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Abstract. In this paper, we outline an iterative method to cal- contributes indirectly to the radiative budget by means of mi-
ibrate the water vapour mixing ratio profiles retrieved from crophysical processes leading to the formation and develop-
Raman lidar measurements. Simultaneous and co-located raent of clouds, and by affecting the size, shape and chemi-
diosonde data are used for this purpose and the calibration rezal composition of aerosol particleRgichardt et a).1996),
sults obtained during a radiosonde campaign in summer anthus modifying the role of aerosol in the radiative forcing
autumn 2011 are presented. The water vapour profiles megbeTomasi and Perron2003.
sured during night-time by the Raman lidar and radiosondes To achieve a comprehensive understanding of the role of
are compared and the differences between the methodolawater vapour on local and global scales, systematic observa-
gies are discussed. Then, a new approach to obtain relativiions with high spatial and temporal resolution are required.
humidity profiles by combination of simultaneous profiles Among the in situ techniques, radiosonde is extensively used
of temperature (retrieved from a microwave radiometer) anddue to its high spatial resolution, but the temporal resolution
water vapour mixing ratio (from a Raman lidar) is addressed.depends on the launch frequency. There are additional disad-
In the last part of this work, a statistical analysis of water vantages: it is a costly technique, the verticality of the sound-
vapour mixing ratio and relative humidity profiles obtained ing depends on the wind regime and its changes with altitude
during 1 year of simultaneous measurements is presented. (balloons drift with wind), and it is difficult to make accu-
rate water vapour measurements in conditions of low relative
humidity (Vaughan et a).1988.
Other measurement techniques have become available
1 Introduction to address the need for improved water vapour measure-
ments. These techniques include satellite, microwave ra-
Water vapour is one of the most important constituents in thediometry Han et al, 1994 Scheiben et al.2013, DIAL
earth’s atmosphere and it is characterized by high variability|jqar (Ismail and Browell 1994, sun and star photometers
in space and time. It plays a key role in the global radia- (pgrez-Ramirez et al2012 and Raman lidar\hiteman
tion budget and in energy transport mechanisms in the atmogt a1, 1992 Mattis et al, 2002 Guerrero-Rascado et al.
sphereWhiteman et a|.1992 Ferrare et aJ 2000 aswellas  2008g. By virtue of its ability to provide both high spatial and
in photochemical processdddefele et al.2008. Moreover,  temporal resolution measurements of water vapour through-
it is the most important gaseous source of infrared opacitygyt most of the troposphere, Raman lidar has emerged in the
in the atmosphere, accounting for about 60 % of the natu4ast decades as a powerful tool for providing detailed wa-

ral greenhouse effect for clear skiesighl and Trenberth  ter vapour profiles as required for modelling the complicated
1997, providing the largest positive feedback in model pro- processes aforementioned.

jections of climate changeHgld and Soden2000. It also
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This paper addresses the retrieval of tropospheric watemicrowave radiometer (RPG-HATPRO, Radiometer Physics
vapour profiles combining different remote sensing tech-GmbH). This instrument performs measurements of the sky
nigues. Water vapour mixing ratio profiles(z) were ob-  brightness temperature in a continuous and automated way
tained by means of Raman lidar measurements. The caliwith a radiometric resolution between 0.3 and 0.4K root
bration of the lidar water vapour channel was performed bymean square error at 1.0 s integration time. The radiometer
comparison with radiosonde measurements. The combinadses direct detection receivers within two bands: 22-31 and
tion of w(z) from lidar and temperature profiléd(z) from 51-58 GHz. The first band contains channels providing infor-
microwave radiometer allowed obtaining relative humidity mation about the humidity profile of the troposphere, while
profiles. the second band contains information about the temperature

The paper is organized as follows. In Sect. 2, the instru-profile. The retrievals of both temperature and humidity pro-
mentation and the experimental site are briefly describedfiles from brightness temperature are done by the inversion
Section 3 deals with the methodology applied to retrieve wa-algorithms described iRose et al(2005. Temperature data
ter vapour and relative humidity profiles, including details are provided with 0.1K precision and the accuracy of the
about the lidar calibration. A statistical analysis of water temperature retrievals has a mean value of up to 0.8 K within
vapour and relative humidity is presented in Sect. 4. Finallythe boundary layer. Tropospheric profiles are obtained from
conclusions are found in Sect. 5. the surface up to 10 km using 39 heights with vertical reso-

lution ranging from 10 m near the surface to 1000 m for alti-
tudes higher than 7 km. For heights below 3 km (a.s.l.), where
2 Instrumentation and experimental site the planetary boundary layer (PBL) is usually located over
Granada Granados-Mufioz et al2012), data at 25 points
Lidar measurements were performed by means of a Ramawith resolution between 10 and 200 m are provided.
lidar model LR331D400 (Raymetrics S.A., Greece). The sys- During summer and autumn 2011, radiosounding data
tem is configured in a monostatic biaxial alignment point- were also available at the site. A total of 12 radiosound-
ing vertically to the zenith. A Nd:YAG laser emits pulses ings (six at midday and six at night) were launched with
at 1064nm (110mJ), 532nm (65mJ) and 355 nm (60 mJsimultaneous measurements of the lidar system and the mi-
simultaneously, firing laser shots with a repetition rate of crowave radiometer. Radiosounding data were obtained us-
10Hz. A 0.4 m diameter Cassegrain telescope collects radiing a GRAW DFM-06 radiosonde (GRAW Radiosondes,
ation backscattered by atmospheric molecules and particlessermany), which is a lightweight weather radiosonde that
The receiving subsystem also includes a wavelength separovides temperature (resolution 0, accuracy 0.2C),
ration unit with dichroic mirrors, interferential filters and a pressure (resolution 0.1 hPa, accuracy 0.5 hPa), relative hu-
polarization cube. Detection is carried out in seven channelsnidity (resolution 1%, accuracy 2 %) and wind (accuracy
corresponding to elastic wavelengths at 1064, 532 (parallel0.2 ms1). Data acquisition and processing were performed
and perpendicular-polarized) and 355nm, and to inelastidy the Grawmet5 software and a GS-E ground station from
wavelengths at 607 nm (nitrogen Raman-shifted signal exthe same manufacturer.
cited by radiation at 532 nm), 387 (nitrogen Raman-shifted Data were collected at the Andalusian Centre for Envi-
signal excited by radiation at 355nm) and 408 nm (waterronmental Research located in the city of Granada (Spain,
vapour Raman-shifted signal excited by radiation at 355nm)37.16 N, 3.6 W, 680 m above sea level (a.s.l.)). Granada
The instrument is operated with a vertical resolution of 7.5 m.is a non-industrialized and medium-size city surrounded by
Due to the instrument setup, the incomplete overlap be-mountains, with a population of 240000 that increases up
tween the laser beam and the receiver field of view lim-to 350000 if we include the wider metropolitan area. The
its the lowest observation®\andinger and Ansmana002 city is situated in a natural basin surrounded by mountains
Guerrero-Rascado et a2201Q Navas-Guzman et al2011J). with elevations between 1000 and 3500 ma.s.l. The study
Correction of the overlap effect is performed by applying area is only about 200 km from the African continent and
the procedure suggestedWandinger and Ansman2002). approximately 50 km from the western Mediterranean basin
The Raman lidar was incorporated to EARLINET (European (Alados-Arboledas et al2011).
Aerosol Research Lidar NETworkBfsenberg et 312003
in April 2005. It has taken part of the EARLINET ASOS (Eu-
ropean Aerosol Research Lidar Network — Advanced Sus3  Water vapour and relative humidity retrievals
tainable Observation System) project and currently is in-
volved in the ACTRIS (Aerosols, Clouds, and Trace gases3.1 Water vapour profile from Raman lidar

Research InfraStructure Network) European project. Fur- measurements
ther details in relation to this instrument can be found in
Guerrero-Rascado et §2009. Lidar systems can be used to monitor the water vapour mix-

Tropospheric temperature and humidity profiles wereing ratio in the atmosphere. The method is based on the Ra-
measured by a ground-based multifrequency passivenan effect. When a substance is subjected to an incident
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exciting wavelength, it can exhibit the Raman effect which and range-independent Raman backscatter cross segtjpns
consists of re-emitted secondary light at wavelengths thatndon,o. The assumption of identical overlap for nitrogen
are shifted from the incident radiation. The magnitude of theand water vapour is not true in real applications and differ-
shift is unique to the scattering molecule, while the intensity ences between both overlap functions are found in the near
of the Raman band is proportional to the molecular num-range. Whiteman et al. (2006) found errors around 6 % at an
ber density. The water vapour Raman lidar technique usesltitude of 300 m above the lidar system. To avoid any incom-
the ratio of rotational-vibrational Raman scattering intensi-plete overlap we have not used the near range for the water
ties from water vapour and nitrogen molecules, which is avapour calibration.

direct measurement of the atmospheric water vapour mixing In summary, the water vapour mixing ratio profile is ob-
ratio. The lidar equation can be expressed for the nitrogertained by the ratio of water vapour lidar signal to nitrogen

and water vapour Raman signals as follows: lidar signal, a constant calibration factor and an exponen-
tial correction due to the difference in extinction between the

P(R, %) = P(ho)K; Oi(R)ﬂ(R,M) nitrogen shifted and water vapour shifted wavelength. This
R? exponential can be evaluated for Rayleigh scattering by us-

R ing radiosonde or standard atmospheric profiles of tempera-
exp —/[a (r,20) + o (r,A)]dr ¢, 1) ture and pressure while the particle contribution can be ne-
0 glected in most cased@ttis et al, 2009. Considering only
Rayleigh scattering, the exponential term deviates by less
where the index indicates the species nitrogen x)Nor than 3% from unity for most atmospheric conditions found
water vapour (HO). P(R, ;) is the backscattered laser in our station.
power at the Raman-shifted wavelengths, from ramje
P (o) is the emitted laser power at wavelengi) K; is the 3.2 Raman lidar water vapour calibration
range-independent constam; (R) is the overlap function;
B(R, 1) = N;i(R)o; (1) is backscatter coefficient for each As has been shown in the previous section, profiles of water
species, wher&/; (R) is the number density and (1) is the  vapour mixing ratio are computed from the ratio of Raman
Raman backscatter cross section at the Raman-shifted waverater vapour to Raman nitrogen return signaithiteman
length;« is the total extinction coefficient at wavelength, et al. (1992 showed that a single calibration constant can
AN, andin,o; andr is the range considered as an integration be used to convert these lidar signal ratios into water vapour
variable. mixing ratios expressed as the mass of water vapour divided
The water vapour mixing ratio is defined as the ratio of by the mass of dry air. Calibration of water vapour Raman
the mass of water vapour to the mass of dry air in a sampleidar measurements has been extensively discussed in the
of the atmosphereQoldsmith et al. 1998. We can obtain  past aughan et a).1988 Whiteman 2003 Leblanc et al.
the ratio Ny,0(R)/NN,(R) that is proportional to the wa- 2008. There are three main approaches for obtaining this
ter vapour mixing ratio) from Eq. (1) (Guerrero-Rascado calibration constant. One approach requires accurate knowl-
et al, 2008. Assuming identical overlap factors and range- edge of the optical transmission characteristics of the lidar
independent Raman backscatter cross sections for the tweystem and the ratio of Raman scattering cross sections be-

signals this ratio can be expressed as tween water vapour and nitrogdreblanc et al(2012 found
that the precision of this approach to compute calibration val-
NHp0(R) _ PR AH0)  Kiyon, ues is rarely better than 10 %. Because of the difficulty in
NNp(R) - P(R,ANp) KH,00H,0 reducing the uncertainties in the Raman cross sections and
R in determining the optical transmission characteristics of the
exp / [a (,»’ )»Hzo) _a(r’ )»Nz)]dr 2) entire lidar detection system, other alternative approaches
have been developedrérrare et a).1995 Leblanc et al.

0 . L
2012. A second approach consists of estimating the constant

and thus K lidar signal ratios using one (or a set of) well-known wa-
ter vapour mixing ratio profile(s) measured independently.

w(R) = PR, 2,0 Radiosonde measurement in the troposphere is the reference
P(R, AN,) and most common technique used today. The third common
R calibration procedure is based on the comparison of total pre-
exp / [a (, tzo) —a (r, )LNz)] dr}, (3) cipitable water (TPW) obtained through the vertical integra-

tion of the water vapour profiles obtained with the Raman
lidar and the TPW retrieved from a co-located GPS or mi-
whereK takes into account the fractional volume of nitrogen crowave radiometer. When using an external measurement,
in the atmosphere (78.08 %), the ratio of molecular masseghe accuracy of the calibration procedure for the Raman sys-
the range-independent calibration constatits and Kn,0, tem follows that of the measurement used as reference. Today

0
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iteration 1 Table 1. Linear fit between lidar and co-located radiosondes mea-
8.0 7T su'rements. Calibration of lidar water vapour profiles was obtained
;.g-_ W= (216 £2 glkg)'w, . using data between 1.5 and 4.0km (a.s.l.).
6.54 R*=0.97 . Date Slope R> sD
. ::: ] 18Jul2011 183201 0.99 0.06
g 5.0.] ] 22 Jul 2011 185.#0.2 0.99 0.05
é 45.] ] 25Jul 2011 183.£0.1 0.99 0.05
£ 40 ] 28 Jul 2011 187.60.1 099 0.13
R ] 17Nov2011 18202 099 0.03
3.0.] . nental gata - 24 Nov 2011 192.40.1 0.99 0.08
] E_!XDE!HI’]"\EI'I al .
25 —— linear fit _
20 1 17T +“ @ *“ 1§17
0.010 0.015 0.020 0.025 0.030 0.035 0.040
fidar were used in the calibration regression. This range was cho-
teration 3 sen in order to assure a region with high water vapour mix-
8.0 -7 ing ratio (minimizing the error in radiosonde data) and to
7.5-: W iosonge = (183 £ 2 a/kg)*'w, - avoid the large differences that could be found between li-
7.0 4 2 - dar and radiosonde measurements at higher heights due to
654 R =0.99 . radiosonde drift and the incomplete lidar overlap in the near
6.0 - 7 field.
g 991 7 A robust iterative procedure is presented here in order to
g i:: : find the best least-squares regression. For this purpose after
g 4.0 1 the initial fitting, the standard deviation of the data points
2 35.] ] around the regression line is computed. A scan is then made
30 s expermental data through the data points, eliminating all points that deviate
2.5 linaar fit h from the regression line by more than one standard devia-
2.0 —r——+—"7—"—"T—""""T—"—7" tion. The remaining points are used for a new least-squares
0.010 0.015 0.020 0.025 0.030 0.035 0.040 regression. These steps are repeated until the linear regres-
fidar sion slope changes by less than 1%. If the number of re-

uncal.

maining points is less than 50 % of the initial number the cal-
Fig. 1. Iterative procedure of linear regressions to retrieve lidar cal-ibration will not be considered as valid. An example of this
ibration constant from the comparison of lidar and radiosonde dataiterative procedure, corresponding to 25 June 2011, is shown
(top) regression for the first iteration, (bottom) final regression (it- in Fig. 1. Three iterations were needed to achieve slope con-
eration 3). vergence. The figure shows only the first (Figtop) and the

last (Fig.1, bottom) linear regression. Note that for this case

data points deleted after this filtering procedure correspond to
the accuracy of the best quality radiosondes, GPS and milow values of water vapour mixing ratio, where radiosondes
crowave measurements is estimated to be 5%, 7 % and 10 Y%resent larger errorg-€rrare et a).1995. It can be observed
respectively Miloshevich et al, 2004 Leblanc et al.2012. that for the last iteration (#3) the coefficient of determina-

In this work the second approach has been adoptedion (R?) significantly increases. In this case, the calibration
whereby lidar profiles are compared with simultaneous andconstant reaches a value of 182 gkg .
co-located radiosonde measurements of water vapour. Ra- For all cases used in the calibration procedure the number
diosounding campaigns were performed at our station duref iterations was less than five with good agreement among
ing Summer and Autumn 2011. As already mentioned, a to-calibration constants computed for different dates. Tadble
tal of 12 GRAW DFM-09 radiosondes (six at midday and six shows the final slope (corresponding to the calibration con-
at night) were launched simultaneously with lidar measure-stant), R? and standard deviations for the six nights used in
ments. the calibration of the lidar water vapour channel.

Only the six radiosondes launched at night-time were ap- A mean value of 186 4 gkg™! was obtained as the cal-
propriate for the calibration of the water vapour Raman chan-bration coefficient for the whole campaign. The standard
nel. The radiosonde data were vertically interpolated in or-deviation for the mean calibration coefficient was close to
der to obtain an equivalent 7.5 m resolution to match the li-2 %. Previous studies have shown similar standard devia-
dar resolution. For calibration purpose, a conventional leastions. Thus, using 15 lidar-radiosonde comparisons at IFT,
square regression was performed between the lidar and rd-eipzig (Germany), the calibration coefficient was computed
diosonde data. Lidar data between 1.5 and 4.0km (a.s.l.vith a standard deviation of around 5 %ddttis et al, 2002.
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A similar value was obtained using 31 Vaisala RS-80 ra- 6 v 6
diosondes for calibrating the NASA Goddard Space Flight E’ﬂiglzde
Center Scanning Raman Lidar with the same technique dur- —lidar

ing the CAMEX-3 campaignWhiteman 2003. Therefore,

the calibration constant obtained in this work presents a bet-
ter uncertainty than those reported in other works.

Figure2 shows water vapour mixing ratio profiles obtained
from the Raman lidar profiles using the mean calibration con-
stant calculated above, together with the profiles obtained
from radiosondes. The two examples presented correspond
to 22 and 25 July 2011, which show different amount of wa-
ter vapour. A good agreement between lidar and radiosonde
profiles was observed at all glt|tudes. Absolute deviations 10 5 '10‘1'5 20 0 5 10 15 20
were lower than 0.4 gkg" at altitudes below 5.5km (a.s.l.) Ikg] K
on 25 July, while on 22 July larger deviations were found in w [a/kg w [g/kg]
the range 2.5-3.5km (a.s.l.) where the mean absolute deviig. 2 water vapour mixing ratio profiles from radiosonde and Ra-
ation reached 1gkg. These results confirm the capability man lidar during night-time on (left) 22 July and (right) 25 July,
of Raman lidar systems to provide accurate measurements @D11.
water vapour mixing ratio in the lower troposphere.

A statistical analysis in terms of mean absolute devia-
tions and standard deviations between lidar and radiosondiw, typically with one or two radiosonde launches per day.
water vapour mixing ratio profiles is presented in Table 2. Therefore important weather phenomena such as the devel-
This table shows the discrepancies observed at differenbpment of the convective boundary layer and the passage of
heights between 1.5 and 5.5km (a.s.l.), with surface levekold and warm fronts are not appropriately monitongiaitis
at 0.68km (a.s.l.). The mean absolute deviations have beeet al, 2002.
plotted (Fig.3) in order to illustrate better the dependency On the other hand, the use of Raman lidars for the ac-
of these values with altitude. The mean absolute deviation igjuisition of information on aerosol and water vapour, which
below 0.5 g kg for 55 % of the selected ranges. We can ob- permits the study of the same air volume, is a powerful and
serve that the largest discrepancies are found between 4.5 awrdtractive approach to study aerosol—climate interactions, be-
5.5km (a.s.l.), reaching a maximum mean absolute deviatiortause the optical properties of particles strongly depend on
of 2.2gkg! on 17 November. Inspection of the RCS tem- RH (Navas-Guzman et al2013. At present, the rotational
poral evolution reveals that clouds were present at this heighRaman lidar technology allows simultaneous measurements
range during this night. On 28 July and 24 November an im-of temperature and water vapour mixing ratio profiles to re-
portant loss of verticality in the radiosonde was observed atrieve RH profiles Brocard et al.2013 Mattis et al, 2002
5km (a.s.l.). At this altitude the horizontal distance from the Reichardt et a) 2012 Ristori et al, 2005. The main problem
radiosonde to lidar station were 6.6 and 9 km respectivelyis that the use of such systems is not widespread and most
The loss of verticality and the atmospheric inhomogeneitiescommon lidar systems only provide water vapour mixing ra-
could explain the differences in water vapour observed betio profiles. This section presents RH profiles obtained from
tween the lidar and radiosondes. Anyway, the mean absolutehe combination of two instruments, a microwave radiome-
deviation for the whole profile including the six dates was ter and a Raman lidar. As already described, the Raman lidar
0.6+ 0.6 gkg 1, thus indicating a good agreement in the wa- technique is a powerful tool to retrieve mixing ratio profiles

25/07/2011
——radiosonde
— lidar

Altitude a.s.l. (km)
w

ter vapour mixing ratio retrieved by both techniques. with a good vertical resolution during night-time. This in-
formation, combined with simultaneous temperature profiles
3.3 Retrieval of relative humidity using Raman lidar from a co-located microwave radiometer, allows us to obtain
and temperature from microwave radiometer RH profiles.

RH is defined as the ratio of the actual amount of water
In this section a new approach to retrieve relative humidityvapour in the air compared to the equilibrium amount (satu-
profiles from the combination of Raman lidar and microwave ration) at that temperatur®6gers 1979, and it can be cal-
radiometer measurements is discussed. Relative humiditgulated as
(RH) is an important variable in the description of aerosol—
cloud interaction and hygroscopic growth studiear{ et al. RH(z) = e(z)
2007. Global radiosonde observations provide most of the T ew(@)
RH information required as input in weather-forecast mod-
els. But as has been indicated, the temporal resolution ofvheree(z) is the water vapour pressure anglz) is the sat-

routine observations performed by weather services is ratheuration pressure. The water vapour pressure is related to the

x 100, (4)
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Table 2. Mean absolute deviation (medhand standard deviation (SD) of water vapour mixing ratio (gXdoetween lidar and radiosonde
data at different layers.

Date 1.5-2.5 km 2.5-3.5km 3.5-4.5km 4.5-5.5 km
means SD meary SD mear$ SD mears SD
18 Jul 2011 0.3 0.5 0.2 0.3 0.17 0.1 0.25 0.19
22 Jul 2011 0.06 0.04 1.0 0.7 0.23 0.18 0.5 0.3
25 Jul 2011 0.08 0.06 0.17 0.09 0.39 0.22 0.29 0.16
28 Jul 2011 0.25 0.12 0.7 1.1 04 0.3 1.8 0.8
17 Nov 2011 0.18 0.21 0.27 0.18 1.4 0.5 2.2 0.9
24 Nov 2011 0.22 0.15 0.29 0.19 0.8 0.6 1.9 1.2
7 : : : : figure also shows the water vapour mixing ratio profiles re-

trieved from lidar and radiosonde (Fidg) and the tempera-
ture profiles obtained from the radiosonde and the microwave
radiometer (Fig4b). The results correspond to night-time
measurements performed on 25 July 2011. The radiosonde
was launched at 20:40 UTC and microwave radiometer and
Raman lidar measurements were operating from 20:30 to
21:30 UTC. A water vapour mixing ratio profile from the Ra-
man lidar was computed following the procedure described
in the methodology. There was a very good agreement be-

[¢)]

Altitude km (asl)
N

3+ - 4
. égjﬂ::ggﬂ tween the water vapour mixing ratio retrieved from lidar and
P — 25 Jul-2011 radiosonde (Figda). Differences were lower than 5 % below
28-Jul-2011 3.5kma.s.l. although they slightly increase (up to 8 %) above
* 17-Nov-2011 this height. In Fig4c, the RH profile (red line) was computed
1 ‘ |+ 24-Nov-2011 using the water vapour mixing ratio profile (Figg) from li-

0 0.5 1

15 2 2.5 dar and the temperature profile from microwave radiometer
Mean absolute deviation of w [g/kg]

(Fig. 4b) as previously described. The profile shows a good

Fig. 3. Mean absolute deviation of water vapour mixing ratio be- agreement when compared with the RH profile retrieved

tween lidar and radiosondes. from radiosonde. The largest discrepancies are found around
3.4km (a.s.l.), where radiosonde RH values are around 15 %
larger than those retrieved from the Raman lidar and the mi-
crowave radiometer. These larger differences in RH are due
_ p@w(z) (5) to the deviation between the temperature measured with the
T 0.6224+w(z)’ radiosonde and those retrieved from the microwave radiome-

wherep(z) is the air pressure which must be estimated from €' (Fig.4b). Discrepancies between both temperatures pro-
profiles of routine radiosonde measurements or assuming'€S reached maximum values of 30 % at these heights. How-
standard atmospheric conditions. The use of an air pressufe’e"; the agreement in the rest of the (I)QH profiles is quite
profile assuming a standard atmosphere (US 1976) scaled ®°0d, with relative differences below 10 %.

a surface value measured at ground level in Bjldads to ~_RH profiles have also been obtained for the rest of the
negligible errors in the computation of the water vapour pres-N1gnts with coincident radiosondes, therefore a total of six
sure: therefore it will be used here. On the other hand. RH deProfiles were retrieved. A statistical analysis for the temper-

pends on temperature as a function of the saturation vapodfturé and RH variables has been performed for these cases.
pressure according to Table 3 shows the mean absolute deviation between temper-

atures obtained from the microwave radiometer and from the
MAIT (z) — 273 ] (6) radiosondes at different height ranges. A mean absolute devi-
Mp +IT(z) — 273 ation of 1.2+ 0.7 K is found for the whole column (0-5 km,
with the constantsV, = 17.84 (17.08) andip = 2454  &8.l). It can be seen that the absolut_e deviation of the tem-
(234.2) forT below (above) 273 KL(ist, 1957). perature is lower than 1.0K for thg height range below 2 km
Figure4 shows an example comparison between RH pro_(a..g.l.). It can pe obseryed that discrepancies increase with
files retrieved from combination of a Raman lidar and a mi- altitude, reaching a maximum value of 1.5 K between
crowave radiometer and the corresponding radiosonde. Thé @nd Skm (a.g.l.). This increase in temperature deviations

water vapour mixing ratio as follows:

e(z)

ey (z) =6.107 ex
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5000 5000 5000

— lidar (@ ] —mr (b
— radiosonde _

- 4000 |-

4500 |- 4500 |- 4500} — lidar+MR

—radiosonde 7 !
1 —radiosonde 1

4000 |- - 4000}

3500 |- - 3500 |- - 3500

3000 |- < 3000 |- - 3000}
2500 |- 4 2500 |- - 2500}

Altitude a.s.l. (m)

2000 |- - 2000 |- - 2000}
1500 |- 4 1500 |- - 1500}

F 11111 ST U TP ¥ NP RO N | 1000 1 1 1000——1 N . N
0 2 4 6 8 10 12 14 10 0 10 20 30 40 50 0 20 40 60 80 100

w [g/kg] Tem perature [C] Relative Humidity (%)

Fig. 4. Night-time measurements performed on 25 July 2@&}) Water vapour mixing ratio profiles retrieved from Raman lidar and ra-
diosonde(b) temperature profiles from microwave radiometer and radiosondécaRdH profile obtained from Raman lidar and microwave
radiometer (MR) and from radiosonde.

Table 3.Mean absolute deviation (medpfor temperature and rel- 60
ative humidity profiles for the six experiments at different altitude

ranges. sol

range [km] mear (T)[K] range [km] meanrs (RH) [%)] é ol
=

0-1 0.3+0.1 0.5-1 3114 c

1-2 0.8+0.1 1-2 4.9-2.2 =

2-3 1.4+0.8 2-3 &3 g%

3-4 15+1.1 3-4 5.4£2.2 5

4-5 2.1+£15 4-5 1912 > 20t
g

10f

with altitude could be explained by the loss of verticality in

the radiosonde data due to wind drift. Moreover, the lower 0™ an Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

vertical resolution of microwave radiometer in the far height Months

range is also responsible for larger errors in this region. Ingig. 5. Monthly distribution of water vapour profiles in 2011.

fact, the largest deviations are found for those regions where

there is a strong gradient in the temperature profile (e.g. in-

versions) since the microwave radiometer vertical resolutiongrowth based on Raman lidar and microwave radiometer

produces some artificial smoothing in the profile. measurements. The combination of these RH profiles with
Table 3 also shows the absolute deviation between the Rtherosol optical data retrieved with the lidar system allows

profiles retrieved for both methodologies. The range selectedis to obtain hygroscopic growth factors for different aerosol

for the comparison was 0.5-5km (a.g.l.). The first 0.5kmtypes Di Girolamo et al, 2012 Veselovskii et al. 2009.

closest to the surface has not been taken into account in ordén addition, this methodology allows the possibility of ob-

to avoid the potential non-cancellation of the overlap func-taining RH profile measurements with higher frequency than

tions for the nitrogen and water vapour channels. The meamadiosoundings and simultaneously to lidar measurements.

absolute deviation in the RH between 0.5 and 5km (a.g.l.)However, the accuracy needs to be improved to obtain accu-

was 7+ 6 %. The RH deviations change with altitude in a rate values of the hygroscopic growth factors. In particular, it

way similar to the temperature deviations. A loss of verti- is necessary to improve the vertical resolution of the temper-

cality of the radiosonde and the lower resolution of the mi- ature profiles to reduce the uncertainties.

crowave radiometer in the far height range could again ex-

plain these discrepancies. Nevertheless, a low mean absolute

deviations (below 6% in RH) for RH profiles between 0.5

and 4km (a.g.l.) is observed. Measurements of RH profiles

presented here are very useful for the analysis of hygroscopic
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Fig. 6. Seasonal vertical profiles (left) and seasonal mean values for different layers (right) of water vapour mixing ratio. The error bars
indicate the standard deviation.

4 Statistical analysis of water vapour properties 90 =
8ol [ summer

-al_Jtumn

A l-year data set has been selected in order to obtain a sta- 70t I winter

tistical analysis of water vapour mixing ratio and relative
humidity profiles. The chosen period extends from 1 Jan-
uary to 31 December of 2011. During this year a total of
400 lidar inversions were successfully obtained from night-
time measurements. The time resolution of these lidar pro-

files was 30 min. Figur®é shows the monthly distribution of | | |
the inverted profiles. We can observe that a rather low num- I |

Relative Humidity [%]
N w B u (2]
o o o o ?

=
o

ber of profiles were retrieved during February and November,
mainly due to the presence of low clouds and rain.

Mean seasonal vertical profiles af have been calcu-
lated from the Raman lidar measurements during night-time__ _
(Fig. 6a). This figure shows mean profiles for the range 1_Fig. 7 S_easonal mean values qf RH for different layers. The error
4km (a.s.l.). A clear seasonal behaviour is observed frombars indicated the standard deviation.
this plot. The largest values are observed in summer for the

whole range while the lowest values were found in winter.gjyes are found in winter while the lowest values are found
Spring and autumn presented values very similar althoughn summer in most of the layers. This anti-correlation is due
were slightly larger in spring in the lower part of the tro- t the strong dependence of this property with the temper-
posphere. The largest values wffound in summer could  5tyre. The lower temperatures found in winter favour being
be due to the greater evapotranspiration (sum of evaporatiog|oser of saturation conditions, therefore the RH values are

and plant transpiration) from the earth’s land surface to atmojgner in this season. Moreover, this plot also shows a clear
sphere in this season. Figueb presents the seasonal mean gecrease of the RH values with altitude.

presented in this plot indicate the standard deviation. Despitggr 500 m layers between 1 and 4 km (a.s.l.). A total of 2379
the large standard deviations presented in some cases a clggers were used in this analysis. From this distribution we
seasonal behaviour was again observed for the different laypphserve that 60 % of the layers presented RH values between
ers. Thew values showed a clear decrease with the altitudesg and 60 %. It can be seen that this was the most frequent
ranged from values close 9 gkgin the lowest layers (Sum-  stuation and these values were found in all the seasons and
mer) up to values close to 2 gkyat the highest layers (Win- 4t all altitudes. Despite this, an important number of layers
ter). o _ (25 % of the total) reached values larger than 60 %. Aerosols
A statistical study of RH profiles was also performed for exposed to these high humidities could change their chem-
this year of measurements. The RH profiles were retrieveqca|, physical and optical properties due to their increased

from w andT profiles as explained in the previous section. yater content. Therefore, this RH statistic could be helpful
Figure7 shows the seasonal mean values of RH for differ- for future hygroscopic studies.

ent layers (500 m). For this property a clear anti-correlation
with the behaviour ofw profiles is found. The largest RH

[1.0-1.5] [1.5-2.0] [2.0-2.5] [2.5-3.0] [3.0-3.5] [3.5-4.0]
Layers [km] a.s.I.
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10 ‘ ‘ ‘ ‘ profiles retrieved in 2011 together with microwave measure-
ments were used to retrieve and RH profiles. Mean sea-
sonal vertical profiles ofy showed that the largest values are
found in summer when a greater evapotranspiration from the
earth’s land surface to atmosphere exists. The lowest values
were found in winter. This properties showed a clear decrease
with the altitude for all seasons. The analysis of the RH pro-
files showed a clear anti-correlation with the observed be-
haviour of thew, with larger values in winter and lower in
summer. An analysis of RH values found for layers of 500 m
showed that the 60% of them were between 20 and 60 %;
25 % of these layers presented values larger than 60% and
80 100 therefore are potential cases of aerosol hygroscopic growth.

This study evidences the capability of remote sensing tech-
Fig. 8. RH distribution obtained from 500 m layers for 1 year of niques to characterize water vapour with a high spatial and
measurements temporal resolution in the lower troposphere.

Porcentage of Measurements

0 20 40 60
Relative Humidity [%]
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