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Fourier transform spectrometry has played an important role in the three-dimensional greenhouse gas monitoring as
the focus of attention on global warming in the past few years. In this paper, a ground-based low-resolution remote sensing
system measuring the total columns of CO; and CHy is developed, which tracks the sun automatically and records the spec-
tra in real-time and has the advantages of portability and low cost. A spectral inversion algorithm based on nonlinear least
squares spectral fitting procedure for determining the column concentrations of these species is described. Atmospheric
transmittance spectra are computed line-by-line in the forward model and observed on-line by direct solar radiation. Also,
the wavelength shifts are introduced and the influence of spectral resolution is discussed. Based on this system and algo-
rithm, the vertical columns of O,, CO,, and CHy are calculated from total atmospheric observation transmittance spectra in
Hefei, and the results show that the column averaged dry-air mole fractions of CO, and CH4 are measured with accuracies
of 3.7% and 5%, respectively. Finally, the HO columns are compared with the results observed by solar radiometer at the
same site and the calculated correlation coefficient is 0.92, which proves that this system is suitable for field campaigns and
used to monitor the local greenhouse gas sources under the condition of higher accuracy, indirectly.
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1. Introduction

The global network of the high-resolution ground-based
Fourier transform spectrometer (FTS) built for providing long-
term spectroscopic observations of greenhouse gases in the
terrestrial atmosphere has been used successfully not only
for trend analysis, but also for the validation of satellite
experiments.!!?l In contrast, global satellite measurement of
the greenhouse gas column has provided a better spatiotem-
poral distribution of greenhouse gas sources and sinks with
poorer precision.>* In situ instruments located on an airplane
or installed at a terrestrial station were also used to monitor
greenhouse gas concentration with high accuracy and sparse
spatial coverage.>®! In turn, the ground-based FTS in the near
infrared region measured the same quantity (column concen-
trations) as the satellite and the data observed by the satellite
were shown to have less temporal variability than in-situ data
which were directly influenced by local flux.!”-8) The column
averaged dry-air mole fraction of CH4, named XCHy4, can now
be measured with an accuracy of better than 0.4% and XCO,
(the column averaged dry-air mole fraction of CO;) to be bet-
ter than 0.25% by ground-based high-resolution FTS. "]

However, not all great ideas are free of problems and
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challenges. The CO; mean annual concentration at Mauna
Loa only increased at an average rate of 1.37 x 10~%/year from
315x107% in 1958 to 381x107° in 2006 with the primary
anthropogenic contribution.!'%! It was very important to ob-
tain high-quality solar absorption spectra in the near-infrared
region and inverse the spectra with the appropriate radiation
transfer model and algorithm. Although the high-resolution
FTS could meet this need, it was enormous and required a spe-
cific laboratory. By contrast, low-resolution FTS could easily
be used for short-term campaigns or in remote areas.

In this paper, in Section 2, briefly described is a home-
made system of low-resolution ground-based FTS recording

[11=14]' A nonlinear least squares

spectra in Hefei continuously.
spectral inversion algorithm is presented and the column con-
centrations of greenhouse gases are inversed from total atmo-
spheric transmittance in Section 3. Meanwhile, the processing
of wavelength shifts is introduced. In Section 4, the influence
of spectral resolution is discussed, and column averaged dry-
air mole fractions of CO, and CH4 are measured with accura-
cies of 3.7% and 5%, respectively. In addition, we verify the
validity by comparing H>O column with the data measured by

other instruments at the same site.
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2. Instrumentation

A low-resolution ground-based Fourier transform in-
frared spectrometer (LRFTS) was installed in a house on the
roof at our institute. As shown in Fig. 1, it mainly contains
six parts: weather station, sun-tracker, skylight, Michelson
interferometer, wireless antenna, and micro-computer. The
weather station was mounted on the southeast side of the house
about 15 meters from the ground. The home-made sun-tracker,
driven by a quadrant detector, was installed near the skylight
in the house. It tracks the sun and feeds a parallel light beam
into the Michelson interferometer by inserting a flat mirror at
45° into the vertical light beam. Spectra were recorded by the
Michelson interferometer at a maximum resolution of 1 cm~!.
This instrument was equipped with CaF, beam splitter and in-
dium gallium arsenide (InGaAs) infrared (IR) detector, cooled
1~9000 cm™!

less antenna was used to deliver data and receive long-distance

by electricity and covering 5400 cm™ . A wire-

commands. A micro-computer was used to save data and con-
trol system operation.
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Fig. 1. (color online) Schematic diagram of observation system.

3. Inversion of the spectra

The spectral inversion algorithm provides volume-mixing
ratios (VMRs) of greenhouse gases,!>! such as CO, and CHy,
averaged between the Sun and the instrument. This is achieved
through nonlinear least squares (NLLS) spectral fitting pro-
cedure applied to the total atmospheric transmittance spec-
tra in the backward model. The inversion procedure seeks a
best fitting of the observed (TM) and modeled (7,C) transmit-
tance spectra such that the percent root-mean-square (%RMS)
is minimized by scaling a priori VMR profile with a single

multiplicative factor over all layers. The %RMS is expressed

as

%RMS = 100 x 1

where m is the number of spectral points.
(TM—TE) is called the residual.

The quantity

3.1. Modeled transmittance spectra

The transmittance spectra Tl-C are modeled by line-by-line
spectroscopic calculations using the 1976 U.S. standard atmo-
sphere model as the input atmospheric state,!'®! expressed by

J K S
T¢ = T(v; —CXP{ ZZZ{ CkWoy ;]
[RS/(]FS k](v Uk, ])]”Jl }} )

where wo, ; is the a priori VMR of the k-th gas in the j-th atmo-
spheric layer, ¢ is a factor multiplied to the a priori VMR pro-
file of the k-th gas, R, ; and Fj ; are the absorption strength
and the normalized line shape function, respectively, of the
s-th line of the k-th gas in the j-th atmospheric layer, vy ; is
the wave-number center of the k-th gas in the j-th layer, n; is
the number density of absorbers in the j-th layer, and /; is the
effective radiation path length in the j-th layer. The spectro-
scopic line parameters used in this model are cited from the
high resolution transmission molecular absorption database
(HITRAN) 2004. The pressure and temperature profiles were
obtained from the weather station and the atmospheric model.
In this paper, we mainly focus on CO; and CHy, identified
as the first and second most important greenhouse gases. The
O, total column, retrieved at 7885-cm~! band, will be used
to overcome the common systematic deviations in CO; and
CHy4 total column caused by air mass errors and so on. Central

wave-number and interfering gases are listed in Table 1.

Table 1. Positions for each gas in near infrared solar absorption spectra.

Gas Central wave-number (v/cm ™! ) Interfering gas(es)

0, 7885.0 H,0

CO, 6220.0 H,0,HDO, CH4

CHy 6002.0 CO,,H,0,HDO
6076.0 CO,,H,0,HDO

3.2. Observed transmittance spectra

The irradiance spectra are directly influenced by the solar
absorption lines and spectral response of the LRFTS so that it
is critical to obtain observed total-column transmittance spec-
tra, including the concentration information of greenhouse
gases in the atmosphere. The calculation procedure from the
irradiance spectrum, shown in Fig. 2, to transmittance is de-

scribed in detail in the following.!”]
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Fig. 2. (color online) Measured single spectrum.

Firstly, the variations of environmental temperature at the
observation and solar position make a measured wavelength
drift with respect to a reference spectrum. We determine the
spectral shift using a spectral extreme point, judging whether
its position is consistent with the one in the reference spec-
trum each time. If not consistent, the absorption spectrum as a

whole will be adjusted by the spectral shift.
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Fig. 3. (color online) Schematic drawing of plane-parallel atmosphere
model.

Then, at a given position of the Sun, it is denoted by the
solar zenith angle (6). Consider an atmosphere consisting of
plane-parallel layers, shown in Fig. 3. On the basis of the
Beer—Lambert law, the irradiance F,,, of the direct solar ra-
diation of frequency v observed at the surface level is given
by

Fmv:Fovexp[_Sv'm(e)L 3)

where F,, is the monochromatic solar irradiance at the top of
the atmosphere, &, denotes the monochromatic optical thick-
ness at the zenith direction, m(0) represents the ratio of the air
mass between the Sun and the observer to the air mass with

respect to the local zenith distance. We define the monochro-

matic transmittance 7,,, as follows:

va = F;nv/Fov
= expl—ey -m(6)]. o)

The signal value P,,, detected by LRFTS is proportional to the
solar irradiance. Define response value P,, corresponding to
solar irradiance at the top of the atmosphere. The parameter

C, is a scale factor. Thus, Eq. (3) can be expressed by

va = CvF()veXp[f‘gV m(e)]
= Povexp[_gv m(@)} )

Taking the logarithm, Eq. (5) is given by
In[Py] = In[Py] — &y -m(0). (6)

On the weather condition that the structure of the atmo-
spheric layer is stable and the content of the aerosol is lim-
ited, €&, is approximately constant. Observations of P, may
be made for several zenith angles during a single day. With
respect to noises, a plot of In[P,,] versus m(6) may be ex-
trapolated to the zero point by the least square method and
then In[P,,] represents In[P,,] at the top of the atmosphere
(m(6) = 0). The quantity P,, is comprised of the solar con-
stant and instrumental constant in common. Actually, the at-
mospheric transmittance can be calculated, as long as P,,, has
been measured at a certain time of a clear day, by the formula

as follows:
va = mv/Pav~ (7)

The foregoing theoretical procedure is the Smithsonian long
method which is usually used for determining the solar
constant.!'8] The total atmospheric transmittances T;,(total)
from the observation of the solar irradiance cover the spectral
absorption bands of greenhouse gases. For example, figure 4
shows the spectral transmittances 7, (total) (thin solid line),
marked with arrows for gases (CO,, CHy, O3).

The inversion is only sensitive to the relative depth of the
absorption line in the spectrum.!!'”) So the quantity T;,(total)
will be divided into two parts: the line absorption 7, (gas) of
gas with which the inversion (thick solid line in Fig. 4) can be
done and continuum component R,, can be described by a low
order polynomial (dashed line in Fig. 4). R,, contains a vari-
ety of factors, such as the influences of aerosols and clouds.

T, (gas) is calculated by using the following equation

T(gas) =~ T, (total) /R,,. 8)
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Fig. 4. (color online) Observed spectral transmittances, con-
tinuums, and line absorption spectra in different regions (a)
7500 cm™! ~8400 cm~!; (b) 5600 cm~! ~6600 cm~.

4. Results and discussion
4.1. Spectral resolution

The measurement at a high spectral resolution may show
a high sensitivity to atmospheric greenhouse gas change.!?0-!1
Figure 5 demonstrates the modeled transmittance spectra with
different resolutions from 0.016 cm™! to 2 cm™! for three
gases (O, CO,, CHy). Obviously, low-resolution spectra have
fewer data points to represent the spectral line, causing differ-
ent line depth and line width. For 1-cm™! resolution, the in-
dividual lines are not resolved and the curvature of the whole
spectral analysis region dominates the fitting process. The in-
versions of total column concentrations for different gases are

based on this resolution in the following.

4.2. Spectral fitting

Figure 6 shows an example of spectral fittings for the
7885-cm~! O, band, the 6220-cm—!' CO, band, and the 6002-
cm~! CH4 band, respectively. The largest discrepancies of
a few percent between the measured and the modeled trans-
mittances are observed in the vicinity of the absorption line

centers. They usually arise from defects in the spectroscopic

parameters (line intensity and line width). Also, the residu-
als are contributed to by sources of error such as imperfect
a priori VMR profile and vertical distribution of temperature
or humidity. In the non-absorption regions, the residuals are
attributed to measurement noise, appearing in a fully random
manner. The values of %RMS are 0.85%, 0.62%, and 0.62%
in Fig. 6 for the components mentioned above, respectively.
The fitting result is satisfying, although they are subjected to
interference by water—vapor absorption lines. The value of
9%RMS for O is larger than that for CO, or CH4 which can be

explained as the wider fitting spectral region.
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Fig. 5. (color online) Modeled transmittance spectra with resolutions
0f 0.016, 0.125, 1, and 2 cm™! for different gases (a) Oy; (b) CO»; (c)
CHy.
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Fig. 6. (color online) Measured transmittance spectra, fitting spectra,
and residual spectra about different spectral regions of different gases:
(a) Oz, (b) COy, and (c) CH4.

4.3. Retrievals

Figure 7 shows the vertical O, CO,, and CH4 columns
on 15 September 2012. The scattering of the data is caused
by low signal-to-noise ratio of the spectrum sampled with a
single scan, in which the sharp-changing data points can be
removed as a part of post-correction. The sampling error of
HeNe reference laser and the temperature differences between
inside and outside the house should be taken into account be-
fore the instrument operates in a stable manner, which takes
approximately 30 minutes.

The mean of vertical O, columns in Fig. 7(a) is
3.8x10% molec./m?,
Gisi et al,”>! which increases slowly before 14:30 and
The big

lower than the values presented by

then decreases until the end of the experiment.

variation range of O, columns, from 3x10?® molec./m? to
4.5x%10?® molec./m? except anomalous data-points, is deter-
mined by some complicated reasons including the signal-to-
noise ratio, the solar zenith angle, the resolution of the sys-
tem, and instrumental line shape (ILS).!”3! However, as a
home-built experimental system and a self-developed retrieval
method, the O, columns offer an internal standard to assess the
short-term or long-term stability of this system and retrieval
method. Therefore the column-average dry-air mole fractions
of Gas (CO,, CHy, etc.), named XGas, are determined by nor-
malizing it to the approximate constant of O, of 0.2095 in the
atmosphere, and the XGas is given as

columnggg

XGas = % 20.95%. ©))

columng,

The means of CO; columns in Fig. 7(b) and CH4 columns
in Fig. 7(c) are 6.2x 10% molec./m? and 3.6 x 10?* molec./m?,
lower than the results reported by Gisi et al.l*?! and Petri et
al.,'") respectively. We are not sure about the origin of these
offsets, speculating that the uncertainty of the ILS and the dif-
ference between retrieval algorithms play an important role.
The higher variability of the CO, columns is obvious and
the weaker dependence on air-mass in the case of the CHy
columns can be observed when comparing with the intraday

variation of the O, columns.
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Fig. 7. (color online) Vertical columns of (a) O3, (b) CO,, and (c) CHy ,
which were retrieved from observed spectra on 15 September 2012 with
NLLS algorithm.
The XCO, and XCHy4 values relevant to Fig. 7 and cal-
culated by Eq. (9) are presented in Figs. 8(a) and 8(b), re-
spectively. The mean of XCO, in Fig. 8(a) has been shifted
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to 385x107°, based on the estimated value from L2 product
about GOSAT (the Greenhouse Gases Observing Satellite). [>4]
The intraday variability of XCO, is different from that of
XCHy, i.e., the former shows an increase before 13:00 and the
latter varies very smoothly. To assess the scattering of the data
with higher signal-to-noise ratio rather than only one scan, we
have applied a running average to the raw XCO;, and XCHy4,
shown in Fig. 8 with solid lines. Then we obtain the accura-
cies of 3.7% for XCO; and 5% for XCHy from the following
formula:
o

XGaSprecision = m x 100%, (10)

where (XGas) is the daily mean of XGas, o is the standard

deviation, and XGasprecision represents the accuracy of XGas.

650

550 F

450

XCOZ/].OAG

350 -

250

[ 1 1 1 1 1 1 1
08:24 09:36 10:48 12:00 13:12 14:24 15:36
Time/h

wreeee XCHy )

40 50 points average

3.0F

XCH4/10-6
T

2.0}

1 n 1 n 1 n 1 n 1 n 1 n 1
08:24 09:36 10:48 12:00 13:12 14:24 15:36
Time/h

Fig. 8. (color online) Variations of (a) XCO; and (b) XCH,4 with time.

4.4. Comparisons

To demonstrate that the results mentioned above are valid,
the vertical H,O columns from our observed spectra are com-
pared with the results measured by solar radiometer (SR) at
the same site. The time series of 8 measurement days from
14 September to 14 November 2012 are shown in Fig. 9. The
variation of H,O columns, increasing firstly and then decreas-
ing, is clear during these days, which is useful for compar-
isons. The means from 14:00 to 15:00 on each measurement
day, during which both instruments were operating well and
offered valid concentration results, are shown in Fig. 10. Ob-
viously, they have the same trend, although the absolute values
are discrepant on some days. As shown in Fig. 11, the corre-
lation coefficient is 0.92 based on the data in Fig. 10, proving

that our system and algorithm are an effective way to monitor
greenhouse gases, indirectly.
4.0
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H,0-column/g-cm—2
N
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=
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0 .
2012—9—10 2012—9—24 2012—10—8 2012—10—22 2012—11—5 2012—11—19
Date/day

Fig. 9. Time series of retrieved 1-hour averaged values of H,O columns
from spectra measured by LRFTS in Hefei.
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Fig. 10. (color online) Time series of HyO columns retrieved from mea-
sured spectra by LRFTS and SR.
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Fig. 11. (color online) The H,O column linear fitting between LRFTS
and SR, expressed by y = 0.87x40.16.

5. Conclusion

We developed a ground-based low-resolution Fourier
transform spectrometry for the remote sensing of the total

columns of CO, and CH4. The observation was carried out
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in Hefei automatically. This system has the advantages of low
cost and portability compared with the high spectral resolution
ones. The spectral inversion algorithm consists of three steps.
Firstly, the atmospheric transmittance spectrum is computed
line-by-line in the forward model based on the assumed atmo-
spheric model. Secondly, the real atmospheric transmittance is
observed from direct solar radiation with the pre-processing of
spectral calibration by the Smithsonian long method. Finally,
the total columns are calculated by nonlinear least squares fit-
ting algorithm between the measured transmittance and mod-
eled transmittance spectra in the backward model.

There are systematic deviations in the vertical columns of
0,, CO,, and CHy inversed from total atmospheric observa-
tion transmittance spectra. These deviations maybe originate
from the assumed atmospheric model, different spectral reso-
lution, and the uncertainty of instrumental line shape. Column
averaged dry-air mole fractions of CO; and CH,4 are measured
with accuracies of 3.7% and 5% using the O, column as inter-
nal standard function, respectively. To verify the results, the
vertical column of H,O obtained by our system and that by the
solar radiometer at the same site are compared. The correla-
tion coefficient is 0.92, although there are some discrepancies
on some days. This means that they accord very well with each
other. Therefore the system and method are promising to be-
come an important part of three-dimensional greenhouse gas

monitoring, especially for local sources and field application.
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