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Abstract. We examine the co-variations of tropospheric wa- 1  Introduction
ter vapor, its isotopic composition and cloud types and re-

I{ite these distr_ibutions Fo troposph_eric mixing and distilla- gigpje isotopic observations of water vapor and precipita-
tion models using satellite observations from the Aura Tro-4ion are useful in quantifying global or local distributions

pospheric Emission Spectrometer (TES) over the summeryt oy change processes between vapor, ice and water clouds,
time tropical ocean. Interpretation of these process distribuzng precipitation and characterizing sources of water be-
tions must take into account the sensitivity of the TES isotopeggyse [ighter isotopes preferentially evaporate and heavier
and water vapor measurements to variations in cloud, wWajgsopes preferentially condense, leading to an isotopic fin-
ter, and temperature amount. Consequently, comparisons a rprint of condensation history (e.g., Kuang et al., 2003;
made between cloud-types based on the International Satefagsier and Sherwood. 2003: Noone and Simmonds. 2004
lite Cloud Climatology P.ro_jec.t (ISSCP) classification; these Geattelman and Webster, 2005; Schmidt et al., 2005). Obser-
are clear sky, non-precipitating (€.g., cumulus), boundaryyations of the isotopic composition of precipitation, for ex-
Igyer (e.0., stratocumu_lus), and preC|p|tat|ng clouds (e.g. ®ample, GNIP database (IAEAIWMO, 2006), have been used
gions of deep convection). In general, we find that the freen ¢ o1y to characterize moisture sources (Masson-Delmotte
tropospherlc_ vapor over trop_lcal oceans does not strictly fol-o; al., 2005), but also to infer cloud processes (Ciais and
low a Rayleigh model in which air parcels become dry and j5,,7¢| 1994; Lawrence and Gedzelman, 1996: Gedzelman
isotopically depleted through condensation. Instead, mixingst a1 2003: Lee and Fung, 2007; Bony et al., 2008: Risi
processes related to convection as well as subsidence, and rge 2008;;1). However m,easuri,ng the isoto;;ic conzlposi-
evaporation of rainfall associated with organized deep coNnsigy of water vapor can provide a more direct link to under-
vection all play significant roles in controlling the water va- standing cloud processes (e.g., Moyer et al., 1996; Webster
por distribution. The relative role of these moisture processesng Heymsfield, 2003; Lawrence et al. 2004: Worden et al.
are examined for different tropical oceanic regions. 2007; Lee et al., 2009; Frankenberg et al., 2009) because of
a shorter history between the phase changes related to the
cloud and because the isotopic composition of precipitation
can equilibrate to boundary layer values as it falls (e.g., Gat,
1996, 2000; Lee and Fung, 2007).

Isotope enabled general climate models (GCMs) are use-
ful for understanding the global distribution of moisture pro-

Correspondence tal. Lee cesses affecting the distribution of water vapor and its iso-
BY (jleonghoon.d.lee@gmail.com) topic composition. For example, Wright et al. (2009) used
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an isotope enabled GCM to show that condensate evaporaion between 850 hPa and 400 hPa (Worden et al., 2006). As
tions play a role in humidifying the troposphere by compar- such, we restrict our analysis to lower troposphere or free
ing two model runs in which one of the runs disabled conden-troposphere (850-500 hPa) mean values except in convective
sate evaporation. Lee et al. (2009) showed how water vaporegions where significant water amounts increases the sensi-
isotope can be used as a constraint of convective parametetivity of the TES data to HDO at higher altitudes. (Worden
zation in a GCM. In addition, Risi et al. (2008a) used a sin- et al., 2007; Brown et al., 2008).
gle column model to explain a short ternafiount effedt
in which isotopically depleted rainfall in tropical convective 2.2  Isotopic composition of water vapor § D)
regions is linked to reevaporation of the falling rain, diffu-
sive exchanges with the surrounding vapor and the injectiofVe use TES v003 data (R10). TES data used in this work
of vapor from the unsaturated downdraft into the subcloudCOme from June 2005 to August 2008 over the tropical ocean
layer. (latitude between-15° and 15 N) and one data set is gener-
Recently, satellite observations of tropospheric water va.a"[lad from June to August (JJA) of each year. For the analy-
por and its isotopic composition have become availableSiS Shown here, we only use the data where the Degrees-of-
(Herbin et al., 2007; Worden et al., 2007; Frankenberg etFreedom for signal (DOF) for the HDO retrievals are larger
al., 2009). These new measurements have the potential t'@n 0.5 (Worden et al., 2007; Brown et al., 2008) in all sky
add insight characterizing the distribution of moist processeonditions. Note that only the HDO DOF's are used as a
affecting the distribution of water vapor. However, difficul- S€nSitivity metric because the sensitivity of the TEf-es-
ties remain in interpreting these data because the sensitiimate will always vertically overlap that of the HDO mea-
ity of the isotopic measurements, depending on water Va_sg_rement sensmylty but not necessarily the reverse. In ad-
por amount, temperature, and cloud optical properties (Wordition, as noted in Worden et al. (2006), the DOFs for the
den et al., 2006). However, the isotopic composition of va-HDO/H20 estimate is degenerate and therefore is not cal-
por also depends on these microphysical properties: conséylated. For example, the assumed variance in the a priori
quently it can be challenging to relate isotopic measurement§Onstraint is approximately 100%. relative to Vienna Stan-
taken under different microphysical states. dard Mean Ocegn Water (V$MOW). After the retrieval, the
In this paper, we investigate the capability of Aura Tropo- random uncertainty in a tropical HDOg® column average

spheric Emission Spectrometer (TES) satellite measurementS @PProximately 15% or less for retrievals with a DOF of

to provide insight into tropical moisture processes by exam-0-2 O higher (Worden et al., 2006). _ ,
The HDO/HO ratios were expressed in thenotation as

ining co-variations of tropical clouds, water vapor and iso- ; i -

topic composition measurements from TES. We relate thes@ P2t of thousand difference relative to VSMOW following

distributions to tropospheric mixing and condensation mod-PY the definition

els (e.g., Worden et al., 2007). We also examine how water _ [ (HDO/H20) 4ps— (HDO/H20)yspow

vapor and its isotopic composition vary at different tropical D = [ HDO,/H,0)

locations that are affected differently by the large scale at- ( Z~vsmow

mospheric processes such as organized convection and thehere HDO and KO are proportional to the number of

Walker and Hadley circulations. Better characterization of molecules of each species. The ratio ((HD@Hysmow)

the relationship between isotope and clouds allow the TESs 311.52<10~6 by volume.

data to be more effectively used to compare with GCMs en- There is a bias in the HDOA® ratio of approximately 6%

abled with isotope physics (Noone and Simmonds, 2002(Worden et al., 2006), assumed to be related to the spectro-

Schmidt et al., 2005; Lee et al., 2007; Yoshimura et al., 2008scopic line strengths of HDO or both HDO and® com-

Tindall et al., 2009). bined. This bias must be corrected for in order to better com-
pare the TES isotope data to the moisture process models
shown in this work. The bias correction must also account

] x 1000 (1)

2 Methods for the sensitivity of the measurement because altitude re-
. gions where there is little sensitivity will be more dependent
2.1 TES instrument on the a priori constraint vector used for the HD@@Hjoint

profile retrieval. Using comparisons to in situ measurements

The Tropospheric Emission Spectrometer (TES) on the EOSpf HDO and HO in Hawaii at different altitudes, the form of
Aura platform is a nadir viewing infrared Fourier transform the correction should be:

spectrometer that covers a spectral range between 650 cm

and 3050cm* (Beer, 2006). The footprint of each nadir In(gforacted =N(@brna) — A(Sbias @)
observations is approximately 5.3 k8.5 km. In the nadir

view, TES data have been sensitive to the abundant tropowhereg >0 is the volume mixing ratio of the HDO profile
spheric gas species including® and HDO (Worden et al., as provided in the product file,is the averaging kernel ma-
2006). The estimated HDO is primarily sensitive to emis- trix (also provided in the product files), algiasis a column
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Table 1. The mean, standard deviation and standard error of the mean for TES water vapor measurements ap® H&o/kn parts

per mil relative to SMOW) for the June, July and August months between 2005 and 2008 over the tropical ocean. AlD maaes are
mass-weighted. Standard error of the mean is presented in parenthesis next to standard deviation. The frequency of observations from th
ozone profile step, which is the TES retrieval that is most sensitive to all cloud types, is dengtedTée distributions of cloud optical
properties from the water vapor retrieval step are shown in the second column (dengi®d as

fi  fa H20(gko) 8D (%o) H20 (g/kg) 8D (%0)
[850-500 hPa] [850-500 hPa]
Clear sky 59.9 645 451.9(0.02) —164.3t22.1
(0.11)
Nonprecipitating clouds 34.3 33.3 5:2.8(0.04) —167.8-21.7
(0.16)
Boundary layer clouds 29 2.0 44 .8 (0.14) —184.3+20.2 24411 —232.0+26.4 (0.77)
(0.59) (0.07) [700-400 hPa]
[700-
400 hPa]
Precipitating clouds 3.0 0.2 8#1.1(0.79) —182.9+15.1 2.7£0.9 —266.1+18.1 (1.79)
(1.49) (0.27) [600—-300 hPa]
[600—
300 hPa]

vector of the same length qg'r%%al that contains the values 2.3.2 Mapping TES cloud properties to ISCCP cloud
0.06. Note that this correction is only applied to HDO and properties
not to HO.

The TES retrievals of CTP and COD are used to classify
different cloud types according to the International Satellite
Cloud Climatology Project (ISCCP) cloud types as proposed
by Rossow and Schiffer (1999) (http://isccp.giss.nasg.gov

We use TES v003 data of cloud optical depth (COD) andWe ;ub-divide the ISCCP categories into more general cat-
cloud top pressure (CTP) characterized and validated by KuS9ones of nonprecipitating clouds (CQD greater than 0.2
lawik et al. (2006) and Eldering et al. (2008). TES measuresand less than 3.6, e.g., cumulus and cirrus), boundary layer
radiances in the infrared spectral region, where clouds havglouds (COD greater than 3.6 and CTP grgatt_ar than 680 hPa,
a ubiquitous impact and therefore affect on trace gas profilee.'g' stratus and stratocur_nulus) and precipitating clouds asso-
retrievals (Eldering et al., 2008). The radiance contribution(:"”mad with deep convection (COD greater than 3.6 and CTP
of clouds is parameterized in terms of a set of frequency-lesS than 680 hPa), as well a's.c'lear sky (COD less t'han 0.2)
dependent non-scattering effective optical depths and a clou&“Iu et al., 2008). These definitions are chqsen (1) in Qrder
height, retrieved jointly with surface temperature, emissiv- © best maich the TI_ES_measured cloud optical pmp‘?f“_es 0
ity, atmospheric temperature, and trace gases from spectr%l]e ISCCP clou_d definitions and (2) becausg thg sensmvny of
data (Kulawik et al., 2006). Eldering et al. (2008) shows that® TES water |sotope measurements varies with the optical
cloud top height errors range between 100 to 200 hPa, deProPerties of these different cloud types. |
pending on the sensitivity of the measurement to cloud-top The distributions fqr these Clo_uds are shown in Table 1.
height. This sensitivity will vary strongly with the optical We use the cloud optical properties estimated from the TES
thickness of the cloud. For example, between COD of 0.1 to®Zone profile retrieval to obtain the best distribution of cloud
0.5, the uncertainty of the CTP is approximately 200 hPa andPPtical properties because all cloud types in the troposphere
the uncertainty in the effective cloud optical depth is aboutWill affect the ozone prof|le retrieval, which gxtends through
0.1. For larger optical depths, the uncertainty in the CTP delhe stratosphere (Kulawik et al., 2006; Eldering et al., 2008).
creases to approximately 100 hPa but the uncertainty in thél'hes_e distributions from the ozone profile step are shown in
effective (true) CTP can dramatically increase because disthe first column of Table 1 (denoted gs). Table 1 shows
tinguishing between large optical depths becomes limited bythat clear sky data is approximately 60% of all sky, and non-
the signal-to-noise of the radiances (Eldering et al., 2008). Precipitating, boundary layer and precipitating clouds are ap-
proximately 34%, 3%, and 3% of all sky, respectively. How-
ever, convective clouds cannot be well estimated during the
water vapor isotope retrievals because the cloud top pressure
is at altitudes where the TES water vapor retrievals show little

2.3 TES cloud observations

2.3.1 TES cloud retrievals and characteristics
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Fig. 1. TES averaging kernel rows corresponding to 825, 619 and 383 hPa and the a priori and the retrievdd drefle. Selected

TES observations are over tropical ocean during 1 August 2007 (Run ID, 5889) except precipitating clouds (Three global measurements are
selected due to lack of sampling numbgg) and(e) Clear sky,(b) and(f) nonprecipitating cloudqc) and(g) boundary layer clouds and

(d) and(h) precipitating clouds from 1 August 2007 to 8 August 2007 (Run ID, 5889, 5918 and 5948).

sensitivity. The distributions of cloud optical properties from and 383 hPa. Figure 1e—h show the a priori (dotted blue) con-
the water vapor retrieval step are shown in the second columstraint and retrieved estimates. As shown in Fig. 1a and 1b,
of Table 1 (denoted as). These differences in the distribu- the TES estimates for clear sky and non-precipitating clouds
tions must be accounted for when understanding the impacare primarily sensitive to the altitude regions 850 and 500 hPa
of the different clouds on the total distribution for water va- with peak sensitivity at approximately 675 hPa. For bound-
por isotopes versus what is measured by TES. For example, ary layer clouds (e.g. stratocumulus), the sensitivity to HDO
significant difference is that only 0.3% of the data show sen-is primarily between 400 and 700 hPa (the peak sensitivity
sitivity around tropical convective/precipitating clouds but is at approximately 550 hPa) and for precipitating clouds the
these clouds actually make up nearly 3% of the distributionsensitivity is primarily between 300 and 600 hPa (the peak
as seen in the first column of Table 1. These differences arsensitivity for precipitating clouds is at 450 hPa). The effects
used to help interpret the data in Section 3 and also criticabf these varying sensitivities are apparent in the example re-
when comparing satellite data with model data. For exampletrievals shown in the bottom panels of Fig. 1. Estimated
the distribution of these clouds observed by TES will likely HDO/H,O ratios in clear sky and nonprecipitating clouds
be different than that observed in a model. Consequentlyshow variations between 400 hPa and 825 hPa, whereas the
all-sky TES data will have a different weighting of cloud dis- isotopic composition for tropical precipitating clouds only
tributions versus all-sky model data; these differences musvaries around 500 hPa.
be accounted when comparing isotope composition for these
different cloud types (Su et al., 2009).
3 Results and discussion
2.3.3 Sensitivity of HDO/H,O profiles for different
cloud regimes 3.1 Case study relating TES observed tropical clouds to
isotopic composition of water vapor
Estimated TES HDO profiles depend on cloud optical prop-
erties, such as cloud optical depth and cloud top height. Fig\We present a case study that compares TES cloud dis-
ure 1 is an example illustrating the relationship between TESributions with two-dimensional observed cloud distribu-
sensitivity and clouds types. Figure 1a—d show examples ofions from the Moderate Resolution Imaging Spectrometer
the rows of TES averaging kernels corresponding to 825, 614MODIS) imager onboard the Aqua satellite (Barnes et al.,
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o

T observations of the CTP and effective COD, corresponding

. W@ to the orbit shown in Fig. 2, are shown in Fig. 3. The TES
. data show that the CTP of the deep convective cloud near

5° N are approximately 200 hPa. At latitudes betweehN.O
and 18 N are clouds related to convective outflow (as seen
in the MODIS image) with CTP of between 800 and 400 hPa
(Fig. 3). These clouds would also be classified as precipitat-
ing clouds using the ISCCP definitions.

The water vapor amount antD values along the step-
and-stare are shown in Fig. 3c and d for the 500 hPa, re-
spectively. The vertical resolution of the water profiles is
approximately 3 km, indicating good sensitivity to water at
this level. The TESSD values are primarily sensitive to
the air parcels between 300 hPa and 850 hPa depending on
CTP (Worden et al., 2006), which will be shown in next sec-
tion. However, the vertical resolution of the TES HDGQM
measurements is approximately 6—8 km, consequently, these
TES estimates cannot distinguish, for example, the varia-
tions of the HDO/HO ratio at 300 hPa from variations of
the HDO/HO ratio at 800 hPa. For this reason, we show
the estimated D values along the orbit track at 500 hPa as
almost all the observations are sensitive to &lievalues at
this altitude. However, we show column averages of the TES
H>O ands D in subsequent sections in order to better relate
total water amounts to variations in th®. As discussed in
the subsequent section the choice of the pressure range for
the column will depend on the cloud type.

The air parcels south of1(° in Fig. 3 are much drier
than the air parcels in and around the precipitating clouds
and show a contrast in the relationship among clouds, wa-
ter vapor, and the isotopic composition of the water vapor.
For example, at-18, the water vapor is near 0.001 g/kg,
but the isotopic composition is relatively high, nea200%o;
these data are near very thin clouds with a cloud top of ap-
proximately 600 hPa. Near3°, the air is relatively dry,
approximately 1 g/kg but also very isotopically depleted un-
derneath high cirrus (cloud-top pressure near 200 hPa, but
cloud optical depth less than 1.0). The lower tropospheric
clouds indicate low-level convection of boundary layer air
1998). This comparison is used to corroborate the cIoudS(e.g', Lee et al., 2009). Although the air parcels are rela-
definitions described in the previous section for TES (9-9-:tively dry in and around these different cloud types, these
clear sky, nonprecipitating, boundary layer and precipitat-gynamical processes of descent and uplift would mix isotopi-
ing clouds) and also to provide additional information on cally depleted air from the upper troposphere (Webster and
the meteorology that affects the water vapor amount and isopeymsfield, 2003; Risi et al., 2008a), with relatively isotopi-
topic composition of water vapor observed by TES. Two of ¢4y enriched air from the boundary layer. The northern part
the MODIS L1B granules, taken over Indonesia, have beemyf this data shows precipitating clouds, relatively high water
warped so that the images from bottom to top follow the gmounts but also relatively depleted air parcels. This behav-
curved orbit track. A TES “step-and-stare”, which is a set o of increased water vapor with more depleted air parcels
of nadir footprint spaced about 35km apart, was conductedysg indicates precipitation as expected from the MODIS im-
during this same time and the approximate orbit location Ofagery and TES clouds. In the following sections we examine
this set of observations is shown as a vertical red line ovefpege relationships between clouds, water vapor, and isotopic
the MODIS imagery. composition on a more climatological time scale.

The MODIS imagery shows clear sky with scattered
clouds south of the equator and several cloud systems as-
sociated with deep convection north of the equator. The TES

Fig. 2. An example of a visible image composite derived from the
MODIS imager onboard the Aqua satellite during 22 July 2007.
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746 J. Lee et al.: Relating tropical ocean clouds to moist processes

0.0 4 (a) TES Cloud Optical Depth A A ) l%
E A Al -
> - . { A L

o " [ A A A a a7
- YE 4 o a a K nAK A =
E 24 A A S A an 3

0.1L ]

© E (b) TES Cloud Top Pressure WYIN A —
a E N K ~ B
= F . ; on —
® E MDA ANA E
e A E 2 A e A E
5 600F in A AN o ~
¢ so0f- A & s ° ey
s A =
a =
VARREFANPAY AANAA, = |

(c) 500 hPa Water JRPYSP L VIVERN AN DAMANANNNE

& =

pponAAAE E

E e —-

E JRvs DANBA AKX E

Ea . A 3

Of, At =

E a8 =

o A ]

E A B
oo, A P N A B

F an B i -

E K A 2B '’ A y -

Faa By A, A 4 R 4 fray, o A3

FA7A A K abA A N N an

A .

5 Ay A A Bp & P
S A A X A N —

E (d) Water vapor isotope at 500 hPa E
~20 ~10 10 20

Latitude (Degress)

Fig. 3. The TES observations ¢&) effective COD(b) CTP,(c) water vapor amount at 500 hPa, gdlisotopic composition of water vapor
at 500 hPa, corresponding to the orbit shown in Fig. 2. Only cloudy conditions are presefidrid(b).

3.2 Tropical distributions of clouds, water vapor and its posphere. We discount the effect of vertical distribution of
isotope the TES sensitivity on this conclusion because, as discussed
in the Appendix, the vertical sensitivity appears to bias our
In this section, we present longitudinal distributions of cloud estimate towards less depleted values due to the influence of
types, water vapor, and its isotopic composition observed bythe a priori constraints at low altitudes. However, another
TES in order to examine how water vapor and its isotopicpossible explanation is that increased stratocumulus reduces
composition respond to different moist environments thus in-mixing between the ocean and the lower troposphere. As
forming about the distribution of moist processes at differ- discussed in the previous section, frequent convection and
ent locations in the tropical ocean (Fig. 4). Figure 4a andre-mixing of air parcels back into precipitating clouds con-
b show the frequency of longitudinal distributiong ) for trols the vapor in the western Pacific resulting in isotopically
clear sky (blue cross in Fig. 4a), in the regions of nonprecip-depleted air.
itating clouds (green asterisk in Fig. 4a), in the regions of In contrast, relatively high vapor but relatively moder-
boundary layer clouds (cyan square in Flg. 4b), and in theate isotope ratios are observed over the CaribbearBét.
regions of precipitating clouds (red diamond in Fig. 4b) dur- This region is significantly influenced by each cloud type in-
ing JJA. The fractions of both nonprecipitating and bound-dicated a variety of processes affecting tropospheric mois-
ary layer clouds have peaks aroun@0° and precipitating  ture. Cumulus clouds indicate significant shallow convection
clouds have a peak around 30wo regions, the Caribbean (Johnson et al., 1999), which brings fresh vapor from just
(—80°) and Indonesia (120, have high water vapor amount, above the ocean surface to the lower troposphere, but precip-
which is consistent with the observed relative increase in thatating clouds isotopically depletes the observed air parcels.
fraction of precipitating clouds distributions (Fig. 4b). The mean distribution in this region therefore appears to be
Comparisons of the longitudinal variability of the isotopic & mixture of this fresh vapor followed by depletion due to
composition to water vapor amount illustrate key differencesPrecipitation.
in the processes affecting vapor in these regions. For exam- The isotopic composition of oceanic water vapor around
ple, two places (marked with two cyan arrows) in the easterrfontinents (the Amazon at50° and tropical Africa at 490
and western pacific are both isotopically depleted, but theand 50) is relatively enriched in heavy isotope although the
western pacific is relatively moist while the eastern pacific isdistributions of clouds and water vapor vary strongly over
relatively dry. Air parcels over the eastern Pacific are signif-these different regions. These air parcels can be originated
icantly influenced by downward motion associated with thefrom the nearby continents or by relatively frequent mixing
Walker circulation; this brings dry air (Kubar et al., 2007), between the boundary layer and the lower troposphere.
which is presumably isotopically depleted into the lower tro-
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Fig. 4. Longitudinal distributions of clouda(andb), water vapoKc) and its isotop€d) over tropical ocean. There is no tropical oceanic data
point between 15to 35°. (a) Clear sky (blue cross) and nonprecipitating clouds (green aste(iskioundary layer clouds (cyan square)
and precipitating clouds (red diamondg) Water vapor (g/kg) for all sky conditior(sl) Water vapor isotope (%o). The two magenta arrows
indicate isotopically depleted regions. The cloud types were classified based on the ISCCP. Longitudinalifear atitude<15°) were
binned at 8 longitudes.

3.3 Relationship between water vapor and D over cific (EP: —15° ~15° N, —150° ~ —10C) and Africa (Af:
tropical ocean —15°~15° N, —20° ~ 50 E) in clear sky and nonprecipitat-
ing clouds. Most of the observations from clear sky, and in
In this section, we explore distributions of the isotopic com- the regions of nonprecipitating clouds, are reasonably well-
position of water as compared to a theoretical Rayleigh distil-constrained by the theoretical curves for Rayleigh distillation
lation processes and mixing models for different cloud typesfrom moisture originating over an oceanic source, with ini-
and at different tropical locations in order to further elucidate tial § D values of—79%. (orange dotted line) and the curve
the moist processes and sources at different locations in theepresenting mixing of air parcels.
tropics. These distributions are shown for each cloud type The Rayleigh distillation and mixing models for clear sky
and different tropical regions in Figs. 5 and 6. The lower and nonprecipitating clouds show several similar character-
line (orange dotted) in each figure shows what we would ex-istics (Table 2). ThéD values are similar for each distri-
pect for an air parcel originating from the local ocean surfacepution but the nonprecipitating cloud distribution are more
at the mean local ocean temperature followed by condensanoist than the clear sky distributions (e.g., Kahn et al., 2009).
tion in the lower troposphere and upper planetary boundarDespite the differences in water vapor amounts, the similar-
layer. The top line (orange solid) shows a mixing model in jty in the § D distributions and the correlations indicate that
which dry depleted air is mixed in with vapor from the nearby air parcels associated with clear sky are linked to the non-
ocean. The analytical form for these models is also describegrecipitating clouds and have undergone similar moist pro-
in the supplemental material of Worden et al. (2007). cesses such as shallow convection (Steven, 2005; Lee et al.
In order to show how water vapor and its isotopic com- 2009). This relationship is apparent in the distributions for
position vary with different places, or cloud conditions over clear sky and nonprecipitating clouds except WP although
the tropical ocean, Figure 5 illustrates the relationship be-the correlation betweehD and water amount is slightly neg-
tween water vapor and its isotopic composition observed inative for nonprecipitating clouds & —0.12). This negative
the environments of both clear sky (blue solid) and non-correlation suggests that these air parcels in the regions of
precipitating clouds (green solid). Distributions of water nonprecipitating clouds are exposed to recent precipitation;
vapor and its isotopic composition are examined over thethis interpretation is also consistent with the observations of
Western Pacific (WP=15" ~15°N, 120 ~160° E), Cen-  convective clouds in this region.
tral Pacific (CP—15° ~15° N, 160 E~ —160°), Eastern Pa-
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(b) Precipitating clouds
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B} Fig. 6. (a) TES observations of water vapor vs. its isotope
BTV R P for boundary layer cloudgb) TES observations for precipitating
clouds. Dashed contour lines represent typical TES observations
Fig. 5. Bivariate plots of water vapor versus its isotope during JJA averaged between 500 and 800 hPa. Solid contour lines represent
over tropical ocean (charcoal dots). Each solid line represents 9508veraged TES measurements of the most sensitive vertical range
of a probability density function for clear sky (blue) and nonprecip- 0" boundary layer clouds (400-700 hPa) and precipitating clouds
itating clouds (green). The symbol§™represent mean values of (300-600 hPa).
water vapor and its isotope. Solid evaporation line depicts turbu-
lent mixing of water vapor from the saturated layer at the ocean
surface into a drier air parcel aloft. A Rayleigh distillation model Figure 6a shows théD versus HO distribution for
(dotted) describes isotopic depletion as vapor is lost to precipitahoundary clouds such as strato-cumulus and stratus. Two
tion. (&) Western Pacific (5-15° N, 120°-160 E), (b) Central pa-  gjstributions are shown, one constructed from averages of
cific (5°~15°N, 160’ E-160 WO)' (c) Eastern Pacific (5-15° N, HDO and HO between 500 and 850 hPa and one constructed
150°~100° W) and(d) Africa (5°~15" N, 507 E-25' W). from averages of 400-700 hPa. The first distribution is for
comparison against the clear sky and nonprecipitating cloud
Table 2. The mean of TES measured water vapor and HD@H  distributions and shows that the air above boundary layer
ratio (850-500 hPa) from clear sky and nonprecipitating clouds inclouds is more isotopically depleted than air parcels asso-
the three regions, WP, CP and EP. Clear sky and nonprecipitatingiated with clear sky and nonprecipitating clouds. However,

clouds values are separated by commas. the second distribution (400—700 hPa) shows the altitude re-
gion where this data is most sensitive. We can conclude from

g/kg 8D (%o) either distribution that the TES observations above bound-

WP (clear sky, nonprecipitating clouds) 6.0, 6.8-165.9,—170.1 ary layer clouds are well constrained by local mixing and
CP (clear sky, nonprecipitating clouds) 5.0, 6.0-158.0,—157.9 Rayleigh condensation. However, the extra isotopic deple-
EP (clear sky, nonprecipitating clouds) 3.8, 6.3-175.9,-175.0 tion as shown in Table 1 indicates an additional set of moist

processes. Regions of stratocumulus are characterized by
a relatively shallow, cool, and moist boundary layer that is
Two other differences are apparent in these distributionscapped by a much warmer and drier subsiding atmosphere

The EP distribution is relatively drier and more isotopically (e.g., Klein and Hartmann, 1993; Steven, 2005). This pro-
depleted than the CP distribution, suggesting that subsideess makes the free-troposphere drier and more depleted
ing dry air or lack of mixing between the troposphere andin heavy isotope than other nonprecipitating clouds envi-
ocean affect the EP air parcels more than the CP (Fig. 5bronment due to less frequent mixing between the boundary
¢ and Table 2) (Kubar et al., 2007). Finally, The clear sky layer and the free-troposphere (Fig. 6a, see Table 1). Feng
Af air parcels are relatively dry (clear sky, 3.6 g/kg and non- et al. (2009) shows that surface precipitation measurements
precipitating clouds 5.5 g/kg) and enriched in heavy isotopesn these regions are isotopically enriched; however these
(clear sky,—159.2%0 and nonprecipitating cloudsl59.5%0) = measurements indicate strong evaporation from the surface
(Fig. 5d). The Af region is relatively dry, but relatively which leads to the formation of boundary layer clouds in the
enriched in heavy isotopes, which indicates frequent mix-regions of subsiding air. These measurements of relatively
ing with fresh oceanic vapor or vapor from evapotranspira-isotopically depleted free tropospheric vapor and relatively
tion and less subsequent precipitation then the other regiongnriched surface precipitation are consistent in explaining the
(Flanagan et al., 1991; Worden et al., 2007; Brown et al.,moist processes forming these clouds.
2008). Figure 6b shows théD versus HO distribution for trop-

ical precipitating clouds. Two distributions are shown, one

constructed from averages of HDO and@between 500
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and 850 hPa and one constructed from averages of 30Czorrelated between water vapor and its isotopic composition
600 hPa. The first distribution is for comparison to the clear-for nonprecipitating clouds, indicating observations in the re-
sky and non-precipitating cloud distributions. However, asgion of nonprecipitating clouds are affected by nearby con-
shown in Fig. 1, the TES data for these clouds have littlevective precipitating clouds. EP is relatively dry and more
sensitivity to the lower altitudes. Both distributions show depleted in heavy isotope than CP, suggesting that subsid-
that the water vapor above these clouds has isotopic valing air affects or lack of mixing between the troposphere and
ues that are more depleted than can be explained by localcean affect these air parcels. The Af region is relatively dry,
Rayleigh distillation with the mean of this distribution near but relatively enriched in heavy isotopes, which indicates fre-
the Rayleigh model curve. The implication of these lower quent mixing with fresh oceanic vapor or vapor from evapo-
8D values with significant moisture content and clouds re-transpiration and less subsequent precipitation then the other
lated to outflow from organized convective suggest that theregions.
vapor has been re-cycled by the processing related to orga- Observations in the region of nonprecipitating clouds have
nized convection (Worden et al., 2007). As the vapor is re-more water vapor than observations in the region of clear
cycled, it can either re-evaporate or exchange isotopes witlsky does, but they have similar isotopic composition, which
the surrounding moisture; both of these processes will resulindicates the processes controlling cumulus clouds such as
in extra fractionation of the water vapor (e.g., Lawrence etshallow convection also controls the distribution of lower
al., 2004 and Risi et al., 2008b) and hence lod®rfor the  free tropospheric vapor. Furthermore, cumulus clouds may
same water concentration. This moisture recycling of the va-have little precipitation or else we would expect significantly
por was discussed in these papers as one aspect that gives rifghter isotopic values around regions of cumulus. Obser-
to the “amount effect in which the isotopic composition of  vations in the region of boundary layer clouds are more de-
precipitation gradually becomes more depleted as precipitapleted than both clear sky and nonprecipitating clouds, im-
tion increases. plying subsidence or less frequent mixing between bound-
ary layer and lower troposphere. Observations in the region
of precipitating clouds are more depleted than clear sky and
4 Summary and implications nonprecipitating clouds and have much more water vapor,
indicating an additional fractionation process such as rain-
In this study, we characterize the distribution of summertimefa|| evaporation, or isotope exchange between raindrops and
tropical water vapor above the ocean, its isotopic compo-the surrounding air during convective activities. These dis-
sition, and co-located cloud properties using measurementgibutions will be used in subsequent comparisons of climate
from the Aura TES instrument. We examine linkages be-models to the TES water isotope observations in order to di-

tween these distributions using simple isotopic mixing andagnose the models moist processes (Noone and Simmonds,
precipitation models. This analysis accounts for the capa2004; Yoshimura et al., 2008).

bility of the TES instrument to distinguish between different
cloud types and for the sensitivity of the TES water vapor
isotope measurements, which also depend on cloud opticgdppendix A
properties.

The cloud types are based on definitions from the ISCCPimpact of bias error from choice of a priori
for explaining tropical tropospheric moisture distributions. constraint (smoothing error) for interpreting
We sub-divide the ISCCP categories into more general catedifferences in isotopic composition between different
gories of nonprecipitating clouds (e.g., cumulus and cirrus)cloud regimes
boundary layer clouds (e.g. stratus and stratocumulus) and
precipitating clouds associated with deep convection, as wellhe intent of this Appendix is to determine whether the de-
as clear sky. These definitions are chosen (1) in order tgleted values observed for “boundary layer cloud” scenes,
best match the TES measured cloud optical properties to theelative to clear sky scenes, is due to a physical process or
ISCCP cloud definitions and (2) because the sensitivity ofsimply because the measurement sensitivity for these scenes
the TES water isotope measurements varies with the opticak at a higher altitude where the isotopic composition is
properties of these different cloud types. For example, themore depleted. The vertical resolution and choice of a priori
peak sensitivity for clear sky and non-precipitation clouds isconstraint used to regularize remotely sensed estimates im-
at approximately 675 hPa. The peak sensitivity for boundaryparts an uncertainty called smoothing error, as discussed in
layer clouds is at approximately 550 hPa and the peak sensRodgers (2000), which affects conclusions about the magni-
tivity for precipitating clouds is at 450 hPa. tude of differences between two estimates. Smoothing error

Distributions of water vapor and its isotopic composition can have both a random and bias component (e.g., Kulawik et
are examined over the Western Pacific (WP), Central Paal., 2010). Typically the smoothing error is less than 15 parts
cific (CP), Eastern Pacific (EP) and Africa (Af) in clear sky per mil relative to SMOW for a column averaged value be-
and nonprecipitating clouds. WP is moist and slightly anti- tween 825 and 400 hPa and depends on the vertical resolution
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of the estimate (Worden et al., 2006). In this appendix we ~ T T T T T
estimate the bias component of the smoothing error for com- [ ~ 7
parisons between two distributions of remotely sensed esti- L =~
mates in which the averaging kernels for these estimates ar¢ 1
moderately different but have overlapping sensitivities. In <o bd“; - \ 7
particular we estimate the bias error for the comparison be- [ B |
tween the mean of the clear-s&p values and the mean of
the boundary layer cloudlD values. Note that in the current
TES products, smoothing error is included in the total er-
ror for the HDO/HO ratio but is not easily calculated from |
the current TES products for the ratio due to an error in the L
products algorithm related to the cross-terms in th®tdnd
HDO error covariances. In the next version of the TES prod-
ucts it will be straightforward to calculate smoothing error -600 ~500 o0 0
for the ratio.

I each estimate( for clear sky_anc{*b for boundary layer . Fig. Al. An example of simulated retrievals of HDO4B profiles
clouds) is close to the true state, its dependence on the choigg, e gifferent cloud conditions. 5% depleted HDGMI profile
of constraint vector, constraint matrix and true state can b&ys5 assumed as the true state vectdirf this calculation.

described by the linear estimate (Rodger, 2000; Worden et
al., 2006).

600 [~

Pressure(hPa)

R Figure A1 shows simulated results of HDG/I pro-
Xc=Xg+Ac(x —xa) (A1) " files for two different cloud regimes. Between 850 and
A 500 hPa, the bias errorg{— x.) are 12.7%. and 6.4%. for

= Ap(x — A2 ; ¢ )
¥p=XatAp(x —xa), (A2) 5% and 2.5% depletion of true state vector, respectively,
wherex is the “true” full state vectorx, is the constraint Which means that estimates of the isotopic composition of

state vector (the HDO andJ4@ profiles), andA. andA,, are the free tropospheric above boundary layer clouds are biased
the averaging kernels for the two estimates (e.g., averagingoward the a priori constraint by 12.7%o and 6.4%. respec-
kernels representative of clear sky or boundary layer cloudively, consistent with the magnitude of the smoothing error.
conditions). We intend to investigate the bias error in a com-Based on this analysis, the estimates of the mean isotopic dif-
parison of these two estimates if the averaging kernels overference between clear sky and boundary layer clouds could
lap but are moderately different. This can be accomplished€ larger (by up to 12.7%.) due to the impact of vertical res-
by subtracting Eq. Al from Eq. A2 and assuming the trueolution, that is, we are underestimating the difference.

state is the same for both estimates. This will account for _ S
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