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Abstract. A detection method for high-level cloud, such as ice cloigldeveloped using the water vapor saturated channels of
the solar reflected spectrum observed by the Greenhouse@aserving SATellite (GOSAT) Thermal And Near-infrarechSe
sor for carbon Observation Fourier Transform Spectrom@®SO—-FTS). The clouds detected by this method are religtiv
optically thin (0.01 or less) and located at high altitud@pfoximately 85% of the results from this method for cloudgw
cloud-top altitude above 5 km agree with Cloud-Aerosol Lidéh Orthogonal Polarization (CALIOP) cloud classifiaati
GOSAT has been observing since April 2009 with a 3-day cymieviding a spectral data record that exceeds 8 years. Cloud
information derived from GOSAT TANSO-FTS spectra could beverful data for understanding the variability in cirruswdl

on temporal scales from synoptic to interannual.

Copyright statement. TEXT

1 Introduction

Cloud detection, especially for optically thin clouds agthialtitudes, is important for providing more accurate apieric
trace gas retrieval from satellite remote sensing. Becausgs cloud parameters have highly variable spatial anthteal
scales, satellite observations for atmospheric tracesgaspiire simultaneous cloud data over the same area. Bahpit
importance of the simultaneous observation of cloudscafbyi thin (optical thickness less than 1.0) and higheel€above 8
km) clouds are in general difficult to detect with convenéibpassive sensors that measure reflected sunlight.

Some studies have used the water vapor saturated band tb ligte-level clouds, such as cirrus clouds (Gao et al., 1993
1998, 2002, 2004). The basic principle of the water vaparragtd band method is that the upward reflectance is less over
lower-level clouds and cloud-free conditions because @bthong water vapor absorption in the band. On the other, hange:
upward reflectance is observed when there are clouds in fier tpoposphere because there is less water vapor abovigthe h
level clouds (Gao et al., 1993). Therefore, the reflectahtieeonater vapor saturated band is used to detect uppersjpbpac
cloud. (Gao et al., 2002) used the 1,38 band of the MODerate Resolution Imaging Spectroradion{#®DIS) to derive
the reflectance of cirrus clouds globally.
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The Greenhouse gases Observing SATellite (GOSAT) meagueeshouse gases over the globe using the Thermal And
Near-infrared Sensor for carbon Observation (TANSO)-lsdiransform Spectrometer (FTS). The TANSO-Cloud and s@ro
Imager (TANSO-CAI) onboard the GOSAT is used to identifyurloand aerosol information (cloud/aerosol existence and
properties, such as optical thickness and effective raadvithin the TANSO-FTS instantaneous field—of—view (IFOVhe
TANSO-CAI detects relatively optically thick clouds, adesfively as the MODIS on board the Terra and Aqua satellites
(Ishida et al., 2011), but has difficulty with optically tiier cirrus clouds (less than 1.0 optical thickness) bec#uwases not
have a strong water vapor absorption band and/or thermraréd band that is effective for cirrus detection.

On the other hand, TANSO-FTS has both a strong water vapor@is band (Band 3 of TANSO-FTS) and a thermal
infrared band (Band 4). Since narrow-band spectrometrypbas widely used for cloud detection, the cloud detectiothots
could be modified or updated for the high-resolution spectalbbserved by TANSO-FTS. Someya et al. (2016) have already
refined the CQ slicing method that utilizes TANSO-FTS thermal infrare@cpal data. The water vapor saturated method
used in the current GOSAT product is roughly defined by a tolelsof the noise level in the water vapor saturated bandd515
5200 cnt!). The present cloud flag that uses the water vapor saturatedidnly gives a matching ratio with Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) at 50 km distenof 21%-32% in 2010 (not shown).

The combination usage of the cloud flags from the productmateor saturated method and the CAl cloud flag shows also
low matching ratio with CALIOP at 50 km distance of 27%—40%t(shown). At the clear case of cloud flags of CAl and
the present water saturated method, CALIOP founds maimyhtgher-level clouds with the top altitude higher than 5 km,
the fraction is approximately 92%. On the other hand, at tbedccase both CAl and the present water saturated methed, th
lower clouds (the top altitude less than 5 km) were mainhedietd by CALIOP (Fig. Al in Appendix). Therefore the above
results suggest that a more precise cloud detection meth@artove the higher-level clouds is required. In the prestry,
we aim to refine the current water vapor saturated methodaapply it to GOSAT-2 observations.

Higher-level clouds are mainly cirrus clouds. Various ealof cirrus cloud occurrence frequency have been obtamed i
different studies. The occurrence frequency of cirrusaoig high in the tropics#15° latitudinal band) and decreases toward
the poles. A tropical average of approximately 20% throughytear and above 60% over continents and the western Pacific
in boreal winter was obtained using CloudSat/Cloud PrgfiRadar (CPR) and Cloud—Aerosol Lidar and Infrared Pathfinde
Satellite Observation (CALIPSO)/CALIOP satellite obs#ions (Sassen et al., 2008), and above 70% over the tramoal
vective regions (the equatorial Africa, south America, Miaxe continents and the western Pacific) during the boréater
by CALIPSO/CALIOP measurement (Nazaryan et al., 2008) dsal @uring the boreal autumn by the Ice, Cloud, and land
Elevation Satellite (ICESat)/Geoscience Laser Altim&gstem (GLAS) (Eguchi et al., 2007). The occurrence frequem
middle latitudes has been reported as 10% (Sassen et &8) 200 30% (Eguchi et al., 2007).

The cirrus cloud top altitude, which depends on tropopawesghl, was found to have a maximum of about 16 km in the
tropics and to decrease with increasing latitude (aboutriCrkthe middle latitudes) (Nazaryan et al., 2008; Sasseh,et a
2008; Eguchi et al., 2007). The optical thickness of cirriasids varies between 0.1 and 3.0 (Eguchi et al., 2007); alptic
thinner clouds are difficult to detect, especially by passiensors. However, clouds with optical thickness lessQt@icould
be detected by the MODIS sensor (Dessler and Yang, 2003).
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The aim of the present study is to develop a high-level cleetéation method using the SWIR band of TANSO-FTS and
to validate the detected high-level clouds against CALIRSKDLIOP data (c.f. Winker et al., 2007). Section 2 descrithes
methodology of the high-level cloud detection method, Bacd shows the results of the comparison study with CALIOWE, a

Section 4 summarizes the results and gives our conclusions.

2 Data and Methodology

This section describes the TANSO-FTS Level 1B (L1B) spédaita and CALIOP Level 2 cloud layer data, and the method-
ology for detecting scattering particles in the upper tsgtere, such as high-level clouds.

2.1 Analysis Data
2.1.1 GOSAT observation overview and spectral information

The polar orbiter GOSAT was launched on 23 January 2009 asgiwwided observations since April 2009 with a 3-day
revisit cycle. It carries two instruments, TANSO-FTS andNBO-CAI. The present study uses TANSO-FTS L1B spectral
data to detect high-level clouds for the ultimate purposeediicing the error in retrieved trace gases, such as X&w@l
XCHy, (column-averaged dry air mole fractions of €&nd CH,), which are also derived from the TANSO—-FTS spectral data.
The GOSAT and its two instruments are described by Kuze é€@09, 2016).

The TANSO-FTS has four bands (Bands 1-4), comprising thaeew bands (Bands 1-3) in the SWIR region (12,900—
13,200 cntt, 5800-6400 cm!, and 4800-5200 cm, respectively) and a wide TIR band (700-1800¢mBand 4), and
all except Band 1 are at a spectral resolution of 0.27 tnfwo polarization components of incident light (i.e., P &d
polarization states) are measured separately for the 8\W& bands. The TANSO-FTS has two gain settings, high (H) and
middle (M), for SWIR bands. The M-gain is used over high reflace surfaces (e.g., desert), and the H-gain elsewhere.

The IFOV of TANSO-FTS is 15.8 mrad, which corresponds to arr@ctular footprint of about 10.5 km in diameter at sea
level. The acquisition time of each measurement is 4 sec@wing nominal operation, three or five points along thessfo
track direction are observed in sequence. The five-pointenvaas used when TANSO-FTS observation was started in April
2009, but as the stability of the pointing mechanism grdgwgraded, the observation mode was changed to the tloiae-p
mode after August 2010. The TANSO-FTS also occasionallgmies in targeted mode.

The high-level cloud detection method uses only Band 3Ptsgietata, because the signal-to-noise ratio (SNR) of Bahd 3
is larger than that of Band 3S in most cases. Version 161.16@®d&GOSAT TANSO-FTS L1B was used in this study.

2.1.2 CALIPSO/CALIOP data

The CALIOP Level 2 cloud layer product version 4.10 was usadttiis comparison analysis (Winker et al., 2007, 2010).
The CALIOP instrument is on board CALIPSO, a polar orbitethmd6-day revisit time. The CALIOP footprint (FOV) is
approximately 100 m (13prad), observations are at about 333 m intervals (horizaatalution), and the vertical resolution



10

15

20

25

30

Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-122 Atmospheric
Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 12 June 2018 Techniques
(© Author(s) 2018. CC BY 4.0 License.

Discussions

varies between 30 and 60 m, depending on the altitude ramgepesent study used the 5 km integrated cloud layer product
(footprint size 100 mx 5 km), which includes the altitudes of cloud top and bottond aptical thickness. CALIOP can detect
thin clouds with 0.01 optical thickness (e.g. McGill et 2007). On the other hand, the cloud-base altitude canno¢teeted
for optically thick clouds with optical thickness greatkah approximately 4.

We extracted cirrus cloud data derived from CALIOP from ludag 2010 to 31 May 2013. Cirrus clouds were defined
following Eguchi and Kodera (2010) as having cloud top @& above 5 km over latitudes above® 3hd above 8 km over
latitudes below 30.

2.2 Detection of scatterers in the upper troposphere

Figure 1 shows a schematic of the detection of scatterinticfes at high altitudes (upper troposphere). The basia isiérom
(Gao et al., 1993, 2002). The principle is as follows: sadatiance in the saturated water vapor absorption band isletehp
absorbed by water vapor in the lower troposphere when sicaftparticles is absent in the upper troposphere. In cetitea
large amount of scattered solar radiance in this band reabkedop-of-the-atmosphere when there is scatteringcpestin the
upper troposphere. Therefore, high-level clouds can ket by observing the level of upward radiance in the stadraater
vapor absorption band. A saturated water vapor absorption in the 5100-5300 cm wavenumber region is covered by
TANSO-FTS Band 3. The lower panels in Fig. 1 show example®\dfJO—FTS Band 3P spectra with and without high-level
cloud. As stated above, strong reflected radiance at theasatiwater vapor absorption band is observed for the fegél-|
cloud case.

Since atmospheric water vapor load is highly variable,agfreflected radiance might contaminate the signal undgr ve
dry conditions. Figure 2(a) shows the simulated spectralford-free cases with different precipitable water vapooants.
Reflected radiance increases with decreasing precipitedler vapor amount, and the wavenumber region over which ab-
sorption remains saturated contracts. Figure 2(b) shogvsithulated spectra for the high-level cloud case for dffieicloud
optical thicknesses. The spectral response patternsdeettwo cases are clearly different, so a wavenumber rebairig
sensitive to high-level cloud but insensitive to surfadéertion can be determined.

A similar surface reflection issue was reported for the MODISS um (7246.38 cm'!') water vapor saturated band, and
for the Visible Infrared Imager/Radiometer Suite (VIIRBgtcontribution of surface reflection is suppressed by mangthe
band-width (Hutchison et al., 2012). Since the spectralluti®n of TANSO-FTS is higher than that of VIIRS, a more able
set of channels can be selected. By taking the small spsbifatiue to the gradual optical alignment change (Kuze.e2@ll2)
into account, three narrow windows (thick black lines in.Zgare selected for high-level cloud detection for the @néstudy.
Figure 2 also indicates that the spectral shape appearsvapradditional useful information for the detection oflmlevel
cloud.

To obtain typical spectral shapes for Band Bitneans clustering (MacQueen, 1965) was applied to a sanfiBarc
3P spectra normalized so that the area under the curve i Mitre than 12,000 scenes obtained from 20 to 22 March
2010 were clustered into 12 groups. Figure 3 shows the meeetrap shape of each group. The groups are arranged in
descending order of the median brightness temperatureeii@um window calculated from TANSO-FTS Band 4; i.e.,
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Group 1 has the highest brightness temperature and corresporadsdene without high-level cloud, atoup 12 has the
lowest brightness temperature and corresponds to a scémeptically thick high-level cloud. Utilizing these ty@tspectral
shapes as supervised data, a flowchart of the high-levad cletection method is given in Fig. 4. Each step is explairsovib
and the terms used in the flowchart are described in Table 1.

We first checked the quality of the spectral data (Band 3Pyd@anomalous spectral data. Since TANSO—-FTS should point
to the same location during the acquisition of an interfealay data with an unstable viewing vector during the actjaisare
treated as ‘poor quality data’. When the interferogram issingg or saturated, or has spike noise, the correspondirarape
data are treated as ‘poor quality data’. Distorted spedttd are detected by checking the average and standardiaiedt
the measured spectrum at the out of the band-pass filteedéthalues deviate considerably from their nominal rargegata
are treated as ‘poor quality data’. Furthermore, we usea\d#h solar zenith angle less than°a0® avoid night-side data.

Next, the Band 3P spectral data are associated with the X2rapgroups (Fig. 3) by supervised classification using the
minimum distance method. The whole spectral range of Banis3Red to calculate the Euclidian distance between the
normalized Band 3P spectral data and the spectral data gftlhips. The Band 3P data are assigned to the group that has the
minimum Euclidian distance. In general, the minimum distis on the order of I or less. When Band 3P spectral data
are too noisy, the minimum distance value becomes large€eldre, spectral data with minimum distance greater thar’ 10
are also excluded as a low-quality spectrum and are not vsédrther analysis. These ‘poor/low quality data’ weregad as
‘missing’ in the high-level cloud detection method. Thedpa data with a ‘missing’ flag were not used for further gsa.

The measurement scenes (each set of TANSO-FTS observatiodisg data) are categorized as ‘no elevated scattering
particles’ scenes or ‘elevated scattering particles’ ssdrased on the following three threshold tests.

The threshold tests use three parametefs; Sarr,, andGroup, which are described below (see also Table 1) and shown in
Fig. 3. The other parameters used to calculate andSar1, are also listed in Table 15, is the ratio between the averaged
radiance of selected channels of Band 3P (see Fig. 2NaM8E, andSayy, is the ratio between the averaged radiance of the
whole of Band 3P andlOISE.

In the first threshold step (Test A), the data withy,;, less than 3.0 are sorted as ‘no elevated scattering paitiblecause
the weak intensity in the water vapor saturated channelsistbare are definitely no clouds at upper levels.

At the second step (Test B), data with1,;, greater than 3.0 are divided into two classes: ‘no elevatatteying particles’
for Sy less than 0.5 and ‘elevated scattering particlesiSigy greater than 2.8. The values of the thresholds are derioed fr
Fig. 5. Figure 5 shows the number of data, the score and adatediscore of5,, for distances between TANSO-FTS and
CALIOP up to 50 km. Here, the score is the matching ratio with€ALIOP cloud flag. From Fig. 5(b), a score of less than 0.1
corresponds t®,,, less than 0.5; i.e., approximately 90% of data wéth, less than 0.5 have 'no elevated scattering particles’.
On the other hand, from Fig. 5(c), an accumulated scorerdnga 0.8 corresponds 1%, larger than 2.8; i.e., approximately
80% of the data wittb,,, larger than 2.8 show ‘elevated scattering particles’.

This method provides a cloud flag that indicates one of ‘needésl scattering particles (clear)’, ‘elevated scatteparticles
(cloud)’, or ‘missing’, and also the 12 groups of spectrattees. At the third (final) step, Test C sorts the data wiehSh,
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greater than 0.5 and less than 2.8 by the spectral sBapg from 1 to 12. As shown in the previous pa@roup 1-5 are
shorted for ‘no elevated scattering particles (clear)’ @noup 6—12 are shorted as ‘elevated scattering particles (cloud)

3 Results

This section describes a comparison with CALIOP during 2@diQures mainly show data from January, April, July and
October in 2010.

3.1 Comparison with CALIOP

The criteria for match-up between TANSO—-FTS and CALIOP datee within 400 km for the distance between each footprint
center location and within five minutes for the observatioretdifference. The cloud-top altitude at the highest Igy@wmost

of layer) and optical thickness from the CALIOP cloud layrsyguct were used for the analysis. Note that because the TANS
FTS detects the accumulated reflectance of cloud layer§ANSO—FTS radiance is not always sensitive to the topmaosictl
layers.

Figure 6 shows maps of the observation points of TANSO-FE$ were matched with CALIOP observations and the
fraction of cloud flag, summarized monthly for January, Aghilly, and October 2010. The matched points were condedtra
within the northern middle latitudes, approximately beaw@&C0 N and 60 N. In October, there are only a few match-up points
due to the change of the nominal TANSO-FTS operation mode five- to three-point mode. The clear and cloud fractions
changed from month to month in the ranges 44% to 65% and 33%%g Eespectively. The clear fraction was larger than
that of cloud except in April. The missing data ratio rangeuhf 1.4% to 5.8%, and mainly resulted from the instabilityteef
pointing mechanism (not shown).

Figure 7 shows histograms of the 12 spectral groups obtaiyetthe minimum distance method (left panels), and the
CALIOP cloud-top altitude (middle panels) and optical Kmess (right panels) for January, April, July, and Octolt&r® The
top (bottom) panels show clear (cloud) flag cases from theSBNFTS water vapor saturated band method.

For the clear case (top-left panels), most data were cledsifiGroup 1-5, butGroup 7 also had a relatively large percentage
(5% to 10%) of the whole clear case except in July. The claydaititudes were mainly distributed in the lower troposghe
especially over the ocean, and there were maxima of clop@itdude frequency over land at 3 and 10 km. Optical thislsne
values were evenly distributed in the range 0.01 to 3.0 irughper troposphere. In contrast, the optical thicknessegadbbove
3.0 were concentrated in the lower troposphere.

The numbers at the top of the left panels represent the nmatehiio for TANSO-FTS data (clear or cloudy) against the
CALIOP data. The two cases are given as a positive predigtilize (i.e., TANSO-FTS and CALIOP clear case divided by
all CALIOP (clear and cloud) data), which is M1 case in Tabl2d a negative predictive value (TANSO-FTS and CALIOP
cloud case divided by all CALIOP (clear and cloud) data),chiis M2 case in Table2, respectively. The fraction shows tha
approximately 83% of the cloud cases determined by TANSG-Ratched those from CALIOP. On the other hand, the
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matching ratio of the clear case was worse than that of thedgloase, ranging from 44% to 57%, because the cloud located
in the lower troposphere could not be detected by TANSO-FTS.

Groups 7-12 dominated in the cloudy case (bottom panels). The megtiént cloud-top altitude was located around 10
km, with the distribution falling off rapidly above 10 km agdadually below 10 km. In April and July, the cloud-top altie
also had a peak in the lower troposphere (around 2 km) oveydban. The optical thickness in the upper tropospheredrarie
around 3.0; however, thinner optical thicknesses less@ttawere also similarly distributed.

Figure 8 shows the accuracy of TANSO-FTS relative to CALIT# matching ratio is M3, as defined in Table 2; i.e., the
fraction of all the data that is cloud or clear in both datasat a distance of 25 km, the matching ratio averaged fot thoad
and over all of 2010 (black solid line) was approximately 71k& matching ratio over ocean was less than that over land fo
all distances and throughout the year, because the cloutig ilower troposphere could not be detected by the waterrvapo
saturated method, as shown in Fig. 7. The poor matching os8o the ocean, especially during the boreal summer, seems
to be due to the total water vapor amount during summer wagippately three times that in boreal winter (not shown) in
addition to the lower clouds could be not detected. It is sstgd that the reflection by lower clouds below 5 km and thewat
vapor amount may have an influence on the high—level clougttden by the water vapor saturated method.

On the other hand, the matching ratio for cloud above 5 kmdtop altitude (dashed lines in Fig. 8) was approximately
85% at 25 km. The matching ratio decreased gradually withea®ing distance between TANSO-FTS and CALIOP. The
fraction above 5 km cloud top altitude is excellent becatissnoves the lower altitude clouds, especially over the@onc&he
difference between cloud over land and ocean was not larg¢he&me was no clear seasonal dependency. It is suggested tha
the matching ratio was independent of both the seasonaitiariof water vapor amount above 5 km altitude and the serrfac

conditions.
3.2 Case study for comparison with CALIOP

Because TANSO-FTS observation has the advantage of a skimit time (3-day cycle), the cloud variations associatét
synoptic-scale phenomena can be captured. This subselggmmibes a case study for comparing the synoptic variation
cirrus cloud between TANSO-FTS and CALIOP.

A sudden stratospheric warming (SSW) event in the polarcstpdtere induces upwelling in the tropical lower stratosphe
The upwelling causes adiabatic cooling of the lower stgattese and the tropical tropopause Layer (TTL), and as atresul
rus clouds in the TTL occur frequently during a SSW (Eguclalet2007; Eguchi and Kodera, 2010; Eguchi et al., 2015). An
SSW occurred around 25 January 2010, and cirrus cloud acwelincreased after that date (Kodera et al., 2015; Egtiehi e
2015). Figure 9 shows the 2.5ox-averaged cirrus occurrence seven days before andfedtkey date (25 January), with in-
creasing occurrence especially over the convective regimuding South America, equatorial Africa, the Mariti@entinent,
and the western Pacific. The spatial distribution of cirmagtion derived from the TANSO-FTS water vapor saturatetiba
method was clearer than that from CALIOP, and the fractios hamger than that from CALIOP. Itis clear that the TANSO-FTS
water vapor saturated band method is superior for studyingsccloud features over a short period.
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4 Summary and Conclusions

The main purpose of GOSAT is the observation of greenhousesg@specially XC9and XCH;,. The published standard
product provides these trace gases only over cloud-fregitots that are defined mainly by the TANSO-CAI cloud flag and a
simplified cloud flag using the water vapor saturated bandaddeerror contamination due to clouds. However, the TANSO-
CAlI cloud flag cannot detect all cloud, especially thinnerus cloud, and the current operational cloud flag derivethfthe
water vapor saturated band cannot detect thinner cloudslgxso a more accurate cloud detection method is required.

The present study has developed a high-level cloud detectaihod using the water vapor saturated band within Band 3 of
TANSO-FTS, which retrieves the greenhouse gases. Cloodhiration from the same instrument is useful for detectirgy th
influence of cloud and retrieving the trace gases more amdyr&®revious studies have used the water vapor saturatetitb
detect cirrus clouds in the upper troposphere (Gao et é#3,12002, 2004). The GOSAT TANSO-FTS has a higher spectral
resolution (0.27 cm') than other satellite instruments, so a more precise detegtethod can be developed. The present
study applied cluster analysis to the shape of spectra i Ban

We used the 12 groups (5 clear and 7 cloudy cases) of speletaé ©f Band 3 derived from the cluster analysis together
with spectral features, such as the SNR and the Euclidigantie of cluster analysis, to detect elevated particlel agc
cirrus clouds located in the upper troposphere. Each TANS@-scene is classified into one of three categories: ‘natddv
scattering particles’, ‘elevated scattering particlagd ‘missing’. The ‘missing’ category mainly results fronsiability of the
pointing mechanism.

GOSAT TANSO-FTS data matched with the CALIOP foot print with00 km and 5 minutes were distributed mainly over
latitudes between 30 and 60N (Fig. 6). A comparison with CALIOP revealed that the clead aloud categories had almost
the same fraction in boreal winter, the matching ratio o&clgas larger than that of cloudy in the summer and autumntrend
ratio of cloudy was larger than that of clear in spring. Sitie&re is more water vapor in boreal summer than in other ssaso
the matching ratio, especially over the ocean, was worseeMer, no clear seasonal variation was found in the matataitig
for data that had CALIOP cloud-top altitude above 5 km (Fig.I8is suggested that the water vapor saturated band method
is not correlated with water vapor amount above 5 km in the-latitlides. In the tropics the water vapor amount decreases
rapidly above 8 km; consequently, this method will deteotd with cloud-top altitude above this level in the tropics.

A comparison with CALIOP cloud data gave an approximatel$o8matching ratio for elevated particles detected by
TANSO-FTS, as shown in Fig. 7 and Fig. 8. The method can deteeated particles (cirrus clouds) located in the upper
troposphere with very thin optical thickness, such as Oléss. Although the lower clouds over the ocean, especialbum-
mer when the water vapor amount is highest, were classifiettasby the water vapor saturated method, the other clogd fla
(such as TANSO-CAI cloud flag) can detect scenes with loweellclouds with SNR above 20 (not shown). The water vapor
saturated band method can capture in more detail the \ar&in cirrus cloud on the synoptic scale than those derired f
CALIOP, which observes cloud and aerosol with a 16-day itewibit (Fig. 9). The cirrus cloud dataset derived from TADIS
FTS can be a useful additional dataset for studying cirrogdd on synoptic to interannual temporal scales. The GO%49 d
are available from April 2009 to the present; we have alrestyimulated data for a period exceeding eight years.
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Finally, the thinner clouds, especially cirrus cloudsgeeffthe retrieval value of trace gases and are a major ertwceso
This method should allow GOSAT to produce retrievals of gheise gases under thinner cloud conditions. At the reshiéts
thinner cloud effect might contaminate the retrieved gheeise gases amount. The issue is beyond the scope of thatprese
study, which will be done as the near future work.

Another satellite that targets greenhouse gases also éasathe contamination with thinner clouds: the Orbiting Garb
Observatory-2 (OCO-2) project reported that the XC€trieval amount was improved by removing cirrus cloud aarihation
(D. Crisp, pers. comm.). Work in the near future aims to qit@titely investigate the effect of cirrus contaminatianretrieved

greenhouse gases and to improve the retrieved values.

Data availability. The TANSO—FTS data are available via the GOSAT Data Archive Servibd\g3 at https://data2.gosat.nies.go.jp/. The
CALIOP dataset is available at https://eosweb.larc.nasa.gov/projecstwaktipso_table/.

Appendix A: The present cloud flags from the product water vapr saturated method and CAl

Fig. Al shows the profiles of cloud top altitude from CALIORz¢ clear and cloud cases of CAl and the current water vapor
saturated method in the GOSAT product. The profiles are exeay the data with the distance between FTS footprint and
CALIOP within 400 km and 5 minutes. The matching ratio with [G@P data drawn in the left panels are 35-45% at 400
km of the distance case. The clear cases from both cloud fhag @Al and the present water vapor saturated method shows
mainly the higher-level clouds, approximately 85%. Thesdires are shown at the other distance between CALIOP &&d FT

from 25 to 350 km and other months.

Author contributions. Eguchi designed the present study, analyzed the data and preparedrhbscript. Yoshida developed the cirrus cloud
detecting method and provided the cirrus cloud flag.
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Radiance [V/cm ]

Figure 1. Top panels show schematics of spectral shape without (left) and witht)(8gattering particles in the upper troposphere. The
bottom panels show examples of the spectral shape of Band 3P withdwtitnthe scattering particles. Black thick line indicates the
location of water vapor absorption band focused in this study.
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Figure 2. Simulated spectra for (a) cloud—free cases for different precipitedier vapor amounts and (b) high—level cloud cases for different
cloud optical thicknesses. A Lambertian surface with albedo of 0.3 isves. Solar zenith angle and satellite zenith angle are set’to 30

and 0 (nadir viewing), respectively.
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Figure 3. Twelve spectral groups of Band 3P spectra derived usimgans clustering.
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Cloud detection method (SWIR) Version 1.21
K-means Clustering DIST_min > 1.e-3
(Group, DIST_min)
Clear and Cloudy supervised data
SaL <3.0 Other
Test C
No elevated Elevated
scattering Scattering  Missing
particles particles

Figure 4. Flowchart of the method for detecting and classifying elevated scatteainiglps from SWIR spectra (Ver.1.21). The terms in the

flowchart are described in Table 1.
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(a‘) Nu‘mbe‘r of §WV ‘data‘poin‘ts

(b) Matching ratio of FTS with CALIOP
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Figure 5. (a) Number of data points as a function®f. for distance between TANSO-FTS and CALIOP within 10, 20, 30, 40 58nkin.

(b) Same as (a) but for the matching ratio between CALIOP cirrus clandSSTANSO-FTS cloud flag. (c) Histogram of group as a function
of Sy for distance between TANSO-FTS and CALIOP within 50 km. The colos baticate the group number from 1 to 2roup 12 is
absent forSy. less than 10.0. The numbers at the top of the graph are the total numdmeehirbin ofS.,,,. The analysis period is from 1
January to 31 December 2010.
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Figure 6. (Left) Maps of match—up observation points for TANSO-FTS and CARdlored according to the TANSO-FTS cloud flags:
clear, cloud, and missing are shown in light blue, orange, and lighhgrespectively. (Right) Among the data selected for comparing with
CALIOP, the fraction of each cloud flag derived from TANSO-FT Seskations. The red, blue, and green colors indicate observations over
land, water, and open water, respectively. The total data numberstircaae are given in the left panel. The black star symbols indicate the
data number and the percentage with respect to the total dataset is also $he open squares in red, blue, and green show values over
land, ocean, and open water, respectively, and the values to the figfhbof the square are the percentage of each cloud flag with respect to

the total number of data. Results are shown (from top to bottom) for damyaril, July, and October 2010.
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Figure 7b. Same as Fig. 7a but for April 2010.
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Figure 7d. Same as Fig. 7a but for October 2010.
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Figure 8. (Top panel) Annual mean matching ratio in 2010 as a function of distarfee solid lines are the whole cloud data, and the
dashed lines are for cloud that has cloud top altitude above 5 km. The btgcland blue lines indicate all data (over land, ocean, and open
water), data over land, and data over ocean, respectively. (Lanepanels) Monthly matching ratio for distances between TANSO-FTS
and CALIOP of 25, 100, 200, and 400 km. The values on the right—kmtedof each panel show the annual means.

20



Atmos. Meas. Tech. Discuss., https://doi.org/10.5194/amt-2018-122 Atmospheric

Manuscript under review for journal Atmos. Meas. Tech. Measurement
Discussion started: 12 June 2018 Techniques
(© Author(s) 2018. CC BY 4.0 License. Discussions

Latitude
Latitude

A

-30 i

0

180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180 °* 7 180 -150 -120 -90 -60 -30 0 30 60 90 120 150 180 ° X “
(b) TANSO-FTS Cirrus fraction [%] , 25-31 Jan 2010

(d) CALIOP Cirrus fraction [%] Day&N
- el . =

A
AN

Latitude
Latitude

Longitude Longitude
[ I I E—— ]
0 20 40 60 80 100 20 40 60 80 100
[%] [%]

Figure 9. Maps of cirrus cloud occurrence frequency from the TANSO-FT&mweapor saturated method and CALIOP plotted for’2.5
boxes. (a, c) January 18 and 24, (b, d) January 25 and 31. Btatbeti® were smoothed using 3—grid box smoothing. Panels to the right of

the maps show the zonal mean fraction.
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Table 1. Terms in the flowchart shown in Fig. 4.

Measurement
Techniques

Discussions

Terms

Description

S _ AVSPCwv
WV ™ NOISE

__ AVSPCiotal
SALL = “XorsH

AVSPCyy = MEAN(SPC,)

5184.4 <wn <5185.4

5188.6 < wn < 5189.6

5196.4 <wn < 5197.8

AVSPCtOtal - MEAN(SPCP) { 4400 S wn S 5700

NOISE =0.5-(NOISEL + NOISEw)

NOISEx = STD(SPCy) { 5450 < wn < 5650

Fraction of AVSPC,. wrt noise level

Fraction of AVSPCiota1 Wrt NOise level

Selected channels of Band 3P.
wn means wavenumber.

Averaged signal for the whole spectral region of Band 3P

Averaged noises outside Band3P

Standard deviation of lower (left) wavenumber outside Band3P

Standard deviation of higher (right) wavenumber outside Band3P

Table 2. Definition of the matching ratio between the TANSO-FTS cloud flag and CRLIO

CALIOP

clear cloud
TANSO-FTS clear| A B
cloud| C D

M1=A/(A+B)*100 M2 = D/(C+D)*100
M3 = (A+D)/(A+B+C+D)*100
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Figure Al. The profile from CALIOP cloud top altitude of first layer in (a) Januay,April, (c) July and (d) October, 2010. The left panels
are the clear case of both flags from CAIl and the product water vaparased method, and the right panels are the cloud case. The black,
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blue, red and green lines show the total, ocean, land and mixed cases.
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