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Self-Calibrated Multiharmonic CO2 Sensor Using
VCSEL for Urban I n Situ Measurement

Lijuan Lan , Jia Chen , Yingchun Wu, Yin Bai, Xiao Bi, and Yanfang Li

Abstract— Greenhouse gases have a significant impact on
general global climate change. A self-calibrated multiharmonic
measurement system based on tunable diode laser absorption
spectroscopy (TDLAS) with wavelength modulation spectroscopy,
using the vertical-cavity surface-emitting laser, is developed and
applied to measure the CO2 and H2O concentrations in the urban
areas. The precision of the developed system is evaluated using
the Allan variance method, and it is found that the multiharmonic
can enhance the precision of the system and the first-to-third
harmonics are sufficient to achieve the lowest Allan deviation.
To validate its accuracy, comparison experiments with the com-
mercial nondispersive infrared (NDIR) instrument (Li-Cor 840A)
are performed and the results demonstrate the high accuracy of
the TDLAS system and its consistency with the NDIR instrument.
Measurements were carried out in autumn and winter of 2017 in
the city center of Munich. The results indicate that the in si tu
measurement of the CO2 concentration in the downtown area
correlates with both natural and anthropogenic activities. Due to
its high precision and accuracy, the self-calibrated multiharmonic
measurement system has a great potential to further study the
emission and distribution of CO2 in the urban areas.

Index Terms— Carbon dioxide concentration, in si tu measure-
ment, multiharmonic, self-calibrated, tunable diode laser absorp-
tion spectroscopy (TDLAS), vertical-cavity surface-emitting
laser (VCSEL), wavelength modulation spectroscopy (WMS).

I. INTRODUCTION

THE total anthropogenic greenhouse gas (GHG) emis-
sions have continued increasing and have affected the

climate change in the world during the last 60 years. Carbon
dioxide (CO2), the dominant GHG, comes mainly from the
burning of fossil fuel, cement production, and flaring [1].
Research has shown that over 50% of the world population
lives in cities and their surrounding urban regions [WHO
(2014)], where about 70% of total fossil fuel emission is emit-
ted [UNHabitat (2011)] [2], [3]. Thus, an accurate, compact,
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portable, and long-term measurement sensor will be urgently
needed in the environmental sensing in the future in order
to better study the CO2 distribution near the ground, to real-
time measure the CO2 concentration in all weather conditions,
to accurately monitor the source of carbon emission in the
urban cities, and to help with the urban pollutant emission
modeling and to provide policy supports to the government.

There are many techniques to measure atmospheric CO2
concentration, but the spectroscopic methodologies are the
main methods since they do not contact, quickly respond, and
do not interfere with the measured medium [4]. The method-
ologies can be divided into the satellite measurement, ground-
based column measurement, and in si tu point measurement.
However, because of the large observational footprint of the
satellite measurements, it is hard to estimate the GHG concen-
trations in the high spatial resolution [5]–[7]. The EM27/SUN
is a miniaturized ground-based tabletop solar-tracking Fourier
transform infrared spectrometer that can be employed in urban
GHG emission studies in various locations. We have designed
a completely automated enclosure for the EM27/SUN and used
it to detect the column-averaged GHG concentrations in the
urban areas [8], [9]. However, since the instrument utilizes the
solar light as the light source, it has limitations in application.
For example, the measurement can only be carried out in
the presence of sunshine, and thus, concentration data for
the rainy days and at night are missing. In addition, the col-
umn concentration is the average of the light range between
the Earth and the Sun rather than the concentration at the
ground level.

Nondispersive infrared (NDIR) and tunable diode laser
absorption spectroscopy (TDLAS) are the two common tech-
niques used in the in si tu point measurement of the CO2 con-
centration, and they can detect the emission sources with high
precision and sensitivity [10]–[14]. However, NDIR has some
disadvantages such as the frequency instability of the optical
filter due to the controlling by the piezo, which is susceptible
to longtime drift. The researchers must periodically calibrate
the accuracy of the instrument. TDLAS is more suited for
trace gas monitoring because of the tunable diode laser scans
across the absorption line at an extremely small bandwidth,
in an order of 1 × 10−3 cm−1 or smaller, which is about
one-tenth of the absorption linewidth [15]. Vertical-cavity
surface-emitting laser (VCSEL) is a laser with low power con-
sumption, wide tuning range, and fast frequency modulation
responses than that of the traditional DFB laser [16], [17].
It scans across several absorption lines whose wavelength
is more than 10 nm; thus, it can simultaneously measure
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a few kinds of gas mediums. Moreover, when applying
the wavelength modulation spectroscopy (WMS) to TDLAS,
the harmonic signals produced via the lock-in amplifier can
effectively remove the laser noise. Thus, WMS can effectively
improve sensitivity, precision, and signal-to-noise ratio (SNR)
in the harsh environments and in the trace gases measurements
[18], [19]. People usually use the second harmonic for gas
measurement because of its high SNR in the spectrum center;
the other harmonics, especially the odd order harmonics, are
always ignored because of their low SNR at the line center.
Nevertheless, each harmonic contains useful information about
the gas parameters, and using only one or two harmonics
would cause loss of the information and reduce the measure-
ment precision. Scientists have studied the multiharmonics for
a long time. For example, the first harmonic or the odd order
harmonics are applied to recover the absorbance line shape
[20], [21]. A convolution model for the harmonic spectra was
developed to reconstruct the transmission line using 20–25 har-
monic coefficients [22], [23]. In the well-known calibration-
free n f/1 f method, the first harmonic at the line center is
used to eliminate the linear incident light intensities in the
even order harmonics and then deduce the gas concentration
and temperature [24], [25]. Nonetheless, the first harmonic
is a signal that contains the incident light intensity and the
residual amplitude modulation (RAM) [26], and utilization of
the first harmonic will bring the RAM into the calculation.
This parameter should be calibrated before measurement so it
is not a completely calibration-free algorithm. Chen et al. [27]
proposed a calibration-free method, which refers to current to
wavelength calibration, for CO sensing using the VCSEL laser.
That is, the CH4 absorption lines are utilized to calibrate the
wavelength of the weak CO absorption lines. In the algorithm,
the zeroth harmonic is treated as the incident light intensity to
normalize the other harmonics. However, they only discussed
one single harmonic in the detection.

This paper presents a self-calibrated multiharmonic
CO2 and H2O measurement system based on TDLAS using
the VCSEL laser. The zeroth harmonic is employed to elimi-
nate the incident light intensity in other harmonics. The preci-
sion of the system is evaluated by the Allan variance method.
It concludes that the multiharmonic with wide tuning range
improves the precision for about 2–3 times better than the tra-
ditional second harmonic method and that the first-to-third har-
monics are optimum to obtain the lowest deviation of 0.02 ppm
with 10-min average. Then, a commercial NDIR sensor (Li-
Cor 840A) is utilized to verify the accuracy of the system; the
outcomes validate the high accuracy of the TDLAS system.
Moreover, the self-calibrated feature helps the TDLAS system
to get rid of the problems of periodical calibration and long-
time drift. To further study the CO2 concentration in the urban
areas, experiments were carried out in autumn and winter
of 2017 in the city center of Munich. The results demonstrate
that the CO2 concentration was sensitive to numerous factors,
for example, the planetary boundary layer (PBL), the seasons
and weather conditions, the vegetation photosynthesis and res-
piration, and the anthropogenic activities. With the properties
of self-calibration, high precision, high accuracy, and in si tu
and real-time measurement, the self-calibrated multiharmonic

measurement system can be widely applied in the ground-
based CO2 concentration measurement in the future.

II. SELF-CALIBRATED MULTIHARMONIC

MEASUREMENT

In WMS, the zeroth harmonic, S0 f , approximates to the
incident light intensity, I0, when the absorbance is extremely
weak (<1.0%). Under low absorbance conditions, the har-
monic signals, Sn f , which consist of the gas parameters, can
be expressed as follows [25]:

Sn f = −I0cPS(T )L Hn, n = 1, 2, 3 . . . (1)

where c, P [atm], S(T ) [cm−2/atm], and L [cm] are gas
concentration, gas pressure, line strength, and absorbing path
length, respectively. Hn is the nth order Fourier component of
the spectral line shape. At the line center, Hn is approxima-
tely 0 when n is odd and equals to its maximum when n is
even. Since the light intensity and the wavelength are simul-
taneously tuned by the control current of the laser controller
which is always set as a ramp wave, the harmonic signals
produced by the lock-in amplifier are always modulated and
deformed by the ramp wave. Thus, under extremely weak
absorbance condition, the nth harmonic normalized by the
zeroth harmonic, Sn f , can be expressed as follows:

Sn f = Sn f

S0 f
= Sn f

I0
= −cPS(T )L Hn, n = 1, 2, 3 . . . (2)

When I0 is eliminated, the harmonics are absolute signals and
linearly proportional to the gas parameters. Therefore, under
given pressure and temperature, the gas concentration can be
determined without calibration:

c = − Sn f

PS(T )L Hn
, n = 1, 2, 3 . . . (3)

In the measurement system, we can develop a lock-in
amplifier that produces all harmonics simultaneously, and
then, the zeroth harmonic is applied to eliminate the incident
light intensity in other harmonics. The normalized harmonics
are obtained, and the gas concentration can subsequently be
inferred according to (3). There is no additional reference
installation throughout the entire process so that it is a self-
calibrated method to measure the gas concentration. The linear
least square curve fitting (LLSCF) algorithm is utilized to infer
the gas concentration as follows [23], [28]:

Ĉ = − 1

PS(T )L
(�T �)−1�T Y (4)

where � is the observation matrix, including multiple Fourier
components for different gas species, the offset, and the nor-
malized RAM; Y is a vector for the selected multiple harmonic
signals; and Ĉ = (c1, c2, . . . , lO , lR)T is the optimum solved
vector that contains the concentrations of different gas species,
the levels of the offset, and the RAM. Equation (4) is a closed,
convergent, and fast computing expression from which the gas
concentrations of different multiharmonic combinations can
be calculated. The LabVIEW data processing interface of the
LLSCF algorithm for real-time CO2 and H2O concentrations
measurement is shown in Fig. 2.
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Fig. 1. Experimental setup for concentration measurement.

III. EXPERIMENTAL SYSTEM

A. Experimental Setup

The experimental setup is shown in Fig. 1. A VCSEL
(VL-2004-1-SQ-A5) is used as the spectroscopic source whose
center wavelength is 2004 nm. The laser wavelength is con-
trolled by a laser diode controller (Arroyo Instruments 6301).
A concave mirror with a focal length of 75 mm reflects
the laser light back to the detector and doubles the path
length to 30 cm, as shown in Fig. 1. The optical power is
detected by an InGaAs amplified detector (PDA10DT-EC).
Then, the detector signals are recorded by a high-speed
memory data acquisition (DAQ) card (NI USB-6361) and
demodulated using a digital lock-in amplifier (LabVIEW).
The DAQ also works as a signal generator that provides
the low-frequency ramp signal (10 Hz) and high-frequency
sinusoidal signal (6 kHz) to tune and modulate the laser
wavelength. A sensor using a Raspberry Pi system is set
nearby to simultaneously measure pressure and temperature.

The data processing of the experiment is a LabVIEW
program that contains three sections: signal controller, lock-in
amplifier, and concentration measurement. The signal con-
troller produces the ramp (1.2 V and 10 Hz) and sinu-
soidal signals (60 mV and 6 kHz) as the control current to
tune and modulate the laser wavelength. The digital lock-in
amplifier produces the zeroth-to-fifth harmonics of the
detected signal. All harmonics are normalized by the zeroth
harmonic, which approximates to the incident laser intensity
when the absorbance is low. The third part is the concentration
measurement. First, the peak values of each absorption line
in the second harmonic are sought as the line centers. Then,
the relationship between the ramp signal and the wavelength
can be determined. Finally, all the harmonics are selected for
different combinations to calculate the gas concentrations with
0.1-s measurement rates based on the LLSCF algorithm.

Fig. 2 shows the LabVIEW interface for the CO2 and H2O
concentrations measurement. That is, the curve fitting results
of the first-to-fifth harmonics with one H2O absorption line
and three CO2 absorption lines near 2004 nm are shown in
the graphs. The spectral parameters from HITRAN are listed
in Table I [29]. Fig. 2 demonstrates that the harmonics of
I_H2O are overlapped with the harmonics of I_CO2 absorption
line under atmospheric pressure when the Lorentzian line
shape is dominant. In the following subsection B, experiments
are taken to validate that the curve fitting algorithm can help to
overcome the problem of overlapping lines, and the precision
of the self-calibrated multiharmonic method with different
scanning scopes. The scopes include single absorption line
(II_CO2), double absorption lines (II_CO2 and III_CO2), and

TABLE I

ABSORPTION SPECTRAL PARAMETERS NEAR 2004 NM FOR
CO2 AND H2O ABSORPTION LINES

three CO2 absorption lines with one H2O absorption line
(I_H2O, I_CO2, II_CO2, and III_CO2).

B. Precision of the System

Allan variance is a method of measuring the fre-
quency stability of the measurement system in the time
domain [30], [31]. This method can be used to determine the
intrinsic noise in a system as a function of the integrating
time. It is one of the most popular methods for identifying and
quantifying the different noise terms that exist in the inertial
sensor data. The Allan variance analysis consists of computing
its square root as a function of a different integrating time
and then analyzing the characteristic regions and double
logarithmic scale slope of the Allan deviation (σAllan) curves
to identify the different noise modes. As shown in Fig. 3,
the white noise is dominant when the slope is −0.5 (dashed
line) and the Brownian noise is dominant when the slope is 0.5
(dotted line). When σAllan is minimum (σmin

Allan), the optimum
integrating time (τopt) and the detection limit is determined.
Allan deviation plots of the TDLAS multiharmonic CO2
concentration measurement are indicated in Figs. 3 and 4 and
Table II.

Fig. 3 shows the Allan plots of the CO2 concentration results
using the first, second, and third harmonics with different
ranges of scanning wavelengths. It can be seen that in the
range dominated by the white noise, the precision of the
single absorption line is lower than that of the double and
the triple absorption lines. For example, at 1.0 s, σAllan of
the second harmonic with single absorption line is 1.3 ppm,
while with double and triple absorption lines, it can obtain
at about 1.0 ppm, suggesting that broadening the scanning
range helps to cut down the white noise. For the second-
harmonic detection as listed in Table II, the three absorp-
tion lines obtain the lowest σmin

Allan at 0.05 ppm with 400 s
averaged. The above-mentioned results can be summed up
by observing that a wide scanning range of wavelengths
effectively reduces the white noise and the Brownian noise,
and improves the optimum integrating time. For the Allan
curves of the first, second, and third harmonics with three
CO2 absorption lines, we can learn that the higher order the
harmonic is, the larger the deviations are. That is, the first
harmonic has the lowest white noise. For instance, at 1 min,
they are 0.1, 0.12, and 0.18 ppm for the first, second, and
third harmonics, respectively. Hangauer et al. [23] concluded
that the second harmonic had better noise performance than
the first harmonic which was different from our results. It is
because they approximated the RAM in the first harmonic
as a slope, which reduced the precision of the first-harmonic
detection.
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Fig. 2. LabVIEW data processing interface. The top two graphs are the concentrations of CO2 and H2O. The middle five graphs are the experimental
harmonics (blue lines) and the LLSCF results (red lines) from the first to fifth harmonics. The bottoms are the residuals between the experimental and the
LLSCF results. The residual amplitudes are less than one-tenth of their relative harmonics, indicating the high reliability of the LLSCF algorithm. The notations
of each absorption lines are marked in the second harmonics.

TABLE II

OVERVIEW AND COMPARISONS OF THE ALLAN ANALYSIS FOR THE MULTIHARMONIC DETECTIONS

Fig. 3. Allan plots of sole harmonic detection with one, two, and three
absorption lines. The dashed and dotted lines indicate the white and Brownian
noises, respectively. τopt is the time when σAllan is minimum (σmin

Allan).

Allan plots for different multiharmonic combinations using
three CO2 absorption lines are shown in Fig. 4. Compared with
the Allan plots of sole harmonic in Fig. 3, the measurement
precisions of multiple harmonics are effectively improved.
For example, the deviations of the first and the second
harmonics are 0.7 and 1.0 ppm at 1 s, respectively, while the
lowest deviation of the multiharmonic is 0.5 ppm at the same
integrating time. Second, the Allan deviations of the multiple
harmonics, which contain the first harmonic, have lower
values than those without the first harmonic. The precision
can be improved when the first harmonic is employed in

Fig. 4. Allan plots of different multiharmonic combinations with three
absorption lines.

the measurement because the first harmonic has the highest
precision according to the aforementioned discussion (see
Fig. 3). Third, the more harmonics are used, the higher the
precision that can be obtained in the measurement. However,
the Allan plots of the first-to-third harmonics and the first-to-
fifth harmonics are very similar and both obtain the highest
precision of 0.02 ppm at 10 min corresponding to absorbance
in an order of 1 × 10−8. Because wide scanning of three
absorption lines supports sufficient data for concentration
calculation, the first-to-third harmonics have already gained
the highest precision in measurement. More harmonics than



1144 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 68, NO. 4, APRIL 2019

this optimal value can no longer improve the precision in the
application of up to three absorption lines scanning.

Overall, the wide wavelength scanning and multiharmonic
heighten the precision because more useful data are utilized
in measurement. The higher the harmonic order, the lower
the precision. That is, the first harmonic has the highest
precision when compared with the second and third harmonic
measurements. In the multiharmonic detection, the series
which includes the first harmonic has lower σAllan than
that without the first harmonic. And the precision of the
system can be improved for about 2–3 times when compared
with the sole second-harmonic detection. More harmonics
can obtain higher precision, but the first-to-third harmonics
are sufficient to achieve the highest precision when three
absorption lines are employed for scanning, and more than
the first three harmonics do not further enhance the precision
of the measurement system.

C. Accuracy of the System

The above-mentioned experimental results have verified the
high precision of the self-calibrated multiharmonic measure-
ment system. In this section, the comparison experiments are
implemented to validate its accuracy, where the commercial
NDIR sensor (Li-Cor 840A CO2/H2O gas analyzer) is served
as a calibration standard instrument. The NDIR sensor uses a
continuous broadband infrared lamp as the light source, and
the light passes through the measured gas and is recorded by
a photodetector, in front of which there is a light filter that
can eliminate the useless wavelengths. The gas concentration
is deduced based on the Beer–Lambert law. The measurement
range of CO2 is 0–20 000 ppm with less than 1 ppm signal
noise at 370 ppm. And the H2O range is 0‰-60‰ with
0.01‰ at 10‰ of noise level, with a measurement recording
rate of 1 s. This instrument has high accuracy over the
whole measurement range because of its automatic temper-
ature and pressure compensations but it must be calibrated
periodically.

Measurements are carried out to validate the accuracy of the
TDLAS system. The gas tube of the NDIR sensor is set close
to the optical path of TDLAS, thus the gas concentrations in
both systems are the same. When starting the measurements,
these two sensors work simultaneously and independently to
acquire the concentrations of CO2 and H2O. Fig. 5 shows the
experimental results of CO2 and H2O concentrations based on
NDIR and TDLAS which were implemented in the city center
from September 16 to 18, 2017. For the TDLAS measurement,
the outcomes are retrieved from the first-to-third harmonics
with 1-min average for which σAllan is 0.07 ppm for CO2
concentration, as shown in Fig. 4.

Fig. 5(a) shows the variation of CO2 concentration on the
ground level, where the maximum concentration occurs in the
morning at about 430 ppm while the lowest point happens
at around 17:00 at nearly 380 ppm. The measured days were
partly cloudy with sunrises and sunsets at 06:53 and 19:21
(UTC+2), respectively. The trend of CO2 concentration is
reasonable because the PBL is shallow at night and deep
during the day due to solar heating of the ground surface,

Fig. 5. Measurement of the CO2 and H2O concentrations based on the NDIR
and the TDLAS systems averaged at 1 min.

leading to the CO2 concentration increasing at night and
decreasing in the day [3], [32]. Moreover, the vegetation
photosynthesis uptakes CO2 near the surface, making the CO2
concentration to decrease below the average concentration,
around 406 ppm [8], in the daytime, and the increment of
CO2 concentration at night is partly caused by the biosphere
respiration. The integrative effects of the PBL and the pho-
tosynthesis and respiration result in the distinctive variation
of CO2 concentration throughout the day. For comparisons,
the NDIR and TDLAS systems have similar results in the
whole period. The bottom graph is the concentration residual
between these two systems, where the differences are within
2 ppm, indicating that the TDLAS system has the same level
accuracy as the NDIR sensor in measuring CO2 concentration.
Fig. 5(b) shows the H2O concentration measured simultane-
ously with the CO2 concentration. These two systems also
have the same H2O results with residuals within 0.2‰, show-
ing the same high consistency for measuring H2O concentra-
tion as that of CO2 concentration.

The comparison experiments between NDIR and TDLAS
are taken at a wider concentrations range. The results are
represented as the linear regressions in Fig. 6, where the
regression ranges are 380–540 ppm for CO2 concentra-
tion and 4‰–13.5‰ for H2O concentration. The R squares,
the intercepts, and the slopes of the linear regressions are
approximately 0.999, 0, and 1, respectively, demonstrating
that the TDLAS sensor has high accuracy and high consis-
tency with the commercial NDIR instrument in measuring
the CO2 and H2O concentrations. It is worth mentioning that
the harmonic signals of CO2 and H2O near 2003 nm are
overlapped, as shown in Fig. 2 and Table I. The experimental
results show that the self-calibrated multiharmonic system
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Fig. 6. Linear regressions of the CO2 and H2O concentration measurements
between the NDIR and the TDLAS systems.

based on the LLSCF algorithm can overcome the spectrum’s
overlapping and yield a highly accurate measurement of gas
concentration.

IV. APPLICATION IN URBAN

AREA MEASUREMENT

As presented in Fig. 7, the self-calibrated multiharmonic
measurement system was operated in autumn and winter
of 2017 to study the CO2 concentration variation in the
urban area. The system is located on the second floor of
a laboratory at Theresienstrasse, Munich. The windows of
the room are open to ensure the same CO2 concentrations
indoor and outdoor. The measurements are carried out without
interference. The heating system is opertated in winter to
make the room to be drier than the outer environment, thus
we do not analyze the H2O concentration in this section.
The measurement data were obtained from the same mul-
tiharmonics as that given in Fig. 5, in which the weather
conditions and anthropogenic activities are also indicated in
the graphs. The situations of the measurements are as follows:
the black curve in Fig. 7(a) is the TDLAS experimental
data from Fig. 5(a). The red line in Fig. 7(b) was measured
from September 23 to 25, 2017. In general, the sunshine dura-
tion was nearly 12 h on these days, from 07:03 to 19:07
(UTC + 2). The solid line in Fig. 7(c) was measured from
December 23 to 25, 2017. The blue curve in Fig. 7(d) was
run from the last day of 2017 to the second day of 2018. The
sun rose at 08:04 and set at 16:29 (UTC+1) with the shortest
daytime of the entire year.

Some interesting findings can be seen in the experiments.
First, a noticeable tendency during the day and night, that
is, the CO2 concentration in the urban area decreases in
the day and increases at night, is observed in Septem-
ber in Fig. 7(a) and (b). The large fluctuations are caused
by the synergies of the PBL and the vegetation photosyn-
thesis and respiration which are still very active in autumn,
as explained earlier. The peak and bottom values happen
at around 10:00 am and 17:00 pm, which are also verified
by other researchers [33], [34]. The lowest concentration in
daytime can decrease to 380 ppm. During the night, the
maximum value can reach 430 ppm or even more due to the
shallow PBL and the CO2 accumulation from vegetation res-

piration and anthropogenic activities, which will be discussed
in the following.

Fig. 7(c) and (d) shows the CO2 concentration obtained
in winter with the shortest sunshine duration and the lowest
temperature of the entire year. We can learn that there is no
discernible variation or substantial increment and decrement
during the day and night. Compared with the curve in Fig. 7(a)
fluctuating between 380 and 430 ppm, the variation ranges
shown in Fig. 7(c) and (d) are much narrower, only vary
from 405 to 420 ppm. In winter, the temperature in the
atmosphere is about 0 ◦C and the shortest daytime is 8.4 h,
and the PBL is thin to several hundred meters and does not
change a lot between day and night because the solar heating
is weak. The animals and plants are mostly in hibernation,
with little photosynthesis and little respiration, which means
no much CO2 uptake or release from the biosphere. There-
fore, the major contributor to the CO2 concentration in the
downtown area is the human activities. The CO2 is gathered
in a limited space causing higher concentration and smaller
variation during the whole day than that of the autumn data.
The minimum concentration in Fig. 7(c) and (d) is above
400 ppm which approximates to the atmospheric average
value.

Third, the weather conditions have great impacts on the
CO2 concentration in the city center. When the meteorology
is unfavorable to air diffusion, such as fog, rain, or cloudy
days without wind, the CO2 concentration in urban areas
will increase quickly. For example, the red line has the peak
values of more than 460 ppm which is mainly attributed
to the rain and fog as demonstrated in Fig. 7(b). The line
in Fig 7(c), which increases to 420 ppm in the last minutes,
is caused by the fog. On the contrary, when the meteorological
term contributes to gas diffusion, the CO2 concentration will
noticeably decline. There were strong winds at around 04:00 of
the 1st and midnight of the 2nd in January as shown in
7(d), and the CO2 concentration dropped measurably from
420 to 405 ppm.

Finally, the human activities also play an important role
in the CO2 concentration variation. Considering the curves
in Fig. 7(b), where the dashed line is the experimental results
of Fig. 7(a), it is obvious that the red line has higher values
than the dashed line among the whole measurement. This
is because the well-known solemn celebration of the folk
festival, called Oktoberfest, is held during this period every
year in Munich. The celebration attracts millions of interna-
tional tourists gathering in this city to celebrate the annual
unprecedented days at Theresienwiese, which is only 2 km
away from the monitoring site. The high concentration of
the red line is mainly caused by the surging tourists. For
another example in Fig. 7(d) during the New Year’s Eve, many
fireworks were ignited by the citizens to celebrate the arrival
of 2018, which led to a CO2 peak at midnight of the New Year.
After the fireworks died down, the concentration decreased
from 440 to 420 ppm in 30 min, implying the significant effect
of the anthropogenic activities.

The above-mentioned measurements have illustrated the
factors that can affect the ground-based CO2 concentration
as follows: the PBL, the vegetation photosynthesis and
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Fig. 7. Measurements of the CO2 concentration in four periods based on TDLAS and averaged over 1 min, where the gray parts in the graphs represent the
night time. (a) Measured from September 16–18, 2017. (b) Obtained from September 23–25, 2017. (c) Outcomes from December 23–25, 2017. The black-
dashed lines in (b) and (c) represent the experimental results of (a). (d) Acquired from December 31, 2017 through January 2, 2018, where the green-dotted
line is the data in (c). As displayed in (d), the peak value occurred at the beginning of the second day because the fireworks are lit to celebrate the coming
of 2018.

respiration, the seasons and weather conditions, and, most
importantly, the anthropogenic activities. Thus, to better study
the CO2 concentration distribution in the urban areas, a real-
time measurement instrument with high precision, accuracy,
sensitivity, and stability is urgently needed in the future,
and the experimental results have demonstrated that the self-
calibrated multiharmonic measurement system is a potential
sensor in the applications.

V. CONCLUSION

A self-calibrated multiharmonic measurement system has
been developed to measure the CO2 and H2O concentrations
based on TDLAS using the VCSEL laser. According to the
Allan analysis, wide wavelength scanning and multiharmonics
can improve the precision for about 2–3 times in measure-
ment when compared with the traditional second-harmonic
detection. The first-to-third harmonics with up to three CO2
absorption lines are optimal to obtain the best noise level. The
experimental comparisons were made between the TDLAS
measurement system and the commercial NDIR sensor to
validate the accuracy of the TDLAS system. The linear
regressions of CO2 and H2O measurements have indicated
the high consistency of the two sensors. The measurements
were performed in autumn and winter 2017 in the city center
which displayed that the daily tendency of the ground-based
CO2 concentration was influenced by numerous factors, such
as the PBL, the vegetation photosynthesis and respiration,
the seasons and weather conditions, and the anthropogenic
activities.

This paper demonstrates high precision and accuracy of the
self-calibrated multiharmonic measurement system. Moreover,
the sensor is suited for the in si tu measurements of GHGs
in an urban network with high spatial coverage, given its
properties of self-calibration, fast and real-time measurement,
and low power consumption.
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