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Abstract

We present the performance of a middle atmosphere Rayleigh lidar system that employs
three receiver channels. We characterize the biases in the density and temperature profiles
retrieved from each of the receiver channels as well as the combined receiver signal. We
associate these biases with pulse pile-up, gain switching, and variations in the detector gain
due to signal amplitude. We use a top-down temperature convergence methodology to
determine the upper altitude up to which the signals should be compensated for the varia-
tions in detector gain. We find that the channels have warm biases in their temperatures
of 2–8 K at 40 km. These biases decrease to between 1 K and 3 K at 60 km. Uncertainty
estimates derived from the photon-counting statistics indicate temperature uncertainties
on the order of 2–5 K in the 40–70 km region, which are consistent with the observed
level of inter-channel variability after correction. A comparison with MERRA-2 reanalysis
indicates an overall agreement in temperatures and differences that are consistent with
the comparisons between the Rayleigh lidars and MERRA-02 at other sites. These results
demonstrate that the proposed approach proves reliable for processing the multi-channel
Rayleigh lidar data, particularly for systems employing more than two detection channels,
and improves the fidelity and accuracy of the temperature retrievals.

Keywords: middle atmosphere; Rayleigh density and temperature lidar; multi-channel
lidar; instrumental biases

1. Introduction
Prompted by the need to understand the climate change that is observed in the

stratosphere, Rayleigh lidars have proven a critical research tool for studies of the weather
and climate of the middle atmosphere [1]. Specifically, these lidar systems have yielded long-
term stable measurements of the stratospheric–mesospheric temperature profile. Analysis
of these data has revealed long-term trends in the middle atmosphere [2–8]. These trends
consistently show that the middle atmosphere is cooling. However, there is significant
variability between the amplitude of the cooling trends reported from different sites, and
this has been attributed to geographic variation, differences in retrieval algorithms, or some
combination of both [9].

The success of Rayleigh lidars has been based on the relative simplicity of the technique.
The measurements can be made with broadband light sources (initially high-altitude search
lights and later commercial solid-state lasers) and standard photodetectors (cameras and
later photomultiplier tubes). The lidar echo is proportional to the atmospheric density, and
with an assumption of hydrostatic equilibrium, the temperature profile can be derived from
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the lidar signal. The modern Rayleigh lidars followed a generation of instruments based
on high-altitude searchlights that yielded temperature profiles of over 65 km by the early
1950s [10–12]. The initial lidars were based on solid-state ruby lasers [13–15]. The modern
lidars based on Neodymium Yttrium-Aluminum Garnet (Nd:YAG) lasers, due to their
superior performance in terms of optical power and operational stability, were deployed
in the 1970s [16–18]. Since then, Nd:YAG lasers have become the prevailing transmitter
employed in the Rayleigh lidar systems [19–25].

From the earliest observations, the challenges in acquiring laser echoes from the
atmosphere that were proportional to the atmospheric density profile from altitudes of
~30 to 90 km (the fidelity of the lidar signal) were recognized [13,15]. Several research
groups have presented in-depth analyses of the performance and fidelity of their Rayleigh
lidar systems [26–28]. However, even in the presentations by the Network for the Detection
of Atmospheric Composition Change (NDAAC), it is more common for authors to present
a summary analysis without presenting any raw lidar signals, citing, for example: “The
high and low-gain Rayleigh channels are electronically gated. . .” [24].

In this paper, we present an analysis of a three-channel Rayleigh lidar system. We
consider the fidelity of the lidar signals in all three channels, correcting them for pulse
pile-up, electronic gating, and finally for signal amplitude. The three channels are then
combined to yield one high-amplitude lidar signal profile that is used to yield a single
temperature profile. We present the performance of the lidar in terms of incremental
changes in temperature as the corrections are made to the signal, and in terms of the
combined lidar signal profile and the derived density and temperature profiles.

2. Instrument
The Rayleigh Density Temperature Lidar system (RDTL) at the Lidar Research Labora-

tory (LRL), Poker Flat Research Range (PFRR), Chatanika, Alaska (65◦ N, 213◦ E), is based
on a Rayleigh lidar that was originally deployed in Alaska in November 1997. The lidar
was initially developed as part of the “Alaska Project”, which was a collaboration between
the National Institute of Information and Communications Technology (NICT), Tokyo and
the Geophysical Institute of the University of Alaska, Fairbanks, Alaska (GI-UAF) [29].
The RDTL lidar, which initially had a one-channel receiver system [30] was modified to a
two-channel system in 2015 [31] and a three-channel system in 2017 [32]. The three-channel
system enables the use of a larger telescope aperture, allowing for increased signal col-
lection while preventing saturation of the photomultiplier tubes (PMTs). This results in
an improved signal-to-noise ratio (SNR), particularly at higher altitudes, and reduces the
uncertainties in the retrieved temperature profiles, thereby enabling high-resolution mea-
surements of atmospheric wave structures. Compared to a conventional two-channel lidar
system, the three-channel configuration provides improved handling of the large dynamic
range of atmospheric backscatter signals by distributing the signal across three distinct
intensity regimes. This reduces the saturation effects at lower altitudes while enhancing the
sensitivity at higher altitudes, leading to more accurate and robust temperature retrievals.

Comparative studies have been presented showing the consistency between the
temperatures measured by the Rayleigh lidar and the sounding of the Atmosphere us-
ing a Broadband Emission Radiometry (SABER) instrument aboard the Thermosphere–
Ionosphere–Mesosphere Energetics and Dynamics (TIMED) satellite and the Fourier Trans-
form Spectrometer aboard the Atmospheric Chemistry Experiment satellite [33,34].

A schematic diagram of the RDTL is presented in Figure 1, and the system specifi-
cations are listed in Table 1. The system employs a 1.04 m Cassegrain telescope and a
Nd:YAG laser operating at 532 nm, 20 pulses-per-second (pps), with an average power of
9–10 W. The laser beam is directed through a beam expander (BE) with a magnification
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of 10. The beam is directed into the sky by a beam steering mirror (BSM) at 45◦. A fast
photodiode (PD) detects the laser pulse. The RDTL receiver system is then divided into
three identical channels that each include a beam splitter (BS, Channel 1 and 2) or a mirror
(Channel 3), an interference filter (IF) of bandwidth (0.3 nm, FWHM), a focusing lens (FL), a
photomultiplier tube (PMT), a pre-amplifier (PA), a delay generator (DG), a multi-channel
scaler (MCS) and a computer. The three IFs are each housed in an oven that maintains their
temperatures at 25 ◦C and avoids thermally induced drifts in their center wavelengths and
transmission. The MCS units operate in a photon counting mode and count the amplified
PMT pulses (or photon counts) in 4096 consecutive 320 ns (48 m) intervals. This yields a
raw signal that extends from a range of 0 to 196.6 km at 48 m resolution. The laser Q-switch
triggers the DG, while the PD triggers the MCS. Thus, the PMT is gain-switched prior to
the laser firing. This provides a margin of protection for the PMT. The RDTL is biaxial. The
laser beam exits the LRL-PFRR six meters (6 m) from the center of the receiver telescope.
Thus, the receiver and the laser beam overlap at ~12 km (1 mrad field-of-view (FOV)) or
at ~6 km (2 mrad FOV). The overlap function serves to further protect the receiver PMTs
from the large amplitude signals and from the lower troposphere. The laser operates in a
free-running mode, triggered by its internal control system. The lidar system receiver is
synchronized to the laser.

Figure 1. A schematic diagram of the three-channel Rayleigh Density Temperature Lidar system
installed at the Lidar Research Laboratory, Poker Flat Research Range, Chatanika, Alaska.
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Table 1. RDTL specifications.

Specification Description

Transmitter

Laser Nd:YAG
Model Continuum Powerlite 8020

Wavelength (λL) 532 nm
Repetition rate (RL) 20 Hz
Pulse energy (EL) 450–500 mJ

Pulse width 5–7 ns
Divergence 0.45 mrad

Beam expander ×10

Receiver

Telescope diameter 1.04 m
Field of view 1.0 mrad FWHM

Interference bandwidth 0.3 nm
Preamplifier Stanford Research Systems SR445

Preamplifier gain/bandwidth 5/300 MHz
PhotoMultiplier tube Hamamatsu RS3234-1

PhotoMultiplier socket Hamamatsu C1392-51 MOD
Multi-Channel scaler Stanford Research Systems SR430

Maximum MCS count rate 100 MHz
Detector dead time 8 ns
Range resolution 320 ns/48 m

The telescope is a 1.04 m Cassegrain Telescope with a f-number of f/15. This slow
telescope was originally designed for planetary viewing. With a focal length of 15.6 m, the
telescope has an image size of 15.6 mm for a 1 mrad FWHM FOV. With this large image,
the receiver is free-space-coupled rather than fiber-coupled. To avoid an overloading of the
photomultiplier tubes, the tubes were gain-switched by reverse biasing the first dynode
with 200 V for a specified length of time after the laser Q-switch fires. This switching is
implemented through a specialized PMT socket that provides two inputs, timing and bias
voltage, to control the first anode of the PMT. In Channel 1, the PMT switching is controlled
by the DG with a delay of 150 µs. In channels 2 and 3, the PMT switching is controlled by
the DG with a delay of 200 µs. The PMTs are biased at −2000 V with independent power
supplies. Channel 1 receives about 20% of the total received optical signal, while Channel 2
receives about 40% (50% of 80%), and Channel 3 receives about 40% (100% of 40%). The
lidar receiver performs as a non-paralyzable system with a deadtime of 8 ns based on a
system analysis of photon counting and pulse pile-up [35,36].

The data acquisition of the lidar signal is controlled by the operator using the computer
in the MCS unit. The data acquisition is organized as follows. A raw laser profile is acquired
by the MCS unit by integrating the echoes from a given number of laser pulses (typically
1000). Once a laser profile is acquired, the data is transferred from the MCS buffer to the
computer. A sequence of laser profiles (typically 16) called a set is acquired and saved
to a single ASCII file on the computer. Once a set is complete, the operator initiates the
next set. Each set of 16 1000-pulse profiles takes about 800 s to acquire (there is a small
variation of less than 10 s due to the communication and data transfer times between the
computer and the MCS). In a 12 h observation period, there are typically 50 sets of data
acquired. This approach, where the operator prompts the acquisition as a sequence of
sets, provides for a regular pause in the data acquisition to allow the operator to adjust the
system as required (e.g., optimize the alignment of the transmitter and receiver and adjust
the second harmonic generator in the laser to maximize laser energy). At the beginning
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of every observation, the alignment of the transmitter and receiver is optimized based on
maximizing the lidar signal from a high altitude (typically 60–65 km).

3. The RDTL Signals
In this study, we illustrate the performance of the RDTL with a set of observations

made on the night of 18–19 October 2018. Figure 2 shows the lidar signal profile for the
three-channel Rayleigh lidar system acquired between 1826 and 0604 LST (0326 and 1504,
19 October 2018, UT). This represents the total raw lidar signal acquired over 11.3 h from
816,000 laser pulses. The data was acquired as a series of 816 profiles of 1000 pulses.
These 816 profiles were acquired as 51 sets of 16 profiles each. Thus, the data is annotated
as extending from set 1, profile 1 (i.e., 1/1) to set 51, profile 16 (i.e., 54/16). The lower
horizontal axis shows the total lidar signal, while the upper horizontal axis shows the
count rate. The lidar signals are summarized in Table 2. Of immediate import is the fact
that the signal count rates are less than 10 MHz, indicating that a pulse pile-up is not a
major source of distortion that reduces the fidelity of the lidar signal, as the receiver has
a maximum count rate of 100 MHz and the PMT and PA bandwidths are 200 MHz and
300 MHz, respectively. We note the count rates above 120 km are 63/68/110 counts per
second for channels 1, 2, and 3, respectively. For the RDTL PMTs, the expected dark counts
are 8–55 counts per second, so the background signals are within the variability of the dark
count signals [32].

Figure 2. The PFRR-RDTL total lidar signal and signal count rate plotted as a function of altitude on
18–19 October 2018. The grids are associated with the count rates and not the lidar signal.

The total lidar signal (NTOT) is composed of three components: atmospheric signal
(NS), background signal, and dark signal. This signal decomposition is a well-established
statistical method [37]. The associated uncertainties in the signals are described by Poisson
statistics [38]. At altitudes above the gain switching, the background and dark signals
are constant with the altitude and may be estimated as the average of the signal between
190 km and 195 km. Thus, the atmospheric signal is estimated by the subtraction of this
constant signal from the total signal. The uncertainty in the signal is effectively given by
the square root of the total lidar signal. The signals and errors are presented in Table 2. We
first see that Channel 1, Channel 2, and Channel 3 signals represent 16%, 39%, and 45%
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of the acquired three-channel lidar signals. The difference in the proportions of the lidar
signals (nominally 20%, 40%, and 40%) reflects the variations in the IF transmission in each
channel. The relative uncertainties in the three-channel signals increase in altitude from
0.03/0.02/0.02% at 42.5 km to 0.2/0.1/0.1% at 62.5 km and 1/0.6/0.5% at 82.5 km.

Table 2. A summary of the PFRR-RDTL signals on the night of 18–19 October 2018.

Altitude
(km)

Number of
Range Bins

NTOT
(Photon Count)

NS
(Photon Count)

∆NS
(Photon Count)

Channel 1/2/3 Channel 1/2/3 Channel 1/2/3

42.5
(40–45) 104 1.08/2.55/

3.12 × 107
1.08/2.53/
3.12 × 107

3.28/5.03/
5.58 × 103

62.5
(60–65) 104 3.67/9.17/

10.8 × 105
3.65/9.15/
10.7 × 105

6.04/9.56/
10.3 × 102

82.5
(80–85) 105 1.42/3.42/

4.06 × 104
1.24/3.23/
3.77 × 104

1.11/1.79/
1.94 × 102

122.5
(120–125) 104 1.69/1.84/

2.89 × 103
−1.8/0.3/
4.6 × 101

n/a/1.73/
6.70 × 100

192.5
(190–195) 104 1.71/1.84/

2.84 × 103 0/0/0 0/0/0

4. Rayleigh Lidar Density and Temperature Retrievals
4.1. Uncorrected Raw Lidar Signals

The raw photon count profiles are combined in time and altitude, the background is
subtracted, and the raw photon counts are corrected for range scaling and extinction. We
follow established methods, calculate the combined background and average dark photon
count signal at 190–195 km and correct the lidar signals for extinction [39]. The corrected
atmospheric lidar signal is used to estimate the density profile using standard lidar inver-
sion techniques, where the lidar signal is range-corrected (e.g., [16,30,40]). The density
profile is smoothed by 2 km (i.e., 41 range bins) and normalized to yield a normalized
density profile [41]. The ratio of the Channel 2 density to the Channel 1 density increases
with increasing altitude. When normalizing the ratio to 1 at 85 km, the ratio increases
from 0.87 at 40 km. Similarly, the ratio of the Channel 3 density to the Channel 1 density
increases with increasing altitude from 0.93 at 40 km to 1 at 85 km.

The retrieval of the atmospheric temperature profile from the atmospheric density
profile follows the established hydrostatic method (e.g., [16]). The retrieval with an estimate
of the acceleration due to gravity at Chatanika of 9.8228 m s−2 [33]. The method assumes
that there is a negligible contribution to the lidar signal from aerosols, polar stratospheric
clouds, or noctilucent clouds (e.g., [42–44]). The method also requires an estimate of the
temperature at 85 km that is taken from the Stratospheric Processes and their Role in Climate
(SPARC) [45,46] project or the Mass Spectrometer and ground-based Incoherent Scatter
model [47,48]. We calculate the temperature profiles from the RDTL signals following the
established techniques that have been previously employed at LRL-PFRR [31]. We initially
make no correction for pulse pile-up, electronic gating, or signal amplitude. The retrieved
temperature profiles for each of the receiver channels are plotted in Figure 3.

There are significant differences in the temperatures derived from the three channels.
The differences are greater than the uncertainties due to photon counting. While all the
temperature profiles show similar local maxima and minima, with a stratopause at 53 km,
the temperatures retrieved from Channel 2 and Channel 3 have higher values than those
retrieved from Channel 1 by up to 8 K. These temperature differences are consistent with
the differences in the density profiles. The vertical gradient in the Channel 2 and Channel 3
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density profiles is less than the gradient in the Channel 1 density profile. This is consistent
with a warm bias in Channel 2 and Channel 3.

Figure 3. (Left) The PFRR-RDTL temperature profiles for Channel 1 (T1(z)), Channel 2 (T2(z)) and
Channel 3 (T3(z)) on 18–19 October 2018. (Right) The difference between Channel 2 and Channel 3
temperature retrievals relative to the Channel l retrieval (T2(z) − T1(z), red-dashed; T3(z) − T1(z),
blue-dashed; smoothed at 2 km) and signal uncertainties due to photon counting (Channel 1, green-
solid; Channel 2, red-solid; Channel 3, blue-solid).

Given that distortion is the greatest at the lower altitudes, we consider three sources of
distortion in the signals. These are (i) pulse pile-up, where the MCS will undercount pulses
that arrive too close in time to be discriminated, (ii) variation in the detector gain due to
the gain switching of the PMT, and (iii) variations in the detector gain due to the amplitude
of the signal.

4.2. Correction for Pulse Pile-Up

The lidar photon counting signals are statistical and behave as Poisson random vari-
ables (e.g., [38,49]). The PMT pulses have a finite width of 8 ns, so that if a second pulse
arrives within 8 ns of the first pulse, the MCS will not detect it as a separate pulse, the
pulses have “piled up”, and the MCS will undercount the signal. The value of 9 ns is
derived from the manufacturer’s specifications or experimental characterization. For the
Rayleigh lidar, which is a non-paralyzable system, the detector is unresponsive to incoming
pulses for a time interval τd after a pulse arrives. If a pulse arrives during that interval, τd,
the pulse is ignored, but the interval is not extended. Thus, a pulse arriving τd after an
initial pulse is detected regardless of whether any pulses arrive in the intervening τd. Thus,
the non-paralyzable detector cannot be paralyzed by succeeding pulses. The observed
counting rate for a non-paralyzable system, COBS, is given in terms of the true count rate,
CTRUE, as follows:

COBS = CTRUE/(1 + xTRUE) (1)

where xTRUE = CTRUE × τd. Solving for CTRUE in terms of COBS

CTRUE = COBS/(1 + xOBS) (2)
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where xOBS = COBS × τd. To correct the pulse pile-up in the three-channel Rayleigh lidar,
the data is integrated in 15 min intervals and smoothed over 2 km (~42 range bins) in
altitude to increase statistical confidence in the data. The observed count rate is determined
by the total signal over 15 min as follows:

COBS = NOBS/
(
(∆t× RL)

(
2∆z

c

))
(3)

where NOBS is the total lidar signal (including signal, background, and dark signals), RL

is the pulse repetition rate (=20 pps), ∆t (=900 s) and ∆z (=48 m) are the temporal and
spatial resolution of the signal, and c is the speed of light. The count rate is determined on a
per-laser-pulse basis, NTOT/((2∆z/c) × (∆t × RL)), where NTOT is the total signal per laser
pulse, 2∆z/c is the time interval corresponding to an individual range bin, and ∆t × RL is
the total number of laser pulses. The correction is then applied to the lidar signal as follows:

NTRUE = NOBS/(1 − xOBS) (4)

The choice of 15 min provides a short enough interval to track signal variations due to
energy changes in the laser and sky transmission, while providing enough signal to provide
a statistically robust estimate of COBS. The ratio of the Channel 2 density to the Channel
1 density increases with increasing altitude. When normalizing the ratio to 1 at 85 km,
the ratio increases from 0.88 at 40 km. Similarly, the ratio of the Channel 3 density to the
Channel 1 density increases with increasing altitude from 0.94 at 40 km to 1 at 85 km. The
temperature profiles and the difference in the temperature profiles are plotted in Figure 4.
The difference in the temperature values is now reduced relative to the uncorrected data.
At 40 km, the difference between the temperatures retrieved from Channel 1 and Channel 2
decreases from 7.98 K to 6.90 K, and the difference between those from Channel 1 and
Channel 3 decreases from 3.77 K to 2.30 K. The amount of correction decreases with altitude
as the effect of pulse pile-up decreases with the signal levels as they decrease with altitude.
However, the differences between the signals in each channel remain greater than the signal
uncertainties due to the photon counting statistics. The multi-channel lidars experience
issues with alignment between emission and reception between the different channels,
an effect that competes with pulse pile-up. The alignment of the multi-channel detection
system is optimized on a nightly basis prior to the data acquisition to ensure a consistent
overlap between the transmitted beam and the receiver field of view across all channels.
This procedure minimizes the channel-to-channel alignment differences.
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Figure 4. (Left) The PFRR-RDTL temperature profiles for Channels 1 (T1(z)), Channel 2 (T2(z)) and
Channel 3 (T3(z)) on 18–19 October 2018 corrected for pulse pile-up. (Right) The difference between
Channel 2 and Channel 3 temperature retrievals relative to the Channel l retrieval (T2(z) − T1(z),
red-dashed; T3(z) − T1(z), blue-dashed; smoothed at 2 km) and signal uncertainties due to photon
counting (Channel 1, green-solid; Channel 2, red-solid; Channel 3, blue-solid).

4.3. Detector Gain Switching

The RDTL gain switches the PMTs by controlling the voltage between the photocath-
ode and the first dynode of the PMT. The photocathode is at a voltage of −2000 V, and the
anode is at 0 V. A voltage of 200 V is applied to the first dynode of the PMT to reduce the
voltage between the photocathode and the first dynode, and thus reduce the acceleration
of electrons through the PMT and the gain of the PMT. The application of the 200 V signal
is triggered by the laser Q-switch, so that the gain switching commences just before the
laser pulse is transmitted. The return signals from the altitudes below a selected altitude
are thus detected at low gain, while higher-altitude signals are detected at a high gain.

To determine the variations in the gain following the gain switching, the lidar receiver
system was exposed to different intensities of light using light sources that were placed
in the telescope. The data acquisition system was triggered with a signal generator. The
tests enabled us to determine the effects of the gain switching. The constant light signal
mimics a skylight signal that appears constant with altitude. Figure 5 shows the Channel 1
signal with altitude. Ideally, we would expect the signal, Ng(z), to have a constant value,
N0, for z > z0. However, we find that the three channels each have an exponential variation
in signal that can be expressed in the following form:

Ng(z) = A + B
(

1 − e−(z−z0)/λ
)

for z > z0. (5)

The form of the signal is the same as that of an RC time constant in the charging of an
RC circuit and reflects the fact that the signal variation is due to the output impedance of the
high voltage power supply for the PMT. The coefficients, A, B and λ, are channel-specific
constants, and zo is the corresponding switching altitude. The gain of the PMT is now
calculated as follows:

g(z) = Ng(z)/N0. for z > z0 (6)
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where g(z) = 1 as z −→ ∞. Thus g(z) can be written as, g(z) = Ng(z)/N0. for z > z0 or

g(z) =
∼
A +

∼
B
(

1− e−
(z−z0)

λ

)
for z > z0 (7)

where
∼
A = (A/(A + B) and

∼
B = (B/(A + B). We can now correct the lidar signals for PMT

gain switching by dividing the signals that have been corrected for pulse pile-up by g(z).
The value of the fitted constants and z0 for the three channels is listed in Table 3.

Figure 5. The PFRR_RDTL Channel 1 lidar signal plotted with altitude for the constant light source
test on 3 April 2022. The red curve is the curve fitted to the lidar signal.

Table 3. The gain switching fit parameters for the three-channel RDTL.

Parameter Channel 1 Channel 2 Channel 3
∼
A 0.93679 0.95335 0.92570
∼
B 0.063210 0.046649 0.074303

λ (km) 58 38 49
z0 (km) 25.49 32.25 32.30

The ratio of the Channel 2 density to the Channel 1 density increases again with
increasing altitude. When normalizing the ratio to 1 at 85 km, the ratio increases from
0.90 at 40 km. Similarly, the ratio of the Channel 3 density to the Channel 1 density increases
with increasing altitude from 0.96 at 40 km to 1 at 85 km. The change in the ratio over
45 km has decreased. The differences in the temperature profiles also decrease (Figure 6).
At 40 km, the difference between the temperatures retrieved from Channel 1 and Channel 2
decreases from 6.90 K to 6.60 K, and the difference between those from Channel 1 and
Channel 3 decreases from 2.30 K to 1.53 K. The amount of correction decreases with altitude
as the value of g(z) approaches 1.
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Figure 6. (Left) The temperature profile plotted as a function of altitude, measured by the PFRR-
RDTL on 18–19 October 2018 after correction for pulse pile-up and PMT gain switching. (Right) The
difference between Channel 2 and Channel 3 temperature retrievals relative to the Channel l retrieval
(T2(z) − T1(z), red-dashed; T3(z) − T1(z), blue-dashed; smoothed at 2 km) and signal uncertainties
due to photon counting (Channel 1, green-solid; Channel 2, red-solid; Channel 3, blue-solid).

4.4. Signal Amplitude

The final correction assumes that the shape of the Channel 1 signal reproduces the
atmospheric density profile most faithfully. This is because the Channel 1 signals have the
lowest amplitude and, therefore, are the least susceptible to changes in the PMT gain due
to variations in the power supply terminal voltage. Thus, the Channel 1 signal is taken as
the reference for the Channel 2 and Channel 3 signals. The correction is implemented as a
ratio correction.

The temperature and density profiles are first calculated for each of the channels. The
temperature profiles from Channel 2 and Channel 3 are compared with those of Channel 1.
Starting at the top of the profiles, the profiles are compared moving downward until
the altitude where the difference between the temperatures becomes greater than the
uncertainties in the difference between the profiles, as follows:

(T1(z) − T2,3(z))2 > (∆T1(z))2 + (∆T2,3(z))2 for z < zS2,3 (8)

where ∆Ti is the statistical uncertainty in the temperature moving upward from the bottom
of the profiles to the altitude where the difference between the temperatures becomes less
than the uncertainties in the difference between the profiles, as follows:

(T1(z) − T2,3(z))2 < (∆T1(z))2 + (∆T2,3(z))2 for z > zS2,3 (9)

Once zS2,3 is calculated, we now take the ratio of the Channel 1 density profile to the
Channel 2 and Channel 3 density profiles. This ratio is calculated as follows:

R2,3(z) =
ρ1(z)

ρ1(zS2,3)
× ρ2,3(zS2, 3)

ρ2,3(z)
for z < zS2,3 (10)

R2,3(z) = 1 for z > zS2,3 (11)
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The temperatures and uncertainty in temperatures are first calculated for the indi-
vidual channels from a selected altitude range (e.g., 38 to 85 km) after correcting the total
signal for pulse pile-up and blanking response. The individual channel temperatures are
then smoothed, and a difference is taken between Channel 1 and the channel for which
the factor is being calculated (e.g., Channel 2 or Channel 3). A reference altitude is then
calculated where the temperature difference between the two channels is still greater than
the total error from the two channels. This altitude is zS1,2, and the temperatures are similar
between the two compared channels above this altitude.

The ratios between Channel 1 and Channel 3 are also calculated in the same way up to
zs1,3. For 18 October 2018, the values of zs for channels 2 and 3 are 69.3 km and 69.1 km,
respectively. Figure 7 shows the ratio correction curve for Channel 2 on 18 October 2018.
The background signal is removed, and the lidar signal count is then corrected for the ratio
correction using,

NS2(z) = NS2(z) × R1,2(z) (12)

NS3(z) = NS3(z) × R1,3(z) (13)

where NS is the atmospheric signal component. The background skylight count is then
calculated for the individual channels and is added back to the signal. The corrected signal
with background noise is then used to calculate the density and temperature profiles.

Figure 7. The signal amplitude correction for the PFRR_RDTL channels 2 (ratio Channel 1 to
Channel 2) and 3 (ratio Channel 1 to Channel 3) plotted as a function of altitude.

The ratio of the Channel 2 density to the Channel 1 density again increases with
increasing altitude. When normalizing the ratio to 1 at 85 km, the ratio increases from
0.97 at 40 km. Similarly, the ratio of the Channel 3 density to the Channel 1 density increases
with altitude from 0.98 at 40 km to 1 at 85 km. Figure 8 shows the temperature profiles with
altitude for each channel after the corrections for pulse pile-up, blanking response, and
ratio are applied to the data. The temperature profiles from the three channels are in good
agreement with each other over the whole altitude range. The deviation in temperatures
between the three channels is less than 0.05% in all altitudes. As the noise increases
above 70 km, the difference in the temperature measurements between the three channels
increases. The differences in the temperatures are greater than the uncertainty in the lidar
signals above 55 km.
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Figure 8. (Left) The temperature profile plotted as a function of altitude, measured by the PFRR-RDTL
on 18–19 October 2018 after correction for pulse pile-up, blanking response, and signal amplitude
correction. (Right) The difference between Channel 2 and Channel 3 temperature retrievals relative to
the Channel l retrieval (T2(z) − T1(z), red-dashed; T3(z) − T1(z), blue-dashed; smoothed at 2 km) and
signal uncertainties due to photon counting (Channel 1, green-solid; Channel 2, red-solid; Channel 3,
blue-solid).

Table 4 summarizes the results of the temperature retrievals for each of the channels
as the various corrections are applied. As expected, the corrections are more significant
at the lower altitudes with changes of 2.1 K, 10.2 K, and 6.1 K at 40 km and 0.8 K, 3.3 K,
and 2.9 K at 60 K for Channel 1, Channel 2, and Channel 3, respectively. The temperatures
of the three channels converge to within 0.2 K at 40 km and 0.4 K at 60 km after all the
corrections are applied.

Table 4. RDTL temperatures for each channel at selected altitudes.

Correction Temperature
40 km 45 km 50 km 55 km 60 km

No Correction

Channel 1 246.6 K 251.8 K 260.5 K 261.5 K 246.9 K

Channel 2 254.6 K 258.7 K 265.3 K 264.5 K 249.8 K

Channel 3 250.4 K 255.1 K 262.7 K 262.9 K 249.4 K

Pulse Pile-Up

Channel 1 245.8 K 251.5 K 260.4 K 261.4 K 246.9 K

Channel 2 252.7 K 257.9 K 264.9 K 264.4 K 249.8 K

Channel 3 248.1 K 254.2 K 262.3 K 262.8 K 249.3 K

Pulse Pile-Up and Gain Switching

Channel 1 244.5 K 250.1 K 259.1 K 260.4 K 246.1 K

Channel 2 251.0 K 256.5 K 263.6 K 263.3 K 248.9 K

Channel 3 245.9 K 252.1 K 260.4 K 261.1 K 248.0 K

Pulse Pile-Up, Gain Switching, and Signal Amplitude

Channel 1 244.5 K 250.1 K 259.1 K 260.4 K 246.1 K

Channel 2 244.4 K 250.4 K 259.1 K 260.7 K 246.5 K

Channel 3 244.3 K 250.3 K 259.2 K 260.7 K 246.5 K
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4.5. Combined Three-Channel Temperature Profile

While we have investigated the response of each of the RDTL channels to each of the
correction factors, the ultimate goal is to combine the corrected signals in the three channels
to yield a single density (Figure 9) and temperature profile (Figure 10) with an associated
decrease in temperature. This bias is consistent with the change in density profiles, where
the uncorrected density profile has a larger scale height than the corrected density profile.
Table 5 summarizes the results of the temperature retrievals for each of the channels as the
various corrections are applied. As expected, the corrections are more significant at the
lower altitudes with changes of 7.1 K at 40 km and 2.7 at 60 K. The combined corrected
temperatures presented in Table 5 agree with the individually corrected temperatures in
Table 4 to within 0.2 K or less. The corrected combined temperatures are closest to the
corrected Channel 3 temperatures, as the signal in Channel 3 is the largest.

Figure 9. (Left) The atmospheric density profile plotted with statistical uncertainties as a function of
altitude. The profile is based on the three channels of PFRR-RDTL combined on 18–19 October 2018.
The profile is normalized to one at 85 km. The density derived from the uncorrected lidar signal
is plotted in black, and the corrected lidar signal is plotted in green. The profiles at 40–45 km
and 80–85 km are highlighted as inserts. (Right) The relative difference between the corrected and
uncorrected density profile (blue) and the expected statistical uncertainty in the corrected profile
(black, green).

Table 5. The RDTL temperatures for the combined channels at selected altitudes.

Temperature (K)
40 km 45 km 50 km 55 km 60 km

Uncorrected 251.4 K 255.9 K 263.3 K 263.2 K 249.2 K
Corrected 244.3 K 250.4 K 259.2 K 260.5 K 246.5 K
Difference 7.1 K 5.5 K 4.1 K 2.7 K 2.7 K
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Figure 10. (Left) The temperature profile plotted with statistical uncertainties as a function of
altitude. The profile is based on the three channels of PFRR-RDTL combined on 18–19 October 2018.
(Right) The difference between the corrected and uncorrected density profile and the expected
statistical uncertainty in the corrected profile (green).

5. Comparison of RDTL Temperatures with MERRA-2 Reanalysis
A comparison of the RDTL temperatures with the Modern-Era Retrospective Anal-

ysis for Research and Applications 2 (MERRA-2) reanalysis is shown in Figure 11. The
temperature measurements of the Rayleigh lidar extend over 87 nights of observation
from September 2018 to April 2022. The RDTL measurements take place under clear sky
conditions. The highest number of observations was made in January (17), and the lowest
number of observations was made in October (6). The low number of observations in
October reflects the low number of clear nights that occurred in that month. The lidar
cannot take temperature measurements from May to July due to the lack of nighttime and
high background signals during these months. The daily measurements lasted between
3 and 16 h for a total of 832 h. The average observation period lasted 9.5 h. The strato-
sphere is warm in the months of March, April, August and September, and the temperature
increases to over 260 K during this time. A pronounced cycle in the temperature can be
observed with a maximum in August and a minimum in January. The months of May,
June and July are not included as no lidar measurements were made in these months. The
lidar temperatures show the same seasonal trend as the MERRA-2 reanalysis. However,
the lidar data shows that late fall and winter conditions are warmer than expected from
MERRA. Similar differences between the Rayleigh lidar site observations and the European
Centre for Medium-Range Weather Forecasts (ECMWF) have been reported from studies at
Andøya, Norway (69◦ N, 14◦ E) [50]. In the Andøya study, the measured wintertime middle
atmosphere is warmer than that reported by the reanalysis. This is attributed to the fact
that gravity waves are not resolved but parameterized in MERRA-2 and that the model has
a top lid of 0.01 hPa (~80 km) with a sponge layer beginning at 0.24 hPa (~60 km) [51–53].
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Figure 11. A color plot of the monthly averaged temperature as a function of month and altitude
at PFRR, Chatanika, Alaska (65◦ N, 147◦ W). (Left) The PFRR-RDTL measurements, (Middle) the
MERRA-2 reanalysis, and (Right) the temperature differences between the PFRR-RDTL and MERRA-
2. No lidar measurements are made in May, June, and July. The MERRA-2 data are limited to altitudes
below 63 km.

6. Conclusions
A single-channel RDTL has been upgraded to a three-channel system. The temperature

measurements from the individual channels showed differences in temperatures that were
larger than the statistical uncertainties in the values. These differences were largest at
the lowest altitudes and decreased with altitude. The differences were consistent with
the effects of pulse pile-up, gain switching, and signal amplitude. These three effects
contribute to a bias in the density profile where the density is increasingly underestimated
as the altitude decreases and appears to have a larger scale height. Under the hydrostatic
approximation-based retrieval, this resulted in an overestimate of the temperature. We
found the following:

(1) The correction for pulse pile-up results in a decrease of 0.8 K, 1.9 K, and 2.3 K at 40 km
in channels 1, 2, and 3, respectively, decreasing to 0.0 K, 0.0 K, and 0.1 K at 60 km.

(2) The combined correction for pulse pile-up and gain switching results in a decrease of
2.1 K, 3.6 K, and 4.5 K in channels 1, 2, and 3, respectively, decreasing to 0.8 K, 0.9 K,
and 1.4 K at 60 km.

(3) The combined correction for pulse pile-up, gain switching yields, and signal amplitude
results in a decrease of 2.1 K, 10.2 K, and 6.1 K in channels 1, 2, and 3, respectively,
decreasing to 0.8 K, 3.3 K, and 2.9 K at 60 km.

(4) The combined correction for pulse pile-up, gain switching yields, and signal amplitude
to the combined signal results in a decrease of 7.1 K at 40 km and 2.7 K at 60 km.

We have implemented a scheme to correct the signals in a three-channel Rayleigh
lidar system. A comparison of the lidar measurements over three-and-a-half years with
MERRA-2 shows differences similar to those observed in a comparison of Rayleigh lidar
measurements at Andøya and MERRA-2 [50]. While we have presented our technique
in terms of Rayleigh lidar systems, the techniques are also relevant to multi-wavelength
aerosol, Raman, and resonance lidar systems, where the ratios of signals from the dif-
ferent channels are used to calculate aerosol properties, water vapor, temperature and
wind [54–56].
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