What contributes to the interannual variability in tropical lower
stratospheric temperatures?

Alison Ming! and Peter Hitchcock?

University of Cambridge
2Cornell University

November 24, 2022

Abstract

The interannual variability in mid and lower stratospheric temperatures for the period 1984—2019 is decomposed into dynamical
and radiative contributions using a radiative calculation perturbed with changes in dynamical heating, trace gases and aerosol
optical depth. The temperature timeseries obtained is highly correlated with the de-seasonalised ERA5 temperature (r2>0.6
for 1995 to 2019 in the region 15 to 70 hPa). Contributions from ozone and dynamical heating are found to be of similar
importance, with water vapor, stratospheric aerosols, and carbon dioxide playing smaller roles. Prominent aspects of the
temperature timeseries are closely reproduced, including the 1991 Pinatubo volcanic eruption, the year-2000 water vapour
drop, and the 2016 Quasi-biennial oscillation (QBO) disruption. Ozone below 20 hPa is primarily controlled by transport
and is positively correlated to the upwelling. This ozone-transport feedback acts to increase the temperature response to a
change in upwelling by providing an additional ozone-induced radiative temperature change. This can be quantified as an
enhancement of the dynamical heating of about 20% at 70 hPa. A principle oscillation pattern (POP) analysis is used to
estimate the contributionof the ozone QBO (1 K at 70 hPa). The non-QBO ozone variability is also shown to be significant.
Using the QBO leading POP timeseries as representative of the regular QBO signal, the QBO 2016 disruption is shown to have

an anomalously large radiative impact on the temperature due to the ozone change (>3 K at 70 hPa).
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Abstract

The interannual variability in mid and lower stratospheric temperatures for the period
1984-2019 is decomposed into dynamical and radiative contributions using a radiative
calculation perturbed with changes in dynamical heating, trace gases and aerosol opti-
cal depth. The temperature timeseries obtained is highly correlated with the de-seasonalised
ERA5 temperature (r? > 0.6 for 1995 to 2019 in the region 15 to 70 hPa). Contribu-
tions from ozone and dynamical heating are found to be of similar importance, with wa-
ter vapor, stratospheric aerosols, and carbon dioxide playing smaller roles. Prominent
aspects of the temperature timeseries are closely reproduced, including the 1991 Pinatubo
volcanic eruption, the year-2000 water vapour drop, and the 2016 Quasi-biennial oscil-
lation (QBO) disruption.

Ozone below 20 hPa is primarily controlled by transport and is positively corre-
lated to the upwelling. This ozone-transport feedback acts to increase the temperature
response to a change in upwelling by providing an additional ozone-induced radiative tem-
perature change. This can be quantified as an enhancement of the dynamical heating
of about 20% at 70 hPa.

A principal oscillation pattern (POP) analysis is used to estimate the contribution
of the ozone QBO (£1 K at 70 hPa). The non-QBO ozone variability is also shown to
be significant. Using the QBO leading POP timeseries as representative of the regular
QBO signal, the QBO 2016 disruption is shown to have an anomalously large radiative
impact on the temperature due to the ozone change (> 3 K at 70 hPa).

Plain Language Summary

Temperatures in the lower stratosphere vary substantially from year to year and
play a major role in determining the composition of the stratosphere, which in turn plays
an important role in Earth’s energy budget. Understanding this variability is thus key
to understanding the properties of the stratosphere. We calculate the amount of heat-
ing due to changes in four main factors (circulation, ozone, water vapour and aerosol).
This allows us to decompose the observed temperature changes into these main factors
with good agreement during the time period studied (1984-2019). Our method also al-
lows us to analyse anomalously large temperature changes such as those during volcanic
eruptions and the recent disruption in the Quasi-biennial oscillation. We find that ozone
changes play a key role throughout the time period analysed. Our findings indicate that
temperature changes related to composition (particularly ozone) are critical in determin-
ing the variability of temperatures in the lower tropical stratosphere. They highlight the
need to validate these processes in global models.

1 Introduction

The interannual variability of temperatures in the tropical lower stratosphere is of
interest since the temperature in this region controls the entry of water vapour into the
stratosphere which can then modify the surface radiative balance (Fueglistaler et al., 2014).
The chemical composition of the stratosphere is strongly impacted by the balance reached
between the circulation, radiation, temperatures, and chemistry in this region. A num-
ber of trace species including ozone, water vapour, and stratospheric aerosols in this re-
gion have significant climate impacts. The temperatures in the tropical lower stratosphere
are closely coupled to these trace gases and thus to their influence on the energy balance
of the climate system. Furthermore, temperatures in this region exhibit more uncertainty
in reanalyses than in any other region in the atmosphere below 10 hPa (see Hersbach
et al., 2020, their Fig. 11). A detailed understanding of the processes that determine tem-
peratures in this region is thus desirable.



The interannual variability in dynamical heating arising from changes in upwelling
in the Brewer-Dobson circulation has been identified as a main contributor to the tem-
perature variability (Fueglistaler et al., 2014). An increase in upwelling decreases the tem-
perature. It also changes the transport of ozone, water vapour and aerosol—all radia-
tively active trace species. These gases induce local and non-local changes to the radia-
tive balance. Several studies have focused on this interaction in the tropical lower strato-
sphere in the time mean and for the annual cycle (Forster et al., 2007; Ming et al., 2017;
Charlesworth et al., 2019). These studies make use of single column radiative calcula-
tions, typically assuming that the dynamical heating is fixed, and have proved to be in-
strumental in understanding the contribution of radiative transfer to temperature vari-
ability in this region.

This work builds on previous such studies but focuses on quantifying the different
contributions of the dynamical heating and the radiative heating to the temperature in-
terannual variability. As observation systems and reanalysis models have improved, the
temperature variability in the tropical lower stratosphere has become better constrained
with good agreement between the modern reanalysis datasets (ERA-Interim, ERA5, JRA-
55, MERRA-2, and CFSR) and radio occultation measurements particularly after the
year 2000 (Tegtmeier et al., 2020). Since temperature is well constrained and dynam-
ically linked to the upwelling and radiatively linked to changes in trace gases, understand-
ing the temperature variability is particularly relevant to elucidating the properties of
the Tropical Tropopause Layer (TTL) (Fueglistaler et al., 2014).

In this study, we test the importance of large scale upwelling and trace gas changes
to the temperature variability using a single column clear-sky radiative code that is con-
tinuously perturbed. We show that we can successfully reconstruct the time series of in-
terannual variability and quantify the contributions of the various perturbations. We demon-
strate that ozone changes are of similar importance to dynamical variability on inter-
annual timescales, extending results from previous studies that emphasised the role of
ozone in determining the time-mean structure of the TTL (Thuburn & Craig, 2002; Charlesworth
et al., 2019) and the large seasonal cycle in TTL temperatures (Ming et al., 2017; Gil-
ford & Solomon, 2017).

A significant part of the ozone variability is driven by the Quasi-biennial oscilla-
tion (QBO). The QBO is characterized by descending bands of zonal winds, alternat-
ing between eastward and westward. Eastward (vertical) shear is associated with anoma-
lously warm temperatures, while westward shear is associated with anomalously cold tem-
peratures, consistent with thermal wind balance. These are further associated with a sec-
ondary meridional circulation (Plumb & Bell, 1982), with relative ascent in eastward shear
zones and descent in westward shear zones. Since transport dominates the budget of ozone
below about 20 hPa, this secondary circulation contributes to ozone variability, with in-
creased ascent bringing up relatively ozone poor air. Hence there is a large component
of QBO variability in ozone (Pahlavan et al., 2021). We find that although a large part
of the ozone variability is indeed related to the QBO, a large non-QBO component is also
present. Both contribute substantially to interannual variability in temperatures.

Another important contribution arises from explosive volcanic eruptions that emit
aerosol into the stratosphere. This aerosol warms the lower stratosphere. During the time
period we analyse, the Pinatubo eruption in 1991 is the largest contributor, although the
effects of smaller eruptions are also notable. By including a simple representation of the
eruptions using the observed aerosol optical depth, we are able to reproduce the observed
temperature signal following the volcanic eruption.

The other contributions to the temperature come from water vapour variations which
are modulated by the temperatures at the cold point and from the increase in carbon
dioxide in the atmosphere.



The calculations in this work make a clear sky assumption and do not explicitly
simulate dynamics or transport. Instead we impose distributions of trace species from
observations and adiabatic heating inferred from ascent taken from the ERA5 reanal-
ysis. The calculations do not explicitly model potential feedbacks between these drivers,
such as transport effects or meridional circulations driven by diabatic heating. Nonethe-
less our calculation does provide insight into these interactions. We find that the ozone
change amplifies the temperature response to the dynamical heating. Increases in up-
welling are correlated to decreases in ozone. Both of these changes lead to a decrease in
temperature. This positive feedback of ozone onto the temperatures can be described
as an increase in radiative timescales or as an increase in the effective dynamical heat-
ing and we present estimates of these quantities.

The paper is organised as follows. Section 2 describes the methodology that ex-
tends single column radiative calculations to interannually varying perturbations. Sec-
tion 3 describes the data and radiative code. We discuss the contributions of various per-
turbations to the temperature in Section 4 and quantify the QBO contribution in Sec-
tion 5. The QBO 2016 disruption is studied in more detail in Section 5.1. Section 6 fo-
cuses on the modification of radiative damping resulting from ozone. Finally, in Section 7,
we discuss and summarise our results. We also provide a supplementary information file
that contains additional plots of relevance.

2 interannually evolving fixed dynamical heating

A common method for estimating the temperature change resulting from a pertur-
bation in trace gas is the Fixed Dynamical Heating (FDH) calculation. The FDH cal-
culation assumes that for a given perturbation, the dynamical heating remains the same
as the unperturbed state, allowing the new temperature required to reach radiative equi-
librium to be calculated. This method was modified by Forster and Shine (1997) to study
seasonally evolving forcings by allowing the dynamically heating to evolve with time and
iterating to a new seasonal cycle in temperatures and is called the seasonally evolving
fixed dynamical heating (SEFDH) calculation. The SEFDH calculation has provided in-
sight into radiative processes at play in the tropical lower stratosphere on seasonal timescales.
We further modify this calculation and introduce the interannually evolving fixed dy-
namical heating calculation (IEFDH), described below, as method of estimating the con-
tributions of interannually varying changes in trace gas concentrations on temperatures.

The thermodynamic equation in the Transformed Eulerian Mean framework (Andrews
et al., 1987), neglecting eddy terms, is

atT = @rad —w" ? -7 6ZIT = @rad + @dynv (1)

which predicts the rate of change of zonal mean temperature, T, with time, ¢ where (.)
represents a zonal mean. The dynamical heating, @dyn, is defined by the second equal-
ity in Eq. (1). 7% and w* are the horizontal and vertical components of the mean resid-
ual velocity respectively. y is the meridional coordinate. S = 9,T + «T/H is a mea-
sure of the static stability where z is the log-pressure height. z = —H log(o) where H
is a scale height taken to be 7km and o = p/py where p is pressure and pg = 1000 hPa.
k = R/c, ~ 2/7 where R is the gas constant for dry air and ¢, is the specific heat at
constant pressure. The radiative heating, Q,, 4, depends, in general, on the temperature
and the distributions of various radiatively active components including clouds, aerosols
and trace gases. The meridional advection term in (1) is small and is neglected in this
work.

In the unperturbed, equilibrium state of the stratosphere, the radiative and dynam-
ical heating rates balance, Equation 2:

agyn + Qrad(yoa To) =0 (2)



where x represents the trace gas mixing ratios and (-)° denotes the time mean state. The
dynamical heating is calculated from this equation and assumed to be fixed.

The system is then perturbed by imposing the interannual variation in a trace gas,
X, in the stratosphere. The new radiative heating is calculated and Equation 3 is used
to iterate the temperature forward:

atT - @gyn + Qrad (Y; T) (3)

Note that unlike the FDH and SEFDH methods, the IEFDH calculation does not
reach equilibrium as the system is continuously being perturbed. This means that for
the first few months, the calculated temperatures is depend on the initial condition.

Finally, following a similar method to Ming et al. (2017) we also impose the inter-
annual variation in the dynamical heating, (J4y,, as a perturbation to Equation (3) to
estimate the temperature change associated with the upwelling.

3 Data and Methods

Ozone and water vapour mixing ratios are obtained from the Stratospheric Water
and OzOne Satellite Homogenized (SWOOSH) dataset (Davis et al., 2016; Tummon et
al., 2015) which is formed from a combination of measurements from five limb and so-
lar occultation satellites from 1984 to 2015, namely: SAGE-II/III, UARS HALOE, UARS
MLS, and Aura MLS instruments. Values below 316 hPa are obtained by linear inter-
polation to the surface values from the ERA5 dataset. The results in this paper are not
sensitive to this choice of method for in-filling tropospheric data. Stratospheric aerosol
optical depth at 525 nm is obtained from GloSSAC v2.0 (Kovilakam et al., 2020; NASA/LARC/SD/ASDC,
2018). The interannual variations in ozone and water vapour are plotted in Figures S1
and S2 respectively.

Temperature and dynamical data are taken from the ERA-5 reanalysis dataset cov-
ering the period 1984 to 2019 (with ERA 5.1 for the period 2000 to 2006) ((C3S), 2017),
using data retrieved at a horizontal resolution of 1°, at 3-hourly analysis time intervals
and on 137 model levels. Transformed Eulerian Mean quantities are calculated on the
original retrieved data before being interpolated to the grids used in the radiative cal-
culations described below. Since we are focusing on the interannual variability, the data
is smoothed by computing monthly averages and then linearly interpolating to daily val-
ues. Trends in the various quantities are not removed except where explicitly stated.

The radiative calculations use the Morcrette (1991) radiation scheme, which includes
updates to the longwave absorption properties of water vapour (Zhong and Haigh, 1995).
All calculations use zonal mean data at 5° intervals in latitude, on 100 pressure levels
and run from 1984 to 2016. In the shortwave, a three point Gaussian quadrature method
is used to account for the diurnal variation in the solar zenith angle. The albedo time
series is taken from ERADJ reanalysis data. Carbon dioxide is assumed to be well mixed.
The volume mixing ratio is set to 345 ppmv for all calculations except for the experi-
ment where CO; is changed. In this experiment, we assume that COs has increased lin-
early from 345 ppmv (1984 value) to 412 ppmv (2019 value) and calculate the temper-
ature change using a simple FDH calculation.

Similar to other fixed dynamical heating calculations (Forster et al., 2007; Ming
et al., 2017), we choose 130 hPa as the level above which the temperatures will be ad-
justed and below which temperatures will remained fixed to the time mean. All the per-
turbations add linearly to give the total (not shown).



4 TEFDH results

The temperature interannual variability is reconstructed using the dynamical heat-
ing perturbation taken from ERA-5, ozone, water vapour, aerosol optical depth and car-
bon dioxide perturbations (labelled as the ”all perturbations” experiment). Figure 1 shows
the ERA-5 temperature interannual variability averaged between 30° N — S together with
the corresponding temperature time series re-constructed using the IEFDH calculation
with all the perturbations listed above.

The figure shows that these perturbations together capture the interannual vari-
ability in temperatures in the tropical lower and mid stratosphere with broadly good agree-
ment throughout most of the time series after 1991 (r? > 0.67 in the region 20 to 70 hPa
for 1992 to 2019, see Appendix Appendix A). The mean temperature from the IEFDH
calculation before 1991 is about 0.9 K lower than ERA5. This could be due to a num-
ber of factors. For instance, reanalysis datasets are known to have jumps in the data when
new instruments are assimilated and a clear jump is visible in the global mean anoma-
lies of temperature and ozone in ERA5 before and after the Pinatubo volcanic eruption
in 1991 (Hersbach et al., 2020, their figure 25). In the IEFDH calculation, the SWOOSH
dataset chooses SAGE II ozone as the mean reference satellite against which ozone from
UARS MLS and UARS HALOE is adjusted. These satellites became operational in Oc-
tober 1991. Identifying the cause of this jump is beyond the scope of the present study,
but if we account for this jump by applying a constant offset, we find that the interan-
nual variability in ERAS5 is captured by the IEFDH calculation before 1991. The differ-
ence between the ERA5 temperature and the IEFDH calculation is shown in Figure S3
in the supplementary information.

Next we turn to a discussion of the dominant processes that contribute to this in-
terannual variability.

4.1 Dynamical heating and ozone

Between 1984 and 2019, the temperature at 70 hPa varies by +2.9 K in ERA5 and
by +2.7 K in the IEFDH all perturbation experiment as shown in Figure 2(a). Figures 2(b)
and (c) break down the temperature time series into the contributions from the differ-
ent perturbations. The equivalent plot for 90 hPa can be found in Figure S4. A contrib-
utor is the dynamical heating perturbation (2.1 K) which is consistent with the find-
ings of Fueglistaler et al. (2014, their Fig. 3). However, variations in ozone generate a
comparable contribution to the temperature variation throughout the time series, of up
to £1.6 K. In the tropical lower stratosphere, an increase in ozone results in increased
absorption of shortwave radiation and upwelling longwave radiation with the longwave
heating dominating (about 80%). A detailed description of the radiative processes in this
region can be found in the appendix of Ming et al. (2017).

During certain time periods, the temperature changes due to ozone are as large as
that from the dynamical heating. Two examples of this are around the year 2000, roughly
coinciding with a drop in water vapor (Randel et al., 2006), and during the 2015-16 dis-
ruption of the QBO (each of these features is discussed further below). Furthermore, ozone
lags behind the dynamical heating by roughly 1 month. This is expected, since increased
upwelling means less dynamical heating and more upward transport of ozone poor tro-
pospheric air from below. We quantify this ozone-transport feedback further in Section 6.

This correlation does not always hold in the time series: anomalous dynamical warm-
ing in 2006 was not accompanied by ozone effects, nor were brief periods of dynamical
cooling in 1996 and 1998. The correlation between the two effects was more substantially
disrupted for nearly four years following the eruption of Mt. Pinatubo in 1991.
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Figure 1. Interannual variability in temperature averaged between 30° N — S at different
pressure levels from (a) ERA5 (b) the IEFDH radiative calculation with all perturbations. Differ-
ences are evaluated with respect to the reference period 2002-2010. Note that the plots are split
into two panels spanning 1984 to 2001 and 2002 to 2019 for clarity. See main text for further
details.

4.2 Water vapour

Water vapour variations in the tropical lower stratosphere are controlled by the tem-
perature variations at the cold point where excess water vapour is freeze-dried out of the
upwelling air. This pattern of water vapour variation is then advected upwards in what
is known as the water vapour tape-recorder signal (Mote et al., 1994). An increase in
water vapour leads to increased local longwave emission which dominates over the in-
creased local absorption of upwelling radiation leading, in turn, to a drop in tempera-
tures (Ming et al., 2017). The interannual variability in water vapour produces an IEFDH
temperature change of about +0.4 K.

A series of drops in water vapour have been observed in the time series. The most
prominent drop was in the year 2000 (Randel et al., 2006) and persisted until 2005. Lower
temperatures at the cold point after the year 2000 gave rise to less water vapour enter-
ing the stratosphere which in turn led to a slight radiatively induced warming at 70 hPa.
Various possible changes have been identified as the cause of the drop including increases
in the Brewer-Dobson circulation (Dhomse et al., 2008), a strong El Nifio followed by
a La Nina and a change in the QBO phase (Garfinkel et al., 2018; Brinkop et al., 2016).
The radiative impact on the surface of stratospheric water vapour changes are signifi-
cant and have been quantified (Maycock et al., 2014; Gilford et al., 2016).
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Figure 2. Interannual variability in temperature averaged between 30° N — S at 70 hPa, eval-
uated with respect to the reference period 2002-2010 for (a) ERA5 (cyan line) and the IEFDH
all perturbations radiative calculation (thick pink line). The individual contributions to the total
are broken down into the those from (b) ozone (orange dotted line) and dynamical heating (green
dashed line) and (c) water vapour (blue solid line), aerosol (dotted grey line) and carbon dioxide
(green dashed line). (Note that the GLOSSAC aerosol data only extends until 2018). In (b) and
(c), the IEFDH all perturbations temperature change from (a) is plotted again as the thick pale

pink line. See the main text for further details of the radiative calculation.

Following the water vapour drop in 2000, temperatures in ERA5 from 2001 to 2005
(30° N — S average) are found to be 0.46 K lower than the average from 1996 to 2000
at 70 hPa. The IEFDH calculation with all the perturbations gives a corresponding tem-
perature change of —0.46 K at 70 hPa of which —0.42 K comes from a reduction in ozone,
—0.34 K from dynamical cooling while water vapour changes led to a warming of 0.26 K.
The small remainder can be attributed to changes in aerosols and carbon dioxide.

At the cold point near 90 hPa (Figure S4), temperatures in ERA changed by —0.36 K.
Here again ozone dominated the signal, contributing a cooling (—0.34 K). Dynamical
cooling led to a further —0.23K change, while water vapour changes contributed a warm-
ing of 0.2 K. The relatively larger radiative role for water vapour near the cold point has
been noted by other studies (Ming et al., 2017).

Other water vapour drops have been reported in 2011/2012 (Urban et al., 2014)
and again in 2016 (Avery et al., 2017; Diallo et al., 2018). Temperatures increased dur-
ing the 2011/2012 water vapour drop and decreased during the 2016 drop but in neither



case were the changes as persistent as those that followed 2000 and we do not attempt
to quantify the contribution from the different perturbations.

4.3 Volcanic eruptions

Volcanic eruptions release sulphate aerosol into the tropical lower stratosphere which
leads to local heating (Stenchikov et al., 1998) and increased upwelling (Poberaj et al.,
2011). During the time period considered here, the largest eruption that affected the tem-
perature was the tropical Pinatubo volcanic eruption on 15 June 1991. The aerosol ef-
fect is represented by changing the optical depth in the IEFDH calculation. The aerosol
heating leads to a maximum temperature increase of 3.3 K about 6 months after the erup-
tion whilst the dynamical cooling produces a maximum decrease in temperature of 2 K
(Figure 2(c)). Model studies show that the Pinatubo eruption leads to a decrease in ozone
arising from both dynamics and chemistry (e.g., Kilian et al., 2020; Ming et al., 2020).

In the IEFDH calculation, the ozone and dynamical temperature changes do not appear
to be correlated during the eruption. However, there are large uncertainties in the ozone
changes during the eruption. In the first 6 months following the eruption, a large num-
ber of ozone and water profiles below 20 hPa are filtered out of the satellite datasets due
to poor retrieval quality in an opaque atmosphere. Nevertheless, the IEFDH calculation
shows good agreement with the ERA5 temperature perturbation at 70 hPa in the three
years following the Pinatubo eruption.

Other smaller volcanic eruptions affected the temperature during this time period.
The Nevado del Ruiz eruption in 1986 (Vernier et al., 2011) contributed 0.4 K at the peak
and several smaller tropical eruptions after the year 2000 contribute to transient pertur-
bations of less than 0.1 K each.

4.4 Carbon dioxide

Carbon dioxide in the stratosphere leads to cooling. The increase in carbon diox-
ide concentrations adds a linear increase in the temperature of 0.2 K between 1984 and
2020. This linear trend is shown in Figure 2(c). The increase in temperature in the lower
stratosphere is expected from an increase in COs since the increased shortwave absorp-
tion dominates in the region below 40 hPa (see for e.g., Wang & Huang, 2020, for a de-
tailed discussion). Appendix B contains more details of the vertical profile of the COq
induced temperature change.

5 QBO contributions

In Figure 1, a clear downward propagating QBO pattern is visible in the temper-
ature in both plots. The contribution of the ozone changes associated with the QBO to
the temperature variability will now be quantified using the IEFDH calculation. As dis-
cussed in the introduction, the secondary circulations associated with eastward and west-
ward shear zones produce ozone anomalies. The ozone variability associated with the
QBO is obtained by identifying the Principal Oscillation Patterns (POP) (von Storch
& Zwiers, 2002; Xu, 1992) and associated timeseries from the ozone data (see also Fig-
ure S5). The calculation uses a similar method to Sheshadri and Plumb (2017), who use
the POP method to study the mid-latitude jet, but is applied to zonal wind and ozone
with the seasonal cycle and linear trend removed. The main POP is complex and sim-
ilar to the linear combination of the first two empirical orthogonal functions of the re-
spective fields. The structure of this POP is shown in Appendix C.

The QBO is confined to a narrow equatorial region and we focus on the average
of 10° N — S in this section. Figure 3(a) shows the change due to the full ozone field and
from the QBO at 70 hPa. The QBO only contributes to about +1.0 K to the temper-
ature variability which is consistent with previous work on this topic (Li et al., 1995).



The corresponding contribution at 90 hPa is about +0.9 K (Figure S6). Figures 3(b) and
(c) show the vertical structure of the temperature changes from the full ozone field and
from the leading ozone POP timeseries respectively and figure 3(d) shows the difference
between (b) and (c¢). The QBO contributes to a larger part of the variability in ozone
above 40 hPa than below. Part of this variability shown in Figure 3(d) will be described
by other POPs (not included in this analysis) that also correspond to QBO-related vari-
ability with a slightly different timescale to the main POP. Nonetheless, there are clear
periods where the behaviour is not QBO-like. For instance, during 1991 Pinatubo erup-
tion, there is a dipole structure in the temperature change due to ozone which descends
over the course of 1993. This arises from a decrease in ozone in the lower stratosphere
which causes the decreases in temperature. The longwave radiation that is not absorbed
in this region is then absorbed further up to give the increase in temperature. During
the water vapour drops in 2000 and 2010, there are further non-QBO ozone contribu-
tion although the two events are very different in character. There is a prolonged tem-
perature increase due to ozone during 2000 before the water vapour drop whilst the tem-
perature increase happens after the water vapour drop in 2011. The 2016 water vapour
drop is difficult to analyse since any ozone signal from it is obscured by the QBO 2016
disruption. This disruption event also has a descending dipole signature and will be anal-
ysed in more detail below in section 5.1. Finally, there is a prominent large and deep neg-
ative difference seen in 2003 which is of unknown origin.

5.1 QBO 2016 disruption

The QBO 2016 disruption (Osprey et al., 2016) was an unusual phenomenon where
a shallow westward jet formed in the eastward phase of the QBO in the lower stratosphere
between 40 to 100 hPa, as can be seen in Figure 4(a). The anomalous shear zones above
and below this shallow westward jet are also associated with secondary circulations, sim-
ilarly to the standard QBO shear zones, and give rise to large ozone anomalies. This dis-
ruption differs from the regular QBO. It is characterised by a strong jet appearing lower
in the stratosphere and has a shorter vertical scale.

Ozone anomalies during this period are shown in Figure 4(d) and the correspond-
ing IEFDH temperature change in Figure 4(g). Using the POP analysis, we generate a
timeseries corresponding to the leading POP for the zonal wind (Figure 4(b)) and ozone
(Figure 4(e)). The ozone POP time series is the same as that used in the calculations
above in Figure 3 (see also Figure S5). This can be thought of as the time series asso-
ciated with the regular 28 month oscillation and will not fully capture the disruption as
shown in the difference in zonal wind in Figure 4(c) where the shallower vertical scale
of the disruption can be seen. The ozone field in the POP is also positive, correspond-
ing to relative descent associated with the eastward shear zone that was expected to de-
scend from the mid stratosphere during this period (Figure 4c). The ozone changes dur-
ing the QBO disruption in Figure 4(f) are consistent with those seen by Tweedy et al.
(2017), who calculate the trace gas changes as the difference from a QBO composite. The
IEFDH calculation in Figure 4(h) shows that the regular QBO would have contributed
a broad positive temperature change in the vertical with a magnitude of about 1 K around
70 hPa in the absence of a disruption. Note that although the ozone perturbations in
Figure 4(e) maximise around 30 hPa, the temperature change due to the ozone maximises
lower down a combination of the steep vertical gradient in ozone in this region and the
fact that radiative damping timescales maximise in a deep region around the cold point
(Ming et al., 2017).

The effect of the QBO disruption on the ozone field is thus substantial and appears
as a decrease between 40 to 100 hPa from Jan to Jun 2016 (Figure 4(f)). There is a cor-
responding decrease in temperature that extends down below the cold point with a max-
imum of about 3 K at 70 hPa and an increase in temperature in the region above. This
is consistent with reduced local absorption of upwelling longwave radiation where ozone
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Figure 3. IEFDH temperature change (K), averaged between 10° N — S, from interannual
variability in ozone and from the time series associated to the leading QBO ozone principal oscil-
lation pattern. (a) Changes at 70 hPa. Pressure-time plots of the (b) ozone contribution (c) the
QBO ozone contribution. (d) The difference between (b) and (c).

is low and increased absorption above the ozone perturbation. This is substantially larger
than the ozone-related temperature changes associated with typical QBO variability.

Comparing the ozone and the dynamical contributions in the wider 30° N — S re-
gion (Figures 2(a) and (b)), we speculate that the ozone temperature contribution aris-
ing from the QBO disruption is the dominant effect and that the ERA5 upwelling is poorly
represented during 2016. This results in the IEFDH calculation overestimating the to-
tal temperature change by about 1.5 K compared to ERA5. Note that there is also a stronger
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Figure 4. The grid shows the changes in zonal wind (first row), ozone (second row) and tem-
perature from the IEFDH calculation (third row) during the QBO 2016 disruption. All quantities
are averaged between 10° N — S. In the first column, the full interannual variability (ALL) in
zonal wind is shown in (a) and for ozone in (d). The seasonal cycle and trends have been re-
moved. (d) shows the corresponding IEFDH temperature change from the ozone perturbation

in (g). In the second column, the QBO component has been identified (QBO POP) as the time
series corresponding to the leading POP for the zonal wind in (b) and the leading POP in ozone
in (e). The corresponding IEFDH temperature change to (e) is shown in (h). The figures (c), (f)
and (i) in third column show the difference between corresponding figures from the first column
and the second column (ALL minus QBO POP). The second and third rows of figures share the

same colourbar.

downward trend in the calculated IEFDH temperatures compared to ERA5 from 2016
onward which complicates this analysis.

The QBO 2016 disruption provides an interesting case study to test the robustness
of QBO-related processes in global models. The temperature change resulting from the
ozone perturbations will depend strongly on correctly simulating the radiative changes
and the secondary meridional circulation. It is not guaranteed that a model that cap-
tures the main zonal wind disruption will capture the details of the processes that lead
to the corresponding ozone changes.
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6 Quantifying the ozone radiative feedback

We have shown that ozone changes are an important contributor to the temper-
ature interannual variability. We now consider ways to quantify this radiative effect. First
it is informative to look at the lagged correlation, calculated at each pressure level, be-
tween pairs of ERAS temperature, dynamical heating and ozone. The Pearson correla-
tion coefficient is shown in Figure 5 and significance is calculated using a non-parametric
test which randomises the phases of the input time series following Ebisuzaki (1997). We
include the lagged correlation between ERAS temperature and water vapour for com-

pleteness and will only discuss those briefly since the correlations are low and less im-
portant than ozone.
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Figure 5. Time (lag) vs. height sections created by regressing monthly time series (1995 to
2019) of (a) temperature versus w* S, (b) temperature versus ozone, (c) ozone versus w"* S and
(d) temperature versus water vapour at different levels and time lags. Positive lags indicate that
the first quantity lags behind the second. The grey fog which is plotted as overlaid contours with
different levels of transparency represents confidence levels of 95, 90, 80, 70 and 60% using a

non-parametric test which randomises the phases of the input time series following Ebisuzaki
(1997).

Figure 5(a) shows a large negative correlation between temperature and the up-
welling term (—Qayn). The correlation is strongest at 20 hPa and decreases lower down
towards 70 hPa. At 70 hPa, the correlation peaks around 40 days and decreases to about
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30days at 10 hPa. This is consistent with increased upwelling leading to dynamical cool-
ing and a lagged radiative response in the temperature with radiative time scales decreas-
ing with altitude. Ozone is positively correlated with temperature on a broad range of
timescales (Figure 5(b)) with the correlation maximising at a lag of around 20 days be-
low 20 hPa. Above this region, the photochemistry of ozone becomes important. Below
this region, ozone can be regarded as a passive tracer that is affected by transport. Note
that temperatures are more highly correlated with ozone than with the dynamical heat-
ing around 70hPa (Figure 5(a)). The vertical transport of ozone leads to the structures
seen in Figure 5(c¢) where an increase in upwelling draws up more ozone poor air, from
the troposphere below, into the stratosphere and leads to a decrease in ozone. The largest
correlation occurs at 30 hPa at a lag of 20 days. At 70 hPa, these correlations maximise
around 40 days. These plots show that as upwelling increases, the temperature decreases
due to both the dynamical heating change and the ozone decreases as a result of the ver-
tical transport. Hence, there is an important enhancement of the temperature response
to the dynamical heating that comes from the ozone-transport feedback. This can al-
ternatively be thought of as a smaller upwelling being required to maintain a given tem-
perature.

We note that there is an interesting structure in the temperature water vapour lagged
correlation in Figure 5(d) with a positive lagged correlation starting around the cold point
and extending upwards and backwards in lag. Water vapour at the cold point is corre-
lated with the temperature at that level and the resulting tape recorder signal in water
vapour is advected upwards. Hence the water vapour at any level, and its subsequent
temperature effect, is correlated with the water vapour at the cold point (with a lag de-
termined by the speed of the upward transport). Temperatures at different levels are also
correlated to each other due to the non-local effects of radiation. These complex non-
local interactions lead to the structures seen.

We now quantify the changes in radiative damping rates as follows. We take the
difference between Equations 2 and 3 and split the longwave (LW) heating rate change
into the component arising from the temperature change only, —a AT, and other ra-
diative terms, A1, as in Equation 4.

AT — AQuyy = Quw(¥.T) — Quw(x*.T") + 4

Since ozone is correlated with temperature (Figure 5(b)), we could also split the
right hand side into longwave (LW) heating terms due to changes in ozone and temper-
ature and other radiative terms (A3). We also assume that the changes in longwave heat-
ing can be written as linear damping term (—aAT) as in Equation 6.

OAT — AQyyn = Quw(03,T) — Quw (05, T") + Ay (5)
= — AT + Zg (6)

We run the radiative code to extract the relevant longwave heating rates when pre-
scribing ERA5 temperature interannual variations (T'). The various damping rates are
calculated using linear regression, at every pressure level and latitude, between the heat-
ing rates and ERA5 temperatures. The damping timescales, 7 = 1/«, and damping rates,
« are shown in Figure 6(a) and (b) respectively and Figure 6(c) shows the fraction of
the variance explained. The latitudinal variation in « and the explained variance is shown

in Figure S7.
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Figure 6. Radiative damping (a) timescales and (b) rates calculated using linear regression
of heating rates derived from the radiation code against ERA5 temperatures. The solid blue line
shows the regression using longwave heating rate changes from temperature only and the dashed
orange line uses longwave heating rate changes from temperature and ozone changes. The frac-
tion of variance in longwave heating rates explained by local temperature anomalies is shown in

(c). All values are averaged between 30° N — S.

The solid blue line in Figure 6(a) shows that the radiative timescale, 1/, is about
29 days around 70 hPa, increasing to 49 days around 90 hPa. Longwave radiative damp-
ing rates are dominated by CO2 and are dependent on temperature (e.g., Fels, 1982; New-
man & Rosenfield, 1997; Hitchcock et al., 2010). Temperature changes explain most of
the variance in longwave radiative damping rates (72 > 0.7 above 70 hPa).

If we including the ozone changes in the longwave heating rates (1/«, dashed or-
ange line), as given by Equation 6, the additional correlation between ozone and tem-
peratures leads to a timescale of ~ 55 days at 70 hPa to ~ 88 days at 90 hPa (dashed
orange line) although the fraction of the variance explained falls rapidly below 40 hPa
These longer timescales are consistent with the value of 70 days obtained by Fueglistaler
et al. (2014).

Alternatively, it is more physically relevant to think of the ozone only radiative heat-
ing as an enhancement of the dynamical heating since it arises from the transport of ozone
by the upwelling. Hence we can also write Equation 5 above as:

AT — AQyy, = Q(0s5,T") = Q(05,T") — ar AT + 4,
3tAT — (1 + B)A@dyn = —QaT AT + ZQ (7)

where [ represents the enhancement of the radiative effect of the dynamical heating due
to the ozone transport and A, includes all other radiative terms. Note that, we are con-
sidering the change in longwave and shortwave heating rates due to ozone in this case.
The enhancement in dynamical heating, 3, is calculated by linear regression between the
ozone only heating rate and the dynamical heating and is shown in Figure 7.

Figure 7(a) shows that we can think of the ozone-transport effect as enhancing the
dynamical heating term as in Equation 7. The increase is substantial and of about 20%
at 70 hPa and peaking at 40% at 35 hPa. The additional radiative effect of the verti-
cal transport of ozone translates into a smaller upwelling being required to cause the same
temperature change. The quality of the fit is poor for the 30° N — S average, as shown
by Figure 7(b) but improves in the region 10° N — S (see Figure S8) which could be due
to a better correlation between upwelling and ozone within the latitude range where the
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Figure 7. (a) Enhancement of dynamical heating due to ozone transport radiative feedback
calculated using linear regression of heating rate arising from ozone only against the dynamical
heating. (b). The fraction of variance explained the linear regression. All values are averaged
between 30° N — S.

QBO has a strong influence. We also note that the results in Figure 7(a) are not con-
sistent with those in Figure 6; values of 8 are smaller than what would be expected from
the changes in a. Ozone is more strongly correlated with temperatures below 40 hPa than
with the dynamical heating as seen in Figure 5(b) and (c). This could be due to other
processes contributing to ozone changes other than upwelling in this region.

7 Discussion

We have shown that it is possible to reproduce the interannual variability in lower
stratospheric temperatures using a 1D radiative calculation and such a calculation al-
lows us to decompose the temperature changes into various components. We apply var-
ious continuous perturbations and use the radiative code is used to calculate the change
in heating rate which is then used to update the temperature. This interannually evolv-
ing fixed dynamical heating calculation (IEFDH) calculation is an extension of a sim-
ilar calculation used for seasonal cycle changes (Forster et al., 2007). By calculating the
temperature change using this new technique, we are able quantify the contribution from
dynamical heating, ozone, water vapour, aerosol and the linear trend in carbon dioxide.

We have shown that at 70 hPa, the +3 K interannual changes in temperature can
primarily be explained by variations in dynamical heating (up to +2.1 K) and variations
in ozone (up to £1.6 K). A smaller contribution (up to £0.4 K) arises from water vapour
changes. Aerosol changes and the linear trend in carbon dioxide make up most of the
remaining variability. The contributions from aerosols dominate the time series during
the 1991 Pinatubo volcanic eruption, with changes up to 3.3 K at the peak, a few months
after the eruption. Carbon dioxide adds a linear warming of about 0.2 K over the time
period from 1984 to 2019.

This calculation emphasises the substantial role of ozone in contributing to the in-
terannual variability in temperature. In the lower stratosphere, the ozone budget is dom-
inated by transport and increases in upwelling act to decrease ozone. This feedback am-
plifies the temperature response of a change in upwelling. Temperature changes are pos-
itively correlated to ozone change and negatively correlated to the upwelling. The trans-
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port feedback means that for a given change in upwelling, the additional changes in ozone
result in a larger temperature change than would be expected simply from the change

in dynamical heating. This can also be thought of as a smaller change in upwelling be-
ing required to achieve the same temperature change or as an increase in the radiative
damping time scale. We have quantified using the radiative code and find including the
ozone correlation with temperature changes the radiative damping time scale by 50%

at 70 hPa to about 56 days. If, instead, we view the ozone changes as primarily arising
from changes in upwelling, this transport effect enhances the dynamical heating term by
20% at 70 hPa and peaking at 40% at 35 hPa. We find that these two approaches do not
yield similar results since the ozone-temperature correlation is stronger than the ozone-
upwelling correlation.

A component of the ozone variability related to the quasi-biennial oscillation (QBO)
is extracted using a principal oscillation pattern analysis (POP). The time series that
corresponds to the leading POP is used to calculate the QBO induced ozone tempera-
ture change in the IEFDH calculation. This corresponds to a temperature change of about
+1 K at 70 hPa. We also find a substantial amount of non-QBO variability, especially
in the region below 40 hPa. This is particularly visible around the Pinatubo volcanic erup-
tion, and around the years 2000 and 2011 which coincide with previously reported wa-
ter vapour drop events.

The POP analysis also allowed us to look in more detail at the unusual QBO dis-
ruption in 2016 during which a shallow westward jet formed within the eastward phase
of the QBO in the lower stratosphere. Assuming the QBO POP timeseries represents
the “regular” QBO, we can obtain the anomalous ozone change during the disruption
and calculate the corresponding IEFDH temperature change. If 2016 were a regular QBO
year, we would have expected ozone to contribute to warming in the region below 40 hPa.
Instead, the ozone change arising from the disruption leads to a dipole structure around
40 hPa with a maximum cooling of 3 K at 70 hPa and a warming above with a maxi-
mum of 2 K at 30 hPa. This dipole structure follows the descending wind shear asso-
ciated with the disruption. Together with the change in temperature from dynamical heat-
ing, the QBO 2016 disruption caused a large anomaly in the temperature comparable
to the Pinatubo volcanic eruption.

The IEFDH calculation also shows that water vapour changes are a secondary con-
tributor to the temperature change (about +0.3 K at 70 hPa). The increase in carbon
dioxide is assumed to be linear and adds a linear increase of 0.2 K between 1984 and 2019.
The smaller volcanic eruptions, after the year 2000, do not have a significant effect on
temperatures (less than 0.1 K at the peak).

The IEFDH calculation shows that is possible attribute the interannual changed
in temperature to specific factors with reasonable accuracy and opens the possibility of
more detailed studies into the feedbacks between dynamics and radiation. Ozone changes
are large and enhance dynamical changes via the transport coupling. This effect will not
captured, for instance, by climate models using an ozone climatology. Furthermore, we
have shown that the QBO 2016 disruption provides both an interesting case study and
a test of of the internally generated QBO in climate model. To be able to capture the
correct temperature change relies on the model accurately simulating the changes to waves,
the accompanying ozone transport changes and the subsequent radiative impact on the
dynamics.

Appendix A Correlation between IEFDH and ERAS5 temperatures

Figure Al shows the square of the correlation coefficient, r2, between the IEFDH
calculation and ERA5 temperature data shown in Figure 1 for the time period 1984 to
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1991 in (a) and 1992 to 2019 in (b). There is a strong correlation between the time se-
ries above 70 hPa and poorer agreement below 70 hPa.
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Figure Al. Correlation coefficient, 72, at different pressure levels between the 30° N — S av-
erage of the temperature in the IEFDH calculation and in ERA5 temperature. The time series is

split into two sections: (a) 1984 to 1991 and (b) 1992 to 2019.

Appendix B CO. linear trend

The vertical profile of the temperature change between 2019 and 1984 due to the
COg linear trend is shown in Figure B1. COs has been assumed to be well mixed and
to be increasing linearly from 345 ppmv (1984 value) to 412 ppmv (2019 value). Car-
bon dioxide is the dominant emitter in the stratosphere and increasing carbon dioxide
leads to increases cooling throughout most of the stratosphere from the increase in long-
wave emission. In the tropical lower stratospheric region (30 hPa and below), the long-
wave emission is small and and the shortwave heating dominates causing the temper-
ature increase seen. This is only the case over the latitude range where there is high so-
lar insolation: 30° N — S on average and shifting with season. Our results are consistent
with those of Wang and Huang (2020) but the vertical extent of the warming is some-
what broader and results in Huang and Wang (2019) suggest that there are tempera-
ture biases in the predicted response from different radiation codes.

Appendix C principal Oscillation Patterns (POP)

We extract the QBO variability in zonal mean zonal wind and zonal mean ozone
using principal oscillation pattern analysis following the method in Sheshadri and Plumb
(2017). We use data between 20° N — S and 10 to 1000 hPa. The seasonal cycle and lin-
ear trends are removed before the POP analysis. For computational efficiency, the pro-
cess is done in empirical orthogonal function (EOF) space and requires choosing a lag
for the principal component lag covariances. We do not truncate the EOFs and choose
a lag of 9 months for the zonal wind and 12 months for ozone. Vertical pressure weight-
ing, as used in Sheshadri and Plumb (2017) does not substantially affect this calcula-
tion and we do not weight the fields. Using the various methods in Gallagher et al. (1991),
we check that leading POP obtained is sensible. Choosing a different lag, provided it is
long enough, will yield a slightly different leading POPs but with very similar spatial pat-
terns. We tested lags between 9 to 14 months and simply choose the lag where the lead-

—18—



AT (K) 30°N-S

1

— 37
O

o

=

v 101
35

)]

0

£ 301
100-

-0.4 -0.2 0 0.2
Figure B1. Difference in temperature, calculated from the radiative calculation, between 2019

and 1984 due to the CO3 linear trend. The values are averaged between 30° N — S.

ing POP explained most of the variance. For the zonal wind, the real and imaginary parts
of the leading POP which explains 47% of the variance is shown in Figures C1(a) and

(b). These are very similar to the leading EOFs (Figures Cl(c) and (d)) which adds con-
fidence to the analysis. The leading POP has a decay timescale of 71.8 months and an
oscillation timescale of 28.2 months. For ozone, leading POP (explaining 30% of the vari-
ance) has a decay timescale of 97.9 months and an oscillation timescale of 27.6 months.

We construct the zonal wind and the ozone timeseries that corresponds to the lead-
ing QBO POPs in each by first calculating the principal adjoint patterns and taking the
scalar product of the field with the principal adjoint pattern.
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as the main paper but on different pressure levels or latitudes. It also includes difference
plots. Please refer to the main text for a description of the methods.
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Figure S1. Time series of interannual variations in ozone (in ppmv) from the SWOOSH

dataset averaged between 30°N — S.
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Figure S2. Time series of interannual variations in water vapour (in ppmv) from the

SWOOSH dataset averaged between 30°N — S.
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Figure S3. Difference between ERA5 temperatures, Figure 1(a) and IEFDH calculation,

Figure 1(b). Values are averaged between 30°N — S.
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Figure S4. Similar to Figure 2 but at 90hPa. Interannual variability in temperature
averaged between 30°N — S, evaluated with respect to the reference period 2002-2010
for (a) ERA5 (cyan line) and the IEFDH all perturbations radiative calculation (thick
pink line). The individual contributions to the total are broken down into the those from
(b) ozone (orange dotted line) and dynamical heating (green dashed line) and (c) water
vapour (blue solid line), aerosol (dotted grey line) and carbon dioxide (green dashed line).
In (b) and (c), the IEFDH all perturbations temperature change from (a) is plotted again

as the thick pale pink line.
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Figure S5. Time series of ozone (in ppmv) associated with the main QBO ozone POP

averaged between 10°N — S.
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Figure S6.  Similar to Figure 3(a) but at 90hPa. IEFDH temperature change (K),

averaged between 10°N — S, from interannual variability in ozone and from the leading

QBO ozone principle oscillation pattern time series.
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Figure S7. (a) Similar to Figure 6(b) (solid blue line) but showing the variation in
latitudes for ap. (b) Similar to Figure 6(c) (solid blue line), showing the corresponding
2. (c) Similar to Figure 6(b) (dashed orange line) but showing the variation in latitudes

for a. (d) Similar to Figure 6(c) (dashed orange line), showing the corresponding r2.
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Figure S8. (a) Similar to Figure 7(a) but showing the variation in latitudes for 8. (b)

Similar to Figure 7(b), showing the corresponding 7.
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