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Abstract. We
:::
The

::::::::::
upper-level

:::::::::
anticyclone

:::::
above

:::
the

:::::
Asian

:::::::
summer

::::::::
monsoon

::::::
(ASM)

::::::
greatly

::::::::
influences

:::::::::
variations

:
in
:::::::::::
stratospheric

::::
water

::::::
vapor,

::::::
which

::
in

::::
turn

::::
have

:::::::::
significant

::::::
effects

:::
on

:::::::
climate.

:::
An

:::::::::
impending

::::
data

:::
gap

:::::::::::
underscores

:::
the

::::
need

::
to
::::::::

evaluate
:::
the

::::::::
reliability

::
of

::::::
recent

:::::::::
reanalysis

:::::::
products

::
in
::::

this
::::::
region.

:::::
Here,

::::
we describe three leading modes of deseasonalized water va-

por variability in the tropopause layer (147–68 hPa) above the Asian summer monsoon (ASM) based on Aura Microwave

Limb Sounder (MLS) satellite observations and five meteorological and composition-focused reanalyses
::::
ASM. The first mode5

, which describes regional-scale moist or dry anomalies
:::
that

:::::
peak

::
in

:::
the

:::::
lower

::::::::::
stratosphere on interannual scales, is separated

into a .
:::::::::
Separating

::::
this

:::::
mode

::::
into

:
linear trend and detrended interannual variability. Although the reanalysis products all

show an increasing trend in tropopause-layer water vapor over 2005–2021,
::::::::::
components,

:::
we

::::
find

::::
that

:
the spatial pattern

and sign of the trend disagree between Aura MLS and the reanalyses. The regional water vapor budget indicates that the

reanalysis
::::::::::
observations

:::
and

::::::::::
reanalyses.

:::::
These

::::::::::::
discrepancies

::::
arise

:::::
from

:::::::
different

:::::::::
responses

::
in

:::
the

:::::
upper

::::::::::
troposphere

:::::::
despite10

:::::
broad

::::::::
agreement

::
in
:::
the

:::::
lower

:::::::::::
stratosphere.

::::::::
Regional

::::
water

:::::
vapor

:::::::
budgets

::::::
suggest

::::
that

:::
the

:::::::::::
stratospheric trend originates outside

the monsoon region, beyond the domain of our analysis
:::
our

:::::::
analysis

::::::
domain. Interannual variability is otherwise consistent,

arising
::::
more

:::::::::
consistent,

:::
and

::::::
arises mainly from the pre-monsoon influence of the quasi-biennial oscillation. The second mode

features anomalies arcing from the southwestern to northeastern quadrants
::::::
around

:::
the

:::::::
northern

::::
flank

:
of the anticyclone coupled

with weaker opposing anomalies in the southeast, while the third mode features a horizontal dipole oriented east-to-west. These15

two modes often vary in quadrature due to the influences of
::
as quasi-biweekly waves on deep convective activity

::::::::
propagate

:::::
across

:::
the

:::::
region, but also appear

:::
vary

:
independently when other modes of convective variability manifest in similar centers of

action. Although questions remain regarding
:::::
areas.

::::::
Despite

::::::::
lingering

::::::::
questions

:::
on the linear trend, mean biases, and the weak

and possibly adverse influence of data assimilation
::::
data

::::::::::
assimilation

::::::
effects, the consistency between Aura MLS

::::::::::
observation-
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and reanalysis-derivedmodesof variability in UTLS watervaporin thisregionshowsthatatmospheric
::::::::
variability

:::::::::::
demonstrates20

:::
that reanalyses are increasingly able to capture the processes controlling water vapor near the tropopause.

1 Introduction

Although water vapor is much less abundant in the stratosphere than in the troposphere, changes in the distribution and amount

of stratospheric humidity have important in�uences on stratospheric chemistry and the global radiative balance (Forster and

Shine, 1999; Solomon et al., 2010; Riese et al., 2012; Dessler et al., 2013; Maycock et al., 2013; Banerjee et al., 2019). Strong25

deep convection and the upper-level circulation associated with the Asian summer monsoon (ASM) produce clear signals in

lower stratospheric water vapor and other constituents during boreal summer (e.g. Milz et al., 2005; Park et al., 2007; Santee

et al., 2017; Kumar and Ratnam, 2021), and many studies have emphasized the importance of transport through this region to

humidity and composition in the lower stratosphere (e.g. Dethof et al., 1999; Bannister et al., 2004; Gettelman et al., 2004;

Fueglistaler et al., 2005; Wright et al., 2011; Ploeger et al., 2013; Pan et al., 2016; Nützel et al., 2019; Yan et al., 2019).30

Lower stratospheric water vapor (LSWV) above the ASM is primarily controlled by temperatures near the tropopause (James

et al., 2008; Randel et al., 2015). However, very deep convective storms can substantially raise LSWV concentrations lo-

cally (Ueyama et al., 2018; Lee et al., 2019), and may also be a source of variations in water vapor above the tropopause at

longer time scales (Brunamonti et al., 2018, 2019; Singh et al., 2021). Despite much progress in recent years, uncertainties

remain regarding the relative in�uences and interplays among convective transport, the large-scale circulation, and thermody-35

namic structure near the tropopause in controlling humidity and composition in the upper troposphere and lower stratosphere

(UTLS) above the ASM.

The seasonal cycle and interannual variability of LSWV in the tropics are intrinsically linked to variations in temperature at

and around the tropical tropopause (Mote et al., 1996; Randel et al., 2006; Liu et al., 2010; Schoeberl et al., 2012), with the

coldest temperatures encountered during transit effectively determining how much water vapor enters the stratosphere (Gettel-40

man et al., 2002; Fueglistaler et al., 2005; Randel and Jensen, 2013). Focusing on the 100 hPa isobaric surface, Randel et al.

(2015) reported that variations in LSWV above the Asian summer monsoon (ASM) are also controlled mainly by variations

in temperatures and the large-scale circulation. The most in�uential circulation system in this sense is the upper-level mon-

soon anticyclone, for which the coldest temperatures are concentrated along the southern �ank over the Bay of Bengal and

northern India (e.g. Wright et al., 2011; Zhang et al., 2016).
::::
This

:::::::::
upper-level

:::::::::::
anticyclonic

::::::
vortex,

:::::
which

:::::
forms

::::
due

::
to

:::::::
diabatic45

::::::
heating

:::::::::
associated

::::
with

::::
ASM

::::::::::
convection

:::
and

:::
the

::::::
Tibetan

:::::::
Plateau

:::
and

:::::
spans

:::::
more

::::
than

::::
100°

::::::::
longitude

::
at

::
its

:::::
peak (Hoskins and

Rodwell, 1995; Garny and Randel, 2013; Siu and Bowman, 2019)
:
,

:
is

::::::::
bounded

::
by

:::
the

::::::::::
subtropical

:::::::
westerly

:::
jet

::
to

:::
the

::::
north

::::
and

::
the

:::::::
tropical

:::::::
easterly

:::
jet

::
to

:::
the

:::::
south (Zarrin et al., 2010; Manney et al., 2021)

:
. The smooth boundaries and distinct shape of

theclimatological
:::::::::
time-mean anticyclone mask vigorous variations on a wide range of timescales (Garny and Randel, 2013;

Ploeger et al., 2015; Pan et al., 2016; Nützel et al., 2016; Yan et al., 2018; Ren et al., 2019; Siu and Bowman, 2020) that in�u-50

ence the extent to which air in the monsoon UTLS is con�ned and isolated from air outside the anticyclone boundaries (Ploeger

et al., 2013; Nützel et al., 2019; Legras and Bucci, 2020; Honomichl and Pan, 2020; Kumar and Ratnam, 2021). The origins
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and full impacts of this variability are not yet wellconstrained
:::::::::
understood. Moreover, studies examining water vapor and other

tracers at and above the tropopause within the ASM anticyclone have reached diverse conclusions on the importance of direct

injection by overshooting convection, ranging from marginal (e.g. James et al., 2008; Randel et al., 2015; von Hobe et al., 2021;55

Konopka et al., 2023) to substantial (15% or more; e.g. Ueyama et al., 2018; Wang et al., 2019). The seemingly contradictory

nature of these conclusions is rooted in the dif�culty of observing and modeling convective in�uences near the tropopause.

However, despite some quantitative discrepancies, recent reanalyses largely reproduce observed seasonal-mean anomalies in

water vapor near the tropopause in this region (Wright et al., 2025).

Variations in ozone and carbon monoxide (CO)havecloseassociations
::::::
exhibit

:::::
strong

::::::::::
correlations

:
with water vapor in the60

UTLS and provide complementary information on the processes affecting water vapor in the monsoon tropopause layer (Pan

et al., 2016; Gottschaldt et al., 2018; von Hobe et al., 2021). Stratospheric ozone in�uences dynamical and thermodynamic

conditions through its interactions with shortwave and longwave radiation, and UTLS ozone can in�uence stratospheric water

vapor by modulating temperatures near the tropical tropopause (Ming et al., 2017; Xia et al., 2018) and altering high cloud

distributions through temperature effects on relative humidity (e.g. Xia et al., 2016, 2018). Seasonal dilution
::
of

::::::
ozone in the65

UTLS above the monsoon results in a local minimum that has been dubbed the `ozone valley' (Bian et al., 2011). Ozone

also serves as a stratospheric tracer, with convective dilution in the core of the anticyclone (Bian et al., 2011) �anked by higher

concentrations due to in-mixing from the extratropical lower stratosphere (Konopka et al., 2009, 2010). CO, as a predominantly

tropospheric tracer, is a valuable marker of convective uplift of polluted airto
:::
into the UTLS (Huang et al., 2014; Pan et al.,

2016; Santee et al., 2017), and is often used as a proxy for local enhancements in aerosol concentrations or as a transport tracer70

to track the fate of polluted boundary-layer air (e.g. Pan et al., 2022).

In this study, we investigate the spatiotemporal signatures of variability in UTLS water vapor above the ASM at both

interannual and subseasonal time scales and link these signatures to covariations in ozone, CO, and dynamical and thermody-

namic �elds from reanalyses.
:::::
Ozone

::::
and

:::
CO

:::
are

::::::::
included

::
to

::::::
provide

:::::::::::::
complementary

::::::::::
information

::
to

:::::
water

::::::
vapor,

:::
and

::::
may

:::
be

:::::::::
interpreted

::
as

::::::
tracers

::
of

:::::::::::
stratospheric

::::
and

::::::::::
tropospheric

:::
air

:::::::
masses,

::::::::::
respectively.

:
We conduct this analysis using satellite data75

from the Aura Microwave Limb Sounder (MLS) and products from �ve recent atmospheric reanalyses (see Sect. 2). This study

aims to provide further insight into the mechanisms governing variations in water vapor and other trace gases in the UTLS

above the ASM as represented in current atmospheric reanalysis systems. We pay particular attention to characteristic patterns

of covariability among convective activity, circulation patterns, and trace gas concentrations. Much of the foundation for this

work has been laid in Chapter 8 (Tropical Tropopause Layer) of the Stratosphere-troposphere Process and their Role in Climate80

(SPARC) Reanalysis Intercomparison Project (S-RIP) Final Report (Tegtmeier et al., 2022, and references therein), along with

our recent examination of reanalysis representations of climatological mean composition in this region (Wright et al., 2025).

:::::::
Whereas

:::::
those

::::::
studies

:::::::
focused

::::::
mainly

::
on

::::::::::::
climatological

:::::::::::::
characteristics,

:::
this

:::::
work

:::::::
focuses

::
on

:::::::::
variability

::::::
beyond

:::
the

::::::::
seasonal

:::::
cycle.

:::
As

::
in Wright et al. (2025),

:::
we

:::
use

::
a

:::::::::::::
budget-oriented

::::::::::
perspective

:::
that

:::::::::::
distinguishes

:::
the

::::::::::::
contributions

::
of

::::::::::::
parameterized

::::::
physics,

::::::::
resolved

::::::::
dynamics,

::::
and

::::
data

::::::::::
assimilation

::::::
toward

::::::::::
determining

:::
the

::::::::::::::
reanalysis-based

:::::
water

:::::
vapor

:::::
�elds.85

The remainder of this paper is organized as follows. In Sect. 2, we introduce the data and methods used in the analysis. In

Sect. 3, we use principal component analysis to identify and analyze the leading modes of variability in deseasonalized water
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vapor anomalies above the ASM considering both horizontal and vertical structure at time scales 5 days and longer, and explore

the mechanisms behind these leading modes of variability. To support this central section, we provide an online supplement

in which the main elements of the analysis are repeated using different reanalysis products. In Sect. 4, we compare our results90

with those of other recent studies, before concluding with a brief summary in Sect. 5.

2 Data and method

2.1 Data

We use Microwave Limb Sounder (MLS; Waters et al., 2006) version 5 (v5) gridded retrievals of water vapor (Lambert et al.,

2021), ozone (Schwartz et al., 2021a), and carbon monoxide (Schwartz et al., 2021b)
:
at

:::::
2.5�

::
�

::::
2.5�

::::::
spatial

::::::::
resolution

:
from95

2005–2021 covering the ASM region (30°E–130°E and 15°N–45°N). Daily gridded data are averaged into pentads (discrete

5-day periods) starting from 1st May and ending on 2nd October, totaling 31 pentads per year (155 days). We focus on humidity

in the monsoon tropopause layer between 147 hPa and 68 hPa (approximately 370–440 K potential temperature).

In addition to MLS observations, we use model-level and pressure-level outputs from �ve atmospheric reanalyses. These

include the European Centre for Medium-Range Weather Forecasts (ECMWF) Fifth Reanalysis of the Atmosphere (ERA5;100

Hersbach et al., 2020), the Japanese Reanalysis for Three Quarters of a Century (JRA-3Q; Kosaka et al., 2024), the Modern-Era

Retrospective Analysis for Research and Applications, version 2 (MERRA-2; Gelaro et al., 2017), the MERRA-2 Stratospheric

Composition Reanalysis of Aura Microwave Limb Sounder (M2-SCREAM; Wargan et al., 2023), and the Copernicus Atmo-

sphere Monitoring Service (CAMS) reanalysis of atmospheric composition (Inness et al., 2019). Among these, ERA5, JRA-3Q,

and MERRA-2 are focused primarily on meteorological �elds, while M2-SCREAM and CAMS are focused more on atmo-105

spheric composition. Accordingly, M2-SCREAM and CAMS feature more sophisticated chemistry and additional assimilated

variables relative to the corresponding meteorological reanalyses MERRA-2 and ERA5, while the meteorological reanalyses

provide a richer set of dynamical and thermodynamic diagnostics for mechanistic analysis. Key details of these �ve reanalysis

systems, including model resolutions and a catalogue of how assimilated observations affect water vapor, ozone, and CO at

these altitudes, have been provided by our companion paper (Wright et al., 2025).110

We use these reanalysis products to support a deeper investigation into recurrent patterns of variability in LSWV, both to

compare the consistency of internal variations to those observed by Aura MLS and to evaluate the potential mechanisms behind

the observed variations. Three metrics are adopted to evaluate the effects of deep convection and thermodynamic conditions

during transport. First, cold point tropopause (CPT) temperatures are identi�ed using instantaneous model-level temperature

pro�les from ERA5 and MERRA-2 and pressure-level temperature pro�les from JRA-3Q as described by Tegtmeier et al.115

(2020). Second, all-sky outgoing longwave radiation (OLR) �elds from ERA5, MERRA-2, and JRA-3Q are used to indicate

the prevalence of cold high clouds, in line with previous studies on variations in the overall frequency and spatial extent of deep

convection in this region (e.g. Randel et al., 2015). Variations in very deep convection are also evaluated using non-radiative

diabatic heating, which primarily indicates the strength of convective ascent in the reanalysis model. Anomalous non-radiative

heating at these levels is dominated by variations in the deepest simulated convective towers. Although such convection is120
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rare, heating rates associated with these events are still approximately 1–2 orders of magnitude larger than contributions from

parameterized shear-�ow turbulence close to the tropopause (Wright and Fueglistaler, 2013; Tegtmeier et al., 2022). These

heating rates are model products and are thus not directly constrained by data assimilation; however, they exert strong in�uences

on composition and humidity in the reanalysis tropopause layer. Model-generated heating rates are only available for ERA5,

MERRA-2, and JRA-3Q. Given the overlap in forecast models and, in the latter case, the use of the `replay' technique, heating125

rates for ERA5 may be taken as roughly representative of those in CAMS, and similarly for MERRA-2 and M2-SCREAM.

Direct data assimilation constraints on humidity are weak at these levels (Wright et al., 2025). Different reanalyses deal

with this lack of strong constraints in different ways. For example, the ECMWF reanalyses, ERA5 and CAMS, suppress di-

rect assimilation increments in humidity at these levels by setting background error covariances to zero (although assimilation

increments in winds and temperatures still in�uence the evolution of humidity �elds at these altitudes). MERRA-2 only as-130

similates radiosonde humidities at pressures greater than 300 hPa, whereas JRA-3Q restricts radiosonde humidity assimilation

to temperatures greater than� 40°C. Moreover, although satellite radiances can affect humidity at all altitudes in these two

systems, small absolute concentrations mean that satellite radiances provide little information about water vapor at these al-

titudes.Becauseof theseweakdirect constraintsand
:
In

::::::::
addition,

:
the deep vertical weighting functionsthat apply for some

assimilatedradiances,analysisincrements
::
of

:::::
some

:::::::::
assimilated

:::::::
satellite

::::::::
radiances

::::
may

::::
lead

::
to

::::
data

::::::::::
assimilation targeted at the135

tropospheremayproduce
::::::::
producing

:::::::::
correlated increments at and above the tropopauseaswell. This problem produced large

biases in stratospheric humidity in JRA-55 (Davis et al., 2017; Kosaka et al., 2024), which persist in a less pronounced form

in JRA-3Q (Wright et al., 2025). MERRA-2 sidesteps the issue by relaxing stratospheric humidity to a monthly-mean zonal-

mean climatology (Gelaro et al., 2017); however, this approach necessarily suppresses water vapor anomalies at these altitudes,

especially those on longer timescales (Davis et al., 2017). M2-SCREAM is unique among the reanalyses considered here in140

that it directly assimilates Aura MLS retrievals of water vapor using the Goddard Earth Observing System (GEOS) Constituent

Data Assimilation System (CoDAS; Wargan et al., 2023). Accordingly, comparisons between M2-SCREAM and Aura MLS

are not independent.

We also use several reanalysis-based variables to describe the dynamical state of the monsoon tropopause layer. First, we

use Montgomery streamfunction (MSF= cpT + � , wherecp is the speci�c heat of dry air at constant pressure,T is tempera-145

ture, and� is geopotential) on the 395 K isentropic surface to track the position and strength of the anticyclone (Santee et al.,

2017; Manney et al., 2021). MSF, which is functionally identical to dry static energy, de�nes the geostrophic wind on an isen-

tropic surface and is thus analogous to geopotential in pressure coordinates. The 395 K isentropic surface is typically located

between 100 hPa and 83 hPa in the core ASM region south of the subtropical westerly jet. Second, we use horizontal winds,

temperatures, ozone mass mixing ratios, and CO mass mixing ratios from each reanalysis to evaluate the dynamical transport150

environment within the ASM UTLS. Winds and temperatures are used to describe the structure of the anticyclone, while ozone

and CO mass mixing ratios are used to qualitatively indicate anomalous in-mixing of stratospheric air and convectively de-

trained air, respectively (e.g. Pan et al., 2022). Among the reanalyses, only CAMS and MERRA-2 provide estimates of CO and

only CAMS includes any CO-related data assimilation (Inness et al., 2019; Wright et al., 2025). Finally, we use speci�c humid-

ity tendencies due to parameterized physics, data assimilation, and dynamical transport from ERA5, JRA-3Q, and MERRA-2.155
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These three meteorological reanalyses are used because they provide enough of the terms to close the vertically-resolved water

vapor budget. As with diabatic heating, tendencies from ERA5 may be considered roughly representative of those for CAMS;

however, tendencies from MERRA-2 are not representative of those for M2-SCREAM because these two systems treat strato-

spheric water vapor very differently as noted above: MERRA-2 nudges to a climatology, while M2-SCREAM assimilates Aura

MLS.160

2.2 Methodology

Motivated by the analysis of Randel et al. (2015), who investigated the mechanisms behind water vapor variability at 100 hPa,

we evaluate coupled horizontal and vertical variations of LSWV above the ASM in the 147–68 hPa layer, including observed

and reanalysis water vapor mixing ratios. This layer, which contains the CPT, is a transitional zone where air detrained from

convection spirals upward into the lower stratosphere (e.g. Vogel et al., 2019). We integrate variables in pressure frompbot165

(147 hPa) toptop (68 hPa) and refer to the integrated variable as partial-column water vapor (PCWV) in units of mass per area:

PCWV = �
1
g

ptopZ

pbot

qdp; (1)

whereg is the gravitational acceleration,q is speci�c humidity, anddp denotes the pressure thickness of each layer between

ptop (68 hPa) andpbot (147 hPa). Speci�c humidity from each reanalysis is interpolated from model levels (or pressure levels,170

in the case of JRA-3Q) to the MLS pressure levels, but no weighting functions are applied. Partial-column ozone (PCO3) and

partial-column CO (PCCO) are calculated similarly from ozone and CO mass mixing ratios.

The vertically-resolved water vapor budget is used to diagnose themechanismsbehind
::::::::::
contributions

:::
of

::::::::::::
parameterized

:::::::
physical

:::::::::
processes,

:::::::
resolved

:::::::::
dynamical

:::::::::
transport,

:::
and

::::
data

:::::::::::
assimilation

::::::
toward

::::::::::
determining

:::
the

::::::::::::::
spatio-temporal

:::::::::
variability

::
of UTLS water vaporvariability in the meteorological reanalyses:175

@q
@t

+ r � (V q) +
@(!q )

@p
= Sphy + Sana + Sres (2)

wherep is pressure,V is the vector horizontal wind on an isobaric surface, and! is the pressure vertical velocity. The �rst

term on the left-hand side is the time rate of change, which is computed from assimilated water vapor �elds at consecutive time

steps. The second and third terms on the left-hand side are the horizontal and vertical moisture �ux divergence, which are also

computed from assimilated �elds and referenced as the `dynamics' terms below. The terms on the right-hand side represent180

local sources or sinks.Sphy represents net sources and sinks due to parameterized physical processes in the forecast model,

::::
(e.g.

::::
cloud

::::::::::::
microphysics,

::::::::::
convection,

:::
and

::::::::
turbulent

:::::::
mixing),

:
Sana is the source or sink due to data assimilation, andSres is the

residual.
:::::::::::
Subgrid-scale

:::::::
mixing

::
is

:::::::
included

::
in

::::::
Sphy . The residual term collects high-frequency and/or small-scale covariance

transports that are resolved by the reanalysis model but not by our calculation of moisture �ux divergence (Wright et al., 2025).

:::::::::
Additional

:::::
details

:::
on

:::
the

:::::::
meaning

::::
and

:::::::::
calculation

::
of

:::::
Sphy ,

:::::
Sdyn ,

:::
and

:::::
Sana ::::

have
::::
been

::::::::
provided

::
by

:
Wright et al. (2025).

:
A T42185

spectral �lter is applied to all budget terms to reduce noise in the spatial patterns. This �lter simpli�es the visualizations and

does not change the results in any signi�cant way.
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For subsequent analyses, we average all variables into pentads (discrete 5-day means) starting on 1 May and ending on

2 October, so that the �rst pentad of each warm season is centered on 3 May and the last is centered on 30 September.

We calculate deseasonalized anomalies in each grid cell by subtracting the mean for the corresponding pentad over 2005–190

2021. We then apply empirical orthogonal function (EOF) analysis to the deseasonalized water vapor anomalies. The EOF

analysis considers both horizontal and vertical variations at pentad resolution. Input data are weighted by area in the horizontal

dimension, but are weighted equally in the vertical dimension
:::
(i.e.

:::
the

::::
only

::::::
weights

:::::::
applied

::
to

:::
the

::::
input

::::
data

:::
are

:::
the

:::::::::
horizontal

:::
grid

::::
area

:::::::
weights). We retain the three leading principal components (PCs) as indicated by Aura MLS. Eigenvalues associated

with these three modes are mutually independent based on the North test (North et al., 1982).195

Separate EOF analyses are then applied to water vapor volume mixing ratio anomalies from reanalysis products interpolated

to the Aura MLS levels and downscaled to the MLS horizontal grid. The PCWV anomalies from each dataset are then regressed

onto the corresponding PCs for intercomparison and evaluation of variability as represented by the reanalyses. Some PCs

based on reanalysis �elds must be reordered for consistency with the Aura MLS results; such cases are noted in the �gures

and related text. Deseasonalized anomalies in reanalysis �elds are then regressed onto the PCs calculated from Aura MLS200

for a more detailed analysis of the underlying mechanisms. This two-pronged approach provides more stringent tests of the

reanalysis products because it evaluates both the extent to which each reanalysis can capture observed spatial patterns of

variability in LSWV (separate PCs) and the extent to which each reanalysis reproduces anomalies in the ASM and UTLS

transport environment associated with a given mode (Aura MLS PCs). Combining the second step with the reanalysis-based

water vapor budget expressed in eq. (2) allows us to further assess process-level consistency across the reanalyses.205

3 Characteristics and mechanisms of variability

3.1
::::::::::::
Characteristics

:::
of

:::::::::
variability

::::
This

::::::
section

:::::::
provides

::::
brief

::::::::::
descriptions

::
of

:::
the

::::::::
identi�ed

::::::
modes,

:::::
which

:::
are

::::::::
analyzed

::
in

:::::
detail

::
in

::
the

:::::::::
following

:::::::
sections. Figures 1

and 2 show deseasonalized PCWV anomalies regressed onto leading principal components (PCs) of vertical and horizontal

variability in tropopause layer water vapor volume mixing ratios from Aura MLS, ERA5, CAMS, JRA-3Q, MERRA-2, and210

M2-SCREAM. The vertical structure of anomalies associated with each mode is discussed below. PC time series for all datasets

are provided in Fig. 3. EOF results for reanalysis products are based on water vapor �elds regridded to match the Aura MLS

2.5°� 2.5° grid and pressure levels, but without applying the Aura MLS vertical weighting functions. The input data cover the

ASM domain (30°E–130°E and 15°N–45°N) on the 147 hPa, 121 hPa, 100 hPa, 83 hPa, and 68 hPa isobaric levels at pentad

temporal resolution.215

We retain the three leading PCs from Aura MLS, which are mutually distinct at the 95% con�dence level according to

the North test (North et al., 1982) and collectively account for 24% of the variance in Aura MLS. The corresponding spatial

patterns are identi�able in all reanalyses within the �rst four EOF modes (signi�cant at 90% or greater) and account for 43%

of the water vapor variance in ERA5, 45% in CAMS, 48% in JRA-3Q, 33% in MERRA-2, and 44% in M2-SCREAM. The

�rst principal component (PC1; column (a) of Fig. 1) accounts for about one sixth to one third of the variance in reanalysis220
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Figure 1. Deseasonalized partial-column water vapor (PCWV) anomalies (Eq. 1) regressed onto the (a) �rst principal component (PC1)

from Aura MLS and its (b) trend (PC1TREND ) and (c) interannual variability (PC1IAV ) components. Corresponding distributions are shown

for (aE )–(cE ) ERA5 PCWV on PC1 from ERA5, (aC )–(cC ) CAMS PCWV on PC1 from CAMS, (aJ )–(cJ ) JRA-3Q PCWV on PC1 from

JRA-3Q; (aM )–(cM ) MERRA-2 PCWV on the second principal component (PC2) from MERRA-2; and (aS)–(cS) M2-SCREAM PCWV on

PC1 from M2-SCREAM. Principal components (Fig. 3a–c) are based on EOF analysis of vertical and horizontal variations in water vapor

for the �ve Aura MLS pressure levels within 68 hPa–147 hPa, 30°E–130°E, and 15°N–45°N (Sect. 2.2). The location of the Tibetan Plateau

is marked by a dark grey contour and stippling indicates that the regression is signi�cant at the 95% con�dence level based on Student'st

test. The fraction of total variance explained by each mode is listed at the upper right of panels in column (a).
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Figure 2. As in Fig. 1, but for deseasonalized partial-column water vapor (PCWV) anomalies (Eq. 1) regressed onto the (a) second and (b)

third principal components (PCs) from Aura MLS; the (aE ) second and (bE ) third PCs from ERA5; the (aC ) second and (bC ) third PCs from

CAMS; the (aJ ) second and (bJ ) third PCs from JRA-3Q; the (aM ) �rst and (bM ) third PCs from MERRA-2; the (aS) second and (bS) fourth

PCs from M2-SCREAM. Dark grey contours mark the location of the Tibetan Plateau, with stippling indicating signi�cance at the 95%

con�dence level based on Student'st test. The fraction of total variance explained by each mode is listed at the upper right of panels.
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Figure 3. Principal component time series for the spatial patterns shown in Figs. 1 and 2 based on Aura MLS (dark grey), ERA5 (dark

blue), CAMS (light blue), JRA-3Q (purple), MERRA-2 (dark red), and M2-SCREAM (light red). Time series are shown for (a) the full �rst

principal component (PC1) and its (b) trend (PC1TREND ) and (c) interannual variability (PC1IAV ) components; (d) the second principal

component (PC2); and (e) the third principal component (PC3). Principal components are based on EOF analysis of vertical and horizontal

variations in water vapor for the �ve Aura MLS pressure levels within 68 hPa–147 hPa, 30°E–130°E, and 15°N–45°N (Sect. 2.2). Correlations

between MLS-based PCs and those based on MERRA-2 (dark red), M2-SCREAM (light red), JRA-3Q (purple), CAMS (light blue), and

ERA5 (dark blue) are listed from right to left along the tops of panels (a), (c), (d), and (e).
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water vapor in the ASM tropopause layer, with the smallest fraction of explained variance in MERRA-2 (16%).
::::
PC1

::::::::
primarily

::::::::::
corresponds

::
to

::::::::::
interannual

::::::::
variability

:::
in

:::
the

::::::::
humidity

::
of

:::
the

::::::
lower

::::::::::
stratosphere

:::::
(Figs.

:::::::
S4,S6). The spatial pattern based on

MERRA-2, with maximum variance in the southwestern quadrant of the anticyclone, is also considerably different from that

identi�ed in other reanalyses. MERRA-2 is a special case because it nudges stratospheric water vapor to a repeating annual

cycle (Gelaro et al., 2017; Avery et al., 2017). Because the leading mode varies primarily on interannual and longer time scales225

(Fig. 3a),the nudging applied in MERRA-2 lower stratosphere damps this mode in the upper part of our analysis domain.

Having no prior expectation of a substantial trend in water vapor in this region over this period, we did not detrend the input

data. However, it is clear from Fig. 3a that PC1 comprises two main types of variability, a linear trend (PC1TREND ; Fig. 3b)

and interannual variability (PC1IAV ; Fig. 3c), both of which project onto regional-scale wet or dry anomalies (Fig. 1). We

de�ne the trend component to have a single value each year and a constant increase from year to year (Fig. 3b). The spatial230

patterns associated with the trend component (Fig. 1b) represent the main discrepancy between water vapor variability over

the ASM region as observed by Aura MLS versus that represented by the reanalyses during our analysis period. The slopes

of linear trends in all of the PC1 time series are positive. However, whereas Aura MLS regressed onto the PC1TREND time

series indicates a drying trend over 2005–2021 centered in the southwest, the reanalyses show moistening centered in the

southeast. This difference partially explains the larger signal and explained variance in PC1 based on M2-SCREAM, JRA-3Q,235

CAMS, and ERA5 relative to Aura MLS. We use version 5 (v5) of Aura MLS, in which the retrieval algorithm has been

designed to mitigate a slow drift toward wet biases in the stratosphere in v4 (Livesey et al., 2021, 2022). M2-SCREAM,

which assimilated Aura MLS v4 throughout our analysis period, provides an indirect indication of the difference between v4

and v5 in this region (Wright et al., 2025). Consistency between M2-SCREAM and the other reanalysis products, which did

not assimilate Aura MLS, thus raises the question: could changes to the retrieval algorithm aimed at removing the spurious240

drift have also removed real regional trends? However, trends based on reanalysis products may not be physically meaningful

and must be interpreted with caution (e.g. SPARC, 2022), especially over periods as short as this one, and recent work has

shown that trends in stratospheric water vapor are dif�cult to distinguish from multi-decadal variability (Tao et al., 2023).

Although the remarkable consistency across reanalysis products gives cause for careful consideration, we remain skeptical of

the reanalysis-based trends shown in column (b) of Fig. 1. Further details are provided in section 3.2.245

The largest PCWV anomalies associated with the interannual mode (PC1IAV ) are located over East Asia and the area south-

west of the Tibetan Plateu, with smaller anomalies over South Asia in the convective core of the monsoon (Fig. 1, right column).

This spatial structure implies that interannual variability is stronger in the northeastern and southwestern sectors of the anti-

cyclone (i.e. the eddy shedding zones; Popovic and Plumb, 2001; Honomichl and Pan, 2020; Siu and Bowman, 2020) and

weak above and immediately downstream of the strongest convection. With the exception of MERRA-2 as discussed above,250

correlations between reanalysis-based PC1IAV and that based on Aura MLS are high, with values ranging from 0.72 (CAMS)

to 0.93 (M2-SCREAM) indicating that the other four reanalyses reproduce variations in this mode well. The phase of the inter-

annual mode is typically set at the beginning of the monsoon season (Fig. 3c), suggesting the in�uence of external factors. In

most years, the phase is then maintained through the monsoon season, suggesting either steady in-mixing of the anomaly from

outside the anticyclone, maintenance by local feedbacks, strong con�nement, or some combination of these. Likely candidates255
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for sources of interannual variability outside the monsoon region include the El Niño–Southern Oscillation (ENSO; Yan et al.,

2018; Gar�nkel et al., 2021) and the Quasi-Biennial Oscillation (QBO; Ziskin Ziv et al., 2022; Peña Ortiz et al., 2024). We

evaluate these possibilities in Sect. 3.3.

The second principal component (PC2; column (a) of Fig. 2) shows moistening or drying centered in the southwestern

quadrant of the anticyclone, with the largest signal centered over the Persian Gulf. This mode explains 7–11% of the variance260

in datasets other than MERRA-2, for which this mode corresponds to PC1 and explains 16% of the variance (Fig. 2aM ).

Correlations between PC2 from Aura MLS and the corresponding modes in each reanalysis range from 0.55 in MERRA-

2 to 0.93 in M2-SCREAM (Fig. 2i), with JRA-3Q (r = 0 :78), CAMS (r = 0 :77), and ERA5 (r = 0 :83) all showing high

correlations. Although this mode exhibits some variability at longer timescales, its �uctuations are mainly subseasonal.

The third principal component (PC3), which consists of a southwest–northeast dipole with opposing centers of water vapor265

anomalies over the Persian Gulf and the eastern Tibetan Plateau, explains slightly more than 3% of the variance in Aura MLS

(Fig. 2b). This mode corresponds to the fourth mode in M2-SCREAM (5% of the variance; Fig. 2), and the third mode in

all other reanalyses (6–8%). Variations in the corresponding PCs are mainly subseasonal and again show strong correlations

with Aura MLS PC3, ranging from 0.59 in MERRA-2 to 0.80 in M2-SCREAM.
:::
PC2

::::
and

::::
PC3

::::::::
primarily

::::::
re�ect

::::::::::
subseasonal

::::::::
variability

::::::
below

:::
the

:::::::::
tropopause

:::::
(Figs.

:::::::
S5,S6).

:
Spatial patterns show good correspondence overall, although the southwest-270

to-northeast tilt of the dipole is sharper in CAMS and ERA5 in comparison to the more east–west orientation in Aura MLS,

MERRA-2, and M2-SCREAM. The dipole in JRA-3Q is broadly similar to the latter three but with a stronger signal on the

equatorward side of the southwest pole.

Figure 4 shows diabatic heating anomalies along the 25°N transect and zonal mean diabatic heating anomalies averaged

across the ASM domain (105°E–130°E). Composite mean differences between the moist (PC� 1) and dry (PC� � 1) phases275

highlight changes in the intensity and locations of monsoon convection. Here, the `moist' phase is de�ned by the presence

of positive convective heating and PCWV anomalies in the southwestern quadrant of the anticyclone, as this heating center

is present in all three modes and all three reanalyses (Figs. S1–S3 in the online supplement). The moist phase of PC1IAV is

associated with enhanced deep convective heating near 70°E (near the Indus River delta), 90°E (over Bangladesh), and 130°E

(western North Paci�c) in ERA5 (Fig. 4a), with regions of reduced heating in between. These variations largely offset in the280

zonal mean, resulting in weak differences in zonally averaged heating (Fig. 4b). Comparison with results for MERRA-2 and

JRA-3Q (Fig. S1) shows that increases in convective heating west of 70°E and near 130°E are robust among the three datasets

but differences between 70°E and 130°E are not. The largest discrepancies are over Bangladesh and the Bay of Bengal (around

85°E–95°E), where ERA5 shows stronger convection in the moist phase (Fig. S1a), MERRA-2 shows stronger convection in

the dry phase (Fig. S1b), and JRA-3Q shows little difference between the phases. Figure 4b also shows uplift of the isentropic285

surfaces along the northern �ank of the anticyclone in the moist phase relative to the dry phase, indicative of weaker UTLS

baroclinicity, and a weaker tropical easterly jet equatorward of 25°N.

The moist phase of PC2 (Fig. 4c–d) is associated with enhanced convective heating in the west and reduced convective

heating in the east along the 25°N transect, with zonal-mean heating enhanced south of this transect (15°N–20°N) and reduced

to the north (25°N–30°N). These differences are consistent across all three reanalyses (Fig. S2), with the strongest signal in290
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Figure 4. Composite east–west and north–south transects of diabatic heating anomalies in ERA5 conditioned on (a)–(b) the detrended �rst

principal component (PC1IAV ), (c)–(d) the second principal component (PC2), and (e)–(f) the third principal component (PC3) of Aura MLS

observations of water vapor variability in the monsoon tropopause layer. Composites are calculated as mean differences between pentads

with PC� 1 and pentads with PC� � 1. Diabatic heating anomalies along the east–west transect (a, c, e) are evaluated along 25°N, while

anomalies along the north–south transect (b, d, f) are zonally averaged over 105°E–130°E. Zonal-mean isentropic surfaces are shown in (b)

for the moist phase (solid) and dry phase (dotted) of PC1IAV . Composite differences in meridional (c,e) and zonal (d,f) wind for PC2 and

PC3 are shown as black contours at contour intervals of 1 m s� 1 starting from� 1 m s� 1 (solid for southerly and westerly anomalies; dashed

for northerly and easterly anomalies).
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MERRA-2 and the weakest signal in JRA-3Q. Differences in convective heating along 25°N are located directly below strong

differences in the meridional winds (Fig. 4c), with southerly anomalies over weakened convection and northerly anomalies

over strengthened convection indicating an upper-level cyclonic anomaly during moist phases and an anticyclonic anomaly

during dry phases. The zonal wind response (Fig. 4d) suggests a northward shift of the upper-level anticyclone.

Positive PC3 (Fig. 4e–f) is linked to enhanced deep convective heating over a broad region from 60°E to 100°E along the295

25°N transect, with stronger zonal mean heating in the upper troposphere at all latitudes south of 30°N. Figure 4e also shows

anomalies in meridional winds along the 25°N transect, which suggest a wave train along the subtropical westerly jet with an

cyclonic center around 110°E and a anticyclonic center around 55°E. In the zonal mean, both the subtropical westerlies and

the tropical easterlies are weaker in the positive phase and stronger in the negative phase (Fig. 4f). All three reanalyses indicate

increases in the depth of convection along the southern �ank of the anticyclone during the moist phase relative to the dry phase300

(Fig. S3). Distributions of anomalous heating and winds are likewise broadly consistent.

The following sections present detailed analyses of the interannual (PC1) and subseasonal (PC2 and PC3) modes, including

changes in composition (based on CAMS) and the dynamical and thermodynamic environment (based on ERA5). Results for

other reanalyses and inter-reanalysis differences are provided in the supplement, with brief descriptions provided in the main

text. For comparability, the following results are all based on principal components calculated based on Aura MLS.305

3.2 The trend component

The largest difference between Aura MLS and the reanalysis products in our results is in the linear trend component of PC1.

Whereas Aura MLS suggests a drying trend during 2005—2021 centered in the southwest, the reanalyses all show regional

moistening centered in the southeast (Fig. 1, Fig. 5a–b). Based on CAMS, this trend in the reanalysis is associated with

increases in ozone below the tropopause and CO above the tropopause (Fig. 5d,f). Increases in water vapor (Fig. 5b) and CO310

below the tropopause are centered in the southeastern part of the domain, possibly suggesting an enhanced convective source to

the tropopause layer in this region. However, reanalysis-based trends in water vapor do not match those in Aura MLS (Fig. 5a).

Instead, the satellite observations suggest a negative trend in water vapor below the tropopause, especially in the southwestern

quadrant of the anticyclone. Aura MLS further indicates that these decreases in the lower part of the tropopause layer are

accompanied by decreases in CO and increases in ozone below the tropopause, while increases in lower stratospheric water315

vapor are linked to decreases in ozone and increases in CO above the tropopause (Fig. 5a,c,e). Trends based on CAMS indicate

a very different distribution of changes in CO (Fig. 5f). Ozone trends are in somewhat better agreement (Fig. 5d), but this is

not a useful litmus test because CAMS, like most of the reanalyses, assimilates Aura MLS ozone (Inness et al., 2019; Wright

et al., 2025).

The S-RIP Final Report (SPARC, 2022) advises that trends based on reanalyses should be assessed with respect to three320

criteria: (1) consistency across reanalyses; (2) consistency with (ideally independent) observations; and (3) a clear and con-

vincing physical explanation. The trend discussed here meets the �rst criterion but does not satisfy the second. On one hand,

this disagreement between the reanalyses and Aura MLS is quali�ed by the v5 water vapor retrieval for Aura MLS having been

designed to remove a spurious increasing trend in water vapor (Livesey et al., 2021, 2022), which raises the possibility that
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Figure 5. Top faces: horizontal structure of deseasonalized anomalies in (a,b) PCWV, (c,d) PCO3, and (e,f) PCCO regressed onto the linear

trend component of the �rst mode (PC1TREND ) based on Aura MLS. Side faces: vertical structure of deseasonalized anomalies in (a,b)

water vapor, (c,d) ozone, (e,f) carbon monoxide averaged meridionally over 20°N–25°N (south face) and zonally over 30°E–130°E (east

face) regressed onto PC1TREND . Variables in the left column are from Aura MLS and variables in the right column are from CAMS; all are

regressed onto PC1TREND from Aura MLS. The location of the Tibetan Plateau is marked by a dark grey contour and the boundaries of the

east–west transect are marked by white lines in all panels. Stippling on the top face indicates locations where regression slopes are signi�cant

at the 95% con�dence level.
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Figure 6. Left column: horizontal structure of changes in (a) outgoing longwave radiation (OLR; top face) and temperature (side faces)

averaged meridionally over 20°N–25°N (south face) and zonally over 30°E–130°E (east face) over 2005–2021; and (b) as in (a), but for

Montgomery streamfunction (MSF) on the� = 395 K isentropic surface (top face) and geopotential height (side faces). Purple contours

in panel (a) indicate anomalies in high cloud fraction (top face; intervals of 2 percentage points from� 2%) and cloud ice water content

(side faces; intervals of 0.2 mg kg� 1 from � 0.1 mg kg� 1). Black contours in panel (b) indicate changes in meridional (south face) and zonal

(east face) winds at intervals of 0.2 m s� 1 . All variables are regressed onto the linear trend component of the �rst mode (PC1TREND ) based

on Aura MLS. Right column: changes in cold point tropopause (CPT) temperatures based on (c) ERA5, (d) MERRA-2, and (e) JRA-3Q

regressed onto PC1TREND . The location of the Tibetan Plateau is marked by a dark grey contour in all panels and the boundaries of the

east–west transect are marked by white lines in panels (a) and (b). Stippling indicates locations where regression slopes are signi�cant at the

95% con�dence level based on Student'st test.

these adjustments could have also removed physically meaningful regional trends over the MLS record. On the other hand,325

except for ozone (for which CAMS assimilates retrievals from Aura MLS), trends in other variables based on Aura MLS also

differ substantially from the patterns shown for CAMS (Fig. 5).
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