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ABSTRACT  
 Raman lidar measurements provide profiles of several different tracers of spatial and temporal variations, which are 
excellent signatures for studies of dynamical processes in the atmosphere. An examination of Raman lidar data collected 
during the last four decades clearly show signatures of atmospheric planetary waves, gravity waves, low-level jets, 
weather fronts, turbulence from wind shear at surfaces and at the interface of the boundary layer with the free 
troposphere. Water vapor profiles are found to be important as a tracer of the sources of turbulence eddies associated 
with thermal convection, pressure waves, and wind shears, which result from surface heating, winds, weather systems, 
orographic forcing, and regions of reduced atmospheric stability. Examples of these processes are selected to show the 
influence of turbulence on profiles of atmospheric properties. Turbulence eddies generated in the wind shear region near 
the top of the boundary layer are found to mix into the atmospheric boundary layer. Results from several prior research 
projects are examined to gain a better understanding of processes impacting optical propagation through the many 
sources of turbulence observed in the lower atmosphere. Advances in lasers, detectors, and particularly in high-speed 
electronics now available are expected to provide important opportunities to improve our understanding of the formation 
processes, as well as for tracking of the sources and dissipation of turbulence eddies.  
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1.  INTRODUCTION 
 
The dynamical processes occurring in our troposphere result in many remarkable signatures from the different physical 
process that modify the temperature and density structure, redistribute the species concentrations, and transport clouds 
and aerosols observed in the lower atmosphere. The dynamics in our lower atmosphere is so complicated because of the 
momentum provided by our rotating planet, combined with the orographic forcing of the atmosphere interface, the wide 
range of viscosity and roughness in interactions at the surface, and the daily oscillation of radiative heating, which force 
localized thermal convection. These processes are responsible for generating the planetary waves, weather fronts, gravity 
waves, low level jets, and turbulence eddies. The turbulence eddies result from thermal convection, and from wind 
shears at the surface, at the top of the boundary layer and tropopause layer, and throughout the troposphere wherever 
layers of wind shear occur. The most interesting signatures of the dynamical processes observed with Raman lidar are 
found in the water vapor and the aerosol profiles. In earlier papers, we have examined many processes that result in 
several of the unusual features that can be observed with lidar [1-11]. 

This paper examines the signatures of turbulent eddies and other related dynamical features in the lower troposphere. 
The features that we see in the Raman lidar profiles of water vapor are particularly interesting, because the cell structure 
observed in the water vapor appear to be the eddies expected in regions of turbulence. The water vapor profiles 
measured with Raman lidar provide the highest resolution signatures currently available for observing dynamical 
processes in the lower atmosphere. The lidar measurements of temperature and wind velocity would also be very 
interesting, but these techniques do not currently have sufficient space/time resolution to see the features that we observe 
in water vapor profiles. Standard rawinsonde balloons do exhibit small features in the vertical profiles but the 
measurement resolution in time and space is not sufficient to evaluate the turbulence structure. We have examined the 
interesting higher resolution measurements which can be obtained using tethersonde balloons with an instrument 
package that can be raised and lowered between the surface and about 300 m (limited by wind velocity and FAA rules).  
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Current models for understanding these measurements are based on Kolmogorov’s early classical theory describing 
turbulence, which used the amplitude of fluctuations in the velocity of the atmospheric parcels as its basis. The idea is 
that larger scale dynamical processes provide the momentum and energy for the outer scale of turbulence and these large 
eddies, or turbules, begat smaller ones until the viscosity of the gas at the smallest scales dissipates the energy at the rate  
it is injected into the profile at the largest scale to form the eddy [see 12-16]. The eddies can be formed at large scales by 
several energy transfer processes:  (1) localized thermal convection, (2) the rotational shear induced as wind moves 
atmospheric gases in contact with a surface, or goes around an object, (3) the velocity shear resulting from fast moving 
layers within the free troposphere, and when the faster moving free troposphere interacts with the top of the boundary 
layer, and (4) other types of dynamical process that can impart sufficient momentum into an air volume to form an eddy. 
The scale size of an eddy is determined by the interactions occurring during its initial formation, and is referred to as the 
outer scale of turbulence. Once an eddy is formed, its initial energy/momentum is transferred from this outer scale size to 
smaller scales within an eddy until it arrives at a sufficiently small scale that the ordered whirls of eddies become 
randomized at this inner scale of turbulence, and viscous dissipation of the energy occurs. The cascade of the momentum 
from the outer scale (10s or 100’s of m to kms) to the inter scale (mm to cm) sizes are assumed to be non-dissipative, 
and is referred to as the inertial range of turbulence. The current views of turbulence consider the physical properties of 
the outer scale of turbulence eddies such as the temperature gradient and moisture gradient, which are recognized as 
being most important for optical propagation in describing index of refraction and the phase distortions of wave fronts at 
optical and RF wavelengths, when they encounter turbulence [16-21]. 
 

2.  LIDAR DESCRIPTION 
 
The Laser Atmospheric Profile Sounder (LAPS) is the fifth-generation Raman lidars that have been designed, fabricated, 
and used for research projects, since this work began in the late 1970’s. This research effort was started four decades ago 
at the Air Force Cambridge Research Lab (AFCRL), moved to the Penn State University, in the Department of Electrical 
Engineering and the Applied Research Lab, in the late 1980s, and now resides in the NC State University Physics and 
MEAS Departments for the past seven years. Progress on the developments of commercial lasers, detectors, optical 
filters, and electronics have allowed these five generations of instrument advances. The LAPS instrument was designed 
to make simultaneous use of two of the four possible transmitter wavelengths of an Nd:YAG laser. Most of the 
experiments have been carried out using the 2nd and 4th harmonic wavelengths (532 nm and 266 nm, respectively) of an 
Nd:YAG high-power laser. The detector system for this instrument uses ten photon-counting PMTs, five for each 
wavelength, and each channel includes the dichroic beam-splitters and narrow-band filters needed to select vibrational 
and rotational Raman lines to be studied. The PMTs for the visible channels are only powered during the night to prevent 
overload damage to the individual detectors. The ultraviolet channels are used to collect data during all experiments 
since the signal wavelengths are in the solar-blind UV wavelengths. Even though the laser output power is much lower 
at the 4th harmonic, the signal-to-background advantage provides the most useful way to obtain 24-hr measurements. The 
primary Raman signals collected at both wavelengths usually include the first-Stokes vibrational scatter lines of N2, O2, 
and H2O, and two groups of anti-Stokes rotational lines that are used for temperature profile measurements. One group 
of rotational lines is at lower J-levels near the peak intensity of the rotational Raman scatter, the second group is at 
higher J-levels, and both groups contain a combination of the N2 and O2 lines. The ratio of intensity of the high-J to low-
J rotational lines of the molecules provides a direct measure of the atmospheric temperature. The scattered signal at the 
fundamental laser lines (ΔJ = 0) is often collected using a separate small telescope in a bistatic Rayleigh lidar mode to 
provide a measure of the backscatter ratio.  
 
The N2 vibrational Raman signal is used as a calibration reference for the measurements of water vapor. The profiles of 
major molecular signals (N2, O2, and the group of low-J rotational lines) are used for measurements of the aerosol optical 
extinction.  The gradients in these profiles are compared with the hydrostatic profile calculated using the measured 
temperature profile, together with the surface measurements of temperature and pressure to determine the atmospheric 
density profile. A comparison of the differences in the slopes of the measured molecular profile to the hydrostatic 
profile, after accounting for the lidar two path length travel, is used to find the profile of optical extinction, at that 
wavelength. The optical extinction is the measure of the combined scattering and absorption that occurs between any 
two heights along the profile. The Raman lidar photon counting signals are integrated in bins of 75-meters in height and 
1-minute in time. Profiles of water vapor are obtained from the ratio of signals of vibrational lines of H2O to N2, where 
the N2 profile has been corrected for optical extinction by calculating the atmospheric density using the hydrostatic 
equation with the measured temperature profile, and accounting for the N2 abundance. The profiles are stacked side by 
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Figure 2 shows another set of lidar measurements on the USNS Sumner during nighttime and early morning, along with 
measurements from two rawinsonde balloon releases at the times indicated on the plot of the lidar data. The rawinsonde 
profiles of temperature, wind, and water vapor mixing ratio show the structure of the turbulence eddies, which we 
observe in the lidar data. Note the strong temperature gradient, which is the source of the water spout type of instabilities 
observed in Fig. 1. A comparison of the variation in the magnitudes of the profiles measured by the rawinsonde balloons 
further support the point made above, that the water vapor profiles provide the best signature for turbulent eddies due to 
their amplitude and ability to make sequential measurements. It is interesting that many of the features, such as changes 
in the gradients and inflections show up at the same altitude in the Temperature, Wind, and Mixing Ratio profiles. 

       

Figure 2.  Profiles from lidar and rawinsonde balloons on the USNS Sumner are plotted for two times overlap (see location in the set 
of Raman lidar profiles) to show the relative magnitudes in variations of temperature, wind speed, and water vapor mixing ratio 
(disregard the bottom 200-m of the wind profiles from the moving ship). 

The datasets in Fig. 1 and Fig. 2 demonstrate the importance of water vapor measurements in observing the dynamical 
processes in the marine atmosphere. This idea is also even more important for projects carried out over land surfaces, 
because surfaces contribute additional effects from localized areas of thermal convection and from forcing by orographic 
features and rough surfaces where wind shears generate turbulence. A sequence of one-minute vertical profiles obtained 
in a research program at a field site near Philadelphia during a 36-hr period is presented in Fig. 3. These measurements 
were conducted at a field site (NEOPS) located at the water treatment plant on the Hudson River near the Northeast 
Philadelphia Airport prepared in 1998, and this site was used for summer field measurements each year for seven years. 
Several laboratories collaborated on the field measurements to improve our knowledge of ozone as the effort under the 
North American Research Strategy for Tropospheric Ozone (NARSTO) Program. This particular two-day dataset is used 
to describe our approach for studying the turbulence processes in the lower atmosphere and results from several field 
programs have been published [1, 2, 6, 7, 9, 27-29]. 
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In the 1st panel of Fig. 3, the moist layer entering the panel about midnight shows that it does contain turbulent eddies. 
The layer appears to have been traveling for some time and has characteristics of a faster moving layer, which has the 
capability to generate eddies and perhaps results in some entrainment by the action of shear at the layer boundary. Figure 
4 shows a profile from the sum of 30 profiles at 3 AM LT. The SNR is increased sufficiently to observe the profile to 5-
km altitude, and now the water vapor layer is observed to extend from ~2.5 to 4.0-km. About 4-hr after sunrise, the layer 
descends low enough to begin interacting with the boundary layer near 1.5-km as we see in the 2nd panel of Fig. 3. The 
interaction would cause shear induced turbulence eddies to form and possibly entrain water vapor from the boundary 
layer into decaying eddies carried in the jet.  Once the cooler air from the higher altitudes interacts with the boundary 
layer to form turbules, their temperature will give them negative buoyancy. During the afternoon hours, eddies drift 
downward in the boundary layer and gradually dissipate, or at least become sufficiently small that they cannot be 
discerned with the current lidar resolution. It is expected that eddies will eventually dissipate, and they could distribute 
their water vapor as observed in the 3rd panel that shows the nighttime boundary layer.  
 

 
 
Figure 4.  Adding 30 of the 1-minute files together, the water vapor profile is observed in the upper layer extending from 2.5 to 4-km 
at 03:00 LT. 

The early analysis of turbulence considered the wind velocity as the starting point for developing its theory, but we have 
seen that temperature and water vapor also exhibit the characteristics of turbulent eddies. One additional set of data is 
now considered to answer the question:  Is our present limit of our understanding of turbulence due to the observing 
tools that we use? The argument made here has been that the water vapor profiles measured by Raman lidar paint the 
optimum picture of turbulence, but was that just due to the poorer resolution of the wind and temperature measurements 
by a rawinsonde that was shown in Fig. 2. High resolution wind speed measurements were made by the research group 
of Prof. Richard Clark at Millersville University at the same time as the Raman lidar measurements. Figure 5 shows 
several of the data profiles they made using a cup anemometer and wind vane instrument that was raised and lowered by 
pulley to a large tethered balloon on a 30-min cycle. The slow ascent and descent resulted in high resolution 
measurements in both space and time. These wind measurements only cover the first 300-m, but since that allows 
measurements in the area where turbulent convection builds on clear morning, the data in Fig. 5 should hold the answer. 
And the answer is “yes” when the sequence of eight profiles measured in the tethered balloon are compared with the 
Raman lidar measurements of the turbulence near the surface. The first three profiles before sunrise show little 
variability in the profiles; however the next five profiles show a high variability in the wind profiles, which agrees well 
with the variations observations in the Raman lidar measurements. This demonstrates that careful measurements with 
high resolution sensors are needed to advance our understanding of turbulent eddies in the lower atmosphere. 
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Figure 7.  Four different sets of water vapor profile measurements during afternoon and nighttime conditions are selected to show the 
range of features observed during the Southern California Ozone Study (SCOS) project. These measurements were made at Hesperia 
CA (elevation 1200 m) where the regional conditions force unusual atmospheric features over the high Mojave Desert plateau at the 
north-eastern end of the Los Angeles basin. 
 

SUMMARY AND PLANS 
 
Examples of the measured signatures of dynamics by Raman lidar during three measurement campaigns (USNS Sumner, 
NEOPS, and SCOS) have shown the variety of dynamical processes active in the lower atmosphere. These examples 
point out the value in using high resolution profiles of water vapor as a tracer of the turbulence eddies present in the 
lower atmosphere. Many sets of data have been gathered by our research group over the past four decades, and they 
demonstrate that results from many campaigns contain interesting features which have not yet been fully analyzed, and 
reported, even though these measurements have been analyzed by more than 50 MS and PhD graduate students as part of 
their work degree work. While this research has been reported in their thesis, dissertations, and in more than 150 
publications, the data was not analyzed in a consistent way, and it is not easy to assemble the data from multiple 
campaigns to examine many topics of interest. Our goal is to assemble the data from the campaigns into a common data 
base and prepare a more useful analysis program to provide opportunities for additional investigations using this data, 
and probably making the data base available to the research community. Based on our recent analysis, we also believe 
that a very useful direction for future research involves upgrading one of the earlier instruments with the currently 
available faster electronics, improved detectors, and better optical filter elements, to provide major improvements in the 
space and time resolution for future measurements. 
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