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Confronting ESMs with observations:
• Observational uncertainties
• Separating sources of biases (forcing; thermodynamic vs dynamic 

biases)

Drought-climate feedbacks
• Relevant processes
• Drought trends in ESMs vs observations
• Potential biases in global drought-carbon feedbacks

Some open questions
• Drought relevance for record-shattering heatwaves
• 2023 Record temperatures

Conclusions
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Observational uncertainties

Drought trends (dry-season soil moisture), 2000-2020 

(Hirschi et al, submitted to HESS)

There are also large uncertainties in observational products!
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Observational uncertainties

(Hirschi et al, submitted to HESS)

Drought trends (dry-season soil moisture), 2000-2020 

Comparison with ground 
observations suggest 
some biases in MERRA-2 
product

(NB: 2-m temperatures 
are not assimilated in 
MERRA-2!)
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Separating sources of biases

Observations

Model simulation

Is the ESM consistent with 
observations?

time

soil moisture
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Separating sources of biases

Observations

Model simulation

Is the ESM consistent with 
observations?

1) Consider observational 
spread

2) Consider model spread 
(several realizations)

3) Process-based evaluation of 
single components (e.g. 
dynamics vs 
thermodynamics, land vs 
atm vs ocean, extremes vs 
mean, forcing)

3-step evaluation

time

soil moisture
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Separating sources of biases

Observations #1

Model simulation

1) Need to consider 
observational spread …

Obs #2

Obs #3

time

soil moisture
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Separating sources of biases

Observations #1

Model simulation

1) Need to consider 
observational spread and 
possibly exclude some 
observational products with 
biases

Obs #2

time

soil moisture
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Separating sources of biases

Observations #1

Model realization #1

1) Need to consider 
observational spread and 
possibly exclude some 
observational products with 
biases

Obs #2 2) Consider multiple 
realisations from climate 
model (not only single runs) 
(Deser et al. 2012, Nature Climate Change)

Model realization #2

time

soil moisture
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Separating sources of biases

Observations #1

Model realization #1

1) Need to consider 
observational spread and 
possibly exclude some 
observational products with 
biases

Obs #2 2) Consider multiple 
realisations from climate 
model (not only single runs) 
(Deser et al. 2012, Nature Climate Change)

Model realization #2

NB: The source for some of the model spread can be 
isolated and constrained (atmospheric dynamics)

time

soil moisture
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Separating sources of biases

Observations #1

Simulations with 
atmospheric nudging

1) Need to consider 
observational spread and 
possibly exclude some 
observational products with 
biases

Obs #2 2) Consider multiple 
realisations from climate 
model (not only single runs) 
(Deser et al. 2012, Nature Climate Change)

3) Process-based evaluation 
of single ESM components 
(some with obs constraints, 
others not)
(e.g. Wehrli et al. 2018, GRL)

time

soil moisture
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Separating sources of biases: Dynamics vs thermodynamics

Wehrli et al. 2018, GRL
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Separating sources of biases: Dynamics vs thermodynamics

(Wehrli et al. 2018, GRL)

Nudged windsInteractive 
atmosphere

CESM 1.2

(comparison to CRU TS, 1982-2021; mean bias)

A large fraction of the biases remain, 
i.e. are of thermodynamic origin!
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Separating sources of biases: Dynamics vs thermodynamics

(Wehrli et al. 2018, GRL)

Nudged windsInteractive 
atmosphere

CESM 1.2

(comparison to ERA-interim (Txx, Tnn) and MERRA-2 
(CDD, Rx5dday), 1982-2021; mean bias)

A large fraction of the biases remain, 
i.e. are of thermodynamic origin!
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Separating sources of biases: Dynamics vs thermodynamics

(Wehrli et al. 2022, ESD)

EXTREMEX simulations: 2009-2015/2016; CESM, EC-EARTH, MIROC
Several set-ups, either with prescribed atmospheric winds, SST or soil moisture (contribution to climate 
extremes)
NB: New simulations with CESM2.1.2 and ERA5 atmospheric winds are currently on-going (D. Schumacher, 
ETH Zurich)
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Separating sources of biases: Radiative forcing

(Schumacher et al., submitted; Preprint: 
https://www.researchsquare.com/article/rs-3314992/v1)

Temperature trends in Western West-Central Europe

https://www.researchsquare.com/article/rs-3314992/v1
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Separating sources of biases: Radiative forcing

(Schumacher et al., submitted; Preprint: 
https://www.researchsquare.com/article/rs-3314992/v1)

Temperature trends in Western West-Central Europe

Most of the observed 
warming is of 
thermodynamic origin 
(with some contribution of 
dynamic origin)

https://www.researchsquare.com/article/rs-3314992/v1
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Separating sources of biases: Radiative forcing

(Schumacher et al., submitted; Preprint: 
https://www.researchsquare.com/article/rs-3314992/v1)

Constant aerosols in most of the 
CORDEX simulations: lead to 
substantial bias in temperature and 
radiation simulations! (important also 
for other regions!)

https://www.researchsquare.com/article/rs-3314992/v1
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Confronting ESMs with observations:
• Observational uncertainties
• Separating sources of biases (forcing; thermodynamic vs dynamic 

biases)

Drought-climate feedbacks
• Relevant processes
• Drought trends in ESMs vs observations
• Potential biases in global drought-carbon feedbacks

Some open questions
• Drought relevance for record-shattering heatwaves
• 2023 Record temperatures

Conclusions
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(IPCC AR6, Chapter 8; Douville et al. 2021)

The IPCC AR6 distinguishes 
3 drought types

Drought types assessed in IPCC AR6
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Regional changes in agricultural and ecological drought since 1950s (soil moisture, water-balance estimates, 
measures combining precipitation & atmospheric evaporative demand) 

(IPCC AR6 SPM, Figure SPM.3; Based on Chapter 11, Seneviratne, Zhang et al. 2021)

IPCC assessment on historical changes in agroecological droughts

Dominant signal shows drying
Strong attributable signals in some regions (MED, WNA)
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Regional changes in agricultural and ecological drought since 1950s (soil moisture, water-balance estimates, 
measures combining precipitation & atmospheric evaporative demand) 

(IPCC AR6 SPM, Figure SPM.3; Based on Chapter 11, Seneviratne, Zhang et al. 2021)

IPCC assessment on historical changes in agroecological droughts

Dominant signal shows drying
Strong attributable signals in some regions (MED, WNA)

“Human-induced climate change has contributed to increases in agricultural and ecological 
droughts in some regions due to increased land evapotranspiration (medium confidence)”
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“Large tables” in Chapter 11, pages 1613-1705

(Seneviratne, Zhang, et al. 2021)

IPCC assessment on historical changes in extremes
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Attribution of drought trends in West-Central Europe

(Schumacher et al. 2024, ESD)
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Attribution of drought trends in West-Central Europe

(Schumacher et al. 2024, ESD)

NB: ESMs appear to 
underestimate the observed 
drying signal!
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Droughts: Discrepancies between ESMs and observations

(Schumacher et al. 2024, ESD)

Is the ESM-obs 
discrepancy in 
atmospheric drying in 
West-Central Europe part 
of a global feature?
(See poster of Isla Simpson “Observed 
humidity trends in dry regions contradict 
climate models)

(see also: Douville and Piazzota 2017, 
GRL)
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Could climate change turn worse than we expected?
• Yes, possibly
• There are uncertainties in climate models, and these increase when we move 

further away from known climate conditions
• Models behave very linearly and this is so far consistent with observations, but 

what is the potential for tipping points?
• Literature (IPCC AR6, Armstrong MacKay et al. 2022, Science) shows increasing risks of hitting 

tipping points with increasing global warming, with higher risks above 1.5°C-2°C

(IPCC AR6 WG1) (Seneviratne et al. 2016, Nature)
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Could climate change turn worse than we expected?

(Armstrong McKay et al. 2022, Science)

Maybe too optimistic estimate?
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Effects of soil moisture/droughts on global carbon cycle

(Humphrey et al. 2018, Nature)

Could climate change turn worse than we expected?

Comparing anomalies in global observations of:
• CO2 growth rate from atmospheric observations
• Terrestrial water storage from GRACE satellites
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(Liu et al. 2023, Nature; see also Humphrey et al. 2018, Nature)

Observation-based data reveal a strengthening of correlation between yearly 
anomalies of land water availability and CO2 growth rate: Not captured in models 

Could climate change turn worse than we expected?
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IPCC AR6, Figure SPM.7
Could the land carbon sink become even less 
effective with increasing global warming?

Could climate change turn worse than we expected?



Working Group I – The Physical Science Basis

Land-based carbon dioxide removal vs extremes

• Afforestation

• Bioenergy with carbon 
capture and storage

• How about extremes? (generally not 
included in integrated assessments 
models deriving emissions scenarios); 
could be too optimistic

     (see poster of Felix Jaeger; fire biases in ESMs: see     
     Sanderson and Fisher, 2020)

Could climate change turn worse than we expected? CDR
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Confronting ESMs with observations:
• Observational uncertainties
• Separating sources of biases (forcing; thermodynamic vs dynamic 

biases)

Drought-climate feedbacks
• Relevant processes
• Drought trends in ESMs vs observations
• Potential biases in global drought-carbon feedbacks
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Soil moisture anomalies contributed up to 5ºC to the heatwave!

(Schumacher et al. 2022, Earth’s Future)

2021 Pacific Northwest Heatwave: Role of initial dry soils

What does it imply 
for climate 
projections of heat 
extremes, in 
particular record-
shattering 
heatwaves, if 
drought trends are 
underestimated in 
ESMs? 
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Data source: 
GISTEMP v4

(Seeber et al., in preparation)

Is the September 2023 heat anomaly consistent with ESMs?

Clear anomaly in observations, very low 
probability in available ESMs, often 0% 
probability.
NB: “Hot models” do not capture the 
anomaly better & soil moisture-termperature 
feedbacks may have played a role

https://data.giss.nasa.gov/gistemp/
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• Confronting ESMs with observations requires consideration of several 
dimensions:

• Observational uncertainty
• Internal climate variability in ESMs
• Isolating sources of biases (e.g. thermodynamics vs dynamics, atmosphere vs 

land vs ocean, forcing): 
• Factorial experiments replacing some elements with observations or 

assessing potential spread can help identify the root causes for biases

• Some biases in representation of droughts-climate feedbacks in ESMs:
• Implications for attribution and projections (also for heatwaves and global 

carbon cycle, including potential tipping points)
• Need to better understand possible underlying causes (in particular land-

atmosphere interactions)
• Are the latest 2023-2024 observations consistent with ESMs?

Contact: sonia.seneviratne@ethz.ch

Conclusions


