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Abstract. The EOS (Earth Observing System) Aura Tro- layer and4-37 %o in the free troposphere. The uncertainty in
pospheric Emission Spectrometer (TES) retrieves the atmothis bias estimate i$20 %.. A correction for this bias has
spheric HDO/ H»O ratio in the mid-to-lower troposphere as been applied to the TES HDO Lite Product data set. After
well as the planetary boundary layer. TES observations obias correction, we show that TES has accurate sensitivity to
water vapor and the HDO isotopologue have been comparedater vapor isotopologues in the boundary layer.

with nearly coincident in situ airborne measurements for di-

rect validation of the TES products. The field measurements

were made with a commercially available Picarro L1115-i

isotopic water analyzer on aircraft over the Alaskan interior1 Introduction

boreal forest during the three summers of 2011 to 2013. TES

special observations were utilized in these comparisons. Thdhe isotopic composition of water vapor is useful for char-
TES averaging kernels and a priori constraints have been ap’;;.cterizing the processes, sources, and sinks controlling wa-
plied to the in situ data, using version 5 (V0O05) of the TES ter in the atmosphere (e.g., Craig, 1961; Dansgaard, 1964).
data. TES calculated errors are compared with the standargvaporation from bodies of liquid water is a fractionating
deviation (b) of scan-to-scan variability to check consis- Process with depleted HDCH:O in the gas phase. This wa-
tency with the TES observation error. Spatial and tempo-t€r vapor is transported horizontally by advection and ver-
ral variations are assessed from the in situ aircraft measurdically by convection within the boundary layer. Over land,
ments. It is found that the standard deviation of scan-to-scai/ater vapor enters the atmosphere by transport, evapora-
variability of TESSD is £34.1 % in the boundary layer and tion, and plant transpiration, each of which have different
126.5 %o in the free troposphere. This scan-to-scan variabilfractionation pathways. Condensation and precipitation pref-
ity is consistent with the TES estimated error (observationérentially remove the heavier HDO isotopologue from the
error) of 10—18 %o after accounting for the atmospheric vari-9as phase. Permanent removal of precipitation from an un-
ations along the TES track @16 %o in the boundary layer, mixed air parcel leads to Rayleigh distillation, leaving in-
increasing tat30 %o in the free troposphere observed by the creasingly depleted HDOH,O in the gas phase. Evapora-
aircraft in situ measurements. We estimate that TES Voogion of precipitation at lower altitudes in the atmosphere can
8D is biased high by an amount that decreases with pressur@nrich HDO/ H20 in the gas phase (e.g., J. Worden et al.,

approximately+123 %o at 1000 hPa+-98 %o in the boundary ~ 2007; Noone, 2012) and is related to the “amount” effect
described by Dansgaard (1964). Collectively, these physical
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and biological processes impart an integrated isotopic frac{Herbin et al., 2009; Schneider and Hase, 2011; Lacour et al.,
tionation of water vapor in the atmosphere, thus providing2012), and Aura TES (J. Worden et al., 2006, 2007).
useful information about the intensity of the hydrologic cy- EOS (Earth Observing System) Aura was launched into
cle (important to climate studies), transport and mixing pro-orbit on 15 July 2004 to study atmospheric chemistry
cesses in the atmosphere, and sources of atmospheric moigSchoeberl et al., 200&http://aura.gsfc.nasa.ggvand to
ture (e.g., local versus distant, convection versus evapotrarcomplement EOS Aqua as part of the A-Train constellation
spiration). of Earth observing satellites. In version 5 (hereafter V005)
Spaceborne instruments that measure isotopologues of waetrievals, HDO and b0 are measured by Aura TES with the
ter vapor, such as the Aura Tropospheric Emission Spectromgreatest sensitivity in the mid-to-lower troposphere and the
eter (TES), provide regional constraints on the hydrologicboundary layer. What sets this version apart from earlier ver-
cycle. As reported by J. Worden et al. (2007), the isotopicsions of TES data is its enhanced sensitivity to the lower tro-
composition of tropospheric water vapor may differ signifi- posphere with the capability to distinguish the isotopic com-
cantly from the isotopic composition of precipitation due to position of the lower troposphere from the mid-troposphere
separate sources. Therefore, remote sensing provides new idue to the substantially increased number of HDO spectral
formation about the hydrologic cycle unattainable from wa- lines used in the TES HDQHO retrieval (Worden et al.,
ter measurements at the surface. Water vapor isotopic me&012). The focus of this paper is the validation of the new
surements from TES have improved our understanding ofTES HDO/ H,0 isotopic abundances with airborne in situ
the hydrologic cycle in the tropics (J. Worden et al., 2007; measurements.
Noone, 2012), Hawaii (e.g., Noone et al., 2011), the Ama-
zon rainforest (Brown et al., 2008), and the Asian and north-
ern Australian monsoon (e.g., Brown et al., 2008; Lee et2 TES retrievals
al., 2011). These studies principally rely on the precision
of space-based measurements, but they also call for accuragel TES instrument description
measurements that are tied to the international absolute scale
and therefore require that remotely sensed data be carefullJES provides global vertically resolved measurements every
calibrated against complementary measurements with well2 days of ozone, carbon monoxide, HDO anglCH temper-
characterized accuracy. ature, and a number of other atmospheric chemical species
Water isotopologues have been measured from space ithat are critical to tropospheric air pollution studies (Beer,
the mid-infrared region of the electromagnetic spectrum.2006). TES is an infrared, high-resolution imaging Fourier
Measurements of the upper troposphere and lower stratotransform spectrometer that covers a spectral range of 650
sphere (UTLS) were first, pioneered by the ATMOS (Atmo- to 3050 cnt at 0.1 cnm? spectral resolution after apodiza-
spheric Trace Molecule Spectroscopy) mission on the Spacton in the nadir view (Beer et al., 2001; Beer, 2006). This
Shuttle (Rinsland et al., 1991; Irion et al., 1996; Moyer et paper focuses exclusively on TES special observation re-
al., 1996; Kuang et al., 2003) over limited geographical lo- trievals in the nadir-viewing mode, which have a footprint
cations. Extensive UTLS measurements of HDO an®H of 5.3 by 8.4km (see Sect. 3.1 for details on special obser-
were introduced by the IMG (Interferometric Monitor for vations). In nadir and off-nadir retrievals, height discrimina-
Greenhouse gases) on the ADEOS-1 (Advanced Earth Obtion is provided by spectral resolution of pressure-broadened
serving Satellite) platform (Zakharov et al., 2004; Herbin wings at higher pressures and line center features at lower
et al., 2007). More recent stratospheric HDO observationgressures (Beer et al., 2002). TES retrievals use the optimal
have been provided by Envisat/MIPAS (Michelson Interfer- estimation method to quantify atmospheric species (Rodgers,
ometer for Passive Atmospheric Sounding) (Steinwagner e2000). The algorithms and spectral microwindows are de-
al., 2007, 2010), Odin/SMR (Sub-Millimetre Radiometer) scribed by Worden et al. (2004, 2006, 2011, 2012) and Bow-
(Murtagh et al., 2002; Urban et al., 2007), and SCISAT- man et al. (2002, 2006). The TES standard Level 2 data
1 (Scientific Satellite)/ACE-FTS (Atmospheric Chemistry products are written in HDF-EOF5 format (based on HDF5)
Experiment fourier transform spectrometer) (Bernath et al.,and are publically available from the NASA Langley At-
2005; Lossow et al., 2011; Randel et al., 2012). Ground-mospheric Science Data Center (ASDRI}ps://eosweb.larc.
based remote sensing by the FTIR (Fourier transform in-nasa.gov/project/tes/tes_tablih Earth Science Data Type
frared spectroscopy) technique has retrieved atmospherig005 files ending in “FO6_07", “FO6_08", or “FO6_09.”
HDO and HO profiles (Schneider et al., 2006, 2010). Tro- TES also has “Lite” products, more compact files written
pospheric HDO and D, the topic of this paper, have been in NetCDF format and grouped by month. The Lite prod-
measured from space by Envisat/SCIAMACHY (Scanningucts are publically available from the NASA Aura Valida-
Imaging Absorption Spectrometer for Atmospheric Char-tion Data Center (AVDC) by following the links fromttp:
tography) (Frankenberg et al., 2009), IASI (Infrared Atmo- //avdc.gsfc.nasa.gaw “Data”, “Aura”, and “TES V05data
spheric Sounding Interferometer) aboard the Metop satellites.2_Lite.” Unlike the standard HDF products, the Lite prod-
ucts are reported on the TES retrieval pressure grid, combine
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HDO and HO fields into one data set, and apply the calcu-the volume mixing ratiogp for HDO andgy for H2O. By
lated bias correction that is reported in Sect. 4.3 below. Forstandard convention, we report the isotopic abundané®as
further information about the TES data products, the user igper mil or %o)= [ (g0/qH)obs/ (4D/qH)std — 1]- 1000, where

referred to Herman and Kulawik (2013). (gp/qH)sig = 3-11x 10~ based on the PH standard ratio
for Vienna Standard Mean Ocean Water. In Sect. 4.3 below,
2.2 TESjoint retrieval we characterize the new bias estimate for TES VOD5A

critical aspect of validating these retrievals is obtaining data

One of the most important new features of TES V005 datathat span the sensitivity of the TES HD®1,0 estimate.
is the joint retrieval of water vapor, HDO, 0, and CH As discussed in Sect. 4.2, the TES data are sensitive to the
(Worden et al., 2012). Nearly the entire spectral range beHDO / H,0 ratio in the atmosphere from the surface up to
tween 1190 and 1317 cm, with some small regions ex- approximately 7000 m altitude. The aircraft samples HDO
cluded, is used to jointly estimate2B, HDO, CH;, and  and HO from the surface up to approximately 4500 m alti-
N20. This has several benefits, including better resolutiontude, spanning most of the altitudes where the TES data are
of water vapor in the lower troposphere and higher degreesensitive and therefore allowing us to validate our errors and
of freedom for signal (hereafter DOFS) for HDO. improve bias estimates in the TES data (Worden et al., 2011).

The initial guess in the TES retrieval algorithm is set equal
to an a priori profile (constraint vector). For the water va-
por main isotopologue, fio, the TES a priori constraint 3 Data
vectors come from NASA's Goddard Earth Observing Sys-
tem (GEOS) data assimilation system GEOS-5.2 (Rieneckelf’)"1 TES data

?t al., 3007)2 G_IEQS'S'Zﬁ_iS produced by tEe Global Mogel'TES special observations are scheduled for coordinated val-
ing and Assimilation Office (GMAQ) at the NASA God- idation missions or special atmospheric features of interest

dard Space Flight Center (GSFC). GEOS-5.2 assimilates % the TES science team. In this paper, the focus is tran-

wide range of data from operational satellites, radlosondessect special observations scheduled over Alaska during the

and other sources. Radiosonde data are strong constraints Qfjmers of 2011 to 2013 for coordination with aircraft mea-
the thermal structure and winds throughout the troposphereSurements of HDO and#® (see Sect. 3.2 below for aircraft
with an emphasis on continental regions where the ObserV('Jlata). The transect is a series of 20 consecutive scans spaced

ing network is denser. Space-based observations include the, ) anart for dense geophysical coverage of retrievals (see
high-resolution infrared sounder (HIRS) and advanced Mi-g, o105 in Fig. 1a). Transects are most useful for compari-

crowave sounder (AMSU) instruments on NOAAS 0pera- s 4 aircraft, which can fly along the satellite track to spa-

tional sounders, which directly constrain temperature and,); overlap with multiple satellite scans. The much faster

:cnmsture. GEOdS'S mclydesha d'rz(_:t aSS|m|Iat||on (_)f rad'e}nce%round speed of the satellite than the aircraft means that only
rom AMSU and HIRS in a three-dimensional variational as- o 5pservation will be coincident in time. The other obser-

similation, as well as radiances from the Advanced Infraredvations are very close in time: the total duration of a tran-
Soundelr (fAIRS) ind A(l\j/lsullnstruments on NASAs EOS- sect is approximately 216 s. This implies that, for the set of
Aqua platform (Zhu and Gelaro, 2007). GMAO GEOS-5.2 5 cans within a TES transect, the observed variance of the
water vapor fields are produced ona 0.8@gitude by 0.3 +£g yeprevals is more influenced by spatial heterogeneity
l‘_"‘t'tUde grid with 36 pressure levels qu 6h t_empora_l resolu-(i 240 km distance) than by temporal differences over this
tion. The GMAO GEOS-5.2 water mixing ratios are linearly g+ time frame. In these 20 scans, the TES geolocations
interpolated to the latitudes, longitudes, and log(pressure) o g ented along a line parallel to the sub-satellite track.

levels of TES retrl_evals to _ge_nerate _the a priori profiles. InTES transects have been programmed to point either nadir
the TES product files, a priori HDO s defined as the prod- ;. jisntly off-nadir, depending on the location of the target
uct of th? local a prion "LK_) profile (GMAO GE_OS'S'_Z) and relative to the sub-satellite track. One advantage of the tran-
one tropical a priori profile of the HDOH0 ISOtOpIC ra- sqt is that atmospheric variability can be assessed on a scale

tio (Wgrg%n e:_lald 2096)' Thh'sh's anhovenlast'lmgte ct))f the €Xof tens of kilometers. In the case of aircraft comparisons, the
pecte Q' H20 ratio at high northemn latitudes because topic of this paper, the aircraft is flown along the transect

of frz_glctionation EﬁECt_S (e.g., Craig, 1961; Dansgaard, 1964)ground track to maximally overlap with the Aura overpass.
as discussed further in Sect. 4.4.

Validating the accuracy of TES HDO and@ retrievals 3.2  Aircraft data
is important for studies of the hydrologic cycle, exchange
processes in the troposphere, and climate change. Worden &he team of the University of Alaska, Fairbanks, provided
al. (2011) performed validation comparisons of the previousin situ measurements on board a Navion L-17a aircraft. Air
version (V004) TES HDQ@ H,O data with in situ measure- was sampled into the aircraft through an inlet probe with flow
ments at Mauna Loa, Hawaii, and concluded that TES V004provided by the ram pressure as the aircraft flew. Meteorolog-
3D data are biased high by63+19 %.. In this paper, we call ical parameters (outside air temperature, relative humidity,
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66.0 5000 3.3 Method of comparison
65.5¢ 4000 F (b)
g 50¢ % 3000f Following the approach of Rodgers and Connor (2003), satel-
£ ool 2 20000 lite and in situ data may be compared directly if the satellite
2‘3“5’ < ool averaging kernel is applied to the in situ data to treat both at-
630 0 mospheric profiles with the same vertical sensitivity. Aircraft

S O gt o140 0 e ° in situ measurements have a much finer vertical resolution
than satellite retrievals. The TES operator applies the TES
Figure 1. (a) Aircraft paths of seven flights over the Alaskan inte- averaging kernel matrik and the satellite a priori constraint
rior boregl forest (color-coded by flight Qate). Also plotted are the vectorx, to the in situ data (see Eq. 1 below). This has the
gelolgcl;atlons of thebTES(') ttrhansecht %fsa't,OblserVﬂ'on (fsq”?res lastfect of smoothing the in situ data to the same resolution as
eled by scan numbers 0 throug ertical profiles of water - ; - .
vapor 3D from the seven aircraft flights. The 12 July 2013 flight _the Sgtelllte ref[rlevgls and ofreverting to the prior where there
(magenta line) had the largest excursiorsim at 2000 m altitude. IS No Informatlo_n (e, on pressure levels yvhere the averag-
This was a layer of isotopically depleted air observed both on air-'ng, kernel rov.v-|s- equal to 0). The. averaging kernel matrix
craft ascent and descent in the free troposphere above the top of4 IS the sensitivity of the TES estimate to the true concen-
well-defined boundary layer. tration in the atmosphere (Rodgers, 2000). H. M. Worden et
al. (2007) have described in detail how the TES operator is
applied to in situ measurements of ozone.
and barometric pressure) were provided by a commercial For HDO/ H>0, the TES joint HDQ' H,O retrievals are
Vaisala HMT307 sensor. Water vapor isotopic abundanceperformed on the logarithm of the volume mixing ratios,
(HDO/ H20 and H20 / H1%0) were measured in situ with xp = In(gp) andxy = In(gn). The details of the TES HDO
a commercial Picarro L11156D/§80 ultra-high-precision ~ and kO retrievals are discussed in Worden et al. (2006) and
isotopic water analyzer using the cavity ring-down (CRD) have also been applied to the IASI satellite as discussed in
spectroscopic technique (O’Keefe and Deacon, 1988; Berdechneider and Hase (2011) and Lacour et al. (2012). In sum-
et al., 2000; Gupta et al., 2009). The bench performance ofmary, HDO and HO are jointly retrieved to minimize the
this particular Picarro unit was measured by the manufactureinterference effects of 0 on HDO and to optimize the re-
as follows: the precision @) of 6D was 0.0363 %o for 30s trieval of the HDO/ H,O ratio (Worden et al., 2006). For
averaging time and 8000 parts per million by volume (ppmV) comparisons of HD@ H;0, the state vectors for HDO and
water vapor (A. Van Pelt, personal communication, 2014). H20 are stacked together, so that the first half levels are HDO
In contrast to bench measurements, airborne measureand the second half levels are®|, as described in Worden
ments were susceptible to a number of factors that may inet al. (2006), Eq. (3), and in the Lite Products Appendix of
troduce error, including rapidly changing pressure, temperthe TES L2 Data User’s Guide (Herman and Kulawik, 2013).
ature, and water vapor. Atmospheric profiles of in gl Worden et al. (2006) denotésas the TES estimate of HDO
were obtained by changing altitude of the aircraft. On manyand HO, x as the true state of HDO ancd,8, and the full
of the aircraft flights in 2011 and 2012, hysteresis was ob-averaging kernel matrix for the HDOH,O ratio as
served between aircraft ascent and descent isotopic measure-
ments. Upon rapid descedD data were consistently more 5 _ < App  ApH )
isotopically depleted than the ascent data, and atmospheric” Atup Awn /)’
layers appeared at lower altitudes than the ascent data due )
to instrument time response issues. Aircraft testing in 2013whereApy = gi—g , the derivative of the HDO estimate with
revealed that slower climb and descent rates yielded moreespect to the true state o8, and other blocks of the ma-
consistenD measurements. For the 2011-2012 flights, wetrix are defined similarly (Worden et al., 2006, Eq. 13). The
use only the ascent data, due to slower climb rates and exaveraging kernel describing the joint HD®2O retrieval is
tensive duration at the same altitude in stair step flight pat-applied to models or data in order to account for the cross
terns (Fig. 1). Additionally, the in situ measurement error in- terms. Although we use the joint HDH,O averaging ker-
creased near the ground, due to heterogeneous vegetation anel for datg/ data and datamodel comparisons, the infor-
topography, and near atmospheric wind shear zones. To estination in the TES estimates of the HD®1,0 ratio is lim-
mate the in situ measurement error, isotopic standards weriged by the information on HDO (J. Worden et al., 2007) as
injected in-flight at various altitudes while flying in level cir- described by the HDO component of the averaging kernel.
cles. We conservatively estimate the practical “in-field” error  For comparison with TES, the in situ HDO and®l pro-
of 6§D to be+4 %o for 5 s averaging time. files are extended to cover the full range of TES levels. In the
boundary layer, from the surface up to the lowest altitude air-
craft data, we assume constant values of HDO ap@ ket
equal to the first aircraft measurement. In the range of air-
craft data (boundary layer to aircraft ceiling), the aircraft in
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Table 1. Summary of aircraft flights and collocated Aura TES special observations over the Alaskan interior boreal forest Addr 64.5
148 W. Average cloud effective optical depth (CloudOD) is from the nearest TES retrieval. The TES scans that have good quality
(DOFS >1.1) and spatial overlap with the aircraft flight path are shown in the “good scans” column. The height of the boundary layer
(ZpL) is defined here as the level at which water vapor drops 10 % below the boundary layer mean value. Boundary layer (BL) mean water
vapor (< HO >) in parts per thousand (ppt), and m&ah (<D >) are measured by a Picarro isotopic water analyzer onboard the Navion
L-17a aircraft. Two of these aircraft flights (27 August 2011 and 12 July 2013) did not have coincident TES special observations.

Good Aircraft  Aircraft BL  Aircraft BL  Aircraft BL
oD scans ceiing <HO> ZBL <éD>
Date Runid (TES) (TES) (km) (ppt) (km) (%o)
26 Jul 2011 13182 2 14 4.6 ~12.5 2.0 —228+11
27 Aug 2011 NA <0.1 NA 3.9 10.4 1.2 —234+10
12 Jul 2012 15046 1 8,10,11, 12 4.0 ~75 2.0 —253+5
28 Jul 2012 15143 <0.1  10,11,12 4.4 1+8.3 15 —214+2
6 Aug 2012 15206 0.1 8,9,10,11,12 4.1 9.9.6 1.9 —222+10
15 Aug 2012 15266 <05 8,11,12 4.2 7%=®.3 2.0 —215+4
12 Jul 2013 NA NA NA 3.1 10.80.2 1.7 —239+13

situ HDO and HO data are interpolated to the levels of the Table 2. Aircraft measurement statistics of atmospheric water vapor
TES forward model. It is quite likely that fine-scale features 8D variability over the Alaskan interior boreal forest. The data are
are not captured this way, but these features are negligible dtinned by TES pressure level. Aircraft ascent data only are used.

the TES HDO vertical resolution (see the HDO component

of the TES HDO/ H,0 averaging kernel in Fig. 3c). In the Pressure  Altitude MeasD SDSD  Number of
top layer, above the aircraft maximum altitude, the profileis ~ (hPa) (m) (%) (%) datapoints
extrapolated using a scaled a priori profile (see Sect. 4.4 for  1000.00 <500 —224.1 15.9 647
details). Nextxinsituw/Ak IS calculated jointly for HDO and 908.514 903 —231.6 16.3 1387
H>0 using the TES operator: 825.402 1707 -235.3 21.1 930
749.893 2496 —261.6 30.6 885
Xinsituw/AK = Xa+A(x—xa), (1) 681.291 3271 -276.1 27.7 628
618.966 4035 —305.2 20.1 557
wherexinsituwsak IS the in situ profile with applied averaging 562.342 4788 —300.4 5.1 75

kernel and a priori constraint. In this paper, all comparisons
have been completed using the TES operator.

To minimize the impact of atmospheric spatial and tem- . .
poral variability, satellite and aircraft measurements were se>V€n aircrait flights over the Alaskan boreal forest were

lected for close coincidence. For the direct comparisons, onlyp'nned by TES pressure level, with statistics shown in Ta-

measurements withift1 h were included for TES scans that Ele 2. As r_nen';ioned in Segt(.j 3.2, hystereslis vr\]/as obser\(/jed
are within 12 km of the aircraft path (see Table 1 and Fig. 1a). etween aircrait ascent and descent, so only the ascent data

For all HDO retrievals, the initial profile of the HDEHLE0 are considered here.. The top of the boundary layer over_the
isotopic ratio is set equal to a simulated tropical profile (Wor- boreal forest was typically between 1.2 and 2.0 km elevation

. ; bove sea level (a.s.l.), corresponding to a pressure range of
den et al., 2006). The standard data retrieval quality flags ar : . . .
used in this analysis, as outlined in the TES L2 Data User's 00 to 790 hPa. The isotopic ratio of HD®i,0 is generally

Guide, version 6.0 (Herman and Kulawik, 2013). Following uniform within the boundary layer and less isotopically de-
J. Worden et al. (2007) and Brown et al. (2008), we filter PI€ted than in the free troposphere. The méfawnf boundary

data for a reasonable threshold of DOFS (DOFS>1.1) bu{ayer water vapor measured by seven aircraft flights is equal
’ 0, H H H 0,
include all cloud optical depths. As seen in Table 1, several 0 —230 %o, and the standard deviatiow(10f 5D is 16 %.

; L The boundary layer statistics for each individual flight are
of the comparison dates had nearly clear-sky conditions.
P y y shown in Table 2. In the free troposphere, HDB,O is

more isotopically depleted than in the boundary layer and

4  Analysis shows greater variability: the standard deviatios ) df §D
is 30 %o. This variability is much larger than the Picarro in-
4.1 Atmospheric variability strument precision and is due to transport of water vapor and

the processes of condensation and precipitation.
The in situ aircraft isotopic measurements allow us to charac- The variance of TES-retrievedD is influenced by both
terize the error in the true profile of HD(H,0. Data from  atmospheric variability and the error of the TES retrieval.

www.atmos-meas-tech.net/7/3127/2014/ Atmos. Meas. Tech., 7, 3188 2014
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Table 3. Aura TES statistics of atmospheric water vagbr vari- 10000
ability over the Alaskan interior boreal forest. Twenty-seven TES F
transect special observations from July to August 2011 and July to 8000 F 4
August 2012 are binned together by pressure level (DOFS > 1.1) for __
meansD and standard deviation éD. Bias correction has been £
applied to these measurements (Sect. 4.3). ; 6000 - ]
ko)
S
TES pressure  TES altitude MeaB SDsD E 4000 ]
(hPa) (m) (%) (%o) <
1000.66 <200 -108.4  25.9 2000 ]
908.514 903 -163.0 35.2 r
825.562 1707 -2189 325 0 : :
749.893 2496 —254.4 27.2 -600 -400 -200 0
681.291 3271 -282.0 23.1 delta-D (per mil)
618.966 4035 —-316.7 25.7
562.342 4788 -337.3 269 10000 ' ‘ '
510.898 5528 —-357.1 29.6 I
464.160 6255 —361.2 283 8000 (b) ]
421.698 6968 —365.1 27.9 — —
383.117 7666 —369.7  23.8 E 6oool ]
348.069 8350 —374.1 20.1 8 [
316.227 9020 -—389.7 15.3 =] —
287.298 9675 —4049  10.7 £ 4000 ]
261.016 10314 —432.6 7.4 < j
237.137 10939 —459.0 4.4 2000 | 7
215.444 11554 —494.8 3.2 i y
195.735 12161 —-528.2 2.2 0L . s ‘ s
177.829 12768 —559.5 1.3 0 20 40 60 80 100

delta-D (per mil)

Figure 2. (a) Mean water vapo8D from each of 27 TES transect

As a first step toward characterizing the error budget of TESspeciaI observations (thin gray lines) and the overall mean profile

8D retrievals, we examine the scan-by-scan variability within hick plack line) over the Alaskan interior boreal forest in July and
single TES transect special observations over the Alaskamugust 2011, and July and August 20{2) The standard deviation
interior boreal forest. To optimize for clear-sky and warm of water vaporsD from each of the same 27 TES transect special
conditions, only measurements from July and August (2011-ebservations (thin gray lines) and the overall mean profile (thick
2013) are considered here. This corresponds to 27 Alaskahlack line). In both figures, TES HDO has been bias-corrected using
interior transects, and a total of 253 TES scans with DOFSEQ- (3). The values of the overall mean and standard deviation are
greater than 1.1. Figure 2 shows the méBnand standard ~ @lso listed in Table 3 below.

deviation of§D for each transect (thin gray line), and the

overall average (thick black line). At the near-surface pres-

sure level, the TES retrieval is somewhat influenced by thethe prior). The concentration of HDO drops with increasing
prior. This is also true at altitudes above 10 000 m. The stanaltitude in the atmosphere is due to three factors: decreasing
dard deviation o8D has one peak at approximately 2000 m pressure, drier air, and more isotopically depleiBd

altitude (826 hPa pressure level) and another broad peak at

5000 to 7000 m altitude (511 to 422 hPa pressure levels) be4.2 Comparison of TES with aircraft measurements

cause the peak variability also corresponds to the levels with

peak TES sensitivity to HD@H2O. The overall meandD In this section, we describe one representative comparison
and standard deviation 6D are shown in thick black lines between TES and aircraft HDO measurements. Figure 3
in Fig. 2 and are also listed in Table 3. Scan-to-scan vari-shows the comparison between aircraft water vappfrom
ability in these TES retrievals is characterized by the stanthe aircraft flight of 28 July 2012 and the coincident TES
dard deviation oD (1), which is£+34.1 %o in the bound- retrieval (run 15143, scan 12). First, the aircraft aséént
ary layer (averaging the data from 900 and 1700 m altitudes)cyan line in Fig. 3a) is interpolated to the TES pressure
and+26.5 %o in the free troposphere (averaging data betweenevels (red diamonds in Fig. 3a). The near-surface point is
2500 and 7700 m altitudes). This analysis excludes the surextrapolated from the aircraft data on the assumption that
face level and altitudes above 8000 m, due to decreased TE®e boundary layer is well-mixed. Above the aircraft ceil-
sensitivity to HDO at those levels (i.e., more influenced bying, a scaled prior is used to extend the in situ profile (see
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Sect. 4.4). The TES operator consisting of averaging kernel so0 ‘ ‘ 5000
and prior from Eq. (1) is applied to the mapped in situ data. _ 4ooo; (@ § 4000
This allows a comparison between the mapped in situ data s} 1

o %

3000 ¢

Altitude (m)

(red diamonds in Fig. 3b) and TES (black line in Fig. 3b) that 2 2000} N 2000}

accounts for the a priori bias and sensitivity of the satellite re- = ;450 ) 1™ 1000} Diamands: Vappedac )

trieval (Rodgers and Connor, 2003). The tropical prior (blue o/ " ™ AN
dash-dot-dot line in Fig. 3b) has significantly less depleted B0 D (per o 0 00 o per e 0

3D than either aircraft or TES because it is not representative .,

of the isotopic abundance at high latitudes. Figure 3c shows ¢ © | izzz \\,\‘,0 @ |
the HDO component of the HDOH,O averaging kernel for g . -t ol =N

this TES scan. Finally, Fig. 3d shows a similar comparison § 2000k g poo0lo R

for H,O, where the TES operator is applied to the aircraft < 2 T Cyam R
water vapor measurements. It is seen that TES has much moz’ ’ / 1°°ZZID’h:f;:’:C / \

finer vertical resolution for KO than HDO/ H,O. This is 02 00 02 04 06 oo0 000 0010 o001

not surprising considering the higher DOFS fgr®and the veraaing Kemel (cx-estidx-true) Water Vapor (volume mixing ratio)
relative scarcity of HDO. However, the TE® values gen-  Figure 3. Comparison of thesD tropospheric profile from the
erally agree with the aircraft data (Fig. 3b), after the joint Alaskan interior boreal forest aircraft flight of 28 July 2012 with
HDO / H20 averaging kernel is applied to the aircraft data the coincident TES retrieval (run 15143, scan 12).Raw aircraft
because the aircraft takes data in the altitude region where thascenD (cyan line) and aircraft values interpolated to TES levels
TES estimates are sensitive to the atmospheric HBIGO (red diamonds)(b) 5D profiles of the tropical prior (blue dash-dot-
ratio, as effectively described by the HDO component of thedc_’t line), aircraft interpolate_d to TES levels (red di_amonds), air_craft
HDO /H,0 averaging kernel (Fig. 3c). Any possible arti- with TES operator (green line), and the TES retrn_aval (black line);
facts insD caused by the calculation of the HD®1,0 ratio ~ (©) HDO component of the TES HDDH,O averaging kernel for
profile from HDO and HO parent profiles of different ver- these lowest levels of the atmosphg@d); HoO profiles of the TES

ical luti | in the i ) This i retrieval (black line), raw aircraft ascent data (cyan line), aircraft
tical resolutions cancels out in the intercomparison. This ISinterpolated to TES levels (red diamonds), aircraft with TES oper-

because, after application of the TES averaging kernels tQyor (green line), and the 4@ prior from GMAO GEOS-5.2 (blue
the aircraft parent data used for calculatiorsDf these also  gash-dot-dot line).

have different vertical resolutions. Hence, no artificial differ-
ence should be expected to arise from the different vertical _
resolutions of HDO and the main® isotopologue. TES bias:

As reported in J. Worden et al. (2006, 2007, 2011), TES’A_‘ linear relqtion was chosgn because it is a _simple func-
HDO / H,0 ratios are biased compared to model and in sitution that varies smoothly with pressure. Equations (2) and
measurements. The source of this bias is inferred to be biasds) €orrespond to a typical TES bias-688 %o in the bound-
in spectroscopic line strengths of HDO, as discussed in thé'Y [ayer (average for 900 and 1700 m altitudes) &3d %
supplement of J. Worden et al. (2007). To properly account” the free troposphere (average for 2500 to 7700m alti-
for the sensitivity of the TES retrieval, Worden et al. (2011) ude range). The difference between in si and uncor-

report a bias correction (their Eq. 1) based on Eq. (2.8) of thd©Cted TES is shown in Fig. 4b, and the difference between
supplement of J. Worden et al. (2007): in situsD and bias-corrected TES is shown in Fig. 4c. To test

whether this bias correction can be applied globally, TES ob-
servations have been compared to coincident in situ measure-
ments from Hawaii (Worden et al., 2011) and the Mediter-
ranean Sea (H. Sodemann, personal communication, 2014).
Once the TES operator is applied to the in situ data (Eq. 1),
the TES and in sitdD profiles agree to within the TES esti-
mated error.

D D
In (qcorrectec) =In (qoriginal) — ApDdbias )

where@g’ri inal 1S the HDO volume mixing ratio estimate from
the TES product filesApp is the averaging kernel matrix
from the product files, andpiss is a column vector of the
fractional bias correction t@gigma, (not to be confused with
D notation). Since one cannot distinguish between spectrog.4  Assumptions about sensitivity to the true profile
scopic uncertainties in HDO or 4@, the bias is aggregated
into the HDO bias. In order to apply the averaging kernel, the “true” HpE,0

To estimate the TES bias, the bias column veéag was ratio must be extrapolated above and below the aircraft mea-
adjusted to minimize the difference between bias-correctecdurements. The aircraft ceiling on these validation flights
TES and in sitlsD with the TES operator applied. Figure 4a was between 3 and 5kma.s.l. (see Table 1). This compli-
shows our best estimate, a linear relation to approximate theates comparisons because TES has greatest sensitivity to
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HDO/ H,0 at two levels, one overlapping with the aircraft 10000
(2kma.s.l.) the other above the aircraft (6 km a.s.l.). We con- 8000 (@)
struct the “true” HDO/ H20 profile from three segments: a 6000f
constant value below the aircraft, aircraft data in the lower
troposphere, and a scaled prior at altitudes above the air- 2000}
craft measurements. A scaled prior is more realistic for sum- 0
mer observations over Alaska because it is expected that GO0 M
HDO / H20 should gradually decrease with altitude due to 10000 10000
isotopic fractionation in the high-latitude troposphere. The  sooo}
prior HDO/ H,0 profile is multiplied by a constant factor
so that its value at the TES level nearest the aircraft ceiling 2 400!
matches the aircraft HD@H,O. The prior HDO/ H,0 is 2000 [oiogic e " [ )
multiplied by the same constant factor at levels from the air- ol Erarentrey | /i 1 1E4
craft ceiling up to the tropopause. An unscaled prior is used ™ bierence in Detacd (pormi 2% Diference in Delia-D (per mil)
above the tropopause. The best estimate of the “true” profile _ ] o

with the averaging kernel is compared to uncorrected TES19Ue 4. (@) TES V005 HDO/ H20 bias relative to in situ mea-
(Fig. 4b) and bias-corrected TES (Fig. 4c). Results are not<,urements:th|s is negativgjasfrom Eq. (3).(b) Uncorrected com-

-, - “ " - arisons of TESD minus aircraf D with averaging kernel applied
sensitive to assumptions about the "true” profile above the?or the 16 scans that have good quality, DOFS>1.1, and spatially

tropopause because TES does not have much sensitivity t6\/erlap the aircraft flight path (see Table 1). Also plotted are the

HDO at those levels. TES bias (thick black line) and standard deviation (dashed red line).
To determine the sensitivity of the results to the “true” pro- (c) Bias-corrected comparisons of TB® minus aircraftsD with

file, the “true” profile is varied as follows. The profile con- averaging kernel applied for the same scans as in Fig. 4b. In Fig. 4c,

sists of aircraft data in the lower troposphere and the scaledES HDO/ H,0 has been corrected yias (Eq. 3). Also plotted

prior +30 %o between the aircraft ceiling and the level where are the TES bias (thick black line) and standard deviation (dashed

this intercepts the unscaled prior. Figure 5 shows the comparted line).

isons for these cases (scaled peB0 %o). It is seen that the

effect of changing the “true” profile is a change in TES bias, (Worden etal., 2006):

especially at 6000 to 8000 m altitude (corresponding to TES

pressure levels 464 to 348 hPa). At these altitudeis3@%o S— GRSnG,Tg +Gg <Z KiSZKiT> Gﬁ, (5)

change in the “true” profile corresponds ta20 %o or 2% i

change insD if the TES operator is applied.

4000+

Altitude (m)

(b) 8000

6000 - 6000 -

Altitude (m)

4000

Altitude (m)

Gray: TES - in st}
2000 [-Black: Bias |

Red Dash Line
of. Empirical Erro{

where the gain matriG = (G2 — G¥), S, is the measure-
ment error covariance, arﬁj) is the error covariance due to

all other parameters, trace gases, temperature, etc., that affect
the retrieval. The first term in Eq. (5) is the measurement er-

. L L ror, and the second term is the sum of all systematic and inter-
The optimal estimation method allows the characterization Ofference error terms. Both measurement error and observation

the TES error budget (Worden et al., 2004, 2006; Bowmangor covariance matrices are provided in the TES HDO Lite
et al., 2006; Rodgers, 2000; Boxe et al.,

_ BOXE 2010). One of thés oyt file. The estimated error is given by the square roots
important uses of the correlative aircraft data is to assess thl8f the diagonal elements & the best estimate of the TES

e;r%r budget. Ir? the ge?lere_ll cre]ls%,_;cfhe enr ambthe estlmr?te observation error covariance for the HD®,0 retrieval.
of the atmospheric profile Is the dilference between the true |, s section we define two additional figures of merit

statex and the Iinea}r estimate retrieved by TES (Worden for the error estimation of the isotopic ratio. On each TES
etal., 2006, Eq. 15): retrieval pressure level, bidsres ac is defined as the

) R mean difference between the TES estiméfe/jn) and
X=X—X. (4) the aircraft isotopic ratio with the averaging kernel applied

((CID/‘IH)insituw/AK ):

5 Error estimation

In Eqg. (5) below, we define a term, thestimated errorof

the TES isotopic ratio HD@QH,0O, based on the theoretical
expected error derived from optimal estimation retrieval the-
ory. If the TES operator is applied to the in situ measure-
ments, then the estimated error does not include a smoothinfpr » matched TES—aircraft pairs of observations. For con-
error. In this case, where we compare TES and the aircrafsistency, we convert this bias &D notation in all figures
measurements with the averaging kernel, the estimated erlnd tables. Empirical error is defined as the measured scan-
ror covariance is given by the observation error covarianceo-scan variability quantified as the standard deviation of the

1 A A
ATES-AC = o E [(CID/CIH) - (CID/‘]H)insituw/AK]i (6)
i=1

n
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Table 4. Error Budget for Aura TES VOOBD. Error terms are shown for both the boundary layer (up to 1700 m) and the free troposphere
from 2500 m altitude up to the aircraft ceiling of 5000 m. The aircraft variability comes from seven aircraft flights over the Alaskan interior
boreal forest (see Table 1 and Sect. 4.1). The scan-to-scan TES variability includes 27 TES transects and 253 scans of good quality (se
Sect. 4.1). The TES V005 bias is calculated to minimize the differences between TES and aircraft with averaging kernel applied for 16
matches (see Sect. 4.3). The sensitivity to assumptions about the true profile above the aircraft ceiling is adapted from Fig. 5 (Sect. 4.4). The
TES empirical error is calculated from the 16 good TES—aircraft matches; see Eq. (7). The TES estimated error is shown here only for the
28 July 2012 TES special observation but is typical of the entire set of measurements.

Parameter Boundary layer  Free troposphere
Aircraft variability (1o SD) +16 %o £30 %o

Scan-to-scan TES variability §1SD)  +34.1 %o +26.5 %o

TES V005 bias +98 %o (£5%0)  +37 %o (20 %o)
Sensitivity to “truesD” above aircraft +5 %o (approx.) £20 %o

TES empirical error 426 %o +22 %o

TES estimated error (28 Jul 2012) 416 %o +10.5 %o (up to 3270 m)

10000 10000 100 100
8000} (@) 1 8000 (b) @) = ()
= a & &
E so0of £ ooof < <
8 8 ® ®
3 > =3
= 4 L £ 40001 A
< o0 Al < Gray: TES \\ g g
Gray: TES - ra) -in $i o [
2000 | Black: Bias | 2000 fBiack: Bias | ) o o o
Red Dash Line {7 Red Dash Lme\( \ <, Empirical Error 3 Empirical Error
ol Empirical ek { /%) ‘ of, Empirical ErroN\[ | |§/]7/ ) 1000 % TES Estimated Error 1000 TES Estimated Error
200 -100 0 100 200 200 100 0 100 200 000 002 004 006 008 0.10 ]
. . . . . . 00 002 004 006 008 O. 0 20 40 60 80
Difference in Delta-D (per mil) Difference in Delta-D (per mil) Fractional Error (RMS of Covariance) Error (per mil)

Figure 5. Sensitivity of TESSD minus “true”éD for different as-  rigyre 6. TES error analysis for the TES—aircraft coincident ob-
sumptions above the level of the aircraft measurements. Scans anghyations on 28 July 2012 over the Alaskan interior boreal forest.
constraints are the same as in Fig. 4 for the best estimate of th%i) Profiles of TES HDQ' H,0 estimated error, also known as TES

true 5D. (a) Comparison in which the “truesD is aircraft data,  gpservation error (red dashed line), and the TES HBRO empir-
with scaled prior minus 30%. above the aircrdft) Comparison ica| error (black line) from Eq. (7)b) Error in per mil units: TES

in which the “true”sD is aircraft data, with scaled prior plus 30%. sp estimated error (red dashed line) and T&ES empirical error
above the aircraft. (black line).

difference between the TES estimate and the aircraftisotopic . . . T
ratio: is significantly higher due to uncertainties in the true pro-

file above the aircraft ceiling, which was 4.4km or 585 hPa
empirical error= on 28 July 2012. Another reason for higher empirical er-
ror is natural atmospheric variability along the TES transect.
1 2 As described above in Sect. 4.1, the aircraft measured atmo-
\/(,, = 1) > {[(@0/dn) — @o/arinsimax]; — Ates-ac] " (7) spheric variability of+16 %o in the boundary layer, increas-
' ing to 30 %o in the free troposphere.
Figure 6 is a comparison for a single match (28 July 2012)
between TES HDQ@H,0 estimated error (red dashed line)
and the empirical error (solid black line). The error terms are6  Discussion and summary
plotted both as HD@ H»O fractional error (Fig. 6a) andD
error in per mil units (Fig. 6b). It is seen that the empiri- HDO /H,0 estimates from TES V005 retrievals over the
cal error is larger than the estimated (observation) error. InAlaskan interior boreal forest have been compared to coin-
the boundary layer, up to 1700 m altitude, the empirical er-cident in situ airborne measurements made with a Picarro
ror is 0.029 (corresponding 26 %o error indD) and the  isotopic water analyzer. We have shown that TES V005 re-
estimated error is 0.017 (corresponding+4t@6 %0 error in  trievals have sensitivity to HDO in the mid-to-lower tropo-
3D). In the lower troposphere, at 2500 to 3300 m altitude, thesphere and the boundary layer. From a comparison with the
errors have local minima. Here, the empirical error is 0.025aggregate of TEBin situ comparisons, we estimate that TES
(corresponding te-22 %o error indD) and the estimated error  VVOO05 5D should be corrected downwards by column vector
is 0.012 (corresponding t®10.5 %0 error inéD). At higher  &pias (EQ. 3). This amounts to a net bias correction-&B %o
altitudes, there is a second peak in estimated error compan the boundary layer, gradually reduced +&7 %o in the
rable to the peak in the boundary layer. The empirical errorfree troposphere. The uncertainty in the bias correction is
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