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The historical climate trend resulted in changed convective vertical
transport patterns in climate model simulations
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Abstract. Convective transport leads to a rapid vertical redistribution of tracers. This has a major influence on the composition
of the upper troposphere, a highly elimate-sensitive-climate-sensitive region. It is not yet clear how the convective transport
is affected by climate change. In this study, we applied a new tool, the so-called convective exchange matrix, in historical
simulations with the chemistry-climate model EMAC (ECHAM/MESSy Atmospheric Chemistry) ehemistry-climate-model-to
investigate the trends in convective transport. The simulated deep convection is penetrating higher, but occurs less frequently

from 2011 to 2020 than from 1980 to 1989. The increase in the vertical extend-extent of convection is highly correlated to

The upward transport increased on

average to height levels of 130 hPa and above, but convection transported material less efficiently to the upper troposphere ;-but
he-transport-di y-into-the-tropopause-region-has-on-average-inereased-in general from 2011 to 2020 in comparison to the

with a rise in the tropopause height.

1980ies1980s. These findings give rise for-to new opportunities to investigate long-term-long-term simulations performed by
EMAC with regard to the effects of convective transport. FurtherFurthermore, they might provide a first insight into the trends
of atmospheric convective transport due to changing atmospheric conditions and might serve as an estimate for the convective

feedback to climate change.

Copyright statement. TEXT

1 Introduction

Moist convection plays a key role for the transport of heat and water in the Earth’s atmosphere (?). Beyond that, deep convection
is associated with extremely large vertical wind velocities. These lead to rapid-short vertical transport time scales and therefore;
to-a-major-to a rapid redistribution of atmospheric tracers (?). Consequently, convective transport has complex implications for
the atmospheric composition and chemistry, especially in the upper troposphere (???). As some studies argue, deep convection
even influences the composition of the lower stratosphere (???) and could lead to a downward transport of ezenerich-ozone-rich
air from the stratosphere to the upper troposphere (?).

Because it is highly important to capture convective transport and its effects (?), many efforts were made towards a better

representation of convective transport in models (??2?), a more comprehensive understanding of this process (???), and the
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interplay of convective transport and the related scavenging

%Mdapﬁ%hmﬁ&ehwag&omm

changesinoureclimate system-we-arefacingGlobal warming affects atmospheric convection and might also influence convective
transport. ? found with the help of CMIP6 (Coupled Model Intercomparison Project Phase 6, ?) simulation data that in-a-warmer

elimate-CAPE (convective available potential energy) increases in a warmer climate, likely causing an enhancement in severe

? examined the changes in the ice water path
in convective clouds due to temperature and CO, changes. The observed changes were closely linked to changes of the vertical
upward velocities within convective clouds (?). Already ? detected an increase in the updraft velocity in-this-ease—performing
simulations with doubled CO» concentrations. The effect of warming on the updraft intensity was also confirmed by 2.

H-the-In case of a change of either convection occurrence or strength ef-conveetion-ehanges(or both), it can be assumed
that the corresponding convective transport will be modified as well. ? performed a 46-year-40-year projection to investigate

the trends of tropospherlc ozone concentrations under climate warming conditions. Thefeby—h—dﬁeeﬂy—aﬁeeeed%y%eﬁveeﬁve

2y—Within this simulation, the

storm frequency. ?

tropical convection occurs less frequently in the 2020s compared to the 1990s, but the updrafts strengthened at about 150 hPa,

which influences the vertical transport.

The work by ? highlights the importance te-investigate-of investigating the adaptations of convective transport to understand
the response of the climate system to warming. However, so far it is not fully clear ;-how convective transport processes
change in detail and to which-what extent. Therefore, this-our study follows up with the question: How does climate change
specifically influenees-influence the convective transport;+-e--? How has the transport efficiency by-and extent of the updraft,

the downdrafta s, and the balancing subsidence

changed with time?

This manuscript addresses this question by performing historical simulations with the chemistry-climate model EMAC

(ECHAM / MESSy Atmospheric Chemistry, ???) using the convective transport scheme CVTRANS (ConVective tracer
TRANSport) by ?. To do so, we improved the representation of the turbulent detrainment and entrainment in CVTRANS
and added a new feature to analyse convective transport, namely the convective exchange matrix —similar to the mixing matrix
by 2. This new tool connects the-convective transport from all possible starting levels to all possible destination levels in a
model when utilising a convection parameterisation. This enables a deeper understanding of the changing transport processes
and their causes. The focus of this study lies on the changes in the-deep convective transport towards the upper troposphere
over the past decades.

This study is structured as follows: The global chemistry climate model EMAC and submodel CVTRANS are described
briefly in Sec. 2. In the same section, we introduce the adaptations and added features within the new version of CVTRANS.

The simulation setup is described in Sec. 2.4. In Sec. 3, we analyse the results, focusing on the changes in transport over the
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past decades. The implications, significanee-the significance, and the limitations are discussed in Sec. 4. The summary and the

outlook are given in Sec. 5.

2  Model description
2.1 EMAC

The global chemistry and climate model EMAC (???) consists of the general circulation model ECHAMS (European Centre
Hamburg general circulation model version 5, ?) and the Modular Earth Submodel System (MESSy;-222)(MESSy, 222?).
MESSy is an-interface-a software framework to couple different submodels with a chosen base model and includes a steadily
growing number of these submodels. For example, ? used EMAC recently to combine a global dynamic vegetation model
with an atmospheric model. In this study, MESSy version 2.55 is used to link the submodel CVTRANS (?) with ECHAM.
The dynamic representation of convection is given by the Tiedtke-Nordeng convection scheme (??), as implemented in the
CONVECT submodel within the MESSy structure (?).

2.2 CVTRANS

The submodel CVTRANS (ConVective tracer TRANSport) was introduced by ? to account for convective tracer transport

in EMAC. This submodel can reproduce observed changes of the vertical profiles of non-soluble tracers due to convection



sufficiently well (?). It makes use of a single plume/bulk eonveetion-convective transport parameterisation based on the formu-
lation of ?. ? applied the convective mass fluxes for the updraft, downdraft, entrainment, and detrainment from the convection

90 parameterisation to calculate the redistribution of the tracers. The mass fluxes must fulfil the following equations
FF=F1 L EY 4+ DE (1a)
F = Ff 4+ EY 4+ D (1b)

as described by ? with F' referring to the mass fluxes, D the detrainment and F the entrainment. The subscripts ,, and 4 denote
the updraft and the downdraft. k£ indicates the model level. If this relation is not satisfied, the detrainment or entrainment should
95 be adapted accordingly (?).
Strong updrafts can lead to mass balance problems, i.e., more mass is transported out of a model box as mass is transported
into the box in one time step. The mass fluxes are re-sealed-rescaled in such cases to prevent a mass imbalance. This procedure
can lead to a damping of the convective transport. To overcome this issue, ? included intermediate time stepping in CVTRANS

to ensure an-optimum handling of very-streng-intense convective events.

100 Note ;-that the transport of water vapor and hydrometeors is not considered in the convective tracer transport algorithm, as

the convection parameterisation itself takes care of the redistribution of water species.
2.3 Modifications of CVTRANS
2.3.1 Revision of the closure formulation in the CVTRANS submodule

Following ?, the detrainment and the entrainment are given by an organised and a turbulent driven component. This is equally
105 valid for the downdraft and the updraft. In the Tiedtke-Nordeng scheme, the same approach is made (?).

In the former versions of CVTRANS by ? and ?, it could happen in some cases that the formulation of the closure eliminated
the turbulent entrainment and detrainmentdue-to-turbulenee. To fulfil-fulfil Eq. 1, the-situation-ecould-arise-it could occur that
the entrainment had to be set to zero to ealeulate-a-closed-mass-balanee;-howeverclose the mass balance. However, this would
also erroneously eliminate the turbulent entrainment, which is always active in rapidly ascending or descending air masses.

110 The entrainment rate is given by
By =Fy - R+ Dy, 0)

as long as the updraft mass flux leaving the box at its top is larger than the incoming updraft mass flux from below. All quantities
are positive by definition.
If instead-the incoming updraft mass flux is larger than the mass flux leaving the box at the top, the detrainment will be

115 recalculated with the help of the closure as follows
DF = k1 _pk L Bk, (3)

If both equations for entrainment and detrainment are properly solved, re-turbulentdetainmentorentertainmentis-the detrainment

or entrainment will not be accidentally set to zero. The same approach is taken for the downdraft.
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A-The formulation following ? for the turbulent mixing is embedded to ensure the existence of turbulent entrainment and
detrainment in updrafts and downdrafts in the closure part, which corrects potentially erroneous zero turbulent events.

The adaptive time stepping by ? must be applied;-otherwise. Otherwise, the calculation of the air mass transport can lead to
negative values or a eutting-reduction of the strength of the mass fluxes. Both-consequenees-are-not-desirable-Henee,-we-argue

2.3.2 Detrainment of entrained air in the downdraft

In CVTRANS, the parameter fqt gives the portion of material that is detrained directly after the entrainment in the same box
as described by ?. fqet is only computed and applied for the calculations concerning the updraft detrainment. Taking turbulence

into account, we need to adapt equation-Eq. (2) from ? also for the downdraft:

(D§ - fdetEéc)C’(liC + fdetEcllcCécnv

CK tor =
d,det k
Dy

“)

Thereby, C' denotes the concentration of a tracer.

2.3.3 Description of the convective exchange matrix

2 introduced the mixing matrix to show convective transport and mixing. The convective exchange matrix builds—upon-the
concept-of CVIRANSmakes use of the same basic principles as the mixing matrix by ?. First, in every vertical model level
(1,2,...,N), one pseudo tracer (P4, Pz, ..., Pn) is initialised with a value of 1 kg m~2. N denotes the number of model levels.
An important remark: By definition, the vertical model level with the highest number, level IV, is closest to the surface.

In all other levels, the pseudo tracers are set equal to zero. The vertical profiles of the pseudo tracers can be written as
Ndimenstonal—-dimensional vectors. Applying this, the pseudo tracer P; is given by Py = (1,0,0,...,0) and P, is Py =
(0,1,0,...,0). Putting all these vectors together results in an /N x /N diagonal matrix, as can be seen on the left side of Fig. 1(a).

The time integration, i.e., the vertical redistribution by convective transport of the pseudo tracer field, is performed based

on EVFRANSThis-the transport routine in CYVTRANS (compare ?) for the convective exchange matrix. The considered
rocesses are shown in Fig. 1(b). The time integration results in the convective exchange matrix (TrMa). The entries of the

matrix give the portion of the air mass (my;,) that was transported from a specific level (given by the pseudo tracer field in the
beginning) to a certain departure level. For example, TrMa, ; with 7,5 = 1,..., N describes how much m,;. was transported
from level i to level j. Is-If j = ¢, then TrMa,; ; eharaeterise-characterises the contribution of level i to level i itself. In other
words, it shows the amount of air that was not affected during the convective event. This is illustrated in Fig. 1(bc) highlighted
in red. The upper left entries (yellow in Fig. 1) represent the transport from a level i to level j with i > j, i.e., the upward
transport to level j which started in level i. Thereby, the notation is that the lowest model level has the highest number and
the uppermost level is level 1. The downward transport (transport from a lower level number to a higher level number in this

notation) is marked by the blue colour in Fig. 1(b)~The-illustration—c).
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Figure 1. Sketch of the principle behind the convective exchange matrix. (a) shows the input matnxfhaHsfedtstﬂbufed%y - (b) illustrates

the convective transport processes. The redi e-yellow arrow

indicates the updraftmass-flax, the blue ones the erganised-detraning-downdraft and entraining-the mass-balancing subscidence and the thin
black-grey ones the organised and turbulent mﬂﬁgd\%%ndentrmmt The eeﬂweﬁveﬁehange—mamfm is aresultof
calculated with the in

for-simplieity;only-t Wthe wmmmwwmm Panel (bc) shows

an example of a convective exchange matrix. (bc) is only for illustration and not a reat-case calculated during a simulation. In both matrices,

the reddish coloured fields denote the main diagonal. The yellow fields shews-show the matrix entries influenced by the updraft and the

blue fields denote the matrix entries affected by the downdraft and the targe-seate—grid-scale subsidence. Synoptic-scale processes are not

considered.

Figure 2 shows how the convective transport matrix is structured (a) in the tropics and (b) in the mid-latitudes. The highest
model level number (31) refers to the level closest to the surface / the level with the highest pressure. This is the case for the
destination and origin levels.

In Figure 2, the red diagonal is located where the origin level is equal to the destination level. This diagonal provides
information about the air mass which stays at the same level, or in other words, is not affected by the convection. Roughly
the following characteristics of convective upward motion (yellow in Fig. Stin-the-electronieally supplements-ean-be-used-as
guideline for-theinterpretation-of the-2) are visible in the convective exchange matrix: (1) Shallow convection and turbulent
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detainment, when the origin level is located in the boundary layer and the destination level is as well in the boundary layer or
in the lower troposphere, (2) deep convective updrafts reach up to the upper troposphere originating in the boundary layer, (3)
some deep convective events reach even the height of the tropopause and beyond (left upper corner in Fig. 2(a) and (b), (4).
upward transport starts also in free tropospheric levels and in upper tropospheric levels mainly due to turbulent entrainment
into the updrafts. The downward motion is shown in blue in Fig. 2. The mass balancing subsidence is especially visible in
the adjacent diagonals below the main diagonal. The subsidence can reach further towards lower pressure, the stronger the
convective event is. The outflow of the downdraft is located in the boundary layer levels.

The difference between the tropics and the mid-latitudes is that the convective exchange matrix is compressed in_the

mid-latitudes, figuratively speaking (compare Fig. 2(a) and (b)). The tropopause is located at higher pressures (higher model

level numbers) in the mid-latitudes compared to tropical regions.

(a) Tropics (b) Mid-latitudes
1 1
Lower .
stratosphere : Lower
Tropopause )
stratosphere
Upper P
troposphere
O{& Tropopause
- - ] Upper
Q. Q. troposphere
2 2
c - c -
o kel
5 g p
£ Free £
S =
3 troposphere 2. Free
[a g o - troposphere
%&@ Extremely Extremely
strong & strong
. Turbulent detrainment downward : 5 downward
28 from downdraft motion 28 Turbulent detrainment = motion
29 Downdraft 29 from downdraft
. Boundary layer . Downdraft Boundary layer
31 29 28 . . . . . ... . . & & s s+ 4 s e s s e 1 31 29 28 . . . . . . . .. . . e e e e e e e e . 1
Origin level Origin level

Figure 2. The convective exchange matrix is illustrated, including areas with roughly reflect specific transport mechanisms. This sketch can

be used as an interpretation assistance of the convective exchange matrix. (a) shows the convective exchange matrix with regard to the tropics

and (b) with regard to the mid-latitudes. The colour code is as in Fig. 1.

The redistributed concentrations of trace species can be calculated with the convective exchange matrix by a simple matrix
multiplication of the TrMa with the vertical tracer mixing ratio profile, as now implemented in CVTRANS v3.0. For a smalt
large number of tracers (~ 100 tracers), the computational efficiency is similar when the convective exchange matrix is applied
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to calculate the new concentrations of the tracers after the convective transport instead of using the transport algorithm itself.
Consequently, for a higher number of tracers, this new algorithm can become computationally more efficient.

The advantage of the convective exchange matrix is that the effects of the tracer transport can be studied disentangled from
the specific background profiles of the tracers. Thus, it can be investigated, e.g., where the maximum outflow height is located
and how much air mass can be transported upward inside the-undiluted-core-of-the-conveetive-systema_whole model grid
cell. The contribution to a certain destination level can also be calculated for all starting levels. This can be helpful to track a
measured air mass containing tracers backward and to investigate how strongly it was affected by convection in its air mass

history.

2.4 Simulation setu

Three-dimensional global simulations have been conducted with the convective exchange matrix implemented utilising EMAC.
31 vertical pressure levels up to 10 hPa are used and a horizontal resolution of T63 (triangular truncation with wayenumber 63)
has been applied. This is associated with 192 > 96 grid points with areas between 32.5 km x 32.5 km in the polar regions and
207.9 km x 207.9 km in the tropics and a time step of 12 min.

Temperature, vorticity, divergence, and surface pressure are nudged towards ECMWE Reanalysis fifth generation (ERAS, ?)
and the sea surface temperature and the sea ice coverage are prescribed by the nudging data, The nudging is based on ? and
applied as described by 2.

The essential submodels for this study are mentioned in the following. An overview of the used submodels is given in
the supplements (Table S1). A basic methane chemistry is applied to take the water vapour production in the stratosphere
and its influence on radiation into account using the submodel CH4 (?). Further considerations of chemical reactions are not
necessary, because this study exclusively investigates the redistribution of air masses by convection and not the effect on single
tracers. Monthly mean values for greenhouse gases are used to include their radiative effect based on ?. The ? climatology is
used for tropospheric aerosol as described by ?. For the stratospheric aerosol radiative effect, optical properties of the CCMI
Chemistry—Climate Model Initiative) database (?) are a

The submodel CONVECT by (?) is applied with the Tiedtke-Nordeng scheme to calculate the parametrised convective
properties needed in CVIRANS to calculate the convective exchange matrix. Three simulations were performed with slightly.
different CVTRANS versions: (1) One with the old version of CVTRANS but including the Convective Exchange Matrix
(CVIRANSold), (2) one with CVTRANS 3.0 and enhanced turbulent mixing (CVTRANSturb), and (3) one with the standard
CVTRANS 3.0. (CVTRANSnew). (1) and (2) are only used to show the impact the turbulent mixing has on the transport by
one deep convective event. Therefore, only a short simulation period is chosen. The simulation period of (3) spans the time

from the beginning of 1979 until the end of 2020, because (3) is used to study the climate impact on the convective transport

in this study.

lied, e.g., asin 2.
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Table 1. Three global simulations were performed with different setups to test the effect of turbulent mixing on the convective transport. The
simulations only vary in the used version and configuration of CVTRANS, as listed above, and in the simulation time.

3 Results

In this section, the differences in the convective exchange matrix are investigated due to the adaptations in CVTRANS based on
one example case. Afterwards, the convective exchange matrix is applied to study the effect of climate change on the convective

transport. For the latter case, nudged historical simulations were performed.
3.1 Intercomparison of the adaptations using the convective exchange matrix

We performed three global simulations to demonstrate the effects of the described changes in the submodel CVTRANS (Table

1). One simulation was made-derived for comparison applying the former default version of CVTRANS (CVTRANSold).
The second was performed with CVTRANS modified as described in the-Sec. 2.3.1 and 2.3.2 (CVTRANSnew). A-—second
S omparisen—applying—theformer-default—version—o VFRAN VIFRANSeld)—The last one is similar to
CVTRANSnew but with enhanced turbulent mixing (CVTRANSturb). Despite the Convective exchange matrix is a new feature
in CVTRANS 3.0, this tool was implemented and turned on in all simulations. Thus, the convective exchange matrices can be
compared for the different treatments of turbulent mixing.

Figure 3(a) shows the convective exchange matrix derived with CVTRANSold for one exemplary deep convective event.
main-diagonal-of the-conveetive-exchange-matrix—The portion of air mass that stays in the same-origin level ranges between
6.96 % and 92.43 % for all levels where convection is active —Fhelarge-seale(see main diagonal in Fig. 3(a)). The convectively

induced grid-scale subsidence is a strong ;-but-also-a-slew-process—Therefore-it-process that has a significant impact on the

diagonal below the main diagonal. The values are commonly in the same order of magnitude as in the box-boxes above. The

descending portions are often even higher as-than the ones not affected by convection. For example, more than 90 % of the air
that was originally at 551-62-552 hPa (level 20) and-subsided-t0-592-81-subsided to 593 hPa (level 21).

The large-scale subsidence balances together with the downdraft the updraft in CVTRANS (?). The subsidence is formulated
in such a way that it is much slower than the updraft. This is realised by reducing the transport distance by allowing the
subsidence to transport mass to the model level directly below the original level only (see Equation (2) from ?). Therefore, this
outstanding second diagonal can be seen in the convective exchange matrix in Fig. 3(a).

The upward transport is largest when starting from levels between the tewestlevel-at-937.63-hPa-and-level closest to the
surface at 938 hPa (level 31) and 873 hPa (level 28at-873-29-hPa-) compared to other origin levels. This indicates a huge
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(a) CVTRANSold (b) CVTRANSnew (c) CVTRANSturb
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Figure 3. Convective exchange matrix for one snapshot of one specific event. The convective event was located over svest-Western Australia
in seuth-the southern summer (23.316°S, 120.000°E on 1st January 1979 at 5 UTC). The convective exchange matrix is displayed for one
time step. (a) shows the convective exchange matrix calculated with CVTRANSold, (b) the convective exchange matrix calculated with

CVTRANSnhew, and (c) the convective exchange matrix as (b) but with enhanced turbulent mixing (CVTRANSturb).

boundary layer to mid and upper troposphere transport. The upward transport decreases with inereasing-height-of-thelevel
oef-erigin-decreasing pressure of the starting level for many but not all levels monotonically (moving to the right for different

origin levels on the x-axis for the same destination level, depicted on the y-axis). The upward transport to 90 hPa (level 5(90-06
hPa) makes up to-almost 4 %. It is the strongest in the upper troposphere, suggesting that tevel-5-is-the main outflow level of
the convective system is located at 90 hPa.

The transport is intermittent in Fig. 3(a). For example, no material is transported from 938 hPa (level 31¢(937-63-hPa)-to-)
to 903 hPa (level 29¢962-65-hPa) in spite of the transport from 938 hPa (level 31) to levels above 838:82-hPa-839 hPa (level
27). The main organised entrainment is taking place in the region below $38-82-hPaand-consequently-the-missing-detrainment
oceurred-839 hPa. The missing detrainment occurs due to the suppression of turbulent detainment-detrainment as described
above. Also, the upward transport from the upper levels exhibits "missing values" due to a lack in-of entrainment in the upper
levels, where the organised detrainment is emphasised. This error is corrected in the new version of CVTRANS. Consequently,
the transport is continuous in Fig. 3(b).

The transport from level 937-63-hPa-t0-962:65-hPa-938 hPa (level 31) to 903 hPa (level 29) is still small compared with the
transport to the levels above 838-:82-hPa-839 hPa (level 27) in Fig. 3(b). The turbulent detrainment of air in the boundary layer
and lower troposphere has implications for the mid and upper troposphere, i.e., less material from the surface level will arrive
in the mid and upper troposphere because it is partly detrained below (Fig. 4(a)). Only 3.13 % of the air mass from 939 hPa

(level 31) reaches the main outflow level.

10
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(a) CVTRANSnew - CVTRANSold (b) CVTRANSturb - CVTRANSold
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Figure 4. Difference (a) between the convective exchange matrix calculated with CVTRANSnew and the convective exchange matrix com-
puted with CVTRANSold and (b) between the convective exchange matrix based on CVTRANSnew and the one calculated wit-with CV-
TRANSturb.

Partly, material is entrained in the updraft in the upper troposphere due to turbulent mixing—The-transport-portions—clearhy
distingtish-the-new-from-the-old-CVTRANS-version, but the values are small and therefore-the-their quantitative impacts are
barely noticeable. The downdraft is pronounced when CVTRANSnew is applied. Air mass is shifted to a greater extend-extent
by the downdraft to the lowermost three levels by CVTRANSnew (Fig. 3(b)) than by the old version of the convective tracer
transport scheme (Fig. 3(a)).

The number of side diagonals below the main diagonal has increased eomparing-compared to Fig. 3(a) with Fig. 3(b). This

is-can be attributed to the application-of-the-adaptive time stepping aceerding-to->—Thereby,an-introduced by ?. The algorithm
chooses as many subtimesteps-sub-time steps as necessary in order to avoid mass balancing issues instead of cutting the intense

mass fluxes. The adaptive time stepping allows the eonveetion;-espeetalhy-the-updrafts to be as strong and-asfast-as-they-are

given—as suggested by the convection parameterisation. Consequently, the large-seale—subsidenee-becomes-mass-balancing
subsidence is elevated as well and can cover more then-ene-vertical levels, i.e., as many levels as there-are-substeps-required;

intermediate steps are required. This leads to a mere-smeared-broader signal of the targe-seale-subsidence in Fig. 3(b).

11
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The same snapshot (i.e., identical convective mass fluxes and entrainment and detrainment rates) of a convective system is
shown in Fig. 3(c) for high turbulent mixing. The turbulent mixing in this case is enhanced -+e—~itcompared to CVTRANSnew.

It is as strong as the maximised-turbulent-mixing-as-turbulent mixing suggested by ?.

The difference in the upper troposphere is substantial when eemparing-compared to to CVTRANSnew. A distinct larger frac-
tion of material is entrained due to the enhanced turbulenee-turbulent entrainment into the updraft in the upper troposphereinto
the-updraft—Therefore;Jess-, Less material is directly transported from the boundary layer to the upper troposphere. The mate-
rial is instead detrained already via mixing in the mid troposphere as-ean-be-seeninFig4(b(Fig. 4). It can be assumed, given
that bulk formulations tend to transport material less effieientefficiently to the upper troposphere, as the more complex plume
ensemble-based-ensemble-based approaches (?) that the transport to the upper troposphere by CVTRANSturb is not efficient

enough.

The goal of the modifications is to overcome the issues with the missing turbulent mixing and not to alter the results of the
simulations strongly from the original version, as it is the case for CVTRANSturb because ? showed already that CVTRANSold
reproduces observed vertical tracer profiles. Therefore, in Sec. 3.2 CVTRANSnew is applied to investigate historical changes

in the convective transport characteristics, because the deviations between CVTRANSnew and CVTRANSold are smaller than
the ones between CVTRANSturb and CVIRANSold.

3.2 Convective transport trends

We performed nudged EMAC simulations including CVTRANS 3.0 starting-in-(configuration CVTRANS .\,) from January

1979 to December 2020. Of-this-time-periodFor reducing spin-up and initialisation effects, the first year is excluded-from-the
analysis-toreduce spin-up-effects—The-discarded, such that the convective properties and the convective transport are eonstdered
in-the-analysis-for-analysed for the period from 1980 to 2020. This time period is sufficient to give a first impression abott-of
the climate response of the modelled convective transportsi i i i i -
The-investigations-are-. The analysis is only performed between 60°S and 60°N because this is the area --where convection is
of high relevance.

Remark: In-the-analysis;-the-The transport is discussed referring mainly to model levels and not pressure levels —This-is
due-to-the-fact—that-because the pressure varies largely between the boxes mainly due to orography and secondary due to
weather systems. A re-gridding is not possible in a convincing manner, as interpolation artefacts would, i.e., violate the mass

balanceand-the-mass—redistribution. We try to refer to specific areas in the atmosphere as ferexample-the UT-orthe-mid

troposphereboundary layer, free troposphere, upper troposphere. and lower stratosphere for a better understanding, but please

eep-in-mind-that-these-areas—vary-as-well-with-oregraphy-and-furthermore-with-fatitude—these depend as well on orography
and the latitude. The reader is referred to Table S2 to get an impression of the tropopause height and the boundary layer height
in the model. The equivalent pressure is presented alongside the model levels to allow a rough estimation of the pressure. This
equivalent vertical pressure is based on a vertical profile where the pressure in the box closest to the surface is 1013 hPa.
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3.2.1 Global changes

The convective transport matrix is shown in Fig. 5 for the temporal mean of the ten—year-ten-year period 2011 to 2020 and
the area-weighted-area-weighted mean between 60°N and 60°S. The mean transport matrix is shaped by a large number of
initial unit matrices because atmospheric moist convection is a rather localised effect. As a consequence, the mean convective
transport is of cause not as intense on a global scale as for a-an individual local event (compare Fig. 3(a)). Nevertheless, the
convective transport has a non- neghg1ble effect on large WMSCMGS

The . ] -

e-strongest
upward transport starts in the lower free troposphere and in the boundary layer (level 31 to 26) and reaches-net-does not reach
very far into the free troposphere (level 29 to 25), representing shallow convection and turbulent detrainment from updrafts.
Deep upward transport starts mostly in the same area (levels 31 to 28), but shows lower fractions as the transport into the lower
free troposphere. Higher-starting-levels-Starting levels in the free troposphere are associated with lower portions of upward
transported material.

The targe-seatesubsidence-is-obvious-over-two-to-threetevels—as-mass-balancing subsidence is the dominant downward
transport mechanism over two to three levels below the main diagonal. A%se—fheeﬁeefs—byde&wxdm&ws—s&ﬂawFor the lower
to Wmevels the downdrafts

surface.

Figure 6 shows the temporal and spatial mean convective transport compared between 2011 and 2020 to the reference
period from 1980 to 1989. The transport to the-upper-lower pressure levels increased significantly. The upward transport has
strengthened to the-level-4-to-7--levels at about the height of the tropical tropopause +(level 4 to 7) from all startlng levels
below the destination levels. i i i
mﬂueﬂeeﬁkdeepfmwee&eﬂ—ﬁxe—]afge-sed}eThe subsidence adapted accordingly. More material descents from levels which
are associated with the upper troposphere in the tropics and with the upper troposphere and lower stratosphere in the mid
latitades-mid-latitudes (between level 12 and 4).

These features of the difference convective exchange matrix (Fig. 6) can be explained considering the frequency distributions
of the updraft mass fluxes compared for the reference time period and 2011 to 2020 (Fig. 7). In Fig. 7, the mass fluxes from
deep convective events were categorised according to their strength. The lowest class (below 1 x -10~7 kg m~2 s~!) contains
all ne-eventsno-events, so the cases where no deep convection occurred or the mass fluxes were to-too small. The class with

—2 s~1 This classification was

the strongest updraft mass fluxes contains all mass fluxes which are stronger than 0.2 kg m
performed for all height levels. The difference of these mass flux distributions is shown in Fig. 7 for a selected set of model
levels and for the values from 2011 to 2020 minus the ones of-from 1980 to 1989. For a better visualisation, the symmetric

logarithmic difference is shown instead of the absolute numbers.

13



325

330

Equivalent pressure level of origin in hPa

1013 865 636 418 239 111 10
1 1 1 1 1 1 1 10 102
©
1
| i o 100
6 111 ¢ S
S 100 o
c © N
£ 111 F239 S S
e ) 1074 4
S 2 p
S 3 1072 O
5 16 - 418 g +
o 2 S
> (O]
2 ; 1073 %
§ 21 - 636 i S
= o 107 §
3 s
26 - F865 T 10-5
=}
O
w
-6
31 L 1013 10

31 26 21 16 11 6 1
Model level of origin

Figure 5. Area weighted between 60°N and 60°S and temporal mean convective transport matrix, i.e., the fraction of air mass which was
transported from &-an origin to a source level, for 2011 to 2020. Note that the equivalent pressure (upper and right axis) is determined from a

standard atmosphere over the ocean with zero orography.

The updraft mass flux in the upper levels (height range of the tropopause) shifts to stronger mass fluxes in the later time
period. Moreover, more events reaching-up-to-higherreached these levels from 2011 to 2020 in comparison to the reference
period. This trend is eensisted-consistent with the increased transport to the upper level as observed in Fig. 6.

The enhanced transport to highertevels-levels roughly associated with the tropical tropopause could be explained by an
increase in the strength of the convection or even an enhancement of convection overshooting the tropopause. A non-significant

tendency towards more overshooting convection is predicted by the Tiedtke-Nordeng scheme over the 41—year-41-year time

period. Thereby;-overshooting-is-defined-as—events—where-We define one (tropopause) overshooting event as an event when

the updraft mass flux reached-beyond-the-associated with one convective event reaches beyond the independently calculated
tropopause in one column and at the same time step. It cannot be ruled out that the detected overshooting is only an artefact

of the coarse model resolution because both ;-the tropopause height and the mass flux are mean values. It can be assumed that
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Figure 6. Changes in the convective mean transport between 60°S and 60°N. The temporal (ten—yearten-year) and global (area
wetghtedarea-weighted) convective exchange matrix is compared from 2011 to 2020 and from 1980 to 1989. Red colours denote that the
values were higher in the period 2011 to 2020 and blue boxes show that the entry in the convective exchange matrix was higher from 1980
to 1989. A dot in a box indicates statistical significance. A twe-sided-two-sided student t-test was used with a significance threshold of 1 %

for every side of the t-distribution.

both quantities vary significantly within a box. However, the latter does not affect the convective transport in the model because

the transport only sees the grid box mean values.

sateHite—obeservations—from—1998—+to—2013—? discovered that tropical convection reaching beyond the tropical cold point

tropopause occurred slightly more often in the future scenario (2075-2104, Intergovernmental Panel on Climate Change ALB.
emission scenario) than in their historical simulations (1979-2008). Concerning this study, convective tropopatise overshooting
the trend in tropopause overshooting convection is not significant, Therefore, it can be ruled out as primary source for the
major increased convective transport to the levels-tropical tropopause / lower stratosphere levels (level 7 to 4—The-impacets-of
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Figure 7. The distribution of the updraft mass fluxes is given as the symmetric logarithmic difference between the absolute frequency

distributions ef-from 2011 to 2020 and-minus the one from 1980 to 1989. The eotors-colours denote different altitude levels. Updraft mass

2 571 are not considered in the transport routine

fluxes are divided into seven categories. Updraft mass fluxes below 1 x -10~7 kg m~
CVTRANS. Therefore, these mass fluxes are in the smallest category and are considered as no occurrence of convection.

The model predicts an increase in the global mean tropopause height (not shown). A higher troposphere could clear the

path for convection with a larger vertical extendextent, but an increased penetration of convection could also cause a rise of

the tropopause height (for the second possibility, see ?). Deep convection tends to occur less frequentfrequently (Fig. 8) and
for this reason the increased height of the deep convection has onlty-rathertoeatty-an-a rather local impact on the tropopause

345 height. Therefore, we assume that the dominating process here-is the change in tropopause heightleading—, which leads to

deeper convection and not vice versa.

The upward transport has decreased from the-startinglevels-starting levels in the lower troposphere (levels between 31
to roughly 21) to the destination levels in the mid troposphere and some upper tropesphericlevels—in-the-later-timeperiod

troposphere in the most recent time period in comparison to the 1980s (see Fig. 6). Fig:Figure 7 is considered again to examine

350 possible reasons for this decrease in upward transport. Less-deep-Deep updraft convective mass fluxes are-counted-in-the-period
from201H-te-2020-incomparison-to-the-1980ies-occurred less frequently in many height levels with relevant values (larger 1 x
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-10~" kg m~2 s~!) ~Hoeweverafrom 2011 to 2020 in comparison to the 1980s. A bimodal trend emerges from Fig. 7 in terms

of the changes in the distribution of the deep updraft mass fluxes. The mass fluxes tend to be either at the stronger edge or very
etese-tozero in the later time period. fa-level-6;:-higher-Higher mass fluxes are generally favoured in the taterperteduppermost

levels in the later period, shown in Fig. 7 (level 6). Therefore, the negative trend in some upper tropospheric levels in Fig. 6
can partly-be attributed to an increase in the outflow height —In-addition;-and a decreasing trend in the occurrence of deep

convective events over the 41 year period is-determined-(Fig. 8).
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Figure 8. Normalised time development of the area-weighted-area-weighted deep convection events per year. The erosses-blue circles denote
the yearly number of convective events and the dashed line is the linear fit of the area—weighted-area-weighted deep convection events. x

denotes the number of relative years;—; thus, x is equal to zero for 1980. The standard error of the slope and the intercept are given for the

linear fit. y is the number of area-weighted-area-weighted deep convective events per year.

The upward transport increased for the-starting-levels-two starting levels in the mid troposphere (levels 20 and 21) in average
from 2011 to 2020 compared to the reference period depicted in Fig. 6. This leads to the hypothesis that mid-Jevel-midlevel

convection occurred more frequentlyin-the-tater-time-period-but-the-mid-evel; however, midlevel convection according to the
definition in the Tiedtke-Nordeng scheme did not increase in number (not shown). fPhefefefe—awmefeaseﬂime—HequeﬁeyLef

he-On the other hand, shallow updraft mass fluxes

tended to hlgher values in fevel-the two mentioned mid-tropospheric levels (levels 20 and level-2 1{freetroposphere). The same

is the case for the midlevel convection. However, the midlevel convection headed towards a more frequent occurrence of the

higher massfluxes-mass fluxes for a wide range of altitude levels. These could play a role for-in this prominent increase of
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upward transport from two-ef-thefree-tropespherie-these two mid-tropospheric levels (level 21 and 20). Nevertheless, the eause
reason for this cannot be conclusively clarified at this point.

The downdrafts shift to higher starting tevels-starting levels located higher above the surface in the later time period compared
to the reference period (Fig. 6). On the one hand, the impact of downdrafts starting at the mid to upper troposphere (levels 15
to 13%@%&&&%@%&&%@ On the other hand, the downward motion is reduced for origin levels

the-mean-value-in the free to mid troposphere (between 26 and in average from 2011 to 2020. This finding goes well along

with the height increase of the deep convective systems.

A strengthening of the updraft detrainment is observed in Fig. 6 in the lower troposphere (up to level 26). This could be due
to an increase in shallow convection because of the water vapor and lapse rate feedback on convection (e.g., ?, and references
therein). However, the global occurrence of shallow convection did not significantly increase during the 4+-year41-year period
(not shown). This means ;-that either the shallow convection intensifies or the detrainment of mid level and/or deep convection
must increase.

In total, more material stays in-at its original level for levels in the boundary layer to mid-tropespheremid-troposphere. This
trend is for-many mid-tropespherie-significant for many mid-tropospheric levels (between tevel-+7-and-levels 27 y-signtficantand

17). This also points towards an overall reduced deep convective transport.

3.2.2 Zonal-Tropical and extra-tropical trends

Ta-Fig—22-Figure 3.2.2(a) shows the difference convective exchange matrix is-shewn-for 30°N to 30°S. Overall, the changes

in tropical convective transport match well with the ones for the global case (Fig. 6). The convective transport increased
to levels aboeve-up to the tropical tropopause (level 7 and above) from 2011 to 2020 in comparison to the +980ies1980s.
The downdrafts shift as well to higherstarting-levels-starting levels located further up with regard to the surface, and more

large-seale-subsidenee-is-observed-mass balancing subsidence is found for the upper tropospheric to lower startospherietevels:
As-in-the-global-easestratospheric levels. In total, more material stays in-at the starting level and is not affected by the convection

for a huge-substantial number of levels.
fhfee—leve}s—fPhﬂ—tHaemhLdﬁHﬂet—diﬁefeﬁe&There is only one dissimilarity between the tropical and the global trends-

asecase: The significance of convective
transport differences compared to the reference period in the boundary layer (level 31 to 29) increased.

The picture arising for the Northern and Southern Hemisphere extra-tropics seems to alter from the tropical one (Fig. 22
WWMMMM The upward transport is pronounced for a wide range

hefﬂisphefe—"ﬂﬂhﬁela{edrfeﬂ&e—%fepepaﬂse—hetgiwlevels However, the tropopause is located mostly at higher pressures in

the extra-tropics -
tropics dewn-belowlevel-16-

s-as-than in the
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b) for 60°N

Flgure 9. Changes in the convective mean transport in fhe*ffeptesgjl\f/fve\gggvr\e/g/% Same as Flg 6 but between-(a) for 30°S and 30°N-

b) for 60°N to 30°N-and-IN

The-changes-(Fig. 2 and Table S2). Considering the differences in tropopause height, the main patterns in convective transport
on-the-Northern-hemisphere-changes are similar in three-other-aspeets-to-the-trends-on-the-global-sealeall considered regions
compared to the latest ten years of the simulation with the 1980s: (1) The dewndfaﬁ&shifﬁe%ﬂghe%eﬁgﬂﬂevelswfq

transport to the tropopause region and above is increased. (2)

mass balancing subsidence strengthened from origin levels at about the tropopause height / lower stratosphere. (3) The large
le-subsid i« ent Lindd levels.
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downdrafts originate at
N&gg\evels%é—te—k&ém&ek (4) Less material from the boundary laxer / lower troposphere reaches the free to upper troposphere

hemisphere-Thereby, the convective transport changes are not as significant-as-the-enes-often significant and as much pronounced
on the Southern as on the Northern hemisphere-and-in-the-tropiesHemisphere.

3.2.3 Regional differences

convective transport from the boundary layer (BL) to the upper troposphere (UT) is calculated for each grid column to assess
the regional variability of convective transport. The upper troposphere is heuristically defined as the region ineluding-thelevel
of-the-tropopause-vertically ranging from the tropopause level (in hPa) down to the level where the pressure is equal to the

tropopause pressure plus 150 hPa. The tropopause height and the height of the planetary boundary layer are taken directly from
the EMAC output.

The mean upward transport is not directly comparable to a tracer concentration in the UT or tracer release studies as per-
formed, e.g., by ?? or ?. Different processes interplay and impact the transport of a tracer. The convective exchange matrix
opens the possibility to study the upward transport driven by convection undisturbed by other processes and pre-existing tracer
distributions. In this section, the focus is on the regional differences and "trends" of the eonsecutively-induced-upward transport
from the BL to the UT.

The ten-year-ten-year mean of the BL to UT transport is shown in Fig. 10. The convective transport shows a similar structure
as the convective precipitation (compare, e.g., ? and ?, their Fig. 8) and the cloud top brightness temperature (compare ?). The
values are enhanced in the inner tropical convergence zone, Amazonia, eentral-AdricaCentral Africa, and the North Atlantic

storm track. No air masses were transported from the BL to the UT westerly-West of Africa and South America, where

20



450

455

460

180° 120°W 60°W 0° 60°E 120°E 180°

1073 1072 1071 10°
Mean Transport from BL to UT 2011 to 2020 in %

Figure 10. Fen-year-Ten-year (2011 to 2020) mean convective mean transport from the planetary boundary layer height to upper troposphere
within 12 min. The upper troposphere is defined as the vertical region between the tropopause and the pressure-height of tropopause in hPa
plus 150 hPa.

subsidence is dominating the large-scale circulation patterns. Small but rene—zere-non-zero values indicate very low (deep)
convective activity westerly-of-Austratia—This—is-also-the-ease-West of Australia, over North Africa, and off the coast of
California.

Particularly high portions of air mass were transported from the BL to the UT above the Himalaya and the North to eentral
the Central Andes mountains. This is for two reasons not surprising: (1) The model levels are compressed above high mountain
areas. Thus, the distance between the BL and the UT decreases accordingly. (2) Fhe-It can be assumed that the Tiedtke-Nordeng
scheme does not perform sufficiently well in these areas in general, because the precipitation rates calculated with the Tiedtke-
Nordeng convection parameterisation within EMAC are to high compared to observations in these areas, as shown by ? in

their Fig. 2.

scheme-in-theseregionsAs the freshly formed precipitation is proportional to the updraft mass flux, a too strong updraft mass
flux results in both an overestimation of the convective precipitation and of the convective upward mass transport.

The change in the mean BL to UT transport is characterised by regional differences (see Fig. 11). In dependence of the

region, the trend is either negative or positive.
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Figure 11. As Fig. 10 but for the difference of the mean values of 2011 to 2020 and 1980 to 1989.

Overall, the transport from BL to UT was only slightly smaller between 2011 to 2020 than in the reference period. The global
(60°S to 60°N) area weighted average decreased from 0.07909 % per time step (1980 to 1989) to 0.07829 % per time step
(2011 to 2020). This seems eounter-intuitive-counter-intuitive at first glance because of the significant increase of transported
air masses to the upper levels of the convective exchange matrix (compare Fig. 6). First and foremost, the increase of the
convective outflow height leads to the increased transport to the tevels-5-uppermost levels influenced by the convection (levels
4 to 7) (in Fig. 6), likely due to an increase in the tropopause height. That does not necessarily imply an increased transport

into the whole UT.

The mean transport from the BL to the tropopause region remains nearly unchanged. Thereby, the region of the tropopause
is defined as the the-level of the tropopause down to the level with a pressure equal to the pressure at the tropopause plus 50 hPa
(in contrast to the UT, which was defined by the tropopause pressure + 150hPa). The mean transported portion was 0.02114 %
per time step in the reference period and increased marginally to 0.02118 % per time step #-from 2011 to 2020. This indicates
that less convection reaches the upper troposphere in general, but that the convective transport to the tropopause region stays
similar due to compensating processes: The deeper penetration balances or even exceeds the effect due to the lower occurrence

rate of deep convection. We note that these trends are rather small and need to be validated in the future.
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The transport to the UT decreases close to the equator over the eastern Pacific. An increase becomes apparent North and
partly also South of the equatorial region over the Eastern Atlantic. A possible weakening and widening of the Hadley cell (2?)
could explain this trend. In this framework, we cannot confirm or reject this hypothesis.

The problems of the underlying convection parameterisation is-are an important factor for the convective transport as well.
The regions with the largest changes are widely the areas of the least accurate predictions-simulations of precipitation by
the Tiedtke-Nordeng convection scheme. This convection parameterisation overestimates the precipitation at the paeifieeest
Pacific coast of Central America, Central Africaand-the-westernPaetfie-and-western—, and the Western Pacific and Western
Indian Ocean and underestimates the precipitation over the western-Maritime-continentas-can-bee-Western Maritime continent,
as can be seen in Fig. 2 by ?. These areas show pronounced changes in the transport of BL air to the UT. These changesge

therefore, therefore, go along with high uncertainties, which we cannot further quantify due to a lack of global observations of

convective transport or mass fluxes.
3.2.4 Natural variability in convective transport

To—conclude-To _analyse whether the regional changes originate from climate change or are due to natural variabilitythe

no—e ame a One-El Nifo-event—i ompared—to-one Nifa—even O— Ve sate

gaea s S a - vV omparea—+to a a—v O gate-,

one La Nifia event (Fig. S3) is compared with one El Nifio (Fig. S4) event to estimate the maximal variability whieh-that can

occur within one decade. For the El Nifio event, July 1st, 1982 to June 30st, 1983 was chosen because ? identified this-event
it as an extreme El-Nifie-event. According to ?, a strong La Nifia event took place in 1988 and 1989 This-eventis-used-for

the-analysis—1989, which is chosen as conditions very different from the El Nifio event. For consistency reasons, we took the

second half of 1988 and the first half of 1989 inte-account-for the La Nifia case —

ast;B O anspo B e e Rt e "6‘

D &

The largest differences between the El Nifio and La Nifa event occurred in the area of the equator over the Pacific. The
mean transport to the UT from BL differs up to 0.38%per-timestep-in-the-area-of the-equator-over-the Paetfie- % per time step

(Fig. 12). ? found an increased number of organised convective events in the same area comparing El Nifio events with La
Nifa events between mid of 1983 and mid of 2008. This matches with the presented results from this study, that there is more

transport into the UT from BL during the considered El Nifio event. A huge decrease can be observed North and Southwards

from the equator in the Pacific and over the maritime continent when comparing the El Nifio event from 1982/83 with the
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Nifio event-with-and the La Nifia event —They-are much more pronounced than fhed#fereﬂee&wmelﬁppeaﬁﬂ—fheeempaﬂseﬂ
e#the%eﬂyeaﬁne&n%ahies—{g}l@lg;w Fig. 115

4 Discussion

In Sec. 3.2.1, a rather small sample size is used to identify climate changes —Fe-underline-thesignificanee-of the-global-trend;

we-investigated-also-the-time-periods-in_convective activity. We investigated the periods from 1990 to 1999 and from 2000
to 2009 and compared them to the reference period (Fig. $2-S1 and Fig. $3S2) to further substantiate the discussed changes

t&fh&eem‘ee&ve}}#me}ueedrof the redistribution of air masses. The &m&pemﬂ%@%e«k%&shewsm}aﬁchanges in the

the-time-patterns are not as significant when comparing 1990 and 1999 to the 1980s, but qualitatively similar to Fig. 6. The
similarity to Fig. 6 is even more evident for the period from 2000 to 2009 compared with the reference period. They-are-stihnot

24



525 trend is consistent over the decades with-an-inereasing-amplitude-and strengthens when the climate change signal intensifies.
Fhe-However, the temporal changes in the mean BL to UT transport are small on a regional scale in comparison to the

maximal inner decadal Vanablhty eﬁfegieﬂ%sea}&ﬂrfheﬁast—feuf—deeades— MEI Nifio and La Nifia eventsean

530

535 athe convection parameterisation,

because the convective transport of individual events depends on the convection scheme (?). Therefore, this analysis can give
ay-provide a first hint, but no reliable information about

the convective transport outside of-the model framework of EMAC under-the-use-of-with the Tiedtke-Nordeng convection

scheme.

540 Furthermore-uneertainty-arises-due-to-the-nudging The nudging can introduce uncertainties as well because the ERAS data
already include convective processes. This might lead to less unstable conditions and therefore;--might influence the triggering
of convection in the model. This process was investigated in further detail by ?. ? also discussed that the-nudging-alse-nudging
influences the tropopause height. Nudging-We can not avoid these issues, because nudging is necessary to perform a transient
simulation as close as possible to the real world or at least to the reanalysis. Fherefore,—we—ecan—not-aveid—this—issae—To

545 test the robustness of our results, we performed another simulationwhere-we-enly-nudged-; Only the surface pressure --was
nudged and the sea surface temperatureand-, the sea ice coverage —Furthermore;-onty-were prescribed, and climatologies were
applied for the aerosol and green-heuse-greenhouse gas forcing. The tropopause height is strongly affected in a quantitative
sense. Nevertheless, neither the trend of the tropopause height nor the trends concerning the mean convective transport change

qualitatively. W

550 Our results are to some extend-consisted-extent consistent with other studies. An increase of the tropopause height / an-a
decrease of the tropopause pressure has been already determined in several studies, for example, via radiosonde observations
for the tropics by ? and for the Northern hemisphere by ?, via reanalysis data by ? and 2-? (only for the Northern hemisphere)

and by performing a MMWW@WW”) Based on satellite data, ? and ? observed
an-a rising of the top height of high clouds in the tropics v

555 elouds-determinedhere-Alse?-detected-applyingidealised-which goes well with the deeper convection we determined. Also, ?
concluded from simulations that convection reachesfurther-penetrates deeper with higher sea surface temperatures.
The-trends-in-conveetion-are-stil-under-diseussion—? discovered a wide-ranging decreasing trend in thunderstorm environ-

ments based on ERAS data. Their calculated severe thunderstorm hours show a decrease for the midHatitudes; but-mid-latitudes,
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but a partly an increase in the tropics. On the other hand, ? found an increasing trend for severe storms across various regions
using proxies based on CIMP6 projections.

? found that the updraft speed can strengthen up to 1 m s~! due to a CO, increase by a factor of two. Our simulations
suggest a bimodal trend favouring no convective updrafts at all or s%ﬂgefmupdraft mass fluxes (F1g 7) from 2011 to
2020 compared to 1980 to 1989. Highe
? state that the updraft speed increased the most in the upper troposphere. This is in good agreement with our findings;-finding
that the deep updraft mass fluxes beeame-get stronger in the upper troposphere from 2011 to 2020 eompared-to-than in the

reference time period.

? found in climate projections from 1990 to 2030 that tropical deep convection will reach higher and occur less often.

The hindcast simulations from this study confirm these results Qheugh—xﬁﬂm—%tuéry—%h&ﬁpr&f%eﬂgﬂﬁﬂerea%eé—feﬁdeep

Furthermore;2found-for the tropics. Also, ? obtained a strong correlation of-between the deepest convection and the highest

tropopause altitudes.

5 Conclusions

We applied-the-submedule CVRANSIinvestigated the changes in convective transport due to climate change by applying the
submodel CVTRANS, which handles the convective tracer transport in EMAC and can reproduce measured profiles of in-

soluble tracers (?)

further-. We made the following adjustments to CVTRANS: (1) by-establishing-established consistency with the underlying

convection scheme (Tiedtke-Nordeng) concerning the turbulent detrainment and entrainment. (2) In addition, the entrained air
into the downdraft can be directly detrain-in-detrained at the same levelof-the-dewndraft-. This is comparable to the proceed
concerning-the-updraft-procedure for the updraft that was already included in CVTRANS before. (1) and (2) contribute to
a more realistie-consistent handling of the turbulent mixing associated with convection and give the opportunity to take the
effects of turbulent mixing on the redistribution of air masses driven by convection into account. (3) We implemented a new
feature, the convective exchange matrix—Fhat, into CYVTRANS. It is similar to the mixing matrix by ? and opens the path for a
new analysis approach for convective transport by directly connecting the convective inflow and outflow levels within EMAC.

Thereby, convective transport can be investigated completely disentangled from the-other processes.

Fransient-We used the old version of CVTRANS (CVTRANSold), which performs reasonably well in comparison to
observations (?) in order to contrast it to the new version of CVTRANS with the adaptations for the turbulence (CVTRANSnew).
CVTRANSturb is similar to CVTRANSnew but with enhanced turbulence. The latter was used to demonstrate the sensitivity
of the convective transport to turbulence; however, too strong turbulent mixing weakens the transport to the upper troposphere
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to a great extent. Short-cutting the convective transport to such an extent is not beneficial keeping in mind that CVTRANSold
erforms well, as pointed out by ?. Therefore, CVTRANSnew is used a compromise to keep the results close to the ones of

CVTRANSold and to include the consistent turbulent entrainment and detrainment.

The goal of this study was to provide insights into the adjustments of convective tracer transport to global change. Therefore
transient EMAC simulations have been performed using the updated CVTRANS for-a-42-year-time (CVITRANSnew) for a

42-year period. The convective exchange matrix has been applied to investigate-analyse changes in the convective transport
due to recorded climate change.
The convective transport reaches higher mainly due to an increase of the tropopause altitude.

In-the-extra-tropies;-the-The upward transport increased to a wide range of high-levels—-aeross-whieh-upper tropospheric to
lower stratospheric levels in the extra-tropics, where the tropopause height shows substantial variability. However, the changes
in the convective transport patterns arein-general, in general, similar to the tropics. Respeetively;tess-Less material is trans-
ported upward from the lewerlevels-to-levels-betweenlevel 26-and-21-which-can-be-boundary layer to levels associated with
the free troposphere. This indicates that in-tetal-the convective transport is reduced in the extra-tropics in total. The same is the
case in the tropics. Globally, this hypothesis is supported by the smatter-weaker mean transport from the BL to the UT from

2011 to 2020 in comparison to the reference period. Infact-the-The simulations revealed a trend of decreasing occurrence of

deep convection. Overall, this leads to less frequent but more penetrative convection, which is in line with the results of 2.

The regional trends are accompanied by great uncertainties. The extreme events associated with El Nifio and La Nifia

lead to a large variability within a decade. This makes it hard to identify anthropogenically generated changes on a local
sealesscale. ? had i i
period and determined stronger signals using projections. Therefore, it might be promising to test how the convective transport

dapt to climate projections.

Moreover, the choice of convection parameterisation is a source of uncertainty which-that should be considered. More complex

will ehange-in-di nt-eh jeeti : is-study
and comprehensive convection parameterisations exist nowadays. A-An overview of the developments can be found in ?. For

this reason, we plan to extend this study and investigate the impact of different convection parameterisations in the past and

projected climate.
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