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Abstract

A moments/area study of meteorological reanalyses (focusing on MERRA-2, ERA-Interim, and JRA-55) allows a novel inves-
tigation of the climatology of and interannual variability and trends in the Asian summer monsoon anticyclone (ASMA). The
climatological ASMA is nearly elliptical, with its major axis aligned along its centroid latitude and an aspect ratio of 5-8. The
ASMA centroid shifts northward with height, northward and westward during development, and in the opposite direction as
it weakens. ASMA position and seasonal evolution generally agree among the reanalyses, except that MERRA-2 shows over
40% larger area at 350 K. No evidence of climatological bimodality is seen in the ASMA, consistent with previous studies using
modern reanalyses. ASMA moments trends are mostly neither statistically significant nor consistent among reanalyses, but area
and duration increase significantly over 1979-2018, and over 1958-2018 in JRA-55; JRA-55 trends are largest for 1979-2018,
suggesting that reanalysis trends may have accelerated in recent decades. ASMA centroid latitude is significantly negatively
(positively) correlated with subtropical jet core latitude (altitude), and significantly negatively correlated with concurrent
ENSO. Other ASMA moments and area are not strongly correlated with concurrent ENSO, but ASMA area is significantly
positively correlated with ENSO two months previously. Significant (negative) correlations of ASMA area with QBO are seen
only during June at 370, 390, and 410 K. These results provide a unique and comprehensive view of the structure and evolution

of the ASMA and introduce new tools that can be used to further explore ASMA characteristics and impacts.
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ABSTRACT

A moments/area study of meteorological reanalyses (focusing on
MERRA-2, ERA-Interim, and JRA-55) allows a novel investigation of the
climatology of and interannual variability and trends in the Asian summer
monsoon anticyclone (ASMA). The climatological ASMA is nearly ellipti-
cal, with its major axis aligned along its centroid latitude and an aspect ratio
of ~5-8. The ASMA centroid shifts northward with height, northward and
westward during development, and in the opposite direction as it weakens.
ASMA position and seasonal evolution generally agree among the reanaly-
ses, except that MERRA-2 shows over 40% larger area at 350 K. No evidence
of climatological bimodality is seen in the ASMA, consistent with previous
studies using modern reanalyses. ASMA moments trends are mostly neither
statistically significant nor consistent among reanalyses, but area and dura-
tion increase significantly over 1979-2018, and over 1958-2018 in JRA-55;
JRA-55 trends are largest for 1979-2018, suggesting that reanalysis trends
may have accelerated in recent decades. ASMA centroid latitude is signifi-
cantly negatively (positively) correlated with subtropical jet core latitude (al-
titude), and significantly negatively correlated with concurrent ENSO. Other
ASMA moments and area are not strongly correlated with concurrent ENSO,
but ASMA area is significantly positively correlated with ENSO two months
previously. Significant (negative) correlations of ASMA area with QBO are
seen only during June at 370, 390, and 410 K. These results provide a unique
and comprehensive view of the structure and evolution of the ASMA and in-
troduce new tools that can be used to further explore ASMA characteristics

and impacts.
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1. Introduction

The Asian summer monsoon (ASM) anticyclone (ASMA) is a dominating feature of the boreal
summer upper troposphere / lower stratosphere (UTLS) circulation, consisting of a vast upper level
anticyclonic vortex bounded by the subtropical westerly jet to the north and the tropical easterly
jet (TEJ) to the south (e.g., Dunkerton 1995; Hsu et al. 1999; Zarrin et al. 2010). It is thought
to arise primarily as a response to diabatic heating associated with convection over the Tibetan
and/or Iranian plateaus (Hoskins and Rodwell 1995; Liu et al. 2004; Randel and Park 2006; Garny
and Randel 2013; Ren et al. 2019, and references therein) and exhibits strong intraseasonal and
interannual variability that may be related to variations in topographic heating and/or dynami-
cal influences originating from the subtropical jet or the tropics (Garny and Randel 2013; Ren
et al. 2019; Wu et al. 2020, and references therein). The ASMA is characterized by a high cold
tropopause (e.g., Highwood and Hoskins 1998; Pan et al. 2016; Santee et al. 2017, and references
therein), and it is a key factor determining summertime UTLS composition via convective lofting
and trapping of near-surface air (e.g., Randel and Park 2006; Bergman et al. 2013; Garny and Ran-
del 2013, 2016; Rauthe-Schoch et al. 2016; Randel and Jensen 2013; Pan et al. 2016; Santee et al.
2017).

Quasi-horizontal exchange of air lofted and initially trapped in the ASMA is an important factor
in determining the composition of the lower stratosphere during and following the monsoon season
(e.g., Vogel et al. 2014, 2015, 2016; Barret et al. 2016; Miiller et al. 2016; Santee et al. 2017;
Fadnavis et al. 2018; Gottschaldt et al. 2018; Niitzel et al. 2019; Yan et al. 2019; Honomichl
and Pan 2020). Impacts of the ASMA on UTLS composition are associated with ASMA-related
changes in mixing, Rossby wave breaking, and stratosphere-troposphere exchange (Dethof et al.
1999; Homeyer and Bowman 2013; Tyrlis et al. 2014; Kunz et al. 2015; Abalos et al. 2016; Wu
etal. 2018, and references therein). Upper tropospheric ASMA-related circulation variations (such

as wind and tropopause changes) have been linked to shifts in tropical cyclone tracks (Kelly et al.
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2018) and rainfall variations (e.g., Bollasina et al. 2014; Niitzel et al. 2016; RavindraBabu et al.
2019).

Several previous studies focused on the climatology and variability of the ASMA and its compo-
sition in a dynamical context: Garny and Randel (2013) used low potential vorticity (PV) regions
on the 360 K isentropic surface to relate the seasonal evolution of ASMA area to composition
changes and to variability in convective forcing via middle troposphere heating and upper level
divergence. Ploeger et al. (2015) developed a new method of identifying the ASMA on the 380 K
isentropic surface using PV and its gradients and discussed the properties of the ASMA edge as
a transport barrier. Pan et al. (2016) discussed characteristic shapes of the ASMA (some with a
bimodal structure) in relation to UTLS trace gas transport. Santee et al. (2017) provided a com-
prehensive climatology of observed UTLS composition in relation to ASMA location and size.

Several studies of ASMA location and extent have reported evidence for bimodality in the
ASMA (with its location defined in various ways, see below), namely preferred locations over
the Tibetan and Iranian Plateaus (e.g., Qian et al. 2002; Zhang et al. 2002; Zhou et al. 2009; Zarrin
et al. 2010; Yan et al. 2011; Pan et al. 2016). As noted by Niitzel et al. (2016) in a review of
such studies, the idea has not only been studied extensively to identify mechanisms (Zarrin et al.
2010; Amemiya and Sato 2018; Ren et al. 2019, and references therein) and related transport ef-
fects (e.g., Yan et al. 2011), but also has made its way into textbooks. Garny and Randel (2013),
using the NASA Global Modeling and Assimilation Office (GMAQO) Modern Era Retrospective
Analysis for Research and Applications (MERRA) reanalysis, and Ploeger et al. (2015), using
the European Centre for Medium Range Weather Forecasts (ECMWF) Interim (ERA-Interim) re-
analysis, did not find evidence of bimodality. Noting that many of the studies of bimodality were
done using the National Center for Environmental Prediction/National Center for Atmospheric
Research reanalysis (NCEP-R1), Niitzel et al. (2016) conducted a detailed reanalysis comparison

and found strong evidence for bimodality only in NCEP-R1, with no evidence for it in the most
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recent generation of modern reanalyses for daily, pentad, or seasonal data, and limited evidence
in monthly data. Indeed, as emphasized in numerous studies, NCEP-R1 has long been depre-
cated for UTLS and stratospheric studies (as has the NCEP/Department of Energy Reanalysis,
NCEP-R2, that includes some improvements over NCEP-R1) (see also Pawson and Fiorino 1998;
Randel et al. 2000; Manney et al. 2005; Fujiwara et al. 2017; Homeyer et al. 2020; Tegtmeier et al.
2020b,a, and references therein).

Many recent studies, particularly those related to the Stratospheric Processes and their Role in
Climate (SPARC)-Reanalysis Intercomparison Project (S-RIP) (Fujiwara et al. 2017), highlight
the importance of comparing results derived using multiple reanalyses. Chapters 7 (The Extrat-
ropical UTLS) (Homeyer et al. 2020) and 8 (The Tropical Tropopause Layer; includes a section
on ASM studies) (Tegtmeier et al. 2020b) in the S-RIP final report (now in production), as well as
several papers in the S-RIP Atmospheric Chemistry and Physics / Earth System Science Datasets
special issue, are particularly relevant to the UTLS (Niitzel et al. 2016; Manney et al. 2017; Shang-
guan et al. 2019; Xian and Homeyer 2019; Tegtmeier et al. 2020a; Wright et al. 2020). Manney
and Hegglin (2018) showed that it was critical to evaluate multiple reanalyses (even when using
only the most recent high-resolution ones) to help determine the robustness of trends in the UTLS
jet streams. Wright et al. (2020) show some biases in tropical and subtropical UTLS tempera-
ture structure that may be relevant to understanding ASMA differences. As noted above, much
previous work on ASMA climatology and variability has relied on NCEP-R1 and/or NCEP-R2,
including many papers published since Niitzel et al. (2016) showed those reanalyses to be suspect
for examining ASMA structure; these include papers that study aspects of ASMA behavior for
which those properties are critical (e.g., Preethi et al. 2017; Ren et al. 2019; Basha et al. 2020; Wu
et al. 2020).

Studies of variability and trends in the ASM have often focused on surface or near-surface fields

such as rainfall and low-level temperatures or winds (e.g., Kajikawa et al. 2012; Preethi et al.
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2017; Kodera et al. 2019; Bronnimann et al. 2016; Wu et al. 2020, and references therein). These
include investigations of intraseasonal variations on quasi-biweekly and longer scales (Wang and
Duan 2015; Ren et al. 2019; Amemiya and Sato 2018, and references therein). Kajikawa et al.
(2012), using rainfall and water vapor flux data, showed evidence of earlier monsoon onset in
recent decades. Preethi et al. (2017) examined variability and trends in the south Asian and east
Asian sub-systems of the ASM using primarily rainfall, surface pressure, and lower tropospheric
winds; they noted a westward shift since the 1970s in diagnostics indicative of monsoon activity,
and a consistent westward shift in the UT anticyclonic circulation. Bollasina et al. (2013, 2014)
suggested that observed earlier onset of monsoon rainfall is related to changes in anthropogenic
aerosol radiative forcing. Other papers have also discussed earlier monsoon onsets in surface
diagnostics (see, e.g., the review by Bombardi et al. 2020). RavindraBabu et al. (2019) looked
at the relationship between interannual variability in ASM onset (based on a precipitation index)
and signatures in tropopause variations. Wu et al. (2020) related location shifts and advanced
monsoon onset to weakening of the midlatitude UT jet stream. Since the ASMA circulation is
bounded on the poleward side by the UT subtropical jet and on the equatorward side by the TEJ,
the climatology, variability, and trends of the ASMA are expected to be closely linked to those of
the jets, consistent with previous studies of UT jets that show ASMA influences (Schiemann et al.
2009; Manney et al. 2014; Manney and Hegglin 2018, and references therein).

Numerous studies have explored the relationships between interannual variability in the ASM
and varying sea surface temperatures (SSTs), including El Nifio / Southern Oscillation (ENSO)
(e.g., Ju and Slingo 1995; Wang et al. 2001; Tweedy et al. 2018; Yan et al. 2018; Basha et al.
2020; Bombardi et al. 2020, and references therein) and other modes of SST variability. Kodera
et al. (2019) explored causes of decadal changes in the ASM and associated SSTs and suggested
that recent SST changes strengthened convection penetrating the tropical tropopause layer (TTL)

and in turn influenced the stratospheric circulation. Because of the variety of indices, includ-
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ing local to regional metrics, used to define monsoon characteristics such as onset and intensity
(see, e.g., Bombardi et al. 2020, for a review), the use of several ENSO indices, and the explo-
ration of different lags and time periods for correlations of ENSO with ASM features, studies of
ASM relationships to ENSO show no consensus, and indeed the complexity of both the defini-
tion of monsoon indices and monsoon/ENSO relationships has been recognized for at least the
past several decades (e.g., Webster and Yang 1992). Several studies have observed or simulated
an association of preceding El Nifio conditions with later monsoon onset and/or weaker monsoon
activity (e.g., Ju and Slingo 1995; Webster et al. 1998; Wang et al. 2013; Basha et al. 2020, and
references therein), including some studies using ASM intensity indices related to the upper tro-
pospheric circulation (e.g., Tweedy et al. 2018; Yan et al. 2018). However, counter-examples and
dependence on ENSO type are also reported (e.g., Yuan and Yang 2012; Wang et al. 2013; Hu
et al. 2020). Moreover, recent work suggests changes in the relationship between ENSO and the
ASM since the 1990s (e.g., Hrudya et al. 2020; Samanta et al. 2020, and references therein).

The relationships between ASM variations and the quasi-biennial oscillation (QBO) have also
been studied (e.g., Giorgetta et al. 1999; Claud and Terray 2007), again with some apparent dis-
crepancies in the results engendered by the diversity of metrics and indices used. While a number
of studies suggest a positive correlation between QBO and ASM intensity (e.g., Mukherjee et al.
1985; Giorgetta et al. 1999), others studies have not found consistent correlations (e.g. Claud and
Terray 2007; Bronnimann et al. 2016).

Various metrics have been used to identify the ASMA boundary and/or center location, including
100 or 200 hPa geopotential height (GPH) or its gradients (Zarrin et al. 2010; Niitzel et al. 2016;
Pan et al. 2016, and references therein), GPH anomalies (e.g., Barret et al. 2016), PV thresholds
(Garny and Randel 2013; Ploeger et al. 2015; Amemiya and Sato 2018, and references therein),
streamfunction (e.g., Tweedy et al. 2018; Yan et al. 2018), and Montgomery Streamfunction (MSF)

(e.g., Popovic and Plumb 2001; Fairlie et al. 2014; Santee et al. 2017). The ridgeline of the ASMA
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circulation is often identified using relative vorticity, GPH, or wind changes (e.g., Zhang et al.
2002; Zarrin et al. 2010; Niitzel et al. 2016). Also see Santee et al. (2017) and Yan et al. (2019)
for brief summaries of methods.

Garny and Randel (2013) and Ploeger et al. (2015) both discussed the analogy of the ASMA to
the stratospheric polar vortex as a transport barrier, noting that the ASMA can be viewed similarly
to that closed circulation in many respects but represents a much “leakier” transport barrier, es-
pecially on the equatorward side. Our work follows (and extends) the stratospheric polar vortex
analog, but uses MSF on isentropic surfaces as in Santee et al. (2017); as shown therein, one ad-
vantage of this metric is that a closed circulation can be defined over a wider range of isentropic
levels. We pursue the analogy further by (for the first time to our knowledge) applying a moments
and area analysis similar to those that have been effectively used with PV fields to characterize the
geometry, vertical structure, preferred locations, and evolution of the stratospheric polar vortex
(e.g., Waugh and Randel 1999; Matthewman et al. 2009; Lawrence and Manney 2018).

In this paper, we define the ASMA as in Santee et al. (2017) and use calculations of its moments
and area in a comprehensive analysis of its geometry and position and their relationships to natural
modes of variability (ENSO and QBO) and to the upper tropospheric subtropical jet. We have
conducted the analysis for five of the most recent reanalyses, but focus on the three of those
for which we have the longest data records. In Section 2 we describe the reanalysis datasets
and methods used. Section 3 presents our results, with an overview (Section 3a); discussions of
climatology (Section 3b) and trends (Section 3c1); analysis of correlations with ENSO, QBO, and
the subtropical jet (Section 3c2); and investigation of the longer-term record from the most recent
reanalysis datasets from the Japan Meteorological Agency (JMA) (Section 3d). Our conclusions

are given in Section 4.
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2. Data and Methods

a. Reanalysis Datasets

We present the moments and area analysis (see Section 2b below) based on three of the lat-
est generation of “full-input” reanalyses: the GMAO MERRA version-2 (MERRA-2) reanalysis
(Gelaro et al. 2017); the ECMWF ERA-Interim reanalysis (Dee et al. 2011); and the JMA 55-
year reanalysis (JRA-55) (Ebita et al. 2011; Kobayashi et al. 2015). The models, assimilation
systems, and data inputs for those reanalyses are described in detail by Fujiwara et al. (2017).
We analyze the climatology and variability of the ASMA moments and area for 1979 through
2018. Calculations are done using daily 12-UT fields from each reanalysis dataset, whose fields
are used on their native model levels and at or (in the case of spectral models) near their native
horizontal resolution. We thus omit detailed analysis of MERRA, which has been superseded by
MERRA-2, and the NCEP CFSR/CFSv2 (Climate Forecast System Reanalysis / Climate Forecast
System Version 2), which has been shown to have issues with discontinuities and poorer agree-
ment with observations and other modern reanalyses for many diagnostics (e.g., Long et al. 2017;
Manney et al. 2017; Xian and Homeyer 2019). Moreover, CFSR/CFSv2 on native model levels
and MERRA are available only through 2015. We have, however, conducted most of the analyses
described herein with these two reanalyses for 1979-2015, and figures showing comparisons with
them are included in S-RIP Chapter 8 (Tegtmeier et al. 2020b). We use the JRA-55C ““conventional
input” (that is, no satellite data, see Kobayashi et al. 2014) reanalysis for 1973-2012 to evaluate
how JRA-55 might differ in the pre-satellite (before 1979) and satellite periods. This informs our

analysis of the full JRA-55 record from 1958-2018.

1) MERRA-2

MERRA-2 (Gelaro et al. 2017), based on the GEOS (Goddard Earth Observing System) as-

similation system, uses 3D-Var assimilation with Incremental Analysis Update (IAU) (Bloom
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et al. 1996) to constrain the analyses. MERRA-2 data products used here are on model lev-
els and a 0.5° x0.625° latitude/longitude grid. The 72 hybrid sigma-pressure vertical lev-
els give about 0.8 km vertical spacing in the upper troposphere, increasing to ~1.2km in the
UTLS. Data from MERRA-2 from its spin-up year, 1979, are not in the public record but
are included here. We use the MERRA-2 “Assimilated” data collection (Global Modeling and
Assimilation Office (GMAO) 2015) here; this data collection is recommended by GMAO for
most studies, particularly those that require consistency between mass and wind fields (see, e.g.,
https://gmao.gsfc.nasa.gov/reanalysissMERRA-2/docs/ANAvsASM.pdf and Fujiwara et al. 2017).
Differences between “Assimilated” and “Analyzed” fields are small but can be non-negligible for
some UTLS studies (e.g., Manney et al. 2017); however, comparisons of the two for the moments

calculations used herein showed no persistent or significant differences.

2) ERA-INTERIM

ERA-Interim (see Dee et al. 2011) is a global reanalysis covering 1979 through August
2019. The data are produced using 4D-Var assimilation with a T255L60 spectral model. The
ERA-Interim data used here are on a 0.75° x 0.75° latitude/longitude grid (near the resolution of

the spectral model’s Gaussian grid). The 60 model levels have about 1-km spacing in the UTLS.

3) JRA-55

JRA-55 (Ebita et al. 2011; Kobayashi et al. 2015) is a global reanalysis covering 1958 to the
present. The data are produced using a 4D-Var assimilation with a T319L60 spectral model. They
are provided on an approximately 0.56° Gaussian grid corresponding to that spectral resolution.
The JRA-55 fields on the model vertical levels have a vertical resolution and spacing nearly iden-
tical to that of ERA-Interim in the UTLS (e.g., see Fig. 3 in Fujiwara et al. 2017). The JRA-55C
reanalysis (covering November 1972 through 2012, see, e.g., Kobayashi et al. 2014) uses the same

model and grids but does not assimilate satellite data.

10
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b. Methods
1) ASMA CHARACTERIZATION / DIAGNOSTICS

Following Santee et al. (2017), we use contours of daily 1200UT MSF on the 350 K (MSF value
344800 m?s—2), 370K (356500 m*s~2), 390K (367100 m*s~2), and 410K (377300 m*s~?) isen-
tropic surfaces to define the boundary of the ASMA. Santee et al. (2017) arrived at the listed values
by analysis of MSF correlations with windspeed, thus approximating the location of the transport
barriers associated with the subtropical westerly and tropical easterly jet cores. The ASMA is
identified within the region between 0 and 175° longitude and 0 and 60° latitude (hereinafter the
“ASM box”). This box is larger than that used in Santee et al. (2017) and most previous stud-
ies (e.g., Bergman et al. 2013; Ploeger et al. 2015; Garny and Randel 2016; Zhang et al. 2016)
to ensure that it encompasses the entire ASM region throughout the monsoon season. Extensive
inspection of the regions defined as inside the ASMA using this larger box showed no evidence of
areas not associated with the ASMA.

The ASMA is characterized through a moments analysis similar to that often used to describe
stratospheric polar vortex characteristics (Waugh and Randel 1999; Matthewman et al. 2009;
Mitchell et al. 2011; Lawrence and Manney 2018, and references therein) and more generally
to describe the geometry of objects (see discussion in Lawrence and Manney 2018). The calcula-
tions are based on the algorithms used by Lawrence and Manney (2018) (which in turn followed
those of Matthewman et al. 2009), except that the Cartesian grid used is a cylindrical equal area
grid covering the ASM box mentioned above, and MSF fields are used instead of PV. As described
in detail by Matthewman et al. (2009), this analysis computes the moments of the equivalent el-
lipse and then uses them to calculate the centroid location (latitude and longitude), aspect ratio,
angle, and excess kurtosis (EK); hereinafter we use the term “moments” to describe those derived
quantities. EK has been used as a method of identifying polar vortex splits (e.g., Matthewman

et al. 2009; Matthewman and Esler 2011). In addition to the moments diagnostics, the area of

11
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the ASMA is calculated as the fraction of the total hemispheric area with MSF greater than the
threshold value within the ASM box. Area values less than 1% of a hemisphere are filtered out to
limit large day-to-day variability in identification of ASMA existence at the beginning and end of
the season because of the presence of very small transient regions about the edge values (similar
to the filtering commonly used in stratospheric polar vortex identification, Manney and Lawrence
2016; Lawrence and Manney 2018, and references therein).

The gridpoints at the edge of the ASMA are identified using the Canny edge detection algorithm
(Canny 1986). The ASM season is considered to begin (end) when the area with MSF exceeding
the boundary value has been greater than 1% of a hemisphere (the general area threshold we use,
as mentioned above) for 20 consecutive days prior to (after) the start (end) date. These values
were obtained by testing the sensitivity to a range of area (from 0.5% to 2% of a hemisphere)
and persistence (from 10 to 30 days) thresholds; the values chosen ensure that the results are not
noticeably biased (particularly in the comparison between different reanalyses) by variations in

small transient regions above the thresholds.

2) ANALYSIS

In addition to climatological monthly (April through October) and seasonal (June—July—August,
JJA) means and frequency distributions of the ASMA edge and centroid locations, we construct
climatological time series of the moments, area, and duration diagnostics and examine the distri-
butions of those diagnostics by month over the 40-year period. Timeseries of these diagnostics
are examined for potential trends and for correlations with ENSO, QBO, and subtropical UT jet
stream variations.

The trend analysis mirrors that of Manney and Hegglin (2018). Apparent trends are identified
using a simple linear regression of the monthly and seasonal mean time series of moments and
area diagnostics. The statistical significance of the slopes of the linear fits is examined using a

permutation analysis (e.g., Wilks 2011, Section 5.3.4) like that described by Manney and Hegglin
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(2018), wherein the 40-year time series for each time period (month, season) are randomly shuf-
fled to produce 100,000 possible arrangements of the values, and the linear regression analysis
is applied to those. A two-sided p-value is derived by counting how many permuted slopes have
larger magnitude than those derived from the reanalyses and dividing by the number of instances
(100,000) in the permutation distributions. Consistency among the reanalyses is also critical in
assessing the robustness of trends, since one reanalysis may show statistically significant trends
opposite to those for others. See Manney and Hegglin (2018) for more detailed discussion.

Relationships with ENSO are assessed using correlations with the Multivariate ENSO Index
(MEI, Wolter and Timlin 2011). Relationships with the QBO are examined through correlations
with the 50 and 70 hPa Singapore winds provided by the Freie Universitit Berlin (Naujokat 1986)
and with the 30-50 hPa wind shear. These correlations were also done with 2 and 41 month
lags.

We also examine correlations with the subtropical UT jet streams’ latitude, altitude, and wind-
speed obtained from JETPAC (JEt and Tropopause Products for Analysis and Characterization,
Manney et al. 2011a, 2014, 2017; Manney and Hegglin 2018); the subtropical jet is identified (as
described by Manney and Hegglin 2018) in a physically meaningful way as the jet across which
the “tropopause break’ occurs. For this analysis, the zonally averaged jet characteristics, and the
jet characteristics averaged over 45-90°E and 80-160°E longitude, have been studied.

To assess the statistical significance of correlations, we use bootstrap resampling (e.g., Elfron
and Tibshirani 1993) and resample all the time series 100,000 times. We use this to construct
95 and 99% confidence intervals for the correlations. (See Lawrence et al. 2018; Lawrence and

Manney 2020, for further details of the bootstrapping methods).
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3. Results

a. Climatological Geometry of ASMA Circulation

Figure 1 shows the climatological mean ASMA edge and centroid locations for each reanalysis
(maps are shown in the cylindrical equal area projection used to calculate the moments). Centroid
locations generally agree quite well among the reanalyses, especially when the ASMA is fully
developed in July and August. The ASMA is larger in MERRA-2 than in the other reanalyses;
ERA-Interim typically has the smallest area, but it is closer to that of JRA-55 than JRA-55 is to
MERRA-2. The largest differences, at 350 K, arise primarily from a more equatorward southern
edge and larger longitudinal extent of the ASMA in MERRA-2. The appearance of only centroid
locations (for most reanalyses at most levels in May and September) indicates that mean values
were above the edge threshold at only one or two gridpoints. Some MSF values exceed the edge
threshold starting in May, but only MERRA-2 at 350 K shows a significant region of such values.
In June, the ASMA is larger at 370 K and 390 K than at 350 K and 410 K (as was found by Santee
et al. 2017), except in MERRA-2, which shows a much larger area than the other reanalyses at
350 K. Consistent with previous findings based on other measures of ASMA center location and
area (e.g., Randel and Park 2006; Bergman et al. 2013; Ploeger et al. 2015; Santee et al. 2017,
and references therein), the centroid location shifts north (and in some periods slightly east) with
height (e.g., in JJA from below 30°N at 350 K to about 37°N at 410 K), and area in a given time
period is largest at 370 K and 390 K (except for MERRA-2 at 350 K in some months). The shift
of the centroid location east of the center of the ASMA region in September at 350 and 370 K
arises primarily from the common occurrence of a small local maximum to the east, either split off
from or attached by a narrow tongue to the main ASMA (e.g., as in eddy-shedding events, Popovic
and Plumb 2001; Honomichl and Pan 2020), which affects the centroid location much more than

it does the mean edge. For 1979-2015, MERRA areas are similar to those for MERRA-2, and
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CFSR/CFSv2 areas are usually slightly smaller than those in the three reanalyses shown herein
(S-RIP Chapter 8, Tegtmeier et al. 2020b).

Figure 2, which shows PDFs for JJA from each of the three reanalyses, gives a more detailed
view of the ASMA circulation. Both edge and centroid location distributions are broader and
less sharply peaked at 350 K than at higher levels. The MERRA-2 350-K centroid distribution is
“tilted” east and south with respect to those for ERA-Interim and JRA-55, and its edge distribution
is even more diffuse than that of the other reanalyses. All of the reanalyses show a fairly uniform
maximum along the southern edge from about 30°E to 120°E. In contrast, there is a localized
maximum at the northern edge just west of 90°E (though not as consistently, and barely apparent
in MERRA-2, at 350 K), indicating a preferred position along that edge. This position (~40°N,
~85°E, near the northern edge of the Tibetan Plateau) coincides with the preferred location of
the subtropical westerly jet in JJA (Manney et al. 2014) and is consistent with the approximate
position of the northern edge towards the eastern side in three of the four “phases” of the ASMA
described by Pan et al. (2016).

Except at 350K, the distributions for the three reanalyses agree well, but with the larger
MERRA-2 area reflected in the edge distributions. No clear evidence of bimodality is seen in
the centroid or edge locations; this is also the case for PDFs for individual months (not shown).
This supports the analysis of Niitzel et al. (2016) showing strong bimodality in NCEP-R1 and
NCEP-R2 (which are deprecated for most studies including those of the UTLS, see, e.g., S-RIP
Chapters 7 and 8, Homeyer et al. 2020; Tegtmeier et al. 2020b, and references therein) but not
in modern reanalyses including MERRA, ERA-Interim, and JRA-55. Our conclusions are also
consistent with the lack of a clear bimodality signature in other studies using more recent reanal-
yses (e.g., Garny and Randel 2013; Ploeger et al. 2015). Because ours is a climatological result, it

does not preclude the occurrence of bimodal geometries (such as the “Tibetan Plateau”, “Iranian
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Plateau”, or “Double-center” phases shown by Pan et al. 2016) over short periods or on individual

days.

b. Climatology of ASMA Moments and Area

Figure 3 shows the climatological seasonal evolution of the ASMA. Climatologically, the mo-
ments diagnostics agree well among the reanalyses at 370, 390, and 410 K once the circulation
is well developed. At 350 K, MERRA-2 (and MERRA, not shown) has slightly higher (farther
east) centroid longitudes from the beginning of the season into August. MERRA-2 (and MERRA)
350-K centroid latitudes are slightly lower throughout the season, with the largest differences
(about 5°) early and late in the season.

The centroid location shifts northward and westward during ASMA development, and southward
and eastward after the peak of the ASMA season. Strongest shifts are seen at 350 K, where the
climatological position is near 15°N and 120°E in May, near 30°N and 75°E at the beginning of
August, and near 25°N and 125°E by October; these shifts are consistent with the 10-15° latitude
/ ~30° longitude shifts at 100 hPa noted by Niitzel et al. (2016). Mean centroid latitudes at the
monsoon peak are about 32, 35, and 37°N at 370, 390, and 410 K, respectively, and the mean
longitude at the peak is about 75-80°E at all levels. Although the period during which the ASMA
is consistently well defined decreases with increasing height (as seen also in Fig. 1), the area
increases faster at 370 and 390 K than at 350 K, so, except in MERRA-2, the areas at these higher
levels are larger than that at 350K by June. (Also see Section 3c for further details on ASMA
“lifetime”.)

The aspect ratio of the equivalent ellipse for the ASMA is calculated daily in the cylindrical
equal area projection in which the maps in Figs. 1 and 2 are shown; the aspect ratio of the ASMA
typically ranges between 5 and 10 when the circulation is well defined. At 350 K, the aspect ratio

increases from about 3 to 10 in June and then remains flat until gradually decreasing again starting
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in mid-September. At the higher levels, the aspect ratio increases gradually from 3-5 to 8-10
through the season (until late-September, mid-September, and mid-August at 370, 390, and 410 K,
respectively). Much larger peaks (exceeding 20) for individual dates/years tend to cluster near
the end of the season, when splitting or pinching off of sub-vortices more often results in a very
elongated ASMA.

The angle of the ASMA (measured from the latitude circle of its centroid) tends to be very near
zero (with a range of about £5° except for a few brief periods) when the ASMA is well defined,
with a tendency towards slightly negative values before mid-season. Large negative values are
commonly seen at 350 K through June, indicating that the eastern side of the ASMA frequently
tilts equatorward during this period.

EK is a combination of higher-order moments defined by Matthewman et al. (2009) for strato-
spheric polar vortex studies such that negative values indicate a shape that is pinched in the middle,
zero indicates an elliptical vortex, and positive values indicate a “‘diamond-shaped” vortex or one
with extensive filamentation. Matthewman et al. (2009) and Matthewman and Esler (2011) used
sufficiently negative values (—0.1 and —0.6, respectively) to indicate vortex splitting. Except at
350 K, ASMA EK is typically slightly positive; significantly negative values are uncommon in this
climatology. Statistics of negative EK by year and month show only a few instances at 370, 390,
or 410 K with extended periods of negative EK (e.g., July and August 1989 at 370 and 390 K, not
shown). Daily MSF maps at these times (not shown) do indeed indicate that negative EK is asso-
ciated with a pinched ASMA shape (similar to the “western (Iranian plateau)” or “double-center”
phases described in Pan et al. 2016); one of the MSF maxima in these cases is typically near
the Iranian Plateau (around 40-60°E longitude), consistent with one of the preferred locations
in studies suggesting bimodality (Niitzel et al. 2016, and references therein), while the location
of the other varies considerably. Instances of a split ASMA are found to occur for negative EK

magnitudes as small as about 0.25; on the other hand, the ASMA may be unsplit for negative EK

17



409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

magnitudes as large as 0.65 (the latter cases are generally associated with quite elongated, sinuous
ASMA shapes). Thus, while periods of negative EK may signify a particular ASMA structure,
they are uncommon and are not a specific indicator of splitting. Large positive EK values are
fairly common, especially near the beginning and end of the season (and would occur in situations
similar to the “eastern (Tibetan Plateau)” phase of Pan et al. 2016), but their small effect on clima-
tological EK suggests that they occur only for short periods in individual years (more frequently
early and late in the ASM season). The slightly positive mean EK values suggest that the ASMA
is most often close to elliptical or has a slight bulge along the minor axis. Further exploration of
the details of ASMA structure leading to sporadic large variations in EK may be useful for relating
anomalous values to specific features, but the complexity of correlating this diagnostic with con-
sistent patterns is beyond the scope of this paper. We thus leave detailed study of EK variations
for future work.

At 370, 390, and 410K, MERRA-2 (and MERRA, not shown) areas are 15-20% larger than
those in the other reanalyses. At 390 and 410 K, ERA-Interim areas are 5-10% smaller than those
in JRA-55; CFSR/CFSv2 (see S-RIP Chapter 8, Tegtmeier et al. 2020b, for a 370 K example) areas
are similar to or slightly smaller than those in ERA-Interim at all levels. At 350 K, MERRA-2 (and
MERRA) areas are typically 40 to nearly 50% larger than those for the other reanalyses, consistent
with the edge locations shown in Fig. 1. Reanalysis differences in the ranges are similar to those in
the means, and the peaks generally line up in time. The exception is the 350-K MERRA-2 range,
which includes more high values at all times, and thus the peaks seen in the mean are less distinct
(as is also reflected in more diffuse edge distributions, Fig. 2).

The calculated area indicates that the ASMA starts developing in late April at 350 K and in early
May to early June at higher levels (also see Section 3c below). At each level, a peak in the area in
mid-May (strongest at 350 and 370 K) is followed by a rapid but brief decrease and then a steady

rise until late July/early August. Examination of the late-May peak shows that it arises almost
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entirely from three years: 1998, 2010, and 2016. Although the area drops abruptly near the end of
May in those years (leading to the appearance of the climatological minimum near the beginning
of June), these years remain among those with the largest areas through the peak of the monsoon
season (see also Section 3c¢).

While the ASMA threshold MSF value is reached earlier at 350 K, the area increases more
slowly than at higher levels. In MERRA-2 (and MERRA, not shown), the maximum ASMA area
is about 12% of a hemisphere at 350 K and about 10% at the higher levels; the other reanalyses
show a maximum area of only about 7% at 350 K, and slightly under 10% at the higher levels. For
comparison, this maximum area is similar to that of the Arctic stratospheric winter polar vortex in
a typical year (see, e.g., Manney et al. 2011b; Manney and Lawrence 2016).

Figure 4 shows histograms of the moments (excepting EK) and area of the ASMA during JJA.
Consistent with the position differences seen in Fig. 3, the MERRA-2 centroid longitude and
latitude histograms have shapes very similar to those for the other reanalyses, but at 350 K are
shifted towards higher (by about 3-7°, see mean lines) longitudes and lower (by about 2-3°)
latitudes. The angle and aspect ratio histograms agree well among the reanalyses, except for
a slight shift toward lower values in both for MERRA-2 at 350 K. The area distributions are
consistent with the previous plots, with MERRA-2 showing a much broader distribution peaked at
higher values than the other reanalyses at 350 K and a similarly broad distribution but peaked at
higher values (about 15-20% larger mean area) at the other levels.

Overall, the climatological picture agrees closely among the reanalyses at and above 370 K;
large differences in area and small differences in the moments at 350 K are partially related to
larger variability in the ASMA in MERRA-2 than in the other reanalyses at this level. In the fol-
lowing section, we examine interannual variability and evidence for possible trends in the ASMA

moments and area.
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c. Variability and Trends
1) INTERANNUAL VARIABILITY AND TRENDS IN THE ASMA

Figure 5 shows 40-year time series of the ASMA moments and area for JJA. Considerable inter-
annual variability is seen in all diagnostics. This variability is qualitatively very consistent in all of
the reanalyses, but the differences seen in the climatology are reflected in relative biases between
the values, especially at 350 K. The overlaid lines showing linear fits suggest an increasing trend
in angle and area at all levels. Possible decreasing trends in centroid latitude and increasing trends
in aspect ratio are seen at 350, 370, and 390 K, but are not always consistent among the reanalyses.
Centroid longitude trends are generally not consistent among the reanalyses, nor are aspect ratio
trends at 350 K.

Figure 6 summarizes the trends in the linear fits to the time series shown in Figure 5. Despite
consistent slopes among the reanalyses in most cases, relatively few of the apparent trends are
significant at the 95% confidence level based on our permutation analysis. Most of the trends
are consistent in sign, except where they are very small and not significant (e.g., centroid latitude
and longitude at 370 and 390 K, and longitude at 350 K) or in a few individual cases (e.g., aspect
ratio in July and August and angle in September at 350 K). Significant and consistent (among the
reanalyses) positive trends in aspect ratio are seen in July at 390 and 410 K and in JJA at 370 and
390 K. Uniformly significant positive trends are also seen in angle at 370, 390, and 410K in July
(but note that the angle remains quite small).

Area shows the most robust and consistent trends, with positive trends in all reanalyses, in all
months and the JJA season, and at all levels except 410 K in September. Most of these trends are
significant at the 95% confidence level except in September, when only 350 K shows consistently
significant trends. JRA-55 trends are also insignificant in August at 390 and 410 K and in June and
JJA at 410K, and ERA-Interim and JRA-55 trends are insignificant in June at 390 K. MERRA-2

area trends are substantially larger than those in the other reanalyses at all levels. We have pre-
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viously done this trend analysis for periods with end years of 2014, 2015, and 2017, with very
similar results (see S-RIP chapter 8, Tegtmeier et al. 2020b, for 370 K example through 2015),
indicating that within the 2014-2018 interval the results are not strongly affected by outliers in the
end dates (consistent with the general absence of extreme values at the end points of the time series
shown in Fig. 5). MERRA and CFSR/CFSv?2 area trends through 2015 are consistent with those in
the other reanalyses, with MERRA values similar to those for MERRA-2, and CFSR/CFSv2 val-
ues stronger (weaker) than those in ERA-Interim and JRA-55 (MERRA-2 and MERRA) (shown
in S-RIP Chapter 8, Tegtmeier et al. 2020b). These results suggest a robust increasing trend in
ASMA area over the past 36—40 years. This apparent increasing trend in ASMA area is explored
in more detail in a paper in preparation, which shows a relationship to multiple dynamical changes
more complex than a simple overall increase in MSF values.

Figure 7 shows formation and decay dates and duration (end minus start date) of the ASMA
(see Section 2b for details). Consistent with its larger area, MERRA-2 indicates earlier formation
and later decay dates, and a correspondingly longer ASMA lifetime, than the other reanalyses, but
the interannual variability is in qualitative agreement among the reanalyses. Larger MERRA-2
differences between levels follow directly from the much larger 350-K area in MERRA-2 than
in the other reanalyses. The start dates, end dates, and duration at all levels are fairly similar
in ERA-Interim and JRA-55, as are those in MERRA-2 at 370, 390, and 410 K. Mean formation
dates are earlier at lower levels in JRA-55 and MERRA-2 (e.g., mean values for JRA-55 — typically
the “middle” of the three reanalyses — are 30 May, 30 May, 6 June, and 16 June at 350, 370, 390,
and 410K, respectively). The earliest mean start date for ERA-Interim is 4 June at 370 K. End
dates in MERRA-2 and JRA-55 are later at lower levels (e.g., JRA-55 mean of 17 September,
15 September, 10 September, and 3 September at 350, 370, 390, and 410 K, respectively), while
the latest ERA-Interim end date is 12 September at 370 K. Together, these results lead to the

longest mean duration at 350 K for MERRA-2 and JRA-55 (159 and 110 days, respectively) and
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at 370K for ERA-Interim (100 days). These results are consistent with and help quantify the
reanalysis differences in ASMA area shown above. S-RIP Chapter 8 (Tegtmeier et al. 2020b)
shows that MERRA formation and decay dates and lifetime through 2015 are usually similar to
those for MERRA-2, with a few exceptions, particularly much later formation dates (leading to
shorter lifetimes) at 350 K in MERRA than in MERRA-2 in 1992 and 2006. CFSR/CFSv2 values
are usually similar to those for ERA-Interim and JRA-55, with a few notable outliers at 350K,
especially a very late formation date in 1985 and late/early formation/decay dates in 1992 that
result in unrealistically short (less than a month) ASMA lifetimes in those years (S-RIP chapter 8,
Tegtmeier et al. 2020b). Our results differ somewhat from those of Santee et al. (2017), who
used the same ASMA definition but studied a shorter time period (2005-2014) and used data
from the GMAO “GEOS-5.9.1” operational analysis (which used an earlier version of the GMAO
assimilation system than does MERRA-2); they further used different criteria for defining ASMA
formation and end dates.

The linear fits in Fig. 7 show trends towards earlier formation dates, later decay dates, and longer
lifetimes at all levels, consistent with the area trends discussed above. These trends are much
larger at 350K (37, 53, and 41 days longer in 2018 than in 1979 for MERRA-2, ERA-Interim,
and JRA-55, respectively) than at higher levels (ranging from 7 to 24 days 2018—1979 difference,
depending on level and reanalysis). Figure 8 summarizes the trends in these linear fits and their
significance. As with the area trends, these trends are larger at 350 K than at the higher levels and
larger in MERRA-2 than in the other reanalyses. Trends at 410K are not significant except for
MERRA-2 decay dates and lifetime; 390 K trends in all quantities in JRA-55 and in decay date in

ERA-Interim are also not significant.

2) ASMA CORRELATIONS WITH UPPER TROPOSPHERIC JETS, ENSO, AND QBO

Figures 9 and 10 show correlations of the ASMA moments and area with the subtropical UT jet

core latitude and altitude from JETPAC (Manney et al. 2011a; Manney and Hegglin 2018) in the
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80-160° longitude region. Similarly strong correlations are seen in the 45-90° longitude region,
and weaker ones of consistent sign are seen in the zonal mean (not shown). Strongest correlations
are seen with the ASMA centroid latitude, which generally shows significant positive (negative)
correlations with subtropical jet latitude (altitude), with weaker/less significant correlations in
September and at the higher levels. Since the core of the subtropical jet sits at about 350K in
the ASMA region (e.g., Manney et al. 2014; Santee et al. 2017), weaker correlations at higher
levels, especially at 410 K, are not unexpected. This correlation is consistent with the northward
shift of the subtropical jet around the poleward edge of the ASMA (typically to a maximum latitude
near 42-45°N) during boreal summer (e.g., Schiemann et al. 2009; Manney et al. 2014; Manney
and Hegglin 2018). Fig. 9 also shows some significant correlations of subtropical jet latitude with
ASMA angle (strongest at 370 and 390 K in July), negative correlations with ASMA longitude and
area at 350 K that are occasionally significant, and a positive correlation with ASMA longitude at
410K in July. ASMA area is usually positively correlated with subtropical jet altitude (Fig. 10),
with significant correlations at 350 and 370 K in July and September, as well as in JJA. That
ASMA moments/area correlations with subtropical jet latitude and altitude typically have opposite
signs is consistent with the general expectation that the jet altitude and latitude are anti-correlated
(Lorenz and DeWeaver 2007; Hartmann et al. 2013; Manney and Hegglin 2018, and references
therein). No significant correlations of the ASMA with subtropical jet core windspeed were found
(not shown).

Correlations of ASMA moments and area with the concurrent MEI index are shown in Fig. 11.
While correlations are consistent among the reanalyses (except when they are very small), with
a few exceptions (centroid longitude at 350 and 370 K in July and JJA, respectively; aspect ratio
at 370 K in JJA), the only uniformly significant correlations with ENSO are for centroid latitude,
which shows a consistent and generally significant anti-correlation with the MEI. These corre-

lations are in line with the ASMA / subtropical jet correlations shown above and the results of
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Manney et al. (2020, in preparation) showing negative correlations of subtropical jet latitude with
ENSO.

While correlations between concurrent ENSO and ASMA area are small, Figure 12 shows sig-
nificant correlations of ASMA area with the MEI two months previously, especially in June and
July (smaller but still significant correlations were found for a one-month lag at 390 and 410 K).
Lag correlations for the moments and for other lags were either not significant or much less signifi-
cant than those for concurrent MEI. Correlations of MEI in DJF, Mar, Apr, and May with monsoon
onset dates (defined as in Fig. 7) generally indicate positive but insignificant correlations with DJF
and March MEI, and inconsistent results for the other months (not shown); an earlier onset date
following El Nifio conditions would be consistent with the positive two-month lag correlations
with area (which we cannot calculate for May since the ASMA formed that early in only a few
years). We note that the three years causing the late-May peak in Fig. 3 (1998, 2010, and 2016)
all had El Nifo conditions in the preceding March; however, several years with strong preceding
El Nifio conditions have late ASMA formation dates. Although many previous studies show later
onsets and/or weaker monsoons during El Nifio conditions, this finding is not universal and few of
those studies use upper tropospheric metrics of monsoon onset (see Section 1 for a brief review); it
would thus require extensive work to understand how previous results relate to those shown here.

Figure 13 shows correlations of ASMA area with the QBO, defined using 70 hPa and 50 hPa
Singapore winds (Naujokat 1986). The moments did not in general show significant correlations
with QBO, and results for QBO based on 30-50-hPa wind shear, and lag correlations, were no
more illuminating (not shown). Significant negative correlations with area are seen in June at
370, 390, and 410K and are quite consistent among the reanalyses, except for an insignificant
correlation of ASMA area with QBO winds at 370 K in MERRA-2; in September, significant
negative correlations with the 70-hPa QBO winds are seen in all reanalyses at 410 K and in JRA-55

at 390 K. Correlations of lagged QBO with ASMA start dates show significant (at or greater than
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98% confidence level) positive correlations of May QBO winds at 50 hPa with ASMA formation

date (not shown; similar correlations at 70 hPa are not significant).

d. The Longer Term Record: JRA-55

JRA-55, which starts in 1958, lets us examine a longer record of 61 years, provided we can
show that the pre-satellite and satellite period data are comparable. We assess that comparability
through the JRA-55C reanalysis, which spans late 1972 through 2012 and uses only conventional
data inputs. Figure 14 shows the mean centroid and edge locations for JRA-55 and JRA-55C
during 1973-2012 compared with the JRA-55 mean for 1979-2018 (same as the purple lines in
Fig. 1) and JRA-55 for 1958-2018. Except for slightly larger areas in the 1979-2018 period
at 350 and 370K, these all show very close agreement. Agreement is also good for the other
climatological fields; for example, Fig. 15 shows that centroid location and area at 370 K match
closely in the same four JRA-55/55C time series (except at the beginning and end of the season
when day-to-day variability is largest); similar congruence is seen at other levels (not shown).

The time series for the other moments, start/end dates, and duration in JRA-55 and JRA-55C for
the comparable periods (not shown) show similarly close agreement. With this indication of skill
for these diagnostics without the inclusion of satellite data, we proceed to examine the evidence
for trends in the longer-term record. As was the case for 1979-2018 (see Fig. 6), trends in the
moments are generally not significant over any of the periods shown; Fig. 16 shows the results
of the trend analysis for ASMA area. Comparing the dark and light purple lines (JRA-55 and
JRA-55C, respectively, for 1973-2012) indicates very similar changes, but at 370 K changes are
slightly less significant in JRA-55 than in JRA-55C. All four cases show significant area increases
at 350 K, except for June in the early years. At 370K, the late period and the full record show
significant trends in June through August and in JJA. Most of the area changes are not significant

at the higher levels, except for a few in JRA-55 for 1979-2018.
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The trends in ASMA start/end dates and duration (Fig. 17) show consistent patterns, with sig-
nificant decreases (increases) in start date (end date and duration) at 350 K in all four cases and
at 370K in JRA-55 in 1979-2018 and 1958-2018 (excepting end dates for the latter), as well as
largest changes in JRA-55 in the 1979-2018 period.

The above results show that increases in JRA-55 area and duration during 1979-2018 are overall
larger and more significant than those in the earlier period, in JRA-55C, and in the full 61-year
record. While these results are not conclusive, especially given the changes in reanalysis inputs
even over the satellite period (see, e.g., Fujiwara et al. 2017), they do suggest the possibility of a

recent acceleration in the upward trend in ASMA area.

4. Conclusions and Discussion

We have analyzed the Asian summer monsoon anticyclone (ASMA) in meteorological reanal-
yses from a new viewpoint by characterizing the climatology and variability of its moments and
area. We defined the ASMA as the region within 0—175°E having MSF greater than threshold
values on four isentropic surfaces (350, 370, 390, and 410K) in the UTLS. Its moments and
area were calculated using methods analogous to those developed for the stratospheric polar vor-
tex. This approach provides insight into the seasonal evolution of the geometry and location of
the ASMA, long-term trends in those characteristics, and relationships of those characteristics
to ENSO, QBO, and the upper tropospheric subtropical westerly jet. We focus on results from
the recent MERRA-2, ERA-Interim, and JRA-55 reanalyses, and comment briefly on those from
MERRA and CFSR/CFsv2. The primary study period is common to the three reanalyses we focus
on, 1979-2018; we also analyzed the full 1958-2018 period of the JRA-55 record.

Climatological features of the ASMA are generally consistent among the reanalyses (includ-

ing the 1973-2012 JRA-55 and JRA-55C records, and the 1958-2018 JRA-55 record), with good

26
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istics include:

e The ASMA is small and highly variable in April/May and September, especially at the higher

levels, but at its peak in July/August it occupies ~10% of the hemisphere.

Centroid locations agree well among the reanalyses, but with slightly lower latitudes and

higher longitudes at 350 K in MERRA-2 (and MERRA) than in the other reanalyses.

MERRA-2 shows substantially larger variability in centroid latitude and area than the other

reanalyses at 350 K.

ASMA centroid longitudes are lowest and latitudes highest when ASMA area is largest (in
early August); the ASMA thus moves westward and northward as it develops and eastward

and southward as it decays.

ASMA centroid latitude increases with height, with a maximum latitude of ~30°N at 350 K
increasing to ~37°N at 410 K; ASMA centroid longitude is similar at all levels studied, near

80°E at the peak of the monsoon season.

ASMA area is consistently larger in MERRA-2, especially at 350 K, where it exceeds that in
the other reanalyses by ~40-50%. Work in progress shows this difference to originate partly
from a significant vertically localized temperature bias in MERRA-2 near 300 hPa (Gelaro

et al. 2017), but further details are the subject of ongoing investigation.

The ASMA generally forms slightly later and decays slightly earlier at higher levels, per-
sisting longest at 350 or 370 K, depending on the reanalysis. Mean durations (averaged over
1979-2018 and the three reanalyses) are 120, 110, 87, and 77 days at 350, 370, 390, and

410K, respectively.
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e Three years (1998, 2010, and 2016) show large ASMA areas in late May that decrease by the

end of the month, leading to an apparent minimum in climatological area in early June.

e ASMA angles are largely confined between +5°; thus the major axis is closely aligned with

the latitude circle of its centroid.

e Negative values of excess kurtosis (EK) are associated with ASMA bimodality or splitting,
but are uncommon; the usually slightly positive climatological values indicate that the ASMA
is on average nearly elliptical with a slight bulge along the minor axis. Thus, although splits
and bimodal structure do occur during some periods, they are not frequent enough to leave an

imprint of two preferred locations in the climatology.

e ASMA aspect ratios are typically between 5 and 8 when the circulation is well defined, with

values increasing gradually until September at 370 through 410 K.

Many of these features confirm or extend previous work: Similar, but not identical, results regard-
ing changing ASMA position/size with height and time were noted qualitatively by Santee et al.
(2017) using the same ASMA definition but a much shorter time period, different dataset, and
different methods. Lack of evidence of climatological bimodality is consistent with previous work
finding bimodality only in older, deprecated, reanalyses (e.g. Ploeger et al. 2015; Niitzel et al.
2016); conversely, brief periods of negative EK indicate that bimodality is occasionally apparent
in daily ASMA maps, consistent with reported shape variations (e.g., Pan et al. 2016; Honomichl
and Pan 2020). Indeed, the lack of climatological bimodality in centroid frequency distributions
may suggest that bimodality is more commonly related to shape variations than to two strongly
preferred ASMA core locations. Our findings thus support previous work, and they also provide a
new geometrical view of the ASMA climatology.

A trend assessment for the ASMA moments and area indicates that:
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e Trends in moments are often inconsistent in magnitude and sometimes in sign among the

reanalyses and are generally not statistically significant.

e Increasing trends in ASMA area are seen in all reanalyses but are stronger and more signifi-
cant in MERRA-2, especially at 350 K. With a few exceptions (September at 370 K and some
months and reanalyses at 390 and 410 K), area trends are significant at the 95% confidence

level. They are not strongly sensitive to ending year within the 2014-2018 interval.

e Consistent with the area trends, in recent years ASMA formation dates are earlier, decay dates
later, and lifetimes longer. These trends are typically largest and most significant at 350 K
and are strongest in MERRA-2. Averaged over the reanalyses, the ASMA persisted longer in

2018 than in 1979 by 44, 23, 22, and 12 days at 350, 370, 390, and 410 K, respectively.

e JRA-55C 1973-2012 area and duration trends are slightly larger / more significant than those

for JRA-55 for the same period.

e JRA-55 trends are substantially larger and more significant for 1979-2018 than for 1958—
2018 or 1973-2012, and trends are not significant at the 95% confidence level at 390 or
410K (and in many cases not at 370 K) for the latter two periods. These results suggest that

trends may have accelerated during the past four decades.

These trends are derived from very different metrics than those in previous studies, thus providing
anovel view of the changing ASMA. The trend towards earlier ASMA formation seems consistent
with previous work showing evidence of earlier monsoon onset (Kajikawa et al. 2012; Bollasina
et al. 2013; Bombardi et al. 2020, and references therein). Area trends are not directly comparable
to previous metrics of ASMA size or intensity. A paper in preparation explores the relationships of
these trends, and their differences among reanalyses, to changes in MSF, temperature, geopoten-
tial height, tropopause variations, and other dynamical fields; preliminary results indicate greater

complexity in the causes than a simple overall increase in MSF over the period. Note also that
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trends from reanalyses must always be treated with caution because of step-changes in data inputs
common to different reanalysis products and differences in how each data assimilation system
handles such changes (see, e.g., Oliver 2016; Fujiwara et al. 2017; Long et al. 2017; Manney and
Hegglin 2018; Bao and Zhang 2019, and references therein).

Correlations of ASMA characteristics with ENSO, QBO, and the upper tropospheric subtropical

jet show:

e The ASMA centroid latitude is significantly positively (negatively) correlated with the sub-

tropical jet core latitude (altitude).

e Correlations of other ASMA moments with subtropical jet characteristics, and of ASMA

moments and area with subtropical jet windspeed, are generally not significant.

e ASMA centroid latitude is significantly negatively correlated with concurrent ENSO.

e Other ASMA moments and ASMA area are typically not strongly or significantly correlated
with concurrent ENSO, but significant correlations are seen of ASMA area with the MEI

index two months earlier, particularly in June/July at 370 and 390 K.

e Correlations of the ASMA moments / area with QBO are usually not significant, except for

negative correlations of QBO with area in during June at 370, 390, and 410 K.

These results are consistent with those of Manney et al. (2020, in preparation) showing negative
(positive) correlations of the subtropical jet latitude (altitude) with ENSO, with the northward jet
latitude shift during the ASM season (Schiemann et al. 2009; Manney et al. 2014), and with the
expected anticorrelation of jet latitude and altitude (e.g., Lorenz and DeWeaver 2007; Hartmann
et al. 2013; Manney and Hegglin 2018). While positive lag correlations of area with ENSO are
not obviously consistent with common (but not universal) previous reports of stronger monsoons
during La Nifia conditions, ASMA area is a very different metric than those typically used, so

further exploration of these relationships will be of interest.
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The diagnostics studied herein shed new light on interannual variability and trends in the ASMA.
Applying similar methods to analysis of the North American summer monsoon circulation may
prove illuminating. These diagnostics are also well-suited for studies of day-to-day variability.
Exploration of observed intraseasonal variability on multiple timescales would be illuminating,
as would detailed analysis of unique characteristics of the ASMA in individual seasons (e.g., a
paper in preparation using these methods contrasts the ASMA and observed unusual aspects of
composition therein in 2017 with the range of interannual variability). Further exploration of the
EK moments diagnostic will also be valuable for such case studies; moreover, it may help quantify
common shape variations of the ASMA and identify statistical patterns that arise primarily from
those shape changes (as opposed to arising from position or intensity changes).

Work in progress using ASMA moments and area to evaluate additional dynamical diagnostics
within, around, and at the edges of the ASMA will provide further insight into dynamical changes
underlying the trends, variability, and reanalysis differences described herein.

Many studies of trends and variability in monsoon onset, duration, and intensity focus on rain-
fall and other surface parameters (which, indeed, are most directly relevant to human impacts);
exploring the relationships of these parameters to the upper tropospheric ASMA may provide new
insights into the coupling between deep convection and the ASM circulation and between UTLS
and surface / lower tropospheric impacts of monsoon variability and trends.

The results presented herein thus provide not only a new view of ASMA climatology and vari-
ability, but also a new set of tools for exploring ASMA dynamical and composition variability on

a range of timescales and their relationships to surface impacts.
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Climatological (1979 through 2018) means of ASMA edge (contours) and centroid (sym-
bols) locations, for May through September, and JJA, for three reanalyses: MERRA-2 (red),
ERA-Interim (blue), and JRA-55 (purple). The isentropic levels are (left to right columns)

350, 370, 390, and 410 K. The longitude domain is 0 to 180°E, with dashed lines every 30°;

the latitude domain is 0 to 60°N, with dashed lines every 15°.

Climatological (1979 through 2018) frequency distributions of ASMA edge (purples) and
centroid (reds/oranges) locations, for JJA, from (left to right) MERRA-2, ERA-Interim, and
JRA-55. The isentropic levels are (top to bottom) 410, 390, 370, and 350 K. The longitude
domain is 0 to 180°E, with dashed lines every 30°; the latitude domain is O to 60°N, with
dashed lines every 15°.

Climatological (1979-2018) time series of moments and area of the ASMA at (left to right)
350, 370, 390, and 410K; fields are top to bottom: centroid longitude, centroid latitude,
aspect ratio, angle, excess kurtosis, and area. Envelopes show the range of values for the
corresponding reanalysis (colors are shown in the legend).

Histograms of climatological JJA moments and area of the ASMA, top to bottom: centroid
longitude, centroid latitude, aspect ratio, angle, and area. Vertical lines show climatological
mean for each reanalysis.

Time series for 1979 through 2018 of JJA moments and area of the ASMA at (left to right)
350, 370, 390, and 410 K for the three reanalyses; top to bottom: centroid longitude, centroid
latitude, aspect ratio, angle, and area. Overlaid lines show linear fits to the values.

Slopes of linear fits to the moments and area time series shown in Figure 5. Bars in the
reanalysis colors indicate slopes that are significant at the 95% confidence level according
to a permutation analysis (see Section 2b).

Start dates, end dates, and duration of the monsoon season as defined in the text (Section 2b).
Horizontal lines show each reanalyses’ mean over the 40-year period. Overlaid dashed lines
show linear fits to the values.

Slopes of linear fits to the start date, end date, and duration time series shown in Figure 7.
Bars in reanalysis colors indicate slopes that are significant at the 95% confidence level
according to a permutation analysis (see Section 2b).

Correlation between ASMA moments / area and the latitude of the subtropical upper tro-
pospheric jet (see text for jet characterization methods) in the 80 to 160° longitude band.
Correlations that are significant at the 95% level in a bootstrapping analysis (Section 2b) are
shown in the reanalysis colors.

Correlation between ASMA moments / area and the altitude of the subtropical upper tro-
pospheric jet (see text for jet characterization methods) in the 80 to 160° longitude band.

Correlations that are significant at the 95% level are shown in the reanalysis colors.

Correlations between ASMA moments / area and the MEI index. Correlations that are sig-
nificant at the 95% confidence level are shown in the reanalysis colors.

Correlations between ASMA area and the MEI index with a 2-Month lag. Correlations that
are significant at the 95% confidence level are shown in the reanalysis colors.
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Fig. 13.

Fig. 14.

Fig. 15.

Fig. 16.

Fig. 17.

Correlations between ASMA area and the QBO index defined by Singapore winds at 50 hPa
(top) and 70 hPa (bottom). Correlations that are significant at the 95% confidence level are
shown in the reanalysis colors.

JJA climatological ASMA edge and centroid values: JRA-55 & JRA-55C for 1973-2012
(purple & light purple, respectlvely) JRA-55 for 1979-2018 (teal), and JRA-55 for 1958—
2018 (black). Ce e

370K climatological (top to bottom) centroid longitude, centroid latitude, and area time

series for JRA-55 & JRA-55C for 1973-2012 (purple & light purple, respectlvely) JRA-55

for 1979-2018 (teal), and JRA-55 for 1958-2018 (black).

Slopes of linear fits to the area time series shown in Figure 15. Bars in the reanalysis colors
indicate slopes that are significant at the 95% confidence level.

Changes in ASMA start and end dates and number of days; time periods and colors are as in

Fig. 14. Bars in the reanalysis colors show changes that are significant at the 95% confidence
level.
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1195

FI1G. 2. Climatological (1979 through 2018) frequency distributions of ASMA edge (purples) and centroid
(reds/oranges) locations, for JJA, from (left to right) MERRA-2, ERA-Interim, and JRA-55. The isentropic
levels are (top to bottom) 410, 390, 370, and 350 K. The longitude domain is 0 to 180°E, with dashed lines

every 30°; the latitude domain is O to 60°N, with dashed lines every 15°.
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119 F1G. 3. Climatological (1979-2018) time series of moments and area of the ASMA at (left to right) 350,
ner 370, 390, and 410K fields are top to bottom: centroid longitude, centroid latitude, aspect ratio, angle, excess
nes  kurtosis, and area. Envelopes show the range of values for the corresponding reanalysis (colors are shown in the

1199 legend) .
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1200 FIG. 4. Histograms of climatological JJA moments and area of the ASMA, top to bottom: centroid longitude,

1201 centroid latitude, aspect ratio, angle, and area. Vertical lines show climatological mean for each reanalysis.
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1202 F1G. 5. Time series for 1979 through 2018 of JJA moments and area of the ASMA at (left to right) 350, 370,
20 390, and 410 K for the three reanalyses; top to bottom: centroid longitude, centroid latitude, aspect ratio, angle,

120 and area. Overlaid lines show linear fits to the values.
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1205 FI1G. 6. Slopes of linear fits to the moments and area time series shown in Figure 5. Bars in the reanalysis
1206 colors indicate slopes that are significant at the 95% confidence level according to a permutation analysis (see

1207 Section 2b) .
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1211 Fi1G. 8. Slopes of linear fits to the start date, end date, and duration time series shown in Figure 7. Bars

212 in reanalysis colors indicate slopes that are significant at the 95% confidence level according to a permutation

1213 analysis (see Section 2b).
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1214 F1G. 9. Correlation between ASMA moments / area and the latitude of the subtropical upper tropospheric jet
1215 (see text for jet characterization methods) in the 80 to 160° longitude band. Correlations that are significant at

126 the 95% level in a bootstrapping analysis (Section 2b) are shown in the reanalysis colors.
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Reanalysis correlations with STJ Alt, 80 to 160
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1217 F1G. 10. Correlation between ASMA moments / area and the altitude of the subtropical upper tropospheric
128 jet (see text for jet characterization methods) in the 80 to 160° longitude band. Correlations that are significant

1219 at the 95% level are shown in the reanalysis colors.
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1220 FIG. 11. Correlations between ASMA moments / area and the MEI index. Correlations that are significant at

1221 the 95% confidence level are shown in the reanalysis colors.
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F1G. 12. Correlations between ASMA area and the MEI index with a 2-Month lag. Correlations that are

1222

1223 significant at the 95% confidence level are shown in the reanalysis colors.
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F1G. 13. Correlations between ASMA area and the QBO index defined by Singapore winds at 50 hPa (top)

and 70 hPa (bottom). Correlations that are significant at the 95% confidence level are shown in the reanalysis

colors.
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1227 F1G. 14. JJA climatological ASMA edge and centroid values: JRA-55 & JRA-55C for 1973-2012 (purple &
1228 light purple, respectively), JRA-55 for 1979-2018 (teal), and JRA-55 for 1958-2018 (black).
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1232 FIG. 16. Slopes of linear fits to the area time series shown in Figure 15. Bars in the reanalysis colors indicate

23 slopes that are significant at the 95% confidence level.
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1234 FIG. 17. Changes in ASMA start and end dates and number of days; time periods and colors are as in Fig. 14.

1235 Bars in the reanalysis colors show changes that are significant at the 95% confidence level.
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