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Abstract

In this paper, we outline an iterative method to calibrate the water vapour mixing ratio
profiles retrieved from Raman lidar measurements. Simultaneous and co-located ra-
diosonde data are used for this purpose and the calibration results obtained during a
radiosonde campaign performed in Summer and Autumn 2011 are presented. The wa-5

ter vapour profiles measured during nighttime by the Raman lidar and radiosondes are
compared and the differences between the methodologies are discussed. Moreover, a
new approach to obtain relative humidity profiles by combination of simultaneous pro-
files of temperature (retrieved from a microwave radiometer) and water vapour mixing
ratio (from a Raman lidar) is addressed. In the last part of this work, a statistical analy-10

sis of water vapour mixing ratio and relative humidity profiles obtained during one year
of simultaneous measurements is presented.

1 Introduction

Water vapour is one of the most important constituents in the Earth’s atmosphere and
it is characterized by high variability in space and time. It plays a key role in the global15

radiation budget and in energy transport mechanisms in the atmosphere (Whiteman
et al., 1992; Ferrare et al., 2000) as well as in photochemical processes (Haefele et al.,
2008). Moreover, it is the most important gaseous source of infrared opacity in the at-
mosphere, accounting for about 60 % of the natural greenhouse effect for clear skies
(Kiehl and Trenberth, 1997), providing the largest positive feedback in model projec-20

tions of climate change (Held and Soden, 2000). It also contributes indirectly to the
radiative budget by means of microphysical processes leading to the formation and
development of clouds, and by affecting the size, shape and chemical composition of
aerosol particles (Reichardt et al., 1996), thus modifying the role of aerosol in the ra-
diative forcing (De Tomasi and Perrone, 2003).25
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To achieve a comprehensive understanding of the role of water vapour on local and
global scales, systematic observations with high spatial and temporal resolution are
required. Among the in-situ techniques, radiosonde is extensively used due to its high
spatial resolution, but the temporal resolution depends on the launch frequency. There
are additional disadvantages: it is a costly technique, the verticality of the sounding5

depends on the wind regime and its changes with altitude (balloons drift with wind),
and it is difficult to make accurate water vapour measurements in conditions of low
relative humidity (Vaughan et al., 1988).

Other measurement techniques have become available to address the need for im-
proved water vapour measurements. These techniques include satellite, microwave ra-10

diometry (Han et al., 1994; Scheiben et al., 2013), DIAL lidar (Ismail and Browell, 1994),
sun- and star-photometers (Pérez-Ramírez et al., 2012) and Raman lidar (Whiteman
et al., 1992; Mattis et al., 2002; Guerrero-Rascado et al., 2008) . By virtue of its ability
to provide both high spatial and temporal resolution measurements of water vapour
throughout most of the troposphere, Raman lidar has emerged in the last decades as15

a powerful tool for providing detailed water vapour profiles as required for modelling the
complicated processes aforementioned.

This paper addresses the retrieval of tropospheric water vapour profiles combin-
ing different remote sensing techniques. Water vapour mixing ratio profiles w(z) were
obtained by means of Raman lidar measurements. The calibration of the lidar water20

vapour channel was performed by comparison with radiosonde measurements. The
combination of w(z) from lidar and temperature profiles T (z) from microwave radiome-
ter allowed obtaining relative humidity profiles.

The paper is organized as follows: in Sect. 2, the instrumentation and the experimen-
tal site are briefly described. Section 3 deals the applied methodology to retrieve water25

vapour and relative humidity profiles, thus as the lidar calibration. A statistical analysis
of water vapour and relative humidity is presented in Sect. 4. Finally conclusions are
found in Sect. 5.

10483

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 10481–10510, 2013

Tropospheric water
vapour and relative

humidity profiles

F. Navas-Guzmán 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
|

2 Instrumentation and experimental site

Lidar measurements were performed by means of a Raman lidar model LR331D400
(Raymetrics S.A., Greece). The system is configured in a monostatic biaxial alignment
pointing vertically to the zenith. A Nd:YAG laser emits pulses at 1064 nm (110 mJ),
532 nm (65 mJ) and 355 nm (60 mJ) simultaneously, firing laser shots with a repeti-5

tion rate of 10 Hz. A 0.4 m-diameter Cassegrain telescope collects radiation backscat-
tered by atmospheric molecules and particles. The receiving subsystem also includes a
wavelength separation unit with dichroic mirrors, interferential filters and a polarization
cube. Detection is carried out in seven channels corresponding to elastic wavelengths
at 1064, 532 (parallel- and perpendicular-polarized) and 355 nm, and to inelastic wave-10

lengths at 607 nm (nitrogen Raman shifted signal excited by radiation at 532 nm), 387
(nitrogen Raman-shifted signal excited by radiation at 355 nm) and 408 nm (water
vapour Raman-shifted signal excited by radiation at 355 nm). The instrument is op-
erating with a vertical resolution of 7.5 m. Due to the instrument setup, the incomplete
overlap between the laser beam and the receiver field of view limits the lowest observa-15

tions (Wandinger and Ansmann, 2002; Guerrero-Rascado et al., 2010; Navas-Guzmán
et al., 2011). Correction of the overlap effect is performed by applying the procedure
suggested by Wandinger and Ansmann (2002). The Raman lidar was incorporated to
EARLINET (European Aerosol Research Lidar NETwork) (Bosenberg et al., 2003) in
April 2005. It has taken part of the EARLINET ASOS (European Aerosol Research20

Lidar Network - Advanced Sustainable Observation System) project and currently is
involved in the ACTRIS (Aerosols, Clouds, and Trace gases Research InfraStructure
Network) European project. Further details in relation to this instrument can be found
in Guerrero-Rascado et al. (2009).

Tropospheric temperature and humidity profiles were measured by a ground-based25

multifrequency passive microwave radiometer (RPG-HATPRO, Radiometer Physics
GmbH). This instrument performs measurements of the sky brightness temperature in
a continuous and automated way with a radiometric resolution between 0.3 and 0.4 K
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root mean square error at 1.0 s integration time. The radiometer uses direct detection
receivers within two bands: 22–31 and 51–58 GHz. The first band contains channels
providing information about the humidity profile of the troposphere, while the second
band contains information about the temperature profile. The retrievals of both tem-
perature and humidity profiles from brightness temperature are done by the inversion5

algorithms described in Rose et al. (2005). Temperature data are provided with 0.1 K
precision and the accuracy of the temperature retrievals has a mean value of up to
0.8 K within the boundary layer. Tropospheric profiles are obtained from the surface up
to 10 km using 39 heights with vertical resolution ranging from 10 m near the surface
to 1000 m for altitudes higher than 7 km. For heights below 3 km a.s.l., where the Plan-10

etary Boundary Layer (PBL) is usually located over Granada (Granados-Muñoz et al.,
2012), data at 25 points with resolution between 10 and 200 m are provided.

During Summer and Autumn 2011, radiosounding data were also available at the
site. A total of twelve radiosoundings (six at midday and six at night) were launched
with simultaneous measurements of the lidar system and the microwave radiome-15

ter. Radiosounding data were obtained using a GRAW DFM-06 radiosonde (GRAW
Radiosondes, Germany), which is a light-weight weather radiosonde that provides
temperature (resolution 0.01 ◦C, accuracy 0.2 ◦C), pressure (resolution 0.1 hPa, ac-
curacy 0.5 hPa), relative humidity (resolution 1 %, accuracy 2 %) and wind (accuracy
0.2 m s−1). Data acquisition and processing were performed by the Grawmet5 software20

and a GS-E ground station from the same manufacturer.
Data were collected at the Andalusian Center for Environmental Research located in

the city of Granada (Spain, 37.16◦ N, 3.6◦ W, 680 m above sea level, a.s.l.). Granada is
a non-industrialized and medium-size city surrounded by mountains, with a population
of 240 000 that increases up to 350 000 if we include metropolitan area. The city is25

situated in a natural basin surrounded by mountains with elevations between 1000 and
3500 m a.s.l. The study area is also at a short distance, about 200 km away from the
African continent and approximately 50 km away from the western Mediterranean basin
(Alados-Arboledas et al., 2011).
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3 Water vapour and Relative Humidity retrievals

3.1 Water vapour profile from Raman lidar measurements

Lidar systems can be used used to monitor the water vapour mixing ratio in the atmo-
sphere. The method is based on the Raman effect. When a substance is subjected to
an incident exciting wavelength, it can exhibit Raman effect which consists on re-emit5

secondary light at wavelengths that are shifted from the incident radiation. The magni-
tude of the shift is unique to the scattering molecule, while the intensity of the Raman
band is proportional to the molecular number density. The water vapour Raman lidar
technique uses the ratio of rotational-vibrational Raman scattering intensities from wa-
ter vapour and nitrogen molecules, which is a direct measurement of the atmospheric10

water vapour mixing ratio. The lidar equation can be expressed for the nitrogen and
water vapour Raman signals as follows:

P (R,λN2
) = P (λ0)KN2

ON2
(R)

R2
β(R,λN2

)

exp{−
R∫

0

[
α (r ,λ0)+α

(
r ,λN2

)]
dr} (1)

15

and

P (R,λH2O) = P (λ0)KH2O

OH2O(R)

R2
β(R,λH2O)

exp{ −
R∫

0

[
α (r ,λ0)+α

(
r ,λH2O

)]
dr} (2)

where P (R,λN2
) and P (R,λH2O) are the backscattered laser power at the Raman-shifted20

nitrogen and water vapour wavelengths, respectively, from range R; P (λ0) is the emit-
ted laser power at wavelength λ0; KN2

and KH2O are range-independent constants;
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ON2
(R) and OH2O(R) are the overlap functions; β(R,λN2

) = NN2
(R)σN2

(λ) is backscat-
ter coefficient for nitrogen molecules, where NN2

(R) is the number density of nitrogen
molecules and σN2

(λ) is the Raman backscatter cross section at the Raman-shifted ni-
trogen wavelength; β(R,λH2O) = NH2O(R)σH2O(λ) represent the magnitudes associated
with water vapour molecules; α is the total extinction coefficient at wavelength λ0, λN2

,5

and λH2O; and r is the range considered as an integration variable.
The water vapour mixing ratio is defined as the ratio of the mass of water vapour to

the mass of dry air in a sample of the atmosphere (Goldsmith et al., 1998). We can
obtain the ratio NH2O(R)/NN2

(R) that is proportional to the water vapour mixing ratio
(w) from Eqs. (1) and (2) (Guerrero-Rascado et al., 2008). Assuming identical overlap10

factors and range-independent Raman backscatter cross sections for the two signals
this ratio can be expressed as:

NH2O(R)

NN2
(R)

=
P (R,λH2O)

P (R,λN2
)

KN2
σN2

KH2OσH2O

exp{
R∫

0

[
α
(
r ,λH2O

)
−α

(
r ,λN2

)]
dr} (3)

15

and thus

w(R) =
P (R,λH2O)

P (R,λN2
)
K

exp{
R∫

0

[
α
(
r ,λH2O

)
−α

(
r ,λN2

)]
dr} (4)

where K takes into account the fractional volume of nitrogen in the atmosphere20

(78.08 %), the ratio of molecular masses, the range-independent calibration constants
KN2

and KH2O, and range-independent Raman backscatter cross sections σN2
and
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σH2O. In summary, the water vapour mixing ratio profile is obtained by the ratio of water
vapour lidar signal to nitrogen lidar signal, a constant calibration factor and an expo-
nential correction due to the difference in extinction between the nitrogen shifted and
water vapour shifted wavelength. This exponential can be evaluated by radiosonde or
standard atmospheric profiles of temperature and pressure but is found to be negligi-5

ble in most cases (Mattis et al., 2002). The calibration constant can be determined by
different methods which will be discussed in the next section.

3.2 Raman lidar water vapour calibration

As it has been showed in the previous section, profiles of water vapour mixing ratio
are computed from the ratio of Raman water vapour to Raman nitrogen return sig-10

nals. Whiteman et al. (1992) showed that a single calibration constant can be used
to convert these lidar signal ratios into water vapour mixing ratios expressed as the
mass of water vapour divided by the mass of dry air. Calibration of water vapour Ra-
man lidar measurements has been extensively discussed in the past (Vaughan et al.,
1988; Whiteman, 2003; Leblanc et al., 2008). There are three main approaches for15

obtaining this calibration constant. One approach requires accurate knowledge of the
optical transmission characteristics of the lidar system and the ratio of Raman scatter-
ing cross sections between water vapour and nitrogen. Leblanc et al. (2012) found that
the precision of this approach to compute calibration values is rarely better than 10 %.
Because of the difficulty in reducing the uncertainties in the Raman cross sections and20

in determining the optical transmission characteristics of the entire lidar detection sys-
tem, other alternative approaches have been developed (Ferrare et al., 1995; Leblanc
et al., 2012). The second approach consists of estimating the constant K lidar signal
ratios using one (or a set of) well-known water vapour mixing ratio profile(s) measured
independently. Radiosonde measurement in the troposphere is the reference and most25

common technique used today. The third common calibration procedure is based on
the comparison of Total Precipitable Water (TPW) obtained through the vertical integra-
tion of the water vapour profiles obtained with the Raman lidar and the TPW retrieved
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from a co-located GPS or microwave radiometer. When using an external measure-
ment, the accuracy of the calibration procedure for the Raman system follows that of the
measurement used as reference. Today the accuracy of the best quality radiosoundes,
GPS, and microwave measurements is estimated to be 5 %, 7 % and 10 % respectively
(Miloshevich et al., 2004; Leblanc et al., 2012).5

In this work the second approach has been adopted where lidar profiles are com-
pared with simultaneous and co-located radiosonde measurements of water vapour.
Radiosounding campaigns were performed at our station during Summer and Autumn
2011. As we mentioned before a total of twelve GRAW DFM-09 radiosondes (six at
midday and six at night) were launched simultaneously with lidar measurements.10

Only the six radiosondes launched at night-time were appropriate for the calibration
of the water vapour Raman channel. The radiosonde data were vertically interpolated
in order to obtain an equivalent 7.5 m resolution to match the lidar resolution. For cal-
ibration purpose, a conventional least square regression was performed between the
lidar and radiosonde data. Lidar data between 1.5 and 4.0 km a.s.l. were used in the15

calibration regression. This range was chosen in order to assure a region with high
water vapour mixing ratio (minimizing the error in radiosonde data) and to avoid the
large differences that could be found between lidar and radiosonde measurements at
higher heights due to radiosonde drift. A robust iterative procedure is presented here in
order to find the best least squares regression. For this purpose after the initial fitting,20

the standard deviation of the data points around the regression line is computed. A
scan is then made through the data points, eliminating all points that deviate from the
regression line more than one standard deviation. The remaining points are used for
a new least-squares regression. These steps are repeated until the linear regression
slope change less than 1 %. If the number of remaining points is less than 50 % of the25

initial number the calibration will not be considered as valid. An example of this iterative
procedure, corresponding to 25 June 2011, is shown in Fig. 1. Three iterations were
needed to achieve slope convergence. The figure shows only the first (Fig. 1, top) and
the last (Fig. 1, bottom) linear regression. Note that for this case data points deleted
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after this filtering procedure correspond to low values of water vapour mixing ratio,
where radiosondes present larger errors (Ferrare et al., 1995). It can be observed that
for the last iteration (#3) the coefficient of determination (R2) significantly increases. In
this case, the calibration constant reaches a value of 183±2 g kg−1.

For all cases used in the calibration procedure the number of iterations was less than5

5 with good agreement among calibration constants computed for different dates. Ta-
ble 1 shows the final slope (corresponding to the calibration constant), R2 and standard
deviations for the six nights used in the calibration of the lidar water vapour channel.

A mean value of 186±4 g kg−1 was obtained as the calibration coefficient for the
whole campaign. The standard deviation for the mean calibration coefficient was close10

to 2 %. Previous studies have shown similar standard deviations. Thus, using 15 lidar-
radiosonde comparisons at IFT, Leipzig (Germany), the calibration coefficient was com-
puted with an standard deviation around 5 % (Mattis et al., 2002). A similar value was
obtained using 31 Vaisala RS-80 radiosondes for calibrating the NASA Goddard Space
Flight Center Scanning Raman Lidar with the same technique during the CAMEX-315

campaign (Whiteman, 2003). Therefore, the calibration constant obtained in this work
present a better uncertainty than those reported in other works.

Figure 2 shows water vapour mixing ratio profiles obtained from the Raman lidar
profiles using the mean calibration constant calculated above, together with the pro-
files obtained from radiosondes. The two examples presented correspond to 22 and20

25 July 2011, which show different amount of water vapour. A good agreement be-
tween lidar and radiosonde profiles was observed at all altitudes. Absolute deviations
were lower than 0.4 g kg−1 at altitudes below 5.5 km a.s.l. on 25 July, while on 22 July
larger deviations were found in the range 2.5–3.5 km a.s.l. where the mean absolute de-
viation reached 1 g kg−1. These results confirm the capability of Raman lidar systems to25

provide accurate measurements of water vapour mixing ratio in the lower troposphere.
A statistical analysis in terms of mean absolute deviations and standard deviations

between lidar and radiosonde water vapour mixing ratio profiles is presented in Ta-
ble 2. This table shows the discrepancies observed at different heights between 1.5
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and 5.5 km a.s.l., with surface level at 0.68 km a.s.l. The mean absolute deviation is
below 0.5 g kg−1 for 55 % of the selected ranges. However, larger discrepancies are
found between 4.5 and 5.5 km a.s.l., reaching a maximum mean absolute deviation
of 2.2 g kg−1 on 17 November. Inspection of the RCS temporal evolution reveals that
clouds were present at this height range during this night. The mean absolute devia-5

tion for the whole profile including the six dates was 0.6±0.6 g kg−1, indicating a good
agreement in the water vapour mixing ratio from both techniques.

3.3 Retrieval of relative humidity using Raman lidar and microwave radiometer

In this section a new approach to retrieve relative humidity profiles from the combina-
tion of Raman lidar and microwave radiometer measurements is discussed. Relative10

humidity (RH) is an important variable in the description of aerosol-cloud interaction
and hygroscopic growth studies (Fan et al., 2007). Global radiosonde observations pro-
vide most of the RH information required as input in weather-forecast models. But as
it was indicated the temporal resolution of routine observations performed by weather
services is rather low, typically with one or two radiosonde launches per day. Therefore15

important weather phenomena such as the development of the convective boundary
layer and the passage of cold and warm fronts are not appropriately monitored (Mattis
et al., 2002).

On the other hand, the use of Raman lidars for the acquisition of information on
aerosol and water vapour, which permits the study of the same air volume, is a powerful20

and attractive approach to study aerosol-climate interactions, because the optical prop-
erties of particles strongly depend on relative humidity (Navas-Guzmán et al., 2013).
At present, the rotational Raman lidar technology allows simultaneous measurements
of temperature and water vapour mixing ratio profiles to retrieve RH profiles (Hänel,
1981; Mattis et al., 2002). The main problem is that the use of such systems is not ex-25

tensive and most common lidar systems only provide water vapour mixing ratio profiles.
This section presents RH profiles obtained from the combination of two instruments,
a microwave radiometer and a Raman lidar. As it was already described, the Raman
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lidar technique is a powerful tool to retrieve mixing ratio profiles with a good vertical
resolution during nighttime. This information combined with simultaneous temperature
profiles from a co-located microwave radiometer, allows for obtaining RH profiles.

RH is defined as the ratio of the actual amount of water vapour in the air compared
to the equilibrium amount (saturation) at that temperature (Rogers, 1979), and it can5

be calculated as

RH(z) =
e(z)

ew (z)
×100 (5)

where e(z) is the water vapour pressure and ew (z) is the saturation pressure. The
water vapour pressure is related to the water vapour mixing ratio as follows

e(z) =
p(z)w(z)

0.622+w(z)
(6)10

where p(z) is the air pressure and must be estimated from profiles of routine ra-
diosonde measurements or assuming standard atmospheric conditions. The use of
an air pressure profile assuming a standard atmosphere (US 1976) scaled to a surface
value measured at ground level in Eq. (6) leads to negligible errors in the computation
of the water vapour pressure; therefore it will be used here. On the other hand, RH15

depends on temperature as a function of the saturation vapour pressure according to

ew (z) = 6.107exp
[

Ma[T (z)−273]

MB + [T (z)−273]

]
(7)

with the constants MA =17.84 (17.08) and MB =245.4 (234.2) for T below (above)
273 K (List, 1951).

Figure 3 shows an example of comparison between RH profiles retrieved from com-20

bination of a Raman lidar and a microwave radiometer and the corresponding ra-
diosonde. The figure also shows the water vapour mixing ratio profiles retrieved from li-
dar and radiosonde (Fig. 3a) and the temperature profiles obtained from the radiosonde
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and the microwave radiometer (Fig. 3b). The results correspond to night-time measure-
ments 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 Raman lidar was computed fol-
lowing the procedure described in the methodology. There was a very good agreement5

between the water vapour mixing ratio retrieved from lidar and radiosonde (Fig. 3a).
Differences were lower than 5 % below 3.5 km a.s.l. although they slightly increase (up
to 8 %) above this height. In Fig. 3c, the RH profile (red line) was computed using the
water vapor mixing ratio profile (Fig. 3a) from lidar and the temperature profile from mi-
crowave radiometer (Fig. 3b) as it was previously described. The profile shows a good10

agreement when is compared with RH profile retrieved from radiosonde. The largest
discrepancies are found around 3.4 km a.s.l., where radiosonde RH values are around
15 % larger than those retrieved from the Raman lidar and the microwave radiometer.
These larger differences in RH are due to the deviation between the temperature mea-
sured with the radiosonde and those retrieved from the microwave radiometer (Fig. 3b).15

Discrepancies between both temperatures profiles reached maximum values of 30 %
at these heights. However, the agreement in the rest of the RH profiles is quite good,
with relative differences below 10 %.

RH profiles have also been obtained for the rest of the nights with coincident ra-
diosondes, therefore a total of six profiles were retrieved. A statistical analysis for the20

temperature and RH variables has been performed for these cases. Table 3 shows the
mean absolute deviation between temperatures obtained from the microwave radiome-
ter and from the radiosondes at different height ranges. A mean absolute deviation of
1.2±0.7 ◦C is found for the whole column (0–5 km, a.g.l.). It can be seen that the ab-
solute deviation of the temperature is lower than 1.0 ◦C for the height range below 2 km25

(a.g.l.). It can be observed that discrepancies increase with altitude reaching a max-
imum value of 2.1±1.5 ◦C between 4 and 5 km (a.g.l.). This increase in temperature
deviations with altitude could be explained by the loss of verticality in the radiosonde
data due to wind drift. Moreover, the lower vertical resolution of microwave radiometer
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in the far height range is also responsible for larger errors in this region. In fact, the
largest deviations are found for those regions where there is a strong gradient in the
temperature profile (e.g. inversions) since the microwave radiometer vertical resolution
produces some artificial smoothing in the profile.

Table 3 also shows the absolute deviation between the RH profiles retrieved for both5

methodologies. The range selected for the comparison was 0.5–5 km (a.g.l.). The first
0.5 km closest to surface has not been taken into account in order to avoid the potential
non-cancelation of the overlap functions for the nitrogen and water vapour channels.
The mean absolute deviation in the RH between 0.5 and 5 km (a.g.l.) was 7±6 %. The
RH deviations change with altitude in a way similar to the temperature deviations. A10

loss of verticality of the radiosonde and the lower resolution of the microwave radiome-
ter in the far height range could explain again theses discrepancies. Nevertheless, a
low mean absolute deviations (below 6 % in RH) for RH profiles between 0.5 and 4 km
(a.g.l.) is observed. These results show the feasibility for obtaining RH profiles from
the combination of Raman lidar and microwave radiometer with a high temporal and15

spatial resolution that is very useful in hygroscopic growth studies and allows for bet-
ter understanding of other important phenomena related to water vapour in the lower
troposphere.

4 Statistical analysis of water vapour properties

A one-year dataset has been selected in order to obtain a statistical analysis of water20

vapour mixing ratio and relative humidity profiles. The chosen period extends from
1 January to 31 December 2011. During this year a total of 400 lidar inversions were
successfully obtained from night-time measurements. The time resolution of these lidar
profiles was 30 min. Figure 4 shows the monthly distribution of the inverted profiles. We
can observe that a rather low number of profiles were retrieved during February and25

November, mainly due to the presence of low clouds and rain.

10494

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 10481–10510, 2013

Tropospheric water
vapour and relative

humidity profiles

F. Navas-Guzmán 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
|

Mean seasonal vertical profiles of w have been calculated from the Raman lidar mea-
surements during nighttime (Fig. 5, left). This figure shows mean profiles for the range
1–4 km a.s.l. A clear seasonal behaviour is observed from this plot. The largest values
are observed in Summer for the whole range while the lowest values were found in
Winter. Spring and Autumn presented values very similar although were slightly larger5

in Spring in the lower part of the troposphere. The largest values of w found in Sum-
mer could be due to the greater evapotranspiration (sum of evaporation and plant tran-
spiration) from the Earth’s land surface to atmosphere in this season. Figure 5, right
presents the seasonal mean values obtained for different layers of 500 m. The error
bars presented in this plot indicate the standard deviation. Despite the large standard10

deviations presented in some cases a clear seasonal behaviour was again observed
for the different layers. The w values showed a clear decrease with the altitude ranged
from values close 9 g kg−1 in the lowest layers (Summer) up to values close to 2 g kg−1

at the highest layers (Winter).
A statistical study of RH profiles was also performed for this years of measurements.15

The RH profiles were retrieved from w and T profiles as explained in the previous
section. Figure 6 shows the seasonal mean values for different layers (500 m) of RH.
For this property a clear anti-correlation with the behaviour of w profiles is found. The
largest RH values are found in Winter while the lowest values are found in Summer in
most of the layers. This anti-correlation is due to the strong dependence of this property20

with the temperature. The lower temperatures found in Winter favour to be closer of
saturation conditions, therefore the RH values are higher in this season. Moreover, this
plot also shows a clear decrease of the RH values with the altitude.

Finally Fig. 7 presents the RH values distribution obtained for different layers of
500 m. A total of 2379 layers were used in this analysis. From this distribution we25

observe that the 60 % of the layers presented RH values between 20 and 60 %. As
we can see it was the most frequent situation and these values were found in all the
seasons and altitudes. Despite of this, an important number of layers (25 % of the to-
tal) reached values larger than 60 %. Aerosols exposed to these high humidities could
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change their chemical, physical, and optical properties due to their increased water
content. Therefore, this RH statistic could help to future hygroscopic studies.

5 Conclusions

This study presents the water vapour measurements performed with Raman lidar and
radiosondes during nighttime at Granada station. First, the methodology for obtaining5

water vapour mixing ratio profiles from Raman lidar was presented. A radiosonde field
campaign was performed in order to retrieve the calibration constant for the lidar wa-
ter vapour channel. Linear regression between the lidar and radiosonde data at the
range 1.5–4.0 km a.s.l. was used to retrieve this constant. A robust iterative approach
to obtain the best calibration constant was introduced. A mean value of 186±4 g kg−1

10

was obtained as the calibration coefficient for the whole campaign. The standard de-
viations in the calibration coefficient were found to be close to 2 %. Good agreement
between radiosonde- and lidar-derived profiles was achieved. The mean absolute de-
viation between the lidar and sounding data was about 0.6±0.6 g kg−1 in the altitude
range 1.5–5.5 km a.s.l. These results confirm the capability of Raman lidar systems to15

provide accurate measurements of water vapour mixing ratio in the lower troposphere.
Moreover, water vapour mixing ratio profiles retrieved from Raman lidar combined

with temperature profiles from a microwave radiometer allowed for obtaining RH pro-
files. A statistical analysis in terms of mean absolute deviation of these profiles with
those obtained from radiosondes found that the mean absolute deviation for the tem-20

perature in the lower troposphere (0–5 km, a.g.l.) is around 1.2±0.7 ◦C. The discrepan-
cies in the relative humidity were found to be around 7±6 %. The errors were smaller
(below 1.0 ◦C in the temperature and 5 % in the RH) for the first two kilometers of the
atmosphere. This study show the capability of obtaining accurate RH profiles from the
combination of Raman lidar and microwave radiometer measurements. It will be very25

useful for future hygroscopic growth studies.
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In the last part of this work a statistical study of water vapour properties has been
presented. A total of 400 lidar profiles retrieved along 2011 together with microwave
measurements were used to retrieve w and RH profiles. Mean seasonal vertical pro-
files of w showed that the largest values are found in Summer when a greater evapo-
transpiration from the Earth’s land surface to atmosphere exits. The lowest values were5

found in Winter. This properties showed a clear decrease with the altitude for all sea-
sons. The analysis of the RH profiles showed a clear anti-correlation with the observed
behaviour of the w, 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 %. A 25 % of these layers presented values larger than 60% and therefore are10

potential cases of aerosol hygroscopic growth. This study evidences the capability of
remote sensing techniques to characterize the water vapour with a high spatial and
temporal resolution in the lower troposphere.
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Table 1. Linear fit between lidar and co-located radiosondes measurements. Calibration of lidar
water vapour profiles was obtained using data between 1.5 and 4.0 km a.s.l.

Date Slope R2 Stand. Dev.

18 Jul 2011 183.7±0.1 0.99 0.06
22 Jul 2011 185.7±0.2 0.99 0.05
25 Jul 2011 183.1±0.1 0.99 0.05
28 Jul 2011 187.0±0.1 0.99 0.13
17 Nov 2011 182.2±0.2 0.99 0.03
24 Nov 2011 192.4±0.1 0.99 0.08

10501

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 10481–10510, 2013

Tropospheric water
vapour and relative

humidity profiles

F. Navas-Guzmán 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
|

Table 2. Mean absolute deviation (mean δ) and standard deviation (sd) of water vapour mixing
ratio (g kg−1) between lidar and radiosonde data at different layers.

Date 1.5–2.5 km 2.5–3.5 km 3.5–4.5 km 4.5–5.5 km
mean δ sd mean δ sd mean δ sd mean δ 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 0.4 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
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Table 3. Mean absolute deviation (mean δ) for temperature and relative humidity profiles for
the six experiments at different altitude ranges.

range [km] mean δ (T ) [◦C] range [km] mean δ (RH) [%]

0–1 0.3±0.1 0.5–1 3.1±1.4
1–2 0.8±0.1 1–2 4.9±2.2
2–3 1.4±0.8 2–3 6±3
3–4 1.5±1.1 3–4 5.4±2.2
4–5 2.1±1.5 4–5 19±12
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Fig. 1. Iterative procedure of linear regressions to retrieve lidar calibration constant from the
comparison of lidar and radiosonde data: (top) regression for the first iteration, (bottom) final
regression (iteration 3).
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campaign (Whiteman, 2003). Therefore, the calibration con-320

stant obtained in this work present a better uncertainty than
those reported in other works.

Figure 2 shows water vapour mixing ratio profiles obtained
from the Raman lidar profiles using the mean calibration con-
stant calculated above, together with the profiles obtained325

from radiosondes. The two examples presented correspond
to 22nd and 25th July 2011, which show different amount
of water vapour. A good agreement between lidar and ra-
diosonde profiles was observed at all altitudes. Absolute de-
viations were lower than 0.4 g/kg at altitudes below 5.5 km330

(asl) on 25th July, while on 22nd July larger deviations were
found in the range 2.5-3.5 km (asl) where the mean absolute
deviation reached 1 g/kg. These results confirm the capability
of Raman lidar systems to provide accurate measurements of
water vapour mixing ratio in the lower troposphere.

Fig. 2. Water vapour mixing ratio profiles from radiosonde and Ra-
man lidar during nighttime on (a) July 22nd and (b) July 25th, 2011.

335

A statistical analysis in terms of mean absolute deviations
and standard deviations between lidar and radiosonde water
vapour mixing ratio profiles is presented in Table 2. This ta-
ble shows the discrepancies observed at different heights be-
tween 1.5 and 5.5 km (asl), with surface level at 0.68 km340

(asl). The mean absolute deviation is below 0.5 g/kg for
55% of the selected ranges. However, larger discrepancies
are found between 4.5 and 5.5 km (asl), reaching a maximum
mean absolute deviation of 2.2 g/kg on November 17th. In-
spection of the RCS temporal evolution reveals that clouds345

were present at this height range during this night. The mean
absolute deviation for the whole profile including the six
dates was 0.6 ± 0.6 g/kg, indicating a good agreement in the
water vapour mixing ratio from both techniques.

3.3 Retrieval of relative humidity using Raman lidar350

and microwave radiometer

In this section a new approach to retrieve relative humidity
profiles from the combination of Raman lidar and microwave
radiometer measurements is discussed. Relative humidity
(RH) is an important variable in the description of aerosol-355

cloud interaction and hygroscopic growth studies (Fan et al.,
2007). Global radiosonde observations provide most of the
RH information required as input in weather-forecast mod-
els. But as it was indicated the temporal resolution of rou-
tine observations performed by weather services is rather360

low, typically with one or two radiosonde launches per day.
Therefore important weather phenomena such as the devel-
opment of the convective boundary layer and the passage of
cold and warm fronts are not appropriately monitored (Mattis
et al., 2002).365

On the other hand, the use of Raman lidars for the ac-
quisition of information on aerosol and water vapour, which
permits the study of the same air volume, is a powerful and
attractive approach to study aerosol-climate interactions, be-
cause the optical properties of particles strongly depend on370

relative humidity (Navas-Guzmán et al., 2013). At present,
the rotational Raman lidar technology allows simultaneous
measurements of temperature and water vapour mixing ratio
profiles to retrieve RH profiles (Hänel, 1981; Mattis et al.,
2002). The main problem is that the use of such systems is375

not extensive and most common lidar systems only provide
water vapour mixing ratio profiles. This section presentsRH
profiles obtained from the combination of two instruments, a
microwave radiometer and a Raman lidar. As it was already
described, the Raman lidar technique is a powerful tool to380

retrieve mixing ratio profiles with a good vertical resolution
during nighttime. This information combined with simulta-
neous temperature profiles from a co-located microwave ra-
diometer, allows for obtaining RH profiles.
RH is defined as the ratio of the actual amount of water385

vapour in the air compared to the equilibrium amount (satu-
ration) at that temperature (Rogers, 1979), and it can be cal-
culated as

RH(z) =
e(z)

ew(z)
× 100 (5)

where e(z) is the water vapour pressure and ew(z) is the sat-390

uration pressure. The water vapour pressure is related to the
water vapour mixing ratio as follows

e(z) =
p(z)w(z)

0.622 +w(z)
(6)

where p(z) is the air pressure and must be estimated from
profiles of routine radiosonde measurements or assuming395

standard atmospheric conditions. The use of an air pressure
profile assuming a standard atmosphere (US 1976) scaled to
a surface value measured at ground level in Eq. 6 leads to

Fig. 2. Water vapour mixing ratio profiles from radiosonde and Raman lidar during nighttime on
(a) 22 July and (b) 25 July, 2011.
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Fig. 3. Night-time measurements performed on 25th July 2011. (a) Water vapour mixing ratio profiles retrieved from Raman lidar and ra-
diosonde, (b) temperature profiles from microwave radiometer and radiosonde, and. (c) RH profile obtained from Raman lidar and microwave
radiometer (MR) and from radiosonde.

avoid the potential non-cancelation of the overlap functions
for the nitrogen and water vapour channels. The mean ab-
solute deviation in the RH between 0.5 and 5 km (agl) was465

7 ± 6 %. The RH deviations change with altitude in a way
similar to the temperature deviations. A loss of verticality of
the radiosonde and the lower resolution of the microwave ra-
diometer in the far height range could explain again theses
discrepancies. Nevertheless, a low mean absolute deviations470

(below 6 % in RH) for RH profiles between 0.5 and 4 km
(agl) is observed. These results show the feasibility for ob-
taining RH profiles from the combination of Raman lidar and
microwave radiometer with a high temporal and spatial res-
olution that is very useful in hygroscopic growth studies and475

allows for better understanding of other important phenom-
ena related to water vapour in the lower troposphere.

4 Statistical analysis of water vapour properties

A one-year dataset has been selected in order to obtain a sta-
tistical analysis of water vapour mixing ratio and relative hu-480

midity profiles. The chosen period extends from 1 January to
31 December of 2011. During this year a total of 400 lidar
inversions were successfully obtained from night-time mea-
surements. The time resolution of these lidar profiles was
30 minutes. Figure 4 shows the monthly distribution of the485

inverted profiles. We can observe that a rather low number
of profiles were retrieved during February and November,
mainly due to the presence of low clouds and rain. Mean sea-
sonal vertical profiles ofw have been calculated from the Ra-

Fig. 4. Monthly distribution of water vapour profiles in 2011.

man lidar measurements during nighttime (Fig. 5a). This fig-490

ure shows mean profiles for the range 1-4 km (a.s.l.). A clear
seasonal behaviour is observed from this plot. The largest
values are observed in Summer for the whole range while
the lowest values were found in Winter. Spring and Autumn
presented values very similar although were slightly larger in495

Spring in the lower part of the troposphere. The largest values
of w found in Summer could be due to the greater evapotran-

Fig. 3. Night-time measurements performed on 25 July 2011. (a) Water vapour mixing ratio
profiles retrieved from Raman lidar and radiosonde, (b) temperature profiles from microwave
radiometer and radiosonde, and. (c) RH profile obtained from Raman lidar and microwave
radiometer (MR) and from radiosonde.

10506

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/10481/2013/amtd-6-10481-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 10481–10510, 2013

Tropospheric water
vapour and relative

humidity profiles

F. Navas-Guzmán 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
|

TEXT: TEXT 7

Fig. 3. Night-time measurements performed on 25th July 2011. (a) Water vapour mixing ratio profiles retrieved from Raman lidar and ra-
diosonde, (b) temperature profiles from microwave radiometer and radiosonde, and. (c) RH profile obtained from Raman lidar and microwave
radiometer (MR) and from radiosonde.

avoid the potential non-cancelation of the overlap functions
for the nitrogen and water vapour channels. The mean ab-
solute deviation in the RH between 0.5 and 5 km (agl) was465

7 ± 6 %. The RH deviations change with altitude in a way
similar to the temperature deviations. A loss of verticality of
the radiosonde and the lower resolution of the microwave ra-
diometer in the far height range could explain again theses
discrepancies. Nevertheless, a low mean absolute deviations470

(below 6 % in RH) for RH profiles between 0.5 and 4 km
(agl) is observed. These results show the feasibility for ob-
taining RH profiles from the combination of Raman lidar and
microwave radiometer with a high temporal and spatial res-
olution that is very useful in hygroscopic growth studies and475

allows for better understanding of other important phenom-
ena related to water vapour in the lower troposphere.

4 Statistical analysis of water vapour properties

A one-year dataset has been selected in order to obtain a sta-
tistical analysis of water vapour mixing ratio and relative hu-480

midity profiles. The chosen period extends from 1 January to
31 December of 2011. During this year a total of 400 lidar
inversions were successfully obtained from night-time mea-
surements. The time resolution of these lidar profiles was
30 minutes. Figure 4 shows the monthly distribution of the485

inverted profiles. We can observe that a rather low number
of profiles were retrieved during February and November,
mainly due to the presence of low clouds and rain. Mean sea-
sonal vertical profiles ofw have been calculated from the Ra-

Fig. 4. Monthly distribution of water vapour profiles in 2011.

man lidar measurements during nighttime (Fig. 5a). This fig-490

ure shows mean profiles for the range 1-4 km (a.s.l.). A clear
seasonal behaviour is observed from this plot. The largest
values are observed in Summer for the whole range while
the lowest values were found in Winter. Spring and Autumn
presented values very similar although were slightly larger in495

Spring in the lower part of the troposphere. The largest values
of w found in Summer could be due to the greater evapotran-

Fig. 4. Monthly distribution of water vapour profiles in 2011.
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Fig. 5. Seasonal vertical profiles (left) and seasonal mean values for different layers (right) of water vapour mixing ratio. The error bars
indicated the standard deviation.

Fig. 6. Seasonal mean values for different layers of Relative Hu-
midity. The error bars indicated the standard deviation.
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Fig. 5. Seasonal vertical profiles (left) and seasonal mean values for different layers (right) of
water vapour mixing ratio. The error bars indicated the standard deviation.
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Fig. 6. Seasonal mean values for different layers of Relative Humidity. The error bars indicated
the standard deviation.
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Fig. 7. RH distribution obtained from 500 m-layers for one year of measurements
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