Reply to Reviewer #4

We thank the Reviewer #4 for the positive review and insightful remarks.

General Comments
The authors argue that during the Canada wildfire season in 2023, uplifting of smoke
into the lower stratosphere was mainly caused by a WCB mechanism rather than by
diabatic heating (and self-lofting) of air masses laden with smoke particles. However,
is pyroCb activity still required for the WCB mechanism to effectively raise particles
into the lower stratosphere?

According to our findings, the PyroCb activity is not required for the WCB to effectively
rise lower-tropospheric smoke to UTLS. The pyroCb uplift is primarily driven by deep-
convective process augmented by the energy of combustion as explained in Sect. 3.7.
Otherwise said, while the pyroconvection may generate short-term (yet massive) cross-
tropopause overshoots, the WCB acts to gradually lift the warm airmasses into the
upper troposphere, which can eventually penetrate into the stratosphere.

In order to clarify the swiftness of the pyroCb process (in contrast to WCB), the
respective text has been revision in the Discussion and summary section:

“The pyroCb development occurs on a scale of a few hours and can drive a volcano-like
injection of smoke-icy cloud at the tropopause level (Peterson et al., 2018). With the WCB, the
aerosols enter the stratosphere already well mixed and diluted.”

In the meteorological WCB circulation over the region, what was the lowest altitude
at which smoke particles could have entered the conveyor belt? Were smoke plumes
not associated with pyroCb activity high enough?

The MOCAGE simulation was initialized with smoke injections at or below 2 km
altitude, i.e. without any account for pyroCu or pyroCb events whatsoever as mentioned
in Sect. 2.9. The ability of the model to reproduce this transport based solely on
meteorological reanalysis supports the physical realism of WCB-driven cross-
tropopause transport.

If diabatic heating is not at all necessary in the WCB mechanism, in order to breach
through the upper troposphere smoke particles need to be carried by the WCB
circulation.

As a matter of fact, the isentropic mass exchange across the mid-latitude tropopause
(e.g., through tropopause folds) is a well-established process that does not require
external radiative forcing. In this context, the upper-level circulation associated with a
WCB is expected to modify the tropopause structure on synoptic scales, thereby
facilitating cross-tropopause exchange.



The following text has been added into the Discussion and summary section:

Our results are consistent with cross-tropopause smoke transport in WCBs being
predominantly meteorologically driven, while diabatic self-lofting likely plays only a
secondary role under the relatively low aerosol concentrations observed. Differences in
smoke radiative properties may influence lofting efficiency; however, radiative transfer
simulations suggest that the absolute concentration of absorbing aerosols is the primary
factor. That said, the role of radiatively-driven diabatic self-lofting of smoke in the upper
troposphere requires further investigation.

Does the WCB circulation always penetrates the lower stratosphere? If so, some
discussion on this point is necessary. If not, at what altitudes were smoke particles
delivered and how did they cross into the lower stratosphere?

The vertical extent of a WCB-driven uplift depends on the environmental synoptic
conditions and it is conceivable that the preponderance of WCB do not reach the
tropopause levels. However, in the cases observed in 2023 demonstrate that such a deep
WCB uplift from the lower troposphere (~2 km) is possible.

If the WCB mechanism can efficiently lift smoke particles into the lower
stratosphere, it should be able to do the same with other particulate species. Is
there any evidence of non-black/brown carbon aerosols carried into the lower
stratosphere by this process?

There exists evidence for the WCB-driven uplift of desert dust up the tropopause levels.
The phenomenon is termed dust-infused baroclinic storm (DIBS) (Fromm et al., GRL,
2016), which is cited in our paper.

The authors argue that lifting timescales differ between diabatic self-lofting and
WCB-driven injection of stratospheric smoke. Are the altitudes of injection also
different? Would a stratospheric smoke layer delivered by WCB be lower than one
delivered through diabatic self-lofting? If so, could this difference be used to
constrain the lifting process?

There might be a misunderstanding. We refer to diabatic self-lofting with regard to
highly-concentrated smoke plumes directly injected into the UTLS by pyroCbs. As
discussed in Sect. 3.7, “The vertical pathway and its timescale determine the properties and
further evolution of stratospheric plumes. With the WCB, the aerosols enter the stratosphere
already well mixed and diluted. The low concentration of aerosols in the WCB plumes
transported across the tropopause limits the degree of internal heating and thereby does not

’

favor their diabatic self-lofting in the stratosphere, typical for intense pyroCb plumes..." .

The altitude of smoke layer can provide a clue on the uplift mechanism however to

constrain it, one has to track the smoke plumes in time and space from their source
location and dispose of information on the pyroCb events. That being said, a smoke
layer several kilometers above the tropopause may be unambiguously linked with a
massive pyroCb injection followed by diabatic self-lofting in the stratosphere.



Minor corrections:

A number of citations have extra parentheses. For example, on line 20 "(e.g.
(Khaykin et al., 2020; Peterson et al., 2021)." Other occurrences appear throughout
the text.

On line 300: "...were linked respectfully to..." -> "..were linked respectively to..."?0n
line 661: "...in terms of the emitted power" should be "...in terms of the emitted
energy", since the quantity isa "TW h".

All the above correction applied.



