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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?

Dictionary.Cambridge.org, 30/06/2026

accepted standard

measuring the quality

something else
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PLUMBER2
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PLUMBER2

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

• Half-hourly meteorological inputs
• 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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Why?
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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

• But are these really suitable?

• 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 
LAI

• We divide each variable into 50 
equal-width bins 

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

• Within each cell, input 
conditions are similar 

• We can collapse these into 2d 
“fingerprints” of each pair of 
variables
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• PLUMBER2 has 3 “best” 

empirical models
• 6km729lag
• RF
• 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
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• The manuscript has a 
schematic to explain this set 
up in more detail
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• What do our 2d met domains 
look like?

• Edge cases have fewer 
timesteps from fewer sites
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• 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 across all 11 
LSMs in the study

• Root mean square error

• Three fluxes
• NEE = carbon
• Qle = latent heat
• Qh = sensible heat

• Qh noticeably worse as 
expected from PLUMBER2
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• The timesteps within these cells 
are responsible for the PLUMBER2 
result

• Removing them from the 
PLUMBER2 analysis can 
dramatically improve the LSMs’ 
performance 

• Other types of timestep filters used
• Daytime only (SWdown > 10 Wm-2)
• Windy (Wind > 2 ms-1)
• Physically plausible
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Daytime and 
windy 
conditions see 
worse LSM 
performance

Removing 
timesteps in cells 
with 95% or higher 
LLR makes LSM 
performance 
better

Physically 
inconsistent 
conditions have 
no impact
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• 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
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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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