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Abstract

The processes occurring in the tropical tropopause layer (TTL) are of great
importance for stratosphere-troposphere exchanges and the variability of the
Earth’s climate. Previous studies demonstrated the increasing ability of atmo-
spheric general circulation models (AGCMs) in simulating the TTL, depending
on factors such as the horizontal and vertical resolution, with the major role
for physical parametrizations. In this work we assess the mean state and vari-
ability of the tropical upper troposphere and lower stratosphere simulated by
13 AGCMs of the Stratosphere-troposphere Processes And their Role in Cli-
mate Quasi-Biennial Oscillation initiative (QBOI) for the historical period. As
these models internally generate quasi-biennial oscillations (QBOs) of the strato-
spheric zonal wind, we can analyse the simulated QBO influence on the TTL
on interannual time-scales. We find that model biases in temperature near the
tropopause are strongly related to water vapour concentrations in the lower
stratosphere. A source of intermodel spread derives from stratospheric aerosols,
as the responses to eruptions differ between those models prescribing volcanic
aerosol forcing. The QBO influence on the thermal structure is generally real-
istic in the equatorial region, but the subtropical response is weak compared
with the reanalysis. This is associated with a limited downward penetration of
QBO winds, generally smaller QBO meridional widths, and weaker tempera-
ture anomalies, which disappear above the tropopause for most models. We
discuss the QBO impacts on tropopause pressure and precipitation, character-
ized by large uncertainties due to the small signal in the observational records
and sampling uncertainty. Realistic QBO connection with the troposphere in
some models suggests that the underlying physical processes can be correctly
simulated. Overall, we find that the QBOi models have limited ability to repro-
duce the observed modulation of the TTL processes, which is consistent with
biases in the vertical and latitudinal extent of the simulated QBOs degrading this
connection.
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1 | INTRODUCTION

The atmospheric properties near the tropical tropopause
are influenced by a number of dynamical and chem-
ical processes on different temporal and spatial scales
(Fueglistaler et al., 2009). Ranging from fast deep con-
vection (e.g., Schoeberl et al., 2018) to long-term trends
related to changing atmospheric composition (e.g., Gettel-
man et al., 2010), a wide range of phenomena determine
the conditions of the tropical tropopause layer (TTL). This
atmospheric region, found between 150 and 70 hPa (14 and
20km), represents the transition between the turbulent
troposphere and the stably stratified stratosphere (Randel
and Jensen, 2013).

On interannual time-scales, the stratospheric
quasi-biennial oscillation (QBO) of the equatorial zonal
wind induces changes in the thermal structure and
stratosphere-troposphere exchanges (Baldwin et al.,
2001). The alternation of westerly and easterly zonal wind
shear zones is respectively associated with warm anoma-
lies and cold anomalies in the lower stratosphere (Plumb
and Bell, 1982). By virtue of the thermal wind balance,
anomalous upwelling and lower temperatures character-
ize the equatorial stratosphere during the easterly QBO
phase (E), whereas a downwelling anomaly and higher
temperatures are induced in the westerly phase (W).
Although the QBO amplitude decays with latitude within
the inner tropics, the equatorial changes induce thermal
and residual circulation anomalies that extend beyond the
tropical stratosphere to the Subtropics and can impact the
surface (Gray et al., 2018).

Focusing on the tropical region, the seasonal cycle is
a major factor controlling temperature and water vapour
fluctuations in the tropical upper troposphere and lower
stratosphere (Rosenlof, 1995). On interannual time-scales,
the QBO-induced anomalies reach the tropopause, mod-
ulating the amount of water vapour in the stratosphere
(Giorgetta and Bengtsson, 1999; Tian et al., 2019). At the
same time, the QBO influences the distribution of tropi-
cal deep convective systems depending on the QBO phase
(Collimore et al., 2003; Liess and Geller, 2012), though
the mechanisms behind this process are still a topic of
research (Nie and Sobel, 2015). The anomalies related to
El Nifio-Southern Oscillation (ENSO) are relatively less
important near the tropopause level (Randel and Wu,
2015).

In this article we analyse the simulations of the recent
past performed with 13 atmospheric general circula-
tion models (AGCMs) participating in the Quasi-Biennial
Oscillation initiative (QBOi), a project aimed at assess-
ing the ability of current models to simulate the QBO
(Butchart et al., 2018; Anstey et al., 2020). We focus on

the atmospheric response to westerly and easterly QBO
phases, including the subtropical influence of the TTL
processes. The QBOi models differ in many aspects, but
all except one employ parametrization of non-orographic
gravity waves (NOGWs), in some cases linked to their
tropospheric sources (related to convection). Though
the parametrized momentum forcing allows realistic
QBO-like oscillations in all the models, most of these are
meridionally too narrow and too weak in the lower strato-
sphere compared with observations (Bushell et al., 2020).
We discuss the implications of these biases and how model
shortcomings in simulating the QBO can alter its modelled
influence on the tropical climate system. To our knowl-
edge, these topics have not been considered in detail in
previous modelling studies, possibly due to the lack of
QBO-resolving model ensembles, which are now increas-
ingly available (e.g., Richter et al., 2020).

2 | DATA AND METHODS

In order to assess how the QBOi models simulate the
observed upper troposphere and lower stratosphere vari-
ability, we consider the Experiment 1 (Expl) outputs of
13 AGCMs, which contributed up to three realizations
to the QBOi archive, covering approximately the period
1979-2008. Further details on the models® are given in
Table 1. In the Expl protocol, sea surface temperatures
(SSTs) and sea ice are prescribed following observations,
and time-varying forcings (greenhouse gases, solar radi-
ation) are included. The formulation for ozone concen-
trations and aerosols depend on the model configuration
and the experiment protocol left some freedom for mod-
elling groups to choose these—more details can be found
in Butchart et al. (2018). Some basic characteristics of
these models relevant for this work are reported in Table 1.
In particular, we report the approximate vertical resolution
in the TTL region, which is key for the representation of
wave activities (Fujiwara et al., 2012; Holt et al., 2020).

As in other QBOi studies on Expl, we use as ref-
erence the ERA-Interim reanalysis (Dee et al, 2011),
produced by the European Centre for Medium Range
Weather Forecasts (ECMWF). The representation of
the TTL in ERA-Interim is comparable with that of
other recent reanalyses (Tegtmeier et al., 2020; Wang
et al., 2020). The reanalysis forecast model has 60 lev-
els (https://www.ecmwf.int/en/forecasts/documentation-

INote that here we consider realization r2i1p1 of the ECHAM5sh
model, as r1ilpl used in previous studies is affected by an error in the
oceanic boundary conditions, which has now been fixed. For the current
analyses, differences between the two realizations are relatively small
(not shown).
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TABLE 1 The QBOi models analyzed in this study and some of their characteristics
Model Period (realiz.) Horiz.res. Vert.lev. dz [ m] NOGW Convection
60LCAMS5 1975-2012(2) 100km 60 500 Lindzen (1981) Richter et al. (2010) Zhang and McFarlane
(1995)
AGCM-CMAM 1979-2009 (3) 281km 113 500 Scinocca (2003) Zhang and McFarlane
(1995)
ECHAMS5sh 1979-2008 (1)  210km 95 650 Serva et al. (2018) Tiedtke (1989) Nordeng
(1994)
EMAC 1979-2012 (1) 310 km 90 650 Hines (1997) Tiedtke (1989)
HadGEM2-A 1979-2006 (1)  1.875° x 1.25° 60 1150  Warner and McIntyre (1999) Gregory and Rowntree
(1990)
HadGEM2-AC 1979-2006 (1)  1.875° x 1.25° 60 1150  Warner and McIntyre (1999) Choi  Gregory and Rowntree
and Chun (2011) (1990)
LMDz6 1979-2008 (1)  2.5° x1.25° 79 1050  Lott et al. (2012) Lott and Guez Hourdin et al. (2013)
(2013) de la Cadmara and Lott (2015)
MIROC-AGCM-LL 1979-2009 (3) 125km 72 550 None Emori et al. (2001)
MIROC-ESM 1979-2008 (3) 310km 80 750 Hines (1997) Emori et al. (2001)
MRI-ESM 2.0 1979-2009 (1) 83km 80 500 Hines (1997) Yoshimura et al.
(2015)
UMGA?7 1979-2008 (3)  1.875° x 1.25° 85 700 Warner and McIntyre (1999) Gregory and Rowntree
(1990)
UMGA7gws 1979-2008 (3)  1.875° x 1.25° 85 700 Warner and McIntyre (1999) Bushell Gregory and Rowntree
et al. (2015) (1990)
WACCMS5-110L 1979-2012 (3)  1.25° x0.94° 110 450 Lindzen (1981) Richter et al. (2010) Zhang and McFarlane

(1995)

Note: The horizontal resolution at the equator is reported either in kilometres or in longitude-latitude degrees, and the number of vertical levels is given in
the fourth column. The approximate vertical resolutions (dz) in the tropical tropopause layer (15-20 km) are from Butchart et al. (2018, figure 5). See the

text for more details. NOGWs: non-orographic gravity waves.

and-support/60-model-levels; last accessed November
2020) and an approximate resolution of 900 m in the TTL.
Data on the same pressure levels specified by the QBOi
protocol are considered, with a rather coarse resolution
(~20hPa) in the tropopause layer.

Table 1 also lists the schemes used to parametrize
NOGWs and convection. Parametrization of NOGW drag
has proven fundamental for driving realistic QBOs in
AGCMs (Giorgetta et al., 2002; Scaife et al., 2000). Spectral
schemes such as those of Warner and MclIntyre (1999)
and Hines (1997) are used, with a stochastic modifica-
tion in ECHAMS5sh, whereas 60LCAM5, WACCM-110L,
HadGEM2-AC, LMDz6, and UMGA7gws link the NOGW
spectrum to convective activity, either through total pre-
cipitation or parameters from the cumulus scheme. Only
MIROC-AGCM-LL is able to produce a QBO without
an NOGW parametrization. The parametrized convec-
tion (rightmost column in Table 1) is very important
for the simulation of atmospheric waves driving the
QBO (e.g., Takahashi, 1996). For cumulus convection,
different schemes are used by the QBOi models,

influencing both precipitation and the tropical wave spec-
trum (Holt et al., 2020; Horinouchi et al., 2003). One
frequent bias is represented by the too weak and frequent
simulated precipitation (e.g., Dai, 2006). This has been
explicitly addressed in MIROC-based models, by using a
relative humidity method to improve the representation
of convectively coupled and equatorially trapped waves
(Kawatani et al., 2009; 2010), and with a spectral cumulus
scheme in MRI-ESM 2.0, which improved the simulation
of organized convection (Yoshimura et al., 2015). Note
that MRI-ESM 2.0 is an updated version of the model doc-
umented in Butchart et al. (2018), and it includes changes
aimed at improving the modelled QBO (Yukimoto et al.,
2019).

For characterizing the QBO influences in the tropical
climate, we analyse monthly mean variables, consider-
ing surface temperature, total precipitation, zonal wind,
temperature, water vapour concentration, residual veloci-
ties and tropopause pressure. The meridional and upward
residual winds are available in the QBOi archive, and
are defined in the transformed Eulerian mean framework
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(Andrews et al., 1987, p. 128). For ERA-Interim, they
are calculated as described in Serva et al. (2018). The
tropopause pressure is not available from the QBOi
archive, and it is calculated with the lapse-rate tropopause
(LRT) method, which identifies the tropopause as the
pressure level in the upper troposphere where the verti-
cal temperature gradient (—dT/dz) falls below 2 K-km=1.
Two-sided finite differences are used to compute vertical
gradients. We note that higher temporal and spatial reso-
lution should be preferred for detailed analysis (Tegtmeier
etal., 2020).

Though multiple choices can be found in the litera-
ture for defining a QBO index (Huesmann and Hitchman,
2001), the zonal wind biases need to be carefully consid-
ered when dealing with model outputs. Westerly and east-
erly phases are identified from the zonal mean zonal wind
at selected pressure levels, defining QBO phases when the
index exceeds a given threshold value, using area averages
between 5° latitude from the Equator. To study the impacts
on tropospheric variables (tropopause pressure and pre-
cipitation), we employ deseasonalized quantities instead
of raw values in order to isolate the interannual variability
associated with the QBO.

When we need to isolate the influence of a process from
a certain quantity, we do so by means of a (multiple) linear
regression method; for example, see Mitchell et al. (2015).
This allows the variability to be associated with a number
of predictors x;, so that the predictand y can be expressed as
¥y = X,;X - ¢; + R, where c; are regression coefficients and R
is a residual term. All predictors are here considered at lag
Zero.

As ancillary data, we use the monthly averages of the
solar flux at 10.7 cm as a proxy for solar activity (Tapping,
2013) and the aerosol optical depth (AOD) in the Tropics
(Hansen et al., 1996). Peaks in stratospheric AOD within
15° from the Equator are used to identify the year and
month when volcanic aerosol loadings are maximized, and
these are used as eruption dates for the composites.

3 | RESULTS AND DISCUSSION

The application to seasonal prediction ensures a broad
interest in how multiseasonal variability in the strato-
sphere propagates downwards, first into the region of the
TTL and ultimately into the troposphere. Hence, we start
the assessment of the TTL of the QBOi models in Expl
by considering some basic diagnostics for the lower strato-
spheric temperature and water vapour in Section 3.1. As
a dominant mode of variability in the tropical strato-
sphere which is represented by all the models in QBOi
Expl, the QBO is an obvious candidate for introducing
interannual variability into the TTL region, an impact

explored in Section 3.2. Subsequent QBO impacts on the
tropopause and lower troposphere are then evaluated in
Section 3.3.

3.1 | Climatological features
and interannual variability in the tropical
stratosphere

The temperature seasonal cycle near the tropical
tropopause is a well-known diagnostic used to character-
ize the TTL conditions in models (Gettelman et al., 2010).
In Figure la we show the averaged temperature in the
tropical region at the 100 hPa pressure level, as a func-
tion of the calendar month. We average area-weighted
zonal mean temperatures within +10° latitude from the
Equator. From Figure 1a we can see how the multimodel
mean agrees better with ERA-Interim than most individ-
ual models, due to cancellation of model errors. While the
two variations of the HadGEM model have a warm bias
(up to 4K), the two ECHAM-based models (ECHAM5sh
and EMAC) are colder year-round (of the order of 2K)
compared with the reanalysis. It is worth noting that the
warm bias observed for the HadGEM models has been
corrected in UM-based models thanks to model devel-
opments related to numerical and microphysical aspects
(Hardiman et al., 2015). Also the sensitivity to ozone
distribution in the TTL (Oh et al., 2018) can potentially
lead to some differences, affecting the annual cycle prop-
erties as well (Ming et al, 2017), but we expect these
to be minor—see Butchart et al. (2018, figure 6b). Only
MRI-ESM 2.0 has interactive ozone, whereas other models
employ a seasonally varying distribution that includes the
long-term solar and stratospheric chlorine variability. The
role of the ozone QBO is therefore neglected, although
this can contribute substantially to the QBO signal in tem-
perature (Butchart et al., 2003; Li et al., 1995). Seasonal
variation of the upwelling strength determines a marked
seasonal cycle in the tropopause temperature (Rosenlof,
1995). The maximum annual temperatures (195K in the
reanalysis) occur in the boreal summer, whereas the min-
imum temperatures are found near to the boreal winter
solstice. The observed annual cycle (e.g., Randel et al.,
2000) is well reproduced in most cases, but ECHAM-based
models show less pronounced seasonal variation, possi-
bly due to an overly small upwelling seasonality (Abalos
etal., 2012).

The seasonal cycle of tropopause temperature deter-
mines the variable efficacy of the cold trap, which is key
for the freeze-drying process modulating the amount of
water vapour reaching the lower stratosphere (Fueglistaler
et al., 2009). To quantify this relationship, we consider
the water vapour concentration at 85hPa, again averaged



SERVA ET AL.

Quarterly Journal of the ERMets

100 hPa =£10° lat

@, (b)

198 _
o £
% 196 g
*E 194 4 é
() ©
Qo i >
E 192 }‘L_’.

190 2

188

J] FM A M J J A S O N D
Month

FIGURE 1

Royal Meteorological Society

85 hPa *10° lat

= 60LCAMS

— AGCM3-CMAM
ECHAMSsh

— EMAC
HadGEM2-A

— HadGEM2-AC
— LMDz6
MIROC-AGCM-LL
— MIROC-ESM
— MRI-ESM 2.0
= UMGA7
UMGA7gws
WACCMS-110L
M ERA-Interim
14 MMM

Month

Seasonal cycle of (a) the temperature at 100 hPa and (b) water vapour at 85 hPa, averaged in the equatorial region (10° from

the Equator). ERA-Interim is indicated with the thick black line, and the multimodel mean with the dashed grey line [Colour figure can be

viewed at wileyonlinelibrary.com|

within 10° from the Equator. Whereas the water vapour
cycle lags that of temperature by 1 month (maxima occur-
ring around September and August, respectively), the
results shown in Figure 1b are somewhat more complex.
As expected, model temperature biases are reflected by
those in water vapour concentrations, with colder models
(EMAC, ECHAMS5sh) being drier and with warmer models
(HadGEM2-A and HadGEM2-AC) being moister. How-
ever, some models, like MRI-ESM 2.0, which are not out-
liers in temperature, are outstanding for their high water
vapour concentrations in the second half of the calendar
year.

Multiple processes contribute to the interannual vari-
ability of near-tropopause temperatures, including exter-
nal forcings such as changes in solar radiation (Gray
et al., 2010) and stratospheric aerosols (Robock, 2004).
The temperature anomalies, computed as the departure
from the seasonal cycle for the common reference period
1980-2005, are shown in Figure 2a. Substantial interan-
nual variability can be seen, due to the superposition of fac-
tors like the ENSO, the QBO, and long-term changes. The
fluctuations have a typical amplitude of 1-2 K, but in some
models (such as MRI-ESM 2.0 and MIROC-AGCM-LL)
there are notable positive anomalies (3-5K) in the early
1980s and 1990s. This coincides with the occurrence of
major volcanic eruptions, namely those of El Chichén
(Mexico 1982) and Pinatubo (Philippines 1991), marked
by red triangles in Figure 2. The prominence of the latter
temperature peak is consistent with the greater amounts of
volcanic aerosols injected into the atmosphere. Also note
that, in ERA-Interim, whereas the volcanic aerosol load-
ings do not vary interannually, the assimilation of upper
atmospheric observations help to reproduce the observed
patterns (e.g., Fujiwara et al., 2015). The water vapour
anomalies around the time of the eruptions are shown in
Figure 2b,c for the 1982 and 1991 events. Positive anoma-
lies are evident for MIROC-AGCM-LL and MRI-ESM 2.0

for both cases, with larger moistening for the Pinatubo
eruption, also seen in HadGEM and 60LCAMS5 models
during 1992. The anomalies after major eruptions merit
more detailed investigation because, although the impact
of each is transient, they represent a systematic additional
forcing for the climatologies of temperature and water
vapour in those models that represent them explicitly,
which for some models shifts their humidity values to the
upper range of the QBOi ensemble for several months after
the eruption dates. Such impacts can be quantified for
Expl.

By looking at the temporal evolution of lower strato-
spheric temperatures (not shown), we have identified
seven QBOi models that included time-varying strato-
spheric aerosols (they were not specified in the protocol).
Since the anomalies due to volcanic aerosols could also
be masked by other factors, such as the QBO (Angell,
1997), then in order to isolate the volcanic aerosol effects
we remove the influence of a series of patterns by multi-
ple linear regression. Starting from deseasonalized zonal
mean temperatures, we subtract the variability associated
with the ENSO index for the 3.4 region, the QBO (with
two indices for the zonal mean zonal wind at 20 and
50 hPa), a linear trend, and total solar irradiance. Different
approaches have been used in the literature (e.g., differ-
ent lags or additional predictors can be considered), lead-
ing to some differences in the results. The results of this
methodology based on Mitchell et al. (2015) and applied
to ERA-Interim data are in good agreement with previ-
ous reanalysis studies (Fujiwara et al., 2015). The volcanic
anomalies are identified as the residual of the multiple lin-
ear regression, averaged over the 12 months following the
month of the AOD peak, minus the average of the three
preceding years. Differences are deemed significant when
they exceed two standard deviations of yearly mean values.

The results for El Chichdn and Pinatubo are reported
in Figure 3 and 4, respectively. It is clear how the
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modelled temperature anomalies are positive in the TTL
after the latter eruption; and given the geographical loca-
tion of the two volcanoes, the Pinatubo anomalies are more
centred near the Equator. The spread between models in
representing the same eruption is quite substantial, which
may depend on the prescription of volcanic aerosols (e.g.,
Loffler et al., 2016), but also on the phase of the QBO
at the time of the eruption. Warming tends to be maxi-
mized at about 100 hPa in the TTL, but the warmed layer
is shallower in MIROC-AGCM-LL and MRI-ESM 2.0, two
of the models showing larger anomalies in Figure 2a. Tro-
pospheric anomalies are small for both the reanalysis and
models in the two cases. The TTL warming pattern is
extended towards the Subtropics, more often in the North-
ern Hemisphere especially for the Pinatubo eruption, con-
sistent with changes in the residual circulation (Toohey
et al., 2014). The extratropical response is underestimated
by most models (not shown), likely due to sampling vari-
ability, but the observed response is uncertain given the
very small number of events available in the record.
Summarizing, the TTL warming (3K or more) due
to the eruptions is seen in the models that prescribed
volcanic aerosol forcing and would modulate the cold
trap efficiency, affecting stratospheric water vapour

199019911992 1993 1994 1995

concentrations (e.g., Soden et al., 2002) and contributing
to the spread of Figure 1. The magnitude of this effect is
expected to vary between the QBOi models due to differ-
ences in the relative position and depth of the warmed
layer with respect to the temperature minimum near the
tropical tropopause.

3.2 | QBO zonal meanimpactsin the TTL
Even in those models that represent volcanic forcings,
the QBO impact on the TTL region is important because
the QBO is accompanied by temperature anomalies at the
Equator due to the thermal wind balance, inducing a com-
pensating residual circulation in the Subtropics (Plumb
and Bell, 1982). To get a general overview of the tropical
stratosphere during opposite QBO phases, in Figure 5 we
report the difference between westerly and easterly QBO
conditions for zonal wind, temperature, and residual cir-
culation (ﬁ*,W*). Here, a month is assigned to a certain
QBO phase when the zonal mean zonal wind at 50 hPa
is westerly (W, above 1.5m-s7!) or easterly (E, below
—1.5m-s71). Note that the two phases are not symmetric in
duration or amplitude (not shown). Though other pressure
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levels could be selected, 50 hPa is frequently used to define
the QBO, and the chosen thresholds allow us to obtain a
reasonable sample size and to highlight relevant features.

For the zonal wind (lines in Figure 5) the largest
anomalies are found near the 10hPa and the 50hPa
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The same as Figure 3 but for the 1991 Pinatubo eruption [Colour figure can be viewed at wileyonlinelibrary.com]

levels in both the reanalysis and models, but the pattern
is fairly different among models in the lower stratosphere
and off-Equator. For most models (especially LMDz6,
MIROC-AGCM-LL and, MIROC-ESM) the differences
near 50hPa appear weaker and narrower in latitude.
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Negative wind anomalies characterize the equatorial
stratosphere above 25 hPa, owing to the vertical structure
of the QBO. Overall, the QBOi models appear to have
too weak wind amplitude in the lower stratosphere, as
reported by (Bushell et al., 2020).

The intermodel differences are substantial for the
W —E composite of the zonal mean temperature (shad-
ings in Figure 5), especially for the warm anomaly in the

equatorial lower stratosphere, which is underestimated
or even reversed in half of the models. The subtropical
anomalies are also different from ERA-Interim, as cold
anomalies do not extend to the subtropical upper tropo-
sphere in most models.

The non-local response to the QBO phases can be
explained by virtue of the induced circulation anomalies
(arrows in Figure 5). For the reanalysis (a), the region
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of anomalous downwelling, which gives rise to adiabatic
heating, is located below the maximum of the positive
wind anomaly at the Equator (between 100 and 50 hPa),
flanked in the Tropics by anomalous upwelling and cool-
ing (roughly below 30hPa, with an inverted V shape).
Around 20hPa, a cold anomaly is found at the Equa-
tor, with compensating downwelling and warm anomalies
in the Subtropics. The models that do not reproduce the
reanalysis pattern have a weaker, or even reversed, residual
circulation anomaly, especially in the lower stratosphere
(such as HadGEM2-A or LMDz6). Most of them under-
estimate the latitudinal width of the QBO-induced ther-
mal anomalies, potentially disconnecting the phase of the
equatorial QBO from subtropical atmospheric conditions
(Garfinkel and Hartmann, 2011).

To further illustrate how the temperature response dif-
fers among the models and from ERA-Interim, we show
in Figure 6a—c the vertical profiles of the temperature
anomalies at the Equator and in the Subtropics, obtained
from Figure 5. The temperature anomaly at the Equator
(Figure 6b) is weaker in most models between 100 and
50 hPa, except for 60LCAMS5 around 90 hPa. The temper-
ature profiles also differ aloft, since the cold anomalies
between 40 and 10 hPa are underestimated by the models.
For the lower stratosphere, a linear relationship between
the strength of the zonal wind anomalies at 50 hPa and
temperature at 70 hPa can be inferred from the scatter plot
shown in Figure 6d. The relation between temperature
and residual circulation is somewhat weaker (Figure 6e);
however, as mentioned, the models with stronger resid-
ual downwelling better reproduce the thermal anomalies
found for ERA-Interim. In the Subtropics (Figure 6a,c)
the intermodel spread is large below 50 hPa, and most
models have weaker cold anomalies below this level (less
so for MIROC-AGCM-LL in the Southern Hemisphere
and MRI-ESM 2.0 and 60LCAMS5 in the Northern Hemi-
sphere). These results highlight the intermodel spread in
the representation of the equatorial structure of the QBO
and the induced subtropical circulations, the latter being
generally weaker in the models than in the reanalysis. As
described in the next section, these biases have implica-
tions for the simulated influence of the QBO on the tropical
troposphere in the models.

3.3 | QBO impacts on tropopause
pressure and precipitation patterns

From the W —E composites we have found that most
models underestimate the lower stratospheric tempera-
ture anomalies due to the QBO at the Equator and in
the Subtropics. Previous studies have found that there is
a robust observed response to lower stratospheric winds

Royal Meteorological Society

of the tropopause height (e.g., Rieckh et al., 2014) and a
QBO signal in precipitation (e.g., Collimore et al., 2003),
the two variables being related (Davis et al., 2014; Xian
and Fu, 2015). To test how well these processes are repro-
duced by the models, we again consider W — E composited
differences, now defining QBO phases on the basis of the
70 hPa zonal mean zonal wind, similar to the approach of
Gray et al. (2018) for the analysis of precipitation. Desea-
sonalization was not performed by Gray et al. (2018),
but here is required to account for the wind biases in
the lower stratosphere; westerly and easterly phases are
defined when the index is above 1 m-s~! or below —1 m-s™!,
respectively.

Results are stratified by season, since seasonal varia-
tions are substantial for both the tropopause pressure and
precipitation. Seasonal averaging has the disadvantage of
further reducing the sample size (e.g., a 30-year realiza-
tion would give only 30 June-July-August averages) and,
hence, the statistical robustness of the results, particu-
larly for models providing a single realization. The effects
of ENSO are subtracted from the raw precipitation and
tropopause pressure fields by means of a linear regres-
sion. The patterns of the ENSO regression are in agreement
with previous studies: For precipitation (Supporting infor-
mation Figure S1), positive coefficients characterize the
eastern Pacific, especially the Nifio 3.4 region (5° N-5° S,
170°-120° W), whereas negative coefficients border South
American Pacific coasts (Nifio 142 area, 0°-10° S, 90°-80°
W; e.g., Fasullo et al., 2018); for tropopause pressures (Sup-
porting information Figure S2), negative coefficients char-
acterize the subtropical latitudes in the Pacific (Hatsushika
and Yamazaki, 2001; Rieckh et al., 2014) in the models,
except for MIROC-AGCM-LL. Further investigation into
the modelled response of precipitation and tropopause
properties to ENSO is ongoing within QBOi, by consider-
ing outputs with higher vertical resolution up to the upper
troposphere.

In Figure 7 we show the seasonal averages and W —E
composites for the LRT pressure for ERA-Interim. Results
for the cold-point tropopause method are qualitatively
similar, as illustrated in Supporting information Figure S3.
The vertical movement of the tropical tropopause is well
captured, with larger tropopause pressures in boreal sum-
mer and lower in winter (Seidel et al., 2001), even if the
vertical resolution of the data is insufficient to capture
fine-scale variations (Tegtmeier et al., 2020). Some longitu-
dinal variations are present, but they are likely underesti-
mated in the inner Tropics. The W — E QBO differences are
more evident in boreal spring and winter, and some lon-
gitudinal asymmetries are visible, with significant anoma-
lies over the Maritime Continent and the eastern Pacific.
This seasonal dependence may be explained by the fact
that, in boreal summer, tropopause pressures are higher
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(and the tropopause at lower heights), farther from the
influence of the lowermost QBO winds.

In Figure 8 we report the LRT pressure seasonal aver-
ages and W—E QBO composites from the QBOi mod-
els during December-January-February, for comparison
with Figure 7a. The seasonal average spatial patterns
are fairly different and unrealistic in some cases, with
the tropopause pressures being lower (reaching up to
85hPa) in EMAC and LMDz6. The longitudinal varia-
tions in the southern Subtropics (Luan et al., 2020) are
common to all models and ERA-Interim. Compared with
ERA-Interim results, longitudinal asymmetries are more
marked for most models. Significant positive differences
at the Equator can be seen for 60LCAMS5, WACCM-110L,
UMGA?7, and UMGA7gws, whereas more confined or
weaker positive anomalies are found in AGCM3-CMAM,
ECHAMS5sh, the two HadGEM models, MIROC-ESM, and

MRI-ESM 2.0, with large intermodel differences. The sig-
nal is pronounced in 60LCAM5 and more zonal than that
observed, including over the western Pacific. The anoma-
lies are even reversed in MIROC-AGCM-LL, also using
other indices to define the lower stratospheric QBO (not
shown), possibly due to its small QBO amplitude in the
lower stratosphere (Bushell et al., 2020).

To better illustrate the longitudinal characteristics of
the W — E differences (Tegtmeier et al., 2020a), in Figure 9
we show scatter plots of the tropopause pressure anomalies
as a function of the QBO amplitude at 70 hPa. For sim-
plicity, the amplitude is defined as the range of the desea-
sonalized QBO index (i.e., Ugglge = Upe* — Ugnén). We con-
sider spatially averaged anomalies over three regions:
the Maritime Continent (MC, 10° N-10° S, 80°-150° E),
tropical Africa (TA, 10° N-10° S, 5°-45° E), and east-
ern Pacific-South America (ES, 10° N-10° S, 100°-40°
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FIGURE 7 Longitude-latitude maps of mean tropopause pressure (solid lines) and westerly (W) minus easterly (E) differences
(shadings) for ERA-Interim, using the lapse rate definition for the December-January-February (DJF), March-April-May (MAM),
June-July-August (JJA), and September-October-November (SON) seasons. Units are hPa. Differences significant at the 95% confidence
level according to a two-sided t-test are dotted. Positive anomalies indicate that the tropopause is located at lower altitudes, and vice versa. The
number of seasons considered is reported at the bottom. LRT: lapse-rate tropopause [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Thesame as Figure 7 but for the Exp1l models in the December-January-February (DJF) season. LRT: lapse-rate
tropopause [Colour figure can be viewed at wileyonlinelibrary.com]

W) regions, shown in red in Figure S5. With the excep-  models with realistic QBO amplitudes, but negative W — E
tion of 60LCAMS5, WACCMS5-110L, and MRI-ESM 2.0, the differences. The slope of the regression line for the mod-
estimated QBO amplitude at 70 hPa is smaller than the els is positive in all the three regions, indicating that the
reanalysis, and for most models the sign of the anoma- amplitude of the QBO in the lower stratosphere is corre-
lies is consistent with that observed. As seen in the  lated with the response of the tropopause pressure. Further
longitude-latitude maps (Figure 8), there are, however, analysis is required to better understand the reasons for the
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Longitude-latitude maps of mean total precipitation (pr, solid lines) and (W) minus easterly (E) differences (shadings) for

ERA-Interim, for the December-January-February (DJF), March-April-May (MAM), June-July-August (JJA), and September-October—
November (SON) seasons. Units are mm-day~!. Differences significant at the 95% confidence level according to a two-sided t-test are dotted.
The number of seasons considered is reported at the bottom [Colour figure can be viewed at wileyonlinelibrary.com]|

negative anomalies shown by some models, as we cannot
exclude effects due to the diagnostic procedure.
Following the methodology used for the tropopause
pressure, we consider how the models represent the QBO
influence on tropical precipitation. This relationship has
been previously documented (Collimore et al., 2003; Gray
et al., 2018; Liess and Geller, 2012; Nie and Sobel, 2015),
and it is believed to involve the effect of wind shear on
convection, tropopause height, and stability, but the under-
lying mechanisms are not well known. This effect is partic-
ularly evident over the Pacific, where the QBO may mod-
ulate the local Hadley circulation, and the effects of ENSO

are substantial (here, these are removed by linear regres-
sion). We note that the observed precipitation response to
the QBO is still an active topic of research; and due to
the short observational record and internal variability, it is
challenging to validate this process in the models.

In Figure 10, the mean total precipitation and compos-
ite W —E differences for ERA-Interim are shown. Given
the low signal-to-noise ratio of this variable, seasonal
or even annual means are useful to obtain a clearer
picture (Gray et al., 2018). Seasonal variability, includ-
ing the northward shift of the intertropical convergence
zone (ITCZ) and precipitation associated with the Asian
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FIGURE 11 The same as Figure 10 but for the Exp1l models in the December-January-February (DJF) season [Colour figure can be
viewed at wileyonlinelibrary.com]

monsoon, can be noted in boreal summer. The W—E Maritime Continent. These biases were already doc-
differences are larger and significant mostly in boreal = umented in previous studies (Horinouchi et al, 2003;
autumn and winter, markedly over the tropical Pacific Lohmann, 2008; Nam and Quaas, 2012; Watanabe et al.,
Ocean. In the eastern Pacific, the differences are associated ~ 2011), and by Exp1 design they can only be due to atmo-
with a meridional shift of the ITCZ precipitation band,and  spheric processes. Focusing on the W —E differences,
longitudinal movement of the South Pacific convergence  as for the tropopause pressures, we find substantial
zone can also be seen. The fact that regions with significant intermodel spread. As expected, models with less real-
anomalies are quite limited emphasizes how the observed  istic average precipitation consequently differ from

response is highly uncertain. ERA-Interim results the most. The dry anomalies in
As the QBO influence on precipitation is larger in  the tropical Pacific ITCZ branch and wetting near to
boreal winter (Collimore et al., 2003; Klotzbach et al., the Equator are qualitatively similar to the observed

2019), we report in Figure 11 the December-January- pattern for HadGEM2-AC, LMDz6, MIROC-ESM,
February mean precipitation and W —E composites for =~ UMGA7, and UMGA7gws. The anomalies over the
the QBOi models. The intermodel differences in cli-  warm pool appear to be less consistent across mod-
matological precipitation are major for the seasonal els. Similar considerations hold for the models during
averages, as some models (particularly AGCM3-CMAM, September-October-November (to be compared with
ECHAMS5sh, and EMAC) underestimate or even miss  Figure 10d), as reported in Supporting information Figure
the Pacific band of the ITCZ, where the QBO influ- S4. We note that the parametrized NOGW schemes of
ence is more evident in observations. Conversely, = both LMDz6 and UMGA7gws link the modelled precipi-
most models overestimate the precipitation over the tation to the NOGW spectrum properties, but the possible
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feedback appears to be small as the tropospheric response
for UMGA7 is similar. Compared with the LRT response,
the regional patterns for precipitation are more complex.
Since robust responses are also found off-Equator, we
report in Figure 12 scatter plots of the W — E anomalies
against the QBO width averaged over four areas (two
already used for the tropopause composites), namely the
Maritime Continent, tropical Africa, the South Pacific
convergence zone (SP, 5°-20° S, 155° E-150v W) and the
boreal eastern Pacific (BP, 2°-12° N, 160° E-90° W). These
regions are shown with dashed yellow lines in Figure
S5. The QBO width at 70 hPa is estimated as the ratio of
the average index amplitude near +15° divided by that
at the Equator, considering three latitudes (in the earlier
notation, (U5 + U™ %) /2 - UL™). The strength of the
relationship depends on the region under consideration,
being positive in the two Pacific areas and negative (and
significant) over the Maritime Continent. As expected, the
intermodel spread is large, also due to the different model
precipitation climatologies, but we can see that models
with latitudinally wider QBO tend to produce larger W — E
anomalies in three out of four regions considered. The
correlations are barely significant, since the sign of the
anomalies is also not always consistent. No clear relation-
ship can be seen for the tropical African domain, possibly
due to the relevance of land-atmosphere coupling, which
could overshadow the impact on precipitation from
stratospheric processes.

Ratio subtrop/EQ (-)

Whereas it is likely that models that have a poor clima-
tological precipitation will not capture the observed QBO
response with fidelity, the limited observational record,
coupled with the small signal in a field that is highly
variable, means that the true response in the real world
(and in simulations with a limited ensemble size) is highly
uncertain. Until our observational record lengthens, it
would be worthwhile focusing on this in a modelling
context, with larger ensembles than considered here, so
that intermodel differences can be better determined and
understood.

4 | CONCLUSIONS

In this work, we analysed the climatological state and
variability of the TTL in 13 AGCMs that performed the
Expl simulations of the QBOIi project. All these models
internally generate realistic QBOs; therefore, it is possible
to study the QBO influence on the TTL, and its connec-
tions with the surface, using a multimodel ensemble of
free-running simulations.

Temperature biases of both signs near the tropical
tropopause are identified in the QBOi multimodel ensem-
ble, leading to water vapour biases in the lower strato-
sphere. Temperature variability is not only seasonal, but
the ENSO, the QBO, and other factors are also important.
In a subset of the QBOi models, stratospheric aerosols
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due to volcanic eruptions are included, leading to TTL
warming in the months following the eruptions. This
episodic variability increases the ensemble spread of the
climatological water vapour concentrations in the lower
stratosphere.

Westerly and easterly QBO phases are associated, by
thermal wind balance, with warm and cold anomalies,
respectively, in the equatorial lower stratosphere, and
induced circulations produce compensating anomalies in
the Subtropics. The QBOs of the Expl models are gener-
ally weaker in the lower stratosphere, and their maximum
amplitude is shifted upwards, and latitudinally narrower
compared with observations (Bushell et al., 2020). Con-
sistent with small QBO amplitudes and weaker residual
circulations, the QBO-induced temperature anomalies at
the Equator are realistic but smaller in the QBOi mod-
els than in the ERA-Interim reanalysis, and they do not
extend as far toward the subtropical lower stratosphere in
most models. The strength of the W — E thermal anoma-
lies is correlated with the magnitude of the zonal wind and
residual circulation differences, both underestimated by
most QBOi models. It should be noted that climatological
temperatures differ between the models and QBO-related
anomalies are difficult to isolate, due to their fine-scale
structures and relative phasing of zonal wind variability
and induced responses.

Further analyses have been dedicated to the mod-
elled QBO impact on the tropopause pressure and trop-
ical precipitation. Observational studies indicate that the
lower stratospheric QBO has a discernible influence on
these variables, besides other climate modes of vari-
ability such as ENSO (Christiansen et al., 2016; Serva
et al., 2020). As this connection is more robust during
the boreal winter season, further studies should inves-
tigate the alignment between tropospheric and QBO
seasonality. The small amplitude in the lower strato-
sphere of the simulated QBOs may explain why their
influence is generally underestimated by QBOi models
year-round.

Tropopause pressure changes in QBOi models are
generally smaller than those obtained for the reanalysis,
and precipitation anomalies are weaker or in some cases
reversed (even if the uncertainty of the observed response
is also large, complicating the assessment of the mod-
els). The simulated QBO influence is more evident during
boreal winter, as in observations. For precipitation, biases
in the simulation of the ITCZ structure are associated with
substantial differences in patterns for some models. In
particular, the eastern tropical Pacific ITCZ is not realis-
tically simulated, and the anomalies associated with the
QBO are of the opposite sign from those observed in some
cases. The latitudinal extent of the QBO is found to be only
weakly correlated with the realism of the tropical W — E
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precipitation differences, likely due to the large spread
between the precipitation climatologies of the models.
However, some models able to reproduce QBO-induced
changes at the tropopause (such as UMGA7gws) also
simulate realistic responses in precipitation, in the same
regions where ENSO effects are more marked. Changes
in convective activity due to the QBO are of particular
interest, since they may contribute to its teleconnection
with the boreal stratosphere (Yamazaki et al., 2020). Inter-
estingly, in some models the NOGW drag properties are
linked with total precipitation or parameters of the cumu-
lus scheme. Targeted simulations, like initialized exper-
iments with different surface (Sun et al., 2019) or QBO
(Hansen et al., 2013) perturbations, should be performed
to determine the eventual sensitivity to the cumulus-QBO
coupling.

Nevertheless, we emphasize that the mechanisms con-
necting the QBO and tropospheric climate variability
remain uncertain, and the short observational record does
not allow us to firmly establish the details of the inter-
action. Using larger model ensembles than those con-
sidered here would allow us to better quantify the lim-
itations in representing the processes and intermodel
differences.

To summarize, the model biases that affect the simu-
lation of the QBO appear to alter its influence on other
climate phenomena. Most QBOi models simulate a tem-
perature response in the lower equatorial and subtropi-
cal stratosphere weaker than that observed; and similarly,
modulations of the tropopause pressure and tropical pre-
cipitation are generally underestimated or not realistic.
It is difficult to ascribe these shortcomings to a single
aspect of the model formulations, such as the horizon-
tal and vertical resolution, or their cumulus or NOGW
parametrizations. In particular, the formulation of cumu-
lus schemes is likely key for representing the effects of
vertical wind shear and stability changes due to the QBO
on tropical precipitation regimes. To overcome the uncer-
tainty due to sampling variability, longer simulation and
larger ensembles would be helpful to better understand
the QBO connection with the tropical TTL. Still, a few
of the QBOi models are able to reproduce the observed
influences, suggesting that basic physical mechanisms can
be realistically captured. This implies that skilful pre-
diction of the modulation of tropical rainfall could be
achieved with such models, with implications for dynam-
ical forecasting at the subseasonal and seasonal ranges
(Scaife et al., 2017).
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