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The Greenhouse Effect





Rate of CO2 accumulation is accelerating.

Rate of warming is accelerating.

Currently 1.2oC (2.2oF)

2030 1.5oC (2.7oF)

2045 2.0oC (3.6oF)



Carbon dioxide has warmed the air 1.2oC (2.2oF)

https://www.youtube.com/watch?v=Z4bSxb5THm4



The last five years (2015-2019) have the five 
warmest Septembers on record

The year-to-date global temperature (Jan-
Sep) has been the second warmest on record. 
Only January-September 2016 was warmer.



With only 1oC of  global warming so far, 
researchers have already documented:

1. Sea level rise with 10% probability of  2 m by 2100
2. Antarctica melting 3x faster than last decade
3. Greenland melting 2x faster than last decade
4. Arctic sea ice volume down 50 - 70% ~1979
5. 12% global increase in extreme rainfall
6. 10% global increase in the land area under drought 
7. Decrease in atmospheric circulation, unstable jet stream
8. Decrease in ocean vertical circulation
9. Ocean warming, acidification, loss of  dissolved oxygen 
10. Marine and terrestrial extinctions 
11. Hurricanes are bigger, wetter, slower, and intensifying 

literally overnight
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To stop warming at 
1.5oC, CO2 emissions 

must decrease next year 
and every year thereafter.

Historical 
CO2

Emissions

Emissions must end by 
2050, and we must 

remove CO2 from the 
air for next several 

centuries.

For social equity, 
developing nations 

(India) need to 
continue improving…. 

Developed nations 
must reach zero in 10 

yrs.



CO2 emissions are rising at 
record levels

http://www.globalcarbonproject.org

2.7%



U.S. Energy Information Administration 
Energy Consumption increases to 2040 for all fuels but coal 

https://www.eia.gov/outlooks/ieo/exec_summ.php

Market share roughly unchanged



Conventional approaches to mitigating 
climate change are not working

• Progress is falling well short of  the Paris 
Agreement. 
• < 1/3 of  needed reductions, 
• < 1% population in full compliance

• Fossil fuel use is accelerating faster than 
renewable energy

• Solutions by sector are geographically and 
temporally irregular.

• Solutions must simultaneously: 
• 1) End carbon emissions, 
• 2) Sequester 1 trillion tons of  CO2, and 
• 3) Adapt to centuries of  growing weather 

disasters.
• Any one of  these represents an expensive 

and radical change in current socio-
economic practices.



U.S. Energy Information Administration 
Energy-related global CO2 emissions will grow 0.6% per year 

from 2018 to 2050 in its Reference case.

https://www.eia.gov/todayinenergy/detail.php?id=41493

+20%



Global Energy Outlook 2019, The Next Generation of Energy: https://media.rff.org/documents/GEO_Report_7-19-19.pdf

“Under most scenarios, carbon dioxide (CO2) emissions 
from the global energy system are on a path to far exceed 

international targets of  the Paris Agreement."

Energy-related net 
CO2 emissions



We must reject the assumption that scaling up 
clean energy will automatically replace fossil fuels.

Historically, new energy sources have *added* to 
older ones. Oil and gas didn't replace coal; they 

were added on top.

The same is happening right now with new clean 
energy.

Jason Hickel @jasonhickel



4oC by 2080ʻs



Extreme 
Weather



Dai, A. (2011) Characteristics and trends in various forms of the Palmer drought severity index during 1900–2008, Journal of Geophysical Research 116.

10% increase in the land area under drought 



6% decrease per decade 30 yrs

Giambelluca, T.W., Diaz, H.F., Elison Timm, O., Takahashi, M., Frazier, A.G., and Longman, R. 2011. Regional climate trends in Hawai�i. American Geophysical Union Fall Meeting, San Francisco, December 2011.

Hawai‘i is getting drier



400% increase in wildfire on O’ahu
since 1960ʻs

Trauernicht, C., E. et al. 2015 The contemporary scale and context of wildfire in Hawaii. Pacific Science 69:427-444



Sea surface 
temperatures are 

rising –
especially during 

El Niño



Summer 2019 - Record Setting Temps in HI

Honolulu–Aug. 31 tied all time record high (95°); 29 days of  record* highs.
Lihue–August hottest month on record; 31 days of  record* highs.

Kahului–July 29 97° may be highest ever HI temp; 41 days of  record* highs.
Hilo – August hottest month on record; 15 days of  record* highs.

https://www.nesdis.noaa.gov/content/marine-heat-wave-reminiscent-blob-lingers-us-west-coast?utm_source=Social%20Media&utm_medium=Twitter&utm_campaign=Marine%20Heatwave%20Article%2020191008
https://www.wunderground.com/cat6/Hawaiis-Warmest-Summer-Record-and-Alaskas-Second-Warmest

Marine Heat 
Wave



Lehmann, J., et al. (2015) Increased record-breaking precipitation events under global warming, Climatic Change, doi: 10.1007/s10584-015-1434-y

Global extreme rainfall has increased 12%



Lehmann, J., et al. (2015) Increased record-breaking precipitation events under global warming, Climatic Change, doi: 10.1007/s10584-015-1434-y

Global extreme rainfall has increased 12%



O‘ahu, April 2018
State of Emergency, $124 million



O‘ahu, April 2018
Water in Wailupe Gulch rose 8 ft



Kaua‘i, April 2018
49.69 inches in 24-hour, national record 



Kaua‘i, April 2018
Hanalei River rose 15 feet



Kaua‘i, April 2018
Hanalei River jumped its bank and carved a new channel



Hawai‘i is getting warmer

McKenzie, M.M., Giambelluca, T.W., and Diaz, H.F. Accepted. Regional temperature trends in Hawai‘i: a century of  change, 1917-2016. 
International Journal of  Climatology.

100-yr change = +0.52°C (+0.94°F)



Average daily wind speeds are declining 

Marra, J.J., and Kruk, M.C. (2017) State of  Environmental Conditions in Hawai‘i and the U.S. Affiliated Pacific Islands under a Changing Climate: 
https://coralreefwatch.noaa.gov/satellite/publications/state_of_the_environment_2017_hawaii-usapi_noaa-nesdis-ncei_oct2017.pdf.



Trade winds easterly, warmer, less rain 

Marra, J.J., and Kruk, M.C. (2017) State of  Environmental Conditions in Hawai‘i and the U.S. Affiliated Pacific Islands under a Changing Climate: 
https://coralreefwatch.noaa.gov/satellite/publications/state_of_the_environment_2017_hawaii-usapi_noaa-nesdis-ncei_oct2017.pdf.



Hurricanes and 
Climate Change

•Warmer water =  More fuel
• Larger
• More rain
• Stronger wind = Higher 

category
• Slower = More damage
• Higher storm surge
• Shifting away from equator

Does Global Warming Make Hurricanes Stronger? http://www.realclimate.org/index.php/archives/2018/05/does-global-
warming-make-tropical-cyclones-stronger/



1994 hurricane season



2018 hurricane season



Hurricane Michael, Florida Panhandle, October, 2018





Centre for Research on the Epidemiology of Disasters, UN International Strategy for Disaster Reduction: http://reliefweb.int/report/world/human-cost-weather-related-disasters-1995-2015

Global weather disasters have tripled 
in two decades 



Global weather disasters have tripled 
in two decades 



Sea Level 
Rise



Sea Level Rise has 
been accelerating 
since the 1960ʻs

Dangendorf, S. et al. (2019) Persistent acceleration in global sea-level rise since the 1960s, Nature Climate Change: http://dx.doi.org/10.1038/s41558-019-0531-8. R. S. Nerem el al., "Climate-
change–driven accelerated sea-level rise detected in the altimeter era," PNAS (2018). www.pnas.org/cgi/doi/10.1073/pnas.1717312115

Rate of  acceleration 
~61 cm (2 ft) by 2100

http://dx.doi.org/10.1038/s41558-019-0531-8
http://www.pnas.org/cgi/doi/10.1073/pnas.1717312115


The ocean is 40% hotter than previously thought.

Cheng, L., et al. (2019) How fast are the oceans warming? Science, 2019 DOI: 10.1126/science.aav7619; Cheng L. J. Zhu, and J. Abraham, 2015: Global upper ocean heat content estimation: recent progress and the remaining challenges. Atmospheric 
and Oceanic Science Letters, 8. DOI:10.3878/AOSL20150031. ; Glecker, P.J., et al. (2016) Industrial era global ocean heat uptake doubles in recent decades. Nature Climate change. doi:10.1038/nclimate2915



665 Billion Tons of  Ice Melt Each Year

Bamber, J.L., et al (2018) The land ice contribution to sea level during the satellite era, Environ. Res. Lett. 13 https://doi.org/10.1088/1748-9326/aac2f0

Greenland 37%

Mountain Glaciers 34%

Antarctica 29%



Greenland faces a 66% chance that melting 
will become unstoppable at 1.8oC

Trusel, et al., 2018 Nonlinear rise in Greenland runoff in response to post-industrial Arctic warming, 104, Nature, v564, 6 December: https://doi.org/10.1038/s41586-018-0752-4 

Ice loss, Gigatons



Greenland is exponentially melting

Trusel, et al., 2018 Nonlinear rise in Greenland runoff in response to post-industrial Arctic warming, 104, Nature, v564, 6 December: 
https://doi.org/10.1038/s41586-018-0752-4 

Melting 50% 
more than pre-

industrial

33% more 
than 20th 
century



Antarctic ice melt has ‘tripled 
over the past five years’

The IMBIE team (2018) Mass Balance of the Antarctic Ice Sheet, Nature, 558, pages219–222, https://doi.org/10.1038/s41586-018-0179-y 

Ice loss, Gigatons



Present rates of  melting and thermal 
expansion add up to 1 m by 2100

+ = 0.8 m

Antarctic ice loss Greenland ice loss Mountain glacier 
ice loss

Thermal expansion

+0.8 m = 1 m by 2100

E. Rignot (2019) pers. comm.:  http://sites.nationalacademies.org/SSB/SSB_191179

1 m only reflects past and current warming. 
We are still emitting GHGʻs and there is more 

warming (and faster melting) to come.

+



Shepherd et al. (2019) Trends in Antarctic Ice Sheet Elevation and Mass. Geophysical Research Letters, May 16, 2019; DOI: 10.1029/2019GL082182

West Antarctica is losing ice 5 times faster than in the 
1990s, more than 100m of  thickness gone in some places

Is this a long-term 
accelerating trend, or is 

this variability?         



Coastal communities cannot wait for 
Antarctic science to clear up.

The Antarctic ice sheet remains the largest 
single source of  uncertainty in projections of  

future sea-level rise.

Development projects are continuously 
ongoing and require long lead times.



J. L. Bamber, et al. (2019 Ice sheet contributions to future sea-level rise from structured expert judgment. Proceedings of the National Academy of Sciences, May 20, 
2019; DOI: 10.1073/pnas.1817205116

A survey of  global 
experts found a 10% 
chance of  sea level 

exceeding 2 m (6.5 ft) by 
2100.

On our current emissions 
path, sea level will exceed 
7.5 m by 2200 and 9.7 m 

by 2300.



GIS WAIS

EAIS Alpine

Values more than 1 – SLR greater than global average

~25%

Hawai‘i can expect SLR greater than the 
global mean 



Scenario 
Planning



NOAA & 4thNCA SLR Scenarios

Sweet, W.V., et al. 2017 Sea level rise. In: Climate Science Special Report: Fourth National Climate Assessment, Volume I[Wuebbles, D.J., et al. 
(eds.)]. U.S. Global Change Research Program, Washington, DC, USA, pp. 333-363, https://science2017.globalchange.gov/chapter/12/

Current rate of  SLR >2 ft by 2100, 
this means the lowest 2 scenarios 

are obsolete.

2 m

1.5 m

1 m

2.5 m



SLR Scenario Timing NOAA

GMSL 
Scenario 

(m)
2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2120 2150 2200

Low 0.03 0.06 0.09 0.13 0.16 0.19 0.22 0.25 0.28 0.30 0.34 0.37 0.39

Intermediate-
Low 0.04 0.08 0.13 0.18 0.24 0.29 0.35 0.4 0.45 0.50 0.60 0.73 0.95

Intermediate 0.04 0.10 0.16 0.25 0.34 0.45 0.57 0.71 0.85 1.0 1.3 1.8 2.8

Intermediate-
High 0.05 0.10 0.19 0.30 0.44 0.60 0.79 1.0 1.2 1.5 2.0 3.1 5.1

High 0.05 0.11 0.21 0.36 0.54 0.77 1.0 1.3 1.7 2.0 2.8 4.3 7.5

Extreme 0.04 0.11 0.24 0.41 0.63 0.90 1.2 1.6 2.0 2.5 3.6 5.5 9.7

Sweet, W.V., et al. 2017 Sea level rise. In: Climate Science Special Report: Fourth National Climate Assessment, Volume I[Wuebbles, D.J., et al. 
(eds.)]. U.S. Global Change Research Program, Washington, DC, USA, pp. 333-363, https://science2017.globalchange.gov/chapter/12/



SLR Scenario Planning
decision-making under conditions of uncertainty 

Risk – Possibility of losing something of value
High possibility of lossLow possibility of loss

Pr
oj

ec
t L

ife

NOAA 
Intermediate 

1 m

NOAA 
Intermediate 

High 1.5 m

NOAA High     
2 m

NOAA 
Extreme 

2.5 m

Adaptive Design: 
Roads, Parcels, New 
Buildings (homes), 

Parks

Major Public Infrastructure: 
Housing Projects, Transportation 
Systems, Drainage Engineering

High Investment, New Communities, Dangerous 
Infrastructure: Power Plants, Waste and Storage Facilities

Major Public Infrastructure: 
Housing Projects, Transportation 
Systems, Drainage Engineering

Adaptive Design: 
Roads, Parcels, New 
Buildings (homes), 

Parks

High Investment, New Communities, 
Dangerous Infrastructure: Power Plants, 

Waste and Storage Facilities



SLR Flooding: Nuisance and Permanent

Time

Sea 
level

#1. Long term 
GMSLR 

#2. Temporary high tide flooding

• Permanent, accelerating 
inundation

• Arrives decades earlier than GMSL
• Has already started
• Accelerating frequency and magnitude



Transitions from occasional to 
chronic flooding can occur in 

less than a decade.



Thompson et al. (2019) A statistical model for frequency of coastal flooding in Honolulu Hawaii, during the 21st Century, JGR Oceans, 10.1029/2018JC014741 

UH Sea Level Center: https://uhslc-flooding-test.soest.hawaii.edu

1.5 m 2100

1 m 2100

31 d/yr

92 d/yr

282 d/yr

130 d/yr

High Tide Flooding in Coastal 
Honolulu by Decade



High Tide Flooding in Coastal 
Honolulu by Decade

Frequency of flooding quadruples from 50 to 

200 days per year on average from the 

2030ʻs to the 2040ʻs

More than 100 days of 

flooding is possible during the 

worst year of the 2030ʻs

Thompson et al. (2019) A statistical model for frequency of coastal flooding in Honolulu Hawaii, during the 21st Century, JGR Oceans, 10.1029/2018JC014741 
UH Sea Level Center: https://uhslc-flooding-test.soest.hawaii.edu



Storm Drain 
Backflow

High tide 
flooding is 

occurring with 
greater 

frequency



60 cm

At high tide the 
water table is 
only 60 cm 
below the 

ground surface 
in Waikiki

Groundwater 
Inundation



Heavy rains at high tide cause 
urban flooding



Groundwater 
Pollution

Disruptive High 
Tide Flooding 
rapid increase 

over next 1 to 3 
decades 



Summer wave run-up 2ft



Summer wave run-up 3.2 ft















The Erosion 
Problem



Honokowai Kaanapali Beach Club



Honokowai Kaanapali Beach Club



Honokowai Kaanapali Beach Club



Honokowai Kaanapali Beach Club



Kaanapali Hyatt



Kaanapali Hyatt



Kaanapali Beach Hotel



Kahana Reef



Royal Kahana



Royal Kahana



Royal 
Kahana



Kahana Sands



Kahului Wastewater Plant



Kihei, Halama
Street



Chronic Erosion

• 140 miles
• 120 bridges
• 10-15% all roads
• $7.5M per lane mile
• $14M per bridge
• $15B total



Modeling Shoreline Change with SLR

• Represents past behavior - does not include future increases 
in SLR

• Use a geometric model to account for additional changes due 
to increased SLR, and combine with historical change

Davidson-Arnott, 2005
initial sea level

elevated sea level

Initial profile

initial sea level

Profile after 
sea level rise

Shoreline retreat

elevated sea level

∆y<0

S

L

h

B

a)

b)

Field Surveys of Beaches
(5 – 7 years biannual)

Davidson-Arnott (2005) model of shoreline 
response to changes in sea level



Example: Retreating shoreline



Example: Advancing shoreline



Sediment loss with sea level rise



Sediment gain with sea level rise



ʻEhukai Beach Park

Sunset Beach Park

Coastal Erosion
Today - 18 buildings (10%) 0.04 miles of  road



Coastal Erosion
1 ft SLR - 109 buildings (60%) 0.2 miles of  road

ʻEhukai Beach Park

Sunset Beach Park



Hawaii SLR Viewer



Hawaii SLR Viewer



Sunset Beach 3.2 ft SLR

Erosion

Annual 
wave 

Run-up



3.2 ft of  SLR - Honolulu
Storm drain 
backflow & 

Groundwater 
inundation

Wave 
runup & 
Marine 

flooding

Coastal 
erosion



https://www.nature.com/articles/s41598-018-32658-x







The 1 m SLR-XA
King Tide Flooding & Permanent Inundation

SLR Exposure Area
SLR-XA



Set Backs

Chip Fletcher, PhD
School of Ocean and Earth Science and Technology

University of Hawai‘i at Mānoa
Honolulu Climate Change Commission

The Special Management Area
Building Codes

Recognition that this problem 
has one trajectory – accelerating 

and long term



Yield and elevate, 
or relocate

“If  you wage war with water, 
you will lose.”



Grief

1. Shock
2. Denial
3. Anger
4. Negotiation
5. Acceptance



Thank you for your time




