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ABSTRACT

Raman lidar techniques have been developed and demonstrated which provide measurements of meteorological
properties with high spatial and temporal resolution.  The vibrational and rotational Raman lidar signals provide
simultaneous profiles of water vapor, temperature, ozone and optical extinction due to airborne particulate matter.  An
operational prototype Raman lidar instrument was prepared and demonstrated for the US Navy and is now used for
scientific investigations.  It makes use of 2nd and 4th harmonic generated laser beams of a Nd:YAG laser to provide both
daytime and nighttime measurements.  The Raman scatter signals from vibrational states of water vapor and nitrogen
provide robust profiles of the specific humidity in the lower atmosphere. The temperature profiles are measured using
the ratio of rotational Raman signals at 530 and 528 nm from the 532 nm (2nd harmonic) beam of the Nd:YAG laser. In
addition, the optical extinction profiles are determined from the measured gradients in each of several molecular profiles
compared to the molecular scale height. We currently use the wavelengths at 284 nm (nitrogen vibrational Raman), 530
nm (rotational Raman) and 607 nm (nitrogen vibrational Raman) to determine profiles of optical extinction.  The ozone
profiles in the lower troposphere are measured using a DIAL analysis of the ratio of the vibrational Raman signals for
nitrogen (284 nm) and oxygen (278 nm), which are on the steep side of the Hartley band of ozone.  Several data sets
have been obtained during measurement programs and the results from these events have been the subject of recent
investigations.  Examples have been selected to show the new level of understanding of meteorological processes that
is gained from applications of lidar techniques.  These techniques are expected to provide the primary means for profiling
meteorological parameters in the future and should provide the data required to constrain the next generation of real time
forecasting models.

1.  INTRODUCTION

Greatly improved meteorological data products are
needed by the user community for forecasting, for direct
operational support, for validation of next generation
satellite sensors and for constrainment of the next
generation of meteorological models.  The data products
needed cannot be provided by the surface instruments
and  balloon sonde techniques currently in use.  The most
important data products are the profiles of water vapor,
temperature and wind velocity.  The current use of
stations using two or more balloon sondes each day must
be replaced because of several factors: 1) cost, 2)
extremely limited time resolution data products, and 3)
because the disposable battery and instrument package
presents an environmental hazard (primarily recognized
in antarctica where biodegradable materials last for a long
time).  Many profiles each hour can be provided by lidar
rather than the two releases per day typical of the balloon
sondes.  The best solution for meeting the data needs of
the future is the use of remote sensing instruments, such
as lidar and radar techniques.

Important data on a wide range of atmospheric
properties will become available from the set of satellite
instruments planned for the NPOESS program.  However,
none of the satellite instruments can provide the data with
the required vertical resolution of key parameters in the
lower part of the atmosphere.  One of the important
parameters needed to describe the atmosphere is the
height of the planetary boundary layer (PBL), and no
instruments are able to provide this from 
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space with useful accuracy.  Today, there are about three
hundred stations that release two or more sondes each
day to provide the primary data on the lower atmosphere.
The balloon sonde measurements should be replaced
with an automated remote sensing stations which will
automatically record, process, and pass the data products
to a data servers where it will be available to the many
users of meteorological data.  The cost of remote sensing
stations can be amortized in less than two years, based
upon the cost of the disposable instrument package (at
two per day) and the personnel salary saved.

Some of the parameters measured with the lidar are
not considered to be part of the normal meteorological
data set.  However, the ozone profiles and the optical
extinction are potentially valuable additions to the data
set.  As we seek to better understand the air quality
hazards the information contained in these parameters is
very important, even now the metropolitan weather
forecasts frequently include ozone and airborne
particulate matter qualitative forecasts.  The extinction
profiles are important for describing visibility conditions for
air traffic and are part of the important work on
understanding the global climate.  Increasing airborne
particulate matter (PM) reduces the direct and indirect flux
of solar radiation at the surface by initiating more cloud
formation, and that changes the planetary albedo.  The
increase in airborne particulate matter is principally due to
combustion products generated by transportation and
power generation.4  Increases in optical scattering caused
by airborne particulate matter could result in reduction of
global temperature, thus counteracting the increases
expected from the greenhouse effect and contribute to a
complicated non-liner response.  

The goal of upgrading the meteorological data base
by providing several profiles each hour will greatly assist



in observing and forecasting for weather systems as they
track across the continent.  Lidar and radar techniques
currently available can measure the key meteorological
profiles of temperature, water vapor and wind velocity
from the surface through the troposphere.  We have
demonstrated the Raman lidar capabilities to obtain the
water vapor and temperature data from the vibrational and
rotational Raman signals.2,3 The mature development of
the meteorological Doppler radar has demonstrated the
capability to provide wind profile measurements through
the troposphere.4  We will not describe the radar
measurements here but will emphasize the lidar
capability.

The most important meteorological parameters
measured by the Raman lidar are temperature and water
vapor.  Temperature is measured from the distribution of
the rotational Raman intensity.  The specific humidity is
measured from the ratio of the vibrational Raman
radiation scattered by water vapor and molecular nitrogen.
The water vapor is a particularly important tracer of the
tropospheric dynamics and is the best marker of the
thickness of the planetary boundary layer.  Examples from
the results of several investigations will be shown as
examples of the capability of Raman lidar. 

2.  RAMAN LIDAR DESCRIPTION

Raman scattering is one of the processes that occurs
when optical radiation is scattered from the molecules of
the atmosphere.  It is most useful because the vibrational
Raman scattering provides distinct wavelength shifts for
species specific vibrational energy states of the molecules
and rotational Raman scattering provides a signal with a
wavelength shift that depends directly upon the
atmospheric temperature.6  Figure 1(a) shows a diagram
of the vibrational and rotational energy levels that are
associated with Raman scatter.  When a photon scatters
from a molecule, the redistribution of the charge cloud
results in a virtual energy state.  Most of the atmospheric
molecules reside in the ground vibrational level because
the vibrational excitation corresponds to relatively large
energy transitions (tenths of eV), for simple molecules like
nitrogen and oxygen, compared to the thermal energy
available.  Most scattering events result in the return of
the molecule to the ground state and the emitted photon
has the energy of the initial photon plus/minus the random
thermal velocity of the molecule, that is the Doppler
broadening.  A small fraction of the transitions (order of
0.1%) result in giving part of the photon energy to the
molecule, and ending in the first vibrational level (a
Stokes transition).  The emitted photon energy is
decreased by the energy of the vibrational quanta for that
molecule.  For the small fraction of molecules existing in
the vibrational excited level, the unlikely anti-Stokes
transition is possible.  The relative sensitivity of the
scattering from the vibrational and rotational states is
indicated by the scattering cross-section values for
scattering by a frequency doubled Nd:YAG laser at 532
nm shown in Figure 1(b).  The wavelengths of vibrational
Raman back scatter signals from the molecules of the
water vapor and molecular nitrogen are widely separated
from the exciting laser radiation and can be easily isolated

for measurement .7  The ratio of rotational Raman signals
at 528 nm and 530 nm provides a measurement which is
sensitive to atmospheric temperature.8,9  All of the
molecules of the lower atmosphere are distributed in the
rotational states according the  temperature.  By
measuring the ratio scattered signals at two wavelengths
in this distribution, the temperature can be directly
measured.  In order to push the lidar measurement
capability into the daylight conditions, we have used the
"solar blind" region of the spectrum between 260 and 300
nm.  The “solar blind” region is darkened by the
stratospheric ozone absorption of ultraviolet radiation.
Night time measurements are made using the
660nm/607nm (H2O/N2) signal ratio from the doubled
Nd:YAG laser radiation at 532 nm.  Daylight
measurements are obtained using the 295nm/284nm
(H2O/N2) ratio from the quadruple Nd:YAG laser radiation
at 266 nm.  A small correction for the tropospheric ozone
must be applied.  That correction can be obtained from
the ratio of the O2/N2 signals 278nm/284nm, and from this
analysis the ozone profile in the lower troposphere is also
obtained.10  The Raman techniques, which use ratios of
the signals for measurements of water vapor and
temperature, have the major advantage of removing
essentially all of uncertainties, such as any requirement
for knowledge of the absolute sensitivity and non-linear
factors caused by aerosol and cloud scattering.11 Optical
extinction is measured using the gradient of the measured
molecular profile compared with that expected for the
density gradient.  Since the Raman signal is only
scattered from the molecular component of the scattering
volume, and difference in the gradient of the signal from
that expected due to loss from molecular scattering and
absorption can be used to calculate the aerosol
extinction.12-16  

2.1.  Water Vapor Measurements
The water vapor specific humidity, or mixing ratio, are

determined by taking the ratio of the signals from the 1st

Stokes vibrational Raman shifts for water vapor and
nitrogen.  The measurement is made with laser
transmission at visible (532 nm) and ultraviolet (266 nm)
wavelengths.  The visible measurement (660/607) is
available at night and the ultraviolet measurement
(294/284) is available day and night.  The ultraviolet
measurement is limited to the first 3 km of the atmosphere
because of signal loss due to the large scattering cross-
section.  The ultraviolet water vapor calibration value has
remained relatively constant during the past five years,
however the visible sensitivity has shown significant
changes, possibly due to overload the photomultiplier
tube experienced during daylight.  Investigation of the
stability  of the instrument has shown that the variation
between the meteorological balloon sonde water vapor
and the lidar is about ±4%, and this is approximately the
value expected due to the spatial and temporal
differences between the techniques.16



Figure 1.  (a) The energy diagram of a molecule illustrates that the scattering of a photon raises the molecule to a virtual
level which normally decays to ground (V=0) emitting a photon of the same energy as the incident energy, only
broadened by thermal Doppler velocity.  In a small fraction of cases, the return is Raman shifted to the first vibrational
level (V=1), a Stokes shift. The relatively large vibrational energy ()E) compared with thermal energy makes the Anti-
Stokes vibrational transition unlikely, however, the rotational states (J-levels) are populated by thermal excitation,  (b)
The relative intensities of the Stokes  vibrational Raman shifts of oxygen, nitrogen and water vapor are indicated for
illumination of atmospheric molecules with the 532 nm laser.  The expected line widths and the relative rotational states
are indicated.6

Table 2.  The LAPS measurements from Raman scatter signals are summarized.

Property Measurement Altitude Time Resolution

 Water Vapor
  

660/607 Raman
294/285 Raman

Surface to 5 km
Surface to 3 km

Night - 1 min.
Day/Night - 1 min.

Temperature 528/530
Rotational Raman

Surface to 5 km Night
30 min.

Optical Extinction 530 nm 530 nm 
Rotational Raman

Surface to 5 km Night
10 to 30 min.

Optical Extinction 607 nm 607 N 2  - 1st Stokes Surface to 5 km Night - 10 to 30 min.

Optical Extinction 285 nm 285 N 2 - 1st Stokes Surface to 3 km Day and Night 30 min.

Ozone
 

276/285 Raman/DIAL Surface to between 2
and 3 km

Day and Night
30 min. 



2.2.  Temperature Measurements
The rotational states of molecules in the lower

atmosphere are populated according to their collision
velocity distribution and therefore represents the local
temperature. The development of the Raman temperature
profilling provides a useful way to measure temperature
profiles.10-12 The rotational state distribution of the
nitrogen and oxygen molecules is shown in Figure 2.  The
temperature is measured is measured using narrow band
filters centered near 530 and 528 nm.  Since the lower
energy states are depopulated and the higher energy
states are more populated as the temperature increases.

2.3.  Ozone Measurements
The Raman vibrational 1st Stokes shifts from

molecular nitrogen and oxygen are used as the sources
for ozone absorption measurement.  Since the ratio of
these two principal molecular constituents is constant to
within 10 ppm in the lower atmosphere, any variation in
the vertical profile of this ratio can be associated with the
integrated absorption due to ozone.  The only other
species that has been found to be of concern at these
wavelengths is SO2, which we have observed in diesel
exhaust plumes.16,17  Figure 3 shows the location of the
Raman shifted wavelengths on the sloped side of the
Hartley Band.  Using the laboratory measured cross-
sections in a DIAL lidar inversion analysis, the quantity of
ozone can be calculated.6,12  This technique eliminates
the difficult task of tuning and stabilizing the frequency
and relative power of the transmitted wavelengths as
required for typical DIAL measurements.  The fact that the
nitrogen and oxygen molecules scatter a known fraction
of the two Raman wavelengths in each volume element
makes the technique very robust against errors in the
measurement.  

2.4.  Optical Extinction Measurements
The extinction coefficient is made up of components

due to absorption by chemical species and particles, and
scattering by molecules and particles.  The Raman scatter
signals from the major molecular species provide direct
measurements of the optical extinction.  The signal at the
transmitted wavelength exhibits a profile that combines
molecular and particle scattering, and it is difficult to
analyze for significant properties, except cloud height.
However, analysis of the Raman profiles from molecular
scattering signals can provide unique vertical profiles of
optical extinction.  The LAPS instrument measures the
optical extinction profiles from the gradients in each of the
measured molecular profiles, at 607, 530 and 284 nm.
The wavelength dependent optical extinction can be used
to describe changes in the particle size distribution as a
function of altitude.  These measurements can then be
interpreted to determine the air mass parameter and
atmospheric optical density.  Measurements of optical
extinction are based upon gradients in the molecular
profiles, using the N2 vibrational Raman scattering or a
band of the rotational Raman lines.  The calculation is
easily applied to the rotational Raman signal at 530 nm
because it is so close to the 532 nm transmitted
wavelength that no wavelength dependence exists.  By
first calculating the extinction at 532 nm from the 530 nm
path, it is possible to calculate the optical extinction at 607

nm without assuming a wavelength dependance for
aerosol scattering.

Figure 2.  Backscatter cross-sections of the Stokes and
anti-Stokes rotational lines of nitrogen and oxygen
molecules at 30 C.

Figure 3.  The absorption cross-section of the Hartley
band of ozone is shown with the incident and scattered
wavelengths indicated.23

3.  EXAMPLES OF RESULTS

The most interesting results from Raman lidar  is the
multi-dimensional picture of the atmosphere obtained
from the time sequence of profiles.  Figure 4 shows a time
sequence of the temperature data measured on 2 July
1999 during the NARSTO-NE-OPS project in
Philadelphia.  The time sequence indicates a relatively
stable atmosphere during this five hour time period.  The
small variations in atmospheric temperature are typical.
These profiles were calculated each 5 minutes and used
a 30 minute smoothing filter.



Figure 4.  A time sequence of the temperature profiles
from the rotational Raman scatter signals shows typical
small variations in the air parcels advecting past the
vertical lidar beam.

The results in Figure 5 show the variations in water
vapor observed during an 18 hour sequence of 1 minute
profiles (with a 5 minute smoothing filter) as a front
passes through the region on the night of 9-10 July 1999.
As the front approached from the northwest, the water
vapor increased.  During this period of 4-5 hours before
the front arrived, the airborne particulate matter and
ozone were observed to accumulate ahead of the front.
At  0520 UTC (1:20 AM local), the leading edge of the
front moved past the site and the large oscillation in the
height of the boundary layer occurred.  From that time
until the trailing edge of the front past the site at 1400
UTC (10 AM local), the area was buffeted by gusty wind
and rain.  The nighttime data extends to a higher altitude
because the scattering and extinction losses in the UV are
about 16X those at 532 nm.  After the front passes the
region (1400 UTC, 1000 local), the air became much
dryer as the specific humidity dropped by almost a factor
of two.  The detail picture provided by a time sequence of
the water vapor  shows the value of such measurements,
particularly if they were available at several locations.
Since the LAPS instrument is weatherproof, it was able to
operate continuously through the rain periods as the front
moved through the region.

The water vapor measurement is obtained from the
ratio of the Raman scatter signals from water and
molecular nitrogen.  The process of using that ratio
removes most of the uncertainty and produces a robust
measurement.  Figure 6 shows a summary of the
comparison of the lidar results compared with
simultaneous rawinsonde balloons uring early tests on the
USNS Sumner.  A total of 96 rawinsonde balloons were
released and all successful balloon flights are compared
with the lidar results in these figures.  More data points
are shown in the ultraviolet plot because comparisons can
be made during both day and night.  The lidar measures
a vertical profile, while the balloon may drift 10's of
kilometers away by the time it reaches Figure 5.  The time
sequences show the water vapor profiles measured as a

front passes through the region. 

the tropopause and this can result in significant
differences.  The ±4.6 % variation in the visible channels
approaches the expected differences between the sonde
and lidar.  The larger 9% variation in the ultraviolet is due
to larger statistical error from low photon count signal
levels of higher altitude data, and occurs because of the
larger ultraviolet extinction.
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Figure 6.  The average ratio of the lidar signal
(arbitrary units proportional to specific humidity) to the water vapor measurements from each rawinsonde successfully
released from the USNS Sumner. 

Figure 7.  The optical extinction and water vapor measurements on 5 September 1996 on the USNS Sumner show an
increase in optical extinction associated with the evolution of a cloud in the same region with enhanced water vapor. 

The optical extinction profiles are determined from
the gradients in each of the measured molecular profiles,
at 607, 530 and 285 nm. The wavelength dependent
optical extinction can be used to describe changes in the
particle size distribution as a function of altitude for the
important small size particles.  These measurements can
then be used to determine the air mass parameter and
atmospheric optical density.  Measurements of optical
extinction are based upon gradients in the molecular
profiles compared to the molecular gradient expected
from the temperature profile.  Figure 7 shows profiles of
aerosol extinction in a time sequence when a cloud
developed in the same region.  The enhanced water
vapor in an aloft layer is associated with the evolutionary
development of a cloud.  In this case, the cloud is
dissipating as it moves into the local area and produces
a region of enhanced water vapor at the base of the
cloud.

Several interesting examples of results obtained
while in the Gulf of Mexico and along the Atlantic coast on
the USNS Sumner during the period August thru October
1996 are shown in Figures 7 - 11.  Figure 8 shows two
examples of the way water vapor is vertically transported
and entrained into developing clouds.  Each of the white
shadow zones indicate where an optically thick cloud has
developed.  There are several locations in these two
examples where the vertical transport of the water into the
developing cloud is obvious.

The two examples included in Figure 9 includes a 12
hour sequence of an entire night to show the variations
that occur during a relatively stable nocturnal boundary
layer.  The residual layer is disconnected from the
nocturnal boundary layer by the temperature inversion
near 500 meters.  The residual layer displays its own set
of variations and may be changed by transported air.



Figure 8.  A time sequence on 10 September 1996 using the LAPS instrument onboard the USNS Sumner shows several
times when water vapor from the boundary layer is transported up to the base of developing clouds.
Figure Figure 9.  The time sequences of water vapor profiles show the variations of the nocturnal boundary layer during

a period when the residual layer shows development of a moist layer aloft.

Figure 10.   Water vapor and temperature variations shown during an interesting dynamical period.



Figure 11.  The temperature and the water vapor shown for a dynamically active period during the shipboard testing of
the LAPS instrument on the USNS Sumner.  At the time 220-240 minutes, a cloud near 2.5 km is observed.

Figure 12.  Ozone measurements over the ocean typically
show low concentration in the marine boundary layer and
moderate concentrations above, these appear to be
transported from continental regions.

The results shown in Figure 10 depict the kind of
variations that are associated with a very dynamic period.
The early morning period is usually a relatively stable
period but this example shows an unusual degree of
structure in both the water vapor and temperature
distribution.  

The temperature and water vapor profiles shown in
Figure 11 indicate the variations that occur and show the
value of having continuous profiles of the important
atmospheric properties.  When one compares the picture
of the development of meteorological conditions from the
lidar with that obtained from a few balloon sondes per
day, the value of future deployment of lidar instruments
becomes obvious. 

One of the additional sets of profiles available from

Raman lidar is the ozone, see Figure 12.  The results
shown here are typical of the shipboard measurements
since these are obtained some distance from the
production regions for tropospheric ozone.  In this case,
there is essentially no ozone in the marine boundary
layer, below 300 meters.  Above the marine boundary
layer, ozone appears in a layer which was probably
transported from production over the continental land
mass.

4.  SUMMARY

The goal here has been to provide some examples of
the type of meteorological and atmospheric data available
from Raman lidar as an indication of what to expect in the
future when such instruments replace the balloon sonde
as the primary source of data for profiles of
meteorological properties.
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