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Many thanks to the reviewer for the comments which have have helped to improve the clarity of the manuscript.

In the following, we address all the points raised in the review (denoted by italic letters). Text changes in the

manuscript are highlighted in red or blue.

Summary: The authors present a model study of zonally resolved pathways of interhemispheric

transport (IHT) for air originating at the surface and arriving in the NH/SH upper troposphere and lower

stratosphere. The contribution of different source regions (NH, SH, tropics) is quantified using air mass frac-

tions for inert trace gas pulses in either region. It is concluded that the Asian summer monsoon affects IHT

from the NH to the SH by interacting with westerly ducts, driving an interhemispheric asymmetry in IHT.

Major comments

1 The motivations/justifications for the study remain somewhat elusive, making the novelty of the study and

of the results unclear at times. The introduction lists mechanisms that have been proposed to explain

IHT; what is new in the current approach? Does the current approach confirm existing literature, or

does it expand on it? The introduction does not make a particularly good case for the need to answer

the questions listed at L79-80. In order to make the study accessible to more readers, it may be useful to

answer these basic/naive questions:

– Are processes linked to IHT expected to be different from processes linked to transport within a given

hemisphere?

– What is the magnitude of the bias introduced to the composition of e.g. the stratosphere by the assump-

tion that NH and SH have the same boundary conditions?

After the comments on non zonally averaged pathways in the introduction, it was unexpected to be

presented with zonally averaged pictures in the first figure (figure which is associated with commentary

about non zonally averaged pathways nonetheless). Some reorganization would be helpful. Side note:

I would stay away from listing the Hadley circulation itself as a mechanism for IHT (L49)– rather, I

would mention the migration of the ITCZ across the equator.

A. We agree that the link between the introduction and questions addressed in the study was not so clear.

We revised the introduction entirely, including the Reviewer’s remarks, and the questions addressed in our

study.

We present the results from both zonally resolved and zonally averaged calculations to address different

questions. To get the global view of the contributions from the three source regions, we present the zonally

averaged results. Later we present the zonally resolved results in Fig. 7 and Fig. 8 to explore the pathways

of inter-hemispheric transport. We reorganized the text and tried to clarify the purpose of using both zonal

mean and zonally resolved diagnostics in the revised manuscript.

Also the formulation regarding the mechanism related to Hadley cell is revised as suggested.

2 Some aspects of the methods and how they are applied lack discussion. Much needed details in the

methods are glossed over. Setting tracer concentrations to zero in the boundary layer outside the region

of origin (L103) necessarily means that IHT pathways that go through the boundary layer will not be
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visible in the AMFs. This is an issue for direct comparison with previous literature, and it must be

discussed. Is it possible to leave the boundary layer unperturbed, or perhaps to use parcel trajectories to

address this caveat?

What are the decay rates used for the 40 inert tracers (L100)? Do the different transit times mentioned

at L104 refer to different transit time distributions implied by different decay rates?

The tropics and extratropics are often separated using 30◦ N/S, but some discussion of the reasons why

this threshold is used in this study is still needed. 30.0◦ is an arbitrary number after all. Some discussion

about regions where 30◦ N/S is more or less suitable to separate tropics from extratropics would also

be welcome. How much would your results vary if using e.g. 25◦ N/S? Would there be substantial

benefits/caveats to defining the tropics using a dynamical, zonally resolved boundary?

A. Yes, we agree that our model setup in the boundary layer is different from previous studies. In our

study, the pulse tracer mixing ratios are set to one in the boundary layer of the source region, and are set to

zero in the boundary layer outside of the initialization region in every time step. This boundary condition

eliminates the cross-equatorial transport from the NH extratropical surface to the intertropical convergence

zone (ITCZ) and then ascent over the tropics and SH subtropics as discussed in Orbe et al., 2016. On the

other hand, our boundary condition allows us to separate the contribution of the direct ascent in the NH and

of the related IHT in the upper levels (mainly through the TTL). We show that the related cross-equatorial

transport from the NH extratropics to the SH during boreal summer and fall driven by the convective

outflow, Asian monsoon, and westerly ducts contributes more than half of the total abundance of NH

extratropical air in the UTLS in the SH. The relative importance of the inter-hemispheric transport through

the ASM pathway compared to those over Atlantic and Pacific seems to be stronger in our study than in

Orbe et al. (2016, c.f. their Fig. 5f-j). Although the model setup is different, we find some similarities

between previous studies and our results. We include detailed comparisons to previous literature in the new

manuscript (P14, P17, P18, P20, and P21).

The tracers used in our study are inert pulse tracers without decay. Different transit times mean that the

boundary tracers are pulsed in different time.

The threshold of 30.0◦ is a common choice to separate tropics from extratropics (e.g. Fueglistaler et al.,

2011) as it divides the Earth’s surface into equal areas of both regions, and further coincides approximately

with the horizontal transport barriers of the subtropical jet cores. We include the reason in the revised

manuscript. The results from different domains around 30◦ N/S (e.g. 25◦ N/S) require sensitivity studies,

which are computationally intensive for our climatological study. We compare our results with Orbe 2015

et al, who separate the domains to NH (10-90◦ N), SH (10-90◦ S), and tropics (10◦ S-10◦ N), and find that

the contributions from the NH to the global stratosphere are comparable to those from the SH. Hence,

the asymmetric features are more significant in high latitude. Defining the tropics with dynamical and

zonally resolved boundary is beneficial to study the transport from the tropics to the global atmosphere,

which is also computationally intensive and beyond the scope of this paper. We mainly focus on the inter-

hemispheric transport between NH extratropics and SH extratropics.

3 The interpretation of some results needs more discussion: in the present model setup, there is virtually

no NH to SH transport during Dec-May (figure 7 and associated text). Why is this? This result differs

from existing literature (see e.g. Orbe et al. 2016) and needs to be further discussed, especially in light

of the model setup having zero tracer concentration in the boundary layer outside the NH source region.
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Given the maps in figure 9, the coupling between the ASM and westerly ducts must be altitude dependent

with transport occurring either in the upper troposphere or in the lower stratosphere. This distinction is

generally absent in the study and should be included.

A. The AMF from December to May is nearly zero in our study, which is different from the previous re-

sults (e.g. Holzer, 2009 and Orbe et al, 2016). This is likely caused by the model setup in our simulations

with the species set to zero in the boundary layer outside of the origin region, which eliminates the cross-

equatorial transport from NH extratropical surface to the ITCZ region and then ascent over the tropics and

SH subtropics. The suppressed convection in NH (sub)tropics in boreal winter can not lift the NH extra-

tropical air to high altitude likely causing the lack of inter-hemispheric transport during winter. Detailed

comparisons are included in the revised manuscript (P14, P17, and P18).

We agree that the coupling effect between ASM and westerly ducts is time and altitude dependent. The

interaction between ASM and westerly ducts mainly drives the inter-hemispheric transport during autumn

in the UTLS due to the coincidence of the westerly ducts and a significant amount of NH air at UTLS

levels, which was transported upwards by the ASM during the previous months. This coupling effect plays

an important role in the inter-hemispheric transport from summer to autumn at the altitude level between

350 K and 370 K. The coupling effect between ASM and westerly ducts during summer is different from

the interaction during autumn. The interaction between ASM and westerly ducts happens at the same time

during summer and transports the NH extratropical air to the SH. The coupling effect during autumn refers

to the transport driven by the ASM during summer and the inter-hemispheric transport through westerly

ducts during autumn. We separate the statements regarding different altitudes and season and include this

point in the revised manuscript (P18 and P19).

4 In general, I would raise the question whether the proposed approach with AMFs allows to state mech-

anisms the way they are, e.g. L362-363 “[. . .] coupling with the ASM and causing strongest cross-

equatorial transport”. Can we be sure that it is the coupling between the westerly ducts and the ASM

that causes IHT, only using maps of AMFs and meteorological composites? Perhaps more discussion

would help clear this up.

A. Indeed, it is difficult to prove the existence of the coupling in a strict way, however we think the presented

results provide strong evidence for its existence. We state the cross-equatorial transport driven by the

coupling of ASM and westerly ducts based on the evolution of AMFs. We also include a new figure (Figure

RL 1) in the revised manuscript to depict the coupling effect. Westerly ducts in the UTLS (350-380 K)

are strongest in January and weakest in September (please see Figure RL 1). However, we find that the

largest inter-hemispheric transport happens in September (please see Fig. 7 in the manuscript) with neither

the strongest ASM nor the strongest westerly ducts. The largest amount of NH extratropical air (highest

AMFs) are transported to the UTLS over southern ASM region, Pacific, and Atlantic in September by the

ASM circulation and eddy shedding before crossing the equator (Figure RL 1). And they are larger than the

AMFs in July (strongest ASM) and in January (strongest westerly ducts), which again suggests that neither

the westerly ducts nor the ASM alone determines cross-equatorial transport.

Figure RL 2, Figure RL 3, and Figure RL 4 respectively show the monthly evolution of young (< 3 months)

AMFs on the 340 K, 370 K, and 420 K isentropic surface from May to December. Almost no air can be

driven by the westerly ducts directly from the NH extratropical surface into the SH bypassing the ASM. All
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Figure RL 1: Longitude-potential temperature cross-section along the equator of monthly mean zonal wind over-

plotted with the monthly zonal mean of NH extratropical young (< 3 months) AMF (contours) over the domain

of [6◦ N, 20◦ N] during 1999-2017.

the NH extratropical air over the westerly ducts in the east Pacific and east Atlantic is originally from the

ASM region few months before. But this coupling effect is time and altitude dependent like we discussed

above. The interaction between ASM and westerly ducts mainly drives the inter-hemispheric transport

during autumn in the lower (e.g. 340 K) and upper edge (e.g. 420 K) of the ASM anticyclone. The coupling

effect works from summer to autumn in the altitude with strong ASM anticyclone (350 K-370 K).

Minor edits/suggestions (At random and non exhaustive for the time being. More comments

can be provided on a revised manuscript):

– L17: “the ozone” → “ozone”.

A. It’s revised.

– L21-22: “Although most [. . .] by the BD circulation” is redundant with the previous sentence.

A. It’s revised.

– L22-25: “significant contributions [. . .] Wu et al., 2018)” this sentence needs a verb.

A. The verb is added.
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Figure RL 2: A snapshot of the monthly mean horizontal distribution of the NH extratropical origin young (< 3

months) air on the 340 K isentropic surface from May to December. Streamlines show horizontal winds.

– L32-33: “the anthropogenic” → “anthropogenic”, “the natural” → “natural”.

A. It’s removed.

– L68-69: “showed that the mean AoA [. . .] is around 1.4 years.” Do you mean that the mean difference

in AoA between NH and SH near-surface is 1.4 years?

A. We mean that the mean AoA from the NH midlatitude surface to the SH midlatitudes surface is around

1.4 years, not the mean difference between NH and SH. Although the mean difference in AoA between NH

and SH near-surface is around 1.4 years in Waugh et al., 2013 based on the calculation of SF6 because the

mean AoA in the NH is nearly zero.

– L79: “preferential/favored” pick one.

A. "preferential" is removed.
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Figure RL 3: Same as Figure RL 2 but on the 370 K isentropic surface.

– L83: “tropics” → “the tropics”. “NH extratropics” → “the NH extratropics”.

A. "the" is added.

– L100: “120 inert pulse trace gas species” → “120 pulses of inert trace gas species”.

A. It’s revised.

– L123: “total sum” → “sum”.

A. "total" is removed.

– L132: Figure 1 shows zonally averaged results, yet the Asian summer monsoon is discussed here. This

is in line with my comment about the motivations for the study: if mechanisms have been proposed to

explain this zonally average picture, what is new here?
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Figure RL 4: Same as Figure RL 2 but on the 420 K isentropic surface.

A. The previous studies did not show the contributions of air from both the NH extratropics and the SH ex-

tratropics (30-90◦ N/S). The asymmetric features of inter-hemispheric transport between two hemispheres

are more significant compared to previous studies, which highlight the difference between the NH extrat-

ropics and SH extratropics. The absolute contributions from the extratropics and the asymmetric features

are new compared to previous study. Asian summer monsoon is referred to explain the asymmetric fea-

tures. We confirm the impact of Asian summer monsoon on the inter-hemispheric transport and introduce

our findings step by step. In the end, we propose the effect of interaction between ASM and westerly ducts.

– L171: same comment as L132.

A. Previous studies did not quantify and explain the impact of ASM on the transport of NH extratrop-

ical boundary air to the NH extratropical lower stratosphere. There was no study comparing the inter-

hemispheric transport from the NH extratropics to the SH with the inter-hemispheric transport from the SH

extratropics to the NH. The contributions and patterns of transport are also different from previous studies
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despite the similarities.

– L173: the striking feature in Figure 3 did not strike me until L173!

A. We think that the seasonality of NH extratropical air in the global stratosphere is comparable to the

seasonality of corresponding tropical air, and they are about five times of the seasonality from the SH

extratropics. The positive anomaly of NH extratropical air in the NH extratropical and tropical lower

stratosphere is significant. This positive anomaly also occurs in the SH subtropical troposphere. These

results shown in Fig. 3 are quite new and striking. Previous studies show the contributions from the SH

and NH are comparable. Our study shows more significant asymmetric features in the inter-hemispheric

transport.

– L344: “patches” → ”latitude bands”.

A. It’s revised.

– L351: “rendering” → “making” or rephrase using “granting”.

A. It’s revised.

Comments on figures:

• Generally: all captions could be shortened significantly and made clearer (see examples below). Scaling

and offset factors might advantageously be avoided or made much more obvious. Many axis labels are

actually repeated in white font, which takes up space that could rather be used to make the figures more

legible. See for instance Figure 1 and 3 where the “Latitude [deg]” label is repeated in panels (a) through

(i).

A. The captions are shortened as suggested. The “Latitude [deg]” label is not repeated in panels (a) through

(i) in Figure 1 and 3. Do you mean "Pot. temperature [K]"? Most figures are edited.

• Figure 1: please use a color scheme that does not saturate as much. To save space and make the figure

clearer: put letter labels inside the panels and do not repeat the y-axis labels on each panel. Use larger

coordinate ticks on all axes. I initially did not realize that the color scheme was scaled/offset for each

region, and I think this may be a source of confusion for the reader. Using separate color scheme may

be necessary. Otherwise, show the scaling factor (×0.2) and the offset factor (+94) in bold, much larger

font. I suggest showing “×1” for the NH. The caption could be shortened by removing information made

available in the text or in the figure itself: "Average zonal mean AMF (1999-2017) originated from the

NH, SH, and tropics (columns) for each season (rows). The white line is the WMO tropopause. The

color scheme is for the NH; scaling and offset factors are provided for the SH and tropics. AMFs for

each region add up to ∼1."

A. We tried many color schemes before, this one shows best visibility of transport and contributions from

the source regions. We edit the figure and shorten the caption in the new manuscript.

• Figure 2: add a colorbar and units for the streamfunction. Line up the black contours with the color

shading for clarity. The title can be shortened to something like “Average residual mean mass stream-

function (1999-2017, color shading with a subset of values highlighted in black contours). The grey line
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is the WMO tropopause. White contours show potential temperature levels in kelvins. The black arrows

illustrate the upwelling in the Hadley circulation and the shallow branch of the BDC.”

A. The figure and the caption is revised as suggested.

• Figure 3: same comments as for Figure 1. For the caption I would suggest “Average (1999-2017) zonal

mean AMF departure from the annual average. Note the scaling factor for the SH (0.2). The absolute

AMF contributions from Figure 1 are shown as black contours. Grey contours show the mean zonal

winds. The black line is the WMO tropopause.”

A. The figure and the caption is revised as suggested.

• Figure 8: highlighting the equator with a colored line would be useful.

A. The figure and is revised as suggested.

• Figure 9: using less color shades would help read the wind speed map.

A. The figure and is revised as suggested.
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