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What is a Benchmark?
RUBISCO

e A benchmark is a quantitative test of model
function achieved through comparison of model
results with observational data N e
e Acceptable performance on a benchmark is a S e
necessary but not sufficient condition for a fully /o9 oftenfallto capture the ampiitude of

the seasonal cycle of atmospheric CO,
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functioning model A I
e Functional relationship benchmarks offer tests %i 5
of model responses to forcings and yield insights éwoo— i
into ecosystem processes ; ool :
e Effective benchmarks must draw upon a broad : g
set of independent observations to evaluate -5 55;%;]3;2?0“ (;if(’yﬂf("“ g
model performance at multiple scales Models may reproduce correct responses over

only a limited range of forcing variables
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Why Benchmark Models?
RU BISCO

e To quantify and reduce uncertainties in carbon cycle feedbacks to improve
projections of future climate change (Eyring et al., 2019; Collier et al., 2018)

e To quantitatively diagnose impacts of model development on hydrological
and carbon cycle process representations and their interactions

e To guide synthesis efforts, such as the Intergovernmental Panel on Climate
Change (IPCC), by determining which models are broadly consistent with
available observations (Eyring et al., 2019)

e Toincrease scrutiny of key datasets used for model evaluation

e To identify gaps in existing observations needed to inform model
development

e To accelerate delivery of new measurement datasets for rapid and
widespread use in model assessment
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What is ILAMB?

RUBISCO
A community coordination activity created to:
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Develop internationally accepted benchmarks
for land model performance by drawing upon
collaborative expertise

Promote the use of these benchmarks for Energy and Water Cycles
model intercomparison . s
Strengthen linkages between experimental,
remote sensing, and Earth system modeling

communities in the design of new model tests
and new measurement programs

Support the design and development of open \
source benchmarking tools Carbon and Biogeochemical Cycles

Emissions
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Date | Office of
DOE/SC-XXXX | doi:10.7249/XXXXXXXX b NERGY Science

2016

International Land Model
Benchmarking (ILAMB)
Workshop Report

2016 Internatlonal LandModeIBenchmarklng (ILAMB) Workshop
May 16-18, 2016, Washington, DC
Third ILAMB Workshop was held May 16-18, 2016
e Workshop Goals
o Design of new metrics for model benchmarking
o Model Intercomparison Project (MIP) evaluation needs
o Model development, testbeds, and workflow processes
o Observational datasets and needed measurements
e Workshop Attendance
o 60+ participants from Australia, Japan, China, Germany,
Sweden, Netherlands, UK, and US (10 modeling centers)
o ~25remote attendees at any time (Hoffman et al., 2017)
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Development of ILAMB Packages

RUBISCO
e ILAMBV1 released at 2015 AGU Fall Meeting Town s g 5 5 8 §
Hall, doi:10.18139/ILAMB.v001.00/1251597 552888 §n2344
e ILAMBV2 released at 2016 ILAMB Workshop,  oumeanl W
doi:10.18139/ILAMB.v002.00/1251621 T et e o o

Global Net Ecosystem Carbon Balance

Net Ecosystem Exchange

e Open Source software written in Python; runs in Beomysiegi Fesrliation
Evapotranspiration

parallel on laptops, clusters, and supercomputers Laterit Heat

"=

Terrestrial Water Storage Anomaly

. ) . Albedo
e Routinely used for land model evaluation during i T
development of ESMs, including the E3SM Land SUSES LOWeniEn Rese o

Model (Zhu et al., 2019) and the CESM Community A
Surface Air Temperature

Land Model (Lawrence et al., 2019) Precipitation

Surface Downward SW Radiation
Surface Downward LW Radiation

. : |
e Models are scored based on statistical comparisons
0 02505075 1 -2 -1 +0 +1 +2

and functional response metrics YaraDeseor  MenAbe S
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https://dx.doi.org/10.18139/ILAMB.v001.00/1251597
https://dx.doi.org/10.18139/ILAMB.v002.00/1251621

ILAMB Produces Diagnostics and Scores Models
RUBISCO

e [LAMB generates a top-level portrait plot of models scores

e For everyvariable and dataset, ILAMB can automatically produce
o Tables containing individual metrics and metric scores (when relevant to the data), including
Benchmark and model period mean
Bias and bias score (S,, )
Root-mean-square error (RMSE) and RMSE score (Srmse)
Phase shift and seasonal cycle score (Sphase)
Interannual coefficient of variation and IAV score (S, )
Spatial distribution score (S )
m Overallscore(S ) =———fp G =
o Graphical diagnostics
m Spatial contour maps
m Time series line plots
m Spatial Taylor diagrams (Taylor, 2001)

e Similar tables and graphical diagnostics for functional relat|onsh|ps
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Sbias + 2SI‘IIIS€ + Sphase + Siav + Sdist
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RUBISCO
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ILAMBv2.6 Package Current Variables

Biogeochemistry: Biomass (Contiguous US, Pan Tropical Forest), Burned area (GFED3),
CO, (NOAA GMD, Mauna Loa), Gross primary production (Fluxnet, GBAF), Leaf area index
(AVHRR, MODIS), Global net ecosystem carbon balance (GCP, Khatiwala/Hoffman), Net
ecosystem exchange (Fluxnet, GBAF), Ecosystem Respiration (Fluxnet, GBAF), Soil C
(HWSD, NCSCDv22, Koven)

Hydrology: Evapotranspiration (GLEAM, MODIS), Evaporative fraction (GBAF), Latent heat
(Fluxnet, GBAF, DOLCE), Runoff (Dai, LORA), Sensible heat (Fluxnet, GBAF), Terrestrial
water storage anomaly (GRACE), Permafrost (NSIDC)

Energy: Albedo (CERES, GEWEX.SRB), Surface upward and net SW/LW radiation (CERES,
GEWEX.SRB, WRMC.BSRN), Surface net radiation (CERES, Fluxnet, GEWEX.SRB,
WRMC.BSRN)

Forcing: Surface air temperature (CRU, Fluxnet), Diurnal max/min/range temperature
(CRU), Precipitation (CMAP, Fluxnet, GPCC, GPCP2), Surface relative humidity (ERA),
Surface down SW/LW radiation (CERES, Fluxnet, GEWEX.SRB, WRMC.BSRN)
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R U B I s Co o Ecosystem and Carbon Cycle -
Biomass

Burned Area
Carbon Dioxide

e The CMIP6 suite of land models (right) Gros Prmary Produciy

Leaf Area Index

Global Net Ecosystem Carbon Balance | ]

has improved over the CMIP5 suite of

Ecosystem Respiration

Soil Carbon

land models (left)
Evapotranspiration
Evaporative Fraction
Latent Heat

e The multi-model mean outperforms

Sensible Heat

Terrestrial Water Storage Anomaly

any single model for each suite of

Radiation and Energy Cycle

d | Albedo

m O e S Surface Upward SW Radiation
Surface Net SW Radiation
Surface Upward LW Radiation

e The multi-model mean CMIP6 land e

Forcings
1 " b t d |' Y | | Surface Air Temperature
model is the “best model” overa e e
Diurnal Min Temperature
. . 7 Diurnal Temperature Range
Why did CMIP6 land model
. y I a n m O e S I m p rove ° Surface Relative Humidity
Surface Downward SW Radiation
Surface Downward LW Radiation
Relationships
Relative Scale BurnedArea/GFEDAS

-... GrossPrimaryProductivity/GBAF

Worse Value  Better Value Leatarealnded AVHRR
LeafArealndex/MODIS
. o . Evapotranspiration/GLEAM
(H Offm an et a I oy N p re p) Missing Data or Error Evapotranspiration/MODIS l_l




bce-csmi-1 BCC-CSM2-MR CanESM2 CanESM5

gm2d1 gm2dt gm2d1 gm-2d1

CESM1-BGC CESM2 GFDL-ESM2G GFDL-ESM4

-4 -3 -2 -1 0 1 2 3 4 -a -3 -2 -1 0 1 2 3 4
gm2d-t gm2d-t gm2dl gm2d

IPSL-CM5A-LR IPSL-CM6A-LR MeanCMIP5 MeanCMIP6




. Gross Primary Productivity

e Multimodel GPP is compared with global

seasonal GBAF estimates

bee-csmil-1 [-] 123. 112. 114. 8.79 0.0945 0238 151 1.01 0.484 0.435 0.830 0.955 0.628

BCC-CSM2-MR  [:] 114. 107. 113. 5.88 0.671 -0.0233 152 1.11 0.479 0.447 0.817 0.941 0.626

etz e We can see _ ,
CanESM5 [-] 141. 128. 114. 10.1 0.730 1.87 1.60 0.449 0.418 0.710 0.948 0.589 Spat|a| Taylor Dlagram

CESM1-BGC  [] 129. 123. 113. 555 0.660 0.379 1.66 1.20  0.426 0.468 0.765 0.889 0.603 | m p rove m e nts §0_o01
2.0 v 0.2

CESM2 [-] 110. 104. 113. 557 0.642 -0.0542 1.62 1.32 0.458 0.466 0.774 0.933 0.619

CanESM2 [-] 129. 117. 114. 9.54 0.0601 2.31 2.00 0.388 0.437=

.

GFDL-ESM2G  [] 167. 152. 114. 124 126 278 138 0377 0735 0.897= g t 18

GFDL-ESM4  [] 105. 99.0 114. 6.8 -0.177 159 149  0.495 0.403 0.702 0.939 0.588 a CrOSS e N e ra IO n S -

IPSL-CM5A-LR  [] 165. 150. 113. 117 0515 118 268 120 0.781 0.896 f d I ( g i

IPSL-CMBA-LR  [:] 115. 109. 113. 527 0708  0.111 139 114 0.790 0.961 O m O e S e. o 14

MeanCMIP5  [] 121. 115. 114. 6.65 0574 1.41 0.981 0.799 0.965 [0 C ES M 1 VS. C ES M 2, i

MeanCMIP6  [-] 116. 110. 114. 6.26 0129 1.17 0931 0.826 0.956

MIROC-ESM  [-] 129. 118. 102. 9.04 114 0396 190 1.27 0463 0435 0.767 0.920 I PS L_C M 5 A VS. 6 A) 1.0

MIROC-ESM2L [:] 116. 104. 113. 9.90 0.119  -0.0111 1.95 199  0.409 0.920 0,543 o

MPI-ESM-LR  []] 169. 159. 104. 8.91 9.81 136 236 129 0402 0371 0.715 0.930 0558

MPI-ESM12-LR [:] 141. 133. 104. 6.89 9.81 0725 206 113  0.409 0.393 0.769 0.925 0.578 (] Th e m ea n C M I P6 0.6

NOrESML-ME  [] 129. 120. 114. 7.82 0386 1.86 125 |0.387 0.456 0.761 0583 a

NOrESM2-LM  [:] 107. 97.5 114. 7.59 -0.0828 1.63 1.31  0.443 0.472 0.791 0.938 0.623 a n d C M | P5 m Od e | S %
0.2

UK-HadGEM2-ES [-] 137. 130. 113. 6.93 0.848 0.602 2.01 1.10 0.389 0.388 0.820 0.568

UKESM1-0-LL  [] 126. 119. 113. 7.06 0.825 0.387 1.77 1.16 0.436 0.419 0.791 0.924 0.598 pe rfo rm beSt 0.0 T L /

s A
00 02 04 06 08 10 1.2 14 16 1.8 20

Normalized standard deviation
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& Reasons for Land Model Improvements
RUBISCO

ESM improvements in climate forcings (temperature, precipitation, radiation) likely

Mean CMIP5

-10 10

Incoming Radiation Bias [W/m2]

Mean CMIP6

(Hoffman et al., in prep)
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Reasons for Land Model Improvements
RUBISCO

Mean CMIP5

Differences in bias
scores for
temperature, ¥ CepbwemesSae] | EecplbmbheSerell] oo Bedation esgemet)
precipitation, and

incoming radiation
were primarily
positive, further
indicating more
realistic climate
representation

Mean CMIP6

Improvement

-04 -03 -0.2 -0.1 00 01 02 03 04 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 -0.20 -0.15 -0.10 —0.05 0.00 0.05 0.10 0.15 0.20
Temperature Bias Score [1] Precipitation Bias Score [1] Incoming Radiation Bias Score [1]

(Hoffman et al., in prep)
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RU BISCO

While forcings got better, the largest

Improvements were in

variable-to-variable relationships,
suggesting that increased land model
complexity was also partially responsible

for higher CMIP6 model scores

Overall Score Improvement

Reasons for Land Model Improvements

W Forcings ® CanESM5 ® MIROC-ES2L
A Relationships ® CESM2 ® MPI-ESM1.2-HR
® Other ® UKESM1-0-LL ® NorESM2-LM
® BCC-CSM2-MR ® IPSL-CM6A-LR
A 393 dataset/model pairs improve
0.6 - A total improvement is 21.0
mean improvement per pair is 0.054
A
- A
0.4 1 ° ot
®
0.2 -
0.0 -
—0.2 A
135 dataset/model pairs degrade
total degradation is 4.7 & ®
mean degradation per pair is 0.035
0.0 0.2 0.4 0.6 0.8 1.0

CMIP5 Overall Score




CMIP5 ESMs CMIP6 ESMs

ILAMB & IOMB CMIP5 vs 6 Evaluation

(a) Land Benchmarking Results
Land Ecosystem & Carbon Cycle |o.

PSL-CM5A-LR
MIROC-ESM
BCC-CSM2-MR
CanESM5
IPSL-CM6A-LR
MIROC-ES2L
MPI-ESM1.2-LR

.| NorESM2-LM
UKESM1-0-LL

GFDL-ESM2G
CESM2

bcc-csml-1
CESM1-BGC
MPI-ESM-LR
NorESM1-ME
HadGEM2-ES
Mean CMIP5
Mean CMIP6

CanESM2
GFDL-ESM4
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Biomass 020045 0.40) 0.26[-1.07] 92 0.74 [-0.20[-:0.54(0.16 |0.9: 01/1.0411.23
Burned Area -0.87, 0.10[0.83]

Leaf Area Index |o.200.64 0.01{0.30/0.01 [AREBL0.16 | 0.27 [0.08 [0.34 | 0.70[1.20[0.82 0.46 |0.37 0.69 | 1.0

Soil Carbon |027 0.07[0750.47}0.03}1.24[0.07 [0.23 [B88 0.99] 0.900.75/-0.17/0.24 | 1.01

® (a) I LAM B an d (b) | O M B h ave be en u Sed to Gross Primary Productivity [05e[123[0.01 EER 77| 0.04]0.59 ] 0.38[1.27[1.02 =0

Net Ecosystem Exchange [o.42f#8#.0.21].0.65(1.10/-0.24/0.80{0.02 [1.03}1.02}-1.190.59 168} .0.42[0.63 | 0.211.08

Ecosystem Respiration [0.90}056/0.86.0.24 099/-0.01/:0.94) 0.81 [0.59(0.51 0.79/0.90|-0.21}-1.24/ 0.43 |0.94]
eVa | u a te h OW I a n d a n d O Ce a n m O d e I Carbon Dioxide 0.36) 0.74] L0.00[0.37 ’Tn.m 0.420.26 [0.39{0.59|1.10}-0.87(0.21 |0.69 0.09 |-0.07

Global Net Carbon Balance 0.88/-1.13(0.17 [-0.310.38/-0.50(0.24 023 0.17 0.

performance has changed from CMIP5 to CMIP6 Land Hydrology Cycle [@o«hwlouls sloslos ou[orfos[ovilaadoao

Evapotranspiration |0.82/-0.99/-0.27}1.02|0.64 |-1.14}-0.62|-0.60|0.28 | 0.39 |1.08(1.09 0.65 [0.43

Evaporative Fraction |o.34|0.74(0.74 [0.14/0.85/0.21 0.22[0340.10{0.11 {1.25 |-0.88|

. M O d e | fi d e I ity i S a S S e Sse d th ro u g h CO m p a ri S O n Terrestrial Water Storage Anom‘a‘li/ 0.45[0.47|0.50|-0.38 0.34 |0.35 [ 0.43 [0.58 | 0.15 |-0.08| n}ss\ 0.43/0.37 [0.15 n.;g 0.51] 0.49|0.50

Permafrost fo.ss 0.01(0.13(0.830.69/0.56 [0.69 [-0.56 |-0.11| 0.83(0.74]-0.18(0.49 [0.42 |'6;ib 0.430.06|0.23

of historical simulations with a wide variety of (b) Ocean Benchmarking Resuits

Ocean Ecosystems 0.20[-0.20(88¥ 0.04 0.22 0.37/0.83[.0.37}-0.26/0.91] n.s7In.27 030{0.67
b 1 I d Chlorophyll 0.44(1.02 0.49 0.56 0.670.88}0.21{0.10 [1.02] 0.41 0.18]0.13{0.04
C O nte m p O ra ry O S e rva tl O n a ata S etS Oxygen, surface 073013 05341530 29| 0.73{0.34 [0.09]-0.41/0.35 |-0.30[0.40 [0.49 | 0.64
Ocean Nutrients 0.841.0.10(0.91 0.80/-1.25 0.02(1.00| 0.16
7 . Nitrate, surface 021 0.67/1.22 "8 0.1] .82 1.21[.0.90[{0.291.21 |1.02 0. L0.56|-0.470.18
. T h e U N S | n te rgove r n m e nta I P a n e | O n Cl I m a te Phosphate, surface :0.69|-0.04/0.04 -0.45/:0.43] 0.390.14[0.17|-0.41}:0.980.00 0.02 | 0.88.
. Silicate, surface 0.44[0.71(0.24 0.81/-0.20) 0.50{1.24 121[0.19/0.18]-0.29)
Change (IPCC) Sixth Assessment Report (AR6) Ocean carbon et sosforsh ol
TAlk, surface 0.27(1.01/0.12/0.19 0.32 0.22 0.06|0.36(0.85[-0.42|0.29 0.06 0.54
fro m WO rkl ng G ro u p 1 (WG 1 ) C h a pte r 5 CO nta I n S Salinity, 70(.').n:1 0.44|0.35(1.06[-0.54/0.70 | 0.46 -0.46[-0.80| 0.32 | 0.36 | 0.25 |-1.16[-0.47(0.54 |0.33 |-0.30]-0.87}-0.54]
Ocean Relationships 10.36/-0.29 -0.430.68 0.02(0.72{1.20{0.17 0.02 112|039
th e fu I I I LAM B/l O M B eVa I u ati O n a S Figu re 5 22 Oxygen, surface/WOA2018 0.270.23|-0.6388 . 0.26|-0.12[-0.38] 0.290.21(0.19(0.18(0.14 |-0.07 0.03]-0.23]0.53
: Nitrate, surface/WOA2018 10.18/0.06 -0.16/0.78)| 0.09(0.79(1.07{0.26 0.20 Lo.74] 0.521.04

Relative Scale

WECT [T e

Worse Value Better Value

Missing Data or Error
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RUBISCO Summary

e Model benchmarking is increasingly important as model complexity increases

e Systematic model benchmarking is useful for

o Verification - during model development to confirm that new model code improves
performance in a targeted area without degrading performance in another area

o Validation - when comparing performance of one model or model version to observations and
to other models or other model versions

e The ILAMB package employs a suite of in situ, remote sensing, and reanalysis
datasets to comprehensively evaluate and score land model performance,
irrespective of any model structure or set of process representations

e [LAMB is Open Source, is written in Python, runs in parallel on laptops to
supercomputers, and has been adopted in most modeling centers

e Usefulness of ILAMB depends on the quality of incorporated observational data,
characterization of uncertainty, and selection of relevant metrics
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Questions?
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