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The vertical profile of atmospheric temperature is a principal state variable to study atmospheric sta-
bility. A lidar system, constructed using a 355 nm Nd:YAG laser transmitter, measures the temperature
profile using the rotational Raman technique. In comparison with traditional Raman lidar, the major
innovations are the use of a low peak power and high repetition rate laser to achieve eye-safe operation
in a compact reliable instrument and the use of an angle tuning filter to select operating wavelengths. We
demonstrate the capability of both nighttime and daytime measurements as a step toward a future
stand-alone capability for routine measurements of important meteorological properties in the lower
atmosphere. © 2013 Optical Society of America
OCIS codes: (010.0280) Remote sensing and sensors; (010.3640) Lidar.
http://dx.doi.org/10.1364/AO.52.008540

1. Introduction

The atmospheric temperature profile, which directly
determines the environmental lapse rate, is a princi-
pal state variable for describing the atmospheric sta-
bility. Given the environmental lapse rate, one can
estimate the convective activity in the atmosphere.
Determining atmospheric stability is important for
predicting how the environment will behave under
certain conditions. For example, atmospheric stabil-
ity is a key parameter in forecasting the generation
of localized turbulence and the lifetime of aircraft
wake vortices, which are the important conditions re-
quiring additional pilot attention during takeoff and

landing. The two main reasons for additional con-
cerns related to aircraft operations in the vicinity
of airports are (1) relatively slower speed at high an-
gle of attack and low altitudes during takeoff and
landing leads to formation of potentially dangerous
wingtip vortices, and (2) there are high risks of inter-
ference from another aircraft’s long-lived wake tur-
bulence [1]. A pilot has little margin for recovery,
especially while the aircraft is operating at low
speed. Research has shown that the properties of
wake vortices, such as their transport and decay,
are highly dependent on the local meteorological con-
ditions [2]. Using available data on temperature pro-
files, eddy dissipation rates, and wind fields, current
algorithms can estimate characteristics of wakes
generated by specific aircraft types, as well as predict
wake upset, based upon the tolerance of an aircraft.
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To date, the rotational Raman lidar technique is
the most reliable method for remotely profiling tem-
perature in the troposphere. The rotational Raman
technique uses the temperature dependence of the
pure rotational Raman scattering line intensities,
as was first suggested by Cooney in 1972 [3]. The
temperature is determined from the ratios of ther-
mal population distributions of the pure rotational
states as described by the Boltzmann distribution,
A�J; T�; see Eq. (1). The method utilizes the rota-
tional Raman spectrum of molecular nitrogen and
oxygen and is independent of other external assump-
tions about the state of the atmosphere. The ratio of
rotational states describes the temperature [3], even
in the presence of optical scattering by aerosol and
cloud particles, as
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and S represents the molecular species, NS is the
species fraction in the atmosphere, P1 and P2 re-
present the signals from first and second filter chan-
nels, and As�J;T� is each species’ thermal population
distribution of rotational states at temperature, T,
and quantum number, J. The values of σ�J� are
the rotational Raman scattering cross sections, φ1
and φ2 represent the narrowband filter transmission
functions, g�J� are the molecular spin statistical
weighting factors, EJ is the energy of the Jth quan-
tum state, and Q�T� is the rotational partition func-
tion. Based on Eq. (1), the rotational Raman
scattering intensity is a function of only molecular
properties and temperature. The method to obtain
temperature from the rotational Raman spectrum
is to measure the ratio of the thermal population dis-
tribution of the rotational states A�J;T�. Figure 1
shows the spectrum of rotational Raman lines for
N2 and O2 at two different atmospheric tempera-
tures for excitation at 354.7 nm (the ΔJ � 0 line is
not included). The differences in intensities at the
two temperatures clearly show the relative changes
between the low-J (near 354 nm) and the high-J
(near 353 nm) lines that provide the signature for
the measurement.

Atmospheric temperature measurements using
Raman lidar techniques are well established and
have been enabled by contributions from several re-
search groups [4–18]. The early steps to prepare for
implementation of ways to measure atmospheric
temperature profiles occurred from mid-1970s to
mid-1980s in several efforts [3–6]. The first signifi-
cant results for atmospheric temperature profiles
using the rotational Raman technique were carried
out in the mid-1990s by groups in France [7,8], the
UK [9], and the USA [10–12]. A primary issue in

preparing an instrument for these measurements
is achieving satisfactory sensitivity with adequate
rejection of the backscatter from molecular and aero-
sol scattering at the transmitted laser wavelength.
Many research groups now make use of the tech-
nique for atmospheric studies; however, the reason
for undertaking this current effort is to develop a
low-maintenance and easy to operate instrument
that is eye safe, as required in the vicinity of airports.
The major innovation of our approach is to use a
low-power and high repetition rate laser, instead of
the high-power and low repetition rate flash lamp
pumped laser systems commonly used for such in-
struments. This approach allows us to achieve our
goal of building an eye-safe, compact, robust, reli-
able, and low-maintenance instrument. For daytime
operation, it is common to use high-energy laser
pulses to obtain sufficient lidar signal to overcome
the daytime background. A problem with the high
repetition rate (∼10 kHz) lasers is that their pulse
energies are typically significantly smaller than
those of the commonly used low repetition (<100 Hz)
lasers and thus result in smaller signals than the
daytime background. However, we demonstrate by
our analysis and experiments that this issue can
be overcome with a careful design of the receiver
and by utilizing a photon counting detector system.

2. System Setup

Several major innovations are included that are un-
like conventional Raman lidar systems. The first of
these is to adopt the approach used in a high-
sensitivity portable digital lidar successfully imple-
mented in many of our previous Rayleigh lidar
systems [19]. Unlike conventional lidar that uses
a high-energy laser pulse and a large aperture
telescope to obtain adequate backscattered signal,
the digital lidar utilizes a high pulse repetition rate
(PRF) low-energy laser transmitter, a smaller tele-
scope receiver, and a photon counting detection sys-
tem to achieve an adequate signal-to-noise ratio

Fig. 1. Spectrum shows the rotational Raman lines for N2 and O2

at two different temperatures for excitation at 354.7 nm.
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(SNR), even when averaging over a short period of
time. The inherent ultralow noise floor of photon
counting detectors, such as channel photomultipliers
or photomultiplier tubes (PMTs), allows the much
smaller laser pulse energy digital lidar system to pro-
vide performance comparable to the high laser pulse
energy systems by summing many smaller returns
without adding detector noise, provided background
noise can be sufficiently minimized. Diode pumped
solid state lasers that are optimally suited for high
repetition rate operation enable the reduction in la-
ser pulse energy. The laser used in this instrument is
an Nd:YAG laser (Coherent AVIA 355-7000 UV) that
emits UV pulses at 354.7 nm with an average power
of ∼4 Wat a 10 kHz repetition rate. Its output is fiber
coupled to the transmitter. The average power and
pulse energy after all the transmitter optics are ap-
proximately 1.5 W and 150 μJ, respectively. Figure 2
shows the schematic diagram of the instrument.

The transmitting and receiving optics are sepa-
rated into two separate telescopes for convenience
in moving the instrument and to make it easier to
assemble and align the instrument. The UV laser
beam is fiber coupled to a 7.5 cm telescope as the li-
dar transmitter. A 32 cm Cassegrain telescope is
used as the main receiver. The telescope focuses
the collected light through a 0.6 mm pinhole to re-
move stray light, and the signal is collected by an op-
tical fiber, which transfers it to a dichroic beam
splitter, and passes the signal to the two Raman filter
channels. One of the filter channels is for the low J-
level (stronger Raman scattering) and the other is for
high J-level (weaker Raman scattering) channels. A
third, 10 cm diameter telescope, located on the side of
the main telescope, receives the 354.7 nm elastic
backscatter signal that provides a Rayleigh lidar
signal. Even though this UVelastic channel is not es-
sential for the Raman temperature measurement,

it is very useful as a reference to monitor the atmos-
pheric aerosol profile and obtain aerosol optical
extinction measurements [20].

The experimental technique usually involves
inserting two narrowband Raman filters that are
specified for selected wavelengths in either of the
anti-Stokes or Stokes bands of the rotational Raman
spectrum shown in Fig. 1. Since the spectrum
changes with changing temperature, the ratio of the
two signals is analyzed to retrieve the temperature
profile. In order to avoid possible signal contamina-
tion from fluorescence, we selected the anti-Stokes
spectrum. The N2 and O2 rotational Raman signal
components are summed and integrated over the
narrow transmission band of the two spectral filters.
It is only necessary to include the N2 and O2 rota-
tional Raman lines in the analysis because the pos-
sible interfering signals (water vapor and aerosol
scatter, ozone absorption, and the background radi-
ation) are either spectrally flat over the range of a
few nanometers or are small contributors to the
signals within the filter bandwidths.

This study demonstrates temperature measure-
ments using angle tuning of relatively low-cost stan-
dard laser line filters, instead of custom wavelength
narrowband filters. A primary technical challenge of
the rotational Raman system is to achieve suffi-
ciently high rejection of the elastic backscattering
signal from the rotational Raman channels. The
scattering line intensities of rotational Raman are
typically 4 orders of magnitude lower than the elastic
Mie and Rayleigh scattering intensities. Even
though several rotational lines are included within
the band, the rejection of elastic scattering signals
by the Raman filters should be greater than ∼106
to permit measurements at 1% accuracy in the pres-
ence of elastic scattering from molecules and aero-
sols. These Raman filters are required to transmit
narrow bands of wavelengths centered at our se-
lected wavelengths and have sufficiently high rejec-
tion of the elastic backscattering signal at 354.66 nm;
also they must reject the integrated signal of the re-
maining broad wavelength background, when sky
light intensity and detector sensitivity are high.
Thus, the major technical challenge of a rotational
Raman lidar system is to achieve good transmission
in the selected bands, combined with sufficiently
high out-of-band rejection of the broadband skylight,
the molecular Cabannes line (ΔJ � 0), and the aero-
sol scatter [21].

We use a set of narrowband laser line interference
filters centered at 354.66 nm at normal incidence
with 0.2 nm full width at half-maximum (FWHM)
bandwidth. We are able to shift the central wave-
length to the anti-Stokes region by wavelength
tuning with the incidence angle of light,

λc � λ0

�����������������������������
1 − sin2 θ∕n2

q
; (2)

where θ is the filter incident angle and n is the filter’s
effective refractive index. By angle tuning the filter

Fig. 2. Schematic of the Raman lidar system: EM, energy
monitor; PM and SM, primary and secondary telescope mirrors
with pinhole near the focus; NBF, narrowband filters; DM,
dichroic mirror; PMT, photomultiplier tubes; and CPM, channel
photomultiplier.
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to 5° and 8.3°, we were able to set the central wave-
lengths of the narrow bands to 354 and 353 nm,
respectively. Based upon our measurements, the
rejection rate we are able to obtain from a single
filter is an optical density (OD) ∼3.5 (∼3 × 10−4 trans-
mission). This is significantly less than the needed
OD ∼6. We solve this problem by combining two fil-
ters in series to double the laser line OD and thereby
achieve an OD ∼7 rejection rate in each channel.

Table 1 summarizes the performance for the low
J-level (Filter 1) and high J-level (Filter 2) doubled
filters used in this investigation. The transmission
curve for the filter was obtained from the vendor,
and it is verified using a laboratory spectrometer;
additionally an outdoor test providing experimental
verification is reported.

Table 2 provides the system characteristics.
Although measurements are acquired with 0.25 s
time step and 9.375 m range resolution, the received
signal is typically integrated for a longer time and a
coarser range resolution during analysis to improve
the SNR, prior to calculating temperatures.

3. Ratio Calibration and Error Analysis

We explored two different approaches to calculate
temperature from the ratio of two rotational Raman
signals. In the first method, we used theoretical cal-
culations to establish a lookup table (LUT) between
the ratio of band transmissions and temperatures
calculated using Eq. (1). Each Raman lidar system
has its own temperature-dependent ratio curve,
which can be determined by using the system hard-
ware parameters. Given the lidar characteristics
in Tables 1 and 2, the signal returns of the two

rotational Raman channels are calculated based
upon the detector parameters, the convolution of the
filter functions with the rotational Raman cross sec-
tions, and the fractional composition of air. Figure 3
shows the ratio of the two Raman channels calcu-
lated for our lidar system. Note that Q is also sensi-
tive to the specific filter wavelengths and spectral
characteristics.

Using the second method, we apply a least squares
fit of the lidar rotational Raman ratio data to balloon
radio sonde temperature data, as first proposed by
Nedeljkovic et al. [8]. This model was further devel-
oped and simplified by Haris and Philbrick [11] and
Balsiger et al. [12], using the assumption that a
second-order polynomial model relates the tempera-
ture, T, to the lidar signal ratios, R, in the form

T � C0 � C1R� C2R2: (3)

Given the ratio of the lower J-level and higher J-level
rotational Raman channels, we can estimate the 1 −

σ statistical temperature uncertainty from differen-
tiating Eq. (1):

ΔT � ∂T
∂R

ΔR

≈
�T1 − T2�
�R1 − R2�

R1

�����������������������������������������������������������������������
�P1 � PB1�∕P2

1 � �P2 � PB2�∕P2
2

q
;

(4)

where P1 and P2 represent the rotational Raman sig-
nals without background, PB1 and PB2 represent the
solar background radiation, T1 and T2 represent
temperature pairs used in the calculation, and R1
and R2 represent the ratios of the rotational Raman
channels for the two temperatures [11]. The esti-
mated sensitivity curves are shown in Fig. 4 for night
and in Fig. 5 for daytime measurements.

Table 1. Specifications of the Low-J and High-J Band Filters

Filter 1 (Low-J) Filter 2 (High-J)

Wavelength 353.95 nm 352.9 nm
Tuning angle 5° 8.3°
FWHM 0.2 nm 0.2 nm
Peak transmission >15% >15%
Laser line transmission <7 × 10−8 <2 × 10−8

Table 2. Raman Lidar Breadboard Characteristics

Transmitter
Wavelength 354.66 nm
Laser Coherent AVIA 355-7000

third-harmonic Nd:YAG
Repetition rate 10,000 Hz
Energy per shot 150 μJ
Output beam Divergence Diameter 7.62 cm 250 μrad

(half-angle)
Receiver
Telescope diameter 30.5 cm
Field of view 300 μrad (half-angle)
Focal length 2 m
Time resolution 0.25 s
Range resolution 9.375 m
Detection Photon counting (PMT)

Fig. 3. Calculation shows the ratio of the lower J-level over the
higher J-level rotational Raman channels as a function of
temperature.
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The analysis indicates that we are able to achieve
1 K accuracy for 10 min average at nighttime below
3 km. The daytime solar background for a high solar
angle is estimated using a MODTRAN simulation
[22] and corresponds to ∼3 photon counts∕μs re-
ceived signal in our system. During daytime, even
in the extreme cases, we are able to achieve
∼3.5 K accuracy below 1 km for 30 min integration
and 100 m range resolution. We expect much better
performance in an improved version of the instru-
ment, which will use a narrower field-of-view
receiver to further reduce the sky background, a
higher power laser, and an improved instrument de-
sign to increase optical transmission efficiency.

4. Results

A breadboard lidar system was assembled to mea-
sure rotational Raman backscatter signals during
both daytime and nighttime. It is pointed vertically,

while profiles are collected with integration time in-
tervals from 0.25 to 30 s. The Raman signals are
measured using two Hamamatsu Model H6180-01
PMTs after passing through a dichroic beam splitter
and the narrowband filters.

A. Blocking of the Laser Line

As mentioned above, the major technical challenge of
our Raman lidar system is to ensure sufficiently high
blocking of the strong elastic backscattering signal
from the rotational Raman channels. To verify that
we achieve >OD of 6 blocking on both filter channels,
an experiment is carried out on a cloudy night to ex-
amine the signal return from rotational Raman
channels and compare it with the reference UV
elastic channel.

Figure 6(a) shows the raw data profiles from three
channels; lower J-level, higher J-level, and elastic
(ΔJ � 0) channel. This plot shows measurements ob-
tained in a 10 min integration time and a 9.375 m
range resolution, when the beam intentionally hits
a cloud layer. An elastic backscatter return signal
of ∼3 counts∕μs is observed from the cloud layer at
2.5 km, but no evidence of any interference in the sig-
nal returns is observed from the two rotational
Raman channels at the cloud location, even when
we examine the scale at 10−5 counts∕μs signal level.
Considering that the receiving efficiency of the UV
elastic channel is approximately 9 times less than
the rotational Raman channels, due primarily to
the smaller telescope area (10 cm versus 30.5 cm
diameter), and the offset in the alignment of the elas-
tic receiver (the laser beam is primarily aligned with

Fig. 4. Estimate of the nighttime (1 − σ) sensitivity curve of the
Raman lidar.

Fig. 5. Estimate of the 1 − σ daytime sensitivity curve of the
Raman lidar.

Fig. 6. Lidar returns on 12 April 2012 (near 10 p.m.) are plotted
when the beam intentionally hit a cloud layer near 2.5 km.
(a) Average for 10 min profiles of the three raw data returns,
and (b) ratio of the high-J divided by low-J values shows a signifi-
cant temperature drop across the cloud (filter wavelengths in this
test are not those in Table 1 that are used in the LUT calculation
shown in Fig. 3).

8544 APPLIED OPTICS / Vol. 52, No. 35 / 10 December 2013



the 30.5 cm receiver), we estimate that the UV block-
ing of the two Raman channel filters is greater than
OD � 7. One interesting observation from Fig. 6 is
that a significant change occurs in the ratio of the
two Raman channels in passing through the cloud
layer [see Fig. 6(b)]. The profiles show that the
atmosphere is significantly warmer below the cloud
and rapidly cools at the cloud top. The relatively con-
stant smaller ratio below the cloud is expected for the
heat trapping that is characteristic of extended
nighttime cloud cover. The temperature gradients
in the near isothermal region below the cloud and
the free troposphere, typically ∼5.5°C, are too small
to show observable difference in the resolution of
Fig. 6(b); however, the temperature change in pass-
ing through the cloud is striking. The measured val-
ues of signal ratios shown here are much smaller
than the calculated ratios presented in Fig. 3; the dif-
ference is because the final filter wavelength setting
described in Table 1 had not yet been selected.

Figure 7 shows the measured rotational Raman
signal returns compared as a function of wavelength
with those expected for the molecular Raman N2 �
O2 rotational Raman line strength peaks. This test
is accomplished by shifting the central wavelength
of one Raman channel by angle tuning of the filter.
The wavelength is stepped by changing the incidence
angle of light passing through the interference filter.
The central wavelength of the filter is tuned from
352.1 to 354.2 nm in small steps, during this experi-
ment, when the atmosphere appeared to be stable,
between 9:00 and 10:30 p.m. on 30 April 2012. At
each wavelength, the lidar return signals are inte-
grated for 3 min and then compared with the inte-
grated contribution of the rotational Raman cross
sections at the wavelengths within the filter range,

after accounting for the relative composition of N2
and O2.

The bars in Fig. 7 represent the relative values for
the Raman scattering cross-section contribution
from O2 �N2 compared with the measured intensity
points on the line, which shows that the measured
rotational Raman lidar signals as a function of the
stepped wavelength agree very well. The lidar sig-
nals at each wavelength are obtained by integrating
the raw data over the altitude range 400–900 m for
three 1 min time periods. We can also confirm that
blocking of the strong elastic backscatter returns is
also achieved during this test by hitting a cloud layer
near 1.2 km (above the altitude used in preparing
Fig. 7). Again, we did not observe any interfering
return in the Raman channels for wavelengths less
than 354.2 nm (i.e., 0.5 nm from the laser wave-
length). At longer wavelengths, the elastic backscat-
ter signal does begin to contaminate the rotational
Raman signal as we approach the laser line at
354.66 nm, there by further supporting our conclu-
sion that the narrowband filter provides sufficient
blocking of the elastic signal when the center
wavelengths are more than about 0.5 nm from the
laser line.

B. Night-time Temperature Measurement and Calibration

The temperature profile is first calculated using the
LUTmethod, which is based upon the calculation us-
ing the parameters for the assembled hardware com-
ponents of the instrument. The LUT calculation
curve is shown in Fig. 3. Using the LUT, we were able
to convert the measured ratio of the two channels to
find the values for the atmospheric temperature pro-
file; these results are shown in Fig. 8(a). All of the
results reported after 1 May 2012 are obtained under

Fig. 7. Integrated raw data from 500 to 900 m at various wave-
lengths compared with rotational Raman scattering for N2 and O2

in air, 9–10 p.m. on 30 April 2012. Note the separation of the signal
from the coefficients when the filter central wavelength (354.2 nm)
moves too close to the laser line (354.66 nm).

Fig. 8. Lidar and IAD rawinsonde measurements on 3 May 2012.
(a) Comparison between sonde (taken at 8 p.m.) and 1 h average
(between 8:31 and 9:30 p.m.) Raman lidar temperature profiles
when retrieved using a LUT, and (b) temperature difference
between lidar and sonde.
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conditions corresponding to the parameters of
Tables 1 and 2 and therefore are well represented
by the calculation shown in Fig. 3. Raman tempera-
ture data averaged between 8:31 and 9:30 p.m., with
standard deviation error bars, are shown in Fig. 8(a).
The line connects the data points reported for the
rawinsonde balloon measurements of the tempera-
ture for a release near Dulles International Airport
(IAD) at 8 p.m. (obtained from public database). It is
not an ideal comparison for our lidar temperature
profile because (1) the rawinsonde release is over
an hour earlier, near local sunset, and (2) the release
site is 39 miles away from our test site; however, the
two data sets do generally agree within �2 K up to
3.5 km. Figure 8(b) shows the temperature difference
by subtracting the sonde temperature from the inter-
polated lidar temperature between 300 and 4000 m.
The standard deviation of the difference is ∼3 K.

It is difficult to achieve an ideal scenario to com-
pare the measured data to an independent measure-
ment of temperature needed to verify the ratio curve
of a specific lidar system. The approach that has pro-
vided the better performance uses the second-order
polynomial fit method [11,12]. Figure 9(a) shows
the comparison using this analysis method for the
same data and time period as shown in Fig. 8.
Figure 9(b) indicates that the least squares fit
method shows better agreement between lidar data
and the rawinsonde data, with a standard deviation
of ∼1.5 K. In summary, the comparisons between
Raman lidar and rawinsonde balloon measurements
show good agreement. The Raman lidar profile has
more measurement points (40 versus 10 data points
available for the sonde below 4 km), and it exhibits
higher spatial resolution temperature structure.

Figure 10 shows another Raman lidar measure-
ment (soon after sunset) on 12 August 2012 from

7:45 to 8:45 EDT. The comparisons between the lidar
and the IAD rawinsonde measurement at 8 p.m.
show closer agreement than in the 3May data shown
in Figs. 8 and 9. These data were taken near sunset,
when there is still a significant amount of twilight
background present. These data were taken during
the time of sunset shown in Fig. 11 to provide the
overlap with the balloon release, but we are able
to obtain better than 2 K accuracy up to 3 km during
the 1 h average. The analysis is performed using the
same second-order polynomial with the coefficients
determined for the earlier experiment shown in
Fig. 9. Once the fit parameters for the second-order
polynomial are determined, they are found to be

Fig. 9. Lidar and IAD rawinsonde measurements on 3 May 2012.
(a) Comparison between sonde and Raman lidar temperature pro-
file using a quadratic polynomial fit of the rawinsonde data, and
(b) temperature difference of lidar minus sonde temperature. Note
that the temperature scale in Fig. 8 is different from that in Fig. 9.

Fig. 10. Raman lidar temperature profile compared with the IAD
rawinsonde measurement on 12 August 2012 7:45–8:45 p.m.

Fig. 11. Time series temperature profiles show data taken on 12
August 2012 11 a.m. to 10:30 p.m. (vertical line indicates the sun-
set time). Notice the smoothing of the boundary layer structure
after sunset.
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useful until a significant instrument modification
is made.

C. Daytime Temperature Measurement

To observe the daytime performance, measurements
were obtained from morning (around 10 a.m.)
through sunset for a period of a few days with differ-
ent environmental conditions, such as cloudy and
clear days. Figure 11 shows a false color plot of
the time series measurement of the temperature pro-
file on 12 August 2012 from 10 a.m. to 9:30 p.m.,
which includes the data period shown in Fig. 10.
In this extended data set, the temperature profile
is calculated with 100 m range resolution. The data
are also analyzed using a 15 min moving average
in time, and the results are cut at a SNR � 20
threshold, which corresponds to approximately 5 K
accuracy in temperature. The color (or gray-scale)
represents variation from approximately 275–305 K,
as shown in the scale on the right side. As expected,
Fig. 11 shows that the measurement sensitivity in-
creases markedly when the solar background de-
creases. At noontime, when the solar background
is at its peak, we were able to achieve 5 K accuracy
below 1.1 km, while at nighttime, the altitude range
with 5 K accuracy increases to above 4 km.

5. Conclusion and Outlook

We report the development of an eye-safe Raman li-
dar temperature profiler for measuring daytime and
nighttime temperature profiles in the lower tropo-
sphere using the rotational Raman method. Atmos-
pheric temperature measurements using Raman
lidar techniques are well established and imple-
mented by several research groups. However, prob-
lems with these systems include complexity and
high maintenance. The major innovations of our ap-
proach combine a low-energy, high PRF laser and a
highly effective rotational Raman filter arrange-
ment. It is used to demonstrate the capabilities and
potential of an eye-safe, compact, robust, reliable,
and low-maintenance instrument.

Using the Raman lidar, we demonstrate the
capability of performing high-sensitivity nighttime
temperature measurements, achieving accuracy of
1 K with vertical resolution of 100 m at 3 km in
10 min measurement intervals. We have demon-
strated that narrowband laser line optical filters can
effectively be used as Raman channel filters and also
that a low-energy (a few 100 μJ per pulse), high-
repetition rate laser is able to overcome the daylight
background.

We are exploring various possibilities to further
improve the daytime performance of the system.
One of the issues we observed during the laboratory
and outdoor measurements is the quality of the UV
laser beam sent through the small telescope. Based
upon our calculation, we should be able to increase
the SNR by more than 5 times by reducing the laser
beam divergence and the field of view. In addition,
with better beam collimation, a smaller field of view

in the receiver will be used to reduce the daylight
background. We plan to implement other improve-
ments to (1) optimize the Raman filters, (2) improve
beam quality to reduce divergence and increase the
laser power, and (3) redesign receiver optics to reduce
the field of view and lower the stray light. With all
these improvements, we expect to significantly im-
prove the daytime performance of the Raman lidar
and achieve continuous profiling for both daytime
and nighttime conditions.

The authors gratefully acknowledge funding
under a NASA SBIR Phase I program entitled
Raman Lidar Temperature Profiler, contract
no. NNX12CF29P.
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