Dear Stefano, ACP,

We thank both reviewers for their thoughtful and insightful comments that have considerably
improved the manuscript. We provide our responses to reviewer’s comments below and describe
changes made to the manuscript. Any other changes to the manuscript not noted here are purely
editorial. The reviewer’s comments are copied below in italics, with our responses in below and our
modifications to the manuscript in quotes. In our revised manuscript, the modified text is shown
using track changes, and the modified figures are highlighted.

Referee #2

The paper makes use of a global co tracer to track changes in advection patterns between
present and future climate. The tracer has a fixed decay of 50 days. In this way the total CO mass is
the same in both present and future climate, and any changes in in CO can be attributed to changes
in advection. This is an innovative use of tracers that can single out effects from pure advection pro-
cesses as opposed to the combined effects of advection and chemistry etc in chemical tracer models.
A major portion of the CO tracer is from biomass burning emitted in the tropics. Similar studies using
purely anthropogenic tracers emitted at mid. latitudes are referred to in manuscript. In this way this
study complements previous studies.

We thank the reviewer for their positive comments.
Major comments/suggestions:

I wonder if the zonally averaged figures (Figure 2-3, 6-7) would have been easier to interpret if the
distance between the latitudes and the vertical axis had been scaled by mass?

We have thought carefully about this comment. However we have not followed this
recommendation for the following reasons. 1) Scaling by mass would further highlight the tropics
and the surface features of the CO-tracer in response to climate change there, which we feel are
clear enough in our zonal-mean plots, but this scaling would capture less well the climate-change
related features in the northern mid-latitudes near the tropopause which is an important result that
we highlight. Moreover, we compare these prominent features of the CO-tracer response to climate
change with results from previous studies such as Fang et al. (2011), that do not scale by mass.
Hence we feel our comparison with previous studies would be less clear if we did scale by mass.

Reading the paper the reader really has to keep the tongue straight in the mouth in order to follow
all the effects of seasonal sources, convection etc. Maybe this is how it has to be, but could some
sort of illustration/table help? Just a suggestion to be considered: Maybe a table or bar figure in
section 2, "Data sets and methods" (page 4 - 5) with seasonal emissions split by region and natural vs
anthropogenic emissions would help in the interpretation? The table/figure could in some way also
be supplied with for example arrows of varying length, indicating the convective strength as this is a
key feature in the interpretation of the data?

We thank the reviewer for their suggestions. We feel the best way to highlight the connections
between the seasonality in emissions and seasonality in convection is to add to Figure 1 a line to
show the position of the ITCZ in the different seasons. We also explored the use of a multi-model
mean contour of convective mass flux, but this was too noisy so we retained a line to display the
ITCZ position. We have added the following text to section 2 “Data Sets and Methods” and to the
caption of figure 1:



Page 5 line 32: “The location of these emission peaks in relation to the position of the Intertropical
convergence zone (ITCZ) can be clearly seen (Fig 1). “

“Figure 1.....panels).The dashed line shows the approximate position of the Intertropical
Convergence Zone (ITCZ) in the different seasons.”

We also feel this addition to Figure 1 makes the existing text in section 3.1 (page 7 line 5) and
thereafter, where we highlight connections between emissions and dynamical seasonal patterns and
co-location, clearer to understand.

On page 12 the authors state that this study presents a clear and robust picture of the effect of
climate change on the transport of pollution from major emission source regions. This is not quite
true, as the major sources in this study are located in the tropics. This is partially true for CO, but not
necessarily true for other air pollutants.

We agree our study highlights the major CO sources in the tropics and their interactions with deep
convective lofting; however we do also highlight the ubiquitous decrease in CO-tracer in most of the
troposphere due to climate change. We have revised the text in the manuscript to highlight these
points.

Page 7 line 27: “In general, in both winter and summer, CO-tracer mixing ratios decreases are
ubiquitous throughout most of the troposphere.”

Page 13 line 10: “Nevertheless, this multi-model study presents a clear and robust picture of the
effect of climate change on the transport of pollution from major emission source regions, in
particular from biomass burning regions in the tropics that are strong CO sources, and how this
effect varies seasonally as governed by the seasonal location of the ITCZ and biomass burning
emissions sources.”

The authors should also state more clearly what knowledge has been gained, and in what way this
study may improved out understanding of future air quality (and short lived climate forcers). Could
there for instance be any potential feedback mechanisms to climate?

We are unable to discuss potential feedback mechanisms to climate as the chemistry-climate model
simulations did not include this two-way interaction between chemistry and radiation. Without
explicitly including this interaction in the model set-up we could not reliably discuss feedbacks to
climate. We agree that the last sentence of the manuscript could be much clearer about knowledge
gained, and our understanding of future air quality and we thank the reviewer for this suggestion.
We have added additional text to the last paragraph of the discussion and conclusions:

Page 13, line 17: “Hence, transport changes alone in the absence of stricter emissions controls, may
reduce future air quality in the vicinity of emission source regions especially in the tropics, due to
reductions in vertical transport and dispersion by deep convection. However, this study examines
the impacts of climate change on transport alone, whilst future air quality will also be greatly
influenced by climate-driven changes in chemistry and by future changes in emissions. Future multi-
model comparison studies would benefit from a larger suite of meteorological variables that enable
a more detailed diagnosis of the large-scale dynamical responses to climate change. Such improved
dynamical attribution in tandem with tracer transport studies will permit a fuller quantification of
the response of global air pollution transport to greenhouse gas warming.”

Minor corrections



Starting with the introduction (page 2) | see that for several citation the reference year in the text
and the reference list don’t match. Starting from page 2 (Introduction): TF- HTAP 2011 (2010), Kang
etal. 2014 (2013), Cooper et al. 2002 (2004), Langford et al. 2014 (2015) Hwan Seo et al. 2014 -
should it be Seo et al. 20147 Year in text and year in reference list in brackets. Please double check,
and use the correct year both places. NB! | have only checked the first page, and leave it to the
authors to check the rest of the manuscript.

We thank the reviewer for noting these citation errors. We have modified the text and checked
throughout.

Page 3, line 10 Bengsson or Bengtssen (as in reference)?
Amended to that in the reference.
Page 4, Confusing use of "one model" (line 18) and models in lines 19 - 23.

Re-phrased (now page 4, line 20) to: “The aim of this paper is to explore the robustness of the
changes in transport found in the single-model studies described above, across an ensemble of
CCMs...”

Referee #3
Overview.

The authors compare present-day day air pollution transport patterns with projected end-of-21st-
century conditions. For this purpose, seasonally-averaged volume mixing ratio fields of an artificial
tracer simulated by four chemistry-climate-model of the ACCMIP project are inter-compared. The
tracer has a 50-day lifetime and is emitted using present-day anthropogenic and biomass burning CO
emissions. The authors find a general decrease in tracer concentrations in the troposphere and an
increase near the tropopause in the simulation of all models. The authors attribute this mainly to
reduced convection in the tropics and an increase in tropopause height. The results agree across the
four models and also with previous studies.

General comments

The work is a scientifically sound study of the impact of climate change. Decrease in convective
activity, increase in tropopause height as well as weakening but increase in extend of the Hadley
circulation is a climate response simulated by many CCMs. Showing the impact on concentration
patterns as presented in the study is a step further in understanding the impact of these circulation
changes.

We thank the reviewer for their positive comments.

The relevance and novelty aspect of the study could be enhanced by elaborating in more detail the
agreement but also the disagreement with the studies from the literature, many of them mentioned
in the introduction. Please include this in the conclusion section.

This is a good point. We have carefully gone through the manuscript and clarified further the
agreement and disagreement with previous studies. We have highlighted a further novelty of our
study being it examines seasonal transport patterns and their robustness across multiple models.

We have added more detail on agreement by providing quantitative estimates of decreases in CO-
tracer mixing ratios in the free troposphere to compare with previous studies and discussing
decreased convective mass fluxes in our study alongside findings by Held and Soden (2006) and



Abalos et al. (2017). We have emphasised in the discussion and conclusions the higher tropopause
height, and the poleward shift in zonal-mean winds and transport that have been outlined in
sections 3.2 and 4.2.

The following additions have been made to the text:
a) in terms of highlighting novelty:

Page 4, line 20: “The aim of this paper is to explore the robustness of the changes in transport found
in the single-model study described above, across an ensemble of CCMs participating in the recent
Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP) using a globally
emitted CO-tracer (Lamarque et al., 2013), and to quantify for the first time seasonal transport
changes in response to climate change and their dynamical attribution.”

Page 11, line 27: This study quantifies the seasonal variation and the robustness of changes in
transport under climate change. “

b) in terms of highlighting agreement and disagreement:

Page 3, line 29: “This study also showed...and a 25% lower tropospheric average tracer mixing ratio.”
(referring to Holzer and Boer 2001).

Page 7, line 32: “Fang et al. (2011) also find substantial decreases in annual-mean CO-tracer
concentrations in the free troposphere (-2 to -12% at 400 hPa) but...”

Page 12, Discussion and conclusions, line 4: “The relative changes in annual-mean CO-tracer mixing
ratios at the surface and in the free troposphere are of similar magnitude to those reported by Fang
et al. (2011) using the GFDL-AM3 model. Somewhat larger decreases in tropospheric-average
idealised tracer mixing ratios of 25% were reported in 2100 by Holzer and Boer (20001) under a
different climate change scenario...”

Page 9, section 3.2, line 27: “A robust feature across all of the models is an overall reduction in
convection, as reported by Held and Soden (2006), in response to climate change ...”

Page 12, Discussion and conclusions, line 13: “..., in agreement with tropical convective mass flux
reductions diagnosed by Held and Soden (2006). However, in contrast to our findings, Abalos et
al.(2017) suggests decreases in convection mass fluxes are limited to ~5km.”

Page 12, Discussion and conclusions, line 22: “The higher tropopause is a robust finding across
climate change studies (e.g. Kang et al. 2014; Vallis et al. 2015).”

Page 12, Discussion and conclusions, line 25: “A poleward and upward shift in zonal-mean winds is
consistent across the four models and noted in previous studies (e.g., Orbe et al. 2015).”

The presented study focuses a lot on the tropics. But changes in the transport to the Arctic is also an
important aspect given the impact of black carbon on the radiative forcing. For example Orbe et al.
(2015) and (2013) find enhanced pole-ward transport towards the Arctic. It would be good if the
results of the current study would report more on the change in the poleward transport.

We have considered the role of poleward transport in more detail, although we find in section 4.2
that much of the increase in CO-tracer mixing rations is due to the upward movement of the
tropopause. We have plotted the difference in the vertical integrated CO-tracer column between
2000 and 2100 and find that this quantity increases north of ~30-40°N (as shown below). This shows
that the re-distribution of CO-tracer in the future climate is not purely a vertical redistribution (else



the net column change would be zero), and that some advective poleward transport appear to
occur. However, we have not added this extra figure to the text as we note above that the rise in the
tropopause is the main driver of the CO-tracer increases in this region, although it is not possible to
separate out the effects of these two processes cleanly.
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Figure: Differences in vertically integrated CO-tracer column mixing ratios between the 2090s-2000s for winter
and summer.

We have added further text of finding from Orbe et al. (2013, 2015) to the introduction and main
text in section 3.2. :

Page 3, introduction, line 29: “More recently, Orbe et al. (2015) used idealized tracers of air-mass
origin, as described in Orbe et al. (2013), to track how future increases in greenhouse...”

Page 8, section 3.2, line 5: “The contribution of the rise in the tropopause to the increase in CO-
tracer mixing ratios is explored further in section 4.2. This near-tropopause increase in CO-tracer
mixing ratios in the northern mid to high latitudes is also consistent with future increases in
poleward transport reported by Orbe et al. (2015) based on tracers of air mass origin. Increases in
the vertical integrated CO-tracer column between the 2000s and 2090s between 30°-40°N in all
models also suggests an increase in advective transport poleward, since vertical re-distribution alone
would not produce an increase in the vertical column.”

Also, please show maps from 90S -90N and do not omit the high latitudes.

We have reproduced Figures 4-5 and 8-9 to display 90°S-90°N as requested at the end of these
responses to the reviewers (see pages 14-17). However, there are no additional noteworthy CO-
tracer or convective mass flux patterns at these high altitudes for this mid-tropospheric altitude
range, and hence we prefer to retain the current latitude ranges of 40°S to 60°N for maximum
clarity. We do note that Figures 8, and 9 that show convective mass fluxes, originally had a more



restricted latitude range so we have revised these figures so that the latitude ranges span 40°S to
60°N also.

To avoid misunderstandings, the authors should discuss more clearly the limitations of the study
because of the use of the artificial tracers: i.e. no impact of the photochemistry (loss by OH and
production by VOC) or the precipitation patterns (deposition), and, most importantly, no change in
the emissions.

We have revised the text in the introduction to read more clearly:

Page 2, line 9: “To understand how these changes will influence future pollutant distributions, it is
therefore important to disentangle the relative impacts of changes in transport and chemistry as
well as future emission changes. The focus of this study is to quantify climate change impacts on
atmospheric transport.”

We have added the following text to the discussion and conclusions where we discuss our results in
the context of air quality as requested by reviewer 1.

Page 13, line 17: “Hence, transport changes alone in the absence of stricter emissions controls, may
reduce future air quality in the vicinity of emission source regions especially in the tropics, due to
reductions in vertical transport and dispersion by deep convection. However, this study examines
the impacts of climate change on transport alone, whilst future air quality will also be greatly
influenced by climate-driven changes in chemistry and by future changes in emissions.”

The end-of-century volume mixing ratios appear overall lower than the volume mixing ratios of the
present day runs. But the total burdens should be the same ( p6 11). It would be good if you could
confirm the mass conservation and explain in more detail how the burden was redistributed. A
comment on the mass conservation of the SL-advection scheme of STOC-HadAM3 might also be
helpful.

The global average tracer burdens are given below for the 2000s and 2100s periods in units of of kg-
co/m>.

CMAM 2000s 0.000274696 2100s 0.000274829 difference=0.05%
GISS 2000s 0.000273159 2100s 0.000273218 difference =0.02%
UM-CAM 2000s 0.000270511 2100s 0.000270244 difference = 0.1%

STOC-HADAM3 2000s 0.000279364 2100s 0.000277364 difference = 0.7%

We believe these results re-affirm very-near mass conservation across the models, and do not feel
that these differences merit further discussions for STOC-HadAM3.

We have however modified the text to read:

Page 6, line 11: “Note that the monthly-average atmospheric burden of the CO-tracer is nearly
identical for the 2000s and 2090s, as expected....”

The mechanism for the increase in tracer mixing ratios below the tropopause should be better
explained. Is it simply because of the higher tropopause (i.e. the increase occurs near the present day
tropopause) or do differences in stratosphere-troposphere exchange also play a role. Once it is
established that the tropopause is higher from the GCM run, it is somewhat a trivial finding that
tropospheric mixing ratio for primary tracers are increased at the same height.



Our results in Figure 11 suggest that indeed it is simply the higher tropopause is the main cause
increase in CO tracer mixing rations near and below the tropopause. We also suggest there may be a
potential minor role for enhanced poleward transport based on an increase in the vertically
integrated CO-tracer column poleward of ~ 30°N. However, Figure 11 shows this would not be more
than a few ppb at most. We do not have any diagnostics to determine the role of STE, although
Abalos et al. (2017) note this process also to be influenced by the displacement of the tropopause.
However, we expect that with a 50-day lifetime there will be not be that much of the CO-tracer
reaching the stratosphere, hence the amount of CO-tracer in the future might actually decrease with
that mechanism if there is more downward transport of low CO values from the stratosphere.

We have added text to section 3.2:

Page 11, line 11: “Therefore, much of the CO-tracer increase near the tropopause that occurs in the
future arises from a rise in tropopause height, as reported in Fang et al. (2011) and also by Abalos et
al. (2017) using the €90 tracer....This also suggests that the impacts of enhanced poleward and
upward transport in the northern mid-high latitudes near the tropopause on CO-tracer mixing ratios
(section 3.2) are largely outweighed by the impact of the rise in tropopause; although these effects
may be inter-related.”

We have also revised the text in the Discussion and conclusions, to read:

Page 12, Line 23: “The strong increases in CO-tracer concentrations in the vicinity of the tropopause
are mainly due to a higher tropopause under greenhouse gas warming, whereby this region has low-
CO stratospheric air for present-day and higher-CO in tropospheric air in the future, in accord with
Fang et al. (2011). A poleward and upward shift in zonal-mean winds is consistent across the four
models and noted in previous studies (e.g., Orbe et al. 2015). Resultant enhanced poleward
transport may also contribute in a minor fashion to CO-tracer increases in the future near the
tropopause in the northern mid-latitudes; and changes in eddy mixing may also have an impact.
However, all these processes may be inter-related such that it is not possible to discern the impacts
of individual processes on CO-tracer mixing ratios. “

Page 12, line 32: “Further diagnostics to allow more detailed dynamical insights would be most
useful to probe the relative contributions of different large-scale dynamical processes including
stratosphere-troposphere exchange, alongside other aspects of the Hadley Circulation...”

Specific comments:

P 1L 24, |think the weaker Hadley cell is a result of the GCM calculations, i.e. a given for this study
So please consider rephrasing “.. in turn reflect...“ to “...causes...”

We have not been able to diagnose the Hadley circulation directly as we do not have the v wind
component for calculation of the streamfunction, hence we are unable to make this definitive
statement.

P1 L25 Please add a sentence on the mechanism of increase in tracer because of increase in
tropopause height.

The following text has been added to the abstract:
Page 1, line 26: “...rise in tropopause height enabling lofting to higher altitudes”

P2 L19-L27 This is more relevant for ozone and not so much for transport of primary pollutants.
Consider shortening or omitting it.



Agreed. The paragraph has been shortened (and one reference removed) to:

Page 2, line 19: “Descent from the lower stratosphere and upper troposphere to the mid-
troposphere can occur in the dry intrusion airstreams of cyclones (e.g. Langford et al., 2015;
Knowland et al. 2015). This is also the main mechanism for stratosphere—troposphere exchange of
ozone that occurs in the mid-latitudes, and which may extend to the surface in regions prone to
deep stratospheric ozone intrusions (Lin et al., 2015). Deep convection is also important for lofting
surface pollution in mid-latitude regions in summer when the landmass is warm.”

P3 L 17 Is this response in ozone caused by transport ? If not please omit.

This sentence relates shifts in storm track position to reduced mid- latitude cyclone frequency to
reduced ozone, so yes this ozone response is caused by changes in transport. We have added
“ozone” to the start of this sentence for clarity:

Page 3, line 13: “In terms of ozone pollution transport...”

P3 L 23 Please discuss the impact of changes in stratosphere-troposphere exchange for the tracer
transport

This text has been revised/added:

Page 3, line 19: “Ozone transport from the lower stratosphere to the troposphere will also be
influenced by future changes in stratosphere-troposphere exchange, which is expected to increase
under greenhouse gas warming owing to a strengthening of the Brewer Dobson circulation in the
stratosphere, leading to higher ozone mixing ratios in the mid-to upper troposphere (Butchart and
Scaife, 2001; Neu et al. 2014). Higher concentrations of tracers of stratospheric origin in the
tropical/sub-tropical troposphere have been found due to enhanced stratosphere-troposphere
exchange in a future warmer climate (Abalos et al. 2017).”

P3 131 Please add also Orbe et al. (2013).

Now page 3, line 30: Added.

P4 129 Please add also information about the different convection schemes of the 4 Models
The following text has been added and references included:

Page 5, line 1: “Deep convection schemes used by the models are based on two main
parameterisations: Gregory and Rowntree (1990) for GISS-E2-R, UM-CAM and STOC-HadAM3 and
Zhang and McFarlane (1995) for CMAM. In addition STOC-HadAM3 uses Collins et al. (2002) to
derive using convective mass fluxes the probability of a parcel being subject to convective transport.
Although these two parameterisations are based on a mass flux approach, there can be a wide
spread in simulated convective mass fluxes within a single parameterisation (Scinocca and
McFarlane 2004; Lamarque et al. 2013). In addition, how the transport of the CO-tracer is
implemented will influence the impacts of the convection schemes.”

P5 L19 Please state the temporal resolution of the GFED 2 data

Now page 5, line 27: Text amended to: “and monthly average biomass burning emissions”. We have
also updated the GFED v2 web-link in the paper.

P7 L4 Please add a discussion here how the present-day CO tracers compare to actual CO. The NH CO
maximum occurs in April, which seems not the case for tracer.



A description of actual CO occurs just below this text on lines P7, L17-20. Here we have added the
following text to discuss the season cycle of the CO-tracer and actual CO:

Page 7, line 20: “The seasonality of the CO-tracer and CO are fairly similar, with a more pronounced
winter peak in the tropics in the CO-tracer in the mid-troposphere. The relative changes in CO-tracer
mixing ratios are largest in the tropics and during winter and smaller in summer. Henceforth, the
focus is on findings for boreal winter and summer.”

P7 L5 It is not clear that lower values do not deserve consideration. The changes could be even
stronger. Please elaborate on this. MAM is the maximum of present day CO.

"We thank the reviewer for noting this point. We erroneously stated that the absolute
concentrations of the CO-tracer were lower during spring and autumn. We have revised the text
accordingly describing the seasonality in absolute and relative (difference between 2090s-2000s) of
the CO-tracer (as shown below for UM-CAM). We also add text to outline that the peak differences
the CO-tracer occurs in winter in the tropics and smaller differences occur in summer, which was our
rationale for focussing on these two seasons. We initially had shown all four seasons but found the
figures too repetitive:

Latitide
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o

Figure: Annual cycle in CO-tracer mixing ratios at 500 hPa in UM-CAM for the 2000s (top) and the differences
2090s-2000s (bottom).

Page 6, line 17: “In the tropics, the largest CO-tracer mixing ratios occur during boreal winter (DJF),
hereinafter winter, (Fig. 2) compared to boreal summer (JJA), hereinafter summer (Fig. 3). In the



northern mid-latitudes CO-tracer mixing ratios are largest in boreal spring and in the southern mid-
latitudes in boreal autumn. Elsewhere CO-tracer mixing ratios have a fairly uniform seasonal cycle.”

Page 7, line 20: “The seasonality of the CO-tracer and CO are fairly similar, with a more pronounced
winter peak in the tropics in the CO-tracer in the mid-troposphere. The relative changes in CO-tracer
mixing ratios are largest in the tropics and during winter and smaller in summer. Henceforth, the
focus is on findings for boreal winter and summer.”

P7 L23 Please clarify if this is the thermal present-day tropopause or the tropopause for the
respective time slice. How does the thermal tropopause relate to a "tracer" tropopause?

We have clarified in the methods section that a thermal tropopause is calculated for present-day
and future and added a clarification to section 3.2 as requested that we are discussing the present-
day tropopause.

Page 6 line 3: “The tropopause is defined separately as an average for the 2000s and the 2090s as
the lowest model level at which the lapse-rate decreases to...”

Page 8, line 3: “Future CO-tracer mixing ratios also increase substantially by ~2-6 ppb (~10-25%) near
the present-day tropopause and into...”

We have added text in the methods to discuss that lapse rate tropopause has been shown to
compare well to the e90 tracer tropopause, and added appropriate references.

Page 6, line 4: “Studies have shown the lapse rate or thermal tropopause approximately coincides
with a 90-day e-folding tracer tropopause which is used to distinguish stratospheric and
tropospheric air (Prather et al. 2011; Abalos et al. 2017).”

P8 L9 Please discuss also the changes at high latitudes. (see Orbe et al. 2013)

As discussed in the general comments above, we have added further text on mid to high latitude
changes to section 3.2:

Page 8, line 6: “This near-tropopause increase in CO tracer mixing ratios in the northern mid to high
latitudes is also consistent with future increases in poleward transport, as reported by Orbe et al.
(2015) based on tracers of air mass origin. Increases in the vertical integrated CO column between
the 2000s and 2090s between 30°-40°N in all models also suggests an increase in advective
transport poleward, since vertical re-distribution alone in this region would not produce an increase
in the vertical column.”

P8 L17 From all ACCMIP models or only the four discussed here ?

Text revised (now page 9, line 8) to: “from the four ACCMIP model simulations”.

P8 L18 For the present-day or end-of-century runs ?

Text revised (now page 9, line 5) to: “For present-day, during both winter and summer...”

P8 L20 Please provide more explanation for the up to factor 4 differences in the convective fluxes by
the models. Is it driven by the meteorological input (i.e. T profile) or the specifics of the
parametrisation.

It is difficult to provide a conclusive explanation for these differences. Even if the large-scale
temperature profiles were the same across the models there may still be differences in the
behaviour of convective mass fluxes across the models. In response to an earlier comment for
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details on the convection schemes we added text from Scinocca and McFarlene (2004) that shows
that even using a single convective parameterisation there can be a wide spread in behaviour due to
implementation details. In previous work we have also noted large differences in convective mass
fluxes simulated by different models (e.g., see fig 1. Doherty et al. 2005, Atmos. Chem. Phys.) We
have added further text (and included references) to the methods and section 4 to discuss these
points:

Page 5, line 1: “Deep convection schemes used by the models are based on two main
parametrisations: Gregory and Rowntree (1990) for GISS-E2-R, UM-CAM and STOC-HadAM3 and
Zhang and McFarlane (1995) for CMAM. In addition STOC-HADAM3 uses Collins et al. (2002) to
derive using convective mass fluxes the probability of a parcel being subject to convective transport.
Although these two parameterisations are based on a mass flux approach, there can be a wide
spread in simulated convective mass fluxes within a single parameterisation (Scinocca and
McFarlane 2004; Lamarque et al. 2013). In addition, how the transport of the CO-tracer is
implemented will influence the impacts of the convection schemes.”

(section 4, now page 9, line 13): “Substantial differences of a factor of 2-3 in annual-mean zonal
convective mass fluxes simulated across three models (including STOC-HadAM3) were also reported
in Doherty et al. (2005). Since, the same parametrization is used by UM-CAM, HadAM3 and GISS-ER-
2, it may be the specific details of its implementation and interactions with internal parameters
(Scinocca and McFarlane 2004) that cause this large difference in magnitudes across the four CCMs.“

P8 L21 Is there any indication, which of the models simulates more realistic mass fluxes.

The distribution and strength of convection are not well constrained by observations so we cannot
say which models are more realistic. All models will evaluate well for global precipitation patterns,
but yet we see large differences in 3-D convective mass fluxes. In Doherty et al. (2005) we compared
convective mass fluxes from HadAM3 to ERA-40, and found HadAM3 has higher mass fluxes (by up
to a factor of 2) and that convection also generally reaches greater altitudes but it is not obvious that
ERA-40 values reflect the real atmosphere either. It should be noted that even with this factor of
four difference in convective mass fluxes, present-day CO tracer distributions and responses to
climate change are fairly consistent.

P9 L9 Please discuss also the increase in convection north of 60 N in DJF shown in Figure 6.

This is already discussed at P9 L17 now Page 10, line 7. We have inserted “hemisphere” for clarity:
“A strong increase in convective mass fluxes in the northern hemisphere polar latitudes ...in winter”

P10 L10 Please provide a plot of the increase in the thermal tropopause height between present-day
and end-of-century or give some numbers in pressure and height.

The sentence describing the rise in tropopause height refers to figs 2 and 3 that depict this
graphically. In addition we have added the following text

now Page 11, line 2: " The annual-mean multi-model mean tropopause in the 2090s moves upward
by 12.5 hPa in the tropics and 27.5 hPa in the mid-latitudes relative to is position in the 2000s.“

P10 L15 Please discuss Fig 11 in more detail. Is the conclusion based on the fact that dotted and solid
blue lines overlap more than the respective green lines? | am not sure if this is actually the case
especially for the tropics.

Yes, that is correct. We have expanded and revised this text for clarity.
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now page 11, line 9: “Comparison of annual-mean CO-tracer profiles reveals that when vertical CO-
tracer profiles are compared in tropopause relative co-ordinates there is less difference between
present-day and future, unlike when the CO-tracer profiles are plotted relative to pressure.
Therefore, much of the CO-tracer increase near the tropopause that occurs in the future reflects a
rise in tropopause height, as reported in Fang et al. (2011). This is evident for all models, in particular
over the northern mid-latitudes (40°N) near the tropopause.”

We have also revised the Figure 11 caption:

“plotted against altitude in pressure (green) and with distance from the tropopause for the
respective time period (blue).”

P10 L21 The weaker across-the-tropopause gradient is an interesting finding. It should be mentioned
more clearly in the paper, i.e. the conclusions

The weaker gradient response we discuss is within the mid-upper troposphere and is associated with
the changes in zonal-mean winds. We have added the following text to the conclusions:

Page 12, line 26: “Resultant enhanced poleward transport may also contribute in a minor fashion to

CO-tracer increases in the future near the tropopause in the northern mid-latitudes; and changes in

eddy mixing may also have an impact. However, all these processes may be inter-related such that it
is not possible to discern the impacts of individual processes on CO-tracer mixing ratios. ”

P11 L18 Please discuss also the response in the Arctic (compare with Orbe et al. (2013, 2015))
and the hemispheric gradient (Holzerand Boer, 2011)

We have expanded this text to read:

Page 12, line 25: “A poleward and upward shift in zonal-mean winds is consistent across the four
models and noted in previous studies (e.g., Orbe et al. 2015). Resultant enhanced poleward
transport may also contribute...” (see comment above).

In response to reviewer 2 general comments we have added text or reduced tropospheric average
mixing ratios from Holzer and Boer (2001):

Page 12, line 6: “Somewhat larger decreases in tropospheric-average idealised tracer mixing ratios of
25% were reported in 2100 by Holzer and Boer (20001) under a different climate change scenario
and attributed to a higher tropopause.”

P11 L22 Please mention that you found a weaker across-the-tropopause gradient (if this is the case)

As noted above, we did not discuss a cross-tropopause gradient, only a weaker gradient in the upper
troposphere in Fig 11, so we retain only to mention a change in mixing:

Page 12, line 28 “...and changes in eddy mixing may also have an impact.”
Figures 4,5, 8 etc. please show maps from 90S-90N

Please see our response in the general comments. We have reproduced these Figures (see pages 14-
17 of these responses). However, there are no additional noteworthy CO-tracer or convective mass
flux patterns at these high altitudes for this mid-tropospheric altitude range, and hence we prefer to
retain the current latitude ranges of 40°S to 60°N for maximum clarity.

Figure 1 add to caption "for different seasons"
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Added.

Figure 2, please use either present-day or REF not both

Amended to present-day.

Figure 11, please mention that the distance is from the respective tropopause for each time slice.
Added.

Literature: Orbe, C., M. Holzer, L. M. Polvani, and D. Waugh (2013), Air-mass origin

as a diagnostic of tropospheric transport, J. Geophys. Res. Atmos. 118, 1459-1470,
doi:10.1002/jgrd.50133

Added.
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Figure 4 . Top panels within subplots a-d): Present-day (1995-2006) DJF climatological mean CO distribution,
averaged over 400-800 hPa. Bottom panels: 2090-2099 (RCP8.5) - 1995-2006 difference in DJF climatological
mean distributions, wherein black contours denote the present-day climatology. Results are presented for a)
UM-CAM and b) STOC-HadAM3 (top panels) and c) CMAM and d) GISS-E2-R (bottom panels). Grey shading
indicate where results are not significant at p < 0.05 as evaluated with a Student t-test using 10 years of data
for the 2090s (RCP 8.5) and present-day climate simulations. Note the different scales for UM-CAM and STOC-
HadAM3 and for CMAM and GISS-E2-R for the difference plots.
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Figure 5: Same as Figure 4 but for JJA. Note the different scales for UM-CAM and STOC-HadAM3 and for CMAM

and GISS-E2-R for the difference plots.
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Figure 8. Top panels within subplots a)-d): DJF climatological mean convective mass fluxes, averaged over 300-
800 hPa for 1996-2005 (present-day). Bottom panels e)-h): Same, but for 2090-2099 (RCP8.5)- 1996-2005
(present-day) difference, wherein black contours denote the present-day climatology. Results are presented for
UM-CAM and STOC-HadAM3 (top panels) and CMAM and GISS-E2-R (bottom panels). Grey shading indicate
where results are not significant at p < 0.05 as evaluated with a Student t-test using 10 years of data for the
2090s (RCP 8.5) and present-day climate simulations.
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Figure 9. Same as Figure 8 but for JJA. Note the different scales for UM-CAM and STOC-HadAM3 and for CMAM

and GISS-E2-R for the difference plots.
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Multi-model Impacts of Climate Change on Pollution Transport
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Abstract. The impacts of climate change on tropospheric transport, diagnosed from a carbon monoxide (CO)-like tracer
species emitted from global CO sources, are evaluated from an ensemble of four chemistry-climate model (CCMs)
contributing to the Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP). Model time-slice
simulations for present-day and end of the 21* century conditions were performed under the Representative Concentrations
Pathways (RCP) climate scenario RCP 8.5. All simulations reveal a strong seasonality in transport, especially over the
tropics. The highest CO-tracer mixing ratios aloft occur during boreal winter when strong vertical transport is co-located
with biomass burning emission source regions. A consistent and robust decrease in future CO-tracer mixing ratios
throughout most of the troposphere, especially in the tropics, and an increase around the tropopause is found across the four
CCMs in both winter and summer. Decreases in CO-tracer mixing ratios in the tropical troposphere are associated with
reduced convective mass fluxes in this region, which in turn may reflect a weaker Hadley Cell circulation in the future
climate. Increases in CO-tracer mixing ratios near the tropopause are largely attributable to a rise in tropopause height
tropical upper troposphere. An increase in CO-tracer mixing ratios also occurs near the Equator, centred over
Equatorial/Central Africa, extending from the surface to the mid troposphere which is most likely related to localised
decreases in convection in the vicinity of the Intertropical Convergence Zone, resulting in larger CO-tracer mixing ratios

over biomass burning regions and smaller mixing ratios downwind.
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1 Introduction

The transport of pollutants from the atmospheric boundary layer is governed by meteorological processes including deep
convection, Hadley Cell driven overturning in the tropics, mid-latitude cyclones as well as slow low-altitude airflow, small-

scale turbulent mixing and other motions (e.g., Cooper et al. 2011; TF-HTAP 201(Q). Climate change may affect the large-

scale circulation of the atmosphere through the above processes, and hence impact the intercontinental transport of
pollutants. In addition to influencing meteorological transport processes, changes in climate will also modify the atmospheric
chemical environment and pollutant lifetimes. To understand how these changes will influence future pollutant distributions,

it is therefore important to disentangle the relative impacts of changes in transport and chemistry,as well as future emission

changes, The focus of this study is to quantify climate change impacts on atmospheric transport.

In the tropics, the Hadley Circulation determines the location of the intertropical convergence zone (ITCZ) (e.g. Kang et

al. 2013). Deep convection and mean upwelling associated with the Hadley Circulation control transport processes

influencing pollutant distributions. For example, satellite measurements from MOPITT reveal that deep convection during

the Asian summer monsoon carries, pollutants emitted at the surface aloft into the upper troposphere (Kar et al., 2004). Deep

convective transport of biomass burning emissions into the middle and upper troposphere was observed over Brazil during
the TRACE A atmospheric chemistry field campaign experiment (Pickering et al., 1996).
Over the mid-latitudes, ascent of pollution from the surface to the mid-to-upper troposphere occurs along warm conveyor

belt (WCB) airstreams embedded within synoptic-scale mid-latitude cyclones (Cooper et al. 2004, Brown-Steiner and Hess,

2011; Lin et al. 2012). _Dk:scent from the lower stratosphere and upper troposphere to the mid-troposphere can occur in the

dry intrusion airstreams of cyclones (e.g. Langford et al., 2015, Knowland et al. 2015). This is also the main mechanism for
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stratosphere—troposphere exchange of ozone that occurs in the mid-latitudes, and which may extend to the surface in regions

prone to deep stratospheric ozone intrusions (Lin et al., 2015). Deep convection is also important for lofting surface pollution

in mid-latitude regions in summer when the landmass is warm. ,

Changes in climate may jnfluence many of these tropical and mid-latitude transport processes, but the impact of these

future changes on chemical composition remains unclear. In the tropics and subtropics a number of studies have shown a
poleward expansion and weakening of the Hadley Cell circulation in response to future increases in greenhouse gases, which
is most robust in boreal winter (Vecchi and Soden 2007; Lu et al. 2007, Ma et al. 2012, Levine and Schneider 2011;
Williamson et al. 2013; Seo et al. 2014; Kang et al. 2014). While these studies posit that the weakening of the Hadley Cell is

related to a weakening of the meridional temperature gradient between the tropics and sub-tropics, other studies have
invoked thermodynamic constraints to suggest that convective mass fluxes throughout the tropics may decrease in response

to increasing greenhouse gases (Held and Soden, 2006).
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As temperatures increase in the troposphere but decrease in the stratosphere in response to enhanced CO, concentrations,
there is a decrease in static stability close to the tropopause that leads to an increase in its height (Manabe and Wetherald,

1975; Santer et al. 2003; Lorenz and De Weaver 2007; Kang et al. 2013; Vallis et al. 2015). A higher tropopause may also be

associated with a poleward expansion or widening of the Hadley Cell (Lu et al. 2007), but the mechanisms underlying this
change remain unclear.
Over the mid-latitudes, there is a general consensus that the storm tracks will shift poleward in response to future increases

in greenhouse gases, at least in the zonal mean (Yin et al. 2005, Bengtssen et al. 2006, Barnes et al. 2013, Christensen et al.

2013; Shaw et al. 2016). This poleward shift in the mid-latitude storm tracks has been dynamically linked to the weakening
of the Hadley circulation in the tropics (Vallis et al. 2015; Shaw et al. 2016) and to the rise in tropopause height (Lorenz and

De Weaver, 2007). However, the zonally asymmetric and seasonally varying response of mid-latitude storm tracks to forced
climate change is much less robust (Simpson et al. 2014; Shaw et al. 2016), partly due to interannual variability (Deser et al.
2012; Shepherd 2014).

In terms of ozone pollution, transport, this shift in the mid-latitude storm track position has been related to reduced mid-

latitude cyclone frequency leading to increased summertime surface O3 pollution episodes over the eastern USA and Europe
(Mickley et al., 2004; Forkel and Knoche, 2006; Murazaki and Hess, 2006; Leibensperger et al., 2008; Wu et al., 2008),
although other studies do not report such changes in frequency (Racherla and Adams 2008; Lang and Waugh, 2011). The
shift in mid-latitude storm tracks has also been related to changes in regional climate phenomena in particular the North
Atlantic Oscillation (Ulbrich et al. 2009; Christensen et al. 2013), blocking anticyclone frequency (Masato et al. 2013), and
the Pacific Decadal Oscillation (Lin et al., 2014; Allen et al., 2014). Ozone transport from the lower stratosphere to the
troposphere will also be influenced by future changes in stratosphere-troposphere exchange, which is expected to increase
under greenhouse gas warming owing to a strengthening of the Brewer Dobson circulation in the stratosphere, leading to

higher ozone mixing ratios in the mid-to upper troposphere (Butchart and Scaife, 2001; Neu et al. 2014). Higher

concentrations of tracers of stratospheric origin in the tropical/sub-tropical troposphere have been found due to enhanced

stratosphere-troposphere exchange in a future warmer climate (Abalos et al. 2017).

Few studies have explicitly isolated the effects of climate change on pollutant transport from its effects on chemical

processes (e.g. through enhanced chemical reaction rates or changes in natural climate-sensitive emissions). Idealised tracers
from surface sources were used by Holzer and Boer (2001) to show increases in interhemispheric exchange times, mixing

times and mean transit times, between 2000 and 2100. This study also showed that a slightly higher tropopause was

associated with reduced cross-tropopause tracer gradients and a 25% lower tropospheric average tracer mixing ratiq, More

recently, Orbe et al. (2015) used idealized tracers of air-mass origin, as described in Orbe et al. (2013), to track how future

increases in greenhouse gases modify transport patterns extending from the northern midlatitude boundary layer into the
Arctic. Using idealised tracers they diagnosed enhanced poleward transport of the mid-latitude air arising from the poleward

migration of the mid-latitude storm tracks, as outlined above,
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Using a carbon monoxide (CO)-like tracer, which has present-day fossil fuel emissions as its source and loss by reaction
with present-day OH, Mickley et al. (2004) related 5-10% enhancements at the high percentile values of summer CO-tracer
distributions in the United States to reduced cyclone passage across southern Canada under a future 2050 climate compared
to present-day. Several other studies have used idealised CO-tracers emitted from continental sources to investigate climate
variability and change impacts on pollutant transport (Shindell et al. 2008, Doherty et al. 2013, Lin et al. 2014; Monks et. al.
2015). Using a regional CO-like tracer with surface emissions from Asia held constant, Lin et al. (2014) examined the mean
influence of Eurasian pollution over the subtropical North Pacific, influenced by the position of the sub-tropical jet and its
decadal variability. Under the SRES A2 climate forcing scenario for the 2090s compared to the 2000s, distinct dipole
patterns in the changes in surface CO-tracer mixing ratios were interpreted as a response to future shifts in regional
circulations within four continental regions and their outflow locations (Doherty et al. 2013).

A detailed analysis by Fang et al. (2011) used a global CO-like tracer with a first-order 25 day lifetime and global
anthropogenic CO emissions to investigate changes in transport under the SRES A1B scenario between 1981-2000 and
2081-2100 using the GFDL-AM3 chemistry-climate model (CCM). They found that CO-tracer mixing ratios increased at the
surface and decreased in the tropical free troposphere due to reduced convective mass fluxes, and that reduced CO-tracer
mixing ratios in the southern hemisphere were most likely a response to a weaker Hadley circulation and reduced
interhemispheric exchange (Fang et al. 2011). A large increase in CO-tracer mixing ratios near the tropopause was suggested
to arise from the upward migration of the tropopause (Fang et al. 2011). This study focussed on annual-mean distributions.

Similarly, trends in 90-day e-folding (e90) tracer concentrations between 1955 and 2099 have been related to trends in

tropopause height (Abalos et al. 2017).

The aim of this paper is to explore the robustness of the changes in transport found in the single-model study described

above across an ensemble of CCMs participating in the recent Atmospheric Chemistry and Climate Model Intercomparison

Project (ACCMIP) using a globally emitted CO-tracer (Lamarque et al., 2013), and to quantify for the first time seasonal

transport changes in response to climate change and their dynamical attribution. Section 2 describes the models used while

section 3 discusses future changes in CO-tracer mixing ratios (with emissions held constant). Section 4 outlines the transport
processes and circulation changes that most likely drive CO-tracer redistribution under climate change. Discussion and

conclusions are presented in section 5.

2 Data Sets and Methods

In the ACCMIP model intercomparison, four global CCMs included a CO-like tracer emitted from global sources: UM-
CAM, GISS-E2-R, CMAM, and STOC-HadAM3. A description of these models, including their chemistry, transport and
configuration, can be found in Lamarque et al. (2013) and Young et al. (2013). The horizontal resolution of the models
varied between 1.875° by 2.5° and 5° by 5°. Two of the models, UM-CAM and STOC-HadAM3, have the same driving

GCM; however, their advection schemes differ substantially since STOC-HadAM3 is the only model to use a Lagrangian
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approach to simulate transport processes. Deep convection schemes used by the models are based on two main
parameterisations: Gregory and Rowntree (1990) for GISS-E2-R, UM-CAM and STOC-HadAM3 and Zhang and McFarlane
(1995) for CMAM. In addition STOC-HadAM3 uses Collins et al. (2002) to derive using convective mass fluxes the

probability of a parcel being subject to convective transport. Although these two parameterisations are based on a mass flux

approach, there can be a wide spread in simulated convective mass fluxes within a single parameterisation (Scinocca and

McFarlane 2004:; Lamarque et al. 2013). In addition, how the transport of the CO-tracer is implemented will influence the

impacts of the convection schemes. The simulations were performed using decadal-average monthly sea surface temperature
and sea ice concentration distributions for two 10-year periods: present-day (“acchist” simulations) as represented by a
period centred on the year 2000 (1996-2005), and a future projection under the latest IPCC Representative Concentration
Pathway (RCP) RCP8.5 scenario for 2090-2099. Note that each modelling group derived their own set of sea surface
temperature and sea ice fields, typically from a closely-related coupled-ocean GCM. Under RCP 8.5 the increase in global
mean surface temperature between 2081-2100, relative to 19862005 is projected to be 2.6-4.8°C averaged across all (~39)
participating GCMs, (Collins et al. 2013). For the four models used here the global mean surface temperature change
between 1996-2005 and 2090-2099 is 3.1°-4.6°C.

The CO-like tracer was implemented as a chemically inert species with monthly-varying emissions representing all global
anthropogenic and biomass burning CO sources with a first-order decay lifetime of 50 days (Shindell et al., 2008; Fang et al.,
2011; Doherty et al. 2013). This idealised tracer is relatively long-lived such that it can undergo interhemispheric transport
and be used to diagnose how changes in transport from source regions affect the distributions of trace gas species with
similar lifetimes (such as CO and Os). Monthly CO-tracer fields were generated for two 10-year periods (1996-2005 and
2090-2099), and the four models used the same emissions data for 2001 for both time periods. Thus, for each CCM the
differences in CO-tracer mixing ratio distributions between these two periods are due solely to how climate change affects
transport from global emission regions. To establish whether the CO-tracer distributions in the present-day (1996-2005) and
future (2090-2099) periods are significantly different, a Student t-test was performed using the 10 years of annual data for
each period for each model grid cell; a p-value < 0.05 was used to determine statistical significance.

The Task Force for Hemispheric Transport of Air Pollution (TF-HTAP) CO-tracer emissions dataset was used in
ACCMIP, which consists of annual mean anthropogenic emissions for the year 2001 from the RETRO project (Schultz and

average piomass burning emissions (injected into the models at, or near,

Rast 2007; http://www.retro.enes.org) and monthly,

the surface) from GFED version 2 (van der Werf et al. 2006; http://www.globalfiredata.org/). The major source regions for

anthropogenic CO emissions are in the northern mid-latitudes with peak levels in East and South Asia (Fig 1). Unlike the
anthropogenic emissions, the biomass burning emissions feature a strong seasonality, with high values over Equatorial
Africa during December-January-February (DJF), peak values southward of the Equator in South America and Central
Africa in June-July-August (JJA), and a stronger peak value in Southeast Asia during JJA (Fig 1). The location of these

emission peaks in relation to the position of the Intertropical convergence zone (ITCZ) can be clearly seen (Fig 1). Biomass

emissions during March-April-May (MAM) and September-October-November (SON) are significantly weaker (Fig. 1).
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Temperature data from the four CCMs were used to calculate the thermal tropopause following the World Meteorological
Organization (WMO) lapse rate definition as implemented by Reichler et al (2003) for gridded reanalysis data. The

tropopause is defined separately as an average for the 2000s and the 2090s as the lowest model level at which the lapse-rate

decreases to 2°C/km, provided that the average lapse-rate between this level and higher levels does not exceed this. Studies

have shown the lapse rate or thermal tropopause approximately coincides with the €90 tracer tropopause which is used to

distinguish stratospheric and tropospheric air (Prather et al. 2011; Abalos et al. 2017). Convective mass flux and zonal (u)

wind data (available for three of the four CCMs) were,also used for qualitative attribution purposes.

3 CO tracer Redistribution,in Response to Climate Change

The distribution of the CO-tracer in the troposphere under present-day conditions and its redistribution under the RCP8.5
climate scenario are now discussed. Similarities and differences across the four CCMs and with season are highlighted. Note
that the monthly-average atmospheric burden of the CO-tracer is nearly identical for the 2000s and 2090s, as expected given
the specified emissions and lifetime, so that the differences in mixing ratio discussed here result purely from a re-distribution

due to changes in transport.

3.1 Present-day Distributions

For the present-day period (1995-2006), the CO-tracer distributions show the effect of deep convection in the tropics and
synoptic and convective lifting over mid-latitudes. There is a strong seasonality in the CO-tracer distributions, which is
CO-tracer mixing ratios occur during boreal winter (DJF), hereinafter winter, (Fig. 2) compared to boreal summer (JJA),

hereinafter summer (Fig. 3)._In the northern mid-latitudes CO-tracer mixing ratios are largest in boreal spring and in the

southern mid-latitudes in boreal autumn. Elsewhere CO-tracer mixing ratios have a fairly uniform seasonal cycle.

During winter, large CO-tracer mixing ratios are found near the Equator, with decadal-average values of more than 60 ppb
extending from the surface to ~700 hPa, and up to 40 ppb in the mid-upper tropical troposphere in all four CCMs (Fig. 2). In
summer CO-tracer mixing ratios are lower in the tropics and northern extra tropics extending to ~40°N (~40-50 ppb at the
surface and 30-40 ppb in the mid- upper troposphere in the northern hemisphere; Fig. 3) than in winter (Fig 2). In contrast, in
the northern middle and high latitudes CO-tracer mixing ratios are higher in summer (up to 50 ppb near the surface; Fig 3)
than in winter (Fig 2). Note that, while the CO-tracer distribution patterns are fairly similar between the models, there are
some differences. In particular, CMAM simulates slightly lower values in the tropical upper troposphere in winter compared
to the other CCMs (Fig. 2c), while the GISS-E2-R simulation features larger values above 700 hPa over northern mid-
latitudes during summer (Fig. 3d).

The spatial pattern of the CO-tracer averaged over the lower-mid troposphere (400-800 hPa; Fig. 4) is zonally relatively

uniform in winter and is similar across the four CCMs. This pattern also highlights the influence of strong vertical transport
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in the tropics and subsequent horizontal transport of the CO-tracer from its major anthropogenic surface sources over East
and South Asia and biomass burning sources in Equatorial and Central Africa. During summer, the lower-mid tropospheric
CO-tracer patterns are more closely confined to the source region locations over East/South Asia and Central Africa (Fig. 5)
suggesting weaker transport around the middle troposphere than in winter.

The seasonal differences in CO-tracer mixing ratios in the tropics reflect the combined influence of seasonal differences in
biomass burning emissions and in tropical convection. In particular, during winter, when the Intertropical Convergence Zone
(ITCZ) is located in the Southern Hemisphere, the largest emissions from biomass burning originate over Africa near the
equator (Fig. 1). In contrast, during summer, when the ITCZ is located north of the equator, the peak biomass burning
emissions are located further southward (~20°S) (Fig. 1). Thus, in summer tropical convection is weakly collocated with
biomass burning emissions, resulting in lower CO-tracer mixing ratios in the tropical mid-troposphere as a whole and a more
confined region of peak CO-tracer mixing ratios over Central Africa (Fig. 5), compared to winter (Fig. 4). The influence of
the ITCZ position is also seen in the CO-tracer vertical gradient (the ratio of the CO-tracer relative to its value at the surface)
which is shallower in the southern tropics during winter and in the northern tropics in summer (not shown) due to greater
vertical mixing from convective lofting along the ITCZ (section 4.1). Note that seasonal differences related to the transport

of anthropogenic sources in the mid-latitudes may also be important, with strong surface lofting in winter storm tracks

resulting in larger CO-tracer mixing ratios over the northern extratropics during winter (Fig. 4) than in summer (Fig. S)l,

Note that the CO-tracer mixing ratios in this study are higher than those reported by Fang et al. (2011) since we use a

longer lifetime of 50 days yather than 25 days, CO-tracer mixing ratios are fypically lower than modelled or observed real

CO (which is usually more than 100 ppb over source regions) as there is no chemical production of CO-tracer, which

accounts for about half of atmospheric CO (Shindell et al. 2006)._The seasonality of the CO-tracer and CO are fairly similar.

Moved down [2]: Henceforth, therefore, the focus is on findings
for boreal winter and summer.

Deleted: . The concentrations of CO-tracer are significantly lower
during boreal spring (MAM) and autumn (SON) (not shown)
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with a more pronounced winter peak in the tropics in the CO-tracer in the mid-troposphere. The relative changes in CO-

tracer mixing ratios are largest in the tropics and during winter and smaller in summer. Henceforth, the focus is on findings
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for boreal winter and summer.

3.2 Response to Greenhouse Gas Increases

The response of CO-tracer mixing ratios to climate change shows robust features that are statistically significant across the
four CCMs (Figures 2 and 3). This suggests a general consistency in changes in transport between 1995-2006 and 2090-2099
under the RCP 8.5 climate scenario. In general, in both winter and summer, CO-tracer mixing ratios decreases are ubiquitous

Jhroughout most of the troposphere. The largest changes occur in boreal winter with decreases of ~2-6 ppb (~5-10%) in CO-

tracer mixing ratios near the surface at the Equator and especially in the middle to upper tropical troposphere in the tropics
and the northern mid-latitudes (Fig. 2). In contrast, there is a narrow region of increases in CO-tracer mixing ratios of up to 6
ppb (~10%) at ~5-10° N reaching from the surface to the mid-troposphere (and into the upper troposphere in CMAMm
feature is also seen in the annual-mean CO-tracer distributions for the four CCMs (not shown). Fang et al. (2011) also find

substantial decreases in annual-mean CO-tracer concentrations in the free troposphere (-2 to -12% at 400 hPa) but more
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widespread increases (2-7%) in annual-mean CO-tracer mixing ratios near the surface that extend from the Equator to the
northern mid-latitudes. Since the same emission data are used in both studies this difference is likely to arise from model
variability in representing shallow convection and/or advection processes. Future CO-tracer mixing ratios also increase
substantially by ~2-6 ppb (~10-25%) near the present-day tropopause and into the lower stratosphere (where the relative
changes can reach 50%), especially in the tropics and northern mid-latitudes in all the CCMs (Fig. 2). The contribution of the

rise in the tropopause to the increase in CO-tracer mixing ratios is explored further in section 4.2. This near-tropopause

increase in CO-tracer mixing ratios in the northern mid to high latitudes is also consistent with future increases in poleward

transport reported by Orbe et al. (2015) based on tracers of air mass origin. Increases in the vertical integrated CO-tracer

column between the 2000s and 2090s between 30°-40°N in all models also suggests an increase in advective transport

poleward, since vertical re-distribution alone would not produce an increase in the vertical column. Similar difference

patterns occur in summer, except that the narrow region of increase is above the surface and is smaller in magnitude and
vertical extent and is centred south of the Equator, where present-day CO-tracer concentrations peak (coinciding with the
summer biomass burning peak) (Fig. 3). The fractional or relative changes in CO-tracer concentrations between winter and
summer are fairly similar (not shown).

Examining the spatial changes in tropical CO-tracer concentrations in the lower to mid troposphere in relation to the future
increases and decreases described above, a clear dipole pattern emerges across all four CCMs (Figures 4 and 5). In
particular, during winter, there is a large increase centred over Equatorial and Central Africa (the regions with peak biomass
burning) and a decrease south of this of similar magnitude of ~15 ppb (and up to 30 ppb for the region of decrease in UM-
CAM and STOC-HadAM3) (Fig. 4), The area of increase coincides with the increase near the Equator extending from the

surface to the mid-troposphere, seen in Figures 2 and 3 described above. This dipole pattern reflects stronger confinement of

CO-tracer mixing ratios near regions of emissions, flanked by smaller concentrations downwind to the south. Note that,

while the zonally varying pattern of the response in the CO-tracer is characterised by high internal variability, this dipole

pattern is statistically significant across most of its extent in all of the CCMs, However, there are small differences across

models. Similar patterns of change are simulated by the UM-CAM and STOC-HadAM3 CCMs (Figures 4e-f, Se-f) since
they use the same driving GCM. A stronger and more extensive area of increase and a weaker area of decrease is simulated
by the CMAM model in both seasons (Figures 4c, 5c), while GISS-E2-R simulates a weaker area of increase and a more
extensive area of decreases that extends latitudinally across to S. America in winter (Figures 4d). Both CMAM and GISS-

E2-R also depict an area of decrease over East Asia, although these changes are not statistically significant.

4. Potential Drivers of Changes in Transport in a Future Climate

The impact of climate change under the RCP 8.5 scenario on deep convection and on jet-stream locations are outlined here

in relation to the seasonal CO-tracer redistributions described above. The increase in tropopause height under CO, warming
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and its influence on CO-tracer distributions is also elucidated. Modifications to these transport processes have implications
for pollutant transport from major source regions in the future.
4.1 Convection and Jet-streams

The meteorological and physical drivers of the CO tracer mixing ratios and changes due to climate change are examined

using data from the four ACCMIP model simulations. For present-day, dpring both winter and summer, deep convection in

the tropics extends from the surface to ~300_hPa or higher in all four CCMs (Figures 6 and 7). While the magnitude of the
parameterised, convective mass fluxes simulated by CMAM and especially the GISS-E2-R CCM (up to 30x10~ kgm?s™) are
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larger than for UM-CAM and STOC-HadAM3 which are driven by the same GCM (up to 8x10” kgm™s™), the spatial
patterns and seasonalities of convection are consistent across all models (Figures 6 and 7). For example, in the tropics and
subtropics, the strongest convective mass fluxes shift location from 10°-20°S in winter to 10°-20°N in summer as the

Intertropical convergence Zone (ITCZ) migrates south and northwards of the Equator, Convective mass fluxes are also large

in the northern mid-latitudes in winter and in the southern mid-latitudes in summer when the mid-latitude jet-streams are

strongest, but their vertical extent is shallower than in the tropics._Substantial differences of a factor of 2-3 in annual-mean

zonal convective mass fluxes simulated across three models (including STOC-HadAM3) were also reported in Doherty et al.

(2005). Since the same parameterisation is used by UM-CAM, HadAM3 and GISS-ER-2, it may be the specific details of its

implementation and interactions with internal parameters (Scinocca and McFarlane 2004) that cause this large difference in

magnitudes across the four CCMs.

The spatial patterns of convective mass fluxes averaged over the lower to upper troposphere (800 to 300 hPa) highlight the
zonal symmetry of deep convection across the ITCZ, and depict the seasonal migration of the ITCZ within the sub-tropics

(Figures 8 and 9). Hence, as discussed in section 3.1, the large CO-tracer mixing ratios over Equatorial and Central Africa

during winter (Fig. 4) reflect the strong co-location of biomass burning emissions and convection in the Southern
Hemisphere subtropics when the ITCZ has shifted south of the equator. By comparison, lower CO-tracer mixing ratios over
Equatorial Africa during summer reflect both a southward migration in emissions and a northward migration of the ITCZ,
resulting in weaker convective lofting in this region (Fig. 5). The larger CO-tracer mixing ratios at higher altitudes over
northern mid-latitudes during summer simulated by the GISS-E2-R CCM (Figure 2d) may be related to stronger convective
mass fluxes at this altitude (Fig. 7d).

A robust feature across all of the models is an overall reduction in convection, as reported by Held and Soden (2006), in

response to climate change in the 2090s throughout most of the troposphere in both winter and summer (up to 3-5x107 kgm®
%51, ~10-30%) that is slightly larger for UM-CAM and STOC-HadAM3 than the other two CCMs (Figs. 6 and 7). Absolute
and relative changes in convective mass fluxes between winter and summer are similar (not shown). This reduction occurs
both in the tropics and in the extra-tropics, extending to about 40°N/S. The UM-CAM and STOC-HadAM3 CCMslali

feature strong decreases in convection centred at 60°N and 60°S extending vertically from the surface to 700 hPa in both
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seasons. The spatial pattern of the magnitude of convective mass fluxes averaged over the mid-upper troposphere shows the
largest decreases occurring along the ITCZ (including the ITCZ portion over Africa) in both seasons for all CCMs (Figs 8
and 9).

Although convective mass fluxes predominately decrease under greenhouse-gas warming, there are small areas of
increase. Close to the surface in the tropics increases in convective mass fluxes are simulated by the UM-CAM and STOC-
HadAM3 CCMs, but not by the other two CCMs (Figure 6 a-b, 7_a-b). The GISS-E2-R CCM depicts a small band of
increase in convective mass fluxes in the northern hemisphere polar latitudes at the surface extending upwards is also a

consistent model feature in winter, which is most prominent in UM-CAM and STOC-HadAM3, Since this region is not-

collocated with major emissions, these increases in convection have a very small influence on the CO-tracer distributions.

lesser extent, by the CMAM model, (Fig. 8 c-d, 9 c-d). Again, since this area of increase is over the ocean and hence not co-

located with emissions, there is little influence on the spatial patterns of CO tracer concentrations change (Figure 4 c-d, 5_c-
d).

The decrease in convective mass fluxes in the tropics under climate change described above is consistent with the reduced
convective lofting of biomass burning emissions and, hence, decreased CO-tracer mixing ratios in the tropical mid to upper

troposphere in all of the CCMs, Furthermore, reduced convection in the tropics may also explain the dipole pattern of change

in CO-tracer mixing ratios over Equatorial/Central Africa in the lower to mid-troposphere, through greater confinement of

CO-tracer concentrations to the region directly aloft of the surface emissions source (Figure 4 and 5). These changes in CO—

tracer concentrations are primarily determined by the extent of co-location between convective and biomass burning source

regions, and how convection changes over these emission source regions.

Reduced convective mass fluxes in the future may also partly explain decreases in CO-tracer concentrations in the mid-
latitude mid to upper troposphere (Figure 2 and 3), although changes in the mid-latitude storm tracks may also play an
important role in modulating the CO-tracer changes at these higher altitudes. In particular, all of the models feature a
poleward shift in their zonal-mean zonal winds under climate change, as found in previous studies (e.g. Yin et al. 2005; Orbe

et al. 2015), leading to yeductions in zonal-mean winds in adjacent regions of the mid-latitude troposphere, in both seasons

although generally largest in winter (Fig. 10). However, although the broad patterns of change in zonal-mean winds are
similar, there are different magnitudes and patterns of responses across latitude bands for the different models with UM-

CAM and CMAM featuring substantially weaker (~5 ms™'; Fig 10a-b) zonal-mean winds poleward of ~35°S in winter, while
the GISS-E2-R CCM shows weaker (5 ms™'; Fig. 10c) zonal-mean winds poleward of at ~35°N in winter and ~35°N in

summer. In the tropics, the zonal-mean wind response to climate change are rather variable. Other wind component fields

were not archived in the ACCMIP simulations, which prohibits further investigation into the relationship between mid-

latitude jet stream changes and CO-tracer responses over the mid-latitudes.
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4.2 Tropopause Height

Robust increases in CO-tracer mixing ratios near the tropopause in the tropical and northern mid-latitudes in response to

climate change are seen in all four CCMs (Figs 2 and 3). The annual-mean multi-model mean tropopause in the 2090s moves

upward by 12 hPa in the tropics and 27 hPa in the mid-latitudes relative to is position in the 2000s. Previous studies have

attributed similar CO-tracer changes to changes in tropopause height (Fang et al. 2011) which is a robust feature of

greenhouse-gas warming (e.g., Kang et al. 2014), and shown by all four CCMs, [l‘ leted: (Figs2 and 3)

Following Fang et al. (2011), we elucidate the role of an increase in tropopause height in modulating CO-tracer

concentrations by comparing annual-mean profiles of the CO-tracer, plotted relative to the thermal tropopause, for both
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summer, with higher CO-tracer mixing ratios, aloft in winter when biomass burning emissions source regions are located

along the ITCZ.

These absolute changes in CO-tracer mixing ratios, due to climate change are generally larger in boreal winter than in

summer, although relative changes are similar. [The relative changes in annual-mean CO-tracer mixing ratios at the surface

and in the free troposphere are of similar magnitude to those reported by Fang et al. (2011) psing the GFDL-AM3 model,

Somewhat larger decreases in tropospheric-average idealised tracer mixing ratios of 25% were reported in 2100 by Holzer

and Boer (20001) under a different climate change scenario and attributed to a higher tropopause.
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that extends to the mid troposphere, with decreases southwards, which arise from a dipole pattern of adjacent increases and
decreases in CO-tracer mixing ratios over Equatorial and Central Africa — the largest biomass burning emission source
regions.

Convective mass fluxes consistently decrease throughout most of the troposphere in the future in all four CCMs in both

seasons, with the strongest decreases occurring within the tropics along the ITCZ, in agreement with tropical convective

mass flux reductions diagnosed by Held and Soden (2006). However, in contrast to our findings, Abalos et al.(2017

suggests decreases in convection mass fluxes are limited to ~Skm. Decreased convective mass fluxes in our study are

consistent with a weakening of the Hadley Cell jn winter when this feature is robust (Hwan-Seo et al. 2014; Kang et al.

2014; Vallis et al. 2015). The decreases in CO-tracer mixing ratios in the tropical troposphere therefore most likely reflect

reduced convection in the future. Reduced convection in the tropics may also explain the dipole in CO-tracer response that
occurs near the Equatorial and Central Africa, since the seasonal patterns of changes in CO—tracer concentrations in the
tropics are in essence determined by how seasonal changes in convection project onto seasonally-varying biomass burning
emissions. Biomass burning emissions were held constant for present-day and future in this study.

The higher tropopause reported here is a robust finding across climate change studies (e.g. Kang et al. 2014; Vallis et al.

2015). The strong increases in CO-tracer concentrations in the vicinity of the tropopause can be largely attributed to a higher

tropopause under greenhouse gas warming, whereby this region has low-CO stratospheric air for present-day and higher-CO

in_tropospheric air in the future, in accord with Fang et al. (2011), A pdJeward and upward shift in zonal-mean winds_{s
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consistent across the four models_and noted in previous studies (e.g., Orbe et al. 2015). Resultant enhanced poleward

transport may also minorly contribute to CO-tracer increases in the future near the tropopause in the northern mid-latitudes;

and changes in eddy mixing may also have an impact. However, all these processes may be inter-related such that it is not
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DOverall, large-scale dynamical responses linked to changes in the Hadley Cell circulation and their impact on convection,

mid-latitude jets and in tropopause height appear to govern the main features of the redistribution of CO-tracer mixing ratios
between present-day and future simulated by four CCMs in this study. Further diagnostics to allow more detailed dynamical

insights would be most useful to probe the relative contributions of different large-scale dynamical processes_including
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stratosphere-troposphere exchange, alongside other aspects of the Hadley Circulation such as its broadening or poleward

expansion under climate change.

monthly. Hence, it is not possible to examine how CO-tracer concentrations in the mid-latitudes are influenced by changes in
synoptic-scale storm or blocking frequency. Our ability to look further into relationships between the mid-latitude storm

tracks and CO-tracer distributions over middle and high latitudes is also limited by the fact that only zonally-average zonal
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highlights transport associated with the global continental emission source regions, it precludes an in-depth analysis of

regional changes in transport patterns under climate change. ,

Nevertheless, this multi-model study presents a clear and robust picture of the effect of climate change on the transport of

pollution from major emission source regions, in particular from biomass burning regions in the tropics that are strong CO

sources, and how this effect varies seasonally as governed by the seasonal location of the ITCZ and biomass burning

emissions sources. Furthermore, the key roles of reduced convection consistent with a weakened Hadley Circulation in
winter and a higher tropopause in governing transport changes are confirmed. Overall, a reduction in tropical deep
convection under climate change will confine pollution more closely to its surface source regions, potentially reducing inter-

poleward shift in storm track pathways. Hence, transport changes alone in the absence of stricter emissions controls, may

reduce future air quality in the vicinity of emission source regions especially in the tropics, due to reductions in vertical

transport and dispersion by deep convection. However, this study examines the impacts of climate change on transport alone,

whilst future air quality will also be greatly influenced by climate-driven changes in chemistry and by future changes in

emissions. Future multi-model comparison studies would benefit from a larger suite off meteorological variables that enable a

more detailed diagnosis of the large-scale dynamical responses to climate change. Such improved dynamical attribution in

greenhouse gas warming.
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Figure 1. Annual mean anthropogenic CO emissions (kgs™') from fossil fuels (top panel) and seasonal-mean piomass burning CO
emissions for the different seasons (kgs™) (middle/bottom panels). The dashed line shows the approximate position of the Intertropical

Convergence Zone (ITCZ) in the different seasons.
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Figulre 2. Top panels: Present-day (1995-2006) poreal winter (DJF) climatological mean zonal mean CO distribution for a) UM-CAM, b) ——[r d [DR141]: Sort label
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zonal mean CO distribution. Thin black contours denote the present-day DJF climatology. The thick solid and dashed lines represent the
DIF zonally averaged thermal tropopause for present-day and the 2090s (RCP8.5) climatologies. Grey shading indicate where results are

not significant at p < 0.05 as evaluated with a Student t-test using 10 years of data for the 2090s (RCP 8.5) and present-day climate
simulations.
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Figure 3. Same as Figure 2 but for Boreal summer (JJA).
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Figure 4. Top panels within subplots a-d): Present-day (1995-2006) DJF climatological mean CO distribution, averaged over 400-800

hPa. Bottom panels: 2090-2099 (RCP8.5) - 1995-2006 difference in DJF climatological mean distributions, wherein black contours
denote the present-day climatology. Results are presented for a) UM-CAM and b) STOC-HadAM3 (top panels) and ¢c) CMAM and d)
GISS-E2-R (bottom panels). Grey shading indicate where results are not significant at p < 0.05 as evaluated with a Student t-test using 10
years of data for the 2090s (RCP 8.5) and present-day climate simulations. Note the different scales for UM-CAM and STOC-HadAM3
and for CMAM and GISS-E2-R for the difference plots.

23

,,/»’"'[P leted: or REF




(a) UM-CAM (b) STOC-HadAM3

CO-tracer 2000s

[peb]

s
peb] b 20C EETTTIIN (ool

(C) CMAM (d) GISS-EZ-R -30 150 15 30

CO-tracer 2000s CO-tracer 2000s

30 15 0 15 30

40 -
ol 10w "W ot 0 ¢ [XTITITT (rool
ACO-tracer 20905-20005 © 15 30 45 &

68 0 B 16

Figure 5. Same as Figure 4 but for JJA. Note the different scales for UM-CAM and STOC-HadAM3 and for CMAM and GISS-E2-R for
5 the difference plots.
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Figure 6. Top panels: DJF climatological mean zonally averaged convective mass fluxes for present-day (1995-2006) for a) UM-CAM, b) [ Deleted: or REF

STOC-HadAM3, ¢) CMAM and d) GISS-E2-R. The thick black solid line represents the present-day (DJF) zonally averaged thermal

tropopause. Bottom panels: 2090-2099 (RCP8.5) -2000s differences in the DJF climatological mean zonal mean convective mass fluxes.
The thick solid and dashed lines represent the DJF zonally averaged thermal tropopause for the present-day and the 2090s (RCP8.5)
climatologies. Grey shading indicate where results are not significant at p < 0.05 as evaluated with a Student t-test using 10 years of data
for the 2090s (RCP 8.5) and present-day climate simulations. Note the different scales for UM-CAM and STOC-HadAM3 and for CMAM
and GISS-E2-R.
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Figure 7. Same as Figure 6 but for JJA. Note the different scales for UM-CAM and STOC-HadAM3 and for CMAM and GISS-E2-R.
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Figure 8. Top panels within subplots a)-d): DJF climatological mean convective mass fluxes, averaged over 300-800 hPa for 1996-2005
(present-day), Bottom panels ¢)-h): Same, but for 2090-2099 (RCP8.5)- 1996-2005 (present-day) difference, wherein black contours

denote the present-day climatology. Results are presented for UM-CAM and STOC-HadAM3 (top panels) and CMAM and GISS-E2-R
(bottom panels). Grey shading indicate where results are not significant at p < 0.05 as evaluated with a Student t-test using 10 years of data
for the 2090s (RCP 8.5) and present-day climate simulations. Note the different scales for UM-CAM and STOC-HadAM3 and for CMAM
and GISS-E2-R.
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Figure 9. Same as Figure 8 but for JJA. Note the different scales for UM-CAM and STOC-HadAM3 and for CMAM and GISS-E2-R, [ Deleted: for the difference plots

28




5

(a) UM-CAM/
STOC-HadAM3

Au 2090s-2000s DJF

pressure [hPa]

008 605 305 EQ 30N 60N ool

Au 2090s-2000s JJA

pressure [hPa]

Figure 10. Zonal mean zonal wind 2090-2099 (RCP8.5) - 1996-2005 (present-day) differences for DJF (top panels) and JJA (bottom
panels). Results are shown for a) UM-CAM/STOC-HadAM3 (same driving GCM), b) CMAM and c) GISS-E2-R. Black contours denote

the present-day climatology.
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Figure 11. CO- tracer mixing ratio annual-average profiles (ppb) averaged over various latitude bands (40°N, 0, 40°S) for the 2000s
(Present-day),and the 2090-2099 (RCP8.5) for a) UM-CAM, b) STOC-HadAM3, ¢c) CMAM and d) GISS-E2-R plotted against altitude in
pressure {green) and with distance from the tropopause for the respective time period (blue).
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