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“Climate change made devastating early heat in
India and Pakistan 30 times more likely”
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Ecological Impacts of Climate Change (2009):

www.nas.edu/climatechange.




Land biogeochemistry in CESM!?

Why!

How?

Uncertainties and
Future directions.
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Ecosystems & Climate Change
You can’t eat the MJO




Biogeochemistry = Carbon cycle

Atmospheric CO, at Mauna Loa Observatory
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Scripps Institution of Oceanography

NOAA Global Monitoring Laboratory

Recent monthly mean CO, at Mauna Loa Observatory
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Ecosystem services at global scales

(@) Annual Carbon Emissions (+ve) and their Partitioning (-ve) (b) Cumulative Carbon Emissions (+ve) and their Partitioning (—ve) since 1850

. Fossil Emissions (Egos)
Net Land-use Change Emissions (E yc)
. Atmospheric Growth (Gary)
|:] Land Sink (S_ano)
. Ocean Sink (Socean)
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|dealized experiments
1% CO2 / year C4MIP

Land & Ocean uptake
\ Temperature change

~ Fully coupled
Biogeochemically coupled

Radiatively coupled

y Arora et al. 2020
h R CESM Workshop wwieder@ucar.edu //—‘ '// ///y




|dealized experiments

g
&
3
¢
=
4
-
2
E
-
v

e
R

Arora et al. 2020

NCAR _
UCAR CESM Workshop wwieder@ucar.edu 10



|dealized experiments

Cumulative atmosphere-land CO, flux (Pg C)
Fully coupled simulation Blogeochemically coupled sienulation Radiatively coupled simulation

1500

-
(e) 200

-

000

0

O
g
5
2
3
4
£s
=3
5
:
5
g
=
o

%0

120 W

Arora et al. 2020

NCAR _
UCAR CESM Workshop wwieder@ucar.edu 11



Globally averaged surface temperaure change ("C)

Fully coupled simulation Blogeochemically coupled simulstion Radiatively coupled simulation I d e a I ize d eX P e ri m e n ts
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— 22 - Land BGC is hard

S | C02 fertilization
Cumulative atmosphere-land CO; flux (Pg C) Wa’ rm I ng re S PO n s e
Fully coupled simulation § Blogeochemically coupled sienulation | § Radiatively coupled simulation _ O C ea n BG C i S bo ri ng
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The Global Carbon Cycle

Huge pools
Large fluxes
Sink = small residual

ATMOSPHERE ~ 750 Gt

0.6 Gt C/yr

SOIL ~ 1600Gt

https://serc.carleton.edu/integrate/teaching_materials/earth_modeling/
student_materials/unit9_article1.html
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“Bretherton diagram” showing the concept of an Earth System Model

Physical Climate System

NCAR and CESM were key players in the
development of the concept and creation of
y 1 the first coupled carbon cycle models through
> &y the “Flying Leap” experiment (which led to
id ‘ : C4MIP experiments).
+ Coupled C-N biogeochemistry, CESM|
+ Explicit crop management, CESM2

c

Stratosph

Chemistry/Dynamics

Every tonne of CO, emissions adds to global warming

Biogeochemical CVCIGO 2 Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
A ! °c
Source: NASA (1986, 19). 3

SSP5-8.5

The near linear relationship SSP3-7.0
between the cumulative ’
CO, emissions and global

warming for five illustrative

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

Historical global
warming

SPM.10, ARG

Cumulative CO, emissions since 1850

|IGBP Newsletter, May 2000. The flying leap proposal was to 3000 4000 4500 Grco,

make atmospheric CO2 a prognostic variable in climate models 4, 15
ULAR | Slide from-A.-Swann, BGCWG




“Bretherton diagram” showing the concept of an Earth System Model

Physical Climate System

Atmospheric Physics/Dynamics Climate

Terrestrial
Energy/Moisture

Tro posE heric Chem

| Blogebchem(éal Cwt

Source: NASA (1986, 19). Land
CLM5

Land Biogeochemistry Atmosphere

CAM6 / WACCM6

Coupler
CIMES

Surface Waves
WWwWs3

Ocean

POP2

Marine Biogeochemistry
MARBL
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Biogeochemical cycles CLM5.0 Climate Change and
Terr ystem

Photosynthesis

BVOGCs

5y

Autotrophic

"

o

Heterotrop.
eration
& (& # github.com,
o CU_email o GitHub_ww Q Git_LTER O Git_ CTSM & CLM_diag & CLM5_ILAMB JupyterHub CTSM5.1 b= INCYTE & NCAR Library O LTER_.SOM & ESDS Git -
CU_email
https://outiook.office365.com/owa/
g ) Search or jump to... Pull requests Issues Marketplace Explore

H ESCOMP /CTSM ' Public <% EditPins ~ @® Unwatch 35 ~

Denitrification
N leaching

&

NCAR : Lawrence et al 2019, JAMES
UCAR CESIH biolEne wwieder@ucar.edu https://github.com/ESCOMP/ctsm

<> Code (©) Issues 520 19 Pullrequests 29 (® Actions [ Projects 25 00 wiki @ Security |~ Insights

¥ master ~ ¥ 16 branches © 865 tags Go to file Add file ~

Q billsacks Merge branch 'featurefinitialization_improvements' .. v 56878b6 4 daysago O 7,341 commits




Leaves
Biogeochemical cycles CLMS5.0 Farquhar Photosynthesis

Fire

Photosynthesis
L
()

Medlyn Stomatal Conductance

Canopy
Two stream approximation, sunlit / shaded

BVOCs

5y

Autotrophic
respération

Allocation
Respiration, leaves, wood, roots

Heterorop.  Nfix | Phenology
mortality and turnover
(e.g., evergreen, drought or stress deciduous)

Denitrification -
N leaching Decomposition
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Leaves

GPP - Gross Primary Productivity Farquhar Photosynthesis
Medlyn Stomatal Conductance
AR — Autotrophic respiration Canopy

Two stream approximation, sunlit / shaded

NPP — Net primary productivity Allocation
= (G77 = AN Respiration, leaves, wood, roots
ELAI — Leaf Area Index P ’ ’ ’
HR — Heterotrophic Respiration Phenology
mortality and turnover
NEP — Net Ecosystem Production (e.g., evergreen, drought or stress deciduous)
= GPP — AR - HR
NEE — Net Ecosystem Exchange D .
— NEP — Fire ecomposition

NBP = NEE — Land Use - Harvest

NCAR :
UCAR CESM Workshop wwieder@ucar.edu 20



Ramled Irrig Raml’ed Irrig

; \ /7
PETI PET2 PFT3  PFT4... Cropl Cropl CropZ Crop2 ..

NCAR : Lawrence et al 2019, JAMES
UCAR CESIH biolEne wwieder@ucar.edu https://github.com/ESCOMP/ctsm
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Agriculture in CLM5

Sugarcane

AT e
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tropic ariet'S/{%

/
emperate

wwieder@ucar.edu
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Agriculture in CLM5

Fertilize Irrigate

Transient fertilizer and irrigation (1850-2100)

1850 fertilizer assumed to be from manure only

/
NCAR :
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Where do parameterizations come from!?

I. Laboratory understanding: of plant
physiological processes

e.g., 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 are rational
actors, on average

e.g., FUN and LUNA modules

/
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the Evolution 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

Soil Moisture

70’s 80’s 90’s 00’s 10’s Fisher & Koven 2020
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Represent land C sink!

wwee CESM1(LENS) === GCP 2016
e CESM2(CAMB6)
w— CESM2(WACCM6)
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Ecosystem and Carbon Cycle

Biomass

Burned Area

Carbon Diaxide

Gross Primary Productivity

Leal Area Indox

Global Net Ecosystemn Carbon Balance

Net Ecosystem Exchange

lom Respration

Soil Carbon

Hydrology Cycle
ANSPation

Evaporatve Fraction

Latent Hoat

RuncH

bl Heat

Terrestrial Water Storage Anomady

Peormad
Racaton and Energy Cydle
Albedo
Surface Upward SW Radiation
Surface Net SW Raciation
Surface Upward LW Racabon
Surface Net LW Radiation

Surface Net Radiation

NCAR CESM Workshop
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Obijectively ‘better’ carbon cycle

|cEsM1(10)

Forcings
Surtace Alr Temperature
Oiumal Max Temperature
Diurmal Min Temperature
Owmal Termperalure Range
Procipitation
Surtace Relative Humicity
Surtace Dowrnrward SW Radiation
Surtace Dowrnward LW Radiation

Relationships

Burned Area vs Precipitation
Burned Area vs Surf Air Temp
GPP vs ET,
GPP vs Precipitation
GPP vs Surf Down SW Radiation
GPP vs Surf Net SW Radiation
GPP vs Surf Air Temp
LAl vs Precipntation
ET vs Precipitation
ET vs Surf Air Temp

Relative Scale

I

Worse Value Belter Value

Danabasogluet al 2020 JAMES



Atmospheric CO2 Simulated by CESM2

Jul 2004

Niwot Ridge CO2 Concentration

1992 1996 2000 2004 2008 2012
Jan 1, 1990 - Dec 31, 2014
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AMPLITUDE
~®- NOAA amplitude

~&- CESM2_1_001 amplitude

Obijectively ‘better’ carbon cycle

INTERANNUAL VARIABILITY
-®- NOAA vanability

—@~ CESM2_1_001 vanability

Q\

ppm

TIMING OF MAXIMUM

~®- NOAA maximum

~&— CESM2_1_001 maximum
@

TIMING OF MINIMUM

~®- NOAA minimum

~&— CESM2_1_001 minimum

LK

\
\
\

s e
\v




Obijectively ‘better’ carbon cycle

INTERANNUAL VARIABILITY

—&— LENSI variability

AMPLITUDE

~®- NOAA amplitude —&— LENS1 amplitude

-®- NOAA vanability

ppm ppm

TIMING OF MAXIMUM

TIMING OF MINIMUM

- NOAA maximum —&— LENS1 maximum

~®- NOAA minimum

—&— LENS1 minimum
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Objectively ‘better’ carbon cycle
For less wrong reasons
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LMWG priorities for CESM3+

How do ecosystem function and vulnerabilities transform under climate change?

Workshop wwieder@ucar.edu




CTSM Representative Hillslope

Explicit Lateral Flow Within Gridecell Dowhscaled Meteorology

Unsaturated
Zone

Saturated
Zone

To Stream

Bedrock

Lateral
Subsurface Flow
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CTSM Representative Hillslope

High Resolution Mapping of CTsM
Hillslopc Output

Soil Moisture Hc+croacnci+y

Saturation Lon: 238.25\ Lat: 36.75
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CTSM & FATES

Functionally Assembled Terrestrial Ecosystem Simulator
Wall=>))

Vegetation structure in FATES

Plant Functional Type tiling Time-since-disturbance tiling
60 years
BL tree 90 years
C4 grass
Bare Ground
| year

v
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/4 + many more
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CTSM & FATES

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

Time since-disturbance tiIing

Time-since-disturbance tiling

60 years I . I :
_
O e
90 years I Yy
()
| year ngHI.l HlHl.lll‘lHH
L .}va 4m
NCAR Cohort. PFTI1. 10
UCAR CESM Workshop ohort m £ //ﬁ;/




CTSM & FATES

FATES MODULAR Faseaearseass s e s e e ea
More complexity COMPLEXITY . SATELLITE PHENOLOGY -
*Fire APPROACH : _
*Nutrients s essssssssssssss=sssssss=ssss? Satellife Observed
Crown damage Leaf Area Index

*Hydraulic Stress

*Land Management Gas Exchange

Leaf Area
Reduced Complexity Modes Index
*Satellite Phenology |
*No competition
*Fixed Biogeography
*Prescribed physiology

NCAR
UCAR

CESM Workshop wwieder@ucar.edu 39



CTSM & MIMICS Functional traits and the global C cycle

}" ey = - - 7 / / =«

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

B Ry P y” 4 ) 4



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).
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