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Abstract. The potential of a new generation of ceilome- 1 Introduction

ter instruments for aerosol monitoring has been studied in

the Ceilometer Lidar Comparison (CLIC) study. The used The German Meteorological Service (DWD) is presently set-
ceilometer was developed by Jenoptik, Germany, and is deting up a ceilometer network. About two-thirds of 60 planned
signed to find both thin cirrus clouds at tropopause level andnstruments are already in operation. The network uses the
aerosol layers at close ranges during day and night-timeJenoptik ceilometer of type CHM15k. This ceilometer has
The comparison study was performed to determine up tcd narrow line width laser and an avalanche photodiode for
which altitude the ceilometers are capable to deliver particlethe signal detection in photon counting mode. Due to these
backscatter coefficient profiles. For this, the derived ceilome-specifications these ceilometers have the potential to explore
ter profiles are compared to simultaneously measured lidathe vertical aerosol distribution. The primary intention of the
profiles at the same wavelength. The lidar used for the comnetwork was operational synoptic cloud base observations.
parison was the multi-wavelengths Raman lidar PdilyTo Besides cloud base range finding aerosol measurements by
demonstrate the capabilities and limits of ceilometers for theceilometers have been studied before, mainly using instru-
derivation of particle backscatter coefficient profiles from ments from Vaiala (e.g.,Sundstém et al, 200G McKendry
their measurements two examples of the comparison resultt al., 2009. These ceilometers use a comparatively broad
are shown. Two cases, a daytime case with high backgrountine width laser which complicates the daylight background
noise and a less noisy night-time case, are chosen. In botBuppressionMarkowicz et al.(2007) found that the Vaiala
cases the ceilometer profiles compare well with the lidarCT25K aerosol profiling is mostly limited to the boundary
profiles in atmospheric structures like aerosol layers or thdayer, but it is capable of detecting particles in the lower at-
boundary layer top height. However, the determination ofmosphere such as mineral dust between 1 and 3 km. A study
the correct magnitude of the particle backscatter coefficienby Martucci et al. (2010 is comparing Vaiala CL31 and
needs a calibration of the ceilometer data with an indepenthe Jenoptik CHM15k cloud base height detection. In this
dent measurement of the aerosol optical depth by a sun phatudy they notice that the CHM15k return shows a higher
tometer. To characterizes the ceilometers signal performancgensitivity to the aerosol measurements (i.e., more features
with increasing altitude a comprehensive signal-to-noise raare detected below the cloud base). Another study on the re-
tio study was performed. During daytime the signal-to-noisetrieval of the boundary layer aerosol by the Jenoptik ceilome-
ratio is higher than 1 up to 4-5km depending on the aerosoter was presented bgtachlewska and Markowic£2010.
content. In our night-time case the SNR is higher than 1 evertiere, a self-calibrating method using the instrumental con-
up to 8.5km, so that also aerosol layers in the upper tropostant is presented that allows an independent calibration of

sphere had been detected by the ceilometer. the obtained backscatter coefficient profile.
In our study we want to investigate the ability of the

Jenoptik ceilometer to quantitatively determine the vertical
aerosol profile. In the frame of the ceilometer lidar com-

Correspondence td3. Heese parison (CLIC) study the retrieval of the particle backscatter
BY (birgit.neese@tropos.de) coefficient profile from the ceilometer data was investigated
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and compared to aerosol profiles independently assessel Instruments
from other instruments. One of the DWD ceilometers is
located at the regional DWD weather center in Leipzig- PollyXT is a fully automatic multi-wavelengths Raman li-
Holzhausen which lies at about 2 km distance from the Leib-dar using a frequency doubled and tripled Nd:YAG laser.
niz Institute for Tropospheric Research (IfT). As will be It detects the signals at the three elastically backscattered
shown by the compared profiles, the horizontal variability wavelengths at 355 nm, 532 nm, and 1064 nm, at two Raman
of the aerosol is small enough to allow a representative comshifted wavelengths at 387 nm and 607 nm, and one depolar-
parison. For the study daily ceilometer data from Januaryization signal at 355 nm. The detection mode for all channels
to June 2009 were available from the instrument placed in's photon counting plus one fast analog channel at 532 nm.
Leipzig-Holzhausen. The number of comparison cases wadVith this configuration, PolfT is a mobile, state-of-the-art
generally limited since cloud free conditions and simultane-3 backscatter + 2 extinction + 1 depolarization lidar. Simul-
ously measured profiles from one of IfTs multi-wavelengths taneously to the emitted light at 355 nm and 532 nm wave-
aerosol lidars, the portable Raman lidar system Pdliyere lengths Polly*T emits pulses at 1064 nm wavelength with
needed. The normal measurement schedule of the lidar i$80 mJ at a repetition rate of 20 Hz. This results in a laser
daily two times three hours: from midnight to 03:00 UTC and power of 3.6 W at 1064 nm. The primary mirror of the New-
from noon to 15:00 UTC. Clear sky conditions that lasted for tonian telescope in the receiver has a diameter of 300 mm.
some hours were indeed not numerous during the lidar obThe vertical resolution of the data acquisition is 30 m and the
servation times and thus in total 10 cases were chosen fotlata are typically stored with a temporal resolution of 30s.
the study. An example of a daytime measurement from these The Jenoptik CHM15k(-X) is a one-wavelength near-
comparisons will be shown. infrared laser ceilometer. Its optical design is based on sepa-
Another opportunity for the ceilometer lidar comparison rated lens telescopes of 100 mm diameter for the transmit-
occurred in May 2009 when the European Aerosol Researcler and receiver. A microchip Nd:YAG laser with a cen-
Lidar Network (EARLINET) Reference Lidar Intercompari- tral wavelength of 1064.10 nm and a line width of 0.38 nm
son campaign 2009 (EARLI 09F(eudenthaler et al2010 serves as the light source. The narrow line width and sta-
took place in Leipzig, Germany. The goal of this campaignble wavelength of the solid state laser facilitate an excel-
was to assure the quality of the lidar measurements of fivdent background light suppression. The pulse energy of the
EARLINET reference systems. In the frame of this inter- laser is 8.4 pJ at 5—7 kHz resulting in a laser power of about
comparison campaign several commercially available lidars50 mW. The avalanche photo diode (APD) is used in photon
and ceilometers were placed aside the EARLINET lidars tocounting mode and the signal in detected with a resolution
study their ability to determine aerosol profiles. Among themof 15m. Within the DWD network the data are stored with
was a Jenoptik ceilometer of type CHM15k-X. This is an a temporal resolution of 15s or 30s. The instrument type
improved instrument type allowing measurements closer toaCHM15k (CHM) is the standard instrument with a complete
the ground. The specifications of the two ceilometer typesoverlap at about 1500 m and a measurement range of 15 km.
are given in Sec2. These measurements were used for theA new version of the instrument, the CHM15k-X (CHX)
CLIC study as well. The lidar used for the comparison washas a 4-times wider field-of-view and improved optics facil-
again IfTs’ lidar PollyT (Althausen et al. 2009. Three itating a complete overlap at 150 m. Further details on the
weeks of data were available, but again, due to the weathedenoptik ceilometers are described Bigntje et al. (2010
conditions the number of useful measurement days was limandFrey et al.(2010.
ited. The best day for the comparison was 25 May 2009. On In terms of expected signal-to-noise performance of the
this day three time periods from the ceilometer and lidar meaceilometer the lower laser power, the smaller receiving op-
surements were compared and the example of the night-timécs, and the higher noise of the APD detection compared to
measurement will be shown in this paper. that of the lidars photomultiplier must be taken into account.
In this contribution, we present the results from the Thus, the signals received by the ceilometer are noisier than
ceilometer lidar comparison study including a comprehen-those of the lidar and the altitude range up to which aerosol
sive signal-to-noise ratio analysis. The latter allows the charcan be detected is limited.
acterization of the signal performance of the ceilometer and
thus determines how accurate aerosol layers can be detected
by the Jenoptik CHM15k(-X) ceilometers. In the follow- 3 Data evaluation
ing section the instruments and their characteristics are pre-
sented. Thereafter the data retrieval methods are explainetihe temporal development of the range corrected ceilome-
and the results from the CLIC study are shown and discusseder signal is revealing the aerosol structures in a time-height
section. Figl shows an example of a CHX measurement on
25 May 2009. On this day the ceilometer data were stored
every 30s. This results in 2880 data profiles per day and al-
lows to plot the range corrected signal in a proper temporal
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Range-corrected signal@l064nm, CHM15k-X, IfT, Leipzig, Germany
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Fig. 1. Temporal development of the range corrected signal of the ceilometer Jenoptik CHM15k-X on 25 May 2009 from 12:00-23:59 UTC.
The data have a temporal resolution of 30s and a vertical resolution of 15m. Above the boundary layer (top 120ghn) a lofted
Saharan dust layer is visible.

resolution. Together with the vertical resolution of 15 m quite different reference heights differs significantly. Therefore,

detailed aerosol structures can be resolved in almost the erthe correct magnitude of the particle backscatter coefficient
tire lower troposphere down to a height of at least 150 mprofile can only be determined by a calibration with an inde-

above the ground. pendent measurement of the AOD.

To retrieve vertical aerosol profiles the data from the The AOD is measured by the Aerosol Robotic Net-
ceilometers and the lidars elastic channel at 1064 nm are arwork (AERONET) sun photometer at IfT. This sun photome-
alyzed using the Fernald-Klett methdebfnald 1984 Klett, ter measures the radiance in eight channels ranging from
1981). With this method the particle backscatter coefficient 340 nm to 1640 nm. For the comparison with the lidar and the
is derived applying a backward iteration starting at a cho-ceilometer observations AERONET level 2.0 data of the pho-
sen reference height. The method requires independent itemeter channels were interpolated and the value at 1064 nm
formation on the lidar ratio and on the reference value of thewas used. During night-time no AOD measurements from a
particle backscatter coefficient. During night-time the lidar sun photometer are available. In this case the measurements
data can be evaluated by the Raman methanann et al. from the evening before or the morning after have to be used
1992 using also the signal from the Nitrogen Raman chan-and extrapolated to the ceilometer measurement time. If both
nel at the 607 nm. In contrast to the Fernald-Klett methodmeasurements are available, the AOD can also be interpo-
here the extinction coefficient profile results directly from lated to achieve a reasonable value during night-time. The
the measured Raman signal - without any prior assumptionsAOD from the ceilometer and lidar data are derived by inte-
The retrieval of the particle backscatter coefficient profile, grating their extinction coefficient profiles. These extinction
again, requires a reference value. Due to the wavelengtliprofiles are calculated from the respective particle backscat-
dependence of the molecular scattering, the scattering effiter coefficient profiles using the assumed lidar ratios that are
ciency for atmospheric particles at 1064 nm is much lowervalid for the respective aerosol layers. For simplification, in
than that for the other lidar wavelengths. Therefore, the cali-this study a constant lidar ratio of 55 sr is assumed for both
bration of the raw data profile by a reference value chosen athe lidar and the ceilometer that is valid for continental urban
an altitude where no particles but only molecules contributeaerosol Mattis et al., 2004, for Saharan dustuller et al.,
to the measured signal is more difficult in the infrared spec-2007), and for volcanic ash plumes over Europ@émann et
trum. In case of ceilometer measurements the low signal andl., 2010. The choice of a valid lidar ratio will always be a
high noise level (see Sect. 5) above 5km makes this caliproblem for the ceilometer aerosol retrieval since a measure-
bration difficult. An example of different reference height ment with only one backscattered wavelength does not allow
choices and the resulting particle backscatter coefficient profor aerosol typing. But for the presented comparisons one
file and aerosol optical depth (AOD) value is shown in 2ig.  should also keep in mind that the deviations of the real lidar
In this example the AOD calculated from the profiles using ratio from the assumed one are not relevant since both data
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01-05-2009, 12:00 - 15:00 UTC 4 Ceilometer lidar comparison

_ Two representative cases of the CLIC study are shown and

------- CHM Ref. = 6.8 km . : : S ; ;

CHMRef. =6.0km | discussed in this paper. The first case is a daytime measure-
Polly”" ment from the DWD ceilometer network that shows that the
] background light leads to much noisier signals and reduces
. the maximum height for the retrieval of the particle backscat-
ter coefficient profile. The other case is a night-time mea-
surement during EARLI 09 with lower background noise-
level which allows to identify the aerosol structures easier
than during daytime.

10 —
AOD CHM Ref 6.0.= 0.180

AOD CHM Ref 6.8 =0.110 1
AOD Polly " =0.168 |

4.1 Daytime case

Height / km

N Figure2 shows an example of daytime profiles measured on
5 . 1 May 2009 from 12:00-15:00 UTC. The three-hour mean
T = particle backscatter coefficient profile shown in red was de-
{ rived from the measurement of the CHM type ceilometer
placed at the DWD regional center. In blue the correspond-
1 ing particle backscatter profile from Poff} at the 1064 nm
— channel (Fernald-Klett solution) is plotted. The overall com-
0.0 05 1.0 15 2.0 parison of both profiles shows good agreement in the ob-
BSC/Mm™sr™ served aerosol structures and a noisier profile of the ceilome-
ter measurements at higher altitudes. Both instruments ob-

Fig. 2. Daytime particle backscatter coefficient profiles derived served the boundary layer top at about 1km height and a
from the CHM ceilometer data from DWD in Holzhausen (in red) Pronounced aerosol layer above the boundary layer reach-
and lidar data (in blue). The mean AOD measurement from theiNg Up to about 4.5km. Above this height the noise in the
AERONET sun photometer (level 2.0 data) for this time period ceilometer signal is increasing with altitude. In contrast, the
interpolated to 1064 nm is 0.140. Different results for particle less noisy lidar profile is still resolving a weak aerosol layer
backscatter coefficient profiles are obtained from the ceilometerat the height range from 8 to 12 km. The particles observed
data when varying the reference height chosen in the retrieval. Foat those altitudes may origin either from long-range transport
instance choosing the reference height at 6.8 km results in the partigf gshes from volcano eruptions earlier that year in Alaska or
cle backscatter coeffic?ent.profile in dashed purple and a calculateqinay be Saharan dust particles as well. FLEXPASToh|
AOD of the 0.110, which is too low. The reference value for the 1 g9g caiculations (not shown) at these heights indeed indi-
backscatter coefficient is 182Mm~1sr1 in both cases. i .

cate a contribution of volcanic ashes from the Alaskan vol-

cano outbreaks during winter and spring 2009. The presence

sets are treated equally. To calculate the resulting AOD fronPf Saharan dust is less likely since neither the FLEXPART
the lidars and ceilometers extinction profiles in the overlapcalculations nor the DREAM dust forecastenw.bsc.e}pin-
affected ranges, the extinction values at the height range witiflicate any dust over Leipzig.
incomplete overlap below 1 km were extrapolated and setto T0 quantify the differences in the profiles, the AOD was
the extinction value at 1km height. The extrapolation in- calculated from the derived extinction profiles as described in
vokes indeed a certain error which can be estimated to abougect3. On 1 May 2009 the AOD derived from the ceilometer
20% in the cases with a high aerosol layer top of about 4-profile is 0.180 and the one from the lidar profile was calcu-
5km height, as presented in this paper. In other cases whelated to 0.168. The independent measurement of the AOD by
the boundary layer top is lower or even inside the overlap!fTs sun photometer interpolated to 1064 nm over the same
region the error is increasing proportionally. time period yields a value of 0.140. These are differences
The vertical smoothing of all lidar and ceilometer profiles in the order of 20%. They can be explained by a slightly
was done by a sliding polynomial filter which preserves theWrong lidar ratio, by the distance between the measurement
characteristic structure of the profiles. The same averagingites, as well as by the extrapolation of the extinction profile
length of 330 m was chosen for both instruments. to the ground with a constant value. Differences in this range
can be expected considering the different measurement sites.
However, the shape of the particle backscatter profiles from
both instruments compare quite well.

~~~~~
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25-05-2009, 21:00 - 23:00 UTC value for all signals at the three lidar wavelengths inside the
L Y L L cloud. Below the cloud the backscatter coefficient profile
- —— CHXIfT . at each wavelength is again different from the others. This
Polly’” approach is a further proof for the correctness of the lidars
Polly*’ Raman backscatter coefficient calculated at 1064 nm. In the case
of the night-time measurement on 25 May 2009 the refer-
ence value was 8 Mt sr—1 (not shown) inside the cloud at
the reference height of 12km. For the data retrieval of the
Polly*Ts signals this adjustment was done for both the par-
ticle backscatter coefficient profiles from the elastic wave-
length and the Raman particle backscatter coefficient profile.
_ Regarding the aerosol structures in the profiles measured
by both the ceilometer and the lidar the boundary layer top
is detected at almost 2km height. Another aerosol layer
N above the boundary layer is detected up to 6.5 km height. On
- this day a Saharan dust outbreak was observed over Europe.
This was indicated by the corresponding DREAM forecasts
(www.bsc.es The dust layer was present over Leipzig dur-
ing the whole night and its structure is well resolved by both
. the lidar and the ceilometer profiles. However, the particle
H L backscatter coefficient profile calculated from the ceilometer
0.0 0.2 0.4 0.6 0.8 is a bit lower than the lidar profiles, especially between 2 km
4 and 4 km height. This results in a slightly lower calculated
BSC/Mm “sr AOD of the ceilometer of 0.101. The AOD calculated from
the elastic lidar profile is 0.108 and compares very well to the
ceilometer data at IfT (in red), lidar data (in blue), and Raman Iidarvalues of 0.109 calculated frqm the Ra}man profile. The dif-
data (in green). The AOD measured by the AERONET sun pho_fer_ences gompared_to the C(_éllometers AOD r_esul’_[ from the
tometer during the last sun hour in the evening is 0.117. The AODnO_ISIer Ce'lometer signal W,h'Ch makes the calibration of the
ceilometer signal more difficult. However, the shape of the
profiles is clearly in good agreement. The AOD measured by
the sun photometer during the last hour before sunset when
no cirrus was present was 0.115. These are small differences
4.2 Night-time case that definitely remain inside the measurement errors. An-
other example of a night-time case is discusseéléantje et
Figure 3 shows a night-time measurement taken duringal. (2010. Note also, that the increase of noise with altitude
EARLI 09 on 25 May 2009 from 21:00-23:00 UTC. During in the ceilometer particle backscatter coefficient profile ap-
night-time also the Raman channels of P8llycan be used. pears to be less during night-time compared to the daytime
The particle backscatter coefficient profile at 1064 nm wasparticle backscatter coefficient profile. A more detailed anal-
calculated from the ratio of the signals measured at 1064 nnysis of the signal noise follows in the next section.
and the ones measured at the 607 nm Raman channel. The re-
sulting backscatter coefficient profile is shown in green and ] ] ]
compares very well with Pollff s elastic backscatter coef- © Signal-to-noise ratio
frf;?; d?rcfprllz 2;;2563()?:;ndge;\;?Scésglscgsagz:n;gﬁ:;Ie(;[te!:‘?r the characterization of the ceilom(_eters ability to detgr-
rived from the ceilometer data is shown in red. To verify the mine aerospl layers at_ the d!fferent altitude levels quantita-
correctness of the absolute values of the particle backsca ively, the signal-to-noise ratio (SNR) has to be calculated.

ter coefficients at all three profiles the occurrence of a cirrust. he fS.’NR Of_ a I|d_ar olr tcetlLometer s?nfa_l 'f def'.nEd as the ra-
cloud between 11 and 13 km can be used. io of incoming signal to the amount of interfering noise.

Inside the cirrus cloud the backscatter coefficient is inde- The total detected signét,: consists of the backscattered

pendent of the wavelength of the measured signal. Therefore‘cjIgnal Psig plus the background signb:

at these heights the backscattered signal at 1064 nm must = Psig + Ppg Q)
have the same value as at the two other lidar wavelengths

of 532 nm and 355 nm (not shown). With this knowledge the and
reference value can be set to a common value for the three |iPsig = Piot — Pog- 2)
dar channels so that the backscatter coefficient has the same

10 -

AOD Ceilometer = 0.101
AOD-Polly *=0:108 1
AOD F’ollyXT Raman = 0.109 J

Height / km

Fig. 3. Particle backscatter coefficient profiles derived from CHX

from the lidar and ceilometer profiles is calculated up to 10 km.
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01-05-2009 14:30-15:00 UTC 25.05.2009 21:00-21:30 UTC
15 T T T T T T T T T 15 — T T T T T T T T
r — CHM Holzhausen 1 r § (3 CHX IfT |
| Polly™" _ L Polly ™
10 10 |
= - < -
(@] o
© r (0] L
T T
5 5L ml
0 (') : ; : :1 : é : ;3 : 0 ol + v
0 2 4 6 8 10
SNR SNR

E'& 4. 280’\(1)3 gf 3_0 m(;n T_ean CHM ceilometer and lidar signals on Fig. 5. SNR of 30 min mean CHX ceilometer and lidar signals on
ay uring daytime. 25 May 2009 during night-time.

The background.5|gnd{’bg IS calculgted starting fm”.‘ the top of the main aerosol layer is reached. Above the aerosol
uppermost rangebin down to a height where the lidar or : : .
! . o - layers the SNR is decreasing rapidly below 1. For compar-
ceilometer signabPsg is still assumed to be negligible. The . . .
: : ) ; . .~ ison, the SNR for the Poll§} signal is shown, too. Due to
lidar or ceilometer signaPsjg is then obtained by subtracting : . o .
the higher laser power and receiver efficiency it decreases

th?rgzﬁkgéo;Sg ergrgfll f:g”;g%;?f?;ﬁ??‘fﬁe calculation of below 1 above 12 km height. This means also that — in con-
9 propag trast to the ceilometer — Polfy is able to measure the weak

the signal noise Psig into account, we get: backscatter signal at 1064 nm from atmospheric molecules.
During daytime the ceilometer signal is too noisy and is only
A Psg = /A PS + A P, 3 , ,
s19 tot bg ®) capable to measure the signal backscattered from particles.
Since the detection mode of both the ceilometer and the li- During night-time the altitude where the SNR of the
dar is photon counting their signal noise follows the Poissonceilometer signal is decreasing below 1 is depending on the

statistics. The error of a counting rate is equal to its squareaerosol load and is mostly around 5km. In cases of high
root and is essentially shot-noise. Hence, with Eq. (3) it fol- aerosol load in mid altitudes — as during a Saharan dust event

lows: over Europe — the SNR can also be above 1 at higher al-
titudes. The example of the night-time measurement from
A Psig = / Prot + Pog = v Psig + 2 Pog. (4) EARLI 09 is shown in Fig5. Here, the SNR is greater than 2

up to 6.5 km, which is the dust layer top. Above this height
the SNR decreases slowly and stays above 1 up 8.5km, even
Psig for a 30 min mean profile. In the range of the cirrus cloud
JM' where the signal gets rapidly higher the SNR is increasing
. above 1. The signals from Polfj are above 1 up to the
In the following the SNR. of the presepted measurementS;;i ;s cloud and stay around 1 even above. Thus, although
are discussed. A _SNR higher than 1 is c_hose.n hgre S fhe first impression from the particle backscatter coefficient
thresholq for' the signal to'be a_nalyzable since in this Cas‘?)rofiles during night-time (Fig3) implied a better SNR at
the contribution from the signal is higher than the one from higher altitudes, the SNR calculation shows the limits for the

the noise. . . . . Quantitative aerosol data evaluation from the ceilometer sig-
During daytime (Fig.4) the SNR of the ceilometer is nals

higher than 1 up to about 4 km height. At this height, the

Finally, the SNR can be expressed as:

SNR = (5)
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