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< What do we mean by the Earth System?
Why is ES Science relevant to climate?

* Climate Models — Earth System Models
UK’s Current Earth System Model & Plans

** Recent ES Science Highlights
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“* What is the Earth System?
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- What is the Earth System?

Met Office
One thing changes everything

Human activities like burning coal, oil and gas to -, >
power our homes, factories and transport have A

released huge quantities of carbon dioxide into

the atmosphere, causing an enhanced greenhouse , - '
effect. This causes an imbalance in the energy

cycle that, in turn, impacts the water cycle, . .
atmospheric circulation and ocean currents, PhySlca| Cllmate

leading to changes in weather and climate,  Virectand
indirect

Greenhouse g
Effect (

Biogenic emassions & removal

Chemistry Ecosystems
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How Is ES Science relevant to climate?
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Why? — Climate Forcing (1)
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Total Ozone Radiative Forcing [W m™]

-0.2} ODSs ozone |
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(IPCC AR5)
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Total O, forcing of 0.4 W m-2 at the present day ... equivalent to a

3-bar electric fire running all day every day over the area of a
football pitch!

Skeie et al., npj Climate Atmos. Sci., (2020)
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https://www.nature.com/articles/s41612-020-00131-0

Why? — Climate Forcing (2)

Met Office

(a) Effective radiative forcing, 1750 to 2019

—

CO,

CHy4

N,O

CFC + HCFC + HFC
NOy

— NMVOC + CO

Organic carbon

Emitted species

Black carbon

Ammonia

S

O; contribution
shown in green

Can only quantify this

S0, — (i forcing through

—& models that include

4?— Interactive chemistry

(Wm™2)

IPCC 6th Assessment Report (AR6), 2021

© Crown copyright Met Office


https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter06.pdf

Why? — Carbon Cycle
werome I €€dbacks (1)
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Where humanity’s (02 comes from
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2010 data updated from: Deep ocean

(37,000)
Le Quéré et al. 2009, Nature Geoscience Fossil pool

(10,000) Reactive sediments
Canadell et al. 2007, PNAS CO2Now.org (6000)

Earth’s carbon sources/sinks may be sensitive to climate change or

increased CO, loading, changing the rate of uptake of (emitted) CO,
from the atmosphere by the global biosphere
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Why? — Carbon Cycle
werome I €€dbacks (2)

Response of C uptake to changing atmospheric CO, and climate —
Large uncertainties, esp. in terrestrial carbon cycle

(b) Carbon-Cycle Climate Feedbacks included in CMIPS & CMIP6 ESMs

s - AT 2 LT, B negative feedback

land carbon response to CO2 oo w  positive feedback

© C-only land model

L S
ocean carbon response lo CO; ® CN land model
CMIPS
land carbon response to climate CMIPe
ocean carbon response to climate
-1.5 -1.0 0.5 0.0 0.5 1.0 15

climate feedback parameter (W m™ °c™")

» Rising CO, increases photosynthesis & ocean uptake (-ve feedback)
» Rising temperature decreases both land & ocean uptake (+ve feedback)

IPCC 6th Assessment Report (AR6), 2021
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https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter06.pdf
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ADDITIONAL 0.10 90 000 270 000 9 25

TOTAL 0.28 255 000 775 000 26 /3

. s
Remaining global anthropoger Range of methane mitigation consistent wit!
! m— p 18 »
methane emissions the IPCC 1.5°C pathways
QA

Shindell et al., UN GMA (2021)



https://www.unep.org/resources/report/global-methane-assessment-benefits-and-costs-mitigating-methane-emissions
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* Climate Models — ES Models
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- Development of Models (1)

70s
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Coupled Climate Model

80s

Sulfate Aero

90s

Dust/Sea Spray/Carbon Aerosols

sol

Biogeochemical Cycles
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Figure courtesy of UCAR



-~ Development of Models (2)
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Met Office
Hadley Centre Mid-1970s  Mid-1980s FAR SAR TAR AR4 AR5
Atmosphere.'\t\ o
Land
Surface
Ocean &
Sea Ice
Dynamic
Vegetation
Atmospheric
Chemistry
Land Ice
Mid-1970s  Mid-1980s FAR SAR TAR AR4 AR5

© Crown copyright Met Oft



Types of Chemistry Models

5. Chemistry Climate

' Model (CCM) [ e
6. Earth System
Model (ESM) odel generaed|  [Bymamics]  [Chemisty]
4. Chemistry General
Circulation Magietfs M reaeone
Radiaton] <

Model generated
met variability

[Dynamics|  |Chemistry|

1. Box : 3. Chemistry transport
model 2. Lagrangian Model {CTM)p
model /\
UKCA ’-> Ofea"!|  [Dynamics] ~ [Chemistry]
UKCA N4
Young et al., Elementa (2018)
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https://online.ucpress.edu/elementa/article/doi/10.1525/elementa.265/112813/Tropospheric-Ozone-Assessment-Report-Assessment-of

Ocean biological activity, upwelling,
carbon outgassing and nutrient transport

January 1998
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Modelling fire occurrence in the Earth

System is sensitive to the underlying
vegetation and meteorology

(a) GFED4s (b) UKESM1+INFERNO

0.0 0.2 0.5 1.0 2.0 5.0 10.0 20.0 50.0 100.0

e Qverestimation of tree fraction in savanna biomes
« Underestimation of fire size in these regions (e.g., SHSA)

Teixeira et al., GMD (2021)



https://gmd.copernicus.org/articles/14/6515/2021/
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Current/Next ESM: UKESM1.0
UKESM1.1
UKESM2.0
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https://doi.org/10.5195/gmd-12-1909-2019
https://doi.org/10.5195/gmd-12-1909-2019
https://doi.org/10.1002/2017MS001115
https://doi.org/10.1002/2017MS001115
https://doi.org/10.1002/2017MS001115
https://doi.org/10.5194/gmd-13-6383-2020
https://doi.org/10.5194/gmd-13-6383-2020
https://doi.org/10.5194/gmd-13-6383-2020

Archibald et al.,

GMD (2020)
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https://doi.org/10.5195/gmd-13-1223-2020
https://doi.org/10.5195/gmd-13-1223-2020

Sellar et al.,
JAMES (2019)
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https://doi.org/10.1029/2019MS001739
https://doi.org/10.1029/2019MS001739

UKESM1.0 — UKESM1.1

Met Office
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 Improved SO, dry deposition
 Reduced magnitude of aerosol forcing
* Budfixes & re-tunings

UM-Based
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Mulcahy et al., GMD (2023)



https://gmd.copernicus.org/articles/16/1569/2023/

UKESM1.1 — UKESM2.0
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UK Earth System Model (UKESM2)

UKESM2 is targeted for use in CMIP7 (release date, ~early 2026)

UKESM2 (early 2026) ee-UKESM1.1-ice

Back-up for CMIP7 fast-track

(e.g. if GC5_central is late)
ee-UKESM1.1-ice (frozen)

* New physical base: HadGEM3-GC5
* Emission driven CO, and CH,

* Interactive AIS and GrlS ice sheets
* Nitrate aerosol

» Improved stratospheric O, chemistry

* UKESM1.1 (Mulcahy et al. 2023)
Improved treatment of SO, and SO,

* Interactive fire : :
Improved historical SAT vs UKESM1.0
* Thermal acclimation of vegetation UKESM P
* Permafrost (physics & BGC) coupled New configuration will run in:
l()} C (\, N .(.’y(,'lnl“ and ~.f.f<‘;-tl(md‘-, Workhorse resolution + emission mode for both CO, and CH,

* Variable cloud water pH Atmos: 1.25 x 1.875° L85 ie. fulllclosed cycles of both gases
* Boundary nucleation of new aerosol Ocean: 1°L75
* Dust treated via modal scheme S : . i i

Hybrid resolution Interactive AIS and GrlS ice sheets
* Improvements to ocean BGC Atmos 60km/135km L85
» Improved treatment of SOA Ocean 0.25°/0.75° L75

UM-Based
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Decision ©_ i -

 Important?

« Expertise?

 Fit for purpose?
Computational cost?

-  Scientific performance? ﬂ(
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** Recent ES Science Highlights
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Biogeochemical Feedbacks

Met Office duct 4 &

sea-salt - x —
Thornhill et al., M 1 *
ACP (2021) BvoC - —
lightning NO,, C—
wetland ch4 - =

ozone 7

CH, lifetime - X

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

wm-2K-?
CNRM-ESM2 MIROC6 X CESM2-WACCM X GISS-E2-1
X UKESM1 X NoreSM2 X GFDL-ESM4 M multi-model mean

First multi-model assessment of different non-CO2
biogeochemical feedbacks
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https://acp.copernicus.org/articles/21/1105/2021/
https://acp.copernicus.org/articles/21/1105/2021/

Mitigation & Policy Advice
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Assessment of climate & air quality impacts from different
mitigation pathways, e.g., aerosols, land use, methane, etc..

Turnock et al., Earth’s Future (2022)
Turnock et al., Geohealth (2023)
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https://eur01.safelinks.protection.outlook.com/?url=https%3A%2F%2Fagupubs.onlinelibrary.wiley.com%2Fdoi%2Fabs%2F10.1029%2F2022EF002687&data=05%7C01%7Cfiona.oconnor%40metoffice.gov.uk%7Cdbea65cbabea4449dff708da7a161aaa%7C17f1816120d7474687fd50fe3e3b6619%7C0%7C0%7C637956532594299422%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=ISkUqAPcwRZH64NeLGhEDpVIr8GYl5ptX2dAcE6KAs8%3D&reserved=0
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023GH000812
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Conclusions

© Crown copyright Met Office



Concluding Remarks
Met Office
* The Earth System
* Motivation behind studying Earth System Science

* Development of Climate Models into Earth
System Models

* Brief overview of UKESM1, UKESM1.1, & UKESM?2

* Recent ES Science Highlights
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Thank you for listening!
Any questions?



