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Abstract

The long-term observations of aerosol and clouds are of crucial importance to under-
stand the weather climate system. At the Istituto di Metodologie per l’Analisi Ambien-
tale of the Italian National Research Council (CNR-IMAA) an advanced atmospheric
observatory, named CIAO, is operative. CIAO (CNR-IMAA Atmospheric Observatory)5

main scientific objective is the long-term measurement for the climatology of aerosol
and cloud properties. Its equipment addresses the state-of-the-art for the ground-
based remote sensing of aerosol, water vapour and clouds including active and pas-
sive sensors, like lidars, ceilometers, radiometers, a radar. This paper describes the
CIAO infrastructure, its scientific activities as well as the observation strategy. The10

observation strategy is mainly organized in order to provide quality assured measure-
ments for satellite validation and model evaluation and to fully exploit the synergy and
integration of the active and passive sensors for the improvement of the atmospheric
profiling. Data quality is ensured both by the application of protocols and dedicated
quality assurance programmes mainly related to the projects and networks in which15

the infrastructure is involved. The paper also introduces examples of observations
performed at CIAO and of the synergies and integration algorithms (using Raman lidar
and microwave profiler data) developed and implemented at the observatory for the op-
timization and improvement of water vapour profiling. The CIAO database represents
an optimal basis to study the synergy between different sensors and to investigate20

aerosol-clouds interactions, and can give a significant contribution to the validation
programmes of the incoming new generation satellite missions.

5254

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 5253–5293, 2010

CIAO: the CNR-IMAA
advanced

observatory for
atmospheric research

F. Madonna et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

1 Introduction

Aerosol, water vapour and clouds as well as their reciprocal interactions play a crucial
role as drivers of weather and climate system. Difficulties over their representation
with sufficient accuracy within numerical models are responsible for most of the un-
certainty of future global change and, therefore, there is a strong need for evaluating5

model capabilities to reproduce the behaviour of these key atmospheric parameters.
The need for such observations has been also unambiguously asserted in the latest
IPCC Fourth Assessment Report (IPCC, 2007), where it is remarked on as the primary
importance of the knowledge of both the vertical dimension and the regional variabil-
ity of atmospheric processes. As a consequence, the IPCC recommendations can be10

only fulfilled by performing long-term observations that must be range resolved, with
high spatial and temporal resolution.

A complete evaluation of model performances also requires the availability of long-
term ground-based measurements of all relevant atmospheric parameters. Satellite
observations need ground-based measurements for calibration and validation (GCOS,15

2006). Space-based observations present the advantage of providing global spatial
coverage, but alone they do not allow for the studying of many atmospheric processes
because of their insufficient temporal coverage. This concerns mainly the polar-orbiting
satellites, whose revisit time is still an important issue to be investigated in order to
understand the representativeness of these satellite observations (Pappalardo et al.,20

2010). Ground-based observations are also necessary for the long-term monitoring of
atmospheric parameters that cannot be observed from available satellite-borne sen-
sors.

The importance of long-term observations of aerosol and clouds is related not only to
the evaluation and the improvement of model parameterization but also to the integra-25

tion of models and observations using suitable assimilation schemes. In the last few
years, modellers, that traditionally use standard measurements, like radiosoundings
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profiles, surface or columnar parameters for constraining model forecasts and analy-
sis, are progressively increasing the number and the type of routine and systematic
ground-based observations that are assimilated in their numerical prediction models.

The detailed knowledge of optical, microphysical and radiative properties of aerosol
and clouds is essential in understanding their role in atmospheric processes as well5

as their impact on human health and environment. Despite the considerable improve-
ments made in the observation capability for aerosol and cloud characterisation in the
last decade, our knowledge is still limited.

To fill the existing gaps, the international scientific community is promoting the es-
tablishment of integrated global observing systems including ground-based, airborne10

in situ measurements and space-borne observations in combination with advanced
modelling. GEOSS architecture integrates environmental observations, monitoring
data and measurements with modelling to support and inform environmental decision-
makers (http//www.epa.gov/geoss/). This strategy is based on the necessity for sus-
tainable long-term ground-based observations (WMO, 2005).15

In this scenario, existing ground-based atmospheric advanced observatories like, for
example, those established in the frame of the ARM programme in the USA (Stokes
and Schwartz, 1994; http://www.arm.gov), or CESAR at Cabauw in the Netherlands
(Russchenberg et al., 2005; www.cesar-observatory.nl) play an important role. These
ground-based anchor stations are equipped with state-of-art techniques and instru-20

ments and they are able to provide traceable observations and advanced/integrated
products for climate and weather studies. In particular, these advanced products with
high resolution and accuracy are strongly needed for the validation of new generation
satellite missions, based on multi-purpose platforms equipped with different active and
passive sensors.25

CIAO, the CNR-IMAA atmospheric observatory, located in Southern Italy, operates
in this scientific context in synergy with most of the European atmospheric observa-
tories. In this paper, a description of the CIAO infrastructure and of its scientific ob-
jectives is given. The experimental field, the expertise and the observing strategy are

5256

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http//www.epa.gov/geoss/
http://www.arm.gov
www.cesar-observatory.nl


AMTD
3, 5253–5293, 2010

CIAO: the CNR-IMAA
advanced

observatory for
atmospheric research

F. Madonna et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

presented in Sect. 2. In Sect. 3, the database, products and integration strategy are
briefly described. In Sect. 4, examples of the observations performed and of synergy
and integration techniques developed and implemented at the observatory are shown.
Since it is difficult to provide a comprehensive example of all the activities ongoing at
CIAO, we will focus on water vapour measurements.5

2 The CNR-IMAA Atmospheric Observatory (CIAO)

CIAO is one of the most advanced infrastructure for ground-based remote sensing
in Europe. It is located in Tito Scalo, Potenza, Southern Italy, on the Apennine moun-
tains (40.60◦ N, 15.72◦ E, 760 m a.s.l.), less than 150 km from the West, South and East
coasts (Fig. 1). The site is in a plain surrounded by low mountains (<1100 m a.s.l.).10

The observatory operates in a typical mountain weather strongly influenced by Mediter-
ranean atmospheric circulation, resulting in generally dry, hot summers and cold win-
ters. In this location phenomena-like orographically-induced effects on cloud formation
can be studied. The site is particularly interesting for studying aerosol properties be-
cause it is affected by quite a large number of Saharan dust intrusions per year (Mona15

et al., 2006) and it is located 300 km away from the Etna Volcano (Pappalardo et al.,
2004a). Moreover, the availability of simultaneous measurements of aerosol and cloud
properties makes the site optimal also for the investigation of aerosol-cloud interac-
tions.

CIAO is run by the Istituto di Metodologie per l’Analisi Ambientale (IMAA) of the Ital-20

ian National Research Council (CNR). At present, the observatory performs systematic
aerosol measurements in the frame of EARLINET (European Aerosol Research LIdar
NETwork; http://www.earlinet.org) and continuous aerosol measurements in the frame
of AERONET (AErosol RObotic NETwork; http://aeronet.gsfc.nasa.org). The CIAO in-
frastructure hosted international satellite validation experiments for the study of water25

vapour (e.g. EAQUATE; Taylor et al., 2008), it has been involved in several international
experiments for the study of clouds and its modelling, and strongly cooperates with the
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Cloudnet (www.cloud-net.org). Moreover, since December 2009, CIAO is among the
twelve backbone stations involved in the operations of GRUAN (GCOS Upper-Air Ref-
erence Network; www.gruan.org).

At CIAO, much attention has been traditionally paid to the study of aerosol and water
vapour using lidar techniques (Pappalardo et al., 2004a,b, 2010; Mona et al., 2006,5

2007, 2009). However, since 2004 the facility strengthened its observing capability for
the monitoring of clouds through the acquisition of new active and passive microwave
profilers, with the main objective to investigate aerosol-cloud interactions using both
active and passive remote-sensing techniques. The wide range of measurements pro-
vided at the facility makes it an ideal site for calibration, validation and intercomparison10

campaigns.
All the observations performed at CIAO are designed in order to be redundant, trace-

able and to follow the main international standards, provided by the WMO and other
research programmes.

The main research lines currently active at CIAO include:15

a. design and implementation of lidar systems for aerosol, water vapour and cloud
measurements;

b. development of algorithms for the integration of lidar and microwave radiometer
measurements;

c. definition of measurement protocols, quality assurance programmes and data20

managing strategies;

d. definition of a suitable strategy for the satellite CAL/VAL;

e. analysis of the physical and dynamical processes related to aerosol transport,
their modification and classification;

f. analysis and physical interpretation of observations provided by both active and25

passive sensors for the study of aerosol and cloud interactions and nucleation
processes;
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g. organization and participation in measurement campaigns;

h. development of methods for the evaluation of aerosol transport and mesoscale
weather prediction models;

i. networking.

So far, CIAO is also strongly operating in order to provide quality-controlled vertical5

profiles of clouds, humidity, temperature and aerosols. The quality assurance has been
established mainly according to the EARLINET measurement protocol that aims at the
establishment of a long-term statistically significant database of aerosol measurements
for climatologic studies (Matthias et al., 2004). Data quality also matches the protocols
developed in the frame of the international networks in which the other active and10

passive instruments are operational.
Another key issue related to the data quality is represented by the instrument inter-

comparison: this concerns both the comparison among different techniques measuring
the same atmospheric key variables, routinely performed at CIAO for obtaining redun-
dancy analysis, and the comparison among instruments of the same type, such as15

the EARLINET lidar intercomparison campaigns (SLiCE2000 and EARLI-09; Matthias
et al., 2004; Freudenthaler et al., 2010) or the radiometer intercomparison during the
preparation phase of LAUNCH-2005 (Madonna et al., 2006).

The intensive exchange of expertise within EARLINET and with the main Euro-
pean atmospheric observatories (e.g. Lindenberg, Cabauw, Chilbolton, Sodankyla)20

as well as the participation to GAW-GALION (Global Atmospheric Watch – Aerosol
LIdar Observation Network – WMO, 2007) and the contribution to the WMO Sand
and Dust Storm Warning System (SDSWS; http://www.wmo.int/pages/prog/arep/wwrp/
new/documents/SDS WAS draft implementation plan.pdf), in the frame of the World
Weather research programme, ensure a strong link with international programmes and25

organizations and, therefore, the development of CIAO research activities in agreement
with the main international standards.
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Finally, CIAO offers support to the activities of the local government, decision-
makers, environmental agencies and the Italian Protection Agency.

In the following paragraphs, the CIAO equipment for ground-based observations of
the atmosphere is described.

2.1 Lidars5

Since 1993, lidar remote sensing of the atmosphere is one of the main research ac-
tivities carried out at CNR-IMAA. Currently, three lidar systems are operative at CIAO,
devoted to the study of aerosol, water vapour and clouds. All these lidar systems are
designed and implemented within the Institute.

The multi-wavelength lidar system for tropospheric aerosol characterisation, PEARL10

(Potenza EArlinet Raman Lidar), operating at CNR-IMAA since August 2005 (Mona et
al., 2006, 2009) has been designed in order to provide simultaneous multi-wavelength
aerosol measurements for the retrieval of optical and microphysical properties of the
atmospheric particles (Ackermann et al., 1998; Müller et al., 2001) and water vapour
mixing ratio profiles. This system is the result of the upgrade of a preexistent li-15

dar system, operative since May 2000 in the frame of EARLINET (Bösenberg et al.,
2001). The system is based on a 50 Hz Nd:YAG laser source emitting at 1064 nm and
equipped with the second and third harmonic generators. An optical system based
on mirrors, dichroic mirrors and 2X beam expanders, separates the three wavelengths
allowing to optimize the energy and the divergence for each wavelength. The beams20

are mixed again in order to get the collinearity of the three wavelengths and to transmit
them simultaneously and coaxially with respect to the lidar receiver. The backscat-
tered radiation from the atmosphere is collected by a F/10 Cassegrain telescope
(0.5 m diameter, 5 m focal length) and forwarded to the receiving system, equipped
with 16 optical channels. Three channels are devoted in detecting the radiation elas-25

tically backscattered from the atmosphere at the three laser wavelengths (355 nm,
532 nm and 1064 nm); three channels for the Raman radiation backscattered from the
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atmospheric N2 molecules at 387 nm and 607 nm and H2O molecules at 407 nm. Two
further channels detect the polarized components of the 532 nm backscattered light
(perpendicular and parallel respect to the direction of the linearly polarized beam trans-
mitted by the laser at 532 nm). Each of these channels is further split in two channels
differently attenuated for the simultaneous detection of the radiation backscattered from5

the low and high altitude ranges in order to extend and optimize the dynamic range.
The spectral selection of the collected radiation is performed by means of dichroic
mirrors and interferential filters. Interferential filter bandwidths is 0.5 nm at all the wave-
lengths for both nighttime and daytime operations. For the elastic backscattered radia-
tion at 1064 nm the detection is performed by using an APD detector and the acquisi-10

tion is performed in analog mode. For all the other acquisition channels, the detection
is performed by means of photomultipliers and the acquisition is in photon-counting
mode. PEARL performs systematic measurements three times per week in the frame
of EARLINET (Pappalardo et al., 2010), and during international experiments or spe-
cial atmospheric events (saharan dust outbreaks, volcanic eruptions, etc.). The vertical15

resolution of the raw profiles is 7.5 m for 1064 nm and 15 m for the other wavelengths,
whereas the temporal resolution is 1 min.

The IMAA Raman lidar system (Mona et al., 2007) for water vapour measurements
has been operational at CNR-IMAA since July 2002. It performs measurements si-
multaneously with PEARL. This system is based on a Nd:YAG laser with a repetition20

rate up to 100 Hz and typically operating at 50 Hz. Radiation at 355 nm is transmitted
into the atmosphere coaxially with respect to a F/10 Cassegrain telescope used as a
receiver. The telescope is of the same type as PEARL. The backscattered radiation
is selected by means of dichroic mirrors and interferential filters and then is split into
three channels, corresponding to the elastic backscattered radiation at 355 nm, the25

N2 Raman shifted signal at 386.7 nm and the water vapour Raman shifted signal at
407 nm. Interferential filter bandwidths are kept below 1.0 nm and 0.3 nm for nighttime
and daytime operations, respectively, thus, reducing the solar background during day-
time measurements and limiting the effects of both atmospheric temperature variations
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on the measured signals (Behrendt et al., 2002) and interferences from liquid water
Raman scattering (Whiteman et al., 2001). As for PEARL, the spectrally selected ra-
diation is then split for each wavelength into two channels in order to preserve the
linearity of the lidar signals over all altitude ranges. Photomultiplier tubes are used as
detectors and both low and high range signals are acquired in photon counting mode.5

The typical vertical resolution of the raw profiles is 15 m with a temporal resolution of
1 min.

MUSA (Multiwavelength System for Aerosol) is a mobile multi-wavelength lidar sys-
tem based on a Nd:YAG laser equipped with second and third harmonic generators
and on a Cassegrain telescope with a primary mirror of 300 mm diameter. The three10

laser beams at 1064, 532 and 355 nm are simultaneously and coaxially transmitted into
the atmosphere in bistatic configuration. The receiving system has 3 channels for the
detection of the radiation elastically backscattered from the atmosphere and 2 chan-
nels for the detection of the Raman radiation backscattered by the atmospheric N2
molecules at 607 and 387 nm. The elastic channel at 532 nm is split into parallel and15

perpendicular polarization components by means of a polarizer beamsplitter cube. The
backscattered radiation at all the wavelengths is acquired both in analog and photon
counting mode. For MUSA the calibration of depolarization channels is made automati-
cally using the ±45◦ method (Freudenthaler et al., 2009). The typical vertical resolution
of the raw profiles is 3.75 m with a temporal resolution of 1 min. The system is com-20

pact and transportable. It has been developed in cooperation with the Meteorological
Institute of the Ludwig-Maximilians-Universität of Munich and it is one of the reference
systems used in the frame of the EARLINET Quality Assurance programme.

Both the multiwavelength lidars allow independent measurements of the aerosol ex-
tinction and backscatter coefficients and, therefore, of the lidar ratio at 532 nm and25

355 nm (Ansmann et al., 1990; Pappalardo et al., 2004b). An iterative approach
(Di Girolamo et al., 1995) is used for retrieving the aerosol backscatter coefficient at
1064 nm from the elastically backscattered lidar signal only. The aerosol linear depo-
larization ratio measurements are obtained according to Freudenthaler et al. (2009).
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The water vapour Raman lidar provides measurements of the water vapour mixing ra-
tio profile (Mona et al., 2007) as well as independent measurements of the aerosol
extinction and backscatter coefficients at 355 nm.

2.2 Microwave profilers

A ground-based microwave profiler (MP3014), designed by Radiometrics Corporation5

(Ware et al., 2003), has been operational at CIAO since February 2004. It measures
the sky brightness temperature (Tb) at 12 frequencies: 5 in the K-band, distributed from
the centre onto the wing of the 22 GHz water vapour resonance absorption line, the rest
are in the V-band, distributed on one shoulder of the 60 GHz oxygen spin-rotation band.
The radiometer is equipped with an infrared thermometer (IRT), installed on the top of10

the radiometer cabinet, able to measure zenith sky brightness temperature (Tb) within
the spectral range of 9.6 to 11.5 µm, and with surface meteorological sensors, used as
constraints in the retrieval algorithm. The microwave profiler is also able to perform a
3-D scanning of the atmosphere, though the measurements, showed in the following,
are referred to Tb values obtained by only viewing the zenith direction. The microwave15

profiler is also equipped with a rain effect mitigation system able to minimize error
resulting from the accumulation of liquid water and ice on the microwave radiometer
radome.

The Tb inversion provides temperature, humidity and cloud liquid water profiles up to
10 km above the ground station. Additionally, the inversion also provides an estimation20

of the Integrated Precipitable Water Vapour (IPWV) and of the cloud Integrated Liquid
Water content (ILW). The uncertainty of the IPWV and ILW are calculated according to
Cadeddu et al. (2009). The sky brightness temperatures are inverted using a neural
network algorithm (Solheim et al., 1998) trained on about 10 000 radiosounding pro-
files. Vertical profiles are output in 100 m up to 1 km and 250 m from 1 to 10 km, with a25

minimum temporal resolution of 12 s.
In March 2009, a meteorological Ka-Band cloud radar (MIRA36), designed by

METEK Gmbh, was installed at CIAO. It is a mono static magnetron based pulsed
5263

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
3, 5253–5293, 2010

CIAO: the CNR-IMAA
advanced

observatory for
atmospheric research

F. Madonna et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Ka-Band Doppler radar for unattended long-term observation of cloud properties. In
the configuration operative at CIAO, linear polarized signal is transmitted while co- and
cross-polarized signals are received simultaneously to detect Doppler spectra of the
reflectivity and Linear Depolarization Ratio (LDR). The reflectivity is used to determine
the density of cloud constituents while LDR helps to identify the target type. The radar5

has a 1.2 m diameter antenna and emits the microwave radiation at 35.5 GHz with a
peak power of 30 kW, a pulse width of 200 ns and a pulse repetition rate of 5 KHz. The
antenna beam width is 0.6◦ ×0.6◦ (gain 49 dBi) and the radar sensitivity is −40.3 dBZ
at 5 km (0.1 s time resolution) while the Doppler velocity resolution is 0.02 m/s. The
receiver calibration is within an accuracy of less than ±1 dB. This system is able to10

provide high accurate measurements of the reflectivity factor with a vertical resolution
up to 15 m, though the current configuration is set to a vertical resolution of 30 m. The
system is also equipped with a clutter fence that strongly suppresses the ground clut-
ter echo. Before the end of 2010, the radar will also be equipped with a 3-D scanning
unit and with a larger antenna (2 m diameter), becoming the first radar system in Eu-15

rope working in the Ka-band with the possibility of performing a ±90◦ scanning of the
atmosphere.

2.3 Ceilometers

Among the active remote-sensing devices, two laser ceilometers are also operational at
CIAO. Since August 2004, CT25K ceilometer type manufactured by VAISALA, contin-20

uously measures the cloud-base height and the signals backscattered by atmospheric
particles. The ceilometer is basically a Rayleigh lidar system that employs a pulsed In-
Ga-As diode laser emitting at 905 nm wavelength using a high repetition rate (1.6 µJ of
energy per pulse at 6.67 kHz) and detects the elastic backscattered radiation. CT25K
ceilometer is able to detect three cloud layers simultaneously to identify precipitation25

or other obstructions to vision. Besides cloud layers, it also provides the profile of an
uncalibrated backscattering coefficient at 905 nm up to 7.5 km with a vertical resolution
of 30 m and a temporal resolution of 15 s.
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Since September 2009, a second ceilometer for cloud base measurements, CHM15k
type manufactured by Jenoptik Laser Optik Systeme, has been in operation at CIAO.
It is able to measure the cloud base height of cloud layers up to 15 km above the
ground with the possibility in investigating the optical properties of cirrus clouds up to
the tropopause. CHM15k employs a Nd:YAG pumped diode laser emitting at 1064 nm5

wavelength using a high repetition rate (8 µJ of energy per pulse at 5.58 kHz) and it is
equipped with a photon counting acquisition system. As for the CT25K ceilometer, it is
able to detect three cloud layers simultaneously, but it also provides the retrieval of the
boundary layer height and the cloud penetration depth. The 1064 nm raw signal has a
vertical resolution of 15 m and a temporal resolution of 30 s.10

2.4 Other passive systems

CIAO is also equipped with a CIMEL CE-318 sun photometer for measuring atmo-
spheric aerosol columnar properties. This is a multi-channel, automatic sun-and-sky
scanning radiometer that measures the direct solar irradiance and sky radiance at the
Earth’s surface. It is operative within AERONET and it provides the aerosol optical15

depth (AOD) at 340, 380, 440, 500, 675, 870, 1020 and 1640 nm (Holben et al., 2001),
along with the water vapour column content and the estimation of several optical and
microphysical aerosol properties, such as the refractive index and the size distribu-
tion. The system is fully automatic and powered using solar panels. The measured
radiances are automatically sent to the NASA-GSFC where they are processed ac-20

cording to the AERONET data analysis. A cloud mask is also applied to remove cloud
contamination. The system is calibrated, on average, once per year and after the cal-
ibration procedure the lv2.0 quality assured data are released on the AERONET web-
site. Since June 2010, CIAO sun photometer is also running using the new AERONET
“cloud mode” capability with the aim to improve cloud optical depth observations (Chiu25

et al., 2010).
CIAO interest in sun photometer measurements is also related to the synergy

with aerosol lidar measurements. Actually, the combination of multi-wavelength lidar
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profiling measurements with the columnar aerosol optical depths provided by the sun
photometer allows us to improve the accuracy of the retrieval of aerosol microphysical
properties (Müller et al., 2006).

CIAO also operates an automatic station equipped with high class broad band ra-
diometers. A solar tracker automatically manages the position of the operating sen-5

sors in compliance with the sun position. The station includes two-shaded pyranome-
ters (0.2–3.6 µm) and a shaded pyrgeometer (4.5–42 µm) deployed for measuring the
downwelling diffuse solar radiation scattered by the atmosphere and the downwelling
infrared radiation incident at the surface, respectively. Furthermore, the pyreliometer
measures direct or un-scattered solar radiation (0.2–4.0 µm). The measured solar and10

longwave irradiances can be suitably processed to retrieve the shortwave and long-
wave clear sky fluxes.

A Trimble GPS antenna/receiver station is already operative, even if its use for pro-
viding the integrated water vapour estimation will start by the end of 2010.

2.5 In situ measurements15

Balloon-based observations of temperature, pressure, humidity and winds are per-
formed at CIAO using three different radiosounding systems: the VAISALA AS13 au-
tosonde system and two manual VAISALA radiosouding systems (MW21 and PP15).
The automatic radiosounding station is able to perform up to 24 radiosoundings auto-
matically and remotely controlled. Moreover, the system is also scheduled for activating20

up to two spare radiosoundings in order to prevent any faults in the launch procedure.
GPS radar height on balloons is also available for the AS13 and MW21 systems allow-
ing for the retrieval of the vertical profile of wind direction and speed. MW21 is also able
to manage the data received from the ozonesonde digital interface for measurements
of the ozone mixing ratio vertical profile up to about 40 km a.g.l. All the systems are25

periodically upgraded and recalibrated by the manufacturer.
CIAO radiosouding database consists of routine launches performed simultaneously

to the water vapour Raman lidar systematic nighttime measurements and of intensive
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radiosouding samplings (up to 5–6 launches per day) carried out in the frame of inter-
national measurements campaigns. Radiosouding launches are currently performed
using RS92-SGP, whereas in the past RS-80 and RS-90 sondes have been used.
Comparison of different radiosonde types have been performed both to assess possi-
ble biases in the collected database and to ensure a proper management of the device5

change. Examples of these comparisons are provided in Sect. 4.1.
Since the beginning of 2010, according to a preliminary protocol established in

the frame of GRUAN, CIAO is performing one weekly RS92-SGP launch using the
autosonde launcher. Moreover, it is going in the next future to perform a monthly
stratospheric water vapour launch, simultaneously to the weekly autosonde launch,10

using the RDD-100 prototype sondes (http://www.vaisala.com/weather/applications/
referenceradiosondeprogram.html).

Standard surface variables (pressure, temperature, humidity and wind) are routinely
monitored using the VAISALA MILOS520 Automatic Weather Station, with a typical
temporal resolution of 1 min. The station is also equipped with additional sensors for15

the measurements of present weather, visibility and rain gauge.

3 Products, database and integration strategy

Table 1 reports the list of all the instruments operative at CIAO. For each of them, the
level 1 (lv1) and level 2 (lv2) products they provide and the retrieval algorithms cur-
rently in use for the lv2 data processing are included. According to the architecture20

of the CIAO database, level 0 data (lv0) are represented by the raw measurements
output of each instrument (e.g. the number of photons collected by the lidar or the volt-
ages measured by the microwave profiler). The lv1 products are referred to the “raw
products”, for example the lidar range-corrected signals or the microwave brightness
temperatures. The lv2 products indicate the estimation of atmospheric parameters25

retrieved from the application of suitable algorithms to the lv1 products, like the lidar
water vapour mixing ratio or the microwave temperature profile. In Table 1, the quality

5267

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-print.pdf
http://www.atmos-meas-tech-discuss.net/3/5253/2010/amtd-3-5253-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.vaisala.com/weather/applications/referenceradiosondeprogram.html
http://www.vaisala.com/weather/applications/referenceradiosondeprogram.html
http://www.vaisala.com/weather/applications/referenceradiosondeprogram.html


AMTD
3, 5253–5293, 2010

CIAO: the CNR-IMAA
advanced

observatory for
atmospheric research

F. Madonna et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

assurance programme/protocol used for the provision of the final (quality assured) data
is also reported to the CIAO database. Finally, the list of the advanced products ob-
tained from the integration of the data provided by different instruments is reported.

The CIAO database is organized in order to collect both the raw data (lv0, lv1) and
the final quality assured products (lv2). All the data are archived in NetCDF format5

and each file contains all the necessary information for its use in evaluation/validation
procedures as well as to reprocess the data in case of the availability of new calibration
or retrieval schemes. Before archiving, all the data also undergo the quality assurance
protocols reported in Table 1.

The database is accessible through the CIAO website (www.imaa.cnr.it) behind a10

request to the instrument PI. Each instrument PI is also in charge of both checking the
status of maintenance procedures and supporting the users. The database and most
of the real-time quicklooks of the collected data are also accessible from the websites
of the networks in which the CNR-IMAA is involved.

In order to fully exploit the simultaneous use of different ground-based remote-15

sensing techniques, a suitable integration strategy has been adopted at CIAO. The
strategy is based on two main points: redundancy and complementarity. Redundancy
is necessary to collect a large dataset of observations for comparisons, intercalibra-
tions and cross checks of the retrieved parameters, also improving the measurement
traceability; complementarity is important in order to override the intrinsic limits of each20

single observation technique, to reduce measurement uncertainty and to extend the
sounding vertical range covering nearly all weather conditions. This strategy also in-
cludes the design and the implementation phases of the instruments and the elabo-
ration of suitable retrieval algorithms for the integration of active and passive obser-
vations. The development of integration algorithms also enhances the capability of25

evaluating the performances of model outputs and satellite retrievals and of identifying
possible discrepancies and spurious trends.
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4 Water vapour measurements

In this section, a sample of the observation performed at CIAO and of the synergies
and integration algorithms elaborated and currently in use is presented. The large
number of instruments available and products released at the observatory makes it
difficult for the provision of a comprehensive example of all the observations currently5

performed at the observatory. In the following, we will focus on the optimization and
improvement of water vapour profiling using observations collected with radiosondes,
Raman lidar and microwave profiler as well as on the integration of Raman lidar and
microwave profiler measurements.

Water vapour and cloud measurements still represent a crucial issue in the atmo-10

spheric studies. Tropospheric water vapour and its content in clouds is a fundamental
variable for understanding the physical processes occurring within clouds, the radia-
tive forcing due to clouds and water vapour and their feedback processes, are one
of the main uncertainties towards an accurate evaluation of Earth’s radiative budget
(IPCC, 2007). Furthermore, satellite and model validation needs improved accuracy15

and a long-term database of high-resolution measurements. Actually, the modelling
community clearly shows a strong interest in the water vapour profiling measurements
because of its high variability that makes it necessary for a long-term comparison be-
tween accurate high resolution observations and the forecast/analysis of operational
mesoscale models. The large dataset collected at CIAO is a good opportunity to per-20

form a climatologic study of water vapour, particularly in the boundary layer where both
aerosol and water vapour contents are higher and more variable, to study cloud for-
mation, to evaluate the model capability to capture mean aspects of the water vapour
field and to improve model parameterizations. In the following paragraph, examples
of water vapour measurements performed at CIAO using radiosoundings, Raman li-25

dar and microwave profiler are provided. Two examples of the possible synergies and
integrations between active and passive techniques are also described. These exam-
ples are fully oriented to the optimization of water vapour ground-based profiling during
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cloudy conditions. Particularly described is the procedure for the calibration of the wa-
ter vapour mixing ratio profile obtained from the Raman lidar using the estimation of
the IPWV retrieved by a microwave profiler. Moreover, an integration retrieval scheme
for the profiling of water vapour through the integration of Raman lidar and microwave
measurements, based on the use of the Kalman filter, is described and discussed.5

4.1 Radiosoundings

Radiosounding launches are performed at CIAO with the purposes both to investi-
gate the atmospheric parameters using in situ measurements and to provide reference
measurements for the calibration of Raman lidar profiles (described in the following
section).10

As mentioned in Sect. 2.5, the availability of three radiosouding systems allows
us to perform dual launches for intercomparing different radiosonde types and differ-
ent receiving stations. CIAO archive contains either several examples of dual sonde
launches performed using the manual and the automatic launch systems or co-located
and simultaneous radiosoundings and remote sensing profiling measurements, in par-15

ticular using the Raman lidar and the microwave profiler. This redundant dataset is the
basis for performing redundant analysis in order to assess and reduce measurements
uncertainties. In particular, studies for evaluating radiosounding representativeness,
estimating its impact on the uncertainty of the measured parameters and addressing
instrument co-location issues are in progress.20

Several multiple balloon launches using different radiosonde types (RS-80, RS-90
and RS-92) have been performed to assess and diagnose instrument failure and char-
acterise instrument biases like the RS80 sonde dry-bias problem (Turner et al., 2003),
also taking advantage of the availability of multiple stations. In Fig. 2, two examples of
dual launches performed at CIAO are shown. In Fig. 2a and b, temperature and hu-25

midity profiles collected using co-located and simultaneous RS92-SGP and RS92-KL
sondes, launched using the manual procedure and the autosonde launcher, respec-
tively, are compared. The distance between the two systems is about 50 m and the
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average start time difference between the two launches is within 10 s. The example
reported shows the typical good agreement between the temperature profiles with dif-
ferences in the stratosphere due to small scale fluctuations of the temperature field
(Lilly et al., 1974). The comparison between the RH profiles, instead, shows differ-
ences lower than 5% up to 14 km above the station, and less than 10% above. In both5

the considered regions, the differences are mainly due to the distance gained by the
sondes during the flight and the strong variability of water vapour field.

In Fig. 2c and d, temperature and humidity profiles measured using RS80 and RS92-
SGP sondes are compared. This comparison aimed at evaluating the problems of
RS80 sonde dry-bias (Turner et al., 2003). Plot in Fig. 2d also includes the RS8010

humidity profile corrected for the dry-bias problem according to the Leiterer method
(Leiterer et al., 1997). An optimal agreement is observed between the temperature
profiles. The comparison of the relative humidity profiles, instead, shows a signifi-
cant difference between the RS-92 and RS-80 profile in the region located from 8.6 to
15.7 km a.g.l. and, at the same time, the good performance of Leiterer correction in15

reducing the dry-bias affecting RS-80 in this region. The difference between the RS-92
and RS-80 RH profiles is reduced on average from less than 10% to less than 1% up
to 12.5 km above the ground in the dry-bias region.

The database of dual launches flying different radiosounding types also ensures a
consistent use of the data collected with different sensors providing essential informa-20

tion for the management of change of radiosounding type.

4.2 Water vapour Raman lidar

Raman lidar profiling is one of the most powerful techniques for the study of atmo-
spheric water vapour distribution due to its capability to provide high resolution mea-
surements both in space and time. Raman lidar profiling is a well-established tech-25

nique even if there are still some crucial issues that need to be better addressed; the
main ones of which are related to the lidar system calibration (Sherlock et al., 1999;
Whiteman et al., 2001), the overlap function (Wandinger et al., 2002; Whiteman et al.,
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2006), the temperature sensitivity of the Raman backscattering spectrum (Whiteman
et al., 2003a), and the correction for the aerosol extinction contribution (Whiteman et
al., 2003b).

Water vapour Raman lidar observations at CIAO are systematically evaluated con-
sidering all these different aspects. In this section, the procedure for the calibration of5

the water vapour Raman profiles using the IPWV retrieved using the microwave profiler
is described.

So far, water vapour Raman lidar profiles are calibrated using either absolute or
relative calibration methods. According to the comparisons reported in literature, higher
performances are granted to the relative methods. The accuracy of a relative calibration10

method can stay within 5% while the accuracy of the absolute calibration is within 10%
(Whiteman et al., 2001). The traditional strategy adopted at CIAO for the calibration
of water vapour Raman lidar profiles is based on the determination of the calibration
constant by comparing the simultaneous and co-located radiosounding profiles. The
calibration constant of the Raman lidar system has first been determined during a15

calibration campaign (May–June 2002), resulting stable within 5% (Mona et al., 2007),
and re-evaluated after a system change in November 2008. About 200 radiosonde
launches in May 2002–June 2006 period have been used for systematically checking
the stability of the calibration constant. The uncertainty on the calibration constant
using radiosondes is typically within 5% (Cornacchia et al., 2004).20

Nevertheless, since 2004 IPWV microwave retrievals have been used for monitoring
the stability of the calibration not only among measurements of different days, but also
within each daily time series increasing the accuracy and physical consistency of the
derived profiles as well as highlighting possible dependencies on the stability of the
lidar system. The application of this approach is limited to nighttime measurements,25

even though a qualitative comparison can also be operated during daytime.
In order to use the IPWV microwave retrieval for calibration purposes, a few as-

sumptions are necessary since the lidar profiles cover nearly the full troposphere but
not the entire investigated atmospheric column. These assumptions are related to the
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system overlap function problems and to the signal-to-noise of the lidar signals in the
upper troposphere/lower stratosphere region. The first problem is related to the fact
that a lidar system is not an “ideal” system and the overlap functions of the 407 nm and
387 nm optical channels used for the retrieval of water vapour mixing ratio profile may
be different (Whiteman et al., 2001). Lidar water vapour profiles need to be corrected5

for this effect. Overlap correction is usually determined by a comparison with an en-
semble of RS92-SGP radiosondes (Whiteman et al., 2006). CIAO water vapour lidar
provides accurate measurements starting from 150–300 m a.g.l. after the application of
the overlap correction. An assumption about the water content between this altitude
and the ground is required to calibrate the lidar profiles using the microwave IPWV. In10

our case, we assume that in this atmospheric range (0–300 m) the water vapour mixing
ratio is linearly distributed between the surface mixing ratio value, measured by a stan-
dard meteorological station, and the first available lidar data point. Excluding a very
strong inversion at the ground, this approximation can be considered accurate enough,
since the atmospheric range between 0 and 300 m is well mixed both during nighttime15

and daytime (Stull, 1988).
Raman lidar is also able to measure the tropospheric water vapour up to a maximum

range depending on the measurement conditions, the time and the vertical resolutions.
This means that, in order to calibrate the lidar profile with the radiometric IPWV, an
accurate estimation of the water vapour mixing ratio profile above the maximum height20

available from lidar profiles is needed. The use of nearest radiosounding, in time and
space (co-located or from the radiosounding station of Brindisi Casale), or the use of a
climatologic profile from the co-located radiosounding dataset can supply this request.
Depending on the measurement conditions, water vapour Raman lidar profiles are
retrieved up to 8–10 km a.g.l. over a temporal resolution 10 min.25

In Fig. 3, a case study is reported relative to the observations of the water vapour
mixing ratio profiles performed with the Raman lidar and the microwave profiler at
CIAO in the frame of EAQUATE campaign during the period from 17:50 to 23:20 UT
on 8 September 2004. In particular, the comparison between the radiometric IPWV
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and the IPWV retrieved from the Raman lidar profiles calibrated using a co-located
radiosouding started at 18:02 UT on 8 September 2004 is reported. The series cor-
responds to the measurements performed during nighttime. The good agreement be-
tween the two estimations of the IPWV confirms the stability of the CIAO Raman lidar
system.5

Figure 3 also shows the comparison between the water vapour mixing ratio pro-
files measured by the radiosouding started at 18:02 UTC and the corresponding lidar
water vapour mixing ratio profiles, integrated over a temporal resolution of 10 min, cal-
ibrated using the radiosounding itself (Sonde cal.) and the radiometric IPWV (MWR
cal.). The discrepancy between the water vapour profiles calibrated according to the10

two relative calibration methods reveals an absolute difference that is within 4%. More-
over, the uncertainty on the calibration constant using the IPWV is typically within 7%.
These values show that the calibration of the Raman lidar profiles using the radiometric
IPWV is a good alternative to the radiosounding calibration methods, with the advan-
tage of having a more intensive sampling of the atmospheric water content than the15

radiosoundings and, therefore, the opportunity to perform a more intensive monitoring
of the stability of the lidar calibration.

4.3 Raman lidar – microwave radiometer integration

In order to increase the capability to describe the spatial and temporal variability of
the atmospheric parameters, it is fundamental to combine the information provided by20

different sensors. In the last years, many algorithms have been elaborated to syner-
gize and integrate the measurements provided by different ground-based techniques to
improve the profiling temperature, humidity liquid water and wind (Bianco et al., 2005;
Löhnert et al., 2009).

For the study of atmospheric water vapour, Raman lidar and microwave techniques25

are two of the most powerful approaches and their synergy shows special potentialities.
Attempts to improve the profiling of the atmospheric water vapour by integrating lidar

and passive microwave measurements are already present in the literature (Han et al.,
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1997). Each of these measurement techniques has strengths and weaknesses. Ac-
tually, the Raman lidar technique is able to provide high-resolution water vapour mea-
surements in time and space: this compensates for the coarse vertical resolution of the
profiles provided by the passive microwave retrievals. On the other hand, microwave
profilers are able to operate in nearly all-weather conditions with a high temporal reso-5

lution: this compensates for the limitation of the Raman lidar measurements performed
during daytime or in the presence of low-clouds. Therefore, the development of suitable
retrieval algorithms that integrate lidar and microwave measurements is a right way to
improve the profiling of atmospheric water vapour.

Here, we introduce a retrieval scheme for the profiling of water vapour through the10

integration of Raman lidar and microwave measurements based on the use of the
Kalman filter. The main goal of this integration approach is to provide an accurate es-
timation of the vertical profile of water vapour mixing ratio in the region extending from
the ground to 10 km a.g.l. in the presence of thick clouds or during daytime observa-
tions.15

Kalman filter is a sequential filter method and constitutes an attractive option for the
integration of measurements provided by different applications (Kalman et al., 1960).
Kalman scheme basically moves from using two equation groups. The first group
(Eqs. 1 and 2), so-called “time update”, projects the state variable x (in our case,
the water vapour mixing ratio profile) forward in time from the time step i -1 to the time20

step i :

xb
i = A xi−1 + w i−1 (1)

Pb
i = APi−1 AT + Qi−1 (2)

A is the transition matrix connecting the previous state vector at the time step i -1 to
the background vector xb

i at the time step i . Here A is and identity matrix. The vector25

w is the transition error calculated using long time series of lidar data according to the
approach proposed by Han et al. (1997), but averaged on 1 h integration time to reduce
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the transition error at the upper levels. P and Pb indicate error covariance matrices of
the state and the background vectors, respectively. Here they are the estimation of
the water vapour mixing ratio profile and the profile obtained from Eq. (1). Finally, Q
is the covariance matrices of w , assumed as white Gaussian noise processes with
zero-mean.5

The second equation group (Eqs. 3–5) is devoted to the correction of the background
estimation x

b
i (i.e. the forecast) by assimilating the experimental measurement to get

an improved a posteriori estimate:

xi = xb
i + Ki

(
yi − Hi x

b
i

)
(3)

Pi = (I − Ki Hi ) Pb
i (4)10

Ki = Pb
i HT

i

[
Hi Pb

i HT
i + R−1

i

]−1
(5)

H is the measurement matrix that correlates the state and the observation vector
(i.e., the final estimate and the measurement, respectively) at the time step i :

yi = Hi xi + εi (6)

In our retrieval, H is the measurement matrix differing from an identity matrix only15

for the first 12 rows filled in with the microwave weighting functions calculated us-
ing Rosenkranz98 (Rosenkranz, 1998) and MPM87 (Liebe and Layton, 1987) ra-
diative transfer models in the K and V band, respectively. The observation vector
y =

[
Tb1, Tb2, ..., Tb12, WV1, WV2, ..., WV10km

]T
is n-dimensional and consists of

the twelve microwave brightness temperatures (Tbi ) observed with the MP3014 and20

by the Raman lidar water vapour mixing ratio profile (WVi ), up to 10 km a.g.l.
In the proposed retrieval scheme, the entire lidar profile is used: this is a disadvan-

tage from a computational point-of-view, but allows us to avoid both further assumption
related to the cloud base concept and the use of criteria for cutting the lidar profile at
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a selected height level. In this way only the accuracy of the lidar profile, depending
directly on the lidar signal-to-noise ratio, drives the weight of the lidar profile in the re-
trieval scheme and its contribution to the retrieval of the integrated water vapour guess.

In Eq. (6), ε is the measurement error vector and is constituted by the Tb errors,
determined according to what is proposed in Hewison et al. (2005), and by the lidar5

mixing ratio errors that include the contribution of the calibration error (Whiteman et
al., 2001). The corresponding covariance matrix R, reported in Eq. (5) and assumed
as white Gaussian noise processes with zero-mean, includes both the autocovariance
matrices of microwave and Raman lidar observation errors as well as cross covari-
ance terms, calculated at all levels on long time series of simultaneous measurements.10

Finally, in the update Eqs. (3), (4), (5), K is the gain of the Kalman filter.
The retrieval algorithm is initialized using an estimation of the vertical profile of water

vapour mixing ratio in the whole tropospheric range up to 10 km a.g.l., typically ob-
tained from the last available lidar profile before cloud occurrence or from a co-located
radiosouding. Moreover, the filter is reinitialized as soon as a cloud-free lidar profile up15

to 10 km a.g.l. or a co-located radiosouding profile is available.
The algorithm can be applied to all non-precipitating conditions; in presence of low

clouds (about 1 km a.g.l.) the algorithm progressively reduces to a passive retrieval.
The tests relative to the algorithm performances have shown that the profiles provided
by the integration scheme are independent on the initialization profile in less than 1.5 h.20

The algorithm has been applied to long time series of measurements (>3 h) selected
from the database collected from February 2004 to March 2006, the most interesting
cases of which are related to the presence of clouds or daytime measurements. The
performances of the integration approach are dependent on the cloud base height, for
cloudy conditions, and on the lidar signal-to-noise ratio, for daytime measurements.25

A statistical analysis relative to all the investigated case studies shows a root mean
square (r.m.s.) deviation between the water vapour mixing ratio profiles obtained
from radiosoudings and those retrieved from lidar lower than 0.2 g/kg (0.25 g/m3) up
to 3 km a.g.l., where the lidar profiles play a major role, lower than 0.6 g/kg (0.5 g/m3)
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from 3 to 5 km a.g.l. and lower than 0.25 g/kg (0.25 g/m3) above. These results can
be compared with the typical performances of the neural network retrieval applied to
the microwave Tbs (Ware et al., 2003). The root mean square (r.m.s.) deviation of the
radiometer humidity profiles is within 0.8–1.2 g/m3 below 3 km, while it decreases with
the height and is within 0.4–0.8 g/m3 from 3 to 5 km a.g.l. and is lower than 0.4 g/m3

5

above.
To provide a more detailed description of the performances of the algorithm, a case

study relative to the measurements performed on 20 February 2004 has been se-
lected. The case study is relative to the measurements collected from 17:00 UTC up to
00:00 UTC. The case is characterised by the presence of altostratus clouds, with a low10

variable cloud base height oscillating around 3.0–3.5 km a.g.l. up until 21:15 UTC and,
subsequently, by the presence of fast falling cirrus clouds up to the end of the series.
The lidar measurements for the selected case study, shown in Fig. 4a, have an effective
resolution, as defined in Pappalardo et al. (2004b), ranging between 60 and 360 m and
a temporal resolution of 10 min: lidar measurements provide a fine description of the15

water vapour field, penetrating also the observed altostratus clouds above their base,
but the extinction due to the clouds does not allow the profiling of water vapour, neither
within the cloud nor above.

The integration of the lidar information with the microwave Tbs in single retrieval
scheme is able to provide an estimation of the water vapour mixing ratio profile up to20

10 km above the station and, therefore, to estimate the cloud structure up to its top
(Fig. 4b). Though the resolution of these water vapour profiles is coarser than the lidar
vertical resolution, the Kalman algorithm provides an operational product that overrides
possible limitations in the Raman lidar measurements and provides reliable estimation
of the tropospheric water vapour. The comparison with the time series of Fig. 4a shows25

a slight degradation of the water vapour profile resolution in the PBL with respect to the
original lidar measurements. However, this can be compensated for performing a final
merging between the filter estimation and the original water vapour lidar profile.
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The error of the retrieved profile is obtained from the trace of Pi , while the profile
vertical resolution ∆z is defined according to Rodgers (2000) as the reciprocal of the
diagonal of the averaging kernel matrix defined as:

∆z = δz/diag (Ki Hi ) (7)

In Fig. 4c, the analysis of the Lokal-Modell, designed by German Weather Service5

(DWD), is also shown. The model output has a horizontal resolution of 17 km and a
temporal resolution of 1 h. The comparison between the time series obtained from the
Kalman integration algorithm and the model shows that the model is able to capture an
average behaviour of the water vapour field as well as the increase in the water vapour
content that characterises the end of the time series. However, the model is unable10

to provide a detailed description of the temporal evolution of the humidity structures,
mainly due to its limited vertical resolution. This comparison shows also that a com-
plete model evaluation can be accomplished only if an estimation of tropospheric water
vapour is available in the full troposphere. The integration of active and passive profiling
technique can fulfil this need. In Fig. 4d, the comparison among the profile retrieved15

applying the integration algorithm, the profile obtained from an independent RS-80
sonde started at 21:00 UTC and the simultaneous profile obtained from the microwave
profiler applying the neural network algorithm are shown. The RS-80 temperature and
RH profiles are corrected for the dry-bias problem using Leiterer correction. This com-
parison further shows that the presented integration approach provides an estimation20

of the water vapour mixing ratio profiles that from one side preserves the high accu-
racy and resolution of lidar measurement beneath the clouds, and from the other side
results in a better agreement with the radiosouding profile both in the cloud region and
above, with respect to the neural network retrieval. This agreement is influenced by the
distance of the radiosouding with respect to the launch station. This can explain the25

possible differences in the humidity structures in the two different atmospheric regions
investigated by the ground-based remote-sensing station and by the radiosouding, re-
spectively. However, the presence of cirrus clouds observed over Potenza by the lidar
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well fits the increase of the water vapour content above 6 km. Improvements in the er-
ror and in the vertical resolution of the retrieved profiles with respect to the microwave
neural retrieval are also obtained.

5 Summary and outlook

CIAO represents a well-established ground-based remote-sensing observatory for the5

study of weather and climate. The observatory consists of a combination of advanced
systems able to provide high quality long-term observations of aerosol and cloud prop-
erties. Since 2000, systematic observations of aerosol, water vapour and clouds have
been collected and the acquisition of new active and passive microwave profilers has
strengthened the equipment required for performing accurate aerosol and cloud obser-10

vations. Currently, CIAO represents the largest ground-based remote-sensing station
in the Mediterranean Basin and is one of the first atmospheric observatories in Europe.
This potential has allowed CIAO to become one of the twelve backbone stations of
GRUAN.

The CIAO database represents an optimal basis to study the synergy between dif-15

ferent sensors and to use integration approaches for the long-term monitoring as well
as for the study of aerosol-clouds-radiation interactions.

In this paper, two examples of the synergies and advanced integration schemes de-
veloped at CIAO are reported. In particular, we show the good performances of the
calibration of water vapour Raman lidar profiles obtained using the IPWV retrieved by20

the microwave profiler as reference measurement. These performances are compa-
rable with those obtained using the radiosounding calibration, with a variability of the
calibration constant that is lower than 7% and a difference between the two calibra-
tion methods lower than 4%. We also describe a novel integration approach, based
on the use of the Kalman filtering, for improving the water vapour profiling in nearly25

all weather conditions through the integration of Raman lidar and microwave measure-
ments. The integration retrieval, though provides a description of the water vapour
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field with a coarser resolution with respect to the lidar, it is able to provide a more
operational product that allows us to override possible limitations in the Raman lidar
measurements, due to the presence of thick clouds or daytime solar background, and
to estimate the water vapour content in the whole troposphere. The reported case
study also shows that the proposed integration approach is in better agreement with5

the co-located radiosounding profile with respect to the neural network retrieval applied
to the microwave Tbs only.

Other integration approaches for the retrieval of aerosol properties, water vapour
and liquid water content are under evaluation. Studies are in progress, particularly
with the main goal to enhance the knowledge of the aerosol-clouds interactions and10

the characterisation of cloud liquid water content through the integration of lidar, mi-
crowave and cloud-radar measurements. Moreover, the availability of MIRA-36 cloud
radar gives us also the possibility to provide new parameters and, therefore, to increase
the knowledge of the cloud processes as well as to investigate nucleation processes.
The integration among co-located multi-wavelength Raman lidar, cloud radar and mi-15

crowave profiler observations will be one of the main future strategies at CIAO for the
study of these interactions.
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Table 1. List of the instruments operative at CIAO along with the corresponding lv1 and lv2
products, the retrieval algorithm currently in use for obtaining lv2 products, the corresponding
quality assurance protocol and the advanced products obtained from the synergy and integra-
tion of different techniques.

Instrument lv1 products lv2 products Algorithm Quality assurance Advanced Synergetic products
protocol

PEARL (Potenza RCS at 355, 386, 407, β at 355/532/1064, Ansmann et al., 1990 EARLINET Quality Aerosol Microphysical properties
Earlinet Raman 532, 532 parallel, 532 355/532, τ at 355/532, Pappalardo et al., 2004b assurance programme (Mueller et al., 2009)
Lidar) cross, 607, 1064 nm α at Freudenthaler et al., 2009

χ at 355/532 and at
532/1064, at δ at 532 nm

MUSA RCS at 355, 386, 407, β at 355/532/1064, α at Ansmann et al., 1990 EARLINET Quality Aerosol Microphysical properties
(Multiwavelength 532, 532 parallel, 532 355/532, τ at 355/532, Pappalardo et al., 2004b assurance programme (Mueller et al., 2009)
System for cross, 607, 1064 nm χ at 355/532 and at Freudenthaler et al., 2009 EARLINET reference
Aerosol) lidar 532/1064, at δ at 532 nm mobile system

CNR-IMAA water RCS at 355, 386, 407 nm β, α, τ at 355 nm, WVMR Raman retrieval Intercomparison within Water Vapour Raman lidar+microwave
vapour Raman lidar (Mona et al., 2007) Italian NDACC stations profiler for water vapour retrieval using

Kalman filtering

MIRA-36 Ka-band SNR, Z, Ze, Doppler LWC, IWC, Target Cloudnet Retrieval Cloudnet quality Radar reflectivity+microwave
Doppler velocity, LDR classification Scheme (Illingworth et assurance temperature profile for melting layer
Polarimetric raar al., 2007) retrieval

MP3014 K-band and V-band Tbs Temperature, WVMR, Neural network algorithm Intercomparison with
Microwave Profiler relative humidity and (Solheim et al., 1998) radiosoundings and

liquid water profiles, water vapour Raman
IPWV, LWP lidar

CIMEL CE-318 Radiances at 330, 380, AOT, χ at 440/880, AERONET automatic AERONET lv2.0 Multiwavelength lidar+ sun photometer
sun photometer 440, 500, 670, 880, IPWV , Microphysical retrieval quality assured data. for the retrieval of aerosol microphysical

1060, 1640 nm properties (aeronet.gsfc.nasa.gov) properties (to be implemented, Mueller et
al., 2009)

CT25K VAISALA – Unattenuated backscattering Manufacturer retrieval Intercomparison with Microwave profiler neural
ceilometer profile, visibility cloud base scheme lidars retrieval+ ceilometer (or lidar)

height cloud base height for LWP
retrieval.

CHM15 Jenoptik RCS 1064 nm Cloud base height, PBL, Manufacturer retrieval Intercomparison with ”
ceilometer visibility, 1064 nm scheme lidars

backscattering profile

Surface radiation Surface downwelling Shortwave and longwave clear – To be implemented –
station Irradiances: solar direct, sky fluxes

diffuse, global;
longwave

Infrared Tb in the 9.6–11.8 µm Cloud base temperature Manufacturer retrieval Intercomparison with Microwave temperature profile
thermometer region scheme lidars and ceilometers +Tb in 9.6–11.8 µm band for

cloud base retrieval

Automatic/Manual – Temperature, pressure, relative – GRUAN protocols –
radiosouding humidity, wind profile up to
systems 35 km a.g.l.

Ozonesounding – Ozone mixing ratio profile up to – GRUAN protocols –
40 km a.g.l.
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Table 1. Continued.

Instrument lv1 products lv2 products Algorithm Quality assurance Advanced Synergetic products
protocol

MILOS surface – Surface temperature, pressure, – GRUAN protocols –
meteorological relative humidity and wind
station direction/velocity, rain gauge

GPS receiver ZTD IPWV – To be implemented –
(End of 2010)

α – Extinction coefficient; β – Backscattering coefficient; δ – Depolarization ratio; τ – Optical depth; χ – Ångström coefficient; AOT – Aerosol Optical Depth;

IPWV – Integrated Precipitable Water Vapour; IWC – Ice Water Content; LDR – Linear Depolarization Ratio; LWC – Liquid Water Content; LWP – Liquid Water

Path; RCS – Range-Corrected Signal; SNR – Signal-to-Noise Ratio; Tb – Brightness Temperature; WVMR – Water Vapour Mixing Ratio; Z – reflectivity factor;

Ze – Equivalent reflectivity factor; ZTD – Zenith Tropospheric Delay.
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Fig. 1. Location of CIAO (CNR-IMAA Atmospheric Observatory) respect to the Mediterranean
Basin and pictures of several active and passive instruments operative at the observatory.
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Fig. 2. Examples of dual radiosonde launches performed at CIAO: comparison of the temper-
ature (a) and humidity (b) profiles measured using RS92-SGP and RS92-KL sondes started
on 18 October 2004 at 16:13 UTC; comparison of temperature (c) and humidity (d) profiles
measured using RS80 and RS92-SGP sondes started on 10 August 2004 at 16:49 UTC. The
plot (d) also includes the RS80 humidity profile corrected according to Leiterer method. Both
the couples of radiosoundings are co-located and isochronous.
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(a)

 36

 1 

 2 

Figure 3: Upper panel: comparison of the IPWV retrieved by the MP3014 and obtained from Raman lidar 3 
measurements in the period from 17:50 UT to 23:20 UT on 08/09/2004. Lower panel: comparison between the 4 
water vapour mixing ratio profiles measured by the radiosonde started at 18:02 UTC on 09/09/2004 and the lidar 5 
water vapour mixing ratio profiles calibrated using the co-located radiosonding (Sonde cal.) and the radiometric 6 
IPWV (MWR cal.). In the lower panel, the lidar water vapour mixing ratio profiles calibrated using the IPWV is 7 
reported using a regular point skipping in order to show the agreement with the profiles calibrated using the co-8 
located radiosounding. 9 

(b)

Fig. 3. (a) comparison of the IPWV retrieved by the MP3014 and obtained from Raman lidar
measurements in the period from 17:50 UT to 23:20 UT on 8 September 2004. (b) Comparison
between the water vapour mixing ratio profiles measured by the radiosonde started at 18:02 UT
on 9 September 2004 and the lidar water vapour mixing ratio profiles calibrated using the co-
located radiosonding (Sonde cal.) and the radiometric IPWV (MWR cal.). In the lower panel,
the lidar water vapour mixing ratio profiles calibrated using the IPWV is reported using a regular
point skipping in order to show the agreement with the profiles calibrated using the co-located
radiosounding.
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 37

 1 
Figure 4: (a) Time series of the water vapour mixing ratio profile as measured by the water vapour Raman lidar 2 
operational at the CNR-IMAA on the 20/02/2004; (b) time series of the water vapour mixing ratio profile 3 
obtained using the integration algorithm based on the Kalman filtering; (c). time series of the water vapour 4 
mixing ratio profile output by the DWD Lokal-Modell; (d) comparison of the water vapour mixing ratio profile 5 
obtained by a co-located radiosouding (Sonde) started at 21 UT, a microwave radiometer (MW Radiometer) and 6 
using the integration algorithm (Kalman). 7 

Fig. 4. (a) Time series of the water vapour mixing ratio profile as measured by the water
vapour Raman lidar operational at the CNR-IMAA on the 20 February 2004; (b) time series
of the water vapour mixing ratio profile obtained using the integration algorithm based on the
Kalman filtering; (c) time series of the water vapour mixing ratio profile output by the DWD
Lokal-Modell; (d) comparison of the water vapour mixing ratio profile obtained by a co-located
radiosouding (Sonde) started at 21:00 UT, a microwave radiometer (MW Radiometer) and using
the integration algorithm (Kalman).
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