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Figure 4. Ozone trends derived from the combined SBUV records (black and grey lines), the combined SAGE I and II ozone measurements
(turquoise line), the GOZCARDS merged data (red line), ozonesondes (yellow line) and Umkehr stations (purple line). Trends for ozoneson-
des and Umkehr are calculated from only a few stations and so should be treated with caution. The error bars show the 95% confidence level
calculated using the standard deviation of the residual noise. All trends are calculated with the PWLT model except for those from the SAGE
I/II record.

There are some negative trends in the tropics at altitudes
⇠ 30–35 km (⇠ 15 hPa). This feature (see also Eckert et al.,
2014 and Gebhardt et al., 2014) is seen in all data sets though,
in most cases, this is not statistically significant in individual
data sets. It is also obvious that there are many differences
in the trends calculated from the various data sets, e.g. in the
shape of the trends in the upper stratosphere. Some of these
result from different ways of merging the data, others from
differences between instruments used in a merged data set
(e.g. resolution, sampling). These issues are discussed fur-
ther in Tummon et al. (2015). The large trends at the higher
latitudes in the SAGE–GOMOS record are probably a result
of sampling issues (Kyrölä et al., 2013; Laine et al., 2014).
Differences are more obvious in this period as more instru-
ments are used, the length of the record is a little shorter, and
the trend signal is smaller.
Figure 6 shows ozone trends for 1998–2012 as a func-

tion of altitude for the same three latitude bands (35–60� S,
20� S–20� N, and 35–60� N) as in Figs. 2 and 4. The top
two rows show the results calculated using the same PWLT
analysis as in Fig. 4. The lowest panel contains the trends
for shorter time series which are calculated using a single
linear trend. As a result, the ozonesondes show a positive

trend at lower altitudes in the mid-latitudes in both hemi-
spheres when calculated with the PWLT, but the northern
mid-latitude trend becomes zero with the single linear trend
model. In addition, trends are shown for the ground-based li-
dar, microwave, and FTIR (Fourier transform infrared spec-
troscopy) instrument latitude band averages. More ground-
based and ozonesonde records are available for this period
than for the period prior to 1997 as a result of the develop-
ment of NDACC, but there are still not enough to consider
them truly representative of the latitude band, especially in
the tropics and the southern mid-latitudes. While the lack of
a continued negative trend in the upper stratosphere is clear,
there is again a hint of a positive trend when all the records
are considered. The negative trend at ⇠ 30 km in the tropics
is less clear than in Fig. 5 where it is confined principally to
the region between 10� S and 10� N.
The uncertainties calculated for the trends should include

the uncertainties resulting from interannual variability, but
this is inevitably less true for shorter records. We investigate
the importance of this using GOZCARDS data, with the re-
sulting ozone trends shown in Fig. 7. These trends are calcu-
lated by using each January between 1997 and 2002 as the
point of inflection in the piece-wise regression. For 1979–

www.atmos-chem-phys.net/15/9965/2015/ Atmos. Chem. Phys., 15, 9965–9982, 2015

Northern	  hemisphere	  
Various	  data	  sets	  
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Figure 4. Ozone trends derived from the combined SBUV records (black and grey lines), the combined SAGE I and II ozone measurements
(turquoise line), the GOZCARDS merged data (red line), ozonesondes (yellow line) and Umkehr stations (purple line). Trends for ozoneson-
des and Umkehr are calculated from only a few stations and so should be treated with caution. The error bars show the 95% confidence level
calculated using the standard deviation of the residual noise. All trends are calculated with the PWLT model except for those from the SAGE
I/II record.

There are some negative trends in the tropics at altitudes
⇠ 30–35 km (⇠ 15 hPa). This feature (see also Eckert et al.,
2014 and Gebhardt et al., 2014) is seen in all data sets though,
in most cases, this is not statistically significant in individual
data sets. It is also obvious that there are many differences
in the trends calculated from the various data sets, e.g. in the
shape of the trends in the upper stratosphere. Some of these
result from different ways of merging the data, others from
differences between instruments used in a merged data set
(e.g. resolution, sampling). These issues are discussed fur-
ther in Tummon et al. (2015). The large trends at the higher
latitudes in the SAGE–GOMOS record are probably a result
of sampling issues (Kyrölä et al., 2013; Laine et al., 2014).
Differences are more obvious in this period as more instru-
ments are used, the length of the record is a little shorter, and
the trend signal is smaller.
Figure 6 shows ozone trends for 1998–2012 as a func-

tion of altitude for the same three latitude bands (35–60� S,
20� S–20� N, and 35–60� N) as in Figs. 2 and 4. The top
two rows show the results calculated using the same PWLT
analysis as in Fig. 4. The lowest panel contains the trends
for shorter time series which are calculated using a single
linear trend. As a result, the ozonesondes show a positive

trend at lower altitudes in the mid-latitudes in both hemi-
spheres when calculated with the PWLT, but the northern
mid-latitude trend becomes zero with the single linear trend
model. In addition, trends are shown for the ground-based li-
dar, microwave, and FTIR (Fourier transform infrared spec-
troscopy) instrument latitude band averages. More ground-
based and ozonesonde records are available for this period
than for the period prior to 1997 as a result of the develop-
ment of NDACC, but there are still not enough to consider
them truly representative of the latitude band, especially in
the tropics and the southern mid-latitudes. While the lack of
a continued negative trend in the upper stratosphere is clear,
there is again a hint of a positive trend when all the records
are considered. The negative trend at ⇠ 30 km in the tropics
is less clear than in Fig. 5 where it is confined principally to
the region between 10� S and 10� N.
The uncertainties calculated for the trends should include

the uncertainties resulting from interannual variability, but
this is inevitably less true for shorter records. We investigate
the importance of this using GOZCARDS data, with the re-
sulting ozone trends shown in Fig. 7. These trends are calcu-
lated by using each January between 1997 and 2002 as the
point of inflection in the piece-wise regression. For 1979–

www.atmos-chem-phys.net/15/9965/2015/ Atmos. Chem. Phys., 15, 9965–9982, 2015
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Figure 6. Ozone trends for the period for 1998–2012 derived from satellite and ground-based data sets. The latitudinal coverage of the
satellite data sets is shown in Fig. 5. The trends are calculated with a piecewise linear trend regression and the error bars show the 95%
confidence level calculated using the standard deviation of the residual noise. The ground-based trends result from a small number of stations
in each latitude band (see text) and therefore should be treated with caution. Trends in the upper two rows are calculated with the PWLT
model, while those in the bottom row are calculated with the single linear-trend model.

the mean trend estimates from the various satellite data sets
were taken into account. The resulting range is designated the
“possible range”. This method is referred to as the joint dis-
tribution approach (the J-distribution approach). The ranges
for halocarbon lifetimes produced by the two approaches are
quite different. For example, the best estimate for the life-
time of CFC-11 was 52 years with a “most likely” range of
43–67 years (SWM distribution) and a “possible range” of
35–89 years (J distribution) (Ko et al., 2013).
In this study, we combine trends calculated from merged

sets of observations of the same real quantity (O3) from dif-
ferent platforms, so the comparison is not 100%. However,

the similarities in the amount of rigorous knowledge of the
uncertainties are such that we have adopted the samemethod-
ologies to combine the results of the time series modelling of
the satellite data sets shown in Figs. 4 and 6. The resulting
trends and their 95% uncertainties are shown in Fig. 8. The
SWM- and J-distribution approaches are represented by the
dark blue and red lines, respectively. The underlying trend
estimates from Figs. 4 and 6 are shown in the thin grey lines.
There is very little difference in the estimated mean trends,
but the uncertainties are substantially larger for the J distri-
bution than for the SWM distribution. In other words, the
possible range is noticeably larger than the most likely range.

www.atmos-chem-phys.net/15/9965/2015/ Atmos. Chem. Phys., 15, 9965–9982, 2015
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Figure 4. Ozone trends derived from the combined SBUV records (black and grey lines), the combined SAGE I and II ozone measurements
(turquoise line), the GOZCARDS merged data (red line), ozonesondes (yellow line) and Umkehr stations (purple line). Trends for ozoneson-
des and Umkehr are calculated from only a few stations and so should be treated with caution. The error bars show the 95% confidence level
calculated using the standard deviation of the residual noise. All trends are calculated with the PWLT model except for those from the SAGE
I/II record.

There are some negative trends in the tropics at altitudes
⇠ 30–35 km (⇠ 15 hPa). This feature (see also Eckert et al.,
2014 and Gebhardt et al., 2014) is seen in all data sets though,
in most cases, this is not statistically significant in individual
data sets. It is also obvious that there are many differences
in the trends calculated from the various data sets, e.g. in the
shape of the trends in the upper stratosphere. Some of these
result from different ways of merging the data, others from
differences between instruments used in a merged data set
(e.g. resolution, sampling). These issues are discussed fur-
ther in Tummon et al. (2015). The large trends at the higher
latitudes in the SAGE–GOMOS record are probably a result
of sampling issues (Kyrölä et al., 2013; Laine et al., 2014).
Differences are more obvious in this period as more instru-
ments are used, the length of the record is a little shorter, and
the trend signal is smaller.
Figure 6 shows ozone trends for 1998–2012 as a func-

tion of altitude for the same three latitude bands (35–60� S,
20� S–20� N, and 35–60� N) as in Figs. 2 and 4. The top
two rows show the results calculated using the same PWLT
analysis as in Fig. 4. The lowest panel contains the trends
for shorter time series which are calculated using a single
linear trend. As a result, the ozonesondes show a positive

trend at lower altitudes in the mid-latitudes in both hemi-
spheres when calculated with the PWLT, but the northern
mid-latitude trend becomes zero with the single linear trend
model. In addition, trends are shown for the ground-based li-
dar, microwave, and FTIR (Fourier transform infrared spec-
troscopy) instrument latitude band averages. More ground-
based and ozonesonde records are available for this period
than for the period prior to 1997 as a result of the develop-
ment of NDACC, but there are still not enough to consider
them truly representative of the latitude band, especially in
the tropics and the southern mid-latitudes. While the lack of
a continued negative trend in the upper stratosphere is clear,
there is again a hint of a positive trend when all the records
are considered. The negative trend at ⇠ 30 km in the tropics
is less clear than in Fig. 5 where it is confined principally to
the region between 10� S and 10� N.
The uncertainties calculated for the trends should include

the uncertainties resulting from interannual variability, but
this is inevitably less true for shorter records. We investigate
the importance of this using GOZCARDS data, with the re-
sulting ozone trends shown in Fig. 7. These trends are calcu-
lated by using each January between 1997 and 2002 as the
point of inflection in the piece-wise regression. For 1979–

www.atmos-chem-phys.net/15/9965/2015/ Atmos. Chem. Phys., 15, 9965–9982, 2015
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Figure 6. Ozone trends for the period for 1998–2012 derived from satellite and ground-based data sets. The latitudinal coverage of the
satellite data sets is shown in Fig. 5. The trends are calculated with a piecewise linear trend regression and the error bars show the 95%
confidence level calculated using the standard deviation of the residual noise. The ground-based trends result from a small number of stations
in each latitude band (see text) and therefore should be treated with caution. Trends in the upper two rows are calculated with the PWLT
model, while those in the bottom row are calculated with the single linear-trend model.

the mean trend estimates from the various satellite data sets
were taken into account. The resulting range is designated the
“possible range”. This method is referred to as the joint dis-
tribution approach (the J-distribution approach). The ranges
for halocarbon lifetimes produced by the two approaches are
quite different. For example, the best estimate for the life-
time of CFC-11 was 52 years with a “most likely” range of
43–67 years (SWM distribution) and a “possible range” of
35–89 years (J distribution) (Ko et al., 2013).
In this study, we combine trends calculated from merged

sets of observations of the same real quantity (O3) from dif-
ferent platforms, so the comparison is not 100%. However,

the similarities in the amount of rigorous knowledge of the
uncertainties are such that we have adopted the samemethod-
ologies to combine the results of the time series modelling of
the satellite data sets shown in Figs. 4 and 6. The resulting
trends and their 95% uncertainties are shown in Fig. 8. The
SWM- and J-distribution approaches are represented by the
dark blue and red lines, respectively. The underlying trend
estimates from Figs. 4 and 6 are shown in the thin grey lines.
There is very little difference in the estimated mean trends,
but the uncertainties are substantially larger for the J distri-
bution than for the SWM distribution. In other words, the
possible range is noticeably larger than the most likely range.
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Figure 8. Ozone trends derived from combining the satellite trend estimates shown in Figs. 4 and 6 for the periods before 1998 (top row)
and after 1998 (bottom row). The pre-1998 trends are calculated from the trends for 1979–1997 for the two SBUV records and GOZCARDS
together with 1984–1997 trends for SAGE–OSIRIS, SAGE–GOMOS and SWOOSH. The post-1998 trends are calculated from all the
satellite data sets analysed here. The error bars show the 95% confidence level calculated in three ways. The thick blue lines show the central
estimates and their associated most likely range for the ozone trends found by propagating the individual trend errors assuming the SWM
distribution. The light blue line, based on the same analyses, additionally includes a term for the possible drift of the overall observing system
(Hubert et al., 2015). The thick red lines show the possible range for the ozone trends calculated assuming the J distribution. See text and Ko
et al. (2013) for more details. The conversion to a common pressure scale of trends derived from instruments whose natural measurement
coordinate is altitude was made using MERRA temperature profiles.

Looking at the different approaches together, the trends
seen in the upper stratosphere before 1997 in all three latitude
bands are negative and statistically significant. Small positive
trends are seen in the period after 1998: they are significant
when assuming the SWM distribution but not when assum-
ing the J-distribution or drift-adjusted SWMdistribution. The
differences between the peak trends in the two periods are
significant for all approaches. In the lower stratosphere, the
differences in the trends are insignificant, with the trends in
the later period being close to zero.

4 Discussion and summary

Trends are reported for a number of data sets for the periods
before and after the peak in EESC in 1997. The findings for
the period prior to 1997 are broadly similar to those reported
elsewhere with decreases in the upper stratosphere at all lat-
itudes and in the lower stratosphere over mid-latitudes. The

values found here at 45 km for the combined SAGE I/II data
set (1979–1997) are slightly larger than those found else-
where for the SAGE II data set (Remsberg, 2014; Damadeo
et al., 2014) and those for the merged data sets which rely
primarily on SAGE II in this period (Kyrölä et al., 2013;
Bourassa et al., 2014; Tummon et al., 2015). There is rea-
sonably good agreement in the lower stratosphere where the
trends using just SAGE II measurements, i.e. from 1984, are
smaller than the ones reported here starting in 1979. Consid-
erable benefits would be gained if the SAGE I record could
be revised to be consistent with the SAGE II record without
having to use the altitude correction fromWang et al. (1996),
as it would lead to better knowledge of the changes in ozone
in the lower stratosphere in this early period.
Looking at the second half of the record, it is clear that the

downward trend in upper stratospheric ozone has not con-
tinued and it is likely that there has been an increase since
1998. However, there is disagreement about both the size and
the statistical significance of that increase. In particular, we
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Figure 8. Ozone trends derived from combining the satellite trend estimates shown in Figs. 4 and 6 for the periods before 1998 (top row)
and after 1998 (bottom row). The pre-1998 trends are calculated from the trends for 1979–1997 for the two SBUV records and GOZCARDS
together with 1984–1997 trends for SAGE–OSIRIS, SAGE–GOMOS and SWOOSH. The post-1998 trends are calculated from all the
satellite data sets analysed here. The error bars show the 95% confidence level calculated in three ways. The thick blue lines show the central
estimates and their associated most likely range for the ozone trends found by propagating the individual trend errors assuming the SWM
distribution. The light blue line, based on the same analyses, additionally includes a term for the possible drift of the overall observing system
(Hubert et al., 2015). The thick red lines show the possible range for the ozone trends calculated assuming the J distribution. See text and Ko
et al. (2013) for more details. The conversion to a common pressure scale of trends derived from instruments whose natural measurement
coordinate is altitude was made using MERRA temperature profiles.

Looking at the different approaches together, the trends
seen in the upper stratosphere before 1997 in all three latitude
bands are negative and statistically significant. Small positive
trends are seen in the period after 1998: they are significant
when assuming the SWM distribution but not when assum-
ing the J-distribution or drift-adjusted SWMdistribution. The
differences between the peak trends in the two periods are
significant for all approaches. In the lower stratosphere, the
differences in the trends are insignificant, with the trends in
the later period being close to zero.

4 Discussion and summary

Trends are reported for a number of data sets for the periods
before and after the peak in EESC in 1997. The findings for
the period prior to 1997 are broadly similar to those reported
elsewhere with decreases in the upper stratosphere at all lat-
itudes and in the lower stratosphere over mid-latitudes. The

values found here at 45 km for the combined SAGE I/II data
set (1979–1997) are slightly larger than those found else-
where for the SAGE II data set (Remsberg, 2014; Damadeo
et al., 2014) and those for the merged data sets which rely
primarily on SAGE II in this period (Kyrölä et al., 2013;
Bourassa et al., 2014; Tummon et al., 2015). There is rea-
sonably good agreement in the lower stratosphere where the
trends using just SAGE II measurements, i.e. from 1984, are
smaller than the ones reported here starting in 1979. Consid-
erable benefits would be gained if the SAGE I record could
be revised to be consistent with the SAGE II record without
having to use the altitude correction fromWang et al. (1996),
as it would lead to better knowledge of the changes in ozone
in the lower stratosphere in this early period.
Looking at the second half of the record, it is clear that the

downward trend in upper stratospheric ozone has not con-
tinued and it is likely that there has been an increase since
1998. However, there is disagreement about both the size and
the statistical significance of that increase. In particular, we
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Figure 8. Ozone trends derived from combining the satellite trend estimates shown in Figs. 4 and 6 for the periods before 1998 (top row)
and after 1998 (bottom row). The pre-1998 trends are calculated from the trends for 1979–1997 for the two SBUV records and GOZCARDS
together with 1984–1997 trends for SAGE–OSIRIS, SAGE–GOMOS and SWOOSH. The post-1998 trends are calculated from all the
satellite data sets analysed here. The error bars show the 95% confidence level calculated in three ways. The thick blue lines show the central
estimates and their associated most likely range for the ozone trends found by propagating the individual trend errors assuming the SWM
distribution. The light blue line, based on the same analyses, additionally includes a term for the possible drift of the overall observing system
(Hubert et al., 2015). The thick red lines show the possible range for the ozone trends calculated assuming the J distribution. See text and Ko
et al. (2013) for more details. The conversion to a common pressure scale of trends derived from instruments whose natural measurement
coordinate is altitude was made using MERRA temperature profiles.

Looking at the different approaches together, the trends
seen in the upper stratosphere before 1997 in all three latitude
bands are negative and statistically significant. Small positive
trends are seen in the period after 1998: they are significant
when assuming the SWM distribution but not when assum-
ing the J-distribution or drift-adjusted SWMdistribution. The
differences between the peak trends in the two periods are
significant for all approaches. In the lower stratosphere, the
differences in the trends are insignificant, with the trends in
the later period being close to zero.

4 Discussion and summary

Trends are reported for a number of data sets for the periods
before and after the peak in EESC in 1997. The findings for
the period prior to 1997 are broadly similar to those reported
elsewhere with decreases in the upper stratosphere at all lat-
itudes and in the lower stratosphere over mid-latitudes. The

values found here at 45 km for the combined SAGE I/II data
set (1979–1997) are slightly larger than those found else-
where for the SAGE II data set (Remsberg, 2014; Damadeo
et al., 2014) and those for the merged data sets which rely
primarily on SAGE II in this period (Kyrölä et al., 2013;
Bourassa et al., 2014; Tummon et al., 2015). There is rea-
sonably good agreement in the lower stratosphere where the
trends using just SAGE II measurements, i.e. from 1984, are
smaller than the ones reported here starting in 1979. Consid-
erable benefits would be gained if the SAGE I record could
be revised to be consistent with the SAGE II record without
having to use the altitude correction fromWang et al. (1996),
as it would lead to better knowledge of the changes in ozone
in the lower stratosphere in this early period.
Looking at the second half of the record, it is clear that the

downward trend in upper stratospheric ozone has not con-
tinued and it is likely that there has been an increase since
1998. However, there is disagreement about both the size and
the statistical significance of that increase. In particular, we
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Figure 8. Ozone trends derived from combining the satellite trend estimates shown in Figs. 4 and 6 for the periods before 1998 (top row)
and after 1998 (bottom row). The pre-1998 trends are calculated from the trends for 1979–1997 for the two SBUV records and GOZCARDS
together with 1984–1997 trends for SAGE–OSIRIS, SAGE–GOMOS and SWOOSH. The post-1998 trends are calculated from all the
satellite data sets analysed here. The error bars show the 95% confidence level calculated in three ways. The thick blue lines show the central
estimates and their associated most likely range for the ozone trends found by propagating the individual trend errors assuming the SWM
distribution. The light blue line, based on the same analyses, additionally includes a term for the possible drift of the overall observing system
(Hubert et al., 2015). The thick red lines show the possible range for the ozone trends calculated assuming the J distribution. See text and Ko
et al. (2013) for more details. The conversion to a common pressure scale of trends derived from instruments whose natural measurement
coordinate is altitude was made using MERRA temperature profiles.

Looking at the different approaches together, the trends
seen in the upper stratosphere before 1997 in all three latitude
bands are negative and statistically significant. Small positive
trends are seen in the period after 1998: they are significant
when assuming the SWM distribution but not when assum-
ing the J-distribution or drift-adjusted SWMdistribution. The
differences between the peak trends in the two periods are
significant for all approaches. In the lower stratosphere, the
differences in the trends are insignificant, with the trends in
the later period being close to zero.

4 Discussion and summary

Trends are reported for a number of data sets for the periods
before and after the peak in EESC in 1997. The findings for
the period prior to 1997 are broadly similar to those reported
elsewhere with decreases in the upper stratosphere at all lat-
itudes and in the lower stratosphere over mid-latitudes. The

values found here at 45 km for the combined SAGE I/II data
set (1979–1997) are slightly larger than those found else-
where for the SAGE II data set (Remsberg, 2014; Damadeo
et al., 2014) and those for the merged data sets which rely
primarily on SAGE II in this period (Kyrölä et al., 2013;
Bourassa et al., 2014; Tummon et al., 2015). There is rea-
sonably good agreement in the lower stratosphere where the
trends using just SAGE II measurements, i.e. from 1984, are
smaller than the ones reported here starting in 1979. Consid-
erable benefits would be gained if the SAGE I record could
be revised to be consistent with the SAGE II record without
having to use the altitude correction fromWang et al. (1996),
as it would lead to better knowledge of the changes in ozone
in the lower stratosphere in this early period.
Looking at the second half of the record, it is clear that the

downward trend in upper stratospheric ozone has not con-
tinued and it is likely that there has been an increase since
1998. However, there is disagreement about both the size and
the statistical significance of that increase. In particular, we
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•  beVer	  data	  selec?on	  
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O3,	  H2O,	  Brewer-‐Dobson	  Circula?on,	  tracers	  (chemical	  &	  dynamical)	  
	  
What	  to	  ensure?	  
Stability,	  reduced	  uncertain?es,	  clear	  error	  analysis,	  beVer	  resolu?on	  near	  
tropopause,	  	  
	  
What	  to	  aim	  for?	  
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Are	  the	  cold	  winters	  gePng	  colder?	  
What	  drives	  interannual	  variability	  in	  
polar	  vortex?	  	  

B:	  Scien?fic	  Uses	  
Process	  understanding:	  polar	  ozone	  

	  

Important	  for:	  
	  	  Understanding	  polar	  ozone	  loss	  
	  	  Stratospheric	  role	  in	  weather	  



B:	  Scien?fic	  Uses	  
Process	  understanding:	  monsoon	  

	  
Tracers	  suitable	  for	  
monsoon	  studies	  
Improve	  exis?ng	  ones	  and	  
develop	  new	  ones	  
CO,	  par?cles,	  CH4,	  H2O	  
isotopes	  
	  
Uncertain2es…..	  	  

Fadnavis	  et	  al.,	  ACP,	  2014	  



•  Need	  to	  quan?fy	  transport	  of	  O3	  from	  stratosphere	  into	  troposphere	  
•  ~~~50%	  of	  tropospheric	  O3	  is	  from	  stratosphere	  

•  Aim	  to	  understand	  interannual	  variability	  as	  well	  as	  provide	  mean	  for	  
benchmark	  period	  

•  Obviously	  O3,	  but	  also	  other	  tracers	  at	  high	  resolu?on	  (CO,	  H2O….)	  
where	  there	  is	  a	  strat:trop	  contrast	  

B:	  Scien?fic	  Uses	  
Process	  understanding:	  tropospheric	  O3	  budget	  

	  



B:	  Scien?fic	  Uses	  
Process	  understanding	  

	  
•  water	  entry	  to	  stratosphere	  and	  the	  stratospheric	  tape	  recorder	  
•  polar	  ozone	  variability	  
•  monsoons	  	  
•  trop	  O3	  budget	  
•  par?cle	  proper?es?,	  	  
•  downward	  propaga?on?	  
•  special	  products,	  e.g.	  during	  aircraa	  campaigns?	  	  
	  
ozone,	  H2O,	  CO,	  other	  tracers	  with	  different	  sources	  life?mes	  	  
	  



	  
•  model	  valida?on	  
•  data	  assimila?on	  
•  combined	  model	  /	  measurement	  studies	  
	  
	  
	  

C:	  Use	  with	  models	  
	  



Standard	  devia1on	  of	  the	  mul2-‐instrument	  mean	  (MIM)	  mul2-‐annual	  mean	  datasets	  for	  O3,	  H2O,	  CH4,	  
N2O,	  CFC-‐11,	  CFC-‐12,	  CO,	  HF,	  and	  SF6	  (color	  contours).	  The	  black	  contour	  lines	  in	  each	  panel	  represent	  
the	  MIM	  trace	  gas	  distribu2on	  for	  each	  species.	  The	  number	  of	  instruments	  included	  is	  given	  by	  the	  
right-‐hand	  grey	  bar.	  	  

Start	  with	  
climatologies,	  but	  
do	  not	  stop	  there	  

Process	  valida?on	  

C:	  Use	  with	  models	  
Model	  valida?on	  	  

	  



	  
	  
hVp://www.met.reading.ac.uk/ccmi/	  
	  
Real	  value	  in	  making	  2000-‐2020	  an	  observa?onal	  benchmark	  in	  order	  to	  
improve	  CCMs	  (whether	  nudged	  or	  not)	  
	  
but…….	  need	  to	  define	  what	  is	  meant	  

C:	  Use	  with	  models	  
Model	  valida?on	  	  



Can	  meteorological	  data	  (+	  models)	  enhance	  the	  composi?on	  measurements?	  
Can	  composi?on	  measurements	  enhance	  meteorological	  reanalyses?	  
	  
•  Benchmark	  period,	  not	  whole	  of	  past	  record	  	  
•  Tracers	  can	  improve	  stratospheric	  circula?on	  
•  Assimilated	  MIPAS	  N2O,	  CH4	  data	  gives	  beVer	  comparison	  with	  ACE-‐FTS	  
•  Stratospheric	  ozone	  radia?ve	  coupling	  important	  (including	  surface	  T)	  

Radiances?	  
	  

C:	  Use	  with	  models	  
Data	  assimila?on	  	  



Timeline	  of	  high	  ver2cal	  resolu2on	  satellite	  Upper	  Troposphere	  /	  Stratosphere	  
observa2ons.	  Ver2cal	  black	  lines	  indicate	  design	  life2me	  /	  end	  of	  prime	  mission;	  hatching	  
indicates	  poten2al	  extended	  mission	  opera2ons.	  	  
	  
Courtesy	  Nathaniel	  Livesey	  (NASA-‐JPL)	  
	  

Define	  a	  benchmark?	  	  



Twin	  approach	  
1.  Core	  measurements	  (ECVs)	  

•  Improve	  quality	  and	  resolu?on	  
•  Ensure	  rigorous	  uncertainty	  analysis	  and	  clarity	  for	  user	  
•  Stability	  cri?cal	  
•  Complementary	  to	  other	  measurements	  
•  MLS	  AURA	  probably	  best	  current	  satellite	  instrument	  

•  how	  to	  extend/	  improve	  /	  add	  informa?on	  

•  Ground	  measurements	  
•  best	  calibrated	  in	  principle	  

	  
2.  Trace	  species	  for	  scien?fic	  studies	  

•  Improve	  exis?ng	  ones	  
•  Develop	  new	  ones	  

So	  what?	  


