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Abstract. We present a detailed description of the TES 1 Introduction

methanol (CHOH) retrieval algorithm, along with initial

global results showing the seasonal and spatial distribution of

methanol in the lower troposphere. The full development ofGlobal high-spectral resolution nadir measurements from the
the TES methanol retrieval is described, including microwin- 1ropospheric Emission Spectrometer (TES), a Fourier Trans-
dow selection, error analysis, and the utilization of a priori form Spectrometer (FTS) on NASAs Aura platform, enable
and initial guess information provided by the GEOS-Chemthe simultaneous retrieval of a number of tropospheric pol-
chemical transport model. Retrieval simulations and a senlutants and trace gases, in addition to the TES standard op-
sitivity analysis using the developed retrieval strategy showerationally retrieved products such as carbon monoxide and
that TES: (i) generally provides less than 1.0 piece of infor-0zone. Methanol (CkDH) is one of the additional species
mation, (ii) is sensitive in the lower troposphere with peak that can be retrieved in conjunction with the TES standard
sensitivity typically occurring betweer900-700 hPa{1— products, and is important for local, regional, and global
3km) at a vertical resolution of5km, (iii) has a limit of tropospheric chemistry studies. Methanol is the most abun-
detectability between 0.5 and 1.0 ppbv Representative Voldant non-methane volatile organic compound (VOC). Oxi-
ume Mixing Ratio (RVMR) depending on the atmospheric dation of methanol is a major source of carbon monoxide
conditions, corresponding roughly to a profile with a max- (CO) and formaldehyde (HCHO) (Hu et al., 2011) and leads
imum concentration of at least 1 to 2ppbv, and (iv) in a to production of tropospheric ozone {fXTie et al., 2003).
simulation environment has a mean bias of 0.16 ppbv with aHowever, methanol sources and sinks are poorly quanti-
standard deviation of 0.34 ppbv. Applying the newly derived fied, with estimated global emissions ranging from 120 to
TES retrieval globally and comparing the results with corre-340 Tgyr* (Millet et al., 2008). The main source of atmo-
sponding GEOS-Chem output, we find generally consistengpheric methanol is biogenic emissions from terrestrial and
large-scale patterns between the two. However, TES oftefinarine biota, with other sources including photochemical
reveals higher methanol concentrations than simulated in th@roduction, biomass burning, and anthropogenic emissions
Northern Hemisphere spring, summer and fall. In the South{MacDonald and Fall, 2003; Heikes et al., 2002; Tyndall
ern Hemisphere, the TES methanol observations indicate &t @l., 2001; Holzinger et al., 1999; de Gouw et al., 2005).
model overestimate over the bulk of South America from De- The predominant methanol sinks are photochemical oxida-
cember through July, and a model underestimate during th&on by OH, ocean uptake, and deposition (Millet et al., 2008;

biomass burning season. Stavrakou et al., 2011).
The first satellite retrievals of methanol were based on

observations from the Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS) (Dufour et al.,
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2006, 2007). The ACE-FTS provides limb measurements)ected methanol spectral microwindows, a priori profiles,
which are confined to the upper troposphere and lower stratoand constraints. Section 3 examines the sensitivity of the al-
sphere. The first satellite observations of lower tropospherigorithm, provides error estimates, and introduces a useful
methanol were reported by Beer et al. (2008) using TES-metric for comparing TES methanol with model output and
Aura nadir infrared FTS spectra. That study presented prein situ observations. Section 4 compares TES methanol re-
liminary TES retrievals over China and Southern Califor- trievals with simulated concentrations from the GEOS-Chem
nia for two limited time periods. The Infrared Atmospheric model during 2009, and provides an assessment of the algo-
Sounding Interferometer (IASI) instrument, also an FTS, re-rithm performance. Section 5 provides a summary and dis-
trieves CHOH in nadir viewing mode using the thermal in- cusses the potential for future improvements to the algorithm
frared spectral region. The excellent spatial coverage of thgerformance.

IASI instrument, coupled with a very simple and fast retrieval

based on the conversion of brightness temperature differ- ) )

ences into total column concentrations, has provided a globaf 1 £ Methanol retrieval algorithm

picture of the distribution of atmospheric methanol (Razavi
etal., 2011).

TES has a higt:ﬁlspectral resolution of 0'06&'7100” The TES methanol retrieval is based on an optimal estima-
pared to 0.5-1.0 cnt for the other infrared satellite sensors 45, approach that minimizes the difference between the ob-

currently flying. TES’s combination of high spectral resolu- gryeq spectral radiances and a nonlinear radiative transfer
tion and good signal-to-noise ratio (SNR) in the methanol re-pqqg| driven by the atmospheric state, subject to the con-
gion (Shephard etal., 2008) provides the capacity to measurgyaint that the estimated state must be consistent with an a

meth7anol concentrations close to the surface. Furthermorgy o probability distribution for that state (Bowman et al.,
Aura’s sun-synchronous orbit has a daytime local overpassgog). if the estimated (retrieved) state is close to the actual
time of 1330 mean solar time, providing favorable condi- giate  then the estimated state can be expressed in terms of

tions for high thermal contrast and thus increased sensitivipg actyal state through the linear retrieval (Rodgers, 2000):
ity to boundary layer methanol. In comparison, IASI has an

apodized spectral resolution of 0.5chand a local overpass % = x, +A(x —x,) + Gn + GK,(b — b,) (1)
time of 930 mean solar time. Both instruments have night-
time overpasses 12 h later. As a result, TES has the poterwherex, x,, andx are the retrieved, a priori, and the “true”
tial to be more sensitive to near-source methanol variationstate vectors, respectively. For TES trace gas retrievals, these
than other available sensors. Another important advantage dire expressed as the natural logarithm of volume mixing ra-
high spectral resolution is that it allows for selection of spec-tio (VMR). G is the gain matrix, which maps from measure-
tral regions (microwindows) that reduce the impact of inter- ment (spectral radiance) space into retrieval (profile) space.
fering species, and therefore of systematic errors in the reThe vectom represents the noise on the spectral radiances.
trievals. These sensor characteristics, coupled with a sophisFhe vectorb represents the true state for those parameters
ticated global retrieval algorithm, can provide high-fidelity that also affect the modeled radiance (e.g., concentrations of
information on atmospheric methanol over a wide range ofinterfering gases, calibration, etc.). The vedtgrholds the
temporal and spatial scales. corresponding a priori values, and the Jacolkgn= oL /db
A comparison of TES methanol retrievals with aircraft describes the dependence of the forward model radidnces
measurements from numerous campaigns (Wells et al., 201N the vectob.
showed that the TES data are consistent with in situ measure- The averaging kernel, describes the sensitivity of the
ments. This validation provided the basis for using the TESretrieval to the true state:
data to quantify the seasonality of biogenic methanol emis- -
sions from temperate landscapes (Wells et al., 2012). XiacA = — = (K'S 'K + 5, 1)"IK"s 1K = GK 2)
et al. (2012) showed that GE®H/CO ratios obtained from dx
TES observations during the MILAGRO campaign in Mex- whereK is the sensitivity of the forward model radiances
ico, where there are strong anthropogenic methanol source$p the state vector = 9L /9x). S, is the noise covariance
were distinctly different from those over the Amazon region, matrix, representing the noise in the measured radiances, and
where emissions are principally biogenic. This study demon-S; is the constraint matrix for the retrieval.
strates that TES has sufficient sensitivity to provide valuable For profile retrievals, the rows oA are functions with
information on global sources of methanol. some finite width that give a measure of the vertical reso-
This paper describes the TES methanol retrieval algodution of the retrieval. The sum of each row Afprovides a
rithm and illustrates its capabilities by examining seasonalmeasure of the fraction of retrieval information that comes
methanol variability across the globe during 2009. Sec-from the measurement rather than the a priori (Rodgers,
tion 2 provides a description of the optimal estimation re- 2000) at the corresponding altitude, provided that the re-
trieval approach and algorithm strategy, including the se-trieval is relatively linear. The trace of the averaging kernel

2.1 Retrieval methodology
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TES CH,OH Microwindows Table 1.Background and molecular amounts used in Fig. 1.
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1020 1025 1030 avenumer m® 0 1045 1050 optical depth and height, and surface temperature and emis-

sivity (Kulawik et al., 2006). For this initial study we only
Fig. 1. TES simulated spectra and residuals. Top panel: TES simuperformed retrievals where the TES retrieved cloud opti-
lated spectra for background amounts 904 CO,, O3, NHz, and 3| depths were< 1.0. Details on the Line-By-Line Radia-
CH3OH (black line), and for enhanced amounts of each moleculetiVe Transfer Model (LBLRTM) and the fast forward model
(colored lines). Note that in several cases the perturbed SpeCtr;OSS-TES) used for the forward model calculations can be

are obscured by the reference spectrum. Bottom panel: residual .
computed as the reference spectrum minus the perturbed spect pund in Clough et al. (2005), Moncet et al. (2008) and Shep-

ra.

In both panels the red triangles show the microwindows used 1‘orﬁard etal. (2009).

the methanol retrieval. See Table 1 for background and enhance . ]
amounts. 2.2 TES CHzOH microwindows

Rather than using an entire TES band, the TES retrieval algo-
matrix gives the number of degrees of freedom for signalfithms define spectral microwindows for retrieving each pa-
(DOFS) from the retrieval. rameter, in order to reduce the impact of interfering species

An advantage of the optimal estimation retrieval approachang increase computational speed. Appropriate microwin-
is that an error estimate can be computed in a straightforgow selection is non-trivial for C§DH, as it is active in the
ward manner based on retrieval input parameters. The totgb_pranch of the ozone band, and ozone dominates the TOA
error on the retrieved profile can be expressed as the sum gfdjance in this spectral region. We tried two approaches: a
the smoothing error, the measurement error and the systen@HSOH_omy retrieval, and a simultaneous @BH/Os re-
atic errors (Worden et al., 2004). The total error covarianceyjeyal with highly constrained © In each case various mi-
matrix S, for a given parametex on the retrieved levelsis  crowindows were evaluated based on how the retrievals com-
given by: pared to an ensemble of airborne in situ measurements de-
scribed by Wells et al. (2012). These measurements included
data from recent North American aircraft campaigns over
the US, Canada and Mexico during 2006 and 2008. Wells
whereS, is the expected covariance of the non-retrieved pa-et al. (2012) used the GEOS-Chem model as a transfer stan-
rameters. The first term on the right-hand-side is the smoothdard for comparing the TES retrievals with the aircraft data
ing error, i.e. the uncertainty due to unresolved fine struc-since there was limited direct overlap between the space-
ture in the profile; the second term is the error originatingborne and airborne measurements. The best TES perfor-
from random noise in the spectrum; while the last term rep-mance, based on consistency between the aircraft:model and
resents the error from uncertainties in the non-retrieved for-TES:model slopes and correlation coefficients, was obtained
ward model parameters, some of which are systematic antbr the methanol-only retrievals, and when using microwin-
some of which change from retrieval to retrieval. The esti- dows that include only those spectral regions with the highest
mated errors will be discussed in Sex. CH3OH signal. Figure 1 uses simulated sensitivities to show

The relatively low spectral contribution of the methanol the radiatively active species in this region. The background
infrared nadir signal {1 K brightness temperature for an and enhanced values used to calculate these sensitivities are
enhanced profile) to the top of the atmosphere (TOA) ra-shown in Table 1.
diance compared with that of the background atmospheric The ozone signal is dominant in this spectral region and
state presents additional retrieval challenges relative to moréhere are no spectral lines free of ozone influence. Thus an
abundant species such as ozone or water vapor. We hawccurate CHOH retrieval requires an ozone retrieval with
therefore provided here a detailed algorithm description. Thaninimal residuals. Water vapor and ammonia are active on

S = (Axx —DSu(Ar — D" +GS,G” + ) "GK|S,(GK))" (3)
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CH3;OH from GEOS—Chem 2004: Pressure = Surface

February

CH;OH (ppbv)
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Fig. 2. Methanol in surface air as simulated by the GEOS-Chem model for 2004.

Table 2. Microwindows for TES CHOH retrievalg. Enhanced Marine: 8.5%

00— 200
. 400" . 400}
Index TESFilter vy (cm™1) vy (cm™d) ! I §"
© 600 1 @ 600
1 1B2 1032.32 1032.56 % I ] g |
2 1B2 1032.86 1034.48 o 80 ] & 8o
- 1000/ 1 1000
* v1 andvy, represent the left and right edges of the 0 5 P P 10 o 5 p 5 10
microwindows. CH,OH (ppbv) CH,OH (ppbv)
Clean Continental: 30.5% Enhanced Continental: 8.6%
200 ] 2007 B ]
the edges of the selected @BH microwindow, but since g % ]
these regions are only weakly weighted by thezOH Ja- 2 600, § 600
cobian we decided to include them in order to maximize the § 800‘ -
signal: only three spectral points around the maximum of the” | Y
water line near 1032.78 cm were excluded to avoid undue o 100 e B
interference from water vapor in the methanol retrievals. The CHLOH (ppbY) CHLOH (ppbv)
microwindows for the TES C§DH retrieval are presented in Fig. 3. Methanol profiles simulated by GEOS-Chem over the entire
Table 2. globe for 2004 binned by type (in grey). The mean profiles for each
o ) ) category, shown in color, are used as a priori profiles in the TES
2.3 A priori profiles and constraints methanol retrieval. See text for details.

Atmospheric CHOH varies substantially both geographi-

cally and seasonally, as illustrated in Fig. 2, which showsfiles were classified as clean if the maximum concentration
GEOS-Chem monthly mean GBH volume mixing ratios  below 500 hPa was less than 1.0 ppbv, and enhanced other-
at the surface. The GEOS-Chem methanol simulation as usedise. The enhanced profile over ocean corresponds to scenar-
here is described in detail by Millet et al. (2008). Four a pri- ios with outflow from continental regions. Profiles over land
ori profiles were generated, two over ocean and two ovemwere classified as clean if the surface concentration was be-
land, starting from a GEOS-Chem model run on a 2° lati- low 2 ppbv, and enhanced otherwise. Figure 3 shows the in-
tude by 2.5° longitude grid for 2004. Over the ocean, pro-dividual profiles and the averaged profiles for each category.

Atmos. Chem. Phys., 12, 8188203 2012 www.atmos-chem-phys.net/12/8189/2012/
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for the Four GEOS-Chem CH;OH Cases obtained during the second phase of the Arctic Research of
T oo | the Composition of the Troposphere from Aircraft and Satel-
lites (ARCTAS) campaign (Jacob et al., 2010) over central
Canada in June 2008, and shows the reduction of the original
residual via the retrieval process. While in this example the
methanol feature is clearly visible in the residuals, it is still
a relatively weak signal and the amount of information that
can be obtained from the TES spectrum is limited. This is
confirmed by an analysis of the averaging kernel, shown in
the left panel of Fig. 6. The averaging kernel is the sensitivity
of the TES retrieval at each level; for this observation (scan)
TES is most sensitive to a 3 km region centere¢t800 hPa
o L ] (~2km), with ~1.0 degrees of freedom for signal (DOFS).

00 02 04 SQ%‘IS'oftheOIj?ag A The shape of the averaging kernels shown here is common

to the vast majority of the C{DH retrievals performed, with
Fig. 4. Square root of the diagonal of the covariance matrices forpeak sensitivity typically ranging from 900 to 700 hPa de-
each of the profile types shown in Fig. 3 (green: clean marine, bluepending on the atmospheric state. The DOFS are usually
enhanced marine, yellow: clean continental, red: enhanced contisubstantially lower than shown in the example: for the over
nental). Note that the covariance matrix is calculated in log space. 2000 successful retrievals performed over land from the TES
Global Surveys during July 2009, 52 % had DOF8.5, and
) . 21% had DOFS- 0.8. For the more limited and homoge-

We employ these four average profiles as the TES a priorhoq s dataset formed by the TES retrievals coincident with
profiles, with each model grid box and month assigned one o{,a second phase of the ARCTAS campaign during June and
these representative profiles. At the start of the TES retrieval\,]my of 2008 over Canada, 81 % had DOF$.5 and 45 %
the observation coordinates and month are used to select the,§ hoFs. 0.8. These higher DOFS reflect stronger signals
appropriate stored a priori profile; this initiates the retrieval 4o to active plant growth and biomass burning. Given the
in the most likely region in retrieval space, and increases theexpectation that detectable GBIH signals would rarely be
probability of finding an optimal solution. The initial guess ¢,,nq over ocean, only a limited number of marine retrievals
for each retrieval is always set to an enhanced profile, eithej, oo performed, of which 8% had DOES).5. However,
ocean or land, in order to avoid falling into null space on ¢, 5 set of 26 retrievals over the Pacific Ocean downwind
the first retrieval step. Note that the a priori profile may thus ¢ e Australian Black Saturday fires during February 2009,
differ from the initial guess. 84 % had DOFS- 0.7.

T_he variability in each of the four a priori prqfiles is also Having typical retrievals with DOFS on the order of one
derived from the GEOS-Chem model data. Since the TES,; |es5 signifies that there is at most only one piece of in-

retrieval algorithms operate in log space in order t0 span thgg mation. Therefore, the shape of the retrieved profile is
wide range of concentrations and avoid negative results, theongly determined by the a priori profile. It would there-
constraint matrices and the averaging kernels are also calCyg e seem reasonable to retrieve column scale factors, but the

lated in this space. Figure 4 shows the square roots of thegnitivity of the retrieval at any given level varies substan-
diagonals of the covariance matrices, which are the basis fO{ia”y from profile-to-profile depending on the atmospheric

generating the constraint matrices used in the retrievals. Theiate 5o that it is in fact advantageous to retrieve;GH
diagonals were modified to reflect the sensitivity of TES: 5; 5 r’lumber of levels. However, for creating maps or com-
where there is no TES sensitivity (€.9., above 400 hPa), they, g with model output or in situ observations, it is use-

variability is reduced in order to obtain tighter constraints ¢ 1 collapse each TES profile into a single value that re-
at levels with no information from TES. The reduction Was fjects the information provided by the satellite, and is mini-

achieved by applying a Gaussian based tapering to the dig 41y affected by the retrieval a priori. To address this issue,
agonal; of the covariance matrix. The off-diagonals of thegger et al. (2008) used an averaging kernel weighted volume
constraint matrix were generated based on a 1-km correlamixing ratio (AKVMR) for TES ammonia and methanol re-
tion length. trievals, while Payne et al. (2009) developed a representative
tropospheric volume mixing ratio (RTVMR) metric for TES

400

500

600

700

Pressure (hPa)

800

900

1000

3 TES methanol product methane profiles. Building from the concepts used in these
two approaches, Shephard et al. (2011) developed a more
3.1 TES CHg OH retrieval characteristics general Representative Volume Mixing Ratio (RVMR) met-

ric that maps the VMR values from all the retrieval levels
CH3OH is active in the P-branch of the 9.6 um ozone band.into a subset that is more representative of the information
Figure 5 illustrates the methanol signal in a TES spectrum
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Fig. 5. Sample TES methanol measurement over central Canada {99.306.52 W) on 23 June 2008, which coincided with the second

phase of the NASA ARCTAS campaign. Top panel: spectral brightness temperature observed by TES. Second4tiHeligDil, obtained

by differencing third and fourth panels. Third panel: measurement-model residuals based on the initial guess methanol profile. Fourth panel:
measurement-model residuals following the methanol retrieval.

provided by the measurement (Eq. 4),

RVMR = eXpZ(wixi) 4)

200 T T
CH,OH DOFS = 0.97 Retrieval
— 975.2 hPa where for each level, w is the weighting function derived
—— 908.5 hPa from the TES sensitivity, as represented by the averaging ker-
—— 825.4 hPa nel, andx is the log of the retrieved mixing ratio.
300 —— 749.9 hPa 1 . .
— 681.3 hPg The RVMR represents an averaged value with the influ-
. —— 619.0 hPa ence of the a priori reduced as much as possible. The level
£ 400 562.3 hPa ] to which the influence is reduced depends on the available
b information content for the observation: if there is one piece
5 of information from a given retrieval then a single RVMR
g 500, 1 value can be generated with almost all of the a priori removed
a (Shepherd et al., 2011). As described by Payne et al. (2009),
600 1 removing the effect of the a priori simplifies comparisons
200k | with in situ data. This is especially true for a species with
low DOFS such as C§OH, where the profile shape, and thus
800T 1 the value at any given level, is strongly determined by the a
9001 : priori.
1000 WL Leviiiin Leviiiin Lovoiiiin RO B By collapsing all the available information to a single
0.0 0. 62 03 041 1.0 10.0 value, the RVMR becomes a metric that is sensitive to differ-

CH,OH Averoging Kernel CH,OH (ppb) ent atmospheric conditions but can be easily correlated with

point measurements. In principle, comparisons with model
putput would not require the RVMR calculation, but use of
Representative Volume Mixing Ratio (RVMR) and the red lines the RVMR reduces the impact of the ChOIC§ of the a priori,
show the vertical extent over which the RVMR applies. and enables model/measurement comparisons that encom-
pass all the available information.

The right panel of Fig. 6 illustrates this mapping from pro-
file to a single RVMR point for the ARCTAS case discussed

Fig. 6. Averaging kernel (left) and retrieved methanol profile (right)

Atmos. Chem. Phys., 12, 8188203 2012 www.atmos-chem-phys.net/12/8189/2012/
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Table 3. Simulated retrieval results at level of maximum sensitivity
(825 hPa for continental and clean marine cases, 619 hPa for en-
hanced marine case).

00 Retrieved profiles
‘ n= 1388

600 A priori Mean  Bias SD§)
(ppbv)  (ppbv)
Clean Marine 0.46 0.02 (4 %) +0.02 (4 %)
700 | Enhanced Marine 0.83 0.13(16%) +0.10 (12 %)
Clean Continental 2.3 0.52 (22%) +0.56 (24 %)

800 Enhanced Continental 4.9 0.30 (6 %) +0.57 (12 %)

900 {
ther enhanced marine or enhanced continental, as discussed

L - - i - /. in Sect. 2.3. The retrieved profiles have a mean positive bias
CH.OM (ppb) 2 pitievence (opby) | C 00 10 1820 of 0.16 ppbv at 825 hPa with respect to the true profiles with
TES operator applied (Fig. 7). This low value indicates that
Fig. 7. Simulated methanol retrievals over North America in July the retrieval is performing well under ideal conditions, and

2008. Colored curves indicate the a priori selection (green: cleaqh‘,:lt the systematic errors inherent in the algorithm are mi-
marine, blue: enhanced marine, yellow: clean continental, red: en-

hanced continental). Left panel: retrieved profiles, with the mean re- A more refined picture of the retrieval bias and variance
trieved profile in black. Middle panel: retrieved minus true profiles. P

The solid line shows the mean bias, while the dashed line showdVa&S obtained by binning by "’,1 priori ty.p.e, as show in T"?"
the standard deviation of the bias. Right panel: sum of the averagP!@ 3. Note that the set of profiles classified as clean marine
ing kernel rows (SRAK) for each profile, with the mean in black. had a mean RVMR below the detection limit of the algo-
Means and standard deviations are not calculated for the surfaceithm (~1 ppbv, see Sect. 3.3). The mean DOFS for this set
level, since the height of this levels ranges from above 1000 to lessvas 0.03, thus the retrieval had virtually no information and
than 800 hPa. essentially returned the a priori profile. Retrievals using the
“enhanced marine” a priori had a mean positive bias of ap-
proximately 16 %, driven by proximity to the low end of the
above. The mapping also provides the vertical range ovealgorithm sensitivity. The “clean continental” profiles pre-
which the RVMR is valid, which corresponds to the TES sented a similar bias, which in this set was caused by the
vertical resolution for CHOH. Please see the Supplement retrieval occasionally significantly overshooting the true an-

1000
0

for further discussion of the RVMR. swer. Finally, the enhanced continental cases, for which the
methanol signal is relatively strong, show a 6 % positive bias.
3.2 Evaluating retrieval performance using simulations While the bias is small, an examination of the retrieved

profiles in Fig. 7 reveals that the algorithm tends to increase

To test the performance of the retrieval algorithm, a serieshe amount of methanol in the region where TES is most
of retrievals were performed using simulated TES spectrasensitive, between 700 and 900 hPa, distorting the profile
calculated from 1340 TES Level 2 profiles combined with shape. This provides an additional argument for using the
known methanol profiles. These “truth” profiles were gener-RVMR when comparing TES data with in situ measurements
ated from a perturbed GEOS-Chem simulation, corresponder model output, as it removes the impact of this artifact.
ing to one of the scenarios modeled by Millet et al. (2008), in
which plant growth emissions were increased by 63 %, and3.3 TES methanol detection limits
total terrestrial emissions by 43 %, relative to the baseline
GEOS-Chem simulation used to build the a priori profiles. A key parameter for assessing the utility of the TES;OH
These profiles were employed by the radiative transfer modetetrievals is the limit of detection: i.e., the minimum con-
to generate TOA radiances. Random noise based on TES ireentration threshold for detecting this species, or more ex-
strument noise characteristics was then added to the calclicitly the atmospheric CEOH concentration required for
lated radiances. the retrieval to return a value that is appreciably different

These simulated radiances were provided as inputs tdrom the a priori. To quantify this, we focused on a series
the retrieval algorithm, and the retrieved profiles comparedof observations from a TES Global Survey (GS) run from
against the known “true” profiles. For these simulated re-February 2009 during the NASA Intercontinental Transport
trievals, the a priori profile for each case was selected fromExperiment-Phase B (INTEX-B) aircraft campaign (Singh
one of the four a priori profiles described above based oret al., 2009). A sample of the results is shown in Fig. 8. In
time of year and location. The initial guess profiles for the each case we computed simulated radiances using the stan-
retrievals were determined by location only, and set to ei-dard TES retrieved variables (water vapor, ozone, methane,

www.atmos-chem-phys.net/12/8189/2012/ Atmos. Chem. Phys., 12, 88323 2012
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Fig. 8. Methanol spectral signal in the TES observations. Shown are sample differences between measured TES spectra and forward mode
runs with no methanol (red curves), and the corresponding differences between forward model runs with retrieved methanol and no methanol
(light blue curves). The methanol radiance is the mean of the latter over the spectral range highlighted in dark blue. The dotted lines indicate
the expected noise level.

surface temperature, emissivity, and cloud optical depth analear methanol signals. This analysis illustrates that the mea-
height) and the retrieved GJ@H profile; this calculation was  sured residuals match the methanol radiances quite well, and
then repeated for the same atmosphere witholg@HH The  that the agreement increases with increasing signal strength.
measured residual in the methanol band was computed b¥his not only provides confidence that the retrieval is robust,
subtracting the latter radiance from the measured TES spedut suggests a reasonable metric for determining detection:
trum (red curve in Fig. 8). the ratio of the methanol radiance to the expected noise, or
We then calculated the methanol signal by differencing thesignal-to-noise ratio (SNR).

two simulated radiances (light blue curve in Fig. 8). The esti- The SNR was calculated for all the successful TES
mated TES noise level in this spectral region is shown as dotCH3zOH retrievals over land from an October 2009 Global
ted lines. We defined the “methanol radiance” as the mean oSurvey. Figure 9a shows the corresponding RVMR values
the methanol signal (dark blue) over the spectral points wherglotted as a function of the SNR. There is a linear relation-
this signal was greater than the noise in the retrieval window:ship, with some scatter, between RVMR and SNR for RVMR

if the methanol signal never rose above the noise we calculess than 2. For most RVMR values greater than 0.5, the
lated the methanol radiance as the mean methanol signal ov&NR is greater than 1 (circles are filled), and even for RVMR
the three points closest to the peak of the methanol featuresalues less than 0.5 there are a number of cases with SNR
In Fig. 8, the top panel shows no methanol signal, the secgreater than 1. Thus, the minimum detectable RVMR lies in
ond panel a very weak signal, the bottom three panels verghe range of 0.5 and 1.0 ppbv, depending on the atmospheric
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Fig. 9. Signal-to-noise ratio (SNR) and degrees of freedom for sig- Fig. 10. Sequence of retrieved methanol RVMR values from TES
nal (DOFS) in the TES methanol observations. Left panel: RVMR fr the October 2009 GS used in Fig. 9. The x-axis values are simply
values as a function of the SNR for a Global Survey from October g, jndex indicating order in time. The error bars include both noise
2009. Right panel: DOFS as a function of SNR for the same Globalyng smoothing error.

Survey. Empty circles have SNR1.0.

Hessian, given by

conditions. This corresponds roughly to a profile that reache 1 Tool
a peak concentration of at least 1 to 2 ppbv. H= S HKES K ©)
Users of the TES methanol product will not be provided asEstimated errors were calculated for the same October 2009
a matter of course with the methanol radiance value. A plau-Global Survey used to generate the relationships shown
sible proxy for the methanol radiance is the DOFS, whichin Fig. 9. The median of the estimated absolute errors
is calculated during the retrieval. Figure 9b shows that theis 0.29 ppbv, with 50% of the errors between 0.23 and
DOFS and the methanol radiance are strongly correlated. [6.45 ppbv (Fig. 10); this translates into uncertainties rang-
we impose the condition that the methanol radiance shouldng from 6 % (on larger values) to 35 % or more. The higher
be greater than noise level, then we see that in general thgslative errors usually occur for smaller RVMR values close
DOFS for these cases are greater than 0.5. This does not negy the detection limit (see Sect. 3.3).
essarily mean that cases with DOFS less than 0.5 should be The last term in Eg. (3) contains the systematic errors,
rejected, but rather that the user needs to be aware they wilbhich we have not included in the calculation above. One
be strongly influenced by the prior, or equivalently, that the potential source of systematic error in the retrieval is un-
retrieval added little to the estimate of the true state. Scenegertainty in the spectroscopic parameters. The spectroscopic
with low DOFS frequently correspond to cases with limited parameters originate from the HITRAN 2004 compilation
signal due to relatively clean conditions, but they can also(Rothman et al., 2005) and are described in the paper by Xu
occur in cloudy conditions and in cases where there is lit-et al. (2004). Intensities and positions for §bH (atomic
tle thermal contrast between the surface and the atmospherigass of 32) in the 10 um region are based on two sets of lab-

layers containing methanol. oratory measurements. Air-broadened width, self-broadened
_ width, and temperature dependence are fixed at 0.1, 0.5 and
3.4 TES CHOH error estimates 0.75, respectively. The uncertainty in line intensities is esti-

mated at 9 %; this will translate almost directly into an equiv-
The error estimate for the optimal estimation algorithm is glent uncertainty in the C4OH RVMR.
given in Sect. 2.1 by Eq. (3). The smoothing error (firstterm)  Another source of systematic error is propagation of the
and the error from the noise in the radiance measuremenérror in the ozone retrieval into the methanol error. While the
(second term) are direct by-products of the retrieval processealculation is straightforward, it requires storing Jacobians
These errors can be mapped into RVMR space as follows: and gain matrices, which we were not able to do for a dataset

sufficiently large to provide reliable statistics. Note that the
E =WH w7 (5) ozone retrieval itself does not need to be perfectly accurate

for the methanol retrieval to return a valid result. A profile

whereE is the error in the RVMRW is the weighting func-  that reduces the residuals to, or close to the noise level, is all
tion that maps from profile to RVMR space, ahtis the  thatis required.
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CH;0OH RVMR: 2009
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Fig. 11. Seasonally averaged GBH RVMR on a 2x2.5° grid for 2009. Left panels: retrieved values from TES. Midde panels: simulated
values from GEOS-Chem with TES averaging kernel applied. Right panels: TES-GEOS-Chem.

4 Results from TES global surveys which the TES observational operator and RVMR weighting
were applied. Model results were also temporally averaged

We carried out an initial assessment of the TES retrieval perln the same manner as the TES retrievals (Fig. 10, middle

. Is). The TES data in general are more spatially variable
formance by comparing all 2009 TES Global Surveys overPane .
land with the corresponding GEOS-Chem values (Fig. 11'than the simulated values from GEOS-Chem. The dearth of

left panels). The GEOS-Chem values are calculated using thietrievals over North Africa and the Arabian Peninsula is due

simulation described in Millet et al. (2008), with GEOS-5 to issues with retrieving accurate surface emissivity for these

assimilated meteorological fields degraded to 2°x2.5° resot_)arren areas. We are evaluating an emissivity threshold to

lution and 47 vertical levels, and emissions updates as defelect possible spurious methanol retrievals over barren re-

scribed in Wells et al. (2012). The terrestrial biogenic emis-9'0NS: - o
sions are calculated using the MEGANv2.1 parameterizatio The TES and GEOS-Chem maps exhibit some simk-
(Stavrakou et al., 2011), and the biomass burning emissior:l;?r large-scale patterns. In the northern extratropics, the

are taken from the monthly GFEDv2 database (van der Werf ES methanol observations and the simulated concentrations
et al., 2006). GFEDv2 only extends through 2008, so thatl‘rom GEOS-Chem both show substantially higher methanol
2008’emissions are used for the 2009 simulation ' abundance during summer, when the biosphere is active, and

The retrieved TES values were seasonally averaged ové w values during the boreal winter. In tropical sub-Saharan

the 2x2.5° GEOS-Chem model grid boxes. Each retrieva frica, the TES data reveal elevated concentrations through-
was ma.tched with a collocated GEOS—CHem profile toOUt the year. However, the observed seasonal variation in

Atmos. Chem. Phys., 12, 8188203 2012 www.atmos-chem-phys.net/12/8189/2012/
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Fig. 12. Regions employed for the seasonal analyses in Figs. 13 and 14.

methanol over South America, with higher TES values dur- By aggregating over large regions (Fig. 12) it becomes
ing the dry season and lower TES values in other months, ipossible to resolve more coherent patterns. Figure 13
substantially stronger than in the model (Fig. 11). The modelpresents a statistical summary of the seasonal patterns ob-
simulation uses the GFEDv2 (van der Werf et al., 2006)served by TES over the regions of Fig. 12. Figure 14 shows
biomass burning inventory, which extends only throughthe corresponding statistics for GEOS-Chem. Over the north-
2008, whereas the satellite data are for 2009. Nonetheless, @rn midlatitudes (panels a—f of Figs. 13 and 14) GEOS-Chem
may be that the model is underestimating the seasonal impomunderestimates the observed methanol concentrations. This
tance of biomass burning methanol emissions in these tropis the same conclusion reached by Wells et al. (2012) in their
ical regions. It is also possible that biogenic methanol emis-analysis of aircraft measurements over North America. On
sions from tropical forests undergo stronger seasonal swingthe other hand, Stavakrou et al. (2011) did not see signifi-
than presently thought (Myneni et al., 2007). cant differences between IASI methanol measurements and
Figure 11 shows that the TES @BEH measurements are simulated values from the IMAGESv2 model over this re-
lower than predicted by GEOS-Chem over certain parts ofgion, except over the arid western US, where they did infer
the northern hemisphere, including Canada, Siberia, and tha model underestimate. These differing results could either
US Southeast. However, the most striking differences occureflect the greater sensitivity of TES to methanol concentra-
over arid regions such as Central Asia and the US Southwestjons close to the surface, or differences between the canopy
where the model values are significantly too low. This is con-models and meteorological fields used in GEOS-Chem and
sistent with a comparison between IASI satellite measuredMAGESv2. TES measures much higher &bH than sim-
ments and the IMAGESv2 model presented by Stravrakou eulated by GEOS-Chem over southwest Asia (Figs. 13g and
al. (2011). In the southern hemisphere, the methanol concert4g) for all seasons, and reveals a strong summer peak that
trations measured by TES are lower than those simulated bis not captured by the model. In the southern hemisphere,
GEOS-Chem over the bulk of South America during south-we see a stronger spring peak in the TES observations than
ern hemisphere summer, fall and winter, but higher duringis apparent in the model (panels i-l of Figs. 13 and 14);
the biomass burning season. A high model bias is also seeStavrakou et al. (2011) found a similar signal in the 1ASI
over southern Africa during summer, but the difference pat-methanol data over western Australia, but not over South
tern has more spatial variability in the other seasons, withAmerica, where the IMAGESv2 model was found to overes-
the southernmost and eastern regions exhibiting higher TE®Emate atmospheric methanol with respect to IASI measure-
values more frequently as the year progresses. ments in all seasons. These concurrent measurements from
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Fig. 13. Statistics of the TES C§DH RVMR values in Fig. 11 for each region in Fig. 12. Boxes show the 25th and 75th percentiles, the line
and diamond show the median and the mean, the whiskers show the 10th and 90th percentiles, and the outliers are indicated by the circles.

space from instruments with significantly different capabili- approaches were evaluated; the best results, based on com-
ties (TES with greater sensitivity, IASI with greater tempo- parisons with aircraft measurements, were obtained by per-
ral and spectral coverage) demonstrate the power of satellittorming a single molecule sequential retrieval using a narrow
data to test and improve current models, as well as the neespectral region centered on the peak of the methanol absorp-
for more validation data to better characterize the uncertaintytion feature around 1034 cm, and microwindowing around
in the measurements. a strong water vapor line. Utilizing this small methanol spec-
tral region minimizes any impact from interfering species.
The retrieval has maximum sensitivity between 900 and
5 Conclusions 700 hPa, and a resolution of about 5 km. The DOFS are usu-
ally below 1.0, implying that the a priori significantly influ-
An approach for retrieving atmospheric methanol from TESences the shape of the retrieved profile. In order to reduce
spectra has been developed and tested. The algorithm halse impact from the a priori, a representative volume mix-
been designed to run after retrievals of temperature, wateing ratio (RVMR) was used to compare with model output.
vapor, ozone, cloud optical depth and height, and surfacd he minimum detectable RVMR is typically between 0.5 and
temperature and emissivity, at which point in the process-1.0 ppbv, depending on atmospheric conditions, correspond-
ing the radiance residuals are expected to be on the ordéng to profiles with peak methanol abundance of at least 1 to
of the TES noise level. Various GEH retrieval strategy 2 ppbv.
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Fig. 14. Statistics of the GEOS-Chem GBH RVMR values in Fig. 11 for each region in Fig. 12. Plotting conventions are as in Fig. 13.

Retrievals for a set of simulated TES radiances over Northal. (2012). Other seasonal discrepancies, especially during
America in July 2008 showed a 0.16 ppbv mean bias withthe biomass burning season, are apparent over regions such
standard deviation of 0.34 ppbv at 825 hPa. The average relas Southwest Asia, South America, and parts of Africa. Fu-
tive bias ranged from 6 % to 22 %, depending on the a prioriture work will apply the TES data to investigate these dif-
type. In general the largest differences from the “true” pro- ferences in terms of their implications for our understanding
files for these simulated retrievals occurred at the peak obf methanol emission processes. The algorithm described in
the averaging kernel, as the retrieval tends to place methandhis paper is under implementation at JPL and will become
at the peak level of instrument sensitivity. Employing the part of the operational retrieval code (V006) in 2013.

RVMR when interpreting the TES data reduces the impact

of this effect. The estimated errors for retrievals based on

measured radiances range from 6 to 35 %, with the largesBupplementary material related to this article is

relative errors corresponding to low methanol abundance. available online at: http://www.atmos-chem-phys.net/12/

A global ensemble of TES methanol retrievals for 2009 8189/2012/acp-12-8189-2012-supplement.pdf
shows general agreement with the large-scale features simu-
lated by GEOS-Chem, but also reveals significant regional
discrepancies in seasonality and amplitude. Most notably,

TES reveals a stronger-than-predicted springtime peak in the
northern hemisphere midlatitudes, as also found by Wells et

www.atmos-chem-phys.net/12/8189/2012/ Atmos. Chem. Phys., 12, 8832%3 2012
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