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Abstract. We present a description of the NASA Aura Tro- recent work by Campbell et al. (2008) suggests that carbonyl
pospheric Emission Spectrometer (TES) carbonyl sulfidesulfide is a good photosynthetic tracer. A study by Asaf et
(OCS) retrieval algorithm for oceanic observations, alongal. (2013) concludes that OCS flux could provide a constraint
with evaluation of the biases and uncertainties using air-on estimates of gross primary productivity (GPP).

craft profiles from the HIPPO (HIAPER Pole-to-Pole Ob-  Carbonyl sulfide sources and sinks, however, are poorly
servations) campaign and data from the NOAA Mauna Loaquantified (Montzka et al., 2007). The major source of at-
site. In general, the OCS retrievals (1) have less than 1.0 demospheric carbonyl sulfide comes from the ocean (Cutter et
gree of freedom for signals (DOFs), (2) are sensitive in theal., 2004), but other sources include wetlands, soil and pre-
mid-troposphere with a peak sensitivity typically between cipitation, biomass burning, volcanoes, anthropogenic activ-
300 and 500 hPa, (3) but have much smaller systematic eiities, and oxidation of carbon disulfide and dimethyl sulfide
rors from temperature, COand HO calibrations relative  (Montzka et al., 2007; Watts, 2000). The primary sinks of
to random errors from measurement noise. We estimate thearbonyl sulfide are vegetation, soil and photochemical loss
monthly means from TES measurements averaged over mulMontzka et al., 2007).

tiple years so that random errors are reduced and useful infor- The mixing ratio of OCS in the troposphere is about
mation about OCS seasonal and latitudinal variability can be500 ppt (parts per trillion) and OCS is generally well mixed
derived. With this averaging, TES OCS data are found to beover the ocean and decreases rapidly with altitude in the
consistent (within the calculated uncertainties) with NOAA stratosphere (Chin and Davis, 1995; Notholt et al., 2003;
ground observations and HIPPO aircraft measurements. TEBarkley et al., 2008). However, latitudinal, seasonal, and lon-
OCS data also captures the seasonal and latitudinal variatiorgitudinal variations are about 10 % or even larger over land.
observed by these in situ data. Earlier studies have reported a slow decline in OCS mixing
ratios in both hemispheres since the 1980s (Rinsland et al.,
2002, 2008; Montzka et al., 2004; Mahieu et al., 2003). A re-
i cent study of one individual ground-based site, however, sug-
1 Introduction gests no consistent trend during the period of February 2000—
February 2005 (Montzka et al., 2007).

Atmospheric OCS concentrations in the free troposphere
and boundary layer are currently measured at ground sta-
a_I., 2007). .It has a gre_en.house gas effect based on ab;orabns' tall towers, and aircraft using flask sampling or contin-
tion of far-infrared radiation (Bruhl et al., 2012). OCS is uous measuring equipment. The NOAA-ESRL global mon-

glso found as a potgntlgl trace gas, gther thgn carbon dlo)ﬁ'toring network provides continuous records of OCS at 14
ide, that could provide independent information about Car'sampling sites (Montzka et al., 2007). The first satellite re-

bon cycle processes (Montzka et al., 2007; Campbell et al'trievals of carbonyl sulfide were based on solar occulta-

2008; Suntharalingam et al., 2008, Wohlfahrt et al., 2012;tion observations of the upper troposphere and stratosphere
Blonquist et al., 2011; Berry et al.,, 2013). For example,

Carbonyl sulfide (OCS) significantly influences the sulfur cy-
cle (Ko et al., 2003; Notholt et al., 2003, 2006; Montzka et
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made by the Atmospheric Chemistry Experiment FourierG maps from measurement (spectral radiance) space into re-
Transform Spectrometer (ACE-FTS) (Barkley et al., 2008).trieval spaceK = g—i defines the Jacobians for the retrieved
These observations during 2004—2006 provided an estimatstate vectorsA is the averaging kernel matrix, which de-

of the stratospheric lifetime of OCS along with concur- scribes the sensitivity of the retrieved state vector to the true
rent measurements of chlorofluorocarbons (CFCs). In thisstate.

paper, we evaluate free tropospheric OCS measurements .

from the Aura Tropospheric Emissions Spectrometer (TES)a — 3 —GK. (4)

over ocean scenes. The Aura TES instrument is a high- dx

resolution infrared-imaging Fourier transform spectrometerthe trace of the averaging kernel gives the number of degrees
(Beer, 2006; Bowman et al., 2006). To evaluate the per-uf freedom for signals (DOFs) from the retrieval.

formance of algorithms, the TES free tropospheric OCS is  The carbonyl sulfide retrievals are carried out after the re-
compared with the independent NOAA observations fromyjevals of temperature, water vapor, ozone, carbon monox-
a ground-based site at Mauna Loa (MLO) (Montzka et al.,ije carbon dioxide, methane, surface temperature, emissiv-
2007) and the measurements also made by the same NOAQ\, ¢joud optical depth, and cloud pressure (Kulawik et al.,
laboratory during the HIAPER Pole-to-Pole Observationsnog). we only perform retrievals for scenes with a cloud op-
(HIPPO) flights (Wofsy et al., 2011). tical depth of less than 0.5 as clouds reduce the sensitivity of
observed radiance to atmospheric OCS. Adjustments to the
atmospheric C@ H»0O, surface temperature, cloud optical
depth, and cloud pressure are applied simultaneously with

2.1 Retrieval methodology the OCS retrieval.

2 Retrieval strategy

The TES OCS retrieval is based on an optimal estimation2 TES OCS spectral windows

(O.E.) approach (Rodgers, 2000) by fitting calculated spec-_. . .
tra from a nonlinear radiative transfer model driven by the at_Flgure 1a shows the OCS absorption spectral region from

1 .
mospheric state to the TES observed spectral radiances. T .034 to 2075 cm™. In order to show th? impact of the OCS
nes on the radiances, we compute simulated radiances us-

estimated state is also constrained by an a priori based o ) . ;
its probability distribution for that state in order to ensure a:r?céh?eggowgrself?/:agiiagggg ?)f;%?:angsgﬁagsstixigr?dl-
?pepa;r;:gguils ;gsrtrj]litni(ri?zvgr?ﬁ en c?)ts? ;uni%(;?]zx; he goal of this ture, cloud optical depth, cloud pressure, and emissivity) and

the OCS profile. Then we repeat the calculations with the

same atmosphere but without OCS (Fig. 1a). The residuals

. T 1. of the two radiances are shown in Fig. 1b, which illustrates
+ (f—xq) S37(¥-xq), (1) the absorption by OCS. This figure gives also the OCS verti-

R ) o cally integral Jacobians. The contour plot of OCS Jacobians
wherex, xa andx are the retrieved, a priori, and the “true” g 1) suggests that the radiances are most sensitive to
stgte vectors respe(':tl'vely. They are expressed in natural logy~g petween 900 and 200 hPa. Figure 1b shows that the sig-
arithm of volume mixing ratioym ‘?‘ndyci are moilel calcu-  ha) at the spectral region with strong OCS absorption is about
lated and observed spectral radian8g- andS,~ are in- e same or even larger than the noise equivalent spectral ra-

version of the covariance matrix for measurement noise andjiznce (NESR), k& 10-8Wcm2sr-LcmL. Consequently,

a priori for the retrieved state vectors. If @ minimum to the y,6 oS signal is detectable from the TES measured radiance
cost function is found then the estimated state vector cani the current noise level.
be related to the true state vector in the following manner Figure 1d shows the vertically integral Jacobians of the
(Rodgers, 2000): absorption gases in addition to OCS at this spectral region.
Water vapor (blue line) and CCgreen line) are dominant in
this spectral region. CO and ozone are active on some spec-
tral lines. For these reasons, €@nd HO are simultane-

wheren is a vector of measurement noise on the spectral ra | ioved with b iahtl ined. Th
diancesb andb, represent the true state and a priori for those OUS"Y retrl_eve with OCS but are tig _ty constrained. T ea
oriori profiles for CQ and HO are estimated from previous

parameters that are not retrieved but also affect the model reP

diance. The sensitivities of the radiance to those parameter@trizvil steps, usir:g thke I ablsorption. bandds that ar? also mea-
(Jacobians) art, = 2, the dependence of the radiangg ( SUr€¢ oY TES (Kulawik et al., 2010; Worden et al., 2004).
The constraint matrices for GGand HO are based on the

on the interfering parameteb), G is the gain matrix, which s . s . )
covariance from their previous estimates. CO concentrations

X ®) = (ym=Y0) Syt (ym—Yo)

X=xa+Ax —x3 +Gn+GKyb—by), (2

is defined b
y are not jointly retrieved with OCS but have been estimated
ox _ o - previously using the CO band near 2100¢m{(Worden et
G=75, =KISTK+SHTKIS™ 3 al,2004),
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2045 2050 2055 2060 2065 2070 2075 the estimate. However, we relax this term for the OCS re-

Wavenumber (cm”)

trievals in order to increase sensitivity of the estimated OCS
Fig. 1. (a) Model calculated radiances without OCS profile to true OCS variations at the expense of increasing errors
(blue line) and with OCS profile (black-dash ling) residu-  from random noise or interferences (Worden et al., 2010).
als between the two models’ calculated radiancegjnthe red  This approach works for OCS because, as demonstrated in
line is the OCS vertically integral Jacobians (d); the dash  gect. 3.2, the uncertainties are dominated by noise. Errors
line represents the noise equivalent spectral radiance (NESR)I"rom interferences such as temperature aa® Hvhich can

—8 —2 o1 a1 e

1> 107" Wem™=sr = cm™ = (c) contour plot for OCS Jacobians; - ;¢ ot the observed variability of the OCS estimates, are
(d) vertically integral Jacobians for Cgreen), HO (blue), OCS g )

found to be much smaller than the noise-based error. Conse
(red), CO (orange) and4Xpurple). . .

guently, we can average the OCS estimates as the uncertain-
ties are effectively random. Figure 3 shows the square roots
of the diagonals of the covariance matrices. The dots on the
profile indicate the retrieval levels. Note that the covariance
matrices are calculated in natural logarithm; consequently,

the values are in percentage.
In addition to OCS, we also simultaneously retrieve surface

temperature, bO, CQOp, cloud optical depth, and cloud pres-

sure level. If over land, emissivity is also required to be re-3  TES carbonyl sulfide product

trieved for that spectral region. In this paper, we only report

the retrievals over ocean. We do not take into accountthe im3.1 TES OCS detection limits and retrieval

pact of aerosols on OCS retrievals since the spectral region  characteristics

we use is from the mid-infrared region and aerosols from

biomass burning negligibly affect the retrievals (Shephard etFigure 4 shows comparisons of TES observed radiances near

al., 2011; Verma et al., 2009; Worden et al., 2013). AlthoughMauna Loa with modeled radiances that depend on the set

significant dust from the desert could affect mid-IR (infrared) of geophysical parameters affecting the observed radiance.

retrievals, the current study is limited to over the Pacific andWe choose two examples of TES observations. =d

aerosols there are mostly from biomass burning. ym(H20, COy)” (light blue in Fig. 4a, ¢) is the difference be-
The a priori profile of OCS is set to a constant value of tween the measured TES spectra and the forward model run

500 ppt in the free troposphere and decreases with altituddriven by the retrieved variables such asGiCO, but no

above the tropopause (Fig. 2). No obvious long-term trend iSOCS. “d2= y,(H20, CO2, OCS — y,(H20,COy)” (red in

observed in atmospheric OCS, so at this stage we simply usEig. 4a, c) is the difference between the two forward model

2.3 A priori vectors and constraints
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Fig. 3. Square root of the diagonal values of the covariance matricesjor BO,, and OCS.

runs with and without OCS or considered as the vertically 20060812 U805 Soq0121_Scan003 | 20070728 Runs831_Seq0121 Scan004
integral Jacobians of OCS. The spikes in d1 are related to _ ° e
the OCS absorption in d2, which suggests that without the ; "
simulation of the absorption by OCS, the residuals (d1) are t ™| |
not only the measurement noise but also the absorption by £ **
OCS (d2). Then, we show the residuals after the OCS re- 2 o 07
trieval (d3= yo — ym(H20, CO,, OCS), the light blue lines o e 20 o0 sves s 20rs o w20 2000 2008 o0 aurs
with dots in Fig. 4b, d). The spikes related to OCS absorption @
are no longer shown in d3 and the residuals randomly vary —***
about zero. Dots on d3 indicate the frequency of the channelss **"
selected for the retrievals. pene
Figure 4a and b represent an atmosphere with low OCS ..
concentrations so the OCS signal (d1 in red line) is weak,
about or even below the noise level (dashed lines). Figure 4c ,X,:' — .
and d show strong OCS signals. If OCS is not retrieved with _ 2«oef 3 |
these radiances, the residuals (d1) are biased below zero, e:% o e il
pecially at the region with strong OCS absorption lines near
2050 and 2070 cmt. With the OCS retrieval, however, the ™ e ao me 20 s 0 ar we 2om o o0 e 20 s
residuals (d3) are much more random and symmetric about e o ool

Zero. L ) Fig. 4. Carbonyl sulfide spectral signal in the TES observations. The
Due to the low sensitivity of the TES observed radiances toyop two panels are the TES measured spectra for OCS retrievals. In

OCS, the TES spectrum gives limited information about the(a) and(c), light blue lines without dots (d1) are the differences be-

OCS profile. Therefore, we vertically average the TES re-tween TES measured spectra and forward-model run driven by re-

trieval. In general, under clear-sky conditions, TES estimatesrieved CQ and HO but no OCS; red lines (d2) are differences

are sensitive to the OCS distribution from 900 to 200 hPabetween two forward-model runs with and without OCS or can

with a peaked sensitivity near 400 hPa. The sensitivity of thePe considered as OCS vertically integral Jacobiangb)rand (d)

OCS estimate is primarily determined by the surface temper§h°W” in light t_)lut_a lines with dots (d_3) are the residuals after OCS

ature and thermal contrast between surface and atmospherjgifieval- Dots indicate the frequencies of the channels used for re-

temperature. Figure 5a shows the averaging kernels at differt-neval'. Solid black lines are the zero lines and dashed lines represent

. . . ; L the noise level (NESR).

ent vertical levels for a single sounding retrieval. This figure

suggests that the OCS retrieval sensitivity peaks in the mid-

troposphere. The DOFs for this retrieval are 0.67. The re-

trieved OCS profile is plotted in Fig. 5b as a black line with 3.2 Retrieval error analysis

dots. Because OCS is well mixed in the free troposphere and

the analysis of averaging kernel suggests that TES OCS ed-igure 6 shows the reduction of the uncertainties after the

timates are most sensitive to a vertical range centered nedfES retrieval by comparing the a posteriori uncertainties (or

400 hPa, with less than 1 DOFs, we use the average of the réetal error, dashed line) to the a priori uncertainties (black

trieved OCS between 900 and 200 hPa to represent the TEBe with dots). The total error for an individual retrieval,

retrieved tropospheric OCS (red in Fig. 5b). however, is still quite large and ranges from 50 to 80 ppt,
almost of the same order of magnitude as for the OCS sea-
sonal variations in the Northern Hemisphere. Fortunately,
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Fig. 6. Estimated errors for a single sounding retrieval near Mauna

Loa. The nonoptimal assumed variability used to constrain the OCS
the dominant errors come from measurement noise and aretrieval is the black line with dots. The a posteriori total error is
therefore random. The primary three systematic errors due t§omposed of smoothing error (red), measurement error (light blue),
CO,, H0 and temperature are much smaller (<5 ppt) thanand syst(_ematlc errors due te@ (dark blue), C_IQ (green) and at_—
the measurement error, therefore we plot the original valueg"oSPheric temperature (yellow). Note that since the systematic er-
multiplied by ten in Fig. 6. The error analysis suggests that™®" owing to other trace gases or temperature is quite sma!l com-
by averaging a large number of retrievals, for example aV'g::iSntt(;; é(hb(er?r:LorrsSi‘nV\:lii?;ﬂ?ggt the errors by t. Errors in
eraging the monthly data over multiple years, the total error ' '
can be greatly reduced.

HIPPO data) indicate that the TES OCS retrievals are biased
high by 13%. The 13 % bias could be a combination of the
following effects: (1) the spectroscopic uncertainties in the

To evaluate the performance of the TES OCS retrieval weQCS line parameters, (2) instrument calibration uncertainty,
perform a comparison of monthly means over multiple years3) ffects of ignoring the solar contribution in the forward
between the in situ data and the TES retrieved estimates fdf"°del, and (4) errors from interfering species (€.9.,2CO
seasonal variability over Mauna Loa and for latitudinal gradi- 120; €O and @). The current TES retrieval algorithm uses
ents over the Pacific region. As shown in the previous sectiorj® forward model based on the HITRAN 2008 database.
systematic errors from radiative interferences such g8,H | ne uncertainty for OCS intensities in HITRAN 2008 ranges
COy, and temperature are small, i.e., less than 5 ppt. Meafrom 2 to 20 %. Attempting to quantify each of these effects

surement noise is the largest uncertainty of the OCS estilS Peyond the scope of this paper.
mates (not including “smoothing” error). This measurement The correction for this bias must therefore account for the

noise is random and consequently the OCS estimates caff"Sitivity of the retrieval. For example, if the TES OCS
be averaged with a reduction of error corresponding to thefStimate shows zero sensitivity, the estimate will return to
square root of the number of observations. Additionally, av_the a priori constraint regardless of the spectroscopic uncer-

eraging over multiple years we gain sensitivity to seasonafainties. For this reason we use the following form to es-
and latitudinal variations with the TES data. timate the bias correction by fitting the resulting observed

ocs i : :
By applying the TES averaging kerné, and a priori, = ©CS X corrected With TES OCS, as discussed in Worden et
Xa 10 the in situ observed concentration profidg™) in

3.3 Quality assessment of the TES product and the bias
correction

al. (2006):

logarithm, we can perform the comparison between the TES ocs ocs
tropospheric OCS and vertically convolved observations thaiV In (X correcte() =Min (X std_AK) +MA (dpias) , (6)
accounts for the a priori regularization together with the sen-

sitivity and vertical resolution of the TES retrievals: wherexStSSAK is the volume mixing ratio from the ground-

based or flight observations already convolved with TES av-
In (XsotdCSAK) = |n(Xa)+A(|n (X(sjtdcs) —|n(Xa))- (5)  eraging kernel using Eq. (5A is the TES OCS averag-
- ing kernel matrix. The bias correction factdis) is esti-
Comparisons between the TES OCS retrievals and thenated to be 0.52 by comparing between HIPPO and TES
HIPPO aircraft (after applying the TES operator to the data as discussed nel. is a mapping operator to average

www.atmos-meas-tech.net/7/163/2014/ Atmos. Meas. Tech., 7, 1682-2014
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the profile between 900 and 200 hPa. The process of applying _ weeot _ Heeo2
Egs. (5) and (6) to in situ data is referred to the TES operator. 50_;3'_?7 50:::3?

3.1 Latitudinal gradient over the Pacifi I . § o,
3.3 atitudinal gradient over the Pacific 5 ] ﬁ )‘l,, 7 | 1 C':S / _ 7
The multiyear TES OCS monthly means are compared [ =& e—-— 2 e
to the measurements from five HIPPO aircraft campaigns '™ ™ 20 = = @ oo e
to study the latitudinal variability during different sea- _ mepos _ HipPOs

sons across the Pacific Ocean. We only used the HIPPC
OCS measurements by NWAS-M2 (NOAA Whole Air
Sampler — Mass Spectrometer #2), one of their three g
instruments (OCS_M2 data from HIPPO NOAA Flask
Sample GHG, Halocarbon, And Hydrocarbon Data in file
HIPPO_noaa_flask_allparams_merge_insitu_20121129.tbl; W, o w o w om @
this data file can be downloaded at the website HIPPOS
http://hippo.ornl.gov/dataaccggsVofsy et al., 2011). ‘
The random errors of the TES OCS single-sounding re-
trieval averaged over the free troposphere can vary betweer% 0
50 and 80 ppt. We must therefore average 150 or more of )
these retrievals in order to reduce uncertainty to less than 'Eow
7 ppt, which should be a small enough error for the TES 1w 1w 20 20 a0
OCS data to capture the latitudinal and seasonal variability R
of tropospheric OCS concentrations observed by HIPPO angtig. 7. HIPPO campaign trajectory in black dots. The gray region
Mauna Loa data respectively. In addition, our approach forshows the coverage of overpassed TES measurements within the
comparing between the in situ data and TES data is to assungid box of 10° about each HIPPO measurement and during the
that interannual variability for any given month is “small” +15day period of the years 2006-2010. Both of the HIPPO and

(Montzka et al., 2007) so that we can average multiple yeard ES OCS profiles are vertically averaged between 900 and 200 hPa
of TES data. and latitudinally averaged onto regular grids fronf 35to 35 N

every 10.

Latitude
o

L
100 150

. &w

Prior to comparing the TES data to HIPPO, we first aver-
age all the TES data within 20atitudinal and longitudinal
bins and also withint15 days of each HIPPO profile mea-
surement (Fig. 7 and Table 1). We choosé 49 our bin size  TES operator up to 200 hPa to mitigate the effect of uncer-
since it is small enough to capture the latitudinal variability tainties from the prior OCS in the stratosphere on the com-
of OCS but large enough to obtain a large number of TES reparison (e.g., Worden et al., 2013).
trievals in order to reduce the uncertainty of the average TES We exclude retrievals over land, total SNR (signal-to-noise
OCS within this bin to 7 ppt or less. We use data from 2006ratio) less than 40, cloud optical depth greater than 0.5, and
to 2010 for this comparison. For example, if a HIPPO mea-retrieved chi-square outside the range of 0.8-1.2. With these
surement occurred on 15 November, the TES data betweequality flags, we generally exclude higher latitude or colder
1 November and 30 November for all 5yr are used in theregions. Consequently, the latitudinal range of the TES and
comparison. HIPPO comparisons vary from season to season.

We must therefore average all the HIPPO OCS data in Figure 8a—f show the comparisons between the TES and
the free troposphere in these°l@atitudinal bins (and cor- HIPPO data. The black line shows the HIPPO data, binned
responding month) to be consistent with the TES averagingat 10 latitude and averaged over the free troposphere. Cor-
To reduce the effects variability from short timescale mixing responding TES data are in red. The blue points represent
processes, we also average the HIPPO OCS data verticalthe mean of the HIPPO profile after the set of TES obser-
and then re-map to the TES grid pressure from the surface twation operators in the corresponding latitude bin has been
200 hPa. applied to the HIPPO profile (representing by the black sym-

Finally, the TES observation operator (averaging kernel,bols). The red error bars are the error on the mean between
a priori constraint, and bias correction) from each TES re-the TES OCS estimates and the HIPPO estimate, after the
trieval within a given latitudinal/month bin is applied to TES observation operators have been applied. The red error
the averaged HIPPO profile from the corresponding latitu-bars represent the actual errors and are compared to the cal-
dinal/month bin. Note that this operation is equivalent to culated errors in the next section.
first averaging all of the TES observation operators together The multiyear, monthly-averaged TES retrievals and re-
(within a bin) and applying this averaged TES observationsults from the five HIPPO measurements applied with the
operator to the averaged HIPPO profile. We only apply theTES operator in general exhibit similar latitudinal variations
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Table 1. List of the HIPPO measurement period, correlation coefficient, bias, SD, TES precision and sample number for the comparisons
between TES multiyear monthly data and in situ data. The sample values listed here are the range of the numbers of TES retrievals in the
grid boxes at different latitude bins.

In situ HIPPO1 HIPPO2 HIPPO3 HIPPO4 HIPPO5 MLO  AllHIPPO
Year 2009 2009 2010 2011 2011 2006-2010
First day 01/14 11/04 03/29 06/22 08/22 01/01
Last day 01/26 11/19 04/13 07/07 09/06 12/31
R 0.93 0.80 0.71 0.90 0.61 0.82 0.66
Bias (ppt) 2.34 7.63 022 -230 -555 —14.91 0.06
SD (ppt) 8.14 7.49 6.35 8.01 5.12 4.69 7.74
TES precision (ppt) 4.45 4.50 471 4.55 3.84 7.30
TES sample number 208-716 153-505 139-447 293-428 190-566 77-174
(@) HIPPO: Bias= 2:34 pt; D= 814 ppl; R=083 (%) HIPPOZ: Biao= 7,63 ppl; SD= 749 ppt R=080 centered at Mauna Loa (19.N, 155.6 W) to the ground
o ss. w ;‘ ‘ station measurements at Mauna Loa site (MLO), a high-
el r;/"’_“g\i 1 el 3 altitude site within a global air-sampling network (Montzka
il | ] etal., 2007). The measurements of OCS are from flasks filled
" sl ] " s} ] with ambient air at the Mauna Loa Observatory~a®.4 km
ol ol EE a.s.l. (above sea level) from a tower 40 m above ground level
© @ o ® o« © @ o & W on the side of the Mauna Loa volcano. The measurement pre-
(<) HIPPOS: Bias= 0.22 ppt; D= 635 pot; R=0.71 (& HIPPOA: Bias=-230 ppt; SD= 801 ppt A=090 cision for OCS from flasks is typically less than 1 %. Flask
- :‘ "] - 3 samples are collected in mid-morning and typically repre-
_ seop r,)"—‘—“i 1 _ sor R sent free tropospheric air. The magnitude of the observed
g’:: ] g: * | seasonal variation at this high-altitude surface site is about
saof __/./_/ ] s //'/'/' 1 9% (or 44 ppt). This variation and that derived from other
= 1 ] NOAA flask measurements regularly made in the free tropo-
© @ o » W ©« @ o & sphere (above 2 kma.s.l.) is relatively small compared to the
(0 HIPPOS: Bias=-5.55 pp; SD= 5.12 ppt R=061 (g) MLO: Bins =-15.40 ppt; SD = 487 ppt; A = 0.80 seasonal variation observed at low-altitude continental sites
o T T T T in higher latitudes of the Northern Hemisphere (Montzka et
_ s (a/t\I—!—*j _seof ) 3 3 g al., 2007)
E seor : : Ewor i SRR A In Fig. 8g, we show OCS results by averaging the TES re-
Sl /\_‘/_. Sl | trievals with at least 0.5 DOFs over Mauna Loa within a grid
soof sool /\/ 1 box of 10 by 10° for each month from 2006 to 2010 (red
e % 0w w S dots). The same quality flags used for the HIPPO compar-
Latitude Month

isons are applied. The NOAA Mauna Loa monthly averages
Fig. 8. Individual comparison between TES multiyear monthly OVver the same period, from 2006 to 2010, at the surface site
means and in situ data for latitudinal patteasf) and seasonal ~are plotted in black dots in Fig. 8g. The blue line is the MLO
variations(g). Original in situ data averaged over latitude bins in monthly averages after applying the TES operator. The com-
black; in situ data applied with TES operator in blue; TES data in parison between red and blue suggests that with the TES lim-
red. Bias, standard deviation (SD) and correlatidt)sfor the com-  jted sensitivity, e.g., the DOFs for OCS are between 0.5 and
parison between blue and red are given. Error bar represents the, only about 20 ppt of the seasonal variation that can be ob-
error on the mean (standard variation with_in the grid bin divided by served from space. TES retrieved monthly mean (red dots),
the square root of the number of observations). however, varies consistently with the corresponding ground-
based monthly mean. The error bar shows the error on the
mean of TES monthly values. On average, the uncertainty of
Hwese TES monthly means is about 7 ppt and SD of the differ-
ences is about 5 ppt. There is abett5 ppt bias, larger than
the bias in HIPPO-TES comparisons, as expected because
MLO data is a point measurement of the lower tropospheric
3.3.2 Seasonal variations over Mauna Loa OCS concentration near the surface at 3.4km instead of a
profile measurement as HIPPO data.
We also perform a comparison of the TES multiyear monthly
average within a grid box of Oby 10 latitude/longitude

with fairly good correlation coefficientsR(> 0.6). Although
small differences remain in each comparison, the standar
deviation (SD) of their differences is consistent with the mag-
nitude of the calculated mean errors.
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Fig. 9. The correlation plot of TES versus HIPPO in situ data with 0.0 ... Q ‘Sirt/e‘ AP YA P TP P T R C T
the TES operator. The dashed line shows the linear fit and the solid -
line is a one-to-one line for reference. The bias is close to zero be- 00 05 1.0 1.5 20 25 3.0
cause it has been removed by the TES operator. SD of the difference Standard Deviation
is 7.74 pptandR is 0.66. The color indicates the comparison to each ] o
HIPPO campaign. The error bar is the error on the mean. Fig. 10. Taylor diagram of TES OCS as compared to in situ data.

The radius of the diagram is in units of the standard deviation of the
observations of the in situ data and the angle indicates the correla-
tion to the in situ data. Perfect agreement with in situ observations is
always located at one standard deviation and correlation of 1 (pur-
. . ple dot). The distance to the purple dot indicates the error. Individual
Figure 9 ShOWS the corrglatlon of TES mont.hly OCS to acomparisons between TES and in situ data as in Fig. 8 are plotted as
corresponding HIPPO estimates convolved with the TES 0p+eq dots and the comparisons of TES to all HIPPOSs as green dots.
erator. TES OCS shows a fairly good correlatiéh=£ 0.66)

with these bias corrected in situ data, which were obtained

with the TES Operator during different months of the year. and TES precision_ The Mauna Loa TES data has |arger er-
The bias has been removed using the TES operator and ther pars than HIPPO-matching TES data simply because its
calculated TES overall SD error is about 7.74 ppt. The essample size is much smaller than the number of TES data for
timated precision of these averaged TES OCS estimates iéorresponding HIPPO measurements.

about 5 ppt (the average of the total errors from single sound- A Taylor diagram in Fig. 10 shows the performance of the
ings divided by square root of the number of observations).TES observed spatiotemporal pattern and variability com-
The remaining difference between the calculated SD erropared to the processed in situ observations for different com-
and TES precision can be explained by (1) the averaging oparisons. The radius of the diagram is in the units of the stan-
TES data over several years whereas the OCS is expecteghrd deviation of the patterns observed from in situ data and
to have some interannual variability, for example, due to Elthe angle indicates the correlation to the in situ data. The per-
Nifio—Southern Oscillation (ENSO); (2) additional variance fect agreement with in situ observations is always located at
because the retrieval problem is nonlinear or (3) because of standard deviation and correlation of 1 (purple dot). The
bias or smoothing errors from the co-retrievedG@d HO  distance to the purple dot indicates the error. Individual com-
estimates (Fig. 6). Based on this comparison we would eXparisons between TES and in situ data as in Fig. 8 are plotted
pect the accuracy of the TES OCS retrievals to have an uppejs red dots and the comparisons of TES to all HIPPOs as
bound of 5ppt (not including the bias likely due to spec- green dots. In general, correlations are at least more than 0.6

troscopy) in order to explain the remaining difference be-and TES always observes larger variability than in situ ob-
tween the precision and the overall SD error to HIPPO data.servations.

The calculated error is well explained by the expected
error and is less than the magnitude of the observed sea-
sonal variation and latitudinal gradient from the aircraft and4 Conclusions
surface data. The maximum—minimum differences for both
latitudinal and seasonal variations are in general more thamn this paper we describe an approach to retrieve atmospheric
10 ppt. Therefore, with the current precision, TES multiyear carbonyl sulfide from TES spectra over the ocean and eval-
monthly OCS is capable of detecting both latitudinal and sea-uate the results against in situ data. The retrieved results are
sonal variations. Table 1 summarizes comparisons for eacbbtained by fitting the OCS absorption band ranging from
data set by listing correlation coefficiert) bias, SD error 2034 to 2075cm!. Simultaneous retrieval of interfering

3.3.3 Comparison to all HIPPO data
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species including water vapor, GQOsurface temperature, Berry, J., Wolf, A., Campbell, J. E., Baker, I., Blake, N., Blake,
cloud optical depth and cloud pressure, based on the previ- D., Denning, A. S., Kawa, S. R., Montzka, S. A., Seibt, U.,

ous retrieved values, minimizes the impact of the systematic Stimler, K., Yakir, D., and Zhu, Z.: A coupled model of the
errors. global cycles of carbonyl sulfide and GQOA possible new win-

We carry out an initial assessment of the TES retrieval go‘_’_"lgr‘lg%‘z/‘?arb%gyg%l‘; Geophys. Res.-Biogeo., 118, 1-11,
performance over ocean regions by comparing TES multi-_ 9°/-10-1002/jgrg.2006 .

ear monthly averages at Mauna Loa with the corres ondPloaniSt‘ J. M., Montzka, S. A., Munger, J. W., Yakir, D., Desal,
y y g P A. R., Dragoni, D., Griffis, T. J., Monson, R. K., Scott, R. L., and

Ing grognd-based observations (MLO). We also CO”?F_’ared Bowling, D. R.: The potential of carbonyl sulfide as a proxy for
the multiyear monthly mean TES data across the Pacific be- gross primary production at flux tower sites, J. Geophys. Res.,
tween 33 S and 33N with measurements made during the 116, G04019, do1:0.1029/2011jg001722011.
five HIPPO campaigns across this region. Bowman, K. W. Rodgers, C. D., Kulawik, S., Worden, J.,
The retrievals have maximum sensitivity between 300 and Sarkissian, E., Osterman, G., Steck, T., Lou, M., Elder-
500 hPa but with DOFs that are typically less than 1.0. The ing, A., Shephard, M., Worder, H., Lampel, M., Clough,
typical uncertainties for a single observation, averaged over S.. Brown, P., Rinsland, C., Gunson, M., and Beer, R.:
the troposphere, range from 50 to 80 ppt. However, the uncer- Tropospheric_ emission spectrometer: retrieval method and
tainties are primarily driven by noise in the TES spectra and ©0r analysis, IEEE T. Geosci. Remote, 44, 1297-1307,
consequently, these observations can be averaged to redu e,(.jo':10'1109/TGRS'2006'871232006'
the error. The TES data are biased high by about 13 % bu%ruhl, C., Lellevgld, J., Crutzen, P. J., and Tos_t, H.: The role of
) . 7 carbonyl sulphide as a source of stratospheric sulphate aerosol
when averaged over multiple years and after accounting for _ o impact on climate, Atmos. Chem. Phys., 12, 1239—1253,
the TES OCS sensitivities and noise, these data can capture o;:10.5194/acp-12-1239-2012012.
the seasonal and latitudinal variability of tropospheric OCS.campbell, J. E., Carmichael, G. R., Chai, T., Mena-Carrasco, M.,

A future algorithm will examine the variability of quantify- Tang, Y., Blake, D. R., Blake, N. J., Vay, S. A., Collatz, G. J.,
ing OCS over land; this algorithm will include an estimate of  Baker, I., Berry, J. A., Montzka, S. A., Sweeney, C., Schnoor,
surface emissivity, which can vary strongly enough to influ- J. L., and Stanier, C. O.: Photosynthetic control of atmospheric
ence the OCS retrieval. Care must therefore be taken to iden- carbonyl sulfide during the growing season, Science, 322, 1085—

tify regions where emissivity variations are small enough to 1088, doi10.1126/science.1164012008. _
allow for an accurate estimate of OCS. Chin, M. and Davis, D. D.: Areanalysis of carbon sulfide as a source

of stratosphere background sulfer aerosol, J. Geophys. Res., 100,
8993-9005, 1995.
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