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Abstract. The Raman Lidar for Meteorological Observa-
tions (RALMO) was installed at the MeteoSwiss Regional
Center of Payerne, Switzerland, in summer 2008. One of its
aims is to provide continuous vertical profiles of tropospheric
water vapor during day and night at a high temporal resolu-
tion. Twelve months (October 2009–September 2010) of li-
dar data are analyzed. During this period of time, the lidar
produced 9086 profiles, representing 52.6 % of the time (this
figure reached 63.2 % for the first 6 months of 2011). Under
cloud-free conditions, half of the profiles reached more than
8610 m above ground level at night, and 4050 m during the
day. In order to validate the capabilities of the instrument, the
year of lidar data was compared to the collocated radioson-
des. On average, lidar water vapor mixing ratio was found
to be within 5 to 10 % of radiosonde values up to 8 km at
night, and within 3 % up to 3 km during the day. Relative hu-
midity results show an agreement within 2 and 5 % for day
and night, respectively. An integrated water vapor compari-
son also shows a good correlation with both radiosondes and
GPS measurements: the lidar had a 4.2 % dry bias compared
to radiosondes and a 5.3 % wet bias compared to GPS. These
results validate the performance of the lidar and the humidity
profiles with a 30 min time resolution.

1 Introduction

Water vapor is a key component of the Earth’s atmosphere.
It is the strongest greenhouse gas, and changes in its concen-
tration have many implications in the climate and radiative
system (IPCC, 2007). Water vapor density is highly variable
in time and space. Knowledge of the atmospheric humidity

profile is of primary importance for applications such as nu-
merical weather prediction models but also for integration
with other methods of observation such as surface rain gauge,
weather radar, and remote sensing of clouds.

A wide range of ground-based in situ and remote sens-
ing techniques is available for water vapor measurements
in the troposphere and the middle atmosphere. For a thor-
ough review of the different methods the reader is referred to
Kämpfer(2013) and references therein. Lidar is one of the
only techniques that has the capacity to resolve both the tem-
poral and the spatial variability of water vapor and is hence of
greatest interest for the use in meteorological applications. A
discussion of the state of the art of water vapor profiling with
lidar is given in the companion paperDinoev et al.(2013).
The lidar technique has been compared to other techniques
(Wirth et al., 2009; Bleisch et al., 2011; Vogelmann et al.,
2011; Leblanc et al., 2011) and shows good performance.
Recent advances in lidar research allowed the development
of the first automatic day- and night-time water vapor lidars
dedicated to the use in operational meteorology (Goldsmith
et al., 1998; Engelbart et al., 2006; Apituley et al., 2009;
Dinoev et al., 2013).

At the MeteoSwiss Regional Center of Payerne, atmo-
spheric water vapor profiles are measured twice daily with
radiosondes. Since summer 2008, a Raman lidar has been
installed and tested on site. The aim of this instrument is
to continuously provide tropospheric water vapor profiles
during day and night at a 30 min repetition rate, primar-
ily for the operational needs of MeteoSwiss. Figure1 il-
lustrates how the lidar bridges the gap between radiosonde
profiles. The evolution of humid or dry layers in time and
altitude can be followed in near real time. This provides
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Fig. 1. Lidar water vapor mixing ratio profiles time series. Lidar
profiles are plotted in blue and black with a 30 min time resolu-
tion. Each successive profile is shifted to the right by 30 min on
the x-axis. The mixing ratio scale is shown in the plot window.
Collocated radiosonde profiles are super-imposed in red. This plot
illustrates the lidar capability of filling the information gap be-
tween radiosonde profiles. The lidar provides a profile every 30 min,
whereas radiosondes are available only twice a day.

valuable information on the state of the atmosphere at a high
temporal resolution.

The comparison presented in this paper aims at proving
the quality and consistency of lidar profiles. It will provide
an overview of the lidar’s performance during one year of
operation, and will be used as a comparison benchmark for
future analyses. The validation of lidar profiles is the first
step towards having an operational instrument with 30 min
time resolution available for assimilation by state of the art
weather prediction models. The comparison between lidar
and radiosonde shown in this paper is based on one pro-
file intercomparison every 12 h at best (771 radiosonde have
been launched during the year under study). The continuous
performance of the lidar (every half-hour) is not assessed. It
has to be noted that the dataset is dependent on the techni-
cal specifications and the weather conditions. This paper is
structured as follows: Sect.2 briefly presents the lidar used
in this study. Section3 details the water vapor retrieval per-
formed with the lidar. Section4 describes the lidar dataset, in
particular the profiles characteristics and the system stability.
It also describes the radiosonde dataset. Section5 presents
the comparison results in terms of water vapor profiles and
integrated water vapor (IWV). Section6 discusses important
points concerning this comparison, in particular the observed
biases. Section7 presents the conclusions.

2 Instrument description

The Raman Lidar for Meteorological Observations
(RALMO) is a custom-designed instrument, operated
at MeteoSwiss Payerne since August 2008. It has been
developed by the Swiss Federal Institute of Technology
(EPFL) for the needs of MeteoSwiss (Dinoev, 2009). While
other lidar groups have successfully taken the approach of
using large integration time during night-time conditions
(thus avoiding any daytime sunlight interferences) in order
to produce profiles up to the upper troposphere–lower
stratosphere region (Leblanc et al., 2008, 2012), in Payerne
our aim is to make continuous measurements of tropospheric
water vapor at a high temporal resolution during both day
and night. The lidar system uses a trippled Nd:YAG laser
that emits laser pulses (< 8 ns duration) at a repetition rate
of 30 Hz. The typical energy per pulse at the wavelength of
354.7 nm is around 300 mJ, revealing an average power of
approximately 9 W. Before being emitted in the atmosphere
the beam is expanded to a diameter of 140 mm. This ensures
an eye-safe laser beam and reduces beam divergence to
0.1 mrad. Four telescopes with 30-centimeter parabolic mir-
rors are arranged symmetrically around the vertical outgoing
beam to receive the backscattered photons. The telescope
system has a total aperture equivalent to a telescope of
60 cm diameter and a field of view of 0.2 mrad. The narrow
field of view together with narrowband receiver allows
daytime operation. Optical fibers connect the telescope
mirrors with a grating polychromator used to isolate the
rotational-vibrational Raman signals of nitrogen and water
vapor (wavelengths of 386.7 and 407.5 nm, respectively).
The optical signals are detected by photomultipliers and
acquired by a transient recorder. A detailed description of
the instrument is available in the companion paper.

3 Water vapor retrieval

A water vapor mixing ratio profile,q(z), is retrieved from
the nitrogen and water vapor rotational-vibrational Raman
signals,sN2(z) andsH2O(z), as follows:

q(z) = C ·

(
sH2O(z) − bH2O

sN2(z) − bN2

)
·

exp[−τN2(z)]

exp[−τH2O(z)]
(1)

τN2(z) and τH2O(z) are the opacities due to molecular ex-
tinction between the surface and the altitudez at 386.7
and 407.5 nm, respectively. The estimation of molecular
extinction is based on the US Standard Atmosphere. For
normal conditions at Payerne the effect of differential ex-
tinction due to aerosols is small and is neglected (Dinoev
et al., 2013). The background signalsbH2O andbN2 are de-
termined from the corresponding measured signals above
40 km. The statistical error of the water vapor profile is calcu-
lated from the variance of the uncorrected signals using Pois-
son statistics. The calibration constantC is calculated from
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Table 1.Yearly time percental of the different flags allocated by the
system for the period 1 October 2009 to 30 September 2010.

Flag Lidar status Time percental (%)

Normal operation On 52.6
Maintenance and Off 25.7
technical problems
Rain Standby 16.2
Low clouds Standby 5.5

intercomparisons with collocated radiosoundings equipped
with the SnowWhite hygrometer. SnowWhite is a frost/dew
point hygrometer for the troposphere and lower stratosphere
(Fujiwara et al., 2003; Vömel et al., 2003). C is chosen
using a linear least-square method, so that the sum of the
square differences between lidar mixing ratio profileq(z)

and SnowWhite radiosonde mixing ratio profile,qS(z), is
minimal. Only the first 6 km of the profiles are considered for
the fitting. It is important to note that the radiosondes used
for lidar calibration (SnowWhite) are different from the ra-
diosondes used for the validation (operational SRS-400 with
capacitive Rotronic HC2 sensor, see Sect.4.2).

Each lidar raw data file contains an integration over 1800
shots, which corresponds to a one-minute integration time.
For the inversion, an average over 30 raw data files is used,
thus corresponding to a total of 54 000 shots and a 30 min
integration time. The raw signals are desaturated and offset
corrected. In the case of the water vapor Raman signal the
analog and photon counting channels are combined (glued)
to achieve best linearity under daytime conditions. Further-
more, a gliding average smoothing using a rectangular filter
has been applied to the raw signals in order to reduce the
statistical uncertainty. The vertical resolution, defined as the
width of the vertical smoothing window, is increased with
altitude from 30 to maximum 600 m such that the statisti-
cal uncertainty is smaller than 10 %. This results in profile
to profile variations in terms of vertical resolution according
to atmospheric conditions. More details of the water vapor
retrieval is available in the companion paper.

4 Datasets

4.1 Lidar dataset

4.1.1 Profiles availability and continuity

A one-year dataset has been selected for the comparison. The
chosen period extends from 1 October 2009 to 30 Septem-
ber 2010. During this 1 yr period, the lidar produced profiles
52.6 % of the time, which represents a total of 9086 profiles.
During the remaining time, the lidar was either in standby
mode, due to external factors such as rain or low clouds, or
was turned off due to maintenance or technical problems.
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Fig. 2. Lidar data availability for the period 1 October 2009 to 30 September 2010. Green bars represent the

percentage of time when the lidar is producing humidity profiles. Grey bars represent the percentage of time

when the lidar is in stand-by mode due to either rain or low clouds. White bars represent the percentage of time

when the lidar is off due to maintenance or technical problems.

−40

0

40
 6 km asl Night

Day

−1.8+/−1.1%/month −4.7+/−5.0%/month

−40

0

40
 4 km asl

(L
id

ar
−

S
on

de
)/

S
on

de
 [%

]

+0.13+/−1.3%/month −7.4+/−3.6%/month

−40

0

40
 2 km asl +0.51+/−0.36%/month −5.0+/−1.2%/month

Oct09 Jan10 Apr10 Jul10 Oct10

−40

0

40
 1 km asl +0.12+/−0.17%/month −4.4+/−0.76%/month

Fig. 3. Temporal evolution of water vapor mixing ratio differencesbetween lidar and sonde at different altitude

levels (from top to bottom: 6, 4, 2 and 1 km a.s.l.). Trends areshown for two time periods: from November

2009 to June 2010, the system remained relatively stable, and from July to September 2010, a drift is visible.

The drift is mainly due to a photodetector sensitivity decrease. A recalibration was performed beginning of

October 2009.

19

Fig. 2. Lidar data availability for the period 1 October 2009 to
30 September 2010. Green bars represent the percentage of time
when the lidar is producing humidity profiles. Grey bars represent
the percentage of time when the lidar is in standby mode due to ei-
ther rain or low clouds. White bars represent the percentage of time
when the lidar is off due to maintenance or technical problems.

Table1 summarizes the percentage of time allocated to the
different instrumental flags. It should be noted that the fig-
ures in Table1 are housekeeping parameters, which may
include delays between on and off times. For example, the
16.2 % of time flagged as “rain” includes not only the time
when precipitation occurs, but also includes the transition pe-
riod between end of rain and system start-up. This time de-
lay may reach typically 1 h and include pre-warming laser
operation before standard lidar observations are performed.
An additional 90 min standby time was added between end
of precipitation and beginning of system start-up in order to
avoid frequent start-up/shutdown procedures in case of inter-
mittent rain conditions. During this time, the system is opera-
tional although not retrieving profiles. Therefore, the 52.6 %
of “normal operation” is the time when the lidar produced
profiles. The time percental when the instrument is actually
operational is larger.

It is to be noted that we acquired more experience oper-
ating the system, which results in higher percentage of op-
erational time. For the first 6 months of 2011, the lidar pro-
duced profiles 63.2 % of the time. Figure2 graphically il-
lustrates profile availability during the comparison period.
Since lidar operation is weather-dependent, data availabil-
ity is highly variable versus time, thus a seasonal cycle can
be seen: more precipitation and low clouds in winter, more
clear-sky situations in summer. During suitable weather con-
ditions (no rain, no low clouds), the lidar can run for sev-
eral days up to 2–3 weeks uninterrupted. Regular mainte-
nance tasks include laser flash lamps replacement or man-
ual high-voltage adjustment of the laser. The correspond-
ing shutdown time is of the order of 1–2 working days per
month. Telescope re-alignment is needed only for changes
related to the laser source. Re-calibration has to be per-
formed only for changes affecting the efficiency of detection,

www.atmos-meas-tech.net/6/1347/2013/ Atmos. Meas. Tech., 6, 1347–1358, 2013
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e.g. changes in the optics, the photomultiplier or the poly-
chromator. The remaining shutdown time is due to technical
problems (e.g. cooling or air conditioning units, laser source
repair or maintenance), which leaves room for further im-
provements. It should also be noted that there are neither au-
tomated alert systems nor personnel on duty operating the
system outside regular working hours. This delays the start
of repair work in case of a technical problem.

4.1.2 System stability

During the selected period, no major changes took place in
the instrument configuration and hardware. The lidar cali-
bration coefficient was recalculated at the beginning of Oc-
tober 2009, using one SnowWhite radiosonde profile, and
was left unchanged during the whole year. The system re-
mained rather stable, as illustrated in Fig.3, which shows
the temporal evolution of the difference between radioson-
des (operational SRS-400 with Rotronic sensor) and li-
dar at different altitude levels. In this plot, data that are
more than 3 standard deviations away from the mean have
been removed in order to avoid having obvious outliers im-
pacting the trend (this concerns just a few points at each
level). After the recalibration in October 2009, the lidar
shows a high level of stability. Over an eight-month period
from November 2009 to June 2010, the mean monthly bias
is +0.12± 0.17 % month−1 at 1 km a.s.l. (+0.51± 0.36 % at
2 km a.s.l.). From July to September 2010, however, a trend
of −4.4± 0.76 % month−1 is observed (−5.0± 1.2 %).

Recent comparisons in 2011 between lidar and
SnowWhite radiosondes (not shown) confirm the above
results. This drift is due to uneven aging of water vapor and
nitrogen photomultipliers caused by the intensive summer
solar background. It is noted that a system for automatically
correcting the ageing effect is currently under consideration.

For some profiles, lidar and radiosonde measurements dif-
fer substantially at a given height, hence the outliers in Fig.3.
On a point-by-point comparison, having outlying values may
happen. This is due to a combination of several factors, such
as problems of space or time collocation, different measure-
ment times (see Sect.5), or problems related to specific
limitations of the radiosonde sensor (see Sect.6.2).

From these results, we conclude that the system can re-
main stable over long period of time, on the order of several
months. However, a check of the calibration once a month
has been introduced to monitor stability and to correct for
possible drifts.

4.1.3 Altitude reached by the profiles

The altitude of the highest point in each lidar profile has been
extracted. The distribution is shown in Fig.4. The corre-
sponding statistics are reported in Table2. The highest point
is defined as the highest point in the profile with a statisti-
cal error below 10 % (see Sect.2). In Table2, two types of

Table 2. Mean and median of the highest point (meters above
ground level) in lidar profiles for day and night. Integration
time: 30 min. Day, night, and clear sky are defined in Sect.4.4.

Clear-sky All data
(m a.g.l.) (m a.g.l.)

Mean night 8318 6879
Mean day 4047 3545
Median night 8610 7500
Median day 4050 3480

information are shown. First, results for all data are given.
They characterize the lidar performance for all profiles dur-
ing the 12-month period. There, the highest altitude reached
by the profiles are strongly limited by clouds. On average,
the highest point was at 6879 m above ground level (a.g.l.)
during night-time conditions and at 3545 m a.g.l. during day-
time. Regarding median values, half of the profiles reached
a height of 7500 m a.g.l. at night and 3480 m during the day.
Second, results for cloud-free data are given. These results
are not affected by clouds; they therefore reflect the intrinsic
performance of the instrument’s optics during the time period
under study. For a given integration time, the altitude reached
by the profiles are limited only by instrumental factors, such
as laser source intensity and laser beam divergence, tele-
scope alignment, telescope’s active surface and optics qual-
ity, light filtering system quality, and/or solar background
noise rejection. During cloud-free periods, a profile reached
on average 8318 m a.g.l. during night-time conditions, and
4047 m a.g.l. during daytime. Half of the profiles reached a
height of 8610 m a.g.l. at night and 4050 m during the day.

These results attest that the lidar has the capability of re-
trieving humidity profiles at night over most of the tropo-
sphere with an integration time as short as 30 min. Higher
heights could yet be achieved with a longer integration time.
During the day, profiles reach a lower altitude than at night,
as expected. This is due to the high solar background level
and the consequently reduced signal-to-noise ratio at higher
altitudes. Despite these daytime conditions, humidity profiles
cover a large part of the tropospheric water vapor content.
The diurnal distribution of highest points agrees qualitatively
well with those derived from the ARM Raman lidar (e.g.Fer-
rare et al., 2006). It is noted that additional profile height
limiting conditions may include scattered clouds, full moon
nights, low laser power, or cirrus clouds or aerosol layers due
to the clear-sky selection algorithm (see Sect.4.4).

4.2 Radiosonde dataset

Radiosonde data were taken from the operational radiosonde
dataset from Payerne. The station is part of the GCOS Ref-
erence Upper Air Network (GRUAN) (Seidel et al., 2009).
Furthermore, the station has recently been appointed as offi-
cial test-bed site for the World Meteorological Organization’s

Atmos. Meas. Tech., 6, 1347–1358, 2013 www.atmos-meas-tech.net/6/1347/2013/
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Fig. 3.Temporal evolution of water vapor mixing ratio differences between lidar and sonde at different altitude levels (from top to bottom: 6,
4, 2 and 1 km a.s.l.). Trends are shown for two time periods: from November 2009 to June 2010, the system remained relatively stable, and
from July to September 2010, a drift is visible. The drift is mainly due to a photodetector sensitivity decrease. A recalibration was performed
beginning of October 2009.
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Fig. 4. Distribution of highest point in lidar profiles for clear-sky
(dotted) and all-sky (solid) during night (blue) and day (red). Period:
1 October 2009 to 30 September 2010. Number of profiles: 9086.

Commission for Instruments and Methods of Observations
(WMO-CIMO).

The radiosonde type used for this study is the SRS-400,
manufactured by Meteolabor AG. It is equipped with a ca-
pacitive Rotronic HC2 humidity sensor (Philipona et al.,
2009). Rotronic sensors are thoroughly tested and calibrated
by the manufacturer before being sold. In Payerne, a ground-
check is carried out by a comparison with a reference mea-

surement just before launch. Tests performed in Payerne on
dual flights (two HC2 sensors) show excellent consistency
between sensors (not shown). A new version of this sonde
(C34 digital radiosonde including Global Positioning Sys-
tem [GPS]) using the same sensors has recently participated
in the international intercomparison 2010 of high-quality ra-
diosondes organized by the World Meteorological Organiza-
tion (WMO) (Nash et al., 2011). During this intercompari-
son, the humidity sensor was found to measure values that
were too large (wet bias) in integrated water vapor (IWV)
compared to GPS measurements. The magnitude of this bias
is of the order of +5 %. In terms of relative humidity, the sen-
sor was found to generally have a wet bias at tropospheric
temperatures also of the order of +5 %. Comparison flights
using an HC2 sensor, a SnowWhite frost-point hygrometer,
and a Vaisala RS92 radiosondes are regularly carried out at
Payerne. The three sondes usually agree within a few per-
centage points up to about 8 km above sea level (Fig.5). The
radiosonde is launched routinely twice a day at 11:00 UTC
and 23:00 UTC. Additional launches are made occasionally,
for instance during measurement campaigns or other special
events. For the year under study, a total of 771 operational
profiles have been collected. The distance between the ra-
diosonde launch site and the lidar is approximately 100 m.
To do the comparison, the lidar vertical grid is taken as ref-
erence. Each lidar vertical grid point is matched with the
closest point in the radiosonde vertical grid. The radiosonde
value is then taken as the average of all points within 50 m
above and 50 m below that grid point.
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Fig. 5. Mean relative humidity difference between SnowWhite
(black, reference), Rotronic HC2 (red) and Vaisala RS92 (blue) son-
des. 1 standard deviation is shown (dashed lines). Results based on
13 comparison flights made at night in 2011.

4.3 GPS and microwave radiometer datasets

In Sect.5.2, we compare integrated water vapor results from
lidar and radiosondes to GPS and microwave radiometer
measurements. Both the GPS and the microwave radiome-
ter are located on the Payerne site (within 100 m of the li-
dar and radiosonde launch site). IWV calculations from GPS
are based on World Meteorological Organization guidelines
(de Haan et al., 2008; Eumetnet, 2009); the uncertainties are
in the order of 1–2 mm in the range 10–40 mm. IWV calcu-
lations from microwave radiometer are made with a HAT-
PRO radiometer from Radiometer Physics GmbH (RPG,
2011); IWV uncertainties are in the order of 0.5–0.8 mm
(Löhnert et al., 2011). The microwave radiometer is pointing
vertically with a field of view of 3.5◦ (HPBW) and an inte-
gration time of 1s. For comparison with the lidar, the IWV
values are then averaged over 30 min.

4.4 Definitions

In this paper, several situations are distinguished: day, night
and clear-sky. Clear-sky situation is based on the APCADA
algorithm (Duerr and Philipona, 2004), which estimates
cloud fraction. This algorithm determines cloud fraction us-
ing longwave downward radiation and surface temperature
and humidity measurements with a 10 min resolution. The
range goes from 0 octa (clear-sky) to 8 octa (overcast). A li-
dar profile is categorized as clear-sky if the mean APCADA
factor during the 30 min of lidar integration time is less than
or equal to 2 octa (2/8th of the sky covered with clouds). Ac-
cording to internal tests (not shown), this assumption ensures
that clear-sky situations are properly discriminated. In a few
cases, however, isolated clouds or cirrus clouds might not be
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Fig. 6. Example of night-time water vapor mixing ratio profiles
from lidar and radiosonde (left panel). The radiosonde profile (solid
red) is taken as working reference. Mixing ratio relative difference
between lidar and radiosonde (middle panel). Profile of horizontal
distance between launch site and radiosonde (right panel).

detected and affect lidar profiles. Using APCADA also en-
sures that the whole sky is clear, and not only the fraction
above the lidar.

A profile is defined as a night profile if the solar zenith
angle is greater than 95◦, and it is defined as a day profile if
the solar zenith angle is smaller than 95◦. This is a valid as-
sumption for more than 95 % of the flights that are in the an-
alyzed dataset. For the 5 % remaining (i.e. launches at 06:00
and 18:00 UTC), the 95 degree sun zenith angle is taken as
the filter between night and day. At 95 degree zenith angle
the lowest part of the atmosphere illuminated by the Sun is
at approximately 24 km, i.e. below the background reference
height of the lidar. However, there might still be some light
reaching the lidar through scattering.

5 Comparison with SRS-400 radiosondes

5.1 Water vapor profiles

During the period from 1 October 2009 to 30 Septem-
ber 2010, a total of 168 matching clear-sky profiles were col-
lected, 97 night profiles and 71 day profiles. An example of
water vapor mixing ratio measured by lidar and radiosonde
is presented in Fig.6. The agreement between radiosonde
and lidar is generally very good. Small-scale vertical struc-
tures, visible in radiosonde profiles, are well seen by the lidar.
In the upper part of the profile, however, discrepancies are
more likely to be observed. Indeed, the lidar measures along
a vertical axis above the instrument, whereas the radiosonde
drifts with the wind and therefore does not sample the same
air parcel as the lidar. This would happen, for example, in
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Fig. 1, where a wet air layer moves down rapidly. During the
year under study, at an altitude of 8 km, which corresponds to
a typically-reached height during night, the mean horizontal
distance to the launch site was approximately 22 km (maxi-
mum distance was 66 km). The same air mass is sampled at
a slightly different altitude (in the order of tens of meters)
related to the horizontal distance mismatch. In the example
given in Fig.6, this shift is visible, for example at around
5 km altitude, where a thin, drier layer is seen at a slightly
different altitude. At this height, the radiosonde sampled an
air parcel 8.4 km horizontally away from the station. The in-
fluence of different temporal and spatial matching and its im-
pact on the system has been previously discussed in the lit-
erature (e.g.Sussmann et al., 2009; Schneider et al., 2010;
Vogelmann et al., 2011; Dionisi et al., 2010).

For the comparison, each radiosonde launch is associated
with its time-collocated lidar profile. For example, the night
radiosonde is launched at 23:00 UTC. It samples the tropo-
sphere roughly between 23:00 and 23:30 (the ascent rate is
about 5 m s−1). The time-collocated lidar profile is the one
produced at 23:30, which results from the signal integrated
from 23:00 to 23:30. This ensures that a similar time win-
dow is used. If no lidar profiles are produced, no comparison
is made for this point. The same applies for the day launch at
11:00 UTC.

The average one-year lidar and radiosonde water vapor
night profiles are shown in Fig.7. Water vapor is expressed in
units of mixing ratio and in units of relative humidity with re-
spect to liquid water. For the conversion of lidar water vapor
mixing ratio profiles into relative humidity profiles, the tem-
perature and pressure profiles from the collocated radioson-
des are used, as the lidar temperature profiling capability is
not yet fully operational. In the troposphere, the sonde’s al-
titude error is on the order of meters, and is neglected when
calculating relative humidity.

During night, the difference between lidar and sonde
shows negative values of 5 to 10 % up to 7.5 km. In terms
of relative humidity, it represents a difference of less than
5 % of relative humidity. At higher altitude, the difference
becomes positive. However, the upper part of the profiles is
more noisy. This is explained by two factors. First, the lidar
signal-to-noise ratio decreases with height, hence more chal-
lenging conditions for the lidar to retrieve humidity values.
Second, the number of lidar profiles available to calculate the
mean decreases with height, hence less points for the mean
value. In the upper part of the profile, we observe a positive
difference between lidar and radiosonde. This would need to
be further investigated.

During the day, both sets of profiles agree very well up to
about 4 km altitude. The average one-year water vapor day
profiles are shown in Fig.8. Although the altitude reached is
lower than at night, the agreement between lidar and sonde is
very good from the ground level to about 4 km above ground.
The lidar mixing ratio relative difference stays within 2 to
3 % of the radiosonde value, or within 2 % relative humid-
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Fig. 7. Top: mean water vapor mixing ratio (left) and mean bias
profile (middle) during night. Bottom: mean relative humidity
with respect to water (left) and bias profile (middle) during night.
Right: number of available profilesn. Middle panels: mean value
(solid black), standard deviationσ (light grey), error of the mean
value (σ/

√
n, dark grey). Only clear-sky days are considered.

ity up to 3 km altitude. These values are mostly within the
uncertainty margin of the comparison. Past 3.5 to 4 km, the
lidar shows a more noisy signal and a wet bias. It is due to the
diminishing number of profiles accounting for the mean cal-
culation, a poor lidar signal-to-noise ratio (here mainly due
to daytime sunlight interferences), and background effects.

Figure 9 shows the water vapor mixing ratio correla-
tion between lidar and radiosonde. At night, the correla-
tion is very high, with a correlation coefficient of more than
0.98. During the day, the correlation is also very high with
a correlation coefficient of more than 0.96. However, the
lidar slightly overestimates the mixing ratio values above
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Fig. 8. Top: mean water vapor mixing ratio (left) and mean bias
profile (middle) during day. Bottom: mean relative humidity with
respect to water (left) and bias profile (middle) during day. Right
panels: number of available profilesn. Middle panels: mean value
(solid black), standard deviationσ (light grey), error of the mean
value (σ/

√
n, dark grey). Only clear-sky days are considered.

10 g kg−1. These values are usually found in low-altitude hu-
mid layers during warm summer days. In Fig.9, some points
show a large discrepancy between lidar and radiosonde.
These outliers correspond to specific atmospheric conditions.
Taking the example of the two circled points of Fig.9, they
correspond to the two highest points (at 4.5 km a.s.l.) of the
same lidar profile on 9 June 2010 at midday. At this time,
large relative humidity variations from the ground to 5–6 km
were observed, with many structures. This is an example of a
difficult measuring condition for both the radiosonde humid-
ity sensor and the lidar, which might produce discrepancies.
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Fig. 9. Water vapor mixing ratio correlation plot between lidar and
radiosondes for night (blue) and day (red) for all altitude levels
(day: 2239 points, night: 6887 points). Magenta circled points are
references for discussion in the paper. Only clear-sky days are con-
sidered. Period: 1 October 2009 to 30 September 2010.

5.2 Integrated water vapor

Integrated water vapor (IWV) has been calculated from li-
dar and radiosonde profiles. Theoretically, in order to cal-
culate IWV from humidity profiles, the complete water va-
por column up to the top of the atmosphere is necessary.
In practice, however, because water vapor density decreases
exponentially with height, calculations based only on tropo-
spheric water vapor give a good IWV approximation. In this
study, lidar IWV has been calculated only from lidar pro-
files reaching an altitude of at least 8 km. The height of 8 km
is a compromise between having enough profiles and a rep-
resentative IWV. From the ground to 8 km, about 99 % of
the total water vapor column is taken into account (calcu-
lation from radiosonde profiles, not shown). It also means
that nights and mostly clear-sky conditions are selected. Ra-
diosonde IWV is calculated from the whole radiosonde pro-
files. During the year under study, a total of 105 lidar profiles
have been eligible for IWV calculation.

Lidar profiles do not start at ground level, but at several
tens of meters above the instrument. Under normal condi-
tions, the first point of measurement is at a height of 75 m
above ground level. When calculating IWV, this lowermost
layer is of importance since it contains a relatively large
amount of water vapor. In this study, we used the refer-
ence 2 meter-height humidity measurements from the nearby
SwissMetNet automatic weather station (Roulet et al., 2010),
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Fig. 10.Top panel: Integrated water vapor (IWV) time series above
Payerne retrieved from radiosondes, GPS, microwave radiometer
and lidar (for the lidar, only profiles reaching at least 8 km are used,
which correspond mostly to clear-sky and night conditions). Bot-
tom panel: Relative difference between lidar and radiosondes (green
crosses), between lidar and GPS (red diamonds), and between lidar
and microwave radiometer (blue dots). For example,−10 % means
that lidar is 10 % drier than reference. Generally, the lidar is drier
than the radiosondes and more humid than GPS. Trends for the pe-
riod November 2009 to June 2010 and for the period July to Septem-
ber 2010 have been added for information.

and extrapolate the value to the first point of the lidar profile.
It is noted that humidity measurements at 2 m a.g.l. might be
subject to local effects, such as evapotranspiration, leading to
humidity overestimation.

Figure10 shows the 1 yr behavior of IWV over Payerne
calculated from collocated lidar and radiosondes. IWV val-
ues from microwave radiometer and GPS measurements have
been added to Fig.10 for completeness, although it is noted
that IWV from GPS measurements are not always reliable
for lidar validation (Sussmann et al., 2009). In Payerne, IWV
varies from a few millimeters in winter to about 40 mm in
summer. Lidar shows a dry bias compared to the radiosonde
(on average 4.2 %) and the microwave radiometer (6.4 %),
and a wet bias compared to the GPS (5.3 %). These results
are also visible in the IWV correlation plots between lidar
and radiosondes, GPS and microwave radiometer in Fig.11.
Of these differences, about 1 % might be due to the fact that
the lidar integrates only over a partial water vapor column.
The correlation coefficients between the lidar and the other
3 instruments reach 0.99. The observed IWV differences be-
tween the different instruments have been discussed in pre-
vious intercomparison work, e.g. inMartin et al.(2006) or
Vogelmann et al.(2011).

6 Discussion

6.1 Bias difference between night and day

Mean yearly bias profiles during night and day (Figs.7 and
8, respectively) show different results. In the first few kilo-
meters above the ground, lidar and radiosondes agree better
during the day than during the night. The reason for this dif-
ference is not clearly established, although it is likely due
to the effect of solar shortwave radiation. The measurement
conditions during day and night are indeed very different.

Solar radiation has a strong influence on the lidar mea-
surement. The strong solar background reduces the signal
to noise ratio and hence increases the statistical uncertainty
of the retrieved profile. Effects due to saturation of the wa-
ter vapor channel during daytime are minimized using the
analog signal instead of the photon counting signal. Given
the strong background noise, the background correction be-
comes more important and introduces an additional uncer-
tainty, especially at the top of the profile. On the other side,
solar radiation has also some influence on the radiosonde’s
humidity sensor due to diffuse radiation into the ventilation
channel. Dual flights using the SRS-C34 and the Vaisala
RS92 showed that day measurements and night measure-
ments have a different behavior (not shown). From these
results, we cannot conclude which technique performs bet-
ter during the day, since both lidar and radiosonde measure
in difficult conditions. We consider the results obtained dur-
ing night a better representation of the bias of the lidar with
respect to the radiosonde.

6.2 Humidity profile bias

This study highlights the challenge of measuring humidity in
the atmosphere. Conventional radiosonde humidity sensors
are based on a resistor or a capacitor. The sensor’s electrical
properties change according to the relative humidity of the air
surrounding the sensor. The retrieved humidity value is there-
fore based on the conversion between a humidity absorbing
substrate and an electrical response. The retrieved profile is
subject to many sources of errors. These include the uncer-
tainty on the temperature at which the relative humidity is
measured, and problems linked with sensor response time,
extreme humidity conditions, rapid humidity changes, liquid
water-to-ice transitions (SnowWhite), or individual sensor
response. For a complete review of the different error sources
on water vapor measurements from radiosondes, the reader
is referred toWMO (2008) or Miloshevich et al.(2006) and
references therein.

On the other hand, lidar systems use a totally different ap-
proach. The lidar’s basic measurement principle is to mea-
sure backscattered light from molecules or particles as a
function of time (distance, altitude). A Raman lidar or DIAL
is measuring the intensity of inelastic backscatter from wa-
ter molecules, or the specific absorption of (infrared) light
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Fig. 11. Integrated water vapor (IWV) scatter plots between li-
dar and radiosondes (top), GPS (middle) and microwave radiome-
ter (bottom). Linear fit are shown with dashed lines, while 1: 1
guides are shown with solid grey lines. Period: 1 October 2009 to
30 September 2010. Only lidar profiles reaching at least 8 km alti-
tude are considered (100 profiles).

Table 3.Radiosonde and lidar measurement characteristics.

Radiosonde Lidar

Profile height > 10 km 8–9 km (night)
3–4 km (day)

Temporal sampling 12 h 0.5 h
Technology Proven Research
Sensor type In situ Remote sensing
Subject to weather/ Weak Strong
illumination
Reliability/robustness High Low
Running costs High Low
Acquisition Manual Automatic

by water molecules, respectively. The lidar thus overcomes
most of the difficult measuring conditions. Problems related
to the radiosonde sensor mentioned above become largely
irrelevant in the lidar retrieval algorithm. Nonetheless, Ra-
man lidar observations need to be initially referred to an ab-
solute calibration value: the humidity profile has to be cal-
ibrated against a reference profile. In the present study, all
statistical results are analyzed based on the lidar calibration
of October 2009.

It is possible that the bias seen during the comparison
(e.g. in Fig.7) is related to the bias of the radiosonde. This
would confirm the bias observed during the 2010 WMO in-
tercomparison campaign (Nash et al., 2011). Likewise, in
terms of integrated water vapor, lidar’s underestimation visi-
ble in Fig.11 (top) might also actually be an overestimation
from the radiosonde. This IWV overestimation from the ra-
diosonde was also underlined during the 2010 intercompar-
ison campaign. Furthermore, this assumption is reinforced
by the comparison between lidar and GPS (Fig.11, middle),
where both instruments are well correlated. Thus, although
the long-term stability of the lidar is clearly more question-
able than the stability of the sonde, a range of factors suggests
that, for the year under study, the lidar underlines the already
known bias of the radiosonde.

6.3 System complementarity

Lidar and radiosondes provide information that could be
seen as redundant. Consequently, it is reasonable to ask
whether both systems are needed on the same site. The ex-
ample shown in Fig.1 illustrates this point. Theoretically, a
well-calibrated lidar could cover the water vapor information
given by the radiosondes. In practice, however, both instru-
ments suffer from clear limitations. A list of important in-
herent system parameters regarding radiosondes and lidar is
given in Table3. The main drawbacks for the lidar are the
limited profile heights during daylight and cloudy days, and
the measurement discontinuity due to either weather or tech-
nical problems. Discontinuity would be a problem, for ex-
ample, for a model relying solely on the lidar for humidity
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and temperature profiles. Both height and continuous obser-
vations are guaranteed with radiosondes. On the other hand,
the main drawback for radiosondes is the relatively low tem-
poral resolution, which leaves a 12 h gap between two con-
secutive profiles. The lidar, with a profile every 30 min, has
the capability to fill this gap. Hence, lidar and radiosondes
are in many ways complementary. Also, for the first time the
lidar is providing real-time information on the humidity pro-
file, which will be of prime importance in next-generation
high-resolution numerical weather prediction models, and in
particular in the field of rain forecast. Moreover, the lidar
provides profiles averaged over time (here 30 min) and over
altitude layers, which is similar to what models require.

7 Conclusions and outlook

The water vapor profiles measured by the lidar were vali-
dated using a 1 yr collocated radiosonde dataset. The water
vapor mixing ratio agreement was within 3 percent up to
3 km during the day, and within 5 to 10 percent up to 8 km
during the night. Relative humidity agreement was within 2
and 5 percent for day and night, respectively. The calculated
integrated water vapor confirmed the quality of the measure-
ment. Lidar compares well with radiosondes, microwave ra-
diometer and GPS. Correlation plots show good results in
the whole integrated water vapor content range from dry to
wet (typically up to 40 mm IWV) atmospheric conditions.
This study also showed that the system remained stable over
8 months, but nevertheless a calibration check every month
has been introduced.

This analysis is based on a subset of approximately 200
lidar/sonde pairs. This represents about 2 % of the 9046 lidar
profiles. However, it is assumed that the results apply to the
whole 30 min time resolution lidar dataset. This validation
opens the door to the assimilation of lidar profiles into opera-
tional models such as Cosmo-2 (COnsortium for Small-scale
MOdelling). Lidar data complement regular radiosonde data
and give valuable information on the state of the atmosphere
between two radiosonde launches. These data can be used to
follow the evolution of humidity in the troposphere in near
real time.

The next step concerning the development of the lidar is
the validation of temperature profiles. When lidar tempera-
ture profiles from rotational Raman lidar operation become
available, the calculation of relative humidity based only on
lidar measurements becomes possible.

This study shows that lidar data are ready to be combined
to different instruments such as radiosondes, microwave ra-
diometer and GPS, in order to build temperature and humid-
ity profiles up to the tropopause at a high temporal resolution.
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