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Outline

• Update borealization approach with 2022 data

• Review evidence for attribution of borealization to human causes

• Evaluate time blocks considered for rebuilding projections – which is 
most plausible in current climate?



Update borealization approach 
with 2022 data
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Collapse coincides with rapid borealization



Arctic

Subarctic
• Less ice
• Early ice retreat
• Warm summer bottom temp
• Open-water blooms
• Later blooms
• Smaller phytoplankton

• Smaller blooms
• Pelagic production
• More Pseudocalanus
• More Hematodinium
• Fewer Arctic groundfish
• More Pacific cod

• More ice
• Late ice retreat
• Cold summer bottom temp
• Ice-associated blooms
• Earlier blooms
• Aggregated phytoplankton

• Larger blooms
• Benthic production
• More Calanus
• Less Hematodinium
• More Arctic groundfish
• Fewer Pacific cod

Hypothesized proximate mechanisms

Ecosystem properties associated with borealization 



Borealization index: Individual time series

Focused on 
core of 
immature 
range 



Borealization index: Individual time series

Largest anomalies in 2018-2019



Time series 
correlations Borealization index

• Dynamic Factor Analysis 
model

• Eight candidate 
formulations (1 or 2 trends, 
each with 4 candidate error 
/ variance-covariance 
matrices)

• Best model is 1-trend, 
different variances, no 
covariance

Create borealization index by summarizing variability 
shared across time series
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Borealization index – loadings and trend 
updated for 2022

More 
sub-arctic

More 
Arctic



Response variable: 
Immature abundance 1980-2022,

with estimated 2020 value and uncertainty

Multiple imputation using:

• Model mature male 
snow crab abundance

• Model mature female 
snow crab abundance

• Model age3+ pollock 
biomass

• Model age2+ yellowfin 
biomass

• Model female Alaska 
plaice biomass



Borealization effects on abundance

𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑡+1 ~ 𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑡 + 𝑠(𝑏𝑜𝑟𝑒𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛_𝑡𝑟𝑒𝑛𝑑𝑡) + 𝜀

Bayesian autoregressive regression model:

Uncertainty from 
multiple imputation

Pre-season forecast: 80% 
and 95% credible intervals

Conditional effect of 
borealization: Posterior 
mean with 80 / 90 / 95% 
credible intervals

Model updated with 2022 data 2022 forecast (from 2021 model)



Attribution of Bering Sea 
borealization to human-caused 

global warming
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23 CMIP6 models

• Weighted for bias, 
autocorrelation, low-
frequency prediction 
(compared with observations)

• Corrected for differences in 
climate sensitivity and 
predicted warming rate 
(model democracy) 

North Pacific sea surface temperature



Borealization maps onto annual sea surface temperature

Posterior mean with 
80 / 90 / 95% 
credible intervals



Borealization maps onto annual sea surface temperature

Posterior mean with 
80 / 90 / 95% 
credible intervals

Highest 
borealization 

values occur at 
SST > 4 SD



Two attribution statistics: 
Fraction of Attributable Risk (FAR) and Risk Ratio

16

FAR: how much of the risk for an event is due to 
human activity?

FAR = 1 −
preindustrial probability

current probability

FAR = 0 equally likely with / without human influence 

FAR = 0.5 twice as likely with human influence

FAR = 1 only possible with human influence 

Risk Ratio: how much more 
likely is an event due to 
human activity?

Risk Ratio = 1 / (1-FAR)



Recent Bering Sea SST extremes are human-caused

Posterior mean with  
95% 
credible intervals

FAR > 0.99



Rapid borealization events occur during human-caused SST extremes

Posterior mean with 
80 / 90 / 95% 
credible intervals



Evaluating candidate time blocks 
of M and R for rebuilding 

projections



Which time block is the most plausible representation 
of the current climate?

Annual SST 
anomaly 

distributions for 
four proposed 

time blocks



Metric for comparing time blocks with estimated 
current climate: proportion of SST anomalies > 4SD

Observed SST 
1854-2021

Pre-1950: 
mean = 3.42°, 
SD = 0.50°



Candidate time blocks for rebuilding projections



Estimating warming rate to define current climate

Estimated 
timing that 
North Pacific 
reaches 0.5°, 
1.0°, 1.5°, and 
2.0° above 
preindustrial 
climatology

North Pacific is 
currently between 
1.0° and 1.5° warmer 
than preindustrial 
(very high confidence)



Projection time blocks compared with estimated current climate

0% > 4SD

0.1 % > 4SD

2.3% > 4SD

17% > 4SD

32% > 4SD

Eastern Bering Sea SST distributions for 
different North Pacific warming levels 

(weighted CMIP6 projections)



Conclusion: 2005-2019 is the most plausible representation of 
current climate

0% > 4SD

0.1 % > 4SD

2.3% > 4SD

17% > 4SD

32% > 4SD

Eastern Bering Sea SST distributions for 
different North Pacific warming levels 

(weighted CMIP6 projections)

Uncertainties

• Ability of global models to replicate regional 
variability

• Ability of models to capture atmosphere-
ocean interactions in addition to 
thermodynamics

• Sensitivity to model-weighting approach



Projection time blocks compared with estimated current climate

0% > 4SD

0.1 % > 4SD

2.3% > 4SD

17% > 4SD

32% > 4SD

Time blocks (observed Eastern Bering Sea SST)

Eastern Bering Sea SST distributions for 
different North Pacific warming levels 

(weighted CMIP6 projections)



Conclusion: 2005-2019 is the most plausible representation of 
current climate

0% > 4SD

0.1 % > 4SD

2.3% > 4SD

17% > 4SD

32% > 4SD

Eastern Bering Sea SST distributions for 
different North Pacific warming levels 

(weighted CMIP6 projections)Time blocks (observed Eastern Bering Sea SST)



Questions


