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Laser Remote Sensing of the Atmosphere 
DENNIS K. KILLINGER AND NORMAN MENYUIC 

Laser beams can be used as long-range spectroscopic 
probes of the chemical composition and physical state of 
the atmosphere. The spectroscopic, optical, and laser 
requirements for atmospheric laser remote sensing are 
reviewed, and the sensitivity and limitations of the tech- 
nique are described. A sampling of recent measurements 
includes the detection of urban air pollution and toxic 
chemicals in the atmosphere, the measurement of global 
circulation of volcanic ash in the upper atmosphere, and 
the observation of wind shear near airports. 

L ASER REMOTE SENSING OF ATMOSPHERIC PROPERTIES 

from a single location is referred to as lidar, an acronym for 
light detection and ranging, and is analogous to radar (1-6). 

In lidar, the projection of a short laser pulse is followed by reception 
of a portion of the radiation reflected from a distant target or from 
atmospheric constituents such as molecules, aerosols, clouds, or dust 
(Fig. 1). The incident laser radiation interacts with these constitu- 
ents, causing alterations in the intensity and wavelength according 
to the strength of this optical interaction and the concentration of 
the interacting species in the atmosphere. Consequently, informa- 
tion on the composition and physical state of the atmosphere can be 
deduced from the lidar data. In addition, the range to the interacting 
species can be determined from the temporal delay of the backscat- 
tered radiation. Lidar has been used to measure the movement and 
concentration of air pollution near urban centers, the chemical 
emission around industrial plants, and atmospheric trace chemicals 
in the stratosphere. Lidar has also been used to measure the velocity 
and direction of winds near storms and airports and to track the 
global circulation of volcanic ash emitted into the atmosphere after 
recent eruptions, such as those at Mount St. Helens and El Chich6n. 
Under optimal conditions lidar can be extremely sensitive. An 
example is the ground-based laser remote sensing of sodium and 
lithium atoms in the stratosphere at ranges greater than 90 km and 
in concentrations as low as a few atoms per cubic centimeter (5). 
More commonly, detection ranges are on the order of a few hundred 
meters to several kilometers and concentration levels on the order of 
parts per million to parts per billion. 

The use of optical backscatter to measure properties of the 
atmosphere is not new, extensive experiments having been conduct- 
ed in the early 1900's with large searchlights. The field of optical 

remote sensing was greatly advanced by the laser, which offers 
several improvements over conventional light sources. These include 
narrow spectral width (<0.01 nm), a frequency or color that is often 
tunable, and high peak power (>lo6 W) available in a short pulse 
(<1 pec)  and in a narrow beam ( < l o  cm in diameter). These 
attributes make the laser an ideal spectroscopic probe of the 
atmosphere. In this regard, a lidar system may be thought of as an 
"activd') remote sensing system since it can illuminate the target 
region, in contrast to a "passive'' optical sensor which detects 
ambient light or thermal emission from the target. 

The applications of lidar systems for the remote sensing of 
atmospheric properties were appreciated soon after the discovery of 
lasers in the early 1960's. Early lidar measurements were made in 
1962 bv Fiocco and Smullin (71 who bounced a laser beam off the 

\ ,  

moon and who also investigated the turbid layers in the upper 
atmosphere; in 1963 by Ligda (8) who used a ruby laser to obtain 
the first lidar measurements of cloud heights and tropospheric 
aerosols; and in 1964 by Schotland (9) who used a temperature- 
tuned ruby laser to detect water vapor in the atmosphere. Progress 
has been continuous since that time, but the discovery of different 
laser sources in the past decade, coupled to improvements in optical 
instrumentation and data processing, has been responsible for the 
recent surge in the number of laser remote sensing systems. This 
improved capability has been accompanied by an increased aware- 
ness of the need to monitor the impact of natural and anthropogenic 
influences on the environment. 

Remote sensing of the atmosphere by optical techniques can be 
accomplished in several ways. One technique involves measurement 
of the absorption spectrum of the atmosphere over a long path 
separating a spectroscopic optical source and a detector (5). Another 
long-path absorption technique uses a configuration, described by 
Hinkley and Kelley (lo), in which a tunable laser source and 
detector are located together and a retroreflecting mirror is placed at 
a distance of several hundred meters; such a system is useful when 
the laser source is weak, since the retroreflector greatly enhances the 
returned radiation. In this article we will primarily be concerned 
with a pulsed lidar system where the laser and detector are located 
together and no retroreflector is used as the target; in this case the 
returned laser radiation is due to backscatter from aerosols or dust in 
the atmosphere or a topographic target such as a hill or trees. 

The authors are at the Massachusetts Institute of Technology, Lincoln Laboratory, 
Lexington, MA 02173-0073. 
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Optical Requirements for Laser Remote 
Sensing 

The physics and optical technology associated with atmospheric 
laser remote sensing encompass atmospheric optical propagation, 
atomic and molecular spectroscopy, digital signal processing, and 
laser technology. In this section we discuss the optical requirements 
for lidar and, in particular, review (i) the presence of transmission 
"windows" in the atmosphere which permit the laser beam to 
propagate through the atmosphere with little attenuation, (ii) the 
identification and relative strength of the various optical interactions 
between an atmospheric species and a laser beam, and (iii) the 
properties of suitable lasers. 

Atmospheric transmission windows. For a laser beam to detect a 
species at a long distance, the beam must not be appreciably 
attenuated by the intervening atmosphere. The output wavelength 
of the laser must therefore lie in a spectral transmission "window" of 
the atmosphere. These windows are shown as clear areas in Fig. 2, 
which shows a low-resolution transmission spectrum of the atmo- 
sphere over the spectral region from the ultraviolet to the mid- 
infrared (15 km) for a path of 300 m (11). The atmosphere has 
regions of strong absorption as well as transmission windows; the 
absorption regions are due primarily to oxygen, carbon dioxide, and 
water vapor, and exhibit finer detail than that shown in the figure. 
The most useful transparent spectral ranges of the atmosphere are 
the visible (0.4 to 0.7 km), near infrared (0.7 to 1.5 km), and 3- to 
5-km and 9- to 13-km regions. Within these spectral regions, the 
laser is not appreciably attenuated except by clouds, and thus remote 
sensing over long distances may be achieved. 

Optical interaction of lasers with atmospheric species. The primary 
influence of the atmosphere on a low-power laser beam is through 
scattering and absorption. Both processes cause an attenuation of 
the beam according to Bouguer's or Beer's law 

I = ~ ~ e - ~  (1) 
where I is the intensity of the optical beam after transmission over a 
distance R, a is the atmospheric extinction coefficient, and I. is the 
initial intensity of the beam. It is possible to express a as a sum of 
terms 

where aRay, a ~ i ~ ,  and aRarnan are the extinction coefficients related 
to Rayleigh, Mie, and Raman scattering, respectively, and aabs  is the 
molecular absorption coefficient (3). Rayleigh scattering is due to 
particles in the atmosphere, such as molecules or fine dust, that are 
much smaller than the optical wavelength, A, of the laser. Mie 
scattering is associated with larger particles such as aerosols whose 
size is on the order of A. Rayleigh and Mie processes are elastic 
scattering: the scattered light is the same wavelength (color) as the 
incident laser beam. Raman scattering is an inelastic interaction of 
the optical beam involving excitation of the energy levels of a 
molecule and reradiation at a different wavelength. Absorption of 
the laser beam is a resonant interaction (direct absorption) leading 
to excitation of the molecule, followed possibly by fluorescence. 

The sensitivity of laser remote sensing is related to the relative 
strength of these optical processes through the "lidar equation." The 
lidar equation (2, 3)  is used to predict the power of the backscat- 
tered signal, Pr, and may be given in the form 

where Pt is the transmitted laser power, R is the range to the target, 
p is the effective reflectivity of the target (assumed to be larger than 
the laser beam), which backscatters the radiation into 7~ steradians, 

Fig. 1. Schematic of a lidar used for laser remote sensing of the atmosphere. 
The backscattered laser radiation may contain spectral information on the 
composition and physical condition of the cloud or the intervening atmo- 
sphere. 

A is the area of the telescope, K is the optical efficiency of the system, 
and exp(-2&) is the two-way atmospheric attenuation of the 
optical beam. The more general form of Eq. 3 contains integrals 
over range, time, and spectral wavelength (6). The target can be 
either a solid reflector, such as a building or trees, or a "distributed" 
reflector consisting of molecules, dust, or clouds in the atmosphere. 
In the latter case, the target reflectivity term, p, is due to Mie, 
Rayleigh, Raman, or fluorescence processes and is thus also related 
to the associated a values. 

The approximate strength of these processes is given in Table 1, 
which lists typical maximum values of p and a for some of the most 
important optical interactions (3, 6). The contribution of the 
scattering processes to both a and p arises because scattering reduces 
the intensity of the laser beam, contributing to extinction, whereas 
the portion of the beam that is scattered by 180" contributes to 
the detected signal, thereby serving effectively as a reflector. Absorp- 
tion contributes only to the extinction coefficient, with no intrinsic 
contribution to p. In Table 1, values are given for p in conjunction 
with absorption, and refer to effective reflectivities arising from 

Table 1. Optical interactions for laser remote sensing of the atmosphere; 
N.A., not applicable. 

optical Spectral Effective? 
interaction range Scatterer tion* ct 

(1 l .4  (km-') 
reflectivity p 

Absorption 
(resonant) 

Scattering (non- 
resonant) 

Rayleigh 

Mie 

Backscatter 
by hard 
targets 

W 
1 
10 

UV 
1 
10 

W 
1 
10 

W 
1 
10 

W-IR 

Atoms, 
molecules 

0 2 ,  N2 

Aerosols, 
fine dust 

Molecules 

Buildings, 
trees, 
dense clouds 

lo-' 10-3 
104 

10-7 10-9 

10-1 10-3 
10-1 
10-2 10-5 

lo-' lo-' 
lo-' 10-9 
10-11 10-13 

N.A. lo-' to 1 

*Attenuation calculated for concentration of 1 aun. tReflectiviy calculated for 
range resolution of 100 m, 1 arm concentration, and isotropic scattering. 
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fluorescence emission of the atom or molecule after it has ab- 
sorbed the incident light (12). Conversely, a topographic target does 
not contribute to signal extinction; instead, the 180" scattered 
portion of the incident beam corresponds to the effective target 
reflectivity. 

In general, the value of p or a may be a complicated function of 
laser linewidth, wavelength, or spectral filtering in the detection 
process, and may exhibit strong resonances. The values presented in 
Table 1 are appropriate to the strong resonance case and are 
appropriate only if the laser spectral requirements are met. The large 
values for a shown for absorption are for the case where the laser 
wavelength is coincident with an absorption line of the molecule; 
off-resonant values of a are orders of magnitude smaller. The 
backscatter and absorption coefficients, in general, depend on 
species concentration, temperature, pressure, and possibly velocity, 
so that lidar can measure one or more of these parameters. Measure- 
ments for all lidar systems are based on changes in the returned 
signal, P,, as a function of wavelength or range, and thus deduce 
information about the physical state of the atmosphere through the 
effect of a or p. 

A wide range of values occur for a and p (Table 1). Since all 
optical processes shown can occur simultaneously, it is important to 
design the lidar system, through judicious choice of laser wave- 
length, spectral filtering, or geomeuy, so that the measurement is 
most sensitive to only one optical interaction. In some lidar designs, 
a and p depend on different optical interactions; in other words, the 
attenuation and backscatter arise from different processes. 

Lidar systems that measure a particular optical interaction have 
been classified as follows: (i) atmospheric backscatter lidar, (ii) 
differential-absorption lidar (DIAL), (iii) fluorescence lidar, (iv) 
Raman lidar, and (v) Doppler lidar. These classifications refer to the 
optical interaction to which the system has been designed to be most 
sensitive. Atmospheric backscatter lidar transmits one laser wave- 
length and detects changes in the backscatter due to the aerosols or 
dust in the atmosphere. DIAL measures the concentration of a 
molecular species in the atmosphere by transmitting two wave- 
lengths, only one of which is absorbed, and detecting the difference 
in the intensity of the returns at the two wavelengths; the backscat- 
ter in DIAL may be from a hard target, or aerosol and dust returns 
as in atmospheric backscatter lidar. Fluorescence lidar uses two 
wavelengths as in a DIAL system and in addition uses spectrometric 
techniques to separate the wavelength-shifted fluorescence signal 
from the strong Rayleigh backscatter in the atmosphere. Raman and 
Doppler lidar uses a single-wavelength laser and sophisticated 
spectrometric detection techniques to spectrally resolve the wave- 
length-shifted signal from the strong background due to Rayleigh or 
Mie scattering. A Raman measurement often detects a wide spectral 
range (-10 nm) containing a number of vibrational-rotational 
Raman-shifted lines, whereas a Doppler measurement detects only a 
very narrow spectral range (-lo-* nm) that encompasses the 
Doppler-shifted backscatter lidar return. Because DIAL, fluores- 
cence, and Raman techniques use several wavelengths that are either 
transmitted by the laser or detected by the lidar system, they provide 
measurements of the absolute concentration of the detected species. 
In contrast, atmospheric backscatter lidar uses a single-wavelength 
laser and single-wavelength detection and is best suited for lidar 
measurements that determine relative changes in the density of a 
known atmospheric species; these relative density measurements 
may, however, be referenced to an absolute value if the lidar is 
calibrated with the use of a standard target. 

Laser sources. The utility of laser remote sensing is dependent on 
several factors, including the availability of lasers with sufficient 
output power and wavelength characteristics to provide an adequate 
lidar signal. Although many lasers provide high power, they often 

Wavelength (pm) 

Fig. 2. Optical transmission of the atmosphere depicting the presence of 
strong absorption bands and transmission %windowsn in the atmosphere. 

----L 
Optical parametric* 

oscillator 
Tunable diode laser * * 

2: I I I I 
0 0.5 1.0 1.0 5 10  15 

Wavelength (pm) 

Flg. 3. Typical values of laser pulse energy as a function of laser wavelength 
tuning range showing the gaps in wavelength coverage of currently available 
lasers; (t) line tunable; (*) continuously tunable. 

lack spectral coverage or tunability, preventing a determination of 
the resonant values of a or p (Table 1) for the particular atmospheric 
species or for the optical parameter of interest. 

This may be better understood on the basis of Fig. 3, which 
presents the output energy per pulse now available from cornrner- 
cially available pulsed lasers of moderate size as a function of their 
wavelength coverage (13, 14). The wavelength tuning range of 
high-power lasers is not complete across the spectral range shown 
and is particularly lacking in the "eye-safe" spectral region (X > 1.4 
km). For remote sensing in the infrared (IR), a minimum transmit- 
ted laser pulse energy on the order of 1 to 10 mJ is required for the 
detection of lidar signals from a hard target at a range of a few 
kilometers, and about 1 J for range-resolved returns from atmo- 
spheric aerosols. These values may be be lowered by one to two 
orders of magnitude if heterodyne detection can be used to detect 
the IR lidar return or if the remote sensing can be conducted in the 
visible or ultraviolet (UV). The detection of lidar atmospheric 
backscatter is much more sensitive in the latter spectral regions 
because detectors less susceptible to noise (such as photomultiplier 
tubes) are available and the atmospheric backscatter is improved in 
the UV-visible as compared to the IR. 

The characteristics shown in Fig. 3 demonstrate why most laser 
remote sensing experiments have used ruby, dye, neodymium: 
yttrium-aluminum-garnet (Nd:YAG), and COz lasers. These lasers 
offer sufficient energy for the detection of atmospheric species at 
moderate ranges, operate at wavelengths that are not appreciably 
attenuated by the atmosphere, and occur in a spectral range where 
several atmospheric constituents have reasonably strong optical 
interactions. Some of the lasers shown, such as Nd:YAG, CO, and 
COz, are line tunable in that they operate only on a limited number 
of discrete lines or wavelengths. The other lasers are continuously 
tunable within the spectral range shown in Fig. 3. Single-wave- 
length lasers are suitable for atmospheric backscatter, Raman, and 
Doppler lidar measurements since the spectral information is ob- 
tained during the detection process with a spectrometer or spectral 
filter. Lasers for DIAL or fluorescence lidar must be tunable, 
however, so that the laser wavelength can match the resonance 
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Longitude 

Fig. 4. Airborne fidar returns as a function of altitude and longitude near the coast of South Carolina on the evening of 27 May 1980 showing the in- 
creased lidar backscatter in a layer near 14 to 16 km due to volcanic material injected into the atmosphere by Mount St. Helens volcano. [Adapted from 
(1611 

1802-1634 ?ST, 1.08 pm, l W e  True tours* 

Fig. 5. Airborne lidar data near Los Angeles showing the vertical density profile of the boundary layer and continental flow of urban haze. [Adapted h m  

wavelength of the optical absorption lines of the molecules or atoms 
beiig detected. This is most important for the remote sensing of 
molecules or pollutants in the atmosphere because most of the 
absorption lines of many important organic species occur in the 
middle IR (2 to 5 pm) and this "fingerprint" s p e d  region does 
not coincide with many high-power, tunable laser sources. Because 
of these considerations, one of the most important goals in the 
h e  application of laser remote sensing is the development of 
new, high-power tunable lasers to cover the s p e d  gaps shown in 
Fig. 3. 

Lidar Atmospheric Measurements 
Each of the five lidar types can be used for the remote sensing of a 

selected variety of aunospheric constituents or parameters. Table 2 
lists some of the constituents and parameters that have been 
measured with lidar. More detail is available in the technical digests 
of several recent lidar conferences (15). 

A-heric backscutter lirlar. Atmospheric backscatter lidar is the 
most common type of lidar system and consists of a nontunable, 
high-power, pulsed laser that is used to measure changes in the 
density or backscam coefficient of the atmosphere that are due to 
particulates, such as aerosols, clouds, dust, or plumes. These armo- 
spheric constituents have relatively large optical scattering cross 
sections and are relatively easy to  detect (Table 1). Such lidars have 
been useful in tracking the turbid effluent and gas plumes from 
industrial smokestacks and have also been used to map out rain, 
snow, ice crystals, and dense clouds in the atmosphere (I). Precision 
measurements of the slight changes in the vertical density of the 
atmosphere have also been made with lidar, fiom which one can 
determine the pressure and temperature of the atmosphere as a 
function of altitude (15). 

Recently, McCormick used a lidar system to track and map out 
the density of volcanic ash emitted into the atmosphere by Mount 
St. Helens and El Chich6n (16). Figure 4 presents data obtained by 
McCormick using an airborne lidar system incorporating a high- 
power, frequency-doubled Nd:YAG laser operating near 0.53 pm 
(16). A thick layer of volcanic ash was detected at an altitude near 16 

krn and was fbund to vary in density and stratification as a function 
of distance. By tracking the cloud of volcanic ash, McCormick was 
able to use the ash as a tracer for global wind and circulation 
patterns. Such data, coupled with IR satellite data, showed the 
kinetics of global atmospheric circulation and tracked the slow 
global mixing of the volcanic ash between the Northern Hemisphere 
and the Southern Hemisphere that occurred the following year. 

Aanosvheric aerosols have also been studied bv lidar in both the 
troposph;re and the stratosphere. Lidar systems h t h  beam-steering 
capabilities have been used by Uthe et al. for three-dimensional 
mapping of the flow of dense &opospheric aerosols (haze) near the 
ocean-land boundary and urban centers (17). An example of such 
measurements obtained near Los Angeles, showing the flow pat- 
terns of urban aerosols, is given in Fig. 5 (17). Such data have 
greatly increased our knowledge of the interplay of air circulation 
and pollution emission and are beiig used to predict the impact of 
emissions near urban centers. 

Atmospheric backscatter lidar has been instrumental in investiga- 
tions of the propagation of a laser beam through the atmosphere. 
These investigations have included the study of complicated scatter- 
ing processes (I)  present under n o d  atmospheric conditions due 
to the statistical distribution and variability of aerosols and scatter- 
ing particles (18). In addition, the effect of multiple scattering has 
been investigated by lidar; multiple scattering is due to optically 
thick clouds that can drastically alter the transmission properties of a 
laser beam from that described by Eq. 1 (19). 

Djfi+tFial-&m lidar. Most lidar measurements that deter- 
mine the concentration of gaseous species in the atmosphere are 
presently made with the DIAL technique (20). This technique uses 
two or more wavelengths to measure the diference in the absorp- 
tion of the lidar signal as the laser frequency is varied between a 
wavelength that is absorbed by molecules in the atmosphere and a 
wavelength that is not absorbed. The method is sensitive because it 
takes advantage of the relatively large value of the "on-resonancen 
absorption coefficient a (Table 1). 

In principle, the concentration of an atmospheric species .may be 
obtained directly fiom Eqs. 2 and 3 on the basis of measurements at 
a single wavelength. However, a concentration determination based 
on Eq. 3 and a single-wavelength measurement requires an accurate 
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knowledge of K, p, a ,  and the geometric factors R and A. In 1 . 2  - 
general, these parameters are either unknown or known with poor - 1 
accuracy. 1.0 - 

The DIAL, technique attempts to overcome this problem by 
measuring the lidar signals at two wavelengths, A and A'. The laser 

o.6 
wavelength A is chosen to coincide with a wavelength strongly ps 
absorbed by the molecule being investigated, while at A' there is F8 - 
little or no absorption. The use of two wavelengths results in two [ .g 0.6 - 

1 0  

equations of the form of Eq. 3, which are then solved simultaneous- s= 

2 ;  
- 

ly for Na, the path-averaged concentration of the absorbing mole- 0.4 - 
cule to yield - - 

Na = 
1 [.(:) + In(:) + 2(a  - al)R] (4) 

0.2 - 
2(ua1 - aa)R r 

where ua is the absorption cross section of the absorbing molecule, 
P is the backscattered signal power normalized to the transmitted 
power (P = PJP,), and the primed and unprimed parameters refer 
to values at the low- and high-absorption wavelengths A' and A, 
respectively (20). In deriving Eq. 4 from Eq. 3, the e-2"R term in 
Eq. 3 has been replaced by e-2("+Naua)R, where a now represents the 
a s k e d  known total attenuation of the atmosphere except that due 
to absorption, and Naua is the attenuation due to absorption by the 
molecule being investigated. 

The advantage of this two-frequency (DIAL) approach is that 
only differences in the various parameters need be considered. For 
this reason the DIAL technique is more commonly used for species 
concentration determination than single-frequency absorption mea- 
surements, despite the added complexity of a dual-frequency lidar 
system. Further simplification can be achieved when the use of 
closely spaced frequencies in a given measurement results in differ- 
ences-of;arget refkctivity (Ap) &d atmospheric background extinc- 
tion (Aa) that are negligibly s m d .  In that case, Eq. 4 reduces to 

The form given in Eq. 5, which greatly simplifies the relation 
between the lidar return ratio and species concentration, is frequent- 
ly assumed in DIAL, measurements, but Eq. 4 must be used in cases 
where either Ap or Aa is nonnegligible. Equation 5 is valid for 
column-content or path-averaged DIAL measurements and is slight- 
ly changed for range-resolved measurements. 

A large number of molecular species have been studied with the 
DIAL technique, and the results of many of these experiments are 
given in the proceedings of recent conferences (15), including 
extensive review articles on DIAL by T. Wikerson and by E. 
Browell. The lidar systems used in these DIAL measurements span 
the frequency range from the UV to the IR  and cover both range- 

Noon 
Time (EDT) 

Fig. 6. C02 DIAL laser remote sensing of atmospheric CO for a path over a 
tr&c roadway. Roadway range, 480 m; lidar range, 500 m. 

resolved (RR) and path-averaged or column-content (CC) measure- 
ments. 

Most DIAL experiments to date have used lidar signals backscat- 
tered from either a retroreflector or topographic targets (trees, 
buildings) to measure the column content of the atmospheric species 
between the laser transmitter and the target. Furthermore, most of 
these experiments have been carried out in the IR, where almost all 
molecul;s of interest have extensive absorption bands. The mole- 
cules investigated in CC DIAL experiments include SO2, NH3, 0 3 ,  
CO, C02,  HCI, H 2 0 ,  NO, N2H4, N20,  and SF6 (4-6, 21). The 
sensitivity of manv of these CC DIAL measurements is on the order 
of a few parts per billion to a few parts per million, with detection 
ranges on the order of several kilometers. As an example, Fig. 6 
shows time-averaged CC DIAL data obtained for the remote 
sensing of CO emitted by automobiles at a range of 500 m with a 
tunable C 0 2  laser DIAL system (22). The increase in CO concentra- 
tion during the morning, lunch, and evening rush hours is evident. 
The sensitivity of the DIAL measurement was approximately 10 
ppb and the temporal resolution was approximately 1 second; the 
CO emission from individual vehicles was easily observed. 

Range-resolved DIAL measurements provide a continuous signal 
as a function of range, based on the backscatter from atmospheric 
aerosols and particulates. As such, RR DIAL measurements have a 
significant advantage over CC DIAL measurements in that they can 
provide a three-dimensional map of the measured species. The major 
difficulty with R R  DIAL is the relatively s m d  backscatter coeffi- 
cient for atmospheric aerosols and particulates compared to that for 

Table 2. Selected list of atmospheric constituents and parameters measured by lidar. Accuracy and ranges given are typical values and depend upon individual 
lidar measurements. 

Constituent 
or parameter Laser type Accuracy Lidar type Range 

ikrn) 

Dust, clouds, volcanic ash, smoke plumes Ruby, Nd:YAG 1 to 10% Atmospheric backscatter 10 to 50 

HzO,03, SO2, NO, NO2, N20, CzH4, Dye, C02, OPO,* Variable, 1 ppb to DIAL, Raman 1 to 5 
CH4, HCI, CO, Hg, SF6, NH3, C02 excimer, Co:MgF2 100 ppm 

OH, Na, K, Li, Ca, Ca+ lo2 to lo7 atoms per Fluorescence 
cubic centimeter 

Temperature, pressure Dye, Nd:YAG 1 K, 5 mbar DIAL, Raman 1 to 30 

Wind speed co2 0.5 mlsec Doppler 15 

*OPO, optical parametric oscillator. 
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Fig. 7. Illustrations of the laser remote sensing of the concentration of 
ethylene near the distillation towers of a refinery. (Left) Isobars of concen- 
tration in increments of 20 ppb. (Right) Corresponding three-dimensional 
plot showing a peak concentration of approximately 150 ppb. [Adapted 
from (27)] 

a hard target. Because of the small backscatter coefficients, most RR 
DIAL measurements have used relatively high-power lasers, or 
sophisticated optical detection techniques suchas photon counting 
or heterodyne detection to increase sensitivity to the backscattered 
signal. In spite of these difficulties, several R R  DIAL measurements 
of atmospheric molecules have been made. These measurements 
include the detection and mapping of SO2 and NO2 in a power plant 
plume (5) ,  SO2 and O3 near urban centers (23), and NO2 emitted by 
a chemical factory (24). Other examples are atmospheric tempera- 
ture and pressure measurements based on absorption lines of oxygen 
near 760 nm (25) and precision measurements of O3 in the upper 
atmosphere (26). These O3 measurements are particularly important 
in light of the recent discovery of a "hole" in the atmospheric O3 
layer near Antarctica and the anticipated use of a similar DIAL 
system by NASA to study this phenomenon. 

Finally, as an example of R R  DIAL measurements, Fig. 7 shows 
data obtained by Rothe using a C 0 2  laser DIAL system (27) which 
measured the concentration of ethylene (C2H4) over the area of a 
refinery. This figure illustrates the three-dimensional mapping capa- 
bilitv of such a svstem. 

Fluorescence lidar. In a fluorescence lidar system, the laser is tuned 
to an absorption line of the species that is to be measured and the 
reradiated fluorescence is detected by selective spectral filtering of 
the returned radiation. The fluorescence radiation mav be at-the 
same wavelength as the excitation wavelength or may be red-shifted 
(have a longer wavelength). In the latter case, a spectrometer or 
narrow-band interference filter is usually used to reject the strong 
Rayleigh backscatter and thus detect only the fluorescence signal. 
The backscatter coefficient for fluorescence is much greater in the 
UV than in the IR (Table 1); this is due to the combined effects of 
absorption cross section (greater in the UV than the IR) and 
radiative lifetime (longer in the IR  than in the UV, which permits 
increased de-excitation due to collisions with ambient molecules). 

Several factors that limit the application of fluorescence lidar for 
remote sensing include problems involving detector sensitivity 
coupled with solar background radiation, which generally reduces 
fluorescence measurements for remote sensing to nighttime investi- 
gations and to wavelengths shorter than 1 km, where photomulti- 
plier detection may be used. In addition, at tropospheric pressures 
an excited molecule will normally undergo several collisions with 
other molecules before fluorescent emission. This quenching of the 
excited molecule severely reduces the fluorescent output, rendering 

it extremely inefficient for most remote sensing applications in the 
troposphere or even in the lower stratosphere. 

In spite of these difficulties, several successful measurements of 
trace atmospheric species have been made with this technique. 
Ground-based visible fluorescence lidar systems have been devel- 
oped by Megie (28) and by Gardner and his colleagues (29) and 
have been used to study alkali metal (sodium, potassium, lithium, 
calcium, Ca+) concentration profiles at altitudes of 80 to 100 km (5, 
28,29). Peak sodium concentrations of about lo3 to lo4 atoms per 
cubic centimeter have been measured in the upper atmosphere; 
potassium concentrations, about an order of magnitude lower, and 
lithium atoms, with peak concentrations of approximately 1 atom 
per cubic centimeter at altitudes near 100 km, have been observed. 
The return signal from sodium atoms is sufficient to serve as a tracer 
to study temperature, eddy diffusion, and the dynamics of the 
wavelike features believed to be due to internal gravity waves and 
tidal effects in the upper atmosphere. 

Another significii application of fluorescence lidar involves the 
study of the hydroxyl free radical, OH.  Although O H  occurs as a 
trace species at very low concentrations (on the order of 0.1 part per 
trillion), it plays an important catalytic role in various atmospheric 
chemistry processes and, together with chlorine and nitrogen ox- 
ides, is involved in the O3 destruction cycle in the atmosphere. 
Airborne measurements of O H  have been made with a laser 
operating at 282 nm (30). Concentrations on the order of lo6 to lo7 
O H  per cubic centimeter were observed, corresponding to approxi- 
mately one part in loi3. These measurements complement the 
extensive inv;stigation of O H  in the stratosphere in which a laser 
induced fluorescence spectrometer was mounted on a balloon-borne 
platform (31 ) . 

Raman scatterin8 lidar. The use of Raman scattering methods for 
remote sensing is-severely limited by the small o p t i d  interaction 
strength for Raman scattering. As a result, this technique is generally 
used with high-energy pulsed lasers, is restricted to the UV or visible 
regions of the spectrum so that sensitive photomultiplier tubes can 
be used for detection. and is most useful for the detection of species 
either at close range or in high concentration in the atmosphere such 
as N2, 0 2 ,  and H 2 0 .  It has a range capability of tens of kilometers 
for the detection of atmospheric-N? but is k i t e d  to about a few 
hundred meters for pollution monitoring. In addition, its sensitivity 
is low (on the order of 100 ppm) as compared with other 
techniques. Despite these shortcomings, Raman scattering has 
several features that have made it a useful remote sensing tool. Its 
most noteworthy feature is that the laser wavelength does not have 
to be tuned across an absorption line since the spectral information 
is given by the frequency shift of the emission, which is independent 
of the laser wavelength. The strength of the scattering, except in 
certain resonance regions, is only weakly dependent on laser wave- 
length, and therefore Raman lidar does not require a particular laser 
frequency as long as the one chosen is effectively free of atmospheric 
interference. 

The Raman-scattered wavelength-shifted spectra are distinct for 
each molecular species, which allows separate analysis of the Raman 
returns from each species. This spectral discrimination can be used 
to advantage by comparing the relative intensity of the returns from 
the molecule that is being detected to the intensity from atmospheric 
N2, whose concentration is known. This ratio approach simplifies a 
Raman lidar measurement by eliminating at&6spheric or-instru- 
mental uncertainties in the lidar equation. 

A wide variety of Raman lidar measurements of atmospheric 
polluting species have been made in regions where their concentra- 
tions are quite high. Reviews of such measurements are given by 
Inaba and Kobayashi (32), who discuss Raman lidar measurements 
of SO2, NO, CO, H2S, C2H4, CH4, and H 2 C 0  present in high 
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concenrration (100 to 1000 ppm) in oiI smoke plumes and automo- 
bile exhausts, at ranges on the order of 30 to 100 m. Another 
application of Raman lidar arises from the fact that the backscattered 
Raman intensity for a given rotational band is strongly temperature 
dependent. This property has been used for the remote measure- 
ment of atmospheric temperature profiles at ranges of over 2 km 
with an uncertainty of less than 22 K. These results are described in 
a review by Cooney of the use of Raman scattering for the remote 
sensing of meteorological properties (33). In recent Rarnan lidar 
experiments, researchers have also studied water vapor profiles near 
the water-atmosphere boundary layer, subsurface ocean temperature 
profiles, and ocean turbidity. Long-range (30 km) measurements of 
atmospheric temperature by means of Raman lidar have also been 
reported (15,34). 

Doppkr lirlar. Doppler shifts in the return lidar signals have been 
used to measure wind velocities and to differentiate between molec- 
ular and aerosol retums in the atmosphere. Although these shifts are 
small (a fractional change in frequency of approximately lo-' for a 
velocity of 1 rn/sec at a wavelength of 10 pm), they can be measured 
by optical heterodyne detection techniques. Heterodyne detection 
involves the optical mixing of the lidar return with another laser 
operating at or near the lidar transmitter wavelength, with detection 
of the difference or beat frequency of the mixed signal. 

Most Doppler lidar measurements have used 10-pm C02 lasers 
because C02 lasers offer high power and stable single-frrquency 
operation (35-36). A review of work in this area, induding a large 
bibliography, has been given by Bilbro (35). Recently, Hall and co- 
workers at NOAA used a C O 2  Doppler lidar to measure the velocity 
and direction of atmospheric wind fields at ranges up to 12 km (37). 
This system has yielded information on boundary layer flow near 
storm gust fronts and wind shears near airports; Fig. 8 shows a plot 
of wind speed and direction measured with Doppler lidar near 
Denver-Stapleton Airport during a storm, showing the presence of a 
wind shear-micmburst (38). Doppler lidar systems have also been 
used to measure aircraft vortices and dear air turbulence. In 
particular, an airborne C02 laser system based at the NASA 
Marshall center has been used to construct two-dimensional vector 
wind fields in the vicinity of the aircraft in fight (39). 

Fig. 8. Doppler Lidar measurement of wind direction and velocity near 
Denver-Stapleton Auport during a storm; the arrow points to the presence 
of a strong, localized downburst-gustfront. [Adapted from (38)] 

Doppler broadening e f f m  have also been used by a University of 
Wionsin group (40) to separate backscattered lidar signals into 
molecular and aerosol components. This distinction can be made 
because the Doppler broadening due to the thermal motion of 
molecules is about two orders of magnitude larger than that of the 
heavier aerosols. The separation is achieved by using a high-spearal- 
resolution Fabry-Perot optical interferometer to separate the Dop- 
pler-shifted molecular and nearly unshifted aerosol lidar returns. The 
system has been used in an aircraft to measure optical depth profiles 
and separate values of the molecular and aerosol backscatter cross 
sections as a function of height to an altitude of 1.6 km. 

Accuracy Limitations 
The accuracy of a lidar measurement is limited to the accuracy 

with which the average value ofthe lidar retums can be determined, 
and is therefore influenced by the statistical fluctuations of the lidar 
signals. These fluctuations are caused by several fictors, including 
detector noise, changes in the propagation and attenuation charac- 
teristics due to atmospheric turbulence, changes in the geometry of 
the lidar beam and target, and variabity in the laser power and 
wavelength. The limitations imposed by detector noise and signal 
fluctuations appear to be the dominant factors determining lidar 
measurement accuracy (20). 

The noise level of the optical detector determines, in part, the 
accuracy or sensitivity of the lidar system; the lidar return signal 
must be greater than this noise level to be measured with precision. 
The ratio of the lidar signal strength and the noise of the system may 
be e x p d  analytically by noting that for a direct-detection lidar 
with a photodiode used for detection of the optical returns, the 
detector voltage signal-to-noise (SN) ratio is given by (5,41) 

SIN = c p r  
[D(P, + PB) + ID + I E ] ' ~  

where PB is the noise associated with the background radiation 
power incident on the detector, ID is the dark current of the 
detector, IE is the equivalent noise current of the detector preampli- 
fier, and C and D are constants related to the signal bandwidth, 
optical wavelength, and detector quantum efficiency. A similar 
equation may be written for heterodyne detection, modified to 
include a local oscillator power term, and for optical detection with a 
photomultiplier tube or avalanche photodiode to indude internal 
gain (6,41). The denominator in Eq. 6 is associated with the shot 
noise of the system and is due to quantum fluctuations of the signal 
and noise currents. As expected, the SIN ratio for diffaent types of 
lidar systems will depend on the noise characteristics of the optical 
detector and on the s p e d  filtering used in the system. It is often 
possible to choose a detector so that only one noise term in Eq. 6 is 
dominant; in this case, one can classify the detection process as 
beiig limited by the individual dominant noise source, such as signal 
shot noise, background noise, or amplifier noise. Optical detection 
in the UV, visible, and near IR (wavelengths up to 1 pm) uses 
photomultiplier tubes that have, under optimal conditions, excep- 
tionally low noise levels, are capable of detecting a single photon of 
light, and are essentially shot noise-limited. Optical detection in the 
middle IR (1 to 10 pm) usually uses semiconductor materials for 
direct detection of the optical radiation; these devices are oftcn 
background noise-limited and have noise levels that arc several 
orders of magnitude higher than photomultiplier tube noise levels. 
Enhanced detection in the middle IR can be accomplished with 
optical heterodyne detection, which is capable of single photon 
detection, but only with a considerable increase in lidar complexity 
due to the addition of another laser used for optical mixing with the 
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lidar returns and, in the case of a DIAL system, the precision 
tunability and tracking of these laser wavelengths. 

The accuracy of a lidar measurement is related to the lidar S N  
ratio shown in Eq. 6 as a0 = (SIN)-', where a0 is the normalized 
statistical standard deviation of the fluctuating lidar returns and is a 
measure of the uncertainty in the estimate of the average value of the 
returns (41). It is well known that the accuracy of a measurement 
can be enhanced by signal averaging and that the S N  ratio or 
accuracy will increase as the square root of the number of pulses 
integrated. This may be expressed analytically as a, = adn'", where 
a, is the standard deviation in the estimate of the mean value of the 
n pulses. This n1I2 improvement in accuracy by signal averaging can 
be anticipated only if the measured returns from successive signals 
are uncorrelated, which means that the statistical properties of all the 
terms in Eq. 6 be temporally random (stochastic). In many lidar 
examples, the dominant noise sources are random and an n1I2 
improvement is observed. Such lidar measurements include, as 
examples, Raman and fluorescence lidar measurements of the upper 
atmosphere, DIAL measurements when atmospheric attenuation 
fluctuations are negligible, and the reduction of speckle (interfer- 
ence) effects in Doppler lidar measurements. 

In some lidar measurements, however, the fluctuations observed 
are not random and are caused by long-term variability in the optical 
properties and attenuation of the atmosphere during the measure- 
ment period. This is often seen in DIAL measurements of the 
atmosphere, especially when the laser beam is transmitted in the 
lower atmosphere so that it is most susceptible to the influence of 
long-term drifts in the composition and temperature of the atmo- 
s~here  near the surface of the earth. Under these conditions the 
statistical distribution and temporal characteristics of the terms in 
Eq. 6 are subject to both random and nonrandom influences, and a 
deviation from the expected n1I2 improvement in the SIN ratio or a, 
is observed (42). An example of this effect is presented in Fig. 9, 
which shows a logarithmic plot of a, as a function of n, the number 
of lidar pulses avera ed, for DIAL data obtained with a C 0 2  laser; 
for comparison, a n" improvement is shown as the straight line in 
the figure. The marked deviation from n1I2 behavior shown in Fig. 9 
indicates the extent to which nonrandom processes may reduce the 
effectiveness of signal averaging. Figure 9 is only one example of this 
observed phenomenon; in fact, the deviation from nU2 behavior 
ranges from zero to values significantly greater than that shown. The 
physical sources of the correlation are believed to be atmospheric 
turbulence and long-term drifts, which lead to temporal changes in 
atmosphere attenuation during the measurement interval. Both of 
these effects would produce nonrandom fluctuations in the atmo- 
spheric attenuation, a, and thus influence the statistical properties of 
n 

In order to better understand the data shown in Fig. 9, we made a 
theoretical analysis to quantify the effect of correlation on a statisti- 
cal ensemble of data, with direct application to DIAL (43). This 
analysis showed that the inclusion of correlation changes the simple 
n-lt2 dependence of a, to 

where pj is the temporal autocorrelation coefficient for a delay time 
j ~ ,  and T is the time interval between successive lidar measurements. 
For stochastic data, pj is zero and Eq. 7 reduces to the n-'I2 form as 
expected. As seen in Eq. 7, the effect of a nonzero value of pj is to 
reduce the improvement in signal averaging. Further DIAL experi- 
ments (43) have shown that Eq. 7 is in excellent agreement with the 
observed DIAL data as presented in Fig. 9. 

Equation 7 can be shown to reduce to a, = a0 pj112 for large n and 

Fig. 9. Measurement ac- 
curacy (percent standard 
deviation) of C02  lidar 
signal returns from a dif- 
fusely reflecting target at 
a range of 2.7 km as a 

\, h c t i o n  of the number 
\ of pulses averaged. The 

, , , , , , , , , , , , redbced accuracy im- 
11  ' I 

1 10 loo 1000 movement relative to 
Number of pulses averaged b-"' behavior is due to 

long-term drifts in auno- 
spheric attenuation. 

nonzero pj. This result shows that a limit exists, independent of n, 
for the improvement in the accuracy of a lidar measurement if 
nonrandom changes occur in the atmosphere during the measure- 
ment interval (43). Equation 7 is valid, in general, for all experimen- 
tal measurements and describes quantitatively the often-observed 
diminished improvement from long-term averaging when nonran- 
dom perturbations are causing changes in the average signal during 
the measurement period. 

Finally, while Eq. 7 does predict the increase in accuracy of a lidar 
measurement through signal averaging, a, can be reduced by 
techniques that reduce either the initial values of a0 or the initial 
value of the correlation coefficient. These techniques (4345)  
include the use of very high repetition rate lasers to increase the 
number of lidar samples collected before the atmosphere changes 
appreciably; the use of dual, nearly simultaneously transmitting, 
lasers for DIAL experiments; and the use of laser wavelength agility. 
Even with some of these techniques, the accuracy of most current 
lidar experiments has been limited to values on the order of a percent 
(that is, a, = 1%) under optimal conditions and to values on the 
order of 1 to 10% under normal atmospheric conditions. 

Future Directions 
Laser remote sensing is a useful tool for probing the composition 

and physical state of the atmosphere and, by means of single-ended 
measurements at a distance, permits measurements at locations that 
cannot be reached with conventional detection methods such as 
chemical or optical point sensors. Although technical limitations do 
exist, in many instances, lidar offers the only realistic measurement 
technique that can detect a physical quantity and produce a three- 
dimensional map of the quantity in real time. 

The future of laser remote sensing appears to be quite promising 
and is dependent upon factors that include (i) the development of 
practical, new, eye-safe laser sources that cover the spectral gaps 
shown in Fig. 4, (ii) further reduction of lidar system complexity, 
cost, and size, and (iii) the future use of lidar techniques in new 
applications. Among the latter are several emerging industrial and 
medical applications that include the use of fiber optics in enclosed 
or hostile environments, the use of airborne lidars for oil, gas, and 
geological exploration, and the exploitation of the long-range 
(>lo0 km) detection capability and wide surveillance potential of 
space-borne laser remote sensing. Examples that are currently being 
explored include (i) the detection of methane gas leaks in a coal mine 
with a diode laser lidar system, (ii) the use of a laser coupled to a 
low-loss optical fiber network to detect methane or natural gas leaks 
in an industrial processing plant, (iii) the Doppler lidar measure- 
ment of global wind fields from a satellite to increase the accuracy of 
weather forecasts, and (iv) the planned use of lidar aboard the 
NASA space-borne Earth Observing System for global temperature, 
water vapor, and pressure measurements. 
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