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INTRODUCTION 

Water vapor is the most important greenhouse gas in the 
atmosphere, as it is the most active infrared absorber and 
emitter of radiation, and it also plays an important role in 
energy transport and cloud formation. Accurate, high 
resolution measurements (both temporally and spatially) of 
this variable are critical in order to improve our 
understanding of these processes and thus our ability to 
model them. 

Raman lidars have been shown to provide these high 
resolution measurements in several experiments, but these 
measurements were primarily restricted to nighttime only, as 
Raman scattering is a weak process and the high solar 
radiation during the day tends to mask these signals. As part 
of an instrument development program for the Department 
of Energy's Atmospheric Radiation Measurement (ARM) 
program, a collaboration between Sandia National 
Laboratories and NASA Goddard Space Flight Center was 
funded to investigate recent improvements in lidar 
technology to address the ARM program's requirement for 
high resolution, 24-hour, automated water vapor 
measurements. The success of this project led to the 
decision to build this Raman lidar system, which was 
delivered to the ARM Cloud and Radiation Testbed (CART) 
site near Lamont, Oklahoma during the summer of 1996. 

Because of the importance of water vapor, the ARM 
program initiated a series of three intensive operating 
periods (IOPs) at its CART site. The goal of these IOPs is to 
improve and validate the state-of-the-art capabilities in 
measuring water vapor. To date, two of the planned three 
IOPs have occurred the first was in September of 1996, 
with an emphasis on the lowest kilometer, while the second 
was conducted from September - October 1997 with a focus 
on both the upper troposphere and lowest kilometer. These 
IOPs provided an excellent opportunity to compare 
measurements from other systems with those made by the 
CART Raman lidar. This paper addresses primarily the 
daytime water vapor measurements made by the lidar 
system during the second of these IOPs. 

The ARM CART site is the home of several different 
water vapor measurement systems. These systems include 

the Raman lidar, a microwave radiometer, a radiosonde 
launch site, and an instrumented tower. During these IOPs, 
additional instrumentation was brought to the site to 
augment the normal measurements in the attempt to 
characterize the CART instruments and to address the need 
to improve water vapor measurement capabilities. Some of 
the instruments brought to the CART site include a scanning 
Raman lidar system from NASNGSFC (which operated 
primarily at night), additional microwave radiometers from 
NOAA/ETL, a chilled mirror that was flown on a 
tethersonde and kite system, and dew-point hygrometer 
instruments flown on various aircraft. 

LIDAR SYSTEM DESCRIPTION AND CALIBRATION 

The CART Raman lidar (CARL) is an autonomous 
system that is permanently deployed at the site. It uses a 
tripled Nd:YAG laser (355 nm), with an average power of 
approximately 12 W and a repetition rate of 30 Hz. A 61 cm 
telescope directs the collected light into the detection optics, 
where the beam is split into two channels which have 
different fields-of-view. The wide field-of-view (WFOV) 
channel has a aperture of 2 mrad while the narrow field-of- 
view (NFOV) is 0.3 mrad. The WFOV channels are better 
suited to profile in the near field (up to approximately 1.5 
km at night, lower during the day) as they admit more light 
than the NFOV channels at these low altitudes. After the 
field stops, the light is separated into three wavelengths 
(elastic backscatter and the two inelastic wavelengths 
associated with water vapor and nitrogen Raman 
backscatter) by dichroic mirrors. Narrow bandpass (0.3 nm) 
interference filters select only the desired wavelength, and 
the signal are detected using photon counting in 
approximately 0.25 microsecond bins, resulting in 39 m 
resolution. The narrow field of view coupled with narrow 
interference filters give the CARL system excellent 
nighttime and daytime abilities. System specifications are 
given in Table 1, and further details are given in [l]. 
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Table 1. Lidar Specifications 

Aerosol depolarization (355 nm) 
Water vapor (408 nm) 

Corrections for pulse pile-up (system dead-time), detector 
overlap, and differential attenuation at the different 
wavelengths are accounted for in the lidar system by 
techniques outlined in [l-21. If these corrections are 
adequately specified, the resultant ratio of the water vapor 
and -nitrogen signals are proportional 
mixing ratio. To calibrate these 
independent scale factor is derived to 
precipitable water vapor measured by 
agree with that measured by the 
radiometer. A single calibration scale 
entire IOP lidar dataset. 

to the water vapor 
profiles, a height 
force the integrated 
the Raman lidar to 
CART microwave 

factor was used the 
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Figure 1. Comparisons of nighttime (left, 29 September at 
0530 UTC) and daytime (right, 28 September at 1430 UTC) 
mixing ratio profiles from the CARL system (black with 
error bars) and coincident radisondes (gray) from the 1997 
IOP. The lidar data have been averaged for 10 minutes with 
78 m resolution. The error bars on both lidar profiles were 
calculated using Poisson statistics for the observed photon 
counts. 

was at the CART site, and collected several profiles of water 
vapor near solar noon. Three of these profiles are shown in 
Fig. 2. During these flights, the aircraft flew stairstep 
ascents and then spiral descents. As the descents were 
always within approximately 5 km of the lidar, only the 
descents are shown. All three examples shown in Fig. 2 
show remarkable agreement between the aircraft hygrometer 
and CARL measurements. 

SUMMARY 
COWAFUSONS 

One of the primary design goals was to build a Raman 
lidar system that was capable of making excellent daytime 
water vapor measurements without sacrificing the nighttime 
performance of the lidar. Figure 1 displays comparisons of 
10 minute averaged nighttime and daytime CARL profiles 
to coincident radiosonde profiles, illustrating that the design 
goals of the lidar have been met. Melfi, et al. [3] further 
show that the nighttime abilities of the lidar in the upper 
troposphere are not hampered by this design by comparing 
profiles taken with the lidar to both radiosondes and 
dewpoint hygrometer measurements on an aircraft. 

Since Raman scattering is a weak process, the high 
background radiance will affect the detected profiles most 
drastically during solar noon (approximately 1300 local, 
which is 1800 UTC). During the 1997 IOP, the Pacific 
Northwest National Laboratory (PNNL) Gulfstream aircraft 

The CARL system was designed to provide excellent 
daytime water vapor measurements without sacrificing its 
nighttime capabilities. Data collected during the 1997 water 
vapor IOP demonstrate that this design goal has been 
achieved using a dual field-of-view, narrowband approach. 
Together with the other design features of the CARL system 
[ 11, extended measurements spanning several days to weeks 
can be made with little or no operator interaction. An 
example of this is given in Fig. 3, where the evolution and 
passage of a cold front on 28 September 1997 was captured 
in fine detail. These measurements will better enable 
scientists to study the role of water vapor in the atmosphere 
and advance our understanding of its impact. 
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Figure 2. Comparison of daytime 10 minute profiles from 
CARL (black with error bars) with in-situ hygrometer 
measurements from the PNNL Gulfstream (gray) from the 
1997 IOP. From left to right, the observation times are 27 
September at 1700 UTC, 28 September at 1830 UTC, and 
29 September at 20 UTC. The error bars on the lidar profiles 
were calculated using Poisson statistics for the observed 
photon counts. 
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Figure 3. A false color image of water vapor mixing ratio measured by the CARL system on September 27-29, 1997, 
which shows the evolution of the water vapor field as a cold front passed over the ARM CART site. The front passed over 
the site on the 28th at approximately 10 UTC. The lidar profiles have 10 minute, 78 m resolution. The “whited-out” areas 
above 3.5 km occur during the daylight periods and denote regions where the signal-to-noise is approaching unity. 



M98052864 
I11111111 111 lllll11111111ll llil 1111,11111 lllll11111111 

Publ. Date (11) 

Sponsor Code (1 8) 

U C Category (1 9) 

-7 

DOE 


