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Abstract. We apply the match technique, whereby the sameof dehydration expressed by the relaxation time required for
air mass is observed more than once and such cases atfee supersaturated air parcel to approach saturation is em-
termed a “match”, to study the dehydration process assopirically determined from the matches. A relaxation time of
ciated with horizontal advection in the tropical tropopauseapproximately one hour reproduces the second water vapor
layer (TTL) over the western Pacific. The matches are ob-observation reasonably well, given the first observed water
tained from profile data taken by the Soundings of Ozonevapor amount and the history of the saturation mixing ratio
and Water in the Equatorial Region (SOWER) campaignduring advection in the lower TTL.

network observations using isentropic trajectories calculated
from European Centre for Medium-Range Weather Fore-

casts (ECMWF) operational analyses. For the matches iden-

tified, extensive screening procedures are performed to verl Introduction

ify the representativeness of the air parcel and the validity

of the isentropic treatment, and to check for possible wateMVater vapor has strong absorption/emission bands in the in-
injection by deep convection, consistency between the sondfared region; accordingly, it has a strong greenhouse effect.
data and analysis field referring to the ozone conservationin the troposphere and stratosphere, it plays an important role
Among the matches that passed the screening tests, we idefl the radiation balance of the earth (e.§orster and Shine
tified some cases corresponding to the first quantitative valud 999 Solomon et al.2010, and it influences atmospheric

of dehydration associated with horizontal advection in thechemistry via its product, the hydroxyl radical (Ot§ténke
TTL. The statistical features of dehydration for the air parcels@nd Grewe2003, and via polar stratospheric clouds (PSCs)
advected in the lower TTL are derived from the matches. The(Saitoh et al.2006.

threshold of nucleation is estimated to be #4869 % (1) in The distribution of stratospheric water vapor is roughly
relative humidity with respect to ice (Ré&d), while dehydra- understood as the sum of the production of water vapor
tion seems to continue until Rid reaches about 75 23 % caused by methane oxidation and transport into the strato-

(10) in the altitude region from 350 to 360 K. The efficiency SPhere of dehydrated dry air through the tropical tropopause
region Kley et al, 2000. The former mechanism is well
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understood, whereas the dehydration process in the tropicalith high vertical resolution, in addition to space-borne ob-
tropopause region is somewhat unclear despite the fact that gervations (e.gRead et al.2004 Steinwagner et §l201Q

is considered a key factor for understanding stratospheric waTakashima et al.2010. To this end, we have been con-
ter vapor, including its unexplained long-term chan@d{  ducting the Soundings of Ozone and Water in the Equato-

mans and Hofmanri995 Kley et al, 200Q Oltmans et al.  rial Region (SOWER) project using radiosondes, ozoneson-
200Q Scherer et 2008 Fujiwara et al, 201Q Hurst et al, des, and chilled-mirror hygrometers in the western tropical
201D). Pacific (see Sec2; Hasebe et al.2007, Fujiwara et al.

In the late 1990s, many studies investigated the transitior201Q a companion papeHasebe et 312013. The data from
in meteorological features that occurs within a layer of sev-SOWER campaigns, together with trajectory calculations, in-
eral kilometers in height from the troposphere to the strato-dicate that the dehydration associated with quasi-horizontal
sphere in the tropics, and the findings of these studies readvection progresses on isentropes from 360K to 380K and
sulted in the concept of the tropical tropopause layer (TTL;that the threshold of homogeneous nucleation corresponding
e.g.,Highwood and Hoskinsl 998 Fueglistaler et al2009. to approximately 1.6 times saturation proved to be consistent
In turn, this resulted in an innovative hypothesis, the “cold with the observations in the altitude region from the 360 to
trap” dehydration hypothesis, regarding the nature of dehy-365 K potential temperature surfacd$aSebe et al.2013.
dration processes in the tropical tropopause region, i.e., air islowever, these investigations are limited by the fact that we
dehydrated during horizontal advection through the cold trapcould not estimate the amount of water vapor removed dur-
region in the western tropical Pacifid@lton and Gettelman ing advection. To obtain the actual change in water vapor
2001). This cold trap dehydration hypothesis, by consider- content, it is useful to observe the water vapor of the same air
ing quasi-isentropic motion, indicates that the local temperaimass more than once at a given interval, employing the match
ture minimum can effectively dehydrate the air mass enteringechnique applied to ozone depletiondmn der Gathen et al.
the stratosphere. This hypothesis was supported by Generél 995 andRex et al (1997 1998. In the present study, cases
Circulation Model (GCM) simulationsHatsushika and Ya- in which the same air mass are observed more than once (de-
mazakj 2003. As a result, this dehydration process is con- fined as a “match”) are sought from among the SOWER data
sidered to be efficiently driven by equatorially symmetric at- for the purpose of quantifying “cold trap” dehydration. The
mospheric gyres and by the “cold trap” that forms in the TTL application of the match technique may yield an improved
as a response to heating at the lower boundary in the westenmderstanding of TTL dehydration; however, there are prob-

tropical Pacific (Matsuno-Gill pattermvlatsung 1964 Gill, lems to be overcome (see the last part of S&&).
1980. This paper reports the results of our water vapor match
Fueglistaler et al(20095 and Ploeger et al(201]) esti- analyses and provides a discussion on the findings. The re-

mated the water vapor amount on a 400K potential tem-mainder of the manuscript is organized as follows. Se@ion
perature surface corresponding to the top of the TTL byintroduces the SOWER sounding data, and Sedescribes
using the Lagrangian relative humidity history along tra- the methodology used to identify matches in the TTL. In
jectories with simplified condensation and a water-removalSect.4, the extracted matches are introduced along with ev-
scheme. European Centre for Medium-Range Weather Foradence regarding the features of dehydration in the TTL. In
casts (ECMWF) ERA-40 and ERA-Interim were used in the Sect5, the efficiency of the dehydration is discussed. Finally,
former and latter studies, respectively. Reasonable resultde conclusions are presented in Séct.

were obtained, yielding good agreement with satellite obser-

vations of the seasonal cycle and the amount of zonal mean ) o

water vapor. However, supersaturation equivalent to 140-2 SOWER project and data description

0 0 . 0
180 /0. Q\thlgr et al, .20.03 or 120-200% Murray et al, In the tropical western Pacific/lndonesian region, SOWER
2010 in relative humidity with respect to ice (R4d) at a . . .
campaigns have been conducted during every boreal win-

temperature of 240-180K is reported from studies based ony ) . ; .
laboratory experiments. A value of Ril of up to 200% ter since December 2004 with the intention of accumulating

. g zone and water vapor data in the TTL for studies on cold
at < 200K has been reported from studies based on aircra : . i )
i S rap dehydration. The network of observation stations is de-
measurementKfamer et al.2009. Supersaturation is also

: ) o . signed to capture the air mass advected in the tropical west-
observed in environments with ice crystals, reaching APPTOXm Pacific/indonesian region along the mean air flow in the
imately 60% or more in the TTL based on sonde observa- 9 9

. : . : TTL. Cryogenic Frostpoint Hygrometers (CFHdmel et al,
tions (Shibata et a).2007 Inai et al, 2012 Shibata et aJ. . .
2012 Hasebe et al.2013. These results suggest the need 2007) and the Snow White hygrometers (Siljiwara et al.

f T 7 - 2003 Vomel et al, 2003, equipped with RS80 radiosondes,
or a quantitative investigation of the efficiency of cold trap have been launched in SOWER campaigns to obtain reliable
dehydration.

water vapor data in the TTL. In addition, the ozone partial

To quantify cold trap dehydration and understand strato- :
. . . . L pressure has been measured by the Electrochemical Concen-
spheric water vapor variation, we require reliable in situ Ob'tration Cell (ECC) ozonesonde

servations of water vapor in the TTL and the stratosphere
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Table 1. Number of water vapor soundings during SOWER campaigns in December 2004, January 2006, January 2007, January 2008, anc
January 2009. Water vapor was measured using the Snow White (SW) hygrometer or the Cryogenic Frostpoint Hygrometer (CFH).

Obs. Station (lon, lat) Dec 2004 Jan 2006 Jan 2007 Jan 2008 Jan 2009
Bandung (107.59E, 6.89 S) 4 (CFH)

Biak (136.06 E, 1.17 S) 3(SswW) 12(SW),9(CFH) 6(CFH) 7 (CFH) 4 (CFH)
Hanoi (105.80 E, 21.0F N) 8 (SW) 15 (SW) 6 (CFH) 5(CFH) 4 (CFH)
Kototabang (100.32E, 0.20' S) 10 (SW) 5(CFH) 4 (CFH)

R/V Mirai (~134.C E,~7.42N) 15(SW)

Tarawa (172.92E, 1.3% N) 10 (SW) 11 (SW),2(CFH) 5 (CFH)

Tablel provides an outline of water vapor sounding during ments (see a companion paper to the present sthidygebe
the SOWER campaigns in December 2004, January 2006t al, 2013. The quality of the ECMWF analysis field is
January 2007, January 2008, and January 2009. During thassessed, based on a comparison with the SOWER data pre-
December 2004 and January 2006 campaigns, the SW wasented byHasebe et a(2013.
mainly used for water vapor measurements. As its cooling
ability is limited, the SW cannot measure water vapor above
about 15 km or about the 360 K potential temperature level3 Water vapor match

The CFH is developed by the University of Colorado and The water vapor matches (i.e., cases in which the water va-

the National Oceanic and Atmospheric Association (NOAA) . .
por of the same air mass was measured more than once in

for h|gh-qua_I|ty measurements of stratqsphe_nc water vapor, given interval) are searched for among the SOWER cam-
The uncertainty of CFH measurements is estimated to be ap-

proximately 0.5K in terms of frost point and less than 9% paigns (the numbers of 'soundi.ngs are listed ip Taplahis
in terms of mixing ratio in the TTLomel et al, 2007: the search is conducted using trajectory calculations (Sse2).

. L followed by intensive screening procedures (S&c8 and
equivalent uncertainties for the SW are somewhat larger. WeAppendixA) The amount of change in the water vapor mix-
tmegigvii?:/fos ;ur;r(]a dt:ik:]it thrisc_lc_ﬁga?clggiteé: 258;;%?}2%@@ ratio is quantified using the matches found after applying
measurement; is aboﬂt?ifofy.in the TTL ar)1/d the response these procedures. Before describing the methodology used to
time is 2030 s from the tro (2)3 here to t,he stratos Ep it find water vapor matches, ozone conservation in the TTL is

Posp . P revisited because this is a key point in the present analysis.
et al, 2007). The accuracy of the corresponding background
current of ECC ist+10 ppbv in the TTL, followingVomel

and Diaz(2010.

ECMWF operational analysis data are used to calculaterhe odd oxygen Q(= O + O3) has a very long photochemi-
trajectories (see Se@.2). The data are gridded horizontally ca lifetime of more than one year in the lower stratosphere
toa 10° Iatitude—longitude resolution with 60 (fOI' Decem- (Brasseur and So|omoﬂ98e and even |onger in the TTL.
ber 2004 and January 2006) or 91 (for January 2007, 2008The photolysis of @yields an ozone production rate ranging
and 2009) model levels in the vertical. The temporal res-from about 0.1 ppbv dayl atthe 355 K potentia| temperature
olution is 6h. For the detection of convective clouds, the |evel to about 2.4 ppbv day at the 400K level, depending
values of equivalent black body temperatuf@yf are es-  on altitude Dessler 2002. In the stratosphere, where there
timated from satellite (Geostationary Operational Environ-js little nitrogen oxide, hydrogen oxide acts as a catalyst for
mental Satellite-9: GOES-9 and Multi-functional Transport ozone. In contrast, in the troposphere, hydrogen oxide re-
Satellite-1 Replacement: MTSAT-1R) IR images (Channelacts with nitrogen oxide, producing odd oxygen. In the TTL,
1: 10.3-11.3um) with latitude—longitude grid spacings of the production rate of odd oxygen is estimated to be 1.0—
0.05° (for 70° N-20° S, 70 E-150 E) or 0.25 (for 70°N— 1 5ppbvday? (Wennberg et al.1998; consequently, the
70° S, 70 E-150 W) with a 1 h time intervallfttp://weather.  ozone mixing ratio can be regarded as conservative for sev-
is.kochi-u.ac.jp/. The water vapor mixing ratio and the satu- eral days, within the range of uncertainty of ECC measure-
ration mixing ratio are estimated from saturation water pres-ments (see Sec?), as long as the air parcel retains its iden-
sure corresponding to the frost point and atmospheric temtity. This conservative property of ozone in the TTL is used
peratures, respectively, using the Goff-Gratch equaGmff( o assess the validity of our trajectory calculation (S8kt.
and Gratch1946 List, 1984). and to determine the criteria employed in the screening pro-

The SOWER data are analyzed after applying the pressurgedure used to identify matches (S&8).
correction method followingnai et al.(2009 and after com-

pensating for the phase lag in CFH and SW water measure-

3.1 Ozone conservation in the TTL

www.atmos-chem-phys.net/13/8623/2013/ Atmos. Chem. Phys., 13, 8@853+2 2013
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3.2 Definition of a match 5o JROT9MRO32 370.0[K]
The values observed by sonde are assumed to represent g@w Jan|
those of the air parcel within a circle with a radius of 10 - ; ; By D
1° latitude—longitude (i.e., the match radius) centered at the O 7 De}i?fgi%m o
observation station, i.e., the match circle. The circular region & § ‘ ‘ ? @)
covers~200km in diameter. This assumption is supported fq ‘ N |
by the fact that the vertical profiles of variables measured by AN | |
sonde during ascent and descent agree with each other. Each  —10 &2 | ‘ - ‘

120 130 140 150 160 170 180

air parcel is associated with a specific isentropic layer at ev-
ery 0.2 K potential temperature level from 350.0 to 360.0 K, Fig. 1. Example of a cluster of trajectories leaving Tarawa. The blue
and at every 1.0K level from 360.0 to 400.0 K. The air par- and red dots are the whole segments calculated from the circled
cel is composed of a number of air segments gridded at ever{egion with a match radius {} centered at Tarawa. Only the red
0.1° x 0.1° latitude—longitude in the circular area defined by dots are included in both the firgt and sepond circular areas (i.e.,
the match radius (i.e., match circular area). The air parcef0se centered at Tarawa altirai, respectively); therefore, they
observed by sonde is assumed to be expressed by a set represent a match air parcel. (see text for details). The footprints
these air segments. Consequently, the air parcel that may e@—re drawn every 2_4h. The air parcel observed over Tarawa on 27
. . ; . ecember 2004 (first observation) was observed again (second ob-
cqunter deforma_tlon during ad.vect|on can be gstlmated alqngervation) oveMirai after about 5 days.
with the uncertainty of the trajectory calculation. Isentropic
trajectories are initialized at each segment at 50 min after the
sonde launch. This time delay corresponds to the time taken
for the sonde to reach the TTL, i.e., the altitudes of 15 andare distributed more or less symmetrically with respect to the
18 km for standard ascending rates of 5 and 6 sespec-  diagonal.
tively. Before examining the match results in detall, it is con-
The isentropic trajectories are calculated by integrating thefirmed whether the methodology employed to define prelim-
isentropic wind velocities at a 1-h interval for 10 days by us- inary matches using trajectories is reliable. The conservative
ing the ECMWEF field (see Sec®). Note that the ECMWF  property of ozone in the TTL is used for this assessment.
data are 6-hourly; hence, the linearly interpolated ECMWFTo minimize possible chemical/dynamical effects, we only
field is used for the 1-hourly integration. Figutds an ex-  consider cases for which the time interval between the first
ample of a cluster of forward trajectories on the 370 K poten-and second observations is less than 3 days. This threshold
tial temperature surface calculated from whole air segmentss chosen as the smallest possible time required to obtain
gridded inside the match circle centered at Tarawa when théhe necessary number of samples for the following statisti-
sonde reached the TTL (blue and red dots). Those segmentsal test. Figure3 (left) shows a scatter plot of the first ver-
included in the match circular area centered at other observasus the second ozone mixing ratio for preliminary matches
tions (also at 50 min after the launch) are defined as match aiwithin a time interval of less than 3 days, superposed on
segments (red dots in Fif)) and are assumed to constitute an those of all possible pairs (i.e., all possible combinations of
air parcel of the preliminary match (i.e., a match air parcel).observations, sorted by potential temperature and campaign)
This means that each match air parcel of a preliminary matclof the observed ozone mixing ratio on every 1K potential
is defined by a cluster of match air segments included in bothemperature surface between 350 and 400 K. Figuieen-
the first and second match circular areas. The trajectories arer) shows the correlation coefficients between the first and
calculated in two ways (forward and backward), and we onlysecond ozone mixing ratios for the preliminary matches ad-
consider those cases for which the match air parcels could beected for a period less than 3 days, as a function of the ad-
defined in both ways. The matches are finally defined aftevected potential temperature, and it also shows the correla-
applying the screening processes described below (88ct. tion coefficients between all the possible pairs of observa-
and AppendixA). tions. The correlation coefficients are calculated on a loga-
We seek to identify preliminary matches connected byrithmic scale because the ozone mixing ratio shows an expo-
match air parcel in two ways, among all the observationsnential increase with altitude. The correlation coefficients for
listed in Tablel. Figure2 shows scatter plots of the mixing the preliminary matches are significantly higher than those
ratio for the first and second observations of ozone and watefor all the possible pairs, except at the 350 and 380K levels.
vapor from such preliminary matches. Fig@rehows that,in  The exemption at the 350 K level may arise because this level
addition to the general tendency of higher ozone mixing ra-has a relatively high frequency of convective penetration.
tio and lower water vapor mixing ratio at higher altitudes, the Consequently, it is necessary to carefully examine whether
data for water vapor are located more to the lower right, in-convection reached the match air parcels (see S&t.For
dicating a decrease in the water amount (dehydration) duringhe 380K level, the ozone mixing ratios measured by the
the successive observations; in contrast, the data for ozonfrst and second observations roughly agree with each other
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Fig. 2. Scatter plots showmg the first (abscissa) versus the se_cond T LT ——
observed values (ordinate) of ozone (left) and water vapor (right) PT 1K

200 r

mixing ratios for all preliminary matches connected by match air
parcel. Color indicates the potential temperature. Bars in both pan-
els indicate the uncertainties estimatedHigsebe et al(2013, a
companion paper to the present study. The dashed lines oriented
parallel to the diagonal in the left panel indicate a difference of
+20% between the paired observations, and the dotted curves indi-

I}
3
T

ozone (2nd) [ppbv]

cate the range af20 ppbv difference for the paired ozone mixing S0 Y

ratio. These are the thresholds of acceptable difference used in this o

study (see the last part of Se8t3). Lines in the right panel indi- 50l 5»0“ e J
cate the accuracy of water vapor measurements:Hi¥ % (dashed ozone (1st) [ppbv]

lines) andt1 ppmv (dotted lines) (see Sed). Note that the water

vapor data measured by the Snow White hygrometers are not plotFig. 3. Left: As for the left panel in Fig2 but for preliminary

ted above 360 K by their performance problem (see Rgct. matches for which the time interval between the first and second
observations is less than 3 days (large circles). The small dots rep-
resent all of the possible paired (see the text for details on the pairing

within the observational uncertainties for all the preliminary procedure) observations (to reduce clutter, not all data are shown).

matches. Therefore, the distribution of data in these plots igenter: Correlation coefficients calculated for every 5K of potential

near-spherical, as shown in the right panel of Bighereby temperature (W?thi:2.5lK bins) for the preliminary matches (red) .
yielding a low correlation coefficient. and for all possible paired observations (blue). Error bars are 90 %

confidence intervals. Right: As for the large circles in the left panel

3.3 Screening of preliminary matches but for pairs at altitudes from 377.5K to 382.5K.

The effectiveness of the methodology used to define prelim-

inary matches is assessed using the ozone mixing ratio a8 the match circular area (see Appendik for details). This

a conserved property. In this section, we seek to screen oi@ssessment represents the first step of the screening proce-
false matches before applying the match technique to dehydure. To move on screening procedures for the remaining
dration in the TTL. The issues addressed by the screeningroblems, we use the “conservative property of ozone” as
procedure are the representativeness of the match air parcéfle second principle. Note that these screening procedures
the degree of convective penetration, the validity of the isen-are examined after the first step.

tropic treatment, and the consistency between sonde data and ) )
the analysis field. 3.3.2 Convective penetration

3.3.1 Representativeness of match air parcel The possible penetration of deep convection is diagnosed by
comparing the temperatures of the match air segmerits (

A match air parcel that is composed of match air segmentsand the equivalent blackbody temperature of the underlying
common to the first and second circular areas defined by &loud (Typ)- If we assume monotonically decreasing atmo-
match radius (match air segments: see Se2f.mustbe rep-  spheric temperature with increasing altitude, we may con-
resentative of the circular area for both observations. Othersider that the top of the convection is higher than the alti-
wise, the meteorological values measured at the first or sedude of the advected air segment whgp minusT (= § Thp)

ond observations cannot be considered as those of a matdh negative. However, it is well known that observed values
air parcel. Consequently, it is important to examine the rep-of Ty, tend to overestimate the cloud top temperature; i.e.,
resentativeness of the match air parcel. The representativemderestimate the cloud top altitude (egherwood et a.
ness is examined based on the temperature difference b&004. To address this problem, we add some margin to
tween the match air segments and whole segments includedily, values for the diagnosis of convective penetration, as

www.atmos-chem-phys.net/13/8623/2013/ Atmos. Chem. Phys., 13, 8@83+2 2013
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described below. If some deep convective clouds reach matchortant to check for consistency between the sonde data and
air segments that advected in the TTL, some part of the segthe analysis field. The consistency is assessed by calculat-
ments will be mixed with the tropospheric air mass, therebying the correlation coefficients between the first and second
changing the ozone mixing ratio. Thus, the degree of incon-ozone mixing ratios of preliminary matches as a function of
sistency between the ozone mixing ratios at the first and sec¢he difference in temperature between the ECMWF analysis
ond observations of a preliminary match could be used as aand sonde data. We consider temperature differences of be-
indicator of convective mixing. To statistically quantify such tween—4.0 and 5.0K for assessing the consistency between
inconsistencies, we use the correlation coefficients betweethe sonde data and analysis field (see Appe#rdixXor de-

the ozone mixing ratios of the first and second observationgails). These temperature differences correspond to saturation
as a function of the minimum value &}, during the advec-  water vapor mixing ratios of1 to~6 ppmv in the TTL.

tion. In this screening procedure, we adopt +12 K as the criti-

cal value of the margin for the minimum value&f,, during ~ 3.3.5 Other nonspecific factors

the advection (see Appendd? for details). This margin cor- ) ) )

responds to 2.0—1.2 km in geometric height for a temperaturé:'”a"y’ we re-check that ozone conservation does indeed oc-

lapse rate of 6-10 K k- cur to screen out false matches caused by factors other than
those examined above. In practice, the values that are equiv-
3.3.3 Validity of the isentropic treatment alent to twice the uncertainty in ECC measurements (i.e.,

+20% or+20ppbv; see also Se@) are employed as the

Our trajectory calculations are made under the assumption dfiréshold of the acceptable difference in the ozone mixing ra-
adiabatic conditions; however, this assumption becomes intio between the first and second observations of each match.

valid with increasing advection time, because radiative heat-

ing or cooling occurs in the TTL depending on the altitude . .
and cloud conditions. Therefore, we need to establish an upA—1 Dehydration estimated from the matches

per limit of advection time that ensures the validity of the The water vapor match in the TTL is defined by trajec-

|sentro.p|c trgatment and that IS acceptab[e for our mathory calculations and the screening procedures described in
analysis. This assessment is performed using a similar Progect 3. In this section, we discuss the amounts of water va-

C?r? ure to dthatthfor con:/etf:nve pef?e_tra'f[lort: (;Apperﬁ]m .f_lnt c{JOI’ change quantified from the matches. Figusbows scat-
otherwords, the correfation coenicients between the irst angg, plots of the first and second observations of the ozone

second observed ozone mixing ratios of preliminary matche%nd water vapor mixing ratios for 107 matches (i.e., all of

are calculated as a function of the advection time of the ma'th}he matches listed in AppendB). Note that this number in-
ar parcels. We choose 5 days as th_e threshold of <r:‘dvec'['onéludes matches of observational pairs and potential temper-
time length (see Appendi3 for details). ature levels. Among the 107 matches, there are 25 different
) L observational pairs. The values for water vapor are similar
3.3.4  Consistency between sonde data and analysis field ,oyeen the first and second observations at potential tem-
perature levels above 365 K (right panel), which suggests that
the water vapor mixing ratios show little change. In turn, this
means that we found no dehydrated cases in the altitude re-
ion where the amount of water vapor entering the strato-
phere is controlled. The reasons why no such cases were
ound are discussed in Seét4. Below the 360K level, al-

The saturation water vapor mixing ratio (SMR) is estimated
from the temperature field of the meteorological objective
analysis (ECMWF data are used in this study) along the
trajectories. Bias between the sonde data and analysis fiel
would result in erroneous conclusions, including false ini—]c

:fhzat]:ontof trajecl:gonl/ calcglanfons. InCOHS'StﬁnC'eStbeth?enmost all of the cases show smaller water vapor amounts for
ese faclors could also arise from small-scale perturbaliong, o secong observation than for the first. This result repre-

that are not resplved in the analysis field but are detected b)éents the first piece of evidence from the water vapor match
sonde observations. We could reduce such differences by u hat appreciable dehydration occurred at these levels. In the

ing an iseqtropic coordinate systgm, because the air parce llowing sections, the match cases are analyzed, focusing on
stay on an isentrope even when displaced by small-scale trarh'ydration and dehydration during advection. Detailed case

sient waves, SL_JCh as gravity Waves. HO.W ever, te_mper_aturgtudies are presented in Settl, while statistical features of
and pressure disturbances associated with the adiabatic Moo dehydration are derived in Se¢t2

tion appear on the isentropes. If the temperature difference

between the sonde and analysis field on the same potential 1 petailed case studies

temperature surface is large, then the dehydration process

cannot be discussed by using both the water vapor mixings.1.1 Case 1: water conserved

ratio measured by sonde and the saturation water vapor mix-

ing ratio estimated from the analysis field. In addition, errorsFigure 5 shows an example of a match between the
may exist in one or both of the data sets. Therefore, it is im-first (01:42 UT, 11 January 2007) and second observations
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(00:37 UT, 15 January 2007), both at Kototabang. The match

air parcel advected for approximately 4 days at 371.0K. TheFig. 5. Meteorological conditions of the match advecting from Ko-

water vapor mixing ratios were measured by CFH, and thefotabang (01:42UT, 11 January 2007) to Kototabang (00:37 UT, 15

values are 3.% 0.3 ppmv for the first observation (left-hand J_anuary 2007) on the 37_1.0 K potential tgmperature su[rface. Those

red bar in b) and 3.4 0.3 ppmv for the second (right-hand times correspond to the times ofo_bservatlons, i.e., 50 min after each
launch (see Sec8.2). Vertical profiles of water vapor measured at

red bar). Therefore, the water vapor amount was conserve@ . . : .

. . . . e first (orange) and second (red) observations, along with esti-
during the advection. The h'StO”e_S of R& SMR, and t_emj mates of errors, are shown {d). The figure shows the time evo-
perature of the advected match air parcel are shown irbFig. | tions of () relative humidity over ice (Rige) on the assump-
Here, RHce and SMR are calculated using the water va- tion that the water vapor amount is unchanged from the first mea-
por mixing ratio of the first measurement, assuming that thesurement, along with the uncertainties (blue) and the homogeneous
water vapor amount remains that of the first measurementireezing threshold (Rkbm; purple);(b) saturation water vapor mix-
Figure 5a also shows the homogeneous freezing thresholdng ratio (SMR; blue line){c) temperature (blue line) and equiva-
(RHhom) according toKarcher and Lohman(2003, which  lent black body temperaturdiy,; light blue dots); ande) trajec-
depends on the temperature of the match air parcel; thigories of the match air parcel, color coded by SMR history(d
threshold is considered as the upper limit of iRH The the superposed vertical bars in red are the water vapor mixing ratio
dots in panel ¢ are th@,, values of the underlying atmo- measured at the match altitude (horizontal black linéd). Mete-

. . orological data are from ECMWF, arfg), values are derived from
sphere, corresponding to the advected air parcels. Isentrop

. - MTSAT-1RIGOES-9 IR images. Fda), (b), (c), and(e) each me-
backward trajectories, color-coded by the SMR, are ShOwr}eorological value for the match air mass is superposed on that for

in Fig. Se. Figure5d shows vertical profiles of water vapor  ihe whole segments calculated from the circular region centered at
observed at the first (orange) and second (red) sonde ORne second observation (pink shading).

servations, along with uncertainties. While the SMR of the

match air mass, as estimated from the analysis field, reaches

about 6.5 ppmv on the two days after the first observation, |n this case, it is possible that the air mass was exposed
it is possible that the air mass experienced supersaturatiofy supersaturation during the advection, as described above,
on 11, 13, and 14 January 2007. The SMR during these periwhile the water vapor amount of the air mass was conserved.
ods may have become smaller than the measured water vap@fe assume that nucleation of ice particles was not initiated
mixing ratio i.e., the Ride exceeds 100 %, although it does gt any period of the advection, the estimated maximum value
not exceed Ribm. This SMR variation along the isentropic  of RH;ce during the advection is 124 % with an uncertainty of
trajectories is caused mainly by wave events rather than lat-_17 9/+16 % when the SMR becomes the minimum value
itudinal motion (as is the case for the other matches). Be{SMRy,), taking a value of 2.6 ppmv.

cause this case is a match on a 371.0K potential tempera-

ture level, the screening procedure for convective penetra4.1.2 Case 2: dehydrated

tion (AppendixA2) is not applied. However, the values of

Tob are appreciably larger than those of the match air mas&igure 6 is the same as Fid but for the match case from

(< 195K). In other words, the values @y, are high enough  Tarawa (03:48 UT, 13 December 2004)Nbrai (05:17 UT

to keep the air mass away from the area of convection. on 16 December 2004) on the 356.4 K potential temperature
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surface with an advection time of about 3 days. The water va- TRO15MR0O23 N= 99
por mixing ratios are 10.2 1.9 ppmv (the first observation) isentropic 356.4K
and 5.3 1.3 ppmv (the second), indicating some dehydra- _ 250 " 11T B "] 560
tion during advection. R0 T

In this altitude region, we find that the ECMWF tempera- i i MR0237] 398 1
ture has a cold bias of 2K on the isentropic surfaces ranging & so-  “afay ' - = — 356 %
from 355 to 360K Hasebe et al2013. For all subsequent L L 354
analyses, this bias is taken into account when estimating z 210’ A B =
SMR along the trajectories in this altitude region. The time & | { | 0 20 30
evolution of SMR has small perturbations with an SMR . ‘
value of 8.9 ppmv at about 5h before the second observa-  s-10° I
tion. At this time, the temperature of the air mass is 197.4 K. el e 25
This SMRnin value is smaller than the water vapor mixing < 1s0|~ ' = | |- 0 &
ratio of the first observation. The R§d during advection in- 0 §28 3 " 7 7
dicates a maximum value of R$d of 115 % with an uncer- £ 240 & = °3
tainty of + 21 %. Because the match air mass is dehydrated, 9 260 |- - 3
this case indicates that ice nucleation must have started be § 2°7F = Lodii © o
fore the RH.e reached 115 %. As this value is much smaller =~ 11 12 13 14 15 16 17 130 140 150 160 170
than RH,om, it might correspond to the heterogeneous freez- o

ing threshold. A comparison between the second water vapor _
observation and SMR, suggests that dehydration contin- Fig. 6. As for Fig. 5 but for the mgtqh that advected from Tarawa
ued until RHge reached 60 % with an uncertainty 616 %. (03:48 UT, 13 December 2004) kdirai (05:17 UT on 16 December

If the dehydration does not proceed to less than 100 % 0]2'004_) at the 356.4 K potential temperature surface with an advec-
RHice, the temperature of the air mass must have decreased" 'Me of about 3 days.
by about 3.2K from the temperature 197.4 K, when the air

mass is coldest, falling to 194.2 K on the 356.4 K potential pected to be dehydrated. The alternative comparison, be-

temperature surface. _ _ o tween the water vapor mixing ratio measured at the second
Information on the existence of ice particles is important jpservation and the SM#, value, yields an Ride value of
when interpreting the Rigk value in terms of dehydration  11¢ o4 with uncertainty of- 12 % when the SMR attains the

efficiency. For this purpose, we use the backscattering Cominimum value. This result suggests that the air mass was

efficients observed by lidar installed on the research Vessedlehydrated down to 116 % Réd when the air mass experi-

Mirai. According to Fig. 3 ofFujiwara et al.(2009), _cirrus enced SMRyn. The SMR history of this match air mass and
clouds were observed at around the 355K potential temperg,q \yater vapor mixing ratios observed at the first and sec-

ature level (about 15.5km height) when the second obserg . ghservations are discussed again in Sealong with a

vation of this match was made. The cirrus clouds may havgjescription of the procedure for estimating the efficiency of
resulted from dehydration of the match air mass shown INgehydration.

Fig. 6, meaning that the match air mass may have experi-
enced a temperature below 194.2 K. 4.1.4 Case 4: hydrated

4.1.3 Case 3: dehydrated While some of the detected matches showed reduced or con-
served water vapor amount, others showed an increase, prob-
Figure 7 is the same as Fich but for the match from Biak ably due to convective penetration. Although a screening pro-
(09:46 UT, 15 January 2008) to Hanoi (06:45 UT, 20 Januarycedure for convective penetration was applied, it was not ap-
2008) on the 350.4 K potential temperature surface with arplied above the 370K level, as explained in AppendiXx
advection time of about 5 days. The observed water vapoAn example of a hydrated case is provided in Fgwhich
mixing ratios are 37.74 5.6 ppmv (the first observation) and shows the vertical profiles of frost point temperature (red),
17.5+ 1.9 ppmv (the second), indicating appreciable dehy-temperature (black), and ozone mixing ratio (green) at the
dration during advection. second observation of a match. This match is identified at al-
This match air parcel has also experienced an SMR valugitudes ranging from potential temperatures of 378 to 383 K.
smaller than the first observed water vapor mixing ratio. The thin humid layer around 380 K shown in Fymay re-
The SMRyin value of 15.1ppmv is estimated just before sult from the penetration of some deep convection. A sim-
00:00UT on 18 January 2008 (2.5 days after the first ob-ilar water vapor profile, affected by convective penetration,
servation). The RIde shows a maximum value of 249 %, far has been reported bighaykin et al.(2009 during the mon-
exceeding the Riym, with an uncertainty of-37 %/+38%  soon season over West Africa. These authors investigated
during the advection. Therefore, the match air parcel is exthe features of water vapor and ozone profiles in the case
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T s 6 17 18 19 20 21 20 100 110 120 130 140 advection (abscissa), versus ratios of the water vapor mixing ratio at
JANUARY the second observation to SMR, (ordinate), for all matches. Col-

2008
ors indicate the altitude (potential temperature). Symbols refer to

Fig. 7. As for Fig. 5 but for the match that advected from Biak the hygrometers (see the caption to Fy.The dashed black lines
(09:46 UT, 15 January 2008) to Hanoi (06:45 UT, 20 January 2008)indicate the approximate homogeneous freezing threshold (= 1.65).
at the 350.4 K potential temperature surface with an advection time

of about 5 days.

4.2 Statistical features of dehydration

ozone [ppbv]
10 20 50 100 200 500

In Sect.4.1, we used the matches to estimate the upper limit
of RHice before ice condensation starts. This limit was de-
rived from the ratio of the first observed water vapor mixing
ratio to SMRyin, as discussed using the dehydrated cases. In
this section, the statistical features of the dehydration in the
TTL are examined.
40 ; . ‘ ‘ Figure9 shows a scatter plot of the ratio of the water va-
-100 -90 -80 -70 -60 —50 por mixing ratio at the first observation to SMR estimated
Tair, Tip [deg C] from the SMR history during the advection (abscissa), ver-
sus the ratio of the water vapor mixing ratio at the second
Fig. 8. Vertical profiles of frost point temperature (red), temperature ghservation to SMRin (ordinate), for all matches. The col-
(black), and ozone mixing ratio (green) observed at Biak (04:35UT, s indicate potential temperatures. The cases for which the
16 January 2007). The hgrlzontal bars show the uncertainties o ater amount was conserved plot on the diagonal, while de-
Sond? Mmeasurements estimatedHysebe et al(2013 (see ap- hydrated cases plot in the lower right part of the figure. The
pendix A in their paper). y p . . gntp gure. .
match cases for which the first (the second) water vapor mix-
ing ratio coincides with SMRj, appear on the black line ori-

that deep convection penetrated into the TTL. However, it isented vertically (horizontally). _

puzzling in our case that the ozone mixing ratio (green) in  The maiches above 370K potential temperature plot near
Fig. 8 shows an increase with increasing altitude, reaching aghe diagonal line and in a square-shaped region at lower left.
high as 80 ppbv at the hydrated layer. Such a large amount hese features indicate that the air mass of these cases was
of ozone is inconsistent with the idea that the air mass orig1€Ver saturated; consequently, the water vapor amounts were
inated from convectionFolkins et al, 2002. One possible ~ conserved. Some cases plot to the upper left of the diago-
explanation of the puzzling correlation between water vaporal, and these hydrated cases may be attributed to the injec-
and the ozone profiles is that some convection is injected intdion of ice particles associated with the convective process
an altitude above 380 K where the ozone profile has a locaRnd €vaporation, as described in Sekcl. At altitudes be-

minima at the cold point, after which only ice particles fall to 10w the cold point in particular, the hydration process is not
below the 380K level and evaporate there. only convective penetration but also the sedimentation of ice

particles resulting from the upper (i.e., colder) level of cold
point dehydration and from evaporation of the particles (e.g.,

PT [K]
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Jensen and Pfiste2004). The latter hydration process could telman 2001, Hatsushika and Yamazakl003 Fueglistaler
not be detected in the present study, and is therefore not coret al, 2009 Hasebe et al2013.
sidered further. The neglecting of this process is unlikely to A companion paper to the present stuéigsebe et al.
significantly affect the results, because the absolute amoun?013, conducted a statistical analysis of the relationship
of water vapor generally shows an exponential decrease wittbbetween the observed water vapor mixing ratio and the mini-
decreasing temperature. mum saturation water vapor mixing ratio that the air mass ex-
Below the 360K level, on the other hand, many match perienced in the past five days. The results showed that cold
pairs plot in the lower-right part of Fig. Such air parcels trap dehydration progressed with slow diabatic ascent from
encounter cold events in which SMR is smaller than the 360K to 380 K. In the present study, it is unfortunate that de-
first observed water vapor mixing ratio (right-hand side of hydrated air masses are rare in the altitude region around the
the vertical line), and are eventually dehydrated (lower right,370 K potential temperature surface (the reasons for this are

near the diagonal). discussed in Sech.4); nonetheless, dehydration associated
It seems that the dehydration process differs between th&ith horizontal advection is evident in the lower part of the
lower and upper parts of the TTL. TTL, as revealed by the match technique. The following sec-

The upper limit of Rt before ice nucleation starts and tion discusses the applicability of the screening parameters
that with ongoing dehydration has been estimated by usexamined in SecB.3, the two RHce values evaluated as the
ing all matches in which the match air parcel experiencedratios of the first- and second-observed water vapor mixing
saturation or supersaturation and then became dehydratedtios against SMR, in the previous section, the efficiency
(i.e., cases in which the first observed water vapor amount i®f dehydration in the lower TTL, and the lack of dehydrated
larger than both the second observed water vapor amount anchses near the cold point.

SMRyin) in the altitude region from 350 to 360 K. For those

matches in which the maximum of Rid during the advec- 5.1 Applicability of screening parameters

tion exceeds the Rkdm, the value of RiHom is used except ) ] ) )
for RHice because it is considered the upper limit of Super_In fthls study, se\_/eral numen(_:al values of the s_creemng cri-
saturation. A few cases experienced dehydration and supef€/a were examined and estimated as screening parameters
saturation above 360 K; however, the number of cases is to>€Ct-3-3and AppendixA). Here, we consider whether the
small to enable a meaningful statistical analysis. The meaff@rameters estimated in this study could be applied to other
ratio of the water vapor mixing ratio at the first observation 1 1L Studies that consider different regions or seasons.
against SMRyn is calculated to be 146 19% (Io) for cases _ rom 2004, the SOWER campaigns have been conducted
dehydrated below 360 K. The mean ratio of the water va-in the western Pac_:lflc in bqreal winter. The spanal—temporal
por mixing ratio at the second observation against $MR region is convectlvgly active gnd the T_TL is the _coldest.
is 754 23% (1r). The I refers to the spread of results for The active convectlpn results in a co'nd|t|.on.|n WhI.Ch sup-
different matches. These values suggest that the upper lim@rid-scale perturbatlgns occur, resulting in inconsistencies
of RHice, before ice nucleation starts, is about 146 %, while P&fween meteorological profiles observed by sonde and the
dehydration continues until Ri reaches, statistically, about meteorological analysis (objective analysis) field, as well as

75% in the altitude region from 350 to 360 K. The implica- small-scale temperature perturbations on each isentrope in
tions of these values are discussed in Seét. the TTL. Consequently, it is possible that the criteria for

“consistency between sonde data and analysis field” (i.e.,
—4.0K< 4T <5.0K; see AppendixA4) and “representa-
tiveness of the match air parcel” (i.e., the difference between
the match air segments and the whole segments inside the

In general, tropical convective activities lift air masses from Match circle is within £-2.0, 2.0] K; see AppendiAl) can

the planetary boundary layer to the level of neutral buoyancyP€ Stricter (i.e., these acceptable ranges can be narrowed

Above the approximately 400K potential temperature sur-down) when these criteria qpply toa calmer_region or season
face, the Brewer—Dobson circulation lifts air masses to the(hen small-sale perturbations are less active) than those of

deeper stratosphere. In the TTL, existing between these twif'€ Present study. The coldness in the TTL results in a condi-

regions, the air mass moves horizontally with a gradual aslion in which cirrus clouds are frequently formed in the TTL,

cent balancing radiative heating. Rare detrainment of deef€Sulting in diabatic uplift of the air mass by radiative heating
convective clouds may occur throughout the TTL, and this is(€-9-Corti et al, 200§. The clouds make it difficult to track
likely to influence the water vapor concentrations of the TTL the air parcel because isentropic trajectories are used in this
to some degree. The local temperature minimum in the TTLStudy. Therefore, it is possible that the criterion for “validity
(approximately 370 K) over the western Pacific leads to colgof the |§entrop|c treaFment" (i.e., advectlorj time of Iess_than
trap dehydration. This dehydration process is considered t@ d2ys; Sée AppendiR3) can be relaxed in other spatial-
be the most important process controlling the amount of wa{emporal regions where cirrus clouds are rarely formed.

ter vapor entering the stratosphere (e.giplton and Get-

5 Discussion
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According toHamada and Nish{2010, the relationship  of RHice less than 100 % until the NAT saturation state, due
betweenTyy, value and cloud top height is largely indepen- to the absorption of water vapor into NAT particles. We cal-
dent of the observation season; however, it depends on theulated the saturation water vapor mixing ratio over a surface
satellite zenith angle. The SOWER campaign sites are lo-of NAT (SMRnar) and the minimum value of SMir along
cated from approximately 108 to 170 E and the nadir of  a trajectory (SMRatmin) for all matches on the assumption
MTSAT-1R/GOES-9 is approximately 14&; consequently, that HNO; mixing ratio is 1 ppbv. If we use SMrmin in-
the zenith angles at SOWER campaign sites range from Ostead of SMRy,, then the mean ratio of the water vapor
to 40°. This angle may be even larger for the “match air mixing ratio at the second observation against SlfRin is
parcels” (Sect3.2). Even so, the difference between aver- 91+ 42 % (1r). This result could potentially support the pos-
age cloud top height in the nadir region and in the regionsibility of dehydration in air subsaturated over ice. However,
with satellite zenith angle around 5& less than 1 km. This the abundance of HNgis much smaller than that of 4@ in
difference is not statistically significant, according to Fig. 7 the TTL. Therefore, even if NAT particles were formed and
in Hamada and Nish{2010. Therefore, the criterion for fully removed from the air mass, they would remove only a
“convective penetration” (i.ex 8Thp >min =12K; see Ap-  few ppbv of water vapor, which is insignificant with respect
pendixA2) may be applied to studies in different regions and to dehydration.
seasons. However, the numerical value of the criterion should Given that our estimates of the initiation and termination
be re-evaluated when usifiy, data with different resolution  of ice nucleation have large uncertainties, there is little that
from that of MTSAT-1R/GOES-9, such as data observed bywe can infer from the results. However, by accumulating
MODerate resolution Imaging Spectroradiometer (MODIS). more matches with improved accuracy of both observations

and trajectory calculations, it would be possible to improve
5.2 Relative humidity before ice nucleation and after our understanding of the conditions required for ice nucle-
dehydration in the lower TTL ation.

As described in Sec#.2, the upper limit of Rkte before 5.3 Estimation of the efficiency of dehydration in the
the initiation of condensation is estimated to be 38 % lower TTL
(10) from matches, indicating dehydration in the altitude
range from 350 to 360 K in potential temperature. These esThe efficiency of dehydration depends on various factors, in-
timates are based on a meteorological analysis field havingluding the concentration and size distribution of cloud con-
finite temporal—spatial resolution; hence, sub-grid-scale vari-densation nuclei, the duration of a cold event, and the degree
ations are not taken into account. It is possible that the air iof supersaturation of the air mass. Although a complete set
instantaneously exposed to a higher degree of supersaturaf observations is unavailable, our matches would provide
tion than that estimated in the present study. Comparisons acdome useful constraints on the processes of dehydration in
the second observed water mixing ratio and S\#Ryield the TTL. We attempt to model the efficiency of dehydration
an estimate of the air masses being dehydrated to the levelsing two terms: the critical value of Rid that enables ice
of RHice reaching 7523 % (Io). If we take this result at  nucleation (RH;) and the dehydration rate as a gross mea-
face value, TTL dehydration could proceed beyond the apsure of the nucleation rate and the gravitational removal of
parent saturation level, although the estimated uncertainty isce particles. Here, the dehydration rate is defined as the re-
too large to be certain of this possibility. Statistically this laxation time (e-folding timet [hour]) taken by a supersat-
level of significance is not large enough to claim that the urated air parcel to approach the saturation state by the nu-
threshold is below 100%. Therefore, although the derivedcleation and removal of ice particles. These two parameters,
value is far from 100 % RIgde, the significance is not strong RH¢; and z, are estimated as follows. Suppose that an air
enough to claim that ice growth happens at subsaturated conmass with the water vapor mixing ratio of the first observa-
ditions. However, one possible explanation of ice growth un-tion advects along the trajectories. If the parameterg;RH
der unsaturated conditions is that the value of our estimateand r are given, we would describe the time evolution of
is affected by sub-grid-scale temperature perturbations thathe water vapor mixing ratio for each advected air parcel.
could not be resolved in our analysis, as described above. Fdfor example, in the case of Rkt 110 %, the air mass starts
example, temperature variation of 2K is sufficient to createto be dehydrated, with the rate of dehydration depending on
RHice variation of up to 30 %. 7 when the Rkie exceeds 110 %. Such calculations are re-
Some studies (e.g.yoigt et al, 2008 Chepfer and Noel  peated for a given value of RK (values of 100 %, 110 %,
2009 raised the possibility that nitric acid trihydrate (NAT; 130 %, and 165 %) to identify the value efthat is consis-
HNO3—3H,0) exists in the TTLCrutzen and Arnold1986 tent with the second observation of water vapor. These val-
show that the critical temperature of NAT formation is higher ues of RH,;; correspond to the water saturation, heteroge-
than that of ice formation. In such a case, although the interneous freezing of efficient ice nuclei, heterogeneous freezing
pretation of our results would become even more compley, itof less efficient ice nuclei, and approximate homogeneous
may be possible that the dehydration could progress to a stateeezing thresholds. Here,is assumed to be independent of

www.atmos-chem-phys.net/13/8623/2013/ Atmos. Chem. Phys., 13, 8@853+2 2013



8634

100

60

40

20

water vapor [ppmv]

100

60

water vapor [ppmv]

100

60

water vapor [ppmv]

100

60

40

20

water vapor [ppmv]

BIO39HNO93

350.4 K
T

RHeri=100%

|

T= 2.05h

24

BIO39HNO93

48

72

time [hour]

@)

96

120

T

RHeri=110%

350.4 K
T

7= 1.90h

24

48

72

time [hour]

(b)

96

BIO39HNOS3
T

RHeri=130%

350.4 K
T

7= 1.49h

24

48

72

96

120

time [hour]
(c)
BIO39HNO93 350.4 K
T T T T T
L RHi=165% 7= 6.20h |
i f
I | [ 1 I
0 24 48 72 96
time [hour]
(d)

120

Y. Inai et al.: Water vapor match

given value of RH,i. Of note, no value ot yields the sec-
ond observed water vapor mixing ratio for a RHalue of
near 165 % (Fig10d).

The statistical features of the efficiency of dehydration are
analyzed in terms of the values of RiHandz. Table2 shows
the variation inc for each RH,; value derived from matches.

7 shows a general decrease with increasingRldlthough
there are exceptions. Below 360 K, the mean valuesarie
approximately 1.0 h in the cases supposing a heterogeneous
threshold, regardless of Rkl These values are much shorter
than the typical timescale of horizontal advection in the TTL,
and are shorter than the time interval of available ECMWF
data. Therefore, it is suggested that cold trap dehydration is
quite efficient in the lower levels of the TTL. On the other
hand, values ofr are estimated to be more than 100h at
369 K for the RH;i values other than 165 %. This raises the
possibility that the value of increases in the upper levels of
the TTL.

Naturally, the species of aerosols control the cloud-
microphysical behavior of the atmosphere. However, the
value ofr was calculated for an assumed gtand after the
beginning of ice nucleation, thereby depending on the value
of assumed RH. In addition, the value of is largely inde-
pendent of the value of Rff, as shown in Tabl2. Therefore,
the estimate of is unlikely to show marked changes with the
background aerosol condition. However, it may be sensitive
to the altitude range, as indicated by the facts that values of
T are estimated to be more than 100 h at 369K and that de-
hydrated cases are lacking near the cold point (the possible
reason for this is discussed in Sext).

5.4 Lack of dehydrated cases near the cold point

Sixteen matches were found in the altitude region from 370 K
to 380K (eight different observational pairs are included in
this number). However, there are no dehydrated cases that
exceed the uncertainty of water vapor measurements. In con-

Fig. 10. Dehydration scenarios showing the time evolution of the trast, two hydrated cases exceed the uncertainty, as described
water vapor mixing ratio of the air mass (red line) and exposed SMRjn |ast part of Sect4.1 Here, we examine one possible rea-

(blue line) estimated from the match case shown in Eighe value
of t stated in each panel is the estimated relaxation time of conden
sation for the assumed values of Bl which are(a) 100 %, (b)

110 %,(c) 130 %, andd) 165 %.

son for the lack of dehydrated cases around the cold point
altitude. The microphysical behavior of cirrus cloud parti-
cles in the TTL is largely unknown. Even so, we presume
that the dehydration associated with horizontal advection be-
comes less efficient with reduced water vapor and tempera-
ture, based on previous results (e.§qop et al, 200Q Mur-

temperature and pressure, and it is assumed to have a fixgdy et al, 2010. In this analysis, only those observational
value during advection.
Figure 10 shows examples for such calculations corre- ond observation) is less than 5 days are identified as match

sponding to the match air parcel shown in FigkFor a RHy;

pairs for which the advection time (from the first to the sec-

cases, in order to assure the reliability of the trajectory (see

value of 100 %, it is evident that the air mass is dehydratedAppendixA3). If the time required to complete the dehydra-
every time the SMR becomes smaller than the water vapotion around 370K was longer than 5 days, any dehydrated
it contains (Fig.10a). On the other hand, dehydration does cases would not be found in this analysis at such an altitude.
not occur in other cases until some additional cooling is ap-In fact, it is suggested that the relaxation timescale at 369 K
plied. In most cases (but not all), we find a unique value ofwas much larger than those at lower levels (see Sedjt.In

t that best fits the second water vapor observation for anysuch a case, it is necessary to reduce the uncertainty of the
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Table 2. Dehydration rate measured by the relaxation tinfaour] as a function of the critical value of R#d that enables ice nucleation
RHi, derived from matches. The values of meaand the standard deviation are indicated in the altitude region from 350K to 360 K. The
numbers of matches are shown in parentheses.

Altitude [K] RH¢ri 100% RHy 110% RHyi 130%  RHyi 165%
369 110 (1) 110 (1) 110 (1) 17 (1)
361 16 (1) 16 (1) 16 (1) 14 (1)

350-360 1.6:1.2(4) 1.0:1.2(4) 09:11(4) 05:0.9(3)

trajectory calculation in order to track the air mass for long gether with the meteorological history of the match air mass.
enough to enable the dehydration to reach completion. Estimations of growth rate, as well as measurements of the

The ice number concentration and the particle size ofsize distribution of ice particles, would enable estimates of
cirrus clouds in the TTL are reported to be approximately the time evolution of the falling speed of ice particles with
100 L~ and 10 um, respectively (e.gShibata et a).2007 respect to the surrounding atmosphere. In addition, if we con-
Kramer et al.2009. Such a water content is equal to ap- firm or assume that no ice particles fall from the upper layer,
proximately 0.5-1.0 ppmv of the water vapor mixing ratio in we can estimate the net removal rate of water vapor from the
the TTL environment. According toPruppacher and Klett match air parcel. Estimations of these parameters would pro-
(1997, an ice particle of 10 um in size requires approxi- vide a quantitative description of the efficiency of cold trap
mately 8 h to fall through 1 km. However, these values cor-dehydration.
respond to cirrus clouds with a relatively thick optical depth;
in contrast, the ice particles in optically thin cirrus clouds
are much smaller than 10 um. For exameyppacher and
Klett (1997, stated that a particle of 1 um in size (the exis-
tence of such small ice particles was suggestedasaki . ) ) . o
et al, 2007 requires approximately 20 days to fall through This study _mvestlgat_ed evm_lence _for, and the _eff|C|ency
1 km. If the dehydration process around the cold point resultPf, dehydration associated Wlth_horlzontal advection strato-
in the formation of such small particles, then the period re-SPhere. The water vapor match in the TTL was developed by
quired for ice removal is too long to enable tracking of the air trajectory calculathns vy|th intensive screening procedures to
parcel. Unfortunately, such a long-running trajectory would "educe the uncertainty in the results. _
be difficult to calculate accurately and it would be inappro- The matches were |dent|f|ed_ by_ using screening proce-
priate for match analysis; in addition, it could be used to es-dures. Some of the matches indicated a decrease in the
timate the global-scale distribution of water vapor, as shown@mount of water vapor between the first and second obser-
by Fueglistaler et ak2004 andPloeger et al(2011). vations of Fhe vyater vapor mixing ratio. T_h|s flndlng repre-

If the lack of dehydrated cases around the cold point re-S€nts the first dlrgct gwdence of dehydration associated with
flects the fact that the dehydration timescale is too long, ond'erizontal advection in the TTL. . .
effective approach to resolve this problem would be to re- The _mz_;\tches were investigated in detail in case studies a_\nd
duce the uncertainty in water vapor measurements and to o2y Statistical analyses. A case study of the 370.0K potential
serve the size distribution and concentration of ice particled®mperature revealed a match air parcel that was not effec-
together with the amount of water vapor. Because the defaultively dehydrated even though it was supersaturated. On the

soundings in previous SOWER campaigns did not inclugelevels betwee'n 350 and 360K, there were cases thgt indi-
any sensors for particles, we could not estimate the total wacate dehydration. Some cases showed a water vapor increase
ter content in which the air mass has ice particles. In addifor which there is no reasonable explanation. The statistical

tion, for the campaign region and period (i.e., over the westfeatures pf dehydration for air parcels advected in the TTL
ern Pacific in the boreal winter), cirrus clouds are common inWere derived from the matches. The results showed that the

the TTL; Shibata et a).2007 Fuijiwara et al, 2009 Massie estimated upper limit of relative humidity with respect to
etal, 201Q Yang et al,201Q Inai et al, 2012 Shibata et aJ. ice, before the initiation of ice nucleation, is approximately
2012. If we could observe ice particles and measure their146 %. It is suggested that sub-grid-scale temperature fluc-
concentration and size distribution, we could estimate theifuations (or possibly nitric acid trihydrate or other particles)
growth rate under the assumption that a critical relative hudnfluence dehydration associated with horizontal advection
midity leads to the initiation of ice nucleation, using the samein the lower TTL. The efficiency of dehydration was defined
technique as that employed to estimate the efficiency of de@S the relaxation time taken for a supersaturated air parcel to
hydration (Sect5.3). The history of relative humidity of the approach the saturation state by the nucleation and removal

air mass could be estimated by using the match method t00f ice particles. It is suggested that the dehydration process
associated with horizontal advection is efficiently driven in

6 Conclusions
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Fig. AL. Representativeness of the match air parcel at Tarawa (topF19- A2- As for Fig. Al but for the preliminary match at Biak (top:

05:09 UT, 31 December 2005) and Biak (bottom: 01:49 UT, 6 Jan-22-50 UT, 18 January 2006) and Hanoi (bottom: 06:57 UT, 21 Jan-
uary 2006). These preliminary matched observations are connected’y 2006) on the 350.2K potential temperature surface.
by trajectories at the 355.8 K potential temperature surface. Left:

Match air segments (diamonds) superposed on color-coded temper- .
ature of the circular area defined by a match radius. Right: Temperiom) on the 355.8K potential temperature surface. These
ature frequency distribution of the whole segments within the cir- match air segments are the origins of the forward (backward)
cular area defined by a match radius (black bars) and that for matckrajectories in the upper (lower) panel. In this case, the tem-
air segments (red bars). perature fields in the circular regions with a match radius for
the first and second observations are almost uniform. In addi-
tion, the match air segments are widely distributed, covering
the lower part of the TTL. These findings may improve our the match circular areas. Therefore, these match air segments
understanding of cloud-microphysical processes in the TTL.are representative of the temperatures inside both match cir-
The matches that indicate dehydration were not found atles. The confidence intervals of the mean temperature differ-
altitudes close to the cold point tropopause (i.e., potentialence between the match air segments and the whole segments
temperature ranging from 370 to 380 K). Given that the de-inside the match circle are from0.02 to 0.03 K for the first
hydration around this level determines the amount of waterobservation (FigAl (top)) and from 0.12 to 0.19K for the
vapor entering the stratosphere, and to improve on the statissecond observation (Fig\1 (bottom)) at a significance level
tical results from this study, additional observation data andof 0.1. The intervals were calculated using Welch'’s test statis-
more match events at this level are required. tic (see AppendiB).
Another example of temperature distributions, shown in
Fig. A2, is the same as in Fid\1 but for a preliminary match

Appendix A between Biak and Hanoi paired by trajectory calculations. In
this case, the temperature field in the match circle shows a
Detailed descriptions of screening procedures strong meridional gradient over Biak (top panels in FAg).
The match air segments are distributed only at the northern
Al Representativeness of the match air parcel edge of the match circle. Consequently, the subset of match

air segments is found only at the right-hand end of the his-
The match air parcels must be representative of a certain aregggram (red bars). As a result, the confidence interval of the
otherwise, the values observed by the sonde are not cormean temperature difference between the match air segments
sidered as those of the match air parcel. Fighteshows  and the whole segments inside the match circle is from 2.18
the horizontal distribution (left) and frequency distribution to 2.56 K for the first observation (significance level of 0.1).
(right) of temperature in the match circular areas correspondSuch cases should not be considered in the match analysis.
ing to the sonde observations at Tarawa (top) and Biak (bot-
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min

to the red dots in Fidl superposed on the distributionffy, (color)

at 06:00 UT on 29 December 2004. The black circles show the Cir-gjg a4, Examination of convective penetration for the match pairs.

cles of the match radius {} centered at individual observational | eft: Scatter plot of the first versus the second ozone mixing ra-

stations. tios for preliminary matches that passed the screening for “rep-
resentativeness of match air parcel” color-coded by the value of

. . . . < 8Tpp >min (see text for details). Right: Dependency of correla-
According to the screening procedure adopted in thisiion coefficients for ozone mixing ratios between the first and sec-
study, observational pairs are rejected if the confidence inyng observations on the value ef§ Ty >min. The error bars are

terval of the mean temperature difference between the matcbg 9 confidence intervals.

air segments and the whole segments inside the match cir-

cle does not fall within [-2.0, 2.0]K for the first and second

observations at a significance level of 0.1. This temperaturdore, we adopt +12K as the critical value of the margin for
range is determined empirically; the temperature difference< 8Thp >min.

of 2.0K corresponds to a difference in the saturation water This method cannot be applied to air segments advected

vapor mixing ratio in the TTL 0of~0.5 to~2.0 ppmv. above the temperature inversion at the cold point, as the dis-
tance between the air parcel and underlying cloud cannot be
A2 Convective penetration estimated from the comparison &f and Ty, at those lev-

els. Although some deep convection penetrates the strato-

To diagnose convective penetration into the match air parcelsphere up to the 420 K isentropic leviaykin et al, 2009
the temperatures of the match air segmefi)sad the equiv-  |wasaki et al, 2010 on rare occasions, we do not apply the
alent blackbody temperature of the underlying cloighX  screening procedure to air parcels above the 370K potential
are compared, and the value Ty minus7 (= 67bp) is de-  temperature level. Instead, the matches above the 370K level
fined. The values ofp, are estimated from hourly MTSAT-  that pass all the screening steps are carefully checked with
1R/GOES-9infrared images (Channel 1: 10.3-11.3 um). Figreference to individual sonde profiles (see Séd.
ure A3 shows an example of advected match air segments Anp alternative method to diagnose convective penetration,
similar to the red dots in Fidl, superposed on thyp distri-  sych as that used buzuki et al.(2010 employing cloud
bution at 06:00 UT on 29 December 2004. top height data bydamada and Nish2010, is not used in

To determine an appropriate margin 8y in diagnosing  the present analysis because the data set does not fully cover
the penetration of deep convection, the values<@Typ > the SOWER campaign period and region.
are calculated as the average for the smallest 10th percentile
of 6Ty values of the air segments constituting the match airA3  Validity of the isentropic treatment
parcel for each time step. Then, the values<afThp > min
for each match air parcel are defined as the minimum valuéVe establish an upper limit of the advection time for which
of < é8Tpp > during the advection. Finally, the correlation the isentropic treatment is valid by using ozone conserva-
coefficients of the ozone mixing ratio between the first andtion, because our trajectory calculations are made under the
second paired observations are calculated as a function assumption of adiabatic conditions. Figétg is the same as
< 8Thp >min- The bins are established with a ranget@t5 K Fig. A4 but for assessing an acceptable advection time. The
and an increment of 1.0K. The left panel of FA&# shows  colors in the left panel indicate the advection time between
a scatter plot of the first versus the second observed ozonthe first and second observations for each preliminary match.
mixing ratios color-coded by each value eféTpp >min. The symbols in light purple represent preliminary matches
Light purple symbols indicate preliminary matches aboveabove the 380 K isentrope, which are not used in this proce-
370K that are not used in this procedure, as described belowdure because the horizontal scale of the ozone variations be-
The correlation coefficients decrease with decreasing valuesomes so large at this altitude that the correlation coefficients
of < 8Tphp >min- The correlation coefficients are high when between the observed ozone mixing ratios show uniformly
the values of< §Thp >min are higher than +12K. There- large values regardless of the match/non-match conditions.
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Fig. A5. As for Fig. A4 but for an examination of the acceptable Fig. A6. As for Fig. A5 but for examining the consistency between
advection time for the isentropic treatment. sonde data and the analysis field.

The right panel of FigA5 shows the dependency of the cor- COVerY in valges outside of thes_e limits. To assure a rglatively
relation coefficients of 0zone mixing ratios between the firstNigh correlation between the paired ozone concentrations, we
and second observations on advection time. The correlatioRAOPt & range of temperature differences betwedrd and
coefficients are calculated using the data in the left panel us®-0 K @s the criterion for assessing the consistency between
ing bins of£1.0 day with an increment of 0.5 days depending SOnde data and the analysis field.

on the advection time of each match air parcel. The correla-

tion coefficients decrease as the advection time increases, d%'ppendix B

to the cumulative effect of errors in the isentropic trajectory

calculations. In this study, we choose 5 days as the thresholgq|ch's test statistic

of advection time, since the minimum value of the correlation

coefficients is found at 5.5 days. Welch'sz-test defines the statisti€ as follows:
A4 Consistency between sonde data and the analysis T = H, (B1)
field 282
1 2

The criterion employed in the screening procedure for con-Where 1, x2), (s1,s2), and (V1, N2) indicate the mean val-
sistency between the sonde data and the analysis field i4esS. the standard deviations, and the numbers of first and
assessed by considering the difference in temperature b&econd samples, respectively. THisvalue follows ther-
tween the ECMWF analysis and sonde ddtaimwe minus distribution corresponding to the degree of freedantal-

T (=5T) at the same potential temperature surface. HereCulated from

Tecmwe is the temperature of the ECMWF analysis field in-

) 2 S 2
terpolated to the location of the sonde station at 50 min af- (NLl + NL2> B2
ter the launch. This assessment is also performed by using = 514 sp4 (B2)
similar method to those outlined in Appendic&2 andA3; Ni*(N1-1) © N*(N2-1)

i.e., employing the correlation coefficients between the firstReferring to this value, the confidence interval of the differ-

relation coefficients are calculated as a functiord Bfwith mated from the following:

bins of £1.0 K and an increment of 0.5 K. This procedure is

conducted for both the first and second observations foreach 512 592 o
preliminary match. Figurd6 is the same as Figh5 but ex- (X1 —X2) — i, (§> N T, S s (1 —x2)
amines the consistency between sonde data and the analysis ! 2

field. The data in the left panel are color-coded by values o 512 592
of 8. The preliminary matches above the 380K isentropet m (§> N1 + Ny (B3)

are not used in this procedure, for the same reason as that

explained in AppendixA3. The right panel shows the de- with a confidence level of 100(1 -«2%. In this study, this
pendency of the correlation coefficients &fi. There is a  equation is applied to the temperature of the match air seg-
broad maximum around zero, although some asymmetry ignents (subscript 1) and to the temperature of the whole seg-
apparent. There are remarkable decreases in the correlatignents within the circle of match radius®ji(subscript 2).
coefficient at—5.0 and +6.0 K, and we cannot explain the re-
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Appendix C
Table C1.Continued.

List of all matches

first second altitude [K]

TR0O51 TRO054 385.0
TRO51 TRO054 386.0
TR051 TRO054 387.0
TR051 TRO054 388.0

Table C1.List of all 107 matches. TR, MR, BD, HN, KT, and Bl
represent the sondes launched from Tarawa, Rif\di, Bandung,
Ha Noi, Kototabang, and Biak, respectively.

First Second  Altitude [K] TRO51 TRO54 389.0
TRO15 MRO023 354.2 TRO51 TRO054 390.0
TRO15 MR023 354.8 TRO51 TRO54 391.0
TRO15 MR023 355.0 KT022 KT023 387.0
TR0O15 MRO023 355.2 KT022 KT023 388.0
TRO15 MR023 355.4 KT022 KT023 389.0
TRO15 MRO23 355.6 KT022 KT023 390.0
TRO15 MR023  355.8 KT022 KT023  391.0
TRO15 = MRO23  356.0 KT022 KT023  392.0

TR015 MRO023 356.4
TR015 MRO023 356.6
TR015 MRO023 356.8
BD218 BD219 361.0
BD218 BD219 377.0

KT022 KTO023 393.0
KT022 KTO023 394.0
KT022 KTO023 395.0
KT022 KTO023 396.0

TR029 TRO30 352.6 KT022 KT023 398.0
TR029 TRO30 352.8 KT022 KT023 399.0
TRO29 TRO30 353.0 KT022 KT023 400.0
TRO29 TRO30 353.2 BI027  BI028 391.0
TRO29 TRO30 353.4 BIO27  BI028 392.0
TRO29  TRO30 353.6 BIO27  BI0O28 393.0
TRO29  TRO30 353.8 BI027  BI028 394.0
TR029  TRO030 354.0 BIO27  BI0O28 395.0
TR029 TRO30 3564 TR0O53 TR054  392.0
TR029  TRO30 356.6 TR0O53 TRO54 393.0
TRO29 ~ TRO30 356.8 TRO53 TRO54 394.0
TR029 ~ TR030 357.0 KT024 KT025 400.0
TR029 TRO30 357.2

BI039  HNO093 350.4

TRoes TRoe BI039 HNO93  352.4
HNOB1 TRO52 361.0 KT031 KT032 392.0
KT023 KT025 369.0 KT031 KTO032 393.0
KT023 KT025 370.0 KT031 KT032 394.0
KT023 KT025 371.0 BIO37 KT034 364.0
KT023 KT025 372.0 BIO36 KT034 387.0
KT023 KT025 373.0 BIO36 KT034 388.0
KT023  KT025 374.0 BI036 KT034 389.0
BIO30  BIO31 377.0 BIO36  KT034 390.0
BIO30  BIO31 378.0 BIO36  KT034 391.0
BIO30  BIO32 378.0 BIO38  BIO39 396.0
BIO30  BIO32 379.0 BIO37  BIO38 395.0
g:g;g g:ggg 228'8 BIO37  BIO38 396.0
BI029  BIO30 381.0 Bloz7  BIO38 397.0

BI1037 BI1038 398.0

BI1029 BI031 379.0

BIO31 BI032 380.0 BIO37 BI038 400.0
BI031 BI032 381.0 BIO37 BI039 396.0
BI031 BI032 382.0 BI037 BI039 397.0
BIO31 BI032 383.0 BI037 BI0O39 398.0
BI1028 BI030 384.0 BIO37 BI039 399.0
BI1028 BI030 385.0 HN112 HN113 374.0
BI1028 BI030 386.0
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