remote sensing

Review

Distributed Feedback Interband Cascade Laser Based Laser
Heterodyne Radiometer for Column Density of HDO and CH4
Measurements at Dunhuang, Northwest of China

Xingji Lu 12, Yinbo Huang 2, Pengfei Wu 1'2, Dandan Liu 3, Hongliang Ma %, Guishi Wang

and Zhensong Cao 1/%*

check for
updates

Citation: Lu, X.; Huang, Y.; Wu, P;
Liu, D.; Ma, H.; Wang, G.; Cao, Z.
Distributed Feedback Interband
Cascade Laser Based Laser
Heterodyne Radiometer for Column
Density of HDO and CHy
Measurements at Dunhuang,
Northwest of China. Remote Sens.
2022, 14, 1489. https:/ /doi.org/
10.3390/rs14061489

Academic Editors: Ka Lok Chan,

Youwen Sun and Feng Zhang

Received: 18 February 2022
Accepted: 16 March 2022
Published: 19 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Atmospheric Optics, Anhui Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences, Hefei 230031, China; xjlu@aiofm.ac.cn (X.L.); ybhuang@aiofm.ac.cn (Y.H.);
wupengfei@aiofm.ac.cn (P.W.); gswang@aiofm.ac.cn (G.W.)

Advanced Laser Technology Laboratory of Anhui Province, Hefei 230037, China

College of Electrical and Optoelectronic Engineering, West Anhui University, Lu’an 237012, China;
baobaoldd@126.com

School of Electronic Engineering and Intelligent Manufacturing, Anqing Normal Univesity,

Angqing 246011, China; hignma@foxmail.com

*  Correspondence: zscao@aiofm.ac.cn; Tel.: +86-18019963625

Abstract: Remote sensing of HDO and CHy could provide valuable information on environmental
and climatological studies. In a recent contribution, we reported a 3.53 um distributed feedback
(DFB) inter-band cascade laser (ICL)-based heterodyne radiometer. In the present work, we present
the details of measurements and inversions of HDO and CH,4 at Dunhuang, Northwest of China. The
instrument line shape (ILS) of laser heterodyne radiometer (LHR) is discussed firstly, and the spectral
resolution is about 0.004 cm ™! theoretically according to the ILS. Furthermore, the retrieval algorithm,
optimal estimation method (OEM), combined with LBLRTM (Line-by-line Radiative Transfer Model)
for retrieving the densities of atmospheric HDO and CHy are investigated. The HDO densities were
retrieved to be less than 1.0 ppmv, while the CHy densities were around 1.79 ppmv from 20 to 24 July
2018. The correlation coefficient of water vapor densities retrieved by LHR and EM27/SUN is around
0.6, the potential reasons for the differences were discussed. Finally, in order to better understand the
retrieval procedure, the Jacobian value and the Averaging Kernels are also discussed.

Keywords: laser heterodyne radiometer; instrument line-shape; retrieval algorithm; HDO; CHy

1. Introduction

Water vapor absorbs almost 20% solar radiation and amplifies the greenhouse effects
three or more times by positive feedback [1,2]. HDO is a kind of static isotope of water vapor,
the knowledge of H,O-HDO is relevant to identifying different atmospheric processes
that govern the moisture budget at specific locations and the changes in meteorology and
marine pollution. Methane is another important greenhouse gas because of the 25 times
global warming potential higher than carbon dioxide [3]. Remote sensing of the abundance
of water vapor isotopes and CHy provide valuable information on those above researches.
For this purpose, in-situ, ground-based and satellite remote sensing based on absorption
spectroscopy methods are used for the abundance of water vapor isotopes and CH, density.

The in-situ methods such as Cavity Ring-Down Spectroscopy (CRDS), Enhanced
Cavity Absorption Spectroscopy (CEAS) and Quartz-enhanced Photoacoustic Spectroscopy
(QEPAS) for trace gases detections are recently discussed, and the sensitivity of these
techniques could even obtain ppt level [4-9]. Besides the above methods, other technology
of in-situ detection such as light-induced thermoelastic spectroscopy is also been discussed
recently [10-12]. The ground-based methods are usually using Fourier Transfer Infrared
Radiometer [13-15]. The SCIAMACHY instrument onboard the satellite ENVISAT was
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the first instrument to provide global retrievals of water isotopes with high sensitivity
near the ground [16,17]. But owing to the degradation, the data record of SCCAMACHY
HDO only covers the years 2003 through 2005, the connection to the entire ENVISAT
was unfortunately lost in April 2012. Another global HDO distribution research based
on satellite GOSAT was produced by Frankenberg et al. [18]. The global distributions of
HDO from GOSAT are consistent with the SCTAMACHY and FTIR on the ground [18-20].
The results showed that the combination of multiple observation methods provide precise
outcomes of water vapor isotopes and methane. In consideration of the significance, we
developed a laser heterodyne radiometer (LHR) using a distributed feedback interband
cascade laser (DFB-ICL) as a local oscillator (LO) operating in the 3.53 um for atmospheric
HDO and CH4 monitoring.

While the LHRs performed high qualities for monitoring atmospheric trace gases with
small size and low cost, given the above advantages, LHRs have been successfully used to
measure atmospheric O3, CO; and CHy, et al., from the ground using either a quantum
cascade laser (QCL) or DFB-ICL as a LO [21-25]. During the field measurement campaign,
HDO and CH,4 were chosen as the target species.

In this contribution, we present an analysis of atmospheric HDO and CH4 measure-
ments retrieved from the data recorded by a DFB-ICL based LHR operating in swept LO
frequency mode. The measurements campaign was made at the Meteorological Station of
Dunhuang (40.14°N, 94.68°E, altitude 1140 m) from 10 to 24 July 2018. Column densities
of atmospheric HDO and CH, were retrieved from the measurements using the optimal
estimation method (OEM). At last, the results of LHR and EM27/SUN are compared, and
the potential reasons for the differences and several crucial parameters are discussed for a
better understanding of LHR and improvement of it.

2. Materials and Methods
2.1. Measurement Site

As it is well known, Dunhuang commands a strategic position at the crossroads of the
ancient Southern Silk Route and the main road leading from India via Lhasa to Mongolia and
Southern Siberia, as well as controlling the entrance to the narrow Hexi Corridor (Figure 1),
which led straight to the heart of the north Chinese plains. Dunhuang’s average precipitation
is less than 30 mm per year, the groundwater in the inland river and basin originating from
Qilian Mountain is the primary water source in this area. Due to global warming since the
20th century, the glaciers in the Qilian Mountains are melting rapidly. The change of glacial
meltwater is bound to have an impact on the runoff of inland rivers. It is of great significance
to study the source and sink of water vapor to form the local climate. Therefore, the rebuilt
LHR prototype was very suitable for the field measurement campaign.

Figure 1. The experiment site at Dunhuang in Gansu province of Northwest China.
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2.2. Laser Heterodyne Radiometer

Heterodyning is commonly used in radio frequency, and it provides ultra-high spectral
resolution when used in infrared spectra detection, the intrinsic resolve capacity enables
fully resolved narrow fingerprint molecular absorption lineshapes [26]. The basic principle
of laser heterodyning is to down-convert the received signal to a lower, intermediated
frequency (IF) signal from high frequency (tens of 10'® Hz) to the radio frequency by mixing
the incident radiation with that from the local oscillator (LO) [27,28]. The details of LHR's
principle and composition were introduced by Weidmann, Wilson, et al. [23-25,29], we try
to figure the instrument line shape (ILS) of LHR out in the present work.

The ILS is one of the most important parameters of the spectrometer, which determines
the spectral resolution of the measured results. The previous studies of ILS usually used the
function of radio frequency filter without consideration of integral time of lock-in amplifier
(LIA), it may increase retrieval error with fast scanning of LO or large integral time.

The response function of a system could be obtained by inputting a Dirac signal in the
time domain. For an LHR system, it transforms the frequency signal into the time signal.
According to the laser heterodyne theory, the IF signal power in the frequency domain is
proportional to the convolution of LO and input signal power (assumed the gain is 1):

Pip(w) = Pro(wro) * Ps(ws) 1)
The power of LO is:
Pro(w) = Prof(w — wro(t)) ()

The P is the total power of LO, and f(w) is the line shape function of LO. Because
of the scanning of LO during the measurement, the w; o(t) represents the frequency at the
time of ¢.

wio(t) =wo+ Awt/T (=T/2<t<T/2) 3)

T is the total scanning time. The input signal is a constant, when modulated by the
chopper, the power is:
ps(t) = ps expliwst) (1 + cos ) )

The () is the frequency of chopper, () is much lower than wy o and wgs. The power of
the input signal in the frequency domain is:

Py(w) = Ps[3(ws) +8(ws + ) /2] = Po[6 + 6(02) /2]  6(ws) ©)
It is easy to get the power of the IF signal (Figure 2) during the scanning of LO:

Pp = PLoPs[6 +0(£Q2) /2]  6(ws) * f(w — wro(t)) (6)

|mio—ws|-Q |ro—s| |wro—s+2
Figure 2. The power of the IF signal in the frequency domain.

The IF signal is filtered by the radio filter, the out power is:

Pp = ProPs[6 +0(+Q) /2] * f(w — (wro(t) — ws)) - H(w) 7)



Remote Sens. 2022, 14, 1489 4 of 14

This signal is also needed to be power detected, the output voltage is proportional to
the input power:

U = BProPs[o +6(£0)/2] # |7 f(w = (wio(t) — ws)) - H(w)dew ®
= BPLoPs[d +5(+ > J# J13 f((ws = wio(t)) = (~w)) - H(w)dw
B is the efficiency of the power detection. Now, we set w’ = —w and according to the
convolution theory:
u= ‘BPLops[(5+(5(iQ er_;o (ws — wLo( ) /) H(—w ) do’
= BProPs[é + 5(i9) f+°of ((ws —wio(t)) — ') - H(w')dw' ©)
= BPLoPs[6 + 6(+0 )/2] flws —wro(t)) * H(ws — wro(t))
The range of the IF signal is
ws —wy —Aw/2 < wg —wio(t) < wg —wy + Aw/2 (10)

Normally, this range is much larger than the line width of LO and band of radio filter,
so in the total scanning period, the convolution of the last two-part in (9) is equivalent to:

flws —wro(t)) * Hws — wio(t)) € f(w) * H(w) (11)

The output voltage in total scanning time could be simplified as follows:

U = [BPLoPsf(w) * H(w)] x [0+ 6(£02) /2] (12)

The output signal from the power detector is filtered and demodulated by LIA, the
result is the ILS of LHR. The reference signal is a sine wave, so the spectrum of reference is:

ERef - ARef(S(iQ>/2 (13)
The convolution of two signals is:

U = [BPLoPsf(w) * H(w)] % [0 + 5(£Q)) /2] * ARef(S(j:Q)/Z 14)
_ [ﬁARepropsf(w) x H(w)} « [0(£2Q) /2 + 6(£Q) + 6] /2
This signal needs to be filtered by the low-pass filter in LIA, because the cut-off
frequency (f; is not large than tens Hertz) of the low-pass filter is much less than the
modulation frequency (() normally is 1~2 kHz) so that £2() and +-() signal are filtered by
the low-pass filter:
U" = BAgefPLoPsf(w) x H(w) x6/2 (15)

The response function of the low-pass filter in the time domain is f, the output signal:
u" = BARefPLoPsf(w) * H(w) * hy, /2 (16)

B, 1, Pro, Ps and ARef are constants, the simplified ILS of LHR is:
ILS = f(w) * H(w) * hy, (17)

The result shows that the ILS of LHR is the convolution of the line-shape function
of LO, the response function of the radio filter and the response function of the low-pass
filter. The line width of LO is normally less than several tens MHz and could be equivalent
to Dirac function in the condition of spectra measurements. According to the analysis of
ILS, when the integral time is pretty small or the scanning time is large enough, H(w) is
approximated to the ILS.

The main specifications of the 3.53 um LHR are given in Table 1.
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Table 1. Specifications of the Laser Heterodyne Radiometer.

Parameter Value Unit
Line-width of LO <10 MHz
Frequency coverage 2831.5~2832.4 cm™!
Scanning period 12 s
Radiofilter band 8~35 MHz
Integral time 10 ms
Target species HDO, CHy -

According to the analysis of ILS, the simulated and measured of ILS are obtained (Figure 3),
the results indicate that the measurement is consistent with the simulation, the theoretical and
actual spectral resolution is nearly 0.004 cm~! and 0.005 cm ™!, respectively. The resolution
meets the spectral resolution demands of water vapor and methane measurements.

1.0 3.2
Simulation 1.0 a2t
Measurement o5 128
0.8 1 0.6 i
s 2.4
. 0.4 4 2 L
"'"I\ Lo
02 R e |
= 061 ¥ s [ 20
T 006 oot 00z 000 002 001 ooe. |
2 | 06 004 ol 000 0d2 0b4 0de | o
£
5 04+ -1.2
a -
- (0.8
0.2 4 |
| - 0.4
0.0 T T N I R IR 0.0

' | ' | ' | ' |
-0.45 -0.36 -0.27 -0.18 -0.09 0.00
Frequency offset(cm™)

Figure 3. The simulated and measured ILS of 3.53 um LHR.

0.09 0.18 0.27

036 045

(A)epuyrrdury

The wavelength of local oscillator accuracy and repetition are important parameters of
the LHR, the measurement of laser wavelength and the distribution are shown in Figure 4.

The maximum and minimum of wavenumber is 2831.9518 cm ™! and 2831.9497 cm ™},

1

the uncertainty is 0.0021 cm~! which is little than spectral resolution, and the statistical
characterization fits the gaussian distribution, the stability meets the demands of column

density measurements.
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Figure 4. The wavelength stability of local oscillator.

2.3. Retrieval Method

The OEM approach was adopted for the HDO and CHj retrievals, and the key
step of using the approach was further constrained by using climatological water va-

por and methane a priori data. This approach strictly follows the method described by C.
Rodgers [30]. The forward model F is defined by

y=F(x)+e (18)

The vector y is the measurement with error ¢, x is the state vector. The forward model is
based on the line-by-line radiative transfer model (LBLRTM, version 12.8). The state vector
x contains the vertical profiles of atmospheric water vapor and methane, expressed in the
logarithm of volume mixing ratios (VMRs). Using the logarithm can introduce excellent
effects, such as reducing the numerical difference of water vapor and methane, ensuring
the positive values and making it easier to retrieve very low values when the density of
water and methane are very low.

For the faster speed of iteration of the state vector, the Gauss-Newton iteration is
adopted in the inversion iteration:

-1
sipn = x+ (KISTK + (1+40571) x KISy — F(xi) = 8. (xi = xa)| - (19)

The A; is the Lagrange factor and A; is chosen at each step to minimize the cost function.
It can be seen that when the A;—0, the step tends to Gauss-Newton, and when the A;— o0,
the step direction tends to steepest descent. The main processes of the retrieval method are
shown in Figure 5.
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Figure 5. The flow chart of retrieval method.

3. Results

The pressure and temperature profiles used in retrieval were measured by the ra-
diosonde, as shown in Figure 6. The a priori profiles of water vapor and methane were
obtained from the Europe Center for Medium-Range Weather Forecast (ECMWEF). The
atmosphere is separated into 13 layers from surface to 30 km with an altitude grid of 1, 2
and 5 km account HDO concentration decreases exponentially with height, almost 90%
HDO or water vapor concentrate below the 5 km altitude and the analysis of averaging
kernels indicates that the half-width near the surface is 1~2 km. So the spatial resolution
below 5 km is set as 1 km per layer, the upper atmosphere contains less HDO or water
vapor, the spatial resolution is set as 2 km at 6~10 km and 5 km at 10~30 km.

30 30
— 20th July 20th July
25 ] 21st July 25 / 21st July
22nd July 4 22nd July
0. 23rd July 20 / 23rd July
24th Jul 27
] Y B / 24th July
2 ]
3159 \ 315
<10 \ < 104
51 \ 5
0 T 0 T T T T T
10 102 10° 200 220 240 260 280 300 320
Pressure(hPa) Temperature(K)
(a) (b)

Figure 6. The pressure and temperature profiles at Dunhuang. (a) The measured atmospheric
pressure profile during the experiments; (b) The measured atmospheric temperature profile during

the experiments.
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The OEM approach obtained a better fitting result of measured spectra, one group
of measured spectra and retrievals are shown in Figure 7, the residual between measured
spectra and the fitting is less than 0.1 V.

2.7
2.4
2.1
1.8
E ]
T 15- —LHR
= 1] Retrieval Fitting
=] HDO Fitting
< 0.9 - —— CH, Fitting
0.6 4 Residual
0.3 -
0.0
-0.3

v | v | v ] v | v ] v | v
2831.522831.64 2831.762831.88 2832.002832.12 2832.24 2832.36
Wavenumber(cm™)

Figure 7. The measured spectra (black line), the retrieval fitting (red line), HDO fitting (green line),
CHy fitting (blue line) and the residual (light blue line).

The HDO and methane column densities from 20 to 24 July are shown in Figure 8.
During the measurement campaigns, the column density of HDO was only about 0.5~1.0
ppmv and obviously decreased from 20 to 24 July. The methane column density at Dun-
huang was 1.792 =+ 0.005 ppmv and the maximum fluctuation of methane was on 20 July.

L1 1504

e e b
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(a) (b)

Figure 8. (a) HDO and (b) CHy column density from 20 to 24 July at Dunhuang.

According to the HDO/H,O ratio of Vienna Standard Mean Ocean Water (VSMOW),
the column densities of water vapor at Dunhuang are obtained and are shown in the
Figure 9:
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Figure 9. Water vapor column densities at Dunhuang.

Due to the low density of water vapor, the variation of water vapor column density at
Dunhuang is 1500~3300 ppmv (0.85~1.75 g/cm?), and also has a decreasing trend from 20
to 24 July.

The precipitation before the experiment increased the humidity of the surface and
the lack of evaporation source from the ground because of the sunny day from 20 July are
the possibility of the decreasing trend of water vapor density. And the increased surface
humidity by rainy weather with low temperatures before 20 July might also be influenced
the methane emission from the biologic activity and result in the fluctuations of methane

during the experiment.

4. Discussion
4.1. Comparison of LHR and FTIR

During the measurement campaign, another instrument (Bruker, EM27/SUN) was
used to monitor the atmospheric greenhouse simultaneously and the retrieval algorithm
was developed by Hans Frank (Karlsruher Institute fiir Technologie, KIT) [31]. The retrieved
column densities of water vapor by LHR and EM27/SUN on July 20th and 21st, and the
correlations are shown in Figures 10 and 11, respectively.
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Figure 10. The water vapor column densities of EM27/SUN and LHR on (a) 20 and (b) 21 July.
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Figure 11. The correlation analysis of LHR and EM27/SUN water vapor measurements on (a) 20 and
(b) 21 July.

The average values of water vapor measured by LHR were 3023 ppmv on 20th and
2239 ppmv on 21st, the EM27/SUN’s results were 3152 ppmv and 2201 ppmv, respectively.
The relative errors are 4.09% and 1.73%, and the correlations between LHR and EM27/SUN
are around 0.6 (0.637 and 0.592).

The column densities of methane retrieved by LHR and EM27/SUN are shown in

Figure 12.
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Figure 12. The methane column density of EM27/SUN and LHR on (a) 20 and (b) 21 July.

The average values of methane measured by LHR were 1.79 ppmv on 20th and
1.794 ppmv on 21st, the EM27/SUN’s results were 1.871 ppmv and 1.86 ppmv, respec-
tively. The relative errors of the averaged column densities are 4.33% and 3.53%.

There may be three reasons that lead to differences between the results of LHR and
EM27/SUN: (1) The spectral errors of LHR are larger than EM27/SUN’s and the a priori
and the covariance matrix of water vapor and methane are different, these may induce to
different results; (2) The abundance of HDO at Dunhuang may be different with HITRAN
database; (3) In the target spectral range, there are 0.0786 cm ™! intervals between the line
of HDO (2831.8413 cm™ 1) and CHy (2831.9199 cm™1), the absorption of HDO and CHy
is too close with each other which influences the retrieval results; (4) The last reason is
the retrieval band of water vapor and methane by EM27/SUN is 8353.4-8463.1 cm ! and
5897-6145 cm ™! respectively, but by the LHR just using single or several absorption peaks
which is very sensitive to the concentration variation.
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4.2. Analysis of the Jacobian and Averaging Kernel

Each element of the Jacobian matrix is the partial derivative of a forward model
element concerning a state vector element. The Jacobian value of water vapor and methane
are shown in Figure 13. The transmission has high sensitivity with water vapor density
below 7 km, this value agreed with the atmospheric convection and the convection in this
area is more robust than coastal areas. The possible reason is the more vigorous atmospheric
convection in this area transporting water vapor to a higher atmosphere than in wetlands,
forests and grasslands.

30
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Figure 13. The Jacobian value of (a) HDO and (b) CHj.

Because of the even distribution in the troposphere, the Jacobian of methane at the top
of the troposphere (~18 km) still exists a significant value and theoretically provides more
information of the atmosphere.

The averaging kernel (AK) provides a simple characterization of the relationship
between the retrieval and the actual state. The formula of AK is described by

1
A= (KTS;lK + 5;1) KTS; 1K (20)

The K is the Jacobian matrix, S; and S, are the measurement error covariance and
associated covariance matrix. The AKs of water vapor and methane are shown in Figure 14.
In order to obtain the differences in retrievals and the actual states, the sum of AK is
also calculated.

The AKs of water vapor and methane indicate the information was mainly occupied
by water vapor. The sums of water vapor AK were more significantly than 0.5 below 8 km,
which meant the measurements obtained lots of water vapor distributed information in
this range. And above 8 km, the results were limitedly obtained from measurements. The
AKs of methane are shown in the right figure, unfortunately, indicating that the retrieved
results were dependent on the a priori rather than real states.

The single vector analysis of AK shows the significant layer of the retrieval. Figure 15

shows the first eight most significant SVs of the “K” matrix. The first four SVs have an extreme
value near the ground, which means the actual state contributed significantly to the retrieved
state near the ground and is agreeable with the actual distribution of water vapor.
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Figure 14. Averaging Kernel of (a) HDO and (b) CHy.
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Figure 15. The first eight and most significant singular vectors (SVs) of K matrix.

5. Conclusions

The instrumental line shape (ILS) of DFB-ICL based LHR was characterized. Using
the radiometer, field measurements of HDO and CHy4 around 3.53 pum have been reported.
The continuous measurements with high resolution and SNR were obtained, the inversion
algorithm was also realized for retrieving column density of HDO and CHy. The retrieved
densities of HDO are less than 1.0 ppmv and densities of CH, are around 1.79 ppmv from
20 to 24 July. The relative errors of LHR and EM27/SUN are less than 5.0%, and during the
experiments, the decreasing trend of water vapor was been observed. The interval of HDO
and CH, absorption lines may not large enough and lead to the not so accurate retrieved
results of methane, but the errors of water vapor are in a proper range.

For better measurements of water vapor and its isotopes, we developed the 3.66 um
LHR in our laboratory recently. The absorption intensity of HO (v = 2732.4932 cm 1,
S =1.206 x 1072 cm~!/(molec-cm~2)) and HDO (v = 2730.9274 cm ™1, S = 2.777 x
1072 ecm~!/(molec-cm™2)) are proper and their interval exceeds 1.5 cm ™! in this band.
Furthermore, other molecules’ absorption intensities are much weaker than H,O and
HDO and the scanning range of LO will be increased to about 2.8 cm~!, these conditions
will guarantee better measurements and we expect more accurate retrieved results.
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