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Abstract. The isotopologic composition of water vapour accurately the isotopologic ratios, our results demonstrate the
in the atmosphere provides valuable information on manyability of infrared nadir sounding for monitoring atmospheric
climate, chemical and dynamical processes. The accuratisotopologic water vapour distributions on a global scale.
measurements of the water isotopologues by remote-sensing
technigues remains a challenge, due to the large spatial and
temporal variations. Simultaneous profile retrievals of the
main water isotopologues (i.e.3D, H%0 and HDO) and
thei.r ratios are presgnte_d here for the first time, _along their\Nater vapour is involved in many key atmospheric processes
retrieved global distributions. The results are obtained by ex-

ploiting the high resolution infrared spectra recorded by theInCIUdlng radiative transfer, dynamics or homogeneous and

Interf ric Monitor for G h IMG) inst heterogeneous chemistry (Solomon, 1999; Coffey et al.,
nterferometric Monitor for Greenhouse gases ) instru- 2006). The study of atmospheric water vapour has further

Z]SE%V;NC? nf[ls gp:arated iggée n%dllrg%(a?mprﬁtry otn.boalrd thgjained interest since the discovery of the increasing humid-
satefiite between an - M€ relnevals arGy, e the last half century (Rosenlof et al., 2001; 2003),

p;eKorTleggt;n clouqc-ifr(e_e ra;dlanct:es, mﬁagureq gurmg tlezr:)gay e causes of which are not yet fully understood (Kuang et
ot Apri » considering two atmospheric windows ( "~ al., 2003; McCarthy et al., 2004; Franz and Rockmann, 2005;

1. 1 i ine-bv-li -
1228 cnt; 20042032 ¢m-) and using a line-by-line ra Schmidt et al., 2005; Coffey et al., 2006). In the stratosphere,

diative transfer model and an inversion procedure based o, . - 1\ 0unt of water vapour has a direct impact on the con-
the Optimal Estimation Method (OEM). Characterizations in centration of the OH radical, which is involved in catalytic

’\[/(\alrmi of \{ﬁrttlcal slep5|t||V|;y ?]nd (?[rrolr bUd?et'.[ are pror:/,'de%cycles of ozone destruction, chlorine activation, denitrifica-
e show that a refatively hign vertical resolution IS achievedy,, anq methane decomposition (Forster and Shine, 2002;

16 A H i i
for H3°0 (~4-5km), and that the retrieved profiles are in .4 navidoff et al. 1999: Tabazadeh et al., 2000; Shindell,

fair agreement with local sonde measurements, at differen& . :
. . R ' 001; McCarthy et al., 2004). In the troposphere, water is the
latitudes. The retrieved global distributions o}, HL%O, y ) Posp

oo . rincipal component of the global climate system: it acts on
HDO and their ratios are presented and found to be conssteritlouds’ precipitations and also plays a role in the greenhouse

vc\lltrr:t?rie\r?toollji?f ixae”mtim?lt?’ttugfsl a?]gl Tor?ielsl. dTher%(:enaneffect (Schneider et al., 1999; Hartmann, 2002).
ontine erence, the fatiiudina’ and vertical dependence .- o osrement of the isotopologic composition of
of the water vapour amount and the isotopologic depletion : : S .
. tmospheric water vapour is used to derive information
are notably well reproduced. Others trends, possibly relate .
L . ; : .—on the water cycle (Bechtel and Zahn, 2003), paleocli-
to small-scale variations in the vertical profiles are also dis-

. e .~ mate (Masson-Delmotte et al., 2005; Jouzel et al., 1997),
cussed. Despite the difficulties encountered for computlngCIOud physics (Webster and Heymsfield, 2003), troposphere-

Correspondence tad. Herbin stratosphere exchanges (Kuang et al., 2003; Moyer et al.,
(hherbin@ulb.ac.be) 1996) and climate studies (precipitations, storms, hurricanes)

1 Introduction
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(Bowen and Revenaugh, 2003; Ciais and Jouzel, 2004surement vertical sensitivity and error sources. Section 4
Gedzelman et al., 2003; Smith, 1992; Lawrence et al., 2002)presents the distribution of each isotopologic species and of
This is because isotopologic ratios of water strongly dependhe isotopologic ratios in partial columns between ground
upon the evaporation conditions and the condensation hisand 16 km of altitude. The quasi-global scale is achieved
tory of the air mass during transport (Strong et al., 2007).by analysis the longest IMG operation period, corresponding
The process is known as the Vapour Pressure Isotopologui ten successive days in April 1997. The spatial variabil-
Effect (VPIE): Heavier isotopologues (here HDO atf@) ity of HDO/H3°0 and HB0O/HL®O ratios are presented and
have lower vapour pressures than the lighter ori#@hland  discussed based upon the retrieval results. Section 5 sum-
this leads to an isotopologic fractionation during changes ofmarizes our results and puts forward some perspectives for
phase. Hence, when the vapour phase and the condensé¢fure applications.

phase are in thermodynamic equilibrium, the lighter isotopo-
logues condense more slowly and evaporate at a higher ra
than the heavier ones, which in turn concentrate in the liqui

or solid phase. The result of this VPIE is that the heavier
isotopologic species of atmospheric water are progressively

removed and become depleted relative to the Standard Meafihe |MG instrument was launched onboard the ADEOS plat-
Ocean Water (SMOW) values. form on August 1996 and ceased operating in June 1997

An accurate knowledge of the vertical and horizontal dis- (Kobayashi et al., 1999). ADEOS was a sun-synchronous,
tribution of the different water isotopologues is of great in- ground-track repeat polar orbiting satellite at about 800 km
terest for a better understanding of the processes controllingltitude, providing a global Earth coverage in 4 days. The
the water vapour budget (Bechtel and Zahn, 2003; Worden elMG instrument was a nadir-viewing Fourier transform in-
al., 2007). However, their quick changes of concentration interferometer that recorded the thermal infrared emission of
space and time, associated with the very important concenthe Earth-atmosphere system between 650 and 3008.cm
tration decay with altitude is a difficulty, and few measured Its maximum optical path difference was 10 cm, leading to a
profiles of the heavier isotopologues of water vapour havenominal spectral resolution of 0.1 cth The spectral range
been reported (Zahn et al., 2006, and references thereinyvas covered by three separate spectral portions : two photo-
The measurements from space-borne instruments, which aneltaic InSb detectors were used to record band 1 from 2300
the only means for determining extended spatial distribu-to 3000 cnT® and band 2 from 2000 to 2500 crh and a
tions, are particularly sparse: In previous works, the Atmo-photoconductive type HgCdTe detector was used for band 3
spheric Trace Molecule Spectroscopy (ATMOS) instrumentfrom 600 to 2000 cm®. Each detector had a field of view
was used to measure?lﬁo, HDO and their ratio in the Up- corresponding to a 8 k8 km footprint on the ground and
per Troposphere and Lower Stratosphere (UT/LS). It pro-each footprint is separated by a distance of 4km from the
vided information mainly on transport in the tropical UT/LS other. The IMG spectra were recorded in batches of six suc-
(Moyer et al., 1996; Kuang et al., 2003). The Interferomet- cessive measurements, separated by 86 km along the track,
ric Monitor for Greenhouse gases (IMG) provided a latitudi- followed by reference blackbody calibration measurements.
nal distribution of HDO around 4 km (Zakharov et al., 2004). The IMG operation mode was limited to periods of 4 succes-
Finally, measurements made with the Tropospheric Emissiorsive days of measurement out of 10 days, except for a single
Spectrometer (TES) have recently enable deriving global disperiod of ten days from the 1 to 10 April 1997. Due to the
tributions of the tropospheric HDOZf’O ratio (Worden et  very weak signal to noise ratio, the band 1 has not been ex-
al., 2006 and 2007). ploited up to now.

In this work, we intend to go further in probing the iso- [N this study, we use the spectra from 1-10 April 1997
topologic composition of water vapour from satellite. The Period, provided by bands 2 and 3. The vertical distribu-
principal objective of this paper is to characterize the capabil-ions are retrieved from the spectra using Atmosphitsoft-
ities of high-spectral resolution infrared nadir sounder to pro-Ware developed at the Univeisitibre de Bruxelles. This
vide simultaneous information on the vertical and zonal con-SOftware is based on a detailed line-by-line radiative transfer
centration distributions of three isotopologues@, H;%0 model, including ray tracing for various geometries and a re-
and HDO) and their ratio. For}qo, these are the first at- trieval scheme that relies on the Optmal Estimation Method
tempts of retrievals in the nadir view. (OEM) (Rodgers, 2000). Thg theoretical elements relevant

for the present study are similar to those described by Barret

In the next section, the IMG instrument, the spectraand the,; 4. (2005) and Coheur et al. (2005). They are only briefly
retrieval method are briefly described. Section 3 presents the,;,ymarized hereafter.

profiles of the different water isotopologues and their ratio
for a small selection of IMG spectra coincident with water
balloon-borne soundings. The comparison of the retrieved
profiles with sonde data is discussed with respect to the mea-

Measurements and methods

Measurements
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2.2 Retrieval methodology here, the OEM provides an efficient way for characterizing
the retrieved state, which is given by (Rodgers, 2000):

For an atmosphere divided in discrete layers, the forward ra-_ N

diative transfer equation gives an analytical relationship beX = ¥a +A(X — xa)+G(e + K, (b — b)), ®)

tween the measured vector(in our case, the radiance) and

the true atmospheric state(variables to be retrieved: sur-

face temperature, vertical concentration profé&) and is

written as:

whereb is the approximate of the model parametershe
JacobiarK =9 F/a b characterizes the sensitivity of the for-
ward model to the model parameter& is the gain matrix
whose rows are the derivatives of the retrieved state with re-

spect to the spectral points and it is defined by:
y=F(x:b)+e @ P pectralp y

G=0z%/0y (4)

whereF is the forward radiative transfer functioh,repre-
sents the fixed parameters affecting the measurement (atmét, the averaging kernel matrix, gives a measure of the sen-
spheric temperature, pressure, instrumental line shape (ILS§itivity of the retrieved state to the true state. It is defined
etc.) ande is the measurement noise. by:

A synth(_-:-tic spectrum, appr(_)>_<imati_on &f |s computed A= a;e/ax — GK (5)
using the line parameters (positions, intensities, broadening,
shifting and their temperature dependency) and absorptiort a given level, the peak of the averaging kernel row gives
cross-sections compiled in spectroscopic databases, as wehle altitude of maximum sensitivity whereas its full width
as the absorption continua from the MT-CKD model (Clough at half maximum is an estimate of the vertical resolution.
et al., 2005). The molecular absorption lines are computedrhe trace ofA, known as the Degrees Of Freedom for Signal
using a Voigt line shape and the resulting spectrum is pro{DOFS), indicates the number of independent values of the
cessed to account for the ILS contribution. state vector which can be retrieved from the measurements.

The retrieval method aims at determining the state vector The global error can be inferred from Eq. (3) by consider-
x from the measurement vectgr For nadir-viewing satel- ing the difference between the retrieved and the true state:
lites, however, the spectra provide an integrated view of the,_ R
atmosphere. As a consequence, the retrieval of a verticallff —* = (A = D(x —xa) + Ge + GK,(b —b) )

resolved profile from the measurement is mathematically ill tpig Eq. (6) can be decomposed into three different contri-
conditioned, meaning that it has no unique solution. A mean+, ;iions:

ingful solution can, however, be obtained by regularizing the _ (A—1)(x—x,) is the smoothing error, which accounts for

retrieval with a priori information about the variables. This the vertical sensitivity of the measurements to the retrieved
information is composed of an a priori profig, and an a profile.

priori variance-covariance matr§, (Rodgers, 2000). In this - Ge is the measurement error, associated to the spectral
case, the goal of the inversion is to fikdwhich is the ap-  jise.
proximation of the true state, which best agrees with both - GK (b — b) is the model parameters error, which repre-
the mea§urement and the a priori informatiris found by gents the imperfect knowledge of the model parameters.
iterating: Their covariances matrices are respectively given by:
Ripr=xq + (KISTK + 5,0 7K s Ssmoothing= (A — )Sy(A — 1) (7)
[y — FG&) + KiGi — xa)], @
Smeas =G Sa GT (8)

with K being the Jacobian matrix, the rows of which are the -
partial derivatives of the measurement with respect to the reSmodparam = GK S, (GK ) ©)
trieved variablesK=0y/dx.S, is the measured signal er- . . .
ror variance-covariance matrix and is chosen to be diagonal\fv'th Sy representing une ertainty on the forward model ba-

with identical diagonal elementg?(S.= o21) (Barret et al., rame_ters. _The Iatfcer includes th_e impact of interfering

2005; Coheur et al., 2005), whergis a constraint represent- species, Whlch are S|multaneous_ly fitted, as well as the uncer-
ing the noise equivalent spectral radiance. The retrieved stattealnty on the airtemperature profile (uncorrelated uncertainty

is obtained after convergence, when the absolute differencccenc 5K on each retrieved level). We use the same ILS as in

between every element 8fmodeled at two successive iter- previous studies (Barret et al., 2005 and Coheur et al., 2005)
: . NNEE ; and the HITRAN line parameters error is not considerate.
ation steps|F(%; 1) — F(&;)|, is less than a fraction (20%) . . )
The total error variance-covariance matrix can then be re-

of 0. o . L garded as the sum of these individual contributions:
The characterization of the retrieved quantities in terms of
sensitivity and error sources is essential to estimate the quata = Ssmoothing+ Smeas+ Smodparam (10)

ity of the results. In the case of the linear approximation used

www.atmos-chem-phys.net/7/3957/2007/ Atmos. Chem. Phys., 7, 39682007
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Fig. 1. Spectral windows used for retrievingRD, H180 and HDO profiles. Top and middle: IMG radiance spectra and principal individual
contributions of the main absorbers in the IMG band 2 and band 3 spectral ranges. Bottom: Residuals (observed-calculated spectra), plottec
with an expanded scale and compared tosthealue.

2.3 Data analysis to 2032.00 cm!. Figure 1 gives a typical example of spec-
tral fit in the selected windows. The fit is good in both bands,

For the retrievals, the a priori state vectqy, the a priori with the residual spectra (Observed-Calculated) being close

covariance matrixS,, and additional input parameters, in- (© the expected instrumental noise value.
cluding the pressure and the temperature profiles, have been The VMR for the different water isotopologues are re-
built based on data from the European Center for Medium{rieved on 10 vertical levels, in the middle of layers extending
Range Weather Forecasts (ECMWF). The a priori informa-from the ground to 20km as follow : 0-1, 1-3, 3-5, 5-7, 7—
tion used, for water vapour, associated with the IMG period® 9-11, 11-13, 131_715’ 15-17 and 17-20km. In the spectral
analyzed here, comes from a latitudinal set (+9660°), ~ range used, Ci H;'O and CQ profiles are fixed to stan-
(+60°, +23), (+23, —23), (-2%, —60°) and (~60, —90") of dardlg/alues. The sugface Temperaturg (Ts) and the profiles
profiles averaged over the months March to May, for 3 suc-2f H2°0, HDO and H%0 are adjusted simultaneously.
cessive years (1995, 1996, 1997). It covers altitudes ranging
from the ground to 44 km by step of 2km. The a priori con-
straint vector and covariance matrices for HDO arfi®iare
identical to those of %PO but multiplied by the standard iso-
topologic ratio. The spectroscopic parameters were extracted
from the HITRAN 2004 database (Rothman et al., 2005).Thjs section aims to give insight onto the capabilities of the
The noise equivalent spectral radianceof the ”V!)G INSrU- |MG measurements for determining the vertical profiles of
ment was estimated to be of the order of 0~ Wi(cm? H180, HDO and H80 in the troposphere, rather than to per-
cm* sr) (Kobayashi et al., 1999). However, the level of torm a quantitative validation of the results. However, in or-
noise varies strongly with spectral bands and latitudes. In oryer o ensure that the large scale features of the water dis-
der to constrain the retrievals, a valueoofclose to the best  ribytion on the horizontal and vertical dimensions are well
Root Mean Squares (RMS) has been set (Fig. 1). reproduced, we have chosen to compare the retrieved pro-
Water vapour absorbs all over the spectral domain of IMG,files to a restricted set of correlative humidity soundings rep-
but many strong absorption lines (Clerbaux et al., 2003)resentative of different latitudes. The latter have been se-
overlap and/or saturate the absorption. On this basis, wéected from regular balloon launches performed by the Net-
have selected one spectral window within band 3 for the rework for the Detection of Atmospheric Composition Change
trieval of HDO, extending from 1205.40 to 1227.50th  (NDACC) and the World Ozone and Ultraviolet Data Cen-
and two windows within band 2 for the retrieval of%‘F(D, ter (WOUDC) in the time period of interest. A set of spectra
extending respectively from 2004.00 to 2015.32 and 2019.6within 3° latitude/longitude of the eight NDACC or WOUDC

3 Retrievals and characterizations

Comparison with sondes

Atmos. Chem. Phys., 7, 3953968 2007 www.atmos-chem-phys.net/7/3957/2007/
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Fig. 2. Retrieved water vapour profiles (VMR) up to 16 km from IMG observations between 1 and 10 April 1997 for eight different sites
compared with water vapour sonde measurements (see Table 1). The retrieved values are indicated by black lines, the a priori profiles by
black dashes, the sonde profiles by grey lines and the smoothed sonde profiles by grey dots.

stations and measured within one day of the soundings haBigure 2 shows the comparisons for each coincident
been considered (Table 1). Since the sonde measuremenitglG/sonde measurement. In all cases, the retrieved profiles
are performed at a very high vertical resolution, they need toare in fair agreement with the sonde measurements over the
be smoothed in order to account for the lower resolution ofentire altitude range covered (0-16 km). Although not shown
the IMG observing system and thus to allow a meaningfulin Fig. 2, it is interesting to point out that the retrieveéﬁa
comparison with the retrieved profiles. The smoothed wateiprofiles from band 2 are very similar to those retrieved from
vapour sonde profileg, are calculated from the measured band 3, the discrepancies for each layer being less than their
profilesxsongeaccording to (Rodgers, 2000): respective uncertainty.

In light of Fig. 2, we can safely conclude that the re-
Xs = Xq + A(Xsonde— Xa) (1)) trievals provide a good representation of the general shape

www.atmos-chem-phys.net/7/3957/2007/ Atmos. Chem. Phys., 7, 39682007
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Table 1. Summary of the coincident IMG and water vapour sonde measurements.

Observing Site  Sonde: Latitude, Day (April 1997)
and Time of Sonde

measurement (UTC)

IMG: Latitude, Longitude  Day (April 1997)
and Time of IMG

Longitude, Altitude measurement (UTC)

Ny-Aalesund 78.93 11.9%,11m 10,5h49m 79.6211.87 10,13h39m
Uccle 50.80, 4.35,100m 07,10h 18 m 51.226.23 07,21h32m
Wallops 37.84,-75.48,13m 09,14h57m 35.74-73.83 09,16h01m
Hilo 19.72,-155.08,11m 09,18h38m 21.83-154.12 09, 8h44m

Samoa -14.23-170.568,82m 04,13h42m -10.27-169.17 04,21h51m
Suva -18.19, 178.20,6m 04, 22h00m -18.37174.64 04,11h15m
Lauder -45.04, 169.68,370m 02, 01h58m -44.86168.13 02,22h55m
Neumayer —70.65 -8.26°, 42m 05,15h 18m —-67.89-9.13 05,09h55m

of the water vapour profile in the troposphere. In particular, For each isotopologue, the error budget as a function of
they reproduce adequately the large latitudinal variations bugltitude is displayed in Fig. 3c. The different curves cor-
also the altitude gradients up to the tropopause. For tropicatespond to the square root of the diagonal elements of the
scenes (Hilo, Samoa and Suva), the volume mixing ratio iserror covariance matrices calculated according to Eqgs. (7)
almost one order of magnitude greater than in the highest latto (10). The error analysis confirms that the retrievals are
itudes and the variation with altitude is important, since moremainly driven by a priori information above 16 km for all
than 90% of the water vapour amount is found between thdsotopologic species. Forﬁﬁo, the principal contributing
ground and 6 km. Furthermore, the comparison between therrors are the smoothing and the measurement errors. For
retrieved profiles and the local sonde measurements does ntite heavier isotopologues the smoothing error is dominant.
reveal any systematic discrepancy or any dependency witidditional contributions $modparam) to the total retrieval er-
the water vapour amount. The disagreement between theor, including the simultaneous retrievals of the surface tem-
satellite derived values and the sonde data is largest abovgerature and interfering species, are found to be very weak
4 km, probably as a result of the coincidence criterion, which(less than 2%). The total error is particularly small near the
is loose considering the fast spatial and temporal variatiorsurface, where the sensitivity is maximum, with errors reach-
of the water vapour amount (see Table 1). In spite of this,ing 6% for I-%GO, 14% and 12% for HDO and%qo respec-
the comparisons highlight the ability of the thermal infrared tively. The total errors are smaller than 20% fo%GEo, and
nadir measurements to provide vertically resolved profiles ofthan 30% for the heavier isotopologues throughout the tro-
water vapour over the entire altitude range of the troposphereposphere, which is a substantial improvement with respect to
possibly up to the UT/LS region. the a priori variability. The most significant improvement is
The high sensitivity of the IMG measurements to tH8®  |ocated in the troposphere around 6 km, where the a priori
vertical distribution, and to a lower extent to that of the heav-uncertainty is 90 %.
ier isotopologues, is further illustrated in Fig. 3, for a case The present analysis of the information content shows sim-
corresponding to a high DOFS. Figure 3a shows the retrievedarities with the results previously obtained from IMG by
profiles, starting from an a priori profile for the heavier iso- zakharov et al. (2004) for tropospheri(’zuiﬂ) and from TES
topologues (20, HDO) which is the same as the principal by Worden et al. (2006, 2007) for HDO. We find, however,
one (I—i2L60), but divided by their respective SMOW ratio. It a higher vertical sensitivity to the water isotopologues than
is seen that the retrieved profiles exhibit similar structures.in these earlier works. This is very likely due to the softer
These profiles do not allow, as such, the detection of any uneonstraint considered in the present study, where the a pri-
expected evolution in the isotopologic vertical distribution. ori covariance is much larger than that assumed by Zakharov
The averaging kernels associated with these retrievals aret al. (2004) and Worden et al. (2006, 2007). In the latter
shown on Fig. 3b. The measurements are sensitive}f®H  study, the authors estimated the correlation betwesiOH
up to 12km in altitude and to HDO and%ﬁo up to 10km. and HDO using a climate model and developed an a priori
The case shown here, is characterized by a DOFS of 5.0 fogovariance for the retrievals of the HDOAO ratio. The re-
H%GO, 2.6 for HDO and 2.3 for %Po_ The information on trievals, in our case, are carried out without a priori correla-
the isotopologic ratios, which will be discussed next, is ob-tion between the different isotopologues, but the adjustment
viously limited by the lowest information content, here HDO is performed simultaneously forj30 and HDO from band
and H®0. 3 and for H0 and H8O from band 2.

Atmos. Chem. Phys., 7, 3953968 2007 www.atmos-chem-phys.net/7/3957/2007/
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Fig. 3. Example of results obtained for a typical scene corresponding to tropical latitghle&Retrieved %60, H%SO and HDO profiles

in VMR units and comparison with a water vapour sonde measurement at Suva. The grey and black lines represent the sonde and retrieve
profiles respectively. The grey dots are the smoothed sonde and the black dashes are the a priori profiles. The a priori p%ﬁ@aarfdr H

HDO were taken to be the same a%ﬁED multiplied by the standard isotopologic rati¢B) Averaging kernels, in volume mixing ratio units,

for the three isotopologues. The averaging kernels for the eight retrieved layers are shown, as well as those for the 0-16 km (black lines)
columns, representative of the vertical information contained in the measurements. Degrees of freedom for signal are respectively 5, 2.6 anc
2.3 for H%60, HDO and I-%SO. (C) Error profiles. The curves are the square root of the diagonal elements of the prior and posterior error
covariance matrices (Eq. 7 to 10). For computing the errors due to the temperature profiles, uncorrelated uncertainty of 5K is assumed. The
errors due to the uncertainties on the others species é7®]—CH4, COy) are negligible and therefore not shown.

3.2 Isotopologic composition of water vapour a depends on many factors, the most important of which is

temperature. This fractionation leads to the typical values of
Depletion of heavier water isotopologues relative to the§180=—12%, ands D=—85%. just above the ocean (Bechtel

SMOW is measured in parts per mil using the conventiénal and zZahn, 2003). When saturated air is lofted and cooled, the

notation. It is defined as: heavier isotopologues, which condense more readily, are re-
R moved and the isotopologic ratios decrease with altitude. As
5= — 1) x 1000 (12) all
Rsmow a consequence®y of the remaining vapour decreases mono-

Where R denotes the isotopologic mass ratio, i.e. tonically. In the thermodynamic equilibrium approximation,
H180/H160= 2.0052.10% and HDO/HO = 0.31152.103, Ry is described by the Rayleigh equation:

The major source of atmospheric water vapour is the oceang,, — g, r(@-b (14)

It is characterized by a SMOW isotopologic composition ) o . o L

(5 =0%q). As explained in the introduction, isotopologically WhereRo is th.e_lmtlal |sotopolog|c ratio in the I|qu.|c_i water,
heavier molecules have lower vapour pressure than the maid IS the remaining vapour fraction andis the equilibrium
isotopologue, leading to isotopologic fractionation betweenfractionation factor during evaporation. _

the phases during condensation and evaporation processes. N€ composition of water isotopologues is affected by
The fractionation associated with the equilibrium exchangeC®MPlex meteorological processes that provide a character-

reaction can be expressed using the isotopologue fractiondStic fingerprint of their origin. o _
tion factora: In addition to the phase changes under equilibrium condi-

tions, the kinetic effect resulting from a different diffusivity
a=Rc /Ry (13) for each isotopologue can be taken into account. The higher
where R¢ and Ry are the isotopologue ratios of the con- diffusivity of HDO, compared to I%PO, results in an addi-
densed and vapour phases, respectively. The magnitude ¢ibnal separation. This partitioning is now recognized as a
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Fig. 4. Example ofs D, §180 isotopologic ratios and-excess vertical profiles between ground and 8 km of altitude at Suva.

tool for characterizing groundwater from different environ- result because of the uncertainties in this single profile. It
ments, and is decribed by the Meteoric Water Line (Bowenwould be interesting to use tlikeexcess values on the global
and Revenaugh, 2003; Coffey et al., 2006; Bechtel and Zahnscale to improve our understanding of the regional diversity,
2003): but since HDO and %?O are retrieved from different scenes

on the ground, this can not be undertaken here.
8D = 8580 + 10%0(SMOW) (15)

The concept of the deuterium excess is then defined fromy Global distributions
Eq. (15) as: d&D-85180. Climatic information about the
conditions of temperature and humidity prevailing at the For global distribution mapping, only cloud free spectra were
evaporative source of the vapour can be inferred from theselected, using adequate filtering in bands 2 and 3 (Hadji-
study ofd. Lazaro, et al., 2001; Wespes, et al., 2007). Moreover, a fil-
In light of the averaging kernels and error budgets oftering based on the spectral root mean square value after re-
Fig. 3, we have restricted the study of the isotopologues detrieval allows discarding excessively noisy spectra. All the
pletion to altitudes ranging between 0 and 8 km (see Fig. 4global distributions presented here are averaged onlatis
for the retrieval at Suva). TheD, §180 andd-excess cal- tude by 10 longitude grid.
culated from Eq. (12) are obtained using thé‘SG, HDO Figure 5 shows the global distributions of the DOFS for
and H20 VMR values retrieved independently (i.e. without H3°0, H;%0 and HDO. As discussed in previous studies
correlations between the isotopologic species) and the untBarret, et al., 2005; Coheur, et al., 2005), a latitudinal de-
certainties are calculated by the standard partial derivativependency of the DOFS, which follows the temperature vari-
formula. Thus, the errors that we obtain are largely overesti-ations, is observed. High DOFS are found in the tropics,
mated as correlations are neglected. ¥eands180 verti- where high surface temperature leads to a higher signal. On
cal distributions in Fig. 4 exhibit the expected general decaythe opposite, high latitude regions have lower surface temper-
with altitude. Thes values and their uncertainties are con- ature and low DOFS. The effect is mostly pronounced for the
sistent with those reported in the literature, with different ex- heavier isotopologues, whose evaporation is more strongly
perimental techniques (Gettelman and Webster, 2005; Ehhaftorrelated to temperature. For this reason, the measurements
et al., 2005) and D profile, in particular, can be compared polewards of 60 latitude have been rejected. In-between
with the results obtained from TES by Worden et al. (2006)these limits, the DOFS ranges from 1 to 5 with a mean value
between 850 and 300 hPa with a sensitivity peak at aroun®f 3 (see Fig. 5) for B°0. The difference between the DOFS
700 hPa. distribution pattern of HDO and 33O s linked to the bet-
Few previous studies have reporig¢excess values (Ar- ter signal-to-noise ratio achieved in band 3 where HDO is
mengaud et al., 1998; Masson-delmotte et al., 2005; Bowenetrieved.
and Revenaugh, 2003), essentially because it is calculated In order to avoid discussing results which depend upon
from very weak variations of the values, so that it needs highthe vertical sensitivity of the measurements to the different
sensitivity instruments. For the example of Fig. 4, the un-isotopologues, we focus hereafter on the global distributions
certainty on the calculation of thé-excess are very impor- of tropospheric @60, H%so and HDO, expressed as a col-
tant and even encompass the mean value (i.e. 10%.), whichmn between 0 and 16 km. They are presented in Fig. 6,
points towards the limitations of the retrievals for the analy- along with the latitudinal averaged distributions of the pro-
ses of this quantity. Nevertheless, it is worth pointing out thatfiles. The measured partial columns range are from about
the negative value at 2km is correlated with an important0.04 to 0.4<10%4, 0.08 to 0.8&10?! and 0.1 to 1.210%°
increase of the Relative Humidity (96.61%), which is con- molecules.cm? for H;Go, H%BO and HDO, respectively.
sistent with studies by Bowen and Revenaugh (2003). Ad-Higher abundances are found within the inter-tropical belt,
ditional averaging will, however, be needed to confirm this as can be clearly seen on the latitudinal distributions, with

Atmos. Chem. Phys., 7, 3953968 2007 www.atmos-chem-phys.net/7/3957/2007/



H. Herbin et al.: Global distributions of water vapour isotopologues 3965

Log [VMR] 1024 mol/cm?
5 43 2 Y

6 12 8 4 0
Altitude (km)
Log [VMR]

2 1 [ -1

.88 & &8

16 12 8 4 o o
Altitude (km) o w

Log [VMR]
15 05 05 a5 W

2 % &3

Altitude (km)

Fig. 5. Global distribution of the DOFS. From top to bottor}3  Fig. 6. Global distribution of water vapour isotopologues. Latitu-

(A), H%BO (B) and HDO(C), averaged on a 2&5° longitude- dinal distributions (left) and zonal distributions (right) of each iso-

latitude grid, for the 1-10 April 1997 period. The black circles topologue between 0 and 16 km of altitude. Thie (A), HiO

show the location of the IMG retrievals (B) and HDO (C) tropospheric columns (0-16 km) are in2fp

1021 and 13° molecules.cm?, respectively. Only profiles with a
DOFS larger than 1 are considered. Data are averaged dhx&10

strong impact of surface temperatures and tropopause altiongitude-latitude grid, for the 1-10 April 1997 period.

tudes on the retrieved profiles. Globally, the water amounts

are larger in southern hemisphere, but some local exceptions

are visible. For instance, at 40, a peak of concentration posphere, consistent with the observation of Webster and

is observed for B0 and H®0. Despite the limited verti- Heymsfeld (2003). The less depleted values80 ands D

cal sensitivity of the measurements, large latitudinal and re-are principally found into the tropics (+28-2C°). At these

gional variability are also observed, which are most probablylatitudes, the maximum values &b are located between the

linked to a mixing of various air masses. ground and 2km and they are quasi-constant above 10km
On the zonal distribution maps, we can see that t%%:H (see Fig. 7a) as suggested by previous work (Kuang et al.,

and H;%0 concentrations over tropical Continents are larger2003). However, further geophysical analyses of the upper

than those over Oceans, in particular above Amazonia angropospheric values are hindered by the limited sensitivity of

central Africa. The Ocean-Continent contrast is weaker forthe measurements to the heavier isotopologues above 10 km

HDO, for which only latitudinal variations are observed, due (see Fig. 3).

to the progressive atmospheric depletion during poleward The zonal mean distributions of the tropospheric columns

transport and precipitation. The latter observation is consishighlight remarkable regions whesd20 decreases. This
tent with HDO global distribution made from the TES instru- s the case, for instance, for Northern America and Eastern

ment. Europe (see Fig. 7a). On the oppposite, lower depletions
The distributions of the isotopologic ratios, given in Fig. 7, are found over the Amazonian Basin and Equatorial Africa.
show a wide range of isotopologic depletion valu$B:is in- The most apparent trend f8D is the progressive evolution

deed between 0 and —800 %o, whil¥’O ranges between 0 with latitude (see Fig. 7b). However, for both0 andsD,
and —150%.. The latitudinal distribution also reveals a veryseveral smaller-scale deviations to the general trend are ob-
large variability of bothé values with altitude in the tro- served. Again, an accurate explanation of these features is
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8750 (o) found that the sensitivity was maximal between the ground
and 12km for H®0 and between the ground and 8 km for
the others isotopologic species. The uncertainties on the tro-
pospheric profiles are less than 20% for the principal iso-
topologue and 30% for the others, improving significantly
theprior knowledge. On a case study, we were able to show
that the calculatedD, 5180 andd-excess vertical distribu-
! tions exhibit the expected trends with altitude.
" it () ' W The H;°0, H}80 and HDO zonal and latitudinal distribu-
oo ) son 00 i . tions, expressed as partial columns in the troposphere, have
I been presented. The latitudinal distributions reproduce the
200 variation of the tropopause height and also highlight the im-
pact of surface temperature on the water vapour amount.
Some Ocean-Continent differences and altitude-dependent
variations were also observed and discussed. The global dis-
) | tributions of isotopologic ratios revealed that the depletion
. of heavier water vapour isotopologues is stronger at higher
“ latitudes. Regional variations have also been observed, but
Fig. 7. Global distribution of isotopologic ratios. Latitudinal distri- the large uncertainties on the retrieved quantities and the low

butions (left) and zonal distributions (right) #¥80 (A) andsp (B)  Vvertical sensitivity have prevented their geophysical analysis.

between 2 and 16 km of altitude. Data are averaged orf &30 Globally, the results have demonstrated the ability of in-

longitude-latitude grid, for the 1-10 April 1997 period. frared spectroscopy from space to study many tropospheric
processes for which water vapour and isotopologues play a
significant role from the local to the global scale. The results

difficult, considering the limited vertical sensitivity of mea- open promising perspectives for future space missions. This

surements and especially its spatial variations. As a mattewill be the case for the Infrared Atmospheric Sounding Inter-

of consequence, the analyses of the small-scale variationerometer (IASI) onboard MetOp platforms (Clerbaux et al.,

observed on the distributions can hardly be performed with2007) whose data are expected to improve our understanding

confidence. Globally, however, the results presented heref the chemistry, transport and climate.

show the potential of high-resolution nadir spectra to study
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