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Abstract A diode-pumped, single-frequency laser sys-
tem emitting at 935 nm has recently been developed to
serve as the transmitter for water vapor differential absorp-
tion lidar (DIAL) measurements. This laser uses Nd:YGG
(Y3Ga5O12) as the active medium and emits radiation di-
rectly at 935 nm without the need of additional frequency
conversion processes. The system was diode-pumped at
806 nm and was built up in a master-oscillator-power-
amplifier configuration. It generates more than 30 mJ of
pulse energy at 100 Hz repetition rate with a beam qual-
ity (M2) of better than 1.4. Since water vapor DIAL de-
mands for stringent requirements of the spectral properties
those were carefully investigated in the scope of this paper.
Single-frequency operation is achieved by injection seeding
and active length control of the oscillator cavity. The range
of continuously tunable single-frequency radiation extends
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to ∼0.4 nm centered around 935.31 nm. Values of the spec-
tral purity of >99.996% were determined using long-pass
absorption measurements in the atmosphere exceeding the
requirements by a large margin. Finally, for the first time
water vapor DIAL measurements were performed using a
Nd:YGG laser. The reported results show much promise of
these directly pumped lasers at 935 nm for future spaceborne
but also airborne water vapor lidar systems.

1 Introduction

Water vapor (H2O) is the most abundant and important
greenhouse gas in the atmosphere [1]. It controls weather
and climate on all temporal and spatial scales, is also impor-
tant for a variety of chemical processes in the atmosphere,
and plays a central role in the global energy and water bud-
get.

The knowledge of vertically resolved profiles with high
accuracy and precision of atmospheric humidity from the
ground throughout the whole troposphere and, particularly,
up to the lower stratosphere is therefore a prerequisite for
numerical weather prediction (NWP) [2–4] and climate re-
search [5, 6]. Unfortunately, no global observation system
is currently available that fulfills the requirements defined
by the World Climate Research Programme (WCRP) of the
World Meteorological Organization (WMO).

Since the differential absorption lidar (DIAL) technique
applied from satellites shows high potential to meet those
requirements [7–9] there is need for an exploratory satellite
mission demonstrating high-vertical resolution water vapor
profiles by active remote sensing [5]. In recent years sev-
eral lidar missions have thus been proposed to measure wa-
ter vapor profiles from space [10–13]. However, the feasi-
bility of a space mission heavily depends on the availabil-
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ity of mature and reliable laser sources at ∼935 nm in the
absorption band of H2O with high electrical-to-optical effi-
ciency. Although DIAL systems have been successfully de-
ployed on aircraft, their laser transmitters do not quite meet
the desired efficiency requirements yet. In most cases either
Ti:Sapphire lasers (e.g. [14]) or optical parametric oscilla-
tors (OPOs) (e.g. [15]) have been used. In particular, an air-
borne demonstrator based on an OPO at 935 nm was devel-
oped in recent years and has successfully validated the four-
wavelength concept using three different absorption lines to
measure the water vapor profile from ground to the lower
stratosphere [15]. Those sources are pumped making use of
the second harmonic (532 nm) of the ubiquitous Nd:YAG
laser. In this frequency conversion process, however, about
half of the pump energy is wasted.

In principle it should be possible to come up with more
efficient and less complex diode-pumped all-solid-state
lasers that directly generate wavelengths in the respective
wavelength range without using any additional wavelength
conversion process. It has been suggested that Nd-doped
Y3GaxAl(5−x)O12 lasers can be specifically tuned by chang-
ing the material composition (0 < x < 5) and thus the lat-
tice parameters to generate wavelengths at 935 nm [16, 17].
Therefore this material class shows much prospect to
generate the wavelengths required for water vapor DIAL
[8, 10, 12] more efficiently than competing devices such as
Ti:Sapphire lasers [14] or OPOs [15] which require pump
wavelengths in the green spectral range. Nevertheless, these
materials have not yet been investigated to a stage that al-
lows their use in practical lidar systems. Therefore, further
studies on this critical technology were strongly advised to
support mission feasibility [18].

In a companion paper [19], however, a highly effi-
cient, diode-pumped and single-frequency laser, which uses
Nd:YGG (Y3Ga5O12) as the active material to directly gen-
erate laser radiation at 935 nm was described for the first
time. Here, we investigate whether the properties of this sys-
tem and, in particular, its spectral properties are adequate to
meet the stringent requirement for water vapor DIAL. Em-
phasis was put on the measurement of the spectral purity
using long-pass absorption. Finally, ground-based measure-
ment of the water vapor profile were performed. To the best
of our knowledge this is the first report of water vapor DIAL
measurements using a diode-pumped laser at 935 nm with-
out additional frequency conversion.

The paper is structured as follows. At the beginning the
experimental set-up is described including a brief review of
the relevant properties of the laser system. Subsequently, the
spectral properties and in particular the spectral purity is
carefully analyzed. The paper concludes with the descrip-
tion of water vapor measurements.

2 Experimental set-up

2.1 Transmitter system

As the laser transmitter a diode-pumped Nd:YGG
(Nd-doped Y3Ga5O12) master-oscillator-power-amplifier
(MOPA) laser was used that has recently been developed
[19] to demonstrate its potential for water vapor DIAL mea-
surements particularly from a spaceborne platform. The
master-oscillator-power amplifier set-up was described in
detail in a companion paper [19]. Here, we only review its
main properties that are listed in Table 1.

The Nd:YGG oscillator is set up as a linear cavity
in twisted mode configuration with an electro-optical Q-
switch. The optics were designed in a way that parasitic
lasing at 1062 nm, the gain maximum of Nd:YGG, was pre-
vented. The crystal was a 1%-doped Nd:YGG crystal with
a diameter of 3 mm and a length of 10 mm. It was pumped
from two sides by fiber-coupled passively cooled diode bars.
At an energy from the fiber-coupled pump diodes of 75 mJ,
which was chosen as the working point, the laser gener-
ated 4.3 mJ in Q-switched operation and a pulse duration of
52.5 ns (FWHM), at a repetition rate of 100 Hz. The M2-
value was experimentally determined to be 1.06. The oscil-
lator beam was mode matched to the astigmatic amplifier
mode using two cylindrical telescopes.

In order to boost the pulse energy into the multi-ten-
millijoule range an amplifier stage with a hybrid cavity ac-
cording to the INNOSLAB concept [20] was employed. The
thin Nd:YGG slab crystal (14.8 × 15 × 2 mm3) was end
pumped from both sides by a total of 44 laser diode bars
through a free-space transfer optic. At a maximum diode
pump energy of 828 mJ within 200 µs at the crystal and
13 passes of the oscillator beam through the slab crystal,
the MOPA generated 33.2 mJ of energy. The astigmatism
induced by the amplifier design was mostly compensated
using cylindrical telescopes. The M2-value of the outgo-
ing beam was measured to be less than 1.4 and the diver-
gence in the horizontal and vertical axes was 0.32 mrad and

Table 1 Summary of laser properties in single-longitudinal-mode op-
eration

Parameter Value

Oscillator pulse energy 4.3 mJ

MOPA pulse energy 30.5 mJ

Repetition rate 100 Hz

Pulse duration (FWHM) 52.5 ns

Tuning range 935.10 nm–935.55 nm (vac.)

(single-frequency mode)

Spectral width <15 MHz (rms)

Stability of center wavelength <3 MHz (rms)

Beam quality (M2) <1.4
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0.41 mrad, respectively which fits well to the field-of-view
of the receiving system (see Sect. 2.3).

The energy is well in the range for what is required
for ground-based or airborne DIAL systems [8, 9, 21]. For
spaceborne applications an energy of ∼80 mJ was suggested
[11, 12]. Further enhancement of the amplifier output en-
ergy, however, is possible by adding a subsequent amplifier
stage of identical design.

The output spectrum of the free-running MOPA shows
two distinct emission lines at 935.31 nm and 938.43 nm,
respectively. A spectrum recorded by means of an optical
spectrum analyzer (ANDO AQ6317) is depicted in Fig. 1.
The 3-dB and 10-dB bandwidths of the main emission line
at 935 nm are ∼0.09 nm and 0.25 nm, respectively.

Of course this is orders of magnitude larger than required
(<0.00047 nm or 160 MHz, respectively [11]). Therefore
the technique of injection seeding [22, 23], was employed to

Fig. 1 Spectrum of the free-running Nd:YGG MOPA recorded by
means of an optical spectrum analyzer at a resolution of 0.01 nm. There
are two emission lines visible at 935.31 nm and 938.43 nm, respec-
tively

operate the MOPA laser in single-longitudinal-mode (SLM)
operation.

2.2 Injection seeding

In order to seed the Nd:YGG MOPA and to consecutively
switch its output between two wavelengths (i.e. on-line and
off-line) from pulse to pulse, a concept was employed which
has proven its reliability already during aircraft use [15].

This system (see Fig. 2) consists of four independent
distributed-feedback (DFB) diode lasers of which in the con-
text of this paper only three have been used. The diodes
are operated at a current of 80 mA, resulting in an out-
put power of 35 mW. The side-mode suppression is larger
than 40 dB. Changing the case temperature of the diodes be-
tween 18 and 28◦C allows the (vacuum) wavelength to be
set to an arbitrary value within the interval from 935.0 to
935.8 nm. Fine tuning is then performed by changing the
current. Each diode laser is collimated, fed through a 30-dB
optical isolator to prevent back reflection, and coupled into
a polarization-maintaining (PM) single-mode fiber. All sub-
sequent fiber optic components which are in the light path
used for seeding such as splitters, couplers, and switches of
the seed laser system are likewise polarization maintaining.

In order to achieve high absolute frequency stability the
first DFB laser (the “master”) is frequency stabilized onto
the strongest H2O-absorption line (935.6848 nm) within the
tuning range. This was done by using a multipass absorption
cell with an optical path length of 36 m (Aerodyne AMAC-
36) and filled with ∼1 hPa of water vapor. The frequency
of the master laser is modulated at 4 kHz and a standard
lock-in technique is used to stabilize the DFB laser to the
center of the H2O-absorption line. The other DFB diode
lasers are stabilized to a wavemeter (High Finesse WS7),
which is continuously re-calibrated against the master (see

Fig. 2 Schematic set-up of the
injection seeding system
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Fig. 2). The standard frequency deviation was previously de-
termined to be 14.5 MHz [15]. During the experiments de-
scribed below, DFB laser #3 and #4 were used for injection
seeding. Using a fast fiber-coupled micro-electromechanical
switch (MEMS) the seed lasers are successively switched
to the Nd:YGG oscillator cavity. It is foreseen to consecu-
tively switch all four seed lasers to the oscillator using a cas-
cade of three MEMS’s but this was not yet implemented for
the measurements described below. On the laser breadboard,
the fiber output is finally collimated, propagated through an-
other 30-dB Faraday-isolator to protect the seed laser system
from depolarized laser pulses from the cavity, and geometri-
cally matched to the oscillator cavity mode using a spherical
telescope. Up to ∼5 mW of seed power were available in
front of the Nd:YGG laser resonator.

The cavity length of the oscillator was matched to
the seed wavelengths using the ramp-and-fire technique
[23, 24]. For this purpose, the transmitted seed light through
the cavity was measured behind the outcoupling mirror us-
ing a photodiode. To protect the photodiode from optical
damage as the laser pulses propagated along the same opti-
cal path as the seed laser signal the intensity was controlled
by means of a half wave plate and a thin-film polarizer.

In single-frequency mode, and starting from an oscilla-
tor pulse energy of 4.3 mJ, 30.5 mJ could be generated
from the MOPA system at gain maximum (935.31 nm)
which corresponds to an overall optical efficiency of 3.4%.
In the experiments described below the yield was slightly
lower (∼22–25 mJ) which is contributed to minor misalign-
ments of the pump diode coupling during transportation of
the MOPA to the measurement site. By tuning the seed
wavelength across the gain profile it was found that the
range of single-frequency operation extended over 0.45 nm
from 935.10 nm to 935.55 nm. More details are given in
Sect. 3.

The spectral width and frequency stability were measured
in the companion paper [19] by means of a heterodyne tech-
nique [25]. The bandwidth was less than 15 MHz (rms) and
the frequency stability relative to the seed laser frequency
was better than 3 MHz (rms). These numbers are by far ex-
ceeding the requirements for water vapor DIAL.

2.3 Detection system

The receiving system consists of a 35-cm Cassegrainian
telescope. An interference filter with a bandwidth of ∼1 nm
and a transmission of >50% suppresses the solar back-
ground. The filter is heated to tune the center wavelength
of its pass band to match the emission lines. As the detector
an avalanche photo diode (APD) (Perkin Elmer C30955E-
TC) was employed which is temperature stabilized to 18◦C
to ensure a constant responsivity. The output signal from the

APD is digitized using a 14-bit digitizer at a 10 MHz sam-
pling rate resulting in a spatial resolution of 15 m. The de-
tector system is rigidly connected to the telescope frame. An
overview on the main parameters of the receiving system is
given in Table 2.

2.4 Measurement set-up

The overall measurement set-up is depicted in Fig. 3. Laser
and receiving system were placed close to each other in the
lab (48◦5′4′′N, 11◦16′43′′E, 590 m a.s.l.) but not rigidly con-
nected. The PM-fiber from the seed laser system is attached
to the oscillator. The MOPA laser is supplied from an elec-
tronics rack. It houses the pump diodes of the oscillator, the
current drivers and cooling units of both oscillator and am-
plifier, the ramp-and-fire control electronics, and a PC since
the laser is fully computer controlled. The trigger for the
MEMS of the seed laser system is derived from the outgoing
pulse and its operation is controlled by the data acquisition
system. The backscatter signals for each switch position are
individually stored.

Table 2 Summary of receiver properties

Parameter Value

Telescope diameter 350 mm

Focal length 5 m

Transmitter outcoupling bistatic

Field-of-view ∼1.5 mrad

Interference filter bandwidth 1 nm

Interference filter transmission >50%

Detector APD

NEP 8 fW/
√

Hz

Analog/Digital converter 14 bit

Sampling Rate 10 MHz (15 m)

Fig. 3 Set-up of the entire lidar system
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By means of two steering mirrors the laser beam was di-
rected out of the lab window at a slant angle of 7.5 degrees
with respect to the horizon. This means that at a range of
12 km the sounding altitude equals 1570 m. Therefore, the
planetary boundary layer is more or less within the measure-
ment range.

In order to characterize the laser properties the laser beam
could be directed onto a power meter and also onto an inte-
grating sphere that is fiber-coupled to an optical spectrum
analyzer (ANDO AQ6317) to quantify the spectral proper-
ties.

3 Measurements of the spectral purity

Any DIAL measurement of trace species with a high ac-
curacy in the atmosphere requires a high spectral purity
[8, 21, 26]. Usually the spectral purity (SP) is defined as the
ratio of the energy contained in a narrow spectral interval
(typically the width of the absorption line) to the total en-
ergy. For a water vapor DIAL measurement through an at-
mosphere with a (2-way) optical thickness of 2 that has a
systematic error of less than 1% the spectral purity must not
fall below a value of 99.9% [9].

The accurate determination of a fraction of a percent of
broadband light present in the laser beam makes it a chal-
lenging task. In order to investigate the seeding efficiency
of the Nd:YGG laser as function of the seed wavelength
we used the optical spectrum analyzer (OSA) and recorded
the emission spectra of the injection-seeded Nd:YGG laser.
First of all we recorded the spectra of the seeded laser over
the range 934.5–939 nm that includes both emission lines.
As expected, the emission at 938.4 nm vanishes the closer
the seed wavelength coincides with the gain maximum at
935.3 nm (see Fig. 4). Since any spectral components that far
away can be suppressed by appropriate filters, for water va-
por DIAL measurements the spectral behavior in the vicin-
ity of the main emission line is more important. Therefore

spectra around 935.3 nm for various levels of seed power
were recorded. Two of these spectra for different seed wave-
lengths (935.45 nm and 935.49 nm, cf. Fig. 5) are depicted in
Fig. 6. It is clearly seen that for the wavelength further in the
wing of the gain curve modes in the vicinity of the gain cen-
ter at 935.31 nm increase in intensity with decreasing seed
power. For the wavelengths closer to the gain center only at
seed powers as low as ∼10 µW central modes become dis-
tinguishable from the background. In order to compare the
behavior more quantitatively, the side-mode suppression ra-
tio (SMSR) of the intensity at the gain center with respect
to the intensity in the seeded mode was derived and is de-
picted in Fig. 7. At the chosen resolution setting (0.01 nm)
of the OSA side-mode suppression ratios of up to ∼−30 dB
could be resolved. The decrease of the SMSR appears to
show a logarithmic dependence of the seed power, while as
the curves are shifted toward lower seed powers the closer
the seed wavelength is to the gain center. The total width of
the wavelength range in which efficient injection seeding is
maintained is therefore a matter of definition. Here, we state
that efficient seeding requires that no modes at the gain cen-
ter can be detected at the available seed powers (∼4 mW).
Using this definition, the seeding range extends to ∼0.36 nm
(see Fig. 5).

Measurements using the OSA, however, are not ade-
quate to measure values of the spectral purity in the range
of SP = 99.99% or higher. A convenient way to measure
the spectral purity is the use of long-pass absorption cells
[28–31]. This requires, however, that the transmission T of
the cell is T � 1 − SP. For the determination of the spectral
purity of the Nd:YGG laser using absorption lines within the
accessible wavelength range the cell has to be very long. It
is therefore more convenient to measure the backscattered
signal through an optically dense atmosphere. For the mea-
surement conditions experienced at the time of the investi-
gations (T ≈ 10◦C, p ≈ 950 hPa; relative humidity ≈ 55%)

an absorption path of more than 5000 m (one-way) is needed
to measure spectral purities of more than 99.9% at the line

Fig. 4 Spectra of the Nd:YGG
laser between 934.5 and 939 nm
when seeded at four different
wavelengths. The arrows denote
the spectral position of the
respective seed wavelength. The
seed power was ∼4 mW and the
resolution of the spectrum
analyzer was set to 0.1 nm
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Fig. 5 Pulse energy of the Nd:YGG MOPA as function of the seed
wavelength. In the darkly hatched wavelength range the laser is effi-
ciently seeded. In the lightly hatched range seeding becomes less ef-
ficient and modes in the gain center start to oscillate. When the seed
wavelength is too far off, the laser becomes totally unseeded and the
energy equals the energy of the free-running system. Overlaid is the

absorption cross section of water vapor (from HITRAN 2009 [27]) as
well as the position of the selected WALES absorption lines (λW1-4;
dotted lines), the position of the lines used to determine the seeding
range (solid lines), and the measurement wavelengths used to deter-
mine the spectral purity and to perform the DIAL measurements (λOff,
λOn, λSP; dash-dotted lines)

at λ = 935.2992 nm. More than 8000 m are required to de-
tect spectral purities of 99.999%. This is depicted in Fig. 8
where the optical transmission of this line (and two stronger
lines at 935.5613 nm and 935.6848 nm) is plotted versus the
absorption length.

For the spectral purity measurements the set-up described
in Sect. 2.4 was employed. We used the line at 935.2992 nm
(10691.765960 cm−1) as the on-line wavelength using seed
laser #3 and, as the reference (off-line), a wavelength of
935.2241 nm, which is considerably less absorbed by wa-
ter vapor (see Fig. 5) using seed laser #4. Both lasers were
consecutively switched to the Nd:YGG oscillator.

The on-line (Pon) and off-line (Poff) backscatter signals
were recorded and averaged over a time interval. Then, the
spectral purity is calculated as

SR ≥ max

[
1 −

(
Pref(r)

Poff(r)

)]
(3.1)

Since Pon is rapidly absorbed and eventually vanishes in the
background noise of the detection system (see Fig. 9(a)) we
chose as the reference level

Pref(r) = max
[
Pon(r),DL

]
(3.2)

where the detection limit DL was conservatively chosen to
be the background level derived from the mean pretrigger
signal and increased by one standard deviation. Apparently,

the maximum spectral purity that can be derived is depen-
dent on the signal-to-noise ratio and the dynamic range of
the detection system (Fig. 9(b)). Since the near field signal
must not be overridden in order not to introduce oscillations
in the response of the avalanche photo diodes in clear at-
mosphere the maximum spectral purity that could be derived
was on the order of 99.98%.

However, a distant hard target that increases the off-line
signal to almost full dynamic range can increase the maxi-
mum definable level of spectral purity. Due to the measure-
ment geometry there was no stationary hard target, but in
the measurement period clouds at the top of the planetary
boundary layer occasionally entered the telescope’s field-of-
view acting as a suitable target. We chose an averaging pe-
riod of ten minutes as a compromise between reducing the
background noise and the smearing out of the hard target
since the clouds are highly variable in time and backscat-
ter properties. Care was taken that individual, overdriven
backscatter signals from the clouds were not included in the
evaluation process.

The measured spectral purity of the Nd:YGG MOPA as
function of seed power is depicted in Fig. 10. At seed pow-
ers in the 3–4 mW range a degree of the spectral purity of
as high as 99.996% was achieved. This is far above the re-
quirements for water vapor DIAL. However, the numbers
given are only a lower boundary for the spectral purity. For
higher seed laser powers the on-line signal could not yet be
distinguished from the detection limit and thus the spectral
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Fig. 6 Spectra of the Nd:YGG laser when seeded at two different
wavelengths (935.45 nm, upper graph; 935.49 nm, lower graph) in
the wing of the gain profile as function of the seed power

Fig. 7 Side-mode suppression ratio (SMSR) calculated from the mea-
surements of the optical spectrum analyzer for three different seed
wavelengths (935.45 nm, 935.49 nm, and 935.55 nm, respectively) in
the wing of the Nd:YGG gain profile as function of seed power

purity is probably higher. For lower seed powers we noticed
the very sporadic occurrence of badly seeded pulses. These
pulses happen when electronic noise peaks occasionally be-
came larger than the signal of the transmitted seed and trig-

Fig. 8 Transmission through the atmosphere at three selected wa-
ter vapor absorption lines around 935 nm. At atmospheric conditions
p = 950 hPa, T = 10◦C and a relative humidity of 55% and at the
strongest line within the tuning range of the Nd:YGG laser system
(935.2992 nm) an absorption length of >5000 m is required to achieve
a one-way optical depth of 10−3

gered the Q-switch at a wrong point in time. If this hap-
pened only a few times within the averaging interval of ten
minutes this would decrease the mean spectral purity signif-
icantly.

In either case, pulse energy, spatial as well as spectral
properties of the Nd:YGG laser are well suited for DIAL
measurements of water vapor.

4 Water vapor DIAL measurements

Several water vapor DIAL measurements were performed
within the time period 3–20 April 2009. For these wa-
ter vapor measurements the lines at 935.4491 nm and
935.2241 nm (see Fig. 5) were used for the on-line and off-
line wavelengths, respectively. For the retrieval of the water
vapor profiles shown here the temperature- and pressure-
dependent line parameters from [27] were taken and applied
within the simple DIAL equation. No further adjustments
(such as the Rayleigh-Doppler correction) were applied.

The measurement period was characterized by fair
weather. Typically, low pressure gradients prevailed over
Central Europe and consequently the wind velocities were
rather low.

The water vapor measurements could be compared with
the operational radiosounding at Oberschleissheim, Ger-
many (48◦14′43′′N, 11◦33′21′′E, 489 m a.s.l.), which is lo-
cated at a distance of 27 km to the northeast of the lidar mea-
surement site. At the same time, a continuous record from a
standard weather station on site was available for in-situ data
on the ground.

From the lidar data two showcase examples are presented
here. The first example (Fig. 11) depicts a lidar measurement
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Fig. 9 (a) Raw signals of on-line and off-line signals exemplarily
shown for a seed power of 0.8 mW. The detection limit (mean value
of the pretrigger signal enhanced by one standard deviation) is also
shown. The cloud layer at ∼7 km range enhances the signal-to-noise

ratio and increases the value of the maximum spectral purity than can
be detected. (b) For the raw signals given in (a) the ratio Poff/PRef as
function of range is displayed. From the maximum of this curve the
spectral purity is derived according to (3.1)

Fig. 10 Spectral purity of the Nd:YGG MOPA as function of the seed
power in the range between 0.37 and 3.9 mW. A spectral purity of as
high as 99.996% was achieved

using the Nd:YGG MOPA system recorded during night-
time on 20 April 2009 between 20:36 and 22:04 UTC. The
upper panel displays the attenuated backscatter ratio at the
off-line wavelength in the altitude range from 0.8 km to
2.5 km a.s.l. Due to the measurement geometry this corre-
sponds to a maximum range of ∼15 km. The atmosphere
appears to be rather clear with no pronounced aerosol struc-
tures. The water vapor mixing ratio is depicted in the lower
panel. Due to the slanted measurement geometry the altitude
resolution of the water vapor lidar data is as low as 30 m.
The temporal resolution was chosen to be 60 seconds. The
data gap between 21:02 and 21:10 UTC was caused by the
seed laser losing lock. The water vapor mixing ratio near
the ground was on the order of 8 g/kg decreasing to values
around 3–5 g/kg at altitudes of 1.4 km. At this altitude a sig-
nificant decrease in humidity takes place at ∼21 UTC. An
advection of dry air is also seen in the backscatter plot where
around this time the backscatter ratio becomes reduced in

this part of the atmosphere. Figure 12 shows the compari-
son of the radiosonde profile launched at 00 UTC in Ober-
schleissheim and the DIAL results. Also shown is the corre-
sponding water vapor mixing ratio measured in-situ on the
lidar site. In Fig. 12 two DIAL profiles are displayed which
show the humidity profile before and after the dry layer has
entered the field-of-view. Near the ground both lidar profiles
show higher humidity than the radiosonde, but this is con-
sistent with the in-situ measurement. While the profile that
was recorded earlier shows a rather good agreement with
the radiosonde, the later recording, although closer in time,
shows slightly lower values. The likely reason for these de-
viations is a rather high wind shear as noticed from the ra-
diosonde profile that complicates comparisons. It shows low
north-easterly winds (∼2.5 m/s) near the ground and much
stronger winds (∼12 m/s) turning to the east at an altitude
of ∼1000 m. On the lidar site the in-situ instruments also
shows a very low north-easterly wind speed of less than
2 m/s.

The second example (Fig. 13) shows a daytime lidar mea-
surement recorded on 8 April 2009 between 12:40 and 14:00
UTC using an identical resolution as for the above example.
Faint clouds at the top of the planetary boundary layer (sim-
ilar to those that acted as targets for the spectral purity mea-
surements) appear at ∼13:35. The PBL height as derived
from the radiosonde was ∼1650 m a.s.l., which is consistent
with the lidar data. Again, the water vapor mixing ratio is
depicted in the lower panel. The planetary boundary layer
appears to be well mixed. Compared to Fig. 11 the water va-
por mixing ratio near the ground was lower (∼5.5 g/kg) on
this day. This is also the reason why the range where the hu-
midity could be retrieved with a low statistical error extends
to slightly higher altitudes.

Figure 14 shows the comparison of the radiosonde pro-
file launched at 12 UTC in Oberschleissheim to the average
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Fig. 11 Lidar measurement using the Nd:YGG MOPA system
recorded on 20 April 2009 between 20:36 and 22:04 UTC. Upper
panel: Attenuated backscatter ratio in the altitude range from 0.8 km

to 2.5 km a.s.l. Lower panel: Water vapor mixing ratio (in g/kg) in the
altitude range from 0.8 km to 1.8 km a.s.l. Due to the slanted measure-
ment geometry the altitude resolution is as low as 30 m

Fig. 12 Comparison of two DIAL water vapor profiles recorded on 20
Apr 2009 at 20:48 UTC (solid line) and at 21:30 UTC (dashed line)
to the profile of the Oberschleissheim radiosonde launched on 21 Apr
2009 at 00 UTC (dash-dotted line). The corresponding water vapor
mixing ratio measured in-situ on the lidar site is given by the circle

DIAL water vapor profile recorded between 12:40 and 14:00
UTC. The corresponding water vapor mixing ratio measured
in-situ on the lidar site is also given. Here, it facilitates com-

parisons that the well-mixed boundary layer shows a very
homogeneous water vapor profile. Low westerly winds with
a wind speed of below 2 m/s prevailed without showing sig-
nificant wind shear throughout the boundary layer in the ra-
diosonde data. Despite a difference of ∼1 h and 27 km in
time and distance, respectively, the agreement between lidar
and radiosonde profile is excellent particularly above alti-
tudes where ground effects become negligible. These mea-
surements impressively demonstrate the capability of the
Nd:YGG laser for water vapor DIAL measurements.

5 Summary

In summary, we presented to the best of our knowledge for
the first time water vapor differential absorption lidar mea-
surement using a directly-diode pumped solid-state laser at
∼935 nm. The results show good agreement to in-situ pro-
files recorded by means of radiosondes.

Since, next to energy and spatial beam profile, the spec-
tral requirements and particularly the spectral purity are of
utmost importance to achieve a high accuracy of the lidar
measurement those properties have been investigated in de-
tail. Values of the spectral purity of better than 99.996%
were achieved using the technique of injection seeding.
These values that exceed the requirements for spaceborne
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Fig. 13 Lidar measurement using the Nd:YGG MOPA system
recorded on 8 April 2009 between 12:40 and 14:00 UTC. Upper
panel: Attenuated backscatter ratio in the altitude range from 0.8 km

to 2.5 km a.s.l. Lower panel: Water vapor mixing ratio (in g/kg) in the
altitude range from 0.8 km to 1.8 km a.s.l.

Fig. 14 Comparison of the DIAL water vapor profile recorded on 8
Apr 2009 (solid line) to the profile of the Oberschleissheim radiosonde
launched at 12 UTC (dash-dotted line). The corresponding water vapor
mixing ratio measured in-situ on the lidar site is given by the circle

H2O DIAL by far were confirmed by long-pass absorption
measurement in the atmosphere. Such high degrees of spec-
tral purity would be even appropriate for lidar measurements
of carbon dioxide or methane at ∼1.6 µm which are more

demanding than for water vapor [32]. For that wavelength
range lasers with similar host materials but using erbium
instead of neodymium as the dopant are interesting candi-
dates [33].

The only drawback was the fact that the strongest absorp-
tion lines (935.6864 nm) and thus part of the wavelengths
proposed for a spaceborne H2O DIAL mission [10] could
not be reached using Nd:YGG as the laser material since
the gain spectrum restricted single-frequency operation with
high spectral purity from 935.13 nm to 935.49 nm. How-
ever, efforts are underway to investigate the crystal system
Nd:YxLu3−xGa5O12. Preliminary investigations already re-
vealed that the emission spectra of this crystal system can be
compositionally tuned to cover the whole wavelength region
of interest [34, 35].

In conclusion, this class of directly diode-pumped solid
state lasers are now raised to a technology readiness level
that make them competitive to current Ti:Sapphire laser
or OPO systems as highly efficient transmitter for future
spaceborne water vapor DIAL transmitters. The feasibility
of a spaceborne mission for active remote sensing of at-
mospheric water vapor thus has significantly been promoted.
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