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Planners are concerned with extremes

Of particular concern is how the frequency and 
intensity of these extremes may change over time.

Boston Globe, 2020

Boston Magazine, 2018

WBUR, 2020

NYT, 2006
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Scientists use process-based models to estimate future risks

Each link in the chain contains uncertainty that propagates.
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Emissions Scenarios:

Emissions response to 
socio-economic change.

Global Climate Models:

Climate response to 
emissions.

Watershed Models:

Hydrologic response to 
climate and weather.

NOAA
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Process-based models are ill-suited to quantify local hydro-
climatic risk

Global Climate Models (GCMs):
Designed to capture large-scale
signals of climate change.

Errors and uncertainties arise when 
downscaling to state, basin scale; 
uncertainties are hard to quantify.

Watershed Model:
Designed and calibrated to capture 
flows on average.

Models generally underestimate 
extreme events.
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Outline
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• (Brief) Review of Challenges Specific to Climate 
Projections and Quantifying Future Risk

• Product #1: Projected Design Storms under Climate 
Change (IDF curves)

• Product #2: A Stochastic Weather Generator for 
Climate Projections across Massachusetts
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Challenges with quantifying 
future climate risk
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Observed NASH 
Western Edge

North Atlantic Subtropical High 
(NASH)

Bias in Climate 
Model 
Circulation
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Laifang Li et al., 2012 – Climate Dynamics
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GCM Historic 
NASH

Observed NASH 
Western Edge

Bias in Climate 
Model 
Circulation
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North Atlantic Subtropical High (NASH)
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PRECIPITATION BIAS

Observed NASH 
Western Edge

GCM Historic 
NASH

Bias in Climate 
Model 
Circulation
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North Atlantic Subtropical High (NASH)
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PROJECTED CHANGE IN PRECIPITATION

GCM Future 
NASH

GCM Historic 
NASH

Observed NASH 
Western Edge

PRECIPITATION BIAS

• BIAS NO LONGER APPLICABLE IN FUTURE WORLD 
• FUTURE CHANGE IS AN ARTIFACT OF MISPLACED HISTORIC NASH

Bias in Climate 
Model 
Circulation
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North Atlantic Subtropical High (NASH)



Philosophy in Developing Future Climate Projections
They should be tailored for the needs of decision-makers (fit for purpose):

• Example 1: Single Set of Projections for Planning + Design 

• Projections should layer in complexity only when we can confirm 
added complexity adds value (not driven by model biases)

• Example 2: Exploratory Vulnerability Analysis

• Added complexity in projections should be included, even if not 
confirmed, to support vulnerability discovery
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Product #1: Projected design storms 
under climate change across 
Massachusetts (IDF curves)



Intensity-Duration-Frequency (IDF) Curves
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NOAA Atlas 14
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Analysis across the Northeastern United States

[15]
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Two separate studies:
• Steinschneider and Najibi (2022), Observed and 

Projected Scaling of Daily Extreme Precipitation with 
Dew Point Temperature at Annual and Seasonal Scales 
across the Northeast United States, Journal of 
Hydrometeorology, accepted. 

• Steinschneider and Najibi (under review), Precipitation 
Scaling with Temperature in the Northeast US: 
Variations by Weather Regime, Season, and 
Precipitation Intensity, Geophysical Research Letters. 
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Estimating the Extreme Precipitation –
Temperature Scaling Rate

Scaling Rate = (1+α)ΔTemperature

Theory suggests α=0.07 (Clausius-Clapeyron rate) P
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[17]

Future Projections of Temperature

MACA Downscaled GCM Projections
BCC-CSM-1-1 CNRM-CM5 HadGEM2-ES365 MIROC5
BCC-CSM-1-1m CSIRO-Mk3-6-0 INMCM4 MIROC-ESM
BNU-ESM GFDL-ESM2G IPSL-CM5A-LR MIROC-ESM-CHEM
CanESM2 GFDL-ESM2M IPSL-CM5A-MR MRI-CGCM3
CCSM4 HadGEM2-CC365 IPSL-CM5B-LR NorESM1-M
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Thermodynamic Projections of Extreme Precipitation

Intro | IDF | SWG | Conclusions



Intro | IDF | SWG | Conclusions

Thermodynamic Projections of Extreme Precipitation



Intro | IDF | SWG | Conclusions

Product #2: A stochastic weather 
generator for climate projections 
across Massachusetts



Target Output

[21]
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Target Output

[22]
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No
List of Statistics calculated for Resilient MA

Precipitation Temperature
1 Consecutive dry days 1 Average temperatures
2 Extreme precipitation > 1 in 2 Cooling degree days
3 Extreme precipitation > 2 in 3 Days < 0 F
4 Extreme precipitation > 4 in 4 Days < 32 F
5 Total precipitation 5 Days > 100 F
6 Mean precipitation 6 Days > 90 F
7 Maximum precipitation 7 Days > 95 F
8 Standard deviation of precipitation 8 Growing degree days
9 2-year return level of maximum precipitation 9 Heating degree days
10 5-year return level of maximum precipitation 10 Maximum temperatures
11 10-year return level of maximum precipitation 11 Minimum temperatures

12 20-year return level of maximum precipitation 12 Standard deviation of temperatures

13 50-year return level of maximum precipitation 13 Number of heatwaves

14 100-year return level of maximum precipitation 14 Average duration of heatwaves

15 90th percentile of precipitation 15 Maximum duration of heatwaves

16 99th percentile of precipitation 16 Number of coldwaves
17 Consecutive wet days 17 Average duration of coldwaves

18 18 Maximum duration of coldwaves

19 19 Number of heatstress
20 20 Number of coldstress
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Surface Weather

Weather Regime

Climate 
Boundary Forcing

WR1 WR2 WRt WRn
…….. ……..

P1,T1 P2,T2 Pt,Tt Pn,Tn
…….. ……..

X1 X2 Xt Xn
…….. ……..

Time 2Time 1 Time t Time n

Weather generator simulates large-scale circulation and its associated weather

Boundary conditions reflect hypothesized climate change
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Weather generator simulation strategy and scenario 
development
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Weather generator simulation strategy and scenario 
development

WGEN

0.5° warming

1.0° warming

8.0° warming

Warming Scenario Output Statistics

Set #1

Set #2

Set #16

.

.

.

.

.

.



Intro | IDF | SWG | Conclusions

Weather generator simulation strategy and scenario 
development

WGEN

0.5° warming

1.0° warming

8.0° warming

Warming Scenario Output Statistics
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Weather generator simulation strategy and scenario 
development

WGEN

0.5° warming

1.0° warming

8.0° warming

Warming Scenario Output Statistics

Set #1

Set #2

Set #16
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Model Verification



Season Baseline
Emission 

Scenario
2030 2050 2070 2090

Annual 5.45

RCP8.5 0.85 1.56 2.02 2.41

RCP4.5 0.85 1.07 1.35 1.35

Fall 1.84

RCP8.5 0.27 0.50 0.64 0.75

RCP4.5 0.27 0.36 0.42 0.42

Spring 1.34

RCP8.5 0.17 0.23 0.34 0.42

RCP4.5 0.13 0.21 0.21 0.23

Summer 1.08

RCP8.5 0.16 0.32 0.42 0.59

RCP4.5 0.13 0.20 0.27 0.27

Winter 1.18

RCP8.5 0.26 0.45 0.63 0.74

RCP4.5 0.26 0.39 0.39 0.45

Intro | IDF | SWG | Conclusions

Number of Additional Days with Precipitation > 1 Inch (Nashua Basin)
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Conclusions and Closing Thoughts

• We have produced two separate products to support climate 
adaptation across Massachusetts

• These products combine statistical and process-based climate 
modeling, and emphasize thermodynamic effects of climate change

• Future climate projections should balance the best available science 
with the needs of decision-makers and decision making processes 



Thanks

[31]
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Bias in Climate Model Circulation
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CMIP5 changes to annual maximum precipitation (1950-2100)
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Thermodynamic (temperature-driven) vs dynamic (circulation-driven) change: Regional 
changes to extreme precipitation
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Comparison of Hour vs Daily Scaling Rates
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Summer Precipitation
Estimating the Extreme 
Precipitation – Temperature 
Scaling Rate

Scaling Rate = (1+α)ΔTemperature

Theory suggests α=0.07 
(Clausius-Clapeyron rate)



Large scale pressure patterns: 500 hPa
geopotential height
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[36]

Weather generator simulation strategy and scenario 
development

Regionally, climate can be 
divided into regimes that 
impact local weather.

GCMs can provide key 
insight to how these 
regimes may change over 
time.
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