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Land biogeochemistry in CESM

G
Uncertainties and future
directions
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Land biogeochemistry in CESM

Why? %}l’f
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Climate impacts vegetation

Morrissey et al. (2019) Nature Ecology and Evolution

Tableau des Régions équinoxiales from Humboldt (1807)
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Climate impacts vegetation
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Vegetation impacts climate

Short time scales —
dominated by albedo and
evapotranspiration

Precipitation

Liu et al. 2006 Journal of Climate
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Vegetation impacts climate

Atmospheric CO, at Mauna Loa Observatory

Scripps Institute of Oceanography .
NOAA Global Monitoring Laboratory Longer time scales

fate of carbon
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Vegetation impacts climate

Atmospheric CO, at Mauna Loa Observatory

Scripps Institute of Oceanography Upward trend due to human
NOAA Global Monitoring Laboratory Spy
activities
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Vegetation impacts climate

Atmospheric CO, at Mauna Loa Observatory

Scripps Institute of Oceanography
NOAA Global Monitoring Laboratory 425 -

Recent monthly mean CO, at Mauna Loa Observatory

Annual “up-and-down’”

425 - due to vegetation
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Vegetation impacts climate

MOD'S N DV' Recent monthly mean CO, at Mauna Loa Observatory

Annual “up-and-down”
due to vegetation
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Annual C emissions

Annual Carbon Emissions and their Partitioning
Friedlingstein et al. Global Carbon Budget 2022
Energy statistics and cement

production data
total emissions

[ ] Fossil Emissions Land use and land use change
Net Land Use Change Emissions data
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Where are these emissions going!?

Annual Carbon Emissions and their Partitioning

Friedlingstein et al. Global Carbon Budget 2022
Energy statistics and cement

production data

total emissions
|:| Fossil Emissions
Net Land Use Change Emissions Land use and land use Change

|:| Atmospheric Growth data

Atmospheric CO, — observations
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Where are these emissions going!?

Annual Carbon Emissions and their Partitioning
Friedlingstein et al. Global Carbon Budget 2022
Energy statistics and cement

production data
|:| Fossil Emissions total emissions

Net Land Use Change Emissions Land use and land use change
|:| Atmospheric Growth data
. Ocean Sink

(&)

Atmospheric CO, — observations

Ocean sink — ocean
biogeochemistry models, data
products
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Where are these emissions going!?

Annual Carbon Emissions and their Partitioning
Friedlingstein et al. Global Carbon Budget 2022
Energy statistics and cement

|:| Fossil Emissions production data

Net Land Use Change Emissions
|| Land sink Land use and land use change

|:| Atmospheric Growth data
. Ocean Sink

total emissions

Atmospheric CO, — observations

Ocean sink — ocean
biogeochemistry models, data
products
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The Global Carbon Cycle

ATMOSPHERE ~875 Gt

Huge pools
Large fluxes
Sink = small residual
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NCAR

CESM Worksho
UCAR P

afoster@ucar.edu

15



The Global Carbon Cycle

ATMOSPHERE
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Land biogeochemistry in CESM



Physical climate system

Climate

Atmospheric physics/dynamics change

Ocean
dynamics

Global moisture i : Hu.”:'a,”
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Stratospheric
chemistry/dynamics

Volcanoes

“Bretherton diagram” showing the concept of an Earth System Model
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Full-Form Earth System Models:
Coupled Carbon-Climate Interaction Experiment

(the “Flying Leap”)

by Inez Fung, Peter Rayner, and Pierre Friedlingstein; Edited by Dork Sahagian

IGBP Newsletter, May 2000. The flying leap proposal was to make atmospheric CO2 a A. Swann, BGCWG
prognostic variable in climate models Every tonne of CO, emissions adds to global warming

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)

SSP5-8.5

NCAR and CESM were key players in the
development of the concept and creation of

SSP3-7.0

SSP1-2.6
p y
SsP1-19 AL

the first coupled carbon cycle models.

Cumulative CO, emissions since 1850

3000 4000 4500 GtCO,

NCAR CESM Workshop afoster@ucar.edu 19
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Full-Form Earth System Models:
Coupled Carbon-Climate Interaction Experiment

(the “Flying Leap”)

by Inez Fung, Peter Rayner, and Pierre Friedlingstein; Edited by Dork Sahagian

IGBP Newsletter, May 2000. The flying leap proposal was to make atmospherlc COZ a
prognostic variable in climate models e

NCAR and CESM were key players in the
development of the concept and creation of

the first coupled carbon cycle models.
+ Coupled C-N biogeochemistry, CESM|
+ Explicit crop management, CESM2

UEQE CESM Workshop afoster@ucar.edu
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|dealized experiments

1% CO2 / year
Land & Ocean uptake
\ Temperature change

~ Fully coupled
Biogeochemically coupled

Radiatively coupled

Arora et al. 2020
NCAR

CESM Workshop afoster@ucar.edu /" ) /
UCAR ¢ ,




|dealized experiments

Cumulative land CO, sink
CMIP6 models

Fully coupled simulation

ACCESS-ESM1.5
BCC-CSM2-MR
CanESM5
CESM2
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|dealized experiments

Cumulative land CO, sink
CMIP6 models

ACCESS-ESM1.5
BCC-CSM2-MR
CanESM5
CESM2
CNRM-ESM2-1
IPSL-CM6A-LR

Fully coupled simulation Biogeochemically coupled simulation
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|dealized experiments

Cumulative land CO, sink

Fully coupled simulation Biogeochemically coupled simulation Radiatively coupled simulation
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|dealized experiments

Cumulative ocean CO, sink

Fully coupled simulation 5 Biogeochemically coupled simulation o Radiatively coupled simulation
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|dealized experiments

Global average surface temperature change (°C)

Fully coupled simulation Biogeochemically coupled simulation Radiatively coupled simulation

ACCESS-ESM1.5
BCC-CSM2-MR
CanESM5
CESM2
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“Bretherton diagram” showing the concept of an Earth System Model

Physical climate system

Climate

Atmospheric physics/dynamics change

Ocean Terrestrial energy
dynamics moisture

N —

Global moisture

External forcing

Stratospheric
chemistry/dynamics

. \ Land Biogeochemistry Atmosphere
Marine CAM6
biogeochemistry
N ,

Tropospheric chemistr

Volcanoes

Biogeochemical ¢

Surface Waves
WW3
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Chemistry
CAMG6-Chem

High-top
WACCM6

27



CESM Workshop afoster@ucar.edu




Surface energy fluxes Hydrology

Precipitation

Diffuse solar

iati i 3 /[ Evaporation
radiation Interception p

Momentum flux
wind speed
0 U,

radiation

Direct
solar
radiation

Longwave

Transpiration
Transpiration

Reflected

solar
radiation Absorbed

solar

radiation
' ¥ Throughfall
e e \ stemflow

Evaporation

Emitted longwave
radiation
Latent heat flux
Sensible heat flux

Infiltration , Surface runoff
e —_—

I Drainage

Bonan 200 8, Science

UEQE CESM Workshop afoster@ucar.edu

Carbon Cycle

Photosynthesis

Autotrophic
respiration

W
¢ Litterfall

Heterotrophic
respiration

Mineralization

29



Photosynthesis Autotrophic
respiration

vy
¢ Litterfall

Heterotrophic
respiration

Soil carbon

Nutrient /
uptake Mi

ineralization

Bonan 20 0 8, Science

NCAR
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UCAR CES orkshop

< C # github.com,
8% cU_email €) GitHub_ww €) GItLLTER €) Git_CTSM & CLM_diag & CLM5_ILAMB
CU_email
https:fjoutiook.office365.com/owa/
) Search or jump to... / Pull requests Issues Marketplace Explore

H ESCOMP [CTSM ' Public

<> Code (©) Issues 520 i1 Pullrequests 29

¥ master ~ ¥ 16 branches ) 865 tags

@ billsacks Merge branch 'feature/initialization_improvements' ...

https// github.com/ESCOMP/ ctsm

afoster@ucar.edu

[ Projects 25

EllmutE Ehunge and

CTSM5.1 &= INCYTE &% NCAR Library o LTER_SOM & ESDS Git -

<% EditPins ~ & Unwatch 35 ~

) Security |~ Insights

« 56878b6 4 daysago (D) 7,341 commits
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Leaves
i Autotrophi 1
Photosynthesis rei;;:{fnf Farquhar Photosynthesis

Medlyn Stomatal Conductance

Light reactions

NADP*
ATP

ADP + Pi

'Ca lvin cycl

\,/

NADPH

vy
¢ Litterfall

Heterotrophic
respiration

ineralization

Bonan 20 0 8, Science
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Leaves

rhotosyninesis poicnaiile Farquhar Photosynthesis
Medlyn Stomatal Conductance
Canopy

Two stream approximation, sunlit / shaded

GPP - Gross Primary Productivity

vy -
¢ Litterfall *

Heterotrophic
respiration

Soil carbon

Nutrient /
uptake M

ineralization

e R N -“"’4\";t"iﬁﬁ}{‘\§f$‘.;":f ;
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; SR

Pine forests that were recently burnt

Bonan 20 0 8, Science
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Leaves

i Autotrophi :
rhotosyninesis e Farquhar Photosynthesis
Medlyn Stomatal Conductance
Canopy
Two stream approximation, sunlit / shaded
Allocation
Respiration, leaves, wood, roots
A XRA
¢ Litterfall
Heterotrophic
respiration
_ Soll carbon AR — Autotrophic Respiration
Nmﬂem/ NPP — Net primary production =
uptake Mineralization GPP - AR
Bonan 20 0 8, Science
NCAR CESM Workshop afoster@ucar.edu 33
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Phenology
Photosynthesis Autotrophic .
respiration mortality and turnover

(e.g., evergreen, drought or stress deciduous)

ELAI — Leaf Area Index

vy
¢ Litterfall

Heterotrophic
respiration

‘Soil carbon

Nutrient /
uptake

Mineralization

Bonan 20 0 8, Science
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Phenology
Photosynthesis Autotrophic .
respiration mortality and turnover

(e.g., evergreen, drought or stress deciduous)

Decomposition

HR — Heterotrophic respiration

vy
¢ Litterfall

Heterotrophic
respiration

Soil carbon

Nutrient /
uptake M

ineralization

Bonan 20 0 8, Science
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GPP - Gross Primary Productivity

AR — Autotrophic respiration

NPP — Net primary productivity = GPP - AR

ELAI — Leaf Area Index

HR — Heterotrophic Respiration

NEP — Net Ecosystem Production = GPP — AR — HR

NEE — Net Ecosystem Exchange = NEP — Fire
NBP = NEE - Land Use - Harvest

BEQE CESM Workshop afoster@ucar.edu
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PFTI PFT3

| \/ \'
PFT2 PFT4

afoster@ucar.edu
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Morrissey et al. (2019) Nature Ecology and Evolution

NCAR Lawrence et al 20 19, JAMES
UC e | GEsitileeg afoster@ucar.edu https+// github com/ESCOMP/ ctsm



PETI PFT2

NCAR
UCAR

‘ CESM Workshop

PET3

PET4 ...

afoster@ucar.edu
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PET2

Sun Wall

PFT3

Pervious

PFTA4 ...

Elevation
classes

Rainfed

A\ v
PFTI PFT3
PFT2 PFT4

Irrig Ra.mfed Irrig

afoster@ucar.edu
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Agriculture in CLM5

Soy* Cotton Rice
NCAR

/
UCAR CESM Workshop afoster@ucar.edu //*ﬁmpgrate tropical varieties y
/ .




Agriculture in CLM5

Fertilize Irrigate

Transient fertilizer and irrigation (1850-2100)

1850 fertilizer assumed to be from manure only
NCAR

CESM Workshop afoster@ucar.edu /" ) y
UCAR ¢ ,




Where do parameterizations come from!?

I. Laboratory understanding: of plant
physiological processes

e.g., Farquhar: Photosynthesis is co-limited by:
light, energy, export of sugars

2. Empirical relationships: From as large
a sample of the real world as possible
e.g., TRY Database (Leaf N and dark respiration)

3. Optimality theory: plants try to
optimize things like water use

efficiency
e.g., FUN and LUNA modules

/
HEQE CESM Workshop afoster@ucar.edu %’» o //// ////jg/'
-




Tropical rain forest

LHC

wavel
wave?2

CLM default
CLM-5P
tolerance

c4 grass

cool c3 grass

arctic c3 grass

needleleaf colddecid extratrop tree

needleleaf evergreen extratrop tree

0o 25 50 75 100 125 150 17.5
LAl

broadleaf evergreen tropical tree

Hawkins, et al. in prep
40 80 120
fates_leaf vcmax25top

Foster, et al. in prep
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Land biogeochemistry in CESM!?

R
Uncertainties and future
directions
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Represent land C sink!

Danabasoglu et al 2020 JAMES

—— CESM1(LENS) == GCP 2016
— CESM2(CAMS)
—— CESM2(WACCM8)
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Obijectively ‘better’ carbon cycle

Danabasoglu et al 2020 JAMES

5)
3)

ILAMB — International Land Model
Benchmarking package

Surface Air Temperature
| DiumalMaxTemperatwre | | | | [ [ |
 DiumalMinTemperature | | | [ | | |
| DiumalTemperatwre Range | | | | | | |
| Preciptaton [ [ [ [ [ ]|
| SurfaceRelative Humisity | | | | | | |
NN

Ecosystem and Carbon Cycle
Biomass
Burned Area
Carbon Dioxide
Gross Primary Productivity
Leaf Area Index
Global Net Ecosystem Carbon Balance
Net Ecosystem Exchange
Ecosystem Respiration
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Hydrology Cycle
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Evaporative Fraction GPP vs ET.
GPP vs Precipitation
GPP vs Surf Down SW Radiation
GPP vs Surf Net SW Radiation

LAl vs Precipitation
ET vs Precipitation

Latent Heat
Runoff
Sensible Heat
Terrestrial Water Storage Anomaly
Permafrost

Radiation and Energy Cycle
Albedo
Surface Upward SW Radiation
Surface Net SW Radiation
Surface Upward LW Radiation
Surface Net LW Radiation
Surface Net Radiation
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the tvolution of land modeling

Nutrients
Dynamic Vegetation
Plant Canopies Heterogeneity Carbon Cycle Land Cover Change Crops, Irrigation
Surface Energy Fluxes Stomatal Resistance Lakes, Rivers, Wetlands Groundwater Urban Lateral Flow

70’s 80’s 90’s 00’s 10’s Fisher & Koven 2020




LMWG priorities for CESM3+

How will ecosystem function and vulnerabilities transform under climate change?

afoster@ucar.edu




Functionally Assembled Terrestrial Ecosystem Simulator (FATES)

Forest height, structure,
age, competition all feed
back to climate!

Liu et al. 2006 Journal of Climate

NCAR

ESM Worksh f : 4
UCAR CES orkshop afoster@ucar.edu



Functionally Assembled Terrestrial Ecosystem Simulator (FATES)

Forests are a mosaic of patches

Forest dynamics are the average
responses of many such gaps/patches

Competition

Vegetation
dynamics

Fal
Establishment

NCAR
UCAR

CESM Workshop afoster@ucar.edu 51



Functionally Assembled Terrestrial Ecosystem Simulator (FATES)

SN

cohort-specific model

30-minute photosynthesis and fluxes

NCAR

UCAR CESM Workshop afoster@ucar.edu




Functionally Assembled Terrestrial Ecosystem Simulator (FATES)

JAIEYY

i 8 A |
E s Gl g - gl '.I":‘-" i L 7 - .
i telioy - i b b « T A .
o vy i : i | ot T |
i ] i ; e ik
| e E aly | s W At - CE R
i = oyl S Y
PR " il . 4 i
% ~

cohort-specific model

30-minute photosynthesis and fluxes
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daily growth and allocation

dynamic vegetation!
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Functionally Assembled Terrestrial Ecosystem Simulator (FATES)

v A
| PFTI PFT3

| VY \'/
PFT2 PFT4

Sun Wall Pervious .
Elevation

classes

PFTI PFT2 PFT3 PFT4 ...

NCAR
UCAR

CESM Workshop + many more 54



Functionally Assembled Terrestrial Ecosystem Simulator (FATES)

Plant Functional Type tiling (base CLM) Time-since-disturbance tiling (FATES)
— 4

NCAR
CESM Workshop + many more //_/‘




Functionally Assembled Terrestrial Ecosystem Simulator (FATES)

Each time-since-disturbance tile contains cohorts of plants, defined by PF1 and size

/
HE’QE‘ CESM Workshop afoster@ucar.edu //‘ . _// W
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Functional traits and the global C cycle CTSM & MIMICS

We consider biology above
ground and at sea, what about
in the world beneath our feet!?

/
Ugﬁs ‘ CESM Workshop afoster@ucar.edu //' N _// //{/
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How do ecosystem function and vulnerabilities transform under
climate change?

Community Terrestrial Systems Model: Land
model used for climate change and weather
predictions that can be run at single points (~ | ha)
to global scale.

Hillslope Hydrology: Considers effects of aspect,
elevation, and hydrologic connectivity on water
availability (feature within CTSM).

FATES: Represents vegetation demographics,

traits, and recovery from disturbance (feature
within CTSM).

MIMICS: Soil biogeochemistry model (explicitly
represent microbial activity and physiological
diversity).

NCAR

UCAR CESM Workshop afoster@ucar.edu ) — : . - o > 58 7
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