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Abstract. During boreal summer the upper troposphere/lower stratosphere (UTLS) in the Northern Hemisphere shows a distinct maximum in water vapour (H2 O)
mixing ratios and a coincident minimum in ozone (O3 )
mixing ratios, both confined within the Asian monsoon
anticyclone (AMA). This well-known feature has been
related to transport processes emerging above the convective
systems during the Asian summer monsoon (ASM), further
modified by the dynamics of the AMA. We compare the
ability of chemistry–climate models (CCMs) to reproduce
the climatological characteristics and variability of H2 O, O3 ,
and temperature in the UTLS during the boreal summer with
MIPAS satellite observations and ERA-Interim reanalyses.
By using a multiple linear regression model the main driving
factors, the strength of the ASM, the quasi-biennial oscillation (QBO), and the El Niño–Southern Oscillation (ENSO),
are separated. The regression patterns related to ENSO show
a coherent, zonally asymmetric signal for temperatures and
H2 O mixing ratios for ERA-Interim and the CCMs and
suggest a weakening of the ASM during ENSO warm events.
The QBO modulation of the lower-stratospheric temperature
near the Equator is well represented as a zonally symmetric
pattern in the CCMs. Changes in H2 O and O3 mixing
ratios are consistent with the QBO-induced temperature
and circulation anomalies but less zonally symmetric than
the temperature pattern. Regarding the ASM, the results
of the regression analysis show for ERA-Interim and the
CCMs enhanced H2 O and reduced O3 mixing ratios within
the AMA for stronger ASM seasons. The CCM results
can further confirm earlier studies which emphasize the
importance of the Tibetan Plateau/southern slope of the

Himalayas as the main source region for H2 O in the AMA.
The results suggest that H2 O is transported towards higher
latitudes at the north-eastern edge of the AMA rather than
towards low equatorial latitudes to be fed into the tropical
pipe.

1

Introduction

The future evolution of the abundances of chemically active trace gases has a major influence on the development
of stratospheric ozone (O3 ) concentrations. In addition to the
chemical composition of the stratosphere, the trace gases also
influence the radiation budget of the atmosphere. Identifying
the major transport processes responsible for troposphere–
stratosphere transport is therefore an important issue.
The transport of tracers from the troposphere to the stratosphere is largely realized through the tropical tropopause
layer (TTL) (Fueglistaler et al., 2009, and references therein).
With respect to vertical transport, the TTL is a transition
layer from the convectively dominated tropical troposphere
to the tropical stratosphere that is characterized by slow
ascent in the upward branch of the wave-driven Brewer–
Dobson circulation. The slow ascent in the TTL is due to
small net radiative heating, which is balanced by the adiabatic cooling resulting from ascending motion. The amount
of water vapour (H2 O) that enters the stratosphere depends
on the lowest temperature encountered during ascent, where
moist air is freeze dried until the H2 O mixing ratios are
as low as the saturation mixing ratio of the region passed
through (Brewer, 1949). In addition to the slow vertical trans-
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port, which takes place in a fast horizontally directed flow
(Holton and Gettelman, 2001), there is evidence of direct
injections of H2 O into the stratosphere by convection overshooting the tropopause (e.g. Sherwood and Dessler, 2000)
or direct injections of ice particles into the lower stratosphere that evaporate and moisten the lower stratosphere
(Corti et al., 2008).
In recent years the off-equatorial Asian summer monsoon
(ASM) has also been recognized as a contributor to the transport of trace gases from the troposphere to the stratosphere
(Gettelman et al., 2004; Bannister et al., 2004; Fu et al.,
2006; Wright et al., 2011; Randel et al., 2010, 2015). Observational and model studies (e.g. Rosenlof et al., 1997; Pan
et al., 1997; Gettelman et al., 2004; Randel and Park, 2006;
Park et al., 2007; Kunze et al., 2010; Ploeger et al., 2013)
have shown that during boreal summer the maximum in
H2 O coincides with a minimum in O3 , confined to the Asian
monsoon anticyclone (AMA) in the upper troposphere/lower
stratosphere (UTLS). The AMA can be explained as a dynamic response to diabatic heating by the underlying convective activity (Gill, 1980). It has been shown that the area of
main convective activity, identified by low values of outgoing long-wave radiation (OLR) in the Bay of Bengal (BoB)
and its surroundings, is displaced to the south-east of the
AMA and the location of the H2 O maximum at 100 hPa (e.g.
Park et al., 2007). As analysed by Park et al. (2009) the convective systems transport tracers from the source region up
to ∼ 200 hPa. At that altitude, near the level of main convective outflow, the divergent flow further advects the tracers mainly to the south-west and to the north-east towards
the North Pacific Ocean. These outflows in the longitudinal
direction have been classified as transverse circulations by
Yang et al. (1992) and Webster et al. (1998), with the outflow
to the north-east identified as part of the Walker circulation
and the outflow in the latitudinal direction classified as lateral circulation that is part of the reversed Hadley circulation.
In contrast, the role of the orography of the Tibetan Plateau
(TP) and heating above the TP in forming the AMA has been
studied by Liu et al. (2007) with a simplified general circulation model (GCM). They found heating above the TP to be
the predominant forcing of the upper-level anticyclonic flow.
However, a study by Boos and Kuang (2010) identified the
orography of the TP to be more important than the plateau
heating.
In order to analyse the origins and the transport pathways
of constituents in the UTLS of the ASM region backward
trajectory studies have widely been used (e.g. Jensen and
Pfister, 2004; Fueglistaler et al., 2004; James et al., 2008;
Kremser et al., 2009; Ploeger et al., 2011; Wright et al., 2011;
Bergman et al., 2013). To estimate the relative role of specific
regions within the ASM area, four main source regions are
usually compared: the BoB and the Indian subcontinent (both
regions sometimes combined as MON), the southern slope of
the Himalayas (SS), and the TP. Fu et al. (2006) and Wright
et al. (2011) identified the regions of the TP and the SS as
Atmos. Chem. Phys., 16, 8695–8714, 2016

most important to bypass the lowest cold point and moisten
the air within the AMA. This is consistent with Heath and
Fuelberg (2014), who used a model system that explicitly
resolved convection to show that 90 % of the air parcels influenced by convection within the AMA are connected to the
convection over the TP and the SS. They emphasized that,
due to the high elevation of the TP, convection does not necessarily have to be particularly strong to reach the AMA. In
contrast, Chen et al. (2012) identified the TP and the SS to
be only of minor importance as source region for tracers in
the tropopause layer, and they highlighted that the region extending from the western Pacific to the South China Sea is
most important.
The extratropical lower stratosphere exhibits a strong seasonal cycle in H2 O mixing ratios, which Ploeger et al. (2013)
argued to be almost entirely created by horizontal transport
on isentropic levels from low latitudes. They show that filaments of high H2 O mixing ratios at 390 K, drawn out of the
ASM region on the eastern side of the AMA, are responsible for H2 O transport from low to high latitudes during
boreal summer. The potential of this kind of H2 O transport
out of the ASM region for moistening the extratropical lower
stratosphere was already investigated by Dethof et al. (1999).
Whereas there is agreement about the ASM in moistening
the lower stratosphere at higher latitudes, the discussion of
the role of the ASM contributing to the moist phase of the
stratospheric tropical H2 O tape-recorder signal is controversial. For example, Wright et al. (2011) found only a minor
contribution of the ASM to the mean tropical stratospheric
H2 O, while other studies (e.g. Gettelman et al., 2004; Bannister et al., 2004) highlighted the large impact of the ASM
on the moist phase of the tropical H2 O tape recorder. Randel et al. (2010) argued for a direct link between the pollutants produced in the East Asian region and enhanced hydrogen cyanide (HCN) mixing ratios in the tropical lower
stratosphere transported upward through the core of the subtropical upper-tropospheric AMA, where high HCN mixing
ratios appear to be well confined. Konopka et al. (2009) and
Ploeger et al. (2012) identified horizontal isentropic transport
from higher latitudes into the tropics, especially during summer when the subtropical transport barrier is weak. According to these studies this in-mixing is an important contributor
to the annual cycle of tracers in the TTL.
Superimposed on the climatological H2 O and O3 concentrations in the UTLS, described so far, is the interannual variability caused by internal modes of variability like El Niño–
Southern Oscillation (ENSO) and the quasi-biennial oscillation (QBO), or the internal variability of the ASM itself. Additional variability arises from external forcing, like the 11year solar cycle, or from sporadic events like volcanic eruptions. These components are not independent of each other,
as for example the ASM itself is influenced by ENSO (e.g.
Webster and Yang, 1992), the QBO (Giorgetta et al., 1999),
or the 11-year solar cycle (van Loon and Meehl, 2012). As
shown by Kunze et al. (2010), the strength of the ASM has
www.atmos-chem-phys.net/16/8695/2016/
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some influence on the observed H2 O maximum and O3 minimum mixing ratios confined by the AMA, with increasing
H2 O and decreasing O3 mixing ratios during strong ASM
seasons. However, a recent study by Randel et al. (2015) suggested that increasing H2 O mixing ratios within the AMA
can also be related to weaker ASM seasons.
The aim of this study is to assess, through a comparison to
satellite data, chemistry–climate model (CCM) simulations
of the recent past with respect to their ability to capture the
H2 O and O3 climatological distribution in the UTLS during
the ASM. In addition, the ASM related mean circulation and
temperature patterns will be compared with a reanalysis data
set. Further, we want to identify the relative importance of
the ASM, in comparison to ENSO and the QBO, in modulating the H2 O and O3 mixing ratios in the UTLS. The paper is
organized as follows: after introducing the data (Sect. 2) and
methods (Sect. 3), the climatological state of the horizontal
circulation and the H2 O and O3 mixing ratios of the CCMs
in the UTLS are compared with observations and reanalyses
during July/August (JA) in Sect. 4. The interannual variability of the temperature and the H2 O and O3 concentrations is
then investigated in Sect. 5, followed by a summary and the
conclusions in Sect. 6.

recent past from 1960 to 2006 (Eyring et al., 2008). They
define a transient set-up that includes all anthropogenic and
natural forcings, with greenhouse gases (GHGs) according
to IPCC (2001) (updated with NOAA observations to 2006),
ozone-depleting substances according to WMO (2007), and
prescribed monthly varying sea surface temperatures (SSTs)
and sea ice concentrations from the global HadISST1 data
set (Rayner et al., 2003). To account for the effect of the major volcanic eruptions on the temperatures in the stratosphere
and troposphere, additional heating rates for the stratosphere
and cooling of the surface have been prescribed or calculated from an aerosol data set, where possible. The effect
of volcanic aerosol on heterogeneous chemistry is taken into
account by prescribing a surface area density data set. The
solar variability of the 11-year solar cycle and the 27-day
solar rotational period is included in some simulations by
spectrally resolved solar irradiances on a daily basis (Lean
et al., 2005). The QBO is not included in all CCMs (see
Table 1). In a subset of CCMs it is nudged, or it develops
internally (UMUKCA-UCAM, EMAC) in CCMs with sufficiently high vertical resolution and an adequate gravity-wave
parametrization. EMAC has an internally generated QBO
and weak nudging is applied to force the model towards the
observed timing of the QBO phase.

2

2.2

Models and data

We use data from CCMs collected for Phase II of the
Chemistry-Climate Model Validation Activity (CCMValII) for Stratospheric Processes and their Role in Climate
(SPARC). We focus on the so-called REF-B1 simulations
of the recent past covering the period from 1960 to 2004.
The SPARC Report No. 5 “Chemistry-Climate Model Validation” (SPARC CCMVal, 2010) gives a comprehensive
overview of the details of the CCMs used in this study; therefore only the main features are summarized in Sect. 2.1.
2.1

Chemistry–climate model data

Here, we use monthly-mean data of temperature, zonal and
meridional wind, vertical velocity, H2 O, O3 , and long-wave
and short-wave heating rates, varying in longitude, latitude,
pressure, and time. Only a subset of the CCMs, participating
in the CCMVal-II activity, has provided all required data to
the CCMVal archive, which limits the analyses to the CCMs
listed in Table 1. Most CCMs have their upper boundary
in the upper mesosphere or lower thermosphere; E39CA is
the only model with an upper boundary in the middle stratosphere at 10 hPa. The vertical resolution in the UTLS region
(300–100 hPa) ranges from 5 (EMAC-FUB and SOCOL) to
15 (E39CA) levels.
Model runs
The specifications of the CCMVal REF-B1 scenario were
designed to produce best-estimate model simulations of the
www.atmos-chem-phys.net/16/8695/2016/

Reanalyses and satellite data

The European Centre for Medium-range Weather Forecasts
(ECMWF) interim reanalyses (ERA-Interim) data from 1979
to 2014 (Dee et al., 2011) are used in this study to assess
the monsoonal wind structure, the velocity potential, and the
stream function. The ERA-Interim H2 O and O3 data are used
in regression analyses, when longer time series covering a
large part of the modelled time period are necessary. The period used for the ERA-Interim data does not exactly match
the period of the REF-B1 simulations of the CCMs, but due
to the overlapping period from 1979 to 2004, covering nearly
60 % of the REF-B1 period, a comparison with ERA-Interim
is still useful. The quality of the ERA-Interim O3 data has
been assessed by Dragani (2011), showing a better quality
compared to the previous ERA-40 reanalysis (Uppala et al.,
2005). However, within the UTLS the quality of the ERAInterim O3 data might still be limited, as it is mostly constrained by total column ozone in this region. In contrast,
due to the relatively long lifetime of O3 in the UTLS, it can
be used as a dynamic tracer.
As observational reference for the climatological JA water
vapour and ozone mixing ratios on the 380 and 370 K isentropic level we use the Michelson Interferometer for Passive
Atmospheric Sounding (MIPAS) satellite data of H2 O (Milz
et al., 2009; von Clarmann et al., 2009) and O3 (Steck et al.,
2007; von Clarmann et al., 2009). MIPAS measures H2 O and
O3 , among numerous other species, as a limb emission midinfrared sounder with high spectral resolution from a sunsynchronous polar orbit at about 800 km altitude. It covers
Atmos. Chem. Phys., 16, 8695–8714, 2016
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Table 1. Main characteristics and specifications of the chemistry–climate models used. More comprehensive information can be found in
Morgenstern et al. (2010).
CCM

Horiz. res.

Levels/upp. bound.

Levels: 300–100 hPa

CCSRNIES
CMAM
CNRM-ACM
E39CA
EMAC
EMAC-FUB
GEOSCCM
SOCOL
UMUKCA-UCAM
WACCM

T42
T31
T42/T21
T30
T42
T42
2◦ × 2.5◦
T30
2.5◦ × 3.75◦
1.9◦ × 2.5◦

34/0.012 hPa
71/0.00081 hPa
60/0.07 hPa
39/10 hPa
90/0.01 hPa
39/0.01 hPa
72/0.015 hPa
39/0.01 hPa
60/84 km
66/5.96 × 10−6 hPa

6
7
8
15
12
5
7
5
7
7

the atmosphere from cloud top to 70 km by scanning from
top to bottom with a step width of 1.5 km (UTLS, since 2005)
to 8 km (mesosphere, before 2005). Data are recorded every
400 km along the orbit, with 14.4 orbits per day, providing
one profile per day roughly every 4◦ latitude and 12.5◦ longitude. Cloud contamination reduces the achievable coverage.
The atmospheric distributions of H2 O and O3 used in this
study were derived using the MIPAS level-2 data processor
at the Institut für Meteorologie und Klimaforschung/Instituto
de Astrofísica de Andalucía (von Clarmann et al., 2003) from
observations of 57 days overall during July and August 2003
and 2005–2009 (6 years). The precision, accuracy, and vertical resolution of single profiles in the relevant altitude range
of H2 O (O3 ) is 5–6 %, 8–17 %, and 2.3–3.3 km (3.8–12.6 %,
9.6–17.0 %, 2.4–2.9 km) respectively (von Clarmann et al.,
2009).
NOAA interpolated monthly average OLR data (Liebmann and Smith, 1996) from 1975 to 2013 are used as a
proxy for deep convection.
3
3.1

Methods
Climatology of the AMA

We derive climatologies to compare the average impact of
the ASM on the upper-tropospheric circulation, temperatures, H2 O, and O3 mixing ratios of multi-model averages
(MMOD) with ERA-Interim reanalyses and MIPAS satellite
observations. By nature, the MMOD will level out the occasionally large differences among individual CCMs in comparison to the reanalysis and satellite observation. Characteristic quantities derived as box averages, or extreme values
within a certain area related to the AMA, are derived for the
individual models to assess the model spread of the CCMs,
in comparison to the MMOD and the observational reference.
The spread in statistics for individual CCMs is an indication
of the robustness of the MMOD.
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3.2

QBO
nudged
no
no
nudged
weakly nudged
nudged
no
nudged
internal
nudged

Interannual variability of the AMA

The variability of the temperatures and the H2 O and O3 mixing ratios is analysed with a multiple linear regression (MLR)
model to estimate the relative importance of the ASM circulation, ENSO, and the QBO for these quantities in the UTLS.
3.2.1

Separating tropical circulations

To quantify the interannual variability of the ASM circulation, a monsoon circulation index is calculated as described
in Tanaka et al. (2004). The method is based on the separation
of the horizontal flow in the upper troposphere. According to
the Helmholtz theorem, the horizontal flow can be separated
into a rotational, non-divergent component (v h/r ) and a divergent, irrotational component (v h/d ): v h = v h/r +v h/d , with
∇ · v h/r = 0 and ∇ × v h/d = 0. This allows us to express the
horizontal flow by a combination of stream function ψ and
velocity potential χ in the following way: v h = k×∇ψ +∇χ ,
with k representing the vertical unit vector.
Tanaka et al. (2004) suggested a method to separate the
tightly coupled tropical circulations (Hadley, Walker, and
monsoon circulation) by separating the velocity potential χ.
χ (t, x, y) = [χ (t, y)] + χ ∗ (x, y) + χ ∗0 (t, x, y),

(1)

where in a first step χ (t, x, y) is separated into the zonal
mean [χ (t, y)], supposed to represent the Hadley circulation, and the eddy component χ ∗ (t, x, y). The eddy component can be further separated into a time mean component χ ∗ (x, y), considered to represent the main characteristics of the Walker circulation, and a transient component
χ ∗0 (t, x, y), considered to represent a large fraction of the
ASM circulation. As stated by Tanaka et al. (2004) all three
tropical circulations are tightly coupled to each other and
the separation of χ might therefore be limited. Nevertheless,
χ ∗0 (t, x, y) reflects the seasonal change of χ and is therefore
influenced by the ASM circulation.
During the ASM season, the strength of χ ∗0 (t, x, y) can
directly be related to the intensity of the ASM, with strong
www.atmos-chem-phys.net/16/8695/2016/
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upper-tropospheric divergent flow where the most intense
convective systems are located. As focus is on the influence
of the ASM on the UTLS, we chose the velocity potential
at 150 hPa to derive an index for the monsoon circulation
(MIDX) close to the lower stratosphere. The MIDX is defined as the maximum in monthly-mean χ ∗0 (t, x, y) located
over Southeast Asia from May to September and the minimum over the same area during the remainder of each year,
as χ ∗0 (t, x, y) changes its sign in the respective region for
the period from October to April. Due to this definition the
MIDX changes from positive values during May–September
to negative values during October–April, when the uppertropospheric flow over Southeast Asia is convergent. A timevarying Walker circulation index (WIDX) is produced as
the time mean of the eddy component of the velocity potential χ ∗ (x, y), using the running mean of 12 individual
months. The values of the WIDX are defined as the maximum in monthly-mean χ ∗ (x, y) over the western Pacific. As
all CCMs prescribe SSTs of the HadISST1 data set, they react in a similar way with respect to the Walker circulation.
During ENSO warm events the Walker circulation weakens,
which is reflected in a decreasing WIDX (not shown).
3.2.2

Multiple linear regression model

To identify the temperature and trace gas changes of the
lowermost stratosphere associated with the ASM circulation,
ENSO, and the phase of the QBO we use a MLR model,
as described in SPARC CCMVal (2010). The following basis functions are applied: a constant offset, a linear trend,
the QBO, the MIDX, the Niño3.4 index, the 10.7 cm solar
flux, and basis functions for three major volcanic eruptions
(Agung, El Chichón, and Pinatubo), which are realized by
using an idealized function with a rapid increase and an exponential decay (Bodeker et al., 1998). The time series of the
MIDX are calculated separately for each CCM and the ERAInterim data according to Tanaka et al. (2004), as described
in Sect. 3.2.1. The QBO basis function consists of the time
series of the zonal mean zonal wind at 50 hPa averaged over
the two innermost tropical latitudes (1.4◦ S–1.4◦ N), derived
for each individual CCM simulation and the ERA-Interim
data. The regression model contains, in addition, an orthogonal version of the 50 hPa QBO to account for the fact that
within the vertical range of the QBO two distinct phases are
present. The Niño3.4 index is calculated as an area-averaged,
standardized anomaly of the HadISST1 SST for the Niño3.4
region 170–120◦ W, 5◦ S–5◦ N. An alternative ENSO index is
derived with the WIDX (see Sect. 3.2.1). Because the WIDX
is strongly correlated with the Niño3.4 index for the ERAInterim data (r = 0.7), only the Niño3.4 index is included
in the MLR. The regression model is applied to time series
of n JA averages. The trend and the long-term average are
removed for the basis functions QBO(t), QBO_orthog(t),
MIDX(t), N34(t), and solar(t).

www.atmos-chem-phys.net/16/8695/2016/
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y(t) =βoffs offset + βtr trend(t)+
βqbo QBO(t) + βqbo_or QBO_orthog(t)+
βmidx MIDX(t) + βn34 N34(t) + βsfl solar(t)+
βvol Volcano(t) + ε(t),

t = 1, n

(2)

The regression Eq. (2) models the time series of a quantity
y(t) by linearly fitting the time series of the basis functions to
it by means of least squares estimates, resulting in the fit parameters βj and a residual ε(t). Results of the MLR are discussed in Sect. 5 for the fit parameters βmidx , βn34 , and βqbo ,
which are multiplied by a factor of 1.0, 2.5, and 25.0 respectively to account for a typical amplitude of the proxy time
series shown in Fig. 1. The residuals are tested for autocorrelations with a second-order autoregressive model after the
regression model has run for a first time. The autoregressive
parameters are then used to transform the model according
to Tiao et al. (1990). The statistical significance of the estimated fit parameters is tested with a two-tailed Student t test
of the null hypothesis H0 : βj = 0 with the alternative hypothesis H1 : βj 6 = 0. The regression parameters of the individual CCMs are averaged to get a combined response of all
CCMs as a multi-model average. To decide about the significance of the combined regression parameters, the weighted
Z test (see Whitlock, 2005, and references therein) is used,
which combines the p values from the MLR of the individual
CCMs.
As a measure of the overall performance of the MLR
model we use the adjusted coefficient of determination
2 ). In large regions of an individual isentropic level, R 2
(RAdj
Adj
is higher than 0.9, implying that, in large regions, less than
10 % of the total variance is not accounted for by the MLR
basis functions and therefore described by the residuals. This
overall result is somewhat different among the variables and
also varies among the CCMs. Comparison of the MLR performance for ERA-Interim with the results for individual
CCMs shows a better performance of the MLR for ERAInterim.
4

The climatological state of the Asian summer
monsoon during July and August

The diabatic heating associated with the convective systems
of the ASM causes a divergent outflow in the UTLS and
eventually, as a large-scale organized response, the anticyclone (e.g. Garny and Randel, 2013). Liu et al. (2007) highlighted the role of diabatic heating over the TB in generating a minimum in potential vorticity, coincident with the
AMA. The AMA has been recognized to influence the transport pathways of various trace gases (e.g. CO, CH4 , H2 O,
HCN), entering the stratosphere in the tropical UTLS (Fu
et al., 2006; Randel et al., 2010; Wright et al., 2011). As
pointed out by Goswami et al. (1999), the northward migraAtmos. Chem. Phys., 16, 8695–8714, 2016
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flow, directed from the maximum χ towards the minimum,
extending from the gulf of Guinea to southern Africa. The
positive peak values in χ are thought to be related to regions
of upwelling, coinciding with the outflow of the strongest
divergent winds, while the negative peaks coincide with convergence. There is quite good agreement between the ERAInterim data and the MMOD in the location and strength of
the up- and downwelling, and the maxima of the individual
CCMs in the region of upwelling, indicated by the bar chart
on the left side of Fig. 2 (bottom), also have only relatively
small deviations from the MMOD compared to the respective
deviations of ψ from the MMOD.
4.2

Figure 1. Time series of JA averaged basis functions for the period 1960–2004. Top: index for the monsoon circulation (MIDX)
at 150 hPa; middle: Niño3.4 index derived from the HadISST1 data
set; bottom: zonal mean zonal wind at 50 hPa near the Equator used
as a QBO index. The black lines indicate the multi-model mean of
the individual time series used for each CCM. Grey shadings indicate 1 standard deviation of the multi-model mean statistics.

tion of strong convective activity during the ASM leads to a
regional reversal of the Hadley circulation, with ascent near
20◦ N and descent near the Equator. This is partly, on the
eastern flank of the AMA, a manifestation of the strong anticyclonic circulation. In this section the climatological features of the ASM in the CCMs are assessed by comparing the
MMOD of their JA average circulation and H2 O and O3 mixing ratios in the UTLS with ERA-Interim and MIPAS data.
4.1

The monsoon anticyclone

The divergence-free part of the horizontal flow is described
with the stream function ψ (Sect. 3.2.1). Figure 2 (top) shows
that during the mature phase of the ASM the horizontal flow
in the UTLS over southern Asia is dominated by an anticyclonic ψ, extending from 40◦ W to 160◦ E in the longitudinal
and from the Equator to 50◦ N in the latitudinal direction. A
second anticyclone exists over North America, related to the
North American monsoon. The large values of the cyclonic
ψ in the Southern Hemisphere (more than 350 × 105 m2 s−1 )
are associated with the polar vortex. The bar chart on the
right of Fig. 2 (top) shows the maximum climatological JA
ψ for each model within the region, indicated by the black
rectangle in Fig. 2 (top). The CCMs show a large spread
in their maximum ψ values. Four CCMs strongly underestimate the ERA-Interim ψ, leading to a weaker MMOD ψ
than in ERA-Interim. As explained, the divergent part of the
upper-tropospheric circulation can be described by the velocity potential χ (Fig. 2, bottom). During JA χ has the largest
positive values centred near 15◦ N in the western Pacific. The
stream lines in Fig. 2 (bottom) show the divergent horizontal
Atmos. Chem. Phys., 16, 8695–8714, 2016

Mean temperatures, water vapour, and ozone
mixing ratios in the UTLS

MIPAS H2 O mixing ratios on isentropic levels show large
values confined to the centre of the AMA at 360 and 370 K
(less pronounced). At 380 K enhanced H2 O mixing ratios
spread out to the north-west and east of the AMA (Fig. 3).
With increasing height, dehydration reduces the MIPAS peak
values of the H2 O mixing ratios in the ASM region from 48
(360 K) to 7 ppmv (380 K) (dashed line in the bar chart in
Fig. 3). The low values of the observed outgoing long-wave
radiation (< 205 W m−2 ), as indicated by the grey shading,
identify the BoB and the western coast of Myanmar to be
the region of the strongest convection during JA. The H2 O
maximum at 360 K is located north-west of the region with
strongest convection, and at higher levels (370 and 380 K)
the maximum is even farther away from its supposed source
region.
The CCMs show on average a similar behaviour with enhanced H2 O mixing ratios within the AMA, although the
maxima are much higher for most CCMs and tend to spread
out more to the north-east. As indicated by the bar charts in
Figs. 3 and 4, high H2 O mixing ratios among the CCMs can
often be found where the temperatures are higher than average. The individual CCMs show large deviations in H2 O extrema from the MMOD in the ASM region, largest at 360 K
and less pronounced at higher levels. Enhanced H2 O mixing ratios seem to be transported to higher latitudes, as can
be seen from the MMOD of the CCMs. This is also described by Ploeger et al. (2013) as a result of filaments of
enhanced H2 O mixing ratios that are drawn out of the anticyclone. However, this is not confirmed by the MIPAS data,
which show lower H2 O mixing ratios northward of 45◦ N.
The high MMOD H2 O mixing ratios at high northern latitudes are to a certain degree caused by CCMs (EMAC-FUB
and SOCOL) overestimating the H2 O mixing ratios in the
lowermost stratosphere, probably due to their coarse vertical resolution. The MMOD of the CCMs shows strong coherence between the northern hemispheric temperature structures at 370 and 380 K (Fig. 4) and the corresponding H2 O
mixing ratio fields, with the exception of the ASM and the
www.atmos-chem-phys.net/16/8695/2016/
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Figure 2. Top: long-term monthly-mean stream function (in 105 m2 s−1 ) for JA at 150 hPa in 60◦ S–60◦ N; left: ERA-Interim (35 years);
right: the multi-model average (45 years). Streamlines indicate the rotational horizontal wind. Indicated with the red solid contour is the
intersect of the tropopause with 150 hPa. The maximum of individual models within the area marked by the black rectangle is displayed as
a bar chart, where the solid horizontal line represents the multi-model average and the dashed horizontal line represents the maximum of
ERA-Interim. Bottom: as above but for the velocity potential (in 105 m2 s−1 ) with streamlines of the divergent horizontal wind.

North American monsoon regions that serve as a source region for H2 O.
To indicate the potential for further vertical uplift, the net
radiative heating rate is shown on isentropic levels (indicated
by the red contour lines in Figs. 3, 4, and 5, right). Positive
values indicate ascent to levels of higher potential temperature. The mean radiative heating rates of the CCMs at the
360 K level are only positive at latitudes south of ∼ 20◦ N
(including the BoB). This indicates the possibility of slow
uplift with upward transport of tracers in this region. For the
region of the H2 O maximum, centred around 30◦ N at 360
and 370 K, however, the net radiative heating rates are negative, indicating descent. This highlights the important role of
horizontal transport within the AMA, moving tracers away
from the regions of convective outflow.
The temperatures on the lower level (360 K) show in
both ERA-Interim and the multi-model average a maximum
north-east of India (Fig. 4). With increasing height the local
temperature minimum is developing within the AMA and extending northward. The lower temperatures within the AMA
near the tropopause are described by Park et al. (2007) to be
a result of the large-scale balanced dynamics induced by the
ASM circulation.
O3 in the UTLS can better serve as a passive tracer than
H2 O, due to its relatively long lifetime in the UTLS. A particular feature of the UTLS above the ASM is the low O3
mixing ratios confined within the AMA, which are caused by
upwelling of lower-tropospheric air (Randel and Park, 2006;
Park et al., 2007). As shown by Braesicke et al. (2011) with
www.atmos-chem-phys.net/16/8695/2016/

GCM simulations using prescribed lower or higher O3 mixing ratios within the AMA, lower O3 mixing ratios have the
tendency to strengthen and cool the AMA and vice versa. The
MIPAS data show low O3 mixing ratios at all three isentropic
levels (Fig. 5) with the most pronounced ozone minimum at
370 K. Similar to the H2 O maximum, the location of the MIPAS O3 minimum is north-west of the region of the most intense convective activity. Unlike for H2 O, there is quite good
agreement of the MMOD O3 mixing ratios with the MIPAS
data. As indicated by MIPAS O3 data, tongues of air with
high O3 mixing ratios are transported on the eastern flank of
the AMA towards lower latitudes and form a ring of high O3
mixing ratios around the centre of the AMA at 380 K. This
feature was also discussed as in-mixing by Konopka et al.
(2009, 2010) and Ploeger et al. (2012).
4.3

Upper-tropospheric monsoon circulation

As described in Sect. 3.2.1, the horizontal flow can be separated into a rotational part and a divergent part, the velocity
potential. It can be further separated into a time mean component and a transient component, representing the Walker
and monsoon circulations respectively (Tanaka et al., 2004).
Figure 6 shows the separation of the velocity potential
into a component representing the Walker circulation (Fig. 6,
top) and a component representing the monsoon circulation
(Fig. 6, bottom). The position of the maximum upwelling for
individual years is marked with open circles, where the size
of the circle represents the strength of the upwelling. For the
Atmos. Chem. Phys., 16, 8695–8714, 2016
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Figure 3. Long-term monthly-mean H2 O mixing ratios in ppmv for JA at 360, 370, and 380 K (from bottom to top) for latitudes from
60◦ S to 60◦ N; left: MIPAS (2003, 2005–2011), overlaid grey shaded regions where the OLR ≤ 205 W m−2 ; right: the multi-model average
(45 years). Overlaid as streamlines are the horizontal wind components; red contours indicate the net radiative heating rates in K day−1 .
The maximum of individual models within the area marked by the black rectangle is displayed as bar chart, where the solid horizontal line
represents the MMOD and the dashed horizontal line represents the maximum of MIPAS.

annual average the region of strongest upwelling, related to
the Walker circulation (Fig. 6, top), is located over the equatorial western Pacific, in most years to the north-west of New
Guinea. The main region of downwelling extends from the
central Sahara to western Africa, whereas a secondary centre
of downwelling is located off the coast of Peru.
The centre of the strongest upwelling related to the monsoon circulation (Fig. 6, bottom) is located over Southeast
Asia, with the centres of individual years located in a region
extending from the BoB to eastern China. This area partly
overlaps with the region of the lowest OLR (see Fig. 3) and
therefore the monsoon circulation index, derived from the
maxima in the seasonal decomposition of the velocity potential, is a good indicator for the overall strength of the monsoon circulation. Although the ERA-Interim climatological
average of both decompositions (annual average associated
with the Walker circulation and seasonal average associated
with the monsoon circulation) is slightly lower than for the
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MMOD, the shape and the locations of the maxima for individual years in the CCMs are quite similar.

5

Interannual variability of temperature, H2 O, and O3
in the UTLS

So far we have characterized the climatological behaviour.
Here, we characterize the dominant internal modes of interannual variability like ENSO, the QBO, or the monsoonal
variability. Although there is evidence of a coupling between
the ASM and ENSO through the Walker circulation (e.g.
Webster and Yang, 1992; Ju and Slingo, 1995), we make
an attempt to separate the influence of the ASM and ENSO
on the UTLS temperatures, the H2 O, and O3 mixing ratios
by applying a MLR model as described in Sect. 3.2.2. We
analyse the influence of the monsoon circulation, ENSO, and
QBO on the transport characteristic of the AMA.
The regression coefficients of the individual CCMs are
combined by a simple average for the CCMs listed in Tawww.atmos-chem-phys.net/16/8695/2016/
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Figure 4. As Fig. 3 but for temperature. Left column: JA ERA-Interim temperature averaged from 1979 to 2014. Contour lines for the
lowest temperatures of the multi-model average are given in black: 296 K (at 360 K) and 294 K (at 370 and 380 K). At 370 and 380 K the
minimum (at 360 K the maximum) of individual models within the area marked by the black rectangle is displayed as bar chart, where the
solid horizontal line represents the MMOD and the dashed horizontal line represents the value for ERA-Interim.

ble 1. The results of the t tests of the MLR results for
the individual CCMs are combined by using the Z transform method (Stouffer et al., 1949; Whitlock, 2005). Regions
where the combined regression coefficients are not significant are marked by grey shading, overlaid on the colour shading used to emphasize the regions with the largest regression
coefficients.
5.1

Influence of the monsoon circulation

The influence of the strength of the Asian summer monsoon
on H2 O and O3 mixing ratios in CCMs and ERA-40 data has
been analysed in Kunze et al. (2010) by separating the data
according to the monsoon Hadley index (MHI) in weak and
strong ASM seasons. During stronger ASM seasons, H2 O
and O3 were found to be anticorrelated, with lower O3 and
higher H2 O mixing ratios within the AMA, as a result of
stronger convective activity during stronger ASM seasons.
In contrast to the MHI, the now-used MIDX is a more direct measure for the ASM strength. Randel et al. (2015) used
a different approach in distinguishing between wet and dry
phases in the AMA to identify the conditions leading to either dry or wet H2 O extrema. During the wet phase they
www.atmos-chem-phys.net/16/8695/2016/

found reduced convection over the regions of strongest convective activity. The corresponding temperature anomalies,
linked to reduced convection, show a dipole structure with
warmer conditions on the southern edge of the AMA during
wet phases with the oppositely signed structure evident in
the dry phases. They therefore conclude that during weaker
ASM seasons less effective dehydration in the warm anomaly
at the southern edge of the AMA is responsible for the higher
H2 O mixing ratios within the AMA.
In order to further elucidate the role of the monsoon intensity on UTLS temperature, H2 O, and O3 content, we perform
an MLR analysis using the MIDX. As MIDX is a direct measure of the upper-tropospheric divergence largely induced by
the ASM, the regression patterns represent the changes due to
an increase in ASM activity. Positive regression coefficients
in strong monsoon years (MIDX  0) indicate regions that
tend to be warmer or have increased H2 O or O3 mixing ratios. Negative regression coefficients indicate regions where
strong monsoons lead to cooling or decreased H2 O or O3
mixing ratios.
The MIDX regression coefficients for the JA average
NOAA OLR (Fig. 7a) show a similar pattern as shown by
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Figure 5. As Fig. 3 but for ozone in ppbv. The minimum of individual models within the area marked by the black rectangle is displayed as
bar charts, where the solid horizontal line represents the MMOD and the dashed horizontal line represents the minimum of MIPAS.

Figure 6. Top: Annual mean climatology of the MMOD χ ∗ (x, y) (velocity potential at 150 hPa after subtracting the zonal average), representing the divergent flow associated with the Walker circulation; (left) for ERA-Interim (1979–2014); (right) for the multi-model average of
the CCMs. Bottom: JA climatology of χ ∗0 (t, x, y) (the velocity potential at 150 hPa after subtracting the zonal average and annual average),
representing the divergent flow associated with the ASM. Black circles mark the position of the maximum velocity potential for individual
years. The bar charts on the right indicate the maximum climatological velocity potential for the individual CCMs; the solid horizontal line
represents the MMOD and the dashed horizontal line represents the maximum of ERA-Interim.
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Randel et al. (2015) (R15) (their Fig. 5a) for the wet case with
a significant decrease in OLR, indicating colder cloud tops,
i.e. stronger convective activity, over the Indian subcontinent
and the Arabian sea and a decrease in convective activity over
the central BoB, the TP, and East China Sea. For stronger
monsoon seasons we also get an increase in convective activity over the southern part of the BoB, the western coast of
Myanmar, and Hanai, which is in contrast to the results of
R15. This decrease of OLR with monsoon activity is partly
coincident with the regions of strongest convection, indicated
by the OLR < 205 W m−2 (white contour line in Fig. 7a).
The MIDX regressed on ERA-Interim 100 hPa temperatures
reproduces the anomalous dipole temperature structure with
lower temperatures at the northern and higher temperatures
at the southern edge of the AMA, but the patterns are more
similar to the inverse of that shown by R15 (their Fig. 8b)
for the dry case, with a significant warming to the south-east
of the AMA and two cold anomalies located on the western
side and on the north-eastern flank of the AMA (Fig. 7b).
From our analyses for the MIDX regression on ERA-Interim
temperatures and H2 O mixing ratios (Fig. 7c) we conclude
that during a stronger monsoon season H2 O mixing ratios
should increase within the AMA. The reason for the discrepancy with R15 may be related to the different analysis period (2005–2013) used in their study. When we apply their
method but based on daily 100 hPa ERA-Interim H2 O extrema from May to September for the years 2005–2013, we
can reproduce the main features of their OLR and temperature anomaly patterns. When we repeat the analyses with
data covering only July to August but using the years from
1979 to 2013, we can confirm the decrease in convective activity over the southern TP for the wet composite; however,
for the adjacent region in the south (extending from the Indian subcontinent, the BoB, to Vietnam) we get the opposite
anomalies with more intense convective activity for the wet
composite and reduced convective activity for the dry composite (see Figs. S5 and S6 in the Supplement).
The analyses on the 380 K isentropic surface (Fig. 8a)
show similar anomaly patterns within the Asian monsoon region as analysed for 100 hPa. The MIDX regressed on the
ERA-Interim H2 O and O3 mixing ratios shows a significant
increase in H2 O and a decrease in O3 within the AMA. The
largest negative O3 anomalies coincide well with the two regions of cooling and the anomalous anticyclonic horizontal flow as indicated by the streamlines of the horizontal
wind components, regressed on the MIDX. This indicates upwelling of lower-tropospheric, O3 -poor, and humid air that
accumulates inside the AMA. Park et al. (2007) describe
the lower temperature within the AMA near the tropopause
as a result of the large-scale balanced dynamics and not as
the result of convective overshooting. They also describe
the decoupling of the H2 O maximum within the AMA near
the tropopause from the region of strongest convection. The
anomaly pattern seems to suggest similar processes for seasons with higher MIDX. The MIDX regression coefficients
www.atmos-chem-phys.net/16/8695/2016/
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Figure 7. Regression coefficients from MLR for the MIDX of JA
average data, with (a) NOAA OLR, (b) ERA-Interim 100 hPa temperature, and (c) ERA-Interim 100 hPa H2 O. The 205 W m−2 contour line of NOAA OLR is plotted in white on panel (a). Red contours of the 16 750 m geopotential height at 100 hPa mark the position of the AMA. Grey streamlines on panels (b) and (c) mark the
horizontal wind components, regressed on the MIDX. Overlaid grey
shading indicates regions where the regression is not significant at
the 95 % level.
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Figure 8. Regression coefficients from MLR of ERA-Interim data, for the monsoon circulation index (a) on 380 K and (b) on 360 K, (c) the
Niño3.4 index, and (d) the QBO time series on the 380 K isentropic level; temperature (left), water vapour (middle), and ozone (right). The
regression coefficients for the H2 O and O3 mixing ratios are displayed in percent of the long-term average of the respective JA average. The
red contour of the Montgomery stream function marks the position of the AMA: 3625 × 102 m2 s−2 on 380 K, 3513 × 102 m2 s−2 on 360 K.
Overlaid grey shading marks regions where the regression is not significant at the 95 % level.

on the 360 K level (Fig. 8b) show for H2 O and O3 similar
patterns as on 380 K, whereas the MIDX regression on temperatures shows a large warming of the AMA. This warming
with increasing ASM activity is also present at the southeastern edge of the AMA on the 380 K level and seems to
maintain the H2 O increase.
The regression coefficients of the MIDX on MMOD CCM
temperatures, H2 O, and O3 on the 360, 370, and 380 K isentropic surfaces (Fig. 9) indicate large areas with significant
influences of the ASM, not only confined to the ASM re-
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gion. On the 360 K level in the upper troposphere, a temperature increase with increasing ASM activity by about 5 K
is located within the AMA over the TP, coinciding with an
increase in H2 O by 65 %. The TP acts as an elevated heat
source in the mid-troposphere, which makes a major contribution in forming the AMA, as shown by Liu et al. (2007).
Convective events released over the TP more often reach the
tropopause than over the BoB (Fu et al., 2006). South of the
AMA, the regression results on the 370 and 380 K isentropes
indicate a cooling over the eastern Indian ocean and west-
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Figure 9. Multi-model average of the CCMs of the regression coefficient of the monsoon circulation index (MIDX) with temperature (left),
H2 O (middle), and O3 (right) on isentropic levels 360, 370, and 380 K (from bottom to top). The regression coefficients of the H2 O and
O3 mixing ratios are displayed in percent of the long-term average of the respective JA average. Grey streamlines show the horizontal wind
components, regressed on the MIDX. The red contours of the Montgomery stream function (360 K: 3513, 370 K: 3570, 380 K: 3625, in
102 m2 s−2 ) mark the position of the AMA. Overlaid grey shading marks regions where the regression is not significant at the 97.5 % level.

ern Pacific warm pool, coinciding with decreasing H2 O concentrations. These patterns of temperature anomalies, corresponding to strong ASM seasons, contrast the temperature
pattern on 380 K for ERA-Interim (Fig. 8a, left), showing
a positive temperature anomaly at the south-eastern edge of
the AMA. However, the positive H2 O anomalies within the
AMA prevail on the 370 and 380 K isentropes.
The largest MMOD O3 decrease of 36 % on the 360 K
isentropic level is located over the Eastern Mediterranean
Sea, the western flank of the AMA, and a secondary O3 decrease by 24 % is located over north-eastern China at the
eastern flank of the AMA. The pattern of the O3 regression
coefficients is slightly decreasing but persistent in height.
The strongest MMOD temperature and H2 O signals of the
MIDX seem to be decoupled from that in O3 , which might
be an indication of the more complex nature of H2 O, as it
can change its phase during transport in regions of dehydration. With increasing height, on 370 and 380 K, the influence
of the monsoon circulation on temperature within the AMA
is decaying, whereas a temperature dipole becomes obvious
with decreasing temperatures over Indonesia and the western
Pacific warm pool and increasing temperatures over the subtropical regions of the central Pacific during strong monsoon
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seasons. Increasing H2 O concentrations are still present in
the AMA at 370 and 380 K, although weaker than at 360 K,
with 24 and 14 % respectively.
5.2

Influence of ENSO

The ENSO influence on the zonal mean temperatures from
nine reanalyses data sets has been analysed by Mitchell et al.
(2014), showing a warming in the tropical troposphere during
ENSO warm events. Towards the tropical tropopause region
this warming turns into a cooling. However, the main ENSO
signature on temperatures in the tropics has strong longitudinal variation, mainly over the Pacific, which partly cancel each other when analysing zonal averages (Randel et al.,
2000).
The Niño3.4 regression coefficients on ERA-Interim temperatures and H2 O mixing ratios (Fig. 8c) emphasize the
zonal asymmetric response with the typical horse shoe pattern of decreasing temperatures with increasing SSTs in the
Niño3.4 region during an ENSO warm event. Simultaneously, anticyclonic circulation cells to the north-west and
south-west and low H2 O mixing ratios develop. This kind
of pattern was first identified by Gill (1980) in an idealized
Atmos. Chem. Phys., 16, 8695–8714, 2016
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Figure 10. As Fig. 9 but for the Niño3.4 index.

model as the dynamic response to a heat source centred at the
Equator. A similar pattern was also found in reanalysis fields
in the TTL by Gettelman et al. (2001) and Zhou et al. (2001)
to be caused by El Niño events. The Niño3.4 regression on
ERA-Interim O3 mixing ratios shows an unexpected positive response in the central Pacific, whereas a negative signal
would be more plausible due to the outflow of O3 -poor air
above the eastward-shifted convection during El Niño events.
This feature reveals the limitations of the ERA-Interim O3
data.
We find the strongest impact on the CCM temperatures at
the 370 K level with two centres located at 15◦ S and 15◦ N
near 160◦ W, slightly decaying at 380 K and less pronounced
at 360 K (Fig. 10). The shift of convection towards the central
pacific with less intense convection over Indonesia creates a
dipole consisting of a cold and dry anomaly in the UTLS
above the central Pacific and a warm and wet anomaly above
the western Pacific warm pool. These structures are quite the
opposite to the regression patterns from the MIDX time series, indicating the higher probability of strong ASM seasons during La Niña events. The influence of ENSO warm
events on the UTLS temperatures and H2 O mixing ratios in
the ASM region is less pronounced than the influence derived for the MIDX, and, even though warming prevails for
ENSO warm events above the ASM region, there is no significant increase in H2 O mixing ratios north of 30◦ N. The
higher H2 O concentrations during ENSO warm events span
Atmos. Chem. Phys., 16, 8695–8714, 2016

from the western Pacific towards Africa in the longitudinal
direction and extend only to near south of 30◦ N in the ASM
region. To the north over the TP the Niño3.4 regression coefficients on H2 O indicate an insignificant decrease in mixing
ratios. The highest percentage changes in O3 concentrations
during ENSO warm events are found at 360 K, again with a
typical horse-shoe-like pattern, showing a stronger impact in
the northern subtropics. The influence of ENSO on O3 seems
to be weaker on the 370 and 380 K level.
The comparison of the Niño3.4 with the MIDX regression coefficients (Fig. 9) reveals the similarity of the strong
ASM cases with La Niña conditions which we suppose to be
opposite the El Niño conditions as shown in Fig. 10. This
is supported by the results of the Niño3.4 regression with
ERA-Interim data, showing also a double peak structure of
decreasing temperatures in the subtropics of the central Pacific and increasing temperatures above the western Pacific
warm pool during El Niño events. This temperature pattern
is also reflected to a certain degree in the H2 O mixing ratios,
whereas the regression results for O3 are not significant.
5.3

Influence of the quasi-biennial oscillation

The QBO is characterized by downward-propagating vertical shear zones of the zonal wind. Westerly (easterly)
shear zones create positive (negative) temperature anomalies, according to the thermal wind balance. To maintain the
www.atmos-chem-phys.net/16/8695/2016/
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Figure 11. As Fig. 9 but for the quasi-biennial oscillation on the isentropic levels 360 and 400 K (from bottom to top), including the CCMs:
CCSRNIES, EMAC, EMAC-FUB, E39CA, SOCOL, UMUKCA-UCAM, and WACCM. The contour level for the 400 K Montgomery stream
function is 3730 × 102 m2 s−2 .

QBO in temperatures, a secondary mean meridional circulation (MMC) arises with equatorial relative downwelling
(upwelling) in westerly (easterly) shear zones of the zonal
wind (Plumb and Bell, 1982). The QBO therefore modulates the strength of the prevailing upwelling in the equatorial lower and middle stratosphere. To ensure continuity, the
air is forced to move upward (downward) in the subtropics
when relative downwelling (upwelling) occurs at the Equator. Above and below the region of maximum relative downwelling, convergent and divergent motion closes this QBOinduced MMC. The QBO thereby affects the temperatures at
the tropical tropopause (Zhou et al., 2001) and has the ability
to modify the H2 O concentrations entering the lower stratosphere (Giorgetta and Bengtsson, 1999). The QBO-induced
MMC is known to also affect O3 transport with downwelling
of O3 -rich air in a westerly shear zone, thereby generating a
QBO in O3 mixing ratios (e.g. Cordero et al., 1997; Logan
et al., 2003).
The QBO regression coefficients can be interpreted to represent the changes of the temperatures and the H2 O and
O3 mixing ratios forced by a mean amplitude between the
easterly to westerly phase of the QBO. The modulation of
the ERA-Interim 380 K temperatures by the QBO (Fig. 8d)
shows a significant increase in the inner tropics extending
from the eastern Pacific to the Indian Ocean and some regions of decreasing temperatures in the subtropics, consistent with the QBO-induced circulation changes. The changes
in H2 O mixing ratios are consistent with the temperature
changes, with increasing H2 O mixing ratios in the inner tropics where temperature increase is induced and decreasing
H2 O mixing ratios in the extratropics. There is a remarkable gap in the QBO regression pattern for the temperatures
and H2 O mixing ratios over the equatorial western Pacific,
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as probably some of the QBO-induced variability might be
described by the Niño3.4 index. The insignificant O3 regression patterns shown for 380 K are very similar on the isentropic levels 360 and 370 K (not shown) and do not show a
plausible response to the QBO, which might be caused by
assimilating total column ozone.
To emphasize the height dependence of the QBO influence, the QBO regression results of the CCM data that include a QBO in Fig. 11 are shown for the 360 and 400 K
isentropic surfaces. The temperatures increase close to the
Equator at 400 K, as the adiabatic cooling is suppressed in
the regions of less upwelling. The strongest increase of more
than 1.5 K occurs near equatorial Africa. The temperature decreases in the subtropics in both hemispheres as a result of
the QBO-induced MMC that creates anomalous rising of air.
The QBO regressions on the 400 K H2 O mixing ratios
show the expected increase near the Equator, due to the
anomalously high equatorial temperatures, and also an increase in 400 K O3 , due to anomalous downwelling of O3 rich air. The QBO signal is more clear and consistent among
the CCMs for temperature than for the O3 and the H2 O mixing ratios. Similar to the ERA-Interim data, there is a deviation from the zonal nature of the QBO signal, as pronounced
in temperatures, over the equatorial central Pacific. The influence of the QBO diminishes at lower isentropic levels near
the Equator, but subtropical latitudes still seem to be affected
by the phase of the QBO, with a non-significant tendency for
decreasing temperatures and H2 O mixing ratios above the TP
at 360 K.
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Summary and conclusions

The first part of this paper compares the ability of a number
of CCMVal-2 CCMs to reproduce the climatological H2 O
and O3 distributions, the circulation patterns, and temperatures in the UTLS associated with the ASM with MIPAS
H2 O and O3 satellite observations and ERA-Interim reanalyses. The climatological O3 mixing ratios of the MMOD on
isentropic surfaces (360–380 K) in the UTLS are in good
agreement with MIPAS observations. There are, however,
quite large differences with respect to the H2 O mixing ratios,
in particular a moist bias in high latitudes in the MMOD.
Both tracers show considerable deviations of their extreme
values within the AMA in the individual models; however,
the relative O3 minimum and H2 O maximum is captured by
all models. Evident from the H2 O mixing ratios on isentropic
levels is also some missing confinement within the AMA in
most models; instead, there is a strong north-eastward H2 O
transport on the isentropes.
The horizontal and meridional circulation patterns, related
to the AMA, are slightly less pronounced in the CCMs compared to ERA-Interim, except for the meridional winds at
the eastern flank of the AMA (see Figs. S1–S4 in the Supplement). The CCMs are warmer in tropical and subtropical latitudes during JA at the 360 K surface, compared to
ERA-Interim, but get colder at 370 and 380 K. However,
CCMs show a weaker ASM-induced temperature anomaly
than ERA-Interim. We have to stress that individual models
deviate from this overall behaviour of the MMOD.
The second part of the paper identified factors influencing the interannual variability of temperatures, H2 O, and O3
in the UTLS. We performed a MLR analysis, including a
derived MIDX, the Niño3.4 index, and the QBO. By definition, the MIDX is a measure of strength of the ASM in
the upper troposphere at 150 hPa. Regressing the MIDX on
ERA-Interim temperatures suggests for strong ASM seasons
an upper-tropospheric warming south-east of the AMA and
two separated areas of cooling, one in the western part of
the AMA and one to the north-east of the AMA. Regressing the MIDX on NOAA OLR data indicates decreases of
OLR over the Indian subcontinent, the southern part of the
BoB, the western coast of Myanmar, and Hanai during July
and August, thus indicating an increase in deep convection
south-east of the AMA core. Regions where MIDX correlates to OLR differences or temperature changes are largely
dislocated. While the OLR differences reflect the areas of
strongest convection in the ASM, the subtropical dipole of
cooling with centres over Iran and north-eastern China reflects the dynamical response to the diabatic convective heating. The corresponding regression patterns for H2 O and O3
mixing ratios emphasize the ability of strong ASM seasons
to moisten the air within the AMA, whereas O3 mixing ratios tend to be lower. We get a colder tropopause region at the
northern edge of the AMA and a warmer one at the southern
edge with increasing MIDX. This warmer region is partly
Atmos. Chem. Phys., 16, 8695–8714, 2016

overlapping with a region above the southern TP that was
identified by Bergman et al. (2013) as a region of preferred
vertical transport. Hence, the difference to the study of Randel et al. (2015) is mainly based on the different representation of the ASM intensity.
The regressions of the MIDX on the temperatures of the
CCMs indicate that the CCMs do not capture the warming to
the south-east, as shown for the ERA-Interim temperatures.
Instead UTLS temperatures at 360 K increase with monsoon
intensity in the ASM region centred above the TP, which enhances the seasonal high climatological temperatures over
the elevated TP. The anomalous warming coincides with increased H2 O and decreased O3 mixing ratios. At 370 and
380 K increased H2 O is still present above the TP but the
region of increased H2 O extends to the north-east, confirming the potential of the ASM in moistening the lowermost
stratosphere at higher latitudes during boreal summer (e.g.
Rosenlof et al., 1997; Dethof et al., 1999; Ploeger et al.,
2013). The pattern of decreased O3 concentrations during
strong ASM seasons is quite persistent on all three isentropic
levels, which are located at the western and north-eastern
edge of the AMA.
It is well known that ENSO and ASM strength are not independent; e.g. after an ENSO warm event the strength of
the ASM is often reduced (Ju and Slingo, 1995). In our study
some patterns of the regression coefficients of the Niño3.4 index mirror, as expected, the MIDX regression patterns near
the Equator between 15◦ S and 15◦ N, reflecting the shift
of the most intense convection to the central Pacific during
ENSO warm events. We note that the ENSO modulation of
the ASM is non-negligible and that nonlinear interactions
may exist that are likely to complicate the unambiguous detection of the MIDX signal.
The results from the regression of the QBO time series
on temperature, H2 O, and O3 mixing ratios confirm the expected modulation of the transport in the UTLS by the QBOinduced MMC. The CCMs can reproduce the QBO-induced
temperature anomalies on the 400 K isentropic surface, i.e. a
warming near the Equator and cooling in the subtropics, as
well as the O3 transport anomalies and to a certain degree the
H2 O anomalies that are related to the temperature changes.
The results of the CCMs during strong ASM seasons confirm the importance of the TP and the southern slope of
the Himalayas for the H2 O transport to the UTLS above
the ASM region (e.g. Fu et al., 2006; Wright et al., 2011;
Bergman et al., 2013). The coinciding positive temperature anomalies suggest transport of H2 O through this region
rather than transport through the southern flank of the AMA,
where temperatures are lower during strong ASM seasons.
Results from CCMs and reanalyses further indicate that H2 O
is transported towards higher latitudes on isentropic levels
as suggested previously by Dethof et al. (1999) and Ploeger
et al. (2013) rather than fed into the tropical UTLS to contribute to the H2 O tape recorder seasonality, as proposed by
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other studies (e.g. Bannister et al., 2004; Gettelman et al.,
2004).
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Data availability

The CCM data used in this study are collected within the
Chemistry-Climate Model Validation (CCMVal) Activity
for WCRP’s (World Climate Research Programme) SPARC
(Stratospheric Processes and their Role in Climate) and
are available from the CCMVal-II database at the British
Atmospheric Data Centre: http://browse.ceda.ac.uk/browse/
badc/ccmval/data/CCMVal-2/Reference_Runs/REF-B1/
(British Atmospheric Data Centre, 2009). The European
Centre for Medium-range Weather Forecasts (ECMWF)
interim reanalyses (ERA-Interim) data (Dee et al., 2011)
used in this study are available from the ECMWF: http://
apps.ecmwf.int/datasets/data/interim-full-moda/levtype=ml/
(ECMWF, 2015). The Interpolated Outgoing Longwave
Radiation (OLR) data (Liebmann and Smith, 1996) are
available from the website of the National Oceanic &
Atmospheric Administration/Earth System Research Laboratory/Office of Oceanic and Atmospheric Research,
Physical Sciences Division (NOAA/OAR/ESRL, PSD),
Boulder, Colorado, USA: http://www.esrl.noaa.gov/psd/
data/gridded/data.interp_OLR.html
(NOAA/OAR/ESRL,
2014). The HadISST1 data set (Rayner et al., 2003) is available from the UK Meteorological Office Hadley Centre: http:
//www.metoffice.gov.uk/hadobs/hadisst/data/download.html
(UK Meteorological Office Hadley Centre, 2014). The
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) satellite data (Milz et al., 2009; von Clarmann
et al., 2009; Steck et al., 2007) used in this study have been
provided by the Karlsruhe Institute of Technology – Institute
of Meteorology and Climate Research – Atmospheric Trace
Gases and Remote Sensing (KIT-IKM-ASF) (S. Lossow,
personal communication, 18 October 2013).
The Supplement related to this article is available online
at doi:10.5194/acp-16-8695-2016-supplement.
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