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Abstract.

In an iodine-cell-based Rayleigh Doppler lidar (RDLD), slow drift in the relative spectral position between the transmitted
laser frequency and the discriminator response can shift the zero-Doppler reference and introduce systematic wind errors. This
study proposes and validates an online zero-Doppler reference tracking and wind correction method based on time-division
multiplexed measurements of seed reference light. The seed reference light and atmospheric backscatter share a single iodine-
cell frequency discriminator, and the seed transmittance is used to determine the spectral position of the emitted laser relative
to the current discriminator response and update the zero-Doppler reference online. In a dynamic frequency-tracking
experiment, the difference between Doppler frequency-discrimination receiver (DFDR) and wavemeter measurements had a
standard deviation of 1.25 MHz. During the 8 h continuous measurement, hour-scale variations of several megahertz were
observed in the relative spectral position, indicating that the zero-Doppler reference may not remain strictly constant during
long-term operation. With integration times of 100—1000 s, the Allan deviation of the frequency measurements was reduced
to approximately 0.29 MHz. The frequency difference between the seed reference light and pulsed laser had a standard
deviation of 1.14 MHz, supporting the use of the seed reference light to track pulsed-laser frequency variations. In atmospheric
observations, the mean vertical wind speed shifted from approximately 1.2 to —0.34 m s after zero-Doppler reference
correction. In a controlled frequency-offset experiment, RDLD retrieved equivalent wind speeds agreed well with values
derived from independent wavemeter measurements. Measured zonal and meridional winds also agreed well with ERAS
reanalysis in their major vertical structures and temporal evolution. These results demonstrate that the method enables online
monitoring and correction of the RDLD zero-Doppler reference without continuous reliance on an external wavemeter,

improving the stability of long-term wind measurements.
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1 Introduction

The stratosphere and mesosphere are key regions for atmospheric coupling, where accurate temperature and wind
measurements are important for studies of global circulation, wave—mean-flow interactions, and space-weather responses
(Holton et al., 2013). Rayleigh Doppler lidar (RDLD) measures stratospheric and mesospheric temperature and wind using
Rayleigh backscatter generated through the interaction of laser light with atmospheric molecules. It provides direct
observations with high temporal and spatial resolution at altitudes in the stratosphere and mesosphere that are difficult to cover
routinely with radiosondes, and offers complementary altitude coverage to other observational techniques, including sodium
resonance fluorescence lidar, Mesosphere—Stratosphere—Troposphere (MST) radar, and medium-frequency (MF) radar
(Donfrancesco et al., 1996; Keckhut et al., 2001; Tsutsumi and Aso, 2005; Baumgarten et al., 2010; Li et al., 2012; Qiao et al.,
2020). At present, only a few RDLD systems are capable of long-term stable operation, including the ALOMAR
Rayleigh/Mie/Raman (RMR) lidar and the OHP Doppler Rayleigh lidar (Khaykin et al., 2020; Fiedler et al., 2024). Their long-
term observations have supported studies of gravity waves, atmospheric tides, and planetary waves (Baumgarten et al., 2015;
Khaykin et al., 2015; Strelnikova et al., 2021;Liu et al., 2022; Mossad et al., 2025).

RDLD wind retrieval uses an optical frequency discriminator to convert the Doppler shift of atmospheric backscatter into a
measurable transmittance change, which is mapped back to frequency using the calibrated frequency—transmittance response
(Liu et al., 2002; Liu et al., 2007). The spectral position of the transmitted laser on this response curve defines the zero-Doppler
reference. At 532 nm, a 1 m s™! line-of-sight (LOS) wind change corresponds to a Doppler shift of approximately 3.75 MHz,
so megahertz-scale reference shifts can produce noticeable wind biases. During long-term operation, environmental and
instrumental changes may alter either the laser frequency or discriminator response, but both lead to changes in their relative
spectral position. If this variation is not tracked or the zero-Doppler reference is treated as fixed, time-dependent systematic
biases may affect the consistency of long-term wind observations.

Existing RDLD systems generally maintain Doppler wind accuracy by stabilizing the laser and frequency discriminator and
by independently monitoring transmitted-laser frequency deviations. For example, the ALOMAR RMR lidar locks the seed
laser to the iodine 1109 absorption line and uses seed injection to control two Q-switched Nd:YAG lasers (Zahn et al., 2000).
The iodine-cell temperature is stabilized, and periodic spectral scans are performed to verify the long-term stability of its
transmittance spectrum (Baumgarten, 2010). Because seed injection can introduce megahertz-scale offsets between the seed
and pulsed lasers, the ALOMAR RMR lidar uses independent I. and FPI spectrometers to monitor their frequency difference
in real time (Fiedler et al., 2024; Fiedler et al., 2026). Its Doppler Rayleigh lodine Spectrometer also measure a stable seed
reference light after each laser pulse to track relative detection-efficiency changes between the reference and iodine-cell
channels and correct system-response differences (Hildebrand, 2014). Similarly, Yan et al. (2017) used a separate iodine cell
to monitor seed-injection status and reject echoes from pulses with failed injection.

These above studies have improved the reliability of emitted-laser frequency control, but most approaches still stabilize or

monitor the laser and discriminator separately. As a result, the relative spectral position between the laser frequency used for
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wind retrieval and the discriminator response must be determined indirectly from multiple independently measured quantities.
If this position could instead be measured online through the same frequency-discrimination optical path, the zero-Doppler
reference could be tracked more directly with less reliance on independent parameters.

Our team deployed an iodine-cell-based RDLD in Jiuquan, Gansu, China (98.5° E, 39.8° N), for measurements of atmospheric
temperature and wind at altitudes of 30-70 km. The system uses two independent iodine absorption cells, one for laser
frequency locking and the other for Doppler frequency discrimination of atmospheric backscatter. Because the temperatures
and iodine-vapor conditions of the two cells cannot be maintained identically at all times, their transmittance spectra may
exhibit time-varying relative differences. Therefore, even when the seed laser is locked to the spectral edge of the locking cell,
its spectral position on the frequency—transmittance response curve of the DFDR iodine cell may not remain constant.
Consequently, the zero-Doppler reference of the system may still drift over time. The system employs an all-solid-state laser
based on a master oscillator power amplifier (MOPA) architecture. The seed laser is successively amplified by multiple end-
pumped amplifier stages and a slab power amplifier to generate high-energy laser pulses (Wang J. et al., 2010; Li S. et al.,
2013). Unlike conventional injection-seeded Q-switched lasers, this architecture avoids issues such as loss of injection locking,
longitudinal-mode competition, and multimode oscillation, allowing the frequency of the output laser pulses to be primarily
determined by the seed laser frequency. This provides the basis for using the seed laser frequency as a reference for the pulsed-
laser frequency. The frequency consistency between the seed reference light and the pulsed laser is further validated in a
subsequent experiment.

Building on this design, this study proposes a method for online tracking of the zero-Doppler reference and wind correction.
The method focuses on the relative spectral position between the transmitted laser and the actual Doppler frequency-
discrimination response, treating the zero-Doppler reference as an observable and updatable system state rather than a fixed
parameter determined by prior calibration. Specifically, within each measurement cycle, the DFDR sequentially measures the
seed reference light and atmospheric backscatter. The measured transmittance of the seed reference light through the iodine
cell is then used to determine online the zero-Doppler reference position of the transmitted laser on the current frequency—
transmittance response curve of the discriminator. The resulting variation in the zero-Doppler reference is directly used to
correct biases in the retrieved Doppler shift of atmospheric backscatter caused by relative changes in the transmitted laser
frequency or the discriminator response.

The proposed method is validated through laboratory tests and atmospheric observations. The proposed method is validated
through laboratory tests and atmospheric observations. First, the frequency—transmittance response of the DFDR iodine cell is
calibrated, and experiments with a freely drifting seed laser and an 8 h continuous measurement are conducted to evaluate the
dynamic frequency-tracking capability of the DFDR and its long-term performance in tracking the zero-Doppler reference.
Second, the frequency consistency between the seed reference light and the pulsed laser is verified through simultaneous
frequency measurements. The effectiveness of the zero-Doppler reference correction and the performance of wind retrieval

are then evaluated using vertical atmospheric observations and controlled frequency-offset experiments. Finally, the horizontal
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winds obtained from continuous nighttime observations are compared with ERAS reanalysis to assess the system performance
in atmospheric wind measurements.

The remainder of this paper is organized as follows. Section 2 presents an overview of the RDLD system and the
optomechanical configuration for online zero-Doppler reference measurement. Section 3 describes the principles of zero-
Doppler reference tracking and wind correction. Section 4 presents the validation experiments and their results. Section 5

summarizes the main conclusions.

2 Instrument and measurement configuration
2.1 Instrument overview

As seen in Fig. 1, the RDLD is equipped with three telescopes pointing vertically (VT), westward at an inclined angle (WT),
and northward at an inclined angle (NT), respectively. The VT channel is used to measure atmospheric temperature and vertical
wind, while the WT and NT channels measure zonal and meridional winds, respectively. The system employs a MOPA all-
solid-state laser and a time-division multiplexing laser beam-splitting assembly (TDM-LBS) to switch sequentially among the
three observation channels according to a predefined timing sequence. The pulsed laser is directed to a reflector mounted on
the side of the corresponding telescope and then transmitted into the atmosphere along the respective line of sight. The signal
integration times are 5 min for the VT channel and 12.5 min for each of the two inclined channels. The three channels are
operated sequentially in the order VT, WT, and NT to complete one measurement cycle, yielding a set of atmospheric
temperature, zonal-wind, and meridional-wind profiles. A detailed description of the system configuration and measurement

performance can be found in our previous work (Yang et al., 2025).
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Figure 1: Schematic of the RDLD system. The RDLD control computer (CP) sends control commands to the functional modules and
receives their operating-status information via an RS485 bus. The timing control generator (TCG) provides synchronized timing
signals for laser triggering and chopper gating. The photon-counting module (PCM) acquires the photon-counting signals from the
DFDR and transfers them to the CP for data processing. The green dashed lines indicate the optical paths of the 532 nm pulsed laser,
and the green solid lines indicate the optical paths of the 532 nm seed reference light.

2.2 Receiver and channel time-division multiplexing

The DFDR is used for both atmospheric-backscatter Doppler-shift measurement and online tracking of the zero-Doppler
reference. The DFDR configuration in Fig. 2 includes two fiber-optic input channels that receive atmospheric backscatter and
seed reference light, hereafter referred to as the atmospheric-backscatter channel and the seed-reference channel, respectively.
Each channel is equipped with a mechanical chopper. Under timing control, the two choppers are alternately opened, allowing
the atmospheric backscatter and seed reference light to enter the same iodine-cell in separate time windows. In the frequency-
discrimination optical path, the two photomultiplier tubes before and after the iodine cell are denoted by Py and Py, respectively.
They measure the reference signal that before entering the iodine cell and the frequency-discriminated signal transmitted

through the iodine cell, respectively.
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Figure 3 shows the timing control scheme, in which the timing control generator (TCG) generates the mechanical-chopper

Figure 2: DFDR optical configuration

control signals and laser trigger signal based on a 600 Hz reference clock. The open-duty cycles of the choppers in the
atmospheric-backscatter and seed-reference channels are 50% and 20%, respectively. The seed-reference channel is opened
approximately 100 ps later than the atmospheric-backscatter channel. This timing allows the seed reference light to enter the
frequency-discrimination optical path only after atmospheric-backscatter sampling is completed, avoiding temporal overlap
between the two signals. The laser trigger signal is generated by dividing the 600 Hz reference clock by three, giving a
repetition rate of 200 Hz, and the trigger delay is adjusted to control the starting altitude of atmospheric-backscatter detection.
Under this timing configuration, the effective atmospheric-backscatter detection range is approximately 30—155 km, while the
open time of the seed-reference channel corresponds to an equivalent range of approximately 30 km. During switching between
the two choppers, there is a time window in which both choppers are closed. Both optical signals are blocked during this

interval, allowing the photomultiplier-tube dark counts to be measured.
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Figure 3: DFDR channel time-division multiplexing control sequence
Figure 4 shows a typical set of raw atmospheric-backscatter signal profiles. The integration time for each raw data point is 1

us, corresponding to a minimum range resolution of 150 m. Owing to the timing control of the mechanical chopper, near-range

atmospheric backscatter below 30 km is blocked, and the effective atmospheric-backscatter signal extends from approximately
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30 to 140 km. The transmission window of the seed-reference channel corresponds to an equivalent range of approximately
200-240 km. The seed-reference transmittance used to determine the zero-Doppler reference is obtained from the signal ratio

between the Py and P; channels within the seed-reference time window.
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Figure 4: Raw atmospheric-backscatter signal profiles of the RDLD. The blue and red lines represent the DFDR iodine-cell and
reference channels, respectively.

3 Theory and method
3.1 Doppler wind retrieval

Figure 5 illustrates the principle of Doppler frequency discrimination using the iodine 1109 absorption line in the RDLD. The
theoretical frequency—transmittance response function F of the iodine-cell discriminator is obtained by convolving the
measured iodine transmittance spectrum / with the Cabannes line R. The response is jointly determined by the transmitted
laser frequency v, the Doppler frequency shift of atmospheric backscatter Av, and the atmospheric temperature T (Liu et al.,

2002):
Flvg+ v, T) = [T 10RO —ve — Av, T)dV', (1)

where Avp (T) is the full width at half maximum (FWHM) of the Gaussian line shape. The atmospheric temperature is retrieved
from the atmospheric-backscatter signals measured by the VT channel using the Chanin—Hauchecorne method, which is based
on the assumptions of hydrostatic equilibrium and the ideal gas law (Hauchecorne and Chanin, 1980).

At altitudes above 30 km, the atmospheric pressure is sufficiently low that collisional broadening of the Cabannes line is
negligible compared with Doppler broadening. The Cabannes linewidth is therefore dominated by Doppler broadening due to

molecular thermal motion and can be approximated by a Gaussian line shape (Demtroder, 2014):

7
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_ 2 |m2 —41n2(v—vy—-4v)?
RO, T) = Avp(T) \I T exp[ av3(T) ’ )

8kT In 2
Avp(T) = / — Vo, 3)

where k is the Boltzmann constant, m is the mean molecular mass of air, and c is the speed of light in vacuum.

In actual observations, the transmittance T, of atmospheric backscatter through the iodine cell is calculated as the ratio of

the background- and dark-count-corrected photon counts in the iodine-cell channel Ny, 12, to those in the reference channel

Natm,ref:
N

TObS — fatmlI2 , (4)
Natm,ref

The measured transmittance T, is substituted into the inverse of the theoretical frequency—transmittance response function

F~1, to retrieve the Doppler frequency shift Av and the horizontal LOS wind speed Vys:

v =F Y T,psv0T), (5)
A4
Viros = ﬁ > (6)

where A is the transmitted laser wavelength and y is the off-zenith angle.
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Figure S: Principle of single-edge Doppler frequency discrimination using an iodine absorption cell. The blue curve shows the
normalized iodine transmittance spectrum, the red curve shows the Cabannes line, the gray shaded area indicates the transmitted
spectrum of the Cabannes line after passing through the iodine cell, and the black curve represents the normalized transmittance
response for Cabannes lines with different center frequencies.
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3.2 Zero-Doppler reference measurement and wind correction

The DFDR configuration in Fig.2 allows the seed reference light and atmospheric backscatter to share the same iodine-cell
frequency discriminator and detection channels. Therefore, measuring the transmittance Ty,..4 Of the seed reference light
through the iodine cell provides the relative spectral position of the seed laser with respect to the current frequency-
discrimination response. Figure 5 shows an approximately linear region near the steep edge of the iodine absorption line, which
is selected as the locking range for the seed laser frequency. By pre-calibrating the relationship between the seed-reference
transmittance and laser frequency, the measured T..4 can be converted into an equivalent laser frequency Vigser 12, Which

represents the spectral position of the laser frequency on the frequency—transmittance response curve of the discriminator:
Viaser,1, = aTgeeq + b, @)

where a and b are the slope and intercept of the linear fit, respectively.

During a complete RDLD observation and retrieval cycle, the VT channel first completes its measurement and retrieves the
atmospheric temperature profile T. At this stage, the WT and NT measurements have not yet been completed, and the
corresponding actual seed-reference transmittances are therefore not yet available. To construct the theoretical frequency—
transmittance response function required for wind retrieval in advance, a reference seed transmittance Tseeq ref Close to the
nominal operating point is predefined, and the corresponding reference frequency Vg s is determined using Eq. (7). This
frequency v s serves as the predefined zero-Doppler reference for calculating the theoretical response function F. After the
WT and NT measurements are completed, the Doppler frequency shift 4v,,;, relative to the predefined zero-Doppler baseline
Avg ey is first retrieved from the pre-calculated response function F and the measured atmospheric-backscatter transmittance
T,ps - Meanwhile, the synchronously measured seed-reference transmittance Tseeqreqr 1S Used to determine the actual
equivalent laser frequency Vigser reqr relative to the discriminator response. The difference between vjgser reqr and the

predefined zero-Doppler reference 4vy ¢V is defined as the zero-Doppler reference offset Avy:

AV = Vigserreal — Vo,ref » ®

Because the initially retrieved Doppler frequency shift A4v,.., is referenced to the predefined zero-Doppler reference 4vy .,

it includes both the actual atmospheric Doppler shift and the offset introduced by the shift in the zero-Doppler reference. The

corrected Doppler frequency shift Av,,,, is therefore obtained by subtracting Avj:

AVcorr = Avretr - AVO 5 (9)
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4 Experiments and results
4.1 Validation of zero-Doppler reference measurement and tracking

The frequency—transmittance response of the iodine cell was calibrated experimentally. During the calibration, the seed laser
(SL) operated in frequency-scanning mode, with the seed reference light scanned across the iodine 1109 absorption line. During
the scan, the DFDR measured the transmittance of the seed reference light through the iodine cell, while a wavemeter
(HighFinesse, WS7-60) simultaneously measured its wavelength. The frequency-tuning signal applied to the SL was a
sawtooth waveform with a period of 200 s. The seed-reference wavelength was scanned over a range of approximately 10 pm
centered at about 532.26 nm. The integration time for each sampling point was 100 ms, and the wavemeter exposure time was
also 100 ms. Approximately 2000 sampling points were obtained during each scan cycle, with an average wavelength interval
of about 5 fm between adjacent points, corresponding to a frequency interval of approximately 5 MHz. The specified relative
frequency resolution of the WS7-60 wavemeter is 2 MHz, which is smaller than the frequency interval between adjacent
sampling points. This configuration therefore provides sufficiently dense sampling of the iodine transmittance spectrum. Figure
6(a) shows the calibrated iodine frequency—transmittance response of the DFDR seed-reference channel, clearly revealing the
iodine 1109 absorption line. Because the calibration is performed directly on the DFDR, system-specific factors such as optical
efficiency, beam-splitting ratio, and photomultiplier-tube detection efficiency are inherently incorporated into the calibrated
response. These parameters therefore do not require separate calibration. Figure 6(b) shows the linear fit over the selected
operating range on the edge of the iodine-cell frequency—transmittance response curve, which is used to establish the
conversion between seed-reference transmittance and wavelength. Within this range, transmittance and wavelength exhibit a
strong linear relationship, with a coefficient of determination R? of 0.9979 and a wavelength root-mean-square error (RMSE)
of 3.147x107% nm, corresponding to an equivalent frequency RMSE of approximately 3.33 MHz. The fitted slope p, is
—7.459x10™* nm a.u.”', representing the conversion coefficient from seed-reference transmittance to wavelength within the
operating range. According to the wavelength—frequency conversion relation, the transmittance-to-frequency conversion
coefficient is approximately 789 MHz a.u.”!, meaning that a transmittance change of 0.001 corresponds to a frequency change
of approximately 0.789 MHz. Therefore, if the DFDR achieves a measurement stability of 10~ in seed-reference transmittance,
it should theoretically be capable of resolving megahertz-scale variations in the laser frequency. As shown in Fig. 6(c), the
fitting residuals are mainly distributed around zero, with no evident overall bias. The mean residual is approximately
4.87x107* nm, corresponding to an equivalent frequency offset of approximately 5.16x1078 MHz. These results indicate that

the linear fit accurately represents the relationship between transmittance and frequency within the selected operating range.

10
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Figure 6: Calibration results of the iodine frequency—transmittance response for the DFDR seed-reference channel. (a) Equivalent
iodine transmittance response measured in the seed-reference channel. The blue dots represent the raw experimental data, and the
red curve represents the spline interpolation. (b) Linear fit between transmittance and wavelength over the selected linear region of
the iodine frequency—transmittance response curve. (¢) Residuals of the linear fit in (b)

Figure 7(a) shows the results of a dynamic frequency-tracking experiment in which the seed-laser wavelength was varied by
adjusting the DFB-laser temperature. The DFDR-retrieved wavelengths were compared with synchronous wavemeter
measurements. The DFDR continuously tracked the seed-reference wavelength during the initial slow drift, the rapid variation
around 10 min, and the subsequent damped oscillation after relocking. Overall, the DFDR retrievals and wavemeter
measurements showed consistent temporal variations. Figure 7(b) shows the difference between the DFDR-retrieved and
wavemeter-measured wavelengths. Throughout the experiment, the tracking difference fluctuated around zero without a
persistent one-sided offset. The fluctuations increased during the rapid wavelength change and relocking transition, but
remained generally stable. The standard deviation of the tracking difference was 1.186 fm, corresponding to a frequency
standard deviation of 1.25 MHz. Based on the transmittance-to-frequency conversion coefficient derived from Fig. 6(b), this
frequency standard deviation corresponds to an equivalent transmittance variation of approximately 1.6x1073. This result
indicates that, with an integration time of 100 ms, the DFDR can resolve seed-reference transmittance variations on the order
of 1073, Figure 7(c) further shows the scatter relationship between the two measurements. The data points are distributed close
to the 1:1 line, with a fitted slope of 0.9745 and a coefficient of determination R? of 0.935, indicating good agreement between
the DFDR-retrieved and wavemeter-measured wavelengths. These results demonstrate that the DFDR can continuously track

dynamic variations in the seed-reference wavelength.

11
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Figure 7: Validation results of the DFDR wavelength measurement. (a) Time-series comparison between the DFDR-retrieved and

wavemeter-measured wavelengths. (b) Difference between the two wavelength measurements. (c) Linear relationship between the
DFDR-retrieved and wavemeter-measured wavelengths

4.1.2 Long-term zero-Doppler reference tracking

Figure 8(a) presents an 8 h continuous measurement under seed laser frequency locking to evaluate the long-term zero-Doppler
reference tracking performance of the DFDR. The wavemeter measurements remained generally stable, whereas the DFDR
retrievals exhibited additional slow variations on hourly timescales, indicating that the spectral position of the seed laser
relative to the DFDR frequency-discrimination response may still drift over extended periods.

The frequency difference between the DFDR and wavemeter measurements is presented in Fig. 8(b). The raw frequency
difference fluctuated around zero throughout the experiment, with no abrupt jumps observed. To approximate the temporal
resolution used in routine observations, a 300 s moving average was applied to the frequency difference. The smoothed
frequency difference exhibited slow variations on hourly timescales, with an 8 h mean of —0.10 MHz, indicating no evident
long-term fixed bias between the two measurements. Its standard deviation was 1.901 MHz, and the peak-to-peak variation
reached 7.307 MHz, indicating megahertz-scale changes in the spectral position of the laser relative to the DFDR frequency-
discrimination response over several hours. Since the seed-laser frequency measured by the wavemeter varied only slightly
during the same period, these low-frequency differences mainly reflect slow changes in the DFDR frequency-discrimination
response relative to the laser frequency. Possible sources include small drifts in the iodine-cell temperature, changes in the
mechanical state of the optical path, and long-term variations in the relative responses of the two detection channels. As an

estimate of the resulting impact on wind measurements, the standard deviation of 1.901 MHz and the peak-to-peak variation
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of 7.307 MHz correspond to equivalent LOS wind speeds of approximately 0.51 and 1.94 m s, respectively. These results
indicate that long-term variations in the zero-Doppler reference can have a non-negligible impact on high-precision wind
measurements. The wavemeter exhibits consistently lower Allan deviations than the DFDR, indicating higher random noise
in the DFDR measurements at short timescales, which is associated with frequency retrieval based on the ratio of photon counts
from the two detection channels.

Figure 8(c) shows the Allan deviations of the DFDR and wavemeter measurements, which are used to evaluate frequency-
measurement stability at different averaging times. At shorter averaging times, the Allan deviations of both measurements
decrease with increasing averaging time, indicating that longer integration effectively suppresses random measurement noise.
The wavemeter exhibits consistently lower Allan deviations than the DFDR, indicating higher random noise in the DFDR
measurements at short timescales, which is associated with frequency retrieval based on the ratio of photon counts from the
two detection channels. For the DFDR, the Allan deviation remains relatively low over averaging times of 100—1000 s, with a
mean value of approximately 0.29 MHz. This indicates that minute-scale integration substantially improves the short-term
stability of zero-Doppler reference measurements. At longer averaging times, the DFDR Allan deviation gradually levels off
and then increases, consistent with the hour-scale low-frequency variations observed in Fig. 8(b), indicating that the
measurement stability is increasingly affected by slow system variations.

These results demonstrate that the DFDR can stably track variations in the spectral position of the seed laser relative to the
frequency-discrimination response during several hours of continuous observation. More importantly, even with the seed-laser
frequency locked, the DFDR detected hour-scale relative spectral variations of several megahertz, indicating that the zero-
Doppler reference may not remain strictly constant during long-term observations. Online measurement and updating of the
zero-Doppler reference can therefore help reduce biases in wind retrieval caused by slow system variations. In practical
observations, setting the signal integration time of each channel within the range of 100—1000 s provides a reasonable balance

among random-noise suppression, the influence of slow system variations, and temporal resolution.
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Figure 8: Long-term tracking stability of the DFDR zero-Doppler reference. (a) Time series of the DFDR and wavemeter
measurements. (b) Frequency difference between the two measurements. The blue line represents the raw frequency difference, and
the red line represents the 300 s moving average. (c) Allan deviations of the two measurements.

4.1.3 Frequency consistency between the seed laser and pulsed laser

Figure 9(a) compares the wavelengths of the 532nm seed-reference light and emitted pulsed laser measured synchronously
with two wavemeters (HighFinesse, WS7-60). During the first 80 min, the laser remained frequency locked, followed by a
small-range frequency tuning. The seed-reference light and pulsed laser wavelengths remained consistent throughout, with no
evident tracking lag or abrupt frequency jumps. Figure 9(b) shows the frequency difference between the seed-reference light
and the pulsed laser, which remained centered near 0 MHz with most values within #4 MHz. The distribution in Fig. 9(c) is

approximately Gaussian, with a mean near 0 MHz and a standard deviation of 1.14 MHz, indicating good frequency
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consistency without an evident systematic offset. These results support the use of the seed-reference light to represent the
emitted pulsed laser frequency.
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Figure 9: Frequency consistency between the seed reference light and pulsed laser. (a) Time series of the wavelengths of the 532 nm
continuous seed reference light (blue) and pulsed laser (red). (b) Wavelength difference between the seed reference light and pulsed
laser. (c) Histogram of the wavelength difference and corresponding Gaussian fit.

4.2 Validation of wind correction

In the stratosphere and mesosphere, vertical winds are generally much weaker than horizontal winds and are expected to
average close to zero over appropriate temporal and vertical scales. Vertical-channel measurements can therefore provide a
useful reference for evaluating zero-Doppler reference offsets, as adopted in previous RDLD studies for calibration and
validation (Souprayen et al., 1999; Fiedler et al., 1999). This study evaluates the proposed method by comparing the overall
vertical-wind offset before and after zero-Doppler reference correction.

Figure 10 presents the nighttime vertical-wind observations and the corresponding intermediate variables used for zero-
Doppler reference correction. Figure 10(a) shows the vertical winds retrieved without zero-Doppler reference correction. The
persistent positive offset over most times and altitudes between 30 and 50 km suggests a common zero-Doppler reference error,
rather than purely atmospheric vertical motions. Fig. 10(d) gives the time series of the synchronously measured seed-reference
transmittance and the corresponding wind correction. The measured seed-reference transmittance remained higher than the
predefined reference value throughout the observation and varied with time. The measured seed-laser frequency was used to
determine the offset from the predefined zero-Doppler reference and the corresponding wind correction. During this

observation, the wind correction ranged from approximately —1.0 to —2.5 m s™!. This indicates that retrieval using the
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predefined zero-Doppler reference introduces a positive wind bias, consistent with the overall positive offset observed in Fig.
10(a).Figure 10(b) indicates that the zero-Doppler reference correction substantially reduces the persistent positive offset and
yields a more balanced distribution of positive and negative vertical winds. Figure 10(c) quantifies this improvement, with the
mean vertical wind over 30-50 km shifting from approximately 1.2 to —0.34 m s ™! after correction, demonstrating that online
zero-Doppler reference determination substantially reduces the overall vertical-wind bias. The corrected vertical winds do not
strictly converge to zero, and the remaining fluctuations may reflect both real atmospheric vertical motions, such as gravity-

wave-induced perturbations, and measurement uncertainties.
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Figure 10: Vertical-wind observations and zero-Doppler reference correction on 11 February 2026. (a) Vertical winds before
correction. (b) Vertical winds after correction. (¢c) Mean vertical winds over 30-50 km before (red crosses) and after (black diamonds)
correction. (d) Time series of the measured seed-reference transmittance (red circles, right axis) and wind correction (black squares,
left axis); the red dashed line indicates the predefined seed-reference transmittance.
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4.3 Validation of Doppler-shift measurement

To further validate the DFDR response to known frequency offsets, we introduced controlled static shifts in the transmitted
laser frequency by changing the target transmittance of the iodine cell used for seed-laser frequency locking. The retrieved
vertical winds were compared with theoretical equivalent winds derived from wavemeter-measured frequency offsets. Because
the equivalent winds corresponding to the imposed frequency offsets were much larger than the typical mean vertical wind,
the observed profile shifts were dominated by the introduced laser-frequency offsets.

Three locking transmittances of 30%, 45%, and 75% were used in the experiment. Before the experiment, the laser frequencies
under the three locking conditions were measured with a wavemeter. Taking the 30% locking condition as the reference
operating point, the relative frequency offsets at 45% and 75% were calculated and converted into theoretical equivalent winds
using Eq. (6), as summarized in Table 1. Figure 11 compares the vertical-wind profiles under the three locking conditions.
While their local vertical structures remain similar, the profiles shift systematically with locking frequency. The mean vertical
winds are —0.06, 12.06, and 37.91 m s™! at 30%, 45%, and 75% transmittance, respectively. The latter tow agree well with the

theoretical equivalent winds of 11.02 and 37.49 m s, respectively.

360 Table 1. relative frequency offsets and theoretical and measured equivalent wind speeds under different locking transmittances

Locking Relative frequency Theoretical Measured mean wind Difference
transmittance offset equivalent wind speed speed
30% (reference) 0 MHz Oms! -0.06 ms! -0.06 ms™!
45% 41.48 MHz 11.02ms! 12.06 ms! 1.04 ms!
75% 140.96 MHz 3749 ms! 3791 ms™! 042 ms!
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Figure 11: Vertical-wind retrievals under controlled laser-frequency offsets at 15:00 UTC on 11 February 2026. The blue, red, and
black profiles correspond to locking transmittances of 30%, 45%, and 75%, respectively; error bars indicate retrieval uncertainties.
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Solid lines indicate the mean measured winds over 30—50 km, and dashed lines indicate the theoretical equivalent winds derived
from wavemeter-measured relative frequency offsets.

Figure 12 validates the theoretical frequency—transmittance response function using a temperature—transmittance—wind map,
with the background colors representing calculated LOS wind speeds and the black curves representing equivalent-wind
contours. The contours at 0, 11.02, and 37.49 m s™' correspond to the theoretical equivalent winds derived from the wavemeter-
measured relative laser-frequency offsets under the 30%, 45%, and 75% locking conditions, respectively. The measured
transmittances and corresponding temperatures under the three locking conditions cluster near their respective theoretical
equivalent-wind contours. The measured temperature dependence agrees well with the theoretical contours, indicating that the
response function adequately captures the relationship among temperature, iodine-cell transmittance, and LOS wind speed.
Together with Fig. 11, these results show that the DFDR correctly responds to known laser-frequency offsets and that the

theoretical response reproduces the observed transmittance variations, further validating the RDLD wind retrieval method.
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Figure 12: Comparison between the theoretical temperature—transmittance-LOS wind mapping and measurements. The
background colors represent theoretical LOS wind speeds, and the black curves indicate equivalent-wind contours. Blue circles, red
diamonds, and purple squares represent the measured atmospheric-backscatter transmittances and corresponding temperatures
under the 30%, 45%, and 75% locking conditions, respectively.

4.4 Comparison of zonal and meridional winds with ERAS reanalysis

To evaluate the RDLD performance in horizontal-wind observations, zonal and meridional winds measured during three
consecutive nights from 11 to 13 February 2026 were compared with concurrent ERAS5 reanalysis. The RDLD wind
measurements have a temporal resolution of 30 min and a vertical resolution of 1 km. ERAS data have a temporal resolution

of 1 h and use the T137 model-level vertical grid (Hersbach et al., 2020). For spatial matching, the ERAS profile at the grid
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point nearest to the RDLD site was selected, and the ERAS wind profiles were vertically interpolated to the RDLD observation
altitudes. RDLD measurements with wind-retrieval uncertainties above 30 m s 'were excluded from the comparison.

Figures 13 and 14 show that the major zonal- and meridional-wind structures observed by the RDLD exhibit temporal evolution
similar to that in ERAS. For example, Figs. 13(c) and 13(f) show that after 15:00 UTC on 13 February, the zonal wind between
35 and 50 km gradually weakened and reversed direction, followed by a further strengthening of the easterly wind. For the
meridional wind, Figs. 14(b) and 14(e) show alternating positive and negative wind layers below 50 km on 12 February. A
positive-wind layer near 40—45 km persisted for a relatively long period and exhibited a downward displacement with time.
Compared with ERAS, the RDLD observations resolve more local and short-timescale wind variability owing to their higher
temporal and vertical resolutions.

Figures 15 and 16 further compare the corresponding daily mean wind profiles and the ranges of wind variation within each
day. Between 30 and 55 km, the RDLD and ERAS show generally consistent daily mean winds and major vertical structures.
Above 55 km, the differences gradually increase, accompanied by a clear increase in the daily variation range of the RDLD
measurements. These discrepancies may reflect differences in spatial representativeness and resolution between the two
datasets, as well as reduced RDLD signal-to-noise ratio and increased wind-retrieval uncertainty at higher altitudes.

Overall, the three-night comparison shows that the RDLD and ERAS generally agree in the vertical structure and magnitude
of the horizontal winds between 30 and 60 km. Because the RDLD provides local remote-sensing observations whereas ERAS
represents a reanalysis background field over a broader spatial scale, complete agreement cannot be expected at all times and
altitudes (Dou et al., 2014; Baumgarten et al., 2015; Gisinger et al., 2022). Nevertheless, the comparison indicates that, after
online zero-Doppler reference tracking and wind correction, the RDLD can reliably retrieve stratospheric and mesospheric

horizontal winds with reasonable vertical structures and temporal evolution.
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Figure 13: Comparison of zonal winds during three consecutive nights from 11 to 13 February 2026. (a—c) RDLD-retrieved zonal
winds. (d—f) ERAS reanalysis winds for the corresponding observation periods.
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deviation of the nighttime wind variability.
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Figure 16: Nighttime-mean meridional-wind profiles. Colors and shading are as in Fig. 15.

5 Conclusion

To address zero-Doppler reference shifts caused by slow drifts in laser frequency and discriminator response, this study
develops and validates an online tracking and wind correction method for an iodine-cell Rayleigh Doppler lidar. Using time-
division multiplexing, the seed reference light and atmospheric backscatter share the same iodine-cell frequency discriminator.
The seed-reference transmittance is used to determine the transmitted laser position on the current frequency—transmittance
response curve, enabling online tracking of the relative spectral position and correction of Doppler wind retrievals. Thus, the
zero-Doppler reference is treated as a continuously monitored and updated system state rather than a fixed calibration
parameter.

The frequency-tracking capability and long-term zero-Doppler reference tracking performance were validated experimentally.
The DFDR tracked dynamic seed-laser frequency variations with a standard deviation of 1.255 MHz relative to the wavemeter
measurements. An 8 h continuous measurement revealed hour-scale relative spectral variations of several megahertz between
the transmitted laser and discriminator response, indicating that the zero-Doppler reference may drift during long-term
operation. The Allan deviation of the DFDR frequency measurements decreased to approximately 0.29 MHz for integration
times of 100-1000 s. The seed reference light and pulsed laser showed a frequency-difference standard deviation of 1.137

MHz, supporting the use of the seed reference light to track pulsed-laser frequency variations.
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The method also performed well in atmospheric observations. Before correction, the retrieved vertical winds showed a
persistent positive bias, with corresponding wind corrections of approximately —1.0 to —2.5 m s™!. After correction, the mean

vertical wind shifted from 1.2 to —0.34 m s™!

, substantially reducing the systematic bias. In the controlled frequency-offset
experiment, the RDLD-retrieved equivalent winds agreed well with the theoretical values derived from independently
measured wavemeter frequency offsets, further validating the wind retrieval method. The measured zonal and meridional
winds also showed good agreement with ERAS reanalysis in their major vertical structures and temporal evolution.

In summary, this study establishes and validates a complete processing scheme from receiver-side seed-reference measurement
and online zero-Doppler reference updating to wind correction. The method enables online tracking and correction of the zero-
Doppler reference for iodine-cell RDLD without continuous reliance on an external wavemeter. The system is currently used

for routine observations, and longer-term measurements will be used to further evaluate the method and provide reliable wind

observations for studies of stratospheric and mesospheric dynamics.
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