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We describe a Raman-lidar-based approach to acquiring profiles of the relative humidity of air. For this
purpose we combined in one instrument the Raman-lidar techniques that are used for the profiling of
water vapor and temperature. This approach enabled us to acquire, for the first time to our knowledge,
vertical profiles of relative humidity through the entire troposphere exclusively from Raman-lidar data.
The methods applied to determining the water-vapor mixing ratio, temperature, and relative humidity
and the corresponding uncertainties caused by systematic errors and signal noise are presented. The
lidar-derived profiles are compared with profiles measured with radiosondes. Radiosonde observations
are also used to calibrate the Raman lidar. Close agreement of the profiles of relative humidity mea-
sured with lidar and those measured with radiosonde demonstrates the potential of this novel approach.
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1. Introduction

Relative humidity is one of the most important pa-
rameters in the description of the physical state of the
atmosphere. It controls cloud formation and aerosol
optical properties and thus visibility. Condensation
of water vapor is a significant source of sensible heat.
Global radiosonde observations provide most of the
relative-humidity information required as input in
weather-forecast models. However, it is well known
that radiosonde measurements are often not reliable
at upper-tropospheric temperatures �see Refs. 1–3
concerning Vaisala RS80-A radiosondes�. Further-
more, the temporal resolution of routine observations
performed by weather services is rather low, with
typically two radiosonde launches per day. There-
fore important weather phenomena such as the de-
velopment of the convective boundary layer and the
passage of cold and warm fronts cannot be resolved.
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Radiosondes take only one data point per measure-
ment height. Thus the measured relative-humidity
profiles are often not representative.

For these reasons, alternatives to routine radio-
sonde observations are required. In addition to re-
mote sensing from space, a reasonable alternative
could be a combined lidar–radiosonde network. Li-
dar measurements are possible whenever the laser
beam is not blocked by clouds. The combination of
the traditional radiosonde observation with state-of-
the-art lidar significantly improves measured tropo-
spheric humidity data sets. It is expected that a
temperature–humidity Raman lidar will provide
relative-humidity profiles with a relative error of
10%, a vertical resolution from 100 m �boundary lay-
er� to 500–1000 m �free troposphere�, and a temporal
resolution from 10 min �boundary layer� to 60 min
�free troposphere� up to 5–7-km height at daytime
and throughout the troposphere during nighttime.
Such observations will be much better at meeting the
requirements of present and next-generation re-
gional and global atmospheric models and the needs
of atmospheric research.4 Numerical weather pre-
diction has become increasingly more focused on re-
gional and local weather �so-called nowcasting, and
short-term forecasting�. Meteorological data in the
form of 10–60-minute mean profiles are most useful
for model initialization and data assimilation.
Boundary-layer research needs profiling of atmo-
spheric state parameters with a resolution of 20–150
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m in space and 1–15 min in time to characterize
vertical fluxes of moisture, temperature, and pollu-
tion properly. Vertical profiling of relative humidity
with high spatial and temporal resolution may also
allow one to study in detail, e.g., cloud formation
processes at the top of the boundary layer. Further-
more, Raman lidars are powerful tools for aerosol
monitoring.5–15 Aerosol and relative-humidity ob-
servations with one lidar and thus in the same air
volume are an attractive approach to studying
aerosol–climate interactions, because the optical
properties of particles depend strongly on relative
humidity.9,16

Although techniques for accurate observation of ab-
solute humidity and of water-vapor-to-dry-air mixing
ratios with differential absorption lidar and Raman
lidar, respectively, are available �the latest develop-
ments may be found in Refs. 15 and 17–25�, the poten-
tial of lidar to measure tropospheric relative-humidity
profiles has not been demonstrated. The main reason
is that determining relative humidity requires simul-
taneous observation of temperature and water vapor.
However, the lidar measurement of temperature has
not yet become a routine practice. The temperature
differential absorption lidar technique26 failed to per-
mit trustworthy temperature profiling.27 The
Rayleigh-to-aerosol backscatter ratio must be known
rather accurately in this approach if one is to deter-
mine the temperature with 1–2-K uncertainty. How-
ever, under typical boundary-layer aerosol conditions
and for realistic uncertainties in the lidar-derived
backscatter ratio the temperature error is of the order
of 5 K. Accurate temperature measurements with
differential absorption lidar are possible only in rather
hazy �negligible molecular backscattering� or rather
clean conditions in the upper free troposphere �negli-
gible particle backscattering�. In contrast, the rota-
tional Raman-lidar technology28–34 now allows one to
measure temperature profiles through the tropo-
sphere, as is shown below.

An alternative to temperature measurements with
lidar is profiling by means of the radio acoustic sound-
ing system �RASS�.35 Less than 0.3-K bias and 0.4–
0.7-K standard deviation of temperature differences
between the RASS �10-min averages� and radio
sounding can be achieved. However, standard
RASS permits routine temperature profiling only up
to heights of 5–6 km.36

Another alternative to use of lidar is the retrieval of
the vertical temperature profile with the Atmo-
spheric Emitted Radiance Interferometer �AERI�.37

At the Southern Great Plains Cloud and Radiation
Testbed site of the Atmospheric Radiation Measure-
ment program it was demonstrated that a combina-
tion of an automated Raman lidar for the profiling of
the water-vapor mixing ratio and an automated
AERI for the retrieval of the temperature profiles can
give detailed information on the diurnal cycle of mois-
ture, temperature, and relative humidity in the lower
troposphere with 10-min resolution.38 Sharp and
strong inversion layers, however, are hard to retrieve
from the measured radiances.37 As a consequence,

the uncertainty in the relative humidity is large in
these inversion layers. In addition, clouds may af-
fect the retrievals.

In this paper we present, to our knowledge for the
first time, relative-humidity observations from the
ground to the tropopause that are based exclusively
on lidar. Radiosondes �Vaisala RS80-A� are used to
calibrate the lidar system. In fact, Raman-lidar
techniques for water-vapor and temperature profiling
theoretically do not need calibration with radio-
sondes. The latter are used following a tradition to
compare measurement data obtained independently.
Compared with Rayleigh and aerosol backscatter sig-
nals, Raman signals are weak. Raman lidars work
best under nighttime conditions, i.e., in the absence of
sky background light. However, recently it was
demonstrated that temperature profiling up to
stratospheric heights at daytime is feasible.39–41

Successful daytime water-vapor measurements up to
the middle free troposphere have also been report-
ed.19,42 Whereas the measurements presented here
are limited to nighttime periods, the previous mea-
surements point toward the possibility of daytime
relative-humidity measurements with Raman lidar.

In Section 2 the main features of our Raman lidar
are outlined. After summarizing the well-
established Raman lidar methods for the determina-
tion of tropospheric water-vapor-to-dry-air mixing
ratio and air temperature, we present a method for
computation of the relative humidity �Section 3�.
Experiments are discussed in Section 4, together
with an extended error analysis. Concluding re-
marks are given in Section 5.

2. Instrumentation

In recent years, the lidar group of the Institute for
Tropospheric Research has been engaged in routine
lidar observations of the troposphere within the
framework of the German aerosol lidar network43–45

and the European Aerosol Research Lidar Network.46

In these projects, profiles of atmospheric water-vapor
mixing ratios and temperatures are acquired, to-
gether with profiles of particle optical parameters of
the atmosphere. The observations are performed
with a combined Raman elastic-backscatter lidar.
The combination of water-vapor-mixing-ratio and
temperature profiles enables us to derive profiles of
the relative humidity of air.

A block diagram of the lidar is presented in Fig. 1.
The source of radiation is a Spectra-Physics GCR-
290-30 Nd:YAG laser. It delivers pulses at three
wavelengths �1064, 532, and 354 nm� simulta-
neously, with a total pulse energy of as much as 1.6 J.
Laser shots are fired at a repetition rate of 30 Hz.
The outgoing beam is collimated with a beam ex-
pander that has a magnification factor of 10 before it
is directed to the atmosphere by a beam-folding mir-
ror. A 1-m-diameter Cassegrainian telescope col-
lects radiation that has been backscattered by
atmospheric molecules and particles.

We employ the elastic backscattering at the three
emitted wavelengths, including information on the
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depolarization at 532 nm, to study the height strati-
fication and some optical and microstructure proper-
ties of the atmospheric aerosol. In addition, we
record Raman-lidar returns from the main molecular
constituents of the atmosphere, namely, nitrogen and
water vapor, to acquire profiles of temperature and
moisture content as well as particle extinction coef-
ficients of the atmosphere. To obtain the water-
vapor profile47 we use radiation at 355 nm to excite
lidar returns from the �1 vibrational-rotational Ra-
man band of water vapor centered at 407 nm and
from nitrogen at 387 nm. To obtain the temperature
profile we isolate four portions from the Stokes and
anti-Stokes branches of the pure rotational Raman
spectrum �PRRS� of nitrogen excited by radiation of
the second harmonic of the Nd:YAG laser. The tech-
nique is described in Ref. 48. The discrimination of
the PRRS of nitrogen against the sky background is
done with a Fabry–Perot interferometer �FPI� accord-
ing to the technique described in Ref. 49. The trans-
mission comb of the FPI is tuned to transmit the
comb of the nitrogen PRRS and simultaneously to
reject the comb of the oxygen PRRS, as the latter has
a period different from that of nitrogen. We use the
�1 vibrational–rotational Raman bands of nitrogen at
387 and 607 nm—the latter excited by radiation at
532 nm—to determine particle extinction profiles af-
ter the method described in Ref. 5.

All in all, we have to isolate optically 12 lidar re-
turns: three returns that are due to unshifted scat-
tering at wavelengths of 1064, 532, and 355 nm
without discrimination between the polarization
components; four returns within the Stokes and anti-

Stokes portions of the PRRS of nitrogen excited by
radiation at 532 nm; two returns within the
vibrational–rotational Raman band of nitrogen at
387 and 607 nm excited by radiation at 355 and 532
nm, respectively; the Raman-lidar return from water
vapor at 407 nm excited by radiation at 355 nm; and
two returns from the parallel-polarized and cross-
polarized components of the unshifted scattering at
532 nm. We use a combination of different spectro-
scopic devices to spectrally isolate the lidar returns.
The optical arrangement of the polychromator is
presented in Fig. 2. The elastic signals and the
vibrational–rotational Raman bands of nitrogen and
water vapor are isolated with dichroic mirrors and
interference filters. The major portion of the back-
scattered radiation at 532 nm, including the Stokes
and the anti-Stokes branches of the PRRS of nitro-
gen, passes dichroic mirrors and a couple of quartz-
plate beam splitters and the FPI, and is then directed
to a monofiber-coupled double-grating monochroma-
tor that isolates four portions from the Stokes and
anti-Stokes branches. At the exit of the double-
grating monochromator two optical signals are
formed from these four portions.48 The intensity ra-
tio bears information on temperature. The retrieval
of the temperature profile from this intensity ratio is
described in Ref. 30. All optical signals of the lidar
are recorded with Thorn EMI photomultiplier tubes
�PMTs� in the photon-counting mode.

It is worth noting the ability of the spectroscopic
units to suppress stray light from unshifted �parti-
cle � molecular� scattering in the water-vapor and
temperature channels. This property provides for a
high spectral purity of the Raman-lidar returns,
which is critical for the quality of any Raman-lidar
data. The combination of interference filters and di-
chroic mirrors that is used to isolate the return signal
of the vibrational–rotational Raman band of nitrogen
at 387 nm provides a rejection of this stray light by a
factor of at least 108. The level of stray-light rejec-
tion at 407 nm, i.e., at the water-vapor vibrational–

Fig. 1. Schematic view of the Raman lidar. Three laser beams,
at 355, 532, and 1064 nm, are transmitted vertically into the
atmosphere by way of a mirror �M�. The Cassegrain telescope
consists of a primary mirror �PM�, a secondary mirror �SM�, a field
stop �B�, an achromatic lens �A�, and a mirror to direct the back-
scattered photons to the beam-separation unit. PMT, photomul-
tiplier tube.

Fig. 2. Schematic view of the beam-separation unit. The num-
bers indicate the measurement wavelengths in nanometers. T6
and T12, detectors for the pure rotational Raman signals. 532v and
532h, cross-polarized and parallel-polarized 532-nm signal compo-
nents, respectively, with respect to the transmitted laser light.
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rotational Raman band, is �1010. The combination
of the FPI and the double-grating spectrometer has a
rejection of at least 109 with respect to the unshifted
scattering of radiation at 532-nm wavelength.

Finally, referring to the argument that only the
anti-Stokes parts of the spectrum should be used in
the determination of temperature,32,34 we mention
that we have never noticed any influence of fluores-
cence. At least, aerosol fluorescence seems to play
no role here. Even when aerosol conditions vary
strongly with height, we have never found indications
of any correlation between the derived temperatures
and backscatter coefficients except in those cases that
can be explained by meteorological conditions �e.g.,
the coincidence of backscatter peaks at the tops of
inversion layers�.

3. Method

On the basis of the combination of the Raman-lidar
technologies developed for temperature28–34,41,50 and
moisture8,19,21,22,24,38,42,47,51–63 profiling, it is possible
to determine profiles of relative humidity. For this
purpose temperature profiles and profiles of the
water-vapor mixing ratio are measured simulta-
neously with the pure-rotational Raman-lidar chan-
nel and the water-vapor Raman-lidar channel. The
methodological basis for retrieving profiles of relative
humidity from Raman-lidar data is described by a set
of lidar equations. Normally, Raman-lidar returns
are recorded in the so-called photon-counting mode.
In this case the intensity of the ith Raman-lidar re-
turn of a multichannel system is represented by the
number of photocounts:

Pi� z� �
KiOi� z�

z2 �i� z��z

� exp�� 	
0

z


��0
�� � ��i

���d� . (1)

The range gate is described by �z; the sounding range
is z. Ki is the system constant for channel i. It
comprises all system parameters, such as the effi-
ciency of the optical channels and the quantum effi-
ciency of the photodetectors. Oi�z� is the
geometrical factor, or the overlap function, that de-
scribes the overlap between the laser beam and the
receiver’s field of view. �i�z� denotes the backscat-
tering coefficient of a molecular species as a function
of range. ��0

�z� and ��i
�z� are the profiles of the

extinction coefficients of the atmosphere at the wave-
lengths of the transmitted radiation and of the
Raman-shifted lidar return, respectively.

The coefficients of the backscattering from water-
vapor and nitrogen molecules are

�H2O� z� � NH2O� z�
d�H2O���

d�
, (2)

�N2
� z� � NN2

� z�
d�N2

���

d�
, (3)

where NH2O
�z� and NN2

�z� are the profiles of water-
vapor and nitrogen number densities, respectively,
and d�H2O

����d� and d�N2
����d� are the differential

cross sections of the Raman backscattering within
the rotational–vibrational Raman bands of water-
vapor and nitrogen molecules, respectively. The co-
efficients of pure rotational Raman backscattering
from nitrogen molecules �PRRS portions isolated for
temperature measurements near the lines, which
correspond to transitions from the rotational levels
with the rotational quantum numbers J1 � 6 and
J2 � 12� are functions of the temperature profile T�z�
along the laser beam,

�J1
� z� � F1
T� z��, (4)

�J2
� z� � F2
T� z��, (5)

because of the Boltzmann distribution of the molec-
ular population over the rotational energy states.
The explicit form of the temperature dependence of
the intensities of the PRRS lines can be found else-
where.28,30,32

A. Water-Vapor-to-Dry-Air Mixing Ratio

The water-vapor-to-dry-air mixing ratio mH2O
�z� is

calculated from the ratio of the lidar returns from
water-vapor and nitrogen molecules. From Eqs.
�1�–�3� follows

mH2 O� z� � CH2O
PH2 O� z�

PN2
� z�

exp�� 	
0

z

��N2
��d�

exp�� 	
0

z

��H2O
��d� , (6)

where CH2O is the lidar calibration coefficient that
depends on the instrumental transmission and detec-
tion efficiencies at the wavelengths of the Raman
returns, on the Raman scattering cross sections after
Eqs. �2� and �3�, and on the ratio of nitrogen molecule
number density and dry-air molecule number density
�0.78�. The calibration coefficient must be deter-
mined for each specific lidar. In principle, the lidar
calibration coefficient can be determined by indepen-
dent methods.22,58,60 In practice, it is determined by
comparison �regression� with simultaneous measure-
ments from a reference instrument: a collocated ra-
diosonde63 or a microwave radiometer.42 In Ref. 22
an excellent overview of available calibration meth-
ods is provided.

In Eq. �6� the overlap functions OH2O
�z� and ON2

�z�
of the water-vapor and nitrogen Raman-lidar chan-
nels are assumed to be identical. The difference be-
tween the atmospheric transmissions at �H2O

�
407 nm and �N2

� 387 nm is caused mainly by Ray-
leigh scattering and can easily be corrected for by use
of standard-atmospheric profiles of temperature and
pressure or, if available, actual radiosonde data.
The meteorological data yield the molecular number
density. The Rayleigh scattering cross sections are
range independent and are known from the litera-

6454 APPLIED OPTICS � Vol. 41, No. 30 � 20 October 2002



ture.64 Differences in transmission at the two Ra-
man wavelengths as a result of wavelength-
dependent particle extinction are negligible ��3%� for
clear-air conditions. In this case the particle optical
depth is �0.5 and the wavelength dependence of par-
ticle extinction typically is ��1.47,62 The transmis-
sion ratio in Eq. �6� may be �0.9 under very hazy
conditions with particle optical depths of �2 and
must be corrected for in these cases.8,47,60,62 With
the system presented here, particle extinction is mea-
sured at 355 and 532 nm so the wavelength depen-
dence can be estimated. However, the observations
presented in Subsection 3.B were performed at par-
ticle optical depths of �0.3, so differential transmis-
sion effects can be neglected.

The measurement error in the water-vapor mixing
ratio,

�mH2O � 
��mCH2O�2 � ��mstat�
2�1�2, (7)

is estimated according to the laws of error propaga-
tion applied to Eq. �6�. The systematic error �mCH2O

� �mH2O
��CH2O � �CH2O accounts for the uncertainty

of the calibration constant �CH2O. The statistical
error ��mstat�

2 comprises terms such as signal noise,
��mH2O

��Pi � �Pi�
2 with i � H2O, N2, and further

terms that account for error contributions by the
background signals �sky background, dark photo-
counts of the PMTs�. The PMT’s output signal is
assumed to obey Poisson statistics, in which case the
variance of the signal equals its mean value; i.e., we
can write ��Pi�

2 � Pi.

B. Temperature

The temperature dependence of the signal ratio
PJ1

�z��PJ2
�z� is well approximated within an accu-

racy of 1 K by30

R
T� z�� �
PJ1

� z�

PJ2
� z�

�
�J1

� z�

�J2
� z�

� exp� AT

T� z�
� BT� , (8)

where AT and BT are the calibration constants that
are determined by comparison of the temperature
profiles acquired with the lidar and a radiosonde.
The approximation yields the following simple for-
mula for the temperature profile, T�z�, calculated
from the ratio of the two temperature-dependent
pure-rotational Raman-lidar returns:

T� z� �
AT

ln
R� z�� � BT
. (9)

In a way similar to that for the mixing ratio, one can
derive the expression for estimating the uncertainty
�T in the temperature profile:

�T � 
��TAT,BT
�2 � ��Tstat�

2�1�2. (10)

Again, as in the case of the water-vapor mixing ratio,
the uncertainty in the temperature profile is deter-
mined by statistics �the number of photocounts� of the
lidar returns recorded ��Tstat� and by the accuracy of
calibration ��TAT,BT

�.

C. Relative Humidity

Relative humidity �over water� is defined as

Uw� z� �
e� z�

ew� z�
. (11)

The water-vapor pressure is e�z�, and the saturation
pressure is ew�z�. The water-vapor pressure is re-
lated to the mixing ratio as follows65:

e� z� �
p� z�mH2O� z�

0.622 � mH2O� z�
. (12)

p�z� is the air pressure and must be estimated from
profiles of routine radiosonde measurements or by
assuming standard atmospheric conditions. The
uncertainty in this estimation is always smaller than
1% and thus is ignored in the error analysis. The
saturation vapor pressure depends on temperature
according to66

ew� z� � 6.107 exp � MA 
T� z� � 273�

MB � 
T� z� � 273�� , (13)

with the constants MA � 17.84, 17.08 and MB �
245.4, 234.2 for T below and above 273 K, respec-
tively. The constants are taken from the 6th edition
of the Smithsonian Meteorological Tables.66

The uncertainty in the relative humidity can be
calculated from the errors of saturation pressure �ew
and the error of water-vapor pressure �e according to

�Uw � ���Uw

�e
�e	2

� ��Uw

�ew
�ew	2�1�2

, (14)

�ew � ���ew

�T
�T	2�1�2

, (15)

�e � �� �e
�mH2O

�mH2O	2�1�2

. (16)

4. Experiment

The Raman lidar must be calibrated before it is used
for retrieval of the meteorological parameters. The
constants CH2O, AT, and BT are determined from the
radiosonde–lidar comparisons. Figure 3 illustrates
the determination of the constant CH2O. Figure 3a
presents the ratio of the water-vapor-mixing-ratio
profile acquired with a radiosonde to that calculated
from the ratio of the water vapor to the nitrogen lidar
return by Eq. �6� with CH2O � 1. Only radiosonde
data for temperatures of ��40 °C have been used in
the calibration. Vaisala RS80 values for the relative
humidity measured at temperatures of ��40 °C are
not reliable.3,22 The height variations of the calibra-
tion constant CH2O are most likely due to temporal
changes in the vertical distribution of moisture dur-
ing the measurements. The radiosonde was
launched at 2010 UTC and reached the height of 7
km in 37 min, whereas the lidar profile is an average
over the time period from 1930 to 2132 UTC. Still,
we have used the entire profile presented in this fig-
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ure to calculate the mean value of lidar calibration
coefficient CH2O and to estimate the standard devia-
tion �CH2O of the calibration coefficient needed in Eq.
�7�. The profile of the water-vapor-to-dry-air mixing
ratio presented in Fig. 3b has been calculated on the
basis of the mean value of the constant. The devia-
tion of the mean value of the calibration constant
from the profile values �mainly negative below 4 km
and positive at all heights above 4 km� is reflected in
the difference between the lidar and radiosonde val-
ues in Fig. 3b.

The relative error in the calibration coefficient of
�7% is comparably large. Approximately 15 lidar–
radiosonde comparisons were made in 1999–2000.
These intercomparisons included cross checks in
cases with water clouds in which we assumed a rel-
ative humidity of 100% at the cloud base and tem-
perature profiles measured with nearby radiosondes
of the German weather service. The variations in
the calibration coefficient were found to be close to
5%. It should, however, be mentioned that radio-
sondes themselves must be calibrated before the
launch. Sonde-to-sonde variability in this calibra-
tion as well as long-term and short-term drifts in the
lidar transmission and detection efficiencies limit
precision in the determination of the lidar calibration
coefficient. Therefore a calibration method was de-
veloped that uses a microwave radiometer as a ref-
erence.42 In this method one compares the total
column water-vapor contents measured by the two
instruments to deduce the calibration coefficient. A
calibration precision of 2–3% was achieved in this
way.42 However, as was pointed out previously,22 in
this procedure the lidar system must be designed to

ensure measurements from the surface throughout
the troposphere, which is technically demanding.
Furthermore, calibration depends critically on accu-
rate correction for instrumental field-of-view effects,
photomultiplier nonlinearity, and the quality of the
microwave–radiometer calibration.

Before presenting the experimental results of AT
and BT we need to discuss another effect. Compar-
isons of temperature profiles acquired with radio-
sondes and those retrieved from pure-rotational
Raman-lidar data revealed a systematic overestima-
tion of temperature determined from lidar data in the
height range from �0.5 to �2 km. This effect can be
seen in Fig. 4a, where dashed curves show the tem-
perature profiles measured with radiosondes and
solid curves show the profiles acquired with the
Raman-lidar temperature channel. Figure 4b de-
picts the ratios of the temperature profiles obtained
from the lidar and the radiosonde observations for
three different cases. Analysis of the optical ar-
rangement of the lidar temperature-channel arrange-
ment performed later showed that the reason for this
artifact is most likely a noticeable sphericity of the
FPI plates.67 We did not observe any significant de-
viation between the radiosonde- and lidar-derived tem-
peratures in the near zone before integration of the
FPI into the system.33 The influence of this effect can
and will be avoided in our new study. Here we cor-
rected for this near-zone bias by means of a distortion
function F�z� �see Fig. 4� that was determined from
three independent lidar–radiosonde temperature ob-
servations. F�z� is the ratio of the lidar-derived tem-
perature to the radiosonde temperature. The
radiosonde observation is assumed to describe accu-

Fig. 3. �a� Calibration constant CH2O defined as the ratio of the water-vapor mixing ratio measured with the radiosonde and that obtained
with an uncalibrated lidar 
CH2O � 1 in Eq. �6��. �b�, Mixing ratio measured with radiosonde and determined with a calibrated Raman
lidar �CH2O � 0.0087�. The lidar signals were smoothed before calculation of the mixing ratio to reduce signal noise. The same smoothing
lengths were applied to the radiosonde data. Error bars indicate the standard deviation as a function of �CH2O ��0.0006� and signal noise

cf. Eq. �7��.
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rately the vertical temperature distribution during the
lidar observation. The true temperature profile is
then obtained by

T� z� �
Tlid� z�

F� z�
, (17)

where Tlid is the lidar-derived temperature according
to relation �9�. The expression for estimating the
uncertainty in the temperature measurement now
reads 
see Eq. �10�� as

�T � 
��TF�2 � ��TAT,BT
�2 � ��Tstat�

2�1�2. (18)

After each test measurement we realigned the tem-
perature channels and the overlap of the laser beam
with the field of view of the receiver for reasons of
optimization. As a consequence, the height position
of the F�z� maximum varied from measurement to
measurement �see Fig. 4�. The maximum of F�z�,
however, always coincides with the position of the
minimum of the respective ln
R�z�� function �see Fig.
4c�. This circumstance enabled us to derive some
generalized shape of the F�z� factor that was then
applied to correct all three temperature profiles ac-
quired with the lidar. We made use of the normal-
ized height z̃ � z�zmax, where zmax is the height at
which function F�z� reaches its maximum �see Fig. 4�.
Then the resultant F� z̃� profiles were smoothed by the
use of three-point averages at normalized heights be-
low 1.4, whereas above this level the profiles were
fitted to an exponential function. The profiles of F� z̃�
obtained in this way are shown in Fig. 5. The average
of the three shapes yielded the mean F� z̃� curve �thick
dashed curve� and the corresponding standard devia-
tion �F� z̃�, represented in the figure by error bars. To
correct the individual temperature profiles with the
help of this generalized F� z̃� factor we first determined

zmax at the minimum of the ln
R�z�� function. We
then rescaled F� z̃� and �F� z̃� and obtained F�z� and
�F�z� profiles, using the ratio z � z̃ � zmax. Several
methods of near-zone temperature correction were
tested. For example, in one approach we explicitly
considered the decrease of the maximum of the tem-
perature bias with increasing height �see Fig. 4b�.
However, none of these approaches significantly im-
proved the results shown below.

The constants AT and BT in relations �8� and �9� are
determined by fitting of the n measured values of
ln
R�n�� to a nonlinear function:

y � ln
RFit�TSonde�� �
AT

TSonde
� BT. (19)

Fig. 4. a, Radiosonde temperature profiles �dashed curves� measured on three days compared with the profiles of T�z� after Eq. �9�. b,
Ratio of the lidar-derived temperature to the radiosonde temperature 
F�z�, after Eq. �17��. c, Logarithm of the ratio of the rotational
Raman signals ln�R� 
see Eq. �8��. Horizontal lines indicate the maxima of F and the corresponding minima of ln�R�.

Fig. 5. Deviation F versus normalized height z̃ after signal
smoothing below z̃ � 1.4 and after the measured deviation profile
is replaced by exponential fits for z̃ � 1.4. The thick dotted curve
shows the resultant mean profile of F; errors bars indicate the
standard deviation �F.
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TSonde is the temperature measured with the radio-
sonde. The Levenberg–Marquardt method is used
to iteratively optimize the constants �TAT

and �TBT

such that

�2 � �
n�1

N 
ln
R�n�� � ln
RFit�n�� 
2

w�n�2 (20)

is minimized. The statistical weights are defined as

w�n� � � 1
PJ1

� z�
�

1
PJ2

� z��
1�2

. (21)

Figure 6 presents the best-fit curves for three inde-
pendent radiosonde and lidar measurements per-
formed in April and May of 2001. For the fit we used
lidar data only from heights above 1700 m to mini-
mize the distorting effect of the F�z� factor. We ad-
ditionally eliminated those data with statistical
errors greater than 10%. The differences in AT and
BT determined from the three radiosonde–lidar inter-
comparisons arise from realignments between suc-
cessive measurements.

An estimate of the standard error caused by the
uncertainty in the calibration is obtained from the
95% confidence interval of ln
RFit�TSonde��. Accord-
ing to this interval, the standard deviation of the
temperature is 0.5–0.8 K. The basic statistical as-
sumption in this estimation is that the lidar system
parameters did not change from one experiment to
another. Because such was not the case, we chose
an alternative approach to estimate the temperature
uncertainty. We used the three independent lidar–
radiosonde measurements and calculated for each of
the AT–BT data pairs in Fig. 6 the respective temper-
ature profile for a given measurement case. From

the resultant three temperature profiles the standard
deviation �TAT,BT in Eq. �18� was found to be 2–2.5 K.

It is quite clear that in the final analysis only a
larger number of radiosonde–lidar intercomparisons
would provide for a more reliable calibration of the
temperature channel, whereas in this study we had
only three concurrent radiosonde and lidar measure-
ments. The relative-humidity profiles presented be-
low were calculated from lidar data and the mean
values �i.e., over the three intercomparisons� of AT
and BT as well as the mean correction factor F�z�.

Figures 7–9 present the profiles of water-vapor
mixing ratios �Figs. 7a, 8a, and 9a� and temperature
�Figs. 7b, 8b, and 9b� obtained with radiosondes and
from lidar, as well as the profiles of relative humidity
�Figs. 7d, 8d, and 9d� calculated from lidar data and
measured with radiosondes on 23 April, 1 May, and
24 May 2001, respectively. Figures 7c, 8c, and 9c
show the profiles of the total uncertainty in the rel-
ative humidity retrieved from lidar data as well as
the error components that are due to the uncertain-
ties in the mixing ratio and in the temperature de-
termination. In all three cases the same data for
F� z̃�, mean values of AT and BT and water-vapor
calibration constant CH2O were taken, except for CH2O

on 1 May 2001. On that day, a different set of
neutral-density filters was used in the 387-nm nitro-
gen channel to protect the PMT against overload by
backscattering from the near zone of the sounding
path. The horizontal bars on the lidar-data curves
show the confidence intervals that incorporate all the
uncertainties that are inherent in these lidar mea-
surements, as has been discussed above.

The relative humidity and the corresponding mix-
ing ratio measured with radiosonde on 24 May 2001
are not trustworthy. A proper calibration of the

Fig. 6. Logarithm of the ratio of the rotational Raman signals ln�R� versus radiosonde temperature TSonde. Data are fitted to
ln
RFit�TSonde��. The fits and the parameters AT and BT of three individual experiments are presented.
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sonde before launch was not possible. The humicap
sensor of the Vaisala sondes �RS80� showed 9% in the
calibration chamber with 0% relative humidity.
The ground-check software accepted a resetting of
the calibration value only to 5%. Thus the sonde
values are all questionable. However, the tempera-
ture profile is trustworthy.

As one can see from Figs. 7c, 8c, and 9c, the stron-
gest contribution to the total uncertainty in the
relative-humidity profile comes from the error
�U��ew�, which is due to the uncertainty in the lidar
temperature measurements 
see Eq. �15��. It is also
seen from these figures that the relative-humidity
profiles of the atmosphere were determined from li-
dar data that were accurate to 5–20%, with the larg-
est uncertainty at heights below �2000 m. That
high uncertainty at low altitudes is caused primarily
by the instrumental imperfection noted in the
Raman-lidar temperature channel that required a
correction of the temperature profiles in the near
zone.

Finally, it should be stressed that the aim of this

study was to demonstrate the potential of a Raman
lidar to vertically profile the relative humidity up to
the tropopause. Clearly, the 2-h mean profiles
shown do not meet the requirements of boundary-
layer process studies as mentioned in Section 1. The
limiting factor is the temperature channel. How-
ever, spatial and temporal resolution of approxi-
mately 100–200 m and 30–60 min, respectively, is
achievable at daytime with the present system in the
lower troposphere �below 3-km height� in combina-
tion with a sufficiently low statistical error of the
relative humidity of �10% �disregarding the near-
zone problem�, if we assume the specifications re-
ported in Ref. 20 for optimized Raman lidars. In
this case the mixing ratio can be determined with a
precision of 2% �nighttime, below 6-km height� and
7% �daytime, below 3.5-km height� and with an ac-
curacy of �5%.

A significant increase in the temporal resolution of
the temperature measurement is possible if better
PMTs with higher quantum efficiency are used in the
temperature channel and a second telescope is imple-
mented for near-range observations in the lower tro-
posphere. We recently replaced the PMTs �Thorn
EMI 9893�350B; 7% quantum efficiency at 532 nm�
with new ones �Hamamatsu H7421-40; 43% quantum
efficiency�. In addition to the signal increase by ap-
proximately a factor of 6, the use of a near-range

Fig. 7. a, Mixing ratio; b, temperature; c, standard deviation of
the relative humidity; and d, relative humidity observed with Ra-
man lidar on 23 April 2001, 1930–2132 UTC. All signal profiles
were smoothed with the indicated window lengths before we cal-
culated the mixing ratio and temperature. Radiosonde data were
smoothed with the same window lengths. The error contributions
to the total standard deviation ��U� of the relative humidity that
resulted from uncertainty in the mixing ratio 
�U��e�� and in the
temperature 
�U��ew�� are shown in c as well.

Fig. 8. Same as Fig. 7 but for observation on May 1 2001, 1919–
2103 UTC.

20 October 2002 � Vol. 41, No. 30 � APPLIED OPTICS 6459



telescope will lead to a further increase of the signals
below 1000 m by roughly a factor of 5, as model
calculations show. The 1-m telescope used in this
study is best for free-tropospheric and stratospheric
monitoring. An increase in signal strength by a fac-
tor of 30 corresponds to an increase in the temporal
resolution by approximately a factor of 5–6, so obser-
vations with a time resolution of 5–10 min should be
possible with the Raman lidar after these improve-
ments in the lower troposphere.

5. Conclusion

For the first time to our knowledge the water-vapor-
Raman-lidar and the temperature-Raman-lidar tech-
niques have been combined to yield the vertical
profile of relative humidity throughout the tropo-
sphere. An extensive error analysis has been pre-
sented. The relative uncertainties in mixing ratio,
temperature, and relative humidity are of the order
of 5–10%, 1–2% �2–4 K�, and 5–25%, respectively, for
the Raman lidar that was used. The uncertainty in
the lidar-derived temperatures dominates the error
in the relative humidity. A 1–2-K accuracy is re-
quired for reducing the relative uncertainty in the
relative humidity to, on average, less than 10%.

The results obtained show that this approach to
profiling of relative humidity promises to yield excel-
lent results if we take into account that this lidar is

still under development and thus its optimal capabil-
ities have yet to be determined. The present system
must be improved in terms of measurement perfor-
mance in the near field. With a well-aligned and
well-calibrated Raman lidar, relative-humidity pro-
filing with 5–10-min �below 3-km height, daytime�
and 1-h �free troposphere, nighttime� resolution, ver-
tical resolution of 100 m in the boundary layer, and
500–1000 m resolution in the free troposphere in
combination with a relative error of �10% seems to
be a realistic objective.
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