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The Raman lidar for atmospheric moisture sensing (RAMSES) for unattended, continuous multipara-
meter atmospheric profiling is presented. A seeded frequency-tripled Nd:YAG laser serves as the light
source. A nine-channel polychromator, nonfiber coupled to the main telescope (790mm diameter), is used
for far-range measurements. Near-range observations are performed with a three-channel polychroma-
tor, fiber coupled to a secondary telescope (200 mm diameter). Measurement parameters are water-vapor
mixing ratio (MR), temperature, and the optical particle parameters, which are extinction coefficient,
backscatter coefficient, lidar ratio, and depolarization ratio at 355 nm. Profiles of water-vapor MR
are measured from close to the surface up to 14 km at night and 5 km during the day under favorable
atmospheric conditions in 20 min. Temperature profiles of the troposphere and lower stratosphere are
determined with the rotational-Raman technique. For the detection of the rotational Raman signals, a
new beamsplitter/interference-filter experimental setup is implemented that is compact, robust, and
easy to align. Furthermore, the polychromator design allows two independent methods for calibrating
measurements of depolarization ratio. RAMSES optical design concept and experimental setup are de-
tailed, and a description of the operational near-real-time data evaluation software is given. A multiday
observation is discussed to illustrate the measurement capabilities of RAMSES. © 2012 Optical Society
of America
OCIS codes: 280.0280, 280.3640, 010.1280, 280.6780, 290.1090, 010.3920.

1. Introduction

Since the 1990s, Raman lidars have evolved into
powerful instruments for atmospheric research. Next
to their relatively modest experimental complexity
and multiparameter capability, one advantage

that makes Raman lidars particularly conducive
for meteorological and climatological studies is
that they allow humidity measurements from the
ground to the tropopause and beyond [1]. So unsur-
prisingly, several high-performance water-vapor
Raman lidars have been built over the years, e.g.,
the instruments described in [2–11] (for a review
of preceding pioneering studies see [1,3]). Of the ear-
lier lidars, the Cloud and Radiation Testbed Raman
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Lidar CARL [5] at the Atmospheric Radiation Mea-
surement program’s Southern Great Plains site in
Oklahoma, USA, stood out because it added another
layer of complexity, i.e., it was monitoring tropo-
spheric humidity and clouds continuously and auton-
omously. Its success enticed meteorological services
around the world to develop and operate similar in-
struments, e.g., in Switzerland [12] and Germany.

In 2005, the German Meteorological Service
(DWD) complemented the suite of remote-sensing in-
struments of its Richard Aßmann Observatory at
Lindenberg, Brandenburg, with the automated
water-vapor Raman lidar system RAMSES (Raman
lidar for atmospheric moisture sensing). The early
technical design of the lidar [13] allowed high-
quality measurements on a routine basis [14], but
the range of application was limited because
(1) the lidar operated only at night and (2) the set
of measured parameters was restricted. In 2009/10
RAMSES was therefore redesigned and expanded
to become a powerful day- and night-time multi-
parameter Raman lidar for long-term monitoring
of the atmosphere. Operational since spring 2010,
RAMSES is now routinely measuring the water-
vapor profile from close to the surface to the tropo-
pause, tropospheric and stratospheric temperatures,
and the full set of optical particle parameters at
355 nm (extinction coefficient, backscatter coeffi-
cient, depolarization ratio).

RAMSES engages both in scientific campaigns and
long-term investigations. The latter include the vali-
dation of numerical weather prediction models and
process-oriented studies (which are mainly DWD
tasks); the European satellite climatology project
[15], for which RAMSES serves as a ground reference
site to assist the optimization of retrieval algorithms
for spaceborne instruments, as well as to validate
the satellite observations in general; and contribu-
tions to the activities of the Global Climate Obser-
ving System (GCOS) Research Upper Air Network
(GRUAN) lead center, which the Richard Aßmann
Observatory is since 2007 [16].

In this paper, a comprehensive system description
of RAMSES is given. Such an overview seems appro-
priate at this point, because after years of develop-
ment and optimization, sketchily documented in
[13,17,18], RAMSES has now reached its planned
expansion stage. Following the introduction, the
technical and optical layout of the instrument is de-
tailed (Section 2). Emphasis is put on the optical
system design and on the setup of the RAMSES poly-
chromators, including the implementation of the
rotational-Raman temperature method. Other as-
pects such as systems control and automatization are
also discussed. Section 3 describes the operational
near-real-time data evaluation software for auto-
mated signal processing. A performance evaluation
of RAMSES is presented in Section 4. Topics range
from signal quality to experience with long-term op-
eration. In Section 5, a multiday observation is dis-
cussed to illustrate the measurement capability of

RAMSES in detail. Statistical comparisons between
RAMSES and balloon-borne water-vapor instru-
ments are also addressed. The contribution closes
with a summary and an outlook.

2. Instrument

A. Instrument Overview

RAMSES is housed in a custom-made thermally in-
sulated 20-foot container. The external chillers and
heat exchangers for air conditioning and laser cool-
ing are installed in a shed attached to the container.
The roof opening above the telescope is protected
with an autonomously operating hatch that, as an
additional safety measure independent of the compu-
terized RAMSES system control (see Section 2.C),
terminates lidar operation and seals the container
in the case of adverse ambient conditions. RAMSES
is connected to a standard three-phase/380 V power
line (50 Hz). An uninterruptible power supply (UPS)
buffers the RAMSES computers during a power
failure for about 20 min. After that time, a controlled
system shutdown is performed.

The RAMSES optical subsystems are mounted
inside a temperature-stabilized (22°C) instrument
cabin on a single, solid cross-shaped aluminium con-
struction with its three legs bolted to the 10 mm floor
steel plate. The optical bench with the lidar polychro-
mators is placed on the one side of the thermally in-
sulated telescope section, the optical bench with the
laser and the transmitter optics on the other side
(see Fig. 1). Table 1 summarizes the parameters of
the laser transmitter and the receiving telescopes.

RAMSES is equipped with a Continuum Powerlite
Precision II 9030 laser system. The frequency-tripled
Nd:YAG laser is seeded for wavelength stability

Fig. 1. Overview of the RAMSES lidar setup. a, laser head;
b, beam expander; c, motorized beam-steering mirror; d, transmit-
ter mirror mounted on holder of telescope secondary mirror;
e, outcoupling window; f, telescope primary mirror; g, deflection
mirror; h, near-range telescope; i, far-range polychromator, lower
level; j, far-range polychromator, upper level. The fiber-coupled
near-range polychromator and the tilted telescope glass shield
are not shown.
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and higher UV performance. Measurements with a
WSU/10 laser wavemeter (High Finesse GmbH,
Tübingen, Germany) yielded a third-harmonic wave-
length of 354.825 nm in vacuum corresponding to
354.71–354.73 nm in air under typical temperature
and pressure conditions. Thus an emission wave-
length of 354.72 nm was used for the system design.
At thatwavelength, the laser emits pulses of typically
400–500mJwith a repetition rate of 30Hz. The trans-
mitted laserbeamisexpandedtenfoldwithaGalilean-
type lens telescope (CVI Melles Griot, Albuquerque,
New Mexico) in order to limit the beam divergence
in the atmosphere to ≤0.1 mrad and to guarantee
eye-safety. The first steeringmirror after the beamex-
pander is equipped with two microactuators (OWIS
GmbH, Staufen, Germany) for active alignment of
the laserbeamto theopticalaxis of the far-rangerecei-
ver (see Section 2.C). The complete transmitter path
is encapsulated with aluminium tubes to shield the

receivers from stray light. The laser beam (80 mm
diameter) is transmitted vertically (0° zenith angle)
through an outcoupling window (fused silica, anti-
reflection coated) on the central axis of the far-range
receiver telescope.

A Nasmyth-Cassegrain telescope of 790 mm
diameter (mirrors provided by Astro-Optik Keller,
Neutraubling, Germany) collects the lidar signals
for far-range measurements. A folding mirror directs
the light toward a nine-channel polychromator unit
(channels A–I, see Section 2.B.3) consisting of two
levels mounted on each other (Fig. 1). The telescope
focus is placed near the entrance of the polychroma-
tor unit where a motorized field stop determines the
field of view (FOV) of the far-range channels. FOV
can be chosen in the range from 0.2 to 1 mrad
(field-stop diameters between 1.2 and 6 mm). The
exact position of the focal point can be adjusted by
slightly varying the distance between the primary
and the secondary telescope mirror. Changing the
mirror distance by 1 mm moves the focal point by
about 9 mm. An adjustment of the field-stop position
along the optical axis is also possible. The distance
between field stop and telescope focal point is an im-
portant parameter for the optimization of the lidar
overlap function (see Section 2.B).

A 200 mm Newtonian telescope (Teleskopservice,
Putzbrunn, Germany) is used for the near range
(heights <3 km). It is mounted within the aperture
of the far-range telescope close to the secondary mir-
ror (see Fig. 1). The telescope axis can be tilted
against the laser beam. An optical fiber couples the
telescope to the near-range polychromator unit with
three measurement channels (channels K–M, see
Section 2.B.3), which is stacked on top of the far-
range polychromator (not shown in Fig. 1). The focal
length of the primary mirror of 800 mm is reduced to
560 mm with a fiber-coupling lens of 75 mm focal
length in order to realize a FOV of 3.2 mrad and
to meet the numerical aperture of the fiber of 0.22.

Both telescopes are shielded from precipitation
and, in summer, from insects by a 1 m × 1 m heated
glass window (5 mm thick) made of Borofloat 33
(Schott AG, Mainz, Germany) with optical properties
similar to optical crown glasses, e.g., BK7. Both the
glass window and the inserted laser outcoupling win-
dow are tilted by a few degrees to avoid reflections
into the laser and the receivers.

The lidar signals are detected with head-on
Hamamatsu photomultiplier tubes (PMTs). For the
near-range and the far-range channels the R1924P
and the R7400U/P-03 tubes were selected, respec-
tively. The latter are housed in PMT modules manu-
factured by Licel GmbH, Berlin, Germany, of which
the two intended for high-altitude measurements
are gated to protect the dynode chains from the in-
tense near-range signals. Licel transient recorders
are used for data acquisition. All lidar signals are re-
corded simultaneously in photon-counting mode
(250 MHz maximum photon count rate) and analog
detection mode (12 bit analog-to-digital converter)

Table 1. Parameters of the RAMSES Laser Transmitter and
Receiving Telescopes

Laser

Type Continuum Powerlite
Precision II 9030

Seeder system SI-2000
Pulse energy, 1064 nm 1600 mJ
Pulse energy, 355 nm 450 mJ (operational)
Pulse length, 1064 nm 5–9 ns
Pulse length, 355 nm 3–7 ns
Repetition frequency 30 Hz
Beam divergence 0.5 mrad
Pointing stability �30 μrad
Transmitted wavelength
(in vacuum) 354.825 nm (measured)

Line width 0.003 cm−1

Beam expander

Type Galilean
Beam expansion factor 10
Entrance aperture 12 mm
Exit aperture 120 mm
Beam diameter at entrance 8 mm
Beam diameter at exit 80 mm

Far-range telescope

Type Nasmyth-Cassegrain
Primary-mirror diameter 790 mm
Secondary-mirror diameter 203 mm
Effective focal length 6000 mm
Field of view 0.2–1 mrad

Near-range telescope

Type Newton with fiber coupling
Mirror diameter 200 mm
Focal length 800 mm
Fiber-coupling lens
focal length 75 mm

Distance to primary mirror 760 mm
Effective focal length 522 mm
Fiber diameter 1.7 mm
Distance of optical axis
to laser beam 256 mm

Field of view 3.2 mrad
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except for the gated signals (photon-counting mode
only). The height resolution is 7.5 m, and the height
range is 122.88 km.

B. Optical System Design

The entire optical setup of RAMSES was designed
and optimized with the commercially available opti-
cal ray-tracing software ZEMAX. Major design
requirements were

• to optimize the laser-beam receiver-FOV over-
lap functions for the near-range and far-range recei-
vers in order to cover measurement heights from
about 200 m up to 80 km,
• to image the aperture of the far-range primary

telescope mirror onto the photocathodes of the far-
range receiver channels,
• to optimize transmission properties of all recei-

ver channels under consideration of the polarization
state of the backscattered light, and
• to ensure optimum performance of all optical

elements by considering polarizing effects of coatings
and angular-dependent transmission properties.

1. Overlap Functions and Signal Dynamics
For the ray-tracing calculations, the laser beam was
modeled as a function of distance to the receiver
telescope. According to the beam diameter and diver-
gence, a circular laser beam cross-section was deter-
mined for each calculation distance. Rays from the
atmosphere entering the optical receiver started
within this area and ended within the receiver en-
trance aperture. A Monte-Carlo approach with a
two-dimensional Gaussian distribution of starting
points representing the illumination of the atmo-
spheric disk and an equal distribution of end points
was used. From the entrance aperture, the rays were
traced through the entire optical setup to the photo-
cathode of the detector.

The receiver optics was modeled as realistic as
possible for each receiver channel. The rays were
traced through the glass window on the container
roof via the telescope mirrors through the field stop
and the beam-collimating optics and then further on,
depending on the receiver channel, through a num-
ber of beamsplitters, polarizing elements, the inter-
ference filter(s), and finally the imaging optics onto
the photocathodes. Obstructions within the aperture
of the far-range primary mirror, resulting from the
secondary mirror, the near-range telescope, and
the laser-beam outcoupling optics including their
mountings and blocking about 28% of the telescope’s
surface area, were considered in the beam path.
Actual substrate sizes, materials, and lens para-
meters were used. Because exact coating information
is usually not provided by the suppliers of optical ele-
ments, either the explicit transmission and reflectiv-
ity information from the manufacturer was used or
the coatings were realistically modeled.

Figure 2 shows overlap functions obtained from the
ray-tracing simulations and resulting molecular-
nitrogen(N2)Ramansignalsforidealizedatmospheric

conditions (no particle extinction, night time). The
overlap functions were calculated using 10,000 rays
for each height range in steps of 50 and 15 m for the
far and near ranges, respectively. The overlap func-
tions for the far range are optimized such that com-
plete overlap is reached at heights as low as
possible without losing any signal at upper heights.
The optimum overlap function is obtained when the
field stop is placed 7.4 mm behind the telescope’s
focus. At this position the image of an object (i.e.,
the volume illuminated by the laser beam) at 5 km
distance from the telescope is located. The overlap
function for the near-range setup can be optimized
by tilting the telescope against the laser beam by
0.5–1 mrad. In this way, complete overlap can be
reached at distances of 150–200 m.

The idealized N2 Raman signals in Fig. 2(b) have
been calculated assuming a laser pulse energy of
500 mJ (as an upper limit) and an overall system
efficiency of 0.5%. The gray-shaded area indicates
signal intensities to which the photon-counting tech-
nique can be applied when dead-time effects are
appropriately considered. When the signal strength
is higher, the combination of analog and photon-
counting detection is advisable. Otherwise, the sig-
nals have to be reduced to reasonable intensities

(a)

(b)

Fig. 2. Overlap functions and resulting N2 signals in a pure mo-
lecular atmosphere simulated for near-range (blue) and far-range
detection channels. The FOV of the far-range telescope is 0.2
(green), 0.4 (black), and 1.0 mrad (red). Thick and thin lines show
the results including and neglecting shadow effects of obstructions
within the telescope’s aperture, respectively. An overall system ef-
ficiency of 0.5% is assumed. The gray-shaded area indicates signal
intensities to which the photon-counting technique can be applied.
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with the help of neutral-density filters. At daytime,
background lighting adds to the signals. Then, a
small FOV has to be chosen and the incomplete over-
lap can influence measurements up to heights of
2–3 km for the far-range setup (see green curves
in Fig. 2). At night time, when a wider FOV can be
applied, a complete overlap can be reached theoreti-
cally at about 1 km (see red curves in Fig. 2). Still
heights between about 200 m and 2 km are best
covered with the near-range setup. However, the sig-
nal dynamics is very high in this low height range.
Therefore, one has to take care that detectors and
data acquisition electronics show the required linear
response. The systemmust be designed such that ne-
cessary adaptions of signal intensity to meet the re-
quirements of the data acquisition (e.g., for “gluing”
of analog and photon-counting signals [19]) are
possible in dependence of the actual measurement
situation. Therefore, almost all RAMSES detection
channels are equipped with a set of neutral-density
filters, implemented in a motorized control box (see
Section 2.B.3).

2. Imaging
A known problem of PMTs is that the sensitivity of
the photocathode may vary across its surface [20]. To
avoid a range-dependent modulation of the lidar sig-
nal [21] by a shifting image of the light pulse propa-
gating through the atmosphere, one can image the
aperture of the telescope’s primary mirror on the
photocathode. This concept was applied to the optical
design of the RAMSES far-range polychromator
unit (Fig. 3).

The elements of the imaging optics are shown in
Fig. 3(a). A collimator consisting of two lenses with
an effective focal length of 187.5 mm is placed
205 mm behind the field stop. Its position is opti-
mized such that best collimation is reached on the
path between the collimator and the objective where
all beamsplitters and filters are located. Figure 3(c)
shows the angular distribution of rays from different
heights in the collimated beam. The angle of inci-
dence (AOI) with respect to a plane perpendicular
to the optical axis is less than 0.9° in all cases.
Typical acceptance angles of narrow-bandwidth in-
terference filters are of the order 2° as the ZEMAX
calculations show. Thus, by keeping the AOI
below 1° for all measurement heights, a height-
independent filter transmission is assured. The first
real image of the telescope mirror occurs 194 mm
behind the collimator. With the help of the objective–
eyepiece ensemble in front of each PMT, a further
image is created that is to be placed onto the photo-
cathode. For the sake of experimental simplicity, the
objectives were chosen to be equivalent to the colli-
mator and the distance between objective and eye-
piece to be the same for all channels. The eyepiece
consists of a single lens with 50 mm focal length.
The only parameter to be optimized for each channel
was then the distance dopt between the eyepiece and
the photocathode on which the image had to be
located. In dependence on the collimator–objective
distance, which lies between 473 (channel A) and
1015 mm (channel E) (see Section 2.B.3), dopt varies
between 35.5 and 20 mm. The corresponding image
sizes are between 5.4 and 2.9 mm, respectively,

(a)

(b)

(c)

Fig. 3. Concept of optical imaging in the far-range polychromator unit. (a) Behind the field stop (right) the beam is collimated and passes
the individual beam-separation optics of each channel. Afterwards, an objective–eyepiece setup in front of the PMT (left) produces an
image of the telescope’s primary mirror. (b) Distance between the eyepiece and the PMT is optimized such that the image is formed exactly
on the photocathode. (c) Angle-of-incidence distribution in the collimated beam for rays arriving from heights between 1 and 50 km.
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thus fitting well onto the photocathodes (8 mm
diameter).

The PMTs of the near-range polychromator are
illuminated directly by the collimated light beam.
This approach requires the photocathodes to be rela-
tively large (22 mm diameter). The optical path
lengths are the same for all detection channels.
For more information, see [13].

3. Polychromator Units
Figures 4 and 5 show schematic diagrams of the far-
range and near-range polychromator units, respec-
tively. Table 2 provides an overview of the 12 receiver
channels with respect to measured signals, center
wavelength, bandwidth, and peak transmission of
the interference filters, as well as an estimate of the
optical channel transmission at the center wave-
lengths. Channels A–I belong to the far-range
polychromator, channels K–M to the near-range
polychromator.

Customized interference filters listed in Table 2 as
well as beamsplitters described below were manufac-
tured by Barr Associates, Westford, Massachusetts.
(now Materion Barr Precision Optics and Thin Film
Coatings). Suppliers of other elements are explicitly
mentioned in the text. The optical parameters of
the filters and beamsplitters were selected such that

optimum signal-to-noise ratio and sufficient suppres-
sion of cross-talk from elastically scattered light are
obtained in all Raman channels (D, F, G, H, I, K, L)
under daytime andnight-time conditions. The respec-
tive filter design requirements are well known from
the literature and not discussed in detail here, see,
e.g., [5,9,22].

(a) (b)

Fig. 4. Schematic view of the far-range polychromator unit with (a) six detection channels (A–F) in the lower level and (b) three detection
channels (G–I) in the upper level. Colors indicate the function of the optical elements: beamsplitters (dark green, BS); interference filters
(orange, IF); edge filters (light green, EF); mirrors (cyan,M); polarizing elements (red, PBS, polarizing beamsplitter; HWP, half-wave plate;
LP, linear polarizer); lenses (blue, L, La, collimator/objective; Lb, eyepiece; see Fig. 3).

NDF box

NDF box

NDF box

K

L

M

L

BS11 BS10

fiber

IF12

IF11

IF13

EF5

EF4

Fig. 5. Schematic view of the near-range polychromator unit with
three detection channels (K–M). Colors indicate the function of
the optical elements: beamsplitters (dark green, BS); interference
filters (orange, IF); edge filters (light green, EF); lens (blue, L).
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The schematic of the far-range polychromator is
presented in Fig. 4. The unit is divided into two levels
shown in Figs. 4(a) and 4(b), respectively. To isolate
each detection channel of the receiver against
ambient light and cross-talk from other channels,
the twomechanical polychromator levels weremilled
out of solid blocks of tempered aluminium. Further,
each detection channel is placed in an individual
chamber (indicated by thick black lines in Fig. 4)
equipped with the PMT, its imaging optics, and, in
most cases, an assembly of motorized neutral-density
filters (NDF) used to adjust the intensity level of the
lidar signals (see Section 2.C). The entrance aper-
tures of these chambers have mounting threads for
optical elements, in most cases interference filters
for optimum out-of-band blocking. All electric feed-
throughs were realized with special wall-mounted
connection jacks to avoid any stray light entering
the chambers.

The first optical element behind the field stop is
the lens collimator (La) as described in Section 2.B.2.
The lower level of the polychromator [see Fig. 4(a)]
contains six channels (channels A–F) detecting
elastic-backscatter and pure rotational Raman sig-
nals <357 nm. In the upper level [see Fig. 4(b)],
the three vibrational-rotational Raman channels
(channels G–I) for the detection of water-vapor and
N2 signals are located. Dichroic beamsplitter BS1
with high reflectivity (>99%) for wavelengths
>385 nm and high transmission (>95%) for wave-
lengths from 351 to 359 nm is applied to separate
the light beams of the two levels. The reflected frac-
tion is directed vertically toward the upper level,
while the transmitted part remains in the lower le-
vel. Here, the following beamsplitter BS2, a fused-
silica plate with antireflection coating and same
geometrical properties as BS1, corrects for the geo-
metrical beam displacement caused by BS1. Beam-
splitters BS3–BS5 have identical coating. They are
used to reflect about 6% of the light beam and trans-
mit the remainder. The coating is designed such

that the reflectivity is nearly the same for light with
parallel and perpendicular polarization with respect
to the plane of incidence. With these beamsplitters,
a small fraction of the lidar return signal is directed
toward channels A–C for the detection of elastic
backscattering and toward a four-quadrant detector
(4QD, Licel) used for active beam stabilization (see
Section 2.C). About 88% of the signal, however, is
passed through toward channels D–F.

Channels A and B are dedicated to measurements
of the linear depolarization ratio. Therefore, the
elastic-backscatter signal is divided into a parallel
and a perpendicular polarization component with re-
spect to the plane of the optical table (the plane of po-
larization of the outgoing laser beam is parallel to the
optical table). Because measurements of linear depo-
larization ratio require an adequate cross-talk sup-
pression between the channels, the polarizing cube
beamsplitter (PBS1, manufactured by Optarius,
Malmesbury, United Kingdom) is followed by addi-
tional linear polarizers (LP, manufactured by Codixx,
Barleben, Germany) so that an extinction ratio of bet-
ter than 1:10,000 is guaranteed in both channels. A
multiple-order half-wave plate HWP1 (VLOC, New
Port Richey, Florida, mounted on an OWIS rotary-
measuring stage) is implemented in front of PBS1
to make the polarization planes of transmitter and
receiver coincide exactly. Cross-polarized light is de-
tected in channel A and co-polarized light in channel
B. HWP1 is also necessary for the calibration of the
polarization channels after the method suggested
by Alvarez et al. [23]. In channel C, an elastic-
backscatter signal without polarization discrimina-
tion is detected. Thus the three-signal method after
Reichardt et al. [24] can be applied alternatively.

Channels D and F represent the temperature mea-
surement channels and detect pure rotational
Raman signals. The beam separation applies a new
principle that is detailed in Section 2.B.4. Channel E
measures elastic backscattering (co-polarized
component) from the upper atmosphere (>10 km)

Table 2. Optical Characteristics of the RAMSES Receiver Channelsa

Channel Signal Filter No. CWL, nm Bandwidth, nm
Peak Filter

Transmission, %
Optical Channel

Efficiency at CWL, %

A EL, cr IF1/2 354.63∕354.71 4.95∕0.56 61.0∕60.6 0.52
B EL, co IF1/2 354.63∕354.71 4.95∕0.56 61.0∕60.6 0.46
C EL, un IF3 354.71 0.56 59.6 1.26
D RR, cr IF5 355.39 0.15 34.1 12.0
E EL, co IF6 354.64 1.98 62.0 20.6
F RR, co IF7 356.26 0.55 47.7 13.5
G VR, H2O IF8 407.54 0.22 80.8 37.3
H VR, N2 IF9 386.68 0.22 82.9 4.56
I VR, N2 IF10 386.70 0.22 85.5 34.0
K VR, H2O IF11 407.55 0.23 62.0 37.1
L VR, N2 IF12 386.68 0.22 67.2 37.5
M EL, un IF13 354.64 1.95 61.0 33.7
aChannels A–I belong to the far-range polychromator, channels K–M to the near-range polychromator. CWL–center wavelength, EL–

elastic signal, RR–rotational Raman signal, VR–vibrational-rotational Raman signal, co–co-polarized component, cr–cross-polarized
component, un–unpolarized signal. The optical channel efficiency is the estimated throughput from the atmosphere to the PMT
photocathode, including the glass window, but not including the detection efficiency of PMT and data acquisition.
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and is equipped with a gated PMT to suppress
signals from the troposphere. Therefore, this channel
has no NDF box. Mirrors M5 and M6 are used to
align the beam when BS6 is tilted to optimize the
signal of channel F (see Section 2.B.4).

The upper level of the far-range polychromator con-
tains the channels G–I for the detection of
vibrational-rotational Raman signals. Two optical
elements at the entrance of the upper level serve to
minimize parasitic solar-background and laser light
in the polychromator. First, BS7 reflects only light be-
tween 381 and 420 nm toward the detection channels;
other wavelengths are transmitted with about 95%
efficiency and subsequently blocked. Second, edge
filter 3 (EF,model LP02-355RU, Semrock RazorEdge,
Rochester, New York) with a suppression of >105 at
355 nm and a transmission >95% for wavelengths
>358 nm is placed behind BS7 to prevent stray
light from the laser and elastic-backscatter signals
from entering the upper level. Together with the re-
spective interference filters, a suppression of elastic-
backscatter light in the Raman channels of >1012 is
reached (provided that no stray light bypasses the op-
tical elements and enters the detectors).

BS8 is a dichroic beamsplitter with high reflec-
tivity for wavelengths >391 nm, particularly at
407.5 nm (water-vapor Raman band), and high trans-
mission at 386.7 nm (N2 Raman signal). The water-
vapor signal is detected in channel G. The N2 Raman
signal is further split by beamsplitter BS9 into a low-
intensity signal in channel H and a high-intensity
signal in channel I. The beamsplitter has a reflectiv-
ity of about 11% at 386.7 nm for both polarization
components. Channel I is used for upper-atmosphere
measurements. As in channel E a gated PMT is ap-
plied. Mirror M9 is mounted on a translation stage.
If moved out of the light beam, not the water-vapor
detection channel G is illuminated but a three-lens
fiber coupler. This option is currently used for the
implementation of a spectrometer to measure the
Raman spectra not only of water vapor but also of
liquid water and ice [25].

The setup of the near-range polychromator unit is
outlined in Fig. 5. Essentially, its configuration with
three detection channels for the measurement of
total elastic backscattering and of Raman scattering
fromN2 and water vapor (see Table 2, channels K–M)
has not changed since RAMSES was commissioned
in the year 2005 [13]. A lens doublet with an effective
focal length of 62.5 mm at the entrance collimates
the light coming from the fiber (see Section 2.A).
The collimated beam with a diameter of <20 mm is
split by the dichroic beamsplitters BS10 and BS11
and, after passing the respective interference filters
IF11–IF13, directly hits the PMT photocathodes
without focusing. Edge filters EF4 and EF5 are im-
plemented in the two Raman channels to further en-
hance the suppression of elastically scattered light.
As in the far-range polychromator, neutral-density
filters assembled in NDF boxes allow for an adaption
of the signal strengths.

4. Implementation of the Rotational-Raman
Temperature Method
The optical design of the temperature measurement
setup exploits the fact that the rotational Raman
lines possess a high linear depolarization ratio of
0.75. So by splitting the lidar return from the atmo-
sphere into its co-polarized and cross-polarized com-
ponents (with respect to the laser emission), one can
obtain with similar signal strength the two signals
needed for the temperature measurements, i.e.,
the low- and the high-quantum-number rotational
Raman signals SRR

L and SRR
H , respectively. SRR

L is
spectrally closer to the laser wavelength, so it is par-
ticularly challenging to minimize the effects of
elastic-light leakage here. One measure that helps
in this context is to assign the cross-polarized signal
component to SRR

L because here the ratio of inelasti-
cally to elastically backscattered light is always high-
er than in co-polarization, particularly in water
clouds and cirrus clouds with horizontally aligned
ice particles. The co-polarized signal component is
assigned to SRR

H . Another advantage of using the po-
larization state for signal separation is that sinceSRR

L
and SRR

H are then either parallel- or perpendicular-
polarized with respect to the planes of incidence of
the optical elements, one can use tilted edge filters
efficiently to further improve shielding from elastic
backscattering (the position of the filter edge de-
pends on both the AOI and the polarization vector).
Because only long-pass edge filters are readily avail-
able that show the required edge steepness, one has
to extract the rotational Raman signals from the
Stokes wing of the spectrum.

In our setup, half-wave plate HWP2 behind BS4
serves to rotate the polarization vector of the incom-
ing light so that its co-polarized component (with re-
spect to the laser emission) is normal to the plane
of incidence of polarizing beamsplitting cube PBS2
and thus reflected at its dielectric coating while the
cross-polarized component is transmitted [Fig. 4(a)].
This is done to exploit the high extinction ratio
(>1000∶1) of the polarizer in transmission to opti-
mally suppress elastic-backscatter light in SRR

L (de-
tected in channel D). Next come edge filter EF1
(AOI � 11.2°, Semrock RazorEdge LP02-355RU),
a bending mirror, and interference filter IF5
(AOI � 0°) sealing the aperture to the detector cham-
ber. The SRR

H optical branch is similar, except that an
additional beamsplitter (BS6, AOI � 44.7°, Barr) is
inserted to reflect most of the co-polarized elastic
light, which is detected in channel E and used for
aerosol and integration-method temperature mea-
surements in the stratosphere. EF2 (AOI � 13.0°,
Semrock RazorEdge LP02-355RU) further reduces
the elastic-light contributions to the SRR

H signal be-
fore full out-of-band blocking is accomplished by
IF7 (AOI � 0°) in front of detector chamber F.

Figure 6 illustrates the optical transmission
curves of the channel-D and channel-F beamsplitter
assemblies (including PBS2, EF1, EF2, and BS6) and
of the interference filters. Actual measurements of
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these optical elements have been used for this com-
pilation except in two cases. First, the transmission
curves that were delivered together with the interfer-
ence filters showed a background noise of about 0.1%,
which is why theoretical transmission values were
substituted for readings below this level. Second, ty-
pical transmission data provided by the manufac-
turer were used for EF. The edge positions of EF1,
EF2, and BS6 were determined from the respective
incidence angles and effective refractive indices; in
the case of EF2 the calculated edge position was
confirmed experimentally. According to these data,
the beamsplitter assemblies reject the co-polarized
elastic-backscatter signal efficiently with transmis-
sion <3 × 10−9 and <5 × 10−6 in channels D and F, re-
spectively. Thus in combination with the interference
filters (optical depth of about 8 at the laser wave-
length, according to the manufacturer), signals SRR

L
and SRR

H can be considered as unaffected by this light
component. Beamsplitter transmission of the cross-
polarized elastic-backscatter signal is higher in both
channels (0.003–0.008), which leaves the tempera-
ture measurement more vulnerable to cloud-induced
errors, especially in cirrus clouds with high backscat-
ter and depolarization ratios. However, the routine
observations show that the temperature polychroma-
tor performs well in ice clouds except for the optically
very thick. Figure 7 displays, as an example, a tem-
perature measurement in a cirrus cloud with a max-
imum backscatter ratio of 60. No cloud-correction
scheme was applied. Evidently, the cloud does not
interfere with the temperature measurement.

Figure 8 shows the optical transmission of the
SRR
L and SRR

H detection channels as a function of
atmospheric temperature. The temperature sensi-
tivity of SRR

H is pronounced with a slope of, on aver-
age, 0.48%∕K. SRR

L exhibits the expected inverse
behavior and is, in absolute terms, about half as
large (−0.21%∕K). Nevertheless, this value is quite

satisfactory because it is a challenging task to design
a temperature polychromator with the low-quantum-
number rotational Raman channel bandwidth as
close as possible to the laser wavelength, which is
necessary for a high temperature sensitivity while
avoiding optical leakage from same.

If R is the ratio of the SRR
H and SRR

L signals in
photon counts per height bin,

R � SRR
H ∕SRR

L ; (1)

then Gaussian error propagation yields for the abso-
lute statistical measurement error of temperature T:

ΔT � dT
dR

R

������������������������
1

SRR
L

� 1

SRR
H

s
: (2)

Poisson signal statistics are assumed (ΔN �
�����
N

p
).

Function RdT∕dR is shown in Fig. 8. It was calcu-
lated with the polychromator data of Fig. 6 and with
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modeled rotational-Raman spectra. The function’s
increase with ambient temperature means that for
a given temperature error one has to collect more sig-
nal counts at warmer than at colder temperatures.
As an example, at 0°C, N � 40; 000 is necessary for
a temperature error of �1 K (equal signal strengths
assumed). Calibration of the rotational-Raman tem-
perature measurements is described in Section 3.

C. Systems Control and Automated Operation

Autonomous operation is the key requirement for the
RAMSES design. As the result, the RAMSES control
system emulates the performance of a human opera-
tor with all his senses and experience. Figure 9
provides an overview of the internal and external
communication links. The operational tasks are dis-
tributed between two industrial-grade computers,
the measurement-execution computer (MEC) and
the systems-control computer (SCC). The MEC is
used for controlling laser operation, the acquisition
electronics with its photon-counting units and
analog-digital converters and for active steering of

the motorized lidar components. The SCC computer
acts as a central control unit for the complete remote-
sensing system.

A number of lidar components are actively con-
trolled via theMEC.Most important is the automatic
beam-alignment system based on a 4QD. A closed-
loop software control evaluates the 4QD signals and
provides corrective signals to two micro-actuators,
which steer one of the transmitter mirrors in order
to keep laser beam and receiver optical axis aligned.
Further interfaces exist to select the lidar’s FOV via
the motorized iris, to drive the neutral-density fil-
ters, to run the polarization calibration procedure
(HWP1, LP, IF2), to optimize the performance of the
rotational Raman measurements (HWP2), and to
activate the 32-channel water spectrometer (M9).

The SCC supervises a variety of external probes,
e.g., brightness and precipitation sensors, and
gathers meteorological data and cloud base-height
information from a local laser ceilometer. In this way,
system operation can be adapted to actual observa-
tion conditions. Autonomous operation demands a
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number of safety features to ensure system reliabil-
ity during unfavorable weather or other potentially
dangerous operating conditions. A sensor suite cov-
ers lightning protection, smoke detectors, tempera-
ture and humidity sensors at different places
inside the container as well as a monitor to survey
the power of the laser pulses. Additional sensors con-
trol the status of the hydraulic hatch, the UPS, per-
formance of the data-acquisition system, the laser
chiller, etc. All data are grouped according to a prior-
ity list in order to characterize the overall perfor-
mance status of the RAMSES system. In case of a
malfunction and depending on its cause and priority
level, the SCC software initiates appropriate actions.
Low-priority events lead to a temporary stop of the
measurements, followed by an automatic restart
after a predefined time period. Errors with higher
priority result in a lidar shutdown, and alerts are dis-
tributed to RAMSES personnel via SMS. All subsys-
tems respond to an automatic shutdown such that a
hazardous system status is avoided.

The control software of RAMSES (housekeeping
as well as data acquisition) is based on National
Instruments LabVIEW, Version 9. The actual system
status and the current lidar raw data are displayed
on computer screens. Alternatively to autonomous
operation, a graphical user interface allows for man-
ual interactive systems control, i.e., modification of
all system parameters and remote control of the laser
and the receiver electronics. Some RAMSES subsys-
tems can be operated in “service mode” for selective
performance analysis, e.g., the laser.

The lidar raw signals are stored in NetCDF format
on a local hard disk. The NetCDF files are created
for each data-acquisition time step (usually 30 s).
Although this setup requires more disk space than
a single accumulative NetCDF file would, it is a very
robust solution to avoid data loss due to file damages
incurred by simultaneous file access from different
users. Further, this setup allows for immediate
transfer of raw data to the DEC for near-real-time
analysis.

3. Automated Lidar Data Analyzer

The main task of the automated lidar data analyzer
(ALDA) [26] is to provide the local ‘Lindenberger
Säule’ (LS) database with RAMSES measurement
products on a fully autonomous basis so that they
can be disseminated to DWD and external users in
near real time (NRT), e.g., for the assimilation in nu-
merical weather prediction models. Input data to
ALDA are the RAMSES raw signals and data from
the operational radiosondes that are launched at
Lindenberg at 00, 06, 12, and 18 UTC. The sounding
data are available from the LS database (Oracle)
about 1 to 1.5 h after a sonde was started. Currently,
ALDA products are profiles of water-vapor-to-dry-air
mixing ratio (MR), relative humidity, temperature
(with rotational Raman technique), particle back-
scatter ratio, particle backscatter coefficient, particle

extinction coefficient, and particle extinction-to-
backscatter (lidar) ratio.

The ALDA software works as a continuously run-
ning daemon process. A timer starts new analysis
threads usually every 15 min. Those threads actively
check whether new raw signals have been trans-
ferred from the MEC to the DEC or whether new
radiosonde data are available from the LS database.
If so, new raw signals or sonde data, respectively, are
imported and a data processing chain is started. All
products are calculated and visualized indepen-
dently of each other. When the analysis of a complete
measurement is finished, all relevant data and
information are stored into an archive file.

ALDA can be operated in different modes. The on-
line mode is designed for the autonomous analysis of
lidar signals during an ongoing measurement and vi-
sualization of the current products in NRT. The view
mode allows visualization of any already existing
ALDA product in terms of profiles or time-series
plots. It can also be used for a manual quality control
of the autonomously generated products. The archive
mode is designed to manage the backup and to re-
store processes of measurements. The science mode
allows for interactive re-analysis of measurements
with, e.g., manual inspection and quality control of
raw signals, individual selection of time periods, or
manual optimization of data analysis parameters.
In administration mode the user can visualize and
manage the RAMSES calibration constants. All
parameters of the lidar data analysis can be opti-
mized with ALDA’s graphical user interface. The user
can select which products are to be derived and
which corrections are to be applied to the raw signals.
Integration times and smooth intervals as well as
quality control parameters can be specified individu-
ally for all products. It is possible to apply different
parameter sets to daytime and night-time signals.
Those options and parameters have to be defined
once according to the hardware setup of the lidar
and the user requirements, e.g., concerning accura-
cies. Then, these parameter sets remain unchanged;
the autonomous data analysis is performed without
any user interaction.

Upon import, RAMSES raw data are preprocessed
by ALDA as follows. RAMSES signals (Licel acquisi-
tion system) are corrected for pulse pileup as nonpar-
alyzable signals according to [27]. The height shift
between the analog signals and the corresponding
photon-counting signals has to be corrected before
signal gluing is performed as described in [19].
The background value is calculated at the far end
of the signals and subtracted. Raw signals are tem-
porally averaged with integration periods between
30 s and 2 h. Rayleigh scattering is calculated from
temperature and pressure profiles from a radiosonde
observation using the formulas given in [28] and [29].
The data of the latest available radiosonde or the
radiosonde that is closest in time to the lidar signals
are used in online mode or science mode, respectively.
The lidar signals are corrected for the dependence of
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the Raman cross-section on ambient temperature
[27] (except SRR

L and SRR
H when used for rotational-

Raman temperature measurements). Vertical
smoothing is realized in terms of a sliding average
for all products, except extinction where it is consti-
tuted by the length of the fit window. For each signal,
the user can define up to five smoothing intervals
with variable boundaries and smoothing lengths be-
tween 7.5 and 1507.5 m. The signals are corrected for
incomplete overlap.

After preprocessing, the products are calculated
from the near-range and far-range signals separately
before a composite product profile is formed. Statis-
tical errors are obtained from the Poisson errors of
the raw signals following Gauss’ error propagation
law. The ensuing automated quality control flags pro-
file ranges where errors are larger than user-defined
thresholds or where values are out of the physically
meaningful range by more than the doubled value of
their uncertainty. Finally, product profiles are stored
in NetCDF format.

For NRT data analysis of humidity, temperature,
and particle backscatter products, ALDA uses cali-
bration constants that are averages of calibration
data sets from previous measurements. When a
radiosounding profile becomes available during the
running measurement, a new set of calibration data
is calculated automatically. For reasons of consis-
tency, this set is not included in the ongoing data
analysis but only available to following RAMSES
measurements. This strategy results in a large
number of calibration data sets that allows for the
identification of trends or outliers using the admin-
istration mode. The neutral-density filter configura-
tion may change frommeasurement to measurement
and even during an ongoing measurement, e.g., by
the hand of the operator or automatically on day-
night transition. Because the calibration constants
have to be applicable to other measurements than
the one during which they were determined, ALDA
determines and stores generalized calibration con-
stants from which the impact of the neutral-density
filters is removed. The required transmission values
of the neutral-density filters have been obtained with
a Varian Cary 400 spectrophotometer, the measure-
ment uncertainty is estimated to be better than 1%
for all filters.

The calibration of the water-vapor-to-dry-air MR
mH2O is performed with those lidar signals that were
measured exactly at the time the sonde passed
through the user-defined calibration height range.
Height bins with ambient temperatures below a spe-
cified threshold (typically −40°C) are excluded to
avoid systematic calibration errors due to any radio-
sonde dry bias at cold temperatures. The calibration
factor of a specific measurement is the mean value
of the ratio of mH2O measured by sonde and the ratio
of the water-vapor Raman signal to the molecular-
nitrogen Raman signal over the calibration height
interval. The profile of the relative humidity is calcu-
lated from the water-vapor-to-dry-airMR profile and,

currently, from sonde temperature data. The latter
are obtained by interpolating the temperature pro-
files of radiosoundings before and after the measure-
ment. The larger the time difference between the
lidar measurement and a sounding, the larger are
the temperature errors and the resulting uncertain-
ties in relative humidity. Preferably, a temperature
profile would be used for the computations that was
measured along with mH2O. For this reason, it is
planned to modify ALDA and exploit the RAMSES
rotational-Raman temperature profiles in future
observations.

The calibration procedure for rotational-Raman
temperatures makes use of the signal-ratio profile
R of Eq. (1). R is normalized with the transmission
values of the neutral-density filters in both channels.
The calibration function

R�T� � exp�a∕T2 � b∕T � c�; (3)

with a, b, and c the fit parameters, is chosen because
this ansatz has been shown to be superior to other
functions [30]. Solving Eq. (3) yields two solutions
of which the physically meaningful one is not known
a priori. So to determine the optimum solution, tem-
perature profiles are reconstructed for both and com-
pared with the sonde profile. The one with the better
agreement is then selected.

The backscatter ratio is the calibrated ratio of the
elastically backscattered signal to the vibrational-
rotational N2 Raman signal. Because the calibration
is performed over a height interval of negligible
particle scattering in the free troposphere or lower
stratosphere where near-range signals are noisy,
the far-range backscatter-ratio profile is calibrated
first. The calibration factor for the near-range back-
scatter ratio is subsequently determined by minimiz-
ing differences between near-range and far-range
backscatter-ratio profiles at lower heights. Particle
backscatter coefficients are derived from the back-
scatter ratios by subtracting Rayleigh backscatter-
ing. Extinction coefficients are calculated using the
method described in [31]. Profiles of particle lidar
ratio are computed by forming the ratio of the pro-
files of particle extinction coefficient and particle
backscatter coefficient.

4. System Performance

A. Signal Shape and Intensity

In the following, a measurement during a clear night
is investigated in more detail in order to evaluate
the system performance in view of the design con-
cept. The measurement was performed from 22:54
to 23:14 UTC on 24 May 2011, in coincidence with
the regular night-time radiosonde ascent at
Lindenberg (launch time at 22:54 UTC). Figure 10
shows the signals (red lines) obtained in the far-
range water-vapor channel (channel G, upper left),
the far-range and the upper-atmosphere N2 Raman
channels (channels H and I, respectively, upper
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right), the near-range water-vapor channel (channel
K, lower left), and the near-range N2 Raman channel
(channel L, lower right).

From the high-resolution radiosonde data, respec-
tive water-vapor and N2 Raman signals were
modeled with the end-to-end lidar simulator of the
Leibniz Institute for Tropospheric Research in
Leipzig, Germany [32]. Simulations were performed
for both a pure molecular atmosphere (no aerosol ex-
tinction) and for an atmosphere with a constant aero-
sol extinction of 0.1 km−1 between ground and 2.2 km
height, i.e., an aerosol optical depth (AOD) of 0.22.
This value was estimated from sun-photometry mea-
surements at Lindenberg, which showed an AOD of
0.25 at 368 nm in the evening of 24May 2011 (around
18 UTC) and of 0.12 in the morning of 25 May 2011
(around 4 UTC). According to the lidar measure-
ments (e.g., backscatter-ratio profile), the aerosol
was confined to the boundary layer, reaching up to
2.2 km (also indicated by the water-vapor signal in
Fig. 10). Finally, the overlap functions as discussed
in Sec. 2.B.1 were included in the modeled lidar
signals as well.

The simulated signals were fit to the measured
signals in the height range of 4–6 km and 300–500 m
for the far and the near range, respectively. In gen-
eral, excellent agreement between simulated and
measured signals is found for the far-range signals

above 2 km and for the near-range signal above
200 m, i.e., no major problems concerning setup, ad-
justment, and performance of the system are encoun-
tered here. Below these heights, the overlap effect
determines the actual signal shape. The signal
maxima of the far-range signals occur at about
700–800 m height, which is in agreement with the
simulation that takes into account an overlap func-
tion for a FOV of 0.75 mrad as used for this observa-
tion. But while a complete overlap is expected at
about 1 km height from the simulation, measured
and simulated signals only converge at about 2 km
height. This behavior is often observed in measure-
ments and, as the simulations show, can be caused by
small imperfections of the lidar instrument, e.g., a
higher laser-beam divergence than expected, an im-
perfect (non-Gaussian) beam shape, or errors in the
positioning of the field stop.

The far-range signals below about 400 m height
show a higher intensity than expected when consid-
ering all obstructions in the telescope aperture (see
green curves in upper panels of Fig. 10). However,
one should keep in mind that the obstructions
are only very roughly estimated in the calculation
of the overlap function by using circular and rectan-
gular shapes. In this context it is instructive to
examine the model results obtained without any ob-
structions (see blue curves in upper panels of Fig. 10).

Fig. 10. Comparison of measured and simulated water-vapor (left) and molecular-nitrogen Raman signals (right) in the far-range (upper)
and near-range channels (lower). The measurement was performed from 22:54 to 23:14 UTC on 24 May 2011. The simulations are based
on water-vapor, temperature, and pressure profiles measured with a radiosonde launched at the lidar site at 22:54 UTC on 24 May 2011.
The FOV of the far-range telescope was 0.75 mrad. Details are explained in the text. OLF, overlap function; agl, above ground level.
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Evidently, obstructions influence the shape of the
overlap function below 500 m considerably. More-
over, the same effects that are probably the cause of
the lack of signal between 1 and 2 km (gradual in-
crease of the overlap function) can also lead to higher
signals than expected at lower heights. Finally, stray
light (multiply scattered light) from near distances
after laser pulse emission may also contribute to
the signals in the first few hundred meters.

As stated before, the measured near-range signals
follow the simulations closely above 200 m (see lower
panels of Fig. 10). Below, the overlap effect is visible
but the signal maximum appears at much lower
heights than expected. This behavior cannot be ex-
plained with a tilt of the telescope against the laser
beam greater than 1 mrad (the maximum value pre-
sented in Fig. 10) or with optical misalignments, be-
cause these would lead to a loss of signal above 1 km,
which is not observed. So probably here, too, signal
contributions from short distances disregarded in
the modeling effort may offer an explanation.

Finally, we estimate the overall system efficiency
that we define as the constant of proportionality of
the measured to the modeled signal. Simulations
were performed for the laser energy of 350 mJ per
pulse at that time and the actually available tele-
scope area under consideration of obstructions. For
the far-range water-vapor channel (channel G) and
the upper-atmosphere N2 Raman (channel I), in
which no neutral-density filters were included, we
obtained an overall system efficiency of 1.8% and
0.9%, respectively. Considering the theoretically cal-
culated optical receiver efficiencies of 37% and 34%
for the two channels (see Table 2) and assuming ap-
proximate values of the PMT quantum efficiency of
20% and of the data acquisition efficiency of 75% (due
to low-pulse discrimination), we could expect a max-
imum theoretical system efficiency of 5.6% and 5.1%,
respectively. Obviously, transmission losses reduce
the system efficiency by a factor of 3–6. The losses
may have manifold reasons. In the emitting and re-
ceiving optics the light passes about 35–45 optical
surfaces (depending on channel) where scattering
and absorption processes may occur. Aging of coat-
ings and radiation-induced transmission losses of op-
tical substrates (e.g., the Borofloat 33 glass window)
are known to play a role in particular in the ultravio-
let region. Also, losses due to electronics settings or
aging of the PMTs cannot be ruled out.

B. Long-Term Optical Stability

Initially it was intended that the RAMSES water-
vapor measurements were only calibrated with a
radiosonde after changes to the experimental setup,
and that the established calibration constant was to
be used for all subsequent observations. However,
sporadic cross checks indicated an apparent wetting
of the lidar moisture profiles over time, which led to
further investigations on the issue. The analysis of
about 120 simultaneous lidar and radiosonde mea-
surements taken in 2008–2009 corroborated the

initial results (Fig. 11). With a value of about
−�7.3� 1.3�%∕year, the decrease of the calibration
constants of both the near- and the far-range water-
vapor MR was substantial. The effect was not corre-
lated with ambient conditions, so it was probably
caused by a slow degradation of some optical ele-
ments, or the detectors. Similarly, the calibration
constant of the far-range backscatter ratio decreased
over time, albeit at the slower rate of −�2.9� 0.7�%∕
year. Only in the case of the near-range backscatter
ratio the change was insignificant. As a consequence
of these findings, RAMSES and radiosonde water-
vapor measurements are now compared on a regular
basis, and the calibration constants are updated if
necessary.

C. Operation

After solving some initial problems, the operational
software for systems control and automated mea-
surement has been working stably and reliably.
Unfortunately, this has not always been the case for
the technical infrastructure. Most notably the air-
conditioning proved to be insufficient to shield the
RAMSES instrument from the environment comple-
tely, which may result in data losses due to lidar mis-
alignment, especially for narrow FOVs in summer.
Further, laser failures resulted in prolonged down
times, mostly due to material fatigue of the pumping
chambers and, in the early years of operation, due to
chiller and remote-control issues. These technical
problems but also the expansion of the receivers
(e.g., installation of the new far-range polychromator
in 2009 and the water spectrometer in 2011) and the
at times unfavorable weather conditions reduced the
number of measurement days to 100–180 per year in
the 2006–2011 time frame.

5. Measurements

A. Multiday Observation

The measurement of 2–5 September 2011 is dis-
cussed to demonstrate the capabilities of the
RAMSES instrument. Figure 12 displays false-color
images of water vapor, backscatter coefficient, and
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particle depolarization ratio as an overview. The ac-
tive overlap stabilization was turned on, and the
FOV of the far-range receiver was set at 0.37 mrad
for this measurement. Water-vapor profiling be-
comes feasible during daytime only with a narrow
FOV, so one is restricted to using the far-range lidar
signals for this purpose and need to compensate for
the overlap functions of the far-range water-vapor
and N2 Raman signals at heights below 1 km. For
this, overlap functions are first determined for each
of the three nights (when near-range signals are
available) by forming the ratios of the corresponding
far-range and near-range signals and normalizing
them at altitudes at which the overlap of the far-field
signal can be assumed to be complete. Next, the in-
dividual overlap functions are averaged to obtain the
mean overlap functions of both signals. Finally, the
mean overlap functions are applied to the lidar
data.

RAMSES daytime water-vapor measurements
further require neutral-density filters in the Raman
channels in order to avoid signal nonlinearities
induced by the solar background. Filters with a
transmission of 0.703 and 0.303 were therefore in-
serted in the far-range water-vapor and the N2
Raman channel, respectively, which is sufficient for
early September. The water-vapor calibration con-
stant used is the average of all nine constants deter-
mined from the comparison of the RAMSES with
the six-hourly radiosonde measurements between
3 September, 00:00 UTC, and 5 September, 00:00
UTC. The uncertainty of the mean calibration con-
stant is 3%.

The measurement range of water-vapor MR exhi-
bits a pronounced diurnal cycle due to background
light, with values of around 5 km during the day
and >11 km at night-time (Fig. 12). During most
of the measurement period a translucent cirrus cloud
was present, but in-cloud signal attenuation plays
only a minor role in the reduction of the measure-
ment range in this example, noteworthily only near
the end of the observation. An interesting feature of
the cirrus clouds is the high variability in particle
backscatter coefficient and particle depolarization
ratio, which is caused, at least in part, by fluctuating
degrees of orientational freedom of the ice particles,
to which the vertically-pointing RAMSES is sensi-
tive. This effect is described in more detail when
the cloud profiles of measurement segments M1 and
M2 (indicated in the bottom panel of Fig. 12) are pre-
sented, but first the water-vapor performance of
RAMSES is discussed.

Figure 13 compares the water-vapor profiles mea-
sured with RAMSES and the concurrent midnight
Lindenberg routine radiosondes (RS92, Vaisala Oyj,
Helsinki, Finland). For each comparison, 20 min of
lidar raw data were integrated. The profiles show sa-
tisfactory agreement. Clouds were present in the
first and the third night, but did not interfere with
the water-vapor measurements directly because of
the extreme rejection of elastically backscattered
light by the edge filters and the interference filters.
Still, clouds affect the measurements indirectly by
signal extinction which reduces the measurement
range. Under cloud-free conditions during the
second night, the profile top height is 13–14 km. Note
that the lidar measurements were performed with
neutral-density filters inserted in the two Raman
channels, which of course reduces the lidar perfor-
mance in night-time measurements. In autumn
2011 the measurement software was therefore mod-
ified so that now RAMSES is always operated with
an optimum set of system parameters (including
neutral-density filters and field of view) depending
on the background light level.

Fluorescence in the lidar receiver has been shown
to impede water-vapor measurements in the upper
troposphere and lower stratosphere in both fiber-
and nonfiber-coupled lidar systems [8,33]. RAMSES
measurementsare regularly comparedwithhumidity
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profiles obtained with a cryogenic frost-point hygro-
meter (CFH), which is launched monthly on site as
part of the GRUAN activity and which can be re-
garded as a reference instrument at high altitudes
[34]. According to these comparisons, RAMSES pro-
files show no wet bias. For example, in the night of
22–23November2011, the lidar equippedwith the ex-
perimental hardware listed in Section 2 measured
MRs of 2.4–5.9 ppmv in the lower stratosphere (14–
16 km) with statistical errors of 2.0–2.5 ppmv, while
the CFH yielded height-independent MRs around
5.0 ppmv.RAMSESexhibits even better high-altitude
performance after the detector in the far-rangewater-
vapor detection channel was replaced with an im-
proved module based on the Hamamatsu R9880U

tube (Licel) in early 2012 (see Section 6). So it can
be concluded that fluorescence does not affect the
RAMSES humidity measurements significantly.

Daytime water-vapor measurements of RAMSES
on 3 September 2011 are shown in Fig. 14. The pro-
files compare well with the radiosonde soundings
except for the lowest 200 m at noon and in the after-
noon. High variability of the water-vapor field near
the ground may be the cause for these differences,
but instrumental effects like a transient residual
error in the overlap correction or electronic distur-
bances induced by the laser pulse emission cannot
be ruled out. In twilight, the maximum measure-
ment range is 7–8 km at 20 min temporal resolution;
around noon it drops to about 5.5 km. As the
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long-term series shows, these values can be seen as
typical of RAMSES’ daytime performance when the
atmosphere is cloud-free.

Figure 15 presents the measurement segments M1
and M2 marked in Fig. 12. Water-vapor profiles are
available throughout the vertical extent of the cirrus
clouds, which makes it possible to calculate relative
humidity. Considering the statistical errors, the air
was saturated with respect to ice within the clouds
and subsaturated otherwise. No statistically signifi-
cant supersaturation was observed, perhaps except
for heights around 8.5 km in the M2 case. There are
remarkable differences to be observed in the beha-
vior of the particle properties of each measurement
segment. In M1, the lidar ratio and the depolariza-
tion ratio vary strongly with height and drop from
20 sr and 30% in the cloud bottom layer to minimum
values <2 sr and <2%, respectively, at altitudes of
maximum cirrus backscattering. During M2, in con-
trast, both particle properties show high and relative
height-constant values of 25� 5 sr and 30%–40%,
respectively, in the upper cirrus layer, while below li-
dar ratio and depolarization ratio fall off sharply,
again together with an increase in particle backscat-
tering. According to theoretical studies [35], espe-
cially low values of the lidar ratio are a sensitive
indicator of particle horizontal alignment, so the
RAMSES measurements suggest that the cirrus par-
ticles were in two-dimensional orientation in these
cirrus layers.

Next the cloud-averaged effective diameter of the
cirrus particles is estimated from their multiple-
scattering effect on lidar temperature measurements
with the integration technique. Unlike in previous
analyses [36], an elastic backscatter signal (the gated
far-range signal of channel E, to be exact) is utilized
for the retrieval instead of a vibrational-rotational N2
Raman signal. The higher signal strength and hence
the shorter data integration timemake this change in
methodattractive; however, onehas tomake sure that
the interferencewith elastic backscattering by strato-
spheric aerosols is minimized. This is achieved here
by choosing a clear-sky Rayleigh-integration tem-
perature measurement close to the cloud observation
as the reference profile with which the cloud-affected
temperature profile is compared. For an only slowly
varying aerosol layer, the aerosol-induced tempera-
ture errors then cancel out.

Input to the retrieval algorithm is, among other
parameters, the measured extinction-coefficient pro-
file of the cirrus cloud under investigation [36].
Either a microphysically homogeneous cloud or a
two-layer cloud can be prescribed. To each layer an
effective diameter of the cirrus particles is attribu-
ted. Scattering in the forward direction is assumed
to follow the phase function of a circular disc of this
diameter. This simplification should not affect the re-
trieval in most cases because it has been shown that
cirrus clouds consisting of imperfect or complex ice
crystals generate the same forward-scattering lobe
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as their counterparts with projection-area equivalent
spheres [37]. Model output are the vertical profiles
of the higher-order contributions to the lidar return
signal which are then used for correcting the
Rayleigh-integration temperature profile. Although
originally intended for Raman-integration tempera-
ture measurements, the model results apply here as
well; in ice clouds the multiple-scattering para-
meters for elastic and Raman backscattering are
identical [38].

Figure 16 displays the multiple-scattering analy-
sis of the M1 measurement. With residual tempera-
ture differences of less than 1 K after correction,
cirrus particles with an effective diameter of 350 μm
can explain the observed Rayleigh-integration tem-
perature profile best. Smaller particle sizes yield
corrected temperatures that are too cold whereas
the assumption of 450 μmparticles overestimates the
multiple-scattering effect. The assumption of a dif-
ferent particle size in the cirrus layer with predomi-
nantly randomly oriented particles below 9.5 km
(Fig. 15) does not improve the retrieval results, which
suggests that either the effective diameters are
similar throughout the cirrus cloud or the horizon-
tally aligned particles in the upper cloud layer are
optically dominant. The former explanation is corro-
borated by the fact that a similar effective diameter
is found later on during measurement segment M2
when most of the cloud particles were 3D oriented.
This finding suggests that the temporal variations
in the optical properties of the cirrus cloud are more
the result of changes in the degree of the orientation
of its particles than in their microphysical properties.
Moreover, if the oriented particles were of plate-like
shape, a presumption that is widely accepted, the
retrieved effective diameter would actually be close
to the effective maximum dimension of the cirrus
particles because their length-to-width ratio, or a
distribution thereof, would not affect their projection
area.

Finally, the stratospheric temperature measure-
ments during the multiday observation period are
presented in Fig. 17. Rotational-Raman tempera-
tures are not affected by the presence of particles
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nor by multiple scattering and are thus ideal for pro-
filing the troposphere and lower stratosphere. The
measurement range varies in this example between
20 and 30 km from night to night, depending on clou-
diness. Rayleigh-integration temperatures become
available above the stratospheric aerosol layer
but only after the intense elastic signal is attenuated
enough so that signal nonlinearities are insignificant.
As a rule, Rayleigh-integration temperature profiles
start at around 20 km, and themeasurement range is
about 60–70 km under favorable conditions.

B. Statistical Comparisons

For the evaluation of the RAMSES water-vapor
performance, it is instructive to compare its mea-
surements to those of other sensors not only for in-
dividual profiles but on a statistical basis. This is
done routinely using the RS92 radiosonde and, since
2010, the CFH probe. While this analysis is a work in
progress and the topic of a followup publication, it
can be stated that so far no systematic biases have
been found among the instruments. As an example,
the comparison between RAMSES and the RS92
radiosonde forNovember 2011 is presented in Fig. 18.
Only night-time measurements under favorable con-
ditions are taken into account. Lidar and sonde agree
statistically. The slight mean dry bias of the sonde of
−1.5% in the free troposphere (relative to RAMSES)
is insignificant. Relevant differences are only seen in
humidity filaments with narrow vertical extent
where the resolution of the smoothed RAMSES pro-
file is too low to resolve the structure. This sonde-
based performance assessment is corroborated by
an intercomparison between RAMSES and the air-
borne water-vapor differential absorption lidar of
Deutsches Zentrum für Luft- und Raumfahrt in
Oberpfaffenhofen, Germany, during an overflight
in October 2008 [39]. Both instruments agreed
within 10% to 15% throughout the troposphere with-
out bias [40].

6. Summary and Outlook

We have presented RAMSES, the fully autonomous
Raman lidar of the German Meteorological Service
for unattended, continuous multiparameter atmo-
spheric profiling. The optical design concept, the
experimental setup, and the operational NRT data
evaluation software ALDA have been described in
detail. RAMSES is based on a dual-receiver design.
The nine-channel far-range polychromator is directly
coupled to the main telescope, and the aperture of
the primary mirror is imaged onto the detector
photocathodes. The three-channel near-range poly-
chromator is fiber-coupled to a secondary telescope,
and collimated light is recorded. Water-vapor MR,
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temperature, and the optical particle parameters at
355 nm are measured day and night. Temperature
profiles of the troposphere and the stratosphere
are determined by combining the rotational-Raman
technique with the Rayleigh- and Raman-integration
techniques. Detection of the rotational Raman sig-
nals is accomplished with a new beamsplitter/
interference-filter polychromator design that is com-
pact, robust, and easy to align. It was experimentally
proven that with this setup temperature measure-
ments are unaffected by particle scattering, e.g., in
cirrus clouds with backscatter ratios of at least 60.
Two independent calibration methods incorporated
in the polychromator allow of accurate measure-
ments of depolarization ratio.

A multiday observation, presented in this paper as
an example, demonstrated the satisfactory perfor-
mance of RAMSESwith regard to cloud, water-vapor,
and temperature profiling. Profiles of water-vapor
MR were measured from close to the surface up to
14 km at night and 5 km during the day in 20 min.
Beyond that, comparisons with sonde-borne CFHs
show that, under favorable conditions, the measure-
ment range can be extended into the lower strato-
sphere if RAMSES night-time data are accumulated
over several hours. Figure 19 presents the water-
vapor and rotational-Raman temperature measure-
ments of the night of 15–16 March 2012 (after PMT
upgrade, see Section 5.A) as an example. Clouds were
absent and themoonrise (last quarter) was late in the
night. Lidar and sondeprofiles agreewell up to 17km.
With such a performance, RAMSES ranks among the
premier water-vapor Raman lidars worldwide [11].

Daytime water-vapor capability is limited by the
temperature stability of the instrument cabin, which
proved to be insufficient for measurements with nar-
row FOV, particularly in summer. Active overlap
stabilization is helpful in this context, but the tem-
perature effect still requires FOV > 0.35 mrad. A
significant performance improvement can thus be
expected after RAMSES is moved into the new lidar
facility with precision air conditioning, which is cur-
rently under construction on site, and a narrower
FOV can be selected. RAMSES is considered to par-
ticipate in the Network for the Detection of Atmo-
spheric Composition Change [8], in addition to its
main tasks, i.e., DWD uses and contributions to
GRUAN activities.
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