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Abstract. Thermal infrared (IR) radiances measured nearrors. This bias can be mitigated by normalizing the,&4-

8 microns contain information about the vertical distribu- timate by the ratio of the pD estimate relative to the JO

tion of water vapor (HO), the water isotopologue HDO, and prior, under the assumption that the same systematic error
methane (Ch)), key gases in the water and carbon cycles. affects both the MO and CH estimates. We demonstrate
Previous versions (Version 4 or less) of the TES profile re-that applying this ratio theoretically reduces the Lésti-
trieval algorithm used a “spectral-window” approach to min- mate for non-retrieved parameters that jointly affect both the
imize uncertainty from interfering species at the expense ofN,O and CH estimates. The relative upper troposphere to
reduced vertical resolution and sensitivity. In this manuscriptlower troposphere bias is approximately 2.8 % after this bias
we document changes to the vertical resolution and uncereorrection. Quality flags based upon the vertical variability
tainties of the TES version 5 retrieval algorithm. In this ver- of the methane and4D estimates can be used to reduce this
sion (Version 5), joint estimates of2®, HDO, CH; and ni- bias further. While these new GHHDO/H,O, and HO es-
trous oxide (NO) are made using radiances from almost thetimates are consistent with previous TES retrievals in the al-
entire spectral region between 1100¢hand 1330 cm?. titude regions where the sensitivities overlap, future compar-
The TES retrieval constraints are also maodified in order toisons with independent profile measurement will be required
better use this information. The new,@ estimates show to characterize the biases of these new retrievals and deter-
improved vertical resolution in the lower troposphere andmine if the calculated uncertainties using the new constraints
boundary layer, while the new HDO#® estimates can now are consistent with actual uncertainties.

profile the HDO/RO ratio between 925 hPa and 450 hPa in
the tropics and during summertime at high latitudes. The
new retrievals are now sensitive to methane in the free tro-
posphere between 800 and 150 mb with peak sensitivity neat
500 hPa; whereas in previous versions the sensitivity peake’g

Introduction

at 200hPa. However, the upper troposphere methane co pvr(]astlg?tlng r:zethprﬁcltiarflf es CorerIil;ngmth; vlvatt?r ar:d t(r:1art-
centrations are biased high relative to the lower troposphera?e S(;yrfsﬁi: i theeverticglglleZisfgtl)Juti d sL:)u?cees i(i:r?kz aﬁ d
by approximately 4 % on average. This bias is likely related 0 y ' ’

to temperature, calibration, and/or methane spectroscopy g rOCESSES controlling the water and carbon cycles. Mea-
surements of water vapor profiles (e.g., Dessler et al., 2007
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and references therein), upper tropospheric water (e.g., Regarofiles including ozone, water vapor and its isotopes, car-
et al., 2008) and the vertical distribution of clouds (e.g., bon monoxide and methane, along with atmospheric temper-
Stephens and Vane, 2007; Su et al., 2008) have been usedure, surface temperature, surface emissivity, effective cloud
to examine the exchange and transport processes controllingp pressure, and effective cloud optical depth (Worden et al.,
tropospheric humidity. Measurements of the isotopic ratio2004; Kulawik et al., 2006b; Eldering et al., 2007).

of water can provide an additional constraint for quantify-

ing the distribution of the sources and exchange processes i

through the sensitivity of this composition to that of the mois- 3 Retrieval approach

ture source, to changes in phase, and to transport and mi>§
ing processes (e.g., Kuang et al., 2003; Worden et al., 2006,

2007; Risi et al., 2008; Nassar et al., 2007; Payne et al.o common approach when performing retrievals from high
2007; Brown et al., 2008; Noone et al., 2008; Frankenbergesolution Fourier transform spectrometers such as TES is
et al.,, 2009; Herbin et al., 2009; Steinwagner et al., 2010, select spectral windows for each target atmospheric con-
Schneider and Hase, 2011). Satellite measurements such &gyent that maximize information gained from a spectral
those from the Michelson Interferometer for Passive Atmo-measurement and minimize the systematic errors related to
spheric Sounding (MIPAS) instrument, the Aura TES instru- jncorrect knowledge of temperature, emissivity, spectral er-
ment, the Atmospheric Chemistry Experiment (ACE), the (s, or radiative interference from un-retrieved species (e.g.,
Infrared Atmospheric Sounding Interferometer (IASI), and gche et al., 2000: Dudhia et al., 2002: Worden et al., 2004
the SCanning Imaging Absorption SpectroMeter for Atmo- kyaj et al., 2010). The details of the approach for the
spheric CHartographY (SCIAMACHY) have been used for Teg gpectral window selection are described in Worden et
this purpose. Similarly, any of the dynamical processes cony| (2004). The general procedure is to first compute an er-

trolling the water cycle such as surface exchange, mixing, ad;, budget for a set of spectral windows using the following
vection, and convection also affect the carbon cycle. As Withequation:

water, mixing processes in the free troposphere (e.g., Jiang

et al., 2008; Sarrat et al., 2010; Li et al., 2010, Lee et al. ¥ =Xa+ A (X —xa) +Axy (¥ — ya)

2007; Risi et_al., 2008) and boundary Iayer_ (e.g., Stephens et +MG.m + ZMGZKZ(bi —bg) (1)

al., 2007a, Picket-Heaps et al., 2011; Querino et al., 2011) af- ;

fect the tropospheric distribution of GNassar etal., 2011) ;a6 ¢ s the estimate of interest and the subscript “a” in-

a”g CH and must be accounted for when estimating fluxes jcates that a priori knowledge is used for the corresponding

and emissions. . , vector. TheA,, is the averaging kernel matrix describing the
Consequently, in order fo investigate the processesgengitivity of the estimate to the true states= 2. TheA,,

sources, and sinks affecting the global carbon and water Cyjs e sensitivity ok to other parameterg)that are jointly

cles it is useful to have vertically resolved trace gas profiles.qstimated witix. The M is a mapping matrix relating re-

It is with this motivation that we seek to improve the ver- iq 4 parameters back to the full profilex, x = Mz (many

tical resolution of the TES pD, HDO, and CH products,  retrievals use a subset of parameters as a hard constraint to

especially in the lowermost troposphere and boundary layefeqjarize the retrieval as discussed in Worden et al., 2004

where many of the exchange processes between the surfacg, 4 Bowman et al., 2006). The vectaris the measurement
boundary layer, and free troposphere have significant impacyise as a function of wavelength. Théerm represents un-

on the tropospheric distribution of these gases. retrieved parameters that affect the observed radiance with
K, being the Jacobian or sensitivity of those terms to the ra-
diance. Thes is the gain matrix, which is the partial deriva-
tive of the retrieval parameters to the radianeg (

The TES instrument is an infrared, high spectral resolution,g_— 9z _ (KTSlK . +A.) KT st @)
Fourier Transform spectrometer covering the spectral range oF
between 650 to 3050 cm (15.4 to 3.3 um) with an apodized where Sy, is the covariance of the measurement noise for
spectral resolution of 0.1 cnd for the nadir view (Beer, et an ensemble of measurements akdis a constraint ma-

al., 2001). Spectral radiances measured by TES are used tax used to regularize the retrieval. Note thit can take

infer atmospheric profiles using a non-linear optimal estima-on different forms such as a Tikhonov-type squatéd or-

tion algorithm that minimizes the difference between theseder difference matrix (e.g., Steck, 2001), a hybrid constraint
radiances and those calculated with the equation of radiativée.g., Kulawik et al., 2006a) or the inverse of a climatology
transfer (Clough et al., 2006), subject to the constraint thafRodgers, 2000). The last term in Eq. (1) is the sum over all
the parameters are consistent with a statistical a priori determs that are not retrieved with the state veettut which
scription of the atmosphere (Rodgers, 2000; Bowman et al.also affect the measured or modeled radiance. Since in gen-
2006). TES provides a global view of tropospheric trace gaseral the noise vector and the errors in these parameters are

1 Spectral windows

2 The TES instrument and trace gas retrieval overview
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not exactly known we instead use their known second orderand have been normalized by the TES measurement noise

statistics to calculate the errorsarfrom each term: and integrated over the whole atmospheric column. Because
- - the Jacobian is with respect to the log of the concentration
Stot = (Axx = DSa(Axx = 1)” +A,S)A,, one should interpret this to mean how the radiance would

+MG .S (MG )T +ZMGszSf’(MGsz)T (3) change to a fractional change in the concentration. The spec-
7 tral regions colored in red are the spectral regions used for

. TES V5 retrievals. The CiHwindows were selected to re-
Whe_re these four terms C(_)rrespond to t_he terms in Eq. (l)duce interferences from#® and HDO and NO. Similarly,
Sot IS the total error, the first term that is dependentSan ;o spectral windows for HDO and;® were selected to re-
IS an estlmgte of the smoothlng error Wh'?h q§scr|bes hoWduce interference from CH Figures 1a and 1b also illustrate
well the estimate can infer the natural variability of the at- high sensitivity to CH, HDO, H,O, and NO across a wide
(rjnosp%ereéRodgers 2000). |rf1 pr)lrmc'pa" ﬂ%atern; Shol‘)"d spectral region. In order to make full use of the available
escribe the true statistics of the atmosphere for o SerVegpectral information without negatively adding information

ar Pafce" presu_mably using in situ data. In practice, thesecontent it is necessary to jointly retrieve all constituents to-
statistics are typically un-available for most remotely sensed%g

: . ether (Worden et al., 2004). If all constituents are jointly
observations so that we use other calculations, such as glob

del lcul E ieval that h : trieved then the last term in Eq. (3) becomes zero and
models, to calculat&,. For a retrieval that has perfect res- all data points increase the information content. Similar to

qutiqn on the prescribed yertigal grid,'the Averaging ke_meISchneider and Hase (2011), our approach then is to use ef-
matrix (A....) would be the identity matrix and the_smoot_hlng fectively the entire 8 micron spectral range shown in Fig. 1
error would be zero. _The second term depe_ndmgﬁgn_m to jointly estimate HDO, HO, N>O, and methane. However,
similar to the smoothing error and characterizes the impact, o currently avoid a 10 ¢ wide spectral region centered

of the natural variability of jointly estimated parameters on around 1280 cm? and a 2cm wide spectral region cen-
the parametgrs of interest (Wor.den etal, 2,094)' The thir‘*ered at 1308 cm! which contains a strong CFC absorption
term depending 06, term describes the statistics of the ob- feature and the methane Q branch respectively. Other inter-

servation (in this case radiance) error due to naigg the fering species such as GO0z, and HNQ are included in
mapping and gain matriceM(andG) are then used to cal- our forward model

culate the impact of this noise on the estimate. The last term
is a summation over all non-retrieved parameté)sahich 3 2  state vector
could include spectroscopic uncertainties, temperature, or
non-retrieved species. In our case, the included parameterfhe new state (column) vector for this joint estimate is:
are temperature and cloud top height. _ _ _ _

In general, spectral window selection involves calculating YH20 ZH,0
whether a measurement adds information (using a definition YHDO ZHDO
of Shannon information content that is related to a decreased YCH, ZCH
uncertainty) using the following equation: x=|xN0 =M} zn0 ©)
1 s 1 ;surface isurface
st = Jogy (122) =S (ogiSal ~logeisa) @ | e || T

where H is a scalar and is the information conteBt; is where the column vectors are on a 67 level pressure grid
the error covariance before adding a measurementSapnd  ranging from 1000 hPa to 0.1hPa (Worden et al., 2004),
is the error covariance after adding a measurement. TypiZsurfaceiS the surface temperature, angbuq is the cloud ef-
cally, S,1 is the a priori covarianc&, andS,» is the a pos-  fective optical as a function of frequency (e.g., Kulawik et
teriori covariance. For the previous TES methane retrievalal., 2006b; Eldering et al., 2007). As discussed earlier the re-
HDO, H,0, and NO were treated as radiatively interfering trieval vector elements corresponding to the trace gasses and
species, and similarly CHwas considered to interfere with the cloud optical depth are actually the log of the trace gas
the spectral features of #@ and HDO. For example, if a amount or cloud optical depth respectively. The atmospheric
given spectral point measurement were highly sensitive tcspecies are retrieved on a subset of the 67 level pressure grid
methane then it would add uncertainty (as shown in Eq. 1)used inthe TES forward model; this effective hard constraint
to the HDO/HO retrieval. The net information gain (Eq. 4) is described by the mapping matridd™ and the retrieval lev-
would likely be negative for the HDOA® estimate and that els “z” in Eq. (1) (Worden et al., 2004; Bowman et al., 2006)
spectral point would not be used. To illustrate this problem,and must formally be included in the error analysis; however,
Fig. 1a and b show TES measured radiances and calculatddr the sake of brevity we exclude this term in subsequent
Jacobians for Ckl N,O, H,O, and HDO for a tropical ocean equations.

scene. The Jacobians are the partial derivative of the radiance

with respect to the log of the concentration for each species
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Fig. 1a. (Top) Example of radiance measured by TES over a tropical ocean scene. (Middle) Sensitivity of TOA radiance to 4log) CH

integrated over the whole atmospheric column and normalized by the TES NESR. (Bottom) Same as middle 410t fidreNred shaded
area indicates the spectral region used for TES Version 4 methane retrievals.

Tropical Radiance

6x10-5 N
g 5%107¢
§ 4x107°
b1 3x107°
& 2x107
1x10°° i
1180 1200 1220 1240 1260 1280 1300 1320
Frequency (cm™)
Normalized H,0 Jacobion (K_column / nesr)
0 T[ITT i
-10 E
% '5
W -20F :
S
* -30 ,
Current H20/HDO SpectrolWindows
-40
1180 1200 1220 1240 1260 1280 1300 1320
Frequency (cm™)
Normalized HDO Jacobion (K_column / nesr)
['4
(7]
w
Z
S
x

Current H20/HDO SpectrolWindows

1180 1200 1220 1240 1260 1280 1300 1320
Frequency (cm™)

Fig. 1b. Same as in Fig. 1a but for4® and HDO.
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Fig. 2a. Averaging kernels for a TES water retrieval using old (Spec- £ig oy, The square root of the diagonal of the error covariances.
tral windows shown in Fig. 2b) and new (using almost all the radi- the nits are approximately the fractional uncertainty as the TES
ance shown in Fig. 2b). The diamonds indicate the pressure levelace gas retrievals estimates the log of the concentrations. Obser-
for the averaging kemel. Color coding is to help the reader follow ation error includes uncertainties from jointly retrieved parameters
the variability of each averaging kernel with pressure. affecting the radiance and error due to noise. The a posteriori error

covariance is the sum of the observation error and smoothing error
covariances.
3.3 Constraints

A primary obiective for these new TES retrievals is to in- well observed. We therefore modify the derived correlations
P y object ) . . from the models by the sensitivity of the radiances to each
crease the vertical resolution and information content of

methane, HO, and the HDO/HO ratio in the lower tropo- geophysical parameter (e.g., Kulawik et al., 2006b) or from

insigh rived from more recen h as water va-
sphere. The added spectral data cannot by themselves allowsg t derived fro ore recent data sets such as water va

" : Ipor isotope data at the Mauna Loa observatory (Worden et
for these objectives to be met because the choice of regular- .
ization in the previous versions of the TES data limited sen—al" 2011). For the new TES retrievals 0p®, HDO, and
. P_ . . . CHjy, the correlation length scales in the constraint matrices
sitivity at specific altitudes in order to reduce impacts of non-

: g : o not shown as the larger variance and negative correlations
linearity on the retrieval due to low sensitivity. Consequently, ( 9 g

. ) make th I ifficul ner hav nr -
we need to change both the hard constraint (or retrieval lev- ake these plots difficult to generate) have been reduced be

els and mapping matrices) as shown by Eq. (5) and the Sof;[ween the mixing layer (typically surface to 825hPa) and

. . . . . lower troposphere to reflect conclusions drawn from recent
constraints (constraint matrix shown in Eq. 2). Previously,. Posp

. . in situ and satellite based observations of these constituents
the retrieval levels) for H,O and HDO m_the lower t_ro- e.g., Frankenberg et al., 2005, 2009; Worden et al., 2011;
posphere (surface to 500 hPa) tropospheric were defined as. .

o . ickett-Heaps et al., 2011; Noone et al., 2011).
every other forward model levek); with the mapping ma-
trix using linear in (log) pressure and (log) mixing ratio to in-
terpolate betyveen retneyal levels and forward model Ievels.4 Comparison of previous (Version 4) and new
The new retrieval levels in the lower troposphere now have a
one-to-one mapping with the TES forward model levels for

H20 and HDO. For methane, the retrieval level density hastyg effective vertical resolution (as characterized by the av-
been increased from every 3rd level to every 2nd forwarde,ging kernels) and the calculated uncertainties of these new

model level for CH. The constraints were selected based 0Nyata are compared to the earlier retrieval approach. We also
the altitude-dependent Tikhonov constraints as described IRompare old versus new retrievals for the altitude region in

Kulawik et al. (2006a).

In optimal estimation, the constraint matrix is typically
calculated from the known a priori statistics of the atmo-4.1 H,O
sphere (e.g., Rodgers 2000). These statistics are most easily
generated from global chemical or climate models. How-Figure 2a shows the averaging kernels for the new and
ever, covariances from these models are not typically invert-old H,O retrievals for a tropical ocean case and Fig. 2b
ible, can vary from model to model, and may not replicate shows the square-root of the diagonals of the correspond-
actual correlations for molecules such as HDO that are notng a priori, a posteriori error, and observation covariances

profile retrievals

which the vertical sensitivities overlap.

www.atmos-meas-tech.net/5/397/2012/ Atmos. Meas. Tech., 5, 38I7t-2012
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(measurement + interference error). As discussed earlier, the RMS Difference and Mean (1-new/old)
averaging kernels (or rows of the averaging kernel matrix) ' ~ =~ "~ 7 " 7 7 TN\ T
describe the sensitivity of estimate to the true state, e.g.,
A= g—j wherex is the estimate and is the true state. As

shown in Eqg. (1), in the absence of uncertainties, the esti- | Tropics
mate is related to the true state via the a priori constraint and i Boiitudes
the averaging kernel matrix (Rodgers, 2000): High-Lotitudes

Pressure

Solid = RMS

X=xa+A(x—x3) (6)

r  Dashed = Mean
An “ideal” averaging kernel would approach the identity ma-
trix. The rows would exhibit narrowly defined peaks, with
the peak value of each row located at the pressure of the re-
trieval level assigned to that row. In the absence of error, the .
retrieved estimate would then approach the true state. Fig- 100l . . . . . b0 T . .
ure 2a shows that theJ® averaging kernels have narrower =0:4 S0 i e P 04
vertical extent and are more distinct for the new retrievals,

while Fig. 2b shows that the uncertainties for the new re-rig. 3. The RMS and Bias of the fractional difference between
trieval are overall reduced, except near pressures arounthe new and old TES O retrievals. Tropics indicate all latitudes

700 hPa for this retrieval. less than 20 degrees (North and South). Mid-latitudes are between
Figure 3 shows the RMS difference and bias between thé0 and 50 degrees (North and South) and High Latitudes are all
new (TES Version 5) and older (TES Version 4)® pro- latitudes greater than 50 degrees North (to avoid Antarctica where

file retrievals. The RMS difference is consistent with the retrievals have very low sensitivity).
random uncertainties in the estimate as seen in the previous

figure. In addition, the bias between the versions is effec-

tively zero except at the lowermost pressures where the serfdiustSk to reduce correlations between the PBL and the
sitivity has increased in the tropics through the mid-latitudes /0Wer troposphere and increase the variance in the boundary

The poorer precision at 700 hPa is due to modification of thd@yer and free troposphere, consistent with recent observa-
constraint which reduced the correlation length scales belions of the PBL and free troposphere in the subtropics at

tween the boundary layer (surface to 825hPa) and the fredlauna Loa (Worden et al., 2010, Noone et al., 2011). This

troposphere (825 hPa tel50 hPa). is an ad hoc change to t!8 covariance that we implement
to obtain separation of the HDO averaging kernels so as to
4.2 HDO/H,O0 ratio allow profiling of the HDO/HO ratio; once we have enough

in situ data of HDO/HO profiles or our confidence in model
The TES HDO and HO retrieval approach is designed to estimates of the HDO/AD ratio improves at the fine-scale
reduce the uncertainties in the HDO/H20 ratio estimate ag~10km), we will change this covariance in order to make
opposed to HDO or kD separately. (e.g., Worden et al., the constraint “more optimal”. Note that we also only use
2006; Schneider et al., 2006; Schneider and Hase, 2011} singleSg matrix for the HDO/HO constraint globally for
Consequently, the constraint used to regularize this retrievagimilar reasons.
is based on an a priori covariance that characterizes the There is no unique averaging kernel for the estimate of the
HDO/H,0 ratio variability, under the assumption that HDO HDO/H,0 ratio (Worden et al., 2006) because the sensitiv-

and B0 are jointly estimated, i.e.: ity of the HDO/H,O ratio depends on both HDO anc@®.
SH 4+ SR gt However, the averaging kernels for the HDO estimate will
Sa= [ asg’ a S%’} (7)  typically span a subset of the averaging kernels for th® H
a

estimate. Therefore, the HDO averaging kernel is a good ap-
whereSY is the a priori covariance for #0 andSf is the a  proximation of the vertical sensitivity for the HDO#B es-
priori covariance for the HDO/FD ratio. The a priori covari- timate characteristics. On the other hand, because the HDO
ance for waterSy, is constructed using statistics from the averaging kernels do not perfectly span that of th®tver-
MOZART (e.g., Brasseur et al., 1998; Horowitz et al., 2003) aging kernels, the true sensitivity of the HDQ/®I estimate
model but scaled to the expected uncertainty of NCEP wateis likely smaller than that of the HDO estimate.

content predictions (Worden et al., 2004). The a priori statis- The HDO averaging kernel matrix and square root of the
tics for Si are originally based on a version of the National diagonal of the HDO/HO error covariances are shown in
Center for Atmospheric Research (NCAR) Community At- Fig. 4 for the same tropical case shown in Fig. 2. The
mosphere Model (CAM) that has been modified to predictdegrees-of-freedom for signal (DOFS) for the HDO esti-
the isotopic composition of water using the approach devel-mate has greatly increased; we find in general that approxi-
oped by Noone and Simmonds (2002). However, we nowmately half of the increase in sensitivity is due to the changed

Atmos. Meas. Tech., 5, 397411, 2012 www.atmos-meas-tech.net/5/397/2012/
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Fig. 4a. Averaging kernel for the old and new HDO TES retrievals. . - . .
As in Fig. 2a, the symbols and colors indicate the pressure level an('jzlg' 4b. Same as in Fig. 2b but for the HDOJB ratio. The units

variation with pressure of each row of the averaging kernel matrix are approximately the fractional uncertainty as the TES trace gas
P u ging " retrievals estimates the log of the concentrations.

constraint and the other half due to the increased number . ] .
of radiance measurements used for the retrieval. There is 4-2-1 Global comparison of Version 5 and previous
net increase in the precision error in the boundary layer due HDO/H 20 estimates
to temperature and noise of approximately 3 %; whereas the
previous precision was only about 0.5 percent in the bound-TES products prior to version 5 have been validated in the
ary layer. On the other hand, the smoothing error in thelower troposphere by comparing TES estimates to in situ
boundary layer has decreased because of the increased séReasurements of HDO and,8 at the Mauna Loa obser-
s|t|v|ty For convenience we have used here the ad $OC Vatory (Worden et a.l., 2011) While there is insufficient data
covariance used to develop the new constraint to calculaté0 provide direct validation of the profiles of the new TES
the smoothing error; however, the user of this data can betHDO/HO estimates in the free troposphere, we can compare
ter calculate the Smoothing error by providing their o%n the new TES estimates in the lower troposphere to the older
Covariance and using the averaging kerneis provided by th@StimateS in the lower troposphere where the sensitivities
TES data products. overlap. This comparison is shown in Fig. 5. The first panel
This poorer precision in the boundary |ayer is a Conse_Of Flg 5 shows the latitudinal distribution of the HD%
quence of our new and more relaxed constraint. It is quiteratio between the old and new HDO/@ estimates for the
likely that the total error in the tropical oceanic boundary Vvertical range between 825 and 500 hPa for all scenes in
layer is made worse relative to the prior version that appliedwhich the degrees of freedom for signal (or trace of the av-
a stronger constraint. At least we would expect that the iso-eraging kernel) are larger than 1.0. For a log-based retrieval,
topic Composition in the boundary |ayer should Oniy rangethe DOF is a gOOd metric for retrieval SenSitiVity as it indi-
from 70-80 %o under quiescent conditions (Lawrence et al..cates how well an ensemble of estimates captures the range
2004) Note that the HDO/iO ratio is typica"y given in of Varlablllty of the true distribution. For example, if the
parts per thousand (%o) relative to the isotopic composition ofPOFS is 0.5 for some altitude range then that means a distri-
ocean water (%o) 08 — D = 1000(R/Rsig—1.), wherer is the bution of estimates, averaged over that altitude, could be ex-
HDO/H,0O mole ratio andRsig=3.11x 104 is 2 times the pected to capture half the natural variability of the true distri-
isotope ratio of the Vienna Standard mean Ocean water refbution. The data in the top panel of Fig. 5 are taken from one
erence for the D/H. However, we believe this new constraintT ES global survey in July 2005. As can be seen in this figure,
is reasonable for estimating the variability of the HDGOH there are many more retrievals at higher latitudes that meet
ratio over continents and at higher latitudes because of théhis DOF’s criteria as the sensitivity of the new retrievals
the larger expected variability of the isotopic composition in have improved. The bottom panel shows the difference be-
the boundary layer in these regions (e.g., Risi et al., 2010tween the new and old estimates, averaged between 825 and
Yoshimura et al., 2011). 500 hPa, for all retrievals with DOFS larger than 1.0 in order
to reduce uncertainty in the comparison due to differences in
the retrieval sensitivity. Figure 5 shows that the RMS differ-
ence between the two versions is consistent with the expected
uncertainties of the HDO/}D estimate; however the bias has
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New and Old HDO/H20 (500 — 825 hPa)
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Fig. 5. (top) Comparison of the new and old (Version 6) HD@{estimates. A DOFS threshold of 1.0 is used for the data in the top
panel for both releases. (bottom) Difference between old and new HEA$timates for the overlapping data shown in the top panel.
8§ — D=1000(HDO/H0/3.11x 104 —1.).

changed by 7.5 %o, likely because of the increased number ofase in Fig. 4b (for isotopic values near 0.0 a 3% uncer-

HDO and RO lines used for the new estimate. tainty corresponds to 30 %0 uncertainty). Th&4 %, mean
value for the mean tropical ocean boundary layer is consis-
4.2.2 Global Estimates of the HDO/HO ratio for tent with in situ measurements for boundary layer water va-
July 2006 por (e.g., Lawrence et al., 2004; Galewsky et al., 2007; Wor-

den et al., 2011) and therefore suggests that the bias correc-

L ion calculated for the previous TES HDQJ/8 estimates are
A limited number of TES global surveys have been processe(}ﬁ;\pplicable for these data.

with the new retrieval approach and the results are shown in
Fig. 6. The top panel of Fig. 6 shows the HDQ®iratio 4 3 CH; profiles

for the altitudes approximately corresponding to the free tro-

posphere (800 to 300 hPa) and the bottom panel shows thg this section we describe the changes in the vertical resolu-
HDO/H0 ratio for altitudes that approximately corresponds tjon and error characteristics of the new TES QHethane

to the boundary layer (surface to 800 hPa) regions. Valuesetrievals as well as biases in the profiles. We then discuss
of the HDO/HO ratio are given in %. and have been cor- gpproaches for correcting or accounting for this bias includ-
rected for the estimated TES bias discussed in the preViOUﬁ]g averaging, or Correcting the methane estimate using the
section (Worden et al., 2011). Only data in which the DOFSco-retrieved NO estimate. However subsequent analysis us-
for the HDO estimate is larger than 1 and where the clouding independent methane data sets will be needed in order to

optical depth is less than 0.4 are shown. Note that everyetermine the optimal approach for this bias correction.
though the DOFS can be approximately one, the HDQ'H

profile can still distinguish boundary layer variability from 4.3.1 Vertical sensitivity and resolution

free tropospheric variability of the HDOA® ratio as long as

the peak values of the averaging kernels (rows of averagindrigure 7a and b shows the averaging kernels for the previ-
kernel matrix) in these regions are separated; this conditiorous and new Chiestimate for the same tropical case shown
should be met for most clear-sky regions. In the boundaryin Figs. 2 and 4 for HO and HDO. The new Climethane
layer above the ocean, mean values of the HDQYHatio profile estimates generally show increased sensitivity to the
are approximately-74 %o with an RMS variance of 37 %o, lower and mid troposphere between 825 and 450 hPa. In ad-
consistent with the 3% uncertainty shown for the tropical dition, the averaging kernels generally peak around 650 hPa
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Fig. 6. (Bottom panel) Averaged TES HDO#@ estimates for pres-
sures greater than 800 hPa. (Top panel) Averaged TES HRO@/H
estimates for pressures between 300 and 800 hPa.

and 300 hPa indicating that methane variations at these al-
titudes can theoretically be distinguished from one another Latitude

provided the vertical variations are larger than the expected

uncertainties. This increased sensitivity to the lower andFig- 8- DOFS for the new methane retrieval (yellow) and the old
middle troposphere is due to use of the methane lines arounfi€thane retrieval (black).

1230cnt! (Fig. 1a) because the lower optical thickness at

these wavelengths allows for improved sensitivity to lower

tropospheric methane; Fig. 8 shows the DOF’s for the newlevels (not shown) because methane is a well mixed gas in
and older methane retrievals. Typically there are about 0.5he free troposphere (e.g., Fung et al., 1991; Wofsy et al.,
DOFS more for the new retrieval than the old with the 2011). The a priori variability of 5% used to generate the

increased sensitivity in the middle/lower troposphere. CHy constraint is in part an ad hoc choice and is based on the
measured variability of the latitudinal gradient which ranges
4.3.2 CH, error characteristics from 1700 to 1900 ppb. However, we expect that this vari-

ability is a non-optimal choice for the TES methane retrievals
Error characteristics for the TES methane estimate using thbecause methane variability in any one location is typically
radiance from the tropical scene shown in Fig. 1 are pressmaller than 5% (Wofsy et al., 2011); however, much of this
sented in the left panel of Fig. 9. For the TES methane re-variability will be decreased by averaging such as used for
trieval we assume an a priori 5% uncertainty in methane buthe TES CQ retrievals (Kulawik et al., 2010; Nassar et al.,
with significant 50 %) cross-correlations between adjacent2011). We will likely change this covariance and constraint
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CH, Errors With N,O Correction TES CH, July 2006
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Fig. 9. Error budget for the methane estimate before and after cor-
recting the methane profile with the ratio of the TES estimate@ N

and the TES MO a priori. Observation error is the sum of the mea- tropospheric bias was suspected for previous TES methane
surement error related to noise and due to jointly estimated param_ stimates that were only sensitive to methane in the upper
eters. The total error is the sum of the smoothing, observation, antf
temperature error. roposphere (Payne et al., 2009). Based on these observa-
tions we suspect that either a systematic bias in tempera-
p p

ture is affecting the TES methane estimates, or that temper-

in the next TES algorithm release based on experience us3ture dependent uncertainties in the methane spectroscopic
ing the TES CH data with global models and more direct lin€ strengths are affecting these estimates. The fact that M-
comparisons to in situ data to inform our a priori choices. ~ PAS retrievals based on the same Qtind are also biased

For this case, the observation error describes the estimatedigh (€-g., von Clarmann et al., 2009) seems to support the
error from noise and from co-retrieved geophysical parame-'ater hypothesis. Another possibility is that the bias is partly
ters such as pO, HDO, surface temperature, and clouds. Be- due to anti-correlations of the estimated upper tropospheric
cause temperature is retrieved from a previous step using th@ethane with the middle/lower tropospheric methane esti-
CO, v2 band around 700 cn, its error estimate is shown Mate as shown in the methane averaging kernels (right panel
separately. As can be seen in this Fig. 9, uncertainty due t&19- 7); in order to determine if this anti-correlation could
temperature is the largest component of the methane retriev@ccount for some of this bias we show a global map of the

g. 10. TES tropospheric methane, averaged over all longitudes.

error budget in the lower/middle troposphere. middle troposphere at 618 hPa versus a global map using an
information based averaging approach described by Payne

4.3.3 Global distribution of TES observed methane et al. (2007) which maps each profile to one or two levels
and biases that best represent the altitude where the estimate has the

most sensitivity; this approach limits the impact of the a pri-
Because of the long life-time of approximately nine yearsori on an average because the averaging kernel approaches
for methane (e.g., Frankenberg et al., 2005) we would ex-unity for the re-mapped estimate. For the approach using the
pect that methane should be a vertically well mixed gas inPayne et al. (2007) algorithm we only choose methane esti-
the free troposphere (e.g., Wofsy et al., 2011; Pickett-Heapsnates for which the pressure of the re-mapped (or informa-
et al., 2011) but showing a latitudinal gradient that dependgion averaged) estimate is greater than 450 hPa. Figure 11
on inter-hemispheric mixing, the preponderance of northern(bottom panel) shows global methane estimate from TES
hemispheric methane sources relative to the southern hemfer July 2006 for re-mapped estimate. The average pressure
sphere, and the distribution of OH which is the primary sink for this re-mapped estimate is approximately 500 hPa. Fig-
for CHs (e.g., Fung et al., 1991). Consequently, it is reason-ure 11 (top panel) shows the TES global methane estimate
able to show a two-dimensional figure of the vertical profile for July 2006 for the 562 hPa pressure level. While both
of methane as a function of latitude, averaged over all lon-maps show an expected latitudinal gradient, the map using
gitudes as well as ocean and land scenes, in order to infethe methane estimate from the TES 562 hPa pressure level
any vertical biases in the TES methane estimates. Figure 18hows un-physically high methane at aroun80 degrees
shows the TES estimated vertical distribution of methane agelative to the tropics; however, the map derived from the
a function of latitude for all data taken during July 2006. A averaged values shows a more realistic latitudinal gradient
feature of this distribution is that methane is biased high inas compared to previous measurements (e.g., Frankenberg
the upper troposphere and lower stratosphere. This uppegt al., 2006). This result suggests that the anti-correlations
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in Fig. 1a. Consequently, errors that affect estimates @ N
will have a similar radiative effect as errors that affect esti-
mates of CH. For this correction approach using®, we
therefore assume that the tropospherigONorofile is well
represented by the a priori profile, and that deviations in the
retrieved NO from the prior are a result of systematic error.
For these estimates we use a priodQNprofiles from the
Whole Atmosphere Community Climate Model (WACCM)
(e.g., Tilmes et al., 2007). Interference error from temper-
ature, clouds, and emissivity should therefore affect both
CHj4 and NbO very similarly, and correction of C4by No,O
should therefore reduce the @Hrrors. This correction takes
the following form:

July 2008 Methane (582 hPa)
2000 :

1860

1800

1850

CH, PPB
Latitude
-}

1800

1760

1700 adj
-100 0 100 Xc =Xc—Xn+x|, (8)
Longitude i i .
wherex; is the estimate for (log) methane, is the (log) es-

timate for NO, and the adj superscript means “adjusted” or
corrected. Because this is simply the ratio of two numbers
(for a logarithm) modified by an a priori constraint we can
use the same derivation for the errors in the HDgiHesti-
mate as described in Worden et al. 2006 or Schneider et al.
(2006). For the methane estimate this leads to:
xgdl=x(é+(Acc—Anc)(xc—xg)

—(Ann—Acn)(Xn—x)+ > _(Ag—An) (x; —x4)

July 2008 Methane (500 hPa)
2000 =

1860

1800

1860

CH, PPB
Latitude
o

1800

-50] +Grm+G K?(b; —b¢ 9
- R RIZIZ ; (bi —by) 9
- Note that the full averaging kernel contains entries for the
-100 0 100 joint estimate of CH, N>O, H,O, HDO, surface temperature,
Longitude clouds and emissivity. Th&. term is the component of this

_ _ averaging kernel that just corresponds to the (log), €bti-
Fig. 11. (Top) TES estimated methane at 562 hPa. (Bottom) TESmate, TheA ., term is the component of the averaging kernel
qstlmated methane at approximately 500 hPa using an “mformathat represents how the (logh® estimate affects the jointly
tion” averaging approach. retrieved (log) methane estimate (using indieefr N,O

andc for CHg). The termG; is the gain matrix for the Cld

. : . s methane part of the retrieval vector minus that of th€ON
in the profile estimate accounts for part of this bias. Future )
P P grt of the retrieval vectorG; = G. — Gp). The termGzm

comparisons between the TES data and independent methaR the i t of t noi th timate. The i
measurements will be needed to further characterize this biagex 'ei'lsn;(r))?'((:)i:tl Tg?riseuvreeéne;ra?s:tgrzluci es In:)f;l Sbo ein-
so that this data can be used for understanding the global J J y P as(Pi

methane cycle. In the next section, we describe an aggiand the index refers to un-retrieved parameters such as at-

tional approach (e.g., Razavi et al., 2009) in which we cor-tmhgsg)?eé';;;g]npiﬁﬁgeéj% esct:ggséﬁﬁgtﬁ;r?gg?ﬂqoar;é -L?iifmg
rect the methane estimate using co-retrieve®Mstimates. P |

The theoretical calculation of errors using this approach isnggéhe.trltée.cw methane distribution (e.g., Bowman et al.,
promising but depends on accurate a priori knowledge of the2 ) yields:

tropospheric and stratospherie® distribution. Se=(Acc—Anc— ) Scc(Acc— Anc— )7

+(Ann—Acn— I )Sm(Ann—Acn - I )T

—i—Z(ch —Anj)S;j(Acj —Anj) +GrS,Gh

In this section we describe an approach for reducing errors in J ‘

the methane estimates using the co-retrieve® Mstimates. JrGR(ZK,»S;,KiT)G,Te (10)
Although N,O varies much less than Ghh the troposphere, i

the magnitude of the sensitivity of the radiance to variationsResults show that each term of the cross averaging kernels
in N2O and CH are nearly the same in the 8 micron spec- for the NbO and CH, estimates are small relative to the av-
tral region as shown by their normalized column Jacobianseraging kernels for BO and CH (Anc < Acc and Agp K

4.3.4 Methane profile correction using NO estimate
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TES CH, July 2008 5 Summary

2000 38
This manuscript documents improvements to the Aura TES
1950 57 profile estimates of bO, HDO/H,O, and CH by using a
1900 joint retrieval over a wide spectral range and new, less strin-
= s gent constraints. These new products are now being gener-
& 1as0l & 106 ated and are called Version 5. In general, the vertical resolu-
o 2 tion of H,O has increased in the lower troposphere with im-
© 1800 £ proved capability to distinguish between boundary layer vari-
a1z ability of HoO and that of the free troposphere. Previous (ver-
1750 sion 4 or less) retrievals could not profile the HDG@ratio
but were instead sensitive to an average over the lower tropo-
1700 1000 sphere between 550 and 825 hPa. New TES estimates of the

=60 Latede 80 HDO/H,0 profile can now distinguish between the boundary
layer/lower troposphere and the middle troposphere around
Fig. 12. TES CHy as a function of latitude after applying,l® 550 hPa with uncertainties of approximately 30 %o for the
correction. HDO/H,O0 ratio in the boundary layer. We show that the
new and old estimates for the HDG/8 estimates are con-
sistent within the expected uncertainties in the regions where

Ann); consequently we can ignore the cross averaging Kerine vertical sensitivity overlaps. The new profiling capability
nels. Under the assumption that the variability ofNin s seful for examining isotopic variability for high latitude

the atmosphere is much smaller than the variability obCH 51 continental scenes where there is large variability in the
(Wofsy et al., 2011) in the atmosphere we can ignore theg\ermost atmospheric levels. On the other hand the less
term associated witBn. This leads to an error estimate for gyringent constraint increases the total error of the HDQ/H
methane, corrected by the;® estimate of: estimate in the tropical oceanic boundary layer.

_ _ T The new TES methane estimates are now sensitive to
St = (Acc— 1 Scc(Acc—1) L :
T methane variability from approximately 800 hPa to 200 hPa
+Z(ACJ'_A“J')SJ'J' (Acj —Anj) whereas previous TES retrievals were only sensitive to
/ ‘ methane in the mid- to upper troposphere. However, there
+GrS,Gh +GR(ZK1'5§,K,-T)G£ (11) s clearly a bias in the upper tropospheric methane that must
i

be better characterized with respect to other parameters that

The right panel of Fig. 9 shows the error budget for these@ffect the TES methane estimates before this profile infor-
terms. While the observation error (error due to noise andmation can be used. The effect of this bias on the latitudinal
from jointly estimated parameters such agH clouds, etc) distr.ibution of the TES methane profiles is r.nitigated.if the
and smoothing error is approximately the same for @lith profiles are_a_lv_eraged to account for the vertical distribution
and without the NO correction, the temperature error is Of the sensitivity of the estimate to methane (Payne et al.,
much smaller after applying the® correction, providing 2007). We also shgw both theoretically and emplrlcal!y that
evidence of the reduction in errors due to parameters that arf'® bias in the estimated methane can be further mitigated
not retrieved. using the co-retrieved O estimate. Validation of the new

For example, Fig. 12 shows the two-dimensional (latitudeH20, HDO/HO, and CH profiles in regions with increased
versus altitude) distribution of TES estimated Oiethane. vertical sensitivity W|II_ require comparisons to independent
In addition to correcting the CHestimate using the co- Mmeasurements and will be presented in subsequent papers.

retrleved O e_st|mate_, We al_so only keep Gldstimates in AcknowledgementdPart of this research was carried out at the Jet
which the vertical variability is less than 1.5% or the cor-

. . . 0 ~_Propulsion Laboratory, California Institute of Technology, under a
responding NO estimate is less than 0.5%. These ChOICescontract with the National Aeronautics and Space Administration.

of 1.5% and 0.5% are a compromise between finding datarhe NASA ROSES Aura Science Team NNHO7ZDAOOIN-AST
that is most physically plausible (i.e., we expect the verticalp7-AST07-0069 contributed to the support of the analysis.
variability of methane to be less than 1.5 %) and the need for

enough data to look at the global methane distribution. Usingedited by: G. Stiller
the NO correction and this quality flag, we find that the bias

in the upper troposphere is greatly reduced and the vertical

variability has been decreased.
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