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Abstract

A differential absorption lidar system is described using 2 Excimer
pumped dye lasers as transmitters. The system is suitable for high
resolution measurements in the planetary boundary layer as well as
for measurements with reduced resolution in the upper troposphere.

The methodology is explained, the sources of errors are discussed,

test methods are described, and measurements are presented for the
boundary layer as well as for the upper troposphere, clearly demon-

strating the capabilities of the system for investigations of meteorological processes.

1

Introduction

Water vapor is one of the most important constituents of the atmosphere:

0 the hydrological cycle is very important for life on earth

0 it is the most abundant greenhouse gas

0 it determines the formation of clouds, which in turn control a large
portion of the radiation budget
0 it plays a major role in many atmospheric processes
For an improved understanding of these processes detailed information
on the moisture field and its variation in space and time on largely varying

scales is very important. Conventional in situ measurements often cannot
provide sufficient information. Therefore, remote sensing instruments have
been developed. If we restrict ourselves to instruments with rather high tem-

poral and spatial resolution, only active optical methods (i.e. Lidar methods)
are adequate. So far two methods have been investigated in detail, namely

Differential Absorption Lidar (DIAL), and Raman scattering Lidar. Both

methods are fairly complicated, so there is no ”obvious” choice from the beginning, and the best choice may even depend on the particular application.

The DIAL technique has been investigated using wavelengths in the near
infrared around 725nm [1, 2, 3, 4, 5], and in the 10pm region with CO; lasers using both direct detection [6, 7, 8] and heterodyne detection methods [9, 10]. There are major differences between the C02 - laser systems
2

and those operating in the NIR, which are mainly due to the different laser
technology (discrete emission lines versus continuous tunability; pulse length

of 0.3 —- 2psec versus pulse length < 20nsec). Different scattering mech-

anisms, aerosol scattering only versus a mixture of aerosol and molecular
scattering, also contribute to the different system properties. It is beyond
the scope of this paper to evaluate these differences in detail. The Raman

scattering technique mostly has been restricted to nighttime measurements
[11, 12, 13, 14, 15, 17]. Using a sufﬁciently short wavelength for excitation
so that the Raman signal is in the solar blind region (/\ < 295nm) allows
daytime measurements, too [16, 18, 19]. Here some problems arise with ab-

sorption by ozone and other pollutants, and aerosol extinction, which have
not yet been solved completely. These daytime measurements have been re-

stricted to a range < 1.5km, spatial resolution can be quite high, e.g. 5m
vertical resolution within 2.5 min have been reported [18]. A more complete
review of DIAL and Raman measurements of water vapor proﬁles may be
found in reference [20].
When the development of the present system was started, the request
was for a versatile instrument with capabilities to resolve rather small scale

convective structures in the lower troposhere (N 100m vertical and z 303ec

temporal resolution), as well as measurements in the upper troposphere, e.g.

at cirrus level (z 10km). Daytime operation was deemed necessary, and

an accuracy of 5 — 10% was requested. With these needs, only a DIAL
system was expected to satisfy the demands. This paper will show, how
these requirements are met with the present system.

2
2.1

Methodology
Basic principles

The principles of the DIAL technique have often been described, see e.g.

[21], and may brieﬂy be summarized as follows. The range resolved return

signal produced by a short laser pulse transmitted into the atmosphere for

a monostatic conﬁguration (transmitter and receiver collocated) is described

by the Lidar equation
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where P,- is the received signal from range R, Po is transmitted power, E is

system efﬁciency (optical system plus detector), F is receiver area, ,6;(R) is
backscatter coefﬁcient, 7,-(R) is extinction coefﬁcient except for the absorption coefﬁcient a;(R) of the gas under study. If one adds another measure—
ment at a slightly different wavelength indicated by a different subscript i

in the Lidar equation, a simple solution for a1(R) — 012(12) may be found
provided that ß1(R) = ‚32(R) and 71(R) = 72(R), namely the DIAL equation
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where the absorption coefﬁcient a is expressed as a product of number den-

sity n(R) and absorption cross section a, n and a are assumed to be constant

in the height interval R1...R2. The conditions, under which the assumptions about the backscatter- and extinction coefﬁcients at both wavelengths

hold have been discussed [21], generally the wavelength intervall has to be
small compared to the spectral structures in the backscatter and extinction
coefficients, and the time difference between the 2 measurements has to be

smaller than the correlation time of the aerosol. The ﬁrst condition is not

critical for near infrared water vapor DIAL, the absorption lines are narrow
(z 10 pm FWHM at standard pressure and temperature), so a sufﬁciently

small wavelength difference may be selected (we have chosen 50 pm for our

measurements). The correlation time of aerosol backscatter averaged over a
small scattering volume only can be quite small under certain meteorological

conditions (levels with highly variable aerosol content are often found at the

upper edge of the boundary layer, for example). To obtain reliable measurements even under these conditions, which are of particular interest in studies
of convective processes, a safe estimate for the maximum time difference is

a value much smaller than the time needed for a complete exchange of the
aerosol found in the scattering volume. Assuming as worst case conditions a
beam diameter of 0.1m and a windspeed of 30m/sec, 3msec is a lower limit

for this exchange time. It is quite clear, that this cannot be achieved by

mechanical switching of the wavelength in a single laser. We have chosen a
dual laser system instead, with synchronized triggering 200psec apart, so the

time dependence of the backseatter coefﬁcient cannot cause any problems.

2.2

Inﬂuence of the spectral distribution

The Lidar equation used above is valid for monochromatic light only. For
actual conditions the ﬁnite linewidth of the high power pulsed laser used

has to be considered. This has been done by integrating the Lidar equa—
tion over the spectral distribution of the transmitted light [22, 23, 24, 25].

It has been pointed out in the abovementioned papers that this leads to a
more complex set of equations which cannot be solved simply in the form
of a DIAL equation, but an iterative procedure has to be applied instead.
Although this is true in principle, a detailed analysis of the individual terms
assuming typical measurement conditions shows, that the DIAL equation
remains approximately valid for these cases [25, 26, 27]. It should be emphasized,however,that this holds only if, roughly speaking, the bandwidth of
the laser is small compared to the width of the absorption line, and if both

the total optical depth up to the measurement range and the difference in

optical depth between R2 and R1 are sufﬁciently small. Since the corrections
for ﬁnite bandwidth are only small under these conditions, an approximate

knowledge of this bandwidth is sufficient.

The situation is further complicated by the fact, that generally 2 different scattering processes may contribute signiﬁcantly to the signal strength,

namely aerosol and molecular scattering. The ﬁrst may be considered elas-

tic, i.e. changes in the spectral distribution caused by the scattering process
are small compared to the linewidths involved, but the latter produces spec—

tral broadening of the backscattered light mainly by Doppler shift caused by

thermal velocities of the molecules. The error caused by this effect generally

is small in a homogeneous atmosphere [28], but can be very large where steep
gradients are present in the ratio of aerosol to molecular backscatter. A de—
tailed discussion and a correction procedure using the information about the
backscatter proﬁle contained in the off line signal may be found in reference
[27].

Yet another complication introduced by the spectral distribution found
in real world systems is spectral impurity, deﬁned as total energy out of
the assumed lineshape for the laser. In a broadly tunable dye laser (width
of the gain curve > 30mm typically) consisting of an oscillator and two or
more ampliﬁers ampliﬁed spontaneous emission (ASE) is almost unavoidable.
Usually it consists of broad band radiation with very low spectral density,
and therefore is very hard to determine. To estimate its inﬂuence on the

accuracy of a DIAL measurement, assume that the total intensity of the

laser Po may be split into its relative contributions of the narrowband and

broadband radiation according to P0 = P0 - (P; + Pb) where the spectral
distribution of H is a narrow line of arbitrary but known shape, centered

at the water vapor absorption line, from which in the usual way an effective

absorption cross section may be calculated, and Pb is broadband emission

with absorption cross section w 0. Then the observed optical depth Te” is

given in terms of To, the optical depth for zero spectral impurity, by
Teff = — ln [Pb + (1 — Pb) - 6—7-0]

(3)

An absorption coefficient a’ = 1%]- will be determined instead of a = 47729,
which leads to a relative error
a—a’

1—0513};

a

dTo

= P—i—q°
b + (1 - Pb) ' 6

(4)

which is illustrated in ﬁg.1 for several values of Pb, the relative intensity of the
broadband emission. It is obvious, that even small amounts of spectral impu-

rity will cause large errors at sufficient optical depth. So the range of optical

depths for which reliable DIAL measurements are possible is clearly restricted
by the spectral impurity of the transmitted laser pulse. This range cannot be
considerably expanded by correction of this effect, which in principle of cause
is possible. The correction will depend very critically on the exact amount
of spectral impurity assumed, which in turn is very hard to determine. As
already mentioned, the spectral density usually is very low, many orders of

magnitude less than in the central line, so for a direct measurement with

spectroscopic instruments a very high straylight rejection would be required
as well as linearity of the detector circuit over many orders of magnitude. So
we did not actually attempt to determine the spectral impurity in this way,
our test method will be given below.

It shall sufﬁce here to just mention that the absorption cross section
at the center of an absorption line is pressure and temperature dependent.

Temperature sensitivity can be minimized by proper choice of the absorption

line, there are several suitable lines available with different line strengths as
necessary for different meteorological situations [29]. No major changes have
6

rel.
error

0.09 0.08 0.07 0.06 0.05 0.04

0.03

0.02

0-01

0.10

0.2 '-

0.1"

Fig. 1 Relative error of a DIAL measurement due to spectral impur
ity as a

function of optical depth To

to be made in the laser system to access all these lines. Assuming that the

temperature dependence of the absorption cross section is governed by the
line strength and the Voigt line shape, it is easy to show, that large errors
in the atmospheric parameters can be tolerated without sacriﬁcing the accu—

racy of the measurement. 20 K or 15 hPa error in temperature or pressure,
respectively, cause < 5% error in water vapor concentration throughout the
troposphere. So the necessary information on the atmospheric parameters
may easily be obtained from routine observations of the weather service at
some station in the vicinity.
Pressure shift of the absorption line center has to be considered, too.
For most lines this is no problem, when the laser is tuned to the center of
the low pressure line. The error produced at surface pressure then usually

is negligible, for the line with the largest observed pressure shift [30] it is

10%. Nevertheless, when a new line is considered for a DIAL measurement,
for which the pressure shift coefficient has not been determined, it would be

good practice to perform such a determination before using this line.

2.3

Data acquisition requirements

The DIAL technique, as a differential method with respect to both wavelength and range, requires high accuracy data acquisition for the individual
signals. To give a typical example, assume that a difference in optical depth

of 0.1 with a precision of 5% is to be retrieved. Then the error in the in—
dividual return signals at range R1 as well as R2 must not be greater than
0.25% assuming the best case of statistically independent errors. For a 12 bit
digitizer an error in the least signiﬁcant bit (LSB) corresponds to 0.025%, so

a dynamic range of < 10 is left for the signals, which often is exceeded in a
rather small height interval. Sometimes it is assumed, that averaging over a
large number n of samples can improve the accuracy by a factor of W. While
this should hold for the statistical error at least in the case of correlated shot
pairs, it is certainly not true for the systematic errors introduced by the digitizer. In fact no manufacturer will specify an equal spacing of digitizer bins,
at best monotonicity of the bins is claimed. Test measurements with our
system showed, that an accuracy better than 0.2 LSB cannot be assumed,
regardless of the number of samples averaged. This restricts the usable dy-

namic range for the signals to < 50, whereby in turn the usable height range

is restricted. Fortunately a sufﬁciently large portion of the boundary layer

is usually covered, or alternatively a large portion of the upper troposphere,

but care has to be taken in the adjustment of the individual signal levels,
requiring readjustment in changing meteorological conditions.

3
3 .1

System description
Instrument platform

Our system was intended for studies of a variety of meteorological processes.
So provisions had to be made to make it transportable to the actual ﬁeld

sites of the individual experiments, which have to be chosen according to
the requirements imposed by the process under study. We have restricted
ourselves to studies where the site can be ﬁxed for a whole campaign to
avoid additional problems caused by true platform mobility. So we have
chosen a standard 20’ container as a platform which can easily be moved

by standard equipment. Insulating walls, a heating and a cooling system

provide for an acceptable environment for the delicate instruments and their
operators even under rough climatic conditions. A 6 kW cooling system for

the lasers is installed separately outside the container. The available space
inside measures 5.80 x 2.19 x 2.30m, most of which is occupied by a large

rigid frame constructed from aluminum X- proﬁles. This is mounted vibration
isolated during transport and ﬁxed during the measurements, the lasers and

optical systems are securely mounted on this frame. The electronics and
computer equipment is housed in two 19” racks, only little space is left for the
operators. The whole optical system including the 2 telescopes is mounted

horizontally, access to the atmosphere is provided by a 1.00 X 0.70m hole in

the side wall. Since all measurements are made with a vertically pointing

beam, 45° folding mirrors are mounted to a rigid frame in front of the hole.

This frame can easily be brought into an upright position, then the mirrors
are protected from rain and dirt and the opening in the wall is closed.

3.2

Optical system

An overview over the complete system is given in ﬁg. 2. The laser system
consists of 2 XeCl Excimer lasers (Lambda Physik EMG 201 MSC) pumping 2 dye lasers (Lambda Physik FL2002E), each consisting of an oscillator
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and 2 ampliﬁer stages. Wavelength stability is achieved by mounting the the
tuning elements of the oscillator, a 600 grooves/mm grating used in 4th order
and a 0.750m‘1 FSR air spaced etalon, in a closed compartment which is
temperature controlled by a constant temperature liquid ﬂow system. Wavelength tuning is done by a coordinated tilt of both etalon and grating under

computer control. The resolution depends on the tilt of the etalon due to its
nonlinear tuning curve, in the used range it is better than 0.1 pm. About

0.7 nm can be scanned by etalon tilt without readjustment.
The basic parameters of the optical system are listed in table 1. It should
be noted, that at the present level of complexity of the whole system usually
not all subsystems are operated under optimum conditions simultaneously.
So typical performance data are shown rather than manufacturer speciﬁcations.

The two dye lasers are operated at different polarization, in one laser the
plane of polarization as determined by the optical elements of the oscillator
is rotated by means of a half wave plate between the ﬁrst and the ﬁnal ampliﬁer stage. Each beam is passed through a photoacoustic cell ﬁlled with
approximately 16 hPa of water vapor (saturation pressure at room tempera-

ture) providing a convenient means for wavelength tuning to the maximum

of the absorption line chosen for the particular experiment and allowing a

continuous check of the wavelength setting [30]. The output of the photoa-

coustic cells is analyzed with a boxcar averager and presently recorded on

strip chart. At this low pressure the lines are narrow (z 3 pm FWHM),

so the output of the photoacoustic cell is rather sensitive to small laser line
drift.
Combination of the 2 beams is performed by a Glan type polarizer operated in reverse. It is important, that after combination the 2 beams point
into the same direction very precisely, so the polarizer was mounted on an
ultra high precision 2 axis tilt stage. The ﬁne adjustment is controlled by

observing the ratio of averaged return signals as a function of height, with
both lasers tuned to the same off line wavelength. This ratio is constant with

height only if the overlap functions of both beams are the same, deviations
from this are easily detected.

Fig. 3 shows an example for an upper tropospheric measurement. Both
signals and the log of the ratio of the two signals are displayed, the latter
on a very expanded scale. From this ﬁgure we can see, that the log of the
ratio stays constant mostly within :l:0.01, with the exception of a system11

Table 1: System parameters

Transmitters, 2 Excimer pumped dye lasers

output energy

35 mJ

repetition rate
beam dimensions

12 Hz typical, 24 Hz tested
2 - 2 mm

beam expansion

X15 (optionally x25 or x35)

1.5 pm
< 2%

bandwidth FWHM
spectral impurity

beam divergence (prior to expansion)

1.5 mrad

Bandwidth measurement, Fizeau interferometer
resolution of readout

0.1 pm

Receiving Optics
Schmidt Cassegrain telescope, diameter
Newtonian telescope, diameter

0.28 m
0.5 m

optical resolution, FWHM

distance transmitter-receiver

0.8 pm

0.3 In

3.0 m optionally

8 nm
0.6 nm optionally

ﬁlter bandwidth

12

height [m]
12000

26/04/87 23:46:48 (70 - 75)

'\

‚II/-

height [m]
12000

300

500

700

900
Signal [digits]

6/04/87 23:46:48 (70 75)
-

100

E

9600

7200

4800

2400

-0.20

-0.18

-0.15

—0.12

-0.10

1n(Ioff/Ion)

Fig. 3a (top) and Fig. 3b (bottom) On and offline signals (a) and optical depth T = 1n(Poff/Pan) (b) for a test case with A1 = A2 = A0”
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7/04/26 23:46:48
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0.10
water vapor density [g/m A 3]

Fig. 3c Equivalent water vapor density for the case of ﬁg. 3b.
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atic pattern at m 7000m, where the deviations reach 0.02. This pattern is
basically constant with time and appears to be associated with the central
obstruction of the telescope. Consequently, the actual measurements can be

corrected for this deviation if necessary. Figure 3c shows the error in water
vapor retrieval associated with these deviations from a constant value, using

the same line parameters as for the real online - ofﬂine measurement. The
error basically stays below 0.02g/m3, with larger systematic errors only at
the lowest end of the range, and at z 8000m, as already discussed. This
result is very satisfactory.

The different linear polarization of both transmitted beams is subse-

quently transformed into circular polarization by means of a quarter wave

plate to avoid errors due to differences in the backscatter coefﬁcient for different polarizations, which might occur for special backscatter situations (e.g.
oriented ice crystals).

A small fraction of the beam is picked off for power monitoring and spectral analysis, which is done by a multibeam Fizeau interferometer with photodiode readout for every shot. The resolution of the readout is 0.1 pm, the

FWHM of the instrument response as tested with a single longitudinal mode
HeNe laser is 0.7 pm. The output of the photodiode array is digitized and averaged over a large number of shots to provide an information on the effective
linewidth of the laser, including short term drift. Finally, the combined laser

beams are expanded, usually x15 (x25 or x35 optionally), and transmitted
vertically into the atmosphere using a 45° folding mirror with hard dielectric
coating. This folding mirror can be moved to a position z 3m further out, to
increase the distance between the transmitted beam and the telescope axis.

This is done to suppress the close range return signals, because the strong

overload associated with these signals cause memory effects in the photomul-

tiplier at the high gain necessary for the detection of far range signals. The

easiest way to avoid this is to start overlap between transmitter and receiver
ﬁeld of view at sufﬁcient height only, well above the boundary layer with
its usually rather large aerosol content. The overlap function is controlled

by the baselength and the tilt of the transmitted beam with respect to the
telescope axis. This is done at the beginning of each experiment, the height

where the overlap starts is easily determined visually from the shape of the

return signal averaged over a sufficient number of shots. The receiving optics
starts with 2 large 45° folding mirrors mounted to the same rigid frame as the
folding mirror for the transmitted beam. Each mirror directs the scattered
15

light to a telescope with 0.28m and 0.50m diameter, respectively. These
2 telescopes allow observations at 2 different overlap function settings and
different gainsettings simultaneously, a feature which has not yet been used
since the second data acquisition channel is going to be implemented only
now. In both telescopes the ﬁeld of view is determined by a diaphragm in the
focal plane, after expansion to 30mm diameter the beam is passed through an
interference ﬁlter. For boundary layer or night time measurements usually a
7nm bandwidth (FWHM) is sufﬁcient, for upper tropospheric measurements

a 0.6nm ﬁlter is used, mounted in a temperature controlled oven on a tilt
stage allowing exact tuning to the wavelengths used.

3.3

Detector, electronics, and data acquisition

As a detector in both channels a photomultiplier tube (RCA 8852) is used
followed by a fast preampliﬁer (Analog Modules 310-3, 3 db cutoff frequency
14 MHz). A 20 MHz 12 bit transient recorder (DSP 2112F) digitizes the
signals. Of the 8k samples recorded by the transient digitizer for each shot
pair, only the interesting parts of the signal are transferred to the computer

(National Semiconductor 32016 boards on a Multibus structure). This in-

cludes pretrigger samples for background detection (typically 50 samples for
boundary layer measurements, 250 samples for upper tropospheric measurements). The rest is split between the return of the ﬁrst and the second laser,

which are ﬁred with 200psec separation. After transfer to the computer the
data are checked for overloads, and for each range bin only valid signals are
accumulated. All parameters are software selectable and chosen in the setup

menue.
For detailed data analysis following the experiment usually 100 shot averages of the return signals from both lasers are stored on magnetic tape
together with time and housekeeping information. The online system is ca-

pable of displaying line graphs of the 2 return signals and the logarithm of
their ratio. Zoom functions are available on all axes, and the number of shots

averaged can be selected as multiples of the hardware averages (which them-

selves can be chosen arbitrarily). These capabilities are necessary for the
setup procedures, where the timing and the overlap between the transmitted
beams and the ﬁeld of view of the telescope have to be adjusted. During
the measurements this display provides very valuable information about the
meteorological situation as well as the system condition. The displayed data
16

are stored on ﬂoppy disk as a backup and easily accessible data source for
later evaluations on a low cost PC.

Time synchronisation of the two lasers requires some attention.When
steep gradients are present in the backscatter proﬁle, timing errors between
the 2 shots of only a fraction of the sampling interval produce large errors

in the ratio of both signals and hence in the concentration to be evaluated.
Both laser triggers are controlled by the same high precision pulse generator,
the delay between the 2 triggers can be set with a precision of better than
lnsec. In the excimer lasers switching circuit a delay occurs between trigger
and actual laser ﬁring, which is strongly dependent on the operating condi-

tions of the thyratrons and may vary over several tens of nsec within half an

hour. Moreover, this trigger delay drift is different for both lasers. To avoid

this drift, a feedback loop was installed in each laser (Lambda Physik EMG

97) which stabilizes the trigger to ﬁring delay. The actual delay between
the 2 laser pulses is measured continuously using a fast photodiode and a
counter/timer. It is set to an exact multiple of the sample interval of the
digitizer to have the same phase for both shots with respect to the digitizer
sampling. The stability of the whole circuit is better than 2nsec over several

hours.

3.4

Capabilities for depolarization measurements

As an option, the whole system can be operated in a different mode to mea-

sure the depolarization of the backscattered signal, which is interesting for

studies of cloud microphysical properties. When the 2 lasers are operated at

the same off line wavelength, the quarter wave plate after the beam combiner

is ommitted, and a polarizer is inserted in the receiver optics, the system is
ready for a depolarization measurement. While in the usual depolarization
setup only one pulse is transmitted, and the analysis is done in 2 channels

with orthogonal planes of polarization, in our system the 2 transmitters are

operated at different planes of polarization, detection is done with one chan-

nel only. So for one pulse the plane of the detector polarizer is parallel to that

of the transmitted light, for the other pulse it is perpendicular. If the scattering by the particles under consideration does not depend on the polarization
of the incident light, which may be assumed either for particles with spherical
symmetry or for an ensemble of randomly oriented particles with arbitrary
symmetry properties, both setups are equivalent. It may be emphasized that

17

both signals are obtained quasisimultaneously as already discussed for the
DIAL measurements. This is very important for measurements in clouds,
too, because the backscatter coefﬁcient often is highly variabel in time and
space.

The rest of the system remains unchanged, especially the data acquisition
system, which is more than adequate for this type of measurements. First

results have been presented in a separate paper [31, 32].

4

Tests of adjustment

For many parts of the system easy procedures exist to ﬁnd and maintain
the correct settings for their adjustment. For the alignment of the two laser
beams with respect to equal overlap with the telescope ﬁeld of view, and for

the adjustment of the online laser with respect to minimum spectral impurity,

special test procedures had to be developed. For the overlap, the method

has been described in section 3.2.
Spectral impurity is determined using DIAL measurements with one laser
tuned to off line as usual and the other one tuned subsequently to 2 different
lines with different line strengths. Fortunately this has been possible for the

lines chosen for the actual measurements within the scanning range of the in-

tracavity etalon, so the complete adjustment could be maintained. The ratio

of both optical depths should be constant with height, deviations occuring

at greater depth indicate the level of spectral impurity. The accuracy of this
determination is limited because of the variability of the water vapor column
content, since both measurements cannot be made simultaneously. Fig. 4
shows an example for a boundary layer measurement. The observed ratio of

optical depths is well reproduced by calculations using eq. 4, 72 = 7'1-(0'2/01),

and P5 = 0.018, where a.- are the appropriate absorption cross sections. The

large deviations from the calculated curve above 1.4km are due to errors
caused by the low signal for the stronger line (7'2), while the smaller devia-

tions below are easily explained by the time difference of 5min between the
2 measurements of 7'1 and 7'2 involved. 1.8% spectral impurity, as determined

for this case, limit the usable range of optical depth for DIAL measurements
with an error less than 10% to 7' < 1.8. Assuming that the determination of

the Spectral impurity is accurate to 0.5% for the whole time of the measurement, by correction the usable range could be extended to 'r < 2.3 for the
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same error. It should however be kept in mind, that spectral impurity is not

necessarily constant for the whole time of a measurement series.

5

Examples of measurements

It is obvious, that the DIAL system is fairly complex in hardware as well as
in the evaluation scheme. Its performance depends critically on a number

of parameters. Some of these parameters can be measured independently
with sufﬁcient accuracy, the well understood DIAL methodology then helps
to determine the errors produced by the uncertainty in these parameters and

to avoid them by proper system design. Other important parameters depend
critically on the adjustment of the optical system, namely spectral impurity
and the geometrical overlap function of the 2 transmitted beamswith the
telescope ﬁeld of View. Test methods for these quantities have been described
above.

Because of the complexity of the systems, its overall accuracy remains to

be assessed. This turned out to be rather difﬁcult, mainly because of

o the lack of easily accessible accurate instruments (e.g. the accuracy of

radiosoundings is not well established, at least at greater heights, say
> 5km, and after passage through clouds)

o the different sampling properties; none of the conventional measurement systems has nearly the same probe volume as the Lidar.

In spite of these difficulties, the following examples will demonstrate the
present performance of the Lidar system.

5.1

Low altitude measurements

The best situation for intercomparison with in situ instruments is for a horizontal path. We have been able to perform such a measurement during
the International Cirrus Experiment 1989 on the island of Sylt, with the

beam pointing over ﬂooded tidal flat areas at z 35m height. Fig. 5 shows
the results of several Lidar measurements using different absorption lines,
in comparison to the ground level psychrometer reading. The situation was

constant for a quite long time, it is rather unlikely that strong horizontal or
temporal differences occurred. The results show
20
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a reliable results can be obtained up to an optical depth 7' z 2, due to
the spectral impurity of the laser
0 in this region the accordance between different Lidar measurements
and the psychrometer reading on the average is better than 3%
o if a weak absorption line is used, the statistical error increases, in the

present case up to 10%, because the differential optical depths are small
and can only be determined with limited accuracy

0 only sufficiently large signals (greater than z 10 digitizer bins) can be

evaluated. For smaller signals systematic errors of the digitizer cause

unacceptably large errors in the results.

If a proper absorption line is selected, for a certain range good absolute

accuracy can be achieved if and only if the actual spectral distribution of the
laser is taken into account. The possible range is determined by the spectral

purity of the laser and the dynamic range of the signal.
The next example, fig. 6, shows the intercomparison of a Lidar vertical

sounding with the dewpoint mirror (which is generally regarded as the most

reliable humidity sensor) on board of the DLR research aircraft ”Falcon”, and
a radiosonde which was launched locally directly after the aircraft passage.

The difference betweentheLidar and aircraft at the ﬂight level of 1430m is less
than 5%. The differences between Lidar and radiosonde are larger at some
height ranges. At least to some extent this can be explained by the different

sampling properties of the instruments, the sonde trajectory is deﬁnitely
different from the Lidar path, and both temporal and vertical resolution are
different. Overall, the instruments compare well, and particularly the Lidaraircraft intercomparison, which is regarded as most meaningful with respect
to sampling properties and reliability of the instrument, is very favorable

for the Lidar. Unfortunately, not more well designed intercomparison ﬂights
could be organized up to now.
The last example for lower tropospheric measurements will demonstrate
how this system can be used for high resolution studies of atmospheric pro-

cesses in the boundary layer. The measurements were taken on the island of
Sylt close to the shoreline of the North sea, the meteorological situation was
characterized by the passage of a weak cold front just before the measure-

ments started. A westerly wind was blowing directly from the open sea with
22
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Fig. 6 Intercomparison of DIAL humidity measurements (solid line) with
aircraft (circle: dewpoint mirror on DLR-Falcon) and radiosonde (broken line). Aircraft height 1430m, speed 107m/sec.
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z 10m/ sec. In the beginning the boundary layer was only shallow (% 500m),
subsequently small cumuli provided for sufﬁcient mixing to raise the bound-

ary layer to m 1600m). These informations have been retrieved both from
locally launched radiosondes and the analysis of the Lidar backscatter signal.
Fig. 7 shows the time series of both range corrected signal and retrieved
water vapor density, simultaneously in three height levels, with a resolution
of 25 sec in time and 75 m in height. Increased humidity is observed in the
regions below the cumuli, which are easily detected from the backscatter sig-

nal. In addition a number of downdrafts is observed, where rather dry and

clean air is transported downward. This occurs in relatively small regions

mostly at the cloud rims, and continues for several hundred meters below

cloud base. For these events the humidity is highly correlated at all measurement heights. In addition, humidity is also highly correlated with the
backscatter signal. This certainly has two reasons: the air mixed from the

upper layers is cleaner and thus has a smaller backscatter coefﬁcient, and it
is drier, so the particles are less grown by water adsorption.
It should be mentioned, without going into all details, that the observed
general decrease of absolute humidity with time, and the rise of cloud base,

are consistent with ground level observations. So from all these observations

it can be concluded, that the system is well suited for studies of atmospheric
processes like the convective situation shown here.
The measurement shown above has also been used to estimate the relative
accuracy of the high resolution water vapor retrieval. Fig. 8 shows a variance

spectrum of the humidity time series at 247 m height from the above mea-

surement. The form of the spectrum looks quite reasonable, it shall not be

used here to derive any meteorological properties. For the given method of
DIAL- measurements, the noise spectrum should be white. Then the spectral

density of this noise must be smaller than the lowest signiﬁcant level of the
observed spectrum. This is a safe upper limit for the system noise, assuming

that in the lowest part of the spectrum the meteorological contribution is

neglible. For the given case, the lowest signiﬁcant level, which is observed

at the high frequency end (as expected), corresponds to a white noise with
a standard deviation of 0.11gm‘3. For the case shown, this corresponds to
a relative error of 1.6%, which is very satisfactory. This again demonstrates
quite clearly that the system is suitable for studies of even rather small scale
convective processes in the boundary layer.
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5.2

Upper tropospheric measurements

Measurements in the upper tropopshere are much more difﬁcult than at lower
altitude. The main reasons for this are
0 absorption lines are much narrower at low pressure

0 signals are several orders of magnitude lower
a spectral impurity sets limits to the allowed optical depth up to the

observing height

a water vapor density is much higher in the lower troposphere, so small

changes in optical depth have to be detected in the upper troposphere
after strong attenuation in the lower troposphere

These difficulties could not yet be solved to come up with routine water

vapor measurements in the upper troposphere, so far measurements are restricted to favorable cases. Two examples will be shown to demonstrate the
present performance of the DIAL system.

The ﬁrst example is a night time measurement in a calm, cloudless night.

Weather maps showed that the air mass was rather homogeneous over an ex-

tended area. Fig. 9 shows a Lidar measurement compared to a radiosounding
of the German weather service launched at Schleswig, about 90km north of
the Lidar site. The resolution of the Lidar measurements is 500 - 1000m,

the height range 4 - 8 km. The measurements were continued for 3.5 hours,
no signiﬁcant changes were observed during this time. The difference be-

tween Lidar and radiosounding is < 20%. Even for the rather horizontally

homogeneous situation a better accordance cannot be expected.
For an inhomogeneous distribution of the backscatter coefﬁcient the mea-

surements are more difﬁcult. First, the dynamic range of the signal is increased, leading to problems in the accuracy of acquisition of strong and/ or

weak signals. Second, long averaging times cannot be accepted, since the

situation may change considerably within the measurement time. Third,
Rayleigh-Doppler corrections are quite different at different heights, requiring accurate determination of input parameters for the correction scheme.
These difficulties are illustrated in the last example, which was picked out

of a 3 hours measurement period obtained during the International Cirrus
Experiment 1987, when a warm front was approaching the lidar site. The
27
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Fig. 9 Water vapor proﬁles measured on 04/26/1987, 22:27 GMT. Thick
solid line: DIAL with Doppler correction for molecular scattering.
Time average 27min, range resolution 750m. Broken line: DIAL without Doppler correction. Thin solid line: Radiosonde ascent 04/27/1987

00:00 GMT, 90km north of the lidar site
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backscatter coefﬁcient retrieved from the off-line signal using the algorithm

described by Fernald [33] is shown in ﬁg. 10. The dominant feature is the

cirrostratus layer extending from 5km to z 10km, where the backscatter coefﬁcient is about 2 orders of magnitude larger than the molecular scattering.

Below this, there is a layer of very clean air for 4km < z < 5km, and 2 more
layer boundaries may be derived from the associated peaks in the aerosol

backscatter at z 3.8km and m 2.9km. In the proﬁle of In (Peg/Pan), shown
in ﬁg. 11, these layers can be found as well, exhibiting different slopes in
the individual layers. It is seen, too, that the low signal from the clean layer
4km < z < 5km makes the accurate determination of water vapor difﬁcult

for this region, the logarithm of the signal ratio shows considerable noise
and small slope. Analysis of the signal strength in this region indicates, that

lack of accuracy in the data acquisition system may have considerable inﬂu-

ence. Using the information from the backscatter proﬁle concerning the layer

structure, an average water vapor concentration may be determined for the

complete layer, calculating the total optical depth of the layer as a difference

from the boundary values of the adjacent layers. As the scattering mecha-

nisms contributing to the signals are quite different in the different regions,

Doppler correction is fairly important. The main problem then is to determine the correct amount of aerosol scattering for z < 5km. When integrating

from the top through the cirrus layer, small errors in the assumed value of
the backscatter to extinction ratio in the cirrus layer lead to unreasonable
values in the region below. So the backscatter retrieval had to be performed
in 2 separate steps for the cirrus and the subcirrus regions. The start value
of the aerosol backscatter for the lower layer, which has to be guessed, has

considerable inﬂuence on the results for this region. As long as no further

information is available, this limits the accuracy of the aerosol backscatter
coefﬁcient in the subcirrus region, and therefore the accuracy of the Doppler
correction for the water vapor retrieval.
In fig. 12 the retrieved water vapor proﬁle is shown, with estimates of
random and systematic errors. Rayleigh Doppler correction is very important

only in the region between 41cm and 5.5km. Over most of the range, signal

noise remains the dominant error source.

Quite generally, the individual

contributions to the error budget stay well below 10%. The comparison
with a radiosonde ascent made at the same site at 16:00 GMT shows good

agreement in the basic structure of the troposphere, with the most striking
deviations in the range frome 3.5 - 6.5km. For this particular range, the
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Fig. 10 Nonmolecular backscatter, retrieved from the oﬁ' line signal. 09/ 19/ 1987
20:08 GMT. Time average 5.5mm, height resolution 150m. Molecular
backscatter calculated from density proﬁle according to radiosonde ascent 16:00 GMT
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Fig. 11 On and off line signals, and T = ln(Poff/Pon) for a. DIAL measure-

ment 09/19/1987 20:08 GMT. Time average 5.5mm, smoothed with a

67.5m gliding average.
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Lidar backscatter signal strongly supports the layer structure retrieved from
the DIAL measurements, so the difference is ascribed to problems with the
radiosonde, either with its reliability or with the different path through the
atmosphere. Accounting for the variability of the atmosphere, the agreement

between lidar and radiosounding is remarkably good.
In spite of the difﬁculties associated with a measurement in an inhomo-

geneous atmosphere, the results give a lot of information about the meteo-

rological processes involved. In particular, a detailed analysis of the whole

measurement interval from which the example was picked, allows the deter-

mination of :

o the extent of the cirrus layer
0 the structure of the subcirrus region
0 the absolute and relative humidities in separate regions of the cirrus

layer, especially in the lower, unsaturated part (It should however be
mentioned, that the accuracy and particularly the height resolution is
not sufﬁcient to study the details of the icing process).

For the present case, all these informations have been obtained with a

time resolution of 5.5mm for a period of 3 hours (with some interruptions
for system tests and slight readjustments), clearly demonstrating that the
lidar is a unique instrument for studies of these processes, since the same
information cannot be obtained by any other system.

6

Summary and conclusion

A water vapor DIAL system has been described which has been demonstrated to be a versatile instrument for the investigation of meteorological

processes in the troposphere. High temporal resolution has been achieved

(30 sec in the boundary layer, 5 - 30 min up to 10 km height), combined with

a vertical resolution of 75m in the lower and 1km in the upper troposphere.
The possible sources of error have been studied to some detail, and their

inﬂuence on the resulting accuracy of the measurement have been discussed.

Test methods for the correct adjustment of the whole system have been described, too. Although the adjustment of the complete system to the required
accuracy is a fairly big effort, the results are very encouraging and cannot

33

be obtained by any other method. Particularly for the upper tropospheric
measurements, technological improvements expected for the next future will
considerably enhance the applicability of the system. We will continue to
study meteorological processes in the troposphere with this system.
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