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ABSTRACT 

The authors describe and present early results from the July-August 1996 Lidars in Flat Terrain (LIFT) experiment. 
LIFT was a boundary layer experiment that made use of recently developed Doppler, aerosol backscatter, and ozone 
lidars, along with radars and surface instrumentation, to study the structure and evolution of the convective boundary 
layer over the very flat terrain of central Illinois. Scientific goals include measurement of fluxes of heat, moisture, and 
momentum; vertical velocity statistics; study of entrainment and boundary layer height; and observation of organized 
coherent structures. The data collected will  also be used to evaluate the performance of these new lidars and compare 
measurements of velocity and boundary layer height to those obtained from nearby radar wind profilers. LIFT was a 
companion to the Flatland96 experiment, described by Angevine et al. 

1 • Introduction 

The atmospheric boundary layer (ABL) is "that 
part of the troposphere that is directly influenced by 
the presence of the earth's surface, and responds to 
surface forcings with a timescale of about an hour or 
less" (Stull 1988). Mixing in the ABL can be driven 
by surface heating (free convection) and wind shear 
(forced convection). A capping inversion usually lim-
its the depth of the daytime convective boundary layer 
(CBL) to approximately 1-3 km. The ABL connects 
the earth's surface with the overlying atmosphere. 
Turbulent motions within it control fluxes of heat, 
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moisture, trace gases, pollution, and momentum. 
Study of the ABL is important for reasons ranging 
from improving short-range weather forecasts to un-
derstanding global climate change. Also, we spend our 
lives in this part of the atmosphere. 

The first observations of the ABL were obtained 
primarily using towers, balloons, and kites (e.g., Lewis 
1997). Instrumented aircraft and radar wind profilers 
have been used to reach higher, providing in situ and 
remotely sensed observations throughout the entire 
boundary layer. Examples of boundary layer measure-
ments and instrumentation may be found in Kaimal 
et al. (1976), Lenschow (1970), Young (1988), and 
Angevine et al. (1994). These various measurement 
systems have different advantages and limitations and 
when used together are complementary. The Lidars in 
Flat Terrain (LIFT) experiment used three modern li-
dars and two types of radars to study the CBL and its 
morning and evening transitions. 

LIFT was a companion experiment to the 
Flatland96 experiment described by Angevine et al. 
(1998). Flatland96 used three 915-MHz wind 
profilers, one rawinsonde system, and three enhanced 
surface flux measurement stations (Flux-PAM) and 
focused on the study of the boundary layer top and en-
trainment zone. Flatland96 and LIFT took place close 
to the Flatland Atmospheric Observatory near Urbana, 
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Illinois. The site was chosen because its very flat ter-
rain eliminates the need to account for atmospheric 
structure and motions resulting from nonflat topog-
raphy. LIFT took advantage of the presence of the 
Flatland96 instruments, adding three experimental 
lidars, a scanning Doppler radar, and additional sur-
face instruments for the latter half of the Flatland96 
campaign. The lidars, which were located at a vertex 
of a triangle of radar profilers, included a 2-/nm Dop-
pler lidar, a dual-wavelength backscatter lidar, and an 
ozone DIAL  (differential absorption lidar). The dis-
tance between the radar profilers was approximately 
5 km. 

This report describes the LIFT field experiment and 
shows examples of applications for the lidar measure-
ments collected. In section 2 we present the overall 
goals of LIFT and discuss motivations for the use of 
lidar in boundary layer research. Section 3 describes 
the lidars and additional instruments used in this ex-
periment, and section 4 presents five examples of the 
use of LIFT measurements in boundary layer research. 
The final section summarizes our experience with 
LIFT. 

2. LIFT and lidars  in  boundary  layer 
research 

The capabilities of the three lidars brought to LIFT 
allowed us to set the following measurement objec-
tives. 

1) Evaluate several terms in the boundary layer en-
ergy and ozone budgets, the time evolution of 
boundary layer height, surface sensible heat (tem-
perature) flux, and surface latent heat flux. 

2) Collect statistics of the vertical component of tur-
bulent velocity including variance, skewness, and 
vertical coherence. 

3) Estimate the fluxes of momentum and turbulence 
kinetic energy using the scanning lidar techniques 
of Eberhard et al. (1989) and Frisch et al. (1989). 

4) Measure characteristics of the entrainment zone in-
cluding its depth and the relation between vertical 
velocity and aerosol concentration. 

5) Measure ozone concentration and the vertical flux 
of ozone aloft for comparison with in situ measure-
ments of ozone at the surface. 

6) Observe features of the shallow nocturnal bound-
ary layer with spatial and temporal coverage only 
available with lidar. 

A problem with calibration of the ozone DIAL  has 
delayed analysis for the fifth objective, but analysis is 
under way for the other objectives. 

Additional goals included instrument and tech-
nique intercomparison to better understand the 
strengths and limitations of new remote sensing tech-
niques and to evaluate the performance of the new li-
dars. Comparisons to be made with LIFT data include 

1) radial velocities from the Doppler lidar and radar 
wind profiler, 

2) estimates of heat and momentum flux obtained by 
several techniques, and 

3) the performance of different techniques to measure 
the height of the boundary layer. 

Lidars are relatively new instruments for bound-
ary layer research and have the potential to make 
unique observations. In recent years radar and lidar 
remote sensors have been used to provide a more com-
prehensive view of boundary layer structure and to 
provide spatial and temporal sampling resolution that 
could not be achieved with in situ sensors (Wilczak 
et al. 1996; Cooper et al. 1992). 

There is a growing variety of types of lidar, each 
with different abilities. For example, a Doppler lidar 
can make velocity measurements in clear air with spa-
tial and temporal resolution better than that of radar 
and with areal coverage of several square kilometers. 
In combination with a DIAL  system, ozone or water 
vapor flux profiles can be measured through direct 
eddy correlation (Senff et al. 1996). Eichinger et al. 
(1993) describe two other lidar techniques to measure 
water vapor flux. Methods for using scanning Doppler 
lidar data to obtain turbulence parameters such as to-
tal kinetic energy and momentum flux may also be 
compared with each other as well as with those used 
by radar wind profilers. Eberhard et al. (1989) and 
Gal-Chen et al. (1992) discuss such methods. Long-
term measured fluxes of quantities like heat, moisture, 
and ozone are necessary to further our understanding 
of interactions between the boundary layer, the earth's 
surface below, and the free troposphere above, and 
they are also needed to refine boundary layer param-
eterizations in models (Kiehl 1992). 

Radial velocity comparison may be a key to un-
derstanding the cause of biases documented in mean 
vertical motion measurements from radar wind 
profilers (Nastrom and VanZandt 1994; Angevine 
1997). Profiler winds have often been compared with 
rawinsondes, but lidar offers the possibility to directly 
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compare measured radial velocity (e.g., Mayor et al. 
1997). 

Lidar can complement and extend data from other 
measurement systems. Fast response sensors such as 
sonic anemometers provide long time series and can 
be used to measure fluxes and velocity statistics, but 
unlike lidar they typically are used only in the lowest 
few meters of the ABL. To measure mean properties, 
these sensors must operate for many hours as convec-
tive eddies advect past. Lidars have some of the same 
strengths as radar wind profilers, but they measure 
different quantities. Different types of lidar can mea-
sure velocity or concentrations of aerosols, ozone, or 
water vapor. Lidars also complement instrumented air-
craft that can sample a large number of eddies in a short 
time but are very expensive to operate. Furthermore, 
profiles of turbulence statistics from aircraft require 
flight legs at several altitudes acquired at substantially 
different times. In summary, lidar strengths can in-
clude good sampling in time and space, the ability to 
probe well above the surface layer, moderate cost, and 
measurement of many quantities. Flux measurements 
at higher altitudes also have the advantage of repre-
senting a larger footprint and so implicitly integrate 
surface fluxes over a larger area (Horst and Weil 1994). 
Lidar measurements can be limited by the presence of 
optically thick clouds and precipitation or due to in-
sufficient backscatter when "clean" (low aerosol con-
centration) conditions prevail. 

Lidar data are uniquely suited to initialize and vali-
date large eddy simulations (LES). For example, 
Avissar et al. (1998) utilize 4D volume imaging lidar 
data to validate an LES and Liou and Lilly  (1997) use 
a combination of C02 Doppler lidar data and LES to 
study a CBL with a jet. Much work remains to be done 
in the area of validating models with lidar observations 
and using both tools together to better understand at-
mospheric processes. 

3. Instruments  at LIFT and Flatland96 

There were three relatively new lidars present at 
LIFT: the 2-̂ am wavelength high resolution Doppler 
lidar (HRDL), which is capable of providing profiles 
of vertical velocity when staring vertically and wind 
speed, direction, turbulent kinetic energy, and momen-
tum flux when scanned; the Staring Aerosol Backscat-
ter lidar (SABL), which measures aerosol backscatter 
at two wavelengths and can provide detailed measure-
ments of boundary layer height; and an ultraviolet 

wavelength DIAL,  which measures profiles of ozone 
concentration and can be combined with HRDL data 
to derive profiles of vertical ozone flux. These lidars 
and supporting instruments are described below. 

a. High resolution Doppler lidar 
HRDL is a unique Doppler lidar that measures ra-

dial velocity as well as backscatter strength at an eyesafe 
wavelength. It employs coherent detection that com-
bines a Tm:Lu YAG laser transmitter, developed at the 
National Oceanic and Atmospheric Administration's 
(NOAA) Environmental Technology Laboratory 
(ETL), with advanced signal processing and a high-
speed hemispheric scanning system. The laser is in-
jection seeded and diode pumped. HRDL operates at 
a wavelength of 2.022 /jm and generates ~1 mJ pulse-1 

at a 200-Hz pulse repetition frequency. The pulsewidth 
is -200 ns (equivalent to a range resolution of -30 m). 
Signals are processed using 12 C-40 digital signal pro-
cessors and are displayed in real time. The technology 
is described in greater detail in Grund (1996). 

HRDL is typically housed in a specially modified 
standard shipping container (seatainer) that is conve-
nient for shipping and for operations at sea. For LIFT 
the system was installed in a larger National Center 
for Atmospheric Research (NCAR) supplied trailer 
that also served as a field operations headquarters. The 
lidar itself is compact and lightweight, and modifica-
tion for aircraft operations is planned. 

Data acquired in HRDL's first field deployment 
suggest it can achieve simultaneously 5 cm s_1 veloc-
ity precision and 30-m range resolution (Grund 1997) 
in the marine boundary layer—about an order of mag-
nitude improvement over prior C02 laser-based tech-
nologies (Mayor et al. 1997). At the time of LIFT, the 
laser energy had degraded considerably, reducing the 
signal-to-noise ratio and lowering the velocity mea-
surement precision. We attempted to maintain a high 
transmit power by cooling the laser crystal, but this 
often resulted in condensation on the crystal, which is 
potentially harmful to it. As a solution, we blew dry 
nitrogen around the crystal to keep it dry. The laser is 
being redesigned to improve field performance. 
Despite low aerosol backscatter conditions prevailing 
during much of LIFT, HRDL performed well, and 
velocity precision during LIFT is estimated to be 
-25-35 cm s_1 for typical 1-s averages. 

b. Staring aerosol backscatter lidar 
SABL provides vertical profiles of aerosol back-

scatter with very high temporal and spatial resolution 
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(up to 20 Hz and 3.75 m). Aerosol concentration can 
be used to indicate the altitude of the top of the ABL, 
and SABL is also well suited for profiling through thin 
cirrus clouds or observing the edge of an optically 
thick cloud. It was designed to be compact and rug-
ged, and it is capable of measurements from airborne, 
shipboard, or ground-based platforms. 

SABL uses a Nd: YAG laser with a doubling crys-
tal to transmit 15-ns pulses of green (50 mJ pulse-1) 
and infrared (75 mJ pulse-1) light at up to 60 Hz. 
Backscatter from atmospheric aerosols is collected by 
a 14-in. Cassegrain telescope and detected by a photo 
multiplier tube in the green channel and an avalanche 
photodiode in the infrared channel. These signals are 
digitized by two 40-MHz digitizers. 

SABL has been deployed aboard an NCAR re-
search aircraft, but LIFT was the first ground-based 
deployment for this instrument. A scanner assembly 
for SABL is planned. The instrument performed reli-
ably during LIFT; however, a problem was uncovered 
with the receiver electronics for the green wavelength. 
A correction is being developed for the LIFT dataset and 
the receiver will  be upgraded for future deployments. 

c. UV-dijferential absorption lidar 
The NOAA ETL ground-based ozone DIAL  pro-

vides profiles of ozone concentration and aerosol 
backscatter from near the surface to 2-3 km above 
ground. Three wavelengths in the near-ultraviolet, at 
266, 289, and 355 nm, are generated through up-
conversion and Raman shifting of the output from a 
flashlamp-pumped Nd: YAG laser. During LIFT, the 
lidar transmitter was operated at a repetition rate of 
10 Hz. The atmospheric return signals of the three 
DIAL  channels are collected with a 20-cm telescope, 
separated by a series of dichroic beam splitters, and 
then amplified with photomultipliers. The photomul-
tiplier output is digitized at 10 MHz for 266 and 
289 nm and 16 MHz for 355 nm. To collect data from 
near the surface to about 3 km the ozone DIAL  sys-
tem uses a multibeam transmitter: three lidar beams 
are emitted into the atmosphere at different lateral 
distances with respect to the receiving telescope. The 
355-nm channel, which is not absorbed by ozone, pro-
vides the aerosol concentration information. The 266 
and 289 wavelengths both lie within the Hartley-
Huggins absorption band of ozone; 266 nm is close 
to the center, while 289 nm is at the wing of the ab-
sorption band. Due to their difference in ozone absorp-
tion the 266- and 289-nm pair can be used to 
determine ozone concentration along the lidar beam 

path. The DIAL  technique is described further in the 
appendix. The fairly large separation of the 266- and 
289-nm wavelength pair makes it necessary to correct 
for differential backscatter and extinction due to air 
molecules and aerosol particles. This is done by a 
method similar to that first used by Browell et al. 
(1985). Typical vertical resolution (after averaging) 
is 90 m for ozone concentration and 10 m for aerosol 
backscatter during a 30-s integration period. More in-
formation on the technical details of the ozone DIAL 
can be found in Zhao et al. (1994). 

Preliminary analysis of the DIAL  data from LIFT 
has revealed systematic errors in the derived ozone 
profiles in the lowest 1 km. The multibeam transmit-
ter design of this lidar requires calibration measure-
ments to correct for changing overlap between the 
three transmitted beams and the field of view of the 
receiving telescope in the lower part of the measure-
ment range. Apparently, during the LIFT campaign, 
characteristics of the transmitter changed enough be-
tween calibration measurements to cause these sys-
tematic errors in the ozone profiles. Depending on the 
timescale of system parameter drifts, the ozone con-
centration fluctuation measurements needed for the 
eddy correlation flux retrieval may also be subject to 
systematic errors. Currently we are investigating pos-
sible data correction schemes prior to the flux retrieval 
and we are assessing the remaining errors in the flux 
estimates due to system parameter drifts. We are also 
exploring methods to stabilize the beam overlap for 
future experiments. 

d. Additional instruments 
In addition to the three lidars, Flatland96 and LIFT 

included supporting measurements from a scanning 
3-cm wavelength Doppler radar (Wurman et al. 1995), 
a triangle of UHF boundary layer wind profilers of the 
type described by Carter et al. (1995), three Flux-PAM 
surface measurement stations (Militzer et al. 1995), 
and a series of Cross-Chain Loran Atmospheric 
Sounding System (CLASS) rawinsonde soundings 
(Lauritsen et al. 1987). 

The 3-cm wavelength Doppler on Wheels (DOW1) 
weather radar was used to observe the mesoscale con-
vective structure around the LIFT site. This radar, 
which is a mobile, pulsed Doppler radar, was collo-
cated with the lidars. Its beamwidth is ~1.2° and the 
gate spacing used was nominally 75 m. DOW1 was 
primarily operated in surveillance mode (scanning in 
azimuth with a fixed elevation angle) to provide in-
formation on both the boundary layer and deep con-
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vection within 25 km of the LIFT site. The larger-scale 
convective structure was obtained from GOES-8 sat-
ellite imagery. Visible and infrared images were 
archived every 15 min (visible images during the day-
time only) throughout the project. 

Positioning of the three wind profilers is described 
in Angevine et al. (1998). One profiler (part of an 
NCAR Integrated Sounding System; see Parsons et al. 
1994) was collocated with the LIFT site. These 
915-MHz radars were usually configured to provide 
a wind and virtual temperature profile every 30 min. 
Backscatter strength, proportional to the refractive 
index structure parameter C*, can provide a signature 
(local maximum) at the boundary layer top and can 
be used to measure boundary layer height zr The 
profiler scan sequence used all four oblique beams, 
making the dataset suitable for measurement of mo-
mentum flux (e.g., Shaw and Zhong 1994). During 
limited periods the profiler beam pointing sequence 
was followed by HRDL (limited to the five available 
profiler pointing directions) to evaluate the relative 
performance of these instruments. There were also 
several periods of continuous vertical staring, which 
provided vertical velocity variance at the expense of 
horizontal winds and also periods of continuous tem-
perature profiling, from which direct vertical tempera-
ture flux may be measured (Angevine et al. 1994). 
Measurements from surface meteorological stations 
and approximately 100 CLASS rawinsondes are also 
available from Flatland96 to provide context for the 
lidar measurements. 

4. Data and science examples 

The LIFT experiment took place from 26 July to 
22 August 1996. Data were collected only on days 
with good anticipated CBL development. A typical 
day started before sunrise by operating the Doppler 
lidar in a shallow elevation or azimuth scan mode to 
study the nocturnal and transitional boundary layer. 
This provided vertical cross sections of radial air 
motion that often showed nocturnal low-level jets. 
Elevation scans were generally oriented along and 
across the mean wind direction, showing details of the 
streamwise and cross-stream wind components and 
their turbulent fluctuations. Forty-six hours of data 
were collected in this mode. After sunrise, shallow 
mixing could be seen in the scans. Shallow scans were 
continued until midmorning when the mixed layer 
rose above the Doppler lidar's minimum range of 

-350 m. At this time, HRDL was either pointed ver-
tically to study fluxes and velocity statistics (110 h), 
or repeated azimuth scans were begun for turbulence 
parameter and momentum flux measurement (47 h). 
Uninterrupted vertical pointing or azimuth scanning 
was typically continued until after sunset. Ten hours 
of instrument comparison scans (following the pro-
filer beam sequence) and several hours of volume 
scans were also collected to compare radar and lidar 
system performance. 

The LIFT dataset contains 12 days when the Dop-
pler lidar pointed vertically all day and 4 days of con-
tinuous azimuth scans. SABL was turned on each 
morning around 0600-0800 LT and data were col-
lected in a continuous vertical mode until sunset. The 
DIAL,  which also pointed vertically, was operated on 
most of the 12 "vertical days" and more than 160 h of 
DIAL  data were collected. Although the CBL was the 
main focus of LIFT, many other interesting phenom-
ena were observed, including a gust front, waves, cir-
rus, and the morning and evening boundary layer 
transitions. Data were also collected for one continu-
ous 36-h period. 

a. Application of the HRDL vertical velocity data 
By pointing the Doppler lidar directly overhead we 

can measure vertical velocity co every 30 m in altitude 
from the minimum range of the lidar (about 350 m) to 
the top of the CBL. The temporal resolution of the mea-
surement depends on the signal-to-noise ratio (SNR), 
which is a function of aerosol concentration. On most 
days the SNR was large enough to obtain a measure-
ment every second. Occasionally, very clean days with 
low aerosol concentration required as much as 5 or more 
seconds of integration to obtain useful data. During the 
experiment HRDL was usually operated with the beam 
in a fixed vertical position, typically from midmorning, 
when the mixed layer rose above the lidar's minimum 
range, until sunset. The spatial and temporal resolu-
tion of this data, and the number of hours of boundary 
layer observations, make this a unique dataset. 

Time-height displays of vertical motion, such as 
Fig. 1, reveal thermals advecting past the lidar and 
occasionally show their relationship to cumulus 
clouds. Updrafts and downdrafts can pass over the site 
in less than 1 min on windy days and may take as long 
as 15 min on calmer days. Windy days allow sampling 
of a larger cross section of the atmosphere in the same 
time interval, leading to more representative regional 
measurements. We also notice a high degree of verti-
cal coherence in the data. Thermals (or plumes) in the 
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FIG. 1. Time-height display of vertical velocities from the 2-/Jm Doppler lidar. The width 
of the image is 40 min and the height is 3.0 km. Two large updrafts can be seen, one from 
1930 to 1935 UTC and another from 1945 to 1952 UTC, which feed into the cumulus cloud 
bases near 1500 m. 

mixed layer often extend from the minimum range of 
the Doppler lidar to the top of the CBL. When com-
bined with backscatter data from SABL, the co data 
will be used for detailed studies of the motion in the 
vicinity of the entrainment zone. 

Figure 2 shows an example of co at 750 m above 
ground level (AGL) from 1200 to 1400 LT on 2 Au-
gust 1996. The temporal resolution of this time series 
is 2 s. A quantization limit of 20 cm s"1 was imposed 
by the lidar data system, but this limit will be removed 
for future experiments. Calculations of profiles of 
mean vertical velocity co over 3-h time spans some-
times reveal a bias, with co nearly constant with alti-
tude but varying between -0.5 and 0.25 m s_1 for 
different time spans. We expect co ~ 0 for long time 
averages. Data from radar wind profilers located at and 
near HRDL are available for comparison. Figure 3 com-
pares vertical velocity measured with HRDL with that 
from the collocated wind profiler (30-s resolution). 
Both instruments were staring vertically and both see 
similar features. This data will be used to investigate 
velocity biases. Fortunately, if the nonzero mean is a sys-
tematic error it will not preclude use of the data for stud-
ies of turbulent fluxes and higher-order moments of co. 

The variance <72 of a time se-
ries contains contributions from 
both uncorrelated and correlated 
fluctuations. We use autoco-
variance functions (ACF) of 
the co time series to separate 
atmospheric variability from 
measurement variability (e.g., 
Mayor 1995). Figure 4 shows an 
estimate of the vertical velocity 
variance cr2 as a function of a) 
height (dots) for the same 2-h 
period as Fig. 2. The total var-
iance of each time series (solid 
line), which includes uncorre-
lated variance from instrumental 
and atmospheric noise, is also 
shown. Error bars on <72 were C0 
computed using the integral 
scale of the time series follow-
ing Lenschow et al. (1994). The 
error bars are of order 30%. The 
integral scale was determined at 
each altitude by noting the lag at 
which the ACF first becomes < 
0. For this series the integral 
scale was about 90 s. The shape 

of the variance profile agrees well with earlier obser-
vations, shown for example, in Stull (1988). For the 
time series of Fig. 2, (J2 was approximately 0.91 m2 s-2 

and the uncorrelated variance was 0.25 m2 s~2. 
Turbulent virtual heat flux is defined as Qw = pCp CO. 

This direct definition requires a measurement of both 

FIG. 2. Vertical velocities measured with HRDL at 2-s aver-
aging, collected from 1200 to 1400 LT at 750 m AGL on 2 Au-
gust 1996. 
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