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Abstract. Simultaneous measurements of the partial
column-averaged dry air mixing ratio of CO2 (XCO2) and
target range were demonstrated using airborne amplitude-
modulated 1.57 µm differential laser absorption spectrome-
ter (LAS). The LAS system is useful for discriminating be-
tween ground and cloud return signals and has a demon-
strated ability to suppress the impact of integrated aerosol
signals on atmospheric CO2 measurements. A high corre-
lation coefficient (R) of 0.987 between XCO2 observed by
LAS and XCO2 calculated from in situ measurements was
obtained. The averaged difference in XCO2 obtained from
LAS and validation data was within 1.5 ppm for all spiral
measurements. An interesting vertical profile was observed
for both XCO2LAS and XCO2val, in which lower altitude CO2
decreases compared to higher altitude CO2 attributed to the
photosynthesis over grassland in the summer. In the case
of an urban area where there are boundary-layer enhanced
CO2 and aerosol in the winter, the difference of XCO2LAS to
XCO2val is a negative bias of 1.5 ppm, and XCO2LAS is in
agreement with XCO2val within the measurement precision
of 2.4 ppm (1 SD).

1 Introduction

Evaluation of the spatial and temporal distribution of natu-
ral carbon fluxes over land and ocean continues to be diffi-
cult, hindering improvements in the quantification and under-
standing of the mechanism of the fluxes (Kawa et al., 2010;

Kaminske et al., 2010). Uncertainty in flux evaluations is a
major contributor to uncertainty in climate predictions (Ran-
dall et al., 2007). However, confirmation of the consistency
between the sum of the regional and global budgets of car-
bon fluxes is expected to provide a unique index of the level
of confidence in the outcomes of climate mitigation poli-
cies (IPCC, 2007). A global carbon cycle study using higher
spatial resolution than an 8◦×10◦ grid is currently required
to improve the knowledge of the carbon cycle (Rayner and
O’Brien, 2001; Baker et al., 2011). Transport models and ob-
servational data sets improve evaluations of regional carbon
fluxes (Maksyutov et al., 2008). A sustainable technique for
CO2 remote sensing from space is one of the greatest chal-
lenges and necessities for understanding the global carbon
cycle, as well as for predicting and validating its evolution
under future climate changes.

The Greenhouse gases Observing SATellite (GOSAT) is
the first step in dealing with the above-mentioned issue (Kuze
et al., 2009; Yoshida et al., 2011; Palmer et al., 2011). The
sensors on-board GOSAT are based on a passive remote sens-
ing technique. The GOSAT sensor was developed to derive
the column-averaged mixing ratio of CO2 (XCO2) with a
precision better than 1 % for an 8◦×10◦ grid without any
biases or with uniform bias (Rayner and O’Brien, 2001;
Houweling et al., 2004; Miller et al., 2007; Morino et al.,
2011). However, there are unavoidable limitations imposed
by the measurement approach: (1) the best performance for
CO2 total column measurements can only be obtained under
clear-sky conditions; (2) seasonal dependence, such as in the
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388 D. Sakaizawa et al.: 1.57 µm differential laser absorption spectrometer

case of the Northern Hemisphere in winter, reduces its global
coverage; and (3) CO2 measurements are highly sensitive to
unknowns and variations in cloud and aerosol contamination.

In contrast, active optical remote sensing techniques as a
differential absorption spectrometer (LAS) are less impacted
by the above factors on atmospheric CO2 measurements.
Ground-based differential absorption lidar (DIAL) using a
high-energy pulse laser has been developed to measure ver-
tical CO2 mixing ratios (Amediek et al., 2008; Sakaizawa
et al., 2009; Ishii et al., 2010; Gibert et al., 2011). Airborne
systems to observe partial column-averaged CO2 have also
been reported in earlier studies (Browell et al., 2011; Ab-
shire et al., 2010; Spiers et al., 2011) to demonstrate technol-
ogy feasible for future space-borne missions. Although in a
pulsed system aerosol or cirrus clouds have less impact on to-
tal column measurements, the pulsed-laser wavelength must
be stabilized at a seeding laser wavelength with a precision of
less than 100 kHz to reduce error due to wavelength stability,
which requires large resources. Errors due to variations in the
surface reflectivity along the track also increase the impact,
unless the transmitter has a double pulse system (Yu et al.,
2003). Our fiber-based continuous laser approach to mea-
sure the differential absorption optical depth (DAOD =1τ )
allows for compact storage of the components, including the
electronics and optics. Moreover, the system achieves match-
ing of the optical axes of multi-transmitted laser beams,
which can contribute to reducing error due to incomplete-
ness of footprint overlap. In this paper, we evaluated the per-
formance of airborne 1.57 µm amplitude-modulated LAS for
obtaining the partial column-averaged mixing ratio of CO2
with simultaneous range detection. In addition, the impact
of integrated aerosol signals on CO2 measurements is de-
scribed in an area where aerosol was enhanced (e.g., over
urban area).

2 Partial column-averaged CO2

A LAS system on an aircraft platform was utilized for mea-
suring the light scattered or reflected by a target (land or
sea surface or thick cloud). Our system employed three
narrow linewidth lasers, which are based on continuous-
wave distributed feedback diode lasers and a fiber amplifier
(Kameyama et al., 2011a). The system used two laser wave-
lengths during measurements, and the output of each laser
was amplitude modulated by different sinusoidal waves. The
details of amplitude modulation, frequencies, and phase shift
are described in Sect. 3.

One wavelength (offline,λoff), for which there was weak
or no gas absorption, was selected as a reference. The other
wavelength (online,λon) was selected for strong gas absorp-
tion. In this airborne test, the online wavelength could be se-
lected from the center (λcenter) or edge (λedge) position of
the absorption curve (as shown in Fig.1). The online laser
power was attenuated by CO2 relative to the offline wave-
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Fig. 1. (a)Operating laser wavelengths and CO2 optical depth ver-
sus wavelength and(b) vertical weighting function dependent on
online wavelength. Both plots were calculated using the R(12) line
parameters from HITRAN 2008 and some updated data for the two-
way path from the ground to an altitude of 7 km. Atmospheric pa-
rameters are based on the Air Force Geophysics Laboratory (AFGL)
mid-latitude winter. CO2 mixing ratio is assumed to be 385 ppm for
all heights.

length in the atmosphere. By taking the ratio of online to
offline signals, we could measure1τ .

Our system obtained round-trip1τ and the range (z) from
the height of the aircraft above the target (Sakaizawa et al.,
2010; Kameyama et al., 2011a):

1τ = ln

(
Pr (λoff)

Pr (λon)

Pm (λon)

Pm (λoff)

)
(1)

z =
1φT c

4π
. (2)

In Eq. (1), Pr(λon) and Pr(λoff) are the online and of-
fline laser powers received from the surface of the ground,
Pm(λon) andPm(λoff) the monitored transmitted online and
offline laser powers,1φ the phase difference between the
monitored and the received sinusoidal signals,T the period
of a modulated sinusoidal signal, andc the speed of light.
The phase difference between transmitted and received si-
nusoidal signals corresponds to the range at which a target
is acquired. Laser power is amplitude-modulated at 10 kHz
for λon, and at 11 kHz forλoff using LiNbO3 devices. The
phase identification is performed by the fast Fourier trans-
form (FFT). This range of the detection technique is ambigu-
ous at the inverse of the modulation frequency. However, the
height of an elevated layer, such as cirrus or water clouds, can
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be compared with ground returns. In addition, images taken
under the moving platform help in filtering signals with cloud
returns, especially over complex terrain.

The partial column-averaged dry air mixing ratio of CO2
(XCO2(z)) from the ground to the aircraft height can be
described by the following equation (Ehret et al., 2008):

XCO2 (zac) = 1τob/2

zgrd∫
zac

w(r)dr (3)

w(r) = 1σCO2(r)nair(r)
(
1− VH2O(r)

)
. (4)

Here,zac is the altitude of the aircraft;zgrd, the height of the
ground surface (mainlyzgrd = 0); w(r), the weighting func-
tion at a specific altituder; 1σ , the differential absorption
cross section of CO2 between the online and offline wave-
lengths;nair, the air molecular number density; andVH2O, the
water vapor mixing ratio.nair andVH2O are calculated from
meteorological observation or mesoscale re-analysis data.

The measurement uncertainty is a quadratic summa-
tion of the precision and bias factors ((δXCO2/XCO2)

2

= precision2 + bias2). In this paper, we evaluate the preci-
sion and bias separately. The precision is evaluated using
following equations:

precision2 = SNR−2
1τ +

1

W2

(
∂W2

∂z

)2

dz2
+

1

W2

(
∂W2

∂λ

)2

dλ2 (5)

SNR1τ = 1τ/δ1τ (6)

W =

∫
w(r)dr (7)

whereδ1τ represents the fluctuation in measured1τ , and
the second and third term depend on the errors of the range
accuracy and the wavelength stability. If mesoscale data re-
analysis is employed in Eq. (3), the error due to temporal and
spatial differences compared with radiosonde measurements
(corresponding to (0.16 %)2) is added to Eq. (5). Of the to-
tal error, the breakdown is as follows: 0.10 % atmospheric
temperature (uncertainty of 1 K), 0.12 % atmospheric pres-
sure (uncertainty of 1 hPa), and 0.06 % relative humidity (un-
certainty of 20 %). The bias error due to surface pressure is
0.035 % (corresponding to the range measurement accuracy
of 5 m).

Considering the sensitivity of near-surface CO2 and
SNR1τ , they depend on the stabilized position of the on-
line wavelength (Fig.1, top panel). As shown in Table1 and
Fig. 1 (top panel),1τ taken by theλcenteris greater than that
taken by theλedge. Operation at theλcentercan mitigate the
random error (δ1τ ) to decrease the required SNR1τ . How-
ever, the weighting function of theλedgeindicates a moderate
peak less than an altitude of 2 km (Fig.1, bottom panel), and
yields a higher sensitivity at lower altitude. Therefore, in the
case of Table1, the difference of XCO2 at a boundary-layer
enhanced CO2 profile is +3.9 ppm for theλedge, +2.2 ppm for
theλcenter. This implies that theλedgecan more easily indi-
cate a contrast between urban and vegetated areas. For this

Table 1. Estimated1τ and sensitivity of lower altitude CO2
for the center and edge wavelength. Atmospheric parameters are
based on the AFGL mid-latitude winter. Two CO2 vertical pro-
files (boundary-layer enhanced and constant along height) were as-
sumed: for one, the CO2 mixing ratio was constant at 385 ppm along
height; for the other, the mixing ratio was 410 ppm from the ground
to 0.5 km, 398 ppm from an altitude of 0.5 to 2 km, and 385 ppm at
an altitude above 2 km altitude, respectively.

385 ppm constant Urban area

Center Edge Center Edge

1τ at 7 km 0.970 0.261 0.975 0.266
XCO2 at 7 km 385.0 385.0 387.2 398.9

purpose, the wavelength stability onλedge has to target an
absolute precision of less than 1 MHz (1 SD< 300 kHz). The
system with targeted wavelength stability atλedgereduces the
error due to the stability of the laser wavelength less than
0.03 %. In addition, use of both edge and wing wavelength
(5 GHz offset to the center wavelength) provides better sur-
face constraint and≥50 % improvement in carbon flux eval-
uations over vegetated land areas at∼500 km resolution for
spaceborne measurements (Baker et al., 2011).

The bias error is evaluated from the impact of the elevated
particulate layer on the measured bias (τbias) and the spec-
troscopic parameter. The bias factor due to spectroscopic pa-
rameters is calculated using the Voigt profile function and
the uncertainty from earlier studies (Devi et al., 2007; Roth-
man et al., 2009; Predoi-Cross et al., 2009). Measuredτbias
is related to the path-integrated intensity of the aerosol layer
or cirrus clouds. A narrow field of view and employment of
range detection can allow ground and cloud return signals
to be distinguished. Assuming the backscatter coefficients
of suburban aerosol data (Sakaizawa et al., 2009), we found
that the bias from the integrated backscatter depends on the
surface albedo, for example, 0.13 % for a surface albedo of
0.1 sr−1 and 0.05 % for an albedo of 0.3 sr−1. This evalua-
tion indicates that higher surface albedo (such as for deserts)
can suppress the impact of path-integrated aerosol intensity.
Mitigation due to amplitude modulation is described in more
detail inKameyama et al.(2011b).

3 Airborne instruments

We first manufactured an LAS system for ground-based mea-
surements (Kameyama et al., 2011a; Sakaizawa et al., 2009).
Figure 2 shows the block diagram of the 1.57 µm proto-
type LAS system and other instrument settings in the aircraft
cabin. The specifications for the instruments are summarized
in Table2.

The online and offline sources were polarization-
maintained, fiber-coupled diode lasers. The other system is
based on optical fiber circuits. Laser-1 (as the center of

www.atmos-meas-tech.net/6/387/2013/ Atmos. Meas. Tech., 6, 387–396, 2013
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Fig. 2. (a)Airborne instrument setup and(b) block diagram of the 1.57 µm prototype LAS system. TEC: thermoelectric cooler, DFB laser:
distributed feedback laser. Trn/Rcv: Transmitting/Receiving.

online wavelength) was stabilized within a root-mean-square
(RMS) value of 12 MHz at the peak of the R(12) line in
the 30012←00001 absorption band using a gas cell filled
with pure CO2 instead of the reference cavity used in the
Pound–Drever–Hall method (Drever et al., 1983). The gas
cell was sealed with a gas pressure of 0.1 atm. Laser-2 (as
the edge of online wavelength) was stabilized at a position
of 2.55 GHz offset from the center position. Laser-1 and
Laser-2 were combined using a fiber combiner and detected
using a photodiode (InGaAs-PD). The PD generates a het-
erodyne signal in which the beat signal was controlled at a
constant 2.55 GHz. Laser-3 was stabilized at offline wave-
length within 48 MHz RMS by controlling its temperature
and injection currents. The fiber-coupled outputs were am-
plitude modulated with LiNbO3 devices. Each modulation
signal had a different sinusoidal frequency. The modulated
outputs were combined and amplified using a fiber amplifier.
Almost all of the amplified power (99 %) was expanded and
transmitted through an anti-reflection coated window. The di-
ameter of the transmitted 1/e2 beam was 60 mm, and the full
angle beam divergence was 0.12 mrad. The total transmit-
ted power at the fiber end was 1.2 W. The residual 1 % was
monitored as a reference for received signals. Scattered sig-
nals from the ground surface were collected using a receiv-
ing telescope with a field of view of 0.2 mrad and a 110 mm

active aperture. The receiving and transmitting optics were
fixed on a rigid base plate. The signals were focused on a
multi-mode fiber with a 200 µm core diameter and detected
using a 0.5 mm diameter InGaAs-PIN PD. The received sig-
nals were digitized using a high-speed digitizer (60 MS s−1,
14 bit). The wavelength identification and power evaluation
were performed by means of fast Fourier transform (FFT) on
a laptop computer.

Airborne in situ CO2 measurements were carried out using
a module consisting of a commercial CO2 analyzer (LI-COR,
Inc., Type: LI-840) modified for airborne operation (Machida
et al., 2008). In addition, other trace gases, such as carbon
monoxide, methane, etc., were also determined by air analy-
sis using flask sampling devices. Both systems collected air
from outside the aircraft using stainless steel sampling tubes
facing the direction of flight. The flask sampling was only
performed during spiral flights. The time resolution of the in
situ data was 2 s. The precision of in situ measurements was
0.12 ppm (1 SD) in 2 s data. The end-to-end performance was
additionally affected by a change in the instrumental stabil-
ity. Consequently, highly accurate calibrated gases were used
to compensate the instrumental drift. Hence, the total uncer-
tainty of the in situ CO2 measurement was estimated within
±0.5 ppm.

Atmos. Meas. Tech., 6, 387–396, 2013 www.atmos-meas-tech.net/6/387/2013/



D. Sakaizawa et al.: 1.57 µm differential laser absorption spectrometer 391

Table 2.Specifications for instrumental and spectroscopic data.

Transmitter

Online (cm−1) 6357.31113
Offline (cm−1) 6356.49917
Transmitter power (W) 1.2 (Fiber end)
Frequency stability (MHz) On: 12, Off: 48
Modulation frequency (kHz) On: 10, Off: 11
Beam diameter (mm) 60
Beam divergence (mrad) 0.12
FWHM of laser linewidth (MHz) 0.8

Receiver

Receiver diameter (mm) 110
FOV (mrad) 0.2
Detector InGaAs-PIN
Bandwidth (kHz) 200
Detector size (µm) 200
Distinguish on/off FFT
Integration time (s) 2
A/D speed (MS s−1) 1
A/D resolution (bit) 14

Spectroscopic data∗

Center wavenumber (cm−1) 6357.31157
Line intensity (cm−1 molec−1 cm2) 1.6613×10−23

Air-broadening coeff. (cm−1 atm−1) 0.07781
Air-pressure shift coeff. (cm−1 atm−1) −4.30×10−3

Self-pressure shift coeff. (cm−1 atm−1) −4.82×10−3

Temperature index for broadening coeff. 0.695
Lower state energy (cm−1) 60.8709

∗ Rothman et al.(2009), Devi et al.(2007), andPredoi-Cross et al.(2009)

4 Experiment

Nine flights were conducted for evaluating the value of
XCO2(z) during August 2009 and February 2010. The air-
craft used was a Beechcraft King Air (Type: 200T, operated
by Diamond Air Service Inc.), and each flight lasted approxi-
mately 4 h, including the spiral and level flights. These flights
were performed under various conditions, such as over the
land and sea, in clear skies, and on partial cloudy days. The
flight paths taken are depicted in Fig.3.

The measurements in August were taken over Hokkaido
prefecture in northern Japan, while those in February were
taken over the Tsukuba and Koganei sites. The Tsukuba site
is approximately 50 km northeast, and the Koganei site is ap-
proximately 10 km west of the center of Tokyo. The LAS sys-
tem provides the1τ and the range from the aircraft to the tar-
get. The amplitude modulation frequencies were 10 kHz for
the online wavelength and 11 kHz for the offline wavelength
in this measurement. The transmitting online wavelength was
set to the edge position of absorption in August 2009 (as
shown in Fig.1), and the center position was used as the
online wavelength in February 2010. The accumulation time
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Fig. 3. Flight paths of the aircraft measurements in August 2009
(top panel) and February 2010 (bottom panel).

was 2 s during both measurements. An additional 3 s were re-
quired for signal processing on the laptop computer. A visible
CCD camera (ARTRAY Inc., Model ARTCAM 150pIII) also
monitored the landscape under the aircraft every 5 s. These
temporal images were capable of detecting cloud cover over
both land and sea.

To validate the LAS measurements, atmospheric CO2 was
taken from 1500 ft (0.5 km) to 23 500 ft (7 km) using flask
sampling and in situ CO2 devices. Simultaneous radiosonde
measurements were carried out by the Japan Weather Agency
under a contract with the National Institute for Environmen-
tal Studies during the spiral flight measurements over the
Moshiri site (Hokkaido) in August and the Tsukuba site in
February. Other radiosonde measurements at the Koganei
site, corresponding to the path of the aircraft, were also per-
formed by the National Institute of Information Communi-
cations Technology. Spiral flight measurements were taken
over the Tsukuba (0.5 to 2 km) and Koganei (0.5 to 3 km)
sites owing to air traffic control regulations. We employed
flask sampling data for validation in August, as the in situ
data were unusable owing to a gas leak in the instrument.

5 Results

Figure4 graphically illustrates the return signal intensity for
the August and February measurements. Various return sig-
nals were obtained over grassland, urban areas, and the sur-
face of the sea. The return signals were consistent withz−2.
Both offline signals were attenuated by weak CO2 absorption

www.atmos-meas-tech.net/6/387/2013/ Atmos. Meas. Tech., 6, 387–396, 2013
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regardless of observation sites. It is clear that CO2 differen-
tial absorption strength varies according to the position of the
online wavelength.

Figures5 and 6 show the temporal1τ , its fluctuations,
and the range from the aircraft to the targets. The graphs at
the top of Figs.5 and6 depict1τ , while the graphs immedi-
ately below it (in both figures) depictδ1τ . The third graphs
from the top depict the optical path length from LAS, the
geometrical height from airborne GPS, and the digital eleva-
tion model (DEM) from ASTER (Yamaguchi et al., 1998).
The graphs at the bottom illustrate the difference between
the range obtained from LAS and the geometrical height. The
aircraft altitudes from the LAS are corrected according to the
information of flight attitude. However, some peaks at1τ

and aircraft altitude resulted from imperfect correction of the
viewing angle. These uncorrected data are excluded when the
altitude accuracy and XCO2 are evaluated. The spiral flight
measurements in August 2009 was taken over the Moshiri
site (basin in a mountainous area, rough field). Meteorolog-
ical data from radiosonde were obtained over the Moshiri
site. The results in February 2010 also included two sets of
spiral measurements over the Tsukuba site. Simultaneous ra-
diosonde measurements were also taken.

The values of SNR1τ at an altitude of 2 km were 147 in
August and 270 in February. The corresponding errors due
to the value ofδ1τ were 0.68 % (21τ = 0.18) in August
and 0.37 % (21τ = 0.54) in February. The error at an alti-
tude of 7 km was 0.85 % (21τ = 0.51, SNR1τ = 118) in Au-
gust. It was found that the SNR1τ in February (2 km altitude)
was 2.5 times greater than that in August (7 km altitude), de-
spite the fact that1τ was nearly unity. This resulted from
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Fig. 5. Results of airborne flight measurements taken on 26 Au-
gust 2009. The upper two panels show the differential absorption
optical depth (1τ ) and its fluctuations versus time, and the lower
two panels represent the heights and their differences obtained from
LAS and airborne GPS and DEM. The LAS measurement was car-
ried out with cloud screening. XCO2 is calculated from averaged
1τ indicated by solid line in the top panel. The measured data from
the LAS were corrected according to the information flight attitude.
However, some peaks at1τ and aircraft height resulted from im-
perfect correction of the viewing angle.

attenuated return signal intensities from more distant targets.
As illustrated in Fig.4, the return signals at 7 km altitude
in August were smaller than those obtained at a 2 km alti-
tude in February. Furthermore, when1τ is small, it is as-
sociated with significant online fluctuation at the edge posi-
tion. The error due to fluctuation of the operating wavelength
(∂
∫

wdr/∂λ) was evaluated as being less than 0.58 % at the
edge of the online wavelength and 0.05 % at its center. These
errors can be reduced by optimizing transmitted laser power,
receiving aperture, and detector dark current noise. These im-
provements result in more precise measurement with more
shorter integration time.

To validate LAS altitude, we extracted the geometric
height from the on-board GPS and the ASTER-GDEM.
Cloud screening was performed in August. The resolution of
the DEM was approximately 30 m per pixel, 7–14 m (= 1 SD)
vertical precision over a flat field, and 20–30 m over complex
terrain, such as mountain slopes (Hirano et al., 2003). The al-
titude of the aircraft obtained from LAS was consistent with
that from GPS-DEM: the difference between the LAS and
geometric heights was less than±15 m (1 SD = 4.9 m) over
a flat field and±15–30 m during rotating movements. The
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Fig. 6. Results of airborne flight measurements taken on 23 Febru-
ary 2010. These data were taken over the Tsukuba site (urban area).
Some data points that lie off the validation data resulted from im-
perfect correction of the viewing angle. These uncorrected data are
excluded when the altitude accuracy and XCO2 are evaluated.

precision of the range measurement and the accuracy of the
ground-based measurements were confirmed as 2 and 5 m,
respectively (Sakaizawa et al., 2010). The measured phase
difference when calculating the target range was based on
averaged return signals coming from groups of trees, build-
ings, and ground surface over a range from 150 to 200 m in
these airborne measurements. The probability of detecting
elevations from ground surfaces varies because of the pres-
ence of trees over the integration range, and the effective
optical path also changes during rotating movement, which
may be sources of potential bias in measured mean aircraft
altitude. The error due to range measurement (∂

∫
wdr/∂z)

was 0.12 %. The bias error due to the Voigt profile using the
spectroscopic data for the CO2 R(12) line was estimated to be
0.13 %; the spectroscopic data were taken from recent studies
(Devi et al., 2007; Rothman et al., 2009; Predoi-Cross et al.,
2009).

1τ was compared with validation data (1τval) calcu-
lated from CO2 concentrations from 1500 ft (0.5 km) to
23 500 ft (7 km). The values of CO2 concentrations are col-
lected through the airborne in situ or flask sampling de-
vices shown in Fig.7. 1τval can be evaluated using the
following equation:

1τval =

zgrd∫
zac

nCO2(r)w(r)dr (8)

Table 3. Partial column-averaged CO2 from the ground to air-
plane height and aerosol optical depth from the 0.5 to 2 km
(February 2010).

14 Feb 20 Feb 23 Feb

z∗ [m] 1966 1925 1973
Aerosol OD 0.11 0.07 0.12
XCO2LAS (1 SD∗∗) 398.7 (2.4) 398.8 (2.3) 400.6 (2.4)
XCO2val 397.41 397.36 398.85

∗ z is the airplane height.∗∗ 1 SD means measurement precision.

where nCO2(r) is the dry air mixing ratio from the flask
sampling or in situnCO2 data. The CO2 profiles (nCO2(r))
are calculated with a third-order polynomial fitting. The
CO2 concentration from the ground to an altitude of 0.5 km
was assumed to be constant, due to a lack of surface CO2
measurements. Figure8 indicates the linear relation be-
tween XCO2LAS and XCO2val over the urban area. Note that
XCO2LAS and XCO2val are in agreement, as their correlation
coefficient (R) is 0.987 for XCO2, 0.995 for1τ . The differ-
ence of XCO2LAS to XCO2val is a negative bias of 1.5 ppm
with 1 SD = 2.4 ppm. The negative bias between XCO2LAS
and XCO2val may be attributed to bias sources due to aerosol
return signals from nearest area less than 500 m from the
aircraft (the overlapping function between fields of view of
receiving optics and transmitting laser beam becomes unity
after 500 m), the impact of signal averaging over structured
terrain (corresponding to range accuracy), and spectroscopic
parameters.

The graph on the left in Fig.9 indicates XCO2LAS from
the ground to various elevations, while the graph on the
right indicates the difference between the validation data
(in situ and flask sampling) and the measured data. The re-
sults indicate a maximum difference of 4 ppm and an aver-
aged difference of 1.5 ppm. XCO2LAS for the August mea-
surements shows lower CO2 levels below 2 km than above
2 km, as seen in the in situ data in Fig.7a. XCO2LAS for
the February measurements shows the boundary-layer en-
hanced CO2 (as shown in Fig.7b–e) and a tendency to de-
crease monotonically with height. Note that the August mea-
surements were impacted by photosynthesis in the biosphere,
while the February measurements were impacted by a high
CO2 mixing ratio.

We evaluated the impact of distributed aerosol on space-
borne CO2 measurement and found that the bias was less
than 0.27 %, as described inKameyama et al.(2011b). The
effect of the other bias factors was evaluated as 0.13 % due
to spectroscopic parameters and 0.12 % due to structured ter-
rain (corresponding to range measurement accuracy). The
total bias error (τbias) is at least 0.52 %, which is reason-
able compared with the difference between XCO2LAS and
XCO2val.
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Fig. 7. Atmospheric CO2 profiles from airborne flask (green squares) and in situ devices (red points).(a) 26 August 2009, taken over Moshiri
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In the case of the Tsukuba site, aerosol distributions were
measured using a 532-nm ground-based LIDAR. We could
not use data analysis of aerosol distribution at other sites, but
the atmosphere above Moshiri site is generally clear com-
pared with an urban area such as Tsukuba site. The aerosol
optical depth (AOD) from an altitude of 0.4 to 2 km was also
evaluated from the LIDAR data. Values of AOD were found
to be 0.11 on 14 February, 0.07 on 20 February and 0.12 on
23 February during airborne measurements, for which the
corresponding XCO2LAS and XCO2val at an altitude of 2 km
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Fig. 9.Evaluated partial column-averaged column CO2 (XCO2LAS)
obtained from LAS (left panel) and the difference compared with
calculated values (XCO2val) from flask and in situ measurements
(right panel).

are summarized in Table3. The difference of XCO2LAS
to XCO2val is −1.5 ppm, and evaluated XCO2LAS is in
agreement with XCO2val within the measurement precision
of 2.4 ppm (1 SD); nevertheless, not only CO2 concentra-
tions but also aerosols are highly distributed in the lower
atmosphere.

The global distribution of AOD values, obtained from
space-borne measurements by extraction from the 5 km mesh
of the CALIPSO level 2 aerosol layer through the year 2008,
ranges from 0.02 to 2. The AOD range without any thick
clouds indicated that AOD values of less than 0.12 account
for 72 % of the total observed data, while AOD values of
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less than 0.2 account for more than 84 %. The XCO2LAS
measurements listed in Table3 were observed under the
above probability for column-integrated AOD, for which the
corresponding AOD at 532 nm is partial column-integrated.
In addition, the error is considerably smaller than in the
case of the airborne measurement where the modulation
frequency is higher than 30 kHz (Kameyama et al., 2011b).

6 Conclusions

We demonstrated an airborne measurement system for si-
multaneous detection of the column-averaged dry air mixing
ratio of CO2 (XCO2(z)) and target range using a 1.57-µm
laser absorption spectrometer. The observed partial column-
averaged dry air mixing ratio and validation data were in
good agreement and showed a high correlation coefficient
(R) of 0.987. The difference between the value of XCO2LAS
and the validation data XCO2val had a maximum value of
4 ppm and an average value of 1.5 ppm. In the dense aerosol
environment over urban area, the values of XCO2LAS and
XCO2val were in agreement within the measurement preci-
sion of 2.4 ppm, with the corresponding aerosol optical depth
in the range 0.07–0.12. In addition, the observed XCO2(z)

profiles indicated a significant similarity to the validation
data. Even though LAS employed a small effective aperture
and had a low transmitting laser power, a precision better
than 1 % for simultaneous measurements of CO2 and alti-
tude could be demonstrated. Our prototype LAS, which is
engineering designed, will serve as a base for a near-future
spaceborne system.
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