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% Motivation
CMEC

Bytes

e The rapid growth in number, scale and
complexity of simulations necessitates
efficient analysis

e Established model evaluation methods need

to be routinely applied and results readily
accessible

e Community-based building blocks are a viable
mechanism to accomplish this
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*%3 DOE is developing several model evaluatlon packages

Within RGCM:

- PCMDI Metrics Package (PMP) o
- The International Land Model Benchmarking (ILAMB) Package S
- The International Ocean Model Benchmarking (IOMB) Package [
- Parallel Toolkit for Extreme Climate Analysis (TECA)

e These are highly complementary, and collectively capture an
extensive suite of model evaluation characteristics
e They will help accelerate research for CMIP6 synthesis papers

CMEC is an attempt to coordinate the development of these efforts
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*%3 Establishing protocols for coordinating model evaluation
capabilities, starting within RGCM

Akin to the grass roots development of CMIP data conventions,
CMEC strives to coordinate analysis capabilities via:

e Protocols for input data and interoperability
e Strategies for software accessibility and documentation
e Provenance guidelines to ensure reproducibility

Like the establishment of CMIP, this is going to be a process
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% What can we expect from CMEC?

CMEC

More directly contribute to model development
(via useful quick feedback)

Raise-the-bar on model evaluation

Advance science more efficiently and make model
evaluation results more accessible

Facilitate national assessments, the IPCC process,
etc.

U.S. DEPARTMENT OF

ENERGY

5



CMEC can facilitate synergies within DOE
oy i A o and

design benchmarking
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)-" # CMEC | Coordinated M: % '-\+

(€ © @ hitps://pemdigithub.io/CMEC/index htm B | e |[Q Search [*+®m & &

%‘ Home About Capabilities~ Results Protocols Resources~

Coordinated Model Evaluation Capabilities

Coordinated Model Evaluation Modeling the Climate System
Capabilities (CMEC) is an effort to bring
0 ‘ Physical
together a diverse set of analysis . R o\nludes the Atmosphere,
Land, Oceans, Ice, and Biosphere
packages that have been developed to summaries | Ougong Hea e i

facilitate the systematic evaluation of (PMP)

Earth System Models (ESMs). Currently,
CMEC includes three capabilities that are
supported by the U.S. Department of
Energy, Office of Biological and
Environmental Research (BER), Regional
and Global Climate Modeling Program
(RGCM). As CMEC advances, additional
analysis packages will be included from
community-based expert teams as well a
efforts directly supported by DOE and
other US and international agencies.

Weather
Extremes

Biogeochemistry
(IOMB)

Website is visible via
GitHub but not yet indexed
by search engines
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CMEC

e Who are the targeted users?

e Whatis the potential value for DOE?

e What other activities within DOE can contribute
to CMEC?

e What impact can it have on the general

community and Earth system science?

e What do we see as the future of CMEC?
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The PCMDI Metrics Package
(PMP) provides a diverse
suite of relatively robust high
level summary statistics
comparing models and
observations across space &
time scales

S
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%‘ Home About Capabilities~ Results Protocols Resources~

Coordinated Model Evaluation Capabili

Coordinated Model Evaluation
Capabilities (CMEC) is an effort to bring
together a diverse set of analysis
packages that have been developed to
facilitate the systematic evaluation of
Earth System Models (ESMs). Currently,
CMEC includes three capabilities that are
supported by the U.S. Department of
Energy, Office of Biological and
Environmental Research (BER), Regional
and Global Climate Modeling Program
(RGCM). As CMEC advances, additional
analysis packages will be included from
community-based expert teams as well a
efforts directly supported by DOE and
other US and international agencies.

The PCMDI Metrics Package (PMP)

PMP provides diagnostic summaries of physical
atmospheric model variables on seasonal, annual,
and inter-annual time scales. It compares these
variables with global satellite remote sensing and
reanalysis data sets, and scores model
performance based on RMSE or other metrics.
PMP is useful for producing guick, high-level
diagnostic summaries of physical atmosphere

| model performance.

Modelin

Physical
Model
Summaries
(PMP)

Ocean
Biogeochemistry
(I0MB)

A primary motivation for CMEC is to analyze model simulations that are contributed to the Caupled
Model Intercomparison Project (CMIP). Virtually every institution worldwide involved in significant
development of ESMs contributes simulations to CMIP. The 6th and latest phase (CMIP6; Meehl et al.,
2014; Eyring et al., 2016) includes a partial but fundamental shift away from distinct CMIP phases with
the advent of an ongoing core of benchmarking experiments known as the CMIP DECK (Diagnosis,
Evaluation, Characterization of Klima - Klima being the German word for climate). The DECK includes a




& The PCMDI Metrics Package (PMP)

CMEC https://github.com/PCMDI/pcmdi_metrics

Includes metrics and underlying diagnostics from:
o PCMDI research
o Collaborations with expert teams (e.g., CLIVAR ENSO group)

Working with 5 modeling groups (E3SM, GFDL, NCAR, IPSL, ACCESS)

Leveraging DOE supported python based tools

Developing end-to-end provenance to ensure reproducibility
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B The PCMDI Metrics Package (v1.1.x)

CMEC  prototyped on experience with climatological summaries

PCMDI metrics used in the IPCC TAR, AR4 and AR5 to:
1) Gauge model improvements over time
2) ldentify the strengths and weaknesses of different models

AR4 Chapter 8 ARS Chapter 9 AR5 Chapter 9
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% The quest for moving beyond
CMEC  “One Model One Vote” ol nnmy

Figure AR5 SPM.7
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Sea ice metrics: Exposing compensating errors

CMIP5 R
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* Substantial error compensation, in

some “better” performing models

Traditional
method

3 U.S. DEPARTMENT OF

) ENERGY

Central

N. Pacific

N. Atlantic

14



Extra-tropical Modes of Variability
CMEC Generally defined by EOF leading mode in observations

. 5 NAM: obs : NOAA-CIRES_20CR
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Simulated/reference amplitude ratios
CMIP5 historical simulations (1900-2005)
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Overall Amplitude Behavior
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A

The PCMDI Metrics Package (PMP)

CMEC
Implemented In Progress
« Orthogonal decompositions of » Cloud properties (collaboration
climatological physical characteristics at with S. Klein’s group)
regional to global scales « Extensive ocean T&S (ARGO)

Extra-tropical modes of variability
ENSO (collaboration with CLIVAR panel)
High frequency characteristics of .
simulated precipitation

Regional monsoon precipitation indices

Sector scale sea-ice

metrics based on PCMDI research
Tropical waves

Working with expert teams to
establish targeted benchmarks
(e.g., WCRP precipitation group,
ocean panel)
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Will deliver new metrics to E3SM and
other modeling groups

GLA, rms FOS20M, Frs SOMSON, s
Overview v e R o v R o
anabd - N

PMP high level summaries for CMIP6 will | “icem o

il 3 |

be prominent e e i ' 3

Leveraging six generations of MIPs to ?f & I 3

track model improvements since 1990 ~ EREEEELD “;,‘_mwmm il

An increasingly diverse set of metrics Will zonygsm g |-~ 2 -~
further expose compensating errors P E T ﬂ HMHBHHH
Poised for next generation: Integration g B i W )
with ESGF and server side analysis f 0k '*'sg.i;z: ig; G il “Esgw
VM _ E
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% International Land Model Benchmarking (ILAMB) Package
CM EC T —

€ C [ ® tamb.omLgov/CMIPS/EcosystemandCarbonCycle/GrossPrimaryProductivity/GBAF/GBAF. htmi#AUModel axley@ ¢ 6 PO

| < CMEC | Coordinated Mc x |

!

Globe )

Temporaly integrated period mean bias
"%" Home About Capabilities~ Results Protocols Resources~ becont2 becant L BNU-ESM

€ (0 @ https://pemdi.github.io/CMEC/index. html EJ| @ ||Q Search v B ¥ @&

Coordinated Model Evaluation Capabilities

o
oma!

Coordinated Model Evaluation Mode T1.¢ ntemational Land Model Benchmarking ::,:E;z iy
Capabilities (CMEC) is an effort to bring Package

together a diverse set of analysis -] P':"f:::"

packages that have been developed to ; summaries The International Land Madel Benchmarking

(PMP) (ILAMB) Package
ILAMB provides a variety of in-depth diagnostics
of more than 24 terrestrial biogeochemical and

facilitate the systematic evaluation of
Earth System Models (ESMs). Currently,

CMEC includes three capabilities that are hydrological mode! variables on annual and inter- ST e L ® Benchmark ® HadGEM2ES
supported by the U.S. Department of annual time scales. It compares these variables @ bcecsmi-l ® IPSL-CMSA-LR
. . . with over 60 site-based, regional, and global e

Energy, Office of Biological and ’ : s ® bee-csml-1-m @ IPSL-CM5A-MR

.gy & ‘ observational data sets, and scores model ® BNU-ESM ® MROC-ESM
Environmental Research (BER), Regional performance based on a combination bias, RMSE, @ CanEsM2 @ MIROC.ESM-CHEM
and Global Climate Modeling Program and seasonal cycle metrics. Relationships °'°  %2 b ® cosMa ® MPL-ESM-LR
(RGCM). As CMEC advances, additional between many biogeochemical variables and 225, ® CESM1-BGC ® MRI-ESM1

. . " hysical driver variables are calculated from

analysis packages will be included from : ; 200 ® cesml 2bgc ® NorESM1-M

Y P g model results and compared with observational PY GFDL—ESMgG ® NOrESM1-ME
community-based expert teams as well a . estimates. ILAMB is useful for detailed exploration 175 i

efforts directly supported by DOE and
other US and international agencies.

of land biogeochemical and hydrological model 1.50
responses and provides an interactive interface
designed to enable the user to more rapidly

~ understand the underlying drivers of those 1.00
responses.

Simulated

A primary motivation for CMEC is to analyze model simulations thg
Model Intercomparison Project (CMIP). Virtually every institution wi
development of ESMs contributes simulations to CMIP. The 6th an¢ 0.00 ] |

0.00 025 050 075 100 125 150 175 2.00 225
2014; Eyring et al., 2016) includes a partial but fundamental shift av Quick links: Repository and Installation Normalized standard deviation
the advent of an ongoing core of benchmarking experiments know
Evaluation, Characterization of Klima - Klima being the German word for climate). The DECK includes a

n | | H | i i i i
b Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
3
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% International Land Model Benchmarking (ILAMB) Package

&
£ sounzE G w
. : Ao 885322433533
e Provides systematic assessment of land model P LR
results compared with observations  BHBOUUEGFFEEEC2ESS
e Scores model performance across a wide _
range of independent benchmark data sets ™™ “leasen txcrame
. . Soil Carbon
e Includes comparison of functional B s

relationships (variable-to-variable
CO m pa ri SO n S) Terrestrial Water Storage Ar;\cl)lr::dlz

Surface Upward SW Radiation

H H M Surface Net SW Radiation

e \Written in Python and runs in parallel Surface Upward LW Radiation
Surface Net LW Radiation

Surface Net Radiation

e Produced from an international community surface A Temperatue
coordination effort for designing metrics Six15ce DO S RAdIAEE

Surface Downward LW Radiation

e Supported primarily by RUBISCO SFA with B
support for metrics from E3SM and new
observational data from NGEE Arctic & Tropics

[=]
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% International Land Model Benchmarking (ILAMB) Package
CMEC

[ ILAMB Benchmark R x

|| o M Moo |

i C | ® ilamb.oml.gov/cMIPS/

w@mEde6 o P

Biomass

Burned Area

Gross Primary Productivity

Leaf Area Index

Global Net Ecosystem Carbon Balance
Net Ecosystem Exchange
Ecosystem Respiration

Soil Carbon

Evapotranspiration

Evaporative Fraction

Latent Heat

Runoff

Sensible Heat

Terrestrial Water Storage Anomaly
Albedo

Surface Upward SW Radiation
Surface Net SW Radiation
Surface Upward LW Radiation
Surface Net LW Radiation
Surface Net Radiation

Surface Air Temperature
Precipitation

Surface Relative Humidity
Surface Downward SW Radiation
Surface Downward LW Radiation

ILAMB Benchmark Results

Relationship

MIROC-ESM-CHEM

CCsM4
CESM1-BGC
cesml_2bgc
GFDL-ESM2G
HadGEM2-CC
HadGEM2-ES
IPSL-CM5A-LR
IPSL-CM5A-MR
MIROC-ESM
MPI-ESM-LR
MRI-ESM1
NorEsM1-mMm
NorESM1-ME

Results Table

MIROC-ESM-CHEM

bcc-csm1-1-m
BNU-ESM
CanESM2
IPSL-CM5A-MR
MIROC-ESM
MPI-ESM-LR
MRI-ESM1

ccsm4
IPSL-CM5A-LR

bcc-csm1-1
CESM1-BGC
cesml_2bgc
GFDL-ESM2G
HadGEM2-CC
HadGEM2-ES
NorESM1-M
NorESM1-ME

Variable Score

+0
Variable Z-score

ILAMB 2.1 (870ccla2abd698f3b1ff5419e9cc67c9c016cI9e)

=] B3

We invested effort in
providing a rich
hierarchical user interface

The top level overview
provides “portrait plots” of
absolute and relative
model scores

Scores are aggregated
from multiple data sets
and metrics for each
variable
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% ILAMB Package Features
CMEC

e Currently integrates analysis of 25 variables in 4 categories from ~60 datasets

o aboveground live biomass, burned area, carbon dioxide, gross primary production, leaf area index, global net
ecosystem carbon balance, net ecosystem exchange, ecosystem respiration, soil carbon

o  evapotranspiration, latent heat, sensible heat, runoff, evaporative fraction, terrestrial water storage anomaly
o albedo, surface upward SW + LW radiation, surface net SW + LW radiation, surface net radiation

o surface air temperature, precipitation, surface relative humidity, surface downward SW +LW radiation

e Graphics and scoring system

o plots and scores model performance for annual mean, bias, relative bias, RMSE, seasonal cycle phase, spatial
distribution, interannual variability, variable-to-variable comparisons

o includes global maps, time series plots averaged over specific regions, individual measurement sites, functional
relationship plots, capability to zoom in on specific regions

e Open Source (https://www.ilamb.org/)

o ILAMBvV2.2 is available at https://www.bgc-feedbacks.org/software/

y, U.S. DEPARTMENT OF
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https://www.ilamb.org/
https://www.bgc-feedbacks.org/software/

*%3 ILAMB Package Results Table
CMEC S

e | @ Results Table shows scores

= c \@ ilamb.ornl.gov/CLM/ 1!‘:\ 2,0 ¢ 6 P DO

for each model (columns)

Biomass 059 0.64 0.66 0.65 067 0.67 a7 by Va ri a b | e (rOWS)

Burned Area 035 0.47 0.55 0.35 0.48 0.55 ¥
Gross Primary Productivity 068 0.73 0iE 071 0.74 0.74 a . E h . b | .
Fluxnet (37.5%) 068 0.71 0.73 0.70 073 0.72 - a C Va rl a e I S a

GBAF (62.5%) 068 0.74 0.76 0.72 074 0.75 >

. " 1) 1 |
Leaf Area Index 050 0.55 0.63 0.57 0.60 0.68 > p u | |-d OWn fO r m u |t| p e
Global Net Ecosystem Carbon Balance 056 0.70 0.76 0.71 0.64 hEte e d t t G P P f

Net Ecosystem Exchange 056 057 0.60 0.56 057 0.60 5 2 a a S e S (S e e O r
Ecosystem Respiration 063 069 072 067 073 073 - Fl t d G BA F)

Soil Carbon 046 0.62 0.32 0.40 0.62 0.44 Y. u X n e a n

Ecosystemn and Carbon Cycle Summary 055 0.63 0.62 058 063 0.68 57

Evapotranspiration 073 0.76 0.78 0.78 0.79 0.79 - Py Cl i C ki n O n th e d ata S et
Evaporative Fraction 081 0.82 0.80 0.81 0.83 0.82 v g

Latent Heat 076 0.79 0.79 0.78 081 083 v b t b
Runcff 069 0.75 0.69 0.81 0.81 0.78 7 O p e n S a n eW rOWS e r a
Sensible Heat 073 0.74 0.72 0.75 gt 0.76 - H t h t b | d h H |
Terrestrial Water Storage Anomaly 0.49 0.49 0.48 0.48 0.48 0.47 g WI a u a r a n g ra p I C a
Hydrology Cycle Summary 070 0.73 071 0.73 0.74 0.74 - d i a n O Sti C S

Albedo 073 0.73 0.74 0.73 0.73 0.74 7 g

Surface Upward SW Radiation 0.74 0.73 0.73 0.75 074 0.74 >

Surface Net SW Radiation 078 0.78 0.78 0.79 0.79 0.79 B

Surface Upward LW Radiation 084 0.84 0.84 0.84 0.84 0.84 5t
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CMEC

*%3 ILAMB Package Results Table

< C | @ itamb.oml.gov/CMIPS/

temandCarbonCycle/Gro

rimaryProductivity/GBAF/GBAF.html

aw ggd ¢ 6 P

Model Data Period Mean [Pg yr-1]
Benchmark (£ 113.064
bee-csml-1 H 115.724
bee-csml-1-m H 107.094
BMNU-ESM 5] 87.02
CanESM2 S} 114,499
CCSM4 S} 123702
CESM1-BGC S} 123332
cesml_2bge ] 105976
GFDL-ESM2G E] 153167
HadGEM2-CC =] 125891
HadGEM2-ES [} 130407
IPSL-CM5A-LR [} 156.454
IPSL-CM5A-MR H 157.372
MIROC-ESM H 117.498
MIROC-ESM-CHEM [1 118.063
MPI-ESM-LR S} 163.389
MRI-ESM1 5] 229614
MorESM1-M S} 124258
MorESH1-ME H 125106

@ Temporally integrated period mean

BENCHMARK MEAN

GrossPrimaryProductivity / GBAF / 1982.2008 / global / cesml_2bge

Relationships All Models Data Information
Globe

Bias [Pgyr-1] RMSE[Pgyr-1] Phase Shift[months] Bias Score [1] RMSE Score[1] Seasonal Cycle Score [1] Spatial Distribution Score [1] Overall Score [1]

7.429 T8.476 1.204 0.724 0.596 0.805 0931 073
-4.224 83.538 1277 0719 0.577 0.803 093 0721
-11.485 70.83 1189 071 0.638 0.809 09 0.739
5115 92.059 191 0.64 0.569 0.676 0.848 0.66
13958 75.568 1.326 0.686 0.614 0.758 0.869 0.708
13543 74958 1316 0.689 0.616 0.765 087 0711
-3626 69.608 1384 0718 0649 0766 0933 0743
49933 129535 1405 0659 0.495 0729 0878 0.651
18303 92.441 b i 0675 0548 0783 0848 0681
23084 94021 116 0676 0544 0787 0847 068
47 855 111502 1243 063 0528 0766 0889 0668
45,797 113.639 1241 0.633 0.524 0762 0.892 0.667
12.456 77.895 1316 0.732 0.634 0.753 09 0731
1302 78.062 1.336 0732 0.634 0.747 0.904 073
51.05 97.411 1373 0.677 0.593 0.705 0923 0.698
125717 180.282 1305 0411 0.345 0788 0547 0.487
13645 78.707 1319 066 0.597 0767 0838 0682
14623 79.898 1331 0.654 0592 0769 0827 0.687

MODEL MEAN

e

0 2 4 6 8
gm

10 12 14 16 0 2 4 6 8 10 12 14 16
2 gt gm*d!

MAPPED MODEL MEAN BIAS

Models can be selected
individually and
diagnostics update

Separate statistics and
figures are produced for
pre-defined regions

Relationships tab contains
variable-to-variable
comparisons

Data provenance provided
in Data Information tab

U.S. DEPARTMENT OF
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% ILAMB Functional Relationships
CMEC

/ [ ILAMB Benchmark R % / [J GrossPrimaryProduc X \

| Fowes 0L e | | — |21 3¢

< C | @ itamb.oml.gov/CMIPS/EcosystemandCarbonCycle/GrossPrimaryProductivity/ GBAF/GBAF.htmi#tRela Q ¥ | BpE * o6
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144
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N ) a ™

Gros:

0

2 4 6 8
Precipitation/GPCP2, mm d '

10

GrossPrimaryProductivity, gm * d !

o 2 4 6 8
Precipitation, mm d *

10

W o
Fraction of total datasites

10*

0.020
0.015
Ho010
g
H
0.005 :g
=]
0.000 -
=3
£
5
-0.005 -g
-0.010°
-0.015
-0.020

GrossPrimaryProductivity/cesm1_2bgc, g m~* d-!

ctivity, gm * d !

GrossPrimaryProdu

\\\\\\\\\

-
)

-
o

N A @ ®

o
o

Precipitation/cesm1_2bgc, mmd

4

6

W (9
Fraction of total datasites

10

-
@

o
B

-
N

-
1)

) ~ A O ®

PO

Variable-to-variable comparisons
provide a better way to understand
model responses to forcing

Shown here is GPP vs. Precipitation for
a single model compared with
observations

Differences in distribution of points
suggests regimes in which model
errors are most significant
Histogram-style line plots indicate if
model exhibits overall relationships
emerging from observational data

y, U.S. DEPARTMENT OF
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CMEC

[— BET — BDT — c3grass — cagrass]|
T T

Tropics

GPP Standardized anomalies

2015 2020

PFT-level tropical ecosystem
] responses to ENSO-induced

EL Nino Modeling with E3SM for NGEE Tropics

Systematic evaluation of model results leads to creation
of new phenomenon- and region-specific metrics

-06 -05 -04 -03 -02 -01 0 0.1 0.2 0.3 0.4 0.5 0.6

Correlation of annual gross primary production with
5-month averages of sea surface temperatures over
the Nifio 3.4 region (November--February) during
1995--2016. The hatching indicates locations where
the correlation is at a 90% confidence level or higher.

U.S. DEPARTMENT OF
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drought (left).




% Spatio-Temporal Analysis of GPP Anomalies from Extreme Events
CMEC

Change in the frequency of extreme events relative to the
threshold for 1850-1999 when percentile is 5.0

Global Time Series of pos and neg extremes of the pft : BET Tropical when percentile = 5.0: slope (63.7 & -66.7) kgC/yr and impact (72.1 & 65.5)% resp Count of pos gpp extremes with siope of 13.79 events per decade
All_pft slope (570.9 & -628.4)kgC/yr and impact (85.0 & 86.1)% |
sel plt neg extremes 00
sel pft pos extremes
all pft neg extrem.
I pft pos extreme 1500

—

2082
Time 1831 1B81 1921 1381 2031 2081 2131 2141

10%gC

w201 gl |
Filill

1981 2031 2081 2131 2181
Ratio of counts of neg to pos extremes

=

We removed annual and >decadal signals from GPP to extract anomalies T TR
and investigate projected changes in frequency and intensity W ENERGY




*%3 Attribution of Climate Drivers to GPP Anomalies
CMEC

Dominant climate driver for negative GPP anomalies (per=1,lag=0) PY Multl_llnear regreSSIOn Of negatlve GPP
,,\_/'\_/\/\/- . .
anomalies with

o Precipitation minus Evapotranspiration
= B o Maximum daily temperature

i o  Soil moisture to 1-m depth

o Precipitation
indicated dominant drivers of largest
Time (25-yr windows) (1st percentile in 25 yr window)

Spatial map of dominant drivers productivity losses (fOI’ t|ag _ O)
e Next step: Add time lags to attribute
[pme causes of largest extreme events
l;"’]""’a""’g e Spectral analysis tool, new metrics will
be added to ILAMB

.pgg:g S U.S. DEPARTMENT OF
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% International Ocean Model Benchmarking (IOMB) Package

CMEC

{ = CMEC | Coordinated Mo x \

& ) @ @ https://pemdi.github.io/CMEC/index. html

"%‘ Home

E1| & [|Q Search

About Capabilities ~ Results Protocols Resources ™

Coordinated Model Evaluation Capabilities

Coordinated Model Evaluation

Capabilities (CMEC) is an effort to bring

together a diverse set of analysis

packages that have been developed to

facilitate the systematic evaluation ¢
Earth System Models (ESMs). Currer
CMEC includes three capabilities thé
supported by the U.S. Department ¢
Energy, Office of Biological and

Environmental Research (BER), Regi|
and Global Climate Modeling Progr:
(RGCM). As CMEC advances, additior
analysis packages will be included f
community-based expert teams as \
efforts directly supported by DOE ar
other US and international agencies

A primary motivation for CMEC is to
Model Intercomparison Project (CM|
development of ESMs contributes sj
2014; Eyring et al., 2016) includes a |

the advent of an ongoing core of be,

Modeling the Climate System

Physical
Model

Summarisc

Includes the Atmosphere,

Land, Oceans, lce, and Biosphere

Ouigoing Heat
The International Ocean Model

Benchmarking Package

Weather

Extremes

Lo
The International Ocean Model Benchmarking
(IOMB) Package ‘
IOMB provides a variety of in-depth diagnostics of P'
marine biogeochmical model variables on annual
and inter-annual time scales. It compares a
growing number of variables with site-based,
transect, regional, and global cbservational data
sets, and scores model performance based on a
combination of bias, RMSE, and seasonal cycle
metrics. IOMB is useful for detailed exploration of
ocean hiogeochemical model responses and
provides an interactive interface designed to
enable the user to more rapidly understand the
underlying drivers of those responses.

Ocean

Biogeochemistry
(IOMB)

Observed slmumed -

. " ributed to the Coupled
nvolved in significant
|ase (CMIP6; Meehl et al.,
fistinct CMIP phases with

Quick links: F Repnslmry and Installation

e g e o wo e ~MIP DECK (Diagnosis,

Evaluation, Characterization of Klima - Klima being the German word for climate). The DECK includes a

wBE 4+ A& O &

BENCHMARK SURFACE MEAN

MODEL SURFACE MEAN

K K

SURFACE MEAN BIAS

MODEL DEPTH PROFILE BENCHMARK DEPTH PROFILE

U.S. DEPARTMENT OF

ENERGY




% International Ocean Model Benchmarking (IOMB) Package
CMEC

ACME

CMCC_CESM

IPSL-CM5A-LR

Evaluates ocean biogeochemistry results compared with
observations (global, regional points, and ship tracks) Chiorophyl
Scores model performance across a wide range of DDA ol

i Nitrate
independent benchmark data I
Leverages ILAMB code base; also runs in paraIIeI DimethylSulfide
Will be released to the community soon S

TotalAlkalinity

Chlorophyll / SeaWIFS pco2

PH
Spatial Distribution Annual & Seasonal Cycles S

SolarShortWaveHeatFlux
00 01 02

MEAN

Temperature

Salinity

PAR

Oxygen

CYCLE

MixedLayerDepth

Feb M Apr May MmNl Alg Sep Ot Nov Dec

SeaSurfaceHeight

660

SPATIAL DISTRIBUTION
°

NN 08
% v < oe
o.0b—r e € oa
0.0 0.3 0.6 0.9 1.2 15 18 23 2.4 T
Homatzed standard deistion " %

® Benchmark  ® PSLCMSALR @ MPLESMAR = <
® ACME ® PSLCMSAMR @ MPLESM-MR s e wmowm e
® CMCCCESM @ PSLCMSB-LR @ POP o cueccesw e psuawssin

CYCLES

CMCC_CESM
IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
MPI-ESM-LR
MPI-ESM-MR.
NorESM1-ME
CMCC_CESM
IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
MPI-ESM-LR
MPI-ESM-MR.
NorESM1-ME

CESM

g
2
|

+0 +2
Variable Score Variable Z-score
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CMEC

ILAMB and IOMB Target Uses

| Office of

ko | dtstcsin " ENERGY | scionce
e |LAMB is designed for use by g
o Individual modelers/model developers - for verification Internationalland Model
o Modeling centers - to track model performance Benchmarking (ILAMB)
evolution Workshop Report
o Model intercomparison experiments - for multi-model
analysis

e |LAMB is being used & developed by the international land
model community
o DOE E3SM - Workflow and Land Model Intercomparison
o NSF/ DOE CESM at NCAR - Workflow (land and ocean)
University of New South Wales / PALS /
modelevaluation.org - Analysis engine
CEH /JULES / EartH2Observe - Published analysis
NOAA GFDL - Adding it to their toolkit
NASA ABoVE / NOAA NSIDC - Permafrost metrics
University of Tokyo / GSWP3 - Runoff metrics and
evaluation

e |OMB is being used & developed by E3SM & CESM so far

(@)

O O O O




E3SM Land Model (ELM) Intercomparison

Gross Primary Productivity / GBAF / 1982-2008

& &
Lo > L
-%‘ Q:‘ (.\\'\,Q ’Q\'
S ) g O &
8 & o &
S & & §F
\Q,Q -\\0 & & &Q
& & o -~
| & £ F & ¢ X
& & & o & > @
<> & o & & &
& o &
'é}o& e-\ §\ Na N - &a\ c_,“é &
e & P E o e ®
Burned Area i ¥ & i PO & v & & N 063' O ed‘
7 / & N K K & & o © 9 & G & » R
Gross Primary Productivity ’ \OP o PG ec’.“ ‘.@‘*‘ B & %5,6 ‘o & ‘g,o s &
Leaf Area Index o L <« SHE F & & & & & K S
Global Net Ecosystem Carbon Balance [ anchmaic [] 118810
Net Ecosystem Exchange |
Ecosystem Respiration [ | SR [ 111448 102502 8.851 118.383 0427 0037 1573 1244 |0
Soil Carbon | -
Evapotranspiration * [] 105.181 97.013 8.162 118.383 0427 |-0.185 1.536 1.254 |0.737 0.654
Evapomtive braction Oy 1 130150 128193 0954 118383 0427 0542 1614 1181 0.?45=
Latent Heat 1
Runoff H O | 137.237 127.339 0.801 118.383 0427 | 0523 1619 1139
Sensible Heat B B
Terrestrial Water Storage Anomaly L ] [[] 1126.756 117.893 8.856 118.383 0.427 | 0.281 1.404 1.335
Albedo
St ipwsrd S Racistion CEEEREEND [] 125544 116790 8748 118383 0427 | 0255 1.412 1.303
Surface Net SW Radiation | B |
Surface Upward LW Radiation . . .
Suisface Na LY Radiation e Anenhanced version of ILAMB is being used to assess
Surface Net Radiation . i . . .
Suacs I Je e | multiple land biogeochemistry formulations in ELM
ecipitation
Surface Relative Humidity H H
. EE e The ELM Intercomparison, led by Ben Bond-Lamberty, is
Surface D d LW Radiati i i ; i
Eses S S T Reclton using ILAMB and other tools and metrics to identify

U.S. DEPARTMENT OF
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0 02505075 1 2 -1 +0 +1 +2 optimal model configurations

Variable Score Variable Z-score




% ILAMB assessin

CMEC

2 -1 +0 +1 +2
worse better

model model Biomass
Burned Area

Gross Primary Productivity

Leaf Area Index

Global Met Ecosysterm Carbon Balance
Met Ecosystem Exchange
Ecosystem Respiration

Soil Carbon

Evapotranspiration

Evaporative Fraction

Latent Heat

Runoff

Sensible Heat

Terrestrial Water Storage Anomaly
Albedo

Surface Upward SW Radiation
Surface Net SW Radiation

Surface Upward LW Radiation

g several generations of CLM

=]
=+
=
o |
[

CLM45

CLM50

ILAMB was used as an integral part of
CLM5.0 development

Improvements in mechanistic
treatment of hydrology, ecology, and
land use with many more moving
parts

Simulation improved even with
enhanced complexity

Observational datasets not always
self-consistent

Forcing uncertainty confounds
assessment of model development

(not shown)
Lawrence et al., in prep

U.S. DEPARTMENT OF
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% ILAMB and IOMB Development
CMEC

e Openly developed in Python using Git repository

o https://bitbucket.org/ncollier/ilamb
o Patches welcome! We have had features and bugfixes submitted by users

e Roughly biannual releases
o v2.0-May 2016
o Vv2.1-March 2017
o Vv2.2-November 2017

e Development activity

Develop new benchmarks for E3SM and modeling working groups

Adapt the ILAMB core to address community needs (ocean, high latitude, diurnal cycle)
Address computing environments and performance (laptops, clusters, NERSC, OLCF & ALCF)
Hone and improve the current methodology with research community

o  Continually improve documentation and tutorials (Provided at major meetings)

e Tracking use through software DOls, workshop engagement, and interactive

website visits — Many users will simply look at results! C 7 ENERGY

o O O O



https://bitbucket.org/ncollier/ilamb

% TECA: Toolkit for Extreme Climate Analysis

CMEC

* Home Abo.

Coordinated Model Ev

Coordinated Model Evaluation
Capabilities (CMEC) is an effort to bring
together a diverse set of analysis
packages that have been developed to
facilitate the systematic evaluation of
Earth System Models (ESMs). Currently,
CMEC includes three capabilities that
are supported by the U.S. Department
of Energy, Office of Biological and
Environmental Research (BER), Regional
and Global Climate Modeling Program
(RGCM). As CMEC advances, additional
analysis packages will be included from
community-based expert teams as well
a efforts directly supported by DOE and
other US and international agencies.

A primary motivation for CMEC is to anzg
Model Intercomparison Project (CMIP). |

The Toolkit for Extremes Climate Analysis
iIrces ™

The Toolkit for Extremes Climate Analysis _
(TECA)

TECA is a high-performance, general purpose
tool for detecting discrete weather events, such
as tropical eyclones, in climate model output. Its
core is a map-reduce framework, implemented
in C++, that utilizes MPI and OpenMP item
parallelism. It features Python bindings for the
core architecture, which allows rapid
prototyping new detectors while taking
advantage of the high-performance parallelism
of the C++ core.

Includes the Atmosphere,
19, Oceans, lco, and Biosphero

‘Weather
Extremes
(TECA)

locasn
eochemistry
(1ome)

Quick links: Repository, Installation, and
documentation 2d to the Coupled

ed in significant

development of ESMs contributes simulations to CMIP. The 6th and latest phase (CMIP6; Meehl et al.,
2014; Eyring et al., 2016) includes a partial but fundamental shift away from distinct CMIP phases with
the advent of an ongoing core of benchmarking experiments known as the CMIP DECK (Diagnosis,
Evaluation, Characterization of Klima - Klima being the German word for climate). The DECK includes
a short list of experimental configurations that are routinely performed by ESM developers during
their model development process. The DECK and “Historical” simulations provide a basis from which
ESMs can be compared with available observations.

To date, many ad hoc analysis packages have been developed to target selected aspects of ESM
simulations. With the growing scope of CMIP and expectations for efficient “quick look” results, there
is a clear need for the community of CMIP analysts to work together. CMEC is establishing a
framework for the developers of these capabilities to collaborate and to deliver a unified set of
results.

U.S. DEPARTMENT OF
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A

cmec  TECA: Toolkit for Extreme Climate Analysis

TECA is a tool for detecting
discrete weather events in
climate output.

The main use case is for
research on extremes...

U.S. DEPARTMENT OF

ENERGY ~



% 2016 was an eventful

CMEC

£UROPE
RFT!C SEA ICE EXTENT . . “urope experienced its 37 warmest year, behind only
CANADA During its growth season, the Arctic had its smallest \4 (record warm) and 2015 (2 warmest), making
A wildfire destroyed large parts of Fort annual maximum extent for the second year in a row. thi past three years the three warmest in the 107-year
McMurray (Alberta] in early May and During its melt season, the Arctic reached its 2+ « ftinental record. The average winter (Dec 2015-Feb
became the costliest natural disaster smallest minimum extent on record (tied with 2007). 6) temperature was record high.

in Canada’s history.

ALASKA
2016 was the warmest year
for the state since records
began in 1925

\ﬁ.,_ \ AsiA

Asia observed its 3 warmest year on record,
behind 2015 (record warmest) and 2007 (24
warmest). Apr, Aug, and Sep were each record
warm, while Oct and Nov were both cooler
than their long-term averages. /

—

NORTH AMERICA

Mexico had its warmest year on record, the
contiguous U.S. had its second warmest,
and Canada had its fourth warmest in their
respective national records.

ATLANTIC HURRICANE SEASON
Above-average activity. 148% of normal ACE.
15 storms, 7 hurricanes.

@ £ASTERN /77 NORTH
@ RRICANE SEASON
Above-average activity. 143% of normal ACE.
< 12 hurricanes.

] B

HURRICANE PALI
(7-14 Jan)

Earliest storm on record in central
North Pacific basin and third closest to
the equator on record globally.

HURRICANE MATTHEW
(28 Sep—9 Oct)

Matthew was the first category
5 hurricane in the North Atlantic.
since Felix in 2007. The storm
severely impacted Haiti, Cuba,
the Bahamas, and parts of the
southeastern U.5. More than
1,000 fatalities were reported
and thousands of homes and

INDIA

[}

2000.

buildings were destroyed.

SOUTH AMERICA AFRICA ) .

Bolivia experienced its worst drought in the past 25 Southern Africa experienced two
years. North Brazil drought continued for 5% consecutive poor rainy seasons,
consecutive year. with rainfall well below average in

both 2014/15 and 2015/16, leading
to serious drought and substantial
agricultural losses.

India reported its warmest year since
records began in 1901, Eight of its
warmest 10 years have occurred since

5 storms, 1 cyclone.

SOUTH INDIAN OCEAN
CYCLONE SEASON
Near-average activity.

8 storms, 5 cyclones.

AUSTRALIAN CYCLONE SEASON
Below-average activity. Lowest number of named AUSTRALIA
storms since reliable records began in 1970.

year for extreme weather

TYPHOON LIONROCK

(16-31 Aug)

Lionrock impacted northeastern areas of the
Democratic People’s Republic of Korea (DPRK),
where rainfall of up to 320 mm in four days led
to catastrophic flooding and 133 fatalities.

/" | China observed its wettest year
since national records began
in 1951,

ANTARCTIC SEA ICE EXTENT
Record low values in austral spring contrast with record high
values during 2012-14.

and authorship for this report. For more information please visit: hitps://www.ncdc.noaa.gov/sotc

Please Note: Material provided in this map was compiled from NOAA's NCEI State of the Climate Reports, meWMm..wm ¢ ~n tha Ctat “,"‘ Saiau A‘N‘mﬁ'zom (WMO-No. 1189),

. /-
CHINA

~STERN PACIFIC OCEAN
s emnenn
Average activity.
30 storms, 13 typhoons.

SOUTH PACIFIC
OCEAN CYCLONE
SEASON

Average activity.

8 cyclones.

ORTH INDIAN OCEAN
CYCLONE SEASON
Near-average activity.

Australia observed its 4" warmest
year in its 107-year national record.
Tasmania was record warm. Nine of
the past 10 years (excepting 2010)
have been warmer than average
and 7 of the 10 warmest years have
curred since 2005.

)
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Understanding of

S cimERN. st Giece
ATTRIBUTION OF O =low Simulate Event Class Result of Climate
Extreme Weather Events Change
'N."“ O X Extreme cold events [ ] [ J [ ]
2 Ilmat,e Gha“g e Extreme heat events [ ] [ ] [ ]
4 Ty Droughts o o [}
Extreme rainfall o o o
. T Extremits;l[;)’z and ice o o °
‘s ‘50 Tropical cyclones @] o [}
£5 = |
g ‘3 g Extratropical cyclones o o @]
-g g Wildfires (@] o (@]
£ 3
g .2 Severe convective o) o o
- s storms
g ¥
£8
£z “Bringing multiple scientifically appropriate approaches
e together, including multiple models and multiple studies
[“I ~
3 : helps distinguish results that are robust from those that are
8 3 - much more sensitive to how the question is posed and the
@ 9

approach taken.”

» U.S. DEPARTMENT OF
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% 39

Understanding of effect of climate change on event type




% CASCADE Key Questions
CMEC

What comp. & stat.
innovations are
necessary to
systematically
characterize extreme
climate events & y
uncertainty? - Doesa
holistic

uncertainty
change our
answers?

treatment of

U.S. DEPARTMENT OF

ENERGY
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%’3 CASCADE Produces Community Data Analysis Tools
CMEC / bitbuck TEIbCIA d \

* Fast, scalable event detection

« TC, AR, and ETC detection .
fastKDE K * Python API for add'l algorithms / climextRemes
dist. via bitbucket and pip ' ‘ dist. via CRAN & UV-CDAT

e

i S WY

e ——

TG "
i IR 5 I
. BTR———————— = ) T
+ Fast, robust PDF estimation * Flexible extreme value analysis
* Multidimensional * R and Python packages



A

CMEC

TECA: Toolkit for Extreme Climate Analysis

Track 39, cat 4, steps 1715 - 1791
1990/8/3 12:0:00 - 1990/8/13 0:0:00

+le5 Sea Level Pressure

Detects extreme weather events

Leverages map-reduce framework:
map—candidate detection
reduce—stitch paths

 Efficient and highly parallel:
anal%/zed extratropical cyclones in
all of CMIP5 in 1 hour

4
time (days)
Surface Wind

deg lat

50 1 /

<

2 25 - 1 L | 5
o 2 6 8

a
time (days)

Vorticity

kmd~-1

- Python interface for rapid detector oo e e
prototyping M

radius (deg lat)

Download at https://github.com/LBL-EESA/TECA




A

CMEC

« TECA2 allows easy exploration of existing algorithms,
and construction of new ones.

TECA2: A platform for feature detection/classification

reader

« Simple input machinery allows easy tuning and *
analysis of parameters event

detector

* “Snap-together” pieces form high-performance *
pipelines that can execute on DOE's HPC platforms

parallel
map-reduce

- Several reusable components fit into multiple

pipelines *
« Components and pipelines can be built using writer
Python

« TECAZ2's parallelism is best-in-class (MPI + threads):
makes efficient use of Cori KNL.

U.S. DEPARTMENT OF

ENERGY -




% Evaluating TC Statistics i in Cllmate Models
CMEC B .

Objective: Objectively assess what is to be gained .
from high horizontal resolution in the Community : l h " I
Atmospheric Model, CAM5.1 enabled by current B NALINR T

generation DOE supercomputers.

Research: At resolutions of 25km, global Impact: High resolution climate models provide new
atmospheric models realistically simulate many capabilities to examine future changes in extreme
types of extreme weather. We find that fvCAMS.1 storms and precipitation in ways that the CMIP5
reproduces observed hurricane frequencies and models cannot. As high resolution models become
intensities. Furthermore, the model more mainstream, confidence in projected changes in
accurately simulates extreme daily precipitation extreme weather will be increased

U.S. DEPARTMENT OF

ENERGY -

than CMIP5-class models.




A

CMEC

TECA’s Userbase

e Atiered system for supporting DOE science and the
broader community:
o CASCADE researchers

o DOE Collaborators (Hyperion, University projects)

o Broader community

7": U.S. DEPARTMENT OF

@ENERGY -




B TECA's value within DOE
CMEC

e (Capability to analyze extremes w/ a focus on events that matter
for natural and managed systems: especially energy and water

e Allows a process/phenomena focused analysis of extremes

e Permits analysis of DOE model biases, focused on the actual
weather events that bring biases: e.g., Western US precip biases
and ARs

.3

U.S. DEPARTMENT OF
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A

CMEC

TECA’s value within broader community

e Capability to analyze extremes with a focus on events that
matter for natural and managed systems

e Allows a process/phenomena-focused analysis of extremes

e Permits analysis of climate model biases, focused on the actual

weather events that bring biases




Variability, Extremes, and
Biogeochemical Cycles
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Coordinated Model Evaluation Capabilities
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% The critically important terrestrial sink:
CMEC amajor source of uncertainty
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Extremes: an enormous impact on the carbon cycle

3—10 PgC/yr effect on GPP
from extremes!
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. Concurrent source Concurrent sink ‘ Delayed/long-term source . Delayed/long-term sink
Reichstein, M. et al., 2013. Nature, doi:10.1038/nature12350




CMEC govern terrestrlal feedbacks in Western US

« Droughts and other climate extremes can lead to dramatic restructuring
of ecosystems via vegetation mortality and range shifts, with long-term
consequences to ecosystem function that govern feedbacks.

« Current “big-leaf” and static
vegetation models don't include
these linkages, but demographic
and dynamic vegetation
models such as FATES do.

» Extreme events like the recent CA
drought allow opportunity to
benchmark the processes in
these models.




Shifts in biomass and productivity for a subtropical dry forest in
response to simulated elevated hurricane disturbances

Scientific Achievement

«  This model-based investigation assessed the impacts of storms of
elevated intensities and frequencies on the long-term carbon dynamics
of a subtropical dry forest in Puerto Rico.

I T . *  This is the first attempt to model hurricane effects for dry forests of
Puerto Rico; a unique, overlooked, and threatened biome of the world.

Significance and Impact
*  Fig. 1c = More frequent storms (which remained at current
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B T e R intensity) led to a switch in simulated carbon accumulation
Fig.1 Shifts in six carbon components compared from negative to positive (i.e. sink).
to historical hurricane regimes (control), with the ~ « We predict the long-term forest structure and productivity will not be
total accumulation switching to positive (i.e. sink) largely affected in relationship to storm intensity alone.
in the bottom panels. «  These results and methodology are being considered for DOE’s new

. dynamic vegetation model FATES, which is being integrated into ALMv1.
Research Details

+  This study uniquely utilized local forest inventory measurements that were recorded before and after a hurricane
event. This allowed for the creation of realistic species-specific model damage classes and a new disturbance damage
routine, which were used in a dynamic vegetation forest gap model (ZELIG-TROP).

*  This research allowed for the investigation of shifts in individual carbon components (see Fig. 1)

Holm, J.A., SJJ. Van Bloem, G.R. Larocque, and H.H. Shugart: Shifts in biomass and productivity for a subtropical dry forest in
response to simulated elevated hurricane disturbances. Environ. Res. Lett. 12; 025007 (2017).
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% Quantifying errors in variability, extremes, and
CMEC Dbiogeochemical cycles

Need:

* Huge uncertainty in terrestrial sink
« effects on future biogeochemical cycles
unknown, but possibly huge
* Major, documented effect of extremes on
carbon storage
« Extremes are modulated by variability and
mean climate state

Variability
Major Questions:

* How do errors in mean
climate and variability relate
to errors in extremes?

* How do errors in extremes relate to errors in
biogeochemical cycles?

+ How do errors in biogeochemical cycles relate to errors in
climate?

Biogeochemical
Cycles
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A

CMEC

» These questions are linked and
may constitute a feedback
system that amplifies model
errors

* Atoolis needed that permits
simultaneous assessment of:

- Climate and climate
variability

- Statistics of extreme events

- Biogeochemical cycles

Answering these questions requires a new type of tool

10 102 10? 5& :
_ Decrease in GPF (kg C) :a

» . \ \\G_J, &
180° W 120° W 60° W

Reichstein, M. et al., 2013.
Nature, doi:10.1038/nature12350




% CMEC Provides a Low Cost Path Forward
CMEC

CMEC
Component

PMP Quantify errors in mean and variability
TECA Quantify errors in extremes
ILAMB/IOMB Quantify errors in BGC cycles

CMEC could provide a simple, federated tool for
simultaneously characterizing climate, extremes and
BGC cycles in a given simulation.

& iLAMB/iOMB
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CMEC

A prototype set of hypotheses for E3SM

* Errors in ENSO+AMO cause errors in TC statistics
* Errorsin TC statistics cause errors in terrestrial tropical and subtropical

carbon stores
* Errors in terrestrial carbon stores cause errors in mean climate that

project onto errors in ENSO+AMO

PMP Quantify errors in climate, ENSO, AMO
TECA Quantify errors in tropical cyclone statistics/characteristics
ILAMB/IOMB Quantify errors in tropical/subtropical carbon stores
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CMEC

CMEC beyond a prototype experiment

» Target audiences:

- E3SM community: particularly critical for
FATES-based versions w/ variable resolution

— International climate community: hi-res coupled
simulations will become common in 5-10 year

timeframe

AZR, U-S. DEPARTMENT OF
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BB PMP-ILAMB-IOMB-TECA synergies
CMEC

e Exploring scientific linkages will be an integral part of CMEC
research and will provide a unique set of CMIP6 synthesis papers

e Establishing CMEC protocols is an ongoing collaborative effort

e Content and objectives are highly complementary, with nominal
overlap to routinely verify techniques




2;%; Coordination within CMEC

e PMP, ILAMB, IOMB, and TECA currently

o Follow netCDF Climate and Forecast (CF) conventions for reading/writing data

o Utilize CMIP variable naming and units conventions Dynvariip -

o Written in Python or provide a Python interface p st HowRese
2 phenomena

OMIP, FAFMIP,
LS3MIP, SIMIP
Ocean / ISMIP6
Land/ Ice

o Use Git via GitHub or BitBucket for open access RFMIP, VoIMIP,

e Continued coordination will focus on CMIP6
o Evaluation of CMIP6 results:

CORDEX,

AerChemM|p  Chemistry/ £ L Impacts  VIACS AB
m PMP: Historical and DECK Experiments “3 < ' i
m ILAMB: Historical, C*MIP, LUMIP, LS3MIP i | ari uf." O s
m |OMB: Historical, C*MIP, OMIP |
a  TECA: HighResMIP T
o Connections with the Earth System Grid Federation (ESGF) GeoMIP

m Automated retrieval of model results for benchmarking and diagnosis
m Advertising CMEC results from the ESGF portals (look before you leap/download)
m Offering data ordering options from within diagnosis pages &Z, U.S. DEPARTMENT OF
o  Share and leverage interface designs and processing methods % ENERGY 59
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