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Abstract. Lidar observations of vertical profiles of aerosols 1 Introduction
and thin cirrus clouds were made at Tsukuba (36N5
140.12 E), Japan, to investigate the influence of aerosols and'he concentration of carbon dioxide (gQncreased from
thin cirrus clouds on the column-averaged dry-air mole frac-about 280 ppm in pre-industrial times (before 1750) to
tion of carbon dioxide (XCQ) retrieved from observation 386.8 ppm in 2009, primarily because of emissions from
data of the Thermal And Near-infrared Sensor for carbon Ob-combustion of fossil fuels and land-use changes (IPCC,
servation Fourier Transform Spectrometer, measured in the007; WMO, 2010). Because G@bsorbs infrared radiation
Short-Wavelength InfraRed band (TANSO-FTS SWIR), on- from the earth’s surface, increased £&ncentrations lead
board the Greenhouse gases Observing SATellite (GOSAT)to a rise in the earth’s surface temperature. These changes
The lidar system measured the backscattering ratio, depolain temperature influence the biosphere, and the biosphere
ization ratio, and/or the wavelength exponent of atmospherichanges can have a feedback effect ornp @Gncentrations
particles. The lidar observations and ground-based high{Cox et al., 2000). To accurately predict future atmospheric
resolution FTS measurements at the Tsukuba Total Carbo€O, concentrations and their impacts on climate, it is neces-
Column Observing Network (Tsukuba TCCON) site were sary to accurately quantify the global distribution and varia-
recorded simultaneously during passages of GOSAT ovetions of CQ sources and sinks.
Tsukuba. Current CQ flux estimates obtained by inverse model-
GOSAT SWIR XCQ data (Version 01.xx) released in Au- ing rely mainly on ground-based observation data. Errors
gust 2010 were compared with the lidar and Tsukuba TC+n the estimated regional fluxes in Siberia, Africa, Australia,
CON data. High-altitude aerosols and thin cirrus clouds hadand South America are particu|ar|y |arge because ground-
a large impact on the GOSAT SWIR XGQesults. By tak-  pased monitoring stations are sparse in those regions (WMO,
ing into account the observed aerosol/cirrus vertical profilesp010). Spectroscopic remote sensing from space is capable

and using a more adequate solar irradiance database in thsg acquiring data that cover the globe and if those data are ac-
GOSAT SWIR retrieval, the difference between the GOSAT curate and precise enough, it is expected to reduce errors in

SWIR XCQ;, data and the Tsukuba TCCON data was re-the CQ flux estimation obtained by using inverse modeling

duced. The 3-band retrieval approach where the aerosol angRayner and O'Brien, 2001; Chevallier et al., 2009; Hunger-

cirrus profiles were retrieved gave us the best results and thghoefer et al., 2010).

retrieved XCQ data followed the seasonal cycle-®8 ppm To improve regional C@flux estimates, the Greenhouse

observed at Tsukuba TCCON site. gases Observing SATellite (GOSAT) was launched on 23
January 2009 (Kuze et al., 2009) to observe global distribu-
tions of CQ and methane (ClJ concentrations from space.
Column-averaged dry-air mole fractions of €@nd CH,
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(XCO2 and XCHy) are retrieved from the Short-Wavelength 2 Comparison of GOSAT SWIR and Tsukuba TCCON
InfraRed (SWIR) observation data of the Thermal And Near-  XCO» data
infrared Sensor for carbon Observation Fourier Transform
Spectrometer (TANSO-FTS) onboard GOSAT (Yoshida et2.1 GOSAT SWIR XCO;
al., 2011). Morino et al. (2011) preliminarily validated
the GOSAT SWIR XCQ and XCH, results by compar- We used GOSAT SWIR XC@®Ver. 01.xx products. The
ing them with reference data obtained by a ground-based/er. 01.xx retrieval algorithm uses TANSO-FTS Band 1
high-resolution FTS of the Total Carbon Column Observ- (12900-13 200 cmt) and Band 2 (5800—-6400 cm) to si-
ing Network (TCCON; Wunch et al., 2011a). They found multaneously derive XC®and XCH,. To reduce biases,
that the GOSAT SWIR XC@and XCH, (Ver. 01.xx) val-  auxiliary parameters such as surface pressure and aerosol
ues were systematically underestimated by 88575 ppm  optical thickness (AOT) are retrieved together with XCO
and 20.4+ 18.9 ppb, respectively. To improve the accuracy and XCH;. The GOSAT SWIR Ver. 01.xx algorithm fo-
of the retrieval results, the causes of these biases (systematitises on those data obtained under cloud-free conditions,
errors) need to be investigated. and cloud-contaminated data detected by the TANSO Cloud

Houweling et al. (2005) demonstrated that systematic erand Aerosol Imager (TANSO-CAI) onboard GOSAT and
rors in CQ satellite remote sensing data can be caused byTANSO-FTS Band 3 (4800-5200 crh) data are excluded
aerosols by performing model calculations that showed largdrom the retrieval analysis. After the retrieval calculations,
sensitivity of the CQ column to the vertical aerosol profile. the quality of the retrieved state is checked from the view-
To minimize the errors due to aerosols in SWIR O@ea-  points of the convergence (number of iterations, chi-squared,
surements from space, Butz et al. (2009) proposed that thend mean square of the residual spectra for each retrieval
amount, vertical distribution, and microphysical properties sub-band), available information (degrees of freedom for sig-
of aerosol particles should be parameterized and retrieved sials and the signal-to-noise ratio, SNR), and the range of the
multaneously with the total C£column. Also, some sensi- retrieved AOT values. Details are described by Yoshida et
tivity studies of aerosols and/or thin cirrus clouds on XCO al. (2011).
measured from space have been made (Kuang et al., 2002;
Connor et al., 2008; Reuter et al., 2010; Boesch et al., 2011)2.2 Tsukuba TCCON FTS

The GOSAT SWIR retrieval algorithm in Ver. 01.xx as-
sumes that aerosols are uniformly distributed below 2 kmSolar absorption spectra are measured with a Bruker IFS
of altitude and that no cirrus clouds are present. These asl20 HR FTS at NIES (36.0, 140.12 E, 31ma.s.l.) in
sumptions are too simple; therefore, a forward spectrum erTsukuba, Japan. Direct solar light is introduced into the FTS
ror due to these assumptions may be one of the major sourca¥ith a solar tracker and five gold-coated flat mirrors. The
of error in GOSAT SWIR XCQ® and XCH, data. In this  Solar tracker is mounted inside a dome on the roof of the
study, we investigated the impact of vertical aerosol profilesbuilding where the FTS is housed. Measurements with the
and thin cirrus clouds observed by lidar and sky radiome-high-resolution FTS are performed according to the TCCON
ter on the GOSAT SWIR retrieval results, focusing on the data protocol. A Cag-beam splitter and an InGaAs detec-
GOSAT SWIR XCQ results. First, we compare the GOSAT tor are used for the 5500-10 500 chspectral region. A
SWIR XCO, data with reference data obtained by a ground-spectral resolution of 0.02 cm (defined as 0.9/maximum
based high-resolution FTS at the National Institute for Envi-optical path difference), an aperture size of 0.5 mm, and a
ronmental Studies (NIES) in Tsukuba, which is part of TC- scanner velocity of 10 kHz are used as standard parameters
CON (hereafter Tsukuba TCCON FTS). Next, we show thatfor the TCCON measurements. The pressure in the FTS is
GOSAT SWIR XCQ data are greatly influenced by high- kept at~0.03 Torr by an oil-free scroll vacuum pump. The
altitude aerosols and thin cirrus clouds observed by lidar. Fiforward and backward scanned interferograms are separately
nally, we demonstrate that by taking into account the ver-integrated over a period of about 70s. A weather station
tical aerosol profiles and thin cirrus clouds observed by li-also observes meteorological data, recording surface pres-
dar and sky radiometer, and by using Toon’s solar irradiancesure, surface temperature, relative humidity, wind direction
database (G. C. Toon, personal communication, 2011; Too&nd speed, rainfall, and solar radiation intensity at the same
et al., 1999) instead of Kurucz's database, the difference besite. Table 1 lists the characteristics of the Tsukuba TCCON
tween the GOSAT SWIR XC®data and the Tsukuba TC- FTS. Each measured spectrum was obtained by Fourier trans-
CON data becomes much less. form of the interferogram.

Spectra measured with the Tsukuba TCCON FTS were an-
alyzed by using the GFIT nonlinear least-squares spectral fit-
ting algorithm, which is used for retrievals across all TCCON
stations (Wunch et al., 2011a).

TCCON XCGQO is defined as the ratio of the GQol-
umn amount to the dry-air column amount. To calculate
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Table 1. Characteristics of the Tsukuba TCCON FTS.

Instrument type Bruker IFS 120 HR

Beam splitter Cay

Aperture size 0.5mm

Detector InGaAs (5500—10500 crh), Si diode (9200—14 000 crit)
Spectral resolution 0.02 cnd

Single-scan observation time 70s

the dry-air column amount, the GFIT algorithm uses the 400

measured @ column amount divided by the known dry-air L ettuarccoy | T T T T
mole fraction of Q (0.2095). The @ and CQ columns are i ‘T‘sto'm SWIR Ver. OL.xx ]
measured simultaneously using the 7751-8000'c(h250— L o Cacen i $ .
1290 nm) and 6180-6260 and 6297-6382 ¢r{1567-1588 . 30— $ % § ? —
and 1597-1618 nm) spectral bands, respectively. X@GO E B T { .
then obtained as follows: > i g } t : ]
Q } -J
[&] - ]
XCO, = 0.2095 (CO; columryO, column) 1M  * gl i L * ¥ { { a
By using the CQ to O; ratio, systematic and correlated er- - { f .
rors present in both retrieved columns are minimized. i ]
The precision of the FTS measurement of XC® bet- 170 ; | | | | | | |
ter than 0.2% under clear sky conditions (Washenfelder et L o IL U6 121 25 2ha 220 2723 322

al., 2006; Ohyama et al., 2009; Messerschmidt et al., 2010;
Wunch et al., 2011a). All TCCON XCfdata are corrected

. . . Fig. 1. Comparison of TANSO-FTS SWIR XCO(Ver. 01.xx)
for airmass-dependent artifacts (Wunch et al., 2010). A|rcraf.toIata with the Tsukuba TCCON, Case 1 and Case 2 X@@ults.

profiles obtained over many of these _sites are used to emMpifpe case 1 and Case 2 XGQre retrieved using Kurucz's and
ically scale the TCCON data according to the WMO stan-1o0n's solar irradiance data, respectively. Both cases are taking

dard reference scale. The scaling factor of TCCON %CO into account the vertical profiles of two types of aerosols and cirrus
is 1.011. The uncertainty of TCCON XG@ssociated with  clouds determined from lidar and sky radiometer (Table 5). The er-
the FTS measurement after scaling by 1.011 has been estier bars for the Tsukuba TCCON data and the retrieved X@@
mated to be 0.8 ppm 2 by comparing TCCON retrievals also shown.

with many different aircraft-measured profiles (Wunch et al.,

2010). CON station was very small (less than 3 km) since we used
In 2010, Tsukuba TCCON FTS data were Callbratedthe GOSAT data observed over Tsukuba TCCON site. The

against data from three aircraft flights and tower measure- .. _ o
ments of CQ concentrations, and an additional bias of distance of lidar and Tsukuba TCCON site is 513 m. The se-

1.32+ 0.46 ppm (¥) was added after airmass-dependent ar-Y6"€ co-location criterion is to exclude the spatial difference

tifact correction and 1.011 scaling (Tanaka et al., 2012) ThisOf aerosols and cirrus clouds of which variations are compar-
; X i ' tively large.

bias correction was reasonable (Wunch et al., 2011b). Her& .

we use these bias-corrected Tsukuba TCCON X@@&ta. Tg% 1%%_SdAT tSWIR XCQ q;t.a ;)hbtalnedd otn 14 FZbru-

About 0.3 ppm and 1 ppm is thought to be due to ghost (lasef"Y Id not converge within the pre-determined max-

sampling error of FTS) and instrumental line shape (ILS) ofMumM lteration numbqr of ?O' so we used the m'“e
Tsukuba TCCON FTS, respectively. obtained at the 20th iteration. The average difference be-

tween GOSAT SWIR XC@ and Tsukuba TCCON XC®

2.3 Comparison was—10.99+ 3.83 ppm, based on all data summarized in Ta-
ble 2. This is larger than the value ef7.704+2.75 ppm at

We compared GOSAT SWIR XCOdata obtained over Tsukuba for an extended comparison and excluding data not

Tsukuba on 9 days between September 2009 and March 201eeting quality control criteria (Morino et al., 2011). Next

with Tsukuba TCCON data, using the mean values meawe investigate these results by comparing them with lidar

sured at Tsukuba within 30 min of the GOSAT overpass timedata obtained simultaneously with the GOSAT and Tsukuba

(around 12:54LT) (Fig. 1; Table 2). The small number of TCCON FTS data.

comparison is due to severe co-location criterion. The dis-

tance from the center of the GOSAT field-of-view to the TC-

www.atmos-chem-phys.net/12/3393/2012/ Atmos. Chem. Phys., 12, 3314 2012
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Table 2. Comparison of GOSAT SWIR XC&®(A) with Tsukuba TCCON XCG@ (B) and the quality control items not satisfactory for data
release. Aerosol optical thickness (AOT) was retrieved at the wavelength of 1600 nm. SNR is signal-to-noise ratio.

Date A (ppm) B (ppm) A-B(ppm) AOT Quality control items
11 Sep 2009 371.02 38244 -11.42 1.092 AOE 0.5
11 Oct 2009 376.58 385.62 —-9.04 0.429
6 Jan 2010 376.34 389.68 —13.34 0.233 SNR=94.5 at Band 1
27 Jan 2010 381.31 391.20 —9.89 0.410
5 Feb 2010 380.33 390.20 —-9.87 0.141
14 Feb 2010 372.42 391.43 —-19.01 0.928 notconverged, AGT0.5
20 Feb 2010 386.41 391.27 —4.86 0.176
23 Feb 2010 379.41 39141 —-12.00 0.453
22 Mar 2010 380.66 390.10 —-9.44 1.011 AOT> 0.5
Table 3. Characteristics of the two-wavelength polarization lidar.

Transmitter

Laser Nd:YAG

Wavelength 532nm 1064 nm

Pulse energy 150 mJ 150 mJ

Pulse repetition rate 10Hz

Beam divergence 0.2mrad

Receiver

Telescope type

Ritchy-Chretien (advanced)

Telescope diameter 30.5¢cm

Field of view (full angle) 1.0 mrad
Interference filter (FWHM) 0.28nm 0.38nm
Transmission 58 % 58 %
Polarization measurement Yes No
Number of receiving channel 3(P:2,S:1) 1
Detector PMT (R3234-01) APD (Silicon)
Transient recorder 12bit A/ID +PC 12 bit A/'D
Minimum time resolution 1min

Minimum altitude resolution 7.5m

3 Lidar observations of aerosols and thin cirrus Table 3 summarizes the characteristics of the lidar (Uchino

clouds over Tsukuba and the influence of et al., 2010).
high-altitude particles on GOSAT SWIR XCO» The backscattering rati® is defined as
R=(BR+BA)/BR 2

A compact lidar, based on a Nd:YAG laser, was devel-
oped to observe vertical distributions of thin cirrus clouds
and aerosols and evaluate the influence of these particl

whereBR andBA are the Rayleigh and Mie backscattering
coefficients, respectively. Backscattering ratio profiles are

SGerived by the inversion method (Fernald, 1984). We as-
on GOSAT SWIR XCQ data. Two laser wavelengths of sumed the lidar ratio (extinction to backscatter ratio) to be

1064 nm £1) and 532nm X2) are transmitted into the at-_ 50 sr for aerosols (Sakai et al., 2003; Cattrall et al., 2005)
mosphere through a beam e>_<pander. The backscattered lig hd 205 for cirrus clouds (Sakai et al., 2003). To calcu-
from the upper atmosphere is collected by a telescope an te BR we used the atmospheric molecular density pro-

then divided intor1 andA2 by a dichroic mirror, and.2 is files obtained by operational radiosondes at the Aerologi-

further divided into a parallelf() and a perpendicular com- cal Observatory of the Japan Meteorological Agency (JMA)
ponent §) by a polarizer. A1 is detected by an avalanche (36.06 N, 140.13 E) in Tsukuba.

photodiode (APD) and?2 by photomultiplier tubes (PMTS).
The output signals are processed by transient recorders with
an analog/digital converter (A/D) and a photon counter (PC).Dep= S/(P + S) - 100(%) (©)

The total depolarization ratio (Dep) is defined as

Atmos. Chem. Phys., 12, 3393404 2012 www.atmos-chem-phys.net/12/3393/2012/
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where P and S are the parallel and perpendicular compo- Table 4. Optical thickness at 500 nmrdpg), single-scattering

nents of the backscattered signals. Dep indicates whethe{iheqo at 500 nmafsgo), and Angstrom exponent{ observed by
the particles are spherical or non-spherical, with large val-sky radiometer, and aerosol optical thickness at 532y de-
ues indicating non-spherical particles. The wavelength expotermined by lidar at Tsukuba.

nent, Alp, which shows whether the Mie particles are small

or large, is defined by Date Sky radiometer Lidar
BA(L) oA AP (4) (yyyy/mm/dd) 7500 @500 @ 7532
L . 2009/09/11 0.276 0.956 2.102 0.201
Larger values of Alp indicate smaller particles. 2009/10/11 0087 0.840  2.095 0.098
Figure 2 shows vertical profiles at, Dep, and Alp ob- 2010/01/06 0.079 1.000 2.120 0.091
served on 14, 20, and 23 February 2010. The lidar observa-  2010/01/27 nodata nodata nodata 0.160
tions were made during a period of about 10 min as GOSAT 2010/02/05 0.093 1.000 2.364 0.146
passed over Tsukuba. The vertical resolution used for the ~ 2010/02/14 0.230 1.000 1.534 0.165
analysis was 150 m. On 14 February 2010, there were thin ~ 2010/02/20 0109 0999 2130 0.116
cirrus clouds at altitudes of 6.1-10.9 km and aerosols below ~ 2010/02/23 0279 0997  1.416 0.181
2010/03/22 0.180 0.999 0.785 0.187

3km. The partial optical thickness at altitudes of 0.4-30 km,
Tau (0.4-30km), was 0.24 at 532nm (Fig. 2). The opti-
cal thickness from the surface to the top of the atmosphere
could not be obtained below 0.4 km because the beam OVelpon the lidar and Sky radiometer measurements. The Sky ra-

lap between the lidar transmitter and receiver was not perfectgiometer can measure aerosol optical thickness and single
Lidar measurements of stratospheric aerosols above 15krscattering albedo at four wavelengths (400, 500, 675, and
were observed at night (Uchino et al., 2010). In contrast tog70 nm), and the Angstrom exponent can be estimated from
14 February, 20 February 2010 was a comparatively cleathe optical thickness at these four wavelengths (Shiobara et
day with aerosols in the boundary layer, and Tau (0.4-30kmJy|., 1991; Kobayashi et al., 2006). A large value of the
was estimated to be 0.1. On 23 February, the high-altitudenngstrom exponent indicates small particles. Table 4 sum-
aerosols observed at altitudes of 1-5 km were likely dust parmarizes the aerosol optical thickness at 500 ngaof, the
ticles, because Dep was large, indicating non-spherical partisingle scattering albedo at 500 nmsf), and the Angstrom
cles. Tau (0.4-30km) was 0.16. exponent) at the GOSAT overpass times; the optical thick-
The difference between GOSAT SWIR XGO ness at 532 nmrésy), calculated from the lidar measure-
and Tsukuba TCCON XCp values was the largest ment by extrapolating the value BA at 0.4 km down to the
(—19.01ppm) on 14 February 2010 (Table 2). The dif- ground surface, is also shown. The optical thickness of cir-
ference was small{4.86 ppm) on 20 February, and it rus clouds is not included imssp, and it is approximately
was somewhat large{12.00 ppm) on 23 February. The the same assoo. The Angstrom exponent of aerosols over
cirrus clouds on 14 February 2010 might have influencedtsukuba was large except on 14 February, 23 February, and
the GOSAT retrieval. There were also thin cirrus clouds 22 March 2010 (Table 4). In addition, the valuessgfowere
around 10.9-11.2km altitude on 11 September 2009, wheRlose to unity, indicating that the aerosol particles were small
the difference was also relatively large X1.42ppm). Our  and non-absorbing (Table 4). The relatively small value of
results indicate that the retrieval of GOSAT SWIR XQO « on 14 February 2010 m|ght reflect contamination by cir-
data is greatly influenced by high-altitude aerosols and thinys clouds, because the Dep value of the lidar measurement
cirrus clouds and their optical thickness. does not indicate the presence of large, non-spherical aerosol
The current version of the retrieval algorithm (Ver. 01.xx) particles. We therefore assumed that, except on 23 February
assumes that atmospheric aerosols are uniformly distributegind 22 March 2010, the aerosols over Tsukuba were sulfate
from the ground surface to 2km altitude. Next we show thathecause the particles were small and non-absorbing.
GOSAT SWIR XCQ data were improved when the verti- o, 53 Fepruary and 22 March, the vertical Dep profiles
cal distribution of the optical thicknesses of aerosols and thg,gicate the presence of large, non-spherical dust-like parti-
thin cirrus clouds observed by lidar and sky radiometerwerecleS at 2—4km altitude. We assumed small, non-absorbing

taken into account. aerosols to be sulfate and large particles to be dust. We
calculated the optical properties of sulfate aerosols follow-
4 Improvement of GOSAT SWIR XCO;, retrieval ing Takemura et al. (2002), but using a reduced width in
the size distribution as suggested by Schutgens et al. (2010).
4.1 Vertical profiles of aerosol species and cirrus clouds ~For the dust aerosol model, we used the mineral-transported
component of the model of Hess et al. (1998). Using these
Vertical profiles and optical properties of aerosols and cir-aerosol models, we determined the dry-mass fraction of sul-
rus clouds used in the retrieval analysis were prepared basedte such that the Angstrom exponent of the sulfate-dust

www.atmos-chem-phys.net/12/3393/2012/ Atmos. Chem. Phys., 12, 3314 2012
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Fig. 2. Vertical profiles of the backscattering ratky total depolarization ratio Dep, and wavelength exponent Alp, observed by lidar on 14,
20, and 23 February 2010. Tau (0.4-30 km) is the partial optical thickness at altitudes of 0.4—30 km at 532 nm.

Table 5. Physical parameters currently used for retrieval (Ver. 01.xx) and three case studies showing decreased biases of GOSAT SWIR

XCO, data.

Aerosol vertical  Aerosol optical ~ Cirrus  Solar irradiance
profile characteristics database

Ver. 01.xx 0O~2km SPRINTARS No Kurucz

Case 1l lidar sulfate and dust  Yes Kurucz

Case 2 lidar sulfate and dust  Yes Toon

Case 3 Retrieved SPRINTARS Yes Toon
(SPRINTARS

as a priori data)

mixture agreed with that derived from the sky radiometer ob
servations.

The vertical profiles of the extinction coefficient and the
optical thicknesses of sulfate particles and cirrus clouds o
14 February 2010 are shown in Fig. 3, and those of sulfat
and dust particles on 23 February 2010 are shown in Fig.

Similarly, we obtained vertical profiles of aerosols and cirrus

clouds for the other days by using lidar and sky radiomete
data observed at Tsukuba.

Atmos. Chem. Phys., 12, 3393404 2012

e
4the vertical profiles of the two types of aerosols and cir-

-4.2 Case 1 XCQ retrieved using the vertical profiles of

particles observed by lidar and sky radiometer

n
We

retrieved XCQ (Case 1 XCQ) by taking account of
rus clouds determined from lidar and sky radiometer data
(Table 5, Case 1). In Case 1, we modified the operational
Ver. 01.xx algorithm as follows. The uniform aerosol distri-
bution up to 2 km altitude was replaced by the vertical profile
derived from lidar measurements, as shown in Figs. 3 and 4.
The aerosol optical thickness was then retrieved by scaling

www.atmos-chem-phys.net/12/3393/2012/
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Fig. 3. Vertical profiles of the optical thicknesses (left panel) and extinction coefficients (right panel) of sulfate and cirrus cloud particles at
532 nm on 14 February 2010. The vertical scale is pressure normalized to surface pressure. The values of 0.5 and 0.1 correspond to altitude
of about 5.5 and 16 km, respectively.
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Fig. 4. Vertical profiles of optical thicknesses (left panel) and extinction coefficients (right panel) of sulfate and dust particles at 532 nm on
23 February 2010.

the vertical profile. Then we used Mie theory to derive the ness of the cirrus clouds was retrieved by scaling the vertical
aerosol optical properties by assuming a mixture of sulfateprofile observed by lidar. To estimate the optical properties
and dust; for the operational algorithm we adopted aerosobf ice crystals in the cirrus clouds, we adopted the Cirrus 3
optical properties estimated by the aerosol transport modemodel of Hess et al. (1998).

SPRINTARS (Ver. 3.54) (Takemura et al., 2000). In addi-

tion, cirrus clouds were included in the forward model on We plotted these retrieved values as the Case 1 XCO

against the Tsukuba TCCON values (Fig. 1). The difference
abetween the Case 1 XG@nd the Tsukuba TCCON XCO

surements showed that they were present. The optical thic data was—7.40 ppm 2.39 ppm: thus, these Case 1 XEO

www.atmos-chem-phys.net/12/3393/2012/ Atmos. Chem. Phys., 12, 3314 2012
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Fig. 5. The Kurucz’s and Toon'’s solar spectrum and the ratio are plotted withab®orption lines.

diance database (0.004 to 0.01¢mof R. Kurucz http:/
kurucz.harvard.edu/sun/irradiance2Q08his database was
created from spectra measured with a ground-based high-
resolution FTS at Kitt Peak National Observatory (Arizona,
USA) by removing the absorption structure due to the earth’s
atmosphere. However, as shown in Fig. 5, we noticed a
CO, absorption structure in the spectral residual between the
measured spectrum and the spectrum simulated by the for-
ward spectral model, whereas when we used a solar spec-
trum database provided by G. C. Toon (personal commu-
nication, 2011; Toon et al., 1999), we confirmed noxCO
absorption structure in the spectral residuals. We thus de-
0 9,!11 1()}11 1}6 1,';—, 2,|.5 2,|14 ylm Z,IB cided to use Toon’s solar irradiance database. We also ap-
2009 2010 plied the low-frequency baseline correction in the current
Ver. 01.xx retrieval to Toon’s solar irradiance database. The
Fig. 6. Comparison of retrieved optical thickness at 532 nm (Case llow-frequency baseline correction is to fit the baseline of the
and Case 2) with a priori values estimated from lidar measurementssolar irradiance spectra to calibration data of the solar irradi-
The error bars of the retrieved values are also shown. ance by a diffuser installed on the TANSO-FTS.
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data are closer to the TCCON data than the SWIR Ver. Ol.xx4'4 Case 2

results shown in Fig. 1. In particular, the data for 11 Septem-W ieved XCO (C 2 XCO) data b ina Toon’
ber 2009 and 14 February 2010, when aerosol optical thick- e retrieve Q(Case @) data by using Toon's so-

ness was large (Table 4) and cirrus clouds were presen{f"r irradiance data instead of Kurucz's data and by taking

and on 23 February and 22 March 2010, when aerosol Op|_nto account the vertical profiles of the two types of aerosols

; : ; d cirrus clouds determined by lidar and sky radiometer (Ta-
tical thickness was large, were greatly improved. Never-an .
theless, although the negative bias in X£®as reduced br:ei_’ Cisgz_)r,ggc(i)ﬂo;ted tf;(_asefafﬁlz ﬁ(_&flfﬂues agt?mst

to two thirds that obtained with the operational algorithm, the Csu u2aXC q ?taé Lg' T)CCO(IE\I ;(gre(r;ce etween
it was not eliminated. For the models of Cirrus 1, 2 and gthe Case @ and Tsukuba £data was

by Hess et al. (1998), the differences of the retrieved XCO —2.43+2.45ppm. Thus, the Case 2 Xg@ata were much

surface pressure, and AOT were 0.3 ppm, 0.5hPa, and O.O‘:‘LIoser to the Tsukuba TCCON XG@lata than the GOSAT

respectively, and the above-mentioned result was rather stals-WIR (Ver. 01.xx) data (l_:'g‘ 1). A lidar p0|_nt me_asurement
ble. However, it is better to obtain more examples of thin Is not always representative for a GOSAT pixel with 10 kmin
cirrus clouds before reaching a general conclusion diameter when aerosols and thin cirrus clouds vary rapidly in

space and time. This is one of the reasons of remaining dis-
4.3 Solar irradiance database crepancies in Case 2. For example, thin cirrus clouds were
variable in time on 14 February.
Although a high-resolution solar irradiance database is We compared the retrieved optical thickness at 532 nm
needed to simulate a TANSO-FTS measured spectrum, fewvith that of the a priori lidar data (Fig. 6) and found that,
such solar irradiance databases are available. The GOSAR general, the retrieved aerosol optical thickness was sim-
SWIR retrieval analysis used the high-resolution solar irra-ilar to the a priori value. There is no large difference of
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AOT for Case 1 and Case 2. In spite of longer wavelength, ;g4
AOT of Ver. 01.xx in Table 2 is larger than that in Case 1 | e alpdiorifarwy) 11 + L0
and Case 2. We also compared the a priori surface pressure, [ 4 TANSO-FTS SWIR Ver. 01xx

obtained by interpolating in both time and space the Objec- 160

fer that the Case 2 XCfdata are reliable. However, the ) Y : L

retrieved surface pressures improved largely compared with $ s
those of Ver. 01.xx. The vertical distributions of aerosol and 1000 g,lu lo,lql 6 1z 2,'3 2,|14 zflzo 2,|23 3,|22
cirrus clouds contribute to a large change in surface pressure, 2009 2010
and the aerosol type next with moderate change. If we take
into account of the aerosol vertical distribution, the spectralFig. 7. Comparison of retrieved surface pressure (Case 1 and
residual (chi-squared) improved in Band 1. There is no largeCase 2) with a priori pressure. The error bars of the retrieved values
difference of the spectral residuals in Band 1 and Band 2 be&re also shown.
tween Case land Case 2.

Apart from modeling of aerosols and solar irradiance
database, the forward model of the present analysis is théufficient, as shown by comparing the SPRINTARS aerosol
same as that of Ver. 01.xx algorithm described in Yoshida erofile with that observed by lidar (Fig. 8). Therefore, as
al. (2011). Line mixing and collision-induced absorption are the first step, we simultaneously retrieved X£(Tase 3
included in the calculation of A Band absorption. Flu- XCOz; Table 5, Case 3) and the vertical profile of aerosol
orescence is not included in the forward model. RetrievalsoPtical thickness based on the a priori aerosol optical thick-
of surface pressure and aerosols can also be affected by €SS profile calculated by SPRINTARS. In Case 3, the op-
zero-level offset, which is observed in Band 1 spectra and idical thickness and cloud-top pressure of the cirrus clouds
thought to be caused by the instrument's non-linearity (ButzVere also retrieved simultaneously. The cloud-bottom pres-
et al., 2011). To address this issue, we made additional caiSure was modeled as a linear function of the cloud-top pres-
culations in which a zero-level offset was simultaneously re-Sure, as suggested by N. Eguchi (personal communication,
trieved. We found that there is little effect of a zero-level off- 2011; Eguchi et al., 2007), and the cirrus clouds were as-
set for 6 data from 6 January to 23 February since the Signaq;umed to be distributed uniformly in the vertical direction.
levels were sufficiently low. For 6 data, the retrieved surfacelN addition, Band 3 spectra (4790-4910cmwere also uti-
pressures are higher hPa) than the a priori values, and it lized in Cas_e 3 for higher retrieval accuracy of the vertical
could be due to the spectroscopic line parameter database &€rosol profiles.

tive Analysis Data (the gridded meteorological data analyzed § A el 1

from the global observational data) of JMA to obtain values E i ]

for Tsukuba, with the retrieved values (Fig. 7). The differ- £ 1040 |- —

ence between the a priori and the Case 2 retrieved surface g’ i } l { 1

pressure was small except on 11 October 2009 compared‘g [ z ‘I; I ]

with that for the Case 1. Therefore, it is reasonable to in- “ 1020 |- ® f. —
|

the @ A band. The Case 3 and Tsukuba TCCON Xg@lues are shown
in Fig. 9. We also plot the a priori XCfvalues calculated
4.5 Improved 3-band retrieval (Case 3) by the National Institute for Environmental Studies Trans-

port Model (NIES TM) and their errors which were assumed

In this study, we demonstrated that the negative bias ofo be the 100 times of the original G@ariance-covariance
10.99+ 3.83 ppm for all GOSAT SWIR XC@data in Ta-  matrix (refer to Yoshida et al., 2011). The difference between
ble 2 at the Tsukuba TCCON site could be reduced tothe Case 3 XC®and the Tsukuba TCCON XCQlata was
7.40+ 2.39 ppm by taking into account the vertical profiles 0.17+1.49 ppm. The standard deviation of 1.49 ppno(1
of aerosols and cirrus clouds observed by lidar and sky rais larger than about 1 ppm which is estimated theoretically
diometer. The negative bias in XGQvas then further re- optimal retrieval precision due to SNR over most land sur-
duced to 2.43 2.45ppm by using Toon’s solar irradiance faces for SZAs less than 70 degrees (Boesch et al., 2011). As
data instead of Kurucz's data. the errors of the a priori values arel6 ppm, the retrieved

These results show that vertical profiles of aerosol specieXCO, could not be over-constrained by the a priori. Al-
and cirrus clouds must be considered in the retrieval al-though information on the vertical profiles of aerosols and
gorithm in order to improve the data quality of the global cirrus clouds observed by lidar was not used in retrieving the
GOSAT SWIR XCQ when lidar observations are not avail- Case 3 XCQ, the Case 3 values were considerably closer
able. One of the simplest ways to improve the treatment ofto the Tsukuba TCCON XCg&values than current retrievals
aerosols would be to incorporate vertical profiles of aerosoldy GOSAT SWIR XCQ (Fig. 1). We also found that use of
obtained from SPRINTARS in the forward model. Aerosol Band 3 increased XCg£by about 2 ppm, but we have not yet
vertical profiles simulated by SPRINTARS, however, are notidentified the origin of this difference. It might be attributed
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05 .1 A5
Optical thickness @ 532 nm and thin cirrus clouds had a large impact on GOSAT SWIR
XCO;,. The current retrieval algorithm (Ver. 01.xx) for XGO
and XCH,; from the GOSAT TANSO-FTS SWIR observa-
Fig. 8. Vertical profiles of aerosol optical thickness measured by li- tion data assumes that atmospheric aerosols are uniformly
darand simulated by SPRINTARS at 532 nm on 23 February 2010is4ipy ted from the ground surface to 2 km altitude. By tak-
ing into account the actual vertical distributions of aerosols
to be spectroscopy. Both collisional narrowing and speed degetermined by lidar and sky radiometer over Tsukuba, and
N . - .~ . by using Toon’s solar irradiance database instead of Kurucz’s
pendence of collisional broadening and shifting play a Slgmf'database, the difference between GOSAT SWIR X@@ta

icant role near 1600 nm over a pressure range of 330-67 thnd the Tsukuba TCCON XGGound in the Ver. 01.xx re-

g;gl%set al., 2011), where we do not take into account thosesults was reduced. The 3-band retrieval approach where the

A L ontical ies derived f SPRINTARS aerosol and cirrus profiles were retrieved gave us the best re-
erosol optical properties derived from ) WET€ suits and the retrieved XGata followed the seasonal cycle
used in both Case 3 and the current operational algorithm

g 7= of ~8 ppm observed at Tsukuba TCCON site of which value
The Case 3. XCo res_ults shown in Fig. 9 are promising. was consistent to the result by Ohyama et al. (2009).

we kr_10w this study is only based on the perf(_)rmance for In this paper we concentrated our attention on resolving
one site and we would need to carry out validation for othery,o large bias of the Ver. 01.xx results shown by Morino et
sites. An improved SPRINTARS might further improve the i (2011). However, it is important to reduce the regional
results. Therefore, it would be better to use a new SPRINThiases due to distinct regional patterns of aerosols and cirrus
ARS model in which AERONET observations are assimi- clouds for application of inverse modeling. The 3-band re-
lated (Schutgens et al., 2010). Furthermore, SPRINTARSrieval method where the aerosol and cirrus profiles are re-
is being further improved by assimilation of lidar network trieved has a possibility of reducing the standard deviations

and CALIOP data (Shimizu et al., 2004; Winker et al., 2007; of the biases and the regional biases. Recently the NASA

Sekiyama et al., 2010). Atmospheric CQ Observations from Space (ACOS) team
applied this 3-band retrieval to GOSAT data (O'Dell et al.,
2012; Crisp et al., 2012). In the near future, we plan to incor-
porate the vertical distributions of aerosols at altitudes above
2km in the GOSAT SWIR retrieval algorithm.

5 Concluding remarks
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