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Retrieval of Major Greenhouse Gas Profiles with LEO-Ground
Infrared Laser Occultation (LGIO) Technique
Mu-Min Chiou and Jean-Fu Kiang*

Abstract—A LEO-ground infrared laser occultation (LGIO) technique is proposed to retrieve the
greenhouse gas (GHG) proﬁles around a speciﬁc location, including the analysis of key factors and
practical issues that may aﬀects its eﬃcacy. A harmony search with ensemble consideration (HS-EC)
algorithm is applied to retrieve the volume mixing ratio (VMR) proﬁles of H2 O and three major GHGs,
CO2 , CH4 and N2 O. The vertical resolution of retrieved GHG proﬁles is 1 km from ground level up to
20 km at height. The errors in VMR of H2 O, CH4 , N2 O and CO2 are below 10, 5, 5 and 3%, respectively,
up to 45 km above ground.

1. INTRODUCTION
Radio occultation (RO) technique was applied to retrieve the refractivity proﬁle in the Earth atmosphere,
by applying Abel transform to the Global Positioning System (GPS) signals received at low-earth-orbit
(LEO) satellites [1]. In [2], a LEO-LEO microwave occultation (LMO) technique was applied to retrieve
the pressure, temperature and humidity proﬁles, with radio signals at 8–30 GHz and 175–200 GHz [3].
A LEO-LEO infrared laser occultation (LIO), operating in the short-wave infrared (SWIR) spectrum
of 2–2.5 µm, was applied to retrieve proﬁles of water vapor (H2 O), carbon dioxide (CO2 ) and methane
(CH4 ) in the upper troposphere and lower stratosphere (UTLS), 5–35 km above ground, as well as ozone
(O3 ) from 10 km above [4].
The root-mean-square (rms) error in retrieving the greenhouse gas (GHG) proﬁles was on the order
of 1–3%, at a vertical resolution of 1 km under clear-air conditions (without clouds or turbulence) [4].
These retrieval techniques were based on the diﬀerential transmission derived from the data in a pair
of channels carefully selected for each target species.
The LMO and LIO techniques were combined to implement a LEO-LEO microwave and infraredlaser occultation (LMIO) technique, which was capable of retrieving the proﬁles of air pressure,
water-vapor pressure, temperature and greenhouse gases more eﬀectively [2, 5]. In [6], a GHG
retrieval algorithm was proposed to remove cloud and turbulence eﬀects embedded in the infraredlaser transmissions.
The proﬁles obtained by applying space-based occultation techniques have a typical horizontal
resolution of 200–300 km along the occultation path [7], and are less accurate in the lower troposphere,
especially when a super-refractive (SR) layer exists [8], which occurs quite often in maritime areas [9].
In addition, it is diﬃcult to plan a mission for any speciﬁc region over a speciﬁc time period [10].
Ground-based GPS radio occultation techniques, with a receiver placed near the Earth’s
surface [10, 11], were proposed for regional weather and climate studies [10, 12]. The Abel transform,
generally used in space-borne radio occultation techniques, is not applicable to ground-based RO
technique, because the latter may not be capable of receiving signals coming at negative elevation
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angles [12, 13]. The Abel transform requires the signals to traverse the atmosphere over the tangent
point, which is the point along a ray path nearest to the ground. Studies have been conducted to explore
the feasibility and limitation of using a ground-based GPS receiver to retrieve proﬁles of atmospheric
properties. The refractivity proﬁle was retrieved by applying a ray-tracing method to ﬁt the measured
tropospheric delays of GPS data [12, 13]. In [13], a three-level model was proposed to characterize the
ducting conditions near coast, in which two constant refractivity gradients and another ﬁxed refractivity
gradient of −160 N-unit/km were assumed. An exhaustive search method was proposed, with the
retrieval altitude ranging from the boundary layer to 10 km above ground, to compensate for the eﬀect
of constant refractive gradients [12]. The vertical resolution was 1 km and the refractivity error was 3%,
with deviation smaller than 10 N-units.
In this work, a LEO-ground infrared laser occultation (LGIO) technique is proposed to retrieve
proﬁles of H2 O and major GHGs around a speciﬁc receiver site. Simlar to the conventional spacebased LIO techniques [4], the atmosphere is assumed to be free from clouds and aerosols in this work.
Defocusing, Rayleigh scattering and absorption by GHG trace species are the main factors to reduce the
signal intensity. The absorption eﬀects of H2 O on the accuracy of target diﬀerential transmission at low
altitudes are considered. Then, three GHGs less aﬀected by H2 O are selected out of six species and four
isotopes originally demonstrated in a space-based LIO technique [4]. A harmony search with ensemble
consideration (HS-EC) algorithm [14, 15] is applied to retrieve the proﬁles of these three species and
H2 O.
This paper is organized as follows. The calculation of transmission in the LGIO technique and
relevant considerations are presented in Section 2. The harmony search algorithm for retrieving GHG
proﬁles is presented in Section 3, and the key factors that determine the accuracy of the retrieved VMR
proﬁles are analyzed in Section 4. In Section 5, the VMR proﬁles of H2 O and these three GHGs at three
diﬀerent latitudes are retrieved by simulations, and the plausibility of monitoring diurnal CO2 proﬁle
is also demonstrated. Finally, some conclusions are drawn in Section 6.
2. TRANSMISSION IN LEO-GROUND INFRARED LASER OCCULTATION
Figure 1 shows the geometry of ray path in a ground-based radio occultation scenario, assuming that
the atmospheric properties depend only on r. Rx and Tx represent an infrared receiver on the ground
and a LEO satellite, respectively, at distances of r1 and r2 , respectively, from the Earth center. A point
along the ray path is labeled with the radial distance r and the angle φ measured from the local zenith.
To trace a ray path, the atmosphere below the height of Tx is modeled as a stack of thin layers, with
the refractive index in each layer approximated as a linear function of height. A ray path is launched
from Tx with an initial angle φ = φ(0) . Subsequent segments of the ray path in the layers below Tx are
determined by imposing the Bouger’s law, a = nr sin φ, in the order of descending height, where a is the
impact parameter of this ray path and n is the refractive index. If the intersection point of the lowest
segment lies above (below) Rx, φ(0) will be incremented (decremented) to φ(1) , based on which another

Figure 1. Geometry of ray path in a ground-based radio occultation scenario.
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ray path is launched. The iteration process continues until the intersection point falls suﬃciently close
to Rx.
The refractivity, N = 106 × (n − 1) (in N-unit), in the IR band can be empirically expressed as [16]


c2
c3
P (h)
− c4 Pw (h)
+
(1)
N (h) = c1 +
d1 − 1/λ 2 d2 − 1/λ 2 T0 (h)
where T0 (h) (K) is the temperature; P (h) (hPa) and Pw (h) (hPa) are the atmospheric pressure
and water-vapor pressure, respectively; λ (µm) is the IR wavelength; the empirical coeﬃcients are
c1 = 23.7104 (K/hPa), c2 = 6839.34 (K/hPa/µm2 ), c3 = 45.473 (K/hPa/µm2 ), d1 = 130 (µm−2 ),
d2 = 38.9 (µm−2 ) and c4 = 0.038 (hPa−1 ). The proﬁles of pressure, temperature and humidity can be
retrieved by applying a ground-based RO technique [12] to weather forecast data such as the European
Centre for Medium-Range Weather Forecasts (ECMWF) data [17]. Alternatively, these proﬁles can be
simulated with the FASt Atmospheric Signature CODE (FASCODE) atmospheric model [18].
2.1. Transmission along a Ray Path
The loss due to gas absorption along a ray path can be calculated by applying the Bouguer-Lambert-Beer
law [19]
(2)
I = I0 e−τ = I0 × 10T /10
where I and I0 are the intensities (in W/m2 /sr) at Rx and Tx, respectively; T = 10 log10 e−τ is
the transmission (in dB); τ is the optical thickness along the ray path between Tx and Rx, which is
determined as

Rx

kd

τ=

(3)

Tx

where k = ρκ (1/m) is the absorption coeﬃcient [20], and ρ (kg/m3 ) and κ (m2 /kg) are the mass density
and mass absorption coeﬃcient, respectively. The mass absorption coeﬃcients can be determined by
using the line parameters in the HITRAN database [21], along with the proﬁles of pressure, temperature
and molecular composition in the atmosphere.
√
By using Eq. (3) to compute τ along the ray path, with d = dr 2 + r 2 dθ 2 = dr/ cos φ, then
transforming τ to T by using Eq. (2), we have

  x2
x
dr
dx
(4)
k(x) √
T (β) = 10 log 10 exp −
x2 − a2 dx
x1
where x = nr is called the refractional radius [12], and x1 and x2 are the refractional radii at Rx and
Tx, respectively. The absorption coeﬃcient above the top-of-atmosphere (TOA), which is 70 km above
ground for LIO signals, is approximated as zero [2].
Referring to Figure 1, the bending angle is determined as
 Tx
d
α=
Rx rc
where rc is the radius of the curvature of the ray path, which is calculated as
 2
3/2
r + (dr/dθ)2
rc = 2
r + 2(dr/dθ)2 − r(d2 r/dθ 2 )
Hence, the bending angle can be represented as
 x2
 r2
dn/dr
dn/dx
√
√
dr = −a
dx
α = −a
2
2
2
2
2
r1 n r n − a
x1 n x − a
which is a function of the impact parameter a of the ray path [13]. The spherical angle between RX
and Tx is determined as
a
a
− sin−1
+α
θ0 = sin−1
x1
x2
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Given the positions of Tx and Rx, the angle θ0 between OTx and ORx is determined geometrically,
and the elevation angle β is related to θ0 as
r2 cos θ0 − r1
β = tan−1
r2 sin θ0
which is used to label the transmission along the ray path between this pair of Tx and Rx. The bending
angle α, elevation angle β and transmission T along a ray path can be expressed in terms of the impact
parameter a. Thus, a relation between T and β can be obtained in the form of a curve in the βT plane,
as presented in Eq. (4).
2.2. Diﬀerential Transmission over a Channel Pair
Along a ray path from Tx to Rx, in addition to the absorption by the target species, there are other loss
mechanisms, including absorption by foreign species, defocusing, Rayleigh scattering, aerosol extinction,
cloud extinction, turbulence-induced scintillation, Doppler shift caused by line-of-sight winds, and solar
radiation scattered by clouds [19]. To minimize these eﬀects, diﬀerential transmission will be used to
retrieve the proﬁle of the target species [4, 5]. It requires proper selection of an adjacent pair of channels,
with one channel assigned at the center of an absorption line of the target species and the other reference
channel which is oﬀ the absorption line of any trace species.
The measured transmissions in the absorption channel (T mea ) and the reference channel (T mer ) can
be decomposed as
(5)
T mea (β) = Tta (β) + Tfa (β) + Taa (β)
T mer (β) = Ttr (β) + Tfr (β) + Tar (β)
Tta (β),

Tfa (β)

(6)

Taa (β)

and
are the transmissions attributed to the target species, its major foreign
where
species and other atmospheric eﬀects, respectively, in the absorption channel; Ttr (β), Tfr (β) and Tar (β)
are their counterparts in the reference channel. These two channels are preferred to be suﬃciently close
so that the atmospheric eﬀects on both channels are close (< 0.1% [4, 19]), namely, Taa (β)  Tar (β). By
subtracting Eq. (6) from Eq. (5), we obtain the diﬀerential transmission
(7)
ΔT me (β) = T mea (β) − T mer (β)  ΔTt (β) + ΔTf (β)
a
r
where ΔTα (β) = Tα (β) − Tα (β), with α = t, f . Except for cloud extinction, the other atmospheric
eﬀects account for 0.1% or less in a typical spaced-based LIO technique [19], which is assumed valid in
the LGIO technique.
The volume mixing ratio (VMR) of the target species, χre (h) (in ppmv), can be retrieved by
minimizing the diﬀerence between the diﬀerential transmission of the target species (ΔTt (β)) and the
modeled diﬀerential transmission of it (ΔTtmo (β)) as
⎧
⎫
⎨ J
⎬
[ΔTt (βj ) − ΔTtmo (βj )]2
(8)
χre (h) = arg min
⎭
χ(h) ⎩
j=1

where J is the number of measurement data, ΔTtmo (βj ) = Ttmoa (βj ) − Ttmor (βj ) the modeled diﬀerential
transmission at an elevation angle βj , and the superscript re indicates the retrieved VMR of the target
species.
The modeled transmissions in the absorption and reference channels of the target species, Ttmoa and
mor
Tt , are derived from the modeled absorption coeﬃcients of the target species, ktmoa (1/m) and ktmor
mor = κmor ρmo , where κmoa (m2 /kg) and κmor (m2 /kg) are the modeled
(1/m), as ktmoa = κmoa
ρmo
t
t and kt
t
t
t
t
(kg/m3 ) is the modeled mass density of the
mass absorption coeﬃcients of the target species, and ρmo
t
target species.
The absorption coeﬃcients are functions of height, which can be expressed in terms of the modeled
VMR proﬁle (χmo ) as [4]
mg κmoa
(h)P (h) mo
t
χt (h)
ktmoa (h) = 10−6 ×
Rd T0 (h)
(9)
mg κmor
(h)P (h) mo
t
mor
−6
χt (h)
kt (h) = 10 ×
Rd T0 (h)
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where ρ = 10−6 × RdgT0 χt (kg/m3 ); Rd = 8.3145 J/K/mole is the universal molar gas constant, and mg
(kg/mole) is the molecular weight of the target species. The modeled mass absorption coeﬃcients in
(m2 /kg) and κmor
(m2 /kg), respectively, which
the absorption channel and reference channel are κmoa
t
t
are calculated by using the line parameters in the HITRAN database [21], given the proﬁles of pressure
P (Pa), temperature T0 (K) and VMR of air, χt (ppm).
Note that the data ΔTt (βj ) to be substituted into Eq. (8) for the retrieval of the VMR proﬁle
is derived by subtracting ΔTf (βj ) from the measured data of ΔT me (βj ). For a given target species,
ΔTf (βj ) can be estimated by using the line parameters in the HITRAN database [21], under given
proﬁles of pressure, temperature and air composition, with the VMR proﬁles of GHGs derived with the
FASCODE model [18].
Since each target species behaves as a foreign species to the other target species, the VMRs of all
the foreign species will be updated alternatively, as will be described in more details about the retrieval
ﬂow-chart shown in Figure 5. Let the estimated value of ΔTf (βj ) be ΔTfes (βj ), then ΔTt (βj ) will be
estimated from Eq. (7) as
(10)
ΔTtes (βj ) = ΔT me (βj ) − ΔTfes (βj )
m P

which will be substituted into Eq. (8) for retrieving the target VMR proﬁle.
2.3. Selection of Target GHG Species
In this work, the channels will be selected from those listed in Table 1 [4, 5], where νabs and νref are
the wavenumbers (1/cm) in the absorption and the reference channels, respectively. For each of the
absorption channels, a reference channel is selected within a relative spectral separation of ±1% or ±0.5%
if possible, based on the criterion that the absorption in the reference channel is mainly attributed to
the atmospheric eﬀects [2].
In Table 1, 12 channel pairs were selected for the retrieval of CH4 , CO2 , H2 O and O3 [4]. Four
absorption channels were selected to retrieve the H2 O proﬁle. The H2 O-1 channel is most sensitive to
H2 O absorption, and was used at heights of 13 to 40 km, under all atmospheric conditions. The H2 O-4
channel is least sensitive to H2 O absorption, and was used at heights below 7 km, under wet tropical
condition. The H2 O-2 and H2 O-3 channels were used to cover the heights of 8–25 km and 5–10 km,
respectively. Since the absorption by H2 O increases signiﬁcantly in the lower troposphere, we choose
the least sensitive channel, H2 O-4 channel, as the H2 O absorption channel in this work.
Table 1. Absorption and reference channels of gas species considered in this work [4].
Order
1
2
3
4
5
5
5
5
6
7
8
9
10

Species
N2 O
CH4
13 CO
2
C18 OO
H2 O-1
H2 O-2
H2 O-3
H2 O-4
12 CO
2
HDO
H18
2 O
CO
O3

νabs (1/cm)
4710.340810
4344.163500
4723.414953
4767.041369
4204.840290
4775.802970
4747.054840
4733.045010
4771.621441
4237.016320
4090.871800
4248.317600
4029.109610

νref (1/cm)
4731.03
4322.93
4731.03
4770.15
4227.07
4770.15
4731.03
4731.03
4770.15
4227.07
4098.56
4227.07
4037.21
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Table 2. Transmissions of target and major foreign species with LGIO technique.
Species

Tfa (dB), major

Tfr (dB), major

Tta (dB)

Ttr (dB)

|ΔTf |/|ΔTt |

N2 O

H2 O:−0.32, CO2 :−0.019

CO2 :−0.15, H2 O:−0.04

−5.7

−0.025

0.06

CH4
13

CO2
18
C OO
H2 O
12

CO2

H2 O:−0.31, N2 O:−0.0076

H2 O:−0.02, N2 O:−0.0045

−8.2

H2 O:−0.6, N2 O:−0.25
H2 O:−1, CO2 :−0.7

CO2 :−0.16, H2 O:−0.04
CO2 :−0.55, H2 O:−0.028

−0.1
−0.03

CO2 :−0.5, N2 O:−0.147

CO2 :−0.16, N2 O:−0.025

H2 O:−2, C18 OO: −0.0016

H2 O:−0.028

−3

−1.1 × 10

0.03

−9 × 10−4
−0.001

5.6
33.3

−23

−0.04

0.015

−27

−0.55

0.075

−5

HDO

H2 O:−2.5, CO2 :−0.02

CO:−0.2, H2 O:−0.15

−0.008

−7 × 10

293

H18
2 O

H2 O:−52, N2 O:−0.0011

H2 O:−0.126

−0.17

−6 × 10−5

742

CO

H2 O:−4.43

H2 O:−0.1533

−5.75

−0.21

0.77

O3

H2 O:−374

H2 O:−4.4

−4.96

−9 × 10−4

75.4

Tfa : transmission attributed to major foreign species in absorption channel of target species,
Tfr : transmission attributed to major foreign species in reference channel of target species,
Tta : transmission attributed to target species in absorption channel of target species,
Ttr : transmission attributed to target species in reference channel of target species,
|ΔTf |/|ΔTt |: ratio of diﬀerential transmissions attributed to foreign species and target species,
respectively.

(a)

(b)

Figure 2. Transmission in (a) absorption channel and (b) reference channel selected for CO2 .
In this work, the four species, H2 O, CO2 , N2 O and CH4 , will be retrieved for their VMR proﬁles
via Eq. (8). The channel pairs are selected such that the contribution by foreign species is negligibly
small, |ΔTf |  |ΔTt |. However, as a ray path traverses near ground, the width of H2 O absorption
lines are increased [21], and some of the H2 O absorption lines in the SWIR band may shift too close to
the absorption or reference channels selected for other species. As the mass density of H2 O increases
exponentially near ground, the VMR retrieval of other species may be aﬀected even more serious. This
issue will be analyzed later, as summarized in Table 2.
Figure 2 shows the transmission attributed to diﬀerent species in the absorption and reference
channels, respectively, selected for CO2 , based on the US standard atmosphere in the FASCODE model.
As the elevation angle increases from −0.4◦ to 15◦ , Tta increases from −27 to −5 dB and Ttr increases
from −0.55 to −0.05 dB. It is observed that changing the VMR proﬁle leads to insigniﬁcant change in the
diﬀerential transmission as β > 15◦ . Hence, the maximum elevation angle is set to 15◦ . For the retrieval
of CO2 proﬁle, H2 O is the major foreign species, with its contribution increasing from −2 to −0.1 dB in
the CO2 absorption channel, and from −0.028 to −0.0019 dB in the CO2 reference channel. The other
foreign species have negligible contribution in these two channels. Thus, the condition |ΔTf | ≤ 0.1|ΔTt |
holds in retrieving the CO2 proﬁle.
Figure 3 shows the transmission attributed to diﬀerent species in the absorption and reference
channels, respectively, selected for CO. As the elevation angle increase from −0.4◦ to 15◦ , Tta increases
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(b)

Figure 3. Transmission in (a) absorption channel and (b) reference channel selected for CO.
from −5.75 to −0.9 dB, and Ttr increases from −0.21 to −0.02 dB. H2 O is the major foreign species to
CO, with its contribution increasing from −4.43 to −0.2 dB in the CO absorption channel, and from
−0.15 to −0.019 dB in the CO reference channel. The other foreign species contribute a diﬀerential
transmission smaller than 0.001 dB and can be neglected. Since |ΔTf |  0.7|ΔTt |, the foreign species
will compromise the retrieval of CO proﬁle. Hence, the LGIO technique with the same channels as
selected for its space-based counterpart will not work in retrieving the CO proﬁle.
Table 2 lists the transmissions of major GHGs and their major foreign species in the absorption
and the reference channels, respectively. These data are calculated at the minimal elevation angle of
β = −0.4◦ , with the spectral-line data from the HITRAN molecular absorption database, under the
standard atmosphere of the FASCODE model. The LEO satellite is assumed to have an inclination of
about 80◦ and an orbit height of 600 km, and the pulse repetition frequency of the IR laser is 10 Hz, the
same as that in the ACCURATE mission [2].
It is observed that the inﬂuence of H2 O on isotopes 13 CO2 , C18 OO, HDO and H18
2 OO as well as
CO and O3 are quite large, as compared to the other species, N2 O, CH4 , H2 O and 12 CO2 . Hence, the
last four species are chosen as the target species to apply the proposed LGIO technique. The channels
selected for retrieving the four major species have diﬀerent sensitivities to the absorption of foreign
species. The species with least sensitivity to other species will be retrieved ﬁrst, followed by the species
with the second least sensitivity, and so on. Based on this criterion, H2 O is retrieved ﬁrst because it
has the smallest ratio of |ΔTf |/|ΔTt |, CH4 is retrieved the next, followed by N2 O and CO2 .
2.4. Link Budget of an LGIO Mission
Table 3 lists the parameters used to determine the link budget of an LGIO mission. The laser pulse
power is Pt = 10 W, which is available in wireless power transmission [22], and the laser beam divergence
is αt = 3 mrad at full angle. The range of elevation angle is −0.4◦ ≤ β ≤ 15◦ , Re = 6, 400 km and
hLEO = 600 km. The reception telescope is of the Cassegrain type, with diameter d1 = 0.36 m [23, 24].
The error on diﬀerential transmission due to reﬂector distortion is negligible. Typical transmissions
T a (βmin ) in the absorption channel, at the minimal elevation angle βmin , for H2 O, CH4 , N2 O and CO2
are −23, −9, −6 and −27 dB, respectively, under the US standard atmosphere.
Figure 4 shows the factors considered in determining the link budget of an LGIO mission.
Typical transmission attributed to atmospheric eﬀects and foreign absorption are Tatm = −0.5 dB and
Tf = −2 dB, respectively. The reception loss Lrec is the ratio of pulse durations at Tx and Rx, which is
1.5 ms/2 ms = 0.75. The total optical loss, which is assumed to be Lo = 35%, is the attenuation from
the front optics to the detector, including central obscuration. The propagation loss is calculated as [2]
 d /2
 2
2
2
2
2π 0 1 e−(ρ ) /(w1 /2) ρ dρ
1 − e−d1 /(2w1 )
d21 /(2w12 )
A1
=

2 2
Lp =
 w1 −(ρ )2 /(w2 /2)
2 /w 2
−2
−2w
1−e
w1 π
1
1
1
2π 0 e
ρ dρ
1−e
where w1 = Rαt /2 is the Gaussian-beam radius (down to e−2 of the maximum intensity) at the
reception site, A1 = πd21 /4 is the receiver aperture with diameter d1 . The signal-to-noise ratio is
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Table 3. Link budget of an LGIO mission.
parameter
Pt
Lp (β)
Lrec
Lo
Pr,0 (β)
noise equivalent power (NEP) of IR detector system within 2 ms
SNR0 (β) (without attenuation due to atmosphere and GHGs)
T a (β) of H2 O
T a (β) of CH4
T a (β) of N2 O
T a (β) of CO2
|Tatm |
|Tf |
achieved SNR(β)

budget (in dB)
10 dBW
−104.5 to −99.6 dB
−1.25 dB (1.5 ms/2 ms)
−1.85 dB (65%)
−77.6 to −72.7 dBW
−121.4 dBW
43.8 to 48.7 dB
−23 dB to −1.7 dB
−8.2 dB to −1.2 dB
−5.7 dB to −1 dB
−27 dB to −5 dB
≤ 0.5 dB
≤ 2 dB
16.8 to 47 dB

All parameters except Pt are the same as in [2].
These values are derived under the US standard atmosphere.

Figure 4. Factors considered in determining the
link budget of an LGIO mission.

Figure 5. Flow-chart for retrieving VMR proﬁles
of GHGs.

SNR0 = Pr0 /NEP, where Pr0 is the received power without atmospheric eﬀects or gas absorption, and
NEP is the noise equivalent power, which is assumed to be independent of the signal intensity.
3. HS-EC ALGORITHM FOR RETRIEVING GHG PROFILES
Figure 5 shows the ﬂowchart for retrieving the VMR proﬁles of GHGs, given the estimated proﬁles of
pressure, temperature and transmission data. The species less sensitive to foreign species is retrieved
before that more sensitive to foreign species. Thus, the H2 O proﬁle is retrieved ﬁrst, followed by those of
CH4 , N2 O and CO2 . The most updated GHG proﬁles will be used to determine the transmissions in the
channel pair of a target species, to be used as ΔTfes (βj ) in Eq. (10). Then, the diﬀerential transmission
of the target species, ΔTtes (βj ), will be updated with (10). Note that the refractivity proﬁle is slightly
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aﬀected by the water-vapor pressure, and can be updated by using Eq. (1).
Next, a harmony search (HS) algorithm [15, 25] is applied to ﬁnd the optimal VMR proﬁle deﬁned
in Eq. (8). A harmony vector is deﬁned as χ̄ = [χ1 , χ2 , . . . , χM ], where χm is the VMR value at altitude
hm and M is the number of altitude levels. To begin with, a harmony memory (HM) is initialized, by
random tuning, as
⎤
⎡
χ1,1 χ2,1 . . . χHMS,1
⎢ χ1,2 χ2,2 . . . χHMS,2 ⎥
⎥
HM = ⎢
..
..
..
⎦
⎣ ...
.
.
.
χ1,M χ2,M . . . χHMS,M
where M and HMS denote the number of musicians and the size of harmony memory, respectively; χn,m
is the nth harmony of the mth musician. Typically, the HM is arranged such that a column vector with
smaller object function is placed before that with larger one.
Ensemble consideration (EC) is implemented by generating candidate column vectors for HM that
resemble a reference VMR proﬁle, χ̄EC . A new column vector χ̄new can be generated as
new
χnew
m = χm−1

χEC
m
+ c1 × U (−1, 1) × FWm
χEC
m−1

(11)

L
with 2 ≤ m ≤ M , where U (α, β) is a uniform distribution over an interval (α, β); FWm = χU
m − χm is
U
L
the fret width of the mth musician [15]; χm and χm are the upper and lower bounds, respectively, of
χm . Alternatively, χ̄new can be generated as
new χp,m
(12)
χnew
m = χm−1
χp,m−1

Figure 6. Flow-chart of HS-EC algorithm for retrieving VMR proﬁles of GHGs.
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with p = U 2 (0, 1) × HMS + 1, where r is the integer part of a positive real number r. In this work,
χ̄EC is derived from the standard atmosphere in the FASCODE model [18]. The VMR value measured
on the ground can be used as χEC
1 . A candidate column vector will be generated by using (11) with a
probability of 1 − HMCR and by using Eq. (12) with a probability of HMCR.
An adjust-pitch process is implemented, with probability of PAR, to update χ̄new as
new
χnew
m = χm−1 + c1 × U (−1, 1) × FWm

(13)

χ̄new

violates any constraint, for example, exceeds the upper or lower bound, it will be abandoned. If
If
χ̄new is better than the worst harmony in HM in terms of object function, the latter will be replaced by
χ̄new . If χ̄new turns out to be better than all column vectors in the HM, an accidentaling process will
be applied to update the former as
new
χnew
m = χm + c2 × U (−1, 1) × FWm

(14)

where c2 is a weighting coeﬃcient used to ﬁne-tune the best candidate. The weighting coeﬃcients c1
and c2 decrease linearly from c1,0 , c2,0 , respectively, to zero as the iteration process proceeds. The idea
is to encourage exploration in the early stage and to encourage convergence to an optimum solution near
the end of the iteration process [26]. Figure 6 shows a ﬂow-chart of the HS-EC algorithm for retrieving
the VMR proﬁles of GHGs, where the maximum iteration number is set to K = 20, 000.
4. KEY FACTORS TO RETRIEVE ACCURATE VMR PROFILES
4.1. Sensitivity of Target VMR Proﬁles on Diﬀerential Transmission
By substituting (7) into Eq. (10), we have
ΔTtes − ΔTt  ΔTf − ΔTfes

(15)

− ΔTt , is roughly
which implies that the estimation error of the target diﬀerential transmission,
equal to that of the foreign species, ΔTf − ΔTfes . A variation of VMR proﬁle leads to a variation of
the target diﬀerential transmission. It will be useful to analyze the eﬀects of VMR variation of target
species and the error |ΔTf −ΔTfes | caused by foreign species, respectively, on the resolution of the target
diﬀerential transmission.
ΔTtes

(a)

(a)

(b)

(b)

(c)

(c)

Figure 7. VMR Proﬁles of CO2 at (a) (1.1◦ N,
86◦ W) (Trop), (b) (39.7◦ N, 114◦ W) (NHM) and
(c) (67.5◦ N, 7.3◦ E) (NHP); UTC 00:00 2012/12/1.

Figure 8. Diﬀerence of diﬀerential transmissions
with diﬀerent VMR proﬁles of CO2 at (a) (1.1◦ N,
86◦ W) (Trop), (b) (39.7◦ N, 114◦ W) (NHM) and
(c) (67.5◦ N, 7.3◦ E) (NHP); UTC 00:00 2012/12/1.
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Figure 7 shows the VMR proﬁles CO2 at three locations, (1.1◦ N, 86◦ W), (39.7◦ N, 114◦ W) and
(67.5◦ N, 7.3◦ E), representing tropical (Trop), mid-latitude winter (NHM) and subarctic winter (NHP)
atmospheres, respectively; at UTC 00:00 2012/12/1, which is the latest time mark of data available from
the CT model. At each location, the CT model and FASCODE model are applied to obtain χCT
CO2 and
CT−
FA
CT
χCO2 , respectively, and χCO2 is derived by multiplying χCO2 with 0.99. The VMR proﬁle derived with
the FASCODE model is a constant of 380 ppm from ground to 45 km at height, which is independent
of site on the globe. On the other hand, the VMR proﬁle χCT
CO2 generally decreases with height and is
will
be
used
to
calculate
the variation of transmission proﬁle
site dependent. The VMR proﬁle χCT−
CO2
when the VMR proﬁle of CO2 is reduced by 1%.
Figure 8 shows the diﬀerence of diﬀerential transmission proﬁles between two VMR proﬁles of
12 CO as shown in Figure 7, where the superscript CO in ΔT CO2 means the diﬀerential transmission
2
2
CO2
CT−
CT
is measured in the channel pair selected for CO2 . Since χFA
CO2 and χCO2 are smaller than χCO2 ,
CO2
CO2
CO2
CT−
CT
(χFA
ΔTCO
CO2 ) and ΔTCO2 (χCO2 ) are larger than ΔTCO2 (χCO2 ). As the elevation angle increases
2
CO2
CO2
CT
(χFA
from −0.4◦ to 15◦ , ΔTCO
CO2 ) − ΔTCO2 (χCO2 ) decreases from 0.8 to 0.15 dB in the Trop and NHP
2
CO2
CO2
CT
(χCT−
atmospheres, and decreases from 1.2 to 0.17 dB in the NHM atmosphere; ΔTCO
CO2 )−ΔTCO2 (χCO2 )
2
decreases from 0.27 to 0.045 dB in all three atmosphere models. As shown in Figure 7, the diﬀerence
FA
between χCT
CO2 and χCO2 becomes larger at lower altitudes. At lower elevation angles, a ray path will
traverse the lower atmosphere over a longer distance, which explains such larger diﬀerence of diﬀerential
transmission.
For the system to be sensitive enough to detect 1% diﬀerence of VMR between χCT−
CO2 and
CT
χCO2 , as shown in Figure 7, the receiver is required to be sensitive enough to a resolution of
CO2
CO2
CT
(χCT−
diﬀerential transmission, δTCO2 = ΔTCO
CO2 ) − ΔTCO2 (χCO2 ). If the receiver power level is Pr ,
2
the corresponding receiver-power sensitivity will be δPr = Pr (10δTCO2 /10 − 1).
Figure 9 shows the receiver-power sensitivity, in both the absorption channel and reference channel
selected for CO2 , required to detect 1% VMR diﬀerence of CO2 . As the elevation angle increases from
−0.4◦ to 15◦ , δPra increases from −106 to −86 dBW and δPrr decreases from −78.5 to −82 dBW . Both
are higher than NEP by at least 15 and 39 dB, respectively. Thus, the noise will have negligible eﬀect
on the detection of 1% VMR diﬀerence of CO2 .

Figure 9. Receiver-power sensitivity required to detect 1% VMR diﬀerence of CO2 , NEP =
−121.4 dBW .
Figure 10(a) shows the VMR proﬁles of H2 O in the Trop, NHM and NHP atmosphere models,
respectively. Figure 10(b) shows the resolution of diﬀerential transmission, δTH2 O = ΔTHH22OO (χ−
H2 O ) −
H2 O
ΔTH2 O (χH2 O ), where the superscript H2 O in ΔT indicates the channel pair selected for detecting H2 O,
and χ− = 0.99χ. As the elevation angle increases from −0.4◦ to 15◦ , δTH2 O with the Trop, NHM
and NHP atmospheres decreases from 0.7 to 0.06 dB, from 0.45 to 0.05 dB and from 0.065 to 0.01 dB,
respectively. The resolution of diﬀerential transmission in the Trop atmosphere is larger than that in
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(a)

(b)

Figure 10. (a) VMR proﬁle χH2 O and (b)
resolution proﬁle δTH2 O .

(a)

(a)

(b)

Figure 11. (a) VMR proﬁle χCH4 and (b)
resolution proﬁle δTCH4 .

(b)

Figure 12. (a) VMR proﬁle χN2 O and (b)
resolution proﬁle δTN2 O .

Figure 13. Receiver-power sensitivity required
to detect 1% VMR diﬀerence of H2 O, CH4 , N2 O
and CO2 , respectively; NEP = −121.4 dBW .

the NHP atmosphere because the VMR of H2 O is larger in the former.
Figure 11(a) shows the VMR proﬁles of CH4 in the Trop, NHM, and NHP atmosphere models,
CH4
(χ−
respectively. Figure 11(b) shows the resolution of diﬀerential transmission, δTCH4 = ΔTCH
CH4 ) −
4
CH4
ΔTCH4 (χCH4 ), where the superscript CH4 in ΔT indicates the channel pair selected for detecting CH4 ,
and χ− = 0.99χ. As the elevation angle increases from −0.4◦ to 15◦ , δTCH4 with the Trop and NHM
atmospheres decreases from 0.081 to 0.012 dB and from 0.08 to 0.011 dB, respectively. The proﬁles of
δTCH4 with the NHM and NHP atmospheres almost overlap. Their corresponding VMR proﬁles of CH4
are close in magnitude and cross each other at h = 25 km, thus the optical thicknesses deﬁned in (3)
along the same ray path in these two atmosphere models will be close to each other.
Figure 12(a) shows the VMR proﬁles of N2 O in the Trop, NHM, and NHP atmosphere models,
respectively. Figure 12(b) shows the resolution of diﬀerential transmission, δTN2 O = ΔTNN22OO (χ−
N2 O ) −
N2 O
ΔTN2 O (χN2 O ), where the superscript N2 O in ΔT indicates the channel pair selected for detecting N2 O,
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and χ− = 0.99χ. As the elevation angle increases from −0.4◦ to 15◦ , δTN2 O decreases from 0.055 to
0.01 dB in the Trop atmosphere, and from 0.05 to 0.0095 dB in the NHM and NHP atmospheres. The
proﬁle of δTN2 O with the NHM and NHP atmospheres almost overlap since the corresponding VMR
proﬁles of N2 O are close to each other.
Figure 13 shows the receiver-power sensitivity required to detect 1% VMR diﬀerence of H2 O, CH4 ,
N2 O and CO2 , respectively. These power sensitivities are higher than the NEP listed in Table 3 by at
least 19.4, 30.4, 28.7 and 15 dB, respectively.
4.2. Eﬀects of Foreign Species on Diﬀerential Transmission
As listed in Table 2, H2 O is the major foreign species for retrieving the VMR proﬁle of CO2 .
2
(χH2 O )−
Figure 14(a) shows the diﬀerence of diﬀerential transmission in the channel pair of CO2 , |ΔTHCO
2O
CO2
es
es
ΔTH2 O (χH2 O )|, when the VMR proﬁle of H2 O is oﬀset by 3%, namely, χH2 O = 0.97χH2 O . Note that
the relative error of VMR estimation in a typical space-based LIO mission is smaller than 3% [4].
2
2
(χH2 O ) − ΔTHCO
(χes
As the elevation angle increases from −0.4◦ to 15◦ , the diﬀerence |ΔTHCO
H2 O )|
2O
2O
with the Trop, NHM and NHP atmospheres decreases from 0.2 to 0.01 dB, from 0.14 to 0.0075 dB
and from 0.017 to 0.001 dB, respectively. The value with the NHP atmosphere is much smaller
than those with the NHM and Trop atmospheres because the former contains much less amount
of H2 O than the latter, as shown in Figure 10(a). As compared to δTCO2 shown in Figure 8,
2
2
(χH2 O ) − ΔTHCO
(χes
|ΔTHCO
H2 O )| < δTCO2 with these three atmosphere models, which implies that
2O
2O
3% of VMR error in H2 O will not aﬀect the VMR estimation of CO2 .
Similarly, CO2 is the major foreign species for retrieving the VMR proﬁle of H2 O. Figure 14(b)
H2 O
(χCO2 ) −
shows the diﬀerence of diﬀerential transmission in the channel pair of H2 O, |ΔTCO
2
H2 O es
es
ΔTCO2 (χCO2 )|, when the VMR proﬁle of CO2 is oﬀset by 3%, namely, χCO2 = 0.97χCO2 .
H2 O
H2 O es
(χCO2 ) − ΔTCO
(χCO2 )| decreases from
As the elevation angle increases from −0.4◦ to 15◦ , |ΔTCO
2
2
9.4 × 10−3 to 1.3 × 10−3 dB with all three atmosphere models wherein the VMR proﬁles of CO2 are
H2 O
H2 O es
(χCO2 )− ΔTCO
(χCO2 )| is smaller than δTH2 O , which is shown in
slightly diﬀerent. The value of |ΔTCO
2
2
Figure 10(b). After three iterations over the ﬂow-chart shown in Figure 5, the eﬀects of foreign species

(a)

(b)

Figure 14.
(a) Eﬀect of VMR error in
H2 O on the diﬀerential transmission of CO2 ,
2
2
(χH2 O ) − ΔTHCO
(χes
|ΔTHCO
H2 O )|, (b) eﬀect of
2O
2O
VMR error in CO2 on the diﬀerential transmission
H2 O
H2 O es
(χCO2 ) − ΔTCO
(χCO2 )|.
of H2 O, |ΔTCO
2
2

(a)

(b)

Figure 15.
Eﬀect of VMR error in major foreign species (H2 O) on the diﬀerential transmission of the target species.
(a)
CH4
es )| in CH channel
4
(χ
)
−
ΔT
(χ
|ΔTHCH
H2 O
4
H2 O
H2 O
2O
pair, (b) |ΔTHN22OO (χH2 O ) − ΔTHN22OO (χes
H2 O )| in N2 O
channel pair.
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on the diﬀerential transmission of the target species can be signiﬁcantly reduced.
H2 O is also the major foreign species for retrieving the VMR proﬁles of CH4 and N2 O. Figure 15
shows the diﬀerence of diﬀerential transmission, |ΔTH2 O (χH2 O ) − ΔTH2 O (χes
H2 O )|, in the channel pairs of
CH4 and N2 O, respectively, when the VMR proﬁle of H2 O is oﬀset by 3%, namely, χes
H2 O = 0.97χH2 O .
CH4
es )| with the Trop,
4
As the elevation angle increases from −0.4◦ to 15◦ , |ΔTHCH
(χ
)
−
ΔT
(χ
H2 O
H2 O
H2 O
2O
NHM and NHP atmosphere models decreases from 0.034 to 0.0016 dB, from 0.023 to 0.0011 dB and from
0.0024 to 0.00015 dB, respectively. Similarly, |ΔTHN22OO (χH2 O ) − ΔTHN22OO (χes
N2 O )| with the Trop, NHM and
NHP atmosphere models decreases from 0.033 to 0.0017 dB, from 0.023 to 0.0011 dB and from 0.0025
to 0.0002 dB, respectively.
In summary, for the four major gas species of interest (H2 O, CH4 , N2 O and CO2 ), the diﬀerence of
diﬀerential transmission caused by foreign species is smaller than the resolution of the target diﬀerential
transmission (δTt ). Thus, the proposed LGIO technique is capable of retrieving their VMR proﬁles with
suﬃcient accuracy.
4.3. Eﬀects of Thermodynamic Proﬁles
Estimation errors in the thermodynamic proﬁles of pressure, temperature and water vapor may
also aﬀect the VMR proﬁle of a target species. Figure 16 shows the diﬀerence of diﬀerential
transmission proﬁles in the CO2 channel-pair, with respect to the variations of thermodynamic proﬁles,
CO2
CO2
CO2
CO2
CO2
(P  , T0 , Pw ) − ΔTCO
(P, T0 , Pw ), ΔTCO
(P, T0 , Pw ) − ΔTCO
(P, T0 , Pw ) and ΔTCO
(P, T0 , Pw ) −
ΔTCO
2
2
2
2
2
CO2
(P, T0 , Pw ), respectively. The pressure, temperature and water-vapor pressure are derived from
ΔTCO
2
the US standard atmosphere of the FASCODE model, and P  = P × (1 + 0.2%), T0 = T0 + 0.5,
Pw = Pw × (1 + 10%). The primed variables are chosen by referring to a performance analysis
on microwave occultation [3], in which the retrieval errors of pressure, temperature and water-vapor
pressure are below 0.2%, 0.5 K and 10%, respectively.
As the elevation angle increases from 0◦ to 15◦ , the diﬀerence of diﬀerential transmission proﬁle
decreases from 0.012 dB to 0.002 dB due to pressure error, decreases from 0.024 dB to 0.005 dB due to
temperature error, and is below 0.001 dB due to water-vapor pressure error. All these diﬀerences of
diﬀerential transmission are smaller than the resolution of diﬀerential transmission, δTCO2 , which is
0.05 dB. Thus, potential errors embedded in pressure, temperature and water-vapor pressure will not
aﬀect the estimation of diﬀerential transmission of CO2 .

Figure 16. Diﬀerence of diﬀerential transmission
in the channel pair of CO2 , due to variations of
thermodynamic proﬁles.

Figure 17. Diﬀerence of diﬀerential transmission
in the channel pair of H2 O, due to variations of
thermodynamic proﬁles.

Similarly, Figure 17 shows the diﬀerence of diﬀerential transmission proﬁles in the H2 O channelpair, with respect to the variations of thermodynamic proﬁles, ΔTHH22OO (P  , T0 , Pw ) − ΔTHH22OO (P, T0 , Pw ),
ΔTHH22OO (P, T0 , Pw ) − ΔTHH22OO (P, T0 , Pw ) and ΔTHH22OO (P, T0 , Pw ) − ΔTHH22OO (P, T0 , Pw ), respectively. As the
elevation angle increases from 0◦ to 15◦ , the diﬀerence of diﬀerential transmission proﬁle decreases from
0.005 dB to 0.001 dB due to pressure error, decreases from 0.017 dB to 0.001 dB due to temperature
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Figure 18. Diﬀerence of diﬀerential transmission
in the channel pair of CH4 , due to variations of
thermodynamic proﬁles.
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Figure 19. Diﬀerence of diﬀerential transmission
in the channel pair of N2 O, due to variations of
thermodynamic proﬁles.

error, and is below 0.001 dB due to water-vapor pressure error. All these diﬀerences of diﬀerential
transmission are smaller than the resolution of diﬀerential transmission, δH2 O , which is 0.01 dB.
Figure 18 shows the diﬀerence of diﬀerential transmission proﬁles in the CH4 channel-pair,
CH4
CH4
(P  , T0 , Pw ) − ΔTCH
(P, T0 , Pw ),
with respect to the variations of thermodynamic proﬁles, ΔTCH
4
4
CH4
CH4
CH4
CH4


ΔTCH4 (P, T0 , Pw ) − ΔTCH4 (P, T0 , Pw ) and ΔTCH4 (P, T0 , Pw ) − ΔTCH4 (P, T0 , Pw ), respectively. As the
elevation angle increases from 0◦ to 15◦ , the diﬀerence of diﬀerential transmission proﬁles decreases from
0.006 dB to 0.001 dB due to pressure error, decreases from 0.0095 dB to 0.0015 dB due to temperature
error, and is below 0.001 dB due to water-vapor pressure error. All these diﬀerences of diﬀerential
transmission are smaller than the resolution of diﬀerential transmission, δCH4 , which is 0.01 dB.
Figure 19 shows the diﬀerence of diﬀerential transmission proﬁles in the N2 O channel-pair,
with respect to the variations of thermodynamic proﬁles, ΔTNN22OO (P  , T0 , Pw ) − ΔTNN22OO (P, T0 , Pw ),
ΔTNN22OO (P, T0 , Pw ) − ΔTNN22OO (P, T0 , Pw ) and ΔTNN22OO (P, T0 , Pw ) − ΔTNN22OO (P, T0 , Pw ), respectively. As the
elevation angle increases from 0◦ to 15◦ , the diﬀerence of diﬀerential transmission proﬁles decreases from
0.001 dB to 0.0001 dB due to pressure error, decreases from 0.0035 dB to 0.0005 dB due to temperature
error, and is below 0.0003 dB due to water-vapor pressure error. All these diﬀerences of diﬀerential
transmission are smaller than the resolution of diﬀerential transmission, δN2 O , which is 0.01 dB.
4.4. Eﬀects of Defocusing and Rayleigh Scattering
There are other atmospheric eﬀects that may aﬀect the transmission of infrared-laser signals, including
wind speed, clouds, aerosols, defocusing and Rayleigh scattering [3]. In this work, it is assumed that the
wind speed is zero, and the atmosphere is clear of clouds or aerosols, leaving the eﬀects of defocusing
and Rayleigh scattering to be analyzed.
Defocusing or spreading eﬀect is caused by the change in vertical gradient of refractivity, which
results in divergence of adjacent, initially parallel ray paths, leading to amplitude variation of [27]
√
a
Ads (a) = 
1/2


r1 r2 sin θ0 n22 r22 − a2 n21 r12 − a2 |dθ0 /da|a
The error of diﬀerential transmission induced by defocusing or spreading can be deﬁned as ΔTds =
20 log10 (Aads /Ards ), where the superscript a and r refer to the absorption channel and the reference
channel, respectively, of the target species.
Figure 20 shows ΔTds in the CO2 channel pair, which is below 10−6 dB, so are the ΔTds in the
channel pairs of H2 O, CH4 and N2 O, respectively. Thus, the defocusing eﬀect can be neglected.

The wave intensity attenuated by Rayleigh scattering can be modeled as I = I0 exp{− σR d},
where σR (1/m) is the Rayleigh scattering coeﬃcient, and d (m) is a diﬀerential length along the ray
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Figure 20. Error of diﬀerential transmission,
ΔTds , caused by defocusing or spreading eﬀect in
the CO2 channel pair.

Figure 21. Error of diﬀerential transmission in
CO2 channel pair, caused by Rayleigh scattering.

path. The Rayleigh scattering coeﬃcient can be determined as [28]
σR =

32π 3 (n − 1)2
3λ4 Nair

where n is the refractive index and Nair (1/m3 ) is the number density of air molecules. The error of
diﬀerential transmission caused by Rayleigh scattering is estimated as







a
r

σR d − 10 log 10
σR d 
ΔTR = 10 log10
Figure 21 shows ΔTRCO2 in the CO2 channel pair, which is smaller than 10−4 dB, so are the ΔTR
in the channel pairs of H2 O, CH4 and N2 O, respectively. Thus, Rayleigh scattering can be neglected.
5. SIMULATIONS ON RETRIEVING VMR PROFILES
In this section, the proposed LGIO technique is applied by simulations to retrieve the VMR proﬁles
of H2 O, CH4 , N2 O and CO2 . The transmission data at the receiver are simulated with the proﬁles of
CH4 and N2 O generated with the FASCODE model, and those of CO2 and H2 O generated with the
CT model. The ground-based receivers are placed at the same coordinates as those used in obtaining
the results in Figure 7. To implement the HS-EC algorithm, auxiliary proﬁles are intentionally chosen
to be diﬀerent from those used to simulate the transmission data. In this work, the auxiliary proﬁle of
H2 O is generated with the CIRA86aQ UoG model, and those of the other three species are generated
with the US standard atmosphere in the FASCODE model.
The VMR proﬁle will be retrieved from ground to 70 km above ground. The vertical intervals are
set to 1 km from the ground level to 20 km at height, 2 km from 22 to 40 km at height, and 5 km from 45
to 70 km at height, making a total of 36 altitude levels. The retrieval accuracy is evaluated by deﬁning
a root-mean-square (rms) percentage error as

 ha re
1
|χ (h) − χ(h)
dh
ε = 100 ×
hb − ha hb
χ(h)
where ha = 0 and hb = 10 km are chosen to cover the troposphere and the lower stratosphere. The
parameters in the HS-EC algorithm are tuned over 100 realizations of simulations in the CO2 channel
pair. It is observed that lower average rms percentage errors of VMR proﬁle can be achieved with the
parameters HMS = 100, HMCR = 0.9, PAR = 0.7, 0.04 ≤ c1,0 ≤ 0.1 and 0.007 ≤ c2,0 ≤ 0.02.
Figure 22 shows the relative error in retrieving the VMR proﬁles of H2 O and N2 O, respectively.
The relative error is smaller than 5% below 5 km of height and is smaller than 10% below 10 km of
height. The amount of H2 O is small at high altitudes, hence the absorption by H2 O at high altitudes is
signiﬁcantly small than that at low altitudes. A slight VMR error of H2 O at low altitudes may induce
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Figure 22. Relative error in retrieved VMR proﬁle of (a) H2 O and (b) CH4 . ———: Trop, − − −:
NHM, − · −: NHP.

(a)

(b)

Figure 23. Relative error in retrieved VMR proﬁle of (a) N2 O and (b) CO2 . ———: Trop, −−−:NHM,
− · −: NHP.
a large error of absorption at high altitudes in the simulation, leading to large VMR error at high
altitudes.
The VMR of H2 O varies over a much wider range than those of the other GHGs of interest. Typical
value of χH2 O varies from 4, 000 to 25, 000 ppm on the ground at low and mid-latitudes, and is less than
10 ppm above 10 km of height. The VMR error at higher altitudes can be reduced by using additional
measurement data from radiosonde, ground-based RO [12], space-based RO [3], space-based LIO [4] or
the ECMWF model [17].
The error of diﬀerential transmission in the H2 O channel pair, |ΔTfH2 O (χre ) − ΔTfH2 O (χ)|, caused
by errors in the VMR proﬁles of foreign species is below 1.5× 10−3 dB with all three atmosphere models,
which is smaller than δTH2 O as shown in Figure 10(b). Similarly, |ΔTfCH4 (χre ) − ΔTfCH4 (χ)| in the CH4
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channel pair is below 2.5 × 10−3 dB with all three atmosphere models, which is smaller than δTCH4 as
shown in Figure 11(b), where χf and χre
f are the actual VMR proﬁle and the retrieved VMR proﬁle,
respectively, of foreign species.
Figure 23 shows the relative error in retrieving the VMR proﬁles of N2 O and CO2 , respectively.
The relative error from ground to 45 km at height is smaller than 5% for N2 O and smaller than 3%
for CO2 . The error of diﬀerential transmission in the N2 O channel pair, |ΔTfN2 O (χre ) − ΔTfN2 O (χ)|,
caused by errors in the VMR proﬁles of foreign species is below 2.3 × 10−3 dB with all three atmosphere
models, which is smaller than δTN2 O as shown in Figure 12(b). Similarly, |ΔTfCO2 (χre ) − ΔTfCO2 (χ)| in
the CO2 channel pair is below 0.012 dB with all three atmosphere models, which is smaller than δTCO2
as shown in Figure 8.
Figure 24 shows the relative error of CO2 proﬁle at (39.7◦ N, 114◦ W), at three instants on June 15,
2012, which implies that the proposed LGIO technique can be applied to monitor the VMR proﬁles of
GHGs around a speciﬁc receiver site more frequently. The monthly-averaged VMR proﬁle of CO2 in
June 2005 is derived from the data at latitudes 30◦ N–40◦ N in the CT model, to serve as an auxiliary
proﬁle in the HS-EC algorithm. It turns out that the VMR error is below 2% from ground to 45 km at
height, better than 3% shown in Figure 23(b).
Table 4 lists a general comparison between the conventional space-based LIO and the proposed
ground-based LGIO techniques. The LIO technique applies the Abel transform, and the proposed

Figure 24. Relative error in retrieved VMR proﬁle of CO2 in the NHM atmosphere on June 15, 2012.
———: UTC 01:30, − − − UTC 10:30, − · − · −: UTC 19:30.
Table 4. Comparison between conventional space-based LIO technique and proposed ground-based
LGIO.
space-based LEO-LEO infrared laser
occultation (LIO)

ground based LEO-ground infrared laser
occultation (LGIO)

algorithm
accuracy

Abel transform
The root-mean-square (rms) error in retrieved
GHG proﬁles is on the order of 1–3% [4]

harmony search
The errors in VMR of H2 O, CH4 , N2 O and
CO2 are below 10, 5, 5 and 3%, respectively.

vertical resolution

1 km from 5 km above [4].

1 km from ground level up to 20 km.

simulation time

several seconds

several minutes

required resources

standard PC

standard PC

coverage

global

local
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method applies a harmony search algorithm. The rms error in GHG retrieval with LIO is smaller
than that with LGIO, partly because the Abel transform applied in LIO renders an explicit solution.
In addition, the receivers located near the Earth surface in the ground-based technique may not be
able to receive signals coming at negative elevation angles, leading to an ill-posed problem if the Abel
transform is to be used. To deal with such a problem, the solution with LGIO is obtained by searching
for a transmission proﬁle, as a function of elevation angle, that best ﬁts the measurement proﬁle [13]. In
this work, a standard 4-core PC, with i7-3770 CPU (3.4 GHz) and 32 GB RAM, is used. The simulation
takes a few seconds for space-based LIO technique and a few minutes for the proposed LGIO technique.
The proposed LGIO technique can complement the LMIO technique for diﬀerent applications.
The latter performs a global GHG monitoring, while the former can be implemented at speciﬁc sites
of interest to collect data with higher spatial and temporal resolutions. The LGIO technique can also
utilize the retrieved GHG proﬁles at higher altitudes obtained in LMIO missions and focus on retrieving
the GHG proﬁles at lower altitudes with ﬁner resolutions.
6. CONCLUSIONS
A LEO-ground infrared laser occultation (LGIO) technique has been proposed to retrieve the VMR
proﬁles of H2 O and three major GHGs, CO2 , CH4 and N2 O, by applying a harmony search with
ensemble consideration (HS-EC) algorithm. The proposed LGIO technique is capable of retrieving
the GHG proﬁles around a speciﬁc receiver site in nearly real time, from ground level up to 45 km
at height. The retrieving order of these four species is determined by the eﬀects of major foreign
species in the absorption channel of each target species. A link budget and the sensitivity to foreign
species have been carefully analyzed to make this LGIO technique more practical. Possible eﬀects of
thermodynamic proﬁles (pressure, temperature and water vapor), atmospheric eﬀects (defocusing and
Rayleigh scattering) have also been analyzed. Optimal range of parameters in the HS-EC algorithm
suitable for this task are also acquired by simulations.
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