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Abstract. This paper investigates the global stratospheric Brewer-Dobson circulation (BDC) in the ERAS meteorological
reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF). The analysis is based on simulations
of stratospheric mean age of air, including the full age spectrum, with the Lagrangian transport model CLaMS, driven by
reanalysis winds and total diabatic heating rates. ERAS5-based results are compared to results based on the preceding ERA—
Interim reanalysis. Our results show a significantly slower BDC for ERAS5 than for ERA-Interim, manifesting in weaker
diabatic heating rates and larger age of air. In the tropical lower stratosphere, heating rates are 30-40% weaker in ERAS, likely
correcting a bias in ERA—Interim. At 20km and in the NH stratosphere, ERAS age values are around the upper margin of the
uncertainty range from historical tracer observations, indicating a somewhat slow—biased BDC. The age trend in ERAS over
1989-2018 is negative throughout the stratosphere, as climate models predict in response to global warming. However, the
age decrease is not linear but steplike, potentially caused by multi-annual variability or changes in the observations included
in the assimilation. During 2002-2012, ERAS age shows a similar hemispheric dipole trend pattern as ERA—Interim, with age
increasing in the NH and decreasing in the SH. Shifts in the age spectrum peak and residual circulation transit times indicate
that reanalysis differences in age are likely caused by differences in the residual circulation. In particular, the shallow BDC

branch accelerates in both reanalyses while the deep branch accelerates in ERAS and decelerates in ERA—Interim.

1 Introduction

The Brewer-Dobson circulation (BDC) is the global transport circulation in the stratosphere, controlling the transport of chem-
ical species and aerosol (e.g., Holton et al., 1995; Butchart, 2014). Changes in the BDC induce changes in radiatively active
trace gas species and hence may cause radiative effects on climate. Therefore, BDC changes need to be reliably represented in
atmospheric models.

The BDC is characterized by upwelling motion in the tropics, poleward transport in the stratosphere and downwelling above
middle and high latitudes. In addition, a mesospheric circulation branch transports air masses from the summer to the winter

pole. As pointed out by Haynes et al. (1991), the BDC is mechanically driven by atmospheric waves propagating upwards
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from the troposphere and breaking at upper levels in the stratosphere where they deposit their momentum and cause the driving
force. From a conceptual point of view, the BDC can be divided into a residual mean mass circulation and additional two-way
eddy mixing (e.g., Neu and Plumb, 1999; Garny et al., 2014), which are both related to the breaking of atmospheric waves.
The residual circulation and eddy mixing both affect trace gas distributions in a complex manner (e.g., Minganti et al., 2020).
The climatological structure of the BDC shows two main circulation branches: a shallow branch at lower levels (below about
20 km) which causes rapid transport to high latitudes (transport time scales of months), and a deep branch above with much
longer transport time scales of a few years (e.g., Plumb, 2002; Birner and Bonisch, 2011; Lin and Fu, 2013).

Diagnosing the BDC and estimating its strength is a challenging task due to the fact that the BDC is a zonal mean circulation
and that the mean vertical velocities are very slow (less than 1 mm/s). In models, these slow velocities can be computed (e.g.,
within the Transformed Eulerian Mean (TEM) framework, Andrews et al., 1987), but are likely affected by model numerics.
For observations, the circulation strength needs to be deduced from trace gas measurements. A common diagnostic for the
speed of the BDC is the stratospheric age of air (Waugh and Hall, 2002). Due to atmospheric mixing processes, a given air
parcel in the stratosphere is characterized by a multitude of different transit times through the stratosphere, defining the age
spectrum (Hall and Plumb, 1994). The first moment of the age spectrum defines the mean age of air. Due to its definition of
being an average transit time, mean age may give ambiguous results, while the age spectrum is able to resolve the information
on different processes (Waugh and Hall, 2002).

Despite its crucial effects on atmospheric composition and climate no common understanding of long-term changes of the
BDC with increasing greenhouse gas levels has been reached yet. On the one hand, climate models show a robust strengthening
and acceleration of the BDC with climate change (e.g., Butchart et al., 2010), manifesting in an increase in tropical upwelling
and a decrease in global mean age of air. On the other hand, atmospheric trace gas measurements from balloon soundings at
Northern hemisphere (NH) mid latitudes show a non-significant long-term BDC trend over the last decades (Engel et al., 2009,
2017; Fritsch et al., 2020). Also satellite measurement from the Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS) show no globally homogeneous mean age change over the 2002-2012 period but a more detailed pattern with
increasing age in the NH and decreasing age in the Southern hemisphere (SH) (Stiller et al., 2012; Haenel et al., 2015).

Coming along with improvements in model physics and data assimilation systems, meteorological reanalyses have been
used more intensively for trend investigations during recent years. With transport driven by ECMWF ERA-Interim reanaly-
sis modelling studies have shown a weak increase of mean age in the NH middle stratosphere, qualitatively consistent with
balloon observations (e.g., Diallo et al., 2012; Monge-Sanz et al., 2012). However, more recent efforts combining different
newest generation reanalysis data sets have shown a large dependency of BDC trend estimates on the reanalysis used, for both
residual circulation (Abalos et al., 2015; Miyazaki et al., 2016) and age of air diagnostics (Chabrillat et al., 2018; Ploeger et al.,
2019). In particular concerning decadal age of air and BDC changes no consensus has been reached amongst reanalyses, in-
cluding ERA-Interim reanalysis from the European Centre for Medium-Range Weather Forecasts (Dee et al., 2011), JRA-55
from the Japanese Meteorological Agency (Kobayashi et al., 2015), and MERRA-2 from the National Aeronautics and Space
Administration (Gelaro et al., 2017).
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Very recently, the ECMWEF has released its newest generation reanalysis product ERA5 (Hersbach et al., 2020). Compared
to its predecessor ERA-Interim, ERAS is based on an improved forecast model version and improved data assimilation sys-
tem (see Sect. 2.2 for further details). Case studies on stratospheric and tropospheric transport indicate improvements in the
representation of physical processes, like convection, in ERAS (e.g., Li et al., 2020). Recently, Diallo et al. (2020) have ana-
lyzed the ERAS residual mean mass circulation of the BDC, its variability and trend, based on Transformed Eulerian mean
(TEM) calculations. The present paper can be viewed complementary as it investigates the representation of the BDC in ERAS
in terms of stratospheric age of air from transport model simulations, and compares results to the previous ERA—Interim re-
analysis. For that reason, we carry out simulations of stratospheric age of air with the Lagrangian CLaMS model (Chemical
Lagrangian Model of the Stratosphere) over the period 1979-2018 driven with either ERAS5 or ERA-Interim reanalysis mete-
orology. Simulation of the stratospheric age spectrum with CLaMS allows pinpointing differences between the reanalyses to
processes. The main research questions are: (i) How strong and fast is BDC transport in ERAS compared to ERA-Interim?
(i) How has the BDC (and age of air) changed over recent decades? (iii) How good is the agreement with age of air derived
from trace gas observations? The analysis presented here contributes to the Processes And their Role in Climate (SPARC)
Reanalysis Intercomparison Project S-RIP (Fujiwara et al., 2017) and can be regarded as a follow-up of the analyses presented
by Chabrillat et al. (2018) and Ploeger et al. (2019), where the BDC in ERA-Interim, JRA-55 and MERRA-2 reanalysis was
compared in terms of age of air. Here, we discuss the ERAS results within the context of the other reanalyses. For better
comparability, we also present ERA—Interim results from Ploeger et al. (2019), although for an extended period, and juxtapose
them with the new ERAS results.

In a first step in Sect. 2 the CLaMS model and age spectrum calculation are described, as well as ERAS reanalysis data.
A particular focus is laid on the ERAS diabatic heating rate which is used to drive CLaMS model transport. Thereafter, Sect.
3 presents the results related to the climatological structure of the BDC, showing that ERAS has a substantially slower BDC
than ERA-Interim. Section 4 presents BDC and age of air trends, showing a globally negative long-term trend for ERAS and a
stronger variability compared to ERA—Interim. A comparison to age of air observations is presented in Sect. 5. The results are

placed into context of previous studies in the discussion in Sect. 6, and final conclusions are summarized in Sect. 7.

2 Data and method

In this study, the BDC is investigated based on age of air calculated with the CLaMS model driven with ERAS and ERA-
Interim reanalysis data. In the following, Sect. 2.1 describes the CLaMS model and age of air calculation while Sect. 2.2

briefly describes the ERAS reanalysis with focus on the used variables.
2.1 Age of air simulations with the Chemical Lagrangian Model of the Stratosphere (CLaMS)

The CLaMS model is a Lagrangian chemistry transport model, with the transport scheme based on the calculation of three-
dimensional air parcel trajectories (which represent the model grid points) and a parameterization of small-scale atmospheric

mixing (McKenna et al., 2002; Konopka et al., 2004). This mixing parameterization is controlled by the shear in the large-scale
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flow (via a critical Lyapunov exponent), such that in regions of large flow deformations strong mixing occurs. The forward
trajectory calculation is driven with offline meteorological data. In this paper, we will use ERAS and ERA-Interim reanalysis
data which are further described in Sect. 2.2.

In the vertical direction CLaMS uses an isentropic vertical coordinate which makes the model particularly well-suited for
the stratosphere, where diabatic transport is generally weaker than adiabatic transport (e.g., McKenna et al., 2002). Strictly
speaking, the vertical coordinate in CLaMS is a hybrid potential temperature which is orography-following at the surface and
transforming smoothly into potential temperature ¢ above, such that it equals # above the o = 0.3 surface (with o = p/pgy ),
hence throughout the stratosphere (e.g., Mahowald et al., 2002; Pommirich et al., 2014). The cross-isentropic vertical velocity
(also termed diabatic vertical velocity, in the following) is calculated from the reanalysis total diabatic heating rate (see Sect.
2.2 for further details).

A calculation of the fully time-dependent stratospheric age of air spectra has been implemented in CLaMS, based on multiple
tracer pulses, as described by Ploeger et al. (2019), and references therein. The age spectrum G(r,t,7) at a point r in the
stratosphere and time ¢ is the distribution of transit times 7 from the surface (or from the tropopause in some studies) to r. For
the age spectrum calculation in CLaMS, chemically inert model tracers are pulsed in the orography-following lowest model
layer (approximately the boundary layer) in the tropics (30°S—30°N) with unit mixing ratio, a pulse duration of 1 month and a
pulse frequency of 2 months. The value of the age spectrum at transit time 7; is then related to the mixing ratio y; of the tracer

pulsed at ¢t — 7; and sampled at r (e.g., Li et al., 2012)
G(rvthi) = Xi - (D

Therefore, the use of 60 pulse tracers in the model with pulse frequency 2 months allows calculation of the age spectrum over
10 years transit time (e.g., Ploeger et al., 2019). Mean age I is the average stratospheric transit time and is defined as the first
moment of the age spectrum

oo

I(r,t) = /dTTG(r,t,T) . 2)
0

The two model simulations driven with either ERAS5 or ERA-Interim cover the period 1979-2018. Preceding 10 year spin-
up simulations have been carried out by repeating the meteorology of 1979. To eliminate influence of this spin-up on the age
spectra we focus on the period 1989-2018, for most parts of the paper, when all memory of the spin-up in the 10 year long age
spectra is lost. As the model age spectrum is truncated at 10 years the respective mean age will be low biased if no correction
for the spectrum tail is taken into account. Therefore, throughout this paper we consider mean age calculated from an additional
“clock-tracer” in CLaMS, a chemically inert tracer with linearly increasing mixing ratios at the surface (e.g., Hall and Plumb,
1994). This clock-tracer mean age had experienced a longer spin-up (minimum 20 years, at the beginning of the considered
period in 1989), and is therefore larger compared to the spectrum-based mean age.

Note that compared to Ploeger et al. (2019) small quantitative differences can occur due to different periods considered,

and also due to the use of different mean age calculation methods (clock-tracer versus spectrum-based, for a quantification of
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these differences see Ploeger and Birner, 2016, Figs. 4 and A1). Another difference to the simulations by Ploeger et al. (2019)
concerns the cross-isentropic vertical velocities. Ploeger et al. (2019) added a constant correction term to the vertical velocity
to correct for missing balance in the annual mean cross-isentropic mass flux on a given 6-level, as suggested by Rosenlof
(1995) and implemented in CLaMS by Konopka et al. (2010). Here, we do not include this mass correction and use the “raw”
reanalysis heating rate to simplify interpretation and reproducibility with other studies. For most of the results including this
annual mean mass balance causes no significant change. Only for mean age trends after about 2002 it causes a clearer age

decrease in the SH (see Sect. 4).
2.2 ERAS reanalysis

The newest generation ERAS reanalysis from the European Centre for Medium-Range Weather Forecasts (ECMWF) is the
successor of the previous ERA—Interim reanalysis (Dee et al., 2011). ERAS is now available from 1979-2020 with production
lagging real time by about 2 months. For the production of ERAS, 4D—Var data assimilation of the ECMWF Integrated Forecast
System (in cycle CY41R2) was used (Hersbach et al., 2020). The horizontal resolution is about 30 km (T639). In the vertical,
the pressure range from the surface to 0.01 hPa is covered with 137 hybrid levels. The output frequency for ERAS data is
hourly. Due to a cold bias in the lower stratosphere, the reanalysis data has been replaced for the period 2000-2006 with
the updated data named ERAS.1 (Simmons et al., 2020). For the present paper, we carried out CLaMS simulations driven
with both the previous (termed ERAS.0 in the following) and the corrected ERAS.1 data (for simplicity, termed ERAS in this
paper), and discuss effects of the bias correction on the stratospheric BDC (Sect. 6). Further details on ERAS can be found in
Hersbach et al. (2020).

For better comparability between the ERA5 and ERA-Interim driven model simulations as well as for practicability reasons
(storage and memory space) we use 6-hourly (0, 6, 12, 18 UTC) ERAS data with truncated 1x 1 degree horizontal resolution,
downscaled using direct transformation from T1279 to 1x1 degree with automatic truncation to T213 as provided by the
ECMWEF MARS processing system. However, we maintain the full vertical resolution, as the necessary meteorological data
is interpolated from the reanalysis fields on native ECMWF model levels onto the Lagrangian CLaMS air parcels. Hence, the
ERAS data to drive the CLaMS model in this study has 137 hybrid ECMWF model levels, for ERA-Interim 60 levels.

Of particular importance for the CLaMS model calculations is the reanalysis temperature tendency variable (diabatic heating
rate) which is used for deducing diabatic vertical velocity. Both ERAS and ERA-Interim provide 5 temperature tendencies: The
mean temperature tendencies due to short-wave and long-wave radiation for both clear-sky and all-sky conditions, as well as
the mean temperature tendency due to all parametrisations (including the mentioned radiative contributions, latent heat release,
turbulent and sensitive heating). From the temperature tendency due to parametrisations (the total diabatic heating rate Q)

the cross-isentropic vertical velocity df/dt for driving CLaMS transport is calculated as

dé 0
E - cp—Tth y (3)
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with T" temperature, § potential temperature, and ¢, the specific heat capacity at constant pressure. The calculation of cross-
isentropic vertical velocity for ERA—-Interim was described by Ploeger et al. (2010). In the following, we illustrate the similar
(but not identical) procedure for ERAS.

Temperature tendencies are only available from the ERAS forecast data, which is stored twice per day (6, 18 UTC) with
forecast steps ranging between 1 and 18 hours (1 hour increments). These temperature tendencies have to be interpreted
differently compared to ERA—Interim, as they are “mean rates”, representative for the interval between the actual time and
the previous post processing time. For instance, the forecast data at 6 UTC and 5 hour forecast step is the mean tendency
between 10 and 11 UTC. Temperature tendencies are provided in K/s (Kelvin per second). The CLaMS pre-processor assigns
the forecast variables to the reanalysis data set at the later time (here 11 UTC). This induces a time uncertainty of 0.5 hours,
which is negligible for the purpose of this paper.

Here we did not use the hourly ERAS5 data to drive model transport but data sub-sampled in time is used instead. Therefore,
the temperature tendencies have to be averaged appropriately, as they represent accumulations since the previous post process-
ing time and not since the last forecast date. Otherwise, sampling errors will occur. Hence, for the present case of using only 0,
6, 12, 18 UTC data we average all tendency data sets within 6 hour windows around each date. For instance, the mean tendency
averaged over 10-15UTC (from forecast data at 6 UTC with 4-9 hour steps, see above) is assigned to the reanalysis data at
12UTC.

3 Climatological view on the stratospheric circulation

As described in Sect. 2, CLaMS uses diabatic heating rates for driving vertical transport in the model. The climatological
cross-isentropic (or diabatic) vertical velocity df/dt calculated from the diabatic heating rate for winter and summer seasons
from ERAS5 and ERA-Interim, and the respective differences, are shown in Fig. 1 a—f. Overall, both reanalyses show very
similar distributions and seasonality for d¢/d¢. Diabatic tropical upwelling maximizes in boreal winter (December—February,
DJF), somewhat shifted into the summer subtropics, and the extratropical downwelling maximizes in the respective winter
hemisphere. Further, heating rates show a double-peak structure above the tropical tropopause with a minimum above the
equator. However, quantitatively also clear differences occur between the two reanalyses, showing larger diabatic velocities
(heating rates) in the lower stratosphere (positive differences below about 600 K, Fig. 1 c, f) in ERA-Interim and smaller heating
rates above. In particular, the zoomed view in Fig. 1 g—i reveals that in the layer 400-430 K (30°N/S) ERA-Interim shows about
40% larger total diabatic heating rates than ERAS. Furthermore, in the lowest TTL around the level of zero radiative heating
(about 350 K) total diabatic heating rates are much weaker in ERAS5 than ERA-Interim, with even no continuous upwelling
in the annual mean in a shallow layer around 350K (Fig. 1i). It should however be noted, that seasonal ERAS heating rate
averages show very weak zonal mean upwelling from the troposphere into the stratosphere in small latitude bands, which
vanishes in the annual mean due to seasonal shifts. This much weaker upwelling in the TTL and tropical lower stratosphere
causes stronger restrictions on large-scale advective upward transport in ERAS and appears to correct an overestimation in

ERA-Interim (see Sect. 6. The heating rate difference below the tropopause will also affect the simulations of mean age, which
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Figure 1. Diabatic vertical velocity df/dt climatology (1979-2018), calculated from the total diabatic heating rate, for boreal winter
(December—February, DJF) from (a) ERAS, (b) ERA-Interim, and (c) the difference ERA—Interim minus ERAS. (d—f) Same but for boreal
summer (June—August, JJA). (g—i) Zoomed view into the tropical lower stratosphere on annual mean heating rates. Note the different color
scale for the difference plots. Heating rate contours are highlighted in black (dashed for negative values). The thin black countour in the
difference plot shows the zero contour from ERA—-Interim. White contours show zonal wind (in +=10 m/s steps; easterly wind dashed), thin

dashed black lines pressure levels, the thick black line the (WMO lapse rate) tropopause.

is defined with respect to the surface in this study. Another difference between the two reanalyses concerns heating rates in
the summertime stratosphere above about 700 K (about 20 hPa), where ERAS shows upward velocities whereas ERA-Interim
shows downward velocities. The upward velocities in ERAS in that region are more consistent with the residual circulation

vertical velocity (Fig. 2), which is further discussed below.
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Figure 2. Residual circulation vertical velocity w* climatology (1979-2018) for boreal winter (December—February, DJF) from (a) ERAS5,
(b) ERA-Interim, and (c) the difference ERA—Interim minus ERAS. (d—f) Same but for boreal summer (June—August, JJA). Note the different
color scale for the difference plots. Circulation contours are highlighted in black (dashed for negative values). White contours show zonal
wind (in £10m/s steps; easterly wind dashed), thin dashed black lines potential temperature levels, the thick black line the (WMO lapse

rate) tropopause. The y-axis is log-pressure altitude.

Diallo et al. (2020) analyzed the ERA5 BDC based on the TEM residual circulation vertical velocity, a common measure
for the strength of the BDC (e.g., Andrews et al., 1987, Eq. 3.5.1b),

. 1 Vg
W _w+ac05¢>a¢ (COS¢3Z§) , )

where the overline denotes the zonal mean and primes fluctuations therefrom (due to eddies), w is the vertical velocity in log-
pressure z coordinates, a is the Earth’s radius, ¢ latitude, and v is the latitudinal wind component. Here, we briefly recapitulate
a few findings from that paper for ease of comparison to the heating rate based results.

Figure 2 shows w* calculated from ERAS and ERA-Interim during boreal winter (December—February, DJF) and summer
(June—August, JJA) and the respective reanalysis differences, for comparison with the diabatic vertical velocity, calculated from
the reanalysis diabatic heating rate. Overall, the w™ distributions and seasonal differences for both reanalyses are very similar.
Also for w*, both reanalyses show stronger tropical upwelling in boreal winter, somewhat shifted into the summer subtropics,
and stronger downwelling in the respective winter hemisphere. In particular in the winter hemisphere, contours of negative w*
representing downwelling are very close for both reanalyses. Also in the deep tropics close to the equator around the 18 km

level (about 420 K potential temperature, 70 hPa pressure), a minimum in upwelling (even downwelling in JJA) occurs similarly
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Figure 3. Mean age climatology (1989-2018) for boreal winter (December—February, DJF) from ERAS (a), ERA-Interim (b), and the
difference (c). (d, e, f) Same, but for boreal summer (June—August, JJA). White contours show zonal wind (in 10 m/s steps; easterly wind

dashed), thin dashed black lines pressure levels, the thick black line the (WMO lapse rate) tropopause.

in both data sets. Minor differences between ERAS and ERA-Interim concern downward velocities in the summer hemisphere
and a stronger upwelling in the tropical lower stratosphere in ERA—Interim. Diallo et al. (2020) showed in their Fig. 2 that
tropical upwelling differences in @™ in the tropical lower stratosphere amount to about 40% at around 15 km and decrease
above (zero difference at about 22 km). Hence, in the TTL the reanalysis differences in upwelling as diagnosed from w* are
qualitatively similar to those diagnosed from heating rates (up to 30-40%, see Fig. 1). Above about 20 km, however, upwelling
from heating rates shows larger differences than upwelling from w"*. Downwelling differences are larger in the summer than
winter hemisphere, similar to the case of df/dt.

The integrated effect of BDC transport in the two reanalyses is shown from climatological mean age of air for winter and
summer in Fig. 3. The general characteristics of the stratospheric mean age distribution are evident for both reanalyses, with age
increasing with both altitude and latitude, low age in the tropical upwelling region and high age in extratropical downwelling
regions. Oldest air is found in the winter hemisphere, even older in the SH during JJA compared to NH during DJF. The sum-
mertime lowest stratosphere (below about 450 K) is characterized by a “flushing” with young air (e.g., Hegglin and Shepherd,
2007; Bonisch et al., 2009), strongest in the NH during JJA. A particular feature in this region is an age inversion in the sum-

mertime NH with younger air (around 400 K) located above older air (around 350 K), which is also apparent in both reanalyses.
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from ERA-Interim. Black contour shows mean age (calculated as first moment of spectra), white diamonds show modal age (peak of the

spectrum).

This “eave structure” (i.e., younger air above older air) in the summertime lower stratosphere age distribution has been recently
discussed by Charlesworth et al. (2020) and has been shown to depend critically on the numerics of the model transport scheme.

Clear quantitative differences between ERAS and ERA-Interim age are evident in Fig. 3c and f, with significantly older air
for ERAS. Largest differences of up to about 2 years (equivalent to about 50-75%) occur in the lower stratosphere regions
where the climatological age distribution (black contours) shows strongest gradients. These differences indicate a downward
shift of the locations of strongest age gradients and stronger gradients in ERAS compared to ERA—Interim.

To gain deeper insight into transport processes and their differences in the two reanalyses, we consider stratospheric age
spectra at 400K and 600K potential temperature levels, representative for the shallow and the deep BDC branch, respec-
tively (see Fig. 2 for a relation between potential temperature and altitude levels). Figure 4 shows the CLaMS model age
spectra at 400K versus latitude for ERAS and ERA-Interim for winter and summer. The spectra from both reanalyses show
similar overall characteristics and seasonality, caused by known characteristics of BDC transport. The multi-modal spectrum
shape, arising from the seasonality in upward transport into the stratosphere and in the strength of transport barriers, clearly
emerges for both cases and appears strongest for middle latitude and high latitude spectra, consistent with previous studies

(e.g., Reithmeier et al., 2007; Li et al., 2012). In the tropics, age spectra are narrower and with a younger peak in boreal winter,
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Figure 5. Same as Fig. 4 but at 600 K.

indicating faster upwelling during that season. Weaker latitudinal gradients in the summer hemisphere, especially in the NH
during JJA, are a sign of stronger mixing in summer. The flushing of the summertime lower stratosphere with young air can be
seen from the extent of the young air peak to high latitudes in the summer hemisphere (e.g., Fig. 4b, d).

Closer inspection reveals differences between ERAS and ERA-Interim age spectra. In the tropics, the main spectrum peak
is broader and shifted to larger transit times for ERAS, related to slower tropical upwelling compared to ERA-Interim. At high
latitudes this shift of ERAS age spectra towards older transit times is even clearer, indicating slower transport along the BDC
and a stronger confinement of polar regions in ERAS. Clearest differences occur in the SH polar vortex during winter (JJA)
where the modal age (transit time of the largest spectrum peak) for ERAS is at about 4 years, while for ERA—Interim modal
age occurs at 1.4 years. Hence, there is a significantly higher fraction of young air at high latitudes for ERA—Interim than for
ERAS.

Similar conclusions hold for the age spectrum comparison at 600 K (Fig. 5). While the general spectrum characteristics are
similar for ERAS and ERA-Interim, clear detailed differences occur in the spectrum shape. ERAS spectra are shifted towards
older transit times and show an older peak compared to ERA-Interim, as found similarly at the lower 400K level. In the
tropics, these differences are particularly clear with the shift of the spectrum peak to older ages in ERAS compared to ERA-
Interim indicating slower residual circulation upwelling (e.g., Li et al., 2012; Ploeger and Birner, 2016). This slower residual

circulation upwelling is consistent with the weaker diabatic heating rates in the TTL and lower tropical stratosphere in Fig. 1.
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Figure 6. Mean age trends for the period 1989-2018 from ERAS (a) and ERA-Interim (b). (c—d) Same, but for the 2002—-2012 period. Black
contours (solid) show climatological mean age, thin dashed black lines pressure levels, white contours zonal wind (in 210 m/s steps; easterly
wind dashed), and the thick black line the tropopause. The significance of the linear trend, measured in multiples of the standard deviation

o, is shown as gray contours (2 o contour as thick, then decreasing with 0.2 step as thin lines).

Moreover, the larger extent of the youngest spectrum peak towards high latitudes in the summer hemisphere (e.g., in the NH
during JJA in Fig. 5b, and in the SH during DJF in Fig. 5c) shows faster transport of young air towards the pole in ERA—Interim
than in ERAS.

4 Circulation and age changes over (multi-)decadal time scales

Trends in mean age over the entire 30 year period 1989-2018 and over 2002-2012 are shown in Fig. 6. The trends are calculated
from linear regression of the deseasonalized time series (after subtracting the mean annual cycle at each grid point). The
regression did not attempt to extract any signals of interannual variability such as QBO, ENSO or volcanic influence. The
standard deviation from the regression provides a 1-o range for assessing the significance of the calculated trends. Even over

30 years trend values are still affected by decadal variability, as will be discussed at the end of this section. Nevertheless, for
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Figure 7. Age spectrum trend for the period 1989-2018 from ERAS at 400K (a), and 600K (c). (¢, d) Same, but for ERA-Interim. Thin
black contours show annual mean age spectra, thick black contour shows mean age (calculated as first moment of spectra), white diamonds

show modal age (peak of the spectrum). Note the different x-axis scales for the two levels.

simplicity we use the term “trend” in this paper but note that our results concern changes over 30 years and not over centennial
time scales, as is often the case for climate model experiments.

Evidently, ERAS shows a negative age trend throughout the stratosphere over the longer period, with strongest decreases of
up to —0.5 years per decade (yr/dec) in the SH sub-tropics and mid latitudes. In the SH and in the lowest stratosphere (below
about 450 K) this negative age trend qualitatively agrees with the trend from ERA-Interim. In particular in the NH above about
500 K, however, the signs of the trends in the two reanalyses are opposite, with ERA—Interim showing increasing age. These
differences will be further discussed in Sect. 6.

For the shorter period 2002-2012 both reanalyses show qualitatively similar mean age changes, with increasing age in the
NH and decreasing age in the SH (Fig. 6¢c—d). Detailed differences concern a weaker NH age increase and a stronger SH age
decrease in ERAS compared to ERA-Interim. In the lowest tropical and sub-tropical stratosphere ERAS shows significantly
increasing age, although non-significant changes in some regions, compared to decreasing age or insignificant trends in ERA—
Interim in this region. Hence, changes in the shallow BDC branch over this short period are not consistent between the two

reanalyses. The small quantitative differences for the 2002-2012 ERA-Interim age trends compared to recent publications of
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linear trend, measured in multiples of the standard deviation o, is shown as gray contours (2 ¢ contour as thick, then decreasing with 0.2 step

as thin lines).

CLaMS simulated mean age (e.g., Stiller et al., 2017) are related to the use of clock-tracer versus age spectrum based mean age
and to the updates in the model configuration (e.g., exclusion of annual mean cross-isentropic mass balance here), as explained
in Sect. 2.1.

Trends in the age spectrum provide more detailed information about changes in transport processes and are presented in Fig.
7 for the period 1989-2018 (for the two levels 400 and 600 K). ERAS age spectra show a shift of the spectrum peak towards
younger age for most regions, as indicated by comparatively strong positive spectrum trends at transit times shorter than the
modal age (indicating an increase in the mass fraction of young air). Such a decrease of modal age can be interpreted as an
acceleration of the residual circulation, at least in the tropics and in the winter hemisphere extratropics (e.g., Li et al., 2012;
Ploeger and Birner, 2016). In the tropics and SH this modal age shift and residual circulation acceleration is clearest. In the
NH in a shallow layer around the 400 K level between 0-50°N the age changes are different, with a decrease of the young air

fraction (transit times shorter than modal age) causing weak positive mean age changes (compare Fig. 7a and Fig. 6a).
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The clearest difference to ERA—Interim regarding structural age spectrum changes emerges at middle and high latitudes at
upper levels (here 600 K, Fig. 7b and d). ERAS, on the one hand, shows a shift of the spectrum to younger ages, although not
as clear as in the tropics and in the SH. ERA-Interim, on the other hand, shows a decrease in the fraction of air younger than
about 4 years and an increase of the fraction of older air. This increased fraction of air older than about 4 years in ERA—Interim
indicates a deceleration of the deep branch of the residual circulation. The different spectrum changes in ERAS and ERA-
Interim cause the opposite mean age changes in the two reanalyses (Fig. 6), and are related to different trends in the deep BDC
branch, as evident from further analysis of the residual circulation (see below).

Changes in the structure of the residual circulation are further investigated by using residual circulation transit times
(RCTTs), the pure transit time for (hypothetical) air parcels in the 2D residual circulation flow (e.g., Birner and Bonisch,
2011). Here, the RCTTs have been calculated in isentropic coordinates using the same reanalysis diabatic heating rates as
in the full CLaMS simulation for calculating vertical motion (e.g., Ploeger et al., 2019). RCTTs can not be easily compared
to mean age, as differences between both quantities are related to mixing effects (e.g., Garny et al., 2014; Dietmiiller et al.,
2017). Figure 8 shows the climatology and percentage trend in RCTT for the period 1989-2018 for ERAS and ERA-Interim.
Comparison of climatological RCTTs shows substantially longer transit times for ERAS than ERA-Interim (up to 40% longer
in the lower stratosphere), consistent with the slower circulation in ERAS as already diagnosed from heating rates, w™* and age
of air. The trends in RCTTs in Fig. 8c—d indicate differences between the reanalyses regarding changes in the structure of the
BDC. In the lower stratosphere below about 600 K both reanalyses show consistent changes, with decreasing RCTT indicating
a strengthening of the shallow residual circulation branch. In the tropical lower stratosphere the residual circulation acceler-
ates by about 2.4 %/decade in ERAS and 2.2 %/decade in ERA-Interim, as diagnosed from the RCTT trend (20°N/S, 450K
average, approximately 70 hPa). Clear differences emerge at higher levels and also at higher latitudes, hence in atmospheric
regions of the deep circulation branch. In these regions, ERAS still shows decreasing RCTTs, turning into insignificant changes
at high latitudes. ERA—Interim, on the other hand, shows increasing RCTTs, clearest in the NH. Hence, changes in the deep
branch of the residual circulation clearly differ between the reanalyses, with a weakly strengthening deep branch in ERAS and
a weakening deep branch in ERA-Interim.

Figure 9 provides further insights into the temporal evolution of mean age at three different locations in the stratosphere.
The three locations have been chosen to be representative for the tropical lower stratosphere, and the NH and SH subtropical
stratosphere regions of strong mean age trends (compare with Fig. 6). In the tropical lower stratosphere (450K and 10°S/N;
Fig. 9a), the relative difference between ERAS and ERA-Interim is large and the variability in ERAS mean age is significantly
stronger than in ERA—Interim. At the higher levels, the variability in mean age in the two reanalyses is more comparable in
magnitude. From a qualitative point of view, the variability is similar at all locations, with coinciding ups and downs in the
age time series, e.g. caused by modulations in the BDC related to the Quasi-Biennial Oscillation (QBO) or El Nifio Southern
Oscillation ENSO (e.g., Calvo et al., 2010; Konopka et al., 2016). A particularly striking feature is the anomalously high mean
age following the year 1991, even higher for ERAS than ERA-Interim. This significant increase in stratospheric mean age in

reanalyses has been related to the Mt. Pinatubo eruption in June 1991 (Diallo et al., 2017).
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While Fig. 6 suggests a clear decrease in ERAS5 mean age throughout the global stratosphere, the time series in Fig. 9 show
that this decrease is not a simple linear trend over the 30 years considered. In fact, outside the tropics mean age appears to
increase before about 1991 in both hemispheres, and in the NH also after about the year 2000. During the nineties mean age
decreases in ERAS. These steplike changes are evident in both reanalyses. In the early nineties these age changes are likely
related to the Pinatubo eruption (i.e. true atmospheric variability) while at the end of the nineties they could be related to
changes in the observing system assimilated by the reanalyses (see Sect. 6, and also Chabrillat et al., 2018). In particular in the
NH (Fig. 9¢), the negative age trend in ERAS during 1989-2018 appears to be related to the strongly increased age values at

the beginning of the period. Further discussion of these steplike changes in the age of air time series is presented in Sect. 6.

5 Comparison to trace gas observations

Climatological reanalysis mean age at 20 km altitude is compared to mean age from CO» and SFg trace gas measurements in
Fig. 10. Comparison is made to data from in-situ observations onboard the NASA ER-2 aircraft (as compiled by Waugh and Hall,
2002, for a detailed data description see the references therein). It should be noted that we consider this data set as an observa-
tional climatological benchmark here, as similarly done in other model comparisons (e.g., Chabrillat et al., 2018; Diallo et al.,
2012), although the ER-2 flights have been carried out during 1992—1997 while the model data in Fig. 10a is a climatology over
1989-2018. In general, uncertainties in observational mean age estimates are related to non-linearities and imperfect knowl-
edge in tropospheric growth rates, sampling issues, chemistry effects, and measurement errors (Waugh and Hall, 2002). Mean
age deduced from observed SFg is higher than mean age deduced from COs, consistent with the existence of a significant SFg
chemical sink in the mesosphere (Ray et al., 2017). The latitudinal age distribution in ERA-Interim agrees well with the in-situ
data (best for COs-based mean age) while the higher ERAS mean age values are just at the upper margin of the uncertainty
range of the in-situ SFg-based observations. Recently, Leedham Elvidge et al. (2018) have shown that SFs based mean age
may be biased high even outside of the polar vortex. On the other hand, the ERAS age data shows a steeper latitudinal gradient
in the subtropics which agrees slightly better with the steep gradient in in-situ observed age compared to ERA-Interim.
Figure 10b presents a comparison of mean age time series in the NH middle stratosphere (model data averaged over 40—
50°N, 30-5hPa) with the balloon-borne observations of Engel et al. (2017). The observational uncertainty range includes
uncertainty related to the sampling (representativeness), tropospheric mixing ratios, the used age spectrum parameterization
and the absolute measurement error (for details see Engel et al., 2009). The comparison shows again that before about 1997
ERAS age is at the upper edge of the observational uncertainty range, while ERA-Interim is at the lower edge (Fig. 10b).
Regarding the trend, the more gradual increase in ERA-Interim mean age appears to compare better to the observed data than
the temporal evolution of ERAS mean age. In particular the strong decrease in ERAS age in the mid-nineties is not present in
the observations. Although computing a linear trend for a time series with a steplike change (like for ERAS) is questionable,
for completeness we note the trend values from a simple linear regression over the period 1989-2018 for ERAS (—0.13 £
0.01 years/decade, the error being the 1-o standard deviation range from the regression) and for ERA-Interim (0.15 4 0.01
years/decade). The trend value for ERA-Interim agrees with the value stated by Engel et al. (2017), although the observational
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Figure 9. Mean age time series from ERAS and ERA-Interim in the (a) tropics at 450 K and 10°S—10°N, in the (b) SH subtropics at 500 K
and 30-50°S, and in the (c) SH subtropics at 600 K and 30-50°N. The blue dotted line shows mean age from the sensitivity model simulation

driven with the uncorrected ERAS.0 data (see text). Data has been deseasonalized by applying a 12 month running mean.

trend is non-significant. Furthermore, Fritsch et al. (2020) showed recently that the calculated value for the observed mean
age trend depends critically on the estimated age spectrum shape, and approaches zero for more recent parameter settings
suggested by (Hauck et al., 2019). Hence, the comparison between the ERA—Interim and the observed trend value should not
be over-interpreted, also given the differences between the single data points of the two time series in Fig. 10b.

Figure 11 further compares the reanalysis mean age to in-situ observations from Geophysica high-altitude aircraft flights

in the NH lower stratosphere (for a detailed measurement data description, see Laube et al., 2020). The observations have
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Figure 10. (a) Mean age of air at 20 km at different latitudes from in situ observations (black symbols, from Waugh, 2009), from ERAS5 (blue)
and ERA-Interim (red) driven CLaMS simulations. (b) Mean age time series in NH middle latitudes (40-50°N and 30-5 hPa, approximately
600-1200 K for reanalyses). Coloured lines show the mean age from reanalyses (smoothed with a 12—-month running mean), black symbols

show the mean age from the balloon observations of Engel et al. (2017), with error bars representing the uncertainty of the observations.

been taken during five measurement campaigns over 2009-2017 in the NH lower stratosphere (about 350-480K potential
temperature). Mean age has been calculated from measured mixing ratios of CF,4, C2Fg, C3Fg, CHF3 and HFC-125. The
observational uncertainty range has been estimated following (Engel et al., 2009), taking into account uncertainties related to
non-linearities in tropospheric mixing ratios, age spectrum parameterization and measurement errors, summing up to an overall
uncertainty range of +0.78 years (to be interpreted as 1—o range). The model output has been sampled along the measurement

flight coordinates such that no representativeness errors need to be included. Figure 11 shows the distribution of differences
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Figure 11. Difference in mean age between model and Geophysica aircraft observations for ERAS (red) and ERA-Interim (black). Shown
are frequency distributions of the mean age differences (bin size 0.1 year) taken in the extratropical lower stratosphere, about 350480 K (for
details on the measurements see Laube et al., 2020). The grey shading shows the mean uncertainty range of the observations (£0.78 years),
the red and black symbols show the mean differences and the error bars their standard deviation (1-0) range. The numbers in the legend are

the mean difference values (in years) and the percentage of data outside this uncertainty range.

between model and observational mean age for mean ages larger than 1 year (to exclude the tropopause region, where the
uncertainty in both observational and model mean age is large, related to air entering across the extratropical tropopause). The
figure shows that for ERA—Interim the model bias distribution, estimated as the difference between simulated and observed
mean age, is largely within the observational uncertainty range (shown as grey shading in Fig. 11, only 21% of data outside
this range). For ERAS, on the other hand, the bias distribution is shifted to mean age differences around 1 year and skewed
towards even larger values, such that 56% of the data are outside the observational 1-o range. Hence, ERAS mean age appears
somewhat high-biased in the lower stratosphere. However, the 1-o ranges of the mean ERAS difference (0.43 years, also for
ERA-Interim) and the observational uncertainty overlap (see Fig. 11) and the mean ERAS bias in age here is not significant
at 66% confidence level. Moreover, recent studies indicate even higher uncertainties for observational mean age estimates
(Hauck et al., 2019; Fritsch et al., 2020) and the considered Geophysica observations are just from five campaigns localized in

time and space, such that it is unclear whether the found differences can be considered as a global bias.

6 Discussion

Recent studies have stated a substantial uncertainty in the climatological strength and trends of the stratospheric BDC and age

of air in current generation reanalyses (e.g., Abalos et al., 2015; Miyazaki et al., 2016; Chabrillat et al., 2018; Ploeger et al.,
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Figure 12. Tropical average monthly mean anomaly time series of total diabatic vertical velocities from ERAS (a) and ERA-Interim (b),
and residual circulation vertical velocity w* from ERA5 (c) and ERA-Interim (d). Data has been averaged over 30°N/S, deseasonalized by
subtracting the mean annual cycle, and percentage values have been calculated with respect to the climatological mean. Thin black dashed
lines show pressure (a, b) and potential temperature (c, d) levels. Note the scaled potential temperature y-axis above 1000 K (in a, b), to

emphasize the lower stratosphere.

2019). Among the considered reanalyses, JRA-55 was shown to have the fastest and MERRA-2 the slowest BDC, with ERA—
Interim-based results in between. In the present study, we find the BDC in ERAS5 to be significantly slower and age of air

significantly higher than in ERA-Interim (e.g., Figs. 1 and 3).
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It is so far unclear whether the representation of the BDC in ERAS is improved compared to the older reanalyses. In the
tropical lower stratosphere, the weaker heating rates in ERAS are consistent with slower residual circulation upwelling found
by Diallo et al. (2020) and appear to correct the 30-40% high bias in ERA—Interim heating rates in the tropical tropopause
layer (TTL) found in previous studies (e.g., Ploeger et al., 2012; Schoeberl et al., 2012). On the other hand, the minimum in
tropical upwelling around the level of zero radiative heating (around 350 K) is much more pronounced for ERAS5 than for ERA-
Interim with heating rates even showing a gap in annual mean upwelling in a shallow layer, similar to the case in MERRA-2
reanalysis (e.g., compare Fig. 1 with Fig. 5 of Ploeger et al., 2019). In a recent paper, Wright et al. (2020) linked differences in
reanalysis diabatic heating rates to differences in the representation of clouds. They argued that the upwelling gap in ERAS and
MERRA-2 is likely caused by higher cloud water content in these two reanalyses and related radiative effects. Indeed, seasonal
means of ERAS heating rates show upwelling also at the lower TTL levels, but very confined regionally and much weaker than
for ERA-Interim. Hence, while in the tropical lower stratosphere and upper TTL (about 100-50hPa) the representation of
tropical upwelling seems to be improved in ERAS, it is unclear whether the very weak total diabatic heating rates in the upper
troposphere and lower TTL (200-100hPa) are realistic. Above the TTL and in the NH stratosphere, age of air in ERAS is at the
upper edge of the uncertainty range of in-situ observations (Fig. 10a). In particular in the NH lower stratosphere, comparison to
Geophysica aircraft in-situ observations from Laube et al. (2020) shows that ERAS mean age is somewhat high-biased and the
ERAS BDC somewhat too slow (Fig. 11). Hence, all comparisons to observational data presented here indicate that the slow
ERAS BDC is at the upper margin of the observational uncertainty range. However, these differences are not significant due to
the large observational uncertainty range and due to the fact that the considered observations are highly localized in time and
space. Hence, it is unclear whether the high age and slow BDC in ERAS represents a global bias.

Comparison of age of air trends shows a similar hemispheric dipole pattern over the 2002-2012 period for ERAS as for
ERA-Interim, which was argued by Stiller et al. (2017) to agree qualitatively with the structural circulation change observed
by MIPAS. This observed increase of age in the NH and decrease of age in the SH has so far not been found for “non-ECMWEF”
reanalyses (Chabrillat et al., 2018; Ploeger et al., 2019). Regarding the long-term trend in the NH, ERAS5 and ERA-Interim
show differences. While ERA-Interim shows weakly increasing age of air, more consistent with non-significant trend values
from balloon-borne in-situ observations (Engel et al., 2017; Fritsch et al., 2020), ERAS shows decreasing age. Overall, the
agreement to stratospheric age of air observations appears slightly better for ERA—Interim compared to ERAS, but with both
reanalyses within the observational uncertainty range.

The globally negative age of air trend in ERAS over 1989-2018 agrees qualitatively with results from climate model sim-
ulations, showing an accelerating BDC and decreasing mean age over multi-decadal time scales in response to increasing
greenhouse gas concentrations. In the tropical lower stratosphere, the residual circulation upwelling increase of 2.4 %/dec in
ERAS, as inferred from RCTTs, agrees even quantitatively with climate model predictions of 2-3 %/dec (e.g., Butchart, 2014).
In the lower tropical stratosphere the residual circulation acceleration in ERA-Interim is similar (see Sect. 4). However, in
ERAS this acceleration of the residual circulation reaches substantially higher whereas in ERA—Interim the deep BDC branch

decelerates (Fig. 8).
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In a recent study, Diallo et al. (2020) compared the residual circulation in ERAS and ERA-Interim based on residual circu-
lation vertical velocity w* and stream function. They showed, using these standard circulation metrics, that the BDC in ERAS
is significantly slower than in ERA-Interim, consistent with the findings here based on age of air and the diabatic circulation
(heating rate based). Furthermore, they related the weaker residual circulation to weaker gravity wave drag at the upper flanks
of the subtropical jets in ERAS compared to ERA-Interim. Also differences in trends in w* were shown to be likely caused by
differences in gravity wave drag. Given the qualitatively similar results between age of air and residual circulation regarding
both the weaker climatological BDC and more negative trends in ERAS, it seems likely that reanalysis differences between
ERAS and ERA-Interim in age of air are mainly caused by the differences in residual circulation and that mixing differences
play only an amplifying role (as suggested for different data by Garny et al., 2014). The clear differences in the age spectrum
peaks (modal ages, compare Figs. 4, 5, 7) corroborate the idea that residual circulation differences cause the mean age dif-
ferences. An investigation of mixing in ERAS based on computation of effective diffusivity (e.g., Haynes and Shuckburgh,
2000), as has been realized for other reanalyses recently (e.g., Abalos et al., 2017), could shed more light on the role of mixing
processes for age of air differences between the reanalyses.

A closer look shows that the decrease of mean age in ERAS is not simply linear, particularly in the NH. Mean age time series
show even weak increases before about 1991 and after about 2000 and a decrease in between. Although these steplike changes
are also visible in ERA-Interim, to some degree, they are much more distinct in ERAS. It is unclear whether these changes in
mean age can be explained by known factors of multi-annual to decadal variability or whether they are related to changes in the
observations included in the reanalysis assimilation system. To investigate potential discontinuities in the reanalysis, Fig. 12
presents tropical mean (30°N/S) anomaly time series for total diabatic vertical velocity and residual circulation vertical velocity
w*. Above about 1000 K potential temperature (about 7 hPa), a clear discontinuity in heating rates in 1998 is evident for both
reanalysis, as related for ERA-Interim to the change from TOVS to ATOVS radiance data already by Abalos et al. (2015). For
ERAS, this discontinuity appears less pronounced, but is still observable. In the lower stratosphere (below about 1000K or
10 hPa), however, the heating rate time series indicate no discontinuities. The w™ time series show now discontinuities over the
entire vertical range and the 1979-2018 period. Hence, we find no indication for sudden changes in the assimilation to cause
the steplike change in lower stratospheric age of air in the mid-nineties.

A very prominent signal in the lower stratosphere (below about 800K, 10 hPa) is the negative heating rate anomaly during
1991-1992, following the Pinatubo eruption (and similarly in 1982-1983 after the El Chichon eruption). This weakening of
tropical upwelling heating rates is even stronger for ERAS compared to ERA-Interim and is related to the positive mean age
anomaly during that period (Fig. 9, and see also Diallo et al., 2017). Hence, the apparent steplike age change in the mid-nineties
appears related to the significant age increase (BDC slow-down) after the Pinatubo eruption, in addition to a positive age trend
over the eighties in ERAS. Likely, differences between the reanalyses are partly related to differences in the representation
of the effect of volcanic aerosol on the BDC. Notably, the response of @™ to volcanic eruptions (here Pinatubo, El Chichon)
shows positive anomalies (increased tropical upwelling) and is opposite to the heating rate response (see Fig. 12), as already

noted for the older reanalysis products in previous studies (e.g., Abalos et al., 2015; Diallo et al., 2017). This difference in the
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volcanic response in heating rates and residual circulation velocity @™ is an important issue for future research, particularly in
view of its impact on decadal age of air (and BDC) trends.

If indeed related to real variability, these decadal variations in the BDC are significant compared to the potential long-term
trend, with even stronger impact in ERAS than ERA-Interim. The 30-40 years time series is presumably still too short for
computing long-term trends in reanalysis, where stratospheric variability might be larger compared to climate models. But
studying variability on shorter time scales (e.g., inter-annual, decadal) in reanalysis is of value in itself. Whether the long-term
mean age trend in ERAS reanalysis is indeed negative needs to be further analyzed in the future by including more years after
2018, and also before 1979 (as available from an extended ERAS data product to be released soon).

As mentioned already in Sect. 2.2, we carried out CLaMS model simulations also with the preceding data set with an existing
bias in stratospheric temperatures (termed ERAS5.0 here). Mean age time series from this sensitivity simulation are included
in Figs. 9 and 10 (dotted blue lines). The comparison between ERAS and ERAS.0 shows that the bias correction indeed has a
significant effect on the stratospheric BDC. Without the correction, mean age values suddenly decrease around the year 2000
and remain lower during the following years compared to the corrected ERAS data. Therefore, in ERAS.0 the steplike age
change is even stronger than in the corrected data. Consequently, trends over periods beginning during 2000-2010 (depending
on the region under consideration) are more strongly positive for ERAS.0 compared to the corrected ERAS data. Furthermore,
the reduction of the steplike change in age due to the temperature bias correction raises the question whether the remaining
steplike change could, at least partly, be related to an incomplete bias correction in ERAS or to the bias correction starting too
late.

As explained in Sect. 2 the CLaMS model simulations are based on the diabatic circulation in the reanalysis as driven by the
reanalysis diabatic heating rate. For ERA—Interim it has been shown that the choice of a diabatic versus kinematic transport
representation could indeed change the simulated BDC to some degree, in particular regarding trends over decadal periods
(Chabrillat et al., 2018; Ploeger et al., 2019). Hence, comparison of the diabatic results here to a similar model study focussing
on the ERAS BDC using a kinematic transport model would be particularly interesting. Furthermore, the present study is based
on ERAS data with full vertical but truncated 1x 1 degree horizontal resolution, as provided by ECMWF (see Sect. 2.2). We
assume that differences in the global scale BDC patterns caused by the truncation of horizontal resolution, and hence small-
scale mixing processes, will be minor. However, at this stage this is just an assumption and can not be proved as full CLaMS
simulations with full ERAS resolution over the entire ERAS period are so far not feasible due to the excessive amount of

reanalysis data needed and necessary further model developments regarding the data handling.

7 Conclusions

We investigated the global stratospheric Brewer-Dobson circulation in the ECMWF ERAS reanalysis based on age of air
simulations with the Lagrangian chemistry transport model CLaMS driven by reanalysis winds and diabatic heating rates.
The simulations include both mean age as well as the age of air spectrum. Results are compared against results based on the

predecessor reanalysis ERA—Interim.

23



480

485

490

495

500

We find that the global structure and seasonality in both reanalyses is very similar. However, the BDC is substantially slower
and age of air larger in ERAS5 than in ERA-Interim. In the tropical lower stratosphere and in the upper TTL the 30-40% weaker
heating rates in ERAS appear to correct the too-strong vertical upwelling in ERA-Interim found in previous studies. At higher
stratospheric levels above the TTL and in the NH, on the other hand, ERAS mean age is found to be biased somewhat high
relative to observational estimates and ERA-Interim is biased slightly low, but within the uncertainly associated with the data
presented. The high bias of ERAS is, if anything, larger than the low bias of ERA-Interim.

The mean age trend over the 1989-2018 period in ERAS is globally negative, as expected from climate model simulations as
response to increasing greenhouse gas concentrations. However, outside the tropics the ERAS mean age decrease is not linear
over the entire period but largely related to a steplike change in the mid-nineties. Hence, it is unclear whether the negative
age trend in the reanalysis can be interpreted as response to climate change or is related to decadal variability or changes
in the observations included in the data assimilation system. From the absence of sudden changes in heating rate and residual
circulation velocity time series the relation to variability, in particular caused by volcanic aerosol, seems more likely, but effects
from the assimilation can not be ruled out. Due to the slowness of the circulation and the existence of a negative age trend in
the NH the discrepancy with balloon-borne and aircraft in-situ observations is larger for ERAS than ERA-Interim. The mean
age change over 2002-2012 in ERAS shows a similar hemispheric asymmetry pattern as found for ERA—Interim.

Overall, the new ERAS reanalysis appears promising for transport studies of the BDC. It is certainly important for such
studies to use the bias-corrected data set (termed ERAS.1 in ECMWEF’s documentation). However, the presented comparison to
observationally—based age indicates a slow-biased BDC in ERAS, although further investigations would be needed to determine

the global significance of this bias.
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