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10  Abstract. Developing chemistry-climate models (CCMs) is crucial for advancing our
understanding of middle atmosphere and improving whole-atmosphere weather and
climate forecasting. Chemical processes play a critical role in shaping the middle
atmospheric thermodynamic and dynamic structures. Therefore, CCMs require explicit
representation of atmospheric chemistry and must be fully coupled to physical climate

15  components. To this end, a new middle atmosphere chemistry module based on the
atmospheric general circulation model ECHAMG6 has been developed, ultimately
establishing a fully coupled chemistry-radiation-dynamics CCM named MACO
(Middle Atmospheric Chemistry with Ozone). This paper introduces the model
framework and systematically evaluates its performance through a historical simulation

20 (1970-2014), validated vs. reanalysis and satellite datasets. MACO demonstrates robust
capabilities in simulating the key dynamical and chemical processes in the middle

atmosphere. The model reasonably reproduces the climatology distributions of major
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stratospheric chemical constituents, effectively captures the annual cycle of the
Antarctic ozone hole and Arctic ozone depletion, and realistically simulates the
25  historical evolution of stratospheric ozone and HC1. However, significant biases persist
in the upper stratosphere and mesosphere. Analysis identifies two primary bias sources.
First, dynamical biases, including a weak polar night jet and polar vortex, lead to a
pronounced warm bias near the polar stratopause. This is likely linked to the model’s
moderate vertical resolution, which impacts the representation of atmospheric wave
30 dynamics. Second, biases in the chemical scheme primarily manifest as an
overestimation of CH4 and N>O and an underestimation of H2O and O; in the upper
stratosphere and mesosphere. These chemical biases are partly attributed to the
omission of photolysis below 177 nm, particularly the Lyman-o line. Future model
development will prioritize enhancing vertical resolution and refining the photolysis

35  scheme to address these identified shortcomings.

1. Introduction
The middle atmosphere involves complex chemistry-radiation-dynamics
interactions and is a critical component of the Earth’s climate system. Understanding
40  this region is essential for predicting long-term climate trends, including the timing of
stratospheric ozone recovery and the impacts of climate change on atmospheric
circulation. However, numerical modeling of the middle atmosphere requires
substantial computational resources due to numerous and intricate chemical reaction

processes. Consequently, early middle atmosphere models, constrained by computing
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45  capabilities, excluded chemical processes and functioned solely as traditional
atmospheric general circulation models (Pawson et al., 2000). With advancements in
high-performance computing and rapid increases in computational power over the past
two to three decades, a series of middle atmosphere models — primarily incorporating
stratospheric chemistry and fully coupled with atmospheric circulation models —

50 have been developed (Shindell et al., 1998; Rozanov et al., 2001; Austin, 2002; Tian
and Chipperfield, 2005; Morgenstern et al., 2009; Horowitz et al., 2020). Models of this
category are commonly termed chemistry-climate models in the literature (Eyring et al.,
2006).

After over three decades of development, chemistry-climate models have evolved

55  from initial implementations with simplified stratospheric chemistry to comprehensive
descriptions of stratospheric chemical processes (Eyring et al., 2006; Morgenstern et
al., 2010). To evaluate the credibility of results from these models, the World Climate
Research Programme (WCRP) initiated the Chemistry-Climate Model Validation
(CCMVal) project in 2003. Two assessment rounds demonstrated substantial

60 improvements among participating models, achieving better simulations of
stratospheric chemistry and ozone (Eyring et al., 2005, 2006, 2010; Morgenstern et al.,
2010; Gettelman et al., 2010). CCMVal was superseded by the Chemistry-Climate
Model Initiative (CCMI) (Eyring et al., 2013). To date, Phase 1 of CCMI (CCMI-1) has
been largely completed. CCMI emerged from the merger of CCMVal and the

65  Atmospheric Chemistry and Climate Model Intercomparison Project (ACCMIP;

Lamarque et al., 2013). Consequently, CCMI has expanded its focus from primarily
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stratospheric chemistry to include tropospheric chemical processes, marking the
advancement of chemistry-climate models toward whole-atmosphere chemistry
research. Many models participating in CCMI-1 have begun refining the description of

70  tropospheric chemistry (Eyring et al., 2013; Morgenstern et al., 2017). Simultaneously,
significant enhancements were implemented in the physical and chemical
parameterizations within these models, such as updates to the physical parameterization
schemes, adoption of online photolysis calculation schemes, and online computation of
the radiative effects due to volcanic aerosols (Morgenstern et al., 2017). Development

75  trajectories of these CCMI-1 models indicate that updating the atmospheric general
circulation model component within chemistry-climate models enhances the simulation
of dynamical and physical processes. Furthermore, implementing online photolysis
calculation schemes is a critical aspect requiring attention during the development of
chemistry-climate models.

80 Photolysis is the key driver of chemical processes in the middle atmosphere,
governing changes in atmospheric composition. Consequently, accurate calculation of
photolysis rates (J) is critical. Two common methods for computing photolysis rates in
chemistry-climate models are the online and offline approaches. The online method
solves the radiative transfer equations in real time to derive photolysis rates,

85  substantially increasing computational demands in three-dimensional atmospheric
chemistry models. The offline method typically refers to the look-up table method,
which provides required photolysis rates using precomputed tables and interpolation.

These tables express photolysis rates as functions of pressure, solar zenith angle, ozone
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column density, oxygen column density, temperature, etc., while also accounting for

90  solarirradiance variability (e.g., Lary and Pyle, 1991; Rozanov et al., 1999). After being
read by the numerical program, interpolation yields photolysis rates for any time and
location during simulations, making the look-up table method highly efficient.
Previously, most models predominantly utilized this method (Morgenstern et al., 2010),

and even among recent models participating in CCMI-1, many still employ it

95  (Morgenstern et al., 2017). However, the offline method has significant limitations: it
cannot adequately capture real-time feedbacks from clouds, tropospheric aerosols,
stratospheric aerosols, surface albedo, solar activity, and other factors affecting
photolysis rates. Thus, corrections are often required when using look-up tables method.
Sukhodolov et al. (2016) compared four look-up table methods against a reference line-

100  by-line integration scheme, finding significant biases in the lower stratosphere and
especially pronounced biases in the upper stratosphere to mesosphere, with the largest
biases occurring in the mesosphere. Their study also demonstrated that photolysis rate
biases from look-up table calculations further induce biases in ozone and temperature.
These findings suggest replacing look-up table methods with more accurate online

105  methods to reduce computational biases. Currently, several models have transitioned to
online photolysis calculations, notably exemplified by the Fast-J series developed by

the team of Prather (Wild et al., 2000; Bian and Prather, 2002; Neu et al., 2007; Prather,
2015). The latest Fast-J radiation scheme, Cloud-J, retains the advantages of previous
versions for online photolysis calculations while also improving the representation of

110  cloud vertical overlap, enabling more realistic modeling of cloud vertical structures and
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associated radiative processes (Prather, 2015). Due to computational efficiency and
accuracy, the Fast-J series is now widely implemented in chemistry-climate models and
chemical transport models (Telford et al., 2013; Eastham et al., 2014; Schroter et al.,
2018; Horowitz et al., 2020).

115 Given the significant importance of developing chemistry-climate models for
scientific research and application requirements, and building upon the aforementioned
review of advancements and trends of model development, this study selected the open-
source atmospheric general circulation model — the sixth-generation European
Centre Hamburg Model (ECHAMG6) — as the foundation. Based on its existing

120  dynamical framework and physical processes, we developed a middle atmospheric
chemistry module, thereby constructing the fully coupled chemistry-radiation-
dynamics chemistry-climate model MACO (Middle Atmospheric Chemistry with
Ozone). The objective of this paper is to introduce the fundamental framework of
MACO and evaluate its performance in simulating stratospheric chemistry and climate.

125  The remainder of this paper is structured as follows: Section 2 provides a detailed
description of the MACO model. Section 3 describes the experimental design and the
datasets used for evaluation, and analyzes the model’s simulation of middle
atmospheric dynamics and chemistry through a comprehensive evaluation of
climatology, variability, and long-term trends. Finally, Section 4 synthesizes the model

130  performance assessment and outlines potential pathways for future model improvement.
2. Model description

The chemistry-climate model MACO consists of two components: the
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atmospheric component model ECHAMS6 and a newly developed middle atmosphere
chemistry module. These components are fully coupled, allowing for two-way
135  interaction between atmospheric chemistry, radiation and dynamics. Following
specifications from CMIP6 and CCMI-2022 (Eyring et al., 2016; Plummer et al., 2021),
this study established corresponding boundary conditions and external forcings
modules.
2.1 Atmospheric general circulation model ECHAMG6
140 The atmospheric component of MACO is ECHAMG6.1. ECHAMS is the sixth-
generation atmospheric general circulation model developed by the Max Planck
Institute for Meteorology (MPI-M) (Stevens et al., 2013). Its dynamical core retains
consistency with ECHAMS, utilizing spectral truncation with spherical harmonics. To
accommodate the substantial computational demands of chemistry-climate modeling
145  under current resource constraints, MACO employs a low-resolution configuration of
ECHAMBG6: T63 horizontal resolution (approximately 1.9°x1.9°) and 47 vertical levels
(L47) extending from the surface to 0.01 hPa (approximately 80 km) using a hybrid o-
p vertical coordinate system.
ECHAMG features several key updates compared to its predecessor, ECHAMS.
150  The shortwave radiation scheme has been replaced with the Rapid Radiative Transfer
Model for GCMs (RRTMG), which, like the longwave scheme, employs the correlated-
k method (Iacono et al., 2008). The surface albedo parameterization has also been
updated based on the work of Brovkin et al. (2013). Furthermore, ECHAMG6

incorporates substantial improvements for representing the middle atmosphere, which
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155  are detailed in Stevens et al. (2013).
The model’s transport scheme handles several processes. The advection of
chemical species is managed by the flux-form semi-Lagrangian scheme of Lin and
Rood (1996). Turbulent mixing is treated using the eddy diffusion and viscosity
approach from Brinkop and Roeckner (1995). Moist convection is parameterized
160  according to Tiedtke (1989), with subsequent extensions by Nordeng (1994) and
Moebis and Stevens (2012). Gravity wave drag (GWD) is split into two components:
the orographic GWD uses the subgrid-scale parameterization of Lott (1999), with wave
propagation and dissipation following Palmer et al. (1986) and Miller et al. (1989),
while the parameterization of non-orographic GWD is based on the Doppler spread
165  theory described by Hines (1997a, 1997b). The land-surface component of ECHAM6
is the Jena Scheme for Biosphere-Atmosphere Coupling in Hamburg (JSBACH), which
provides the lower boundary conditions over land and simulates processes such as soil
and litter decomposition, and land-use change (Reick et al., 2013).
Overall, ECHAMG6 shows improved performance over ECHAMS in several key
170  areas, most notably in the mid-latitudes. ECHAMS6 also demonstrates skill in simulating
tropical variability, including intraseasonal oscillations and the stratospheric quasi-
biennial oscillation (QBO).
2.2 Middle atmosphere chemistry module
The middle atmosphere chemistry module implements numerical formulations for
175  chemical processes in the middle atmosphere and achieves two-way coupling with

ECHAMBS6. This module formulates a chemical mechanism appropriate for the middle
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180

185

EGUsphere\

atmosphere. This mechanism comprises five chemical families (Ox, NOx, HOx, ClOx,

BrOx), CHy and its derivatives, totaling 48 chemical species (see Table 1), involving 46

photolysis reactions, 123 gas-phase reactions, and 11 stratospheric heterogeneous

reactions (see Tables 2-4). All reaction rate coefficients, absorption cross-sections, and

parameters for heterogeneous reaction processes follow the recommendations provided

in the 2019 evaluation report (Burkholder et al., 2019) by the NASA Jet Propulsion

Laboratory (JPL).
Table 1. Chemical components in the MACO model
No. Species Note No. Species Note
1 Br 25 ClO
2 Br, 26 CIONO>
3 BrCl 27 H
4 BrO 28 Ha
5 BrONO; 29 H>O
6 CBrF; H-1301 30 H.0;
7 CCLF2 CFC-12 31 HBr
8 CCLFCCIF,  CFC-113 32 HCl
9 CCIF CFC-11 33 HNO;
10 CCly 34 HO»
11 CCIBrF, H-1211 35 HO,:NO,
12 CH-O 36 HOBr
13 CH3Br 37 HOC1
14 CH;CCl3 38 N
15 CH;ClI 39 N0
16 CH;0, 40 N20s
17 CH;O0H 41 NO
18 CH4 42 NO:
19 CHCIF, HCFC-22 43 NO;
20 CcoO 44 (¢}
21 Cl 45 o('D)
22 Clh 46 O3
23 CLO; 47 OCIO
24 CINO> 48 OH
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Table 2. Photolysis reactions in the MACO model
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No. Reactions No. Reactions

1 O>+hv — 20 24 | ChO2+hv — 2C1
2 Os+hv — O('D)+ 0, 25 | HOCl+hv — OH+Cl
3 Os+hv =~ O0+0> 26 | CIONO; +hv — Cl+NOs3
4 N2O +hv — O('D) + N, 27 | CIONO;+ Ahv — CIO + NO;
5 NO+hv = N+O 28 | BrCl+hv — Br+Cl
6 NO;+hv — NO+O 29 |BrO+hv — Br+0O
7 N20s + v = NO, + NO3 30 | HOBr+hv — Br+OH
8 N20s+hv — NO+ O + NO3 31 | BrONO; + Aiv — Br+NOs3
9 HNO; + v — NO, + OH 32 | BrONOz + iv — BrO + NO»
10 | NOs+hv — NO,+O 33 | CH3Cl+hv — Cl+ CH30;
11 | NOs+hv — NO+ O 34 | CCly+hv — 4Cl
12 | HO:NO; + Av — OH + NOs3 35 | CH3CCl3+hv — 3CI
13 | HO:NO; + Av — NO, + HO» 36 | CCIF +hv — 3CI
14 | CH300H + hv — CH,0 + HO»

37 | CCLhF2+hv — 2C1

+OH

15 | CHO+hv — CO+HO,+H 38 | CCLFCCIF,+hv — 3Cl
16 | CHO+hv — CO+H; 39 | CHCIF2+hv — Cl
17 H,O+hv - OH+H 40 CH3Br + Av — Br+ CH30,
18 | H,O+hv — Hy+O('D) 41 | CBrFs+hv — Br
19 |HO+hv — 2H+O 42 | CCIBrF2 +hv — Br+Cl
20 | HO,+hv — 20H 43 | HCl+hv — H+Cl
21 | Clh+hv — 2Cl 44 | HBr+hv — H+Br
22 | ClO+hy =~ CI+0O 45 | CINO2+hv — CI+NO;
23 | OCIO+hv — O+CIO 46 | Bro+hv — 2Br

10
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Table 3. Gas-phase reactions in the MACO model

No. Reactions No. Reactions
1 |[O+0,+M — O;+M 63 | Cl+H, — HCI+H
2 O+0; > 0,+0, 64 Cl+H,O, — HCl+HO,
3 |O+0+M — O:+M 65 | C1+HO; — HCl+ 0>
4 |O(D)+N; —~ O+N; 66 | C1+HO, — OH+CIO
5 |O(D)+0, - 0+0, 67 | C1+CH,0O — HCl+HO,+ CO
6 | O('D)+H,O — OH+OH 68 | Cl+CHs — CH30:+HCI
7 | O('D)+N0 -~ N2+0; 69 | ClIO+0O — ClI+0>
8 | O('D)+N.O — NO+NO 70 | CIO+OH — CIl+HO,
9 O(ID) +0; — 0.50,+0.50, +0.50,
10 71 | CIO+OH — HCl+ 0,
10 | O('D)+ CCIF — 3ClI 72 | ClIO+HO; — 02+ HOCI
11 | O('D) + CCLLF, — 2ClI 73 | ClIO+ CH30, — Cl+HO,+ CH2O
12 | O('D) + CCLFCCIF, — 3Cl 74 | CIO+NO — NO,;+Cl
13 | O('D) + CHCIF, — Cl 75 | ClIO+CIO — 2Cl1+ 0,
14 | O('D)+CCly — 4Cl 76 | CIO+CIO — Cla+0;
15 | O('D) + CH3Br — Br 77 | ClO+CIO — Cl+0CIO
16 | O('D)+ CCIBrF, — Cl+Br 78 | HC1+ OH — H,O +Cl
17 | O('D) + CBrF; — Br 79 | HC1+O — Cl+OH
18 | O('D)+ CH4 — CH30,+ OH 80 | HOC1+O — CIlO+ OH
19 | O('D)+ CHs — CH,O +H + HO, 81 | HOCl+Cl — Cl,+OH
20 | O('D)+ CHs — CH,O+H, 82 | HOCl+OH — HO + CIO
21 |O('D)+H; - OH+H 83 | CIONO;+0O — CIO +NOs
22 | O('D)+HCI — Cl+OH 84 | CIONO; + OH — HOCI + NO3
23 | O('D)+HBr — Br+OH 85 | CIONO; +Cl — Cl>+NO;3
24 |N+0O; - NO+O 86 | O+0CIO — CIO+ 0O,
25 |N+NO — N, +0O 87 | OH+ OCIO — HOCI+ O,
26 | N+NO>» - N O+O 88 | NO+OCIO — NO,+CIO
27 | H+NO2 — OH+NO 89 | C1+0CIO — CIO +CIO
28 | NO+HO; — NO;+ OH 90 | CIO+CIO+M — CLO,+M
29 | NO+0O3 = NO>+0> 91 | CLO2+M — CIO+CIO+M
30 | NO2+03 = NO3;+ 0, 92 | CIO+NO;+M — CIONO:; +M
31 | NO;+NO — 2NO 93 | Br+0s; — BrO+0;
32 |NO3;+0O — NO;+ 0O 94 | Br+HO; — HBr+ 0>
33 | NO3;+OH — HO;+NO; 95 | Br+ CH.O — HBr+ HO,+ CO
34 | NO3;+HO; — OH+NO;+ O, 96 | BrO+0 — Br+0;
35 | HO.NO, + OH — H>0 +NO> + 02 97 | BrO+OH — Br+HO»
36 |[INO+O+M — NO;+M 98 | BrO+HO> — HOBr+ 0,
37 | NO,+O+M — NOs;+M 99 | BrO+NO — Br+NO;
38 [NO2+O+M — NO+O0; 100 | BrO +CIO — Br+ OCIO
39 | NO2+NO3;+M — N,Os+M 101 | BrO+CIO — Br+Cl+ 0,
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Table 3. Continued

No. Reactions No. Reactions
40 | N2Os+M — NO;+NO3+M 102 | BrO+ CIO — BrCl+ O,
41 | NO,+HO2+M — HONO,+M 103 | BrO+BrO — 2Br+ 0>
42 | HO;NO; + M — HO; +NO; +M 104 | HBr+ OH — Br+ H,O
43 | NO,+OH+M — HNO3+M 105 | HBr+ O — Br+ OH
44 | HNO3;+OH+M — NO;s+ HxO 106 | HOBr+O — BrO+ OH
45 |H+03 — OH+ O 107 | BrONO,+ O — BrO + NO3
46 | H+HO> — OH+ OH 108 | BrO+NO; +M — BrONO; +M
47 |H+HO, — Hy+ 0, 109 | CH3Cl1+ Cl — HO>+ CO + 2HCI
48 | H+HO; — H.0+0O 110 | CH3Cl1+OH — Cl+ HO + HO»
49 |OH+O — H+O0, 111 | CH3CClz + OH — H,O + 3Cl
50 OH+ 03 — HO,+ 0, 112 | CHCIF, + OH — Cl+H)0O
51 | OH+HO> — H0+0s 113 | CH3Br+ OH — Br+ H,0 + HO
52 |OH+OH — H,O0+O 114 | CH3Br+ Cl — HCl+HO, + Br
53 |OH+H; — HO+H 115 | CH4+ OH — CH30;+ HxO
116 | CH30, + NO — CH20 + NO, +
54 | OH + H,0; — H,O +HO;
HO;
55 |H,+O — OH+H 117 | CH30, + HO, — CH300H + O3
118 | CHO + NO3s — CO + HO, +
56 | HO,+0O — OH+ 0O,
HNOs3
57 | HO2,+ 03 — OH +20; 119 | CHO + OH — CO + H>O + HO»
58 | HO>, + HO, — H20>+ 0> 120 | CH,O0 +O — HO,+ OH +CO
121 | CH300H + OH — 0.7CH30, +
59 | HO,+0O — OH +HO;
0.30H + 0.3CH20 + H,0
60 |l H+O0,+M — HO,+M 122 | CO+OH+M — CO>+HO>,+M
61 | OH+OH+M — H0,+M 123 | CO+OH+M — CO;+H
62 | C1+03 — CIO+ 0,
200
Table 4. Stratospheric heterogeneous reactions in the MACO model
No. Reactions No. Reactions
1 N,0s + H,O — 2HNO;3 BrONO; + HCl — BrCl+ HNO3
2 N>Os + HCl — CINO; + HNO3 HOCI +HC] — CL +H0
3 CIONO; + HO — HOCI + HNO:s HOCI1+ HBr — BrCl + H,O
4 CIONO; + HC1 — Cl, + HNO;3 10 HOBr+ HCI — BrCIl+ H,O
5 CIONO; + HBr — BrCl + HNO3 11 HOBr+ HBr — Br; + H,O
6 BrONO; + HO — HOBr+ HNO3

12
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Numerical solution of the chemical system — a coupled set of ordinary

205  differential equations (ODEs) — provides the tendency terms for composition
changes due to photochemistry. This stiff ODE system necessitates complex coding for

both the ODEs and their associated linear algebraic solvers. To address this challenge,

the module utilizes the open-source Kinetic PreProcessor (KPP) software developed by

Sandu and Sander (2006), to automate module code generation. The generated code is

210  subsequently adapted to meet specific model requirements. KPP is widely utilized in
implementing chemical processes for multiple international atmospheric chemistry
models. It enables automated code generation, which significantly reduces manual
programming efforts and associated errors, enabling streamlined updates to chemical
mechanisms and replacements/upgrades of numerical solvers for chemical operators.

215 The module employs the Rosenbrock method, a non-iterative implicit solver
particularly well-suited for stiff systems, as the numerical solver for chemical operators.
Photolysis rates are calculated online using the radiative transfer model Cloud-J

version 7.3 developed by Prather (2015). Cloud-J uses an eight-stream Fourier multiple-
scattering method, dividing solar radiation between 177 and 778 nm into 18 spectral

220  bins: 11 bins for the stratospheric region (177-290 nm) and 7 bins for the tropospheric
region (290-778 nm). Cloud-J primarily accounts for O> and O3 absorption, Rayleigh
scattering, and Mie scattering by clouds and aerosols. Cloud-J is suitable for photolysis
calculations at altitudes below approximately 60 km. Stratospheric photolysis processes
primarily occur at radiation wavelengths above 177 nm. However, radiation below 177

225  nm (primarily the Lyman-a line) becomes important for some species like CHs, H2O,

13



https://doi.org/10.5194/egusphere-2025-3636
Preprint. Discussion started: 8 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

and O in the upper stratosphere and mesosphere. Existing approaches for handling
wavelengths below 177 nm have been described by Telford et al. (2013), who
implemented the online Fast-JX scheme in the UK Chemistry and Aerosols model
(UKCA), while utilizing the offline scheme from Lary and Pyle (1991) to compute

230  photolysis rates above 0.2 hPa as a method to specifically address this spectral region.
However, research by Sukhodolov et al. (2016) indicates inadequate performance of
this offline scheme for H>O and O photolysis calculations above 60 km. Selection of a
more reliable offline scheme is therefore essential. As both scheme selection and its
implementation in the model require substantial effort, this initial model version does

235  not include photolysis processes below 177 nm, and this component will be refined in
future versions. Model evaluation in Section 3 identifies the absence of this spectral
band as a partial cause of simulation biases near the stratopause. However, quantitative
assessment of error contributions requires dedicated model development and sensitivity
experiment design, which warrants further research.

240 Stratospheric heterogeneous reactions primarily occur at the interfaces of solid and
liquid particles, such as polar stratospheric clouds (PSCs) and sulfate aerosols.
Simulation of heterogeneous reactions in polar stratospheric regions requires
specification of PSC physical parameters. PSCs are classified into three types: PSC-1a
consists of nitric acid trihydrate (NAT), PSC-1b consists of supercooled ternary solution

245  (STS) droplets, and PSC-2 consists of water ice. The presence of PSCs is a necessary
condition for polar ozone depletion during spring. This module simulates PSCs

formation and gravitational sedimentation using the parameterization documented by

14
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Kirner et al. (2011), which defines the potential PSC formation region as 45°N-90°N in

the Northern Hemisphere, 55°S-90°S in the Southern Hemisphere, and between 180

250  and 5 hPa vertically; PSCs cannot form outside these regions. The STS is parameterized

follows the scheme by Carslaw et al. (1995), describing the uptake of HNO; and some

halogen species by sulfuric acid aerosols to form STS. The parameterization of the

uptake coefficients for liquid-phase reactions uses the method from Carslaw et al.

(1997). For NAT, the module employs the thermodynamic parameterization method

255  proposed by Hanson and Mauersberger (1988), whereby NAT formation occurs via

heterogeneous nucleation on preexisting solid PSCs when HNO; partial pressure

exceeds its saturation vapor pressure. The simulation sequence prioritizes NAT

formation before STS uptake of HNO3. Water ice formation follows the thermodynamic

parameterization established by Marti and Mauersberger (1993), with concentration

260  derived from the difference between H>O partial pressure and its saturation vapor

pressure. Denitrification and dehydration result from gravitational settling of NAT and

water ice particles, simulated using the trapezoidal scheme from Buchholz (2005).

Notably, water ice and NAT particles do not undergo explicit transport. Instead, they re-

evaporate into gaseous H>O and HNOjs after each chemical time step and subsequently

265  transported in gaseous form. At the next time step, these particles are regenerated anew

based on the updated saturation conditions through the aforementioned thermodynamic
equilibrium assumptions.

Dry deposition simulation adopts a one-way sedimentation scheme occurring

exclusively at the model lowermost layer, assuming irreversible deposition where the

15
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270  surface acts as the ultimate sink. The current model version utilizes simplified dry
deposition calculation by predefining constant deposition velocity values. The module
includes dry deposition processes for CO, NO, NO;, O3, HNO3, H203, and H»z. Dry
deposition velocities over land and ocean originate from data compiled by Hauglustaine
et al. (1994) and Hauglustaine and Ehhalt (2002) (see Table 5).

275 Wet deposition processes are categorized by physical mechanism into in-cloud
scavenging (rainout) and below-cloud scavenging (washout). The module simulates
wet deposition using the scheme introduced by Brasseur et al. (1998), currently applied
to 10 chemical species: HNOs, H2O,, HCI, HOCI, CIONO., HBr, HOBr, BrONO3,
CH-0, and CH3OOH.

280

Table 5. Dry deposition velocities of chemical species (units: cm/s)

Species Land Ocean
CO 0.03 0
NO 0.016 0.003
NO; 0.1 0.02

(03} 0.4 0.07
HNO; 4.0 1.0
H;0, 0.5 1.0

2.3 Model Configuration and Boundary Conditions
MACO establishes three-dimensional chemical-radiative-dynamical coupling
285  between the middle atmosphere chemistry module and ECHAMS6, as described

previously. The chemical transport processes for all species in the middle atmosphere
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chemistry module are simulated via the ECHAMG6 dynamical transport module, which
handles advection, turbulent mixing, and vertical convection. The advective transport
employs the flux-form semi-Lagrangian scheme, namely the Lin-Rood scheme (Lin
290 and Rood, 1996). Radiative transfer calculations utilize H>O, O3, CHs, N2O, CFC-11,
and CFC-12 concentrations provided in real time by the middle atmosphere chemistry
module. Radiation transfer calculations and chemistry system solvers are executed
every two hours.
Following the implementation of Cloud-J for online photolysis rate calculations,
295  Cloud-J can acquire cloud-related parameters such as cloud fraction on each vertical
layer simulated by the model in real-time. It establishes a cloud overlap model to
calculate the influence of cloud layers on photolysis rates. Cloud-J offers eight schemes
for cloud model settings in radiation transfer calculations. To realistically simulate the
cloud overlap effect on photolysis rates, the AVQCA scheme is selected as the default
300  option, following recommendations by Prather (2015). The AvQCA scheme employs
the maximum-correlated overlap model for cloud vertical overlap and computes
average photolysis rates across generated independent atmospheric columns via the
Average in each Quadrature Column Atmospheres (AvQCA) method. This scheme
relies on cloud physical parameters defined on model layers. Detailed descriptions of
305  Cloud-J cloud model schemes are available in Prather (2015).
Emission inventory data are ingested offline to the model for calculating pollutant
concentrations from anthropogenic and natural sources. Aircraft emission fluxes are

interpolated to corresponding model layers, while all other emissions are specified as
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fluxes at the model lowermost layer. The model focuses on anthropogenic emissions
310 and biomass burning. Global anthropogenic emissions come from the Community
Emissions Data System (CEDS) dataset (Hoesly et al., 2018), while global biomass
burning emissions originate from van Marle et al. (2017). Both inventories are
recommended for CMIP6 and CCMI-2022 experiments. The chemical species currently
considered from anthropogenic and biomass burning sources are CO and nitrogen
315  oxides (NOx = NO + NO»). Non-methane volatile organic compounds and other species
critical for tropospheric chemistry are excluded, as the core chemical mechanism targets
the middle atmosphere. Emissions of NOx from natural biogenic sources and lightning
are also omitted currently. These emissions are more crucial for tropospheric chemistry
but exhibit high sensitivity to meteorological and climatic variations; thus, it is
320  preferable to employ interactive parameterization methods that allow the model to
diagnose these emissions online (Plummer et al.,, 2021). Such interactive
parameterization scheme requires further model development and will be implemented

in future model versions.
Representing the quasi-biennial oscillation (QBO), a key interannual variability
325  signal in the tropical stratosphere, is essential for understanding ozone and other trace
species variability in tropical and extratropical middle atmosphere. Since the model
uses a low-resolution version of ECHAMBS, its vertical resolution is insufficient to
accurately simulate the realistic QBO. The model adopts the QBO nudging scheme
proposed by Giorgetta (1996) based on Newtonian relaxation principles to nudge

330  stratospheric zonal winds in the tropics toward observed equatorial wind profiles from

18



https://doi.org/10.5194/egusphere-2025-3636
Preprint. Discussion started: 8 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Plummer et al. (2021), thereby improving QBO simulation. The nudging scheme is
applied with minor adjustments following Stenke et al. (2013), with nudging occurring
in the latitude range of 20°S-20°N and the vertical range of 3-90 hPa.
The global monthly mean sea surface temperature (SST) and sea ice coverage (SIC)
335  dataset used by the model is the HadISST1 dataset provided by the UK Met Office
Hadley Centre (Rayner et al., 2003). Greenhouse gas and ozone depleting substances
(ODSs) forcings are sourced from Meinshausen et al. (2017). Greenhouse gases mainly
include CO;, CH4, and N20O. ODSs includes ten species: CFC-11, CFC-12, CFC-113,
CH;3CCl;, CCls, CHsCl, CHsBr, HCFC-22, Halon-1211, and Halon-1301. All
340  greenhouse gases and ODSs, except CO», are specified as lower boundary conditions,
while CO2 uses a uniform value throughout the three-dimensional domain. Solar
radiation forcing uses solar spectral irradiance data from Matthes et al. (2017), from
which the top-of-atmosphere actinic flux data for photolysis are computed.
Stratospheric aerosol forcing uses data from Kovilakam et al. (2020). Calculating
345  volcanic aerosol radiative effects requires extinction coefficients, asymmetry factors,
and single-scattering albedos provided by the dataset. Calculation of stratospheric
heterogeneous reactions utilizes the volcanic aerosol volume density and sulfuric acid
number concentration provided in the dataset. All the forcing data mentioned above are
recommended for CMIP6. Tropospheric aerosol forcing follows the ECHAM®6 scheme,
350 utilizing the tropospheric aerosol optical parameter data from Kinne et al. (2013) to
calculate radiative forcing.

3 Evaluation of MACO
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3.1 Numerical experiments design and dataset for model evaluation
To evaluate the model simulation performance, historical simulation experiments
355  were conducted. The boundary condition data required for model operation vary with
time, and specific details regarding these data and model configuration have been
described in Section 2.3. The simulation period spans from 1970 to 2014. The first 10
years (1970-1979) are treated as a model spin-up period, and the analysis focuses on
the years 1980-2014.
360 The model simulation is evaluated against a comprehensive suite of observational
and reanalysis datasets:
MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications,
Version 2) reanalysis data provided by NASA (Gelaro et al., 2017). It covers the period
from 1980 to present, with a horizontal resolution of 0.5° x 0.625° and 72 vertical layers
365  extending from the surface to 0.01 hPa. Temperature and zonal wind data from
MERRA-2 are used in this analysis.
GOZCARDS (Global Ozone Chemistry and Related trace gas Data records for the
Stratosphere) satellite composite data provided by NASA (Froidevaux et al., 2015).
This dataset provides high-quality, long-term merged satellite records of zonal mean O3,
370  HCI, H,0, HNOs, and N>O, with temporal coverage spanning 1984-2012, 1991-2012,
1991-2012, 2004-2012, and 2004-2012, respectively.
ACE-FTS v3.5 (Atmospheric Chemistry Experiment Fourier Transform
Spectrometer, Version 3.5) data from the Canadian SCISAT satellite (Bernath et al.,

2005). This analysis uses the zonal mean CH4 data (zonal mean), covering the period
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375  2004-2012.
MSR-2 (Multi-Sensor Reanalysis, Version 2) total ozone column data from van

der A et al. (2015). This dataset assimilates total ozone column retrievals from 15
satellite instruments, with a horizontal resolution of 0.5° x 0.5° and temporal coverage
from 1960 to 2022.

380 3.2 Evaluation of atmospheric dynamics

Figure 1 shows the latitude-height distributions of climatological (1980-2014)

zonal mean temperatures simulated by the model for four seasons, compared with
observations. Overall, the model captures the zonal-mean temperature distribution
accurately, although biases occur in the middle atmosphere relative to observations.

385  Specifically, simulated tropospheric temperatures agree well with observations, with
biases below 2.5 K, except for a -2.5 to -5 K cold bias near the extratropical tropopause
compared to observations. Simulated temperatures in the lower stratosphere also
closely match observations, with biases generally within 2.5 K. However, larger biases
appear in the simulation of the mid-upper stratosphere and mesosphere. Temperatures

390 simulated above 0.1 hPa are higher than observations by more than 2.5-5 K throughout
the year. The most pronounced differences occur between the mid-upper stratosphere
and 0.1 hPa, with maximum biases near the stratopause. Additionally, between the mid-
upper stratosphere and 0.1 hPa during spring (March-May) and summer (June-August),
temperatures over Antarctic are 2.5-10 K higher than observations. Similarly, during

395  autumn (September-November) and winter (December-February), temperatures over

the Arctic exhibit such warm biases. The warm biases reach maxima over Antarctic in
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summer and the Arctic in winter, respectively. Outside these regions, temperatures are

generally lower than observed, with the most significant biases (exceeding 10 K)

occurring over the Arctic in summer and the Antarctic in winter. The warm bias patterns

400  over Antarctica in spring-summer and the Arctic in autumn-winter arise from a weaker

simulated vortex, which enhances meridional transport and mixing. This bias is a

persistent issue in ECHAM and other GCMs (Stevens et al., 2013; Gettelman et al.,

2019), which can be significantly improved by using higher vertical resolution version

of ECHAM at the expense of greater computational demands (Mauritsen et al., 2019).

405  The cause of the cold bias elsewhere near the stratopause will be discussed further in
the subsequent analysis of chemical process.

Figure 2 presents the latitude-height distributions of simulated zonal winds.

Overall, the model reproduces the spatial pattern of observed zonal winds well. The

model reasonably captures the position and intensity of tropospheric jets, with absolute

410 biases of approximately 2-5 m/s. Differences between the model and observations

increase with altitude. The simulated intensity of the summer hemisphere stratospheric

easterly jet matches observations closely (Fig. 2d and j), but its shape shows minor

differences. In the mesosphere, simulated easterlies are 10-20 m/s weaker than

observations (Fig. 2f and ). In the stratosphere, the intensity of the simulated Southern

415  Hemisphere polar night jet and polar vortex agrees well with observations (Fig. 2d), but

their positions are shifted. The core of the Antarctic polar night jet in the simulation is

near 60°S between 10-1 hPa, whereas observations place the jet core near 40°S between

3-0.1 hPa (Fig. 2¢). The simulated Northern Hemisphere polar night jet closely matches
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observations in the mid-lower stratosphere (Fig. 2j), with biases below 2.5 m/s (Fig. 21).
420  Inthe mesosphere, the westerly jets in both hemispheres are weaker than observed, with
biases exceeding 10 m/s, particularly in the Southern Hemisphere (Fig. 2f and 1). These
weaker polar night jets and vortices correspond well to the warmer temperatures seen

above the upper stratosphere in Figure 1.
As mentioned earlier, the low vertical resolution of the model prevents a
425  satisfactory simulation of the QBO without nudging. To evaluate the nudging effect,
Figure 3 analyzes the monthly evolution of tropical stratospheric zonal winds during
1995-2014. The model successfully reproduces the main characteristics of the QBO.
With nudging, the model successfully simulates the periodic variation of QBO and its
downward propagation into the lower stratosphere over time (Fig. 3a). However, biases
430 relative to observations remain (Fig. 3b): in the mid-lower stratosphere, the simulated
amplitude of the QBO easterly phase is weaker, while the westerly phase amplitude is

stronger.

435

440
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Figure 1. Latitude-altitude distributions of temperature simulated by the MACO (first column)

from 1980 to 2014, temperature from the MERRA?2 reanalysis data (second column), and the

temperature differences between the model and MERRA2 (third column) (units: K). Panels (a-c),

(d-f), (g-1), and (j-1) show results for spring, summer, autumn, and winter, respectively. In the

third column, contour intervals are set at -20, -10, -5, -2.5, 0, 2.5, 5, 10, and 20. The slanted grid

areas denote regions where the temperature differences are not statistically significant at the 95%

confidence level based on a t-test.
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Figure 2. Latitude-altitude distributions of zonal wind simulated by the MACO (first column)
from 1980 to 2014, zonal wind from the MERRA2 reanalysis data (second column), and the
differences between the model and MERRA?2 (third column) (units: m/s). Panels (a-c), (d-f), (g-
i), and (j-1) show results for spring, summer, autumn, and winter, respectively. In the third
column, contour intervals are -40, -20, -10, -5, -2.5, 0, 2.5, 5, 10, 20, and 40. The slanted grid
areas denote regions where the zonal wind differences are not statistically significant at the 95%

confidence level based on a t-test.
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Figure 3. Monthly evolution of the 100-1 hPa tropical (10°S-10°N) averaged zonal wind from
(a) MACO model simulation and (b) MERRAZ2 reanalysis data during 1995-2014 (units: m/s).

450
3.3 Evaluation of atmospheric chemistry
3.3.1 Climatology of trace gas
Methane (CHy) is an important source of water vapor in the stratosphere and also
a crucial tracer for stratospheric circulation. Figure 4 shows the latitude-height
455 distribution of annual mean CHs4 volume mixing ratios and its comparison with
observations. The model simulation (Fig. 4a) reproduces well the distribution of CHs
seen in observations (Fig. 4b). The CH4 mixing ratio contours bulge upwards in low-

latitude regions and dip downwards in mid- and high-latitude regions, corresponding to
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the ascending and descending branches of the Brewer-Dobson (B-D) circulation,
460  respectively. The relatively flat contours observed in mid-latitudes, resulting from rapid
atmospheric mixing due to planetary wave breaking, are also reasonably captured by
the model. Performance of the model in simulating stratospheric CH4 below 10 hPa is
excellent, with deviations from observations within 5%. However, above 10 hPa,
simulated CH4 concentrations are higher than observed values, and the deviations
465  increase with altitude, exceeding 50% in the lower mesosphere. The overestimation can
be attributed to two main factors. For the overestimation in the middle and upper
stratosphere, the height of the 0.8 ppmv contour over the equator is notably higher than
that in observations, suggesting potentially excessive vertical transport in the model
that leads to overestimated vertical transport of CHas. The bias in the mesosphere may
470  stem from neglect of the CH4 photolysis at the Lyman-a line (121.567 nm) in the
photolysis rate calculation, resulting in underestimation of the CH4 photolysis rate. The

combined effect of these two factors likely amplifies the bias in the mesosphere.
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Figure 4. Latitude-altitude distributions of CH4 volume mixing ratios (in ppmv) from (a)
MACO model simulation and (b) ACE-FTS satellite observations during 2004-2012, as well as

the relative differences between the model simulation and ACE-FTS satellite data (%).

475 Figure 5 presents the latitude-height distribution of annual mean N2O volume
27
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mixing ratios and its comparison with observations. The model also reproduces well
the observed N>O distribution. Similar to CHa, the main differences for N,O are
primarily found in the middle and upper stratosphere, increasing with altitude. In the
lower stratosphere, simulated N>O concentrations are close to observations. In the

480  middle stratosphere, the simulated results display hemispheric asymmetry, with smaller
differences in the Northern Hemisphere but a negative bias compared to observations
in the Southern Hemisphere, reaching a maximum over the Antarctic region. From the
upper stratosphere upwards, simulated N>O concentrations become higher than
observed, and the bias increases rapidly with altitude.

485
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Figure 5. Latitude-altitude distributions of N>O volume mixing ratios (in ppmv) from (a)
MACO model simulation and (b) GOZCARDS data during 2004-2012, as well as the relative
differences between the model simulation and GOZCARDS data (%). The slanted grid areas
denote regions where the differences are not statistically significant at the 95% confidence level

based on a t-test.

This overestimation of both CH4 and N>O in the mid-upper stratosphere and above
is highly consistent with corresponding evaluation results for SOCOL4 reported by
Sukhodolov et al. (2021). Since both MACO and SOCOLA4 utilize the ECHAM®6 as

490  their atmospheric component, dynamical causes for biases in these chemical species
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inherit primarily from ECHAMS6 in both models. Regarding biases attributable to
chemistry, analysis reveals that while the look-up table method used in SOCOL4
includes photolysis of CHy at the Lyman-a line, it still underestimates the photolysis
rate at this line. Furthermore, the online photolysis scheme in MACO neglects CH4
495  photolysis at the Lyman-a line. Both findings indicate that inaccurate calculation of
photolysis rates contribute to the CHs simulation bias and also explain why the
mesospheric bias in MACO is larger than in SOCOLA4. The situation is similar for N2O,

where photolysis at shorter wavelengths is also underestimated.
Figure 6 presents the latitude-height distribution of the annual mean water vapor
500 (H20) volume mixing ratio and its comparison with observations. The comparison
between the water vapor distributions in Fig. 6a and b shows that the model successfully
simulates the minima centers near the lowermost stratosphere over the Antarctic and
the Equator. The Antarctic HO minimum is caused by dehydration via PSCs, indicating
the model captures the state of PSCs reasonably well. Conversely, the model fails to
505  reproduce the observed maximum center from the stratopause to the lower mesosphere.
The difference distribution between the model and observations in Fig. 6¢ clearly shows
that the model performs well in the stratosphere, with biases largely within 5%.
However, between 1 and 0.1 hPa, the simulated H>O concentrations are significantly
lower than observations, with biases exceeding 10% in the middle and low latitudes,
510 and the Antarctic. Tropospheric water vapor transport and methane oxidation from the
stratosphere to the mesosphere are the two primary sources of H>O in the middle

atmosphere. Tropospheric transport contributes relatively little to H>O at the stratopause
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due to dehydration at the tropopause. Therefore, the most likely cause for the simulated
H>O underestimation is that the model underestimates CH4 photolysis at Lyman-a line.
515  Simulated H>O above 0.1 hPa is higher than observations, likely because the model
does not account for H>O photolysis at Lyman-a line, resulting in reduced H2O loss. As
H>O is an important radiative gas in the mesosphere, its underestimation may be a

significant reason for the cold biases from the stratopause to the mesosphere in Figure

520
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Figure 6. Latitude-altitude distributions of H>O volume mixing ratios (in ppmv) from (a)
MACO model simulation and (b) GOZCARDS data for the period 1991-2012, as well as the
relative differences between the model simulation and GOZCARDS data (%). The slanted grid
areas denote regions where the differences are not statistically significant at the 95% confidence

level based on a t-test.

Figure 7 further displays the latitude-month variation of H>O at 70 hPa compared
with observations. The model simulates the global distribution and seasonal variations
of H20O well, and successfully reproduces the observed H2O minima in the tropics

525  during January-May and in the Antarctic during June-November. However, the
simulated H>O values exhibit a generally low bias, especially over the Antarctic from

January to May, where concentrations are significantly lower than observed. This
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indicates the simulation of PSC seasonal variations requires further improvement.
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Figure 7. Month-latitude distributions of H,O volume mixing ratios (in ppmv) at 70 hPa from

(a) MACO model simulation and (b) GOZCARDS data for the years 1991-2012.

530
HNOs is an important reservoir for NOy, influencing stratospheric NOx
concentrations and its catalytic cycles for ozone loss. It also plays a key role in polar
heterogeneous chemistry. Figure 8 presents the latitude-height distribution of the annual
mean HNO3 volume mixing ratio and its comparison with observations. Overall, the
535  model reproduces the observed stratospheric distribution of HNO3 and successfully
simulates the locations of the maxima centers in both hemispheres. However, simulated
HNOs3 concentrations are lower than observations throughout the stratosphere. In the
lower to middle stratosphere, model biases are concentrated in the middle and low
latitudes, exceeding 20% and being largest in the low latitudes. This underestimation
540  may relate to an overestimation of HNO3 wet scavenging. In the upper stratosphere,
model biases exceed 30% and are largest over the poles, likely linked to the
underestimation of H>O at these altitudes. Reduced H>O leads to less OH production,

thereby reducing HNO; formation.
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Figure 8. Latitude-altitude distributions of HNOj; volume mixing ratios (in ppbv) from (a)
MACO model simulations and (b) GOZCARDS data for the period 2004-2012, as well as the
relative differences between the model simulation and GOZCARDS data (%). The slanted grid
areas denote regions where the differences are not statistically significant at the 95% confidence

level based on a t-test.
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Figure 9. Month-latitude distributions of HNO3 volume mixing ratios (in ppbv) at 50 hPa from
(a) MACO model simulation and (b) GOZCARDS data for the years 2004-2012.

As HNO:; is essential for forming PSCs, its accurate simulation is crucial for polar
ozone chemistry. Figure 9 shows the latitude-month variation of HNO3 at 50 hPa and
its comparison with observations. The latitude distribution and seasonal variation of

550 HNO; generally correspond well with observations, with the Antarctic simulation
performing particularly well. However, the simulated duration of sustained HNO3 loss
in both polar regions is longer than observed. This difference is especially pronounced
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in the Arctic, where continuous loss persists from late winter through spring.
Figure 10 presents the latitude-height distribution of the annual mean hydrogen
555  chloride (HCI) volume mixing ratio and its comparison with observations. HCI is a
critically important chlorine reservoir and plays a significant role in polar ozone
chemistry. The model reproduces the spatial distribution of HC1 well, with the best
performance for the middle to upper stratosphere. Specifically, except for the lowermost
stratosphere over the poles and the lower stratosphere over the equator, the absolute
560  bias in the stratosphere is mostly within 5%. In the equatorial lower stratosphere, the
simulated HCI concentrations are higher than observations by more than 10%. In the
lower stratosphere over both polar regions, simulated HC1 concentrations are lower than
observations by more than 10%, with the Antarctic exhibiting a more pronounced
difference.

565
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Figure 10. Latitude-altitude distributions of HCI volume mixing ratios (in ppbv) from (a)
MACO model simulation and (b) GOZCARDS data for the period 1991-2012, as well as the
relative differences between the model simulation and GOZCARDS data (%). The slanted grid
areas denote regions where the differences are not statistically significant at the 95% confidence

level based on a t-test.
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Figure 11. Month-latitude distributions of HCI volume mixing ratios (in ppbv) at 70 hPa from
(a) MACO model simulation and (b) GOZCARDS data for the years 1991-2012.

Furthermore, Figure 11 shows the latitude-month variation of HCI at 70 hPa and

570  its comparison with observations. The model captures the seasonal variations of HCI in
both polar regions reasonably well compared to observations, successfully simulating

the wintertime decrease in HCl due to PSC formation. However, simulated HCI
concentrations from summer to fall are significantly lower than observed in both polar
regions, with the Arctic exhibiting consistently lower concentrations throughout the

575  year. Synthesizing results for HNOs, H>O, and HCl reveals that the underestimation of
HCl in the polar regions is similar to the behavior of HNO3 and H>O. This collectively
indicates the model overestimates PSCs, leading to enhanced uptake of HNO3, H>O,

and HCI into PSCs. This PSC overestimation may relate to the simulated cold bias in

the lower to middle stratosphere. A closer analysis of Figure 1 shows that temperatures

580 in the lower to middle stratosphere over the Arctic are lower than observed in almost
all seasons (Fig. lc, f, i, 1). These lower temperatures favor PSC formation, thereby

promoting gas-phase HCI depletion. Similarly, a cold bias is also found in the Antarctic

34



https://doi.org/10.5194/egusphere-2025-3636
Preprint. Discussion started: 8 August 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

lower stratosphere during summer (Fig. 11) and fall (Fig. 1c), which corresponds well
with that the simulated HCI underestimation in the Antarctic occurs primarily during
585  summer and fall.

Figure 12 presents the latitude-height distribution of the annual mean ozone (O3)
volume mixing ratio and its comparison with observations. Comparison of Figure 12a
and b shows the model successfully reproduces the spatial distribution of ozone and
accurately simulates the location of the stratospheric ozone maximum center. However,

590 significant concentration biases remain between the model and observations.
Specifically, except for the middle and high latitudes of the Northern Hemisphere,
simulated ozone concentrations in the lower stratosphere are more than 10% higher than
observations, with the bias increasing closer to the tropopause. Two bias maxima exist
over the equator and in the Southern Hemisphere mid-latitudes (Fig. 12¢). The model

595  overestimation of lower stratospheric ozone concentrations is a phenomenon common
to most chemistry-climate models. Significant uncertainty and disagreement remain
regarding the causes of this overestimation (Eyring et al., 2006; Morgenstern et al.,
2009; Froidevaux et al., 2019; Archibald et al., 2020; Sukhodolov et al., 2021; Keeble
et al.,, 2021). For MACO, one possible reason for the overestimation might be an

600  overestimation of the O2 photolysis rate. The evaluation of the Fast-JX photolysis rates
by Sukhodolov et al. (2016) shows that at 20-30 km, O> photolysis rates calculated by
Fast-JX can be up to 20% higher than those computed by line-by-line integration, which
would increase ozone production. It is important to note that, due to the complex

interactions between the lower stratosphere and troposphere (Holton et al., 1995),
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605 identifying the specific causes for this overestimation is difficult and requires more

targeted in-depth analysis.
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Figure 12. Latitude-altitude distributions of O3 volume mixing ratios (in ppmv) from (a)
MACO model simulation and (b) GOZCARDS data for the period 1984-2012, as well as the
relative differences between the model simulation and GOZCARDS data (%). The slanted grid
areas denote regions where the differences are not statistically significant at the 95% confidence

level based on a t-test.

From the middle stratosphere upwards to the lower mesosphere, the simulated

610  ozone concentrations are more than 20% lower than observations, and the largest biases
occur near the stratopause in the mid-latitudes (Fig. 12c). Similar results have been

found in evaluations of the UKCA CCM (Morgenstern et al., 2009; Archibald et al.,

2020). The SOCOL4 model, however, shows better agreement in the tropical upper
stratosphere, with underestimation persisting at mid-latitudes (Sukhodolov et al., 2021).

615  Sukhodolov et al. (2016) highlighted that accurately calculating the Oz photolysis rate
in the upper stratosphere and mesosphere is crucial for ozone production. One reason

for the better performance of SOCOLA4 in the tropical upper stratosphere is its correction

of the Oz photolysis rate in the 10-1 hPa region by a factor of 1.2. While both our model

and UKCA use the online photolysis schemes from the Fast-J family, evaluations reveal
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620  biases in the upper stratosphere and especially the mesosphere compared to line-by-line
integration results. These results suggest that the underestimation of ozone in the
tropical middle and upper stratosphere in MACO might stem from neglecting the
calculation of O» photolysis rates below 177 nm (e.g., at Lyman-a line). For the mid-
and high-latitudes, Sukhodolov et al. (2021) noted that the underestimation in the upper

625  stratosphere has been present since the first version of the SOCOL model. They
attributed this to the insufficient vertical resolution of ECHAMG affecting wave
propagation and breaking in the middle atmosphere, ultimately leading to reduced
ozone through a weakened polar vortex and meridional transport gradients. Since
MACO also uses ECHAMS as its atmospheric component, it may suffer from this same

630  issue. Indeed, the ECHAMG6 versions used by SOCOL4 and MACO, along with the
UKCA model used by Archibald et al. (2020), all have fewer vertical layers in the
middle atmosphere compared to the troposphere. This commonality likely explains why
similar results appear in evaluations of these models. The above analysis indicates that
accurate photolysis rate calculations are crucial for simulating ozone in the tropical

635  upper stratosphere, whereas dynamical processes likely play a more significant role

than photolysis alone in extra-tropical regions.

640
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Figure 13. Month-latitude distributions of total column ozone from (a) MACO model
simulation and (b) MSR2 reanalysis data for the years 1980-2014, as well as (c) the

differences between the model simulation and MSR2 data (units: DU).

Figure 13 presents the latitude-month distribution of total column ozone (TCO)

645  and its comparison with the MSR2 reanalysis data. The model successfully reproduces
the spatio-temporal distribution of TCO and reasonably simulates the Antarctic ozone

hole. Analysis of the differences between model and observation reveals that simulated

TCO is lower than observed throughout the year in the tropics. This is likely due to the

underestimation of the ozone maximum near 10 hPa and ozone concentrations above
38
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650 10 hPa by the model (Fig. 12c). In the mid-latitudes of the Northern Hemisphere, model
results show underestimation primarily in summer. Over the Arctic, simulated winter
TCO is more than 16 Dobson Units (DU) lower than observations, consistent with the
ozone underestimation in the upper stratosphere seen in Figure 12. Simulated Southern
Hemisphere mid-latitude TCO is lower than observed in winter and spring and higher
655 in summer and fall. Over the Antarctic, simulated TCO is lower than observed in
summer but higher in spring, fall, and winter, with a maximum positive bias exceeding
16 DU. This pattern might relate to the simulated polar heterogeneous chemistry
processes. It is noteworthy that the MSR2 reanalysis data also exhibit large
uncertainties over the polar regions. Therefore, definitive attribution of causes requires
660  more reliable observational datasets for comparison and analysis.
3.3.2 Evaluation of ozone evolution
Figure 14 presents the temporal evolution of TCO for five latitude bands and a
near-global average. For the polar regions of the Southern and Northern Hemispheres,
this study only considers TCO changes for October and March, respectively, as these
665  months typically correspond to the ozone depletion period during the end of winter to
the beginning of spring. For other latitude bands, the annual mean TCO is calculated.
Figure 14a shows the evolution of Antarctic TCO in October. The model successfully
captures the decreasing trend in ozone from 1980 to 1995. Simultaneously, owing to
the entry into force of the Montreal Protocol, emissions of ozone-depleting substances
670  stabilized around 2000. The model reasonably reproduces the subsequent gradual

increase and stabilization of ozone after 2000. Figure 14b displays the results for the
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Arctic in March. The model also reproduces the trends from 1980 to 1995, particularly
the ozone decline during the 1990s. However, the model shows deviations in simulating
the post-2000 ozone trend, likely related to the strong influence of dynamical processes
675  in the Arctic. Figure 14c shows the results for Southern Hemisphere mid-latitudes. The
model successfully reproduces the ozone evolution trend, showing minor bias
compared to observations. In the Northern Hemisphere mid-latitudes (Fig. 14d), the
model also performs reasonably well in simulating ozone changes, although the ozone
content is generally lower than observations, consistent with the findings in Figure 13c.
680  Figure 14e and f present the ozone evolution for the tropics and near-global average,
respectively. The model successfully reproduces the observed evolution trends and
variability characteristics. However, both results also indicate that the ozone content is

generally lower than observations, as previously noted in Figure 13c.

685
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Figure 14. Time series of averaged total column ozone (units: DU) for (a) 90°S-60°S,

(b) 60°N-90°N,, (c) 60°S-35°S, (d) 35°N-60°N, () 20°S-20°N, and (f) 60°S-60°N,

covering the period 1980-2014. Results for October, March, and annual averages are

shown for (a, b) and (c-f), respectively. Red lines denote MACO model simulation,

while black lines denote MSR2 data.

To deepen understanding of the relationships between stratospheric ozone,

temperature, and chlorine loading, Figure 15 further shows the evolution of ozone,

temperature, and HCl in the Antarctic stratosphere. For the upper stratosphere (Fig. 15a),

simulated ozone exhibits relatively stable temporal variations consistent with

observations, though with lower concentration. Correspondingly, simulated upper

stratospheric temperatures are close to observations, but exhibit larger interannual

variability (Fig. 15¢). As seen in Figure 15e, the model accurately reproduces the

historical changes in upper stratospheric HCI, successfully capturing the feature where
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710
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chlorine loading peaked around 1995-2000 before beginning a slow decline. Analysis

of the lower stratosphere shows the model successfully simulates the persistent ozone

depletion trend before 1995. However, it underestimates the magnitude of the brief

increase in ozone content around 2000-2005 (Fig. 15b). The simulated lower

stratospheric temperature trend shares some similarity with observations but still

exhibits considerable uncertainty (Fig. 15d). The historical variation of HCI shown in

Figure 15f indicates the model values are closer to observations around 1990-2000, but

are lower thereafter.
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Figure 15. Time series of (a, b) O3 (in ppmv), (c, d) temperature (in K), and (e, f) HCI

(in ppbv) for 90°S-60°S average, at 10 hPa (first column) and 50 hPa (second column)

for October from 1980 to 2014. Red lines denote MACO model simulation, while

black lines denote observational data, with O3 and HCI observations from

4

GOZCARDS and temperature observations from MERRA2.
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Figure 16. Time series of (a, b) O3 (in ppmv), (¢, d) temperature (in K), and (e, f) HCI

(in ppbv) for 60°N-90°N average, at 10 hPa (first column) and 50 hPa (second column)

for March from 1980 to 2014. Red lines denote MACO model simulation, and black

lines denote observational data, with O3 and HCI observations from GOZCARDS and

temperature observations from MERRA2.

Figure 16 presents the evolution of ozone, temperature, and HCI in the Arctic

stratosphere. Simulated upper stratospheric ozone is also lower than observed (Fig. 16a),

but the model correctly captures the relatively stable concentration throughout the

simulation period. The model reasonably captures the decreasing trend in upper

stratospheric temperature after 2000, but exhibits large differences in interannual

variability compared to observations (Fig. 16c). Results in Figure 16e again

demonstrate the model accurately reflects the historical evolution of upper stratospheric

HCI content. For the lower stratosphere, the simulated ozone trend before 2000 agrees
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reasonably well with observations, but significant deviations appear after 2000. Notably,
the model simulates significant depletion in 2005, whereas the depletion is observed in
725 2011 in the dataset (Fig. 16b). Additionally, biases exist in the simulation of lower
stratospheric temperature, showing substantially different interannual variability
compared to observations (Fig. 16d). Simulated lower stratospheric HCI content is

lower than observations, similar to the Antarctic results.
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Figure 17. Annual time series of (a, b) O3 (in ppmv), (c, d) temperature (in K), and (e,
f) HCI (in ppbv) for 60°S-35°S average, at 10 hPa (first column) and 50 hPa (second
column) from 1980 to 2014. Red lines denote MACO model outputs, while black lines
denote observational data, with O3 and HCI observations from GOZCARDS, and

temperature observations from MERRA2.

730
Figure 17 displays the evolution of ozone, temperature, and HCI in the Southern

Hemisphere mid-latitude stratosphere. The model reproduces the evolution reasonably

44
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well for both the upper and lower stratospheric ozone, although biases exist in absolute

values (Fig. 17a and b). The model also effectively captures the observed cooling trend

735  in stratospheric temperature, with the lower stratospheric results showing the closest
agreement (Fig. 17c and d). Results in Figure 17e show the model accurately reproduces
the temporal evolution of HCI and the simulated post-peak decline rate closely matches
observations. For lower stratospheric HCI (Fig. 17f), the model simulates a decline rate
somewhat faster than observed.
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Figure 18. Annual time series of (a, b) O3 (in ppmv), (c, d) temperature (in K), and (e,

f) HCI (in ppbv) for 35°N-60°N average, at 10 hPa (first column) and 50 hPa (second

column) from 1980 to 2014. Red lines denote MACO model simulation, and black

lines denote observational data, with O3 and HCI observations from GOZCARDS, and

temperature observations from MERRA2.

Figure 18 shows the evolution of ozone, temperature, and HCI in the Northern
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Hemisphere mid-latitude stratosphere. Overall, the model successfully captures the
historical trends of ozone, temperature, and HCI. Simulation of lower stratospheric
745  ozone, upper stratospheric temperature, and upper stratospheric HCI shows the closest
agreement with observations (Fig. 18b, c, and e). Conversely, simulated upper
stratospheric ozone, lower stratospheric temperature, and lower stratospheric HCI are

lower than observed.
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Figure 19. Annual time series of (a, b) O3 (in ppmv), (c, d) temperature (in K), and (e,
f) HCI (in ppbv) for 20°S-20°N average, at 10 hPa (first column) and 50 hPa (second
column) from 1980 to 2014. Red lines denote MACO model simulation, and black
lines denote observational data, with O3 and HCI observations from GOZCARDS, and

temperature observations from MERRA2.

750
Figure 19 presents the evolution of ozone, temperature, and HCI in the tropical

stratosphere. Results are generally close to observations, except for lower values in
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upper stratospheric ozone and temperature (Fig. 19a and c¢). The model performs well
in simulating the trends of ozone, temperature, and HCL.

755 Synthesizing the results from Figures 15 to 19 reveals that the model performs
well in simulating trends and variability of ozone, temperature, and HCI in low and
mid-latitudes, particularly excelling in simulating upper stratospheric HCI. Significant
uncertainties remain in simulating the polar regions, which may also relate to the
relatively larger uncertainties in polar observational data. Furthermore, consistent with

760  the analyses in Figures 12 and 10, the model simulates systematically lower ozone in
the upper stratosphere and lower HCI in the lower stratosphere of mid-to-high latitudes
compared to observations. Regarding temperature biases at 50 hPa in mid-to-high
latitudes, owing to the complex interactions between the lower stratosphere and
troposphere, investigating the sources of lower stratospheric temperature biases

765  requires sophisticated diagnostic tools and multiple sensitivity studies. This represents
a substantial target for future research.

4 Summary and Outlook
This study has introduced the new chemistry-climate model MACO and provided
a comprehensive evaluation of its performance in simulating the middle atmosphere

770  from 1980 to 2014. The analysis reveals that MACO is a capable tool for studying
chemistry-climate interactions, while also highlighting specific areas where targeted
improvements are needed.

MACO demonstrates robust capabilities in simulating key dynamical and

chemical processes in the middle atmosphere. Specifically, the simulated tropospheric
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775  and lower stratospheric temperatures and zonal winds agree well with observations. The
model also provides a generally reasonable simulation of the climatological
distributions of major stratospheric chemical constituents, including CH4, N2O, H20,
HNOs, HCI, and Os. Analysis indicates that MACO simulates transport and chemical
processes of key stratospheric constituents well. Furthermore, the model effectively

780  captures the annual cycle of the Antarctic ozone hole and Arctic ozone depletion.
Evaluation of TCO time series reveals that MACO successfully reproduces the
decreasing Antarctic TCO trend from 1980 to 1995 and its subsequent gradual recovery
after 2000. Further analysis indicates that MACO provides a realistic simulation of the
historical evolution of stratospheric ozone, temperature, and HCI.

785 Nevertheless, MACO simulations exhibit several significant biases, most
prominently within the upper stratosphere and mesosphere. The evaluation of MACO
reveals an instructive interaction between biases originating from the model’s
dynamical core and those from its chemical scheme. The most significant dynamical
bias than observed is the weaker polar vortex and the associated warm bias at the winter

790  polar stratopause. This bias is a direct consequence of the model’s moderate vertical
resolution (L47), which is insufficient to fully resolve the planetary wave forcing that
drives the stratospheric circulation. This fundamental dynamical bias subsequently
influences the transport of chemical species.

Separately, biases originating from the chemical scheme itself are also evident.

795  The omission of photolysis at wavelengths below 177 nm is the dominant factor for the

overestimation of CH4 and N>O and underestimation of tropical O; in the upper
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stratosphere and mesosphere. In mid-high latitudes, the insufficient vertical resolution
likely plays a more critical role than photolysis rate bias in driving the substantial O3
underestimation. The overestimation of CHy, in turn, leads to an underestimation of
800  H:O, which subsequently contributes to a cold temperature bias near the stratopause
outside polar regions. These findings underscore that improving model fidelity requires
a dual-pronged approach that addresses both the underlying dynamical framework and
the specifics of the chemical process representations.
It is crucial to recognize that the biases identified in MACO are not unique. The
805  weak vortex/warm pole bias is a well-documented issue in many GCMs, particularly
those run at similar resolutions. Likewise, the positive bias in lower stratospheric ozone
is a notoriously difficult problem faced by the entire CCM community, with its roots in
the complex interaction of transport, chemistry, and dynamical variability. The fact that
MACO, which uses the ECHAM6 dynamical core, exhibits biases similar to other
810 ECHAM-based models like SOCOL is not a weakness of this study. Rather, it validates
MACO as a representative model of its class and establishes it as a valuable tool for
participating in community-wide efforts to understand and resolve these persistent
challenges.
Based on the diagnostic evaluation presented here, we have identified several
815  prioritized pathways for future model development. First, increase vertical resolution.
The most critical step to improve the simulation of stratospheric dynamics is to increase
the vertical resolution. Future work should involve sensitivity experiments with a

higher-resolution version of the model (e.g., using the L95 configuration of ECHAMG6)
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to quantify the impact on the polar vortex, temperature biases, and chemical transport.

820  Second, refine the photolysis scheme. To address the significant biases in upper

stratospheric and mesospheric chemistry, the implementation of photolysis calculations

for wavelengths below 177 nm (e.g., Lyman-a line) is essential. This will directly
impact the simulation of O3, CHa4, N2O, and H>O.

In conclusion, MACO provides a solid foundation for future research. The work

825  presented here not only characterizes the model’s current capabilities but also lays out

a roadmap for its continued development. By addressing the identified issues, future

versions of MACO will become an even more powerful tool for advancing our

understanding of the middle atmosphere and its role in the Earth system.

830 Code and data availability. The MACO code and simulation data are available at

https://doi.org/10.5281/zenodo.16452132 (Zhu, 2025). MERRA-2 data are available at

https://doi.org/10.5067/ WWOQSXQ8IVFWE (Gelaro et al., 2017), managed by the

NASA Goddard Earth Sciences (GES) Data and Information Services Center (DISC)
(GMAO, 2015). GOZCARDS data can be obtained from

835  https://disc.gsfc.nasa.gov/datasets?keywords=gozcards&page=1 (Froidevaux et al,

2015). ACE-FTS data can be downloaded from

https://databace.scisat.ca/climatology/climatology 3.5.php (Bernath et al., 2005).

MSRvV2 data can be found at https://doi.org/10.21944/temis-ozone-msr2 (van der A et

al., 2015).
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