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1. Introduction 
 
Laser-spectroscopic methods have been invaluable tools in labora-

tory studies of chemical and physical processes. The sensitivity of fluores-
cence and photo-ionization approaches reaches levels down to single-atom 
or -molecule detection. Less sensitive methods, such as four-wave-mixing 
and diode-laser absorption spectrometry, have been applied for trace-gas 
detection in moderate-pressure gas. For lidar sounding of atmospheric trace 
constituents a number of restrictions must be considered. Most of the laser 
methods used in the laboratory cannot be applied in atmospheric lidar 
studies, and even the laser-induced-fluorescence technique can only yield its 
full potential in the upper atmosphere (e.g., Refs.1-4) due to collisional 
fluorescence quenching at lower altitudes. 

As a consequence, tropospheric and lower-stratospheric measure-
ments have most commonly been carried out by absorption measurements. 
Absorption measurements are not influenced by quenching, but are certainly 
less sensitive than fluorescence and photo-ionization approaches. A non-zero 
background from Rayleigh and particle backscattering exists, necessitating 
signal averaging over many thousand laser shots to make a weak specific 
absorption feature visible in the noise. In order to avoid tuning of the laser 
frequency across spectral lines two (and more) wavelengths are used for the 
differential absorption measurements. In the differential-absorption lidar 
(DIAL) technique one (or more) “on” laser wavelengths are set to specific 
absorption lines or regions of a trace gas, and the so-called “off” wavelength 
is selected in a spectral region with low or negligible absorption, creating a 
reference backscatter signal [5,6]. Overviews of the DIAL method have been 
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given in several books chapters [7-13]. Details of the method are described 
in Sec. 2. 

DIAL measurements covering at least parts of the free troposphere 
are limited to wavelengths below 1 µm where sufficiently strong Rayleigh 
backscattering exists. This means a strong limitation since most molecules 
absorb at longer wavelengths where their vibrational-rotational transitions 
are located and where they are most commonly probed with low to moderate 
vertical resolution by Fourier-transform (FTIR) techniques [14] (see, e.g., 
Ref. 15 for a sensitivity analysis). Species accessible to DIAL sounding in 
the visible and ultraviolet (UV) spectral ranges, e.g., are O3, H2O, NO, NH3, 
NO2, SO2, Cl2, ClO, OClO, Hg and a few hydrocarbons. Air pollution 
measurements, frequently with three-dimensional scanning lidar systems, 
have also been made by numerous groups (e.g., Refs. 16-38). Nevertheless, 
some DIAL measurements have been made in the infrared (IR) with 
chemical, Raman-shifted and solid-state lasers, as well as optical-parametric 
oscillators and CO2 lasers [32, 39-53]. These measurements require the 
presence of aerosol and are limited to the boundary layer. The sensitivity of 
the infrared methods, even for dust-loaded atmospheres, significantly 
decreases with growing wavelength, the maximum wavelength used being 
roughly 10 µm (CO2 laser). 

However, apart from air-pollution plumes, the ambient concentra-
tions of most molecules that can be probed by the DIAL method are rather 
low. For instance, the free-tropospheric background NO2 mixing ratios are of 
the order of 0.1 ppb (parts per billion as compared with the air number 
density) which is far below the detection threshold even if one tries to 
determine the tropospheric column. Also the chemical age is an important 
factor since well-mixed gases do not exhibit a vertical structure and do not 
require vertical sounding. As a consequence most efforts have been devoted 
to vertical sounding of ozone and water vapour. For these two trace consti-
tuents many detailed studies of the atmospheric processes underlying their 
vertical distributions and routine measurements have been carried out. In this 
section, we focus on measurements also covering at least parts of the free 
troposphere, which limits the discussion mostly to the ozone and the water-
vapour DIAL. 

Ozone and water vapour represent two extreme cases of DIAL 
measurements. Water vapour may be seen as a classical DIAL species 
because of the existence of discrete spectral lines, whereas the ultraviolet 
(UV) absorption spectrum of ozone does not exhibit any narrow-band 
structure necessitating a significant separation of the “on” and the “off” 
wavelengths. 
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The tropospheric ozone DIAL, in the most commonly used versions, 
has emerged from the approach used in stratospheric systems (e.g., [54-55]). 
The light absorption of ozone in the Hartley-Huggins UV band systems 
(wavelengths less than 320 nm, see Fig. 1) has been used. The monitoring of 
stratospheric ozone with DIAL is a mature and proven approach and has 
been applied world wide, in particular within the Network of the Detection 
of Atmospheric Composition Change (NDACC, 
http://www.ndsc.ncep.noaa.gov/). DIAL sounding of tropospheric ozone is 
substantially more demanding due to the presence of aerosol, clouds and, in 
polluted areas, other trace gases that also absorb light in the same 
wavelength region, such as SO2 and NO2. Furthermore, for systems 
covering both the boundary layer and the free troposphere, the dynamic 
range of the backscatter signal exceeds that in stratospheric systems by many 
decades, an enormous task for the receiver layout and the detection 
electronics. A large number of tropospheric ozone DIAL systems have been 
developed for stationary, mobile and air-borne applications (e.g., [56-87]). In 
Europe even an international research project, TESLAS (Tropospheric 
Environmental Studies by Laser Sounding , 1988-1996), focussed on the 
development of ozone DIAL systems [88]. Despite reasonable initial support 
and the high technical standard reached, the operation of tropospheric DIAL 
systems has remained rather limited world wide. An important limiting 
factor has been the considerable costs of the DIAL technology. 

 
Fig. 1. Absorption cross sections of ozone for 295 K [133,134]; 
the vertical lines show three frequently used fixed-frequency laser 
wavelengths (KrF laser, frequency-quadrupled Nd:YAG laser, and 
XeCl laser) together with the wavelengths for first- and second-
Stokes   shifted   emissions  for  Raman-shifting  in  H2  and  D2. 
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Water vapour DIAL systems have been operated in the near IR 
mostly in the band systems between 700 and 950 nm (see Fig. 2) and have 
also been developed for ground-based and air-borne measurements (e.g., [5, 
13, 89-115]). Lidar sounding of water vapour is a true challenge, for both 
DIAL and Raman lidar systems. This is a consequence of the drop in water-
vapour density by about four decades from the ground into the stratosphere 
and, at the same time, the strong drop of the lidar return as a function of 
distance. The situation is less problematic for air-borne DIAL systems. Here, 
the concentration grows with distance. A demanding laser technique is 
required involving spectrally pure stabilized tunable laser systems, a 
considerable task for shaky air-borne systems [13]. Although stand-alone 
operation of a DIAL system around the clock and throughout the year has 
been demonstrated [116] the advanced narrow-band laser technique required 
for water-vapour sounding is to some extent seen as a disadvantage leading 
to some preference for the Raman lidar approach. The method is, never-
theless, highly attractive because of the high temporal and vertical resolu-
tion, the excellent daytime capability even up to high altitudes [113] as well 
as the intrinsic calibration stability of a DIAL (see Sec. 2.1). 

 

 
 
Fig. 2. Near-IR spectrum for light transmitted through 1 m of air 
with 10 % water vapour, at 295 K and 1013 mbar, showing the 
three absorption bands of water vapour most frequently used for 
DIAL measurements (around 718 nm, 817 nm and 935 nm). The 
spectrum was calculated with the MOLSPEC 2.2.1 program 
(Laser Components) based on listings from the HITRAN 2000 data  
                                             base [141]. 
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Despite the limited use, DIAL systems have yielded a considerable 
contribution to atmospheric research otherwise difficult to obtain. Different 
approaches have been followed. Air-borne systems may actively search and 
map atmospheric layers in three dimensions, an invaluable approach in 
atmospheric transport studies. These lidar measurements can be combined 
with sensitive on-board in-situ measurements during aircraft ascents and 
descents through specific layers that add the complementary information on 
trace gases not accessible to optical remote sensing. In this way, the chemi-
cal composition and transformation of air masses may be studied. Ground 
based systems probe the atmospheric layers by extended time series, taking 
benefit from the transport of the respective air masses across the observa-
tional area for gaining some spatial information. One advantage of ground-
based lidar measurements is a usually better vertical resolution due to the 
missing limitation of the averaging times imposed by the motion of an 
aeroplane. Another advantage is the possibility of long-term measurements 
and trend studies, which is problematic for air-borne systems due to the high 
costs of the flight missions. 

 
 
2. The differential-absorption method 
 
2.1 General expressions 
 
The DIAL method is, in principle, designed for an application to 

atmospheric constituents with a well resolved line spectrum. This allows one 
to select laser frequencies distant by just a few Gigahertz and, therefore, to 
eliminate to a major extent the influence of processes with small wavelength 
dependence such as backscattering of radiation by aerosols. The most 
prominent absorber of this kind is water vapour. The vibrational-rotational 
spectrum of water vapour extends to the near-infrared spectral range where 
sufficient Rayleigh backscattering for free-tropospheric measurements 
exists. The most commonly used bands are located around 725, 817 and 935 
nm (see Fig. 2 for an example). Another example of a molecule with partly 
well-resolved spectrum is NO for which the strong electronic A 2+  X 2 
transition (“Gamma Bands”) around 227 nm is used [17,26]. One 
disadvantage for lidar measurements in this wavelength region is the 
considerable signal loss due to light absorption by oxygen and ozone and by 
Rayleigh scattering. For other molecular species, such as SO2 and NO2, the 
energy levels are too dense under atmospheric conditions for single-line 
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distinction. Differential absorption with two still rather closely-spaced laser 
wavelengths can be obtained in the vicinity of band heads. 

The UV spectrum of ozone is broadened due to fast photo-decompo-
sition [117]. Here, a rather large gap between the laser wavelengths is necessary 
(Fig. 1). For stratospheric measurements, most commonly, the emission of a 
xenon-chloride laser at 308 nm is used [55,118]. In fact, 308 nm is the 
optimum “on” wavelength for reaching high altitudes in the stratosphere (50 
km and more). In the troposphere the ozone density is much lower. For 
tropospheric measurements, therefore, shorter “on” wavelengths, down to 
the wavelength of the frequency-quadrupled Nd:YAG laser (266.1 nm) have 
been used. For the “off” wavelengths of ozone DIALs, in most systems a 
part of the laser emission is partially shifted by stimulated Raman scattering 
(see selected papers from the list cited in the Introduction [56-88], and [119-
125]). For tropospheric ozone DIAL systems the simultaneous use of at least 
three wavelengths is, meanwhile, state of the art. This yields two and more 
separate ozone profiles with different useful ranges and results in an internal 
quality control. 

In the following, the basics of the DIAL algorithms are described. 
We start from the lidar equations for the power P received from a range bin 

r for the two wavelengths on  and off : 

    ,  i = “on” or “off”,      (1) 

with the backscatter coefficient  = R + P   (R for “Rayleigh”, P for 
“particles”) the system sensitivity constant , the overlap function O, the 
receiver area A and the transmittances t and t for the upward and down-
ward going light, respectively. As will be explained further below, t and t 
are slightly different in the case of molecules with well-resolved lines such 
as H2O, the factorization being an approximation for narrow-band laser 
emission. Otherwise, the application of Beer and Lambert´s law yields 

,          (2) 

with the extinction coefficient R + P + M +A (M for the absorption by 
the molecule under investigation, A for the sum of the other absorption 
losses). After derivative formation, one obtains from the two Eqs. 1 
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This equation is then converted to 

   (“DIAL equation”)  (4) 

 

                       ,   

 
nM (r) being the number density of species M and M (,r) its absorption 
cross section (which changes as a function of the temperature, i.e., the alti-
tude). The first line represents the so-called “DIAL equation”. It is obvious 
that, under conditions when the correction terms described in lines 2 − 3 of 
Eq. 4 are negligible, the accuracy of the DIAL method is just determined by 
that of the absorption cross sections and the quality of the backscatter signals 
P. This makes the method very valuable for long-term investigations in the 
free troposphere and in the stratosphere. 

For molecules with a dense spectrum the backscatter and extinction 
terms do not matter, if the distance between “on” and “off” wavelengths are 
short. For ozone, this is not the case (see Introduction). Here, in particular 
the backscatter term matters in the presence of steep aerosol gradients and 
must be carefully corrected. The most commonly used methods are descri-
bed in Sec. 2.4. The errors due to differential extinction in an ozone DIAL 
are usually small. Both the impact of aerosols and molecular species must be 
considered, mostly in the boundary layer. The most important trace gases 
interfering in the wavelength region relevant for tropospheric ozone meas-
urements (266 nm to 313 nm) are NO2 and SO2. Some hydrocarbons might 
also matter, but there is not much information on this in the literature. In the 
free troposphere the interference by differential molecular absorption is 
negligible. 

For a molecule with well-separated absorption lines as H2O, both the 
lidar and the DIAL equations are just approximations, due to the Rayleigh-
Brillouin broadening of the backscattered light [126, 127]. Its bandwidth 
becomes comparable with the atmospheric absorption line width of H2O. As 
a consequence, the light absorption is slightly modified on the downward 
path, leading to different absorption cross sections σ and σ for the upward 
and downward propagation of the light [128]. This effect is rather small in 
the case of pure Rayleigh scattering or even negligible for clearly 
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dominating light scattering by aerosols. In the mixed case deviations of more 
than 20 % may be reached in vertical sections with significant aerosol 
gradients. More information is found in Sec. 2.4. 

The method is described in detail by Bösenberg [129]. The modified 
DIAL equation may be written for the H2O number density as: 

  ,    (5) 

with               and 

   .     (6) 

g1 and g2 are sensitivity factors, derived from the integrals over the different 
line shapes, and Q is the reciprocal scattering ratio, 

   .                (7) 
 

The main assumptions are [129]: 
 

1. The laser bandwidth is almost negligible. 
2. The correction factor G for off is negligible due to an appropriate 

wavelength choice in a range with minimum absorption. 
 
The corrections are important only in the presence of significant aerosol 
(Sec. 2.4), in particular in the region of pronounced concentration gradients. 
For a water-vapour DIAL operated in the free troposphere the influence of 
aerosols is mostly rather small. 

The absorption cross sections of water vapour exhibit an altitude-
dependent line width due to the spectral broadening as a function of pressure 
and thermal velocity (Doppler broadening). Two examples of line profiles 
for lower- and upper-tropospheric conditions are given in Fig. 3. At the same 
time, the value changes and is significantly higher in the tropopause region 
than at low altitudes. This results in a growth of the detection sensitivity with 
altitude, which to some extent counteracts the decreasing humidity. 
Simulations for a water-vapour DIAL installed at 2765 m a.s.l. showed that 
the error for upper-tropospheric humidity sounding is reduced by a factor of 
two in this way [113]. 
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Fig. 3. Transmission spectrum of 1 % water vapour in air at full 
resolution, calculated with the MOLSPEC 2.2.1 program; the two 
examples correspond to altitudes of about 2.7 and 10 km. The 
examples show that the measurement sensitivity grows by at least 
a factor of two between the lower troposphere and the tropopause 
region due to the gain in line strength. Just a minor correction of 
the absorption cross section due to the pressure-induced line shift  
                                          is required. 
 
Due to the exponential behaviour of the extinction factor in the lidar 

equation (Eq. 2) an optimum performance of a DIAL can only be achieved 
within a limited range of distances where the product of the number density 
of the absorbing species and the absorption cross section is close to opti-
mum. As a consequence, in DIAL systems covering a reasonable range two 
and more “on” wavelengths are used. In this way a variety of different 
absorption cross sections can be selected that yield an improved performance 
at different distances. In the LASE (Lidar Atmospheric Sensing Experiment) 
water-vapour DIAL system [100] the “on” wavelength of the laser is even 
tuned into the wing of a line for optimizing the performance for individual 
humidity conditions [130]. This approach requires a very good knowledge of 
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the wavelength as well as of the parameters of a spectral line. It is not 
reasonable in a ground-based system due to the advantage of the sensitivity 
gain for an operation at the line centre mentioned above. 

As already mentioned, a special advantage of air-borne lidar 
measurements is that the air density grows with distance. Thus, the back-
scatter signal does not drop as dramatically as in a ground-based lidar. For a 
water-vapour DIAL this advantage is further enhanced by the strong increase 
of the humidity with distance. 

 
2.2 Calibration 
 
In the absence of aerosol and quality problems with the backscatter 

signals, the accuracy of a DIAL system is determined by the accuracy of the 
absorption cross sections as a function of pressure and temperature. For 
ozone and water vapour the state of the art for the cross sections has reached 
a level of about 1 % or better; as could be to some extent also verified by 
atmospheric intercomparisons. This makes the DIAL method particularly 
valuable for long-term measurement series in the free troposphere and the 
stratosphere, where little interference from other trace constituents exists. 
For a well-aligned DIAL system, both the absolute accuracy and the 
precision do not change and, as a consequence, no artificial trends are 
introduced. 

Numerous authors have measured the absorption cross sections of 
ozone in the Hartley-Huggins band system. The differences between the 
most important listings are small, but not at all negligible. The most accurate 
measurements were made by Mauersberger et al. [131] and Barnes and 
Mauersberger [132] at the mercury wavelength 253.7279 nm based on mass-
spectrometrically controlling the decomposition of O3 and the impurities 
during the measurement. The uncertainty of this value is estimated as ±0.7 %. 
Daumont et al. [133] and Malicet et al. [134] carefully remeasured the 
absorption cross section for five different temperatures between 195 and 350 
nm (specified errors: 1.1 to 1.5 %) and critically reviewed the deviations 
from other frequently used data sets. They used pressure and FTIR 
measurements to control the influence of ozone decomposition on the results 
and the absence of impurities. The deviations from the 253.7-nm values by 
Barnes and Mauersberger for the different temperatures are −0.4 % on 
average. The deviations with respect to the results from the also used data 
Bass and Paur [135,136] and by L. and M. Molina [137] can be removed by 
simple rescaling and, in the case of the data by Bass and Paur, also by 
applying a constant wavelength shift. For the more recent values by Yoshino 
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et. al. [138] a bias of 1.9 % and a statistical noise of ±2 % were reported 
[66]. 

The ozone DIAL at Garmisch-Partenkirchen (Germany) has been 
operated with data obtained on request from J. Malicet in 1992 [66]. 
Routinely, comparisons with the in-situ measurements at the nearby 
Zugspitze summit (2962 m a.s.l.), that are accurate to within less than 1 %, 
have been made. In the vertical range around this altitude the far-field 
receiver of the lidar exhibits its best performance. For a selected four-day 
measurement series with constant westerly advection, ensuring the absence 
of orographically induced perturbations between the two measurement sites, 
a standard deviation of 1.6 ppb O3 (about 2.5 % during that period) was 
obtained, with an almost not resolvable bias of +0.35 ppb (about 0.6 %). 

For H2O there have been major discrepancies in the near infrared. 
Older HITRAN versions and the underlying data derived from FTIR 
measurements [139-142], e.g., exhibit deviations of −10 % from precision 
measurements with diode-laser spectrometry by Ponsardin and Browell at 
817 nm [143]. A much better agreement (+3 % deviation from Ponsardin and 
Browell´s line strengts) is found for the work by Schermaul et al. [144,145]. 
These data were very recently carefully re-evaluated by Tolchenov and 
Tennyson [146], including an improved modelling of overlapping lines, and 
are the basis in the near infrared of the latest HITRAN version (2008) [147]. 
The bias of 817-nm HITRAN-2008 cross sections with respect to those by 
Ponsardin and Browell is now just about +1 %, this residual difference, in 
part, also being caused by the differences in line shapes calculated for the 
two sets of parameters. 

The accuracy of the line parameters in Ref. 143 were verified by the 
successful validation of LASE [101,148]. An almost perfect agreement, with 
no resolvable bias, was also established between the ground-based 817-nm 
DIAL at Garmisch-Partenkirchen [113] and the DLR (Deutsches Zentrum 
für Luft und Raumfahrt) air-borne 935-nm DIAL [114,115] during the 
LUAMI (Lindenberg Upper-Air Methods Intercomparisons) campaign in 
2008 [149]. This comparison was carried out using both 817 nm line 
parameters from Ref. 143 and from HITRAN 2008 for the ground-based 
DIAL, and 935-nm HITRAN 2008 parameters for the DLR system. 

 
 
 
 
 



Chapter 2. Tropospheric trace-gas measurements with the differential-absorption… 
  

98 

2.3 Numerical approaches 
 
General algorithm 
 
There are numerous approaches for computing the trace-gas density 

from the “on” and “off” backscatter signals. The general algorithm is: 
 

(1)  Subtraction of the background offset from the backscatter profiles 
(2)  Numerical smoothing of the noisy backscatter profiles 
(3)  Computation of the Rayleigh backscatter coefficients R by 

calculating the air density from radiosonde data or model 
approximations 

(4)  Calculation of the derivative of the DIAL equation and the density 
of the absorbing species (Eqs. 4 or 5) 

(5)  Calculation of the backscatter and extinction coefficients including a 
molecular-absorption correction based on Step 4 

(6)  Calculation of the derivative of the DIAL equation and the density 
of the absorbing species, including a backscatter and extinction 
correction; if the new density differ from that in the previous 
calculation (Step 4) by more than a given tolerance go back to Step 
5. Otherwise, go to Step 6. 

(7)  Numerical smoothing of the density profile 
(8)  Concatenation of density profiles from different data-channels 

combination 
(9)  Minor final smoothing, if necessary 
 
Notes on the algorithm steps:  
(1)  This procedure must be made with particular care because of the 

derivative formation in Eqs. 4 and 5. Minor structures of the back-
ground, e.g., due to electromagnetic interference, signal-induced 
nonlinearities or ringing caused by the detection electronics, result in 
considerable concentration errors.  

(2)  Smoothing can be accomplished in different ways, e.g., by 
calculating arithmetic mean values of neighboring data bins, by 
spline or polynomial fits, or by numerical filtering (see following 
subsection). The raw data should be smoothed only if necessary 
because a really bad signal-to-noise ratio, taking into account that 
excessive smoothing can create biases for some of the approaches. 
In the limit of near-field detection the digital noise dominates and is 
constant as a function of distance r. A constant smoothing interval 
should, therefore, be sufficient. In the limit of far-field detection the 
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single-photon noise becomes more and more important and 
dynamically adjusting the smoothing interval can be considered. 

(3)   See Chapter 1 “Atmospheric lidar signals and retrieval of aerosol 
optical characteristics”. 

(4)  There are several ways of computing the derivative in Eqs. 4 and 5. 
First of all, it is important to note that the logarithm in these 
expressions leads to a significant bias of the derivative in the 
presence of noise due to the asymmetry of the noise in logarithmic 
representation. In the low-signal range, some signals are even 
negative due to the noise. Instead of reducing the noise in Step 2, it 
is advisable to modify the computation by 

,           .    (8) 

Although the derivative can be calculated from the differences for 
neighbouring or more distant data points, approaches based on 
spline or polynomial fits are more elegant. Least-squares fitting of 
polynomials offer the advantage of a straight-forward determination 
of the statistical errors by linear operations involving the covariance 
matrix of the fit [66,150]. Practice has shown that odd-order 
polynomials are superior. This is explained by symmetry consi-
derations and by the fact that the lowest useful order (straight line) is 
odd. 

For a linear fit and equidistant data points the result of the 
fits may be expressed in a rather simple formula, resulting in the 
following solution of the DIAL equation for the ith data point [113]. 
Selecting a fit interval between data point i-k and i+k one obtains 

 ,    ,          (9) 

with        ,  

 r being the size of the range bin of the transient digitizer or photon-
counting system. Application of Eq. 9 allows for a fast computation 
of the derivative, in particular for constant k, when only the sum in 
the numerator must be calculated for each step. 

(5)  See Sec. 2.4. 
(6)  See Step 4. 
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(7)  Numerical smoothing of the retrieved molecular density is superior 
to smoothing the raw data (Step 2), because the smoothing require-
ment can be directly derived from the requirements suggested by the 
quality of the density profiles. In addition, this approach allows 
variable adjustment of the smoothing intervals to observed structures 
in the density profile. 

(8)  If several density profiles are calculated from combinations of 
different data or wavelength channels, the most accurate sections of 
the individual profiles must be extracted and merged into a single 
profile representing the respective measurement. This a-posteriori 
concatenation should be preferred to merging the raw data which 
can produce artifacts. The a-posteriori data concatenation includes a 
quality control. 

(9)  Some final smoothing can be applied if small steps remain in the 
synthesized density profile. 
 
Numerical data smoothing 
 
In this section we briefly present the method applied by Eisele and 

Trickl [151,152]. Details will soon be published. Numerical low-pass 
filtering of data points yi is based on the general equation 

 ,        (10) 

with the smoothed value   and the coefficients 

              , 

fc and fs being the cut-off and sampling frequencies, respectively, and N a 
normalization factor. The interval width is L = 2kr. One general problem 
with numerical low-pass filtering is the occurrence of ringing. This can be 
minimized by introducing window functions wj 

.          (11) 

After comparing several listed window functions a Blackman-type window 
[153] was chosen: 

 .    (12) 
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The best performance was achieved by selecting 

  ,         (13) 

c being the speed of light. The response function obtained for 
applying Eqs. 10  13 with k = 50 is depicted in Fig. 4 together with that for 
a sliding arithmetic mean over 2k + 1 = 101 symmetrically arranged data 
points. A linear least-squares fit is equivalent to the arithmetic mean, but 
requires more numerical operations. These linear operations, though suitable 
for smoothing, are not perfect frequency filters and, therefore, transmit 
residual high-frequency noise. 

If used for evaluating the DIAL equation, a linear fit differs in its 
step response from that shown in Fig. 4 due to the derivative formation. A 
nonlinear response with steeper characteristic is obtained. 

 

Fig. 4. Response functions for filtering a Heaviside step function 
      with a Blackman-type numerical filter and for a sliding  
      arithmetic mean. The application of a 20-MHz transient 
       digitizer is assumed (i.e, 7.4948-m sampling intervals). 
 
Vertical resolution 
 
There has been substantial incoherence about the definition of the 

vertical resolution. Most frequently, the length of an averaging or smoothing 
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interval is taken. This and other kind of approaches can lead to entirely 
different results, as can be deduced from the response functions in Fig. 4. 
The German organization Verein Deutscher Ingenieure (VDI), in its DIAL 
guideline [154], has defined the vertical resolution as the rise of the retrieved 
density, in response to a Heaviside-type density step, from 25 % to 75 % of 
the step height. This corresponds to the more conventional full width at half 
maximum used in the case of isolated features and, therefore, is a reasonable 
choice. For the examples shown in Fig. 4, one obtains vertical resolutions of 
143.69 m (or 19.2 % of the smoothing interval) for the numerical filter and 
378.55 m (50.5 %) for the sliding arithmetic mean. For the evaluation of Eq. 
9, the range resolution is about 35 % of the full range interval 2k r used in a 
single step of the retrieval. 

 
2.4 Aerosol corrections 
 
Ozone 
 
Aerosol layers and optically thin clouds create pronounced artefacts 

in DIAL measurements of ozone. The most important interference is caused 
by the strongly varying particle density, implying in part sharp edges at layer 
boundaries. In this case, an oscillation of the ozone density is introduced by 
the derivative in the backscatter term in Eq. 4. The extinction term is less 
important, but must be considered for visual ranges of roughly less than 30 
km. The basic aerosol correction approach for DIAL measurements of ozone 
was introduced by Browell et al. [155]. The aerosol is derived by an 
inversion of the backscatter signal for the “off” wavelength, e.g., by the 
Fernald or Klett methods [156,157]. By using an estimate or a measurement-
based approach for the backscatter-to-extinction ratio, BP, approximate 
extinction coefficients may be derived from the backscatter coefficient 
[151]. The corresponding properties for the “on” wavelength are most 
commonly estimated from those of the “off” wavelength by assuming 
Ǻngström laws.  

  ,                     .       (14) 

These equations may not be exactly fulfilled in certain wavelength 
ranges, in particular in the UV. However, for backscatter signals of a given 
wavelength pair, they can always be taken for defining coefficients  and  
valid for this pair. 
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The situation is further complicated if the absorption cross section at 
the “off” wavelength is not negligible. In this case the Klett solution K must 
be modified to 

 ,  (15) 

with 
),(),( 2 rPrrX    

and 

,   (16) 

where rref is a reference distance from the system [157]. Initially, this 
solution is based just on a preliminary (first-order) guess of the ozone 
distribution, and a second-order ozone distribution must be derived from Eq. 
4. The solutions for the backscatter coefficient and the ozone density must be 
iteratively refined [66]. BP is mostly assumed to be constant as a function of 
the wavelength. 

From Eq. 4 it is obvious that the aerosol interference becomes low 
for small wavelength differences. However, this results in a small 
differential absorption by ozone and, thus, an elevated uncertainty of the 
retrieved ozone densities. This fact has been frequently ignored in the past 
and ozone DIAL systems with both too long operating wavelengths and too 
small wavelength differences have been built. The steepest part of the 
absorption cross section of ozone is found between roughly 265 nm and 275 
nm. Here, simultaneously a high sensitivity for ozone and the smallest 
interference by the aerosols is obtained. A contour plot visualizing the 
regions for the best wavelength combinations was published by Völger et al. 
[158]. Figure 5 shows one example of a measurement at Garmisch-
Partenkirchen (Germany, lidar laboratory: 740 m a.s.l.) from Ref. 152, 
displaying ozone retrievals across the upper edge of the boundary layer 
together with in-situ measurements at the nearby Wank (1780 m a.s.l.) and 
Zugspitze (2962 m a.s.l.; the two values inserted correspond to times before 
and after the ozone step had moved across the summit [152]) mountain sites 
for comparison. Ozone profiles derived from three wavelength combinations 
are shown: 277 nm and 313 nm, 292 nm and 313 nm, as well as 277 nm and 
292 nm. As expected, the combination of the channels with the longest “on” 
and the longest “off” wavelength yields the highest aerosol-induced error, 
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and the combination with the smallest “on” wavelength and the smallest 
“on”-“off” wavelength difference results in an already rather small 
interference that can be easily corrected. Here, it must be taken into account 
that the results for 292 nm as the “on” wavelength are smoothed more and, 
therefore, exhibit a much lower vertical resolution, which even reduces the 
magnitude of the interference by aerosols. Further details of this figure are 
explained below. 

 
 

Fig. 5. Influence of aerosol gradients on ozone mixing ratios 
retrieved from the signals for three different wavelength 
combinations of the DIAL at Garmisch-Partenkirchen (Germany), 
in comparison with fully corrected ozone profiles [152]: as 
expected the largest error is seen for the combination with the 
longest “on” wavelength. The best performance is obtained for 
the wavelength pair 277 nm – 313 nm after the correction. This is 
due to the high sensitivity of the 277-nm measurements to ozone 
and the better “off” character of the 313-nm data. The results for 
the DUAL-DIAL method [160] reveal that this method is robust, 
but slightly suffer above 3.3 km from the lower sensitivity to ozone 
of the 292-nm data resulting in higher noise. Ozone data for two 
in-situ stations Zugspitze (2962 m) and Wank (1780) for different 
times are given for comparison (for details see Ref. 152). Time is  
         given in Central European Time (CET = UTC + 1 h). 
 
A number of approaches for aerosol corrections have been described 

in the literature. The most attractive schemes are those proposed by Sasano 
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and Nakane [159], Wang et al. [160] and Trickl and Eisele [152]. Sasano and 
Nakano take benefit from the use of a three-wavelength DIAL, with two 
“on” and one “off” wavelength. In this case, three lidar equations are 
available for determining the wavelength dependences. Wang et al. also 
assume three-wavelength operation and present a very simple, robust 
method, named “dual-DIAL technique”, for eliminating the aerosol 
contribution to the calculated ozone density. After linearizing the wave-
length dependences based on Eqs. 14, the ozone density is calculated as the 
difference of two Eqs. 4, one of them being multiplied with a constant factor 
C. Selecting this “dual-DIAL” factor as  

        (17) 

the differences of the correction terms vanish. This approach is applicable as 
long as there is no additional interference such as absorption of the radiation 
by other gases. Additional interferences can be removed by applying a 
different factor C that no longer applies for the aerosols. 

Eisele and Trickl [152] give solutions for the correction terms for 
both two-wavelength and three wavelength DIAL systems. Iterative 
optimization methods based on evolutionary strategies are introduced. In the 
three-wavelength method the optical coefficients are optimized by 
minimizing the difference of the two ozone density profiles retrieved for the 
two independent wavelength pairs. In the two-wavelength method the 
correlation of the derivative of the aerosol backscatter coefficient (see the 
second term of Eq. 4) is minimized. This approach is justified by assuming 
that such a derivative-type distribution, as observed at the edge of an aerosol 
layer, is unlikely to occur in the ozone profile. Both methods work very well, 
but a retrieval of the wavelength dependence of the extinction coefficient is 
not always possible, since the extinction is frequently low and also a very 
high quality of the backscatter signals is required. 

In Fig. 5 also a comparison of methods of Ref. 150 and the dual–
DIAL method is presented. The results of the corrections agree very well, 
apart from tiny differences in smoothing. The dual-DIAL solution suffers 
from the fact that the profiles retrieved for 292 nm, due to the lower 
absorption cross section at this wavelength, are noisier, resulting in 
“oscillations” that are also seen in the ozone profile for the pair 292 nm – 
313 nm. 
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Water vapour 
 
In the case of water vapour, one of the most surprising facts is that, 

despite the possibility of narrow spacing of the laser wavelengths, the 
aerosol contribution re-enters the expression due to the Rayleigh-Brillouin 
line-broadening effects caused by the backscattering [128,129]. Doppler 
broadening of the laser light by the aerosols is much smaller than that for 
Rayleigh backscattering by the atmospheric N2 and O2 molecules. To a good 
approximation, the line shape of the backscattered light is given by: 

 .        (18) 

L is the frequency distribution of the laser light, R the Rayleigh-
Brillouin line shape at distance r, both distributions being normalized to one. 
The distributions are both centred at the laser frequency, . h is part of the 
extinction term of the lidar equation and, thus, enters the calculation for the 
downgoing light. 

The line shape functions yield the factors g and Q in Eqs. 6 and 7 as 
described by Bösenberg [129] in a rather complex manner. One example of 
the correction of a free-tropospheric measurement with slightly elevated 
aerosol is given by Vogelmann and Trickl [113]. Kiemle et al. found that, 
even for aerosol-free conditions, the concentration offset caused by the 
Rayleigh-Brillouin effect at 935 nm varies between 2.9 % at 8 km and 5.2 % 
at 16 km [114], and, therefore, is not negligible.  

 
2.5 Error considerations and validation 
 
Error estimates have been made by a number of groups (e.g., 

[58,103,104,114,161-163]). Error sources are a wrong wavelengths or 
spectroscopic parameters, laser speckle, interference by aerosols or other 
gases, bad optical alignments, wrong optical design in the presence of an 
inhomogeneous optical surface (in particular the detectors [164]), detector 
overload (see Sec. 3.2), fluorescence of optical components (such as 
interference filters next to a detector [66]), electromagnetic interference and 
other electronic problems. 

In a system free of any of these artefacts detection noise remains the 
principal source of error. For a receiver optimized for short distances, 
usually the digitization noise dominates, resulting in a rather constant noise 
amplitude. In channel optimized for longer distances there is a gradual 
transition to photon-counting (or shot) noise. Here, a N−1/2 dependence of the 
noise on the number of counts N is a reasonable approximation. The 
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statistical error can be obtained from an analysis of the data noise. An 
elegant approach is least-squares fitting of a polynomial to the signal ratio in 
Eqs. 4 and 5. Here, the statistical error can be directly calculated from the 
covariance matrix of the fit. If additionally smoothing is applied, the 
computation of the error propagation becomes more complex. 

 
3. Technical layout 
 
3.1 Laser systems 
 
Powerful laser sources have been used or developed for DIAL 

applications. The motivation has been achieving an optimum signal-to-noise 
ratio within a data-acquisition time short enough to account for the 
atmospheric time scales relevant for the observations. For air-borne 
applications a reduction of the measurement time is mandatory due to the 
high speed of the aircraft. High pulse energies are mostly preferred to high 
repetition rates to reach the same average power in order to reduce the 
influence of the solar and some of the instrumental background. 

 
Ozone 
 
A variety of laser sources have been used in ozone DIAL systems. 

Several systems have been based on frequency-doubled dye lasers (e.g., 
[58,59,75]). This is an important approach for measurements within polluted 
air masses because the differential absorption of interfering trace gases such 
as NO2 and SO2 can be minimized. UV pulse energies of up to 80 mJ have 
been demonstrated for such systems [165]. However, the most powerful 
sources of pulsed UV laser radiation are excimer lasers. Uchino et al. 
introduced the XeCl excimer laser, emitting at 308 nm, for the measurement 
of stratospheric ozone [117]. Werner et al. adopted this approach, but added 
a second (“off”) wavelength, 353 nm, by stimulated Raman shifting in a cell 
filled with high-pressure hydrogen [55]. In this way the additional costs for a 
second laser for off are avoided. 

The absorption cross section of ozone at 308 nm is too low for 
achieving reasonable detection sensitivity within the troposphere (see Fig. 
1), due to the much lower ozone density in this part of the atmosphere. 
Therefore, KrF lasers have been used as the primary light source by several 
groups [60,66-70,77,78], in part with a narrow-band oscillator-amplifier 
design. The pulse energies and repetition rates reach up to 500 mJ and 100 
Hz, respectively. Since the emission of KrF laser at 248.5 nm almost 
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coincides with the absorption maximum of O3 (Fig. 1) and, thus, implies a 
significant range reduction, again, stimulated Raman shifting has been used 
for generating additional wavelengths. High conversion efficiencies of 
Raman shifting have been reported that reach up to 46 % and 31 %, 
respectively, for the first- and second-Stokes emission in H2 at 277.1 nm and 
313.2 nm, and 37 % and 15 %, respectively, for the first- and second-Stokes 
emission in D2 at 268.4 nm and 291.9 nm [66]. 

 

Fig. 6. Stationary ozone DIAL at Garmisch Partenkirchen; a 
narrow-band KrF laser system with separate oscillator and 
amplifier is used (linearly polarized, bandwidth 0.2 cm−1, beam 
divergence 0.2 mrad). Abbreviations: BS: 50 % beam splitter, M1 
− M5: mirrors, CM: curved mirror (the diameters of the larger 
mirrors are specified on the drawing). All transmitted optics are 
made of CaF2. 1.1-m grating spectrographs with a spectral 
resolution of 0.3 nm are used for the wavelength separation and  
                    the reduction of the solar background. 
 
An example of a KrF-laser-based ozone lidar system (stationary 

system in Garmisch-Partenkirchen, Germany [70]) is shown in Fig. 6. 400 
mJ from an oscillator-amplifier KrF laser with a bandwidth of 0.2 cm−1, 
linear polarization and a repetition rate of 99 Hz (Lambda Physik, LPX250) 
are split into two beams with equal energy. These beams are focussed into 
H2 and D2 Raman cells (pressures: 3 bar and 11 bar, respectively) and 
recombined, with rather low loss, to transmit radiation at 277.2 nm, 291.9 
nm and 313.2 nm, with a custom-made narrow-band pair of beam combiners 
(Laseroptik GmbH). The linear polarization of the radiation, maintained by 
using CaF2 instead of MgF2 optics, ensures the absence of additional 
emission lines due to rotational Raman shifting [66]. The beam is subse-
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quently expanded to a diameter of more than 0.1 m which limits the beam 
divergence to angles of 0.5 mrad and less, depending on the Raman gas and 
Stokes order. Mirrors 1 to 4 are positioned at large distances from the curved 
output mirror of the laser and the two CaF2 lenses, in order to avoid damage 
on optical surfaces by the weak reflections from the output mirror and cell 
windows. 

In addition to the KrF lasers also frequency-quadrupled Nd:YAG 
lasers have been used (266.1 nm), with UV pulse energies up to 140 mJ. 
These lasers are more compact and avoid the use of corrosive gases, which is 
attractive for mobile ozone lidar systems. Raman shifting yields very high 
first-Stokes conversion efficiencies up to 50 % and 70 % for shifting in D2 
and H2, in that order, and emission at 289.1 nm and 299.2 nm is generated, 
respectively, in part using Ar as a buffer gas [65,71]. The wavelength 
combination 266.1 nm – 299.2 nm is particularly attractive for DIAL 
measurements in polluted air, with ozone mixing-ratio errors of just 0.01 ppb 
per ppb of SO2 and NO2 [71]. However, the maximum vertical range that can 
be achieved with 266.1 nm as the “on” wavelength is roughly 3 km (Sec. 
4.1), thus requiring a separate detection for short and long distances to 
improve the detection dynamics. 

Also N2, CO2 and CH4 have been used as Raman gases [86,119,120]. 
The conversion of laser light by stimulated Raman shifting is rather complex 
and strongly depends on the laser type or model, its beam quality and pulse 
length. The findings of the different lidar groups have been documented in 
many publications (e.g., [60-62,65,66,68,73,76,86,119-125]). 

Three-wavelength operation has become the state of the art. A 
computation of ozone from the signal for different wavelength combinations 
allows for an internal quality control. In addition, interferences may be 
detected and removed. The lidar operation with a Raman-shifted laser source 
provides this possibility in an inexpensive way. However, not all wavelength 
combinations are suitable for ozone measurements in areas with elevated air 
pollution. As mentioned above here is an important advantage of the 
frequency-quadrupled Nd:YAG laser. 

In addition to the frequency-doubled dye lasers and the Raman 
shifted fixed frequency lasers, also optical parametric oscillators (OPOs) 
sum-frequency mixed with 355-nm pump radiation have been used [85]. For 
idler tuning between 282 nm and 323 nm, pulse energies of 16 to 20 mJ were 
reported in Ref. 85. More than 30 mJ of tunable UV light (at 30 Hz) between 
289 nm and 300 nm for an ozone DIAL were reported by Elsayed et al. 
[166], who frequency tripled a Ti:sapphire laser outside the wavelength 
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range of maximum gain. An interesting proposal has been the use of tunable 
UV sources such as Ce:LiSAF, emitting from 284 to 299 nm [167]. 
Recently, as much as 98 mJ have been extracted at 290 nm from 
Ce:LiCaAlF6 [168]. 

 
Water vapour 
 
Due to a particularly wide tuning range in the near IR, covering the 

three band systems of H2O mentioned in the preceding subsection, its high 
output power and its reasonable thermal performance the Ti:sapphire laser 
has become the preferred laser source for DIAL sounding 
[100,109,111,113,169] although also alexandrite lasers and OPOs have been 
used after the end of the dye-laser era [102,103,106,107,110,113-115]. Most 
systems use laser pumping of Ti:sapphire. As a consequence the output pulse 
energies are moderate, and only the air-borne LASE system emits more than 
100 mJ (up to 150 mJ) per pulse [100]. In contrast to the other systems, the 
Zugspitze DIAL uses a flashlamp-pumped Ti:sapphire laser currently 
emitting 250 mJ per pulse, but with potential for much higher pulse energies 
[113,170]. 

In order to avoid line shape corrections, the laser bandwidth must be 
reduced to about one tenth of the absorption line width ( 2 GHz) and less. 
This requires single-longitudinal mode (SLM) operation of the laser. Even 
more importantly, on laser emission outside the absorption line creates a 
bias. Bösenberg estimates that a spectral purity of the laser system of at least 
99.5 % is required for water-vapour measurements with errors less than 3 % 
[129]. The spectral purity is determined by absorption measurements and 
was found to exceed this limit significantly for most H2O DIAL systems. 

Different approaches for achieving SLM operation have been 
reported. The operation of a pulsed SLM Ti:sapphire laser resonator is 
difficult due to the low gain of the material. Therefore, a reasonable 
approach is to seed the Ti:sapphire crystals directly with continuous-wave 
diode lasers [100,169]. This approach, although limiting the wavelength 
tuning range, is particularly important in mobile or air-borne systems where 
an efficient active feedback control of the laser frequencies is needed. For 
the ground-based DIAL system in Hamburg (Germany) [111,169] even 
unattended long-term operation has been demonstrated [116]. The laser 
design is shown in Fig. 7. It features a pulse energy of 30 mJ, a frequency 
bandwidth of 22.5 MHz and a spectral purity (locking efficiency) of 99.95 %. 
The two DIAL wavelengths are emitted in alternating sequence. A special 
“ramp-and-fire” technique is used for stabilizing the two laser frequencies: 
The cavity length is modulated by applying a sine-wave voltage, phase 
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locked to the pump pulse train, to a piezo transducer attached to one of the 
mirrors of the ring cavity. In addition, an offset voltage shifts the sine-wave 
voltage up or down to ensure the correct cavity length at the time of the laser 
shot. 

 

 
Fig. 7. Laser system of the fully automatic water-vapour lidar 
system in Hamburg (Max-Planck-Institut für Meteorologie); 
abbreviations:  OC: output  coupler,  ROC:  radius  of  curvature  
                                               [169]. 
 
In order to overcome the short tuning range of diode lasers, limiting 

a more general applicability of the lidar, the master oscillators of the 
Zugspitze DIAL [113] are two pulsed SLM OPOs in Littman cavity 
configuration (Continuum, Mirage [171]), pumped by a frequency-doubled 
injection-seeded Nd:YAG laser (Continuum, Powerlite 8020). This approach 
combines the advantages of a very wide tunability and of a reduction in the 
number of expensive seed lasers, in particular laser-pumped continuous 
Ti:sapphire lasers that could also provide a large tuning range. On the other 
hand, the use of sensitive pulsed oscillators requires higher passive 
(mechanical and thermal) stability. The OPOs had to be modified for stable 
single-mode operation and clearly exceeds in performance the commercial 
version of the OPO [113]. Pulses next to the Fourier-transform limit were 
obtained: e.g., for near-Gaussian pulses 4.0 ns long, the bandwidth was 
13015 MHz (Fourier limit: 110 MHz). Active frequency locking to a 
precise interferometer system (Cluster, LM007) is used to keep the laser 
frequency in the H2O line centre. 
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3.2 Receiver design 
 
DIAL is a method limited in quality by background photons, 

detection noise and nonlinearities in signal processing. Therefore, in 
practice, the signal-to-noise ratio for the molecules to be detected at long 
distances does not grow infinitely with the telescope size, and a telescope 
diameter of the order of 0.5 m is usually sufficient. By contrast, night-time 
Raman scattering from molecules is background free and, for error-free 
photon counting, directly yields a signal proportional to the number density 
of the molecule of interest. Here, a growing telescope size leads to a 
substantial increase in sensitivity and vertical range. Limitations are given by 
the costs that explode with size and by the growing difficulty in imaging a 
large radiation bundle on to a small detector surface. 

 

Fig. 8. Example of a receiver design, selected for sequential 
transmission of “on” and “off” pulses; abbreviation: D means 
detector; the dashed lines indicate the envelope of a near field 
return that is blocked at the second aperture. As can be seen from 
the crossings of the full and the dashed lines the first exit pupil 
(image  plane  of  the  primary  mirror)  is close to the 99.:1  beam  
                                          splitter.  
 
The signal drop as a function of distance in a DIAL system with a 

good near-field coverage (e.g., fully linear return starting at distances near 
0.2 km) is extreme for the “on” wavelength. In particular, the dynamic range 
of the “on” backscatter signal of a ground-based ozone DIAL system 
covering the boundary layer and altitudes up to about 15 km is eight decades 
and more. As a consequence, a separation of the large dynamic range into 
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near-field and far-field detection is important. This can be achieved either by 
using two separate receivers strongly differing in size, placed at different 
distances from the outgoing laser beam (e.g., Fig. 6 [66,70]), or by optical 
beam splitting (e.g., [71,113]). In the second approach, as indicated in Fig. 8 
[113], the far-field channel receives at least 99 % of the light, and the near-
field return is cut off by an aperture or a blade. Although this method is less 
complex, it requires an excellent pointing stability of the laser beam in order 
to avoid a changing position of the blade with respect to the beam and the 
resulting significant changes in peak signal. 

As pointed out in Sec. 3.1 three-wavelength operation with two “on” 
wavelengths is advisable both for a range extension and for internal quality 
control. In an ozone DIAL the wavelength separation can conveniently be 
achieved by using grating spectrographs or interference filters, given the 
large wavelength spacings (Sec. 3.1). For sequential emission of one or more 
wavelengths the discrimination of the spectral components is achieved by 
temporal switching between different data-acquisition channels. This 
approach is chosen in the example in Fig. 8. Sequential emission is the 
standard for water-vapour DIAL systems due to the high costs for the SLM 
lasers, but has also been applied in a mobile ozone DIAL to reduce 
complexity [71]. 

The selection of optical and electronic components for a DIAL 
system must be made with great care in order to avoid any kind of 
nonlinearity. This is a direct consequence of the density calculation from the 
derivative of the signal ratio. The results of the retrievals sensitively depends 
on systematic errors such as electromagnetic inference or ringing on the 
electronic responses even at a level of less than 50 µV. Optical components 
should be as far away from focal points as possible as in the example of Fig. 
8: for any type of receiving telescope, the imaging of the outgoing laser 
pulse is accompanied by a spatial scan of the focal points from its near-field 
to its far-field position. These scans are absent in image planes of the 
principal mirror. The optical components and, in particular, the detectors 
[164] should be placed as close as possible to one of these planes. The 
curved surfaces of lenses must be anti-reflection coated. 

As also indicated in Fig. 8, narrow-band interference filters should 
be mounted in a widened section of the beam in order to minimize changes 
in transmission angle between the near-field and the far-field light bundle. 
The equivalent change in wavelength should be smaller than the spectral 
structures on the filter transmission curve. 
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An important issue are signal-induced nonlinearities of signals from 
photomultiplier tubes (PMTs) [172-175]. Two effects are relevant, signal-
induced electron emission from a photocathode and overload of the final 
amplification stages in a PMT, the latter leading to a gain change due to the 
high-voltage change for the early amplification stages. Signal-induced gain 
change problems can be reduced by switching the high voltage of one of the 
dynodes to a lower value during the high-signal phase (“range gating”). Also 
a variable-gain solution can be found in the literature [176]. However, the 
cathode-related problems can be only overcome by a careful selection of the 
PMT. The absence of signal-induced nonlinearities for photon counting and 
for analogue detection for output signals up to about 40 mV (for 50  
termination) has been demonstrated [177] for the Hamamatsu 5600 (new: 
7400) PMTs introduced in Refs. 70 and 71. 

In the near IR spectral region avalanche photodiodes (APDs) and pin 
photodiodes are preferred because of the substantial drop in cathode 
sensitivity of the most convenient PMTs above 800 nm. The selection of the 
photodiodes must me made with care. Quite frequently, the capacitance is 
not homogeneous across the entire diode surface which results in slow signal 
components that are difficult or impossible to compensate. Also, low-noise 
pre-amplification is rather hard to achieve. 

Finally, the digital resolution of the transient digitizers used for 
recording the analogue signals must be finer than the detection noise. 
Otherwise, averaged single-bit steps are observed. A solution for minimizing 
imperfections in digitizers is described in Ref. 178. 

 
4. Some research highlights 
 
DIAL measurements have yielded important contributions to 

tropospheric research, starting from air-quality studies and extending to the 
investigation of the impact of long-range transport on the vertical 
distribution of aerosol, ozone and water vapour above specific regions. This 
section focusses on a few highlights from ground-based and air-borne 
measurements. 

Two major mechanisms have been discussed to contribute to 
tropospheric ozone. In recent decades emphasis has been on the growing 
level of air pollution and its impact on the photo-chemical ozone formation 
mainly from hydrocarbons and nitric oxides. Many field experiments have 
been carried out to study the chemical transformation of air masses in and 
downwind of urban or industrial areas (see Refs. 179-190 for some lidar-
related publications and Sec. 4.1). Ozone mixing ratios can rise to more than 
80 ppb even at background sites during so-called “ozone episodes” in 
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summer, with truly hazardous 200 to 300 ppb being reported for some low-
latitude megacities, in particular Mexico City [191-193]. 

The second and most important natural source of ozone is the 
downward transport from the stratosphere in tropopause folds or cut-off lows 
[194]. This mechanism has been responsible for the pre-industrial ozone 
mixing ratios of 10 to 15 ppb [195]. Still, despite strong air pollution due to 
biomass burning at low latitudes in South America and Africa, the 
background ozone values in the southern hemisphere are rather low, of about 
0 to 25 ppb (e.g., [196-200]). Lidar measurements have greatly contributed 
to the investigations of stratospheric air intrusions into the troposphere, the 
significant ozone maxima being an excellent target for vertical sounding. 
This work has initiated a true renaissance of the investigation of strato-
sphere-to-troposphere transport (Sec. 4.2) and, in addition, has yielded 
important contributions to the field of long-range atmospheric transport. 
Aircraft missions with lidar systems have inferred a lot of information on the 
distribution and transport of ozone over remote areas (see some of the above 
citations and Sec. 4.3). 

Water vapour is an important complementary tracer, with elevated 
humidity being characteristic of air from low altitudes and very dry air 
indicating the presence of upper-tropospheric or stratospheric air. Further-
more, water vapour profiles may yield important information on air-mass 
mixing in the free troposphere, an issue not yet fully explored. This is highly 
important since larger-scale models usually overestimate mixing due to their 
coarse grid size that necessitates averaging of properties. 

Vertical profiles of aerosol backscatter coefficients are included in 
any kind of DIAL system. They may be retrieved from the backscatter signal 
for the “off” wavelength. In the case of an ozone DIAL, the sensitivity for 
aerosol is just moderate. This is due to the short wavelengths used, where 
noise from the strong Rayleigh return masks the aerosol signatures to some 
extent. This is quite different for the water-vapour DIAL systems that are 
usually operated at near-IR wavelengths. Aerosol is an excellent indicator of 
boundary-layer air, though not being fully quantitative due to particle loss by 
processes such as rainout. 

 
4.1 Examples for air-quality measurements 
 
In areas with elevated pollutant emissions ozone is formed during 

daytime from precursors, mostly non-methane hydrocarbons (NMHC) and 
nitric oxides. Solar radiation decomposes ozone yielding electronically 
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excited (1D) oxygen atoms that subsequently react with water vapour. This 
mechanism is the most important source of OH radicals in the troposphere. 
The formation of ozone is described in the following simplified reaction 
scheme [201]: 

 
 
 
 
 
 
 

 
    Net: NMHC + 4 O2 + h  2 O3 + CARB, 

 
R denoting hydrocarbon radicals and CARB carbonyl compounds. 

Two ozone molecules are produced for every NMHC oxidized. The cycle of 
NO and NO2 (reactions R3 and R4) does not appear in the net equation. The 
carbonyl compounds may undergo further photochemical reactions that 
eventually lead to additional ozone formation. The ozone production is 
highly nonlinear. Liu et al. estimate from model calculations that more than 
40 ppb ozone can be generated per ppb NO per day under conditions of low 
to 1 ppb NO [201]. For high NO this rate gradually diminishes to 10 per day 
and less. Trainer et al., in an air-quality study for Birmingham (Alabama, 
U.S.A.), found that approximately seven ozone molecules can be formed per 
NOx (= NO + NO2) molecule added by the urban and power-plant emissions 
[202]. 

During the 1995 Southern Oxidants Study in and around Nashville 
(Tennessee, U.S.A.) an air-borne KrF-laser-based ozone DIAL system, 
operated by a team from NOAA (National Oceanic and Atmospheric 
Administration, Boulder, U.S.A.) and NCAR (National Center for 
Atmospheric Research, Boulder, U.S.A.), helped in localizing and mapping 
the high-ozone plumes that preferentially form downwind a source area in 
the presence of wind, but that can also reside over the urban area (with 1.5 
million inhabitants) under conditions of full stagnation [183-185]. We pick 
as an example measurements from July 11, 1995. Before noon the DIAL 
localized the maximum ozone values (up to about 130 ppb) over Nashville, 
at altitudes below 1 km. Later on, as shown in Fig. 9, the zone of high O3 
was shifted about 20 to 50 km to the south west in the presence of the north-
easterly wind. The peak ozone values between 800 and 1500 m reached at 
least 150 ppb, which is far above accepted thresholds for health hazards (of 
the order of 80 ppb). 

NMHC + OH + O2  RO2 

RO2 + NO + O2  NO2 + HO2 + CARB 

HO2 + NO  NO2 + OH 

2(NO2 + h + O2  NO + O3) 

(R1) 

(R2) 

(R3) 

(R4) 
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Fig. 9. Ozone mixing ratios averaged from 800 m to 1500 m a.s.l. 
along a flight track on July 11, 1995, around noon (local summer 
time); a strong enhancement of boundary-layer ozone downwind 
of Nasville (Tennessee, U.S.A.) is seen [183]. The times at the 
turning   points   of  the  flights are given in Central Daylight Time  
                              (CDT, = UTC − 5 h). 
 
If fresh emissions of NO prevail in the composition of NOx this can 

lead to ozone destruction (titration). This could be seen in the plume of the 
2.6 GW Cumberland power plant about 100 km west of Nashville (Figs. 10 
and 11 [185]). The air-borne ozone DIAL overpassed the plume downwind 
from the power plant at various distances during the later morning. Over the 
first 30 km strong ozone depletion to below 10 ppb was registered. At larger 
distances gradual build-up of O3 prevailed. On this day (July 7, 1995), the 
plume stayed within the boundary layer (Fig. 11), which was different during 
a second flight period (July 19, 1995) with different meteorological 
conditions. 
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Fig. 10: Ozone mixing ratios averaged from 500 m to 1000 m 
a.s.l. (left panel) and 1000 m to 1500 m a.s.l. (right panels) along 
a flight track on July 7, 1995, south of the Cumberland power 
plant (Tennessee, U.S.A.) for two flight periods in the morning 
(left and right panels, respectively); along the plume from the 
power plant a pronounced ozone depletion due to titration was 
observed, followed by build-up of ozone further downwind [185]. 
The times at the turning points of the flights are given in Central 
Daylight  
                           Time (CDT, = UTC − 5 h). 
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Fig. 11. Ozone mixing ratios from the lidar measurements during 
the first flight in Fig.10 [185]; in certain parts of the plume 
complete  ozone  depletion  is  seen. The times are given in Central  
                     Daylight Time (CDT, = UTC − 5 h). 
 
If mountains are located within 50 to 100 km from an urban area the 

ozone budget may also be influenced by the orographic wind system 
streaming towards the mountains during daytime. This flow is mainly 
generated by up-valley flows inside the mountains (“valley wind”, e.g., 
[203-205]). This was studied within the VOTALP II (Vertical Ozone 
Transport in the Alps) “Milano” field campaign in 1998, in a joint effort 
together with the PIPAPO (Pianura Padana Produzione di Ozono) air-quality 
campaign around Milano (Italy) [206]. The mobile ozone DIAL from 
Garmisch-Partenkirchen [71] was operated at Barni (Provincia di Como) 
within the first mountain range of the Alps about 40 km north of Milano 
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(Fig. 12) between June 1 and 5, 1998 [207]. On the first four days a day-by-
day increase of the afternoon peak ozone advected from the metropolitan 
area to Barni by the valley wind was observed. During each night the O3 
mixing ratio dropped to roughly 60 ppb due to the reversal of the wind 
direction.  

 

 
 
Fig. 12. Map of the region between Milano (Italy) and the 
Southern Alps; the Swiss border is marked by the dark-green band 
(upper left past). The mobile ozone DIAL from Garmisch-
Partenkirchen [71] was operated at Barni, between the two 
“legs” of Lago di Como, next to the upper end of a valley starting  
   at Erba, a town just touching the first upward step of the Alps. 
 
Fig. 13 shows the situation for the day with the highest ozone 

values, June 4. The behaviour of the ozone rise on the previous days was 
surprisingly similar, including the bimodal profile at 13:36 CET (Central 
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European Time = UTC + 1 h). In the late afternoon 120 ppb of ozone were 
reached, exactly verified by side-by-side measurements with ozone sondes 
launched by a team from the Swiss Paul-Scherrer Institute. This high mixing 
ratio turned out to be the limit for retaining an overlap between the near-field 
and the far-field 266-nm “on” detection channels. No indication of orogra-
phic uplifting by the mountain range was observed during most of the day 
since the lidar was located more on the upwind side of the mountain. 
However, air-borne trace-gas measurements during the campaign showed 
some uplifting on the downwind side. The comparison of the DIAL and the 
sonde measurements also indicates some lifting towards the main part of the 
lake since the boundary-layer height (defined by elevated ozone) grows as 
the sonde drifts northward during its ascent. It is interesting to note that the 
19:10-CET DIAL profile next to the ground would agree with the sonde 
profiles for some average position of the two sonde maxima. 

 

 
 
Fig. 13. Vertical profiles of ozone measured at Barni (Como, Italy, 
see Fig. 12) on June 4, 1998, with the mobile DIAL from IFU 
(Garmisch-Partenkirchen, [71]) and two ozone sondes launched 
at the lidar site by a team from the Paul-Scherrer Institute (PSI, 
Switzerland) at the times specified in the list of curves (sonde 
data: courtesy of J. Keller, PSI). Only 266 nm was used as the 
“on”   wavelength   during  that  campaign. The times are given in  
                 Central European Time (CET, = UTC + 1 h). 
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4.2 Stratosphere-to-troposphere transport 
 
Lidar measurements (e.g., [149,208-222]) have led to a renaissance 

in the investigation of stratosphere-to-troposphere transport (STT), the main 
natural source of tropospheric ozone [194,222]. Full three-dimensional 
mapping of tropopause folds and the related high-ozone air tongues that may 
descend even to the lower troposphere, can be achieved by air-borne DIAL 
measurements of both ozone and water-vapour (e.g., [149,208,215,220]). 
Ground-based DIAL measurements of the same species yield high-resolution 
time series of stratospheric intrusion layers transported across the obser-
vational area (e.g., [209-214,217-219,221,222]). Due to strongly enhanced 
ozone concentrations and very low humidity these features are particularly 
attractive targets for DIAL sounding. Browell et al. even report on lidar 
observations of aerosols caught in an intrusion layer [208], after the El 
Chichon volcanic eruption (1982) had loaded the stratosphere with particles 
that remained there for several years [223,224]. 

 

 
 

Fig. 14. DIAL measurement series of ozone at Garmisch-
Partenkirchen between June 20 and 25, 2001, showing four 
stratospheric air intrusions (S1-S4) characterized by elevated 
ozone; the label USA marks air from the boundary layer in the 
United States, P high-ozone air masses from beyond North 
America (“Pacific”). The vertical arrows mark the special 
downward steps in intrusion S2 mentioned in text. The time scale  
       is given in Central European Time (CET = UTC + 1 h). 

 
Tropopause folding mostly occurs in connection with baroclinic 

waves and upper-level frontogenesis in vicinity of jet streams (e.g., [225]). 
The horizontal distribution of intrusions is rather inhomogeneous [226]. 
Deep intrusions in the Northern Hemisphere originate mostly over the north-
eastern corner of the large continents. Europe is a major receptor region for 
intrusions forming over Labrador and Greenland and their neighbourhood. 
The complexity of intrusion periods can be high, with several stratospheric 
air tongues co-existing in the troposphere over the North Atlantic and 
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Europe [222]. This is, e.g., documented in the case of a measurement series 
with the ozone DIAL at Garmisch-Partenkirchen between June 20 and 25, 
2001 [217,222] (Fig.14) showing as many as four intrusions (labelled as S1 
to S4) within just a few days. Two of the intrusions (S2 and S4) are seen in 
the routine four-day forecast trajectories shown in Fig. 15, S3 is mostly 
hidden by the trajectories for the other intrusions and S1 is not captured at all 
since the intrusion occurred far outside the model domain. The series was 
interrupted on June 22 due to clouds. 

 

 
 
Fig. 15. Selected model forecasts (ETH Zürich [222]) for the 
period of the measurements shown in Fig. 14, based on four-day 
forward trajectories released in the stratosphere at the times 
displayed on the top. The air pressure level, indicating the 
altitude, is colour coded. Only two of the intrusions (S2 and S3) 
are seen. The red labels 1 and 2 denote intrusion types introduced 
in Ref. 220 (anticylonic and cyclonic arrival, respectively, over 
Garmisch-Partenkirchen  from  the  area  covering Greenland and  
                                              Iceland). 
 
This lidar measurement series has provided an excellent basis for 

model validation. Models are used for estimating the vertical exchange 
budgets between the stratosphere and the troposphere. Still, the estimates of 
the net annual cross-tropopause ozone flux are rather uncertain since, in 
principle, a difference of two large numbers must be determined. Also, the 
stratospheric ozone concentration is introduced from assumptions, such as 
proportionality to potential vorticity, rather from observational data. How-
ever, the meteorological data fields underlying many model simulations have 
reached a quality allowing the principal features of single intrusions to be 
calculated. The two most pronounced intrusions in Fig. 14 were well 
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reproduced with the high-spatial-resolution FLEXPART transport model 
([217], Fig. 16). The model was run on meteorological re-analysis data of the 
European Centre for Medium Range Weather Forecast (ECMWF). The good 
agreement, in particular in reproducing the two downward steps in intrusion 
S2 marked by arrows, demonstrates that the meteorological data entering the 
model are quite adequate for describing the stratospheric air tongue. This 
version of the figure shows a better agreement in structure with the 
measurements than that in Ref. 217, which was obtained by averaging over 
two adjacent grid boxes to adjust the vertical displacement of the modelled 
structures, caused presumably by a not resolved orography at the northern 
rim of the Alps. 

 
 
Fig. 16. Simulation with the FLEXPART transport model; the 
rectangular box corresponds to the left panel in Fig. 15. Only 
intrusions S2 and S3 are verified, S1 originating outside the model   
domain   [220]. The  two  downward steps of S2 are nicely  
          reproduced (see circles). The times are given in UTC. 
 
By contrast, a number of Eulerian models tested show lower to 

really bad agreement [222,227]. The reason is that these models have insuffi-
cient spatial resolution, due to covering hemispherical to global scales and 
including air-chemistry calculations. The best result (from a hemispherical 
full-year run with the EURAD chemistry-transport model (CTM)) was 
obtained for the best spatial resolution and shows all four intrusions [222]. 
Apart from the limitation in spatial resolution, the missing information on 
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the hemispheric distribution of lower-stratospheric ozone can lead to 
discrepancies between measured and modelled concentrations. 

 

 
 

Fig. 17. Water-vapour mass mixing ratios and 1064-nm aerosol 
scattering ratio R during a flight of the DLR 935-nm DIAL 
onboard the DLR Falcon aircraft from Germany to the United 
States [220]; the black lines in the upper two panels represent the 
dynamical tropopause height (2 pvu contour of the potential 
vorticity (e.g., [226]); 1 pvu = 10−6 m2 s−1 K kg−1) based on 
ECMWF analyses. The flight path is shown in the lower panel. S1  
                   and S2 are stratospheric air intrusions. 
 
Flentje et al. report on several stratospheric air intrusions they 

mapped with their air-borne 935-nm water-vapour DIAL system of DLR 
during two flights across the Atlantic Ocean [220]. An overview plot from 
the first flight from Oberpfaffenhofen (Germany) to Oklahoma (U.S.A.) is 
shown in Fig. 17. The two intrusions (S1 and S2) intersected during that 
flight can be recognized from the low humidity. A higher-resolution section 
of S1 is shown in Fig. 18, together with simulations of the curling air tongue 
in Fig. 19. The mixing ratios inside, deduced from Fig. 18, vary from less 
than 20 ppm, around 8 km, to about 250 ppm, around 4 km, to compare with 
fully stratospheric values of roughly 5 ppm reflecting a loss in stratospheric 
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nature with decreasing altitude. However, the growing mixing ratio cannot 
be simply explained by mixing of the dry layer with the more humid 
tropospheric air due to a longer travel in the troposphere. The flight 
obviously took place transversally to the streamer that exhibits some strong 
inclination rather than a descent in opposite direction to the flight. As can be 
seen from Fig. 19 the increase in humidity must be explained by the 
transverse behaviour of the stratospheric streamer: the influence of mixing 
with tropospheric air changes across this air tongue. 
 

Fig. 18. Water-vapour mass mixing ratios during the approach to 
Iceland, showing intrusion S1 in more detail. 

 

Fig. 19. Model calculation of the water-vapour mass mixing ratio 
for two times during the flight section shown in Fig. 18, here 
highlighted in red colour. The intrusion starts in the centre of the  
                         top sections of the two figures. 
 

As a matter of fact, the measurements with the free-tropospheric 
water-vapour DIAL at Garmisch-Partenkirchen have revealed relative 
humidity (RH) values of typically 2 % and less inside intrusions, after a 
travel over many thousand kilometres from Greenland to the lidar site. One 
example of a rather thin stratospheric layer with about 1 % RH, shown with 
lower vertical resolution in Ref. 113, is depicted in Fig. 20. The 
corresponding four-day forecast trajectories are displayed in Fig. 21 and 
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reveal a westward turn prior to the arrival at both Munich and Garmisch-
Partenkirchen (roughly 47.5 north). In general the DIAL measurements of 
ozone and water vapour in the Garmisch-Partenkirchen area, together with 
the measurements at the in-situ station Zugspitze (2962 m a.s.l.), give 
evidence that free-tropospheric mixing is very slow. Mixing is clearly 
overestimated in model calculations due to insufficient spatial resolution. 
 

 
Fig. 20. Water-vapour profiles during a stratospheric intrusion 
from the DIAL at the Schneefernerhaus research station (2675 m 
a.s.l., Garmisch-Partenkirchen, 47 N, 11 E) and an RS-92 radiosonde 
ascent in München-Oberschleißheim ([113]) on October 31, 2007. 
     The radiosonde 100-%-RH profile is given for comparison. 
 

 
Fig. 21. Four-day forecast trajectories from ETH Zürich for the 
intrusion shown in Fig. 20; the pressure levels  are colour coded. 
          Both stations are inside the same easterly air flow. 



Chapter 2. Tropospheric trace-gas measurements with the differential-absorption… 
  

128 

 
4.3 Long-range transport of ozone 
 
The lack of clear evidence of air pollution import from other 

continents had been a puzzle for long time. The first observation of 
significant intercontinental transport of ozone, from North America to 
Europe, was made with a lidar in May 1996 [211,213,219]. The difficulty in 
surface observations of North-American ozone over Europe is explained by 
the fact that pronounced layers mostly arrive at altitudes above 3.5 km and, 
therefore, can rarely be detected even at high-lying atmospheric measure-
ment stations in the Alps. Transport over long distances in the moist marine 
boundary layer predominantly leads to a loss of ozone. Therefore, 
observations of ozone from other continents in the lowermost troposphere 
rarely occur [219]. 

A case with particularly clear source-receptor relationship from Ref. 
211 was analysed by Stohl and Trickl (Figs. 22 and 23) [213]. Here, ozone 
formed over the eastern United States during a high-pressure period (up to 
90 ppb) was exported to the Atlantic by a cold front. The warm conveyor 
belt of this cold front lifted the polluted air masses to altitudes above 10 km 
where it was subsequently rapidly transported to Central Europe around a 
high-pressure zone within the jet stream (see backward trajectories in Fig. 
23). At the beginning of the fair-weather period a stratospheric air intrusion 
descended to the Alpine summit levels, indicated by a band of elevated 
ozone. This kind of an “inverted atmosphere” with polluted boundary-layer 
air aloft and stratospheric air near the bottom is characteristic of such an 
episode and has been found in many lidar time series at Garmisch-
Partenkirchen. 

The ozone export from North America may be more complex, with 
contributions from rather different source regions, and the observation of 
North American ozone layers over Central Europe has, in some cases, 
continued over several days. The analysis is further complicated by high-
ozone plumes (80 to 150 ppb, typically between 5 and 10 km) that arrive 
with a delay of about two days with respect to the beginning of the fair 
weather period that were traced back far beyond North America. Recent 
analyses of these rather reproducible dry air masses have revealed a strong 
stratospheric component mostly from shallow STT in the vicinity of the 
subtropical jet stream between North Africa and the Pacific [229]. Some of 
these plumes contain also Asian and North American air pollution. 
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Fig. 22. Time series of tropospheric ozone from lidar 
measurements at Garmisch-Partenkirchen (Germany) on May 28 
and 29, 1997 (revised); simultaneously, ozone import from the 
stratosphere (ST) and the boundary layer over the eastern United  
                          States (USA) is seen [211,213]. 
 

 
 

Fig. 23. FLEXTRA backward trajectories started over Garmisch-
Partenkirchen (asterisk) on May 29 at 9:00 UTC [213]. 

 
The emission of air pollution in East Asia has enormously grown 

during the recent past. However, the observation of Asian plumes over 
downwind continents is impeded by the enormous size of the Pacific Ocean. 
This implies a higher complexity of the transport pathways since more than a 
single air-mass ascent can take pace as that shown for the North Atlantic in 
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Fig. 23. Alternating cyclonic and anti-cyclonic phases can lead to both 
ascent and descents, and North America is not necessarily reached. In 
addition, different air streams merge, such as Asian and stratospheric air 
(e.g., [230]). However, also rapid trans-Pacific upper-tropospheric transport 
has been observed [231]. 

The first observation of Asian air pollution in North America was 
made at the coastal surface station Cheeka Peak (480 m a.s.l.) in north-
western Washington (U.S.A.) in March 1997 [232]. Also trans-Pacific 
transport of significant amounts of dust from the large Asian deserts have 
been reported (e.g., [233]). 

 

 

Fig. 24. Lidar and model time-height sections of ozone during two 
long-distance flights over the Pacific Ocean; the white lines mark 
the flight tracks  [234]. S1  S4 are stratospheric intrusions. The 
                                times are given in UTC. 
 
A great number of large-scale field campaigns have been conducted 

over the Pacific Ocean. The NASA (National Aeronautics and Space 
Administration, U.S.A.) air-borne DIAL systems, in numerous flights over 
different regions of the Pacific, have provided a rich data set on the vertical 
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distribution of ozone, water vapour and aerosol over these remote areas (e.g., 
[13,198,199,234-236]). Here, we show in Fig. 24, as examples, results for 
ozone from two NASA long-distance flights from Hawaii to Guam (flight 5, 
February 27, 2001) and from Japan to Hawaii (flight 18, April 3-4, 2001), in 
comparison with results from calculations with a chemistry-transport model 
(CTM) [234]. 

During NASA flight 5 from Hawaii to Guam (left panels in Fig. 24) 
the DIAL detected a thick layer with up to 80 ppb of ozone from Asia that, 
embedded in low-ozone air, covered a large area over the Pacific between 2 
and 4 km. This layer is nicely reproduced by the model calculation, though 
at lower mixing ratios. The model results are influenced by the emission data 
available, and, due to the rapidly growing level of air pollution in East Asia, 
it is reasonable to assume that the concentrations are underestimated as 
observed. Flight 18 (right panels in Fig. 24) involved two frontal crossings at 
about 23:30 and 4:00 UTC which result in a pronounced variation of low- 
and high-ozone regions. More detailed model analyses for different air-mass 
origins (not shown) reveal continental outflow from Asia of the order of 50 
ppb in and ahead (eastward) of the 23:30-UTC front, at altitudes between 2 
and 10.5 km. Ahead of the 4:30-UTC front, the model results suggest 
continental air between 6 and 10 km. Stratospheric air intrusions (S1 – S4) 
are seen behind the fronts (i.e., on their west side) and towards the end of the 
flight. This example demonstrates the full complexity of the ozone 
distribution over these remote oceanic regions. 

 
4.4 Water vapour in the upper troposphere and the lower  
       stratosphere 
 
In spite of the considerable public debate on the climate impact of 

carbon dioxide, water vapour, due to its atmospheric abundance, is the most 
important greenhouse gas and contributes two thirds of the greenhouse 
effect. Any increase in sea-surface temperature results in additional evapo-
ration and potential amplification of the global warming. On the other hand, 
cloud formation and precipitation could counteract this warming. This 
complex feedback is far from being quantified. 

Lower-tropospheric water vapour prevents radiation in this altitude 
range from being directly emitted to space. As a consequence, cooling is 
governed by the humidity above a few kilometres. Thus, accurate sounding 
of water vapour in the upper troposphere and the lower stratosphere (UTLS) 
has been called for. This is a demanding task for most techniques used for 
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routine sounding of water vapour. Balloon-borne radiosondes, although 
greatly improved in recent years, show limitations at temperatures below 35 
°C (e.g., [237]). The data from microwave radiometers cannot be accurately 
inverted much below 20 km [238]. The same is true also for satellite-borne 
sensors due to the excessive horizontal averaging. 

The DIAL method, in principle, is ideal for reliable long-term water-
vapour measurements in the UTLS due to its stable calibration. Also its 
daytime capability is seen as a plus. However, due to the considerably drop 
in concentration an observational site at least outside the moist boundary 
layer is advisable. Such a system is described by Vogelmann and Trickl 
[113]. By using a 250-mJ/pulse Ti-sapphire laser system and a 0.65-m-
diameter receiving telescope, daytime measurements up to 12 km have been 
demonstrated (e.g., Fig. 20). After improving the laser pulse energy and the 
detection noise, these authors hope to achieve a UTLS sensitivity limit even 
below the stratospheric water-vapour volume mixing ratio of 5 ppm. 

Routine measurements of stratospheric water vapour with a DIAL 
are possible by emitting laser radiation in the stronger 935-nm band system 
of H2O. However, simulations for average mid-latitude conditions show that 
such a programme would require a lidar laboratory at about 7.5 km a.s.l. As 
a consequence, the lidar operation at 935-nm will be restricted to air- [110, 
114,115] or space-borne DIAL systems. 
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