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Abstract: A 1.57-um coherent differential absorption lidar is demonstrated for measuring
three-dimensional CO, and wind fields simultaneously. The maximum detection range of CO,
is up to 6 km with a range resolution of 120 m and a time resolution of 1 min. A preliminary
assessment of instrument performance is made with a 1-week continuous observation. The
CO; concentration over a column from 1920 to 2040 m is compared with the one measured by
an optical cavity ring-down spectrometer placed on a 2 km-away meteorological tower. The
concentration is strongly correlated with the in-situ spectrometer with a correlation coefficient
and RMSE of 0.91 and 5.24 ppm. The measurement accuracy of CO, is specified with a mean
and standard deviation of 2.05 ppm and 7.18 ppm, respectively. The regional CO; concentration
and the three-dimensional wind fields are obtained through different scanning modes. Further
analysis is conducted on vertical mixing and horizontal transport of CO, by combining with the
measured wind fields.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Greenhouse gases, mainly carbon dioxide (CO,), strongly absorb infrared long wave radiation
emitted by the ground and air, playing a key role in global climate change [1-3]. The accumulation
of CO; concentration over the years is increasing due to its long lifetime of 100-200 years. In the
pre-industrial period, the CO, concentration remained at 278 ppm but has grown to 418 ppm in
2022, with an increase of 150% [4]. The spatial and temporal distribution of CO, is variable
and the knowledge of the sources and sinks of COj; is still inadequate [5—7]. Range-resolved
differential absorption lidar (DIAL) has been established for remotely sensing atmospheric CO,
[8—11]. Recently, the superconducting nanowire single photon detector (SNSPD) has been
investigated and developed for direct detection DIAL with high sensitivity and signal-to-noise
ratio (SNR) but added complexity and cost [12,13]. Instead, the coherent detection technique is
characterized by improved receiving sensitivity and suppressed solar background noise, which
overcomes the detector issue. The quality of coherent DIAL signals is often expressed by the
carrier-to-noise ratio (CNR) rather than the SNR expressed in the direct detection [14—16].
Scanning coherent Doppler lidar is demonstrated for remotely sensing air pollutants with range
resolution [17,18]. The requirement of pulse power is several orders of magnitude smaller than
that in the conventional direct detection technique. Besides, the detector current of coherent
detection contains both amplitude and phase information. Thus, atmospheric CO, concentration
and wind velocity can be measured simultaneously by combining the heterodyne technique and
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differential absorption technique [19], which contributes to further studying CO, horizontal
transport and vertical flux [20,21].

Researches on atmospheric gases using coherent DIAL have been reported. A 10.6-um pulsed
coherent lidar is employed to measure water vapor profile and radial velocity, which illustrates the
sensitivity advantage of heterodyne detection [22]. Subsequently, the detection wavelength moves
to near-infrared of 1.5 um region due to eye safety and the evolution of devices for optical fibers
[23-26]. The 1.53-um coherent DIAL is demonstrated for profiling water vapor and wind with a
limited direction of the line of sight (LOS) measurement [27]. Besides, a fiber coherent DIAL at
1.65-um is designed for remote sensing of methane leaks and wind [28]. Recent studies show that
the wavelengths of coherent DIAL are mainly focused on 2-um for simultaneously measuring
CO; and wind [29-33]. Rare attempt has so far been made to apply the 1.5 pm coherent DIAL
to CO, measurement due to weak absorption line intensity. And currently coherent DIALSs
lack multi-dimensional measurement and analysis on concentration and wind, which hinder the
understanding of horizontal transport and vertical flux of CO, on various temporal and spatial
scales.

In this work, an all-fiber, compact coherent DIAL at 1.57-um is developed for simultaneously
measuring horizontal and vertical CO, and wind fields. The performance of the coherent DIAL
is further examined by a tower-based optical cavity ring-down spectrometer (CRDS). With the
function of beam scanning, the three-dimensional (3-D) concentration and wind over a given
area are obtained. The research would facilitate a detailed understanding of CO; spatiotemporal
distribution, which helps to further analyze CO, sources and sinks on a regional scale. The
next of this paper is structured as follows. In Section 2, the design and principle of the all-fiber
scanning coherent DIAL are introduced. In Section 3, the 3-D atmospheric measurement
results including comparison with in-situ sensor and systematic error are analyzed. Besides, the
horizontal transport and vertical mixing process of CO,, as well as the impacts of external and
local emission sources on concentration distribution are further specified by combing with the
measured wind data. Finally, the conclusion is summarized in Section 4.

2. System design and principle

BS AOM EDFA Cir  Telescope

Fig. 1. System setup of CO, coherent DIAL. Aoy, on-line laser; Aqg, off-line laser; OS,
optical switch; BS, beam splitter; AOM, acousto-optic modulator; EDFA, erbium-doped fiber
amplifier; Cir, fiber circulator; BD, balanced detector; ADC, analog-to-digital converter; PC,
personal computer.

The lidar is based on coherent Doppler and differential absorption techniques. As shown in
Fig. 1, two seed lasers (Koheras MIKRO C15, NKT photonics) provide on-line and off-line
emissions at 1572.335 nm and 1572.454 nm respectively. The lasers maintain good frequency
stability due to precise temperature control. The frequency fluctuation in seconds and the
frequency drift in hours are described in Table 1. In addition, the two wavelengths are calibrated
monthly by a CO; cell for outdoor operation. The emissions are selected by an optical switch
and pass through alternately using the time-division multiplexing technique. On the one hand,
the selected output is chopped to pulse and shifted by 80 MHz using an acousto-optic modulator
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(AOM) with a pulse duration of 800 ns and a pulse repetition frequency (PRF) of 10 kHz. Then,
the output pulse is amplified by an erbium-doped optical fiber amplifier and is transmitted to the
atmosphere through a 200-mm diameter telescope. The telescope can be pointed to any direction
using a conical scan mechanism so that the output laser beam can be conically scanned for 3-D
observation. On the other hand, a beam splitter is used to separate a part of the selected output
for the local oscillator, which is mixed with the light collected by the telescope for heterodyne
detection. The backscattered signal in each range bin is heterodyne-detected by a balanced
detector (BD) and converted to the electrical signal. After analog-to-digital conversion, the
detected signal at each bin is a beat note between the local oscillator and atmospheric scatter. The
beat note is a frequency spectrum with its frequency indicating the Doppler-shifted frequency
and with its amplitude relating to the power of the atmospheric scatter.

Table 1. Specifications of coherent DIAL

Parameters Coherent DIAL
Wavelength 1572 nm
PRF 10 kHz
Pulse energy 80 W
Pulse width 800 ns
AOM shift 80 MHz
Frequency fluctuation in seconds 0.2MHz
Frequency drift in hours 4 MHz
Seed laser linewidth 15 kHz
Amplified pulse linewidth 1.8 MHz
Optical switch cross talk 25dB
Telescope diameter 200 mm

Detector type Balanced detector
Transmitting efficiency 79.4%

Receiving efficiency 57.5%

Detector responsivity 1.2 A/W
Scanning mode PPI, VAD

Function Regional and vertical CO;, 3-D wind
Range resolution 120 m

Time resolution of wind 1s

Time resolution of CO, 1 min

In order to improve detection probability, incoherent accumulation of 1 x 10* consecutive pulses
over 1 s are performed with on-line and off-line pulse alternated. The on-line and off-line data are
processed by separating the odd and even sequence of pulse. The sampled signal is divided into
122 range gates before calculating the spectra. Each gate includes 400 samples with overlap. The
6th range gate contains a strong signal that corresponds to the specular reflection from the output
optics. Then the 512-point fast Fourier transform is performed to estimate the power spectrum.
In fact, the output photocurrent i() of BD contains signal current is(#) and noise current i,().
Thus, the accumulated spectrum is represented as PSD(f,t) = Sy(f,t) + S, (f;t). Considering that
the atmospheric signals in the range gates before specular reflection are unavailable, analysis of
the spectra in those range gates allows to determine and correct the background noise S,(f,f) [34].
The noise-corrected power spectrum of the backscattered signal is estimated by normalizing the
data to the average noise power spectrum, eliminating the effects of system frequency response.
Then, the CNR; = o ot and the signal power (P; = on off) are calculated using the corrected power
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spectrum based on the one-peak Gaussian fitting method (See Appendix for details). Specifically,
the frequency content of off-line signal is used to measure LOS velocity vi os for its relatively
small atmospheric attenuation, which is expressed as vios = (f-Af)-Aog/2, where f is the Doppler
frequency shift for aerosols, Af = 80 MHz is the frequency shift by AOM. The accuracy of radial
velocity estimation is mainly determined by the value of CNRyg [35].

In the DIAL calculation, the frequency offset of 80 MHz shifted by AOM is accounted for
according to the CO, absorption spectrum from the HITRAN database [36]. The CO, absorption
coefficient is determined by signal power using the DIAL equation [29]

1 1n[Pon(Rl)Poﬁ(R2)}
2(R2_R1) Pon(RZ)Poﬁ‘(Rl) ’

where R; -1 5, are different ranges with the adjacent subscript representing a range bin. The CNR
in coherent detection is expressed as (P-Pg)/Pp, where Ppg is the noise signal power. Theoretical
relative errors of on-line and off-line signals can be estimated as [32]
std(P) 1 ~05 ~05 1
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where N is the number of shots, a number of statistically independent shots have to be accumulated
to obtain a small random error of the absorption coefficient. 6z =800 ns is the pulse duration. AR
is the range resolution, here AR = cdt /2 is 120 m, c is the speed of light. Due to the alternating
emissions of on-line and off-line lasers, the cross-correlation coefficient p(Pqon, Pofr) between Pq,
and P,g should be considered in calculating the relative error of the absorption coefficient by [30]
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here p(Pon, Posr) is used to investigate the effect of atmospheric turbulence on measurement
errors, which is given as [37,38]

coV(Pon, Pofr)
std(Pop) - std(Pog)”
where std(P,,) and std(Pog) are the standard deviations of the normalized lidar signal, cov(Pgp,

P.gr) is the covariance of the signals. The CO, concentration as well as the dry air-mixing ratio
Xco, and its standard deviation are obtained by [32]
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where WF is a weighting function of spectroscopic parameters and meteorological variables, & is
the Boltzmann constant, p is the atmospheric pressure, T is the atmospheric temperature, Ao is
the differential absorption cross-section at on-line and off-line wavelength, Xy, 0 is the dry air
water vapor mixing ratio, and var is the variance. The pressure, temperature and relative humidity
at the origin bin are measured by in-situ sensors placed inside the coherent DIAL. Besides, the
meteorological data are also collected using a meteorological tower 2 km away from the DIAL.
The absorption cross-section Ac and water vapor mixing ratio Xy, are corrected for temperature
and pressure dependence. For vertically oriented detection, Ac and Xp,0 along the bins are
calculated using the 1976 US standard atmospheric model with the surface values measured. For
horizontally oriented detection, the variations of pressure, temperature and relative humidity are
small. Thus Ao and Xy,0 at each bin are estimated by meteorological data from DIAL and the
meteorological tower. Table 1 summarizes the system and experiment parameters.
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3. Atmospheric measurement results

The atmospheric measurement experiment is conducted in Jinan, Shandong, China (36°49’N,
117°29’E) in June 2023. The location is in a village surrounded by farmlands and buildings, and
there is a Taohuashan industrial park in its southwest direction. The heights of the surrounding
buildings are relatively low. As shown in Fig. 2, the coherent CO, DIAL is placed on the roof of a
building with a height of 20 m, which can realize a hemispheric scan with the rotatable platform.
A meteorological tower equipped with an in-situ sensor (CRDS, Picarro G2401) is 2 km far away
from the coherent DIAL. The in-situ sensor is placed at a height of 50 m above the tower. The
plan position indicator (PPI) scanning with an azimuth range of 209°-239° is performed, taking
the meteorological tower as the center angle. The vertical detection is conducted for vertical
CO; and wind measurements. Besides, the velocity azimuth display (VAD) scanning is applied
every half hour to measure the 3-D wind fields (including horizontal wind speed, wind direction
and vertical speed) instead of just the radial velocity. The 1-s CNR (1 x 10* pulses accumulated)
is averaged for wind measurement while 1-min (6 x 10’ pulses accumulated) CNR needs to be
accumulated for the best compromise to measure CO, concentration. The maximum horizontal
detection distance is 6 km and the maximum vertical detection distance is over 2km. The range
resolutions of CO, concentration and wind fields are both 120 m.

36.82 g
36.81

36.80

Latitude (°N)

36.79

36.78

36.77 Google mapsi@2023

117.43 117.45 117.47 117.49
Lontitude (°E)

Fig. 2. (a) The experiment site and scanning diagram of the CO, coherent DIAL with map
overlaid. (b) Picture of the CO, coherent DIAL.

3.1.  CNR performance

A typical 1-min CNR of horizontal measurement is displayed in Fig. 3(a). In the beginning, both
CNR,;, and CNR,g are 5 dB, and then drop to -16 dB and -12 dB respectively at a range of 6 km.
According to Eqs. (2)-(6), the retrieval error of CO, concentration increases dramatically with
range. Figure 3(b) shows Allan deviation of concentration calculated theoretically according
to CNR. The trends of significantly decreased error at 120 m and 2100 m are presented as two
diagonal lines, with the slope closing to -1/2 in the log scale. For 1 min average times, the
retrieval errors of concentration are close to 9.1 ppm at 120 m and 11.2 ppm at 2100 m. After
6 min and 4 min average, the errors at two ranges reach the minimum value of 3.5 ppm and
5.7 ppm, respectively. Refractive turbulence effects on the CNR of coherent detection have
been demonstrated [37,38], which is the main factor accounting for the slight error difference
between the two ranges. Besides, the upward turn of Allan deviations after 300 s results in
non-overlapping with the -1/2 slope, which is probably related to the natural changes in CO,
concentration caused by turbulence during the measurement period [39].
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Fig. 3. (a) On-line and off-line CNR in dB for horizontal detection of CO, coherent DIAL
system. (b) Allan deviations of CO; obtained by coherent DIAL. (¢) Experimental and
linear fitting CO, optical depth as a function of range. (d) The RMSE of the 1-min averaged
standard deviation of CO; at different ranges.

Meanwhile, in Fig. 3(a), both backscatter signals show fluctuations due to the influence of
speckle and atmospheric turbulence. For DIAL, the fluctuations of on-line and off-line signals
are considered to have a certain degree of consistency, which can be corrected to some extent
by calculating the optical depth (OD =-0.5-In(P,n/Pog)) using two signals. Figure 3(c) shows
the 1-min averaged OD, which is also defined as the absorption coefficient multiplied by range.
The fluctuation of OD is mainly caused by both natural changes in CO; concentration along the
range and atmospheric instability. The average CO, concentration of 0-6 km is obtained by a
mean-square fitting method. Due to the relative uniformity of CO; in the horizontal direction,
the offset between the measured and the fitted OD also reflects the value of measurement error.
The offset increases obviously when the range exceeds 3.5 km, which is consistent with the
theoretical error mentioned above. For further analysis, the root-mean-square error (RMSE) is
calculated and depicted in Fig. 3(d). Unlike Allan deviation that is based on CNR over 15 min
time scales, the RMSE characterizes the uncertainty for each 1 min interval. Allan deviation
includes the contribution of CO, fluctuations over time, therefore its value is larger than the
RMSE. Specifically, the RMSE is 4.6 ppm at the first range bin and reaches 22 ppm at the last
range bin of 6 km.

3.2. In-situ validation

A comparison between the coherent DIAL and the tower-based in-situ sensor is conducted within
a week from 1 June to 7 June 2023 to verify the performance and accuracy of the measurement
results. The laser beam is emitted horizontally using PPI scanning shown in Fig. 2(a), and the
elevation angle of 2° in order to match the height of the DIAL beam and the in-situ sensor on the
tower. The time resolution of the in-situ sensor is 1 s, and the time interval is 1 min for CO,
measurement. Since the range resolution of CO, concentration measured by DIAL is 120 m and
the distance between the in-situ sensor and the DIAL is 2 km, the PPI scanning column average
concentration along the range of 1920 to 2040 m is used for comparison.
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As shown in Fig. 4, the temporal variations of the CO, concentration measured by DIAL agree
with that measured by the in-situ sensor during the whole observation period. The DIAL retrieval
precision at 2 km is estimated and displayed as shadows. The data obtained from both instruments
show that the CO; concentration generally decreases during the daytime and increases during
the nighttime, which conforms to the common diurnal variation characteristics. That is, the
concentration increases at night because of the stable boundary layer and respiration, while it
decreases due to the vertical mixing layer and photosynthesis during the day. Nonetheless, the
sampling volumes measured by the two instruments are spatially different, and the variation
of CO; concentration differs day by day due to the influence of external or local sources. The
consistency between DIAL and the in-situ sensor also varies.
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Fig. 4. Comparison of the CO; concentration measured by coherent DIAL and in-situ
sensor (Picarro G2401) from 1 June to 7 June. The CO, concentration of DIAL is made
with the column averaged data from 1920 to 2040 m. The retrieval precision is represented
as shadows. The data acquisition time for DIAL and the in-situ sensor is 1 min and 1 s,
respectively.

Figure 5 and Fig. 6 show the specific statistical difference and correlation analysis between
coherent DIAL and the in-situ sensor. The comparison result on 7 June is not further analyzed,
due to poor retrieval precision caused by strong turbulence and uneven spatial distribution of
CO; (See Fig. 9 (a) and (c) for details). Due to the low CNR on 3 June, the detection range and
retrieval precision of CO, concentration are limited. Thus, the mean and standard deviation of
the difference shown in Fig. 5(c) are the largest on the same day with the values of 9.97 ppm and
9.57 ppm, respectively.

Figure 6(c) shows that the concentration of DIAL and the in-situ sensor on the day are highly
correlated with a correlation coefficient of 0.92. It indicates that the ability of coherent DIAL to
capture changes in CO, concentration is not affected by the low retrieval precision. Besides, the
mean of difference is small on 6 June with a value of -0.33 ppm, with a negative sign representing
a smaller measurement of DIAL than the in-situ sensor. Meanwhile, Fig. 6(f) presents the
worst correlation with a correlation coefficient of 0.81 but a low RMSE of 4.44 ppm. The main
reason is that the concentration changes gently during most of the time on 6 June. Thus the
measurement uncertainties contained in concentration variation affect the correlation between
the two instruments. As a whole, the mean and standard deviation of difference from 1 June to
6 June are 2.05 ppm and 7.18 ppm. While the correlation coefficient and RMSE are 0.91 and
5.24 ppm. The results are within an acceptable range that verifies the reliability of coherent DIAL
measurement.
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Fig. 5. Statistical analysis of the CO, concentration differences between coherent DIAL
and the in-situ sensor. The Histogram distributions are displayed day by day for specific
analysis. A positive sign of mean difference indicates a larger measurement of DIAL than

the in-situ sensor.
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3.3. Simultaneous CO, and wind measurement

Figure 7 illustrates the measurement results using horizontal PPI scanning mode. The 2-D wind
fields including wind direction and wind speed are obtained from simultaneously measured radial
wind speed. The magnitude of the RMS for wind speed and wind direction is less than 0.6 m/s
and 11°, respectively [17]. The negative values indicate being away from the coherent DIAL,
while the positive values indicate pointing towards the DIAL. The horizontal wind fields are
represented by the wind feather, with a background wind speed of about 2.82 m/s to the southeast.
By overlaying the horizontal wind fields onto the range-corrected backscatter signal (PR?) and the
concentration map, the transport process of aerosols and CO; can be more clearly observed. The
PR? is derived from P, and shown in Fig. 7(a), which is relatively weak within a scanning range
of 3km and gets stronger at further ranges. Figure 7(b) shows the CO, concentration retrieved
according to Eq. (5). Overall, the distribution of concentration is uniform with a background
value of 463 ppm. Specifically, the concentrations beyond the 3 km scope are higher than those at
close ranges. And the CO; concentration is obviously high in the area with a scanning azimuth
angle range of 216-224° and a distance range of 5-6 km. It can be seen that the area is adjacent to
the industrial park, and the orientation of the industrial park relative to the area is consistent with
the wind direction. Thus, the high concentration in the area is inferred as being transmitted from
the industrial park.

/4 3505 650 ‘
H(b)CO, conc. (ppm)

3Kkm) =

6km' sl
239°
N

Fig. 7. The horizontal measurement results of coherent DIAL using PPI scanning mode for
00:38, 12 June 2023. (a) Range-corrected backscatter signal (PR?). (b) CO, concentration.
(c) Wind field. The wind speed and wind direction are represented by feather symbols and
overlaid on PR? and concentration maps.

The vertical detection mode is applied for CO; and wind speed profile measurement. Figure 8(a),
(d) and (g) show the CNRs measurement results at three different times. According to the
local meteorological monitoring data, the three cases correspond to around midday, sunset and
darkness, respectively. Compared to horizontal detection, the CNRs of vertical detection decrease
faster. The CNRs at the origin bin for three cases are less than 0 dB. Then, the values of CNRyg
drop to -2.6dB, -6.7dB and -10dB at a height of 2 km, respectively. Specifically, the CNRs
rapidly decrease after altitude exceeds about 2 km under the influence of the boundary layer. Low
boundary layer height (BLH) limits the maximum detectable height. Besides, the fluctuations of
CNR are greater than that of the horizontal case due to the influence of clouds. Low CNR and
large fluctuation lead to increased errors in concentration inversion.

Figure 8(b), (e) and (h) show the CO; concentration profile. The concentrations follow the
trend of gradually decreasing with height. Usually, the BLH during the day is higher than that at
night due to its stronger turbulence. Thus the maximum detectable heights exceed 2 km at midday
and sunset, while the detectable height is lower at darkness. Meanwhile, the concentration
measurement errors are represented by the error bar. The heterodyne efficiency and natural
changes in atmospheric conditions like refractive index turbulence impact the CNR, especially
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Fig. 8. The vertical measurement results of coherent DIAL for 21 June 2023. (a) CNR, (b)
CO; concentration profile, (c) wind speed profile at 13:49 (after midday). (d-f) are at 19:45
(near sunset). (g-i) are at 22:54 (after darkness). The error bars of CO, concentration are +1
standard deviation.

with greater impact when the measurement is close to the ground [32,40]. Thus, the concentration
errors are higher in the near-field. The first two cases are still during the daytime. Hence, the
errors have the characteristics of decreasing first and then increasing within the detectable height
range. The minimum error values are 3.3 ppm, 1.9 ppm, and 4.3 ppm, respectively. The higher
errors at midday and darkness are mainly caused by strong atmospheric turbulence and low
backscattering signals, respectively. Besides, the error at the near ground for midday is larger
than in other cases. The possible reason is also related to the decrease in correlation between
CNR,, and CNRg caused by stronger turbulence during the day.

Figure 8(c), (f) and (i) show the vertical wind speed profile with a mean accuracy of 0.2 m/s
[17]. The wind speeds at midday have both positive and negative values with a maximum value
of 1.92 m/s, indicating relatively strong turbulence at this time. Thus, the CO, concentration is
mixed evenly in the vertical direction. For the other two cases, the mean wind speeds of 0-2 km
are 0.13 m/s and 0.07 m/s, which corresponds to a stable atmospheric state. The variations
of CO, concentrations in the vertical direction are greater than that of the first case. Another
characteristic of CO; is that the near-ground concentration is lower at midday than at sunset and
darkness, with concentration values of 424 ppm, 441 ppm and 432 ppm, respectively. The values
are negatively correlated with the turbulence intensity, while the turbulence intensity is positively
correlated with and is inferred from the variance of vertical wind speed.

Through the above analysis, it can be found that turbulence variations not only play an important
role in concentration errors but also affect the distribution of CO, concentration. The horizontal
transport and vertical mixing process of CO, is further specified by combining the CNR and
3-D wind fields obtained by VAD scanning. The standard deviations of horizontal wind speed
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and wind direction are 0.89 m/s and 9.2°, respectively [17]. Figure 9 shows the measurement
results. The data amount of CNR and wind fields is less than that of CO, concentration due to
a half-hour scanning interval of VAD. The maximum detection ranges of the wind fields and
CO, are limited by the atmospheric boundary layer and atmospheric conditions. An appropriate
threshold of backscatter signal is set to reject low CNR data to ensure the retrieval precision.
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Fig. 9. Continuous observation results of CO; coherent DIAL from 1 June to 7 June 2023.
(a) CNR, (b) Horizontal wind speed, (c) Horizontal wind direction, (d) Vertical wind speed
using VAD scanning mode every half hour. (e) CO, concentration per minute interval for
horizontal measurement. Negative vertical wind speed denotes rising wind.

The horizontal wind speed near the ground is the smallest on 3 June and the largest on 7 June,
with an average speed of 3.5 m/s and 9.5 m/s, respectively. The wind direction near the ground
varies with time, mainly dominated by westerly winds. Meanwhile, the vertical wind speed
represents the vertical component of turbulence kinetic energy. The BLH increases as turbulence
intensity becomes stronger. During the observation period, the BLH generally begins to rise at
8:00 and reaches the maximum value at 14:00. Figure 9(c) and (d) show a significant negative
correlation between the BLH and the CO; concentration. Obviously, the relatively high BLH
and large horizontal wind speed on June 7 accelerate the horizontal and vertical diffusion of
CO,, resulting in low CO; concentrations. However, the exception occurs on 2 June, the BLH
rises at 03:00 while the CO, concentration increases rapidly over the entire range. Meanwhile,
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the horizontal wind speeds at high altitudes are larger than 10 m/s with a wind direction of
northwest within the corresponding time period. And the upper atmosphere reaches the ground
under the influence of relatively strong turbulence kinetic energy. It can be inferred that the
transport of external anthropogenic emissions from the northwest rather than local accumulation
results in an increase in CO;, concentration on 2 June. On the other hand, Fig. 9(b) and (e)
show that CO, exhibits significant spatial distribution characteristics when the horizontal wind
speeds near the ground are high. Namely, the concentrations are higher at long ranges than
at near ranges. Considering that the Taohuashan industrial park is located in the far-field of
DIAL, the phenomenon is mainly caused by the horizontal transmission of local emissions.
Specifically, both the horizontal wind speed and turbulence intensity are strong during the day on
7 June, making the daytime concentration at near ranges lower than on other days. And with the
development of time, the concentration is gradually mixed evenly over the whole range.

4. Conclusion

A coherent DIAL has been demonstrated to measure 3-D CO, and wind fields. The wavelength
of 1.57 um is applied to the coherent lidar regardless of the weak absorption line intensity.
Besides, the performance of the coherent DIAL is conducted using a tower-based CRDS through
a-week consecutive observation. The comparison between the two instruments shows good
agreement with a mean and standard deviation of 2.05 ppm and 7.18 ppm, while the correlation
coefficient and RMSE are 0.91 and 5.24 ppm, respectively. The regional distributions of CO,
and 2-D wind fields are measured through PPI scanning. And the 3-D wind fields are obtained
through VAD scanning. Besides, the experiment is also conducted by looking vertically for
CO, profile measurement. The maximum detection range of horizontal measurement is 6 km
while that of vertical measurement is 2km. The range resolution of CO, concentration and
wind fields are both 120 m, while the time resolutions are 1 min and 1 s, respectively. The
results show the vertical mixing process of CO; concentration under the influence of turbulence,
and the horizontal transport process under the influence of horizontal wind speed and direction.
The specific contributions of external and local emission sources to the distribution of CO,
concentration are clarified. In fact, the measurement of the in-situ sensor represents an average
concentration of an effective area called footprint, which is mainly determined by horizontal
wind and turbulence [41,42]. In the future, the comparison results between DIAL and the in-situ
sensor can be further improved by sampling CO, within different regions to match the footprint.

Appendix: intensity estimation and comparison

The direct detection converts the incoming photon flux to a measurable signal current by means
of an amplification process. The signal intensity is linearly related to the baseband photocurrent.
Increasing the SNR of direct detection systems requires high pulse energy or detector quantum
efficiency, while using single-photon detection is not limited by this noise problem [43]. However,
the detector current of the single-photon direct system is prone to saturation in the near-field. In
contrast to the direct detection systems, the coherent detection uses a diffraction-limited system
which allows only one speckle cell imaged onto the detector surface. The signal intensity is
related to the square of the intermediate frequency (IF) photocurrent envelope. The coherent
detection is almost unaffected by solar background noise, and the radiometric sensitivity of
coherent detection is approximately 2-3 orders of magnitude higher than that of direct detection
combining ordinary detectors. It means that the coherent detection allows smaller systems to
satisfy the same range requirements when its sensitivity is comparable to the direct detection. In
other words, coherent detection increases maximum range capability with similar size systems.

The coherent detection signal i(¢) contains IF signal photocurrent is(f) and noise photocurrent
i,(1), which is described as [44]

i(1) = i5(1) + in(2). @)
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The CNR is defined as the ratio of the signal power and the noise power, reflecting the strength
of the backscatter signal, which is expressed by

CNR = (i(1)*[in(t)*) , ®)

where ( ) represents ensemble average. The signal power can be estimated from the area of the
signal spectrum using one-peak Gaussian fitting method. Then the CNR is further obtained. The
Gaussian model is described as

S(f) = Lexpl—(f — f)*/202)], )

where f is the mean Doppler frequency shift from aerosols, I is the peak intensity, o is the
spectrum width. The above parameters and the area of the power spectrum are determined using
a least squares fitting.

As mentioned above, the dynamic range of direct detection is limited, which is reflected in
occurring nonlinear effect for strong near-field signals. The nonlinear effect affects the ratio of
signal intensity between on-line and off-line, resulting in errors in concentration retrieval. In
order to evaluate the signal power estimated by Gaussian fitting and the detection sensitivities of
the coherent system, a comparison experiment with the SNSPD-based direct system is conducted.

As shown in Fig. 10, the emission of a continuous wave (CW) laser is divided into two portions:
one portion is attenuated by a variable attenuator, while the other portion is used as a local
oscillator. Then, the attenuated light passes through an in-line polarizer and is further divided
into two parts: one part enters a single-mode (non-polarization-maintaining) SNSPD for direct
detection, and the other part is mixed with the local oscillator for coherent detection. The beat
signal is generated by focusing both signals into a BD with its intensity estimated using Gaussian
fitting. For ease of reference, the optical power input to the two detectors is converted into the
photon counts per second. According to the lidar equation, the backscatter signal that passes
through the atmosphere attenuates proportionately with the range squared.

VA ILP BS, I SNSPD ~_MCS

s, (P T
Mixer 5
=N

Fig. 10. System setup for comparison. CW, continuous wave laser; BS, beam splitter; VA,
variable attenuator; ILP, In-polarizer; SNSPD, superconducting nanowire single photon
detector; MCS, multi-channel scaler.

Figure 10(a) shows the noise-corrected and normalized power spectrum density of coherent
signal. The signal power is determined using the Gaussian fitting area. Fig. 11(b) shows the
output counts of SNSPD and the calculated power intensity of BD. The left axis indicates direct
detection while the right axis indicates coherent detection. The input count rate range of SNSPD
is set to within 150 MHz while that of BD is set to over 450 MHz. The response of the direct
detection is almost linear within a certain input count range with a determination coefficient
(R?) of 1, and begins to show nonlinearity when the input count rate exceeds 90 MHz. It means
that the performance of direct detection is expected better at lower input counts. For coherent
detection, the response appears to be linear at higher input counts. The R? for linear fitting is 1,
which experimentally verifies the linear response of coherent detection.

Although the inversion error increases due to the decreased sensitivity of coherent detection to
weak signals, the coherent detection signals intensity estimated from Gaussian fitting response
linearly during the experiment. Therefore, the inverted absolute concentration of atmospheric
CO, is ensured in the experiment. However, the noise process and signal extraction method
from weak signals in coherent detection is the remaining issue. In the future, the response
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Fig. 11. (a) An example of noise-corrected and normalized power spectrum density at the
first range bin, measured at 09:48 on 26 March 2023. (b) Linearity verification of coherent
detection by comparing with direct detection. The left axis indicates direct detection while
the right axis indicates coherent detection.

characteristics of coherent detection under weak signals need further research to improve its
concentration inversion capability for a larger dynamic range.
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