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Community Earth System Model (CESM2)

CESM?2 is the latest version on the Community Earth System Model
» Coupling of different components: atmosphere, ocean carbon cycle, sea-ice model, land

model

Different Atmospheric configurations include:
*  Whole Atmosphere Community Climate Model (WACCM) -> 140km model top

CAMchem: 40km top ;
Default Aerosol Scheme: Modal Aerosol Model (MAM4) ' —
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Coupling of CARMA to CESM2

» Default aerosol model: Modal
Aerosol Model (MAM4)

* New aerosol model: Community
Aerosol and Radiation Model for
Atmospheres (CARMA)

e 2 groups: mixed aerosol and
pure sulfate, 20 bins each
adopted from Yu et al., 2015

=» Sectional aerosol model for
both troposphere and
stratosphere

=» Produce suitable model for
Stratospheric Aerosol Injection
experiments
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Chemistry
Gas / Aerosol Exchange
(SOA, sulfate (nitrate))
Aqueous chemistry
Heterogeneous Chemistry
Photolysis
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Emissions
Anthropogenic

Biomass burning
Natural (salt, dust,
volcanoes, biogenic)

Development of a new flexible aerosol interface in CESM at NCAR
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Radiation / Optics
Single scattering albedo CAR MA
Asymmetry Factor MAM4
Extinction
1/1

Cloud Aerosol
Cloud Activation
Heterogenous/
homogeneous freezing

Aerosol State
CARMA / MAM
Size/bin, type,

core/shell / hygro
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condensation, evaporation,

Eddy diffusion

Microphysics
Nucleation, coagulation,
Sedimentation,

2/2 |

Aerosol Removal
Wet deposition
(stratiform / convective)

Dry deposition (CARMA)

Aerosol Interface

m Aerosol Removal
Dry deposition
(only for MAMA4)

Tilfhes et a/., 2023, GMD @



CESM2 Implementation and Performance

CARMA implementation into CESM2

Two compsets have been developed and tested (nudged to MERRA2 and prescribed SSTs)
* WACCM-MA (with middle atmosphere chemistry) 1.9x2.5 horizontal resolution
* CAMchem (with troposphere/stratosphere (TS1) chemistry) 0.9x1.25 resolution

Model configuration CAMchem | WACCM-MA | CAMchem | WACCM-MA
Horizontal Resolution 0.9x1.25 1.9x2.5 0.9x1.25 1.9x2.5
Top of Model 42km 150km 42km 150km
Chemistry TS1 MA TS1 MA
Aerosol CARMA CARMA MAM4 MAM4
Number of Aerosol Tracers 220 140 27 19
Throughput 2.6 yrs/day 2.5 yrs/day 3.6 yrs/day 9.2 yrs/day
Model Cost (Core hours/yr) 31K 11K 75K 23K
Nucleation Scheme Zhao Zhao Vehkamiki Vehkamiki




WACCM-MA: Mt Pinatubo Period 1991-1995
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WACCM-MA: Mt Pinatubo Period 1991-1995
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Comparisons to observations in the stratosphere

* Both aerosol models can reproduce Stratospheric AOD over the Mt Pinatubo period

* MAM4 bins are not able to reproduce the observed number distribution

* CARMA overestimates the number of the largest bin, may need larger bin size to
simulate Mt Pinatubo

* Possible shortcomings for solar climate interventions



Stratospheric Background / Small Volcanoes 2001-2020
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Comparisons to observations in the stratosphere (2001-2020)

* Both aerosol models can reproduce Stratospheric AOD during the last 20 years

* MAM4 has slightly lower values, mostly within the error bar, CARMA shows larger
peaks of small volcanoes

* CARMA size distribution captures observations in the stratosphere very well



ATom Tropospheric Evaluation: Aerosol Size distribution
Tropics 1-6 km
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Free-running (fixed SST) WACCM-MA, MAM4 and CARMA

WACCM-MA, 1.9x2.5degrees horizontal resolution: Mt Pinatubo 7TgS injections
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Motivation for Stratospheric Aerosol Intervention (SAIl) Research

Peakshaving Scenario: Uses Stratospheric Aerosol
Intervention (Injection) (SAI) as stop-gap measure and as
little as possible (in magnitude and time) to prevent side
effects. Goal is to reduce impacts of climate change.

A) Peakshaving:
Aggressive mitigation and CO2 removal (CDR) plus
SAl to prevent target temperature overshoot

A

Limited/no mitigation: Requirement
o high-end global warming » Strong Decarbonization is required to keep GHG and
3 surface temperatures towards a minimal increase
= - Governance and Ethical requirement: cooperative,
E- representative, legitimate and just applications ->
9 UNEP report, AGU ethical framework development
8 Assumed » Comprehensive understanding of benefits, risks and
£ | stabilization side effects -> reduce rather than increase suffering for
@ | temperature _—— ' . P
@ ~._ Temperature offset societies and ecosystem.
P l l J' *H due to SA
O .ce-. i - = .
O Questions

Peakshaving: SAl with  How well can current model simulate effects of SAl on
aggressive mitigation and CDR . the climate system? What are the uncertainties?
Time in decades  What can we do to reduce uncertainties?

* What are the most important impacts on societies and
https://csl.noaa.gov/assessments/ozone/2022/ ecosystems?



Warming produced by aerosols (AT (K))

SAl Impacts Stratospheric Composition and Dynamics
Tilmes et al., 2021
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SAl Effects on Surface Temperature
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Large model spread in forcing and cooling
efficiency of SAl (factor 2)

For 10TgSO,/yr injections model reach between
0.4 and 1.3 degree of cooling

Implications for uncertainties in the required

injection amount :

® More sulfurinjections result in more impacts
(climate and ozone)

® Economical uncertainties on costs and
technical aspects

What are the reasons for the differences
between models?



Injections of SO, over 10 years in the stratosphere: Goal, identify best
injection strategies for cooling efficiency, identify model differences.

SAl Injection Experiments (Different Models)
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SAl Injection Experiments (Different Models)

Point Injection: Solid Lines
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SAl Injection Experiments (MAM4 vs CARMA)
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Stratospheric Sulfur Burden (mg/m2)Stratospheric Sulfur Burden (mg/m2)

SAl Injection Experiments (MAM4 vs CARMA)
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CARMA vs MAM4

H,SO, injections:

*  MAMA4 derives significantly larger
sulfur burden for regional injections.
More coagulationin CARMA and
larger mass in largest size bins

* Pointinjections show very similar
burden in the tropics, but still different
size distribution

Largest differences in the nucleation
process between CARMA and MAM4
=» Saturation of largest bin in CARMA
may require extended size for climate
intervention studies

Choices of injection location and
material changes outcomes, depends
on the aerosol scheme used



Conclusions / Next Steps

New model implementation allows comparisons between a
modal and sectional aerosol model in one model
framework (CESM2)

* Sectional models can be used as a benchmark, with
improved performance of aerosol size distribution in both
troposphere and stratosphere

* Improvements and further developments of CARMA are
planned, including exploring expanded bin ranges for both
troposphere and stratosphere, more complicated aerosols
composition

* CARMA produces significantly reduced aerosol burden than
MAM4 for the same stratospheric sulfur injections. More
comprehensive aerosol model may reduce the uncertainty
in the cooling potential of stratospheric aerosols for climate
intervention studies

Global Cooling per TgSO.,/yr

Global cooling produced by SO, Injections
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