





Figure 5.35: Horizontal sections of the age spectrum as a func-
tion of latitude for two different levels: 400K (top), and 610K (bot-
tom), as obtained from TRACZILLA simulations with ERA-Interim
(left), JRA-55 (centre) and MERRA (right), without mass correction
(upper row) and with mass correction (lower row).

The long-term evolution of AoA in this region is very dif-
ferent with JRA-55, which shows a gradual decrease until
2002 followed by a slight recovery and stabilization after
2005, and differs also from CFSR, which shows no trend
before 1997 and a rapid increase during 1997 - 2003.

Thin lines in Figure 5.36 allow a qualitative comparison
of faster variations in the five time series. The seasonal sig-
nal dominates in all cases, and all reanalyses show similar
phases: AoA is older in autumn and younger in spring. The
seasonal amplitudes in the SH are very dependent on the
particular year but also on the considered reanalysis. It can
be seen that some reanalyses, in particular MERRA and
ERA-Interim, exhibit a stronger modulation of the sea-
sonal cycle by the QBO than the others; for these two rea-
nalyses the seasonal amplitude during easterly QBO years
(e.g.» 2006, 2008) is half of that during westerly QBO years
(e.g., 2005, 2009). For the NH, Figure 5.36 (right panel)
compares the BASCOE model results with the balloon ob-
servations from Engel et al. (2009; 2017). The spread be-
tween the five simulations is as large as the observational
uncertainties, highlighting again the magnitude of the
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disagreements between the five reanalyses. ERA-Interim
delivers a small positive trend over the period 1989 -2015,
in agreement with the balloon observations.

5.5.2.6 Mean AoA trends

In the late 2000s, Engel et al. (2009), based on CO, and SFg
observations, suggested that the widespread result from
climate models predicting increasing strength of the BDC
(younger mean AoA values) was not holding over the NH
midlatitude stratosphere for recent past decades. Figure
5.22 (updated from Figure 3 in Engel et al., 2009) shows
the time evolution of mean AoA between 24-35km alti-
tude from SFg and CO; in-situ measurements from air-
crafts and balloons taken from 1975. The Engel et al. (2009)
study was based on sparse mean AoA observation-based
values, and the trend obtained was not statistically signifi-
cant compared to the observations’ uncertainties.

But in 2012 new published studies gave robustness to this
apparent discrepancy between climate models and ob-
servations. Based on MIPAS global satellite observations,
Stiller et al. (2012) found a region in the middle strato-
sphere over NH midlatitudes where mean AoA trends
were positive during the MIPAS period (2002 - 2012); this
region coincided with the one considered in Engel et al.
(2009). At the same time, Monge-Sanz et al. (2012) was
the first model study to show the dipole structure in the
mean AoA trend, using offline simulations of the Euleri-
an TOMCAT CTM driven by ERA-Interim reanalyses
covering a 20-year period (1990 - 2009). This model study
found a statistically significant (at 95 % confidence level)
positive trend in the mean AoA between 25 - 40 km alti-
tude over the NH, in overall agreement with the results
derived from MIPAS observations by Stiller et al. (2012).
A parallel study using the Lagrangian transport model
TRACZILLA (Diallo et al., 2012) also showed an hetero-
geneous structure in the mean AoA trend using ERA-In-
terim meteorological fields.

These early studies with ERA-Interim prompted an active
research debate on the causes for discrepancies between
observations and what climate models had been predict-
ing. Increasing our knowledge on this issue has been one
of the scientific objectives of the work done by the different
model scientists involved in this SRIP Chapter. This sec-
tion summarises results we have found when computing
AoA trends with the different reanalyses.

Figure 5.37 is an updated version of Figure 3 in Mon-
ge-Sanz et al. (2012), showing the zonal cross-section
of the linear trend in the mean AoA from the offline
TOMCAT simulations driven by ERA-Interim for the
period 1990-2013. The dipole structure in the mean
AoA displays maximum positive values over the NH
middle stratosphere midlatitudes of up to 0.24years/
decade, and minimum values of up to -0.14years/
decade. The figure shows that this trend over the NH
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Figure 5.36: Time evolution of AoA averaged from 30 hPa to 5 hPa (approximately 24 km to 36 km) in the southern (50°S-40°S,
left) and northern mid-latitudes (40°N-50° N, right). Solid lines show model output with color codes according to the legend
shown in the left panel. Thin lines (left panel only; omitted from right panel for clarity) show instantaneous model output every 5
days while thick lines are smoothed with a one-year running mean. Northern mid-latitude symbols (right panel) represent values
derived from balloon observations of SFg (circles) and CO; (triangles) with color code showing the latitude of the measurements
and outer error bars including sampling uncertainties (Engel et al., 2017). Adapted from Chabrillat et al. (2018).

and SH middle stratosphere is statistically significant.
The equivalent figure for the TOMCAT trend over the
MIPAS period is displayed in Figure 5.38, which shows
an intensification of the dipole with maximum values of
up to +0.50 years/decade over the NH and - 0.50 years/
decade over the SH. This intensification in the AoA
trend with ERA-Interim is consistent with the hypothe-
sis in Miyazaki et al. (2016). They suggested that the in-
creased eddy transport in the subtropics, and the weak-
ened mean poleward motion in the middle stratosphere
found with ERA-Interim during the period 2000-2012,
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Figure 5.37: Cross-section of the linear trend (years per
decade) of the mean AoA for the period 1990 - 2013 from
the TOMCAT simulation with ERAInterim fields (left); red
colours indicate positive trends and blue colours negative
trends. Regions where the trend is significant at least to
the 95% confidence level are shown by the shaded areas
in the right panel. The dipole structure in the mean AoA
displays maximum positive values over the NH middle
stratosphere midlatitudes of up to 0.24 years/decade,
and minimum values of up to -0.14 years/decade. Updat-
ed from Monge-Sanz et al. (2012).

latitude (deg)

would translate into larger increasing trends in the NH
compared to the previous 20 years (1979 - 2000).

Figure 5.39 compares the latitude-pressure distribu-
tions of AoA trends across five reanalyses for the early
(1989 -2001),recent (2002 - 2015)and overall (1989 - 2015)
periods as obtained from BASCOE simulations. It is im-
portant to note that the trends over the early and overall
periods should be considered with more caution because
of the beneficial impact of assimilation of new data-
sets in later years (e.g., the AMSU dataset from 1998).
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Figure 5.38: Cross-section of the linear trend (years per
decade) of the mean AoA for the period 2003-2011 from
the TOMCAT simulation with ERA-Interim (left); red colours
indicate positive trends and blue colours negative trends.
Regions where the trend is significant at least to the 95 %
confidence level are shown by the shaded areas in the right
panel. The dipole structure in the mean AoA displays maxi-
mum positive values over the NH middle stratosphere mid-
latitudes of up to 0.50years/decade, and minimum values of
up to -0.50years/decade. (From Monge-Sanz et al., in prep).
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The AoA trends derived from ERA-Interim wind fields
during the early period (upper left) show unexpect-
ed growth in both hemispheres, except in the north-
ern lowermost stratosphere. During the recent period,
the dipole structure derived from ERA-Interim (Fig-
ure 5.39 upper middle) is similar to, but less clear than,
over the shorter period 2002-2012 (Figure 11 in Cha-
brillat et al., 2018), with weaker increases in the NH

which remain significant only in the polar lower strat-
osphere. The trend for the overall period 1989-2010
(Figure 5.39 upper right) does not show a dipole struc-
ture but positive trends in the middle stratosphere,
which are statistically significant over the NH region
with positive trends during the 1989 - 2001 period, and
significantly negative trends in the lowermost strato-
sphere at all latitudes (except the SH polar latitudes).
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Figure 5.39: Latitude-pressure distributions of AoA trends (years/decade) over 1989-2001 (left column), 2002 - 2015 (middle
column) and 1989- 2015 (right column) using the five reanalyses (from top to bottom: ERA-I, CFSR, JRA-55, MERRA, MERRA-2).
White crosses indicate where the sign of the trend is not significant at the 95 % confidence level. Darker blues indicate more
negative trends and darker reds more positive trends. Figure from Chabrillat et al. (2018).
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Diallo et al. (2012), using the diabatic Lagrangian transport
model TRACZILLA driven by ERA-Interim for the period
1989-2010, found negative AoA trends in the lower strato-
sphere and positive trends in the mid-stratosphere, suggesting
that the shallow and deep BDCs may be evolving in opposite
ways. Monge-Sanz et al. (2012) with the Eulerian TOMCAT
model showed significant positive trends over the NH middle
stratosphere and negative trends in practically all other regions
(see also Figure 5.37), although the negative trends were signif-
icant only in the LS region and the SH middle stratosphere. The
BASCOE transport model simulations, using only wind fields
and surface pressure from ERA-Interim, show a similar find-
ing to the previous studies with TOMCAT and TRACZILLA
for a similar period.

Comparing the BASCOE trend results obtained with
ERA-Interim with those from other reanalyses, there is
general agreement between ERA-Interim and CFSR (Fig-
ure 5.39, first and second rows) while JRA-55, MERRA and
MERRA-2 (third to fifth rows in Figure 5.39) exhibit overall
opposite trends for all periods. A remarkable result in Fig-
ure 5.39 is the overall reversal of trends between the early
(1989-2001) and recent (2002 -2015) periods. This reversal
is found for all five reanalyses in all regions of the strato-
sphere (first and second columns in Figure 5.39). This pe-
riod separation for the AoA trend is in agreement with the
findings of Cook and Roscoe (2009; 2012) for BDC trends
over the Antarctic based on polar observations of NO,.

For the early period, there is very good agreement between
ERA-Interim and CFSR (Figure 5.39, first and second row)
while MERRA shows almost exactly opposite trends, except
in the LS where MERRA agrees with CFSR and ERA-Inter-
im. Both JRA-55 and MERRA-2 show negative trends in the
whole stratosphere for this period. During the recent period
MERRA and MERRA-2 show good agreement. Therefore,
the sign of the trend and their statistical significance strong-
ly depends on the input reanalysis. ERA-Interim stands out
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as the only reanalysis showing a dipole structure in the
mean AoA trend for the period 2002 - 2015, in overall agree-
ment with trend values derived from observations. Figure
5.39 also shows the strong dependence of the trend on the
particular period considered, with values above 10hPa var-
ying between approximately -0.4 and 0.4years per decade
for the same reanalysis, within the same range of values of
the interannual variability exhibited by the curves in Figure
5.36.

Figure 5.40 shows the linear trend of mean AoA derived
from the KASIMA Eulerian model simulations with
ERA-Interim for two periods, the overall period 1979 -2012
(left panel) and the MIPAS period 2002-2012 (right panel).
The linear trend has been obtained from an idealized linear
tracer (T1) with a multi-linear regression analysis includ-
ing additional annual and semi-annual harmonics and the
two QBO indices (Reddmann et al., 2001). The results for
the overall period show a positive trend over the NH mid-
dle stratosphere of up to 0.3 years/decade, and no significant
trend elsewhere. For the MIPAS period, the dipole structure
emerges, with more confined positive trend values over the
NH low and middle stratosphere between 20 - 30 km of alti-
tude (up to 0.10years/year) and a negative trend region over
the SH low and middle stratosphere (up to - 0.10 years/year).

With the KASIMA simulations we can assess the impact
of the mesospheric sink of SFg on mean AoA trends. The
KASIMA model has used an additional SFg tracer (T3)
that includes the effects of chemical loss as described in
Reddmann et al. (2001). Figure 5.41 shows the cross sec-
tion of the mean AoA trend with ERA-Interim, for the
overlapping MIPAS period 2002-2012, when including
mesospheric SF6 chemical loss. The general pattern in
the low to mid latitude stratosphere is preserved showing
the dipole structure in the trend, between 20-30 km for
both hemispheres, but especially in the SH high latitudes
the trend is clearly affected by the chemical loss of SFg.
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Figure 5.40: Cross-section of the linear trend in the mean AoA from the linear tracer T1 from the KASIMA model simu-
lation with ERA-Interim. Two different periods are shown: 1979-2012 (left) and the MIPAS period 2002 -2012 (right).

Note the different colour scales in both panels.
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Figure 5.41: Trend of the apparent mean AoA (expressed as the
lag time) of the SFg tracer T3 in the KASIMA simulation with ERA-
Interim (2002 -2012), when including mesospheric loss for SFg.

The derived trend pattern agrees well with the results of
the SFg trend features from MIPAS observations in the up-
per stratosphere (Haenel et al., 2015; Stiller et al., 2012).
Whereas tracer T3 provides the most realistic results from
KASIMA’s simulations compared with SFg observations,
one needs to be cautious as the loss mechanism of SFg is
subject to significant uncertainties.
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Figure 5.42 shows the effect of mass-correction in the
mean AoA trend values obtained with the TRACZILLA
model driven by ERA-Interim, JRA-55 and MERRA rena-
layses. The priod 1989-2010 has been used in this simula-
tions. There are large differences between reanalyses: for
the non-corrected reanalyses fields, both ERA-Interim and
JRA-55 show a decrease of mean AoA in the lower strat-
osphere, but ERA-Interim shows a positive trend in the
higher levels in the extratropics, while JRA-55 shows a gen-
eral negative trend in the middle and upper stratosphere.
MERRA shows a similar pattern to JRA-55 but negative
values are larger and an area of significant positive trends
appears centred over 50°N in the LS. This agrees with the
overall trend structure found with BASCOE (Figure 5.39
right column panels) when comparing these three reanal-
yses, however mean AoA trends from CLaMS simulations
only agree with BASCOE and TRACZILLA trends for the
ERA-Interim reanalysis (Figure 7 in Ploeger et al., 2019).

When using the mass-corrected TRACZILLA sim-
ulations, Figure 5.42 shows a similar overall struc-
ture as with the non-corrected fields but differences
are also evident: i) positive trends in ERA-Interim be-
come stronger while negative trends in JRA-55 become
weaker, and much weaker for MERRA; ii) for the three
reanalyses results become non statistically signifi-
cant in a larger area of the LS and the tropical pipe.
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Figure 5.42: Trends (years/decade) from the TRACZILLA simulations with ERA-Interim (left), JRA-55 (middle) and MERRA (right),
with mass correction (bottom) and without (top) mass correction. They have been obtained over the period 1989-2010. Green
and blue colours show negative trend values, orange and red colours show positive trends. Non-significant areas are white.
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In addition, an area of positive trend values appears for
ERA-Interim around the 400K isentropic level for NH
mid-latitudes, similar to the one featured with MERRA.
These differences show the strong effect the mass correc-
tion can have on the mean AoA diagnostic, and therefore
on chemical tracers distributions obtained by CTMs driven
by these reanalyses.

In this section we have shown that mean AoA trends are
dependent, not only on the reanalysis used, but also on
the exact dates used to calculate such trends; this is also in
agreement with recent CCM model studies (e.g., Garfinkel et
al., 2017; Hardiman et al., 2017). However, a robust feature
emerging from the previous trend distributions is also that,
during the period covered by MIPAS observations, ERA-In-
terim simulations are in significantly better agreement with
observations than simulations driven by the other reanaly-
ses; and the trend observed during this period contributes
to explain other observed trends in atmospheric tracers (e.g,
Mabhieu et al., 2014), which adds robustness to this feature.

In the offline tracer simulations that we have examined, as
in the real atmosphere, the trends in mean AoA are due
to the combined changes in mean-meridional circulation
(MMC) and eddy mixing processes. A few recent studies
have dealt with ways to quantify the separate contribution
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of both effects to mean AoA model distributions: Garny et
al. (2014) quantified the effect of age by mixing in a climate
model as the difference between the mean AoA distribu-
tion and the corresponding RCTT distribution; Ploeger et
al., (2015) do the same with CLaMS ERA-Interim simula-
tions to quantify the two contributions (residual circula-
tion and mixing) to the AoA trend for the MIPAS period
(2002 -2012); and Miyazaki et al., (2016) performed a thor-
ough comparison of MMC and eddy mixing in six reanal-
yses (ERA-Interim, JRA-55, CFSR, and their predecessor
versions ERA-40, JRA-25 and NCEP) and discussed this
comparison results also in the context of expected impacts
on corresponding AoA distributions. Overall, for the peri-
ods and reanalyses they considered, Miyazaki et al. (2016)
found more consistency among reanalyses regarding mix-
ing processes than MMC.

5.5.2.7 Impact of other processes on the AoA

Quasi-Biennial Oscillation

A point on which the reanalysis strongly disagree
is the amplitude and pattern of the correlation of
AoA with the quasi-biennial oscillation (QBO).
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Figure 5.43: Cross-sections of the amplitude of the correlation of the mean AoA with the QBO signal (defined at the 30 hPa
level) in the TRACZILLA model for the ERA-Interim (left), JRA-55 (middle) and MERRA (right) reanalysis without (top) and with
(bottom) mass correction. This simualtions cover the period 1989 - 2010.



Figure 5.43 shows the correlation between the mean
AoA and the QBO signal for the TRACZILLA simula-
tions without mass correction (upper rows) and with
mass correction (lower rows) for ERA-Interim, JRA-55
and MERRA. ERA-Interim and JRA-55 display ap-
proximately the same pattern; however, the amplitude
is much stronger for ERA-Interim, reaching 0.5 corre-
lation values over the tropical high stratosphere, while
for JRA-55 correlation values stay between 0.0-0.2 for
all locations. The QBO influence is stronger above the
600K isentrope, especially over the NH. MERRA also
shows a distinct tropical maximum for the correlation,
stronger than for JRA-55 and weaker than for ERA-In-
terim, but the tropical maximum of MERRA is located
between 450K and 500K at a much lower altitude than
for the two other reanalysis. Applying the mass correc-
tion has little influence on the pattern of the correlation
but reduces its amplitude, especially for ERA-Interim. It
is worth noting that mass correction is more important
for ERA-Interim than it is for MERRA or JRA-55 which
are better balanced.

Results in Figure 5.43 are not

only due to the differences in a Pinatubo
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Figure 5.44 shows averaged timeseries of these stratospher-
ic AOD satellite observations, deseasonalised mean AoA
timeseries from CLaMS using ERA-Interim and JRA-55,
and residual of the multiple linear regression with and with-
out removal of the AOD signal. It can be seen that for both
reanalyses there is a strong positive signal in the mean AoA
following the Pinatubo eruption for both reanalyses. For the
more recent extratropical volcanic eruptions after 2008, the
signal is much smaller and the time lag from the eruption is
longer. Therefore, a substantial contribution to decadal var-
iability in the stratospheric circulation, as represented by
variability in mean age of air, is caused by volcanic aerosol
injections. As shown by Diallo et al. (2017), this mean AocA
increase after a major volcanic eruption is significantly affect-
ed by corresponding induced mixing effects after the erup-
tion. This increase we see in mean AoA is linked on the one
hand to an increase in mixing, and on the other hand to a
change in the upwelling strength at different levels. Diallo et
al. (2017) also show that part of the mean AoA positive trend
found over the NH for the recent past can be attributed to
the minor volcanic eruptions that have taken place after 2008.
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(calculation details in Diallo et
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Figure 5.44: Globally averaged timeseries of the stratospheric AOD, deseasonalised mean
AoA and residual of the multiple linear regression with and without removal of all AOD sig-
nal. (a) Stratospheric AOD timeseries is averaged from 50°S-50° N over the 1989-2012 time
period and is shown for merged satellites datasets (GISS: black and SAGE Il+GOMQS(525-
nm)+CALIPSO (532-nm): red, blue and green). (b) The deseasonalised mean AoA driven
by ERA-Interim and JRA-55 reanalyses is globally averaged between 72°S-72°N and
16-28km. (c, d) The residual of the multiple linear regression with (red-dashed line) and
without (black-dashed line) removing the AOD signal from the deseasonalised mean age
(b). The gray shading area indicates the standard deviation. Figure from Diallo et al. (2017).
©American Geophysical Union. Used with permission.
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Figure 5.45: Time evolution of the globally averaged
(72°5-72°N) anomalies of AoA with respect to their mean
(1989 -2015) annual cycles, between 16 km and 28 km, us-
ing the five reanalyses with same colour codes as in Figure
5.36. The black vertical lines highlight the start of the Pi-
natubo eruption and the first assimilation of AMSU data.
From Chabrillat et al. (2018).

Therefore, the representation of volcanic aerosols is an
important element for reanalyses to correctly capture the
time evolution of the stratospheric circulation.

Figure 5.45 shows the deseasonal-
ized time series of mean AoA in the a
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> 600

include some volcanic aerosols information in the tem-
perature field, but that wind fields do not contain suffi-
cient information on volcanic signals. Also worth not-
ing that future further investigation comparing volcanic
responses in CCMs and CTMs will be needed, as some
studies (e.g., Pitari et al., 2016; Garfinkel et al., 2017) have
shown different BDC volcanic response in CCM simula-
tions compared to the offline simulations driven by the
reanalyses we have considered. Future comparison as-
sessments including CTM results with ERA5 will also
be able to provide further information on the impacts of
including volcanic aerosol forcing in the model used to
produce the reanalysis.

ENSO signal effects

Using a multiple regression method applied to Aura MLS
observations and CLaMS model simulations driven by
ERA-Interim and JRA-55 reanalysis, we analyse the im-
pact that the EINifio Southern Oscillation (ENSO) signal
has on the BDC. Figure 5.46 shows the zonal mean dis-
tribution of the ENSO impact on monthly-mean young
and old air mass fractions from CLaMS simulations.

b

A(Mass fraction (1<6)) : ENSO amplitude varlation (JRA-55) [%]

and 16-28 km of altitude. The im-
pact of the Pinatubo eruption is
not evident in these BASCOE sim-
ulations, while Diallo et al. (2017)
showed a very clear Pinatubo signal
in the AoA time series from CLaMS$S
simulations with ERA-Interim and
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JRA-55 (Figure 5.44). These differ-
ences between models can be partly
explained by the fact that BASCOE
is a kinematic model while CLaMS
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is a diabatic model. In BASCOE
the vertical motion comes from the
wind velocity fields while in CLaMS
it comes from the diabatic heating
rates. Since BASCOE was run in a
purely advective mode, it did not
take any temperature information
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from the reanalysis fields. Therefore,
this comparison between BASCOE
and CLaMS puts into evidence that -10 5
for transport models to capture the
signal from volcanic aerosols using
reanalyses fields, radiative or tem-
perature information is explicite-
ly required from the reanalyses, as
such signal is not fully present in the
reanalyses wind fields. The compar-
ison of results in Figure 5.44 and
Figure 5.45 therefore shows that
ERA-Interim and JRA-55 reanalyses
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Figure 5.46: Zonal mean distribution of the ENSO impact on monthly-mean
young and old air mass fraction from CLaMS simulations driven by ERA-Interim
(left column) and JRA-55 (right column) reanalyses. The amplitude of the air
mass fraction variations attributed to ENSO is calculated by using MEI index
from the multiple regression fit for the 1981 -2013 period. (a, b) show the ENSO
amplitude variation of the young air mass fraction with transit times shorter
than 6 months. (c, d) show ENSO amplitude variation of the old air mass frac-
tion with transit time longer than 24 months. Contours are the climatology val-
ues over the 1981 - 2013 period. The black dashed line indicates the tropopause
location from reanalyses. Figure from Diallo et al. (2019).
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The amplitude of the air mass frac- 2000
tion variations attributed to ENSO is
calculated by using the Multivariate
ENSO index (MEI) from the multi-
ple regression fit for the 1981 -2013
period (Wolter et al., 1998). The
young air mass fraction is defined
as that with transit times shorter 500
than 6 months, while the old air
mass fraction corresponds to transit -0
times longer than 24 months. Look-

ing into these two fractions gives in-

formation on the separate effect the 2000
ENSO has on the shallow and the
deep branches of the BDC.
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During El Nino conditions, the mass
fraction of young air increases over
the tropical lower stratosphere (up to
4% increase) while there is a smaller
decrease over the extratropical LS re-
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gion. The structure and amplitude of
these changes are in good agreement
for ERA-Interim and JRA-55. The
changes in the old air mass fraction
(lower panels in Figure 5.46) show
a strong decrease over the tropical
tropopause, with a maximum de-
crease of up to 10 %, located between
450K -500K for ERA-Interim, and
of up to 7.5% for JRA-55 located at lower altitude right
above the tropopause at 400K. The decrease region is
much more confined for JRA-55 than for ERA-Interim.
In the ECMWF reanalysis the effect of the ENSO signal
makes the old-air mass fraction decrease also over mid-
dle and high latitudes above 450K, while in JRA-55 the
old-air mass fraction increases everywhere, except for the
polar latitudes and the tropics below 500 K. In the extrat-
ropical LS region both reanalyses agree, showing regions
where the mass fraction of old-air increases, especially
over the NH subtropics and midlatitudes.

The ENSO influence on the BDC for ERA-Interim and
JRA-55 is more evident for the LS region, below 600K
(~24km), thus it affects the transition and shallow circu-
lation branches of the BDC. During El Nifo, the transi-
tion branch weakens, while the shallow branch strength-
ens. Opposite changes occur during La Nifna (not shown
here). A detailed discussion of these ENSO effects can be
found in Diallo et al. (2019). Similar patterns are found
for ERA-Interim and JRA-55 but the intensity of the ef-
fects is different for each reanalysis.

5.5.2.8 Stratospheric water vapour tracer

The zonal annual mean of stratospheric water vapour
(SWV) is shown in Figure 5.47 for CLaMS simulations
driven by ERA-Interim, JRA-55 and MERRA-2. These

Latitude [degree N]
Figure 5.47: The zonal and annual mean of water vapor (ppmv) from re-
analysis-driven CLaMS simulations, averaged over the period 1980-2013 (top
panel). In the bottom panel, the total variances (relative to the climatology) of
respective monthly means are shown. The black contours show the differences
of each CLaMS run relative to the means of (A1), (B1) and (C1). The reanalyses
used are ERA-Interim (left), JRA-55 (middle) and MERRA-2 (right).
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distributions of SWV have been obtained by averaging
the model results over the period 1980 - 2013, the total
variances with respect to the climatology are also shown
in the figure. The overall structure of the climatological
annual mean is well captured by the three reanalyses,
however there are also several differences among the
three simulations. The driest stratosphere corresponds
to the simulation with ERA-Interim, the moistest one
to JRA-55 and MERRA-2 shows values in between the
other two reanalyses: overall, ERA-Interim is 0.75 ppmv
drier than JRA-55 and 0.5 ppmv drier than MERRA-2
for all locations. The corresponding total variance dis-
tributions for the three simulations show a similar pat-
tern structure, but the magnitude of the variance differs
among reanalyses. JRA-55 shows the largest variances,
MERRA-2 the lowest ones and ERA-Interim shows in
between values more similar to JRA-55 in the NH and
to MERRA-2 in the SH. The differences in SWV con-
centrations are not only due to differences in the strat-
ospheric circulation but also to the entry rates through
the TTL, hence to differences in TTL temperatures and
mixing processes. From Figure 5.47 one can see that
ERA-Interim already shows the lowest SWV at the trop-
ical tropopause.

Figure 5.48 shows the stratospheric tape-recorder sig-
nal based on SWOOSH SWYV observations (top pan-
el) and SWYV values from the three CLaMS runs, av-
eraged over 20°N-20°S for the period 1980-2013.
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Upward propagation of the tape-recorder signal between
450K and 600K is 0.5 - 1.5 months faster in the ERA-In-
terim and JRA-55 simulations compared to SWOOSH,
and the MERRA-2 simulation is 1-1.5months slower
than in SWOOSH. Similarly, the amplitude of the tape-re-
corder signal is systematically stronger than SWOOSH
in the ERA-Interim and JRA-55 simulations, but weaker
above 450K in the one with MERRA-2. These differences
are partly attributable to the slower upwelling in MER-
RA-2 (weaker heating rates as shown in Figures 5.18 and
5.19). Slower upwelling not only delays the propagation
of the signal but also allows more time for horizontal ad-
vection and mixing of middle latitude air into the tropics,
which tend to damp the signal.

Tao et al. (2019) also show the strong contribution of
CHy oxidation in the CLaMS MERRA-2 run, indicated
by the blue and red contour lines in Figure 5.48. This
contribution to the tape-recorder signal is substantial-
ly larger than in the other two runs. This feature is a
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Figure 5.48: Structure of the stratospheric tape-recorder
signal based on SWOQOSH observations (top panel) and the
three CLaMS runs, averaged over the period 1980-2013.
The tape-recorder is defined as anomalies in tropical
(20° 5-20° N) mean H5O0 relative to the climatological mean
at each level (color shading). The phase of upward propaga-
tion (solid black line and circles) is defined by the largest cor-
relation with the layer below. For convenience, propagation
based on SWOOSH is included in each panel (grey line). Red
and blue contours indicate positive and negative contribu-
tions of CH4 to H,O anomalies (in units of ppmy, at intervals
of 0.02 ppmv). Figure from Tao et al. (2019).

secondary effect of the slow tropical upwelling (in addi-
tion to more in-mixing from the extratropics), resulting
in a relatively pronounced seasonal cycle in H,O/CHy
in CLaMS driven by MERRA-2 with a maximum ampli-
tude of 0.05 ppmv near the 450K isentrope. The ampli-
tude of HyOCH, in the MERRA-2 run is twice as large
as that in the JRA-55 one. The run with ERA-Interim on
the other hand, shows virtually no anomalies in H,O/
CHy, at these levels due to relatively rapid rates of ascent
in the lower branch of the BDC.

Figure 5.49 shows the timeseries of the tropical anom-
alies (averaged between 10°N-10°S) for water vapour
at the 400K level. Timeseries have been obtained from
CLaMS simulations driven by ERA-Interim and JRA-
55, and for the overlapping periods are also compared to
satellite observations from Halogen Occultation Experi-
ment (HALOE, Harries et al., 1996) and from the Micro-
wave Limb Sounder (MLS, Waters et al., 2006). Both re-
analysis products resolve well the subseasonal variability
of H,O fluctuations at the tropical tropopause. The varia-
bility on a time scale of 1-3 years (QBO; shaded regions in
Figure 5.49 correspond to easterly QBO phases), as well
as on a time scale of 4-8 years (ENSO), is better repre-
sented with ERA-Interim, especially during the HALOE
period (see also Tao et al., 2015).

The lower panel in Figure 5.49 shows the correspond-
ing mean AoA anomalies in the CLaMS simulations.
The decadal variability shows larger differences between
ERA-Interim and JRA-55, both for water vapour and
mean AoA; JRA-55 shows no trend along the 1979 -2013
period, while ERA-Interim shows a negative trend for
this tropical tropopause region. ENSO and stratospheric
volcanic aerosols have been shown to modulate both the
tropical ascending branch of the BDC (e.g., Figure 5.44;
Diallo et al., 2017, 2019) and tropical tropopause temper-
atures (e.g., Holton and Gettelman, 2001; Mitchell et al.,
2015), consequently affecting the distribution and evolu-
tion of SWV concentrations in the stratosphere.

5.6 Discussion

We have examined how well five modern reanalyses
represent the stratospheric Brewer-Dobson circulation
(BDC). For this, we have looked into dynamics diagnos-
tics from the reanalyses data and into transport tracers
from offline simulations driven by the reanalyses data.
Results from both dynamics diagnostics and oftline trac-
ers show significant improvements in modern reanalyses
compared to previous reanalysis products. This signifi-
cant improvement in the representation of the BDC in
recent reanalysis products reflects the fact that the cor-
responding agencies have been paying more continuous
attention to improve the representation of stratospheric
processes (Fujiwara et al., 2017). Our results also show
room for future improvement and need for further atten-
tion as we discuss later in this section.
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Our dynamics diagnostics have shown close agreement
in terms of climatologies for many derived metrics, such
as total tropical upwelling (Figure 5.8), although some
metrics still show strong disagreement even amongst the
most recent products (e.g., upwelling at the equator, Fig-
ure 5.5). Long-term trends in conventional metrics of BDC
strength, such as tropical upwelling, still show disagree-
ment across even the most modern products (Figure 5.14).
reanalysis products tend to be best constrained in regions
and for diagnostics that rely on fundamental balance rela-
tions, such as geostrophically balanced flow that couples
wind and temperature fields. The mean meridional over-
turning circulation by definition uses the ageostrophic
components of the flow and may therefore be viewed as
more prone to uncertainties. In addition, mass conserva-
tion is not necessarily strictly fulfilled in reanalysis prod-
ucts due to data assimilation. Our results indicate that the
more sophisticated data assimilation schemes employed by
modern reanalysis products are less prone to such issues.
Nevertheless, most aspects of climatological wave driving,
as well as climatological circulation strength and structure
are in close agreement (e.g., Figures 5.4, 5.11), especially
among the most recent reanalysis products, for which old-
er products showed larger spreads.

An important practical issue for end users of reanalysis
products is the vertical resolution of the standard output
in the region of the shallow BDC branch. In particular, at
least one more output level between 100hPa and 70 hPa,
i.e., the region of strongest vertical gradients in circulation
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Figure 5.49: Water vapour (ppmv) tropical anomalies timeseries at 400K (upper panel) and mean AoA tropical anomalies at
400K (lower panel) for the period 1979-2013 derived from CLaMS simulations driven by ERA-Interim (blue) and JRA-55 (black).
Anomalies have been deseasonalised with respect to the 1979-2013 climatology and averaged over the tropics (10°N-10°S5)
at the 400K level. Satellite observations are also shown for HALOE (green curve) and MLS (magenta). The corresponding linear
trends for the model results are also plotted (straight lines). Grey shading corersponds to the easterly phases of the QBO.

strength, would be necessary to derive more meaningful
diagnostics of the shallow BDC branch (such as “out-
welling” strength). Note that all modern reanalysis prod-
ucts have at least one model level between 100 - 70 hPa.

Our results from offline simulations have shown that mod-
ern reanalyses produce mean AoA in much better agree-
ment with observations than the previous generation of
reanalyses (e.g., ERA40). There are however remaining sig-
nificant discrepancies among reanalyses, and differences
with existing observations that imply there is still room for
significant improvement in the way reanalyses represent
the stratospheric BDC. This means that reanalyses have
advanced significantly in the last decades and can still do
$0 in coming ones.

In this Section we discuss possible causes for such dis-
crepancies and point to aspects that need further atten-
tion in reanalyses to achieve further improvements in the
representation of the BDC. To the extent possible, in the
case of diagnostics obtained with CTMs, we also point to
CTM model differences that can be causing differences in
the results, but since this is not the scope of this Report we
do this briefly and refer the interested reader to a more in-
depth study we are conducting on this topic (Monge-Sanz
et al., in prep.).

All our offline model simulations show decreas-
ing AoA values (strengthening BDC) in the
LS region, in agreement with climate models.
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However, our offline simulations depict a complex het-
erogeneous AoA trend in the stratosphere, in agreement
with observations and not with most previous climate
models studies. There is very good overall agreement
between ERA-Interim and JRA-55 but they also show
differences, especially in the representation of long-
term trends. MERRA and MERRA-2 exhibit too slow
vertical transport over the tropics, e.g., as already re-
flected by the tropical upwelling diagnostic (Figure
5.8) and the diabatic heating rates (Figures 5.18 - 5.20).
This is further shown by the tracer simulations with the
offline models, both diabatic and kinematic ones (e.g.,
Figures 5.28 and 5.29), which indicates that the slow
BDC bias in the MERRA system is not only related to
the radiation budget. The RCTT diagnostic also shows
longer residence times for the MERRA datasets but to
a much lower extent than the AoA differences, which
means that aging by mixing also plays a significant
role (e.g., see Figure 13 in Ploeger et al., 2019). This fact
points towards differences among reanalyses in mixing
processes across latitudinal barriers (Stiller et al., 2017;
Ploeger et al., 2015; Garny et al., 2014).

The best overall agreement with mean AoA observa-
tion-based values, both for the climatological value
and for trends, is shown using ERA-Interim (e.g., Fig-
ures 5.27, 5.36). This reanalysis dataset is also the only
one showing a dipole structure in the mean AoA trend
obtained with offline simulations for the MIPAS peri-
od (e.g., Figure 5.38, 5.40). This dipole structure is in
agreement with the MIPAS satellite observations we
have used (Haenel et al., 2015; Stiller et al., 2012), and
consistent with some studies explaining other observed
tracers’ recent past trends (e.g., Mahieu et al., 2014).
However we have also shown that AoA trends are very
sensitive to the exact period considered and, therefore,
future long-term global observations like MIPAS will be
essential to understand the evolution of the BDC.

The volcanic signal is not equally present in all reanaly-
ses, and in all simulations. In particular the comparison
we have done between BASCOE and CLaMS simulations
(Figures 5.44, 5.45) highlights the fact that the volcanic
information in the reanalyses is mainly contained in the
temperature field, and not in the wind fields, which cre-
ates an unrealistic dynamical mismatch among different
fields in one same reanalysis dataset. This result points
towards the need of a more interactive representation
of volcanic aerosols in the reanalyses. ERA5 includes a
more realistic treatment of volcanic aerosols than pre-
vious reanalyses and it will be necessary to compare the
results from offline simulations included in this Chap-
ter with equivalent ones driven by ERA5 fields, to assess
associated improvements in the BDC representation.

Here we summarise several possible causes for the
discrepancies we have found among reanalyses, and
therefore aspects that require further attention in fu-
ture reanalyses:

Clouds and convection:

The different ways in which reanalyses include the radi-
ative effects of clouds and the parameterisation of con-
vection has also an impact on the tropical entry rates and
tropical upwelling of the BDC. MERRA and MERRA-2
have strong cooling during summer in the TTL that tends
to block transport, while in ERA-Interim diabatic motion
is too fast due to the heating effect of cirrus clouds (Tegt-
meier et al., 2019). Deep convection also impacts the trop-
ical UTLS wave activity and therefore the modelled BDC.
A detailed comparison of clouds and convection treat-
ment in all major reanalyses and their impact on the TTL
is included in Chapter 8 of this Report. Also a relevant
study was conducted with several ECMWF reanalyses
and operational analyses (Feng et al., 2011) and should be
further investigated with reanalyses from other Centres
regarding their impact on wave activity and the BDC.

Gravity wave drag:

ERA-Interim, JRA-55 and CFSR all neglect non-orograph-
ic gravity wave drag (except for CFSv2, i.e., CFSR after 2010)
and each one uses its own parameterisation of orographic
gravity wave drag. MERRA and MERRA-2 use the same
parameterisation for orographic gravity wave drag and
both take non-orographic gravity wave drag into account.
In all the CTM studies we have shown here, MERRA and
MERRA-2 provide significantly older AoA than the three
other reanalyses. Different parameterisations of gravity
wave drag are therefore a possible modelling cause for the
disagreements in the stratospheric circulation diagnostics
(e.g., Dharmalingam et al., 2019; Podglajen et al., 2016).
Since the recent ERA5 reanalysis includes non-orographic
gravity wave drag, future comparisons using ERA5 driven
simulations will provide further insight on related impacts
on the representation of the BDC.

Heat budgets and radiation schemes:

Differences in heat budgets in the tropical region have sub-
stantial implications for the representation of transport
and mixing in the LS region (e.g., Wright and Fueglistaler,
2013). Abalos et al. (2015) evaluated the vertical compo-
nent of the advective BDC in ERA-Interim, MERRA and
JRA-55 and found large differences between direct (i.e.,
kinematic) estimates and indirect estimates derived from
the thermodynamic balance (i.e., using diabatic heating
rates). TRACZILLA and CLaMS simulations shown in this
Chapter have used the reanalyses diabatic heating rates,
and their differences in mean AoA are consistent with the
differences in the diabatic heating rates fields. Younger
AoA values arelinked to larger diabatic heating rate values,
and viceversa, and also the differences in the amplitude
of the annual cycle in AoA follow the differences in the
diabatic heating rates annual cycle shown in Figure 5.18.



However, the differences among reanalyses are also clearly
displayed by offline simulations with kinematic transport
models (e.g., BASCOE), indicating that differences are not
only coming from differences in the heating rates field.
Different radiation schemes and treatment of stratospher-
ic radiative species, as well as differences in the assimilated
observations, produce differences in the reanalyses temper-
ature field. Differences in temperature distribution and lat-
itudinal gradients result in differences in the stratospheric
wind fields. This will affect offline simulations of the BDC
even for simulations that do not use the temperature field
from reanalyses, e.g, BASCOE kinematic simulations.

Ozone and Water vapour:

One reason why the temperature field differs among differ-
ent reanalysis models and radiation codes is the different
treatment of stratospheric ozone and water vapour. Fueglis-
taler et al. (2009) already showed that unrealistic or over-
simplified ozone descriptions in the reanalysis systems lead
to unrealistic radiative heating rates. Chapter 4 in this Re-
port and Davis et al. (2017) provide a thorough comparison
of the ozone and water vapour distributions provided by the
different reanalyses and gives an overview of the way these
two components are treated in the different reanalyses radi-
ation codes. ERA-Interim uses an ozone climatology, JRA-
55 uses time-varying ozone fields from an external CCM
and MERRA-2 uses interactive ozone. We recommend an
assessment of the impacts that different ozone and water va-
pour modelling approaches in the reanalysis systems have
on the representation of the stratospheric circulation. A
study looking into how different treatments of stratospher-
ic ozone impact stratosphere-troposphere processes in the
ECMWE system has been recently carried out (Monge-Sanz
et al., 2020); extending this type of study to other major rea-
nalysis systems would provide useful information.

Resolution and resolved mixing, and top of the model:

For differences in the results between reanalyses, we also need
to keep in mind that the original grids of the reanalyses are
different, and that interpolating to the CTMS’ resolution has
different numerical effects for each reanalysis. This will also
affect mixing processes and their impact on mean AoA val-
ues differently for each reanalysis. Additionally, the altitude of
the top of the model and the treatment of the top boundary
sponge layer is different among reanalysis systems; this also
has an effect on the BDC and on offline simulations for the
stratosphere. Extending the altitude of the top of the model
and including mesospheric processes into the reanalysis sys-
tems would improve the representation of the BDC. We also
note that different top boundary conditions imposed in the of-
fline models can be partly causing differences in the age-of-air
values obtained with CLaMS (which imposes a top boundary
condition to match MIPAS AoA values in the top level) and
TRACZILLA (which uses removal of trajectories above a cer-
tain potential temperature level or an age limit to trajectories).
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QBO representation:

The Quasi-Biennial Oscillation (QBO) signal is not equally
captured and represented in the different reanalyses. There-
fore the way the QBO links with, and influences the meridion-
al circulation is different in each dataset. In our TRACZILLA
simulations we have seen that the QBO correlation with the
age-of-air diagnostic largely differs among datasets. These dif-
ferences may well be linked to differences in the parameteriza-
tion of non-orographic gravity wave drag. This deserves fur-
ther investigation, especially in the case of MERRA-2, which
shows difficulties representing correctly the QBO before 1995.
A comprehensive analysis of the QBO representation in the
different reanalyses is found in Chapter 9 of this Report.

Volcanic influence:

How the different reanalyses capture the influence of large
volcanic eruptions is linked to the different representation of
aerosols, and to what information goes into the assimilated
fields. In ERA-Interim and JRA-55 the effects of stratospher-
ic volcanic aerosol are only included by the assimilation of
observed temperature and wind data, as discussed in more
detail by Diallo et al. (2017), whereas MERRA-2 additionally
assimilates aerosol optical depth (Fujiwara et al., 2017). Our
offline simulations have shown that the analysed temperature
field contains information on the volcanic signal, but that
wind fields do not carry enough information about this sig-
nal (Chabrillat et al., 2018; Diallo et al., 2017). This fact points
to potential dynamical mismatches between temperature and
winds in the reanalyses, probably due to high assimilation in-
crement values associated to the volcanic eruption effects. In
addition, persistent imbalance will generate spurious gravity
waves that artificially strengthen the BDC in the models.

To quantify how much each of these differences contributes
to the discrepancy among reanalyses, and how much it con-
tributes to disagreement with observations, tailored exper-
imental datasets from Reanalyses Centres would be need-
ed that do not exist at present. For the ECMWTF reanalysis
system, one study was conducted using tailored datasets to
evaluate different aspects of the Data Assimilation system
(assimilation window length, assimilation technique) and
the model resolution (Monge-Sanz et al., 2012).

Apart from the processes we have discussed above, there
are of course other major processes, in different parts of the
Earth System, that influence the BDC, including the ENSO
signal or the stratospheric polar dehydration (Chapter 10
in this Report). And we need to keep in mind that all the
mentioned processes actually interact with each other, some
of the interaction mechanisms are known while others are
still a matter of international investigation efforts. In order
to achieve a BDC representation that is more realistic, Rea-
nalysis Centres and models will need to continue to move to
a representation of the Earth System that is more complete
and more coupled in coming years.
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5.7 Conclusions and recommendations

In this Chapter we have analysed different diagnostics for the Brewer-Dobson circulation (BDC) for major reanalyses
participating in S-RIP.

We have performed a direct comparison of dynamical diagnostics from the reanalyses datasets, including EP-flux diver-
gence, tropical upwelling and outwelling, and residual circulation trajectories (RCTTs). We have also performed transport
tracers simulations with different offline chemistry-transport models (CTMs) driven by the reanalyses, and assessed distri-
bution of several tracers, mean age-of-air (AoA) and age spectrum diagnostics.

5.71 Conclusions from dynamics diagnostics

The dynamical diagnostics indicate that the BDC is much more consistent in the more recent reanalysis products, with much
reduced spread in the respective climatologies compared to the older products. Furthermore, the BDC is generally less strong
in more recent products compared to their older versions. However, even these recent products show significant differences
in basic climatological diagnostics in some fields (e.g., shallow branch wave driving, tropical upwelling structure and season-
ality, upwelling strength below 70hPa). Nevertheless, for the dynamical diagnostics analysed here the reanalysis products
also show overall remarkable agreement with current chemistry-climate models (CCMs).

Time series of annual mean tropical upwelling mass flux at 70hPa, a common measure of BDC strength used in many
modelling studies (e.g., Butchart et al. 2010), show a fairly strong degree of co-variability amongst the recent products
(correlation coeflicients between 0.65 - 0.82), except for CFSR. This and time series of other dynamical diagnostics suggests
spurious fluctuations in CESR; this product should therefore not be used for long-term trend or interannual variability
analyses (consistent with the transport diagnostics in Section 5.7.2, see below).

Although MERRA-2, JRA-55, ERA-Interim and ERA5 agree with regards to co-variability on interannual time scales, there is
inconsistency with regards to their long-term trend estimates of tropical upwelling at 70hPa. MERRA-2 and JRA-55 show acceler-
ation, while ER A-Interim shows deceleration, and ERA5 does not show a statistically significant trend. This also holds true at other
pressure levels throughout the tropical lower stratosphere. A similar picture emerges for the poleward mass transport through the
turnaround latitudes (“tropical outwelling”), although ERA-Interim in this case does not show a statistically significant opposing
trend to MERRA-2 and JRA-55 (which both show a long-term strengthening of the circulation). However, the co-variability on
interannual time scales is strongly reduced for this metric compared to upwelling, with correlation coefficients only in the range
0.23-0.68 (ERA-Interim among the lowest values). This is perhaps due to large sensitivity to structural differences (including those
due to GWD) and suggests that the shallow branch of the BDC is not well constrained, even in modern products.

The RCTT diagnostic offers an integrated view of the circulation strength, possibly more robust to inconsistencies and uncer-
tainties amongst products. The global mean RCTT at 50 hPa, a common reference level used for AoA comparisons, does show a
high degree of co-variability among modern products (correlation coefficients between 0.53 - 0.85), but also shows large offsets
in total values especially in the 1980’s. Long-term trend values in this metric qualitatively agree with those obtained from trop-
ical upwelling, including the disagreement between ERA-Interim and MERRA-2/JRA-55. An inspection of the latitudinally
and vertically resolved RCTT trends shows that, by and large, RCTTs decrease (consistent with acceleration of the BDC), ex-
cept for some regions/data sets. The main exception to this general behaviour are the RCTT trends corresponding to the deep
branch of the BDC in both ECMWFEF reanalyses (ERA-Interim, ERA5). However, even these ECMWEF products show primarily
negative RCTT trends in the lowermost stratosphere, consistent with a strengthening of the shallow branch of the BDC.

5.7.2  Conclusions from transport tracers simulations

Although the dynamical diagnostics allow a clear comparison among reanalyses, they cannot be compared against ob-
served quantities. We have also performed transport tracers simulations with different oftline chemistry-transport models
(CTMs) driven by the reanalyses. These sets of simulations have allowed us to compare results against observation-based
data for the mean age-of-air (AoA) and stratospheric water vapour (SWV). For these diagnostics we have compared mean
distributions as well as time series and evolution of trends for the different reanalysis products.

Our comparison results have shown that recent reanalyses produce mean AoA in much better agree-
ment with observations than the previous generation of reanalysis (e.g, ERA-Interim v. ERA-
40), showing the improvement achieved by the reanalysis systems in the representation of the BDC.
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However significant discrepancies in AoA and tracers distribution among reanalyses still remain. The spread of AoA obtained
with different reanalyses can be as large as among different CCMs (e.g., Orbe et al., 2020).

We have shown that differences in the heating rates field are evident among the reanalyses we have considered, with MER-
RA reanalyses particularly differing from the rest. Heating rates differences are a major factor affecting the offline sim-
ulations of stratospheric tracers with diabatic models. MERRA and MERRA-2 exhibit too slow vertical transport over
the tropics, in agreement with the lower values they show for diabatic heating rates compared to the other reanalyses.
But the slow tropical transport is shown both by diabatic and kinematic offline simulations, which indicates that the slow BDC
bias in the MERRA system is not only related to the radiation budget. The RCTT diagnostic also shows longer residence times
for the MERRA datasets.

We have devoted a significant part of the Chapter to quantify mean AoA trends in the stratosphere, to better understand to what
extent reanalyses can be used to study changes in the BDC structure and strength. For the overall period (1989 -2010) our offline
results show large spread in values and sign of AoA trends, depending on the reanalysis and on the region of the stratosphere.
For the MIPAS period (2002 -2012) only ERA-Interim is in good agreement with the observed trends, independently of the of-
fline model used. The positive trend in the mean AoA in the NH is a robust feature in our studies and is in agreement with other
observed phenomena like HCI observed trends (Mahieu et al., 2014).

Here we need to note that much investigation is still needed on BDC trends, and that trends should be interpreted with caution
as many factors affect them, including natural variability and changes in the observation system of assimilated data that make
them so sensitive to the particular period chosen (e.g., Chabrillat et al., 2018).

The large spread in AoA results among reanalyses indicate two main aspects: i) important differences among the underlying
models in the different reanalyses systems, and ii) that assimilated observations are not providing a strong constraint for strat-
ospheric transport in reanalyses. As we indicate below in Section 5.7.3, we strongly recommend reanalyses centres to invest in
model development in order to further improve the representation of the BDC.

We have also discussed in Section 5.5.2.7 how the AoA diagnostic is affected by other Earth System phenomena, not only in
the stratosphere like the QBO signal, but also the ENSO and the volcanic signals. This shows the need to include as many Earth
System processes as possible in a realistic way to achieve a more accurate BDC representation in future reanalyses.

With one of our oftline CTMs (CLaMS) we performed a comparison of SWV distribution using the water model tracer. In this
case, the distributions obtained with the different reanalyses showed good overall consistency for climatology and variability in
the CTM, but differences against independent observations.

5.7.3 Recommendations to reanalyses users

A summary of the usability of major reanalyses in terms of their representation of the BDC can be found in Fig-
ure 5.50, where we classify the performance of each reanalysis for the diagnostics we have considered in this Chap-
ter, based on the results and discussions we have included in the above sections.

Although not all the diagnostics we have used can be evaluated against observations, we have decided to assign an
evaluation score to all of them. Such value, for those that cannot be compared to observations, reflects their consist-
ency with other processes and our current understanding of the BDC.

In the majority of cases our evaluation is that reanalyses are “suitable with limitations”. Such limitations depend on
the particular time periods, atmospheric regions and applications. For instance, MERRA-2 is likely not to be a good
option for years before 1995. MERRA-2, compared to ERA-Interim and JRA-55, shows difficulties in representing
the QBO before 1995 (Chabrillat et al., 2018 and references therein). Gelaro et al. (2017) also describe several features
in MERRA-2, not present in the other two reanalyses, that can affect stratospheric dynamics, and therefore BDC
diagnostics, including the assimilation of Microwave Limb Sounder on the Aura satellite (Aura-MLS) temperatures,
from 2004 onwards and above 5hPa.

Among the recent reanalyses, only in the case of CFSR we have identified several issues that indicate that their
use may be problematic for stratospheric BDC studies, especially related to interannular variability and long-term
trends. For older reanalyses like ERA-40 and NCEP reanalyses, it had already been shown in numerous published
studies that their representation of the BDC, and other stratospheric processes, is unrealistic and, therefore, we also
discourage their use for stratospheric studies.
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Whenever possible we generally recommend users not to restrict themselves to only one product when it comes to
BDC studies. In particular for the period after 2000 a comparison between MERRA-2, JRA-55, and ERA-Interim,
together with new products such as ERA5 and JRA-3Q, can help to distinguish robust from non-robust diagnostics
results. We also recommend working with reanalyses data on model levels, not only for offline simulations, but also
for diagnostics related to the shallow BDC branch as usually no pressure levels are provided between 100 - 70 hPa.

5.74 Recommendations to reanalyses centres

From the results and experiences built along this study, this is our list of main recommendations for the development and
data release of future reanalysis.

Regarding data availability:

* Provide variables’ uncertainty information.

* Provide variables at higher vertical resolution, especially around the UTLS region.
 Provide pressure level data above 1 hPa (important for RCTT calculations).

* Archive data at higher frequencies.

* Archive additional relevant variables by default (e.g. heating rates).

Therecentlyreleased ERA5 includes most of the above features, although the resolution around the UTLS is still lower than desired.

Chapter 5 Diagnostics Evaluation

Dynamical diagnostics:

E-P flux divergence

Tropical upwelling at 70 hPa

Tropicall upwelling trend at 70 hPa
Turnaround latitudes at 70 hPa

RCTT

RCTT trend

Tropical outwelling at 70 hPa

Tropical outwelling trend at 70 hPa

Offline tracers simulations:

Diabatic Heating Rates: Tropical annual cycle
Diabatic Heating Rates: Tropical time series
Mean MIPAS Period AoA zonal mean

Mean MIPAS Period AoA trend

Mean Overall Period AoA zonal mean
Mean Overall Period AoA trend

SWYV Offline Tracer: H20 zonal mean

SWV Offline Tracer: Tape recorder H20
SWV Offline Tracer: H20 trend

Section
CFSR/CFSv2
ERA-Interim
JRA-55
MERRA-2
MERRA
ERA-40
NCEP-R1
NCEP-R2

Demonstrated Suitable
Suitable with Limitations Demonstrated Unsuitable

Figure 5.50: Summary of the BDC diagnostics evaluation. Note that the score corresponding to “demonstrated suitable”
was not assigned to any of the diagnostics listed here, so the darkest green colour does not appear in this table.
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From early experiences with ERA5, dealing with its huge volume of data requires improved postprocessing strategies and/or
more computing/storage power. Interactive communication channels between reanalyses users and producers to improve sus-
tainable solutions will likely become more important in the future as more high volume data products will be available.

Besides continuous assimilation of stratospheric winds as suitable datasets become available (e.g,, from the ESA’s recent AEO-
LUS mission), model development stands out from our study as a major recommendation among the actions required to im-
prove the representation of the stratospheric BDC in future reanalyses. Main model aspects that require attention are:

* Gravity wave drag parameterisations

* Representation of radiative gases and aerosols in the stratosphere

* Clouds and convection parameterisations

¢ Increase of the model resolution in the UTLS

 Extension of the vertical range to incorporate mesospheric processes.

Last but not least, sustained long-term relevant observations platforms are required to monitor any changes in the strength
and the structure of the BDC and, therefore, to keep evaluating how well future reanalyses represent stratospheric major
circulation patterns. We strongly advocate for the creation of such observation platforms and the necessity to keep them
operative for long enough time periods to cover the relevant time scales to validate BDC evolution and trends.

Code & Data availability

Reanalysis data used in this chapter can be obtained from the corresponding reanalyses centres. Observations data-
sets and offline model data are available upon request and via the referenced publications. The dynamics diagnostics
shown are based on the zonal mean dataset produced by Martineau et al. (2018) as referenced in the text; code is

available upon request.

Acknowledgements

We thank the reviewers of this chapter, whose comments
helped to improve the final revised version. BMS acknowl-
edges partial funding from the UK Natural Environment
Research Council (NERC) through the ACSIS project
(North Atlantic Climate System Integrated Study) led by
the National Centre for Atmospheric Science (NCAS); TB
acknowledges funding by the National Science Founda-
tion (grant no. AGS-1643167).

Figure 5.21 is adapted from Cook and Roscoe (2009).

Figure 5.22 is adapted from Engel et al. (2017). Figures
5.23 and 5.24 are adapted from Haenel et al. (2015). Fig-
ures 5.27, 5.28, 5.36, 5.39 and 5.45 are adapted from
Chabrillat et al. (2018). Figures 5.29, 5.30 and 5.33 are
adapted from Ploeger et al. (2019). Figure 5.46 is adapted
from Diallo et al. (2019). Figure 5.48 is adapted from Tao
et al. (2019). All these reproductions are made under a
creative commons attribution 3.0 or 4.0 license (https://
creativecommons.org/licenses/by/3.0/  or  https://
crertivecommons.org/licenses/by/4.0/, respectively).


https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

References

Abalos, M., B. Legras, E Ploeger, and W.J. Randel, 2015: Evaluating the advective Brewer-Dobson circulation in three re-
analyses for the period 1979-2012. J. Geophys. Res., 120, 7534 - 7554, doi: 10.1002/2015]D023182.

Abalos M., et al., 2019: New insights on the impact of ozone depleting substances on the Brewer-Dobson circulation. J.
Geophys. Res: Atmospheres, 124, 2435 - 2451, doi: 10.1029/2018]D029301.

Andrews, D.G,, J.R. Holton, and C.B. Leovy, 1987: Middle Atmosphere Dynamics, Academic Press, doi: 10.1017/S0016756800014333.

Andrews, A.E,, et al., 2001: Mean ages of stratospheric air derived from in situ observations of CO,, CHy, and N,O. J. Geo-
phys. Res., 106 (D23), 32295 -32314, doi: 10.1029/2001JD000465.

Birner, T. and H. Bonisch, 2011: Residual circulation trajectories and transit times into the extratropical lowermost strato-
sphere. Atmos. Chem. Phys., 11, 817-827, doi: 10.5194/acp-11-817-2011.

Boering, K.A., et al., 1996: Stratospheric mean ages and transport rates from observations of carbon dioxide and nitrous
oxide. Science 274, 1340 - 1343 doi: 10.1126/science.274.5291.1340.

Brewer, A.W.,, 1949: Evidence for a world circulation provided by the measurements of helium and water vapour distribu-
tion in the stratosphere. Q. J. R. Meteorol. Soc. 75, 351 - 363, doi: 10.1002/qj.49707532603.

Butchart, N, et al, 2006: Simulations of anthropogenic change in the strength of the Brewer-Dobson circulation. Clim.
Dyn., 27,727 - 741, doi: doi.org/10.1007/s00382-006-0162-4.

Butchart, N., et al., 2010: Chemistry—Climate Model Simulations of Twenty-First Century Stratospheric Climate and Circu-
lation Changes. J. Climate, 23, 5349 - 5374,doi: 10.1175/2010JCLI3404.1

Butchart, N., 2014: The Brewer-Dobson circulation. Rev. Geophys., 52, 157 -184, doi: 10.1002/2013RG000448.

Chabrillat, S., et al., 2018: Comparison of mean age of air in five reanalyses using the BASCOE transport model. Atmos.
Chem. Phys., 18, 14715 - 14735, doi: 10.5194/acp-18-14715-2018.

Chipperfield, M.P, W. Feng, and M. Rex, M., 2005: Arctic ozone loss and climate sensitivity: Updated three-dimensional
model study. Geophys. Res. Lett., 32, L11813, doi: 10.1029/2005GL022674.

Chipperfield, M.P,, 2006: New version of the TOMCAT/SLIMCAT oft-line chemical transport model. Q. J. R. Meteorol. Soc.
132, 1179-1203, doi: 10.1256/qj.05.51.

Chipperfield, M.P, et al., 2014: Multimodel estimates of atmospheric lifetimes of long-lived ozone-depleting substances:
Present and future. J. Geophys. Res. Atmos., 119, 2555 - 2573, doi: 10.1002/2013]JD021097.

Cook, PA. and H.K. Roscoe, 2009: Variability and trends in stratospheric NO, in Antarctic summer, and implications for
stratospheric NOy. Atmos. Chem. Phys. 9, 3601 - 3612, doi: 10.5194/acp-9-3601-2009.

Cook, P.A. and H.K. Roscoe, 2012: Changes in reactive stratospheric gases due to a change in Brewer-Dobson circulation:
results from a simple model. Atmos. Sci. Lett. 13, 49 - 54, doi: 10.1002/asl.362, 2012.

Chrysanthou, A., et al., 2019: The effect of atmospheric nudging on the stratospheric residual circulation in chemistry-cli-
mate models. Atmos. Chem. Phys., 19, 11559 - 11586, doi: 10.5194/acp-19-11559-2019.

Davis S.M., et al., 2016: The Stratospheric Water and Ozone Satellite Homogenized (SWOOSH) database: a long-term data-
base for climate studies. Earth Syst Sci Data. 8(2):461 - 490. doi: 10.5194/essd-8-461-2016.

Davis, S.M., et al., 2017: Assessment of upper tropospheric and stratospheric water vapor and ozone in reanalyses as part of
S-RIP. Atmos. Chem. Phys., 17, 12743 -12778, doi: 10.5194/acp-17-12743-2017, 2017.

Dee, D.P, et al., 2011: The ERA-Interim reanalysis: configuration and performance of the data assimilation system. Q.J.R.
Meteorol. Soc., 137, 553 - 597, doi: 10.1002/q;.828

Dessler, A.E,, et al., 2014: Variations of stratospheric water vapor over the past three decades. . Geophys. Res. Atmos., 119,
12,588-12,598, doi: 10.1002/2014JD021712.

Dharmalingam, S. et al., 2019: Accuracy of Balloon Trajectory Forecasts in the Lower Stratosphere. Atmosphere, 10, 102,
doi: 10.3390/atmos10020102.

Diallo, M., B. Legras, and A. Chédin, 2012: Age of stratospheric air in the ERA-Interim. Atmos. Chem. Phys.,12,12133- 12154,
doi: 10.5194/acp-12-12133-2012.

Diallo, M., et al., 2017: Significant Contributions of Volcanic Aerosols to Decadal Changes in the Stratospheric Circulation.
Geophys. Res. Lett., 44, 10,780 -10,791. doi: 10.1002/2017GL074662.

214


https://doi.org/10.5194/acp-17-12743-2017

FFSL
GEOSCCM
GWD
HALOE
HATS

JIA

JRA-25
JRA-55
KASIMA
LS

MEI
MERRA; MERRA-2
MIPAS
MLS

MMC
MMM
MRM
NASA
NCAR
NCEP
NCEP-DOE R2
NCEP-NCARRT1
NH

NOAA
OMS
POLARIS
QBO

RCTT

REM

SH

SST

SSw
StratoClim
SwWv

TTL

TOA
UKMO
UTLS
WMO

Chapter 5: Brewer-Dobson Circulation

Flux-Form Semi-Lagrangian

NASA Goddard Chemistry-Climate Model

Gravity Wave Drag

Halogen Occultation Experiment

Halocarbons and other Atmospheric Trace Species

June-July-August

Japanese 25-year Reanalysis

Japanese 55-year Reanalysis

Karlsruhe Simulation of the Middle Atmosphere

Lower stratosphere

Multivariate ENSO index

Modern Era Retrospective Analysis for Research and Applications / Version 2
Michelson Interferometer for Passive Atmospheric Sounding
Microwave Limb Sounder

Mean Meridional Circulation

Multi-Model Mean

Multi-Reanalysis Mean

National Aeronautics and Space Administration

National Center for Atmospheric Research

National Centers for Environmental Prediction of the NOAA
Reanalysis 2 of the NCEP and DOE

Reanalysis 1 of the NCEP and NCAR

Northern Hemisphere

National Oceanic and Atmospheric Administration
Observations of the Middle Stratosphere

Photochemistry of Ozone Loss in the Arctic Regions in Summer
Quasi-Biennial Oscillation

Residual Circulation Transit Time

Multi-Reanalysis Mean

Southern Hemisphere

Sea Surface Temperature

Sudden Stratospheric Warming

Stratospheric and upper tropospheric processes for better climate predictions
Stratospheric Water Vapour

Tropical Tropopause Layer

Top of Atmosphere

United Kingdom Meteorological Office

Upper troposphere and lower stratosphere

World Meteorological Organization

219



