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Climate -ecosystem question

Enquiry into Plants, c. 350 BC

Theophrastus, Palermo Botanical Garden
Transplanted species outside natural range
Changes in phenology with climate
Relationship between altitude/latitude and climate/vegetation
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Climate -ecosystem question

Desert Grassland
1760 m

x = study site

Morrissey et al. (2019) Nature Ecology and Evolution
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Climate -ecosystem question

latitudinal altitudinal
regions belts
polar alvar
.................................................................................... é)/_ . |5 90
subpolar alpine
p N P
{‘? 3oC
boreal é? subalpine
{53.. 6 °C
cool temperate montane
............. 12 °C
warm temperate lower montane
subtropical $ premontane T
A . T 24 °C
. , ery dry~~7 dry moist -
troplcal "/‘;orest N4 forest\"' forest\"- . |
\ Y Y TN — N \ —\ critical
super- - perarid arid semi- sub- humid per- super- temperature
arid arid humid humid  humid line

humidity provinces

Holdridge life zones

CESM Tutorial

ainjeiadwajolq

afoster@ucar.edu




Vegetation impacts climate

GON -
' hort time scales —

dominated by albedo
and evapotranspiration
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Liu et al. 2006 Journal of Climate
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Vegetation impacts climate
Longer time scales -

fate of carbon

Atmospheric CO, at Mauna Loa Observatory

Scripps Institute of Oceanography
NOAA Global Monitoring Laboratory
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Vegetation impacts climate
Longer time scales -

fate of carbon

Atmospheric CO, at Mauna Loa Observatory

Scripps Institute of Oceanography
NOAA Global Monitoring Laboratory

425 - Upward trend due to

human activities
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Vegetation impacts climate
Longer time scales -
fate of carbon

Upward trend due to
human activities

Recent monthly mean CO, at Mauna Loa Observatory
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Annual C emissions

Annual Carbon Emissions and their Partitioning
Friedlingstein et al. Global Carbon Budget 2024

Energy statistics and
cement production data
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Annual C emissions

Annual Carbon Emissions and their Partitioning
Friedlingstein et al. Global Carbon Budget 2024

Energy statistics and
cement production data
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Annual C emissions

Annual Carbon Emissions and their Partitioning
Friedlingstein et al. Global Carbon Budget 2024
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Annual C emissions

Annual Carbon Emissions and their Partitioning
Friedlingstein et al. Global Carbon Budget 2024

Energy statistics and
cement production data
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The Global Carbon Cycle
Huge pools

ATMOSPHERE ~ 750 Gt Large fluxes
Sink = small residual

https://serc.carleton.edu/integrate/teaching_materials/earth_modeling/student_materials/unit9_article1.html

CESM Tutorial afoster@ucar.edu




The Global Carbon Cycle
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Land biogeochemistry in CESM

Why?

How?

CESM Tutorial afoster@ucar.edu



Physical climate system

Atmospheric physics/dynamics Eﬁ;ﬁ:
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“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 CO, a prognostic variable in

climate models
A. Swann, BGCWG

N CAR 2 nd C ES M were key playe rs 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,)
in the development of the concept ¥

and creation of the first coupled

carbon cycle models.

/nrs'  CESM Tutorial afoster@ucar.edd




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 CO, a prognostic variable in

climate models

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 - CESM1
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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 CO, a prognostic variable in

climate models

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 - CESM1
+ Explicit crop management - CESM2
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|dealized experiments

1% CO2 / year
Land & Ocean uptake
Temperature change

co,

Three experiments:

1. Fully coupled

2. Biogeochemically coupled
3. Radiatively coupled

INSFT | (3%%) CESM Tutorial afoster@ucareda



CMIP6

Idealized experiments m—— 5
CanESM5
CESM2
CNRM-ESM2-1
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MIROC-ES2L
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|dealized experiments

Cumulative land CO, sink

Fully coupled simulation Biogeochemically coupled simulation

1(e)

1500
1500

| @
CESM : L
still large uncertainty in

magnitude of land sink

1000
10’%

0
0

Cumulative atmosphere-land flux (Pg C)
500
500

500
500

20 40 60 80 100 120 140 20 40 60 80 100 120 14
Year Year

Arora et al. 2020

CESM Tutorial afoster@ucar.edu




|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 o 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
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External forcing

Physical climate system

Atmospheric physics/dynamics

Climate
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Surface energy fluxes
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Photosynthesis Autotrophic Climate Change and

respiration

=, -
T

L XL |
¢ Litterfall

) citHub_ww ) GitLTER () Git CTSM & CLM_diag & CLMS_ILAMB JupyterHub CTSMB5.1 b= INCYTE NCAR Library ) LTER_SOM ESDS
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https://github.com/ESCOMP/ctsm

afoster@ucar.edu




Leaves
Autotrophic Photosynthesis
respiration Stomatal Conductance

Photosynthesis

L XL |
¢ Litterfall

Heterotrophic
respiration

uptake <~ Mineralization

Bonan 2008, Science
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Leaves
Autotrophic Photosynthesis
respiration Stomatal Conductance

Canopy & Light

Two-stream radiation approximation,
sunlit/shaded leaf

Photosynthesis

GPP: Gross Primary Productivity

L XL |
¢ Litterfall

Heterotrophic
respiration

Pine forests that were recently burnt
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Leaves
Autotrophic Photosynthesis
respiration Stomatal Conductance

Canopy & Light

Two-stream radiation approximation,
sunlit/shaded leaf

Photosynthesis

Allocation & Respiration
leaves, woods, roots

- AR: Autotrophic respiration
¢ Litterfall

Heterotrophic N P P :

respiration Net Primary
Productivity =
GPP - AR

afoster@ucar.edu



Leaves
Autotrophic Photosynthesis
respiration Stomatal Conductance

Canopy & Light

Two-stream radiation approximation,
sunlit/shaded leaf

Photosynthesis

Allocation & Respiration
leaves, woods, roots

i Phenology & Turnover
¢ Litterfall mortality, litter, etc.

Heterotrophic
respiration

LAI: leaf area index

P Sy

afoster@ucar.edu



Leaves
Autotrophic Photosynthesis
respiration Stomatal Conductance

Canopy & Light

Two-stream radiation approximation,
sunlit/shaded leaf

Photosynthesis

Allocation & Respiration
leaves, woods, roots

i Phenology & Turnover
¢ Litterfall mortality, litter, etc.

Heterotrophic Decomposition
respiration

HR: heterotrophic respiration

afoster@ucar.edu




GPP: Gross Primary Productivity

AR: Autotrophic respiration \

NPP: Net Primary Productivity = GPP - AR

LAI: leaf area index
S~—

HR: heterotrophic respiration

NEP: Net Ecosystem Production = GPP - AR — HR
NEE: Net Ecosystem Exchange = NEP - fire loss
NBP: Net Biome Production = NEE - land use - harvest

N%)  CESM Tutorial afoster@ucar.edu




Column

Sun Wall

Soil Pervious i Irrig Rainfed

Irrig

PFT2 PFT3 PFT4 ...

Lawrence et al 2019, JAMES; httpgithhub.comlESCOMPRtsm
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classes

Patch

PFTI PFT2 PFT3 PFT4 ...

Mixed Conifer
2620 m

Ponderosa Pine
2344 m

Pinyon-Juniper
2020 m

Desert Grassland
760 m

x = study site

Lawrence et al 2019, JAMES; httpgithhub.comlESCOMPRtsm
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| classes

Patch

PETI PET2 PFT3  PFT4.. Cropl  Cropl Cropz  Crop2...

NL tree

BL tree

BL shrub
Bare Ground

Lawrence et al 2019, JAMES; httpgithhub.comlESCOMPRtsm
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Agriculture in CLM

A

.
i I

. ":3; .\"

ot 2,

Cotton ==y
= -

* )
AR * ‘.
ok o

)
.

CESM Tutorial afoster@ucar.edu




Agriculture in CLM

Fertilize | | Irrigate

Transient fertilizer and irrigation (1850 — 2100)

PO .
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Where do parameter values come from?

Laboratory understanding of plant
physiological processes

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

Trait databases A T
e.qg., TRY Database (Leaf N and dark T -
respiration)

Morrissey et al. (2019) Nature Ecology and Evolution

Optimality theory: plants try to optimize
things like water use efficiency
e.g., FUN and LUNA modules

Calibration!

CESM Tutorial afoster@ucar.edu




Where do parameter values come from?

PFT

Tropical rain forest

c4 grass

1
160 - ! B LHC ﬁ(\
e wavel cool c3 grass
140 1 e wave?
120 - —==- CLM default arctic ¢3 grass '&
— CLM-5P
100 ~ to Iera nce needleleaf colddecid extratrop tree A
80 %\
needleleaf evergreen extratrop tree
7 .
broadleaf evergreen tropical tree
40
0 40 80 120
20 4 fates_leaf vcmax25top
0 Foster, et al. in prep

.0 25 50 75 10.0 125 150 17.5

Hawkins, et al. in prep LAI
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Land biogeochemistry in CESM
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Representing the land C sink
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Model benchmarking
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Ecosystem and Carbon Cycle Forcings .
T ' : International Land

Biomass Surface Air Temperature
Burned Area Diurnal Max Temperature H
Carbon Dioxide Diurnal Min Temperature MOdel BenCh markl ng
Gross Primary Productivity Diurnal Temperature Range p aCkag e
Leaf Area Index Precipitation
Global Net Ecosystem Carbon Balance Surface Relative Humidity
Net Ecosystem Exchange Surface Downward SW Radiation
Ecosystem Respiration Surface Downward LW Radiation
Soil Carbon Relationships
Hydrology Cycle Burned Area vs Precipitation
Evapotranspiration Burned Area vs Surf Air Temp
Evaporative Fraction GPP vs ET.
Latent Heat GPP vs Precipitation

GPP vs Surf Down SW Radiation

Runoff
GPP vs Surf Net SW Radiation

Sensible Heat

Terrestrial Water Storage Anomaly SEfYS Surf A'r Temp
LAl vs Precipitation
Permafrost —
Radiai E ool ET vs Precipitation
adiation and Energy Cycle ETvs Surf Air Temp

Albedo
Surface Upward SW Radiation

Surface Net SW Radiation Relative Scale
Surface Upward LW Radiation - | ] l _
Surface Net LW Radiation Worse Value  Better Value

Surface Net Radiation

Danabasoglu et al 2020 JAMES
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Evolution

Land as lower boundary . Land as integral component of
of atmosphere Earth System

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
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6ON =
. Forest height,
R YA a . structure, age,

i) .3 e T N competition all feed
' " back to climate!

305

605

GON —

30N —

0 —

305 -
: Precipitation ‘

FSGIS"I"I"I"I"I"I''I"I"["I"I"

Liu et al. 2006 Journal of Climate
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Light reactions

NADP*

ADP + Pi

\

Sugar

CESM Tutorial
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Light reactions

NADP*

ADP + Pi

NADPH \
Calvin cv")

%
K
g
£
G,

Sugar
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Light reactions

NADP*
ATP

ADP + Pi

.;
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Forests are a mosaic of patches

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

Competition

Disturbance

Vegetation
dynamics

Aﬁhshment

Lo .
SE+ ‘ ﬂ%ﬁﬁ CESM Tutorial afoster@ucar.edd
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Functionally Assembled Ecosystem Simulator (FATES)

1 A4

ATM .

cohort-specific model

30-minute photosynthesis and fluxes

daily growth and allocation

dynamic vegetation!
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FATES vs. CLM (BL) tiling

CLM (BL): Tile by PFT FATES: Tile by age-since-
disturbance

60 years 30 years

90 years

BL shrub
Bare Ground
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FATES vs. CLM (BL) tiling

60 years 30 years
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FATES vs. CLM (BL) tiling

Each tile contains
cohorts of plants of
different PFT and

size

mgm VN .‘Qmm

CESM Tutorial afoster@ucar.edu




MIMICS: modeling microbial controls on soil carbon
dynamics

Soil C model that considers relationships among litter
quality, functional tradeoffs in microbial physiology,
and microbial byproducts

More accurately
represents C response
to N enrichment

SoilLJ.MicI;p'b”;es

@

Microbial
_ _ Residues
Soil Organic
Carbon

/N CESM Tutorial afoster@ucar.edu
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Representative hillslope model

Explicit Lateral Flow Within Gridcell Downscaled Meteorology

Unsaturated
Zone

Saturated
Zone

To Stream

Bedrock

Laterd] ﬁ
Subsurface Flow L

South-facing

,A 5o

North-Facing

Elevation Par+i+ioning

+Q
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Hillslope Hyd Iogy:' Considers effects of aspect,
~elevation, and hydrologic connectivity on water
. availability (feature within CTSM).

esents vegetation demographics,
ery from disturbance (feature

~MIMICS: Soil biogeochemistry model (explicitly

- represent microbial activity and physiological
© diversity).

VA :
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