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Abstract. Obtaining profiles of attenuated backscatter coefficient from the signal-to-noise ratio measured by a pulsed coher-
ent Doppler lidar requires knowledge of the instrument telescope focus function, which is often unknown. Here, we present
a methodology for deriving the telescope focus function from horizontally-pointing pulsed coherent Doppler lidar measure-
ments without the use of an external reference. The method relies on the assumption that the horizontal profile of attenuated
backscatter coefficient is close to homogeneous, which is tested for using a convolution filter. The methodology was applied to
measurements from eight co-located Doppler lidars and the results compared to a methodology for deriving the telescope focus
function using vertically-pointing Doppler lidar measurements using an elastic backscatter lidar as reference. The telescope
focus functions obtained with the two methodologies show good agreement even for measurement periods as short as two

days.

1 Introduction

Pulsed coherent Doppler lidars simultaneously measure the radial Doppler velocity and the signal-to-noise ratio (SNR) of
the backscattered signal. For Doppler lidars with scanning ability, the vertical and horizontal wind vector components can be
derived from the radial Doppler velocities through the application of appropriate trigonometric functions if the wind field can
be considered to be homogeneous (Browning and Wexler, 1968; Lane et al., 2013; Paschke et al., 2015; Mariani et al., 2020).
However, to retrieve the profile of the attenuated backscatter coefficient, §’, from the profile of SNR requires knowledge of the
telescope focus function (7}) for the Doppler lidar, which varies non-linearly with the measurement range. If 7% is known or
can be calculated (Chouza et al., 2015; Pentikiinen et al., 2020), then the profile of 5 can be derived making it possible to use
the Doppler lidar as an elastic backscatter lidar. This can lead to cost reductions for measurement campaigns that require both
wind and attenuated backscatter coefficient profiles, or enable a Doppler lidar to be used as a backup instrument for an elastic
backscatter lidar. However, for most scanning Doppler lidars, Tt is unknown or deviates significantly from what is assumed,
which prevents the accurate calculation of the profile of 3.

Attenuated backscatter observations from elastic backscatter lidars are used for assessing air quality (Diémoz et al., 2019),

detecting cloud base heights (Platt et al., 1994), retrieving the atmospheric boundary layer height (Dang et al., 2019; Kotthaus
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et al., 2023), and used for validating chemical transport models by using attenuated backscatter forward modelling (Geisinger
et al., 2017). There is also potential for assimilating attenuated backscatter into the numerical weather prediction models
(Warren et al., 2022). Petters et al. (2024) used the fluctuations in Doppler lidar vertical velocities and attenuated backscatter
coefficient to derive aerosol fluxes for particles larger than 0.53 um. The attenuated backscatter coefficients were calculated
using a factory calibration (Newsom and Krishnamurthy, 2022), which however does not correspond the actual T¢. They
limited the flux calculations to only one height, which still permitted a consistent estimate of the aerosol fluxes. However, the
obtained empirical correlations between backscatter and aerosol number concentration are not applicable to other heights or
other Doppler lidar units.

The attenuated backscatter profile can also be used for detection of cloud phase by calculating the integrated lidar ratio from
fully attenuating cloud layers. Liquid cloud layers have a specific integrated lidar ratio at certain wavelengths, which can also
be used for calibrating ceilometers (O’Connor et al., 2004; Hopkin et al., 2019). Although there is limited information on the
lidar ratios for clouds at wavelengths above 1 um (Petters et al., 2024), lidar ratio values for liquid clouds at 1.53um have
been calculated and observed (Westbrook et al., 2010) and so obtaining the cloud phase should be possible from 7} corrected
coherent Doppler lidars. This could have great potential for the wind energy sector where Doppler lidars are already commonly
used for wind resource assessments (Liu et al., 2019). Considering the significance of icing on wind turbine’s energy production
(Bredesen et al., 2017) and safety (Krenn et al., 2022) in cold climates, site specific validation of icing models (Hamaildinen
et al., 2020) with a Doppler lidar during wind resource assessment measurements could have significant financial benefits.

In this paper we present a method for deriving the 7 for pulsed coherent Doppler lidars which requires no additional
devices as reference. The method is based on using horizontally pointing Doppler lidar measurements for which the along beam
backscatter profile is often approximately homogeneous. The method is tested with 8 co-located pulsed coherent Doppler lidars
and compared to another 7} retrieval method based on using a co-located ceilometer as a reference instrument (Pentikdinen
et al., 2020).The measurement site and the used Doppler lidars and ceilometer elastic backscatter lidar are described in Section
2. Tt and the methodologies for deriving it are presented in Section 3. The obtained 7} and associated uncertainties for the 8
Doppler lidars and the comparison of the two methods for deriving 7t are shown in Section 4. Conclusions are given in Section
5.

2 Data
2.1 Site

The data used for this study was gathered during the FESSTVaL (Field Experiment on submesoscale spatio-temporal variability
in Lindenberg) campaign (FESSTVaL team, 2023), in Lindenberg, Germany. The campaign took place during the summer
months of 2021, with the data used here being collected during 19th to 25th July. During this time period 8 closely located
Doppler lidars measured simultaneously in the vertical and at 5° elevation angle (85° zenith) at Falkenberg, about 5 km from

Lindenberg . Measurements from a collocated CHM 15k ceilometer are also available.
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Figure 1. Eight Doppler lidars and a ceilometer operating in the same location at Falkenberg, Germany, during the FESSTVAI Campaign.

Photo courtesy of Ronny Leinweber.

All of the instruments were located at 52.167°N, 14.123°E. The surroundings consist mainly of flat fields with some inter-

spersed trees. Figure 1 shows how the instruments were deployed.
2.2 Doppler lidar

The 8 Doppler lidars in the FESSTVaL campaign comprise both Halo Photonics Streamline, and Streamline XR versions.
These are commercially available heterodyne pulsed systems capable of full-hemispheric scanning and operated at a temporal
resolution of 1-2 s (see Table 1). The focus for the Streamline version can be set by the operator, whereas for the Streamline

XR the focus is set by the manufacturer.
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Table 1. Halo Photonics Streamline and Streamline XR heterodyne Doppler lidar specifications.

Wavelength 1.5 pm
Pulse repetition rate 10 or 15 kHz
Nyquist velocity 19.8ms™!
Sampling frequency 50 MHz
Points per range gate 10/ 16
Range resolution 30m/48 m
Pulse duration (Streamline systems) 166 — 214 ns

Pulse duration (Streamline XR systems) 330 —414 ns
Divergence 33 urad

Antenna monostatic optic-fibre coupled

2.3 Ceilometer

The CHM15k Nimbus ceilometer is a single channel elastic backscatter lidar operating at a wavelength of 1064 nm and
manufactured by Lufft Mess- und Regeltechnik GmbH. It has a biaxial system with the Nd:YAG transmitter having a pulse
repetition rate of 5-7 kHz and an avalanche photodiode operating in photon counting mode (Wiegner and Geif3, 2012; Madonna
et al., 2015). Full overlap between transmitter and the telescope is achieved at about 800 m in range (Hervo et al., 2016), and

the instrument was operated during this campaign with a time resolution of 15 seconds and a range resolution of 15 mup to 15

km.

3 Methodology
3.1 Telescope focus function

The coherent Doppler lidar equation is given by (Frehlich and Kavaya, 1991)

_ nelE Al(R)
" 2B  R2?

SNR(R) B(R), (1

where /3’ is the attenuated backscatter coefficient, 7 is the detector quantum efficiency, c is the speed of light, F is the beam
energy, h is Planck’s constant, v is the optical frequency, A.(R) is the 1/¢? effective receiver area and R is range, and B is the

receiver bandwidth.



80

85

90

95

100

105

https://doi.org/10.5194/egusphere-2026-1140
Preprint. Discussion started: 5 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

For a monostatic system emitting a circular Gaussian beam, using a circular aperture, and having matched filters, the effective

receiver area is given by (Frehlich and Kavaya, 1991; Henderson et al., 2005)

nD?
(e (-9 (3))

where D is the 1/ e? effective diameter of a Gaussian beam, ) is the laser wavelength, f is the effective focal length of the

Ac(R) = )

telescope for the transmitter and receiver, and pg is a turbulence parameter, also termed transverse field coherence length.

The range dependent terms in Eq. (1) can be written as an unitless telescope focus function

Ac(R)
= =2

3)

where T is the telescope focus function. If T} is known, profiles of 3’ can be calculated from the SNR using 1.

Pentikiinen et al. (2020) showed that the influence of refractive turbulence is small and py — co can be assumed when
2
operating the Doppler lidar pointing vertically. Hence, the term (%) in Eq. 2 can be neglected, which allows for the

derivation of 7T} (see Section 3.2).

When operating a coherent lidar horizontally, the impact of refractive turbulence is much more significant. Estimating pg
simultaneously with f and D may be possible by assuming pg is homogeneous along the lidar beam path, but the introduction
of a third variable into the estimation procedure increases the calculation time significantly. The validity of assuming pg as
homogeneous is also questionable close to the surface, where local variations in the surface properties can produce significant
variations along the beam path. Alternatively, the data used for the estimation f and D can be limited to moments of time when
po — o< is a reasonable assumption. This can be achieved with a threshold value for a maximum allowed deviation between
the corrected measurement profile and the reference profile in the 7% fitting procedure. Deriving po from measurements of

refractive index by scintillometry or model data may also be a viable option.
3.2 Vertical method

The methodology for deriving T7(R) using a collocated ceilometer is described in Pentikéinen et al. (2020). The methodology
consists of two main steps, filtering and iterative fitting procedure. The filtering step ensures that the data from the Doppler
lidar and ceilometer are comparable to each other and that each profile consists of a sufficient amount of usable data points.
The data from both the Doppler lidar and the ceilometer is normalized prior to the comparison, and hence the differences in
the absolute values between the two instruments pose no issue, it is important that there remains a linear relationship between
the values in both measurements. This condition is crucial due to the typically different wavelengths used by Doppler lidars
and ceilometers, which respond differently to changes in the aerosol composition and hydrometeors. Additionally, parts of
the ceilometer profile that are affected by the overlap function and not properly corrected for have to be discarded. Here, the
ceilometer data was corrected for the overlap function, and data above 330 m agl. was considered to be usable, with heights

below this being discarded.
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The fitting procedure consists of iteratively applying different T;(R) from a preselected parameter space of f and D, and
calculating the mean square errors (MSE) between the generated Doppler lidar profiles and the ceilometer attenuated backscat-
ter profiles. The parameters producing the smallest MSE are then chosen as the best estimate for that profile. Repeating this
procedure for a large number of profiles produces a two dimensional Gaussian distribution for D and f~2, from which T;(R)
and its uncertainty can be estimated.

Due to having only a couple days of data where all eight Doppler lidars were measuring in vertical staring mode simul-
taneously, the temporal averaging period of the data was reduced to 1 minute from the 30 minute averaging period used by

Pentikiinen et al. (2020) to increase the amount of data points in the (f~2, D) distribution.
3.3 Horizontal method

Derivation of T¢(R) from horizontal measurements bypasses the need of a reference elastic backscatter lidar by assuming that
the aerosol composition in the boundary layer is close to homogeneous for a significant portion of the time. During these time
periods backscatter is nearly constant along the lidar beam, resulting in SNR taking the shape of T3(R) with minor variations
due to the instrument sensitivity, refractive turbulence, and attenuation.

For an accurate estimate of T¢(R), it is important that the assumption of near horizontal homogeneity of 8’ is valid. Data
deviating significantly from this assumption are filtered out using a convolution filter, where large step changes in the SNR
profile are detected with a convolution using a four range gate long Haar-wavelet. The Haar-wavelet was chosen due to its
robustness in detecting step changes in the analysed signal. The shape of T;(R), which is should remain in the data after
filtering, changes smoothly, while aerosol plumes, that break the assumption of homogeneity and should be removed, can
create strong step changes.

The filtering is based on a threshold for the result of the convolution. Sensitivity tests were performed for the decision of the
threshold to allow for the variation in the 7t (R) and some additional normally distributed variance in noise and ’. Reasonable
Tt (R) can triple with a distance of 100 m, and considering the SNR values observed in the used measurement period a threshold
on of + 0.5 was chosen. This corresponds to a 0.375 linear change in SNR over a length of the wavelet. All data beyond the
first instance where the threshold is exceeded are removed. The simple threshold method presented here can be used for short
measurement periods of a few days when there is not much variation in the overall SNR levels. Given a longer measurement
period with more variation in the SNR, a proportional threshold would be more appropriate.

The convolution filter ensures that if step changes in aerosol properties exist along the profile, all data beyond the point where
the first change occurs are discarded. All data beyond the first range gate influenced significantly by noise are also removed at
the same time. After this filtering, profiles with eight or more range gates of data remaining are used for fitting of the T¢(R)
parameters.

The fitting procedure for the T;(R) parameters is similar to the vertical method, except that the normalised profiles are
compared to unity instead of the normalised attenuated backscatter profile from an elastic backscatter lidar.

Two estimates for T¢(R) were produced from the near horizontal staring mode; with and without filtering based on the MSE

calculated during the fitting procedure. The MSE filtering removes estimates with too high uncertainty from the (f~2,D)
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distribution, and is especially important for the horizontal measurements due to the possible impact of py. Section 4.3 shows

2
that higher values of <%) are likely linked with higher MSE in the fitting procedure. As the fitting procedure assumes no

2
refractive turbulence, the estimates from moments of time with high (%) are likely to distort the results.

4 Results
4.1 Parameter estimates

Estimates of f and D for all 8 Doppler lidars with the vertical method, the horizontal method, and the horizontal method with
MSE filtering are given in Table 2. The corresponding 7} are visualised in Figure 2.

The different methods agree generally well. For Doppler lidars nrs. 74, 172, and 177 (all Streamline systems with the
capability of changing focus) the difference in D obtained with the vertical and horizontal methods is larger than the calculated
uncertainty (one standard deviation). This indicates that the length of the available data period may not be long enough for
accurate assessment of the uncertainty. However, the difference may also be explained by slight deviations in the telescope
geometry occurring during change of the elevation angle, which could result in the laser beam properties not matching the
assumptions in 2.

For most of the analysed Doppler lidars, the estimated values of D and f remain the same whether or not the MSE filter is
applied to the horizontal results. Large deviations are seen only with Doppler lidar nrs. 143 and 146, for which the MSE filter
removes significant proportion of the data. This indicates that either the sensitivity of Doppler lidar nrs. 143 and 146 vary from
the rest of the analysed Doppler lidars, or that they may have some issues in the telescope geometry.

For Doppler lidar nr. 143 the MSE filtered results matches better with the vertical method than the horizontal method without
the filter does. This may indicate that the data filtered out by the convolution would distort the results away from the true values
of D and f if it remained in the used data set.

For Doppler lidar nr. 146 the convolution filtering removes all but a few individual profiles of data, resulting in the final MSE
filtered estimate being made with only a small amount of data. This may explain the differences seen in the results between the
MSE filtered horizontal method and the other methods.

The uncertainty of each T estimate in the corrected 3’ profiles is given in Table 3. The uncertainty is given as the maximum
value for the whole profile. Note, that the uncertainty for most parts of the profile is lower than this, as is shown in Pentikdinen

et al. (2020). The uncertainties are estimated by re-sampling as described in Pentikiinen et al. (2020).
4.2 Comparison of derived attenuated backscatter profiles

Visualisations of the 3’ calculated with T} obtained from the vertical method and the MSE filtered horizontal method are
presented in Figure 3. The 5’ calculated with the T} assumed by operator of the device is shown if Figure 3a, the 5’ calculated
with the T} obtained with the vertical and the MSE filtered horizontal methods are shown respectively in Figures 3b and 3c,

and the 8’ from the collocated elastic backscatter lidar in Figure 3d. Significant differences are seen between the 8’ based on
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Table 2. Estimates of f and D for all lidar for vertical data, horizontal data and horizontal data with MSE filtered results.

Vertical Horizontal Horizontal MSE filtered

Doppler lidar nr. ~ f (m) D (mm) f (m) D (mm) f (m) D (mm)

44 425 + 109 133 £1.8 465+30 142+£04 465+28 142+04
74 415+ 18 200£0.7 415+16 220£1.1 415+6 220+04
78 1690 =600 22.54+0.7 1330+£709 225+1.0 1300+ 128 230+ 1.0
143 inf 153+ 1.0 inf 128 £24 inf 158 £0.8
146 485 + 34 165+ 13 490 +22 165+ 04 535+47 155+ 0.7
161 inf 16.0 = 1.1 inf 16.0£0.7 inf 16.0 £0.7
172 930 £384  21.8+1.0 920=£59 233+£0.7 920446 233+0.5
177 420 £ 21 215408 435+ 11 228 +£0.7 435+9 228 +£0.5

Table 3. Estimates of maximum 3’ uncertainty for each method and Doppler lidar.

Doppler lidar nr. ~ Vertical Horizontal = Horizontal MSE filtered

44 40 % 6 % 6 %
74 8 % 11 % 4 %
78 82 % 97 % 10 %
143 28 % 59 % 11 %
146 17 % 6 % 12 %
161 15 % 10 % 10 %
172 22 % 7 % 6 %
177 11 % 7 % 6 %

the assumed and derived 7t. The former shows a band of high values near the surface and a strong decrease with height, while
the latter matches very closely with the elastic backscatter lidar with a close to uniform backscatter throughout the boundary
layer. The 3’ using the vertical and the horizontal MSE filtered method match very well, indicating that even though there is
a 40 m difference in the derived f and 0.9 mm difference in the derived D, the impact of these variations on the 8’ profiles is
relatively small.

Figure 4 shows the median deviation between 3’ from the ceilometer and normalized 8’ from the Doppler lidar as a function
of range. The normalization of the Doppler lidar 8’ is done at the range between 345 m and 885 m. The data was averaged to 1
hour resolution before calculation of the deviation. The deviations are the smallest for the vertical T} estimates, as is expected

since they were obtained from the same data and by comparison to the same ceilometer. However, this does not indicate that



185

190

195

200

205

210

https://doi.org/10.5194/egusphere-2026-1140
Preprint. Discussion started: 5 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

the vertical 7Tt estimation method is the most accurate, as whether the difference can also be a result of artefacts arising from
the overlap correction of the ceilometer.

For most of lidars the deviation trends towards negative values beyond 1000 m, indicating that 3’ from the Doppler lidar is
larger than from the ceilometer. This may be caused by the Doppler lidar background noise being multiplied by the inverse of
T} during the correction process, which can result in artificially increased values beyond the apparent focus, especially if the
SNR is small in relation to the actual variation in the noise.

Additionally, Figure 4 shows that 8’ from Doppler lidar nr. 146 deviates significantly from the other Doppler lidars beyond

800 m. The reason for this behaviour is unclear.
4.3 Influence of attenuation and refractive turbulence

The influence of refractive turbulence on the deriving T¢(R) from vertically pointing data was evaluated in Pentikdinen et al.
(2020), and the effect was deemed small. For measurements in the horizontal, the influence of refractive turbulence is signif-
icantly higher and attenuation is also often larger than in the vertical. A four parameter fitting procedure was applied to the
FESSTVaL data to test whether attenuation and pg could be derived simultaneously with f and D. Both attenuation and pg
were assumed constant along the beam to simplify the fitting. However, the resulting estimates were not consistent between
different Doppler lidar units and the results are thus not considered reliable.

Despite not being able to quantify attenuation and py from the data, their influence on the fitting procedure can be still
inferred from fitting procedure of the estimating f and D. Figure 5 shows the MSE between SNR profiles corrected with the
best estimate 7t and unity as a function of time of day for all analysed Doppler lidars. The data has been averaged to 2 h
resolution.

For almost all Doppler lidar units a clear diurnal pattern is visible, with higher values during daytime than at night. This
coincides with the expected pattern of refractive turbulence in July and also the observed dissipation rate of TKE in the Doppler
lidar data. For measurements performed at another time of the year the diurnal pattern is likely to be different.

While attenuated backscatter is not directly comparable to attenuation, the diurnal pattern of attenuated backscatter in a
single range gate should give some indication of the how the attenuation of the signal should vary in the horizontal direction.
Based on all Doppler lidars, the attenuation should be the smallest around 12:00 UTC and largest between 4:00 and 6:00 UTC.
As the diurnal pattern deviates significantly from this assumption, it seems that the influence of refractive turbulence is more
significant on the quality of the 7} fitting. It must be noted that the time period studied here is short and limited to only one
location, so it is not possible to determine whether this conclusion is representative of general conditions. However, this seems
to indicate that highly turbulent periods are not suitable for the horizontal 7} estimation method, as the uncertainty from to
assuming pp — 00 may increase significantly.

Besides the diurnal patterns, Figure 5 shows that there are large differences in the general level of MSE for the fitting of 7.
We assume these differences are mainly caused by differences in the sensitivity between different instruments, degradation of

the instruments and non optimal alignment of the lasers.
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5 Conclusions

215 A method for deriving 7} for a coherent Doppler lidar from horizontal measurements is presented. The method is tested
with 8 Doppler lidars located in close proximity to each other and compared against 7; derived from vertical Doppler lidar
measurements with the aid of a co-located ceilometer.

Good agreement in the derived 7t from the horizontal and vertical measurements is seen even with short measurement
periods of just 2—-3 days. For 7 out of the 8 Doppler lidars, the difference in the derived f between the different methods is less

220 than 50 m. For D, the differences are less than 2 mm for all devices. When using the derived 7 to calibrate a Doppler lidar for
measuring 3’ operationally, longer measurement period is recommended to reduce the associated uncertainties.

Uncertainties for each derived T} are assessed and large variation between different Doppler lidars are seen. This is suspected
to be due to differences in the sensitivities of the instruments (Paschke and Detring, 2024) as well as the level of compliance
between the laser geometries of each instrument and the assumptions of the used coherent lidar equation. The horizontal

225 method with MSE filtering has the lowest uncertainties varying from 6 m to 128 m for f and from 0.4 mm to 1.0 mm for D,
resulting in 4 % and 12 % maximum uncertainty in the 7. For the horizontal method without the MSE filtering the maximum
T} uncertainties vary from 6 % to 97 %, and for the vertical method from 8 % to 82 %.

The horizontal method for deriving 7% is much more susceptible to refractive turbulence than the vertical method, due to
refractive turbulence decreasing often quite rapidly with height. The horizontal method requires filtering of periods with high

230 refractive turbulence, which was implemented by using a threshold value for MSE of the 7% fit on the measurement data.
This filtering removed mostly daytime data which matches the assumption of higher refractive turbulence during the daytime

convective boundary layer.

Data availability. The data from the eight Doppler lidars are available from the Finnish Meteorological Institute (https://doi.org/10.57707/fmi-
b2share.qssxd-qxt78, Leinweber and O’Connor, 2026).
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Figure 2. T’ for all Doppler lidars estimated with the vericatical, horizontal and horizontal MSE filtered methods.
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