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Abstract

Cloud height information is crucial for various applications. This includes so-
lar nowcasting systems. Multiple methods to obtain the altitudes of clouds are
available. In this paper, cloud base heights derived from the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) and three low-cost and
low-maintenance ground based systems are presented and compared against
ceilometer measurements on 59 days with variable cloud conditions in southern

Spain. All three ground based systems derive cloud speeds in absolute units
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of [m/s] from which cloud heights are determined using angular cloud speeds
derived from an all-sky imager. The cloud speed in [m/s] is obtained from (1) a
cloud shadow speed sensor (CSS), (2) a shadow camera (SC) or (3) derived from
two all-sky imagers.

Compared to 10-minute median ceilometer measurements for cloud heights
below 5000 m, the CSS-based system shows root-mean squared deviations (RMSD)
of 996 m (45 %), mean absolute deviations (MAD) of 626 m (29 %) and a bias
of -142 m (-6 %). The SC-based system has an RMSD of 1193 m (54 %), a
MAD of 593 m (27 %) and a bias of 238 m (11 %). The two all-sky imagers
based system show deviations of RMSD 826 m (38 %), MAD of 432 m (20 %)
and a bias of 202 m (9 %). The ECMWF derived cloud heights deviate from
the ceilometer measurements with an RMSD 1206 m (55 %), MAD of 814 m
(37 %) and a bias of -533 m (-24 %).

Due to the multi-layer nature of clouds and systematic differences between
the considered approaches, benchmarking cloud heights is an extremely difficult
task. The limitations of such comparisons are discussed.

This study aims at determining the best approach to derive cloud heights
for camera based solar nowcasting systems. The approach based on two all-sky
imagers is found to be the most promising, having the overall best accuracy and
the most obtained measurements.

Keywords: Cloud height determination, All-sky Imager, Cloud shadow speed

sensor, Shadow camera
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1. Introduction

20

Due to the success of solar power and the variability of the solar resource,

several countries have introduced regulations regarding maximum negative ramp

rates for photovoltaic (PV) plants on one-minute timescales (e.g. Puerto Rico:

10 % of nameplate capacity per minute (Lave et al., 2013), (Marcos et al., 2014)).

These regulations can be fulfilled with (1) batteries, (2) by voluntarily reducing

the electric output and thus being able to buffer from this reserve, (3) by using

nowcasting systems or by applying a combination of these methods (Chen et al.

(2017), Kuhn et al. (2017a)).
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For the next minutes ahead, the solar variability originates from transient
clouds. Clouds shading a solar power plant can significantly and rapidly reduce
the amount of dispatched electricity. Such steep ramps threaten the stability of
the electricity grid and need to be avoided (Perez et al., 2016).

Satellites have many applications for solar forecasting (Hammer et al. (1999), Cros

et al. (2014)). However, they do not have sufficient temporal and spatial reso-
lution to predict ramp rates on one-minute timescales. Nowcasting systems for
this purpose can be based on cameras (all-sky imagers) on the ground near the
plant (Urquhart et al. (2013), Nguyen et al. (2016), Kazantzidis et al. (2017))
or sensor grids (Chen et al., 2017).

All-sky imager based nowcasting systems consist of at least one camera tak-
ing photos of the sky. In these photos, clouds are segmented (e.g. Kazantzidis
et al. (2012), Yang et al. (2014)), their shadows are projected on the ground
and spatially resolved irradiance maps are calculated (Kuhn et al., 2017a). With
cloud velocities derived, predictions can be made which help to optimize oper-
ations in industrial solar power plants (Fernandez-Jimenez et al., 2012).

For such camera based nowcasting systems, cloud height information is cru-
cial: If the altitude of a cloud at 45° sun elevation is determined 3 km away
from the actual cloud height, the shadow of this cloud is assumed to be 3 km
away from its real position (see Fig. 1). Here, we compare the performance
of five methods for estimating cloud heights for solar nowcasting applications.
These systems are (1) a ceilometer, acting as the reference, (2) cloud height data
from the numerical weather prediction model (NWP) of the European Centre
for Medium-Range Weather Forecasts (ECMWF), (3) an adapted system based
on a cloud shadow speed sensor (CSS) and one all-sky imager (ASI-CSS), (4)
a novel system consisting of one all-sky imager and a shadow camera (ASI-
SC) and (5) a novel approach based on two all-sky imagers (ASI-ASI). Cloud
heights can be determined by ceiling balloons and radiosondes as in-situ obser-
vations (Wang and Rossow, 1995), which is however not feasible for nowcasting
systems: The temporal resolution is too small and their application too labor

and cost intensive.



O©CoOoO~NOULA WNRE

£
J\ ==
e w0
=
P o~ m
4% 4% v
—>
3 km

Figure 1: Example situation highlighting the relevance of cloud heights for solar nowcasting
applications: The correct temporal predictions of shading events strongly depend on cloud
heights. Deviations in the determined cloud heights lead to deviations of the predicted shading

time.
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All systems are studied in the complex cloud conditions present at the
Plataforma Solar de Almeria (PSA), Spain, on 59 days. This way, the five ap-
proaches (ceilometer, ASI-CSS, ASI-SC, ASI-ASI, NWP) can be directly bench-
marked: As the deviations strongly depend on the weather conditions and the
benchmarking periods, comparing different systems must be done using the
same period and location.

This paper is structured as follows: After the introduction, we will discuss
the difficulties of comparing various cloud height measurement systems in sec-
tion 2. The hardware and methodology are explained in section 3. All systems

are benchmarked in section 4. The conclusion is given in section 5.

2. On the difficulties of cloud height analyses

To benchmark the obtained cloud heights, a ceilometer (CHM 15k NIMBUS,
G. Lufft Mess- und Regeltechnik GmbH) is used, located approximately 7 m and
8.5 m away from the main all-sky imager and the CSS, respectively (see Fig. 2).
The ceilometer is also within the area imaged by the shadow camera. The
ceilometer can output several cloud heights. Only the main cloud height is used
here. Cloud heights are derived from post-processing the ceilometer raw data.
In Martucci et al. (2010), comparing this model to another ceilometer (CL31,
Vaisala), an average bias of 160 m and a coefficient of determination R? = 0.788
are found.

In addition to systematic deviations of the reference measurements, the cloud
base heights (CBH) measured by the ceilometer are not physically identical to
cloud heights derived by the other considered systems:

The NWP cloud heights from the ECMWF model are derived for a large area
of 0.125° x 0.125° (latitude/longitude), which corresponds to 13.5 km x 11 km
at the site. The local topography is thus only partially considered. Besides
the spatial resolution, the temporal resolution is limited as well. Furthermore,
only one cloud height is calculated and the modeling of cirrus clouds is difficult.

Comparisons of such spatially and temporally aggregated NWP cloud heights
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Figure 2: All hardware used for the ASI-CSS system and its benchmarking is located in close
proximity: Ceilometer on the right, all-sky imager on the top-left (above the antenna) and

the CSS approximately 1.5 m right of the camera.

to the point-like measurements of the ceilometer must be interpreted with care.

The CSS based cloud height measuring system (ASI-CSS) consists of an
adapted cloud shadow speed sensor (Kuhn et al., 2017c) and one all-sky im-
ager. This system utilizes an approach similar to (Wang et al., 2016). In Wang
et al. (2016) cloud shadow speeds measured by the CSS and angular velocities
obtained from one all-sky imager are used to derive cloud heights. This system
thus combines measurements from the CSS (area: approximately 0.09 m?) with
all-sky images of 180° viewing angle. Although the CSS, the all-sky imager and
the ceilometer are in close proximity, their measurements do not need to cor-
respond to the same clouds. The ceilometer measures point-like cloud heights
directly above its position whereas the CSS measures velocities of clouds shad-
ing its sensors (more explanation are given in section 3.3.2). The all-sky imager
on the other hand derives angular velocities from its whole 180° viewing angle.
Therefore, comparing ASI-CSS cloud heights to ceilomter measurements is also
difficult.

The novel ASI-SC cloud height measurement system uses the same all-sky
imager as the ASI-CSS system and a so-called shadow camera, taking images
of the ground. From these images, cloud motion vectors are derived which, in
combination with angular velocities measured by the all-sky imager, determine

cloud heights. The shadow camera considers an area of 0.28 km?, from which
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cloud shadow speeds are derived. The clouds shading this area are usually not
the clouds directly above the ceilometer, although the ceilometer is located in
this area. Again, comparisons must be handled carefully.

The ASI-ASI system consists of two all-sky imagers. Using a novel differen-
tial approach, detecting clouds is not needed to derive cloud heights. The two
cameras can derive heights for all clouds imaged by both cameras. Depending
on the cloud heights, this is an area of several km?. Although a special approach
is used to better spatially match the thus derived cloud heights to ceilometer
measurements, systematic offsets are addressed.

In general, the ASI-CSS system, as well as ASI-SC and ASI-ASI system, do
not measure cloud base heights, but rather the mean height of the clouds. Mean
cloud heights are measured as the all-sky imager usually derives angular cloud
velocities, which correspond rather to the mean angular velocity of the whole
cloud than to the angular velocity of the lower end of the clouds. The same
argument holds for the measurements of the shadow speeds. Therefore, the
cloud heights derived by the presented systems are rather linked to an average
cloud height than to the cloud base heights measured by the ceilometer. In

section 4.1, we discuss these systematic offsets for two example days.

3. Cloud height measurements systems

3.1. Ceilometer as a reference

We know that ceilometer results "show significant offsets between the two
manufacturer-derived cloud base heights along with a considerable degree of scat-
ter" (Martucci et al. (2010), Vaisala CL31 and Jenoptik CHM15K show an
average instrument CBH offset of 160 m) and measure different cloud heights
in comparison to the benchmarked systems (see discussion previous section 2).
Nonetheless, we consider the ceilometer (CHM 15k NIMBUS, G. Lufft Mess-

und Regeltechnik GmbH) to be acceptable for careful comparisons.
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3.2. NWP cloud height data from the ECMWF model

Cloud heights obtained from a numerical weather prediction (NWP) model
are compared to ceilometer measurements. The NWP model used for our
study is the Integrated Forecast System (IFS) operated by the European Cen-
tre for Medium-Range Weather Forecasts (ECMWTF), which provides cloud base
heights. The NWP data are available at an hourly resolution for historic data
and have a 3 h temporal resolution for operationally usable, predicted (future)
timestamps for the day-ahead electricity market participation without extra

costs.

3.8. Three ground based cloud height measurement systems

3.8.1. Deriving angular velocities from one all-sky imager

Using an all-sky imager, a cloud height can be derived if the cloud velocity
in [m/s| and an angular velocity are known (Wang et al., 2016). The angular
cloud velocity in [pixel/s] is derived from clouds detected in orthogonal images,
which were undistorted from the raw images in fisheye projection. Segmenting
all-sky images is a surprisingly difficult task, which is avoided here by using a
novel differential approach.

In Fig. 3, the novel approach to derive cloud motion vectors in [pixel/s]
without cloud detection within the images is visualized. A total of three sub-
sequent images are utilized (in this example 2015-09-19; 10:25:00 h, 10:25:30 h,
10:26:00 h; UTC+1). Only one color channel of the RGB images is used. Re-
sults derived from the different color channels deviate insignificantly. In the
following, the blue color channel is used. We use a color channel and not the
red-to-blue ratio to exploit a specific effect:

If the calculations are conducted using the red-to-blue ratio, clouds all over
the sky would contribute equally to the general derived cloud height. On the
other side, if a color channel is used, cloud movements at the center and near the
sun are more likely to be detected. These movements are more often detected
as the absolute changes in one color channel are higher near the sun and in

the center of the image than on the edges of an all-sky image. The absolute
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changes in the color channels are generally smaller at the edges of an all-sky
image due to vignetting. As the ceilometer is close to the all-sky imager, using
only one color channel improves the spatial matching between the systems for
this comparison. For nowcasting applications, the use of the red-to-blue ratio
is recommended. Furthermore, individual cloud heights should be calculated.
Such an approach will be presented in a future publication.

The blue channel of the current fisheye raw image is displayed in the top
left corner (10:26:00 h, t;). The previous raw image (10:25:30 h, ¢; — At) is
displayed twice: It is the first image in the second row and the second image in
the first row. The second last raw image (10:25:00 h, t; — 2 - At) is shown as
the second image in the second row. In a first step, difference images d;(z, y)

are calculated from the image series B(z,y,t;) using Eqs. 1 and 2.

dl(xay):B(‘rvyvt)_B(‘rvyvt_At) (1)

day(z,y) = B(z,y,t — At) — B(z,y,t — 2At) (2)

x and y are the pixel coordinates in the images, ¢ is the timestamp. For the
all-sky imager, the temporal resolution is At = 30 s. The absolute values of the
difference images are undistorted from the fisheye projection into an horizontal
projection (arrows, o;(m,n)). A dynamic threshold is calculated as the 98th
percentile of all pixel values in the considered all-sky image (one color channel).
By applying this dynamic threshold on the absolute pixel values of o;(m,n), a
dynamic threshold is found and the differential images are converted into binary
images b;(m,n) (bottom row, right). The binary images are matched using a
normalized 2-D cross-correlation (Huang et al., 2012). The cross-correlation
is calculated using Eq. 3 with b; being the mean of binary image i. The val-
ues which maximize u,v are determined and taken as the cloud displacement

vector (Huang et al., 2012).
me (bl(m, n) — E) (bg(m —u,n—v)— E)

(Umaz; Vmaz) =
([ S 1 m,m) = B0)°] - [y (b2l — = 0) = B2)°] )
3)

10

0.5
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By dividing the cloud displacement vector by the time between the images,
the angular cloud motion vector as seen by the all-sky imager in the unit of
[pixel/s] is derived. Comparable differential approaches for motion detection of
persons and objects are presented in (Shuigen et al., 2009) and (Singla, 2014).

Differentiating dirt on the camera from (optically thin) clouds in singular
all-sky images is often impossible even for experienced human observers. Many
cloud detection approaches wrongly classify such dirt spots as clouds. With
the novel differential approach, static dirt spots are not considered. Therefore,
deriving cloud heights without the need to detect actual clouds is considered to

be a major improvement.

11
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Figure 3: Cloud segmentation independent approach to derive cloud motion vectors in [pixel/s]
from one all-sky imager and a total of three subsequent images: From one color channel (here:
blue) of the raw images, difference images d;(z,y) are calculated. These difference images
are then undistorted from the fisheye projection into the orthonormal projection (o;(m,n)).
Applying a dynamic threshold (here: 58 for o1(m,n) and 65 for o2(m,n)) on the absolute
values of the undistorted difference images allows a segmentation into binary images b;(m, n).
These binary images are matched via cross-correlation. This way, a cloud motion vector in

[pixel/s| is derived.

12
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Figure 4: Visualization of the cloud height formula (equ. 4). vcjouq is derived both in [m/s]
and in [pixel/s|. The circle defined by 6 has a diameter of N pixels. The cloud layer is at
height h.

If a cloud’s angular velocity vy s is derived and its velocity vy, /s is known,

the cloud height i can be determined via Eq. 4 (Wang et al., 2016).

Um/SN

h= (4)

2Upizel/s tan 0

In Eq. 4, 0 is the maximum zenith angle within which the all-sky image informa-
tion is used. N corresponds to the diameter of the circle defined by 6 in [pixel].
For all calculations conducted in this paper, 8 = 70° and N = 1000 pixel. This
approach is further described in Wang et al. (2016) and visualized in Fig. 4.
Using Eq. 4, cloud heights can be derived from an all-sky imager (providing
the angular velocity vpzer/s) and cloud velocities vy, /s (in [m/s]). The latter
can be measured by the CSS (see section 3.3.2)), or measured by a shadow
camera (see section 3.3.3) or derived from a total of two all-sky imagers (see

section 3.3.4).

3.3.2. All-sky imager and cloud shadow speed sensor system (ASI-CSS)

The cloud shadow speed sensor (CSS) (see Fig. 5) is the one developed and
presented in Fung et al. (2013) and was installed for this study at PSA. The
CSS consists of nine simple solid state pyranometers, which are sampled at a
frequency of 667 s~!. Eight of the sensors are placed in a circular arc of 105°
with a radius of 29.7 cm around the ninth sensor. If the shadow of a cloud moves
over the CSS, the sensors detect ramps at slightly different times. This way,

both the velocity and the direction of the clouds can be determined. Due to the

13
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Figure 5: CSS at PSA. The 9 dots, 8 arranged in a circular arc around one in its center, are

the sensors used to determine cloud shadow speeds and directions.

high measurement frequency, the distances of the sensors can be small, which
enables a very compact design. The CSS does not need regular cleaning as the
working principle is based on relative deviations of the irradiances measured by
the nine pyranometers and not absolute irradiance measurements. During more
than one year of service in a harsh desert environment, the CSS was found to
be very reliable.

An in-depth field comparison (Kuhn et al., 2017¢) conducted at the Plataforma
Solar de Almeria (PSA) on the CSS revealed that the CSS performs best for
optically thick clouds. On 223 days, the CSS could only measure 4.8 % of all
clouds having a transmittance above 70 % and a shading duration above 10 min-
utes (Kuhn et al., 2017¢). Even fewer measurements were obtained for clouds
with shading durations between 1 and 10 minutes and transmittances above
70 %. The CSS is best for clouds with shading durations below 1 minute and
transmittances below 40 %, for which 21.6 % of all shadows are measured (Kuhn
et al., 2017c). Adaption of the CSS algorithm resulted in an increase of 91 %
more cloud motion measurements for the 59 days considered here (Kuhn et al.,
2017c). However, this adaption results in reduced accuracy. The adaption is
considered necessary as the detection rate of the CSS is very low. For solar
nowcasting application, a less accurate measurement might be preferable to no
measurement at all. All benchmarks were also conducted for the unmodified

CSS, still showing higher deviations in comparison to the ASI-ASI or ASI-SC

14
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Figure 6: The off-the-shelf surveillance camera (Mobotix Q24M Hemispheric) used in combi-
nation with the CSS (and the systems presented in section 3.3.3 and 3.3.4) to determine cloud
heights.

system (not shown).

The all-sky imager used (see Fig. 6) to determine clouds heights is an off-
the-shelf surveillance camera (Mobotix Q24M Hemispheric). The camera takes
an hemispherical image every 30 seconds with a resolution of 2048 x 1536 pix-
els (Wilbert et al., 2016). The camera is located approximately 1.5 m away
from the CSS and approximately 7 m away from the ceilometer. Thus, the used
hardware of the ASI-CSS system is located in close proximity (see Fig. 2). The
total cost of this system’s hardware is the price of one all-sky imager (approxi-
mately 800 €) and the CSS, whose material costs are specified to be less than
400 USD (Wang et al., 2016).

3.3.8. All-sky imager and shadow camera system (ASI-SC)

As demonstrated in section 3.3.1, cloud heights can be derived from an all-sky
imager and the cloud velocities in [m/s]. In this section, a novel camera based
approach is presented, which also derives absolute cloud speeds in [m/s]: A
shadow camera takes photos of the ground from an 87 m high tower (CIEMAT
CESA-I, see Fig. 7). The camera is also part of the shadow camera system
described in (Kuhn et al., 2017b), which provides spatially resolved irradiance
maps. In 2018, the shadow camera system was elected among the top 5 of
emerging technologies in solar forecasting (Yang et al., 2018). Further potential

applications of shadow cameras are presented in (Kuhn et al., 2018).

15
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Figure 7: Position of the second all-sky imager (ASI) approximately 500 m away from to
the main all-sky imager and approximately 540 m away from the shadow camera (CIEMAT
CESA-I tower on the right).

Every 15 s, the camera (Mobotix MX-M24M-Sec-D22, CMOS sensor) takes
an 8 bit RGB image of 2048 x 1536 pixels. An example raw image is displayed
in Fig. 8 (left). Both an interior, an external orientation and a ground model is
needed to obtain the distorted orthoimage in Fig. 8 (right). The ground model
is calculated from a grid of GPS reference points. The interior orientation is
determined using methods presented in Scaramuzza et al. (2006). The external
orientation is derived using GPS reference coordinates of objects visible in the
images.

In order to derive cloud velocities under realistic conditions, a quadratic area
of 105 x 105 pixels within the orthoimage is used, which corresponds to a 525 m
x 525 m large area.

The approach to derive cloud shadow speeds from a shadow camera is very
similar to the approach developed for the all-sky imagers in order to detect cloud
speeds in [pixel/s| (see section 3.3.1):

From three subsequent images corresponding to timestamp t, t-At and t-
2At, the cloud shadow speed is derived. By subtracting the three gray images,
two difference images d; are calculated from the three orthoimages. The first
difference image d; for timestamp t is the absolute of the subtraction of orthoim-
age t and orthoimage t-At. The second difference image ds is the absolute of
the subtraction of the orthoimages t-At and t-2At¢. For the shadow camera, the

image acquisition rate is At = 15 s.

16
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Figure 8: Left: Raw image of the used shadow camera. Right: Undistorted raw image as
projected on a ground model, corresponding to Fig. 8a. The white frame marks the 525 m
X 525 m large area in which cloud shadow speeds are determined. The white stars in both
images mark the positions of the ceilometer, the CSS and the all-sky imager used both in the

ASI-CSS and the ASI-SC system (see Fig. 2 for a close-up).

The absolute values of the difference images are converted into binary images
by a dynamic threshold, based on the 98th percentile of each difference image.
In order to determine the cloud shadow speeds, the pixel displacement Az and
Ay between the two difference images is obtained by the normalized 2-D cross-
correlation approach presented in Huang et al. (2012).

From the displacement vector, the cloud shadow speed can be derived using
Eq. 5.

(Az)? + (Ay)?

v = Az X ksc (5)

At is the temporal resolution, NNV is length of the quadratic imaged area in pixel
and kgc¢ is the ratio of meters per pixel in the orthoimages. From a technical
point of view, the cameras can take several images each second. However, the
produced data sets would be huge. Due to the temporal resolution of At = 15 s,
the shadow camera can currently only reliably resolve cloud shadow speeds up
to 17.5 m/s (Kuhn et al., 2017c). This limit is derived by looking at a cloud
crossing the area under consideration in parallel to its borders. This is the

extreme case. For other cloud movement directions greater velocities up to
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49.5 m/s can be resolved (not considered in the comparisons). Although the
majority of clouds in this area have velocities below 17.5 m/s (Kuhn et al.,
2017c), this is a disadvantage. If a shadow camera is only used to derive real-
time cloud speeds and directions, then the raw images would not have to be
stored and image acquisition frequency would not be limited by storage space
considerations. The limiting factor would then be the required processing time.
For the shadow camera, the processing time can be below 1 s.

The approach described is this section is only feasible if an area with little
non-cloud movements and not many specularly reflecting objects as well as
an elevated position is available. The total cost of this system’s hardware is
the price of one all-sky imager (approximately 800 €) and one shadow camera

(approximately 700 €).

3.3.4. Two all-sky imager system (ASI-ASI)

Many approaches to derive cloud heights based on two (or more) all-sky
imagers are published (e.g. Allmen and Kegelmeyer Jr (1996), Kassianov et al.
(2005), Seiz et al. (2007), Nguyen and Kleissl (2014), Beekmans et al. (2016)
and Blanc et al. (2017)). To the best of our knowledge, all all-sky imager based
approaches to derive cloud heights depend on cloud detection or re-finding spe-
cial points of interest within images, which might be a main origin of errors (Ber-
necker et al., 2013). In this section, we present a novel cloud segmentation-
independent approach to determine cloud heights via two all-sky imagers. This
approach may hypothetically cope better with less frequent cleaning routines of
the all-sky imagers than other approaches.

In addition to the all-sky imager presented in section 3.3.2, another identical
all-sky imager 496.7 m away from the first camera is used for this approach
(see Fig. 7). From both all-sky imagers, one orthogonalized difference image
is calculated using the approach explained in in section 3.3.1. Based on the
two difference images from the two all-sky imagers, corresponding to the same
timestamps, and the known distance between these cameras, the velocity in

[pixel/s] (derived as explained in section 3.3.1) can be transferred to a velocity
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Figure 9: Deriving cloud motion vectors in [m/s] from two all-sky imagers: The binary differ-
ence images b;(m,n) of two difference all-sky imagers are matched. The found displacement

in [pixel] corresponds to the distance of the cameras, which is known.

in [m/s]. Thus, cloud heights can be derived (see section 3.3.1 and Eq. 4).

Figure 9 visualizes this approach: In the top left corner, the first binary
difference image b1 (m,n) of Fig. 3 is displayed. In the bottom left corner, the
corresponding binary difference image of the second all-sky imager is presented.
The displacement between these images is calculated by matching the images
via the normalized 2-D cross-correlation (Eq. 3, two images on the right, Fig. 3).
This provides a vector [Am, An|. From this vector, the absolute displacement
dpizer in pixels can be calculated by dpizer = VAm2 + An2. As the distance
between the cameras is known (496.7 m) and the displacement d;z; results from
the different positions of the all-sky imagers, one pixel in the orthoimages can be
assigned to have a certain distance in [m]. From this relation, the derived cloud
speeds in [pixel/s] are transformed to a velocity in [m/s]. With this velocity and
the approach explained in section 3.3.1, cloud heights can be determined.

The total cost of this system’s hardware is the price of the two used cameras

(approximately 800 € each).
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4. Benchmarking of the cloud height systems against ceilometer mea-

surements

This section is structured as follows: Two example days are studied in detail
in section 4.1. In section 4.2, the ASI-CSS system is benchmarked, followed by
the ASI-SC system in section 4.3. The system consisting of two cameras (ASI-
ASI) is compared to ceilometer data in section 4.4. In section 4.5, deviations of
the NWP cloud base heights in comparison to the ceilometer are presented. The
histograms of the cloud heights as measured by the five systems are displayed
in section 4.6. Statistical deviations metrics for all system in comparison to
the ceilometer as derived from 59 days are presented in section 4.7. Section 4.8
compares the found deviations to the literature.

The benchmarking methodology is the same for all systems: All determined
cloud speeds (vpiger/s and vp,/s) are filtered by a 10-minute median and the
corresponding heights are compared to the 10-minute median of the ceilometer
measurements. Cloud heights above 15 km are ignored. For the cloud heights
predicted by the ECMWEF model, the 180 minute resolution is chosen. These

values are considered to be the mean values of 180 min.

4.1. Two example days

In this section, cloud heights derived from all considered systems (ceilometer,
ASI-CSS, ASI-SC, ASI-ASI, NWP) are compared to each other on two exam-
ple days, 2016-09-01 and 2016-05-12. This section is intended to illustrate the
systematic offsets discussed in section 2.

In Fig. 10, cloud heights on 2016-09-01 are displayed. During the morn-
ing, a scattered cloud layer with a constant height of approximately 1000 m
is measured by all ground-based systems. The NWP derived cloud height un-
derestimates this altitude, which changes in the forecast valid after 13:00 h
(UTC+1).

In the afternoon, clouds at higher altitudes are measured. Both the ASI-
ASI system and the ASI-SC system correctly predict the general cloud height
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with the ASI-ASI system being closer to the ceilometer. The ASI-CSS system
significantly underestimates the cloud heights for reasons discussed later in sec-
tion 4.2. The NWP derived cloud heights deviate from all other measurements.
For the ASI-CSS system, 371 out of 561 total measurements could be tempo-
rally matched with 10-minute median ceilometer measurements. Thus, for 190
cloud heights obtained by the ASI-CSS system, no corresponding ceilometer
measurements were made. For the ASI-SC system, 257 of 349 measurements
could be temporally matched and for the ASI-ASI system 434 out of 709 mea-

surements. In Fig. 11, a more complex day (2016-05-12) is displayed. On this
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Figure 10: Cloud heights from all considered systems on 2016-09-01. Between 10:00 (UTC+1)
and 14:00, all measurements show altitudes of approximately 1000 m. In the afternoon, clouds
with higher altitudes are measured. Ceilometer measurements are depicted without temporal

averaging, the other ground-based systems are depicted for 10-minute moving medians.

day, clouds at various altitudes are present. At noon, the ceilometer measures
several clouds at approximately 6000 m, which are not measured by other sys-

tems. This effect originates from the chosen difference image based approach
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using a dynamic threshold: If both optically thick and optically thin clouds are
present, the ground-based systems (ASI-CSS, ASI-SC, ASI-ASI) are more likely

to measure optically thick clouds (see section 3.3.1 and section 3.1). Figure 12
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Figure 11: Derived cloud heights from all considered systems on 2016-05-12. Clouds at various
heights are present on this day. Ceilometer measurements are depicted without temporal

averaging, the other ground-based systems are depicted for 10-minute moving medians.

illustrates this effect with an all-sky image taken on 2016-05-12 at 13:19:30 h
(UTC+1). Both cumulus (e.g. top right) and cirrus clouds (left-center) are
visible. As the all-sky imager is located in close proximity to the ceilometer
(see Fig. 2), the ceilometer measures at this point of time a cirrus cloud in the
zenith of the image (see Fig. 11). Other systems (ASI-ASI, ASI-SC, ASI-CSS)
are more likely to measure the heights of the optically thick clouds. For many
solar energy specific applications, e.g. ramp-rate prediction systems, optically
thick clouds are far more important. As demonstrated, in the presence of op-
tically thick and optically thin clouds, the ceilometer may measure the height

of the optically thin cloud above its position whereas the ASI-SC and ASI-ASI

22



O©CoOoO~NOULA WNRE

414

415

416

417

425

426

427

428

system tend to measure heights of the optically thick clouds. Therefore, the
cloud heights obtained by the ASI-SC and ASI-ASI system might arguably be
better suited for nowcasting applications than the point-like of the ceilometer.

Earlier that day, between 11 h and 12 h, optically thin clouds are shading the
CSS whereas optically thick clouds are coming from the west. These optically
thick clouds dissolve completely before casting shadows on the CSS, but are seen
by the all-sky imager. Thus the ASI-CSS system matches fast velocities of opti-
cally thin clouds at about 6 km (as measured by the ceilometer) with optically
thick clouds at lower altitudes. This way, the ASI-CSS system provides cloud
height measurements which deviate from the ceilometer measurements. During
this time, the ASI-SC system does not provide measurements, which is caused
by the optically thin clouds having cloud speeds above the maximum resolvable
velocity. As the optically thin clouds are near the sun and the optically thick
clouds are away from the sun, their induced changes in the color channels of the
all-sky imager are similar. The ASI-ASI system thus tries to match the detected
movements into one cloud height, which results in an average cloud height be-
tween 4 km and 5 km. At 11:30 h, some thick clouds approach from the west
while no optically thin cloud is next to the sun. This leads to a presumably
correct measurement of 2 km. All approaching clouds dissolve before reaching
the ceilometer position.

On 2016-05-12, the AST-ASI system derived 838 measurements of which 791
could be temporally matched to ceilometer measurements (10-minute medians).
The ASI-SC system derived 511 measurements, of which 493 could be temporally
matched. For the ASI-CSS system 540 from 577 total measurements could be
temporally matched.

In Fig. 11, periods in which not all systems provide measurements can be
seen. This is caused by clouds not being directly above the ceilometer, by
clouds not directly shading the CSS or, for the ASI-SC system, by clouds having
velocities above the maximum resolvable velocity of 17.5 m/s. The ASI-ASI
system, which derives a cloud height if there is any movement in the sky at

all, delivers a cloud height every 30 s. For the 7 h considered on this day, this
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Figure 12: All-sky image taken on 2016-05-12 at 13:19:30 h (UTC+1). Both cumulus and
cirrus clouds are visible. As the all-sky imager is located in close proximity to the ceilometer,
the ceilometer measures at this point of time a cirrus cloud (see Fig. 11). Other systems

(ASI-CSS, ASI-SC, ASI-AST) measure the heights of the cumulus clouds.

would result in 840 measurements. Due to the differential approach needing two
previous images, this is reduced to 838 measurements. The NWP derived cloud
height is relatively constant on this day and generally underestimates the cloud

heights.

4.2. Benchmarking of the all-sky imager and cloud shadow speed sensor system
(ASI-CSS)

Figure 13 visualizes the cloud height deviations found between the ASI-CSS
system, based on one all-sky imager and the cloud shadow speed sensor, and
the reference ceilometer as presented in Table 2. In this scatter density plot,
cloud heights derived from both the ASI-CSS system and the ceilometer are
compared with a bin size of 200 m. The color shows the relative frequency of
the temporally matched cloud heights within each ceilometer cloud height bin.
This means that the relative frequencies in one column, which is one ceilometer
cloud height bin, adds up to 100 %. The results are displayed again for 10 minute
medians derived from the ASI-CSS system and compared to 10-minute median
measurements of the ceilometers. For low cloud altitudes, the measurements
align well (compare with Table 2). However, the ASI-CSS system is not able
to measure clouds at high altitudes correctly. A detailed field study (Kuhn
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Figure 13: Scatter density plot for cloud heights on 59 days obtained with CSS.

et al., 2017c) revealed that this is caused by optically thin clouds, which are not
measured with high accuracy by the CSS. In many cases, optically thin clouds
are at a high altitude, which leads to a significant negative bias of -1546 m. For
clouds below 5000 m, the bias is reduced to -174 m (see Table 2). In Wang
et al. (2016), this behavior of the CSS is anticipated, but could not be studied
in detail due to generally low cloud heights in San Diego.

As discussed in section 2 and demonstrated in section 4.1, there are sys-
tematic offsets: The cloud base height measured by the ceilometer and the
cloud heights derived by the ASI-CSS system are not identical: The ceilometer
measures only clouds directly above its position and the CSS measures only
clouds which directly shade it. Although the all-sky-imager, the CSS and the
ceilometer are located in close proximity (see Fig. 2), the clouds measured by
the ASI-CSS system and by the ceilometer are not the same (see discussion
in section 4.1). This is partially compensated by the 10-minute filtering, but

systematic deviations still remain.
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4.8. Benchmarking of the all-sky imager and shadow camera system (ASI-SC)

The deviations of the ASI-SC system are visualized in Fig. 14 in the same
way as in section 4.2 for the ASI-CSS system. In comparison to the ASI-CSS
system (see section 4.2), the ASI-SC system is able to determine optically thin
clouds at high altitudes. This is caused by the dynamic threshold applied to the
image analysis (see section 3.3.3 for explanations). Although significant scatter

is present, especially low cloud heights are determined with high accuracy. As
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Figure 14: Scatter density plot for cloud heights on 59 days obtained with ASI-SC-system.

for the ASI-CSS system, the cloud base heights measured by the ceilometer and
the cloud heights derived by the ASI-SC system are not identical: The ASI-SC
system matches the velocities of the all-sky imager (see section 3.3.3) with the
velocities obtained from the shadow camera. The cloud shading the ceilometer,
which is seen by the shadow camera, may not be inside the field of view of the
ceilometer. Therefore, a systematic deviation between the systems is present.
Moreover, due to the dynamic threshold described in section 3.3.1, the ASI-

SC system tends to measure the cloud heights of optically thick clouds in the
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presence of multiple cloud layers. The ceilometer, however, measures the CBH

directly above its position, which causes a systematic offset.

4.4. Benchmarking of the two all-sky imager system (ASI-ASI)

In section 4.7 (see Table 2), the ASI-ASI system, based on two all-sky im-
agers, is found to generally show lesser deviations in comparison to NWP cloud
height data and the ASI-CSS system and similar deviations as the ASI-SC sys-
tem. This behavior is reflected in Fig. 15. The ASI-ASI system correctly detects
clouds at high altitudes. Deviations are present for clouds, which are measured
by the ceilometer to have a high altitude but determined to have a low altitude
by the ASI-ASI system.

We assume that a great part of these deviations are caused by the two sys-
tems measuring different clouds: Due to the dynamic threshold explained in
section 3.3.4, the ASI-ASI systems predominantly determines the cloud heights
of the optically thickest clouds close to the sun. If for the timestamp under con-
sideration the ceilometer measures an optically thin cloud at a higher altitude,
a systematic deviation between the systems would occur. An example for such

an event is presented and discussed in section 4.1.
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Figure 15: Scatter density plot for cloud heights on 59 days obtained with ASI-ASI-system.

4.5. Benchmarking of ECMWEF derived cloud heights

From the ECMWF model, operationally usable cloud height information
without additional costs is obtained in an 180-minute temporal resolution. The
comparison is conducted for periods of 10 minutes. In Fig. 16, the scatter density
plot is shown. Large deviations are present with significant bias towards lower
cloud heights. The results compare well to a study comparing ECMWF derived
cloud heights to ceilometer measurements, conducted on one year of data at

PSA (Killius et al., 2015).
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Figure 16: Scatter density plot for cloud heights on 59 days derived from NWP model
ECMWEF.

4.6. Cloud heights histograms

Having presented all systems in the previous sections and having looked at
two example days, the histograms of the derived cloud heights from all five
systems during the benchmarking campaign of 59 days are briefly discussed in
this section. The 59 days are specified in Table 1 and were selected based on
data availability (the CSS was installed at PSA in March 2016) and the presence

of clouds.
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Table 1: Periods considered for the comparisons on 59 days.

Day Hours Day Hours
19/03/2016  09:00:00-17:00:00 21/08/2016  09:00:00-16:00:00
20/03/2016 10:00:00-14:00:00 25/08/2016 12:00:00-17:00:00
23/03/2016 10:00:00-14:00:00 30/08/2016 12:00:00-17:00:00
24/03/2016 12:00:00-16:00:00 31/08/2016  09:00:00-18:00:00
25/03/2016  09:00:00-13:00:00 01/09/2016 10:00:00-16:00:00
27/03/2016 13:00:00-16:00:00 02/09/2016 12:00:00-15:00:00
28/03/2016 13:00:00-17:00:00 03/09/2016 10:00:00-16:00:00
30/03/2016 10:00:00-17:00:00 04/09/2016 13:00:00-18:00:00
31/03/2016 10:00:00-15:00:00 07/09/2016 13:00:00-18:00:00
03/04/2016 11:00:00-18:00:00 13/09/2016 11:00:00-18:00:00
7/04/2016 12:00:00-16:00:00 14/09/2016 16:00:00-18:00:00
14/04/2016 12:00:00-18:00:00 15/09/2016 11:00:00-15:00:00
15/04/2016 11:00:00-17:00:00 20/09/2016 13:00:00-18:00:00
17/04/2016 12:00:00-19:00:00 23/09/2016 13:00:00-16:00:00
22/04/2016 11:00:00-19:00:00 26/09/2016 13:00:00-17:00:00
23/04/2016 11:00:00-17:00:00 27/09/2016 14:00:00-17:00:00
25/04/2016  09:00:00-14:00:00 28/09/2016  09:00:00-17:00:00
27/04/2016 10:00:00-17:00:00 29/09/2016  09:00:00-17:00:00
29/04/2016 10:00:00-18:00:00 09/10/2016 10:00:00-16:00:00
30/04/2016 10:00:00-19:00:00 14/10/2016 12:00:00-17:00:00
01/05/2016  09:00:00-17:00:00 21/10/2016 11:00:00-14:00:00
05/05/2016 12:00:00-16:00:00 28/10/2016  09:00:00-17:00:00
06/05/2016  09:00:00-18:00:00 05/11/2016  09:00:00-15:00:00
07/05/2016 11:00:00-17:00:00 10/11/2016 10:00:00-13:00:00
09/05/2016  09:00:00-19:00:00 29/11/2016 12:00:00-16:00:00
11/05/2016 11:00:00-18:00:00 01/12/2016 10:00:00-17:00:00
12/05/2016 11:00:00-18:00:00 06/12/2016 10:00:00-16:00:00
24/06/2016 15:00:00-19:00:00 07/12/2016  09:00:00-17:00:00
25/06/2016 10:00:00-18:00:00 08/12/2016  09:00:00-15:00:00
15/07/2016  09:00:00-14:00:00
30
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Figure 17 shows the histogram of the cloud heights derived by the ASI-CSS
system (gray and solid bars) in comparison to ceilometer measurements (striped
bars). As can be seen, the ASI-CSS system rarely derives cloud heights at high

altitudes. The reason for this is discussed in section 4.2. The histogram of the
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Figure 17: Histogram of the cloud heights derived from the ASI-CSS system (solid, gray)
in comparison to the ceilometer measurements (white, striped) during the validation period

(59 days, bin size: 200 m).

cloud heights as measured by the ASI-SC system in comparison to ceilometer
measurements is shown in Fig. 18. The distribution of this system matches
the distribution of the ceilometer better than the ASI-CSS system. However,
for cloud heights below 1000 m, the distributions differ significantly. Figure 19
displays the histogram of the cloud heights obtained by the ASI-ASI system in
comparison to the ceilometer measurements. As for the ASI-SC system, the gen-
eral distribution matches with the histogram of the ceilometer measurements.
In Fig. 20, the cloud height histogram from the ECMWF model are compared

to ceilometer measurements, showing a certain bias towards lower cloud heights.
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Figure 18: Histogram of the cloud heights derived from the ASI-SC system (solid, gray)

in comparison to the ceilometer measurements (white, striped) during the validation period

(59 days, bin size: 200 m).
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Figure 19: Histogram of the cloud heights derived from the ASI-ASI system (solid, gray)

in comparison to the ceilometer measurements (white, striped) during the validation period

(59 days, bin size: 200 m).
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Figure 20: Histogram of the NWP cloud height data (solid, gray) in comparison to the ceilome-

ter measurements (white, striped) during the validation period (59 days, bin size: 200 m).

4.7. Statistical deviation metrics

In Table 2, the deviations found for all three ground based systems and the
NWP cloud heights on 59 days are displayed. The benchmarking is conducted
for 10 minute medians for the ASI-CSS, ASI-SC and ASI-ASI system, which are
compared to 10-minute median ceilometer measurements. Medians are chosen
for the three benchmarked ground-based systems to eliminate the effect of out-
liers, which can be caused by matching errors between the binary images. For
the ceilometer, the 10-minute median is used to obtain reference cloud heights.

If there is a measurement derived from a ground-based system, but the
ceilometer did not measure any cloud heights within this 10 minute period,
this measurement is left out. Furthermore, cloud heights above 15 km are ig-
nored. Table 3 presents the total amount of measurements of the developed
systems as well as the measurements which could be temporally matched to
ceilometer measurements. ASI-ASI system provides the most measurements,
56 % more than the ASI-CSS system and 58 % more than the ASI-SC sys-
tem. For the NWP cloud height data, 10 minute blocks are derived from the

180 minute temporal resolution and temporally matched with corresponding
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Table 2: Benchmarking ground based systems and NWP cloud heights with ceilometer mea-
surements: Comparison of statistical deviations found on 59 days for all cloud heights (all),
for clouds below 5000 m and for clouds below 1000 m, as measured by the ceilometer. The

validation is conducted for 10 minute temporal moving medians as described in this section.

ASI-CSS ASI-SC ASI-ASI NWP
RMSD all 3159m (86 %) 1614m (44 %) 1637m (44 %) 2770m (75 %)
< 5000 m 996 m (45 %) 1193m (54 %) 826m (38 %) 1206 m (55 %)
< 1000 m 494m (72 %) 690m (100 %) 536m (78 %) 362m (53 %)
MAD all 1894m (51 %)  878m (24 %)  872m (24 %) 1631m (44 %)
< 5000 m 626 m (29 %) 593m (27 %) 432m (20 %) 814m (37 %)
< 1000 m 277m (40 %) 321m (47 %) 269m (39 %) 267m (39 %)
BIAS all -1528 m (-41 %) -36m (-1 %) -41m (-1 %) 1358m (37 %)
< 5000 m -142m (-6 %) 238m (11 %) 202m (9 %) -533m (-24 %)
< 1000 m 185m (27 %) 280m (41 %) 247m (36 %) 3lm (5 %)
all 20082 21659 30380 1537
Number of
measurements < 5000 m 14713 17012 22397 1134
< 1000 m 2039 2374 3346 192
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Table 3: Total amount of measurements and measurements which can be temporally matched

to ceilometer measurements of the developed systems on 59 days.

System Total measurements Matched measurements %

ASI-CSS | 24855 20130 81.0 %
ASI-SC | 24435 21638 88.6 %
ASI-AST | 38823 30405 78.3 %

ceilometer measurements.

The deviations are specified for all cloud heights, for cloud heights below
5000 m and for cloud heights below 1000 m, as measured for the considered
cloud height interval by the ceilometer. The relative deviations are calculated
from the absolute deviations and the mean height as measured by the ceilometer
(see Table 4).

Looking at Table 2, we see that the ASI-CSS system shows a significant
RMSD, which is caused by a bias for high clouds as further discussed in sec-
tion 4.2. The ASI-SC system shows similar RMSD for cloud heights below
5000 m in comparison to the ASI-CSS system, but outperforms the ASI-CSS
system when all cloud heights are considered. However, if only clouds below
1000 m (as measured by the ceilometer) are included in the deviation metrics,
the ASI-SC system shows the largest RMSD. Presumably, this is caused in most
cases by mismatching errors during multi-layer cloud situations. The deviations
of the ASI-ASI system are similar to the ASI-SC system, but it is substantially
better for cloud heights below 5000 m. The NWP cloud heights show the low-
est RMSD for cloud heights below 1000 m. For cloud heights below 1000 m,

Table 4: Mean cloud heights as measured by the ceilometer on 59 days.

Cloud height interval | Mean measured cloud height
all 3685 m
< 5000 m 2195 m
< 1000 m 689 m
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the system with the largest bias is the ASI-SC system. As all three developed
systems (ASI-CSS, ASI-SC and ASI-ASI) use the same all-sky imager derived
angular information, we see that for such low cloud heights the absolute cloud
velocity in [m/s] is seemingly better measured by the CSS and the ASI-ASI
approach. However, although the downward-facing shadow camera (ASI-SC)
and the second all-sky imager (ASI-ASI) show far larger biases for cloud heights
below 1000 m in comparison to NWP and the ASI-CSS system, this apparent
underperformance must be explained by the biases of the NWP and ASI-CSS
system and is not a sign of higher accuracies: As these two systems tend to
underestimate cloud heights, their results match the ceilometer measurements
more frequently than the other systems when only clouds below 1000 m as
measured by the ceilometer are considered.

The system with the overall least deviations in comparison to the ceilometer
is the ASI-ASI system. The ASI-ASI system provides the most measurements,
the ASI-CSS system the least. The ASI-CSS system obtains a RMSD similar to
the ASI-ASI system for cloud altitudes below 1000 m, but is the least accurate
if all clouds are considered. It is noteworthy that the biases of the ASI-AST and
ASI-SC system are very similar both in value and behavior. Moreover, this bias
is in the order of the bias found between two ceilometers (Martucci et al., 2010)
as discussed in section 2.

The statistics calculated for Table 2 are derived from a different amount
of measurements (see row Number of measurements). This is critical: If two
systems had a poor performance for e.g. clouds at high altitudes but their de-
tection rates for such clouds were different, the system with the worse detection
rate would appear to be more accurate. To consider this effect, only 10-minute
time periods in which all systems provide measurements are considered for the
statistics in Table 5.

Comparing the deviations found for all timestamps (Table 2) with the de-
viations found for the same timestamps (Table 5), we see significant changes:
As the CSS rarely measures high clouds (see section 4.2), many high clouds

are left out in the benchmarking for all systems in Table 5. These clouds are
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Table 5: Comparing ground based systems and NWP cloud heights with the ceilometer. The

results are presented as in table 2 but here only 10-minute time periods are considered in which

all systems provide cloud height measurements. The validation is conducted for 10 minute

temporal moving medians as described in this section.

ASI-CSS

ASI-SC

ASI-ASI

NWP

all

2601m (71 %)

2596 m (70 %)

1413 m (38 %)

2475m (67 %)

RMSD
< 5000 m 805m (37 %) 857m (39 %) 732m (33 %) 1384m (63 %)
< 1000 m 487m (70 %) 486 m (70 %) 499m (72 %) 371m (53 %)
MAD all 1374m (37 %) 1167m (32 %) 683m (19 %) 1457m (40 %)
< 5000 m 495m (23 %) 473m (22 %) 375m (17 %) 846 m (39 %)
< 1000 m 268 m (38 %) 273m (39 %) 229m (33 %) 291m (42 %)
BIAS all -961m (-26 %) -620m (-17 %) -100m (-3 %) -934m (-25 %)
< 5000 m O0m (0 %) 101m (5 %) 156m (7 %) -227m (-10 %)
< 1000 m 201m (29 %) 198 m (28 %) 216m (31 %) 185m (26 %)
all 14167 14167 14167 14167

Number of
measurements < 5000 m 11480 11480 11480 11480
< 1000 m 1743 1743 1743 1743
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included for the other systems in Table 2. Due to that, the deviations found
both for the ASI-CSS system and for the NWP cloud height data, which have
biases towards low height, shrink if all heights are considered. Again, this is a
statistical effect and not an indication of accuracy. Furthermore, the deviations
found for the ASI-SC and ASI-ASI system, which are fairly similar in Table 2,
differ notably in Table 5. This indicates that the ASI-SC system is best for high
clouds, which are to some extend excluded in the calculations in Table 5 (very
few CSS measurements for high clouds). The good performance of the ASI-SC
system is also shown in its RMSD value for all cloud heights in Table 2, which

is the lowest.

4.8. Comparison to literature

In the light of the variable cloud heights indicated e.g. in Fig. 19 and the
systematic offsets, the found absolute deviations are small. As such deviations
strongly depend on the weather situations and the temporal averaging applied,
direct comparisons between systems tested at different areas are delicate.

If compared to the previous benchmarking of the ASI-CSS system (compared
to ceilometer measurements on 27 days in San Diego, USA), relative RMSD val-
ues between 6.3 % and 29.4 % for days with average cloud heights below 1000 m
are obtained by Wang et al. (2016). The much higher deviations displayed in
Table 2 and 5 for cloud heights below 1000 m cannot be directly compared to
these values as for the measurements clouds at higher altitudes could be present
and the variability of the (multi cloud layer) situation must be considered (see
image 12 and e.g. histogram 19). For one day with an average cloud height of
5864 m, an absolute RMSD of 830 m (14.2 %) is reported (Wang et al., 2016).

A system (Blanc et al., 2017), located at the PSA and based on two all-
sky imagers (ASI-ASI) achieved on one example day RMSD deviations of 706 m
(21.2 %), a MAD of 440 m (13.2 %) and a bias of 296 m (8.9 %). Kassianov et al.
(2005) found, validated on four days and only for single-layer-cloud fields, "that,
at least for single-layer-cloud fields, moderately accurate (within 0.2 km) CBH

retrieval is possible”. A two all-sky imager based system presented in Nguyen
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and Kleissl (2014) obtained smaller deviations, also on four days and also only
for single homogeneous cloud layers: RMSD values between 206 m and 388 m
are reported (Nguyen and Kleissl, 2014).

Once again, comparing systems benchmarked at different locations and pe-
riods is difficult as the deviations strongly depend on the weather situations

during the campaign.

5. Conclusions and future work

Three low-cost, low-maintenance ground based systems are developed and
compared to ceilometer reference data. Furthermore ECMWF derived cloud
height data is benchmarked during the same period. As studied on 59 days,
an novel approach based on two all-sky imagers is found to outperform (1) a
novel system based on one all-sky imager and a downward-facing camera, (2) an
adapted system based on one all-sky imager and a cloud shadow speed sensor
and (3) the ECMWF cloud heights.

The system based on two all-sky imagers (ASI-ASI) showed the overall small-
est deviations (19 % MAD) while obtaining the most measurements. It obtained
even more measurements than the ceilometer, due to the limited field of view
of the ceilometer. All-sky imagers can be deployed wherever a more or less
unobstructed view on the sky is given. The all-sky imagers used here have
been in active service for several years in the harsh environment of the desert
of Tabernas, Spain, and were found to be very reliable. Due to the specific
difference image based approach chosen, cloud detection within the images is
not needed to derive cloud heights. This might hypothetically enable a less fre-
quent cleaning routine of the cameras. The ASI-ASI system has furthermore the
potential to track each cloud movement separately. This results in individual
cloud heights and is currently under development. Deriving individual cloud
heights is not possible with the other systems. With costs far below the cost
of a ceilometer while obtaining more measurements and additionally providing

two all-sky images, cloud height derivations based on this approach seems to be
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a very feasible tool, especially for nowcasting systems. Future work includes a
study on the optimal distance between the cameras of such a system. Also, an
ASI-AST system deriving individual cloud heights will be validated.

However, all three benchmarked ground-based systems are based on at least
one all-sky imager, which cannot detect movements at night. Thus, if cloud
heights during the night are needed, none of the systems are applicable in their
current form. Potentially, infra-red cameras (e.g. Shaw et al. (2005), Thuraira-
jah and Shaw (2005), Smith and Toumi (2008), Bertin et al. (2015)) could solve
this issue. Potentially, larger camera exposure times at night might also work
but this approach may not be feasible due to e.g. the presence of artificial light
sources.

The second most promising system, consisting of a downward-facing shadow
camera and an all-sky imager (ASI-SC, 32 % MAD), requires specific infras-
tructure or geographies such as an elevated position from a tower, lamp post or
mountain and a view on an unobstructed area with little non-cloud movements
and little reflecting objects. In comparison to the ASI-ASI system, the cleaning
routine is further simplified as downward-facing cameras, deployed over several
years in the desert of Tabernas, are found to require little cleaning. Moreover,
it costs slightly less than the ASI-ASI system. The deviations found for the
ASI-SC system are larger than the deviations found for the ASI-ASI system.

For clouds below 5000 m, the ASI-CSS system, including one all-sky imager
and a cloud shadow speed sensor, shows similar deviations in comparison to
the ASI-ASI system. Considering the costs of the deployed equipment, this
system might be the cheapest (although the CSS is currently not commercially
available). However, optically thin clouds and clouds with diffuse edges pose a
challenge for the ASI-CSS system (37 % MAD). If such clouds are not present
or not of interest, this system is a practical tool to derive cloud motion vectors.
The CSS has a very user friendly cleaning and maintenance routine: After more
than one year in the desert of Tabernas, the CSS was never cleaned and is still
found to be operational without accuracy restrictions.

The cloud height data from the ECMWF NWP model show similar devia-

40



O©CoOoO~NOULA WNRE

693

694

695

696

697

698

700

701

702

703

709

710

711

712

tions like the ASI-CSS system and are significantly less accurate (40 % MAD)
in comparison to the ASI-ASI system. Using NWP derived cloud base heights
might thus not be an option for all-sky imager based solar nowcasting systems.
Potentially, improving the modeling of cirrus clouds which are often not repre-
sented in the global ECMWF model and higher resolved local area models could
change this.

All presented systems can provide crucial cloud height information for solar
nowcasting systems, which help to cope with the inherent variability of the solar
resource. If this variability can be managed, solar grid penetrations far above
the current levels can be reached. Other applications for such low-cost systems
may be found in the fields of meteorology as well as commercial and private

aviation.
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