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My starting point
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Statistical issues

1. Removal of ENSO variability from climate variables

2. Dealing with volcanic forcing/climate relationships in volcanically

active and volcanically quiescent periods (nonstationarity)

3. Interaction between volcanic eruptions and modes of internal

variability

4. Assessing the statistical significance of relationships between

volcanic forcing and climate
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Issue 1: Removal of ENSO variability from climate 

variables

 Predictor variables used to estimate the ENSO and volcano temperature

signals are correlated

El Chichón Pinatubo

Lower tropospheric

temperature (RSS)

Niño 3.4 SSTs

(NOAA)
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How do we estimate volcano signals in our iterative 

method?

 We use three parameters to characterize the tropospheric temperature

response to volcanic forcing:

 ΔTmax The maximum volcanically-induced cooling

 tramp The time (in months) from the start of the eruption to ΔTmax

 TAU Exponential decay time (in months) for the volcanic cooling signal

 ΔTmax and tramp are estimated directly from tropospheric temperature data

ΔTmax

tramp tramp 
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Removing ENSO and volcano signals from tropospheric 

temperature: An example

Tropospheric 

temperature (RSS)

Niño 3.4 SSTs

(HadCRUT)

ENSO signal

Raw data minus

ENSO signal

Estimated volcano

signal

Residuals (raw data

minus ENSO and

volcano signals)

Subtract volcano

signal from raw

data; re-estimate

ENSO signal; then

iterate

Santer et al., JGR (2001)
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Issue 2: Dealing with changes over time in volcanic 

activity

Mills et al., JGR (2016)
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Explaining the “moving window” correlation analysis 
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Explaining the “moving window” correlation analysis 
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Issue 4: Assessing the statistical significance of volcanic 

climate signals 

1. Calculate ri{SAOD,X}, the correlation between the i th 60-month segment

of observed SAOD and X (observed climate data)

2. Use an AR-1 statistical model to generate k different realizations of

synthetic observational climate time series, Xk(t)* (k = 1, 2, … 10,000)

3. Calculate ri ,k{SAOD,X*}, the correlation between observed SAOD and

Xk(t)*. Repeat for each 60-month window and each Xk(t)* realization.

4. Compare the actual correlation, ri{SAOD,X}, with the null distribution of

ri ,k{SAOD,X*} values

5. Determine the probability that the actual correlation between aerosol

optical depth and the climate variable of interest could be due to chance.
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Early 21st century volcanic eruptions have signatures 

across the electromagnetic spectrum

MICROWAVE: MSU lower

tropospheric temperature

(with ENSO removed)

VISIBLE: Stratospheric

Aerosol Optical Depth

(Vernier et al., 2011)

SHORT-WAVE:

CERES net clear-

sky SW radiation
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Follow-up paper (Santer et al., 2015): Volcanic signals are 

also detectable in the hydrological cycle
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Do volcanic climate eruptions produce significant climate 

signals?

Tropics (20￮N-20￮S
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Removing ENSO effects is key to the identification of 

volcanic climate signals

Tropics (20￮N-20￮S
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How much of the temporal variance of temperature, 

moisture, and SW radiation is explained by SAOD?
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Mills et al., JGR (2016)
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AOD in the Mills et al. simulations
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Changes in global-mean aerosol optical depth (WACCM) 

and tropospheric temperature (OBS)
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Changes in global-mean aerosol optical depth (WACCM) 

and sea-surface temperature 50°N-50°S (OBS)
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Volcanic signal detection: AOD and “ENSO removed” 

tropospheric temperature
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Volcanic signal detection: AOD and “ENSO removed” 

tropospheric temperature
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Volcanic signal detection: AOD and “ENSO removed” 

tropospheric temperature
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Volcanic signal detection: AOD and “ENSO removed” 

tropospheric temperature
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Volcanic signal detection: AOD and tropospheric “raw” 

temperature



41

Conclusions

 Multivariate climate signals of late 20th and early 21st century volcanic activity are

statistically identifiable in observations:

 SST and tropospheric temperature

 Column-integrated water vapor

 Rainfall

 Net clear-sky short-wave radiation at top of the atmosphere

 Signals are identifiable for El Chichón, Pinatubo, and for the post-2005 period

 Systematic errors in volcanic (and other) external forcings affect interpretation of

differences between modeled and observed climate changes

 In the SO2-forced CESM1-WACCM simulations, model-generated volcanic aerosol

optical depth can be used to identify significant signals in observed climate data

 Such simulations provide a useful test-bed for quantification of contributions from

stratospheric and tropospheric volcanic aerosol to observed volcanic climate signals
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Two science questions

1. Why can we identify the observed climate signals of “small” volcanic eruptions in

the post-2005 period?
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Two science questions

2. In the last four days, we have seen estimates of spatio-temporal changes in

volcanic activity based on observations, reanalyses, and SO2-driven model

simulations. How different are these estimates? How much of the temporal variance

of observed “ENSO removed” climate variables do they explain?

Work with Ryan Neely, J.-F. Lamarque, Jerry Meehl, Susan Solomon, and David Ridley
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EXTRA SLIDES

EXTRA SLIDES
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Schematic of iterative method for removing ENSO and 

volcano signals (Santer et al., 2001)

Select ENSO index, Xt (SOI, Niño 3.4, Niño 3)

➡ Estimate regression coefficient b for { Xt , Tt } (Iteration 1)

➡ Estimate regression coefficient b for { Xt , Tt
* } (Iterations > 1)

➡ Estimate lag j (in months) at which b = bmax

Compute ENSO signal in Tt or Tt
*

➡ Et  = aj + bj Xt

Subtract ENSO signal Et  from raw temperature data 

➡ Zt = Tt – Et

For selected TAU, estimate volcano parameters from Zt

➡ ΔTmax Maximum volcano-induced cooling

➡ tramp Time (in months) to maximum cooling

Iterate until convergence

Estimate volcano signal Vt from Zt

Tt Raw tropospheric temperature data

Subtract Vt from original temperature data Tt

➡ Tt
* = Tt - Vt
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Do volcanic eruptions produce significant climate 

signals?

Tropics (20￮N-20￮S


