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Outline

• GMSL decadal variability: robust across datasets? 

• The NCAR Large Ensemble: What is it and why is it 
needed? 

• Mt. Pinatubo’s 1991 Eruption: the GMSL budget 

• Removing Pinatubo from the Altimeter Record



1993-2003 mean rate > 2003-2013 mean rate by 7 mm/decade



1993-2003 mean rate > 2003-2013 mean rate by 7 mm/decade for 3 products 
Some dataset dependence and endpoint sensitivity exists; (NOAA/CSIRO) 

Best-estimate (CCI) shows: 1) > Δ,  2) < endpoint sensitivity 3) < interannual var



Interannual variability (e.g. ENSO) cited as key source of the discrepancy 
BUT: CCI index has < var, > ∆; 1993-2003 trend reduced by 1993-95 El 

Niño and 1999-2000 La Niña, 2001-2007 > 0  

El Niño El Niño El NiñoLa Niña La Niña La Niña



Causes of 
Deceleration

• Increases in terrestrial water 
storage in the past decade 
(Cazenave et al. 2014,NCC) 

• Corrections to altimeter data 
to account for instrument drift, 
particularly from 1993-1998 
(Watson et al. 2015, NCC)



The NCAR Large Ensemble
• Motivation: identifying the forced-

response of the climate system requires 
distinguishing it from internal variability 

• CMIP archives do not allow for a such 
a distinction due to model structural 
differences (ensemble mean ≠ forced 
response) 

• The NCAR LE consists of 40 members 
of simulation using the CESM-CAM1 
from 1920-2100 

• Fixed volume ocean - using the Church 
conversion between OHC and GMSL.  

• As variance of internal variability scales 
as 1/√(N-1), the ensemble mean it is << 
forced response.
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The 1991 Eruption of Mt Pinatubo

• June 15, 1991 

• 2nd largest eruption of the 
20th Century 

• ~25 Tg of stratospheric 
aerosol loading  

• Global cooling of ~0.5 C, 
substantial ozone depletion



The 1991 Eruption of Mt Pinatubo

• from examining a single member (also obs), it is not possible to quantify forced response 

• significant spread across ensemble members, including in any apparent “response”

What is the forced signal?



The 1991 Eruption of Mt Pinatubo

• Temperature Response (ensemble mean, 2 sigma)

Forced signal



The 1991 Eruption of Mt Pinatubo 
in the Large Ensemble: GMSL Budget

• Ensemble-mean clear sky albedo albedo anomaly is a useful diagnostic for the eruption



The 1991 Eruption of Mt Pinatubo 
in the Large Ensemble: GMSL Budget

• Ocean heat content drops substantially due to the radiative forcing of the eruption



The 1991 Eruption of Mt Pinatubo 
in the Large Ensemble: GMSL Budget

• Atmospheric PW DECREASES, contributing to an INCREASE in GMSL

decreasing



The 1991 Eruption of Mt Pinatubo 
in the Large Ensemble: GMSL Budget

• Terrestrial water also DECREASES, contributing to an INCREASE in GMSL



The 1991 Eruption of Mt Pinatubo 
in the Large Ensemble: GMSL Budget

• The ensemble mean GMSL deficit reaches a minimum in 1993 of 5-7 mm

TOPEX/Poseidon



Validation of CESM with CERES

• LE Net TOA flux anomaly matches CERES’ blended ERBS-CERES data



Removing Pinatubo 
From CCI GMSL

• assuming a Pinatubo drop of 7 mm

• ∆ decadal trends  → 0

• anomaly from 2001 to 2007 is ≅ 0

Pinatubo
Removed

Pinatubo
Removed

• 1993-1995 El Niño anomaly > 0 



Conclusions
• Inter-decal trends in GMSL suggest an additional 7* mm of sea 

level rise from 1993-2003 relative to 2003-2013 

• The 1991 eruption of Mt. Pinatubo significantly lowered ocean 
heat content; OHC reached a minimum in 1993 at the start of the 
altimeter era and recovered gradually through the 1990s 

• An anomalous rise of about 6 mm in the decade following 1993 
is estimated from the CESM Large Ensemble; due largely to 
recovery in OHC 

• Removing this signal from altimetry substantially reduces 
*observed decadal variability and improves consistency with 
ENSO-based expectations of GMSL anomalies.

* some dataset dependence exists


