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Abstract. Water vapor in the upper troposphere and lower stratosphere plays a crucial role in climate feedback, affecting
radiation, chemistry, and atmospheric dynamics. This study presents simplified Lagrangian reconstructions of stratospheric
water vapor satellite observations from SAGE II/ISS and MLS instruments, to improve the understanding of moist anomalies
in the Asian and North American monsoons and to identify the key factors contributing to model biases. Our findings show that
while both SAGE II/ISS and MLS capture similar spatial patterns, SAGE IIVISS shows higher local values. The performance
of Lagrangian reconstructions significantly improves with the size of trajectory ensembles but exhibits a general dry bias across
the tropics. However, the reconstruction represents the Asian monsoon moist anomaly well, particularly above the tropopause,
whereas it fails to capture the North American monsoon anomaly. The main dehydration, region as diagnosed from trajectories,
indicates that water vapor is predominantly controlled by local temperatures near the tropopause in the Asian Monsoon. North
American monsoon is largely influenced by long-range transport from dehydrated regions over Southeast Asia, while moist
air masses are primarily controlled by local dehydration. Hence, the limited performance of the reconstruction for the North
American monsoon is potentially linked to an underestimation of local convection or uncertainty in long-range transport.
Additionally, dry bias in reconstruction over the Asian monsoon shows a positive correlation with intensity of convection
particularly in the western sector, suggesting that an underestimation of moistening due to convective ice injection may play a

Fhe-

1 Introduction

Stratospheric water vapor (H2O) is a potent greenhouse gas that can amplify-climate-warmingecaused-by-emissions-of-well-mixed

ereenhouse-gases-in-the-atmosphere-significantly amplify warming of the global temperature due to its strong radiative effects
and long residence time (Solomon et al., 2010; Riese et al., 2012). In-the-tropical UpperTroposphere-and-ower-Stratosphere
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(UFES)-water-vapor The amount of water vapor entering the stratosphere is primarily controlled by the strong-freeze-drying
process—the dehydration of moist tropospheric air entering-the-stratesphere-at-as it ascends through the cold point tropopause
a-process-commontyreferred-to-as{reeze-drying-(Brewer, 1949; Randel and Park, 2019; Smith et al., 2021). Hewever;the
extent-of-hydration-due-to-water-vapor-and-iee-direethy-injeeted-This freeze-drying occurs mainly in the tropical tropopause
layer (Fueglistaler et al., 2009), where air masses ascend slowly (diabatically) from the level of main convective outflow into the

stratosphere th

over-pertods-of-over weeks to monthsand-covers-horizontal-distanees-of-, During this ascend, air parcels travel horizontally over
thousands of kilometers —and likely sample the coldest tropopause regions (the ’cold trap’) (Holton and Gettelman, 20(

and Lower Stratosphere (UTLS) through deep, overshooting convection, and it has been argued that this process happens
frequently in the tropics and over North America during boreal summer (Homeyer et al., 2023). This convection-driven transport

is characterized by rapid vertical updrafts near convective centers, occurring in the timescales on the order of minutes (Jorgensen and Lemon
. However, the extent to which this hydration process affects stratospheric water vapor distributionremains under debate

Randel et al., 2012; Avery et al., 2017; Ueyama et al., 2020; Jensen et al., 2020; Ueyama et al., 2023; Homeyer et al., 2023; Konopka et @

During boreal summer, enhanced UFES—water-vapor-mixing-ratios-are-water vapor is observed in the UTLS over regions
influenced by the Asian Summer Monsoon (ASM) and the-North American Monsoon (NAM) ;beth-efwhich-experienee-intense

— : — : — : — —(Ploeger et al., 2013; Park et al., 2021; Clemens et al.
. This enhancement is often attributed to intense convection, which can transport water vapor directly into the UTLS (Fu et al., 2006; Yu et a

i n v,

Randel et al., 2004; Tao et al., 2023). Severalstudiessuggest-a-significantcontribution-ofthe- ASM-In particular, the ASM has
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been recognized as a major contributor to stratospheric water vapor
—with-this-contribution—ameunting—to-abeut-, accounting for ~15% of the tape-recorder-anomaly-maximumin-the-tropteal
lowerstratosphere-and-to-about-tropical stratospheric water vapor anomaly and ~30% of the summertime maximum-in-the-NH

extratroptealHowermoststratosphere-(Niitzel-et-al52049)NH extratropical water vapor maximum (Bannister et al., 2004; Wright and Gille,

. These observational studies, however, have limitations in understanding the physical processes that are driving the enhancement
in water vapor concentrations over the monsoon regions. Understanding those mechanisms and the interactions between
regional convection, large-scale transport and thermodynamic conditions is the key to predict the potential impact of stratospheric

water vapor on our climate.
In this study, we-ai

role of the freeze-drying mechanism in the large-scale temperature and wind fields for the enhancement of stratospheric wa-
ter vapor over the ASM and NAM regions —Fo-achieve-this;we-from a Lagrangian perspective. Lagrangian methods track the
history of air parcels (their trajectories) and reconstruct stratospheric water vapor based on the coldest temperature encountered
along these trajectories, commonly referred to as the Lagrangian cold points (LCP) temperature (Fueglistaler et al,, 2005).
By capturing the cumulative effects of large-scale transport and temperature variability over timescales ranging from days to

months, Lagrangian methods have been successfully used to reproduce UTLS water vapor anomalies (Mote et al., 1995; Fueglistaler and H:

. We firstly conduct Lagrangian back-trajectory simulations utilizing the trajectory module of the Chemical Lagrangian Model

of the Stratosphere (CLaMS) (McKenna et al., 2002), to reconstruct satellite observations by the Stratospheric Aerosol and
Gas Experiment III on the International Space Station (SAGE II/ISS) Davis et al. (2021) Version 5.3 and Aura Microwave
Limb Sounder (MLS) Version 5.0 Lambert et al. (2017). These Lagrangian reconstructions are driven by the fifth genera-

tion European Centre for Medium-Range Weather Forecasts atmospheric reanalysis (ERAS) (Hersbach et al., 2020). We

then assess the performance of the Lagrangian reconstruction in capturing boreal summer UTLS water vapor distributions

by comparing simulation results M&h&ﬂ%&%&d&&%&%ﬁm&%ﬂlﬂ%&(&%ﬁ@%ﬂ%ﬂ%@%&@&%&ﬁﬁmﬂ%ﬂ{

summer-monsoon—regions—with—the—entire-to the satellite observations. Additionally, we compare the monsoon regions to
the deep tropics, where eonvection-is-tess-dominantsimilar Lagrangian reconstructions were successfully applied in the past

Fueglistaler et al., 2005; Hasebe and Noguchi, 2016; Smith et al., 2021). We-utikize-SAGE III/ISS is utilized for its higher ver-
tical resolution (2 km compared to ~3 km in MLS near the UTLS region (Read et al., 2007)), which-provides-providing a more

detailed representatlon of %&w r vertical structures within the monsoon anticyclones. The-MES-datasetis-used-for
ieationln addition, MLS provides daily global coverage
and has widely been used in numerous studies on stratospheric water vapor Mote et al. (1995); Liu et al. (2010

. Furthermore, we diseuss-analyze the spatial and temporal locations of the I;&gfaﬂgﬁﬂfee}drpemf%LCPs in relation to the

observed water vapor in-distributions within the monsoon regions.

We also investigate the potential factors contributing to discrepancies between the Lagrangian reconstruction-and-observed
datareconstructions and observations, with a primary-particular focus on deep convection, which is retfutly-only partly re-

; Niitzel et al. (2019)
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solved in ERAS meteorologybutean-be-quantifiedusing-. As a proxy for the intensity of convection, we use Outgoing Longwave
Radiation (OLR) derived from satellite observations (Kumar and Krishnan, 2005).

The main research questions explored in this paper are: (i) How well can stratospheric water vapor mixing ratios in the
ASM and NAM as observed by SAGE III/ISS and MLS be reconstructed using b&gﬁﬂgﬁﬁfnemedszmmmwwggg@
modelling method, especially in comparison to the trepi
deep tropics? (ii) Are the moisture anomalies observed within the ASM and NAM anticyclones locally or remotely controlled
by the ]ﬁgrﬁﬂgl&ﬂ*GP—T‘LCPS and which regions are most critical? (iii) Bees—fhe—]:agfaﬂgiafrreeeﬂ%fueﬁeﬂ—%uppeﬁ—&te—ﬁﬂdiﬁg

Are model

biases in the reconstruction related to particular processes (e.g., convection)?

This paper is organized as follows: Section 2 presents the datasets and model used, and describes the reconstruction method.

Section 3 outlines our main results, including the assessment of Lagrangian water vapor reconstructions econecerning-both

herizontal-and-vertieal-aspeets:-and the analysis of Lagrangian-eold-pointsLCPs. Section 4 discusses the potential causes of

biases in the Lagrangian reconstruction results and relations to convection. Section 5 provides the conclusions.

2 Data and Method
2.1 Satellite observations
2.1.1 MLS

The Microwave Limb Sounder (MLS) instrument on the Aura spaceeraft-satellite Waters et al. (2006) has been providing
global measurements of various atmospheric constituents since August 2004, including water vapor, ozone, carbon monox-
ide, sulfur dioxide, nitric acid, and nitrous oxide profiles using radiances from the nearest limb scan (https://www.earthdata.
nasa.gov/learn/find-data/near-real-time/mls). MLS provides a comparatively high sampling with about 3500 measurement
profiles per day. Here, we use version 5.0 (v5.0) data, which provides water vapor profiles in 2.1-3:5-—3.5 km vertical res-
olution (Lambert et al., 2017), with ~3.0 km resolution in lower stratosphere (Read et al., 2007). We focus on water va-
por prefiles—in-measurements for the month of August from 2017 to 2019 across—the-tropies—Binned-data—for-herizental

distributions—are—gridded-with-reselution-of-in the subtropical regions (35°S-35°N). The MLS water vapor profiles are then
gridded in 10°x 20°(latitude x longitude) horizontal grids. For more details on MLS water vapor and the retrieval technique

see Read-et-al(2007) Livesey et al. (2020).

2.1.2 SAGE IIVISS

The Stratospheric Aerosol and Gas Experiment III on the International Space Station (SAGE III/ISS) --was launched on

February 19, 2017 Cisewski et al. (2014) and has been providing measurements of aerosol, water vapor and ozone between

70°S and 70°N latitude using solar occultation, lunar occultation and limb scattering. We use Level 2 (\LNZWSolar Event
Species Profiles (HDF5) Version 5.3 (v5.3) data product ( i e e ;
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atitudesfrom70°5-to-76°N-/asdc.larc.nasa.gov/project/SAGEAccording to Davis et al. (2021), there is generatty-good agree-
ment between SAGE III/ISS v5.1 and MLS v5.0 in-stratespherie-water vapor measurements in the stratosphere, with SAGE
III/ISS v5.1 values-being-approximately-being drier than MLS (~0.5 ppmv (or 10%) drier-than-MES-over-the15-35-in the
15-35 km altitude range. However, SAGE III/ISS v5.1 profiles were affected by low-quality data due to aerosol and cloud-
related interferences (Park et al., 2021; Davis et al., 2021). These issues—such as failed retrievals and increased sensitivity to

elevated aerosol loading—were largely mitigated in version 5.2 and subsequent versions, as noted in the SAGE III/ISS Data

Products User’s Guide (https://asdc.larc.nasa.gov/documents/sageiii-iss/guide/DPUG_G3B_v05.30.pdf).

We focus on data-in-Augustfrom2047-t0-2022-using-v5:3-of the water vapor profiles-within-the-entire-troptes-measurements
(2017-2019)~we-inelude-We added three more years to-enhance-statistical-robustaessfor-(2020-2022) of the SAGE III/ISS
measurements to increase spatial coverage of SAGE IIV/ISS s-as-the-water vapor. Comparison of the horizontal distributions
of SAGE III/ISS dataset-has-lower-horizontal-and-temperal-samplingwater vapor for the 2017-2019 and 2017-2022 periods

results in no significant differences and does not affect the results of our study. The water vapor profiles provided by SAGE
II/ISS v5.3 product are originally retrieved on a 1.0 km grid and interpolated on a 0.5 km grid from 0.5-66-6—60.0 km in

altitude. In this study, we perform a 1-2-1 vertieatty-vertical smoothing on all SAGE III/ISS water vapor profiles on a 0.5 km
grid following Davis et al. (2021), resulting in a final vertical resolution of 2 km. The profiles are presented in units of number
density. We convert the units into mixing ratio using temperature and pressure profiles from the Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-2). Binned data used here for presenting horizontal distributions
are gridded with resolution of 10°x 20°(latitude x longitude), requiring at least 5 profiles in each bin. We follow the similar
procedure described in Park et al. (2021), where SAGE III/ISS v5.1 was used.

2.2 OLR

g g v W : o . s

ton-We use daily mean outgoin

longwave radiation (OLR) data-as a proxy for deep convection. The OLR data is obtained from the National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction Center (CPC) (https://psl.noaa.gov/data/gridded/data.cpc_blended_

olr-2.5deg.html). The CPC blended OLR Version 1 dataset is constructed by blending the level 2 OLR retrievals from NASA’s
Cloud and Earth Radiant Energy System broadband measurements, NOAA/NESDIS Hyperspectral measurements, and High-

resolution Infrared Radiation Sounder measurements. The datasetprovide-daily-OER-values-gridded daily OLR from NOAA
covers the period from 1991 /64/6+-to the most recent avaitable-date, on a 2.5°x 2.5°(latitude x longitude) global grid. We

substraet-the-menthly-average-subtract the monthly averages at each grid point to obtain the OLR anomalies. The OLR indices
used in this study are calculated by averaging the OLR anomalies within specific regions. Theregions-For the ASM, the indices

ARAANRAAARSARANAR AR

are defined as follows: (i) OLR-West: 20-3020-30°N, 50-8050-80°E, (ii) OLR-East: 20-3020-30°N, 86-1H+080-110°E. Here
the-indices-are-defined-onlyfor-the-ASM-This separation of convective regions in the ASM follows Randel et al. (2015), and
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our results are not sensitive to the exact separation longitude. For the OLR values shown in Fig. 8, we use the original values
instead of anomalies. Note that, while OLR is a commonly used proxy for convective intensity, it has limitations in identifying

deep convection due to its reliance on infrared measurements. These measurements can misinterpret-underestimate cloud-top

temperatures, particularly over land and for aged anvil clouds (Liu et al., 2007).
2.3 Models
2.3.1 CLaMSs trajectory module

Chemical Lagrangian Model of the Stratosphere (CLaMS) is an advanced modeling framework designed for simulating the
transport and chemical processes in the atmosphere (McKenna et al., 2002; Konopka et al., 2022). It employs a Lagrangian ap-
proach, where air parcels are tracked individually, allowing for a detailed and accurate representation of atmospheric dynamics
and chemistry. For this study, we use the trajectory module of CLaMS 2.0, which specifically focuses on the trajectory cal-
culations of air parcels (https://clams.icg.kfa-juelich.de/CLaMS/traj). The driving meteorological fields for these simulations
are from ERAS5, with 1°x 1°(latitude x longitude) horizontal resolution, 137 vertical hybrid layers and 6-hour time interval
(Hersbach et al., 2020). We perform 180-day back-trajectory calculations for air parcels, with each air parcel launched from
the precise spatial location and time corresponding to the satellite data profiles within ASM-and-NAM-For-the-the tropics. For
each August from 2017 to 2022, SAGE III/ISS dataset-we-set-the-starting-points-a itudes rangine-from-14.0-kmto 2 1.0 -km,

ely: ~provides 149, 203, and
2292 profiles for the ASM, NAM, and tropics, respectively. For each August from 2017 to 2019, MLS provides 7801, 10,223,
and 126,981 profiles for the ASM, NAM, and tropics, respectively. Taking the ASM as an example, the satelite-measurements;
aligning-the-caleulations-closely-with-the-observational-data—number of calculated trajectories is determined by 149 x 10
(profiles x levels) for the LAG single experiment (for the definition of the different model experiments see Sect. 2.3.2) and
149 > 10 x 51 (profiles x levels x ensemble trajectories) for the LAG experiment. Accordingly, the total number of calculated
trajectories for LAG_single is 1490 for the ASM, 2030 for the NAM, and 22,920 for the tropics, while for LAG, these values
increase to 75,990, 103,530, and 1,168,920, respectively. Similarly, for MLS the number of trajectories for LAG single is
39005 for the ASM, 51115 for the NAM, and 634 905 for the entire deep tropics, while for the LAG experiment these values
are multiplied by 51, resulting in significantly larger trajectory ensembles.

>

2.3.2 Water vapor reconstruction

We reconstruct water vapor concentrations by identifying the €PFcold point temperature. From the local perspective, cold
points are the lowest temperatures observed along local vertical profiles. From the Lagrangian perspective, the cold points
are defined as the minimum temperatures encountered along the back-trajectories of air parcels, after interpolating the ERAS

temperature and pressure data along the back-trajectories. The reconstructed stratospheric water vapor concentrations are cal-
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culated using the following formulas: HyOppmy = 1.0 X 106 - gy /(P — es), where the saturation vapor pressure egy is given
by egy = 10(%4“3)/100. Here, A = —2663.5, B = 12.537, CPT is the cold point temperature in K, and P is the pressure
in hPa (Sonntag, 1994).

In the following, we present the-results-of-three-results from our experiments based on three types of reconstructions: LOC,
LAG_single and LAG. (a) LOC uses the minimum temperatures along the b@Hﬁﬁpeﬁﬂﬁ&pfeﬁ%eﬁe—me%eaﬂ—GPﬂE&
Mw@mwmsmimﬂlm to calculate the reconstmctlons%ﬁkmeyemp}ey

different-methods—for-identifying-the-CPTs—. _(b) For LAG_single,
sateHite-observation-back-trajectory simulations are initialized on each measurement point in the UTLS, using the observed

altitude, longitude, and latitude of that point. Fer-AG;-we-reeonstruet-Upon obtaining the trajectories, we then find the LCP

temperatures to calculate the reconstructions at all the observation points. For the SAGE III/ISS dataset, we set the starting.
points at altitudes ranging from 14.0 km to 21.0 km, with a 0.5 km interval, For the MLS dataset, we convert pressure to
geopotential height then used the one closest to the SAGE IIIISS altitude, (c) For LAG, each measurement point from-an
is reconstructed using an even larger ensemble of trajectories by adding-initiating 50 additional starting points areund-each
observation-point-spaced-10-meters-vertically-vertically spaced at 10-meter intervals above and below the observation point;

and-then-consider-the-ensembles-of-. This results in a total of 51 trajectories, including the original one at the observation point.
The reconstruction is then based on the ensemble of these back-trajectories. For example, if the observation point is at 16.0 km

(as in the SAGE III/ISS dataset), we set the starting point at 16.0 km and add 50 more points from 15.25 km to 16.25 km, with
0.01 km (10 meters) intervalsinterval. The final reconstruction value for this observation point is calculated by averaging the

reconstruction values from all 51 back-trajectories, to enhance the vertical sampling around the original observation point. We

“The final reconstruction value is obtained

by averaging all the reconstructed back-trajectories. This dense sampling enhances the vertical resolution of the reconstruction.
WWM%C%% vertical wind shear m%heﬂtmesphefe—teﬁdﬁe—redﬁtﬂbu{eaﬂwﬂzeﬂfdﬂy
generally leads to stronger
redistribution of air parcels compared to horizontal shear. As air parcels move, they are stretched into thin and horizontally

extended layers due to quasi-isentropic flow. This #

horizontal spreading gradually dilutes the parcels and lessens the
necessity for denser horizontal sampling. Also, given the vertical resolution of MLS and SAGE II/ISS data (3 km and 2 km,

respectively), it is more important to increase the vertical sampling in our trajectory calculations to better reconstruct the water
vapor mixing ratios. For further details on-thisprocess;-we-of these processes, refer to Haynes and Anglade (1997), which
explains how differential advection in the atmosphere drives vertical mixing and stretching of air parcels.

All the back-trajectories are categorized into two groups: those that cross the tropopause s-which-represent-are referred to as
Troposphere-to-Stratosphere Transport (TST), and those that do not ;-are referred to as non-TST. TST trajectories are defined
as those with starting points (or observation points) located above 370 K potential temperature and traceable-traced back to
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below 340 K potential temperature. For TST trajectories, the reconstructed water vapor concentrations are calculated using
the W&W For non-TST trajectories, the feeeﬁs&ueﬁewwgegm values are defined as the
' sof the two: the saturation mixing ratios based
on LCP temperatures, and the zonal-monthly-climatological water vapor concentrations (MES—-at-the-from MLS at the earliest
back-trajectory endpoints(the-earliestpointsin-time).

smaller ¥4

3 Results
3.1 Performance of Lagrangian water vapor reconstruction

3.1.1 Spatial distributions

n—boreal-summer,—beoth-Both the ASM and NAM regions feature-high—water—vaper-concentrattons—within—the dFESshow

enhanced water vapor mixing ratios based on satellite observations during boreal summer. FigureFigures 1a and 1b present
the-horizontal-distribution-show horizontal distributions of water vapor in August at ~16.5 km (around 100 hPa and-pressure

level or 380 K potential temperature level) based on SAGE III/ISS and MLS satellite observations, respectively. The distri-
butions from both satellite datasets show consistent spatial patterns, with retably-high-water-vaporconeentrationsloeated-in
the-two-main-monseon-regions;-the maxima located over the ASM (15°-35-35°N, 50°-156-150°E) and NAM (10°-35-35°N,
160°-89—-80°W). The high values from SAGE III/ISS (exceeding 7 ppmv) are higher than the values from MLS (5-6-5-6
ppmv). Figure le-d-show-c and 1d present reconstructed water vapor from-Experimentl-AG-with-derived from ensemble

trajectories (Experiment LAG), where more than 80% TST-trajectories-of the trajectories are classified as TST (Sect. 2.3.2),
based on the proﬁles from SAGE II/ISS and MLS, respectlvely %&hfg&sea}eﬁa&eﬁr&m%hﬁeeeﬂsﬂueﬂeﬂs—aﬂleeﬂﬂﬁeﬂf

the reconstructions exhibit a noticeable dry bias across the entire tropics compared to the observations. Concerning the spatial
patterns, however, the water vapor distributions reconstructed from trajectories for the two satellite datasets are similar, in
particular showing elevated mixing ratios above the ASM., similar as in the satellite observations. While the elevated water
vapor mixing ratios in the ASM are captured, the observed moist anomaly in the NAM is not reconstructed from trajectories.

ies—The observed anomalies

from SAGE III/ISS in-are ~1-2 ppmyv over the ASM and NAM Flg 1efHusffa{e~Eha%dﬂﬂﬂgﬂﬂeﬂseeﬂ—seaseﬂ—wa{er—vapef

which is higher than the those from the

se-successfully captures the water vapor anomalies
over the ASM (1-2 ppmv), covering smaller area. However, the reconstruction perferms-unsatisfactorily-in-the NAM-—region;
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with-over the NAM shows an increase of less than 0.5 ppmv beingreprodueedin water vapor concentrations, with the maximum

located near the equator.
Figure 2 analyzes the vertical structure of the observed and reconstructed water vapor profiles, averaged over the three regions

of interest: tropics, ASM, and NAM. 4

water vapor profiles show a decrease in concentration from the troposphere to the UTLS region;-and-the-. The variability in
water vapor is greater in the troposphere than in the stratosphere. The reconstructed profiles partially reproduce-the-observed
enhaneemen sinboth-water vapor concentrations and-variationscapture these distinct characteristics of water vapor in both the
troposphere and stratosphere, in terms of both concentration and variability. Fhe reconstrueted-profites-exhibit

In the tropics (Fig. 2a-b), the cold point tropopause and the lapse rate tropopause are located at 16.7 km (cyan dashed

lines) and 15.7 km (yellow dashed lines), respectively. Below the lapse rate tropopause, the reconstructed profiles (blue lines
based on SAGE III/ISS show maximum dry biases of up
the UFES-2.3 £+ 2.5 ppmv at 15.5 km, while MLS-based reconstructions exhibit biases of -1.5 & 1.5 ppmv at ~15.1 km.

Within the tropical tropopause layer (between the cold point and lapse rate tropopauses), both the magnitude and variabilit

of the dry biases gradually decrease with increasing altitude. Above the cold point tropopause, the dry biases are-2-3-ppmv
decrease to -1.7 &+ 0.7 ppmv (-34% + 14%) at 17.0 km based on SAGE III/ISS, and to -0.8 + 0.6 ppmv (-21% 4+ 15%) at

~17.4 km based on MLS. Similar dry biases are-have been reported by Liu et al. (2010), who found that stratospheric water
vapor predictions for the stratospherie overworld based on the saturation mixing ratio at the Lagrangian dry point of trajectories
exhibit dry biases of up to -56-50% 4= 10%, which they attributed to missing cloud microphysics. Above 19.0 km, the biases in
the reconstructions are +-2-1-2 ppmv smaller when both TST and non-TST trajectories are considered (Fig. 251), compared to
when only TST trajectories are used (Fig. $12). The eyan-squares-black diamonds in Fig. S1 represent the percentage of TST
trajectories relative to the total number of trajectories, indicating that non-TST trajectories account for more than 95% above
19.0 km. This suggests that water vapor concentrations in the higher stratosphere align more closely with climatological values
and less with direct transport from the upper troposphere within 180 days.

Fer-In monsoon regions, the main structures of both observed and reconstructed profiles are similar to those in the tropics,

though there are some noticeable differences. From the observed profiles, UTLS water vapor concentrations in monsoon regions
are 2-4-ppmv-higher than in the entire tropics—The-enhancements-of-water-vapor-in-the ASM-from-SAGEIHASS-, especially

below the lapse rate tropopause. The anomalies of observations, compared to the average in the tropics, reach 4.5 ppmv at 16.5
km for the ASM (Fig. 2c) are-the-most-significant-exeeeding4-ppmv-a S-km-Fo i

profiles-and 1.5 ppmv for the NAM (Fig. 2¢), as derived from SAGE III/ISS observations.

In the ASM region, the tropopause layer is higher and thinner (16.6-17.1 km) compared to that in the tropics. For the
reconstructions based on SAGE III/ISS, the reconstructed profites—n-ASM profiles have substantial dry biases below_the
lapse rate tropopause, up to -4.9 £ 4.2 ppmv at 135.5 km (Fig. 2c-d). However, these biases gradually decrease with altitude,
reducing to -1.7 £ 0.8 ppmv at 17.5 km, consistent with the bias levels seen in the tropics. To further assess the vertical
performance of the reconstruction, we compare the reconstructed ASM anomalies relative to the entire tropics. At 15.5 km,
the SAGE-based reconstructions capture approximately one-third of the ASM-eapture-an-inerease-of ~+-ppmy-in-the UTES
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observed anomalies (Fig.—2e-d)s-and-the-dry-biases-inerease-to-2-5-ppmv-— 2b; right sub-panels). The agreement improves
significantly with altitude: at 16.5 km, the reconstructed anomalies account for over two-thirds of the observed values, and
290 above this level, the reconstructions approach even closer agreement. Similar results are also reflected in the MLS-based
reconstructions (Fig. 2e; right sub-panels). This shows that the Lagrangian reconstruction method performs reliably above
tropopause levels. The consistent behaviour of the reconstruction in the ASM compared to the tropics further suggests that
stratospheric water vapor above the ASM is primarily governed by the mechanisms-freeze-drying in the large-scale temperature
field (Cadvection-condensation’ paradigm, see Liu et al., 2010)—as in the tropics. In contrast, at lower altitudes in the troposphere
295  water vapor is likely more strongly influenced by other processes such as deep convection. Consistent with our findings,
Plaza et al. (2021) showed that while convection can moisten the upper troposphere, its signature could be erased by subsequent
dehydration at higher altitudes. As a result, convection plays a limited role in determining water vapor concentrations in the
lower stratosphere of monsoon regions, whereas small-scale mixing appears to be a more dominant contributor.
In the NAM, the 3 ! i ropopause layer (15.6-16.5
300 km) is slightly lower and thinner compared to that in the tropics (Fig. 2e-f);-with-biases-of 3-4-ppmv———c_and 2f). As the
altitude increases, the bias profile based on SAGE II/ISS decreases more slowly than in the ASM, with a remaining bias
of -1.8 + 1.2 ppmv at 17.0 km within the stratosphere (Fig. 2¢). Moreover, the fraction of the observed anomaly captured
by the reconstruction is considerably lower in the NAM compared to both the ASM and the tropics (Fig. 2¢ and 2f; right
sub-panels). The distinct structure of the tropopause layer and the corresponding reconstruction performance in the NAM
305 suggest that considering only the freeze-drying effect by advection through the large-scale temperature field (as represented
in the Lagrangian reconstruction method) is insufficient to explain the moist anomaly in the NAM region. Hence, further
processes like convection, mixing. and ice microphysics are likely to play a more significant role in stratospheric water vapor

variability in the NAM.
Comparing the profiles from SAGE III/ISS (left) with those from MLS (right), the higher vertical resolution profiles from

310 SAGE III/ISS show more strongly enhanced water vapor concentrations and clearer peak values in the UTLS for the entire
tropies;ineluding-the-monsoonregions—espeetally-in-three regions of focus, especially the ASM. Additionally;-the-The recon-
structions based on SAGE III/ISS and MLS resemble each other

. The SAGE III/ISS dataset, with its higher vertical resolutioncompared-to-MLES, captures more features of water vapor varia-

315 tions in the UTLS, while MLS may lose information due to its-coarsertayerslower vertical resolution. However, the limited and

uneven sampling of SAGE III/ISS might restrict its ability to reveal spatial features, which could alse-be the main reason for the

slight differences between the reconstructions based on the two datasets. Sthedf&gﬂe%ed»dfybra%e%ﬁﬁhefeeeﬂ%metedw\fﬁef

320
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3.1.2 Lagrangian versusleeal-reconstruction sensitivities

To assess the performance of the reconstructions from different experiments, we present the correlation coefficients between

325 observed and reconstructed water vapor concentrations in Fig. 3. Thex-axis-in-eachplot-shews-the length-of-the-backward
period-used-for-the-trajectory-caleulations—In addition to EAG-the Lagrangian reconstruction using cold point temperatures
from ensemble trajectories (LAG) based on both SAGE III/ISS and MLS datasets, we inchide-also include the reconstruction
using cold point temperatures from individual trajectories (LAG_singleand -O€) and the reconstruction using local cold point
temperatures (LOC) only based on SAGE III/ISS te-compare-tocal-and-lagrangian-methods—profiles. This allows a direct

330  comparison of the Lagrangian methods with the local perspective. Note that the x-axis in each plot shows the length of the

The reconstructions from LAG exhibit the highest correlation with observations, followed by LAG single, while LOC
shows the lowest correlation coefficients: -0.12 in the troplcs 0.07 in the ASM, and -0.17 in the NAM—fHd—te&Hﬂg—fh&{

it-is-not-the-. ng@vuwmy&local cold pomt ha

335

WWWW%W&MWMM%WMW
- Similarly, smaller trajectory ensembles (LAG_single) —Fhis i
have limited accuracy, as ftrajectory reconstructions are highly sensitive to the initial pesition—of-the—air—pareel-air parcel
340 position and small variations in the-ERAS-wind and diabatic heating fields. As—a—result—the-uneertainty—in—thepareel’s

s—By averaging over these-ensembles-larger

trajectory ensembles (LAG), the reconstruction becomes more robust and accurate, as—it-better—captares—theunecertainties
inherent-effectively capturing the inherent uncertainties in the system. For EAGthe results based on MLS and SAGE III/ISS,

345 changing the dataset does not significantly affect reconstruction performance across the three regions. This suggests that the

results based on SAGE III/ISS are generally representative and reliable for the ebjeetives-purposes of this study, despite its
tess-lower horizontal and temporal sampling compared to MLS. Mefeever—%h&eempaﬁseﬁefes&fhe—mfee—fegﬂﬁ—shews

350 The reconstruction of water vapor using the Lagrangian method aims to find the minimum saturation mixing ratio along
the trajectory, and therefore the backward time length of the simulation might influence the results. As shown in Fig. 3,
all Lagrangian experiments display a consistent increasing trend in correlation coefficients as the backward calculation time
increases. For instance, in LAG (SAGE III/ISS), the correlation coefficients for the ASM region increase from 0.53 (with a 60-
day backward period) to 0.69 (with a 180-day backward period), and from 0.43 to 0.75 for the NAM. The most rapid increase

355 occurs when extending the backward period from 60 to 120 days. These significant improvements in the reconstruction suggest

that UTLS water vapor concentrations in August are partially influenced by processes from boreal spring or even winter, with
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a-potentially-stronger-influenee-particularly at higher altitudes, as-air-parecels-at-theseevels-typically-require-longer-backward
periods-to-trace-back-to-the-CPT -
where the time periods elapsed since air parcels had encountered their LCPs may be months. Such delayed influence
is also well-known in the context of the atmospheric ’tape recorder’, where water vapor anomalies imprinted at the cold
oint propagate upward due to the weak tropical upwelling (Mote et al., 1996). Within the ASM anticyclone, weak mixin
allows this memory effect to be preserved along upward-moving trajectories, which is also referred to as 'upward spiraling’

Vogel et al., 2019).

In general, it is known that the Lagrangian temperature history is necessary to explain the dehydration process in the tropical
tropopause layer and the observed dryness of the lower stratosphere (Fueglistaler et al., 2005). However, in the Northern
hemisphere monsoon circulations the air masses are confined to some degree and it is not clear per se if dehydration and
moistening processes are controlled more strongly by local processes (e.g., convection in the monsoons). To investigate this
question, Fig. 4 d-i-represent-the-saturation-values-atLagrangian-CPTs—

Consistent-with-the results in-Fig—3shows correlations of the SAGE III/ISS and MLS water vapor values observed in UTLS
against local cold point temperatures and against LCP temperatures, respectively. Clearly, the correlation between observed

water vapor concentrations and local EPFs-from1=0€-cold point temperatures is very weak (Fig. 4a-e)is-very-weak—The-a—c),
and the saturation values calculated using local €PTs-cold point temperatures (grey points) show large moist biases compared

to observed values: 15.14 ppmv on average in the tropics, 6.16 ppmv in the ASM, and 13.48 ppmv in the NAM. In contrast, the

the-correlations between water vapor concentrations and Lagrangian-€PTs-LCP temperatures are much stronger, ranging from
0.60 for the ASM based on the SAGE III/ISS dataset (Fig. 4e) to 0.78 for the NAM region (Fig. 4f). Netably;-theseatterplots

{Fig—4d;—=)The reconstructed water vapor biases are also significantly reduces to ~1-2 ppmv (but dryer) on average for all

regions.

Hence, we find a similarity between the monsoon regions and the deep tropics regarding the correlation between observed
lower stratospheric water vapor mixing ratios and LCP temperatures, but not with local cold point temperatures derived from
reanalysis. This suggests that i i i r-dehydration in these re-
gions is likely the-same-as-thatfor-the-entire-tropiesgoverned by non-local processes associated with large-scale transport.
However, we note that overshooting convection—often considered a direct injection mechanism for water vapor into the lower
stratosphere—is a sub-grid scale process not fully resolved in reanalysis. Therefore, using local cold point temperatures may.
underestimate the impact of such events. and the weak correlation with local temperatures might not entirely rule out the role
of local processes in monsoon regions.
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The regression lines for observations versus Eagrangian-CPTs-LCP temperatures (blue lines) in Fig. 4d--d—i all have smaller
slopes than those for the saturation mixing ratios (grey lines), likely due to the influence of points above 19.0 km. The-slopes-of

theregresston-linesfor-the-Above this altitude, air is more likely to be well-mixed within the stratosphere, making water vapor

395 concentrations less correlated with LCP temperature and more representative of climatological moisture conditions (Fig. S1).
The ASM and NAM based-on-theregression slopes from SAGE III/ISS dataset(Fig. 4e-f)-are-more-aligned-with-e—f) are closer
to the saturation slopes, likely due to less sampling at high altitudes. As-altitude-inereasesMoreover, tracing air particles-baek

A Ore—HRecrtsntiec—in—determinine P A

400

405

410

415

introduce greater uncertainties in LCP determination.

420 3.2 Locations of the Lagrangian Cold-Pointscold points

The Lagrangian reconstruction not only aHewsfer-the-reconstruetion—ofreproduces observed water vapor values but also
provides-insights-into-the-atmospherie-traces the regions where dehydration has-occurred—Sineerelevant-dehydration-seems

to-have—taken—occurred before reaching the observation points. Since dehydration events can take place weeks to months
before-the-observation-timeearlier, it is valuable-to-determine-the-regions-of-strongest-dehydration-and-whether-these-region

425 are-strongly-localized-or-more-homogeneousty—crucial to identify the dominant locations of these events and assess whether
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they are concentrated in specific regions or more broadly distributed across the tropics. Utilizing all back-trajectories (from
experiment LAG), we trace the observations back to the specific locations of their Lagrangian-celd-pointsLCPs. Given the large
number of such trajectories, we calculate the spatial distribution of these locations using probability density functions (PDFs).
The scatter plots of the Lagrangian-cold-pointloeationslocations of LCPs are shown in Fig. 6a-¢-5 (with colors denoting the
reconstructed water vapor values), and the corresponding PDFs are presented in Fig. 6e-h.

The results from the SAGE III/ISS and MLS datasets show similar patterns for both monsoon regions. In the ASM region
(Fig.6a-b); agrangian—cold-points- Sc—d), LCPs are spread across the 6-300-30°N zonal band, with most dehydration points
situated in the ASM region and some extending into North Africa and North America. According to the PDF of the Lagrangian
eold-peints-LCPs in Fig.6e-f 6¢c—d, most of the Lagrangian-cold-points-LCPs are located over India and the Bay of Bengal,
around 10°-36-30°N, 70°-95-95°E, indicating the primary origin of reconstructed water vapor in the ASM. The-For the top
10% of the highest reconstructed water vapor concentrations (exceeding ~6 ppmv), the LCPs are concentrated in the same
region (red contour lines), slightly displaced towards higher latitudes. This suggests that the increased water vapor in the ASM,
as determined by the reconstruction method, is primarily attributed to dehydration processes occurring in the vicinity of the

monsoon over Asta—South Asia. According to Konopka et al. (2023), the "dehydration carousel’ mechanism within the ASM
anticyclone plays a key role in shaping the distribution of water vapor entering the stratosphere, that is, while deep convection
supplies moisture to the upper troposphere, the coldest regions near the monsoon’s southern vicinity act as primary dehydration
sites. Air parcels that undergo dehydration in these regions can later be transported within the anticyclone and ascend into the

stratosphere, contributing to the observed high water vapor concentrations in the lower stratosphere.
The backward time length required for air parcels observed at 16.5km to reach these Eagrangian-cold-points LCPs is shown

in Fig.S2a-b S2a-b, indicating that the dehydration processes occur over a timescale of days to weeks before the air parcels
reach the observation points. Other Lagrangian-cold-pointsLCPs, located further away and with lower reconstructed water
vapor concentrations (+-5-1-5 ppmv), correspond to longer time periods (+-6-1-6 months) between the dehydration event and
observation. While these air parcels with low water vapor air-pareels-are not the primary factor for the monsoon moist anoma-
lies, their contribution to the final-reconstructions-water vapor budget highlights the need to extend the simulated backward
time period, especially considering the improvements in correlation coefficients shown in Fig.-3-— 3. These findings reinforce

the idea that the ASM anticyclone serves as a crucial transport pathway for air into the stratosphere, while dehydration near its
For the NAM region (Fig. 6e-d);signifieantseatteris-5e—f), a significant number of LCPs are observed across North America;
with-overall-patterns-extending-throughout-the-0-30. Remarkably, the region of occurrence of LCPs extends throughout the

0-30°N zonal band ;inctuding-into-Sonth-Asta—Surprisinglythe-even into southern Asia. The PDFs in Fig. 6g-h-e—f indicate
that the primary dehydration center is in the ASM region, meaning that most air parcels in the NAM UTES—-experienced

dehydration in Seuth-southern Asia. Focusing on the top 10% highest reconstructed water vapor concentrations (Fig. 6g-he—f),
we identify two leading centers for the Lagrangian-cold-pointsLCPs. One center remains-in-Seuth-is located in southern Asia,
a similar region to the ASM dehydration center but displaced slightly southeastward. The other, more significant center is near

the NAM itself, which is likely the main contributor to the increase in reconstructed water vapor concentrations in the NAM.
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This suggests that the increase in reconstructed water vapor concentrations in the NAM region is primarily influenced by local
tropopause temperatures, with additional moisture contributions from transport from Seuth-southern Asia. In the trajectory
simulations, the average backward period required to trace observed air parcels back to their Eagrangian—<coldpoints LCPs
for the NAM is ~45 days (Fig. S2e-dc—d). This indicates that the temperatures used to reconstruct the water vapor at those
465 Lagrangian-cold-points-LCPs are partially from June or even earlier, which are lower than the temperatures in August, leading

to lower reconstructions.

LCPs for the tropics (Fig. 5a-b) resemble an ensemble of those found in the ASM and NAM, suggesting that dehydration
470  predominantly occurs near the monsoon regions. Spee i i 2 i

475 tonr—Additionally, the PDFs for the tropics

Fig. 6a—b) show that LCPs are highly concentrated in southern Asia, even when considering only the top 10%, reinforcing the
significance of southern Asia as a major dehydration center of the monsoon regions.

4 Di ionI . . ! .

3.1 Lagrangian reconstruction and convection

480 To-We further investigate the

ionrelation between the dry bias

in the reconstructions and convection as a potential moistening process. Therefore, we follow recent studies (e-g-Randelet-als2045; Pefia-€

MMM&Wwd use OLR as a proxy for convection —We specifically-analyze-the potential

r-intensity, with high OLR values corresponding to weak
convection and low OLR values corresponding to strong convection. Note that while OLR is a commonly used proxy, it has

485  limitations—it primarily captures cold cloud tops and may miss warm-topped or thin convection, leading to potential biases

in certain regions or conditions (e.g., Liu et al., 2007). Randel et al. (2015) used MLS observations from May to Septem-
ber (2605-26432005-2013) to obtain time series of UTLS (100 hPa) water vapor concentrations abeve-in the ASM, sepa-

rating specific wet and dry phases to reveal the corresponding anomalous ©ER-convection patterns. Their findings indicate
that OER-anomalies-exhibit-a—convection exhibits a west-east dipole structure over the whole ASM region. The deerease
490 in-OLR-anomalies—(indicating-strong-conveetion—)-strong convection over the eastern part of the dipole (20-3020-30°N,
$0-1080-110°E) corresponds to the-dry-phase-a dry phase in the ASM UTLS (i.e. low UTLS water vapor mixing ratios
over the whole ASM) and vice versa. We conduct a similar analysis to derive OLR indices and then composite water vapor

concentrations within the entire ASM region (15-35°N, 60-140°E) for observations from SAGE III/ISS and the reconstruc-
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tions. Two OLR indices are defined according to the dipole structure—: an OLR-West and-index quantifies convection intensit

in the western part, while an OLR-East index quantifies convection intensity in the eastern part of the ASM (Sect. 2.2)—and
._These indices are used to select days with high-OER«relatively weak convection (OLR > 1.5 standard deviations) and
tew-OERstrong convection (OLR < -1.5 standard deviations). The west-east shifts in convection, as reflected in these OLR

indices, may be related to different modes of the ASM anticyclone (Honomichl and Pan, 2020).

Figure 7 shows-presents water vapor observations and reconstructions averaged over the G—Jré}ﬁay%feﬂewmghfghﬁ&nd
52010 days following
strong and weak convection events. %ﬁ%ﬂ%ﬂ%ﬁ%@%ﬂwﬁw@%ﬂm@w@w
convection intensity in the eastern part of the ASM reveal that observed water vapor mixing ratios are drier for strong-convection
@m%lmmebw %%ﬂ%&w%%%ﬁw@feﬂw#@%*%ﬂg
17.5 km (Fig. 7a). This
mmm&@&wmm&&m&mm
part of the ASM show the opposite Hg : trend:
composited water vapor concentrations for strong-convection periods are higher than those for weak-convection periods below
17.5 km (Fig. 7b). Our results m%mmm that strong convection in the

eastern part of the ASM is associated with

UTLS, whereas a westward shift of strong convection is associated with meistening-of-the-a moist UTLS.
The right panels of Fig. 7 shewfhe—fesu}f&fe%dwigg/ﬂgwg\reconstructed water vapor profiles. Hsiﬂge%fhe%fh&QI:R-East

WMWWW%Wt
response to changes in convection intensity compared to the observations. This finding suggests that the reconstruction is
not capable of catching the influence of the west-east shift nor-the-intensity-of-convection-has-a-substantial-impaect-on-the
reconstruetionsof convection in the ASM region. Fhis-finding-indicates-that These differences between the reconstruction and
observations concerning the effect of convection in the ASM region highlight a key limitation of the simple Lagrangian water
vapor reconstruction methodfails-to-eapture the-; while it effectively represents large-scale dehydration and transport processes,
it struggles to accurately represent convective moistening and dryingprocesses-associated-with-convection-and-ice-injection
in-the-monseon—regions, along with localized processes in the upper troposphere. This limitation may-be-due-to-ERAS’s

—is also evident in Fig. 2b, where the reconstructions
exhibit increasing dry biases from less than 2 ppmv in the stratosphere (above 17.5 km) to a maximum of 5 ppmv in the

troposphere (15.5 km).

Figure 8 further examines the relation between convection intensity (based on the OLR-indices defined above) and the biases

in reconstructed water vapor concentrations at 16.5 km based on SAGE III/ISS. Overall, convection in the eastern
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part of the ASM is stronger (OLR 200-230 W/m?) than in the western part of the ASM (OLR 240-280 W/m?). However, no
530 significant correlation of the reconstruction bias to convection in the eastern monsoon region is found (Fig. 8a), suggestin
that eastern convection does not significantly impact the reconstruction performance. In contrast, convection in the western
monsoon region exhibits a significant correlation with the reconstruction bias. with a correlation coefficient of 0.73 (Fig. 8b).
Despite being weaker than eastern convection, western convection has a stronger influence on the biases, leading to increased
dry biases in the reconstructions following periods of strong convection. This pattern is also evident when comparing Fig. 7b

535 and 7d. In addition, the correlation between reconstructed biases and convection intensity in the western monsoon region

OLR-West index) varies with altitude, with correlation coefficients of 0.47, 0.73* (with a star indicating statistical significance

at the 95% confidence level based on the Student’s t-test), 0.46, and 0.24 from 16.0 km to 17.5 km (with 0.5 km interval). With
the exception of 16.5 km, the correlations at other levels do not pass the significance test. The correlation maximum at 16.5
km highlights the relevance of convection-driven processes near the tropopause. We attribute this altitude-dependent behavior
540 to different atmospheric regimes: at and below 16.5 km. convection has a stronger influence, whereas above 17.0 km, the
Lagrangian reconstruction becomes less sensitive to convection and is dominated by large-scale transport and the trajectory.

545 4 Discussion

and Fig. 4-and1)2, the reconstructions exhibit a consistent d
bias (~1.5 ppmv) above the cold point tropopause in both the ASM region and throughout the broader tropics. A similar dr

bias has been reported by Liu et al. (2010), who suggested that incorporating cloud microphysical processes could significantl

550 reduce this bias by relaxing the assumption of instantaneous dehydration to the saturation mixing ratio. Similarly, Schoeberl et al. (2013

implemented a Lagrangian cloud model that simulates the conversion of excess water vapor to ice, and setting parcels to
saturation within convection zones. They showed that including such simplified Lagrangian cloud model improves agreement
with MLS observations. Also other studies have shown that a simple allowance for supersaturation at LCPs can substantially
WMM&M However, despﬁﬁhiﬁffeﬂgfeffelaﬂmﬁhe%eeﬂsfme&eﬂs

‘while effective,

this approach remains a simplified representation of the complex microphysical processes that influence dehydration efficiency,
as well as of other small-scale processes like turbulence and mixing (Poshyvailo et al., 2018). Such underrepresented processes
can contribute to the dry bias in our reconstructions.

While the simplified Lagrangian method performs well in reconstructing the moist anomaly in the ASM, it struggles with
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suggesting that different mechanisms may be at play in this region. Previous studies indicate that, in boreal summer, the ASM
is characterized by a strong anticyclonic circulation at 100 hPa, along with a smaller, approximately symmetric anticyclone in
the Southern Hemisphere subtropics, which can be explained by the dynamical structure of the Gill response (Park et al., 2007),
- In contrast, the geopotential height over North America at 100 hPa exhibits no such structure, highlighting a fundamental
difference between the NAM and ASM from a large-scale circulation perspective. Also. studies by Smith et al. (2017) and
O’Neill et al. (2021) show that frequent deep convection over North America and particularly intense convective events, can
transport water vapor into the lower stratosphere. These findings suggest that deep, potentially overshooting convection might
play a more crucial role in the UTLS water vapor budget in the NAM compared to other regions and may be the primary driver

of the large biases observed in Lagrangian reconstructions.
Additionally, as suggested by our trajectory simulation results, the-long-range transport from Seuth-southern Asia to the

NAM region appears to significantly influence NAM water vapor concentrations;meaning-that. On the one hand, the significant

fraction of air masses experiencing dehydration over southern Asia before reaching North America implicates the dominant
role of the Asian monsoon in controlling the moisture entering the stratosphere during boreal summer, which is consistent with
previous studies (Fueglistaler et al., 2004; Ploeger et al., 2013). On the other hand, the limited performance of the reconstruction
for the NAM may be attributed to errors in ERAS wi ‘ 3565 ' ' iases
Hemeyer's findings-emphasize-the role-winds, which can introduce biases in transport modeling, and diabatic heating rates.
Additionally, the presence of multiple, competing mechanisms within convection events ;—which-may—complicate-the-may
further complicate the accurate representation of long-range transport effeets—in-models—Furtherinvestigation—of-other-in
models (Homeyer et al., 2024).

Moreover, previous studies have shown that trajectories computed with 6-hourly reanalysis data exhibit transport errors
and warm biases of cold point tropopause compared to those calculated with higher temporal resolution (1-hourly) data

Pisso et al., 2010; Bourguet and Linz

2022). These biases could lead to inaccuracies in simulating dehydration processes and

3

ultimately impact the reconstructed water vapor distribution. Investigating additional tracers originating from Asia could help
to-elarify-whetherthe-assess whether long-range transport from Asia to the NAM region and its remote influence on NAM

water vapor levels is-aceurately-represented—
are accurately captured in current trajectory-based reconstructions.

5 Conclusions

This study investigates the performance of Lagrangian reconstructions of UTLS water vapor in the boreal summer monsoons
over Asia and North America. The reconstructed water vapor fields are evaluated using SAGE III/ISS and MLS observations
with SAGE III/ISS providing higher vertical resolution and revealing finer-scale structures in the UTLS. Our results demonstrate
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the effectiveness of the Lagrangian method in capturing tropical UTLS water vapor variations and structures, with improved
performance from the tropopause upwards.

Qverall, the Lagrangian approach, including the temperature history of air masses, is found to be equally effective in
reconstructing water vapor mixing ratios in the Asian monsoon as in the deep tropics. Given that most air parcels undergo
dehydration in the southern vicinity of the ASM, we conclude that UTLS water vapor concentrations in the ASM are largely.
governed by large-scale transport through the cold tropopause in this region. A systematic dry bias in reconstructions in the
ASM of approximately 1.5 ppmv is similar to dry biases found previously for lower stratospheric water vapor in the deep
tropics. Nevertheless, the Lagrangian reconstruction reproduces the anomalies of stratospheric water vapor mixing ratios in
the ASM well and captures more than two-thirds of the observed moist anomalies. Reconstructions using larger trajectory.
ensembles for each satellite observation point show significantly better performance compared to reconstructions based on
smaller ensembles.

Conversely, the Lagrangian method fails to reproduce the observed moistening in the NAM region. The ERAS-driven
trajectory simulations suggest that while the highest UTLS water vapor concentrations in the NAM are primarily controlled
by local tropopause temperatures over America, most air masses in the NAM region are remotely influenced by long-range
transport from southern Asia and the associated tropopause temperatures there. We hypothesize that the failure of the water
vapor _reconstruction in the NAM UTLS is likely due to an underestimation of local moistening processes such as deep
convection and ice injection, which are not explicitly included in the reconstruction method. Additionally, errors in the
cross-Pacific long-range transport could be another factor affecting the particularly large dry bias in the NAM reconstructions.
Finally, based on analyses of convective variability, using outgoing longwave radiation as an indicator of convection, we
assessed the impact of convection on UTLS water vapor variability and on the bias in the Lagrangian reconstructions. Based
on observations from SAGE III/ISS we can confirm the findings of Randel et al. (2015) which show that strong convection
in_the eastern part of the ASM leads to UTLS drying, whereas a westward shift of convection results in UTLS moistening.
Correlation analyses reveal that the biases in Lagrangian reconstructions are significantly linked to the intensity of convection
in the western region of the ASM, with stronger convection associated with increased dry biases. In contrast, no clear influence
on the reconstruction bias is found for convection in the eastern part of the ASM. Hence, it is likely the underestimated
moistening effect of ice injection of convection in the western region of the Asian monsoon which controls the dry bias of
Lagrangian reconstructions in the ASM. Investigating similar connections between model dry biases and convective intensity.
in other regions appears promising for improving simulations of the UTLS moisture budget.
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Figure 1. Horizontal distribution of water vapor concentrations and anomalies in August. Observed water vapor (H20) concentrations
(a-ba—b), the reconstructed concentrations of Experiment LAG (e-dc—d) and corresponding anomalies (e-he—h) based on SAGE III/ISS at
16.5 km (left) and MLS at ~ 16.3 km (right). The anomalies are calculated by subtracting the average values of the entire tropics (35°S to
35°N). Grey boxes in each subplot show the defined area of ASM (15°-35-35°N, 50°-+56-150°E) and NAM (10°-35-35°N, 160°-86-80°W).
Reconstructions in this figure use both TSTs and non-TSTs, the portions of TST are shown with upper right strings of e-d-c—d and g-hg-h.
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Figure 2. Vertical profiles of water vapor (H0) concentrations in August. For each subplot, it shows observed water vapor concentrations
(grey dotted lines), reconstructed concentrations of Experiment LAG (red-coral lines, inctuding-both-FSFs-and-non-FSFsTST-only) s-and the
bias between them (reconstructed values stbstractsubtract observed values, blue lines). Upper, middle and lower columns show the averaged
values in the tropics (35°5-35S—35°N), ASM and NAM, from SAGE III/ISS (left panels) and MLS (right panels). The cyan horizontal dashed
lines indicate the position of the climatological cold point tropopause in August, while the yellow horizontal dashed lines represent the lapse
rate tropopause defined by WMO. Both tropopauses are derived from ERAS reanalysis. For the ASM (b, ¢) and NAM (¢, ), the gray bars in

by subtracting the corresponding mean values in the tropics, as shown in (a) and (d).
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Figure 3. Correlation coefficients between observed and reconstructed water vapor concentrations (TST-only). Upper, middle and lower
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Figure 4. Scatters of water vapor (H>0) concentrations (TST-only) vs €ry-cold point temperatures. Left: water vapor concentrations from
SAGE III/ISS vs local dry—cold point temperatures (Experiment £6eLOC). Middle: water vapor concentrations from SAGE III/ISS vs La-
grangian dry-cold point temperatures (Experiment LAG based on SAGE III/ISS). Right: water vapor concentrations from MLS vs Lagrangian
dry—cold point temperatures (Experiment LAG based on MLS). Coloured points indicate the observed water vapor concentrations with the
colour showing altitudes of the points. Grey dots represent reconstructed concentrations (saturation). The legends show the correlation

coefficients and stars indicate statistical significance at the 95% confidence level based on the Student’s t-test.
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Figure 5. Horizontal distributions of the locations of the Lagrangian cold points (LCPs) used for water vapor (H>0) reconstruction at 16.5

km, derived from Experiment Eag-and-theirprobabitity-densityfunetions(PBFs)LAG. The locations of the LCPs are shown with colors
representing the reconstructed water vapor concentrations, with starting points in A-SM-the entire tropics (a, b)ard-NAM-, ASM (c, d) and

NAM (e, f). The scatters are plotted in ascending sequence according to the values of reconstructions. The blue contour lines #-a-é-represent

the-CPFs-at-a cold point temperatures of 192 K. The

panels (a, c, e;g) show results based on SAGE III/ISS, while the right panels (b, d, f-}) show results based on MLS data. The black boxes

indicate the original regions of starting points.
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Figure 6. Vertieal-profiles- Probability density functions (PDFs) of the influenee-locations of eonvention
th tof; setLagrangian cold points (LCPs) in Fig. 5. The

sPD

Fs are presented for the entire tropics (weak-conventioma, tow-OER-days{strong-conveetionb),

W tndiees < -ASM (ac, d) and western—part_NAM (b)—Right-panels—show
econstructed-waterva ilesavera uring-high ayse, low-OER-daysf), and-with red contour lines representing the differenee;
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(a) ASM: Obs H,0 (OLR-East)

(c) ASM: Re H,0 (OLR-East)

20 4 =®- Obs H,0 (weak conv.) | —®- Re H;0O (weak conv.)
Obs H,0 (strong conv.) Re H,O0 (strong conv.)
--k- Diff (strong - weak) --k&- Diff (strong - weak)
191 K ' L9
2 'S A
] C ‘, b 1
g 18 - § \ . ; <
2 i @ i ¢
=] H H ] |
< 171 A . '
R\ AR
AT A
..' 1 \\ A b
16 A ... - A >
e e n &
15 ; i , , , , i , , ,
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20
(b) ASM: Obs H,0 (OLR-West) (d) ASM: Re H,0 (OLR-West)
20 1 A ¢ . A ®
P i
A9 49
19 A (" - FO )
T A9
€ r\ * 9
V4
%1 b j b
o " Lo
£ T A oe
= M 1 I b
<174 hTe : A
1 [} (M )
A ¢ A
16 - LA & - A &
i RERY 1 1
i oA A ¢
15 ; i , , , , i , , ,
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20
H,0 (ppmv) H20 (ppmv)

Figure 7. Vertical profiles of water vapor (H>O) concentrations under the influence of convection within the ASM region, based on SAGE
III/ISS dataset. The left panels show observed water vapor profiles averaged during weak-convection (high-OLR) and strong-convection

low-OLR) days, along with their differences, for OLR-West (a) and OLR-East (b) indices, where OLR is averaged over the western and

eastern regions, respectively. Right panels show reconstructed water vapor profiles averaged during weak-convection days, strong-convection
days, and their differences, for OLR-West (¢) and OLR-East (d) indices. Same as in Fi

. 2, the cyan and yellow horizontal dashed lines

indicate the positions of the climatological cold point tropopause and lapse rate tropopause in August, respectively.
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Figure 8. Scatter plots of OLR (convection intensity) versus biases in reconstructed water vapor concentrations (SAGE III/ISS) at 16.5 km for

the ASM. Panels (a) and (b) correspond to results using OLR-East and OLR-West, respectively. The biases are half-monthly averaged, while

OLR values are first averaged over the 0—10 days preceding each date and then half-monthly averaged. The legends display the regression
line equations and correlation coefficients, with a star indicating statistical significance at the 95% confidence level based on the Student’s

tetest.
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