Observation of Lower-Atmospheric
Moisture Structure and Its
Evolution Using a Raman Lidar
Abstract
Observations of the water-vapor mixing ratio in the lower atmosphere
and its temporal evolution have been made with a Raman lidar.
Comparison with an independent radiosonde measurement indicated
excellent agreement. The moisture structure, observed up to an altitude of 5 km and over an 80-min period during the early morning of
30 April 1985 (the present lidar is limited to night operation), showed
temporal variations of several atmospheric features which could not
be resolved by balloon soundings. Application of the lidar should
provide the opportunity to study details of atmospheric moisture, its
structure, and its evolution in a manner never before realized.

1. Introduction
The concentration of water vapor is one of the most important
state variables of the atmosphere. Knowledge of its spatial
and temporal distribution is needed to understand a number
of atmospheric processes including: cloud development,
and thereby the impact of clouds on radiative processes; convective-storm formation; radiative transfer through the atmosphere due to absorption/emission; and probably most
important, the release of latent heat, which is one of the main
energy sources driving atmospheric circulation (cf. Browning
[1980]).
Present methods for measuring atmospheric moisture include: radiosondes, in situ aircraft, passive satellite observations, and meteorological towers. Of these, the most widely
used method is the radiosonde. Radiosondes, when properly
handled, provide accurate measurements with good vertical
resolution. However, balloons move with the wind, and therefore, do not provide a true vertical measurement. In addition,
it is difficult to launch sondes in quick succession. Thus, radiosondes are of limited utility for acquiring high spatial and
temporal resolution measurements of moisture. In situ aircraft measurements of moisture are accurate and provide
very high temporal resolution over a flight line but do not resolve three-dimensional structure very well. Observations
from satellites provide broad geographic coverage but are
limited in both accuracy and altitude resolution. Properly instrumented meteorological towers, on the other hand, have
the necessary characteristics to observe moisture with both
high temporal and high altitude resolution. However, the
towers are generally limited in height to only several hundred
meters.
This paper presents the observation of moisture structure
in the lower atmosphere using a Raman lidar system. The
Raman lidar used in the investigation is able to measure atmospheric moisture with high temporal and altitude resolution much like a meteorological tower, but up to altitudes of
4-5 km. The present system is limited to nighttime operation.
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Raman lidar systems have been under development since
the late 1960s. Measurements of moisture profiles using
Raman lidar were first reported by Melfi et al. (1969) and
Cooney (1970). More detailed discussion of the technique and
its early application to meteorological measurements of
moisture were reported by Cooney (1971), Melfi (1972),
Strauch et al. (1972), and more recently by Pourny et al.
(1979), Renaut et al. (1980), and Cooney et al. (1985). All of
these investigations have been limited to short-range and relatively low-sensitivity measurements. The results of the present Raman-lidar investigation are of sufficient spatial and
temporal resolution to allow for meaningful meteorological
investigations using the system.
Data presented here were acquired on the night of 29/30
April 1985. The purpose of the experiment was to compare
the Raman-lidar measurements of moisture with independent
measurements made during several radiosonde ascents and
to observe the temporal variation of moisture using the
Raman system.

2. Description of the Raman lidar
Raman scattering is a very weak molecular-scattering process.
It is scattering whose wavelength is shifted from the incident
radiation by a fixed amount associated with rotational and/or
vibrational-rotational transitions of the scattering molecule.
As such, the shift in wavelength from the laser wavelength is
characteristic of specific atmospheric molecules. Raman scattering in the atmosphere has been observed from nitrogen,
oxygen, water vapor, carbon dioxide and a number of other
minor species. Melfi (1972) has shown that the ratio of the
Raman-scattered signal for the water-vapor shifted line to
the signal from nitrogen is, to a good approximation, proportional to atmospheric water-vapor mixing ratio (m). The
design of the lidar takes these factors into account.
The lidar consists of a frequency-tripled Nd:YAG laser
(wavelength—355 nm) whose optical axis is aligned parallel
with the axis of a 1.5-m-diameter Cassagranian telescope. A
block diagram of the lidar is given in Fig. 1. Both the telescope
and laser are mounted in an environmentally controlled mobile van and are pointed vertically through a hatch in the van's
roof. As the laser pulse propagates up through the atmosphere, it is scattered by atmospheric molecules and aerosols.
Most of the scattered radiation is at the laser wavelength
(Rayleigh and Mie scattering). A small amount is scattered at
the shifted Raman wavelengths. The telescope collects the
radiation that is scattered back toward the system. The collected radiation is spatially filtered by a field stop and divided
by a beam splitter into two channels. One channel has a narVol. 66, No. 10, October 1985
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and nitrogen filters at 355 nm approaches values less than 10~15
and 10~14 respectively. Rejection of 355-nm radiation by the
filters was verified during a field measurement by operating
the system during cloud-cover conditions. No cloud-backscatter return was observed in either channel, indicating total
rejection of Rayleigh/Mie scattering.

3. Experiment results

FIG. 1. Block diagram of the Raman lidar system.

row-bandpass interference filter centered at the Ramanshifted wavelength due to water vapor (wavelength—406
nm) and the other has a filter centered at the Raman wavelength due to nitrogen (wavelength—387 nm). The filters
serve to select the Raman scattering of interest, to reduce the
sky background radiation, and to block the strong backscattered radiation at the laser wavelength. A photomultiplier is
used in each channel to detect the radiation passed by the respective filter. The signal from each photomultiplier is amplified by an external (X10) amplifier whose 1-MHz electrical
bandpass reduces high-frequency noise. After amplification,
each signal is digitized at a 10-MHz rate (altitude bins every
15 m). During the experiment, the laser was repetitively
pulsed to accumulate the signal from a number of laser shots.
The accumulated digital data for each channel at every 15-maltitude bin along with the sum of the squares of the digital
data for each bin are stored on magnetic disk for later analysis. A summary of the Raman lidar system characteristics is
given in Table 1.
Total rejection of Rayleigh/Mie scattering at the laser
wavelength (355 nm) by the interference filters is necessary
for proper operation. Table 2 provides transmission values at
355 nm for each of the components of both filters. The data
of Table 2 indicate that the transmission of the water-vapor
TABLE 1.

System characteristics.

The experiment was conducted during the night of 29/30
April 1985 at the NASA Goddard Space Flight Center in
Greenbelt, Maryland, near Washington, D.C.. On the 29th,
the Maryland region was under the influence of high pressure
centered over the Great Lakes. During the day the center of
high pressure slowly drifted to the southeast. By the early
morning of the 30th, the high-pressure region extended from
the lower Great Lakes through the Carolinas. Conditions
throughout the experiment period were dry and clear with
thin patchy cirrus visible late in the evening of the 29th.
During the experiment, four radiosondes were launched,
one each at 1900 and 2400 EDT on the 29th and at 0100 and
0400 EDT on the 30th. The moisture-mixing profile from
each sonde is given in Fig. 2, showing the overall changes in
atmospheric moisture throughout the night. Lidar measurements were initiated at 0108 EDT on the 30th, and the system
was operated continuously until 0228. The lidar data acquired
during the experiment along with comparisons of the data
with the 0100 radiosonde will be presented in this section.
An example of Raman scattering from nitrogen and water
vapor versus altitude is given in Fig. 3. Night-sky background
levels were subtracted from each data record and the profile
was geometrically corrected by multiplying each data point
by the square of its altitude. The data of Fig. 3 were taken
between 0108 and 0110 EDT on 30 April. They represent the
sum of scattered radiation from 1Q00 laser shots over the 2min period. Each data curve in Fig. 3 was smoothed using a
running average of seven data points. The smoothing along
with the 1-MHz amplifier bandwdith results in an overall altitude resolution for the data of approximately 100 m. The
increase in the range-corrected signal from zero near the surface to a peak value near 1-km altitude is due to the crossover
of the laser beam as it moves fully into the field of view of the
telescope. The crossover effect should be similar for both niTABLE 2.

Spectral filter component transmission at 355 nm.
Component

Transmission

Laser wavelength

355 nm

Pulse energy

100 mJ

Raman Water-Vapor Channel {407.6 nm)

Laser repetition rate

10 pps

Telescope diameter

1.5 m

Raman water-vapor channel
center wavelength
filter width
peak transmission

407.6 nm
4.8 nm
20.9%

3 mm BG 36
1 mm G G 395
1 mm BG 38
Blocker (Ag)
Bandpass

Raman nitrogen channel
center wavelength
filter width
peak transmission

387.5 nm
3.8 nm
25.1%

0.0003
0.011
0.7
0.000015
0.00002

Raman Nitrogen Channel (387.5 nm)
3 mm BG 36
1 mm G G 375
2 mm BG 38
Blocker (Ag)
Bandpass

0.0003
0.12
0.5
0.00001
0.00003
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FIG. 2. Water-vapor-mixing-ratio profiles from the four radiosondes. The scale at the bottom of the graph refers to the 1900-EDT
sounding. Each subsequent sounding has been shifted by one unit as
indicated by the shifted origin shown at the top of the graph.

trogen and water-vapor signals therefore will tend to cancel
in the ratio.
The ratio of the water-vapor to nitrogen signals shown in
Fig. 3 is compared with water-vapor mixing ratio from the
0100-EDT radiosonde in Fig. 4a. The lidar ratio data in Fig.
4a has been least-square fitted to the balloon data thus providing a relative calibration of the Raman lidar system for the
measurement of water-vapor mixing ratio. Absolute calibration of the lidar system was not attempted. Shown in Fig. 4b
is the estimated percent uncertainty of the lidar-derived mixing ratio. The percent uncertainty was taken as the noise-tosignal ratio times 100, where the noise is calculated from the
standard deviations of the mean of each lidar backscatter return (water vapor and nitrogen) and the signal, of course, is
the lidar-derived mixing ratio. As can be seen from Fig. 4b,
the estimated uncertainty of the lidar-derived mixing ratio is
less than five percent from the surface up to 4 km. Above 4
km, the estimated uncertainty becomes considerably larger
with the larger values correlated with the altitude of lowest
water-vapor values. Accuracy for radiosonde moisture profiles is expected to be ±5-7% in units of relative humidity (cf.
Brousaides, 1975). In units of moisture mixing ratio, the
radiosonde errors would be expected to be slightly greater.
The temperature, dew-point temperature, and potential
temperature from the 0100 radiosonde is given for reference
in Fig. 5.
Over the one hour and 20 minutes that the lidar was continuously operated, 40 water-vapor-mixing-ratio (m) soundings like that shown in Fig. 4a were acquired, each separated
by two minutes. The 40 soundings were composited together

FIG. 3. Range-square-corrected Raman-lidar signals from water
vapor and nitrogen versus altitude.

to form the color image shown on the cover. The image was
stretched along the time axis to aid in visualizing the moisture
structure by adding three additional "soundings" between
each consecutive pair of lidar soundings. The additional
"soundings" were calculated by linearly interpolating between the lidar data. In addition, prior to calculating the ratio,
the nitrogen and water-vapor profiles were normalized to
remove background variations. The normalization was performed for each nitrogen and water-vapor profile by setting
the respective mean value over the altitude range between
5.25 km and 6 km to the respective mean of the entire 40profile data set over that altitude range. This normalization
procedure reduced the vertical striping that is still apparent
in the image especially above an altitude of 3 km. The vertical
striping that remains is probably not due to atmospheric variations of moisture but is likely due to background variations
that were not removed by the normalization process described above.
The cover figure presents lidar-derived altitude profiles of
mixing ratio as a function of time. The color bar on the figure
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indicates the range of mixing-ratio values associated with each
color. As indicated on the color bar, black represents the
lowest value of m ranging from 0 to 0.5 g/kg followed by
dark blue, light blue, green, yellow, and red, with red representing the highest value of m (4 to 4.3 g/kg).

4. Discussion of results
The good agreement between the lidar-derived mixing ratio
and the balloon measurement as a function of altitude (cf.
Fig. 4a) along with the low (less than five percent) random
uncertainty of the lidar data (cf. Fig. 4b) demonstrates that
the lidar can be useful as a tool for observing atmospheric
moisture.
The moisture soundings on the cover provide graphic observations of the temporal history of the variation of mixing
ratio over Greenbelt, Maryland, between 0108 and 0238 EDT
on 30 April 1985. There are a number of interesting moisture
FIG. 4. (a) Ratio of Raman scattering from water vapor to nitrogen compared with water-vapor mixing ratio from 0100-EDT radiosonde, (b) Calculated percent deviation of the lidar-derived watervapor mixing ratio.

f e a t u r e s CLEARL

FIG. 5. Temperature (T), dew point (Td), and potential temperature

Y observed in the image. The features fall into
two categories: those that agree with the radiosonde data of
Figs. 2and 5 and those that are consistent with the radiosonde
data but demonstrate the ability of the lidar to observe rapid
changes in moisture that the radiosondes cannot resolve.
Both categories will be discussed after a brief general
comment.
The temperature soundings shown in Fig. 5 indicate that,
as expected, the atmosphere at 0100 was statically stable
from the surface up to 5 km. Little vertical mixing is to be
expected under these conditions, thus, the various features in
the vertical would tend to remain distinct. The image on the
cover clearly shows the distinct nature of the moisture features. Water-vapor mixing ratio is a particularly useful parameter to observe and track these features since m is conserved under atmospheric processes that do not involve
evaporation and/or condensation.
Moisture features that fall into the first category will now
be discussed. The temperature sounding of Fig. 5 shows the
presence of a nocturnal inversion at an altitude of approximately 300 m. The high-moisture layer (red/yellow) extending
across the bottom of the cover figure is probably due to this
low-level inversion. The moist layer (green) just above the
nocturnal inversion extending up to 600 m along with the thin
filament (green) at 1 km are probably the remnants of the
previous day's mixed layer. The 1900-EDT radiosonde indicated that the top of the well-mixed daytime boundary layer
extended up to 1.1 km (cf. Fig. 2). Another feature that is consistent with the radiosonde measurements is the very moist
(yellow/red) band extending across the image at 2 km. Both
the lidar data and the radiosonde moisture measurements of
Fig. 2 show this region to be intensifying and subsiding
throughout the night. Finally, the atmospheric drying with
altitude at approximately 4 km is noted by both measurements. The lidar data on the cover shows this drying as the
transition between light blue and black/dark blue near the
top of the image.
Features that show rapid changes in moisture will be discussed next. The most prominent feature that falls into this
category is what appears to be a gravity wave that is visible in

(0) versus altitude from the 0100-EDT radiosonde.

the high-moisture (yellow/red) b a n d at 2 k m . The feature
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is particularly noticeable as the wavy red structure toward
the end of the observing period (0210-0228 EDT). Another
feature that shows rapid moisture changes is the remnants of
the mixed layer (green) that extends to 600 m along with the
undulating filaments (green) at 1 km and at 1.2 km. Two additional features that would not be reliably resolved by the
radiosondes are the very dry (black) region at an altitude of 4
km extending over the first half of the observing period
(0108-0140 EDT), and the dry (dark blue) region at 3.2 km,
which is seen to extend over the time period from 0150 to
0215 EDT. It is clear from the preceding discussion that the
Raman-lidar measurements of moisture structure in the
lower atmosphere are consistent with the measurements of
the widely used radiosonde, but more importantly, the lidar
is able to observe moisture events that have high temporal
variation. The importance of measuring vertical profiles of
moisture with high temporal resolution will await only the
application of the Raman lidar in future meteorological
programs.

5. Summary and conclusions
In this paper, the results of a comparison between Ramanlidar measurements of water-vapor mixing ratio and moisture
measurements made using an accepted method—the radiosonde—have been presented. The results of the comparison
showed excellent agreement and the comparison was used to
calibrate the lidar system. Moisture-mixing-ratio data using
the lidar were acquired over a period of one hour and 20
minutes during the early morning hours of 30 April 1985. A
color-composite moisture sounding was generated using the
lidar data. The composite sounding shows vertical structure
of moisture from near the surface to an altitude of 5 km with
100-m vertical and 2-min temporal resolution during the
nighttime operation. The temporal resolution of the lidar allowed the visualization of moisture features that radiosondes
are incapable of resolving.
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In conclusion, the ability of the Raman lidar system to visualize atmospheric moisture provides an opportunity to study
details of moisture, its structure, and its evolution in a manner
never before realized.
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