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Abstract. The Asian Monsoon Anticyclone (AMA) represenptse ofthe wettest regianin the lower stratosphere (LS)
and isthe akey contributor to the global annual maximum in L&tev vapour. While the AMA wet pool is linked with
persistent convection in the region and horizontafinement of the anticyclone, there remain ambiguitéggmrding the
role of tropopause-overshooting convection in nzaiing the regional LS water vapour maximum. Thiglgttackles
this issue using a unique set of observations froboard the high-altitude M55-Geophysica aircraft degtbin Nepal
in Summer 2017 within the EU StratoClim project. W& a combination of airborne measurements (watewajce
water, water isotopes, cloud backscatter) togetherevifemble trajectory modeling coupled with satelibservations
to characterize the processes controlling water vagodiclouds in the confined lower stratosphere (CLS) oAAMur
analysis puts in evidence the dual role of overshgaténvection, which may lead to hydration or dehydretlepending
on the synoptic-scale tropopause temperatures in AM&Ashow that all of the observed CLS water vapourergraents
are traceable to convective events within AMA andHermore bear an isotopic signature of the oversig@irocess.
A surprising result is that the plumes of moist aithwnixing ratios nearly twice the background legah persist for
weeks whilst recirculating within the anticyclonetheut being subject to irreversible dehydration thioige settling.
Our findings highlight the importance of convectiardaecirculation within AMA for the transport of wateto the

stratosphere.

1 Introduction PR {

Water vapour in the lower stratosphere has a directatrgrasurface climate and stratospheric ozone chenfisg+ - - {

Dessler et al., 2013, Dvortsov and Solomon, 2@0iderson et al., 20)7The variability of global lower stratospheric
water vapour is, to first order, regulated by theimum temperature in the Tropical Tropopause Layer {Hthe main



gateway for stratospheric entry of tropospheric moigteug, Fueglistaler et al., 2009, and referencesiti)efkhis way,
the variation of stratospheric water vapour follows d@n@ual cycle of TTL temperatures experiencing the minim
during Austral summer, when the TTL is coldest andstiédove the western Pacific region (e.g. RandelJ@nden,
2013). During Boreal summaegne ofthe primary contributor to the annual maximum of logteatospheric water vapour
is the Asian monsoon (e.g. Bannister et al., 200égkstaler et al., 2005; Ueyama et al., 2018) andfiseciated Asian
summer monsoon anticyclone (AMA).

The AMA is one of the largest atmospheric circulatfeatures on Earth, owing its existence to frequemspd
convection above Southern Asia and the Bay of Bemsgalng surface heating over the Tibetan plateawangraphic
updrafts at the Southern slopes of Himalayas (e.gkin®and Rodwell, 1995). The AMA is characterizedapersistent
maximum of water vapour extending up to 68 hPa lewal(et al., 2007; Santee et al., 2017), which mékes wettest
region in the Boreal summer lower stratosphere. Gdgetiais large-scale maximum is conditioned by cective uplift
of moist air in the Asian monsoon region and its hmrial confinement within the anticyclone (Dethof &t 4999;
Ploeger et al., 2015).

The transport of moist air into the stratosphere occiardifferent pathways: slow radiatively-driven ascéng.
Garny and Randel, 2016), fast convective overshodérgy Fu et al., 2006) and adiabatic transport acheskorizontal
boundaries of AMA (e.g. Pan et al., 2016) into theital and midlatitude stratosphere (Randel et allp20Vright et
al., 2011; Dethof et al., 1999; Vogel et al., 20R6if et al., 2018; Nutzel et al., 2019). The roleddferent transport
pathways, particularly of the convective overshooting its predominant source regions, is subject of ioggtebate.

A relatively small impact of overshooting convectiaonAMA humidity is found by James et al. (2008), Wrightl.
(2011), Randel et al. (2015) and Zhang et al. (201B6¢reas Fu et al. (2006), Ueyama et al. (2018) and@nonti et
al. (2018) suggest that this process can be anrtamgacontributor to the total water in the Asian TTlhe convective
impact of different source regions (e.g., Bay of Benpietan Plateau, Southern slopes of Himalayas onugithbasin)
is also under debate (Bannister et al., 2004; Bergehah, 2012; Fu et al., 2006; Lelieveld et a002; Wright et al.,
2011; Devasthale & Fueglistaler, 2010; James e2@0D8; Park et al., 2007; Tissier & Legras, 2016jrhse & Bucci,

2020).In general, there is no consensus regarding the pricegavective source regions, nor regarding the netewiive

effect of deep convection on the CLS water vapour, fwpimints out the complexity of physical processethinAMA

system.

Notably, most of the observational evidence regarttie mechanisms controlling AMA water is derived frpassive
satellite measurements, which due to their coarsécakresolution cannot resolve the small-scale prasessich as
moistening produced by localized injections of icke high-resolution measurements of water vapour witiMiiAISing
small balloons and research aircrafts have only recéeitpme available (Bian et al., 2012; Gottschaldile 2018;
Vernier et al., 2018; Brunamonti et al., 2018). Theshextensive set of high-resolution measurements imgudater
vapour, ice water, water isotopic ratio, aerosols\anibus tracers is provided by the StratoClim airarafhpaign, which
was held in July-August 2017 and involved the higtlieale M55-Geophysica aircraft deployed in Kathmaridapal
(Stroh et al., 2021, in prep. same issudirier et al., 2020).

In this study, we combine local airborne measurdémamith global satellite observations to characteribe
mechanisms of convective impact on water vapour amadel through both mass and energy transport aboveottie
point tropopause. We provide observational evideoteconvectively-induced lower stratosphere hydratiomn an
dehydration of both irreversible and reversible typEse link between the local variations and pheaesitions of water
with deep convection across the Asian anticyclonievestigated using ensemble trajectory modelingstained by



satellite detections of convective cloud tops. ®ec of this article describes the experimental aratieling setup,
Section 3 provides the satellite view of synoptickscievelopment in the TTL during the campaign pdad presents
the ensemble of airborne measurements. The convesttiree regions and their AMA-wide effects on watgrowa are

analyzed in Sect. 4. Section 5 documents and agmlffze observed processes controlling water vapaweathe

tropopause, and is followed by the discussion andsamin Sect. 6.

2 Data and methods PR {

2.1 StratoClim campaign and airborne instruments

The main experiment of the EUdneworkProgramme? (FP7) StratoClim project was the deployment of<fhef{

Russian high-altitude M55-Geophysica aircraft in KathduarNepal during July-August 2017. The campaign itetl
eight flights (hereinafter referred to ag Wherex is the flight number) performed every second dayrdutfie period 27
July — 10 August in both the morning and afternooar&ioT hree of the flights were performed within the Nigparders,
whereas in thether rest of thdlights the airplane flew out to southwest, south andtheast from Nepal reaching the
Bay of Bengal (see Fig. S1 of the Supplement). ThepBgsica aircraft hosted a large number of in situ remdote
sensors for measuring gaseous and particulate UTinPasition. A full description of the campaign is pided by Stroh
et al. (2021, in prep. same issue). In this stwgy,use in situ measurements of water vapour, tosémand water
isotopologues respectively by FLASH, FISH and ChiWiStruments as well as particle backscatter measmenby
the onboard MAS scatterometer and MAL lidar.

2.1.1 In situ water measurements

FLASH-A (Fluorescent Lyman-Alpha Stratospheriggkbmeter for Aircraft) is an airborne instrument of the
FLASH hygrometer family designed specifically for th&BAGeophysica aircraft (Sitnikov et al, 2007). Therimaent
was redesigned in 2009 (Khaykin et al., 2013) for RECONCILE campaign (von Hobe et al., 2013) dhdn
substantially improved for the StratoClim experimdfitASH-A is mounted inside a gondola under the righignof
Geophysica and has a rear-facing inlet, enablinigmapour measurements. With the aspiration rate ot4?8, the
air samples in a 90 chmeasurement chamber are fully exchanged every OTligeschamber is maintained at constant
temperature (24 °C) and pressure (36 hPa). Beforehd, filge instrument is ventilated for several houisguiglry air (<
1 ppmv) whereas the inlet tube, heated to 30 °k&p$ sealed before the aircraft climbs to 250 hPel kevavoid chamber
contamination by moist tropospheric air.

Unlike the previous airborne versions of FLASH-A witlirtsverse optical setup, the StratoClim FLASH-A readiti
has a coaxial optics similar to that of the FLASH-@ldon-borne instrument (Yushkov et al., 1998). Wager vapour
mixing ratio is detected by sensing the fluorescdigte yielded by photodissociation of water molesuldter their
exposure to Lyman-alpha radiation. A near Lymdme (123.6 nm), is produced by a krypton lamp whette hydroxyl
fluorescence at 300 — 325 nm wavelength range e&tigt by a photomultiplier operating in photon-countimde. The
accuracy of water vapour measurements in 1 — 100 ppnge is estimated at 8%, whereas the precisiorHzf data in
the stratosphere is®2ppmv with a detection limit of 0.1 ppmv for 5 s intetipa time. FLASH-A was calibrated against
a reference MBW-373L frost-point hygrometer before anerafte aircraft deployment as well as during the cagmpai



using FISH calibration facility. During StratoClimropaign, FLASH-A operated in all the eight scientifigffits as well
as during the transfer flight to Kathmandu.

ChiWIS (Chicago Water Isotope Spectrometer) is an miomplementation of the ChiWIS-lab instrument
(Sarkozy et al., 2020) designed for atmospheric chambkasunements of water vapour and water isotopologogssru

UTLS conditionsi.e. low temperature and humidity environméftie new version of the instrument is a tunablelelio

laser (TDL), off-axis integrated cavity output spectreeng¢Clouser et al., 2021, in prep. same issue). Taetspneter
scans absorption lines of both®and HDO near 2.647 pm wavelength in a singleettirsweep. With a 90 cm-long
multi-pass cell, the effective path length amouatsbre than 7 km. During the airborne campaignjrisgument has
demonstrated measurement precision for ten secondratiteg times of 18 ppbv and 80 pptv in® and HDO,
respectively. The measurements were reported at 0.2 Hz frequency depending on the ambient mixing ratid the
desired signal-to-noise ratio. Periods of the flightemeltthe internal cell pressure of ChiWIS was below 28 &re not
reported because of the large influence of vapourrgéen from the cavity walls. ChiWIS reported measuremséort
all the StratoClim flights except F1 and F5.

FISH (Fast In situ Stratospheric Hygrometer) is a degsa&th Lyman- fluorescence hygrometer with a forward-
facing inlet, which enables measurement of total wétem of gas phase water and sublimated ice crystale
measurement accuracy i96— 8% whereas the precision of 1 Hz data is estimat€@l3appmv (Zoger et al., 1999;
Meyer et al., 2015). Inside the cirrus clouds, thenager content (IWC) is calculated by subtractingfh&SH-A gas-
phase water from the total water measured by FISHesribed by Afchine et al. (2018). The minimum detaetévVC
is 3x10"ppmv ( 3x10°9mgm"9). The FISH instrument has provided measureméntsr flights F2, F4, F6, F7 and
F8.

The point-by-point intercomparison between FLASH-A\@IS and FISH clear-air measurements reported by
Singer et al. (2021, in prep. same issue) reveatednarkable degree of agreement and an equally-higlticapé all
hygrometers to resolve fine-scale spatial structur&sTinS water vapour. In clear-sky periods at mixingaathelow 10
ppmv, the mean bias between FISH and FLASH-A was % .4ith an f value of 0.930. For ChiWIS and FLASH-A,
the mean bias was -1.42% and +0.74% whtlialues of 0.928 and 0.930 for clear-sky and in-clpedods at mixing
ratios below 10 ppmv, respectivelginger et al. (2021, in prep. same issue)Faksp found good agreement of the

airborne measurements with the collocated MLS watpowaprofiles as well as with concomitant balloonrstings in
Dhulikhel, Nepal (Brunamonti et al., 2018) using gogenic frost point hygrometer (CFH) instrument. Altibgge, this
provides a high degree of confidence in the Strato@later vapour measurement.

2.1.2 In situ temperature and cloud measurements

The temperature was measured by TDC (ThermoDynamicp@asin a modified Rosemount 5-hole probe that
provides an accuracy of 0.5 K and precision of 0.brktémperature measurements at 1 Hz frequency (Shur 2007).
We used TDC measurements of temperature and presscoavert FLASH-A water vapour mixing ratio into tala
humidity over ice (RHi) as well as to compute thaisation mixing ratio using the saturation vapoursgrege equation
by Murphy and Koop (2005). The accuracy of TDC measergsis discussed by Singer et al. and Stroh €@21, in
prep, same issue)

NIXE-CAPS (New Ice eXpEriment: Cloud and Aerosol RéetiSpectrometer) is mounted under the right wing of

Geophysica and measures the cloud particle nunibedstributiors in the size range of 3-980n diameter at a time



resolution of Hz (Meyer, 2012). The IWC derived from particle sizstiibutiors are found to be in good agreement
with those derived from FISH total water measuremerfish{Ae et al., 2018). The lower detection limit of thetrument
is 0.05ppmv ( 0.005mgm?). NIXE-CAPS provided measurements in all the flights.

In situ measurements of cloud/aerosol backscatteméthda time constant of 10 s were provided by the éodwy
looking backscatter probe MAS (Multiwavelength AerbScattersonde) described by Buontempo et al. (20085).
distinguish between clear-sky and in-cloud measurésnbare we use a threshold of 1.2 units of baclescattio at 532
nm together with a 2.5% threshold in the volume deqdtion (corresponding to particle depolarizatiorB€if0%).
MAS instruments operated in all the flights excefit for which we used NIXE-CAPS data (Afchine et al.1&0to
detect the clouds. Singer et al. (2021, in prep. sasue) showed good agreement between the cloudtideie by both
of these instruments.

Remote measurements of cloud backscatter belonabode the aircraft were conducted by Miniature Aerosol
Lidar (MAL) (Mitev et al., 2002). Backscatter ratiosE82 nm are derived after applying a noise filtergeaoorrection
and correction for incomplete overlap in the near raaligwing observations as close as 40 meters fromaitbeaft.

2.2 Satellite observations

The Microwave Limb Sounder (MLS) instrument, operatimipoard the NASA Aura satellite, measures various- {

chemical species and temperature and provides oW B&tical profiles per dagrenly-distributedbetween 82° S to
82° N. Here we use the version 4.2 water vapour psofiscribed by Livesey et al. (2017), who report forldkeer-
middle stratosphere a vertical resolutior2ef3.0— 321 km, horizontal resolution of 190-198 kamnd an accuracy &f8
—9%. The data screening criteria specified by Livetea}. (2017) have been applied to the data. Topalate the water
vapour profiles onto a common potential temperature, gve use the MLS temperature product provided esdme
pressure levels.

Cloud-Aerosol Lidar with Orthogonal Polarization (CAIPDis a primary instrument onboard the CALIPSO
satellite, operational since 2006 (Winker et al.,90nd providing backscatter coefficients at 532 Hd64 nm with a
vertical resolution 089-60m and horizontal resolution of 1000imthe UTLS. Here we use CALIOP 532 nm level 1B

version 4.0 product for diagnosing the cloud vertitaks-sections and for quantifying the cloud tojpale. To enhance
the sampling of clouds, we also use level 1 badtescproduct at 1064 nm provided by NASA's Cloud-Aeros@nsport
System (CATS) lidar operating onboard Internationalc8station (Yorks et al., 2016). The CATS 1064 nnkbeatter
is converted to 532 nm using CALIOP color ratio.

The GPS Radio Occultation (RO) technique providesozas profiles of atmospheric variables with high ieat
resolution (~0.5 km around the tropopause), globaggaahical and full diurnal coverage, and high acoui@Ed K)
(Steiner et al., 1999). We use RO “dry” temperaturdilpofrom COSMIC (Anthes et al., 2008); GRACE (Beyeste
al., 2005) and Metop A/B missions (Luntama et @08 for analyzing the temperature and minimum saturahixing
ratio within AMA during July and August 2017.

2.3 Definitions

In this section, we define the key terms regardingvéiréical structure o AMA and physical processes tinerei <+« - - {




The vertical boundaries of thopical tropopause transition layer (TTLgan be defined using two different
approaches reviewed by Pan et al. (2014). The massfiproach (Fueglistaler et al., 2009) defines thetdoundary
as the tropically-averaged level of all-sky zero ndtative heating (14 km, 355 K) and the upper boundar$8.5 km
(425 K), where the local mass flux becomes comparttbdat of the Brewebobson circulation (Fu et al., 2007).
Another approach is based on the TTL thermal structdnere the lower and upper boundaries are defineéctsely
as the level of minimum stability and the cold pdiopopause (CPT) (Gettelman and Forster, 2002). et al. (2014)
found that the thermally-defined TTL boundaries aresistent with those derived from the ozone-water vapou

relationship In this study, we adopt the thermal definition of TieL as in this case the boundaries can be derived from

the local instantaneous measurements provided b@éduphysicaRan—etal—(2014-found-thatthethermalhydefined

derived-filoenozone-water-vapoui—relationshighich-renders-the-thermal

Since the location of the Geophysica deploymenbignopical in the geographical sense, we refereolthiL in this
region as theAsian tropopause transition layer (ATTWjith an upper boundary at the CPT derived from ERA5
temperature profiles collocated with the flight traeksl using airborne temperature profiles. Followngnamonti et
al. (2018), we refer to the upper layer of the Asian galime as confined lower stratosphere (CLS) with aldvoundary
at the CPT level and an upper boundary corresportditige top level of confinement, which they estienas 63.5 hPa
(~440 K) for the 2017 AMA season.

A convective overshodgalso termed “ice geyser” by Khaykin et al. (2009)jlédined as detrainment of ice crystals
above the local CPTDanielsen, 1993)Depending on the relative humidity at the levieietrainment, this process can
lead either to CLS moistening by rapid ice sublinmatiar to irreversible dehydration via uptake of vapgwmythe injected
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nucleated from an air mass enhanced in water vapauressilt of convective overshoot.

2.4 Ensemble trajectory modeling and convective cloud topata

For investigating the link between the variationsvieter vapour observed locally by the Geophysicatarddeep — - {

convection upwind detected using satellite IR imggere use the TRACZILLA Lagrangian model (Pisso &egdras,
2008), a modified version of FLEXPART (Stohl et al008). The simulation was designed to release an disesh
1000 back trajectories every second along the airftigtit path, travelling back in time for 30 The calculation of back

trajectories was performed using the European Centre fdiuseRange Weather Forecasts (ECMWF) ERAS reanalysis

For detection of convective cloud encounters (convediits) along the diffusive back trajectories we ciseid top

information from geostationary satellites (MSG1 antMAWARI -8). To cover the entire AMA region, we make uxfe
the cloud top product from both the MSG1 images foigitudes west of 9 and the HIMAWARI-8 images for
longitudes east of 9. The MSG1 satellite operated by EUMETSAT carriesSpi@ning Enhanced Visible and Infrared
Imager (SEVIRI), providing multi-wavelength image cotien with spatial resolution of 1 -K8n and temporal resolution
of 15min (Schmetz et al., 2002). The Himawari-8 geoshatip satellite, launched by the Japan Meteorolodigaincy



(JMA), carries the Advanced Himawari Imager (AHI), pding the images at 0.5 -kn spatial resolution with

10min intervals(Bessho et al., 2016fFor computational reasons, we use one image eGanyrg =~~~ . { # $
The cloud top height data was taken from the Eurof@ganization for the Exploitation of Meteorologicat&ktes
(EUMETSAT) Satellite Application Facility (SAF) on Sport to Nowcasting and Very Short Range Forecashivg@)
products (Schulz et al., 2009; Derrien et al., 20B2eSet al., 2015Here-we-use-a-specific-version-of product-based on
y i _ e algorithm-where the metegiohl-data_are taken from ERA-5-at hourlv resolutioth-asing
iFee analysis was restricted to
the highest and opaque cloud classes that are refatgenf deep convection. In this study, we consttle convective
hits above 100 hPa only, corresponding to the ctopd potentially overshooting the tropopause. Thestitute 24.3%
of the total number of convective hits identified thys analysis. The convective origin of the sampledcels is
statistically diagnosed in terms of the fraction ofiwective hits per 1 s sample as well as the coiweege of parcel,
i.e. the time since convective hit.
y (S y elio { s }
£2020).1t should be noted that the trajectory modtddrates 1000 backward trajectories per data pangahe flight (#% ¢
track which are submitted to a random noise equivateatdiffusion D=0.In*s* as in Bucci et al. (202Q). As such, the : z %
integration is a discretization of the adjoint eqgolaif the advective diffusive equation, which is welbed for backward
integration (Legras et al., 2005). Unlike singledrapry Lagrangian calculations, this method doesjaoerate spurious . — { # $ ]
smallzscale featurgs as backward time incregses;a@mntie shown to converge with time for a pure passiagar. With _ - { # S )
thay, the trajectories from each data point come fseweral, possibly, many sources and the results iegbere §\\ \\\\{ # 8 ]
statistics over these 1000 trajectogies. ‘\\\\{ # s ]
Obviously, the results can be affected by,biaseBantind field, heating rates and the_cloud heightiped used in\\\\\\\{ * 8 ]
this study. The ERAS is presently considered as thst mdvanced reanalysis and it was shown to diME:qnisiggrlt\\\:\\‘} : i %
transport properties of diabatic versus kinematic trajezt (Legras & Bucci, 2020), which are in excellegwt\\\\?g\\:{ ]
with observations (Brunamonti et al., 2018; von Hebal., 2021). The main concern in the Asian monsegion is that \\\\\\{ P ]
ERAS displays high penetrative convection over theefin Plateau, which might bias the heating ratéseimpper TTL \\\\{ # % ]
over this region (SPARC S-RIP report, 2Q21). As thettayies involved in this studied are mostly outdftePlateau, \\( # $ ]
we do not expect any significant impget. N N { #$ ]
:\\\\ § } D %
R )
3 Evolution of AMA conditions: two modes
3.1 Satellite perspective - {
clonenot marked lnamalous dynamical_ - { )
behavior (Manney et al., 2021), however the campa@qurred during a break - active transitipn—with Thersiest ~ \{
convective activity took place in late July and gakugust above the Southern slopes of Himalayasthﬂdl’ibetan\\\\\ # s
o : . : N )
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contours in Fig. 1la. The OLR distribution in July-gst 2017 is very similar to its climatological aitt reported by
Randel et al. (2015) (cf. their Fig. 5). The thermal dmus across the Asian TTL (ATTL) exhibit a remarlabl
variability with minimum saturation mixing ratiostieeeen 14-18 ppmv in the warmer Northern part of AMA 2mpmv
above the colder Southern slopes where the Geophfjigibts took place. The horizontal distribution of. & water
vapour (390-420 K layer) averaged over 3 weeks befareduring the Geophysica flights (Fig. 1b) reveafsool of
moist air with two maxima near the center of the@mone.

The time evolution of temperature in terms ofCHsaturation mixing ratio (Fig. 1c) and water vapoug.(Rd)
within the flight domain shows an interesting depehent of the UTLS conditions before and during w@paign period.
In mid-July, a humid layer in the ATTL starts to llilp and propagates above CPT up to about 410déaby August.
The first four Geophysica flights were conducted duthig moisture build-up period, characterized by reédyiwarm
CPT temperatures (Fig. 1c), which we term “warm/wattiodmode It should be noted that the 2017 AMA season was
marked by a strong positive anomaly in water vapauwgirag 1 — 2 ppmv but without a significant tropopatemperature
anomaly (Supplementary Fig. S2). The positive wat@oua anomaly is not specific to AMA region and refleitts
global wet anomaly in the tropics and subtropiss;evealed by MLS observations (not shown).

In early August, after the warm/wetodeperiod, the ATTL experienced a rapid cooling and # four flights
sampled a colder and drier ATTL. This “cold/dnylode-periods marked by stronger convective activity in the oegi
reflected by low OLR (Fig. 1¢).e. colder and higher cloud to@sdhigher-higheicarbon monoxidémixing ratio (Fig.

1d). Since the carbon monoxide is a tracer for tropospites&ratosphere transport, the elevated CO conciemtriat
the LS-indicativeis indicativef an theenhancedupwardflux inte-the-stratosphereacross the tropopause (e.g.eRaend
al., 2010.) Fhis-The cold/dry modperiod is also marked by a widespread occurrence aféerls above the CPT (377
— 390 K) and as high as 415 K level according tihhiesolution cloud profiling by CALIOP and CATS satellidars
(Fig. 1d). We note that the cold convective periad b transient effect on the CLS water vapour, whicktijoecovers

the late July values, after the cease of conveetitigity and tropopause warming in the flight domiajnmid-August A
similar inference was reported by Brunamonti et all&®®n the basis of balloon soundings in Nepal dutiegirborne

campaignn July-August 2017

3.2 Airborne perspective . {

The airborne measurements of water vapour and temperahown in Fig. 2 reflect the satellite-derivedf{

development of the UTLS conditions. The ensemblevater vapour profiles obtained using the FLASH hygetem
during the eight StratoClim flights is shown in Fa. The HO vertical profiles at and above the CPT level show a
striking remarkabl&ariability over the two-week campaign period with mixratios ranging from 2.8 to 10.2 ppmv. On
average, the warm/wekeried modeyielded an L-shaped mean®i profile (solid curve), which is characteristic oéth
Boreal subtropical conditions, although with notaddaancements at and above the CPT. In contrasipktieonvective
period revealed the vertical distribution more typiailthe tropical tropopause conditions, with the toyause at the
CPT level. The airborne measurements during bothmimperiods show an accumulation of sharp moistrisyabove
the CPT and up to 410 K level which are diagnosettiénfollowing section. These layers constitute @ieS wet pool
seen by MLS, although their sharp vertical structofesub-kilometer scale cant-hardiybe resolved by the satellite.
The large variability of water vapour is consisteithvthe tropopause temperature variability, showingimum

saturation mixing ratio between 2.5 and 6.5 ppm aigtilyh variable CPT vertical structure (Fig. 2b), presinfy



modulated by gravity waves. The CPT potential termijpre varied between 370 — 391 K, which is fullysietent with
the GPS-RO data.

The highly-variable thermal conditions led to a remblkadispersion of RHi around the CPT. The clear-sky
measurements reveal both a subsaturated and stromglssaturated environment with RHi spanning 40 —%78-ig.
3a). The credibility of RHi data is ensured by arcedbent agreement across the three airborne hygromatets
temperature sensors (TDC and UCSE) (Singer et alreip. game issue). In the presence of ice crystals 8Bjg the
RHi is generally well above 100% although the subrséed cloud occurrences were also observed in bgthrdf wet
parts of the water vapour spectrufirese Such occurrencare mainly caused by short excursions of temperaturesab
the frost point, which does not necessarily leadetomanent evaporation and depends onktgrangian air parcel’s
(Lagrangianitemperature history. The occurrence of ice crystals igaorded at levels 15 K (~1 km) above the local
CPT. The highest-level clouds were detected by fiveaud-looking MAL lidar at 412 K (18.5 km), which ismsistent
with NIXE-CAPS detection of cloud particles up to &LBKramer et al., 2020, their Fig. 11) as well as wlith maximum
cloud altitudes inferred from satellite lidars (415 KheTpresence of ice in supersaturated air is more &ptrihe cold
dry parcels (see also Kramer et al., 2020, theirrgid0d), which suggests a local dehydration duriegtid/dry period.

A different perspective on the environmental condgiohcloud occurrence around the CPT is provided in3dg
showing the distribution of IWC as a function of RMhe binned ensemble is restricted to the sampbesytich both
MAS and NIXE-CAPS data indicate the presence of ic8gbas. The ice crystals found in the subsaturatedtave the
local CPT are likely to be in the process of subliorataind therefore have a potential for a permanent iGidBation.
Conversely, the crystals in the supersaturated emwviemt will retain their aggregate state and the largees
(characterized by higher IWC) will sediment down belbe tropopause thereby causing permanent dehydrattitne
CLS. We note that the ice particles in the substdranvironment account for 14% of the particles deteabove the
local CPT._This is consistent with a comprehensive analysarborne data from various campaigns by Kraemer gt al.

2020, who pointed out a significantly larger amounitdWC in subsaturated ice crystals above the CPRNA

compared to that in the surrounding tropical regiorsckvunderlines the importance of AMA as the sourceSfater.

4 Convective influence on CLS water vapour

—

The influence of overshooting convection on the olegrwater vapour variability was investigated using™

TRACZILLA ensemble trajectory modeling constraineddayellite cloud imaging and ERAS reanalysis (se&.Se4).

Figure 4a displays a binned ensemble of the measuaéer vapour mixing ratios color-coded by the conwectiits

fraction.

The trajectory analysis suggests
1

that the convective origin is characteristic to an@musly wet and anomalously dry parcels, which pomtsthe dual ”/’/
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The elevated convective hits fraction is also charétic to the driest bins between 370 — 400 K apoading to
F8 of the cold/dryeried modewith large-scale convection in the flight domain. Wtthe driest parcels are linked with
the local or nearby convective events, the wettess are traced back to distant convective everdasoaly the circulation
pattern of the anticyclone, that occurred several defa® their outflows have been sampled by GeophyS$tva.only
exception is F6, which was influenced by a youndlowtof a large convective system in the vicinitytbé flight (see
Sect. 4.2 and Fig. S4 of the Supplement).

4.1 Isotopic composition of convective plumes - - {

The relation of moist layers with overshooting corigtcan be reliably diagnosed using the isotopio m@itwater— — - {

(HDO/H;0), which is enhanced for water vapour moleculedirmalted from ice(Moyer et al., 1996; Hanisco et al.,

2007) Figure 4b clearly shows that the wetter parceteeénlower stratosphere are isotopically enhancedttendiettest
of them bear the strongest isotopic signature. Tisnbiguously points out that the hydrated layers lhaen produced
by overshooting ice geysers. Remarkably, the weisotdpically enhanced pixels in Fig. 4b are founthigh as 420 K
level, that is 30 — 50 K above the cold point. Gitbe diabatic heating rate of 1.1 K/day in AMA ahe tverage
recirculation time of 16 days within the anticyclqihegras and Bucci, 2020), these hydrated parcelsicouprinciple,
have recirculated twice before being sampled by itiveadt.

4.2 Geographical distribution of convective sources - - {

Figure 5 shows the composited map of convective sl¢bifjhest cloud classes), which are linked by ttajezs— — - {

with the observed hydrated and isotopically-enharieest-and-heavywet-and-hedvarcels and thereby represent the
most probable sources of the convectively-proces¢&idr sampled by the aircraft. Theet-and-heavywet-and-heavy

parcels are defined as thdseated above the local CRilith water mixing ratios exceeding one standard devidrom
the median (dashed curve in Fig. 4b) at a givennpiaietemperature level and with isotopic ratios abet@0 per mill
(except for F1 and F5 where the HDO measurementsoar@vailable and the selection is done based-@ndtly). The
fraction of wet-and-heavy parcels to all parcels samalexve the local CPT varies from 0.5% (F6) to 11%) {E2ween

the different flights. No wet-and-heavy parcels have hisgacted in F8, which is why it is not displayad-ig. 5.

The composited map suggests a broad geographidtdrsehthe convective clouds across the Asian aciioye.
The lifetime of hydrated parcels, as inferred from the hiegjlectories, ranges from ~12 hours (F6) to about d2ys
(F7) (see Supplementary Figure S4 for convective agedividual flights). Theset-and-heavywet-and-heaparcels
sampled during the warm/weéried mod€F1 through F4) originate from various convective eiyst in the Northeastern
China and Korean peninsula, all of them occurring NoftB5 N. The convective age for these parcels véredseen
2.6 and 9.9 days. Sensibly, the shortest age corrdsyorthe lower-height moist layer at 390 K leve2)(Rvhereas the
longest age is found for theet-and-heavywet-and-heaparcels detected as high as at 410 K in F4. Thetrfeatures
in the flight F2 (A2 and B2, see Sect. 5), found & @Ad 399 K levels, are sourced to different conve@iants that

occurred 2.6 and 4.7 days before being sampled bplsia.\We note that while the terror of the age estimates is

generally less than an hour, the attribution of cotive sources largely depends on the cloud top tatarticular, the

improved v2018.1 trajectory product coupled with NB/&F geostationary data analysis provided a qualébtibetter
correlation between the distribution of convective hibhd wet-and-heavy parcels as compared with the gradad by
Bucci et al. 2020.




While the warm/weperiod moddlights were largely influenced by convection in tRertheastern part of AMA,
thewet-and-heavywet-and-heapgarcels sampled during flights F5 — F7 are souraedtious different locations. A large
convective system over North-Eastern India in thenitigiof the flight on the same day is responsible fier hydration
feature in F6 at 380 K level. The convective sourfc® wet air sampled by F5 is found above Westeria|radthough
we note that no isotopic data are available forfilght, whereas the number of parcels with mixingaraxceeding one
standard deviation is small for this flight. In fligh?, the enhanced water vapour features above 400 K4dB7, see
Sect. 5) originate from two different sources: the Iolegel feature (A7) is traced back to a group of retsivsmall
systems along the Eastern Chinese coast that occu3edhys before the measurement, whereas the uppgiBah
originates from a large cluster of small-scale convecsiystems in the center of Asian anticyclone alibeenorthern
foothills of Himalayas. We note that this particulagios is marked by enhanced water vapour amount aicgptal MLS
averages over the campaign period (cf. Fig. 1b). Thpa@els have thus followed the anticyclonic cirdalapath for
nearly a full loop before arriving to the flight domaihich took 12.7 days.

The potential for a vapour-rich parcel travelling WwittAMA CLS to permanently hydrate the stratosphere is
determined by the Lagrangian temperature historyditfeot analyze the RHi variation along the trajaes however
we quantified the minimum temperatures encounteredsa&MA using high-resolution GPS-RO profiling. As tolls
from Fig. 1a, the subtropical part of AMA has neverleddelow the KO saturation mixing ratios of around 8 ppmv in
July-August 2017, enabling the vapour-rich patcheésaeel along the northern flank of the anticyclorithaut freezing.
Remarkably, the majority of convective systems iifient as the most probable sourcesvef-and-heavywet-and-heavy
parcels (shown in Fig. 5 and marked by black pixelBig. 1a) have occurred within the warm tropopausé&@mwent
in the northern subtropical part of AMA.

It is noteworthy that the probeekt-and-heavywet-and-heapgrcels (shown along the flight tracks in Fig. 5) are al
located in the northernmost part of the flight domaim, mearer the center of AMA. This is consistent wlih $patial
distribution of AMA CLS water vapour inferred from MLSi¢F 1b), showing the maxima above the Tibetan platea
Sichuan region, that is around the center of the yoitine. With that, the air circulating near the owtdge of the
anticyclone is bound to pass the colder TTL abowveratlndia and the Southern slopes, where the orgaitazge-scale
convection occurring during the second part of the @agmp(cf. Fig. 1) has led to cooling and dehydratiéaround the
CPT level. The efficiency of the convectively-induakhydration, counteracting with the convective nasisig in the
warmer TTL regions of AMA is considered on a case Isgedaasis in the next section.

5 Long-range transport and evolution of moist convective lpmes

The hydrated layers in the CLS characteristic of ¢g/aonvective hits fraction and/or isotopic enhameet- - - {

(wet-and-heavywet-and-hegwyere detected at altitudes between 16.9 — 19.038® — 415 K) in all the flights except
F8 with the magnitude ofiater vapoumixing ratio enhancement between 0.9 — 5 ppmv (sepl8mentary Fig. S3).
The largest enhancement (5 ppmv) was observed in 82%K (B2 feature), whereas the highest altitudeyolr&ted
layer centered at 18.9 km (411 K) was sampled i(B/eature). The flights F2 and F7 represent respalgtivarm/wet

and cold/dryregimes_modegsee Sect. 3), however in both of these flights theenked moist layers originated from

distant convective events. In this section, we pmfidgther insight into the results of F2 and F7 andrilesthe evolution

of the respective moist convective plumes using amb@and satellite measurements.



5.1 Warm and wet regimemode Flight 2 - - - {

During the warm/wetegimemode perigdhe mean CPT-level water vapour mixing ratio wagpprav, whereas - - {

the minimum saturation mixing ratio ranged from 5.8®ppmy according to the airborne data (Fig. Ruring F2, the
aircraft was cruising side to side along the Himalafgathills within Nepali borders gaining altitude %0 m steps
before climbing to 21 km (Fig. 6¢). The water vapoutigat profile in Fig. 6aand ® reveals two layers above the CPT
(marked A2 and B2) with water mixing ratio peakingl@t2 ppmv, twice the campaign-median valuéxatthe CPT
level. It should be noted that all the three airbdmpgrometers report identical spatial structures andlatesvalues of
humidity for these layers, providing full confideneethis observation (see Fig. 3 in Singer et al. (20@lprep., same
issue).

The upper layer (B2) topping at 399 K (~18 km) is cbidzed by very large fraction of convective hitsctéag
0.9 (Fig. 6a) with an average age of 4.7 days (¢f. 5. The convective origin of B2 is unambiguoustyfirmed by a
strong enhancement in the HDQratio of -340 per mill. This is substantially highlean the isotopic ratio found for
the equivalent-humidity air below the CPT (about -480mill at 373 K level). The enhanced isotopic ratithis layer
clearly indicates that the water vapour enhancenvastproduced by sublimation of ice. It is remarkabé after nearly
5 days, the convective plume responsible for B2 fedtaseretained such an amount of moisture.

The underlying wet layer (A2) at ~390 K (~17.5 kmiraced back to a different convective event agingldys
(cf. Fig. 5). However, given that the magnitude dfi@mcement is nearly the same as that of its uppef-tean, it is
conceivable that both A2 and B2 represent the outfibtie same convective event in Northeastern Clindthe lower-

level A2 feature is a result of gravitational settlofgce crystals shortly after injection.

5.1.1 Secondary cloud formation

For an air parcel at 82 hPa bearing 10 ppmv of wapour (as reported for B2), the saturation is achietved a
78.5 °C. The B2 feature was characterized by the maxiiRHi of 116% (Fig. 6¢) at -79 °C. At these condisipa local
cooling of 2 °C, which can be produced by a graviavev(e.g. Kim and Alexander, 2015), would boost thie & 165%.
This corresponds to the homogeneous freezing threahthis temperature, hence such a cooling would sticertainly
lead to formation of a secondary cloud. Such a cleasl detected by the upward looking MAL lidar at188.5 km (398
— 412 K) in F2 with the maximum scattering ratio df @narked C2 in Fig. 6c).

Interestingly, the bottom of this cloud is found a #ame potential temperature level as the hydrayed B2 and
only about 350 km away from it. Nevertheless, theatifes appear to have different convective sourcgsréd-ira shows
the back trajectories released from this cloud intersget large convective system above Northeast Qhimandicated
by red circles with black fillingpn 21 Julythat is8 days before FZ:he fraction of trajectories intersecting this conwesti

system amounts to 47% an attempt to investigate the evolution of hutyidif this air mass, we searched for the MLS

swaths collocated in space and time (within 500ekrd 1 hour) with the tracked parcels. A perfect matak found on
24 July: the MLS swath lies precisely across thestelr of the tracked parcels as shown in Fig. 7b.ndegest MLS
profile reports 8 ppmv at the parcel level, which is2ppmv wetter than the neighboring measurementg alensame
orbit. This suggests that the moist plume remainedpact(at least in the meridional planap to 3 days after the

convective event.



The Lagrangian temperature history of this air masg. (Fé) suggests that since the convective encouhter,
parcels remained subsaturated most of the time amqmrticular, during the collocated measurement by Mit® RHi
was estimated from the ERA5 temperature and pressung tile back trajectories, whereas the mixing ratioagasmed
to be constant 12 ppmv. The episodes of moderatersaturation with RHi reaching 140% were encountbetdieen
about 144 to 170 h before the sampling and it is eeable that cirrus could have formed around that @mé some
water was lost to sedimentation. However, the egisaif strong supersaturation with RHi reaching thedgeneous
freezing threshold were encountered only during tieday before the measurement, when the parcelsemézeng the
colder CLS above the Southern slopes. The RHi alomdpack trajectories during the last day was react@§o, which

would enable ice nucleation and repartitioning ofékeessive vapour into a secondary cloud.

5.2 Cold and dry regimemode Flight 7 ==

The cold/dryregime_modevas marked by a synoptic-scale cooling throughouB#t&— 400 K layer extendimg— — {

across the CPT. The largest vertical extent of thet legier was observed in F7, where the saturation mdtio dropped
below 4 ppmv throughout 370 — 397 K layer (cf. Fig).Zbhe northbound flight leg of F7 (see flight track in
Supplementary Fig. S1) included several porpoisesadhe CPT level (varying between 375 — 383 K) asvahin Fig.
8a. The time series of potential temperature is mavk#dice particle occurrence detected by MAS, whicbveh the
presence of subvisible cirrus clou@slor tagging) with scattering ratio below 6 extendimgto 400 K level

The water vapour time series in Fig. 8a reveals arkably large horizontal variation of mixing ratiothis layer,
spanning 3.0 to 6.2 ppmv on a horizontal scalenefhundred kilometers. Almost the entire CPT-porpoisiegnsent of
F7 shown in Fig. 8a (20000 — 22200 s) is supersaminatth RHi reaching 155%, whereas the water vapouatani
follows the saturation mixing ratio with a high deg@f correlation (r = 0.97). The occurrence of ice padidletected
by MAS is reflected by enhancements in IWC shownlas shading in Fig. 8a,b. The magnitude of IWC emeanents
(up to 3.3 ppmv) is comparable to the magnitude dérapour reduction, which suggests that theseristads have
formed in situ as a result of synoptic-scale CPTlingoIndeed, as shown in Fig. 8b, the total waterstioot exceed the
background level represented by the mean water vapourtirerprevious flightsFhis-does-net-howeverruleoutlt is
however still possibl¢hat some of these crystals were produced by ovetisigoas suggested by Lee et al. (2019) for
this particular flight.

Above the layer of thin cirrus reaching 400 K lewvtte water vapour profiles in F7 reveal two enhancements
marked in Fig. 8 as A7 and B7. The B7 feature isattarized by a maximum enhancement of 1.9 ppmv @tdih a
layer extending between 405 — 415 K (18.5 — 19 loth A7 and B7 moist features are characteristic of Bagmit
isotopic enhancement (Fig. 8c), whereas the B&ismlarked by an enhanced fraction of convective Hit$ig 4a and
Supplementary Fig. S3). From the convective souraeayais in Sect. 4.2, we know that the hydrateduieaB7 has a
convective age of 12.7 days during which the moistveotive plume has made a nearly complete circleinviiMA.
During this time, the mixing within the moist layer expected to smoothen its vertical structure, howeve B7
enhancement reveals a rather sharp vertical structumh &wsharp structure is normally associated with rgcent
sublimated ice crystals from a nearby overshoot (€hgwykin et al., 2009; 2016). The absence of recerb @ays)
convective events (see Supplementary animation) wpefiB7 has led us to investigate the satellitedlmeasurements

and temperature history along the corresponding baickwajectories.



5.2.1 Secondary cloud sublimation

Figure 9a shows an ensemble of back trajectoriessedeiaom B7 together with the ground tracks of CALIPSO
and CATS nighttime orbits nearest in time and speite the location of the sampled air parcels altar trajectories.
The locations and timing of satellite lidar transeere favorably close to the locations of the trackadeds at each
given time: the largest temporal offset betweertriectory time and a lidar transect is only aboubd@rk. This warrants

investigation of the Lagrangian evolution of cloud¢weence in the B7 parcel.

On 6 August, neither CATS nor CALIOP transects (maded 1 and T2 in Fig. 9a) show the presence of clouds

above 18 km, which is consistent with the parcelsgerature history in Fig. 9c showing sub-saturateditioms before
T1. After passing the T2 point, the parcel has expeeéra strong cooling episode, boosting the maximitha®ove

the homogeneous freezing threshold. The next caééddidar overpass (T3) took place on 7 August wimenparcel’s
temperatures have just relaxed down to saturatiarideVhe lidar curtains labeled T3 and T4 (Fig. $tovs evidence of
partial evaporation of the cirrus cloud cross-sampledAyat 17 UT (T3) and by CALIOP three hours later (T4)e

location of the tracked parcels (marked by a white reb¢aim Fig. 9b and Supplementary Fig. S5b), matghesisely
the evaporating fraction of the cloud. Thus, the feablimation of this secondary cloud has occurred ab8thours

before B7 sampling, which can explain its sharp varstructure.

At the time of B7 sampling, the parcel’s RHi — congalifrom ERAS temperatures and FLASH peak value of 7.3
ppmv in the hydrated layer — amounts to nearly 100%6ch is consistent with the airborne temperaturesuesament.
Downwind of the flight track there are two transectS @hd T6), not necessarily collocated in time with westward
progression of B7 parcel, but showing an absence gfacticles at the respective level (Fig. 9 and $amppntary Fig.
S5).

The above led us to conclude that while the B7 mwea#g@our enhancement was produced by a 12.7-dalys ol
convective plume that circumnavigated AMA, its veatistructure was modified by strong yet transientingapisodes
that acted to temporally repartition the vapour ineada a scale of several hours. As inferred from NIXE-CARSicle
size distribution measurements in F8, a freshly ntetei situ cirrust-areundneathe CPT level is dominated by very
small ice crystals with effective diameter of 4 -1 (Supplementary Fig. S6). According to Muller dheter (1992)
such crystals would sediment at a rate of 0.6 - Zciésuming the onset of ice crystals nucleatioBat- 20 h
(corresponding to the onset of the strong coolingoel@s and their evaporation at T4 point, the cloudiglas should
have sedimented by less than 200 - 700 meters dilmanglifetime.

With this case we point out that the homogeneousbfeated crystals smaller than 1@ occurring in the CLS
as a result of convectively-induced radiative cooling/or gravity waves-induced temperature perturbationsot last
long enough to sediment out from the stratospheretardfore have limited potential to dehydrate the&SCL

6  Discussion and summary

The occurrence of water vapour enhancements in ther Istratosphere associated with overshooting convectio- {

has been reported in several studies based oruimsiasurements in the deep tropics over WesternaAfkibaykin et
al., 2009; Schiller et al., 2009), Northern Austréldey et al., 1993; Corti et al., 2008), South Amar{&haykin et al.,
2013), Central America (Sargent et al., 2014), WestanifiE (Jensen et al., 2020) as well as at midlatguzleer North



American monsoon (Hanisco et al., 2007; Weinstoed.e2007; Smith et al., 2017) and Asian monsooerifiér et al.,
2018; Brunamonti et al., 2018; Kréamer et al., 202@)e note that the reported cases represent a smaibfrad in situ
measurements acquired; there is typically no more ¢mencase of water vapour enhancement above thepaope
detected during_aivenfield campaign.

Compared to other field campaigns, the StratoClicrait deployment in Nepal providediot-of evidence foran
ample sampling omoist layers above the tropopause. Their convectieeshooting origin is unambiguously supported
by both the enhanced isotopic ratios in the mdigings and by their traceability to convective eveNstably, the
occurrence of lower stratospheric moist plumes alioeenonsoon regions is also supported by satellgéervhtions (Fu
et al., 2006; Schwartz et al., 2013; Werner et aR0P0vhereas the enhanced water isotopic ratios vedever these
regions (Hanisco et al., 2007; Randel et al., 2&L@)port the role of overshooting convection in maig the water
vapour maximum in thesmmer North American and Asiamonsoon anticyclones. This process adds to thetiealia

driven slow ascent of wet air through the warm tropopanghe northern part of AMA. Another possible pathveéy
water into the CLS in addition to the slow ascemt avershooting may be the isentropic transport adtws CPT from

the Tibetan plateau (characterized by highest CPHeteduthern slopes of Himalayas.

Using MLS observations and OLR data, Randel e{24115) concluded that stronger convection in the Msia
monsoon region leads to colder and drier lower stragyeplihereas the opposite is true for the weaker caowedthey
also pointed out the importance of subseasonal vammtf deep convection driving the water vapour amaoeat the
tropopause. Interestingly, the composited maps of @hdnalies for wet and drggimes modefFig. 5 in Randel et al.
(2015)) reveal an east-west dipole and in both cgeddipole is centered exactly on the StratoClighti domain.
Furthermore, the evolution of the UTLS conditionghie flight domain, switching from warm/wet to cold/degime
modeover the course of the campaign, allowed for samptiegopposite-sign effects of deep convection onntier

vapour above the tropopause.

The warm/wet mode sampled during the early flightsadsubstantial enhancements of water vapour mixing {

ratio reaching above 10 ppmv (twice the backgroumsdhigh as 400 K (18.2 km) level, but very little @smce for

dehydration upstream. By contrast,

sndeedthe second (cold/drynodg period of the

campaign with organizédrge-scaleonvection igide and close to the flight domain-theredemhto synoptic-scale CPT
cooling and a drastic drop of water vapour by ~38%und_neathe tropopause. We note though that the dehydration

layer did not extend above 395 Khereas in the upper layers, the excess of wafgur was subject to a transient phase

transition, resulting in an outbreak of cirrus at Ieugb to 415 K (18.9 km)A similar eenclusion inferencevas made by
Brunamonti et al. (2018) on the basis of balloon siugs of water vapour and ozone in Nepal as part @ft@®im
campaign in 2017. They argued that overshooting @ction is responsible for an isolated maximum gbhh the CLS
observed in July 2017, whereas the water vapour roimirat the CPT level is caused by synoptic-scale aptumaly
above the southern slopes that maximized around @%tug

Our trajectory analysis suggests thHat-convective origin is characteristic of the wettest #me driest parcels
(Fig. 4a), which points out the dual role of oversimptonvection on the AMA water vapour. With that, mate that
the probability of dehydration decreases with the @fgeonvective outflow, ascending within AMA at an eage 1.1



K/day rate in potential temperature (Legras and Bug@20). This way, a hydrated air mass, circulatinthiwithe
confined anticyclone, progressively moves up and afsay the tropopause and becomes less likely to ereoun
permanent dehydration. A similar inference was maddJbyama et al., (2018) on the basis of trajectory-dbase
microphysical simulations. Although, as we showedehthe secondary clouds can form as high as 410c4&%el,
their lifetime is limited to a fraction of day, whicloes not enable a permanent removal of water vapour frer@tS.
Thus, a hydrated plume that survived a full turnovighiw AMA would retain its moisture and eventualdftlit into the

free stratosphere.

The question on the role of different AMA sub-regionsthie cross-tropopause transport of water has been
addressed by a number of studies quoted in the irdtioau however With thatthere appears to be no consensus
regarding the dominance of a particular sub-regiorhitngtudy, the majority of the observed wet plumethénCLS are
traced back to convective events in the northeagi@ntrof AMA, which influenced the flights during tfiest (warm/wet)
period of the campaign. The other flights have samyilettair originating from convection above the Tibepdateau as
well as northeastern and northwestern India. Givedirthiged time period of the campaign and the largessakonal
variability of the Asian monsoon, this inference nmmy be fully representative of the climatological eective source
regions. Nevertheless, it can be concluded thateiion occurring in the northern and northeastern pdrisMA,

characterized by a warmer tropopause, is more likgbydduce persistent moistening of the lower stratagphe

The airborne measurements in AMA within StratoClimvéheevealed the abundance of moist convective plumes
in the CLS. In this respect, the Asian anticyclasevery similar to its North American counterpart. lade both
anticyclones extend well into the extratropics, whewmarmer tropopause enables unimpeded transport efdangunts
of water vapour. An important finding of our study is pgegsistence and recirculation of moist convectivengls in the
confined LS of AMA. To our knowledge, such phenomererennever before observed in the deep tropics. The
recirculation of water vapour-enhanced air masses wasteefin the Antarctic and Arctic vortices (Voemeakt 1995;

Khaykin et al., 2013) where the hydration of lowertssghere occurs through sedimentation of ice PSCs.

Overall, our results suggest a complexity of proeesontrolling water abundance and its aggregate st the
lower stratosphere of AMA. The strong isotopic enharergs specific to the moist layers in the CLS arsirth
traceability to convective events consistently ssggkat overshooting convection is an important Gouator to the
seasonal maximum of water vapour in the AMA lower esphere. At the same time, the large-scale organized
convection in the southern part of AMA is shown &use synoptic-scale dehydration around the tropepduwsugh
radiative cooling. Another mechanism of dehydratisnthe overshooting of ice crystals into the superstdra
environment above the tropopause, which leadsetio thpid growth and sedimentation. The evidence ol suprocess

was obtained in a particular flight (F8) and will beubject of a separate study.

Further insights into the AMA gaseous/particular cosifimn and dynamics will be provided by an upcommg

airborne _campaign _within,_the Asian _summer monsoon n¢e and_ Climate Impact Project (ACCLIP

shedding using NASA WB-57 and NCAR GV aircrafts. Bimtospheric impact of overshooting convection |rNhah
American monsoon is a primary target of the Dynaraing Chemistry of the Summer Stratosphere (https://slootg)

S

project, involving ER-2 high -altitude aircraft.
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Figure 1. Overview and evolution of AMA UTLS condifons during July-August 2017 from satellite observéons. (a) Color
map shows GPS-RO minimum saturation mixing ratio (pmv) encountered within 360 — 420 K layer during 2Quly — 10 August
period. Dashed contours indicate NCEP OLR (W/m2) irthe range 190 — 210 W/m2 (contour interval 10 W/m2Green-Green
arrows are wind velocity vectors (ERA5, 70 — 100 hd@average for the campaign period)Pirk-Pink pixels mark the most
probable sources of the hydrated features (see. $ed.2). White rectangle indicates the flight domai. (b) Horizontal
distribution of MLS water vapour in the confined LS (390-420 K layer) averaged over 20 July — 10 Auguseriod with the date-
colored fl|ght tracks supenmposed (see Fig. 2 farolor defmmon) Dashed@gmeupsdep;eumnggmepysueamﬂfuaeuenmis

oy . Dashed contours gt Montgomery
stream funcuon (mzsz) which is used to define the honzontal boundarmofAMA at 390 K — 410 K level{Santee et al., 2016).
(c) Evolution of GPS-RO minimum saturation mixing ratio profile within the flight domain (78 °E — 92 E, 20 °N — 30 °N)Da¢k
erangeGreencurve plotted versus right-hand axis depicts the @main-mean OLR. (d) Evolution of MLS water vapour pofile
within the flight domain. The solid black curve depcts the maximum level of cloud tops detected usinGALIOP and CATS
satellite lidars. The red curve indicates MLS carba monoxide (68 — 100 hPa mean). The vertical dashides indicate the flight
dates(Flight number is given asFx) and their vertical extent, the dashed curve markshe average CPT potential temperature
level (GPS-RO) in both (c) and (d).
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Figure 2. (a) Water vapour mixing ratio profiles taken by FLASH hygrometer. The flight dates are showrin the legend. The
dashed rectangle marks the CPT vertical range. Thevhite solid and dashed lines depict the mean wateapour profile for the

warm/wet and cold/dry perieds-modesrespectively (see Fig. 1c, d). (b) Saturation mixgnratio profiles computed form TDC
measurements of temperature and pressure. The hoontal dashed lines in both panels mark the verticatange of CPT level
encountered during the campaign. Note the strong viability of water vapour at the CPT level and accumulation of sharp

enhancements in the lower stratosphere.
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Figure 3. (a) and (b) Binned distribution of maximun RHi (computed from FLASH and TDC measurements) as function of
FLASH water vapour and potential temperature relative to the local CPT levekbin size 0.1 ppmv by 1 K)for (a) clear sky
conditions and (b) cloud occurrence detected by MA$see Sect. 2.1.2). (c) Binned distribution of iceater content (IWC)
exceeding 0.1 ppmv from NIXE-CAPS instrument insideclouds detected by MAS as a function of relativeumidity over ice
(RHi) and potential temperature relative to the loal CPT level. The presence of ice crystals in sulisaated air (RHi<100%)
above the cold point tropopause potentially leadsotpermanent hydration of the CLS, whereas in supeegurated air the ice
crystals are expected to sediment out of the CLShéreby leading to its dehydration.




Potential temperature (K)

Water vapour and convective hits Water vapour and isotopic ratio

430F : o 1191 430F " "ay? T 19.1
) £ nfi 400 _
3 450 E
420} g1187 420 50 § 18.7’_\
g g < 550 E ;‘%
410F §418.5 = © 410 00 31185 &
w 3 = °
=1 © 2
400t = 3 400 . 1182 ®
@ £ ) 2
= 2 - ©
390} X E T 390 ) 178 £
“““““ é c - T o
o o T AL s
a ] 3 Pt Ll o
380} g o 380 ;ﬂ . ] 172 <
"_‘t -—-"'ll‘!'f o S o] :
370t 370 : : L116.0
2 3 456 7 8 91011 12 23 456 7 8 9 1011 12

H,O mixing ratio (ppmv) H,0 mixing ratio (ppmv)

no isotopic data are available. The pixels are cal@oded by (a) convective hits fraction (see texof details) and (b) ChiwIS
HDO/H20 isotopic ratio. The black solid and dashed@urves depict campaign-median H20 profile and onetandard deviation
respectively (all flights). The horizontal dashedihes mark the vertical range of CPT level encountexd during the campaign.
Note that the convective origin is specific to botanomalously wet and anomalously dry parcels (a),lwvereas the wettest parcels
in the lower stratosphere are isotopically enhance(b).
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Figure 5. Composited map of convective clouds (higist cloud class) linked by back trajectories withhe observed hydrated

the respective parcels were sampled. The same cotmde is used to mark the flight segments where the parcels were probed.

The convective age (days) is indicated for each ogctive system. The convective sources for the feats of interest in flight

F2 (A2, B2, C2) and F7 (A7, B7) are annotatedsee Sect. 5)The arrows are wind velocity vectors (ERA5, 70 00 hPa average
ig- ).
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Figure 6. Results of F2 measurements (29 July) witthe features of interest marked A2, B2 and C2. (ayater vapour profile
(FLASH) color-coded by convective hits density (setext for details). (b) same as (a) but color-codedy ChiwIS HDO/H 20
isotopic ratio. The black solid and dashed curvesapict campaign-median HO profile and two standard deviation respectively.
(c) Time series of flight altitude (black curve), vater vapour (color-coded by convective hits densijyand RHi (right-hand axis)
computed from FLASH and TDC measurements. The colomap shows scattering ratio measured by MAL (upwarelooking).



Figure 7. Trajectory analysis of the secondary cladi (C2) detected in F2 (29 July). (a) Back trajectdes (green curves) and
convective hits locations (black-filled red circlessuperimposed onto the IR BT at the time of convéige hits (cf. time stamp in
the panel). (b) Same as (a) but for the time of th®ILS sampling of the moist plume. The spatiotemporéy-collocated MLS
swath is displayed as markers color-coded by H20 xing ratio at 393 level. The wettest MLS measuremeroincides with the

location of hydrated parcels. (c) Relative humidityover ice evolution along the back trajectoriesvith color coding by potential
temperature—Fhe-celormap-shewRHicomputed from ERAS temperature and assumed ¢O mixing ratio of 12 ppmv (see text _ — {

%

for details). The balck markers show the locations of convective hitghe vertical dashedandline indicate the time of MLS
moist-plume sampling along-the-trajectoriesof the moist plume on 24 July




Figure 8. Results of F7 measurements (08 August)tiithe features of interest marked A7 and B7. (a) ifne series of potential
temperature (left-hand axis) and water vapour/total water (richt-hand axis). The time series is tagged by cloud occurrence
and color-coded by scattering ratio. The IWC is shan as cyan shading stacked on the water vapour cuey the darker cyan
curve depicts the total water (right-hand axis). Tle dashed magenta line depicts the saturation mixingtio (right-hand axis).
The CPT level displayed as black dashed line is ifred from airborne measurements. (b) Vertical profles of water vapour
(black circles), total water (cyan) and IWC (cyan bading). The red dashed curve indicates the mean wex vapour profile form
the previous flights (F1 - F6). (c) Binned water viaour profile with pixels color-coded by HDO/H20 isdopic ratio. The black
solid curve depicts the campaign-median H20 profilethe dotted curves represent two standard deviatits respectively.



Figure 9. Evolution of cloud occurrence and RHi alng the backtrajectories released from B7 (H20 enharement at 410 K in
F7). (a) Backtrajectories (black curves) and groundracks of CALIPSO and CATS satellite lidars colorcoded by the cloud top
altitude. The magenta circles mark the locations ofhe tracked parcels at the time of the nearest sellite transacts. The red
labels indicate the transacts number (T1 — T6) ands UTC. The arrows are wind vectors (ERA5) interpdated at 410 K level.
The track of F7 flight is shown as solid curve withaltitude color-coding. (b) Attenuated scattering atio (SR) for T3 (contours,

3 and 6 SR units) and T4 (color map). The white ovahows the latitude-altitude location of the B7 pecels at the time of T4
transect. The grey dashed curve is the projectionfd7 flight track onto the lidar section. Note thatthe location of B7 parcels
matches the evaporating part of the cloud. (c) Evation of RHi along the backtrajectories computed usig ERA5 temperatures
and measured HO mixing ratio in B7 (7.3 ppmv). The shading indictes two standard deviations, the vertical lines wit red

labels mark the timing of satellite transacts, thered dashed line shows homogeneous freezing threstidior the given

temperature and humidity.
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