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Our study based on the benchmarking framework PLUMBER2

identified that a collection of land surface models underperformed
simulating carbon, water, and energy fluxes relative to empirical benchmarks
when two (or more) meteorological drivers were comparatively extreme
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When meteorological conditions are at the edge of the joint distribution of the

input domain space,
our land surface models should be doing better with the information they are

provided.
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What is benchmarking?

measuring the quality

Meaning of benchmarking in English

benchmarking

noun[U]

UK W) /'bentf ma kmy/ us <) / bent] markm/
something else

Add to word list 1=
the act of measuring the quality of something by comparing it with something else
of an accepted standard:

= rigorous benchmarking of research performance

* a benchmarking system to help consumers

accepted standard
See

benchmark

Dictionary.Cambridge.org, 30/06/2026
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Our super
amazing new
model

Another model

Meteorological
Observations

Intercomparison

Empirical models

Validation
Calibration

Flux Observatlons

Y

NS climate extremesl >/ Jon Cranko Page
\\(( L] UNIVERSITY

OF OULU ML4LM 2026

Climate Change
Research Centre

ARC centre of excellence



PLUMBERZ2

https://doi.org/10.5194/bg-21-5517-2024
© Author(s) 2024. This work is distributed under

the Creative Eommons Attribution 4 B license: Article Assets Peer review Metrics Related articles

Research article | @® 12 Dec 2024

On the predictability of turbulent fluxes from land: ERTOSN
PLUMBER2 MIP experimental description and
preliminary results R

Gab Abramowitz 84, Anna Ukkola, Sanaa Hobeichi, Jon Cranko Page, Mathew Lipson, Martin G. De Kauwe, TR i =
Samuel Green, Claire Brenner, Jonathan Frame, Grey Nearing, Martyn Clark, Martin Best, Peter Anthoni,

Gabriele Arduini, Souhail Boussetta, Silvia Caldararu, Kyeungwoo Cho, Matthias Cuntz, David Fairbairn, Craig R. Ferguson,
Hyungjun Kim, Yeonjoo Kim, Jargen Knauer, David Lawrence, Xiangzhong Luo, Sergey Malyshev, Tomoko Nitta, Jerome Ogee,
Keith Oleson, Catherine Ottlé, Phillipe Peylin, Patricia de Rosnay, Heather Rumbold, Bob Su, Nicolas Vuichard, Anthony P. Walker,
Xiaoni Wang-Faivre, Yunfei Wang, and Yijian Zeng

Climate Change
Research Centre

UNSW \\(( climate extremesf >/ Jon Cranko Page

UNIVERSITY
I:I\T;:I OF OULU ML4LM 2026

ARC centre of excellence



PLUMBER2

* 20 land models simulating NEE, LE, and H as measured at 154
flux tower sites

* Half-hourly meteorological inputs

e Land models had no calibration to the site data
* Veg type, ref. height, canopy height only

* 7 (+2) empirical models as benchmarks
* Linear regression, cluster + regression, Random Forest, LSTM
* All out-of-sample for each site
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PLUMBER2

* Land models benchmarked
against hierarchy of empirical
models

* 7 metrics normalised to
empirical model range and
averaged across metrics and
sites

* Land models frequently
outperformed by linear
regression against SWIN
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Land models benchmarked
against hierarchy of empirical
models

7 metrics normalised to
empirical model range and
averaged across metrics and
sites

Land models frequently
outperformed by linear
regression against SWIN
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* We could look the LSM performance at each site but that’s a lot of
sites

* Original PLUMBER2 paper briefly considered vegetation types

eeeeeeeeeeeee ®®
Are Plant Functional Types Fit for Purpose?

* But are these really suitable? -0 O

Jon Cranko Page B4 Gab Abramowitz, Martin. G. De Kauwe, Andy . Pitman

ber 2023

First published: 27 Decem | https://doi.org/10.1029/2023GL104962

* Are there certain meteorological conditions where the land
models are underperforming?
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* The PLUMBER2 forcing data
has 7 key met variables plus
LA

 We divide each variable into 50
equal-width bins

* This places every timestep
within an 8d “cell”

* Within each cell, input
conditions are similar
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Empirical Flux Models

e PLUMBER2 has 3 “best” (EFMs)
empirical models o ? 9
« 6km729lag >E( )
* RF ‘.J l Lo
e LSTM

* At each timestep, the LSM has

enough information to perform
better if all 3 of these EFMs
have smaller absolute error

* |If so, the timestep is called an
“LSM Loss”
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 Within each cell, we can
calculate the “LSM Loss Ratio”

* What percentage of timesteps
within the cell are an LSM Loss?

* Null expectation (under random
uncertainty) is 25%

* Over 25% implies our LSMs are
underperforming

ned)

Variable 2 (Bin

= B

Variable 1 (Binned)

LSM Loss Ratio for NEE in Cell (%)
o I—
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* The manuscript has a
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schematic to explain this set
up in more detail
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Each LSM simulated the 3 fluxes for
~16 million timesteps across the 153
sites.

The 3 best EFMs also simulated the
fluxes at each timestep

-
The error at each timestep was

calculated for the LSM and 3 EFMs as

Erryoq= IFluxm -Fluxm,.I
"

4 Each timestep was either an LSM h
“Loss” or “Win”, defined by:
“Loss” < Errygw> Errgey for all EFMs
If not a “Loss”, then the timestep was
»
\_ a“Win”. Y,

(Each input variable - 7 meteornloy\
variables and LAl - was split into 50
equally sized intervals. The
timesteps were then binned into
cells corresponding to the intervals.
This produced ~5.7 million cells
\containing one or more timestapsj

o\

(" Each cell’s “LSM Loss Ratio” was
calculated as:

Number of Loss Timesteps
un-r_m_ml_L
otal Number mesteps

A

o\

“Loss Ratio Filters” or LRFs were
then applied by removing all cells,
and the corresponding timesteps,
with LLR equal to or greater than the
LRF limit.

The PLUMBER2 metric suite was
used to analyse the remaining
timesteps as per the original
PLUMBERZ study.
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e LSM Loss Ratio for NEE from 3
LSMs

* All 3 perform well at low
temperatures

* Model 1 performance has strong
temperature dependence

* Models 2 and 3 are same family

* The highest LLR occur in edge
cells
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LSM Loss Ratio for NEE in Cell (%)
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Physically
inconsistent

* The timesteps within these cells

are responsible for the PLUMBER2 conditions have
result no impact
Daytime and
* Removing them from the Y
PLUMBER2 analysis can " worse LSM
dramatically improve the LSMs’ | performance
performance
. . . Removing
Other types of timestep filters used timesteps in cells
* Daytime only (SWdown > 10 Wm~2) - with 95% or higher
. . ] 4616 6 4352 3413 6 4352 LLR makes LSM
* Windy (Wind >2 ms™)
' ' performance
* Physically plausible better
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* The timesteps within these cells
are responsible for the PLUMBER2
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* Other types of timestep filters used
* Daytime only (SWdown > 10 Wm~2)
« Windy (Wind > 2 ms-) g maged g Bages Sapes SupedSuges Seel Sages
* Physically plausible
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. . High sensible
* Similar fingerprinting heat bias =y L A
reveals consistent I T U B S
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* Similar fingerprinting
reveals consistent
LSM bias

Mean LSM Error for Qh in Cell (W/m?)
e ————
500 -400 300 -200 -100 O 100 200 300 400 500 600 700 BOO HO0 1000 1100 1200 1300 1400 1500 1600 1700 1800

m‘ Timestops CABLE | CABLE POP | CHTESSEL 1|  cLMs GFOL JULES_ GLG JULES GLELAI MATSIRO NoahMP  ORCHIDEE2 ORCHIDEE3

Downwelling
Longwave
(Wim2)

(1080,1107] . e o 4'- o 1 é.'b e Lk " .\ . il i i
Downwelling . 1 1 3 . .

* Implemented in i
modelevaluation.org =

(mis)

[0.0.8]

VPD {4.88,5.
(kPa) (3203

(1.56,

[0.1,0.068) " - -~ v ‘ o e o » » . ”» e

0.041]

* Strong potential for

(0.01,0.011)

[0,0.001] - — d

directing model .
development

[sazs'seoe)

Air Temperalure (°C)

2 4 3 8
Timesteps in Cell (%)

UNSW 1
BB Ehenge \\( climate extremes

Research Centre

ARC centre of excellence

OF OULU

Jon Cranko Page
ML4LM 2026




[ ] [ ] [ ] [ ] [ ]
* Similar fingerprintin
| istent
. Mean LSM Error for Cle in Cell (W/im2)
LS M b I a S =550-525-500-475-450-425-4H}-375-350-325-300-275-250-225-200-175-150-125-100 -75 =50 -25 0 25 50 75 100 125 150 175 200 225 250 275 3H

‘:'F"Mﬂ]s Timesteps CABLE | GABLE POP | CHTESSEL_1 oLMS GFDL JULES GL8 JULES_GLE_LAl  MATSIRO NoahMP  OFCHIDEE2  ORCHIDEES
- - " p : z : 4
i (560,574, fa L . ' : 1 ’ = fa ¥ o : : 1
(Wim2)  (200.294] ! : p A P 1 1 r
{140.154] 4 - e £ h o 3 Eh . 1 3
1) £ . £ . . . |
. ey = ag frets S g . e e =
o (10a0,1107] ﬁ-"‘fx_ o 'ln,._ i 5 Lol & - L 3 T . 4y T
- Downwelling (10,037 F [ E ; : Fi F J F.
Shortwave 887
[ ) (Wim2) (510671
(270.297]
0,27+ | - | N . . e . . . .
m 1 N geszel G ; | : : ; 3 :
Wind 1 x e EL w1 [ 3 L 2
24,24.8]: S i A § § 1 Fe
Odeleva l.u atIO .Or Speed %5155]- I i g | h{r i 1 g i £
im/s) [1616.8] k K i
15,8.8] !
(008
(6-54,6.70¢] i i i
VPD  (4.88,5048] i i: i i i: ] i
(kPa)} (322 3288) 1 1 S Py o & I T
(1.56,1.726)| £ ) ; ¥ : ' o i_ o T g I i s
[-2.1.0.088] - a | - K R il S w " v o = = A
. (0:04,0.041] ) .
o Rainfall  (0.03,0.031] . k
rong potential for ol . PR . R Rn - R —
{0.01,0.011] ; i i [ ; i : ; - - . E E
[@,0.001] - 5| _____Mal} g 1 . - O Lo K 2l K . 3 i =
hd hd = w & B 4 e . x = - -
(5.2,5.33] : = : 3 ! £ 4 1 ; 1 g =
directing model w o2 ok T T FEFEEEYE YN
{m2im2) (2.6,273] ] 3 . "] -1 = H H H 3 §
1.31.43) = & - | Ef % 3 E 1 ic
00031, e e e M N T S0 A S0 S IR AU S s U S IOl SR o
eve O Illell BRzet iR gl sgRzg TP EgRnidgincBec8apisagsdari8arSsag s
B L R - I -~ O O L - SR ) w2 o L ofe T L L L | L L @ L L L fE Lo @ L L oaosmE =
PR AR AL D P e AL Bom A Ll AR L D GRS RGPl Ra R LY GRS FHRLT G G &
P e e o B i T T S L S - S S L o [ I - I A oo, = W W
oA I T R L O T B R A B = S I+ 0o oo w0 p Roo o o 2 oo © Nl © e N omwE i D oWk © Mo\ © i M0 ra
TP pnn 220 -2 @ -2 O PO =0 oM 2 e - o0 O T Qoo T oon oo o O ool O @
gl D gaid L gaf 4z BT o po@mT o pal AbholT dgoR Ggad- SRl ZgedT & pe &
23 23 23 =1 & 5 25 25 25 2 5 2 5 25 Z 58
Air Temperalure (°C)
o 2 4 3 8

Timesteps in Cell (%)

UNSW
®. + Climate Change

Jon Cranko Page
Research Centre ML4LM 2026




* Similar fingerprinting
reveals consistent
LSM bias

* Implemented in
modelevaluation.org

* Strong potential for
directing model
development
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Our study based on the benchmarking framework PLUMBER2

identified that a collection of land surface models underperformed
simulating carbon, water, and energy fluxes relative to empirical benchmarks
when two (or more) meteorological drivers were comparatively extreme

When meteorological conditions are at the edge of the joint distribution of the
input domain space,

our land surface models should be doing better with the information they are
provided.
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