a temporal resolution of 5 to 15 minutes, Meteosat Second Generation (MSG)

geostationary satellites are able to detect cloud coverage with a higher time resolution than it
is accomplished by human observers (Ricciardelli et al., 2010; Werkmeister et al., 2015).



14. P2, . 11, “Earth” could be written “earth”.
Done

15. P2, I. 13, you measure the cloud coverage, not the cloud in general, “cloud measurement
techniques”.

Done

16. P.2, |. 14: maybe “certain” instead of “different” (from what?). Also “radiometers” — do you
mean scanning radiometers? For the clear-sky algorithms based on GHI and DHI
measurements?

We changed the whole paragraph.

17. P2, |. 25: You use “reflected” and “scattered” in a very similar way. Maybe “backscattered” is
better suited?

Done

18. P3, I. 3: maybe “development” instead of “deployment”?

Done

19. P3, I. 16: state also here which “commercial thermal camera” you use.
Done

20. You might clarify the term FOV. Once it is used for the camera and once for the whole system.
Is it really 180°?

The IRCCAM has a field of view of 180°. But the effective view of the sky is defined by the
horizon, which is in a mountainous area as Davos clearly less than the 180°.

21. P3, |. 27. Please clearly state also here the models of the used cameras.
Done

22. P3, |. 28: “and a newly developed” -> “and the newly developed”

Done

23. P4, 1.9, rephrase, there are too many “and”s

Done

24. P4, 1.9, high -> large / tall



Done

25. P5, |. 25f: Rephrase/shorten the sentence. You might try to shorten other sentences as well.

Done

26. General: | think this is not your fault, but I'd prefer having the images directly in the text, not
at the end of the script.

This is indeed not the decision of the authors, but the guideline of the journal.



Reply to comments by J. Calbé (Referee #2)

on the manuscript "Cloud fraction determined by thermal infrared and visible all-sky cameras"
by Aebi et al., submitted to Atmospheric Measurement Techniques.

We would like to thank the referee for the constructive comments that contributed to the
improvement of the manuscript. Detailed answers to the comments are given below (bold:
referee comment, regular font: author’s response, italic: changes in the manuscript).

This paper introduces a new sky camera, specifically an infrared camera which can take sky
images both in daylight and nighttime conditions. The paper explains the algorithm that is applied
to derive cloud cover from the images of this camera. Moreover, a thorough validation-
comparison effort is performed between cloud cover derived from these images, from images of
other two (visible, that is, only during daylight hours) commercial sky cameras, and from the
APCADA algorithm (based on cloud effect on downward longwave radiation measured with a
pyrgeometer).

In some way this paper is a follow-on of a previous paper by the same research group (Aebi et al,
2017, AMT) where they presented an analysis of a long series of diurnal cloud cover obtained
with a sky camera. The present paper, however, has several added values: the introduction of a
new concept of an infrared sky camera (looking downwards to a convex mirror), the suggestion
of the method for image processing, and the comparison with other estimations of cloud cover.
Therefore, the paper is worth of being published in AMT. It seems to me that a few changes could
be considered to make it more complete and to get higher impact in the scientific community,
but even in the present version, the paper may be good enough to merit publication.

Suggested general change:

1. In order to make more significant the comparison among all estimations of cloud cover,
authors could consider applying exactly the same horizon mask to all images. For example,
they could use a mask for the part of the image that is below 70 deg. SZA (20 deg. over the
“flat” horizon). In fact, even APCADA algorithm is unsensitive to clouds that are in the horizon,
so using this mask for all images would make the comparison more homogeneous.

Thanks for this comment. The authors are aware that the comparison of the cameras and
APCADA are problematic when different horizon masks and different field of views are
considered. However, the focus of the paper is mainly to present a new camera system
(IRCCAM) and to show the possibilities of this new camera system. Thus we decided to not
decrease the field of view of the IRCCAM due to the fact that one of the camera software is not
able to detect clouds below 70°.

Minor changes and technical details to be corrected:

2. The word “significant” is used several times in the manuscript. | have my doubts about this
use, as no statistical tests are applied (at least, they are not mentioned). So | would suggest
use “significant” with caution, as it has a meaning related to statistical tests. If possible, try
to use another word. In page 11, line 25, it is said that a difference of 0.02 is statistically not
significant, but with no reference to what statistical test is applied.



We exchanged the word significant throughout the manuscript.

3. Inlines 13-24 tow different approaches for cloudiness estimation are summarized. But in my
opinion they are not clearly differentiated. Calbé et al 2001 suggests a method based on
pyranometer measurements (i.e., hemispheric measurement of solar irrandiance), which is
very different to Nephelo or Nubiscope, which are measuring in the infrared and in a narrow
field of view. Please consider slightly modifying the writing of this paragraph.

We changed the writing of this paragraph (p. 2, |. 20ff.):

... Depending on the wavelength range, the presence of clouds alters the radiation measured at
ground level (e.g. Calbo et al., 2001; Mateos Villan et al., 2010). Calbo et al. (2001) and Diirr
and Philipona (2004) both present different methodologies to determine cloud conditions from
broadband radiometers. Other groups describe methodologies using instruments with a smaller
spectral range. Such instruments are for example the infrared pyrometer CIR-7 (Nephelo)
(Tapakis and Charalambides, 2013) or Nubiscope (Boers et al., 2010; Feister et al., 2010; Brede
etal, 2017), ...

4. | wouldn’t say that WSI is among the most common all-sky cameras (as it is indeed the TSI).
The WSI is one of the pioneering cameras, and presents very interesting characteristics and
developments, but, to my knowledge, is no usually commercialized and therefore, is not quite
common.

We changed the sentences discussing the TSI and the WSI (p. 3, . 8f.):

The most common all-sky camera is the commercially available total sky imager (TSl) (Long et
al., 2006). Another pioneering hemispherical cloud detection instrument is the whole sky imager
(WSI) (Shields et al., 2013).

5. Eq(3). Could you explain why the zenith angle is divided by 65?

Equation 3 is a normalized function to fit the sky brightness temperature. Since we are taking
the sky brightness temperature at 65° (Tes), we also divide by 65. Smith and Toumi, 2008
present the example to normalize at 90°, but in our case 90° is not representing the sky, but
the mountains.

6. It is interesting to note that different thresholds are used in the processing of the visible
images. This could partly explain some of the difference found in this paper. In fact, selection
of the threshold is critical to distinguish between a cloudy pixel, and a clear (but sometimes,
containing aerosol) pixel. Some discussion on this matter may be found in Calbé et al 2017
(and other studies cited therein). [Calbo, J., C. N. Long, J. Gonzalez, J. Augustine, and A.
Mccomiskey, 2017: The thin border between cloud and aerosol: Sensitivity of several ground
based observation techniques. Atmos. Res., 196, 248-260,
doi:10.1016/j.atmosres.2017.06.010.]

We added the reference in the conclusion (p. 14, |. 10ff.):



Differences in the cloud fraction estimates can be due to different thresholds for the camera
systems (as discussed in Calbo et al. (2017)) as well as some other issues addressed throughout
the current study.

7. The authors recognize that IRCCAM fails at both extremes of the cloud cover distribution.
This (unexpected) result should merit more attention, with a deeper discussion if possible.

We added a short discussion about a possible reason for this distribution (p. 10, . 4ff.):

It is noteworthy that the IRCCAM clearly underestimates the occurrence of 0 oktas in comparison
to the cameras measuring in the visible spectrum (by up to 13 %). On the other hand, the relative
frequency of the IRCCAM of 1 okta is clearly larger (by up to 10 %) compared to the visible
cameras. This can be explained by higher brightness temperatures measured in the vicinity of
the horizon above Davos. These higher measured brightness temperatures are falsely
determined as cloudy pixels (up to 0.16 cloud fraction). Since these situations with larger
brightness temperatures occur quite frequently, the IRCCAM algorithm detects more often cloud
coverages of 1 okta instead of O okta.

8. The first lines of section 3.2.3 (lines 21-29) do not address seasonal analyses, so | suggest
moving them to another section.

We moved these lines to section 3.2.

9. Somewhere in the Results or Conclusion sections, | would appreciate a short discussion of
the present results in comparison with performance of other IR whole sky cameras (if you
can find any) or other sky cameras that take night images. If no previous work can be found
with an estimation of the performance of such night images, this should be highlighted in the
paper. Suggested references: [Shields, J. E., M. E. Karr, R. W. Johnson, and A. R. Burden, 2013:
Day/night whole sky imagers for 24-h cloud and sky assessment: history and overview. Appl.
Opt., 52, 16051616, doi:10.1364/A0.52.001605; Gacal, G.F.B. Antioquia, C., and N.
Lagrosas, 2016: Ground-based detection of nighttime clouds using a digital camera. Appl.
Opt., 55, 6040-6045, doi:10.1364/A0.55.006040.]

The authors could not find any comparisons to other IR whole sky camera systems.

10. Figure 4, caption and related text. There is some mistake in the definition of oktas from cloud
fraction. According with the caption, 0 oktas is for cloud fraction between 0 and 0.05 (which
looks correct to me) but 8 oktas is between 0.875 and 1.0, that is a much larger interval,
which seems wrong (at least, it is not symmetrical). And, for example, 4 oktas should be
0.4375-0.5625 (that is, a bin centered in 0.5 with a width of 0.125). If you correct this, some
differences among the methods may change.

Thanks for this comment. The description of the okta ranges in the caption of Figure 5 (before
Figure 4) was indeed wrong and we corrected it. However, the analysis was done with the
correct ranges.



11. Table 1 and table 2 could be put together in a single matrix-like table (like the authors do in
Table 5). In each cell (only in one triangle of the matrix) both the median and the percentiles
may be written (for example, as 0.01 [-0.24,0.21].

Since Table 1 and Table 2 are placed in the corresponding sections where they are discussed,
we decided to not merge them.



Reply to comments by Anonymous Referee #3

on the manuscript "Cloud fraction determined by thermal infrared and visible all-sky cameras"
by Aebi et al., submitted to Atmospheric Measurement Techniques.

We would like to thank the referee for the constructive comments that contributed to the
improvement of the manuscript. Detailed answers to the comments are given below (bold:
referee comment, regular font: author’s response, italic: changes in the manuscript).

This manuscript introduces a new infrared sky camera and an applied cloud detection algorithm
and a comparison with visible sky cameras. It represents a substantial contribution to scientific
progress within the scope of AMT. The image processing method, based on down-welling
longwave radiation, to estimate the amount of cloud cover is a unique approach, as is the
determination of cloud type. | recommend that the manuscript be published, with consideration
of the following comments.

1. Page 2, Line 33: The TSl is indeed probably the most common all-sky camera but the Solmirus
ASIVA or Reuniwatt Sky InSight may currently be more common than the WSI.

Thanks for this comment. We included a short description about the Reuinwatt Sky InSight
cloud imager in our introduction (p. 3, |. 26ff.):

Relatively new on the market is the Sky Insight thermal infrared cloud imager from Reuniwatt.
The Sky Insight cloud imager is sensitive in the 8 um - 13 um wavelength range and its layout
and software is similar to the prototype instrument presented here.

We also slightly adapted the paragraphs discussing the TSI, WSI and the Solmirus ASIVA:

p. 3, l. 8f.:

The most common all-sky camera is the commercially available total sky imager (TSl) (Long et
al., 2006). Another pioneering hemispherical cloud detection instrument is the whole sky imager
(WSI) (Shields et al., 2013).

p. 3, . 19ff.

Another instrument, the Solmirus all-sky infrared visible analyser (ASIVA) consists of two
cameras, one measuring in the visible and the other one in the 8 um - 13 um wavelength range
(Klebe et al., 2014).

2. Page 6, Line 23: A better description is needed for "IRCCAM frame". Does this include the
camera, arm, and wire ropes?

Yes, the term “IRCCAM frame” includes the camera, arm and wire ropes. We clarified this in
the text (p. 7, |. 7ff.):



This image mask contains local obstructions such as the IRCCAM frame (camera, arm and wire
ropes) as well as the horizon, which in the case of Davos consists of mountains limiting the field
of view of the IRCCAM.

3. 3. Page 6, Line 20, Page 8, Line 2, and Page 8, Line 20: The horizon mask appears to be
independently defined for each image and for each of the three cameras. Using the same
horizon mask for all images would yield a better comparison.

There is only one horizon mask per camera (we clarified this now in the text). Because the
resolution and the location of the three cameras is slightly different, we decided to define one
horizon mask per camera system and not using the same for all systems.
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Abstract. The thermal infrared cloud camera (IRCCAM) is a prototypsimment that determines cloud fraction continuously

Obhsce o) os/\WordRadiationCentePMODPAAR n-Pave T ndThealR AM consictan omme
OB atoHH b ave Sials ato O AN S g O PDHa€0 o

microbelemetecamerasensitiveusingmeasurementsf the absolutehermalsky radiancedistributionsin the 8 um - 14 um

wavelength rangé conjunctionwith clearsky radiativetransfermodelling Over a time period of two years, the fractional
cloud coverage obtained by the IRCCAM is compared with tweeotommercial camerasnsitivein-thevisible-speetram

(Mobotix Q24M and Schreder VIS-J1008nsitivein thevisible spectrumas well as with the automated partial cloud amount
detection algorlthm (APCADA) using pyrgeometer déai i [ i

which arenot detectedas consistentlyby the currentcloud algorithmof the IRCCAM. The measuredibsolutesky radiance

1 Introduction

Clouds affect the surface radiation budget and thus theatéiraystem on a local as well as on a global scale. Clouds Imave a
influence on solar and on terrestrial radiation by absortsngttering and emitting radiation. The Intergovernmidpgael on
Climate Change (IPCC) states that clouds in general andalectoud interactions in particular generate considerahcer-

tainty in climate predictions and climate models (IPCC, 201rfermationabouteloud-eeverageHaving information about
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different fields: for solar power productiondue to the fact that clouds causea large variability in the energyproduction

Parida et al., 2011; Mateos et al., 2014; Tzoumanikas £@16) for aviation and weatherforecastor microclimatological

studies

The most common practicglebally-worldwide to determine cloud coverage, cloud base height (CBH) anddctgpeis
humanebservatiorfrom the groundare humanobservationgCIMO, 2014). These long-term series of cloud data allow cli
mate studies to be conductgzlg. Chernokulsky et al., 201 loud detection by human observéissthe advantagehatthe

observationsreis carried out several times per day over a long time pesiegithatitisindependentf-anytechnicalfailure
without the risk of a largerdatagapdueto atechnicalfailure of aninstrument However thereis-ne+eferencestandareeven

with areferencestandardiefinedby the World MeteorologicalOrganisationt WMO) for human observessicihs, the cloud
determination is not objective.g. mainly dueto varying degreesf experiencgBoers et al., 2010). Other disadvantages of
humanebservergloud observationsire that the temporal resolution is coarse dnodto visibility issuesnighttime determi-
nations are difficult. Since clouds are highly variable iacpand time, measurements at high spatial and tempor#ltieso
with small measuremenincertainties are neededResearchn-therecentpast(WMO, 2012).Recentresearcthas therefore
been conductesh-orderto find an automated cloud detection instrument (or a contibimaf such) to replace human observers

Bbers et al., 2010; Tapakis and Charalambides, 2013; bsddto et al., 2017;

J

Onealternativeto-synepticAn alternativeto detectcloudsfrom the groundby human observations is to detegbudswith
satelliteshem from space With a time-resolutionef-temporalresolutionof 5 to 15 minutes, Meteosat Second Generation

(MSG) geostationary satellites are able to detect clougrame with a higher time resolution thaiis accomplished by hu-

man observers (Ricciardelli et al., 2010; Werkmeister et24l15) Additionally,satellitescovera The geostationangatellite
Himawari-8(Da, 2015)evendeliverscloudinformationwith atemporakresolutionof 2.5t0 10 minutesandaspaciakesolution

the MODIS satellitesTerraand Aqua (Baum B.A., 2006; Ackerman et al., 2008)¢terminecloud fraction globally, but for
a specificregiononly four timesa day. Satellitescover a larger area than ground-based instrumentsglatalcoveragesf
eleudtinfermationis pessiblearealsoableto deliver cloudinformationfrom regionswherefew ground-baseéhstrumentsare
MWWWSMMHOWW& due to the large field of view (FOV) of

satellites, small clouds can be overloolkewl

2005; Ac

Ricciardelli et al., 2010)Anotherchallengewith satellitedatais theability to distinguishthin cloudsfrom land(Dybbroe et al.,

. Furthermore, satellites collect information mainly frahre highest cloud layer rather than the lower cloud layeseaio
to the Eartkearths surfacein i

reguiredNowadaysatellitedataarevalidatedandthussupportedy ground-basedlouddata.Different studiesocusingonthe
comparisorof thedeterminecatloudfractionfrom groundandfrom spaceverepresentedyy e.g.Fontana et al. (2013); Wacker et al. (20




In general, thre@utomaticground-based cloudovermeasurement techniques are distinguished: radiometgige @olumn
instruments and hemispherical sky cameras. Radiometeasurethe incident radiation in different wavelength range
thepresene@#eleﬁdsaependwmggm the wavelength range, tmmm radiation measured
at ground leve ;
mmmmmmm@mmm

. Calbo et al. (20013ndDarr and Philipona (2004oth presendifferent methodologieso determinecloud conditionsfrom

arefor example the infrared pyrometer CIR-7 (Nephelo) (Tapakid Charalambides, 2013) or Nubisc@peers-et-al—2010;-Feisteret
—(Boers et al., 2010; Feister et al., 2010; Brede et al., 204f7ich bothmeasure in the 8m - 14 yum wavelength range of the
spectrum. In order to retrieve cloud informatidihewholeupperhemisphereNephelo consists of seven radiometers which

scan theskywhole upperhemisphereThe Nubiscope consists of one radiometer only, whisloscans the whole upper hemi-

sphere. Such a scan takes several minutes, which is a lionitah the retrieval of cloud fraction information when foaenple
fast-moving clouds occur (Berger et al., 2005). In gendhase instruments give information about cloud fractiontfoee
different levels, cloud types and cloud base height (CBHtén, 2006). Brocard et al. (2011) presents a method uatag d
from the tropospheric water vapour radiometer (TROWARAJébermine cirrus clouds from the measured fluctuationsen th
sky infrared brightness temperature.

Theactiveeloudmeasuremergecondyroup,the columncloud detectioninstruments send a laser pulse to tfg-atmosphere
and measure theflectecbackscattereghotons. The photons are scattered back by hydrometedialittscand, depending on
the time and the amount eflectedbackscattereghotons measured, the cloud base height can be determinagver, the
laser pulse is not only scatterbeckby cloud hydrometeors, but also by aerosols (Liu et al., 20B8amples of active remote

sensing instruments aredargKato-etal;2001Feisteretal20HMarscloudradar(Kato et al., 2001; lllingworth et al., 2007; Feis
,Jlidar (Campbell et al., 2002; Zhao et al., 2014) and ceilometemr{iddci et al., 2010yFhe Due to the narrowbeam,a dis-

advantage of thesmeasaremem%merneWs the lack ofm#e%maﬁaaabeuﬂhewhelesky#huw%

ektasinstantaneousloudinformationof thewholeupperhemisphereBoers et al. (20103howedhatwith smallerintegration
timesthe instrumentdendto give oktavaluesof zeroandeight ratherthanthe intermediatecloud fractionsof 1 to 74s-mere
—~ ktas

The third group of ground-based cloud detection instrusentnprises the hemispherical sky cameras, which have @ 180

view of the upper hemisphere. The most common all-skgrerasare-the-camerais the commerciallyavailabletotal sky

imager (TSI) (Long et al., 2008p¢-. Another pioneeringhemisphericatloud detectioninstrumentis the whole sky imager
(WSI) (Shields et al., 2013). Whereas the TSI is sensitive éisible spectrum, the WSI acquires information in seven

different spectral ranges in the visible and in the nearaiafl regions. A special version of the WSI also allows night-
time measurements (Feister and Shields, 2005). Other ckrehrch has been undertaken with low-cost commercial cam-
i7H sitivein the visible
2012; Wacker et al.,

, 2008; Cazorla et al., 2008; Karhs&t al., 2015; Ku
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. All these hemispherical sky cameras operate well duringimie, but give no information during nighttime. Thus, thes
increasing interest inlepleymentdevelopmenbf cloud cameras sensitive in the thermal infrared regiothef spectrum.
Ground-based thermal infrared all-sky cameras have therdage of delivering continuous information about cloudecage,
cloud base height and cloud type during day and nighttimécwin turn is of interester-climatestudiesn variousfields

The infrared cloud imager (ICl) is a ground-based sky caraensitive in the &m - 14 yum wavelength range and with a reso-
lution of 320 x 240 pixels (Shaw et al., 2005; Thurairajah and Shaw, 2005; SamthToumi, 2008yFheAnotherinstrument,
the Solmirus all-sky infrared visible analyser (ASIVARsbeenpresentedy-Klebe-et-al(2014)ASIVA-consists of two cam-
eras, one measuring in the visible and the other one in jira 8§13 um wavelength ranggKlebe et al., 2014)The whole-sky
infrared cloud measuring system (WSIRCM&}u-etal;2013js an all-sky cloud camera sensitive in theuf - 14 um
wavelength range-which-(Liu et al., 2013) The WSIRCMS consists of nine cameras measuring at the zenith and at eight
surrounding positions. With a time resolution of 15 minyiegormation about cloud cover, CBH and cloud type are deter
mined. This instrument has an accuracy-0f3 oktas compared to visual observations (Liu et al., 20R8fiman et al. (2018)

The current study describes a newly developed instrumiattitermal infrared cloud camera (IRCCAM), that consists of
a modified commercial thermal camefetgives(Gobi-640-GigE)that gives instantaneougnformation about cloud con-

ditions with-a-186>FOV-and-afor the full upperhemisphereThe time resolution ofthe IRCCAM in the currentstudyis
1 minuteduring day- andnighttime It measures in the wavelength range qif8 - 14 ym. The IRCCAM has been in use at

the Physikalisch-Meteorologisches Observatorium D&Vosgd Radiation Center (PMOD/WRC), Davos, Switzerlandgsin

SeptembeR0i5andis-measuringeontindouslydayandnight-2015. The IRCCAM wasdevelopedo provideinstantaneous
hemisphericloud coveraganformationfrom the groundwith a hightemporalresolutionin a moreobjectiveway thanhuman

cloud observationsThusthe IRCCAM could be usedfor different applicationsat meteorologicaktations,at airportsor at
solarpowerplants.The performance of the IRCCAM regarding cloud fraction isypared with data from two visible all-sky

cameras and the automatic partial cloud amount detectymitim (APCADA) (Diirr and Philipona, 2004). In sectiontBe
instruments and cloud detection algorithms are preseifiteelcomparison of the calculated cloud fractions based féerelnt
instruments and algorithms are analysed and discussedlioaed for differentcloudclassestimes of day-seasensndeloud
elassemindseasonseparately in section 3. Section 4 provides a summary antusions.

2 Dataand Methods

All three all-sky camera systems used for the current studyrestalled at the Physikalisch-Meteorologisches Olaerium
Davos/World Radiation Center (PMOD/WRC), Davos, locatetheSwiss Alps (46.8IN, 9.84E, 1,594 m asl). There are two
commercial cameras, ofiem-MeobeotixAG-Q24M from Mobotix and the othefrem-SehredeiGmbH bethis a J1006¢loud
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camerarom the companySchrederBoth of thesecamerasiremeasuring in the visible spectrumda.. Thethird cameras
the newly developed all-sky camera (IRCCAM) sensitive in thermalinfrared wavelength rang@m-8-m—314-m. The

instruments themselves and their respective analysiwaidtare described in the following subsections. Also, titeraatic
partial cloud amount detection algorithm (APCADA) is bryedflescribed in Section 2.4.

The analysis of the data from the thermal infrared cloud cari®CCAM) is performed for the time period September 21,
2015 to September 30, 2017, witlsiaeabledata gap between December 20, 2016 and February 24, 201@ tharttenance

of the instrument. Mobotix and APCADA data are available thoe whole aforementioned time period. Schreder data are
only available since March 9, 2016. Thus the analysis ofdluzda is only performed for the time period March 9, 2016 to
September 30, 2017.

2.1 Thermal infrared cloud camera

The Infrared Cloud Camera (IRCCAM) (Figure 1) consists obenmercial thermal infrared camera (Gobi-640-GigE) from
Xenics (www.xenics.com). The camera is an uncooled midmbeter sensitive in the wavelength range ¢fr8 - 14um. The
chosen focal length of the camera objective is 25 mm and thedfeview 18° x 24°. The image resolution i640 x 480
pixels. The camera is located on top of a frame looking dowdwa a gold-plated spherically shaped aluminium mirrohsuc
that the entire upper hemisphere is imaged on the camerars@hs complete system is 1.9mghandthetall. Thedistance
between the camera objective and the mirror is about 1.2 msddimensions were chosen in order to reflect the radiation
from the whole upper hemisphere onto the mirror and to misénthe area of the sky hidden by the camera itself. The arm
holding the camera above the mirror is additionally fixedwtito wire ropes to stabilise the camergainswvindduringwindy
conditions The mirror is gold-plated to reduce the emissivity of theror and to makeneasuremenneasurementsf the
infrared sky radiation largely insensitive to the mirromigerature. Several temperature probes are included totondhé
mirror, camera and ambient temperatures.

The camera of the IRCCAM was calibrated in theorateryef-PMOD/WRClaboratoryin order to determine the brightness
temperature or the absolute radiance in Whsr—! for every pixel in an IRCCAM image. The absolute calibratioss obtained

by placing the camera in front of the aperture of a well chiardged blackbody at a range of known temperatures between
-20°C and +20°C in steps of 3C (Grobner, 2008). The radiance emitted by a blackbody tadian be calculated using the
Planck radiation formula,

5 I 1)

whereT is the temperature\ the wavelengthy, is the Planck constartt,6261 x 1034 Js,c the speed of light, 299'792'458 m$
andk the Boltzmann constant,3806 x 10~23 J K~—!. For the IRCCAM cameragssuminganeminalspectraliyflat response

Ls vip= / 125 Ry Ly (T)dA @
8
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whereT is the effective temperature of the blackbody (Grobner82@MddLs—=L 5 the integrated radiance measured by the
IRCCAM camera. To retrieve the brightness temperatiligg from the integrated radiandes—+L g, EQ. 2 cannot be solved
analytically. Therefore, as an approximation, we are uaipglynomial functiorFs=FZLs=rr-15 = f(Lg) to retrieve the
brightness temperatutgsz from the radiancé-s=rsLg. Using Eq. 2;&5=rrL p values are calculated for temperatures in the
range of -40°C and +40° Cassumingp-rominalspectraliyflat respensdunctionof-the -tRECAM. The resulting fitting func-
tion is a polynomiafunetionthird-erderthird orderfunction (see Figure 3), which ithereafteiused to retrievd’s from the
integrated radiancés—r+-Lp, for every pixel in an IRCCAM image.

The IRCCAM calibration in the blackbody aperture was perfed on March 16, 2016 and all its images are calibrated with
the corresponding calibration functioetrievedfrom the laboratorymeasurements he calibration uncertainty of the camera
in terms of brightness temperatures (in a range of*@&nd +40°C) is estimated at 1 K for a Planck spectrum as emitted
by a blackbody radiator. Furthermore, a temperature ctioredunction for the camera was derived from these labeoyato
calibrations in order to correct the measurements obtahathbient temperatures outdoors.

The hemispherical sky images taken by the IRCCAM are coedén polar coordinate$), ®) for the purpose of retrieving
brightness temperatures in dependence of zenith and dzmesectively. Due to slight aberrations in the opticatesysof the
IRCCAM, the © coordinate does not follow a linear relationship with thg sknith angle, producing a distorted sky image.
Therefore, a correction function was determined by catiredethe apparent solar position as measured by the IRCCAfK wi
the true solar position obtained by a solar position albarit This correction function was then applied to the raw aame
images to obtain undistorted images of the sky hemisphere.

One should note that observing the sun with the Gobi camepiiamthat the spectral filter used in the camera to limit the
spectral sensitivity to the Bm - 14 yum wavelength band has some leakage at shorter wavelengttisn&tely, this leakage is
confined to a narrow region around the solar deloundl°®) as shown in Figure 4. Thus it has no effect on the remaining par
of the sky images taken by the IRCCAM during daytime measerem

The main objective of the IRCCAM study is to determine cloudgerties from the measured sky radiance distributions. Th
cloudy pixels in every image are determined from their obsghigher radiances with respect to that of a cloud-free Bikg
clear sky radiance distributions are determined from tagidransfer calculations using MODTRAN 5.1 (Berk et aD03),
using as input parameters screen-level air temperaturéngegrated water vapour (IWV). The temperature was detezchin
at 2 m elevation obtained from a nearby SwissMetNet statidrile the IWV was retrieved from GPS signals operated by
the Federal Office for Topography and archived in the Stuidieemospheric Radiation Transfer and Water Vapour Effects
(STARTWAVE) database hosted &tP-the Institute of Applied Physicsat the University of Bern (Morland et al., 2006). For
practical reasons, a lookup table (LUT) for a range of terajpees and IWV was generated which was then used to compute
the reference clear sky radiance distribution for everglsiimage taken by the camera.

The sky brightness temperature distribution as measuradctmud-free day (June 18, 2017 10:49 UTC) and the correspond
modelled sky brightness temperature are shown in Figurenddaure 4b, respectively. As expected, the lowest radiasc
emitted at the zenith, with a gradual increase at increasngh angle, until the measured effective sky brightnesgperature
at the horizon is nearly equal to ambient air temperaturdttSamd Toumi, 2008). Figure 4c shows the profiles of the meeaisu
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andmodelled(red) andmodelled(blue) brightness temperatures along one azimuth position gbireygh the solar position
(yellow line in Figure 4a). As can be seen in Figure 4c, thesuesd and modelled sky distributions agree fairly well hwit
large deviations at high zenith angles due to the mountdiasacting the horizon around Davos. The shortwave leakage

the sun can also be clearly seen around pixel nuriBérand-a-smallerdeviation180. A smallerdeviationis seenat pixel
number 239 from the wires holding the frame of the camera.

The average difference between the measured and modedi@dstly radiance distributions was determined for sevéeal c
sky days during the measurement period in order to use tf@anhiation when retrieving clouds from the IRCCAM images.
Such differences can arise on the one hand from the rathde cadiative transfer modelling whiaksesonly usessurface
temperaturand WV _as input parameters to the mosielysurfacetemperaturandW,—anden-. On the other handt can
arisefrom instrumental effects such agalibration uncertainty of:1 K-the-. An effect of the mirror temperaturehich-has
notbeentakeninte-aceountand a possible mismatch between actual and nominal spees@inse functions of the IRCCAM
camera-areotherpotentialcausesor this difference But bothof thesepossiblesffectshavenot beentakeninto accountThe
validation measurements span 8 days, with full sky measemé&obtained every minute, yielding a total of 11,512 insege

the analysis. For every image, the corresponding sky radidistribution was calculated from the LUT, as shown in Fégib.
The residuals between the measured and modelled sky radi@stdbutions were calculated by averaging over all datatp
with zenith angles smaller than G0while removing the elements of the IRCCAM within the fieldvoéw of the camera
(frame and wires), resulting in one value per image. Thehbnigss temperature differences between IRCCAM and model
calculations show a mean difference of +4.0 K and a standavhtion of 2.4 K over the whole time period. The observed
variability comes equally fromdayte-day-day-to-dayvariations as well affom variations within a single day. No systematic
differences are observed between day and nighttime data.

The stability of the camera over the measurement periodvisstigated by comparing the horizon brightness temperatur
derived from the IRCCAM with the ambient air temperature swrad at the nearby SwissMetNet station. As mentioned
by Smith and Toumi (2008), the horizon brightness tempeeaderived from the IRCCAM should approach the surface air
temperature close to the horizon. Indeed, the averagediffe between the horizon brightness temperature denigedthe
IRCCAM and the surface air temperature was 0.1 K with a stahdeviation of 2.4 K, showing no drifts over the measurement
period;-andthusconfirming the good stability of the IRCCAM during this pediorhe good agreement of 0.1 K between the
derived horizon brightness temperature from the IRCCAM thredsurface air temperature confirms the absolute caldrati
uncertainty of+ 1 K of the IRCCAM. Therefore, the observed discrepancy of 4eitiheen measurements and model calcu-
lations mentioned previously can probably be attributethéouncertainties in the model parametgesnperatureind IWV)
used to produce the LUT.

2.1.1 Cloud detection algorithm

After setting up the IRCCAM, a horizon mask is created iflitito determine the area of the IRCCAM image representing
the sky hemisphere. Alearsky-cloud-freeimage is selected manuallgndthe-, The sky area is selected by the very low
sky brightness temperatures with respect to the local ettitns with much larger brightness temperatures. Thig@amaask
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contains local obstructions such as the IRCCAM fregmmeraarmandwire ropes)as well as the horizon, which in the case
of Davos consists of mountains limiting the field of view o&tHRCCAM. Thereafterthe samehorizonmaskis appliedto all
IRCCAM images.The total number of pixels within the mask is usedaasference and the cloud fraction is defined as the
number of pixels detected as cloudy relativeratthe total number.

The algorithm to determine cloudy pixels from an IRCCAM ireagpnsists of two parts. The first part uses the clear sky
model calculations ag reference to retrieve low to mid-level cloudish-alargetemperaturalifference, Thesecloudshave
largetemperaturelifferencescompared to the clear sky reference. In this part of the dlguor cloudy pixels are defined for
measuredsky brightness temperaturésat are at least6.5 K greater than théackgrouneelearsky-valueswith-a-thresheld
valueefé-5Kkmodelledclear-skyreferencevalue A rather large threshold value wampiricallychosen to avoid any erroneous
clear skymiselassificationsnis-classificationsis cloudy pixelstherefereleaving. Thethinner and higher clouds with lower
brightness temperaturesetherefordeft for the second part of the algorithm.

In order to determine the thin and high-level clouds withinRCCAM image, non cloudy pixels remaining from the firsttpar
of the algorithm are used to fit an empirical clear sky brigsgitemperaturiinetionin-dependencen-asa function of the
zenith angle,

T = (Tys —a)( )" +a ©

whereTs is the brightness temperature for a given zenith atjlend7ss5, a andb are the retrieved function parameters
(Smith and Toumi, 2008). This second part of the algorithsuases a smooth variation of the clear sky brightness tempera
ture with zenith angleandthereby. Therebyit determines cloudy pixels as deviations from this smootfction as well as
requiring a brightness temperature higher than this eoglidlear sky reference. Pixels with a brightness temperdtigher
thanthe empirically definedthresholdof 1.2 K are defined as cloudy and removed from the clear sky @dtd Bis proce-
dure is repeated up to 10 times to iteratively find pixels witbrightness temperature higher than the clear sky functieg
disadvantagef-the Onerestrictionof thisfitting method is that it requires at least broken cloud conditieimseasit does not
work well under fully overcast conditions withoaty-clearsky-the presencef any cloud-freepixels to constrain the fitting

==v‘v-v--=' tHoHHOR—eve oHa-conRaionRSSUEna v Sieis tHy—oVerca oRaitoRSsafredsuanyaetecte

The selected threshold of 1.2 K allowse detection of low emissivity clouds, but still misses theedtion of thin, high-level
cirrus clouds even though they can be clearly seen in the IR {®nages. Unfortunately, reducing the threshold to lessth
1.2 Kresults in many clear skyisclassificationmis-classificationsis clouds. Therefore under these conditions, it seems that
using a spatial smoothness function is not sufficient torimmfdividual pixels as being cloudy; a more advanced alparifis
discussed in Brocard et al. (2011) is required to define dowad only on a pixel by pixel basis but as a continuous strectu
Before reaching the final fractional cloud data set, soma @Héring procedures are applied: situations with préatpn

are removed by considering precipitation measurements fr@ nearby SwissMetNet station; ice or snow depositiorhen t
IRCCAM mirror is detected by comparing the median radiarfce sky area with the median radiance value of an area on the
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image showing the frame of the IRCCAM. In cases where thewifice between the median values of the two areas is smaller
than the empirically defined value of 5 Wrsr—!, the mirror is assumed contaminated by snow or ice and thverebes not
reflect the sky, so the image is excluded. The horizon mask doecover all pixels that do not depict sky, which leads to an
offset in the calculated cloud fraction of around 0.04. Tdffset is removed before comparing the cloud fraction aeileed

by the IRCCAM with other instruments.

2.2 Mobotix camera

A commercial surveillance Q24M camera from Mobotix (Wwwlmotix.com) has been installed in Davos since 2011. The
camera has a fisheye lens and is sensitive in the red-graerf®GB) wavelength range. The camera takes images from the
whole upper hemisphere with a spatial resolutionif0 x 1600 pixels. The camera system is heated, ventilated and iedtall
on a solar tracker with a shading disk. The shading disk avoigrexposed images due to the sun. The time resolutioreof th
Mobotix data is one minute (from sunrise to sunset) and tipegxre time is 1/500 s.

An algorithm determines the cloud fraction of each imagematically (Wacker et al., 2015; Aebi et al., 2017). Befope a
plying the cloud detection algorithm, the images are preggeed. The distortion of the images is removed by applying a
correction functionA-The samehorizon mask, whichs-was defined on the basis of a cloud-free image, is applcedll
images After this preprocessing, the colour ratio (the sum of theelio green ratio plus the blue to red ratio) is calculated pe
pixel. To perform the cloud determination per pixel, thifcatated colour ratio is compared to an empirically defineférence
ratio value of 2.2. Comparing the calculated colour ratio@avith this reference value designates whether a pixéassidied
asa-<cloudypixelorasacloudyor ascloud-fregixel. The cloud fraction is calculated by the sum of all cloud fsdivided by

the total number of sky pixels.

The cloud classes are determined with a slightly adaptearitign from Heinle et al. (2010) which is based on statidtica
features (Wacker et al., 2015, Aebi et al., 2017). The cldadses determined are stratocumulus (Sc), cumulus (Cal st
altostratus (St-As), cumulonimbus-nimbostratus (Cb;NMgyocumulus-altocumulus (Cc-Ac), cirrus-cirrostrat{Ci-Cs) and
cloud-free (Cf).

2.3 Schreder camera

The total sky camera J1006 from Schre@enbH-(www.schreder-cms.com) consists of a digital camera witiskeye lens.
The J1006 Schreder camera is sensitive in the RGB regioredaffiectrum and takes two images every minute with different
exposure times (1/500 s and 1/1600 s, respectively). Theuapes fixed af/8 for both images. The resolution of the images
is 1200 x 1600 pixels. The camera comes equipped with a weatherproof hgasid a ventilation system.

The images from the Schreder camera are analysed using fferedt algorithms. The original software is directly delied
from SehredeGmbHhecompanySchrederBefore calculating the fractional cloud coveratiesimagesarepreprocessesbme

stepsareneededo definethesettingghatareneededo preprocestheimages In a first step, the centre of the image is defined
manually. In a second step, the maximum zenith angle of tha faken into account for further analyses is defined. Unfor-
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tunately, the maximum possible zenith angle is onl§ @0Ad thus a larger fraction of the sky cannot be analysedr At
distortion of the images is removed, in a fourth step a horimask is defined on the basis of a cloud-free image. The mask
also excludes the pixels around the sun. In a last step, shibliceis defined which specifies whether a pixel is class#ied
eloudorno-eloud-or not classifiedasa cloud. The settingsfrom all thesepreprocessingtepsarethenappliedto all images
from the Schredecameraln the following, the term Schreder refers to data whereatgsrithm is used.

Due to the Schreder algorithm’s limitation of a maximum #ersingle of 70, we appliedusedthe same algorithm aise
onefor the Mobotix camer@-the Schredercameraimagesalso{thereaftereferredto-, referredhereafteras Schredghod)-
The algorithm Schredghoq has the advantage that the whole upper hemisphere is coegigen calculating the fractional
cloud coverage. Thus, a new horizon mask is defined on the baaicloud-free imageiethe. Thecolour ratio reference to
distinguish between clouds and no cloaaslis assigned an empirical value of 2.5, which is slightly diffetfrom-theeneto
thatused for the Mobotix camera. The Schreder camera in Davosdesmeasuring continuously since March 2016.

24 APCADA

The automated partial cloud amount detection algorithmGABA) determines the cloud amount in oktas using downward
longwave radiation from pyrgeometers, temperature amdivelhumidity measured at screen-level height (Durr aritigeia,
2004). APCADA is only able to detect low- and mid-level clsuahd is not sensitive to high-level clouds. The time resmbut

of APCADA is 10 minutes during day and nighttime. The agreenoé APCADA compared to synoptic observations at high-
altitude and midlatitude stations, such as Davos, is th&#82 87 % of cases during day and nighttime have a maximum
difference of£1 okta (£-0.125 cloud fraction) and between 99to 95 % of cases have a differencede? oktas ¢-06-250.250
cloud fraction) (Durr and Philipona, 2004).

In order to compare the cloud coverage information retdevem APCADA with the fractional cloud coverages retrieved
from the cameras, the okta values are converted to fra¢tidoiad coverage values by multiplying the okta valuggy-by
0.125.

In the current study, APCADA is mainly used for comparisohthe nighttimedataofthe tRECAM-IRCCAM data

3 Results

In the aforementioned time period September 21, 2015 toeSdmr 30, 2017, the IRCCAM data set comprises cloud cover
information from 581,730 images. The Mobotix data set cas@sr242,249 images (because only daytime data are agilabl
and the Schreder data set 184,746 images (shorter timedaribalso only daytime). Figure 5 shows the relative freqgigsn

of cloud cover detection from the different camera systemakia bins. Zero okta corresponds to a cloud fraction of Q@5 0
and 8 oktas to a cloud fraction of 0.95 gWaeker-et-al;-20150nete-1. Oneandseven oktas correspond to intermediate
bins 0f0.1375cloudfractionandoktastwo to six to intermediatebinsof 0.125 cloud fractiorfWacker et al., 2015 Cloud-free

(0 okta) and overcast (8 oktas) are the cloud coverages ithahast often detected in the aforementioned time periot Th
behaviour also agrees with the analysis of the occurrenéedtfional cloud coverages over a longer time period in Bavo
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discussed in Aebi et al. (2017). All four instruments shownailar relative occurrence of cloud coverages of 2 - 6 okias.
is noteworthy that the IRCCANE-clearhyrunderestimatinglearly underestimatethe occurrence of 0 oktas in comparison to
the cameras measuring in the visible spectrum (by up to 13%}the other hand, the relative frequency of the IRCCAM of
1 okta is clearly larger (by up to 10 %) compared to the visdameras. This can be explained by higher brightness temper-
atures measured in the vicinity of the horizehich-aboveDavos.Thesehighermeasuredbrightnesgemperaturearefalsely
determinedascloudy pixels (up to 0.16 cloudfraction). Sincethesesituationswith largerbrightnessemperaturesccurquite
frequently,the IRCCAM algorithmdeterminesseloudsietectanoreoften cloud coverage®f 1 oktainsteadof 0 okta Also,

at the other end of the scale, the IRCCAM is detecting shglatiger values of a relative frequency of 7 oktas comparebeo
visible cameras and slightly lower relative frequenciea afeasurement of 8 oktas.

As an example, Figure 6 shows the cloud fraction determime@ipil 4, 2016, where various cloud types and cloud fraction
were present. This day starts with an overcast sky and pitatdgm and therefore the IRCCAM is measuring fractionalud
coverages of more than 0.98. The cloud lagieselvedispersesintil it reachegloudfractionvalues of 0.1 at around 6 UTC.
At this time the sun rises above the effective horizon andvibible all-sky cameras start to measure shortly thereaftee
cloud classes are determined with the algorithm develoyed/écker et al. (2015) based on Mobotix images. In the early
morning, the cloud type present is cumulus. The larger diffee of more than 0.1 between the cloud fraction deterntiyed
the Schreder algorithm and the other algorithms can be imgqulafter a visual observation of the image: the few clohds t
are present are locatéd-clesepreximity-closeto the horizon and thus in the region of the sky that the Sehratyorithm

is not able to analyse. The fractional cloud coverage irr@gagain to values of around 0.8 at 7 UTC. At this time, alf fou
cameras and algorithms determine a similar fractionalcctmyerage. Around 8 UTC a first cirrostratus-layer appedisinis
slightly better detected by the IRCCAM and the Mobotix altion than by the two algorithms using the Schreder images. Tw
hours later, around 10 UTC, the main cloud type present immaganulus. Low-level clouds are quite precisely detected b
all camera systems and thus, in this situation, the maximbsemwed difference is only-070.06 Figure 7a shows exactly this
situation assnRGB-image taken by the Mobotix camera, and the correspgrdassifications as cloudy or non-cloudy pixels
determined by the IRCCAM (Figure 7b) and by the Mobotix aitjon (Figure 7¢). From 11 UTC onwards the cumulus clouds
are found in the vicinity of the horizon and cirrus-cirr@gtrs closer to the zenith. Becaube detectionef-all algorithmshave
difficulties to detectthin and high-level clouds-difficult-for-all-algerithms the differences in the determined cloud fractions
are variable. Again, the Schreder algorithm is not able tyase the cloud fraction near the horizon and thus it alwaysals
the smallest fraction compared to the other algorithms.visible cameras continue measuring until 16:23 UTC wherstire
sets and afterwards only data from the IRCCAM are available.

3.1 Visbleall-sky cameras

Before validating the fractional cloud coverage determiihg the IRCCAM algorithm, the fractional cloud coveragehjch
are determined using thmagesof thevisible all-sky cameras Mobotix and Schreder, are companeoing each other to gain
a better understanding of their performance. The time genalysed here is March 9, 2016 to September 30, 2fii&isting
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of only daytime data, which corresponds to a data set of 184iidfes. Additionally, the results from the visible all-sky
cameras are compared with data retrieved from APCA@Mporalresolutionof 10 min). For this comparison, 32,902 and
24,907 Mobotix and Schreder images respectively are ceresid

The histograms of the residuals of the difference in thectfoactions (range between [-1;1]) between the visibleskjl-cam-
eras are shown in Figure 8 and the corresponding median arah8t95th percentiles are shown in Table 1.

As shown in Table 1, the two algorithms from the Schreder camas well as APCADA underestimate the cloud fraction
determined from Mobotix images, with a maximum median défece of -0.04. Although the median difference in cloud{rac
tion between the two Schreder algorithms is 0.00, the Higtion tends towards more negative values. This more pirorexl
underestimation of fractional cloud coverage of the Salredigorithm might be explained bis-the smaller fraction of the
sky being analysed (FigureB The underestimation in the retrieved cloud fraction @ 8chreder algorithm for 90 % of the
data is even slightly larger in comparison to the cloud faactietermined with the Mobotix algorithm. The spread (sh@s
5th and 95th percentiles in Table 1) is greatest for all campas of the algorithms from the visible cameras with AP@AD
As previously mentioned in Section 2.4, APCADA gives theucddraction only in steps of 0.12%udfraction, and is thus
not as accurate as the cloud fraction determined from thegwvhich-, This fact might explain the large variabilitin the
residuals

In Figure 8 it is shown that the distribution of the residuad$éween the cloud fraction retrieved from Mobotix versuwesdloud
fraction retrieved from the two Schreder algorithms (Feg8a and 8b) are left-skewed, which confirms that the cloutdiéna
retrieved from the two Schreder algorithms underestimiéesloud fraction retrieved from the Mobotix images.

Taking the measurement uncertainty of human observerslsmdother cloud detection instruments to-b# okta to+2 ok-

tas (Boers et al., 2010), we take this as a baseline uncirtaimge to test the performance in the detection of clouttifsa of
our visible camera systems. The algorithms for the visibl@era systems determine the cloud fraction for 94 - 100%eof th
data within+2 okta ¢£0.25) and for 77 - 94 % of the data withinl okta -0.125). Comparing the cloud fraction determined
from APCADA with the cloud fraction determined from the Vi cameras shows that in only 62 - 71 % of the cases is there
an agreement of-1 okta (-0.125) and in 83 - 86 % of data an agreemeni-@f okta (-0.25). All these results are further
discussed irsection3-2-3he nextSection

3.2 IRCCAM Validation

As described in Section 3.1, in up to 94 % of the data set thiblgisamerasio-agreeare consistento within £21 okta
(£6-290.125 in the cloud fraction detection, so that they can be useclidate the fractional cloud coverage determined by
the IRCCAM. For this comparison, a data set of 242,249 imélylebotix) and a data set of 184,746 images (Schreder) are
available. This comparison is only performed for daytimead the IRCCAM, because from the visible cameras only dagti
data are available.

The residuals and some statistical values of the differehetveen the IRCCAM and the visible cameras are shown ir&@u
and Table 2. With a median value of 0.01, there iswmificantconsiderableifference between the cloud fraction determined
by the IRCCAM and the cloud fraction determined by the Mabatimera. The differences between the IRCCAM and the
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Schreder algorithms are only slightly larger, with mediafues of 0.04 and 0.07 for Schreglgds and Schreder respectively.
The distributions of the residuals IRCCAM-Schreder and GAM-Schredegmog are quite symmetrical (Figure 9b and 9c).
The distribution of the residuals in cloud fraction IRCCAMBbotix is slightly left-skewedrhelRECAM-agreeshupto-

(2 oktas)cloudraction.
The agreemenof the IRCCAM in comparisonwith differentvisible all-sky camerasand APCADA is that 59-77 % of the
caseswithin-a-differeneein-cloudfractionof-IRCCAM dataarewithin + 0.125(+1 okteandin-evenup-te-) fractionalcloud

coveragend78- 93 % of thecaseglataarewithin +-0.25(£2 oktasThus;in-generahwe) fractionalcloud coverageWe can
conclude that the IRCCAM retrieves cloud fraction valuethimi the uncertainty range of the cloud fraction retrievehf the
visible camerasandalsoin asimilar rangeasstateof the art cloud detectioninstrumentsThesevaluesof the IRCCAM are

3.21 Cloud Class Analysis

Although the median difference between the cloud fractietednined with the IRCCAM algorithm and the cloud fraction
determined with the Mobotix algorithm is nelgnificantvident it is interesting to analyse differences in cloud fractie
pending on the cloud type. The algorithm developed by Waekat. (2015) is used to distinguish six selected cloud ekss
and cloud-free cases automatically on the basis of the Mobuohages. Figure 10 shows the distribution of the residodls
the cloud fraction of the two aforementioned algorithms(&rcumulus (low-level; N=37,320), (b) cirrocumulus-aiionulus
(mid-level; N=52,097) and (c) cirrus-cirrostratus (hiigivel; N=10,467). The median value of the difference in didnaction
between IRCCAM and Mobotix for Cu clouds is 0.02 and therefdgrtisticallynotsignificantot considerableln general,

all low-level clouds(Sc, Cu, St-As, Cb-Ns)are detected with a median cloud fraction difference of 1@d0.02 (Table 4).
The IRCCAM and the Mobotix camera observe the mid-level dlolass Cc-Ac with a median agreement of 0.00, but with
a slightly asymmetric distribution towards negative valugonsidering 90 % of the data set of Cc-Ac clouds, the IRCCAM
tends to underestimate the cloud fraction for the mid-lel@ld class. The spread in the Cc-Ac data (shown as 5th atd 95t
percentiles in Table 4) is in general slightly larger thhaonethatfor low-level clouds. The median value of thesiduals
ineloudfraetioncloud fraction residualsdetermined on the basis of IRCCAM images ahdenesthosebased on Mobotix
images for the high-level cloud class Ci-Cs is, at -0Odi8nificanthyis clearly larger in comparison to clouds at lower lev-
els. Thus, although we applied the second part of the algortb detect thin, high-level clouds from the IRCCAM images,
it still misses a large fraction of the Ci-Cs clouds in conigam to the Mobotix camera. The distribution (Figure 10c) of
the residuals is clearly wider, which leads to 5th and 95ticgntiles of -0.42 and 0.21 respectively. Due to the largeah
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and also as shown in Aebi et al. (2017), the visible camer@sysalso have difficulties in detecting the thin, high-leleuds.

3.2.2 Day-night differences

So far, only daytime data have been analysed. At PMOD/WRC iro®aluring nighttime the cloud fraction is retrieved from
pyrgeometers as well as from the IRCCAM. Therefore the IRGAoud coverage data are compared with the data retrieved
from the automated partial cloud amount detection algori(APCADA), which uses pyrgeometer datahichandcalculates
cloud fractions independent of the time of day. As explaiimeSlection 2.4, APCADA only determines the cloud fractioonfr
low- to mid-level clouds and gives no information about highel clouds. It also gives the cloud fraction only in okt@ps
(equalsstepsof 0.125 cloud fraction).

Table 5 shows the median values of the residuals of the clmalién between IRCCAM and APCADA for all available
data (N=103,635), only daytime data (N=32,902) and onhhttigne data (N=70,722) and the corresponding 5th and 95th
percentiles separately. The overall mediliferencevalue in cloud fractioretectionbetween IRCCAM and APCADA is, at
0.05, in a similar range as the ones for the comparison ofltheldraction determined with the cloud cameras. The median
value for daytime data is, at 0.06, only slightly larger thia@ one for nighttime data (0.04). However, the spread ofebil-
uals is notably broad mainly during nighttime with a largesipige 95th percentile value (0.65). However, because ABEA
already showed larger spreads in the residuals in compeatdstihe fractional cloud coverage determined with the és#il-

sky cameras, it is not possible to draw the conclusion tratRCCAM is overestimating the cloud fraction at nighttime.

3.2.3 Seasonal variations

The seasonanalysisis performedin orderto investigatewhethera slightly unequaldistribution of cloud typesin different
percentage of agreement in theterminedetrievedcloud fraction between thekycamerasndARPCADA-separatelys-given
v v @ vithin-systemds againgivenfor maximum

seasenalariations-Fhesummerandwintervaluesareshownin Table 6. For all algorithms there is a slightly closer agnent
in the determined cloud fraction in the winter months in canigon to the summer months. In winter, the IRCCAM agrees
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with the other cameras in 78 - 83 % of the data wittid. 125(£1 okta)and as high as 84 - 94 % withih0.25(+2 oktas) In
summer, the agreement in cloud fraction is only 54 - 71 % otidite. within+-0.125(£ 1 okta) cloudfraction but nevertheless,

84 - 91 % of values fall withint-0.25-(4-2 oktas)cloud fraction. The slight differencebetweenthe two seasonsnight be
explainedby the slightly largerfrequencyof occurrenceof the thin andlow-emissivity cloud classcirrocumulus-altocumulus
in Davosin summerthanin winter (Aebi et al., 2017)Also the values for springrdaatamn(MAM) andautumn(SON) are

in a similar range as the ones for summer and winter. ThusRBEAM (and also the other camera systems) do not show any
significantnoteworthyvariation in any of the seasons.

4 Conclusions

The current study describes a newly developed instrumdre thiermal infrared cloud camera (IRCCAM) and its algorithm
- to determine cloud fraction on the basistsfghtnessemperaturabsolutesky radiancedistributions. The cloud fraction
determined on the basis of IRCCAM images is compared witlthived fraction determined on the basis of images from two
differentvisible camera systems (one analysed with two differentrittyns) and with the partial fractional cloud amount
determined with APCADA.

The overallagreementt-mediandifferencedetweerthe determined cloud fraction from the IRCCAMth-andthe fractional
cloud coverage determined from other instruments and ithgos is-in-the-medianare0.01 - 0.07 fractional cloud coverage.
The IRCCAM has an agreement 62 oktas ¢0.25) in more than 90 % of cases and an agreemetitlafkta @-0.125) in up

to 77 % of the cases in comparison to other instruments. Thusly 10 % of the data, the IRCCAM typically overestimates
the cloud fraction in comparison with the cloud fractionatatined from the all-sky cameras sensitive in the visibigae of

the spectrumDifferencedn thecloudfractionestimateganbedueto differentthresholdgor thecamerasystemgasdiscussed
in Calbo et al. (2017)aswell assomeotherissuesaddressethroughouthe currentstudy.

In general, there is nsignificantconsiderablelifference in the performance of the IRCCAM in the differeetisons. Anal-
ysis of the median values of the residuals between the cl@atidn determined from the IRCCAM with the ones calculated
from APCADA showsalmestno difference between day amdghtti i [

mghtﬁmethamlﬂﬂﬂgdayﬂwm httime, eventhoughthe standardleviationof theresidualds clearlyhigherduring nighttime

i issivipcloudfractiondeterminatiorof thethreecamerass independenof

cloud classeswith the exceptionof thin cirrus cloudswhich areunderestimatedy the currentRCCAM algorithmby about
0.13cloudfraction

Overall, the IRCCAM is able to determine cloud fraction wéittyood agreement in comparison to all-sky cameras sensitive
in the visible spectrum and with regnificantconsiderabl@lifferences in its performance during different times & thay or
different seasons. Thus, the IRCCAM is a stable system #rabe used 24 hours per day with a high temporal resolution. In
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comparison to other state of the art cloud detection instnim(e.g. ceilometer or Nubiscope) it has the advantageptting
measuringhe whole upper hemisphere at one specific moment. Its amcusages from similar to rather better than that of
the Nubiscope (Feister et al., 201d3well asthatof the humanobservergBoers et al., 2010)

In this study we mainly showed one application of the IRCCAMhjch is to retrieve fractional cloud coverage information
from the images. However, the known brightness temperalistebution of the sky and thus the known radiance can a¢éso b
used for other applicatiorsichastorexamplete-determindncludingthe determinatiorof other cloud parameters (cloud type,
cloud leve| cloud optical thicknes} as well age-retrievethe retrieval of information about downward longwave radiation in
general. Thus, after some improvements in the hardware gengating or ventilation system to avoid a frozen mirrod an

software (improvements of the cloud algorithm detectirgh-leveleloudslow-emissivitycloudsby e.g.patternrecognition
the IRCCAM might be of interest for a number of further apationsfor exampleat meteorologicabtationsor airports
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Figure 1. The Infrared Cloud Camera (IRCCAM) in the measurement enclasfiP&OD/WRC in Davos, Switzerland.
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Figure 4. (a) Measured brightness temperature on the cloud-free day Jur#918,10:49 UTC (SZA2324 °), (b) the corresponding
modelled brightness temperature and (c) the measured (red) andleddqtkie) profile of the sky brightness temperature along one azimuth
position (shown as a yellow line in (a)).
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Figureb. Relative frequencies of the determined cloud coverage of the studynmestits for selected bins of cloud coverages at Davos. Zero
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Figure 6. Cloud fraction determined by the study instruments and algorithms (re@CAM, blue: Mobotix, cyan: Schreder, yellow:
Schredegmod) on April 4, 2016.
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Figure 7. The cloud situation on April 4, 2016 10 UTC on an image from Mobotix (&) e cloud fraction determined from (b) IRCCAM
temperatureangefrom 244K (blue)to 274K (yellow)) and (c) Mobotix(white: clouds blue: cloud-free yellow: areaaroundsun
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Figure 8. Residuals of the comparison of cloud fraction retrieved from the visibieecas and algorithms used in the study.
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Figure9. Residualaf thecomparisorof cloudfractionretrievedfrom theIRCCAM versuscloudfractionretrievedfrom thevisible cameras.
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Figure 10. Residual®f the comparisorof cloudfractiondeterminedrom IRCCAM imagesversuscloudfractiondeterminedrom Mobotix
imagesfor thefollowing cloudclassesCu: Cumulus,Cc-Ac: Cirrocumulus-AltocumulusCi-Cs: Cirrus-Cirrostratus
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Table 1. Median and 5th and 95th percentiles of the differences in calculated dlactibhs from the visible all-sky cameras and APCADA.

The numbers are in the range [-1;1].

Cloud fraction
median  5th  95th
Schreder - Mobotix -0.03 -0.26 0.05
Schredgfmod - Mobotix -0.02 -0.19 0.04
Schreder - Schredgfod 0.00 -0.13 0.04
APCADA - Mobotix -0.04 -043 0.17
APCADA - Schreder -0.01 -0.38 0.30
APCADA - Schredgfmos | -0.01  -0.38 0.26
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Table 2. Median and 5th and 95th percentiles of the differences in calculated ctaatiohs between IRCCAM and the visible all-sky
cameras.

Cloud fraction
median 5th 95th

IRCCAM - Mobotix 0.01 -0.26 0.18
IRCCAM - Schreder 0.07 -0.22 0.29
IRCCAM - Schredefmod 0.04 -0.23 0.26
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Table 3. ResidualsPercentagef the-cemparisenof-fractional cloud fraction-determinediromtRCCAM-imagesversuscloud-fraction
MW%WWMQWMWQMMQWW%&%,
algorithmseach.

IRCCAM__Mobotix _ Schreder _Schredafgy  APCADA
Schreder | 88%  94% - 94% 1%
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Table 4. Median and 5th and 95th percentiles of the differences in calculated ciactibhs from IRCCAM and Mobotix images for selected
cloud classes (stratocumulus (Sc), cumulus (Cu), stratus-altost&atAs), cumulonimbus-nimbostratus (Cb-Ns), cirrocumulus-altodusnu
(Cc-Ac), cirrus-cirrostratus (Ci-Cs) and cloud-free (Cf).

Cloud fraction
median 5th 95th
Sc 0.01 -0.24 0.21
Cu 0.02 -0.12 0.19
St-As 0.00 -0.38 0.11
Cb-Ns| -0.01 -0.22 0.08
Cc-Ac 0.00 -0.27 0.18
Ci-Cs | -0.13 -0.42 0.21
Cf 0.03 -0.03 0.18




Table 5. Median and 5th and 95th percentiles of the differences in calculated alactibhs from IRCCAM versus APCADA: overall; only

daytime and only nighttime.

Cloud fraction
median  5th ~ 95th
IRCCAM - APCADA 0.05 -0.31 0.54
IRCCAM - APCADA day 0.06 -0.18 0.35
IRCCAM - APCADA night 0.04 -0.40 0.65
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IRCCAM

IRCCAM
Mobotix
Schreder
Schred&jimod
APCADA

91% | 94%
89% | 84%
89% | 86%
87% | 65%
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Identicalto Table 3, but left-handarethe values

abevefor the grey-celissummemonths(June July, Augus) and+2-ektas(ait-right-handthe valuesbelewfor the grey-cellavinter months
DecemberJanuaryFebruaryeemparingiwe-algerithmseach
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