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Results

Response Types

This study explores the response of streamflow to temperature from a cause-and-effect perspective. To 

achieve this, we analyse 1564 catchments across the UK, central Europe, and Australia. These catchments 

represent a wide range of climatic and physiographic conditions, allowing for a comprehensive investigation of 

the nonlinear causal effects of temperature on streamflow. The objectives of this study are as follows:

1. Deriving Causal Structures: Apply the PCMCI+ causal discovery to daily time series of precipitation, 

temperature, and streamflow to identify the underlying causal structure among these variables.

2. Estimating Causal Effect: Estimate the nonlinear total causal effect of temperature on streamflow based 

on the inferred causal structure.

3. Classifying the Causal Effects: Classify catchments into distinct types based on the behaviour of 

streamflow response to temperature.

4. Investigating Properties of Each Class: Link the causal effect response with climate and streamflow 

attributes to characterise the hydrological behaviour associated with each response type.
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We applied the PCMCI+ causal discovery algorithm to daily time series of precipitation, temperature, and 
streamflow from 1,564 catchments from the CAMELS-GB (Great Britain), CAMELS-AU (Australia), and LamaH 
(Central Europe) datasets. For each catchment, the causal discovery process yields a Directed Acyclic Graph 
(DAG) that captures the causal relationships among variables. We use the resulting DAGs to estimate the total 
causal effect of temperature on streamflow by simulating interventions on the temperature node that directly 
influences streamflow. To capture the nonlinear nature of these effects using observational data, we employ a 
non-parametric random forest model that accounts for intervention impacts. The resulting causal effect 
curves are then categorised based on their slope and the number of slope changes, features we refer to as 
"phases.“ The properties of each category are then investigated using climate and streamflow characteristics. 

                                

    

Type 01 (Single phase pattern): Strong positive response of streamflow to rising temperatures; positive precipitation seasonality (more rainfall in warm seasons); high catchment storage or melt-dominated mechanism. 

Type 02 (Single phase pattern): Similar to Type 01 but with zero causal effects at lower temperatures; likely high snow storage where freezing temperatures have minimal runoff impact.

Type 03 (Single-phase pattern): Strong negative response of streamflow to rising temperatures, positive precipitation seasonality; low mean precipitation; downward trend at lower temperatures.

Type 04 (Single-phase pattern): Similar to Type 03 but with negative precipitation seasonality (more rainfall in cold seasons); low mean precipitation; near-zero effect at lower temperatures.

Type 05 (Double-phase pattern): Upward trend at lower temperatures; positive seasonality; indicates snow storage; wet with high mean precipitation.

Type 06 (Double-phase pattern): Consistently wet; lowest aridity index; wet with high mean precipitation.

Type 07 (Double-phase pattern): Weak precipitation seasonality; lowest evapotranspiration; strong negative response in a narrow temperature range; wet with high mean precipitation.

Type 08 (Double-phase pattern): Driest group; highest aridity index, minimal snow fraction; highest frequency of both low and high flow events.

Type 09 (Triple-phase pattern): Wet catchments with low aridity index and weak positive seasonality; relatively high mean precipitation and streamflow with low snow fraction; low streamflow elasticity. 

Type 10 (Triple-phase pattern): Strong positive precipitation seasonality, higher snow fraction, highest baseflow index, lowest variability in flow.

Type 11 (Triple-phase pattern): Positive precipitation seasonality; stable regime with moderate runoff and climate characteristics compared to other groups. 

Type 12 (Triple-phase pattern): Stable regime with more pronounced upward trend, wetter conditions, lower aridity index, and higher precipitation than Type 11.

No CE: Catchments with no direct causal effect of temperature on streamflow; temperature effects are mediated through precipitation. Excluded from the analysis.
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