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Causality in Science

Climate

Ecology
Economics

Neuroscience 

Fluid dynamics 
…
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Outline
- What is causality?

- Frameworks for causal inference 

- Interventional vs. observational

- Three level of causality

- Average causality

- State-dependent causality

- Space-time causality

- Limitations
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Outline
- What is causality?

- Frameworks for causal inference 

- Interventional vs. observational

- Three level of causality

- Average causality

- State-dependent causality

- Space-time causality

- Limitations

adrianld.mit.edu

Related publications at
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“Causality is the mechanism by which one event 
contributes to the genesis of another”



8
Credit: Laura Prescott

What is causality? 
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“Causality” in turbulence research

<latexit sha1_base64="akFgQWMltm3gzqZtmFpFvPkQAZU="></latexit>

- Space/Temporal correlations

- One/two-point statistics

- Energy budget

- Linear stability analisys

- Modal decomposition

- ...
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An analogy with Basketball



11

Could we understand basketball using 
correlation-based quantities?   

An analogy with Basketball
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Causality  Association ≠

Causation Causation

Association
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Causality  Correlation ≠
Correlation

Causation
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Causality  Strength ≠
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Self-causation
 good grades→smart student

hard-working student 
 umbrella sales
 raincoat sales 

→
→Rainy season

drug A + drug B  recovery →

only drug A  not recovery →

only drug B  not recovery →
education level  job skills  income → →

Fundamental interactions in causality
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Physical insight Causality-preserving 
reduced-order models

Why causal analysis in fluid dynamics?

Causality-driven control
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Physical insight Causality-preserving 
reduced-order models

Causality map of QoIs

Causality-driven control

Why causal analysis in fluid dynamics?
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Physical insight Causality-preserving 
reduced-order models Causality-driven control

Causality map of QoIs

Why causal analysis in fluid dynamics?
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Outline
- What is causality?

- Frameworks for causal inference 

- Interventional vs. observational

- Three level of causality

- Average causality

- State-dependent causality

- Space-time causality

- Limitations
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Modify the system and observe the consequences 

Causality with Interventions 
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Modify the system and observe the consequences 

Causality with Interventions 

Challenges:

- Impossible: interventions to assess the causality in the stock market in 2008 not possible

- Ethical problems: manipulating living organisms or altering natural environmental conditions

- Taking the system out of its natural attractor

- What interventions to perform? 

- Even if interventions are possible, quantity of interest might not be straight forward to intervene
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Causality with Interventions 

Alexander the Great
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Causality with Interventions 

Alexander the Great

Causality?
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Modify the system and observe the consequences 

Causality with Interventions 

Observational methods for causal inference

Challenges:

- Impossible: interventions to assess the causality in the stock market in 2008 not possible

- Ethical problems: manipulating living organisms or altering natural environmental conditions

- Taking the system out of its natural attractor

- What interventions to perform? 

- Even if interventions are possible, quantity of interest might not be straight forward to intervene
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Infer causal relationship by observing the system in its ‘natural’ state without disturbances

Causality with Observations 

- Model forecasting methods:
- Granger causality (Granger, 1969)
- Conditional GC (Barrett, 2010)
- …

- Statistical independence relations in data:
- Structural causal model (Pearl, 1995)
- PC (Peter and Clark, )
- tsPC (Spirtes, 2004)
- PCMCI (Runge, 2019)
- …

- Randomized experiments:
- Potential outcomes (Rubin, 2007)
- …

- Information-theoretic methods:
- Transfer entropy (Schreiber, 2000)
- Liang’s information flow (Liang, 2008)
- Information flux (Lozano-Duran, 2022)
- SURD (Martinez-Sanchez, 2024)
- …

-  Attractor reconstruction:
- Convergent cross-mapping (Sugihara, 2012)
- Partial convergent cross-mapping (Long, 2020)
- …

See reviews: Pearl (2009), Camps-Valls (2022), Runge (2023)
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Two Nobel Prizes in Economic Sciences

Sir Clive Granger

Granger Causality, 2003 Natural Experiments, 2021

MIT, UC Berkeley and Stanford
U. Nottingham and UCSD
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Outline
- What is causality?

- Frameworks for causal inference 

- Interventional vs. observational

- Three level of causality

- Average causality

- State-dependent causality

- Space-time causality

- Limitations



Average Causality

State-dependent Causality

Space-time Causality 
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Three levels of causality
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Mixing
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Mixing
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Both cases comply with conservation of mass, energy and momentum
But the information flow in the system is very different
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“Causality is the mechanism by which one event contributes to the genesis of another” (Pearl 2008) 

Average causality: Method



35

Average causality: Method

Martinez-Sanchez, Arranz, Lozano-Duran, Nat. Comm., 2024
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Forward-in-time propagation of information equation

Forward-in-time propagation of information equation

Average causality: Method

Martinez-Sanchez, Arranz, Lozano-Duran, Nat. Comm., 2024
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Rainy season  umbrella sales→

Average causality: Method

Martinez-Sanchez, Arranz, Lozano-Duran, Nat. Comm., 2024
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smart student
hard-working student  good grades→

Average causality: Method

Martinez-Sanchez, Arranz, Lozano-Duran, Nat. Comm., 2024
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drug A + drug B  recovery →

only drug A  not recovery →
only drug B  not recovery →

Average causality: Method

Martinez-Sanchez, Arranz, Lozano-Duran, Nat. Comm., 2024
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Average causality: Method

Martinez-Sanchez, Arranz, Lozano-Duran, Nat. Comm., 2024



41 Martinez-Sanchez, Arranz, Lozano-Duran, Nat. Comm., 2024

Average causality: Method

<latexit sha1_base64="GK84QiXH7J0nXj41rh2rFabOyVs="></latexit>
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Q+model
j = f(Q)

Causality & predictability

For any model:
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Computation of Information in high-dimensional spaces

MINE: Mutual Information Neural Estimator (Donsker-Varadhan (DV) representation)

Donsker &Varadhan (Comm. Pure Appl. Math., 1983), Belghazi et al. (ICML, 2018)

̂Iθ(QO; Q) ←
1
m

m

∑
k=1

Fθ (qO,k, qk) − log ( 1
m

m

∑
k=1

eFθ(q̃O,k, qk))Fθ (qO,k, qk) Fθ (q̃O,k, qk) number of samplesm ≡

randomly shuffled q̃O ≡ qO

I(QO; Q) = 𝔼p(qO,q) log
p(qO, q)

p(qO)p(q)
= DKL (p(qO, q)∥p(qO)p(q))

We quantify causality as increments of mutual information between different combinations of  and Q QO
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Average causality: Application
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Average causality: Application

Local-in-scale

Question:

Non-local-
in-scale
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Average causality: Application

Filtered velocity field:

DNS of isotropic turbulence at Reλ ≈ 400
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Average causality: Application

Filtered velocity field:

Inter-scale energy transfer: 
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⌃ = (uiuj � ūiūj)S̄ij

DNS of isotropic turbulence at Reλ ≈ 400
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Average causality: Application

Filtered velocity field:

Inter-scale energy transfer: 
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h⌃1i, h⌃2i, h⌃3i, h⌃4iEnergy transfer extracted for 4 filter widths and averaged in space:

DNS of isotropic turbulence at Reλ ≈ 400



48

Average causality: Application
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Average causality: Application

Synergistic 
causality

Unique 
causality

Redundant 
causality
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Average causality: Application

Synergistic 
causality

Unique 
causality

Redundant 
causality
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Effect

Average causality: Application
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Average causality: Application

Mean energy transfer

Decreasing scale
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Average causality: Application

Mean energy transfer

Decreasing scale

Mean energy 
transfer in the 
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Average causality: Application

Mean energy transfer

Decreasing scale

Mean energy 
transfer in the 

future

D
ec

re
as

in
g 

sc
al

e

<latexit sha1_base64="N0eIOt6mFlCavhEhWINPrOafbDw="></latexit>

→!2↑ ↓ →!+
3 ↑



55 Cause

Effect

Average causality: Application

Mean energy transfer

Decreasing scale

Mean energy 
transfer in the 

future
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Sequential-in-scale 
propagation of causality
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Average causality: Application

Mean energy transfer

Decreasing scale

Mean energy 
transfer in the 
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Average Causality

State-dependent Causality

Space-time Causality 

57

Three levels of causality
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Forward-in-time propagation of information equation

Forward-in-time propagation of information equation

State-dependent causality: Method



59 Martinez-Sanchez, Lozano-Duran, Comm. Phys., 2025

Forward-in-time propagation of information equation

Forward-in-time propagation of information equation

State-dependent causality: Method

+…



State-dependent causality: Application
DNS of turbulent boundary layer (Towne et al 2023) 
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uO(t)
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uI(t)

Reτ = 500 − 1,000

Martinez-Sanchez, Lozano-Duran, Comm. Phys., 2025

Question: Is there causality of outer layer velocity to the inner layer velocity?



State-dependent causality: Application

Causality from  to  uO uI
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uI(t)

DNS of turbulent boundary layer (Towne et al 2023) 

Reτ = 500 − 1,000

Martinez-Sanchez, Lozano-Duran, Comm. Phys., 2025



State-dependent causality: Application

Causality from  to  uO uI

<latexit sha1_base64="jGmD5gjv0qlIBHutVYarcqdTmZI=">AAACIXicbVA9TwJBEN1DUcQv0NLmIjHBhtwRg5ZEGzsxkY8ECNlbBljd27vszqnkwn+w1dZfY2fsjH/GBa4QcJJJXt6bycx7Xii4Rsf5tlJr6+mNzcxWdntnd28/lz9o6CBSDOosEIFqeVSD4BLqyFFAK1RAfU9A03u4murNR1CaB/IOxyF0fTqUfMAZRUM1ot5NEU97uYJTcmZlrwI3AQWSVK2Xt9KdfsAiHyQyQbVuu06I3Zgq5EzAJNuJNISUPdAhtA2U1AfdjWfvTuwTw/TtQaBMS7Rn7N+NmPpaj33PTPoUR3pZm5L/ae0IBxfdmMswQpBsfmgQCRsDe+rd7nMFDMXYAMoUN7/abEQVZWgSWrgyhMAHVGPjRIMJVQ5xFHcQnvGJ9831uFw2hicmOHc5plXQKJfcSqlye1aoXiYRZsgROSZF4pJzUiXXpEbqhJF78kJeyZv1bn1Yn9bXfDRlJTuHZKGsn18+OqOY</latexit>

uO(t)

<latexit sha1_base64="6oIsz0rpk4NutMPygDCm6rLQdE4="></latexit>

uI(t)

DNS of turbulent boundary layer (Towne et al 2023) 



State-dependent causality: Application

Martinez-Sanchez, Lozano-Duran, Comm. Phys., 2025



State-dependent causality: Application



State-dependent causality: Application



≈

Average Causality

State-dependent Causality

Space-time Causality 
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Three levels of causality



≈
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Space-time causality: Method

Cause? Effect?

Space-time causality:
When and where the source field is 

causal to the target and by how much?

Martinez-Sanchez, Uyumaz, Lozano-Duran, 2026
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Space-time causality: Method

Cause? Effect?

Quantification of causality

Martinez-Sanchez, Uyumaz, Lozano-Duran, 2026

Space-time causality:
When and where the source field is 

causal to the target and by how much
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Implementation of causality using a vision-transformer 

Space-time causality: Method
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Question: When and where streamwise velocity is causal to the wall shear stress in the future?

Space-time causality: Application

•     T = 10 plus units
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Space-time causality: Application
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Credit: Laura Prescott

Outline
- What is causality?

- Frameworks for causal inference 

- Interventional vs. observational

- Three level of causality

- Average causality

- State-dependent causality

- Space-time causality

- Limitations
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Credit: Laura Prescott

Some limitations
- Causal inference is just a tool. It might help to get the correct answers if the correct questions are asked

- The best definition of causality might depend on goal/application

- Some properties might be partially lost when unobserved variables play a key role in the causal network 

- Only applicable to time-varying variables (not to constants/parameters of the system)

- The method are data-hungry

- …
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Physical insight Causality-preserving 
reduced-order models Causality-driven control

Causality map of QoIs

Why causal analysis in fluid dynamics?


