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We report a laser heterodyne radiometer (LHR) using a distributed feedback (DFB) diode laser operating in the
near infrared region as the local oscillator to continuously measure atmospheric carbon dioxide (CO») column
concentration, which has a spectral resolution of 0.09 cm ™', The measurements for three consecutive days show
that the averaged CO, column concentration are 411.5 ppm, 410.4 ppm and 409.5 ppm, respectively. The
averaged measurement precision is 1.6% by analyzing the standard deviation of CO5 column concentration. The

relative error of 0.3% is estimated by comparing to CO, average column concentration derived from GOSAT data
on October 31, 2018 during the same measurement period. Moreover, the CO, results are in good agreement
with those measured by the ground-based Fourier transform spectrometer (FTS) simultaneously. The results
prove the capacity and the reliability of the developed near infrared LHR to monitor the time series of regional

CO,.

1. Introduction

Carbon dioxide (CO,), as the most important anthropogenic
greenhouse gas, accounts for 63.5% of the total forced contribution of
greenhouse gas radiation. It has stable chemical properties and a long
lifetime of several decades. The main emission source of CO, is fossil
fuel combustion, such as automobile exhaust and industrial manu-
facture. Over the recent decades, the mean annual column concentra-
tion of CO, has grown at a rate of 2.2 ppm per year according to the
monitoring results of GOSAT. Therefore, it is of high importance to
monitor concentration of CO, in the atmosphere continuously and ac-
curately to investigate the influence of its interannual variations on
regional climate change [1].

Currently, ground-based Fourier transform spectrometer (FTS) [2]
with high precision is a relatively ideal instrument to observe this
variation, which is used to calibrate and validate satellite datasets from
GOSAT and OCO-2 data [3-5]. But, its high instrument costs and huge
size for the ultrahigh spectral resolution limit its application. Instead,
laser heterodyne radiometer (LHR) has been extensively applied for
atmospheric measurements [6-13] and planetary observations [14-16],
due to its advantage of high spectral resolution, high signal to noise

ratio, ultrahigh detection sensitivity and small volume. With the de-
velopment of semiconductor lasers, the quantum cascade laser (QCL)
becomes the ideal mid-infrared local oscillator light source of LHR for
their high optical power, narrow linewidth and wide tuning range. QCL
based LHR has been used to measure the greenhouse gases in the at-
mosphere [6,7,9,12,13,15,17]. There are main issues still present in the
QCL based LHR, such as the poor stability of photomixing because of its
using free optic coupling method, and the high cost of QCL and mercury
cadmium telluride detector with high performance. Instead, the dis-
tributed feedback (DFB) diode laser operating in the near infrared, In-
GaAs detector and fiber coupler show more competitive in terms of cost
performance of product. Therefore, the near infrared LHR is suitable to
measure the regional variations of greenhouse gases. A miniaturized,
low cost LHR based on all fiber has been developed for atmosphere
studies by the groups of Wilson et al [18-20], in which the near infrared
DFB diode laser is adopted. However, there is still lack of report on
continuous measurements of regional CO, column concentration with
LHR.

In present study, we developed a near infrared LHR to measure the
column concentration of CO, in the atmosphere based on the absorp-
tion spectra of sunlight. The determined results are obtained from the
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Fig. 1. The developed near infrared LHR for detection of CO, column concentration in the atmosphere.

developed near infrared LHR for three consecutive days. In addition,
the synchronous measurement results of CO, achieved by the ground-
based Fourier transform spectrometer (FTS) [21] in Hefei of China are
used for comparison to verify the validity of the measured results.

2. Experimental details
2.1. Instrument

A schematic of the near infrared LHR used in this work is shown in
Fig. 1. A sun tracker (Solar Tracker-A547, Bruker Optics) was used to
collect sunlight with high tracking precision (< 0.1°). The collected
sunlight was modulated by a mechanical chopper (MC2000B-EC,
Thorlabs) with 750 Hz chopping frequency. Then, the sunlight was
coupled into the single mode fiber by a reflection-type collimator
(RCO8FC-P01, Thorlabs). The numerical aperture of the collimator is
equivalent to that of the single mode fiber (0.167), which means that
the collimator has the ability to coupling most of the sunlight into the
fiber. A DFB diode laser (NLK1L5GAAA, NEL) was utilized as the local
oscillator with the optical power up to 20 mW. The wavelength of the
DFB diode laser can be tuned from 1571 nm to 1573 nm by properly
adjusting the laser temperature and injection current with a home-
made laser temperature and current controller. The light emitted from
the DFB diode laser was divided into two beams by a fiber splitter,
namely the local oscillator beam and the reference beam. The local
oscillator beam with 95% of the output laser power was superimposed
with the collected sunlight in a single mode fiber coupler (F-CPL-
F12131, Newport), and mixed in a fast detector (DETO8CFC/M, Thor-
labs) with the bandwidth of 5GHz, to produce radio frequency (RF)
beat signal. Then, the RF signal was filtered and amplified by a RF
processing circuit. Within the RF circuit, a bias-tee was used to filter out
the direct current. Then, the beat signal passed a four-stage RF ampli-
fier. A schottky diode was applied for measuring the power of the
amplified signal. The final signal was demodulated by a digital lock-in
amplifier (SR865A DSP, SRS). The obtained heterodyne spectrum was
acquired with a 16-bit data acquisition card (USB-6363, NI). At the
same time, the reference beam passed through a quartz FP etalon. The
created interference signal was detected by a InGaAs detector with
2MHz bandwidth and acquired with the same data acquisition card.
The central positions of CO, absorption peaks were calibrated by
combining the known spectral line parameters of CO, extracted from
HITRAN database [22]. Furthermore, the bandwidth of the near in-
frared LHR was calibrated with an external cavity diode laser (ECDL)
(Tunics-100, Yenisita) as the signal light, the linewidth of which is less
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than 100 kHz. And the procedure was the same as that of measurements
of CO, absorption spectrum of the atmosphere.

2.2. The theory of laser heterodyne spectroscopy
The principle representation of laser heterodyne detection is given

in Fig. 2. Suppose that the local oscillator and the signal light are
perfectly aligned plane waves, and can be represented by

Ejo = Apo cos(wot + ¢) (€]
and
E, = A, cos(wst) 2)

where E;p and E; are the fields of the local oscillator and the signal
light, Ao and A, are amplitudes of the fields, w;p and w; are angle
frequencies of the fields, ¢ is phase of the field of the local oscillator.
The generated response current of the detector can be written as follows
when the local oscillator is mixing with the source on the active area of
detector.

i = x(Bo + Es) 3)
where x is a proportionality constant containing the detector quantum
efficiency. The above equation can be expressed as
i
= K{ASALO cos[(wro + wg)t + @] + %Af(l + cos 2w,t)
+ %ALZO(I + €08 2w;0t) + AgAro[cos(wro — ws)t + ¢]} @

Due to the bandwidth limitation of the photodetector, the high-
frequency terms of A;App[cos(wio + ws)t + @], %ASZ cos2wst  and
%ALZO cos 2wyot, will not be responded by the detector, so it can be di-
rectly ignored. The Eq. (4) can be simplified as
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Fig. 2. Schematic representation of laser heterodyne detection.
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i= K{%ASZ + %Afo + AgAro[cos(wpo — wg)t + ¢]} ®)
where %ASZ and %ALZO are direct current (DC) terms, and
AsAro[cos(wro — ws)t + @] is intermediate frequency (IF) term. In the
detection process, the DC terms are generally filtered through the RF
filter or band-pass filter and the IF term is retained. The difference
frequency signal power can be detected by the RF power detector, and
its output powerPis proportional to the square of the difference fre-
quency current, which can be expressed as

P x k?A2AZ, (6)
The above equation can be further simplified as
P x l1c21 I
4 e 7

where I;o and Is represent the intensities of the local oscillator and the
signal light, respectively. Therefore, the broadband spectrum of black-
body radiation source, such as solar radiation, can be obtained by laser
heterodyne detection. The noise analysis for laser heterodyne detection
has been detailedly described in the Ref. [23].

3. Results and discussion
3.1. Measurement of spectral resolution

The CO, absorption spectra of the atmosphere was obtained by the
LHR, as shown in Fig. 3. It can be seen that the two strong absorption of
CO, are present in the laser scanning range, located at
6363.72756 cm ™' (R 22e) and 6364.92202 cm ™' (R 24e), respectively.
The data were taken in Hefei of China located at 31.9°N, 117.2°E. The
free spectral range of the interference fringe, which is also shown in
Fig. 3 with red curve, is 0.0692 cm ™ '. In order to obtain the spectral
resolution of the LHR accurately, the narrow linewidth ECDL fixed at
6363.6225 cm *was used. Then, the DFB diode laser scanned across the
target wavelength, and the heterodyne signal after photomixing be-
tween the two lasers and RF processing, was demodulated by the
locking-in amplifier. Fig. 4 shows the measured heterodyne signal and
the fitting results of the curve that is performed by using a nonlinear
least-squares procedure and combining with a standard Gaussian pro-
file. The spectral resolution of the LHR equals to twice the measurement
linewidth of the fitting curve, 1.35 GHz (0.09 cm 1) because of double-
sideband detection [23].

3.5 Heterodyne signal
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Fig. 3. Experimentally measured interference fringes by the optical etalon (red
curve) and experimentally observed atmospheric CO, absorption spectrum by
the near infrared LHR (blue curve). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

41

Infrared Physics and Technology 101 (2019) 39-44

« Heterodyne signa
—— Gaussian Fit

Heterodyne signal (V)

-1.0

T T
-0.8 -0.6 -0.4 -0.2 0.0
Relative frequency (cm'1)

Fig. 4. The heterodyne signal obtained by mixing an external laser with fixed
wavelength with the local oscillator represented by the black dots and the
Gaussian fitting results represented by the red line.

3.2. Retrieval of CO absorption spectra

During the experiment, we have monitored CO, column con-
centration of daytime using the LHR for three days continuously. A
polynomial fitting algorithm was used to calculate the background solar
radiation. The measured transmission spectra of atmospheric CO, with
different solar altitude angles are shown in Fig. 5. The spectral signals
were generally retrieved from an average of 50 scans to improve signal
to noise ratio (SNR).

In order to deduce CO, column concentration precisely, the details
of the sunlight transmission process have to be considered. The col-
lected sunlight spectrum can be regarded as the path integration of gas
absorption spectra at different altitudes, where the pressure and tem-
perature are different. Therefore, it is necessary to divide the atmo-
sphere into different layers to ensure the accuracy of the calculated
column concentration of CO,. In this work, the atmosphere top of the
model is around 76 km. The whole atmosphere is divided into 76 layers.
The atmospheric vertical profiles of pressure, temperature, and water
vapor were taken from the National Centers for Environment Prediction
(NCEP). A cubic spline interpolation algorithm (CSIA) was used to re-
solve the parameters of different layers with respect to temperature and
pressure. An algorithm for retrieval of the column concentration of CO,
was programmed in Python based on a nonlinear least square method,
the Line-By-Line Radiative Transfer Model (LBLRTM) [24,25], and HI-
TRAN database as input [22]. It can be simply written as follows

z

M
T = exp(—Qoral) = exp[— Z

Jj=

M=

M
CXﬁ] = exp(— Z
i ji=

sji'aji'”ji'lj'c]

—
Il
—

11

I
it

®

where T is the transmission, a;. is the total absorbance, «; is the ab-
sorbance of the iy, absorption line of the jy, layer, s; is the line strength
of the iy, absorption line of the j, layer, gj; is the cross section of the iy,
absorption line of the j, layer, n; is the number density of molecules of
the iy, absorption line of the j, layer, J; is the altitude of the j layer,
and ¢ is the vertical column concentration of target molecule. In addi-
tion, the standard Voigt profile function was adopted, and the spectral
resolution of the LHR was taken in account as well, which is considered
as the convolution with Lorenz profile. The spectral fitting results are
also presented in Fig. 5, and the residuals calculated are less than 0.02,
which illustrates the accuracy of the retrieved CO5 column concentra-
tion. The CO, column concentrations can be calculated by the devel-
oped retrieval algorithm, corresponding to 408.4 parts per million
(ppm), 410.1 ppm, and 413 ppm, respectively. The average SNR of
spectral signals is calculated by the ratio of the absorption depth to the
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Fig. 5. The measured CO, absorption spectra with different solar altitude angles and their Voigt fitting curves shown in the upper panel, and the corresponding

residuals shown in the bottom panel.

standard deviation of baseline marked by the green shadow, and is
about 211. It means that a minimum detection limit of 1.9 ppm for CO,
can be obtained when SNR = 1. The minimum detection limit can be
further improved by increasing the integration time or the collimator
size to enhance the SNR of heterodyne signal.

3.3. CO5 column concentration observations and comparison with the data
of ground-based FTS

Ground-based FTS has been proved to be a powerful tool for re-
gional CO, column concentration measurement for the reason of its
high resolution and ultrahigh measurement precision. Thus, the per-
formance of our developed LHR can be better evaluated by comparing
with the ground-based FTS data, such as spectral signals and CO,
column concentration observation results. In this work, CO, column
concentration were measured simultaneously by the LHR and the
ground-based FTS [21] in Hefei of China in the same location. The
atmospheric CO, transmitted spectra, obtained by the LHR and the
ground-based FTS, respectively, has been shown in Fig. 6. The corre-
sponding solar altitude angle is approximately 35 degrees. The standard
deviations for the baselines marked by green shadow are figured out to
be 0.0042 and 0.0027 corresponding to the ground-based FTS spectrum
and the LHR spectrum, respectively. It indicates that the LHR possess a
better property in terms of noise levels. Moreover, it can be found that
the CO, transmitted spectrum obtained from the ground-based FTS is
close to saturation under this solar altitude angle, while that derived
from the LHR is not saturated superficially due to its lower resolution.

Therefore, we just show the observed CO, column concentration of
nearly three hours from 11:10 am to 13:50 pm of three consecutive days
on October 31, November 1, and November 2, 2018, respectively, as
displayed in Fig. 7. The observed results from this figure show that
atmospheric CO, column concentration during this period remains
stable. Through calculation, the variation trend of CO, mean column
concentrations for the three days are 411.5ppm, 410.4ppm and
409.5 ppm, respectively, while the corresponding standard deviations
are 6.1 ppm, 6.5ppm and 6.7 ppm. Thus, the average measurement
error for the LHR is approximately 1.6%, which may be mainly caused
by the variation of earth atmospheric pressure and temperature.
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Fig. 6. The atmospheric CO, transmitted spectra separately measured by the
LHR (red dots) and the ground-based FTS [21] (black dots). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Furthermore, a relative error of 0.3% has been estimated by comparing
with CO, average column concentration in Hefei obtained from the
observation results of GOSAT on November 2, 2018 during the same
measurement period.

The observed CO5 column concentration from the ground-based FTS
[21] on October 31 and November 2, 2018 are present in Fig. 8, where
the corresponding average column concentration of CO, are figured out
to be 412 ppm and 409.6 ppm, respectively, and Universal Time Co-
ordinated plus 8h (UTC + 8), is used to represent the measurement
time. It can be obviously found that the variation tendency of CO,
column concentration is generally stable, which is the same as the
observed results shown in Fig. 7. The calculated standard deviations are
severally 0.8 ppm and 0.5 ppm, as demonstrates the excellent mea-
surement precision of the ground-based FTS. Thus, the relative mea-
surement errors of the LHR are 0.1% and 0.02%, respectively, by
comparing with the retrieval of atmospheric CO, column concentration
obtained from the ground-based FTS. Moreover, the FTS can achieve
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Fig. 7. The calculated CO, column concentration for three consecutive days.

longer time measurement because of its ability of wideband detection,
while it can also be implemented by the LHR based multiple lasers or
ECDL. Overall, the performance of the ground-based FTS is superior to
that of our developed LHR. But the LHR has more advantages in its low
cost and portability. Although the spectral resolution is lower than that
of other near infrared LHR [26,27], it can meet the requirements of CO,
column concentration measurement. Therefore, the LHR has a wide

application prospect in monitoring regional variations of greenhouse
gases.

4. Conclusion

In this paper, a near infrared all-fiber structure LHR with a spectral
resolution of 0.09 cm ™! was developed for measurement of CO, column

® CO,column concentration

. 416
[S Oct 31
o ]
2 Mean =412 ppm
c 4144
S
® |
- o
= ° % ° °
S 412 o e ° e o ¢ ., ° «
g b ° L ° °
o : ° °
o °

410

T T T T T T T T
15.4 15.6 15.8 16.0
Time (UTC+8)

. 416 ® CO,column concentration
£ ] Nov 2
g
- 4144 ° ° Mean = 409.6 ppm
2 ]
=
T 412
s
c ]
8 410 o e oo o3 % ¢
c 4104 o0, o o o (5 o %0 %000 %% o, 3% ® o008 ©
o - R K .o°o° 0 %00, 00’0, o® L] 0". o6
o o’ %, % e s ® % s o e of o

408 -

1 o
T T T T T T T T T
12 13 14 15 16
Time (UTC+8)
Fig. 8. Simultaneously measured CO, column concentration by the ground based FTS [21] for October 31 and November 2, 2018.
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concentration in the atmosphere. The variation of CO5 column con-
centration was continuously monitored from October 31, 2018 to
November 2, 2018. The average column concentrations of CO, for three
days are 411.5 ppm, 410.4 ppm and 409.5 ppm, respectively. And the
average measurements precision for this system is estimated to be about
1.6% based on the standard deviation of the measured column con-
centration of CO,. The relative error of 0.3% is achieved by comparing
the CO, average column concentration in Hefei with that obtained from
the GOSAT results during the same measurement period. In addition,
the comparison of the measured results between our developed near
infrared LHR and the ground-based FTS [21] in Hefei of China shows a
good agreement. In the future, we will focus on performance im-
provement of the LHR, including increase of spectral resolution by re-
ducing the bandwidth of the RF processing circuit, improvement of SNR
of heterodyne signal by optimizing the integration time or increasing
the collimator size, further enhancement of measurement precision of
the LHR by simultaneously measuring oxygen column amount in the
atmosphere to remove the influence of the variation of earth atmo-
spheric pressure and temperature, and detection of atmospheric mul-
ticomponent gas by using a ECDL or multiple lasers.
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