Response to Referee 1

We thank Referee 1 for the thoughtful and detailed feedback. We appreciate all comments
which clearly helped to improve the manuscript, and we addressed all points in the revised

version. Reviewer comments are in black, answers in green.

General assessment
Reviewer: This is a very well written paper which is easy to understand and I recommend it be
accepted after very minor corrections noted below.

Author response: We thank the reviewer for this positive assessment. We have imple-

mented the suggested minor corrections and clarified several points as detailed below.

Hybrid grid, gravity waves, and ¢,
Reviewer: The hybrid grid used in the tropospheric portion of CLaMS blends kinematic and
isentropic trajectory schemes to get around the conservation problems with potential temper-
ature (6) in the troposphere and surface issues. The advantage of the isentropic schemes is
that they are immune to gravity wave biases whereas kinematic schemes can suffer from these
biases. For example, the vertical motion of a partially resolved gravity wave or convective
complex can dominate the smaller motions associated with larger scale waves. This issue is
discussed in the text, but the authors should also discuss how the model would work for oro-
graphic gravity waves. For convection, an alternate approach to using a hybrid coordinate is to
use ¢. which automatically includes the latent heat energy. Convective parcels rise roughly to
the 6 level that is equivalent to g, at the surface. I was surprised that this idea wasn’t mentioned.
Author response: Yes, resolved gravity waves can still be a problem. The performance
of the hybrid coordinate { can be slightly improved by increasing the parameter o,., making
the coordinate more diabatic in regions affected by orography. This point was discussed in
Appendix A of Tao et al. (2018). Their Fig. Al (included below) illustrates the advantage of
choosing o, = 0.7 over 0, = (0.3, as the adiabatic coordinate surfaces then extend deeper into
the troposphere compared to our standard configuration.
Concerning the use of ¢., we completely agree with the reviewer’s idea. One problem is that
the quality of water vapor in the reanalysis, which is used in the definition of ¢., is not good
enough to guarantee a physically useful coordinate. A reliable humidity dataset would be

needed throughout the atmosphere (e.g. from meteorological analysis or reanalysis). However,
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Figure 1: Orographic gravity waves can be better represented using a more diabatic hybrid
vertical coordinate ¢ with o, = 0.7 (i.e., p, = 700 hPa). Shown are dry isentropes (thick
dashed lines) and (-surfaces (solid black lines).

in ERAS (and similarly in other (re-)analyses) there are even missing values — especially in
regions affected by convection — which makes the use of ERAS specific humidity problematic.
However, this approach is certainly worth revisiting in the context of ERA6 data. Following

this recommendation we changed some text, see lines 181-190 in the revised version.

Mixing scheme and computational cost
Reviewer: CLaMS, unlike most trajectory models, employs a mixing scheme where nearby
parcels are ‘mixed’ as might occur in the actual atmosphere. The scheme also includes creation
of new parcels as part of an entropy conserving regridding. The authors note that the regridding
step is computationally costly since it involves identifying and estimating distance to the nearest
neighbors. I have implemented regridding schemes using the Lyapunov approach (similar to
the authors) and since my code was highly parallelized, the computational cost of regridding
was larger than the cost just accumulating parcels. However, the cost of accumulating parcels
for multi-year runs is also cost prohibitive. The authors do a good job describing their approach
and are honest about the computational cost which can be reduced by adjusting the frequency
of regridding.

Author response: Thank you for the constructive comment — we fully agree. In our expe-
rience as well, the accumulation of parcels in long Lagrangian simulations without regridding

becomes a major limiting factor.

Discussion of the three CLaMS versions
Reviewer: The discussion of the three versions of CLaMS was very interesting and enlighten-
ing. Clearly CLaMS 3.0 is a step forward from early versions (Fig. 4, 5).

Author response: Thanks for your positive judgement.
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CO simulations and MLS/ACE-FTS disagreement
Reviewer: The test with CO simulations is also very interesting and a little confounding in that
MLS and ACE-FTS don’t agree on the partial columns. The CLaMS simulation looks good
when boundary CO is increased (an interesting result in itself). Comparison with in situ data is
also useful showing the improvements in 3.0.

Author response: Thank you. We agree that the discrepancy between MLS and ACE-
FTS CO partial columns is indeed puzzling. In this study, we acknowledge this disagreement
but focus our discussion on the model simulations, which show a clear improvement in CO

representation with CLaMS-3.0 compared to earlier versions.

Specific minor suggestions

1. Reviewer: Comment on how CLaMS hybrid coordinate deals with orographic gravity
waves. This is probably the worst-case scenario for hybrid coordinates. I suggest an

experiment where hybrid and isentropic calculations are compared near mountain ranges.

Author response: See our response above under “Hybrid grid, gravity waves, and ¢.”.

2. Reviewer: Add black dots to the caption in Fig. 8.

Author response: Done.
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Response to Referee 2

We thank Referee 2 for the constructive and careful review. We appreciate the thoughtful
criticism regarding scope, novelty, and evaluation strategy. Reviewer comments are in black,

answers in green.

General assessment

Reviewer: This manuscript presents an update of the Chemical Lagrangian Model of the Strato-
sphere (CLaMS), focusing on improvements in the parameterization of convection and the
adaptive grid procedure used in CLaMS-3.0/MESSy. The authors evaluate the impact of these
modifications on the simulation of CO partial columns in the UTLS using satellite observations
(MLS, ACE-FTS), as well as CO profiles in the troposphere and UTLS using various airborne
campaigns.

While the paper is well written and technically sound, I have reservations regarding its suitabil-
ity for Atmospheric Chemistry and Physics. My concerns are twofold: (1) the lack of scientific
novelty beyond incremental model development; and (2) the scope of the study, which limits
its relevance to a broader atmospheric chemistry or physics audience, making it primarily of
interest to users and developers of the CLaMS model. The manuscript presents valuable tech-
nical developments that merit publication, but it would be more appropriately considered for
Geoscientific Model Development (GMD), where the scope and format better match the nature
of this work.

Author response: We thank the reviewer for this overall positive general assessment. For a
paper focussing on both scientific and technical aspects, like the present one, it is often a subtle
question if ACP or GMD would be the more appropriate journal. We discussed this question
among the authors and, based on the balance between scientific and technical content, came to
the conclusion that ACP would be the better choice. Also the other reviewer does not argue
against that decision. For more detailed answers regarding the reviewer’s concern about the

suitability of this paper for ACP, we kindly refer to our response to Major Comment 2.

Major Comment 1: Convection parameterization builds on earlier work
Reviewer: The convection parameterization implemented here builds on earlier work (Konopka
etal., 2012, 2019, 2022). The improvements presented in this paper include the use of CAPE as

a convective trigger, increased resolution in the PBL, and the decoupling of the convective time



step (6 h) from the mixing step (24 h). These are technical refinements rather than conceptual
breakthroughs.

Author response: We agree that the convection parameterization in CLaMS-3.0 builds on
previous work (Konopka et al., 2019, 2022). However, convection remains a particularly chal-
lenging process to represent in atmospheric models, especially within the Lagrangian frame-
work based on a diabatic transport approach. In our opinion, replacing the wet Brunt—Viisild
frequency with Convective Available Potential Energy (CAPE) as the convective trigger is not
just a technical refinement but also a physically more justified choice.

Furthermore, the decoupling of the convective time step (6 h) from the mixing step (24 h)
reflects the physical distinction between fast convective events and slower, synoptic-scale mix-
ing processes. Finally, the increased spatial resolution in the Planetary Boundary Layer (PBL),
guided by the Shannon entropy concept, is likewise motivated by physical reasoning rather than
implementation constraints. We therefore view these changes as meaningful improvements to

the physical realism of the model.

Major Comment 2: Limited novelty / model engineering updates

Reviewer: While they do lead to improved agreement with satellite and in situ data compared
to CLaMS v1, these improvements do not lead to new insights into atmospheric chemistry or
physics, and are best characterized as model engineering updates. In my view, they fall more
within the scope of Geoscientific Model Development (GMD).

Author response: We fully agree that model formulation and documentation alone would

not justify publication in ACP. Our motivation for submitting this paper to ACP rests on two
main points:
(1) The paper goes beyond model updates by providing a detailed and systematic evaluation
of convective transport from the Planetary Boundary Layer (PBL) to the Upper Troposphere
and Lower Stratosphere (UTLS), using carbon monoxide (CO) as a tracer. This includes a
climatological comparison between Microwave Limb Sounder (MLS) and ACE-FTS satellite
products, as well as in situ observations from recent aircraft campaigns. These comparisons
not only reveal strengths and limitations of each dataset but also uncover a significant discrep-
ancy in CO partial columns between MLS and ACE-FTS. The associated model-based analysis
helps to explain this difference and sheds light on the underlying transport processes — insights
relevant to the broader atmospheric community.

(2) Our study promotes the use of CO as an ideal tracer for evaluating transport in models, as



exemplified by the validation of CLaMS-3.0. CO is particularly well suited due to its inter-
mediate atmospheric lifetime and the broad availability of satellite (MLS, ACE-FTS, AIRS)
and in situ measurements. Even the lower boundary condition for CO, approximating surface
concentrations, can be derived from satellite observations (e.g., AIRS). This makes CO a pow-
erful diagnostic for validating model representations of convective transport from the PBL to

the UTLS across multiple spatial and temporal scales (of about 100 days).

Major Comment 3: Consider evaluating other tracers (e.g., 0zone)

Reviewer: The authors use CO as a passive tracer of transport from the PBL to the UTLS. I
would encourage the authors to consider evaluating other tracers such as ozone, particularly in
regions where convective transport plays a dominant role—e.g., the upper troposphere over the
Maritime Continent, where ozone minima are observed due to the lofting of ozone-poor marine
boundary layer air into the UTLS.

Author response: We thank the reviewer for this excellent suggestion. In the revised
manuscript, we have added ozone as a complementary tracer to CO; the results are presented in
the new Appendix E. As the reviewer correctly anticipated, CLaMS-3.0 shows an improved
representation of convective transport, including more pronounced ozone minima over the
Maritime Continent due to enhanced lofting of ozone-poor marine boundary layer air into the
UTLS. However, since ozone in CLaMS-3.0 is still not sufficiently well represented in the tro-
posphere (no detailed tropospheric chemistry, ozone is set to zero in the PBL), we refrain from
drawing quantitative conclusions. Nevertheless, the combined CO and ozone evaluation now
provides a more consistent and comprehensive picture than in CLaMS-1.0 (see lines 336-344

and Appendix E in the revised version).

Major Comment 4: Evaluation limited to climatologies; add case study
Reviewer: The evaluation relies mainly on zonal and seasonal climatologies. While adequate
for large-scale diagnostics, it limits assessment of the convective scheme under specific mete-
orological conditions. Including a specific case study (e.g., a well-observed convective event)
would provide a more convincing evaluation.

Author response: As many previously published CLaMS studies (see e.g.: Pommrich et al.
(2014); Vogel et al. (2016); Tao et al. (2018); Konopka et al. (2022)) have relied on case studies
for model validation, it was somewhat intentional in this study to take a different approach.

The main drawback of focusing on a specific convective event in a single geographic location



is that it does not necessarily demonstrate the general robustness or improvement of the model.
In contrast, our approach based on MLS and ACE-FTS climatologies allows for a more sys-
tematic, global, and multi-seasonal evaluation of convective transport across various regimes.
Although this comes at the expense of resolving small-scale features typically observed in air-
craft campaigns, it offers a broader validation framework. Since our paper is already quite long
(35 pages), we prefer not to include an additional case study here, but we refer the reviewer
to other recent CLaMS studies mentioned above where such case-specific comparisons were

performed.

Major Comment 5: Quantitative mass conservation assessment

Reviewer: Section 2.4 raises the issue of mass conservation. However, the discussion remains
qualitative. Could the authors provide a quantitative assessment of mass conservation errors,
ideally as a function of region or meteorological regime? I suspect the largest errors may occur
in regions with strong convection.

Author response: We appreciate this important point. Mass conservation is a particularly
vulnerable aspect of Lagrangian transport modeling, as it is not guaranteed by construction. We
are currently working on a separate project aimed at quantifying this issue and improving mass
conservation in CLaMS-3.0, particularly along the lines outlined in Appendix C. This includes
implementing Voronoi-based weighting during the adaptive grid interpolation to ensure more
rigorous mass consistency.

Since this work is still in progress and not yet ready for publication, we prefer to postpone a full
quantitative assessment and any related figures to a forthcoming dedicated study. A promising
test case is the recent Hunga Tonga eruption and the associated water vapor injection into
the stratosphere. Because water vapor behaves approximately as a passive tracer and is well
observed by MLS, it offers an ideal benchmark for assessing mass conservation in CLaMS. We

expect to address this in detail in a follow-up paper.

Technical comment: Figure 8 units
Reviewer: Figure 8: There appears to be a unit error. The CO mixing ratio should be expressed
in ppbv, not ppmv.

Author response: Corrected.
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