
5

Evaluation of cloud base height provided by ceilometers and a
proposal for a visibility-based quantitative definition for aviation
Daniel Klaus1, Ulrich Görsdorf1, Ranvir Dhillon2, Joshua D. Vande Hey2, and Julika Zinke3, a

1Meteorological Observatory Lindenberg, Deutscher Wetterdienst (DWD), Tauche (OT Lindenberg), Germany
2Earth Observation Science Research Group, School of Physics and Astronomy, University of Leicester, Leicester, UK 
3Meteorological Institute, University of Hamburg, Hamburg, Germany
anow at: Baltic Sea Centre, Stockholm University, Stockholm, Sweden

Correspondence: Daniel Klaus (Daniel.Klaus@dwd.de)

Abstract. Ceilometers are established sensors for deriving cloud base height (CBH) from a laser backscatter signal. However, 
various types of ceilometers provide different CBHs for the same cloud situation due to the application of manufacturer-

specific, p roprietary a lgorithms a nd, a bove a ll, t he l ack o f a  g enerally v alid q uantitative d efinition. Th is is  pa rticularly crit-

ical for air traffic c ontrol i n  l ow c l oud s i tuations. I n  t he f r amework o f  t he A u toMETAR p roject b y  D eutscher Wetterdienst 
(DWD) and in collaboration with the Universities of Leicester and Hamburg, the multiphase “Ceilometer campaign Hansestadt

Hamburg” (CircaHH) was carried out. Across three measurement campaigns conducted between September 2016 and May 

2019, primarily during the fall-spring seasons when low clouds are more prevalent, photographs of the 300 m tall “Hamburg 

Weather Mast” were taken for subsequent image analysis. Since the mast is increasingly obscured from the top downwards if 

the CBH descends, the contrast ratio of its alternating red and white segments was used to calculate the extinction coefficient

profile. Several independent methods were analyzed for their suitability and accuracy to derive CBH from these extinction10

profiles. Our results suggest that the slant optical range (SOR) using a threshold value of 1000m is an appropriate quanti-

tative CBH definition for aviation, providing pilots with more useful information for an oblique downward or upward view.

This SOR definition was also applied to extinction coefficient profiles derived from backscatter signals of different ceilometers

using our own implementation of the Klett inversion method (KIM). This cross-check reveals that CBH differences due to

various ceilometer backscatter input data for the KIM are significantly smaller than CBH differences associated with different15

ceilometer algorithms. Despite the complex experimental setup, our image analysis can serve as a new reference method for

evaluating vertical profiles of the ceilometer backscatter signal for low clouds and can be used as a quality check for CBHs

from any ceilometer firmware. Our KIM, combined with the SOR definition, has the potential to improve automated airport

weather reports for CBH and cloud amount like routine Meteorological Aerodrome Report (METAR) and local routine report

(MET REPORT).20
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1 Introduction

In aviation, visibility, distance from cloud and ceiling are the key factors governing the transition between a flight under visual

meteorological conditions and instrument meteorological conditions (ICAO, 2024b). The pilot must identify the runway or

runway approach lights by visibility at an angle of inclination corresponding to the glide slope of approximately 3◦. If visi-25

bility is severely restricted, pilots may have to switch to instrument flight rules (IFR) and rely on both on-board instruments

and air navigation service. In practice, aviation meteorologists and air traffic controllers use one or more vertically oriented

ceilometers as a basis and complex cloud algorithms to estimate what the pilot should expect as cloud base height (CBH) for

a specific airport. This makes misunderstandings sometimes virtually inevitable. Vertical visibility (VV), even though deter-

mined and provided as vertical optical range (VOR) by many ceilometers, is not the most suitable quantity for final landing30

approach. However, the visual range estimated from the critical height along the glide path or another oblique direction would

be of more practical benefit, as already emphasized by Gaumet et al. (1998).

An important factor of flight safety is the ceiling, which indicates the height above ground level (AGL) of the lowest cloud

layer with a cloud amount higher than 4 oktas. According to the definition of the International Civil Aviation Organization

(ICAO) in Annex 2 (ICAO, 2024a), this is “the height above the ground or water of the base of the lowest layer of cloud below35

6000m covering more than half the sky.” CBH and ceiling are commonly given in feet rather than meter (1 ft = 0.3048m), but

both units are used here depending on the question and clarity. Airplane pilots, especially those flying commercial airliners,

primarily operate under IFR. In contrast, the large majority of helicopter pilots fly according to visual flight rules (VFR). IFR

and VFR are regionally specified, for example, in the Easy Access Rules for Standardised European Rules of the Air (EAR for

SERA; EASA, 2024) by the European Union Aviation Safety Agency (EASA). This document also includes the categories for40

instrument approach operations according to ICAO (2022) and ICAO (2024b). The higher the category, the more restrictions

there are for the pilot and the more financial losses can arise for the airport due to less frequent take-offs and landings. The

rules for low visibility operations are specified by EASA (2025). Rescue helicopters in particular need accurate and reliable

reports on current weather conditions, as rescue operations cannot be carried out in “significant weather” conditions (e.g. low

ceiling and dense fog). Thus, the issue extends beyond financial considerations to matters of personal safety.45

The cloud information, generated for pilots, aviation meteorologists, and air traffic controllers, is based on ceilometer data

and is distributed as routine (METAR) or special (SPECI) Meteorological Aerodrome Report and corresponding local report

(MET REPORT or SPECIAL) as described in ICAO (2018). All of these current airport weather reports have been determined

and reported fully automatically at all 15 German international airports since 23 August 2022 (AutoMETAR project). Ceilome-

ters are compact and cost-effective devices that exploit Light Detection And Ranging (LIDAR) technology and serve as the50

standard measuring system for deriving CBH and VOR from the backscatter coefficient profile. Neglecting multiple scatter-

ing, the relationship between the two unknowns (β = backscatter coefficient and σ = extinction coefficient) and the actually

measured backscatter signal power

P (r,λ) = CL(λ)
O(r,λ)

r2
β(r,λ) e−2τ(r,λ) +Pbg (1)
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is described by the simplified lidar equation (Wandinger, 2005; ISO 28902-4, 2025), where CL(λ) is the “lidar constant” that55

includes all system parameters (transmission power, efficiency of optics, etc.) partly as a function of wavelength, O(r,λ) is the

overlap function that corrects the incomplete overlap between the transmitted laser beam and the receiver’s field of view, r is

the distance between the ceilometer and the backscattering particles,

τ(r,λ) =

r∫

0

σ(r′,λ)dr′ (2)

is the optical depth and Pbg is the background signal. The different methods used by ceilometers to determine the CBH can be60

found in Vande Hey (2013, 2015).

A major challenge in deriving CBHs and/or VOR at a given time from vertical profiles of the range-corrected signal or

attenuated backscatter (βatt) is the absence of a universally valid, quantitative definition of CBH and of clouds in general

(Spänkuch et al., 2022; ISO 28902-4, 2025). The ceilometer inter-comparison campaign CeiLinEx2015 (Görsdorf et al., 2016)

already dealt with the effects of different technical properties (optical configuration, wavelength, noise correction, etc.), dif-65

ferent manufacturer-specific, proprietary algorithms and the lack of a generally accepted definition on the determination of

the CBH. One of the key findings from Görsdorf et al. (2016) is that the CBH determined with different ceilometers varies

from about 40m for low, non-precipitating Stratus clouds, 70m for non-precipitating Stratocumulus clouds to several 100m or

even a few 1 km for a Cumulunimbus cloud with temporary heavy rainfall. The wide spread of CBHs determined by different

ceilometers is confirmed by a more recent study from Wagner et al. (2024). According to Attachment A of ICAO (2018) the70

operationally desirable accuracy of the measurement is ±1 okta for cloud amount and ±10m up to 100m AGL (±10% above

100m AGL) for CBH. However, the above-mentioned CBH differences between various ceilometers are significantly larger.

CBH and VOR values provided by one or more ceilometers are input data for ceilometer-internal or autonomous cloud al-

gorithms that calculate representative values for an airport. More precisely, such a cloud algorithm, e.g. “autoCLD” as part

of autoOBS from DWD (unpublished C++ code) or “ampycloud” from MeteoSwiss (Python code by Vogt et al., 2024), uses75

the clouds drifting over ceilometers during a specific time interval to derive CBH, cloud amount and VV height that are rep-

resentative for the whole airport (METAR/SPECI) or a specific runway threshold (MET REPORT/SPECIAL). Each of these

parameters need to be reported taking into account all the requirements and rules of the ICAO (ICAO, 2018). While Illingworth

et al. (2019) confirm that each ceilometer has its own strengths and weaknesses, no downstream cloud algorithm can correct

erroneous values and artifacts from the ceilometer input data. The greatest potential for improvement in cloud reports, not only80

in aviation, is therefore to replace the current ceilometer algorithms by an algorithm with a standardized CBH definition.

The assessment of both the measured βatt-profile (or σ-profile from Klett inversion method (KIM)) and the CBH provided

by a ceilometer requires a reference method as ground truth. A σ-profile can be measured by a Raman lidar. Two Raman

lidars are operated at the DWD, the very powerful RAMSES system (Reichardt et al., 2012) at the Meteorological Observatory

Lindenberg and the compact multi-wavelength lidar PollyXT (Althausen et al., 2009) at the Meteorological Observatory Hohen-85

peißenberg. RAMSES operates at a wavelength (λ) of 350 nm, while PollyXT operates at wavelengths of 355 nm, 532 nm, and

1064 nm, but no σ is available at 1064 nm. In contrast, λ used by ceilometers is in the range of 853−1064nm (see Table 1).
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Taking into account Eq. (1) and the λ−4 dependence of the backscatter intensity with elastic (Rayleigh) scattering, the λ differ-

ences to the ceilometers are too large for a reasonable comparison. Neither of the two Raman lidars is primarily designed for

the (routine) measurement or derivation of the σ-profile in low cloud situations. Therefore, both were excluded as a reference90

as well as other methods considered and we unfortunately realized that there is no reference method yet.

The wide range of CBH values derived from different ceilometers in the same cloud situation and the lack of a suitable reference

instrument for low clouds were the starting point for CircaHH, a collaboration between DWD and the Universities of Leicester

and Hamburg. During a total of three measurement campaigns with the experimental setup presented in Sect. 2, photos from

the 300m tall “Hamburg Weather Mast” (HH-WeatherMast) were taken with a digital camera (Sony α7). These photos form95

the basis for the image analysis described in Sect. 3, which results in the vertical profile of the extinction coefficient that in

turn can be used to determine the visibility-based CBH using various methods (Sect. 4). These CBH values are then compared

with those provided by the firmware of various ceilometers in order to find a possible quantitative definition of CBH among the

analyzed methods that would be universally applicable and, in particular, would improve aviation requirements (Sect. 5). While

the ceilometer CBHs are only used for a qualitative comparison, visibility measurements from sensors installed at 2m, 175m100

and 280m are used to assess the quality and accuracy of the extinction coefficient profile derived from image analysis. Could

our image analysis even be suitable as an independent ceilometer reference method for very low clouds? The CBH definition

we consider most suitable is additionally tested on σ-profiles derived directly from the βatt-profiles of various ceilometers using

our own implementation of the KIM (Appendix A). Our conclusions are summarized in Sect. 6.

Finally, we want to mention that all participating ceilometer manufacturers: OTT HydroMet (incl. Lufft), Vaisala, and Campbell105

Scientific received a confidential version of our manuscript and gave their consent to the publication of the data and results.

2 Experimental setup and data

During all phases of CircaHH (see Table 1) we utilize the broadcast tower of a German television station (NDR) located in

Hamburg. As this tower is equipped for meteorological measurements by the University of Hamburg and the DWD also uses

the instruments, it is commonly referred to as “Hamburg Weather Mast” (HH-WeatherMast). It is 300m tall and has 14 red110

and 13 white (i.e. a total of 27) alternating, non-equidistant segments.

The tower is increasingly obscured from the top downwards when the CBH descends. This obscuration and the increases and

decreases in CBH are recorded using photos taken with a digital camera (Sony α7), which is located 178m from the mast and

2m less in the third CircaHH phase, as explained in the caption to Table 1. The photos pertaining to the work described here

were taken with 1-minute temporal resolution (more details in Sect. 3) and are used to determine CBH values, which could115

then be compared with the CBH derived from ceilometers.

An increasing number of ceilometers were deployed on the test measuring field with a distance of ca. 30m to 40m to (close to)

the tower. In total, we operated the following ceilometers of different manufacturers: CHM15k (Lufft, 2022a), CL31 (Vaisala,

2009), CS135 (Campbell, 2014), LD40 (Vaisala, 2005), CS136 (Campbell, 2018, replaced CS135) and CHM8k (Lufft, 2022b),

where more details are summarized in Table 1.120
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Table 1. Overview of ground-based measuring instruments and sensors installed on the Hamburg Weather Mast used during the three phases

of CircaHH. The time format is YYYYMMDD, manufacturer’s names appear in italic font and the laser wavelength (λ) of any ceilometer

is given in brackets. The present weather sensor CS125 was replaced by PWS100 on 11 January 2017. The sky camera was installed on 22

November 2017. The distance of the Sony α7 to the mast was 178m during phases one and two but 176m during the third phase, since a

new camera was installed and reoriented on 26 September 2018. The measurements used from the mast were carried out in 2m, 10m, 50m,

70m, 110m, 175m, 250m, 280m height (HH-WeatherMast). The two PWD20 visibility sensors in 175m and 280m were only installed

on 08 March 2018.

Phase Data time period Measuring instruments

Start End ground-based on mast

1 20160926 20170421 Camera: Sony α7 (ILCE-7) Temperature: Ludwig Schneider Pt100

Ceilometer: Lufft CHM15k “NIMBUS” (1064nm) Humidity: Vaisala Humicap

Vaisala CL31 (910±10nm)

Campbell Scientific CS135 (905nm)

Visibility: Campbell Scientific CS125

Campbell Scientific PWS100

2 20171116 20180925 Camera: Sony α7 (ILCE-7) Temperature: Ludwig Schneider Pt100

Ceilometer: Lufft CHM15k “NIMBUS” (1064nm) Humidity: Vaisala Humicap

Vaisala CL31 (910±10nm) Visibility: Vaisala PWD20

Campbell Scientific CS135 (905nm)

Vaisala LD40 (855±2nm)

Visibility: Campbell Scientific PWS100

Sky camera: Mobotix SkyView

3 20180928 20190520 Camera: Sony α7 (ILCE-7) Temperature: Ludwig Schneider Pt100

Ceilometer: Lufft CHM15k “NIMBUS” (1064nm) Humidity: Vaisala Humicap

Vaisala CL31 (910±10nm) Visibility: Vaisala PWD20

Campbell Scientific CS136 (912±5nm)

Vaisala LD40 (855±2nm)

Lufft CHM8k (905nm)

Visibility: Campbell Scientific PWS100

Sky camera: Mobotix SkyView

In addition to the ceilometers a present weather sensor CS125 (Campbell, 2016), which was later replaced by a more powerful

PWS100 (Campbell, 2015), recorded measurement data of horizontal visibility according to Eq. (12) in Sect. 4. A sky camera

was installed at the beginning of the second CircaHH phase and helped in particular for the detection of cloud hit false alarms.

Two visibility sensors of type PWD20 (Vaisala, 2004) were installed at 175m and 280m height in spring 2018. These mea-
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d

Hamburg Weather Mast

••
•
• •




©


©

• LD40 © Sony 7

• CHM15k © SkyView

• CL31  PWS100

• CS136  PWD20

• CHM8k

Figure 1. Sensors used during the third CircaHH phase (see Table 1) as part of the international tender for finding a new ceilometer type at

German international airports. This elaborate and unique experimental setup was build up at the 300m tall NDR broadcast tower in Hamburg,

where additional meteorological instrumentation (e.g. temperature and humidity sensors) is used by University of Hamburg to operate the

so-called “Hamburg Weather Mast” (HH-WeatherMast). Map data: © Google (2019).

surements should help to evaluate the vertical profiles of the extinction coefficient derived from image analysis.125

The entire range and arrangement of sensors used during the third CircaHH phase is illustrated in Fig. 1. This setup was used

as part of the AutoMETAR project during the international tender (data basis: from 28 September 2018 to 31 January 2019)

to replace and renew the ceilometers at German international airports. All the data obtained, the increasingly sophisticated

experimental setup and our growing knowledge helped us to finally formulate a quantitative definition for CBH as described in

the next sections.130

3 Image analysis

As mentioned in Sect. 2 the Sony α7 with a wide-angle lens was installed at least 176m away from the Hamburg Weather

Mast. In this way, the camera’s field-of-view included the entire tower. However, image analysis was performed starting at

about 14m height (see white scale in Fig. 2(b)) to avoid artifacts caused by vegetation (trees). If CBH was lower than 500m
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Sony 7

PWS100

PWD20

(a) (b) (c)

Figure 2. Primary measuring instruments used to perform and evaluate the image analysis. (a) Illustration of the assignment of rectangles

to delimit a red-white segment pair on the Hamburg Weather Mast. These rectangles have different sizes, as the mast width decreases with

increasing height; (b) Height values (white scale) from theodolit measurements are slightly inaccurate near the mast top. The non-equidistant

mast segments are on average about 12.5m long and the first platform is in 50m height; (c) The camera and one of the three visibility

sensors, which were installed about 180m from the mast (see Fig. 1).

then a photo was taken every 1min and otherwise every 10min. This criterion was applied to the lowest CBH derived by all135

currently used ceilometers. The series of photos can be used either for visual verification or as the basis for an image analysis

explained below in order to be able processing a longer dataset by objective criterions.

The photos (JPEG) provided by the Sony α7 are sRGB images that contain R’G’B’ values for each pixel. This original data

is read into an array L of pixel luminances and all entries are divided by 255 to obtain floating point values (0.0≤ L≤ 1.0),

which means (0,0,0) = black and (1,1,1) = white. The mapping of these luminances into intensities (I) requires a non-linear140
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transfer function. The mapping function

I =





L
12.92 for L≤ 0.04045

(
L+0.055
1.055

)γ
for L > 0.04045

(3)

with γ = 2.4 gives linear intensity values (RGB) and is the same for all channels (Wikipedia). Greyscale luminances were

initially tried (Zinke, 2016) but found to be less suitable. Our final choice of the blue portion is most effective to distinguish

between the red and white segments of the Hamburg Weather Mast.145

The image analysis used in this study is therefore based on luminances of the blue channel that allows the assignment of start

and end height of any red or white segment of the Hamburg Weather Mast. Where possible, rectangular cutouts of the mast

from various sizes (30× 40 to 20× 15 pixels in Fig. 2(a)) were used to obtain average luminance values of 12 pairs of red

and white segments. This was done in order to obtain representative luminance values that were reasonably accurate. The use

of smaller rectangles was necessary in order not to include struts and lights on the mast, which tapers from bottom to top,150

complicating matters.

Intensities of consecutive red and white segments (each pair of red/white segment luminance values) allow the calculation of

the Michelson contrast

Cn =





In+1

In
− 1 for red/white transition

In
In+1

− 1 for white/red transition
(4)

with n= 1 . . .27 (14 red and 13 white segments). Cn is normalized by the contrast value of the lowest red/white pair to take155

into account the given visual conditions. Otherwise, low clouds would appear lower when visibility is restricted compared to

when visibility is unrestricted. As the pixel color values of a white segment are higher than those of a red segment, negative

values can result in the first term of the right-hand side of Eq. (4), which requires a reciprocal formulation. Finally, the contrast

values are interpolated vertically to 1m resolution, they are then also available between the segment transitions.

The Michelson contrast C is determined for “apparent” (perceived) conditions when the mast is e.g. partially obscured by160

clouds and then related to the “inherent” (actual) Michelson contrast C0 when there are no low-lying clouds and unobscured

visibility or ideally clear sky conditions. Following Eq. (10) of Eberhard (1986)

C

C0
= e−

∫ d
0
σ(s)ds (5)

and assuming the extinction coefficient is constant along the optical path (σ(s)= const.), its vertical profile can be derived

successively from the ratio between apparent and inherent contrast values at a certain height (h) via165

σcs(h) =−
ln
(

C(h)
C0(h)

)

d
. (6)

The subscript cs = “constant sigma” in Eq. (6) refers to the assumed constancy of the extinction coefficient and following the

Pythagorean theorem

d=
√
D2 +H2 (7)
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denotes the oblique line-of-sight distance between the Sony α7 and the actual height H of the point being viewed on the mast.170

We applied two different approaches:

A) Calculation of the σcs(h)-profile using Eq. (6) with the usual constancy assumption for the extinction coefficient from

the ground up to a certain height and application of different methods to derive CBH, which are described in Sect. 4.

B) Calculation of a variable extinction coefficient profile (vs = “variable sigma”) assuming a linear relationship to the optical

path s175

σvs(h) =ms+σ0 (8)

from the ground up to a certain height. Following Eq. (6.2) of Weitkamp (2005) the average oblique visual range between

the two points at the camera and mast can be expressed by

V̄ =− d
∫ d

0
(ms+σ0)ds

· ln
(

C

C0

)
(9a)

=− d
m
2 d2 +σ0 d

· ln
(

C

C0

)
. (9b)180

Here we assumed V̄ = d. This assumption is legitimate, since other visual ranges, for example MOR defined by Eq. (12),

are also only distances for a specific contrast threshold value. Rearraging the Eq. (9b) to m gives a calculation rule

m=
2

d


−

ln
(

C(h)
C0(h)

)

d
−σ0


 (10)

for the slope in Eq. (8), which can finally be rewritten as follows:

σvs(h) = 2σcs(h)−σ0 . (11)185

This approach is only applied to the MOR and SOR definitions introduced in Sect. 4 as these methods have been identified

as the most suitable candidates, as will be shown later.

In Eq. (11) σ0 is the extinction coefficient at the mast bottom. It was derived from the horizontal visibility measurements carried

out with the PWS100 or CS125 and using Eq. (12). The fact that the visibility sensor was installed almost 180m away from

the mast is not a problem, as horizontal homogeneity of the extinction coefficient can be assumed. Further details on approach190

B) are given by Zinke (2016).

Regardless of the application of Eq. (6) or Eq. (11) the profile of the extinction coefficient was calculated with a vertical

resolution of about 25m and an even higher resolution of 1m was achieved by linear interpolation. Figures 3(a−e) summarize

the necessary steps to obtain σcs(h) or σvs(h) based on image analysis and show the results exemplarily for the 04 November

2018 at 10:30UTC.195
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Figure 3. Step-by-step illustration of the image analysis and determination of CBH for 04 November 2018 at 10:30UTC: (a) Assignment of

red and white segments to luminance L of the blue channel; (b) Determine intensity I of consecutive red and white segments; (c) Calculate

Michelson contrast values C for “apparent” (perceived) and “inherent” (no clouds ≤ 300m and unobscured horizontal visibility) conditions;

(d) Calculate contrast ratio C/C0; (e) Determine the vertical profile of σcs(h) using Eq. (6) or σvs(h) using Eq. (11); (f) Calculate the integral

over the extinction coefficient profile; (g) Apply threshold value of 1000m to MOR or SOR definition to finally determine CBH (horizontal

dashed lines). The indices “CS” and “VS” mean “constant sigma” and “variable sigma” according to approach A) and B) in Sect. 3. The

green squares show results from the PWD20 in 175m and 280m height.
10
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4 Attempts to define CBH

The following independent methods are tested to determine the CBH based on image analysis:

– RW CONT: Not using the extinction coefficient, this method searches for the height at which the ratio C/C0 equals 5%

as recommended by WMO and ICAO (ICAO, 2005).

– CS GRAD: Using σcs from Eq. (6), this method searches for the height with maximum gradient (largest slope: dσ/dh=200

max.). Since σcs obtained from contrast ratios is rather noisy this method leads to many inconsistent CBH values. To

improve reliability, a Gaussian curve is first fitted to σcs and then the maximum gradient is sought for this smoothed

profile (see Fig. 8).

– CS MOR: Using σcs from Eq. (6), this method searches for the height at which the meteorological optical range, given

by equation205

MOR=− ln(0.05)

σ(h)
≈ 3

σ(h)
(12)

with a typical contrast ratio of 5%, corresponds to a mandatory threshold value of MORthr = 1000m. It represents the

horizontal visibility and is already applied by some ceilometer manufacturers.

– CS VOR: Using σcs from Eq. (6), this method first calculates its vertical integral and then the height at which this vertical

integral equals − ln(0.05)≈ 3 is searched for. This height actually defines the vertical optical range, given by equation210

VOR∫

0

σ(h)dh= 3 (13)

(see Chapter 6 in Weitkamp, 2005) assuming the recommended 5% contrast ratio.

– CS SOR: Using σcs from Eq. (6), this method searches for the height at which the slant optical range, given by equation

SOR =H

√√√√
(

3
∫H

0
σ(s)ds

)2

− 1 (14)

with a typical contrast ratio of 5%, corresponds to a threshold value SORthr. For the latter, we tested values from 500m215

to 1000m with 100m increment. From the geometric point of view SOR is the projection of an oblique line of sight

onto the horizontal plane, which is shown by Fig. 4.

– VS MOR: Same as CS MOR but using σvs from Eq. (11) as extinction coefficient profile.

– VS SOR: Same as CS SOR but using σvs from Eq. (11) as extinction coefficient profile.

VOR is the limiting value of the SOR when looking vertically instead of obliquely. By definition, the VOR is always greater220

than the SOR, provided that the same contrast threshold is applied. All methods except RW CONT use σcs(h) or σvs(h) (see

Sect. 3) as a basis for calculation. The CBH results obtained by the different, above-mentioned methods are compared with

values provided by the ceilometer firmware in the next Sect. 5.
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CBHSOR

CBHMOR

SOR1000m

MOR1000m

σ

h h

CBHSOR

Figure 4. Schematic sketch of the MOR and SOR definition for the derivation of CBH. Only the SOR-based definition accounts for visibility

conditions below the cloud, which inherently results in lower CBH values, since the extinction coefficient (σ) increases under conditions of

reduced visibility.

When comparing Eq. (12) and Eq. (14), it becomes clear that only SOR considers the visibility below the cloud base through

the integral of σ over height. Let’s assume unrestricted visibility below cloud base and apply the same MOR threshold value225

of 1000m also to SOR. In this case, the CBH calculated based on SOR is higher than the value calculated based on MOR (see

Fig. 4). This behavior is absolutely realistic, as the cloud base is diffuse and for a pilot at final landing approach the visibility

along the glide slope is relevant, not the horizontal visiblity at a certain flight altitude. If visibility deteriorates below the cloud

base, the extinction coefficient increases in this height range. Consequently, the SOR-based CBH realistically decreases, while

the MOR-based CBH remains unchanged. This underlines the superiority of the SOR over the MOR definition.230

Figures 3(f−g) show the application of MOR and SOR definition to image analysis and complete the derivation of CBH on 04

November 2018 at 10:30UTC. Here, image analysis using Eq. (6) and SOR definition yield a CBH value of 735 ft (CS SOR),

compared to 623 ft (VS SOR) and 390 ft (VS MOR) when using Eq. (11) and either SOR or MOR definition.

5 Results

5.1 Comparison of analyzed methods235

The CBH determination methods described in Sect. 4 were applied to data from the first phase of CircaHH, with six specific

days examined in more detail: 12 and 25 November 2016, 31 December 2016, 22 January 2017 and 02−03 February 2017.

These days were selected because the CBH comparison values provided by the ceilometers were sufficiently below the mast

top and there was no snow on any of the mast platforms that would affect the performance when calculating the contrast ratios.

240
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(a)

(b)

Figure 5. CBHs derived from (a) different methods according to Sect. 4 and from (b) SOR definition with different threshold values according

to approach B) in Sect. 3 compared to CBH values determined by the ceilometers CHM15k, CS135, CL31 and LD40 on 03 February 2017

between 10:00UTC and 16:00UTC. The indices “CS” and “VS” mean “constant sigma” and “variable sigma” according to approach A)

and B) in Sect. 3.
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Figure 5(a) shows the results for 03 February 2017 using the abbreviations introduced in Sect. 4. CBHs determined by the

ceilometers are represented by black symbols. This comparison confirms the systematic CBH differences (here up to 50m)

between ceilometers from different manufacturers mentioned in the introduction. The CS VOR method produces CBH values

that are much higher (more than 100m) than all other methods or ceilometer data. While the RW CONT and CS GRAD

methods produce quite similar results, their CBHs are systematically higher than determined by all ceilometers. The re-245

maining methods yield CBHs that are comparable to the values determined by the ceilometers. For example, the CS MOR

method produces CBHs that are temporarily close to those of CS135 or CHM15k. As a side note but obvious in Fig. 5(a), the

CBHs from CHM15k are sometimes (10:00−10:45UTC) systematically too low. According to personal correspondence with

OTT HydroMet, this behavior was first discussed by the Royal Netherlands Meteorological Institute (KNMI). This ultimately

led to a change in the firmware, so that since version 0747, the “higher low clouds” option can be enabled, which systemati-250

cally raises the CBHs derived from the CHM15k by 30−40m up to 500m height.

It is striking that both methods using the MOR definition (CS/VS MOR) produce almost identical CBHs until around 12:30UTC,

but then diverge significantly from each other, only to match again somewhat better from around 15:00UTC onwards. The

supplementary Fig. B1 helps to understand this behavior. As long as the σcs- and σvs-profiles are very similar within the lowest

100m, both fall below MORthr in almost the same height level. If the extinction coefficient increases only slightly with height255

or even decreases, the σvs curve reaches MORthr earlier because it is shifted predominantly to higher values compared to σcs.

According to Eq. (12) and starting from the ground, only the extinction coefficient at a certain height is checked for falling

below the MOR threshold value, so that small differences in the extinction coefficient profile can cause large differences in the

derived CBH.

Figure 5(b) illustrates the effect of different threshold values on the CBHs exemplarily for the SOR definition with variable260

extinction coefficient profile (VS SOR). Different shades of red are used to identify the six different SOR thresholds but the

same labeling for the ceilometer data. The photo-derived CBHs are above and around the CBHs given by LD40 and CL31,

with the CBH for the 1000m threshold being closest to the ceilometer CBH. CBHs derived from the VS SOR method are even

closer to the ceilometer results than for the CS SOR method and agree very well with those of the LD40 and CL31.

Let’s keep these interim results in mind and move on to the more recent measurements from the third CircaHH phase, in partic-265

ular from 04 November 2018 between 09:00UTC and 12:00UTC (Fig. 6). The photo sequence in Fig. 6(a) suggests a cloud

layer with increasing CBH approximately between 150m and 300m height. According to Fig. 6(c), there is no precipitation

over these three hours. MOR is always higher than 4 km (nearly unrestricted horizontal visibility) at 2m height, mostly lower

than 100m (strongly restricted horizontal visibility) at 280m height and increases from less than 100m to more than 2 km at

175m height.270
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Figure 6. (a) Sequence of 1min cropped photos from the Hamburg Weather Mast; (b) CBHs derived by the VS SOR method according to

Sect. 4 compared to ceilometer values of CL31, CS136, CHM8k, LD40 and CHM15k; (c) Precipitation rate (RR) and MOR in three different

heights all shown for 04 November 2018 between 09:00UTC and 12:00UTC. No blue bars mean it did not rain. The two black horizontal

lines represent the PWD20 in 175m and 280m and the PWS100 is used analogously to get the value of MOR in 2m height.

Figure 6(b) confirms that the above-mentioned firmware change results in higher CBHs from CHM15k. Compared to Fig. 5(a)

the CBHs from CL31, CS136 and CHM8k better match the results of LD40. This is explained by a corresponding requirement
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of the DWD in the specifications within the framework of the international tender for the replacement of the LD40 at Germany’s

15 international airports. However, Fig. 6(b) shows that the CBH differences between the manufacturer-specific ceilometer

algorithms and in comparison to the image analysis (VS SOR, yellow circles) are up to several 100m. At 10:30UTC, for275

example, the maximum CBH difference between ceilometers and image analysis is only about 30m, while at 09:44UTC it

is about 90m and at 11:15UTC even about 230m. The VS SOR method, which applies the SOR definition to σvs (Sect. 4),

results in lower CBH values, in particular from 09:00UTC to 09:45UTC, when visibility below the cloud is restricted. This

is consistent with the theoretical considerations in Sect. 3 based on Fig. 4. The saturation behavior of CBHs from VS SOR,

i.e. 285m at most between 11:50UTC and 11:52UTC, in Fig. 6(b) results from the fact that the image analysis is limited280

vertically to the usuable mast segment pairs and the mast size in general.

All individual steps for determining the CBH based on image analysis are already shown in Fig. 3, with the focus on 10:30UTC

on 04 November 2018. Figure 3(f) shows that the CBH from VS SOR is lower than from CS SOR and that the CBH for the

MOR definition (VS MOR) is generally lower than the SOR-based values. Are the extinction coefficients derived from the

image analysis at all plausible and of sufficient quality?285

5.2 Quality assessment of image analysis

Figure 6 demonstrates that the CBHs determined by image analysis are plausible and realistic. First, the development of CBHs

over time corresponds to that of ceilometers (Fig. 6(b)). Second, the MOR values at 2m, 175m and 280m (Fig. 6(c)) agree

qualitatively with the general temporally increasing CBH. Third, the SOR definition (yellow cirlcles) even provides more re-

alistic CBH values for “poorer” (09:00−09:45UTC) and “better” (11:15−12:00UTC) visibility conditions below the cloud290

layer. In poor visibility conditions Fig. 6(c) clearly shows that the MOR for both PWD20 sensors has comparable values of

around 100m, indicating that the CBH should be lower than 175m. With improved visibility, the MOR of the PWD20 at

175m is significantly greater than that at 280m, so that the CBH should be somewhere in between or slightly above 280m.

This expected behavior is only partially met by the ceilometers. However, from around 11:15UTC, the cloud layer is obviously

more inhomogeneous, which leads to a greater scattering of CBHs.295

For a more quantitative assessment the two green squares in Fig. 3(e) show the extinction coefficients derived from the MOR

measurement of the PWD20 sensors in 175m and 280m height, respectively. In the vast majority of cases, these green squares

correspond much better with the σvs curve (red solid line) representing the variable extinction coefficient profile according to

Eq. (11). Furthermore, the corresponding green squares in Fig. 3(g) tend to agree best with the VS MOR curve (blue solid

line) that is the vertical visibility profile derived from the MOR definition applied to σvs. The supplementary Figs. B2 to B5,300

analogous to Fig. 3, confirm these statements for further points in time. This means, on the one hand, that σvs derived from

image analysis best reflects the actual extinction coefficient profile and, on the other hand, that when using the MOR definition

instead of CBH, only the horizontal visibility at a certain height is determined.

Figure 7 shows the comparison of the extinction coefficient between image analysis (σvs) and derived from visibility mea-

surements of the PWD20 sensors in 175m and 280m height for the same time period as in Fig. 6. The good agreement of305

the extinction coefficient at least at 175m confirms the applicability of our image analysis to determine σ. The slightly larger
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(a)

(b)

Figure 7. Extinction coefficient σvs(h) in m−1 derived from image analysis using Eq. (11) in Sect. 3 and visibility measurements of the

PWD20 in (a) h= 280m and (b) h= 175m height on 04 November 2018 between 09:00UTC and 12:00UTC.

deviations at 280m can be attributed to sensor problems. A quantitative comparison of the extinction coefficient with the

PWS100 at a height of 2m is not possible, as image analysis only begins at a height of approximately 14m and we can assume

horizontal but not vertical homogeneity.
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5.3 Error estimation of image analysis310

As mentioned in the introduction (Sect. 1), there is currently neither a reference method nor a reference device that could

be used to quantitatively determine the quality of the derived extinction coefficient profile for very low clouds. Given the

sometimes large variation in CBH values from different manufacturers for the same cloud situation (e.g. Fig. 5 and Fig. 6),

the CBH determined with a ceilometer or even the average value of all ceilometers considered cannot be reliably used as a

reference value, for example, to calculate the root mean square error. Therefore, we are unfortunately unable to provide an315

absolute or relative error value here.

To estimate the error or rather uncertainty of our image analysis method (Sect. 3), we generally consider “optimal conditions”:

i) stable cloud layer without gaps; ii) CBH significantly less than 300m; iii) no precipitation (neither rain nor snow fall); iv)

no ground fog. However, there is a distinction between good and poor visibility below the cloud base. Figure 8 shows typical

average results for a 20-minute period. For most of the methods described in Sect. 4, both the underlying extinction coefficient320

profile and the derived CBH mean value and variance are shown here with corresponding color coding. The mean value and

variance derived from the ceilometer CBHs are also shown in Fig. 8. In contrast, the values for the VS MOR method are not

specified, as the use of the σvs-profile leads to unrealistic jumps in the CBH (see Fig. 5(a)). These CBH jumps occur although

the σcs-profile differs rather slightly (supplementary Fig. B1) and therefore, the MOR definition is generally too sensitive and

not robust enough.325

While the VS SOR method produces CBH values that are lower than those of ceilometers or lie in the middle of their value

range when visibility is restricted (Fig. 8(b)), it generally shows higher CBH values when visibility is good below the cloud

base (Fig. 8(a)). Good or poor visibility is well reflected by the respective extinction coefficient profiles and the derived CBH

agrees with the theoretical considerations in Sect. 3 based on Fig. 4. Particularly in poor visibility conditions, the VS SOR

method provides the lowest uncertainty in the CBHs derived from image analysis, and this uncertainty is even lower than with330

all ceilometers.
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(a)  20170122 (15:00-15:19 UTC) (b)  20170203 (11:50-12:09 UTC)

Figure 8. 20min mean vertical profile of the extinction coefficient and its standard deviation (vertical resolution of 1m), determined from

image analysis using σcs (blue) from Eq. (6) and σvs (red) from Eq. (11) for two time periods with stable cloud layer. The lightblue extinction

coefficient profile is the required Gaussian fit for the CS GRAD method. The respective CBH values are given, which are derived from the

methods in Sect. 4 or supplied by the ceilometer firmware. The mast photos below were taken with Sony α7 at the end of the respective

20min period.
19
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5.4 Insights from Klett inversion method

An obvious cross-check for the SOR definition with a threshold of 1000m is its application to the extinction coefficient profile

derived from ceilometer data. For this purpose, we use our own implementation of the Klett inversion method (KIM) described

in Appendix A. It is not directly applicable to operational use, but certainly provides insight into the credibility and applicability335

of the SOR definition for determining CBH. In particular, we use βatt from CL31, CS136 and CHM8k collected during the

international tender 2018/19 to replace the LD40 airport ceilometers at German international airports (see Sect. 2). While CBH

values in the reprocessed data are in a sense tuned to LD40, as it was used as the reference device to determine probability of

detection and false alarm rate, the originally provided βatt remained unchanged from the respective firmware adjustments.

Figure 9 shows that, regardless of the ceilometer input data, the CBHs derived using the KIM better reflect the temporal340

structure of βatt than the CBHs from the proprietary ceilometer algorithms. Interestingly, the KIM provides CBHs that tend

to appear above the βatt peak. The curves for KIMCL31 and KIMCHM8k are very similar, even though the latter shows slightly

lower CBHs. In contrast, KIMCS136 is systematically shifted upwards with some significantly higher CBHs. This is completely

the opposite for the manufacturer algorithms and the CBHs determined by the CS136 firmware are systematically lower than

those determined by the CHM8k firmware. It is evident that the differences between the CBH values determined using the KIM345

for the various ceilometer input data are significantly smaller than the CBH differences associated with different ceilometer

algorithms. As confirmation, we provide the mean value and standard deviation of CBH for the plateau range from 10UTC to

11UTC in Fig. 9: 210.2± 3.4m for LD40, 207.4± 4.8m for CHM15k, 205.2± 5.7m for CL31, 192.8± 3.5m for CS136,

207.0± 4.3m for CHM8k, 223.4± 5.4m for KIMCL31, 231.0± 5.6m for KIMCS136 and 220.0± 5.4m for KIMCHM8k. The

variance of the CBH values from the KIM is of the same order of magnitude as that of the ceilometers and agrees best with350

the CL31 here. Between 11:14UTC to 11:25UTC, only the KIM using the SOR definition is capable of deriving CBHs that

correspond to the temporal structures of βatt. The gaps or optically thinner sequences in the lower cloud layer lead to the CBHs

between 1250 ft and 1500 ft height, which is not captured by the ceilometer algorithms.

Figure 10 shows the original βatt-profiles of CL31, CS136 and CHM8k on 04 November 2018 at 10:30UTC, whereby the peak

generally appears below 1000 ft AGL and has the largest magnitude for CS136. Although CHM8k produces the smallest peak355

magnitude it shows the smallest noise in the upper height levels. Noise reduction of KIM effectively removes βatt values above

approximately 1000 ft here, while both the height and the magnitude of the peak remains unchainged. The respective σ-profile

and final CBH derived from KIM using the SOR definition with a threshold value of 1000m are also shown in Fig. 10. While

the σ-profiles from CS136 and CHM8k input data are qualitatively very similar and agree fairly well with the result from image

analysis (Fig. 3(e)), the σ-profile obtained from CL31 input data has at least an unusual shape above 800 ft height. According360

to the horizontal green lines in Fig. 10, the CBHs are 722 ft for CL31, 755 ft for CS136 and 688 ft for CHM8k input. The

differences between these values and the value derived from image analysis (last paragraph in Sect. 4) for CS SOR are: −13 ft

(CL31), +20 ft (CS136), −47 ft (CHM8k), while the differences relative to VS SOR are: +99 ft (CL31), +132 ft (CS136),

+65 ft (CHM8k). Overall, the differences compared to image analysis with CS SOR are smaller.

So far, we mainly investigated very low clouds under optimal conditions as defined in Sect. 5.3, for which the CBH must365
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Figure 9. Minute mean values of attenuated backscatter (βatt) from CHM8k, CBHs derived from manufacturer algorithms for LD40,

CHM15k, CL31, CS136, CHM8k and derived from the Klett inversion method (KIM) together with the SOR definition (Eq. (14)) using

a threshold value of 1000m and βatt input from CL31, CS136 or CHM8k (subscript) for the same time period as in Fig. 6.

be reliably derived in any case. As also mentioned in Appendix A our KIM implementation needs further improvement and

tuning before being put into operational use. On the one hand, the algorithm could be expanded to identify more than just

the lowest cloud layer, although this is the most relevant for aviation. Linear interpolation of the σ-profile could increase the

current vertical resolution from 10m to, for example, 1m, which in turn would probably result in slightly lower CBHs. On the

other hand, the performance of the SOR definition still needs to be analyzed in detail for clouds with precipitation or fog and370

over a longer period of time. This is ongoing work and beyond the scope of this study, as the focus here is on the formulation

of a suitable quantitative definition of CBH.
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Figure 10. Original βatt-profile measured by (a) CL31, (c) CS136, (e) CHM8k on 04 November 2018 at 10:30UTC and (b), (d), (f) the

respective vertical profile of the extinction coefficient (σ) as well as the CBH (horizontal line) derived from the Klett inversion method (KIM)

using the SOR definition with a threshold value of 1000m. 22
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6 Conclusions

The CBH measured by various ceilometers differ significantly due to differences in the actually measured backscatter signal

and the lack of a universally accepted definition of the cloud base. Particularly in situations with very low clouds, the question375

arises as to which CBH meets the requirements of aviation. Therefore, a number of methods were tested for their ability and

effectiveness to derive CBH mostly from the extinction coefficient profile obtained by image analysis of photos from a 300m

tall mast. In the model study by Lewis et al. (2022), efforts have already been made to derive CBH using artificial intelligence,

but this is not applicable to our image analysis for determining the σ-profile.

There are suitable CBH criteria based on image analysis, which can basically reproduce the CBH from ceilometers. The contrast380

ratio method (RW CONT) and the maximum gradient method (CS GRAD) tendentially result in CBHs that are in the upper

range or just above those of the CL31 and especially the LD40. In contrast, the horizontal visibility method (CS/VS MOR) with

the known threshold of MORthr = 1000m usually provides CBHs that match those of the CS135 and CS136. Although used

by some ceilometer manufacturers (e.g. Campbell, 2018, Appendix C), the MOR definition has the major disadvantage that it

cannot take into account visibility conditions below the cloud and it is very sensitive to the underlying extinction coefficient385

profile, meaning that small vertical changes in σ can cause large differences in the derived CBH including artificial jumps.

The extinction coefficient integral method (CS VOR) yield CBHs that are systematically too high. This is consistent with the

model study by Stoelinga and Warner (1999) and confirms the statement of Gaumet et al. (1998) that vertical visibility as

defined by Eq. (13) is not the most suitable quantity for final landing approach. Otherwise, the application of a threshold value

lower than 3 in Eq. (13) is conceivable as a CBH definition, but it should then no longer be referred to as VOR. In general, the390

CBH values determined with the ceilometers are well reproduced by the SOR method, whereby the CBH is systematically lower

as the threshold value increases. Using SORthr = MORthr the CBHs are in best agreement with LD40, CL31 and CHM15k and

the variable extinction coefficient profile (VS SOR) gives the most realistic results for image analysis. A real-world example

that can be compared to the SOR method comes from Eberhard (1986), where the CBH was determined by a pilot determining

when the ground was no longer visible.395

On the basis of measurements carried out during three phases of CircaHH our unique results suggest that: i) Our image analysis

can provide a reference method to evaluate βatt obtained from any ceilometer and it can serve as quality check for CBHs derived

by the ceilometer firmware; ii) The SOR derived according to Eq. (14) with a threshold value of 1000m appears to be a suitable

and robust quantitative CBH definition as visibility conditions between the ground and the cloud base are taken into account; iii)

This SOR definition is especially valuable for aviation, providing pilots with more useful information for an oblique downward400

or upward view.

Our implementation of the Klett inversion method confirms the applicability and added value of the above-mentioned SOR

definition for low clouds. It is noteworthy that the independent derivation of the σ-profile via image analysis or KIM ultimately

leads to very similar CBHs. Therefore, our KIM with SOR definition offers a physically motivated method to derive CBH on

the basis of the ceilometer backscatter signal and has the potential to improve the automated determination of airport weather405
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reports like METAR and MET REPORT. However, our KIM implementation still needs further improvement before it can be

put into operational use.

Code availability. Both the IDL source code for our image analysis and the C++ source code for our KIM implementation are provided as

supplementary material under the condition “access limited to reviewers”. Since especially the KIM implementation still needs to be further

improved and optimized, and a detailed description is planned in a separate article, it can only be made available on a confidential basis.410

Data availability. The image and measurement data underlying this publication have been uploaded to Zenodo (Klaus and Görsdorf, 2026)

and are freely available. Additional CircaHH data can be provided by the corresponding author upon request. However, the total storage

requirement for the entire dataset is enormous, particularly because of the image files.

Appendix A: Implementation of Klett inversion

To calculate the extinction coefficient profile from the backscatter signal measured by the ceilometer, we use the backward415

inversion method originally described by Klett (1981), but in accordance with Ferguson and Stephens (1983) and with the

improvements suggested by Mulders (1984). Our modular C++ source code is still not directly applicable to operational

use. Since we started with LD40 input data and we only know all the necessary parameters for this ceilometer, for example for

calculating the constant C1 from Ferguson and Stephens (1983), we generally use a few LD40 parameters as a test environment

for each ceilometer. The key steps in our implementation are as follows:420

1. For the constant C1 in Eq. (2) of Ferguson and Stephens (1983) we take over 1 µJm−2 as transmitted power per pulse

and 50ns as laser pulse duration both from de Haij et al. (2006) and we use 140mm as diameter from the LD40 manual

(Vaisala, 2005) to obtain the effective area of the receiver objective.

2. We follow Eq. (3) of Ferguson and Stephens (1983), set the constant C2 to 0.05 sr−1 and the exponent of the power

law to k = 1, which are the most frequently cited values for liquid water clouds as discussed by Gaumet et al. (1998).425

This corresponds to a particle lidar ratio of 20 sr, which agrees quite well with the experimentally determined values

summarized in Table 3 by ISO 28902-4 (2025) from more recent studies. Both the extinction coefficient and backscatter

coefficient are assumed to be constant along the optical path.

3. Depending on the ceilometer the current implementation reads the range-corrected backscatter coefficient (βrc) or the

attenuated backscatter coefficient (βatt) from daily NetCDF files. Both backscatter values are usually already background430

corrected. Here we focus on the reprocessed data from CL31, CS136 and CHM8k that means ideally 8640 records of

βatt are respectively available for 10 s report time interval with vertical resolution of 9.99m from 9.99 m to 7692.3 m

height (770 levels).
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4. Necessary noise reduction and averaging are applied to the original backscatter signal according to Sect. 3.1 of van

Tricht et al. (2014). Noisy data is removed if the signal-to-noise ratio (SNR) is higher than 1, which is checked for every435

separate vertical level. Just like van Tricht et al. (2014), we use 20 profiles before and after the current time (M = 20).

In contrast, we have 6 profiles per minute instead of 4 and therefore our averaging is only done over ±3min 20 s instead

of ±5min resulting in less smoothing.

5. Calculation of σ(rf) using Eqs. (6) to (8) by Mulders (1984) instead of the iteration steps (2) to (4) by Ferguson and

Stephens (1983):440

– calculation of Sm(r) with Eq. (1) of Mulders (1984)

– determination of S0 with index r0, where the absolute value of Sm is higher than zero (and unequal NaN) for the

first time starting at the lowest level

– calculation of σ(r0) with Eq. (8) of Mulders (1984)

– identification of the far end index rf, where the absolute value of Sm is higher than zero (and unequal NaN) for445

the first time starting at the level index that corresponds to about 10,000 ft AGL (does not work for multiple cloud

layers)

– equating Eq. (6) of Mulders (1984) to zero and rearranging gives the fix-point-form equation

σ(rf) =
[
e(S0−Sm(rf))/k − 2 · I/k

]−1

. (A1)

The first term in square brackets on the right-hand side can easily be calculated as all contributions are known.450

The second term can be determined by numerical integration of Eq. (7) of Mulders (1984) currently using the

rectangular rule for the scalar (fixed point) iteration.

6. Iterative calculation of σ(r) using Eq. (9b) of Ferguson and Stephens (1983) to obtain the entire vertical profile from r0

to rf.

7. Successive calculation of SOR using Eq. (14), whereby SOR decreases with increasing height, and application of455

SORthr = 1000m to determine the CBH of the first cloud layer (CBH1) starting from the lowest level. The vertical

resolution of the final CBH1 is currently restricted to the discrete height levels of the input backscatter data (here 10m).

To get accurate vertical profiles, for example of Sm, we use a linear extrapolation to replace NaN values from level index r0 to

0 and a linear interpolation to replace NaN values between r0 and rf. The latter is only performed if the respective gap in the

profile is less than 100m; otherwise, the NaN values remain unchanged. The effect of, for example, a modified SNR threshold460

or another value for M on the CBH results will be investigated in the future. Once our Klett inversion method is selectively

improved, tuned and sufficiently reliable for operational use, we will present it in detail in a separate publication.
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Appendix B: Supplementary results

The following pages show the supplementary Figs. B1 to B5 that clarify and/or confirm already shown results and conclusions.
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(a)  20170203   12:30 UTC (b)  20170203   13:30 UTC

(c)  20170203   14:30 UTC (d)  20170203   15:30 UTC

Figure B1. Vertical profiles of σcs from Eq. (6) and σvs from Eq. (11) with their CBHs (horizontal line) derived from the MOR definition

according to CS MOR and VS MOR in Sect. 4 for four timestamps on 03 February 2017. The vertical grey dotted line marks the extinction

coefficient of 3 · 10−3 m−1 that corresponds to the threshold value MORthr = 1000m. These supplementary results help to understand the

sometimes large differences in Fig. 5(a).
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Figure B2. Same as Fig. 3 but for 04 November 2018 at 09:30UTC.
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Figure B3. Same as Fig. 3 but for 04 November 2018 at 10:00UTC.
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Figure B4. Same as Fig. 3 but for 04 November 2018 at 11:00UTC.
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Figure B5. Same as Fig. 3 but for 04 November 2018 at 11:30UTC.
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