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Introduction: Motivation
• Nordhaus (2019) highlights wide 

range of potential damages 
❑ Nordhaus and Moffat (2017) Vs. Howard 

and Sterner (2017)
❑ Both estimated using meta-regression
❑ EPA (2023)’s SC-GHGs uses HS

• Recent updates by Tol (2024) and 
Barrage and Nordhaus (2024)
❑ Disparities remain

• Meta-analysis is considered the 
objective and scientifically rigorous 
way to combine estimates
❑ Why are disparities arising?

• Goals
❑ Update upper end of this range
❑ Understand differences
❑ Address inconsistencies
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Introduction: Different Policy Recommendations (4.3% 
SDR in 2030)

Social Cost of Carbon Optimal Temperature
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Introduction: Meta-Regression Is a Study of Studies

What is meta-regression?

• Meta-analysis: “A method for 
the systematic quantitative 
summary of evidence across 
empirical studies” (Nelson and 
Kennedy, 2009)

• Meta-regression: Controlling 
for factual, methodological, 
and population differences 
between studies using 
regression analysis due to the 
non-random nature of the 
underlying data and studies

Data

• Search

• Selection

• Entry (including variable definitions)

Estimation

• Estimator

• Define weights

• Run model and sensitivity analysis

What are the steps?
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Data: Search, Selection, and Entry

Reconduct search from HS to be consistent & up-to-date  

• Search: Identified 55 new studies
❑ Systematic review synthesis (SRS) ideally by a professional data scientist 
❑ As not possible, combine formal and informal search with documentation
❑ Include grey literature

• Selection: 105 estimates from 38 studies (up from 26 estimates from 20 studies) 
❑ Develop selection criteria a priori and document

"Global willingness to pay to avoid climate change measured as a percent of global GDP"

❑ Implement rigorously and transparently
❑ Drop duplicate estimates
❑ Drop low quality studies (new criteria)

• Data entry
❑ Define variables transparently and a priori 
❑ Two reviewers input data separately 
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Data: Global Climate Damage Estimates

Estimation Methodologies

• Enumerative
❑ Bottom-up IAMs
❑ Meta-analytic IAMs (new)

• Expert elicitation

• CGE 
❑ CGE-IAMs
❑ Agent-based IAMs (new)
❑ Spatial IAMs (new)

• Statistical
❑ Cross-section
❑ Panel
❑ Time-series (available after cutoff)

• Science-based 
❑ Limits of human respiratory system
❑ Scientific consensus on 2°C limit

• Factual / Population
❑ Temperature
❑ Socio-economic and emission scenarios
❑ Base period and temperature

• Damage types / Structural 
assumptions 
❑ Market only
❑ Catastrophic / Tipping points
❑ Productivity: Growth and Indirect
❑ Growth: Level and Change

• Study
❑ Author, method, and model
❑ New, update, or cite other study
❑ Age of study (time)
❑ Design of study / quality

How Do Estimates Differ?
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Data: Summarized at Estimate Level
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Data: Summarized at Method Level
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Data: Standard Deviation Estimates

• Observed SE (preferred)
❑ Directly observe
❑ Observe confidence interval

• Calculated SE
❑ Observe min and max
❑ Calculate assuming 99.9% 

confidence interval
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Econometric Model: Extend HS (2017)
• Hierarchical model

❑ Data are estimates
❑ Estimates’ standard deviations are NOT 

always observed

• Random effects model
❑ Weighted-least squares
❑ Precision-based weights

𝑤𝑖 =
1

𝜎𝑒,𝑖
2 +𝜏2

 for estimate i

❑ Estimate-specific weighs: σ𝑖∈𝑠𝜔𝑖 = 1

❑ Knapp–Hartung variance estimator 

• Three challenges
❑ Varying baseline temperatures

𝑡𝑖,𝑠,𝑚.𝑛 = 𝑔𝑛 𝑇_𝑛𝑒𝑤𝑖,𝑠,𝑚 + 𝜃𝑖,𝑠,𝑚 − 𝑔𝑛 𝜃𝑖,𝑠,𝑚

❑ Only partially observe standard errors 
❑ Unknown functional forms: 

AICc and BIC

• General model
෡𝐷 = 𝑔 𝑇 𝛼 + 𝑅ℎ 𝑇 𝛽 +𝑊𝛿 + 𝜇 + 𝑒

𝜇~𝑁 0, 𝜏2  [unobserved methodological & factual 
differences]

𝑒~𝑁 0, 𝜎𝑒
2  [measurement error]

• Econometric model

ො𝜎𝑒,𝑗,𝑠,𝑚 = 𝛼𝜎𝑡𝑗,𝑠,𝑚.𝑛 + 𝛽𝜎𝑡𝑗,𝑠,𝑚,𝑐𝑎𝑡𝑅𝑗,𝑠,𝑚,𝑐𝑎𝑡 + 𝜀𝑗,𝑠,𝑚 where 

𝜀𝑗,𝑠,𝑚~𝑁 0, 𝜎2 .

෡𝐷𝑖,𝑠,𝑚 = 𝛼𝑡𝑖,𝑠,𝑚.𝑛 + σ𝑘 𝛽𝑘𝑡𝑖,𝑠,𝑚.𝑘𝑅𝑖,𝑠,𝑚,𝑘 + 𝛿𝑐𝑟𝑜𝑠𝑠𝑖,𝑠,𝑚 + 𝜀𝑖,𝑠,𝑚 
where 𝜀𝑖,𝑠,𝑚 = 𝜇𝑖 + 𝑒𝑖,𝑠,𝑚

𝑤𝑖 =
𝜔𝑖

𝜎𝑒,𝑖
2
+𝜏2

 where σ𝑖∈𝑠 𝜔𝑖 = 1
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Results – Standard Deviation
• Identify functional form: iterate over λ and ϑ by values of 0.1

❑ Polynomial: 𝑔 𝑇 = 𝛼𝜎𝑇
𝜆 

❑ Linear spline: 𝑔 𝑇 = 𝛼𝜎,1𝑇 + 1 𝑇 > 𝜆 × 𝛼𝜎,2𝑇 

❑ Linear spline with intercept: 𝑔 𝑇 = 𝛼𝜎,1 + 1 𝑇 > 𝜆 × 𝛼𝜎,2𝑇

❑ Constant: 𝑔 𝑇 = 𝛼𝜎,1

❑ Catastrophic: 𝑔 𝑇 = 𝛽𝜎𝑐𝑎𝑡 × 𝑇𝜗

• Minimize AICc and BIC over multiple datasets (to address concerns of overfitting)

❑ Catastrophic impacts included and excluded: D_new & damage

❑ Estimates for 𝑡 >4ºC included and excluded

❑  “Observed SE” and “Observed and calculated SE”

• Preferred (robust and closer to equal weighting): 

𝑆𝐷 = 4.2 + 1 𝑡 > 2.6 × 6.5 × 𝑡 + 19.0 × cat × 𝑡

• Alternative (theoretically consistent, but overweighs 𝑡 < 1): 

𝑆𝐷 = 1.4 × 𝑡1.5 + 16.8 × cat × 𝑡
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Results – Damage Function
• Identify functional forms for each component: iterate over λ by values of 0.1

❑ Polynomial: 𝑔 𝑇 = 𝛼𝜎𝑇
𝜆 

❑ Linear Spline: 𝑔 𝑇 = 𝛼𝜎,1𝑇 + 1 𝑇 > 𝜆 × 𝛼𝜎,2𝑇 (𝜆 = 3.3)

❑ Quadratic: 𝑔 𝑇 = 𝛼1𝑇 + 𝛼2𝑇
2

❑ Sextic: 𝑔 𝑇 = 𝛼1𝑇
2 + 𝛼2𝑇

6

• Minimize AICc and BIC over multiple specifications and datasets (to address concerns of overfitting)

❑ Sets of control variables

❑ Datasets: Catastrophic impacts included and excluded; Estimates for 𝑡 >4ºC included and 
excluded

❑ Two standard error specifications: preferred and alternative

• Preferred model:

𝐷 = 0.622 × 𝑇1.5 + 1.775 × 𝑐𝑎𝑡 × 𝑇1.5 + 1.997 × 𝐺𝑟𝑜𝑤𝑡ℎ × 𝑇

❑ Non-catastrophic: 3.2% to 9.2% of GDP for a 3°C increase depending on growth included

❑ Total: 12.5% to 18.5% of GDP for a 3°C increase depending on growth included



13

Results – 
Primary 
Results

and 
Sensitivity
Analyses
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Results – Hypothesis Tests

• Level and Change have the 
same impact
❑ Not controlling for lags or 

persistence
• Adaptation

❑ Scenario (preferred and BAU) does 
not impact results

❑ Average annual rate of 
temperature change is statistically 
insignificant

• Grey literature has no significant 
impact

• Damage estimates increased by 
0.1% annually (controlling for 
temperature and interactions)
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Results – Sensitivity Analysis
• Study selection criteria

❑ Drop each study (Kotz et al. 
2024; Dell et al. 2012; Kikstra et 
al. 2021) 

❑ Narrow to preferred, recent 
studies, and low temperature 
estimates

❑ Include screened out studies

• Standard error assumptions in 
weights
❑ Include calculated SE
❑ Use alternative polynomial form
❑ Replace only missing SE

• Barrage and Nordhaus (2024)
❑ Quality weights
❑ Outliers
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Replication 
of Barrage 
and 
Nordhaus 
(2024):
Method-
ological 
Controls 
Are Critical 
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Results – Synthetic Damage Functions

• Structural assumptions differ between 
studies
❑ Produces wide set of damage estimates
❑ Whether to include structural 

assumptions, like growth, is unclear
❑ Implicitly weights methodologies and 

structural assumptions

• Use inclusion probabilities as ex-post 
weights in preferred specification

𝐷 = 1.202 × 𝑇 + 1.724 × 𝑇1.5

• Inclusion probability for tipping point 
damages NOT catastrophic impacts
❑ Use Dietz et al. (2021)’s estimate of GDP 

loss from tipping points following BN

𝐷 = 1.178 × 𝑇 + 0.691 × 𝑇1.5.

Moore et al. (2024) calculates inclusion probabilities 

of tipping point damages (62.1%) and growth impacts 

(60.2%) 
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Results – Policy Recommendations (4.3% 
SDR in 2030)
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Conclusion – Takeaways

• Barrage and Nordhaus (2024)’s level damages for 3ºC increase
❑ Non-catastrophic: 1.6% to 2.1% (depending on  adjustment)

❑ Total: 3.1% to 9.0% (preferred versus alternative)

• Our damages for 3ºC increase
❑ Non-catastrophic: 3.2% to 9.2% (level or growth)

❑ Total: 12.5% to 18.5% (level or growth)

❑ Synthetic: 7.1% to 12.6% (tipping point versus catastrophic)

• Going forward
❑ Continue to expand data

❑ Control for sectors or additional structural assumptions

❑ Improve quality weights (including age of study) and estimators 

❑ Stay humble
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Results – Howard and Sterner (2017) Regression
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Results – Method-Specific Regressions

Non-catastrophic, level effect• Methods-specific regressions
❑ No methodological controls (All 

is weighted sum)

❑ Relevant controls included

• Drop each estimation method 
from preferred regression
❑ Robust due to controls

• Include method-temperature 
interactions in preferred 
regression
❑ Survey and panel are 

statistically higher

❑ Panel unexpectedly higher 
even when control for growth
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Alternative Selection Assumption
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New Analysis: Address Kotz et al. (2024)

Specification
Preferred

Replace Kotz et al. (2024) 
with Bearpark et al. 

(2025)

Replace Kotz et al. (2024) 
& add Waidelich et al. 

(2024)

Replace Kotz et al. (2024) 
& add Waidelich et al. 
(2024) with Growth 

Assumption

Replace Kotz et al. 
(2024), add Waidelich et 
al. (2024), &  drop Dell et 

al. (2012)

(1) (2) (3) (4) (5)

VARIABLES D_new D_new D_new D_new D_new

t_5 0.622** 0.614** 0.639** 0.612** 0.642**

(0.265) (0.265) (0.263) (0.265) (0.263)

cat_t_5 1.775 1.864 1.848 1.856 1.813

(1.858) (1.858) (1.858) (1.858) (1.858)

growth_t 1.997* 1.045 0.990 1.158 1.356

(1.130) (1.115) (1.113) (1.094) (1.173)

cross -2.559 -2.526 -2.625 -2.518 -2.639

(6.026) (6.026) (6.024) (6.026) (6.024)

Observations 105 102 105 105 104

F-statistic 4.763 3.370 3.503 3.586 3.750

Prob>F 0.001 0.013 0.010 0.009 0.007

Tau2 0.000 0.000 0.000 0.000 0.000

I2 0.000 0.000 0.000 0.000 0.000

Q 31.480 16.170 16.780 16.450 15.790

Chi corrected 0.000 0.000 0.000 0.000 0.000

Standard errors in parentheses

*** p<0.01, ** p<0.05, * p<0.1
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Dropping Each Estimation Method



26

Outlier 
Robust 
Estimator
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Sensitivity to SE Assumptions
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Sensitivity to SE Assumptions
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