
UK Natural History Museum Wildlife Photograph of the Year, 2015, by Don Gutoski.  

Climate and Sea Level Change: 
Are UN Trouble?


Professor Baylor Fox-Kemper


Brown University, DEEPS

(Formerly U. Colorado)

United Nations 
Intergovernmental Panel on 
Climate Change Coordinating 
Lead Author


Boulder School for Condensed 
Matter and Materials Physics

July 18, 2022



9 August 2021
 

SIXTH ASSESSMENT REPORT
Working Group I – The Physical Science Basis

Outline:

	 The Oceans are Vast & Diverse

          What is the United Nations IPCC AR6?

	 Ocean, Cryosphere, and Sea Level Change 

	 Observed Changes

	 Projected Future Changes

          Effects of Unresolved Scales

	 Online Repositories



BFK, S. Bachman, B. Pearson, and S. Reckinger. Principles and advances in subgrid modeling for 
eddy-rich simulations. CLIVAR Exchanges, 19(2):42-46, 2014.

LLC4320 Model

2km

resolution!

Movie:

D. Menemenlis



BFK, S. Bachman, B. Pearson, and S. Reckinger. Principles and advances in subgrid modeling for 
eddy-rich simulations. CLIVAR Exchanges, 19(2):42-46, 2014.

LLC4320 Model

2km

resolution!

Movie:

D. Menemenlis



BFK, S. Bachman, B. Pearson, and S. Reckinger. Principles and advances in subgrid modeling for 
eddy-rich simulations. CLIVAR Exchanges, 19(2):42-46, 2014.

LLC4320 Model

2km

resolution!

Movie:

D. Menemenlis

A Mesoscale Eddy can be covered with

 1-10 Rhode Islands.

RI



LLC4320 Model

Local Analysis and Movie:  Z. Jing, Y. Qi, BFK, Y. Du, and S. Lian. Seasonal thermal fronts and their associations with monsoon forcing on the continental shelf of northern 
South China Sea: Satellite measurements and three repeated field surveys in winter, spring and summer. JGR-Oceans, 121:1914-1930, 2016.

H. Cao, Z. Jing, BFK, T. Yan, and Y. Qi. Scale transition from geostrophic motions to internal waves in the northern South China Sea. JGR-Oceans, 124, 2019.



LLC4320 Model

Local Analysis and Movie:  Z. Jing, Y. Qi, BFK, Y. Du, and S. Lian. Seasonal thermal fronts and their associations with monsoon forcing on the continental shelf of northern 
South China Sea: Satellite measurements and three repeated field surveys in winter, spring and summer. JGR-Oceans, 121:1914-1930, 2016.

H. Cao, Z. Jing, BFK, T. Yan, and Y. Qi. Scale transition from geostrophic motions to internal waves in the northern South China Sea. JGR-Oceans, 124, 2019.



G. Boccaletti, R. Ferrari, and BFK. Mixed layer instabilities 
and restratification. Journal of Physical Oceanography, 
37(9):2228-2250, 2007.

200km x 600km 
x 700m

domain


1000 Day 
Simulation



G. Boccaletti, R. Ferrari, and BFK. Mixed layer instabilities 
and restratification. Journal of Physical Oceanography, 
37(9):2228-2250, 2007.

200km x 600km 
x 700m

domain


1000 Day 
Simulation



movie credit: 

P. Hamlington

20km x 20km x 150m

domain


15 Day Simulation

P. E. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-
submesoscale interactions: Descriptive analysis of multiscale frontal spin-down 
simulations. Journal of Physical Oceanography, 44(9):2249-2272, September 2014.

Wind,

Waves



movie credit: 

P. Hamlington

20km x 20km x 150m

domain


15 Day Simulation

P. E. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-
submesoscale interactions: Descriptive analysis of multiscale frontal spin-down 
simulations. Journal of Physical Oceanography, 44(9):2249-2272, September 2014.

Wind,

Waves



movie credit: 

P. Hamlington

P. E. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-submesoscale interactions: Descriptive analysis of multiscale 
frontal spin-down simulations. Journal of Physical Oceanography, 44(9):2249-2272, September 2014.

20km x 20km x 150m

domain


15 Day Simulation

1km x 1km x 40m

sub-domain


about 1 day shown

Colors=Temp


Surfaces on 
Large w

Wind, Waves



movie credit: 

P. Hamlington

P. E. Hamlington, L. P. Van Roekel, BFK, K. Julien, and G. P. Chini. Langmuir-submesoscale interactions: Descriptive analysis of multiscale 
frontal spin-down simulations. Journal of Physical Oceanography, 44(9):2249-2272, September 2014.

20km x 20km x 150m

domain


15 Day Simulation

1km x 1km x 40m

sub-domain


about 1 day shown

Colors=Temp


Surfaces on 
Large w

Wind, Waves



Movie Credit: mmnasr on YouTube.

SaltyWarm

Cold Fresh
Low Molecular

 Diffusivity

High Molecular

 Diffusivity



Movie Credit: mmnasr on YouTube.

SaltyWarm

Cold Fresh
Low Molecular

 Diffusivity

High Molecular

 Diffusivity



9 August 2021
 

SIXTH ASSESSMENT REPORT
Working Group I – The Physical Science Basis

Outline:

	 The Oceans are Vast & Diverse

          What is the United Nations IPCC AR6?

	 Ocean, Cryosphere, and Sea Level Change 

	 Observed Changes

	 Projected Future Changes

          Effects of Unresolved Scales

	 Online Repositories



SIXTH ASSESSMENT REPORT
Working Group I – The Physical Science Basis

THE UN IPCC WGI AR6, Physical Sciences Basis:

BY THE NUMBERS

Author Team 

234 authors from 65 countries 

28% women, 72% men 

30% new to the IPCC

Movie

Review Process

14,000 scientific publications 
assessed 

78,000+ review comments


46 countries commented on Final 
Government Distribution


https://www.youtube.com/watch?v=I1Vx_a6F57Q
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CHAPTER 9:  
OCEAN, CRYOSPHERE & SEA LEVEL CHANGE

Plus 5 Chapter Scientists, Plus 73 Contributing Authors

97 Total Scientists in Chapter 9
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Components of ocean, cryosphere and sea level assessed in this chapter. (a) Schematic of processes (mCDW=modified Circumpolar Deep 
Water, GIA=Glacial Isostatic Adjustment). White arrows indicate ocean circulation. Pinning points indicate where the grounding line is most 
stable and ice sheet retreat will slow.  

our chapter 
emphasizes


PROCESSES
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Components of ocean, 
cryosphere and sea level 
assessed in Chapter 9.  

Whose domains 
span the GLOBE



A letter to the future

Ok is the first Icelandic glacier to lose its 
status as a glacier. In the next 200 years all 
our glaciers are expected to follow the 
same path. This monument is to 
acknowledge that we know what is 
happening and what needs to be done. 
Only you will know if we did it.

August 2019

415 ppm CO2  

  -Andri Snær Magnason



9 August 2021
 

SIXTH ASSESSMENT REPORT
Working Group I – The Physical Science Basis

Outline:

	 The Oceans are Vast & Diverse

          What is the United Nations IPCC AR6?

	 Ocean, Cryosphere, and Sea Level Change 

	 Observed Changes

	 Projected Future Changes

          Effects of Unresolved Scales

	 Online Repositories



SIXTH ASSESSMENT REPORT
Working Group I – The Physical Science Basis

Human influence has warmed the climate at a rate that is 
unprecedented in at least the last 2000 years
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Human influence is no 
longer assessed with a 
confidence level:

  

That means it is taken as 
a FACT according to IPCC 
procedure.
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Global mean sea level rose faster since 1900 than over any prior century in at 
least the last 3000 years (high confidence)

Global mean sea level increased by 

20 [15 to 25] centimeters between 1901-2018, or 

7.8 [5.9 to 9.8] inches between 1901-2018. 


The rate of global mean sea level rise is increasing

The average rate of sea level rise was (high confidence): 

1.3 [0.6 to 2.1] mm per year between 1901-1971

1.9 [0.8 to 2.9] mm per year between 1971-2006, 

3.7 [3.2 to 4.2] mm per year between 2006-2018 


Human influence was very likely the main driver of these 
increases since at least 1971. 


High confidence = multiple measurements in agreement

Very likely > 90% chance of being true
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Heating of the climate system has caused global mean sea level 
rise through ice loss on land and thermal expansion from ocean 
warming (high confidence)
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Every tonne of CO2 emissions adds to global warming

Shared 
Socioeconomic 
Pathways (SSPs)

illustrate potential 
future emissions.
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Out of over 

2,500 GtCO2

Since 1850

Every tonne of CO2 emissions adds to global warming

Shared 
Socioeconomic 
Pathways (SSPs)

illustrate potential 
future emissions.

Image: Carbon Brief
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Top 50 fossil fuel companies in 
2015 (one year, not cumulative) 
by operational (Scope 1) and 
product (Scope 3) GHG 
emissions


Over half of global industrial 
emissions since human-induced 
climate change was officially 
recognized (1988-2015) can be 
traced to just 25 corporate and 
state producing entities.


Source: Carbon Majors Report, 2017
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Human activities affect all the major climate system components, 
with some responding over decades and others over centuries

Shared 
Socioeconomic 
Pathways (SSPs)

illustrate potential 
future emissions.
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Observed and projected 
global mean sea level rise 
and the contributions from 
its major constituents. 
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Human activities affect all the major 
climate system components, with 
some responding over decades and 
others over centuries

23000m

3m

6m

7m

21001950

Combining the slow responses of 
deep ocean warming, glacier loss, and 
ice sheet loss, far future sea level 
rise will greatly exceed the rise to be 
seen this century.
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Providence, 1938


Providence, 1954


Images: Brown U. Joukowsky Institute 




The way that sea 
level rise will show 
itself in coastal 
communities this 
century is more 
frequent extreme 
events.



NDC=Nationally Determined Contribution

2010 Policies



A Message 
about Kids 
These Days…


See also:

https://doi.org/10.1126/
science.abi7339


Intergenerational inequities in exposure 
to climate extremes


https://doi.org/10.1126/science.abi7339
https://doi.org/10.1126/science.abi7339
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Sea Surface Temperature (SST) and 
its changes with time.  
   
   
   
  
    
   
  

In many ways, models resolving eddies behave 
like those “parameterizing” eddies.
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But, sometimes not! (Sea Surface Height variability)
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Hewitt et al., Nature Climate Change, 2022
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Hewitt et al., Nature Climate Change, 2022

But, global models 
won’t resolve these 
small processes for 
decades.
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Fig. 3. Simulated SST variations (without and with feedback effect) and total heat flux at x = 0, y = LJ4.  The heat 
flux time series is subsampled at 5-day intervals and the SST time series are low-passed, using a quadratic Lanczos 
filter (cut-off frequency 8 - lo-' Hz). 
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cools, and when it blows from the south, the water 
warms. With this crude parameterization an 
equation formally analogous to eq. (1.1) is obtained 
for the rate of change of SST, 

dT pa C;: KvlUl 
-=C, , ( l  + B )  

10' dt pw c; h 
(3.5) 

In our simulations, we have set K = 0.25 (" C/m/s) 
and taken C,, = gm 
~ m - ~ ,  pw = 1 gm ~ m - ~ ,  C; = 0.24 cal gm-' (" C)-I, 
C; = 0.96 cal gm-' ("C)-', and h = 25 m. A 
mixed-layer depth of 25 m has been suggested by 
Thompson (1976) for low mid-latitudes (30" N) on 
the basis of a comparison of the observed seasonal 
SST cycle with predictions by a copper-plate 
model. The effective mixed-layer depths at higher 
latitudes are considerably greater (a value of 1 0 0  m 
is taken in the following section for station India at 

B = 3, p" = 1.25 

100 

lo-' 

(10-7 I lb -6  Hz 
( 1  / rnon th) 

Fig. 4 .  Simulated spectrum of sensible heat flux (dashed 
lines) and SST anomaly (continuous lines) at x = 0, y = 
LJ4. The arrows indicate the 95% confidence interval. 

To incorporate heat transfer into our at- 
mospheric model we assume that the air-sea 
temperature difference is proportional to the north- 
south velocity V, (To - T )  = KV,  K = const. Thus 
when the wind blows from the north, the water 

59"N). With our choice of K ,  the r.m.s. air-sea 
temperature difference generated by the model is 
1.25 "C. 

(b) Simulated SST anomalies neglecting feedback 
Time series of the stochastic atmospheric forcing 

according to eq. (3.5) were constructed at each grid 
point, and the SST changes were then calculated by 
straightforward integration. Fig. 3 illustrates the 
integral response of the SST to the rapidly varying 
fluxes. To draw attention to the evolution of the low 
frequencies in the SST fluctuations, the SST time 

Tellus 29 (1977), 4 

A stochastic, predictable persistence model: 

Frankignoul & Hasselmann (77)
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series have been low-pass filtered. The longer the 
integration time in (3.5), the larger the amplitude of 
the SST oscillations, as expected from the non- 
stationarity state of the climatic response for the 
case without feedback. 

The power spectrum of the simulated sensible 
heat flux anomaly at a fixed location is shown in 
Fig. 4. It has the same features as the simulated 
wind spectrum (Fig. I). In particular, it is essentially 
white at low frequencies, in agreement with 
observation (and as required by theory) although 
the energy level is about one order of magnitude 
lower than observed flux data (Section'4). The 
simulated flux spectrum implies a diffusion co- 
efficient according to relation (3.5) of D z 0.25 
(°C)2 year-', i.e. the random atmospheric forcing 
produces a standard deviation in the SST of about 
0.7 OC in one year. As predicted by relation (1.5), 
the simulated SST anomaly spectrum is propor- 
tional to the inverse frequency squared at low fre- 
quencies (Fig. 4). This is again in agreement with 
the observations, and the energy level is also about 
one order of magnitude lower than observed mid- 
and high-latitude levels, in accordance with the 
order of magnitude underestimate of the simulated 
input spectrum. A more detailed comparison with 
the observations is given in Section 4. 

The wavenumber spectrum of the SST anomalies 
is proportional to the wavenumber spectrum of the 
atmospheric input (Fig. 2, dotted lines). In contrast 
to the wind spectrum, which is highest at wave- 
number 1, the maximum variance of the simulated 
SST occurs at wavenumbers 2 and 3. This corres- 
ponds roughly to the observed scale of the 
dominant SST anomaly patterns, which are 
typically several thousand kilometers in diameter, 
and is also consistent with the observation that the 
dominant scales of the SST anomalies appear to be 
somewhat smaller than the scales of air tem- 
perature or sea-level pressure anomalies (e.g. 
Kraus & Morrison, 1966; Davis, 1976). 

Although our ocean-atmosphere model is admit- 
tedly highly simplified, the main features of the SST 
spectral response to short time scale weather 
forcing appear to be reproduced reasonably well in 
the numerical experiments. As discussed in Section 
4, further processes (e.g. radiation fluxes of Ekman 
transport) will need to be considered in more 
quantitative models. However, as long as these can 
be represented by short-time-scale "weather vari- 
ables", they will yield only an additional white 
noise input. Depending on their correlation with the 

Tellus 29 (1977), 4 

sensible and latent heat fluxes considered here, they 
will produce lower or higher energy levels of the 
SST anomalies, but no changes in the basic 
structure of the spectrum. Other effects which 
should be incorporated in more detailed models 
include slow changes in the coupled system (e.g. 
seasonal variations of the mixed-layer depth), 
which will modulate the oceanic response. 

Up to this point we have also omitted feedback 
effects. The observations (Section 4) suggest that 
the characteristic feedback time of SST anomalies 
is of the order of 6 months, so that the results of 
this section can be applied only for periods shorter 
than this time scale. 
(c) Simulated SST anomalies including feedback 

For small temperature anomalies, the function f, 
in eq. (3.1), dT/dt = f,/h (h = const), can be 
expanded with respect to T. Writing f, = ull + f i, 
and defining T = 0 to correspond to an equilibrium 
temperature for which ull = 0, eq. (3.1) then takes 
the form of a first-order autoregressive (Markov) 
process 

dt h 

where 1 = (a[ f , l /aT) , , ,  is a constant feedback 
factor. For a stable system with negative feedback, 
1 is positive (cf. eq.) (1.7)). 

Since our atmospheric model contains no ther- 
modynamics, we cannot simulate the feedback 
explicitly in the coupled system. However, we can 
estimate the feedback factor by expanding the bulk 
formula (3.4) with respect to T. Assuming the air 
temperature to remain constant, this yields 

where (lUl) is the mean wind speed. Taking (IUl) 
= 8 m sec-' and C,,, B and h as given in Section 
3a, one obtains 1 = (1.7 month)-'. This feedback 
factor is larger than inferred from observations, 
presumably because of the unrealistic assumption 
of a constant air temperature (cf. Section 4). The 
value was nevertheless used in our model experi- 
ments to illustrate the stabilizing influence of a 
negative feedback in our rather short (512) day) 
simulation runs (Fig. 3). The decrease in amplitude 
of the lowest frequency SST oscillation as com- 
pared with the case without feedback is clearly dis- 
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series have been low-pass filtered. The longer the 
integration time in (3.5), the larger the amplitude of 
the SST oscillations, as expected from the non- 
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case without feedback. 
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the observations, and the energy level is also about 
one order of magnitude lower than observed mid- 
and high-latitude levels, in accordance with the 
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should be incorporated in more detailed models 
include slow changes in the coupled system (e.g. 
seasonal variations of the mixed-layer depth), 
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the characteristic feedback time of SST anomalies 
is of the order of 6 months, so that the results of 
this section can be applied only for periods shorter 
than this time scale. 
(c) Simulated SST anomalies including feedback 

For small temperature anomalies, the function f, 
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series have been low-pass filtered. The longer the 
integration time in (3.5), the larger the amplitude of 
the SST oscillations, as expected from the non- 
stationarity state of the climatic response for the 
case without feedback. 

The power spectrum of the simulated sensible 
heat flux anomaly at a fixed location is shown in 
Fig. 4. It has the same features as the simulated 
wind spectrum (Fig. I). In particular, it is essentially 
white at low frequencies, in agreement with 
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spectral response to short time scale weather 
forcing appear to be reproduced reasonably well in 
the numerical experiments. As discussed in Section 
4, further processes (e.g. radiation fluxes of Ekman 
transport) will need to be considered in more 
quantitative models. However, as long as these can 
be represented by short-time-scale "weather vari- 
ables", they will yield only an additional white 
noise input. Depending on their correlation with the 

Tellus 29 (1977), 4 

sensible and latent heat fluxes considered here, they 
will produce lower or higher energy levels of the 
SST anomalies, but no changes in the basic 
structure of the spectrum. Other effects which 
should be incorporated in more detailed models 
include slow changes in the coupled system (e.g. 
seasonal variations of the mixed-layer depth), 
which will modulate the oceanic response. 

Up to this point we have also omitted feedback 
effects. The observations (Section 4) suggest that 
the characteristic feedback time of SST anomalies 
is of the order of 6 months, so that the results of 
this section can be applied only for periods shorter 
than this time scale. 
(c) Simulated SST anomalies including feedback 

For small temperature anomalies, the function f, 
in eq. (3.1), dT/dt = f,/h (h = const), can be 
expanded with respect to T. Writing f, = ull + f i, 
and defining T = 0 to correspond to an equilibrium 
temperature for which ull = 0, eq. (3.1) then takes 
the form of a first-order autoregressive (Markov) 
process 

dt h 

where 1 = (a[ f , l /aT) , , ,  is a constant feedback 
factor. For a stable system with negative feedback, 
1 is positive (cf. eq.) (1.7)). 

Since our atmospheric model contains no ther- 
modynamics, we cannot simulate the feedback 
explicitly in the coupled system. However, we can 
estimate the feedback factor by expanding the bulk 
formula (3.4) with respect to T. Assuming the air 
temperature to remain constant, this yields 

where (lUl) is the mean wind speed. Taking (IUl) 
= 8 m sec-' and C,,, B and h as given in Section 
3a, one obtains 1 = (1.7 month)-'. This feedback 
factor is larger than inferred from observations, 
presumably because of the unrealistic assumption 
of a constant air temperature (cf. Section 4). The 
value was nevertheless used in our model experi- 
ments to illustrate the stabilizing influence of a 
negative feedback in our rather short (512) day) 
simulation runs (Fig. 3). The decrease in amplitude 
of the lowest frequency SST oscillation as com- 
pared with the case without feedback is clearly dis- 
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Hall & Fox-Kemper, Submitted to GRL, 2021

          
    
     
      

Regional mixed layer depth as a climate diagnostic and emergent constraint  

     
    
  

CMIP6 data via pangeo.io 
Code at repository.library.brown.edu

          
    
     
      
Emulate CMIP6 model oceans with 2-layer ocean emulator. 
Shows climate sensitivity depends on mixed layer depth which depends 
on submesoscale and smaller turbulence 
     
    
  

“Using these correlations and 
observations from the Argo float 
network, we revise the ensemble 
mean and narrow the 66% range of 
equilibrium climate sensitivity (ECS) 
for the particular CMIP6 model 
collection from 4.51 (3.13–5.71) °C, 
to 4.66 (3.88–5.43) °C, amounting to 
a 40% reduction in the span of the 
uncertainty range.”

So, we study the consequences of different 
parameterizations on modeled climate change
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Hall & Fox-Kemper, Submitted to GRL, 2021
CMIP6 data via pangeo.io 

Code at repository.library.brown.edu

Approximately halving the uncertainty range for [transient climate response] has a 
net present value of about $10.3 trillion (year 2005 US$) if accomplished in time for 
emissions to be adjusted in 2020, falling to $9.7 trillion if accomplished by 2030. 
      -C. Hope, 2015, Phil. Trans. A., https://doi.org/10.1098/rsta.2014.0429

~40% reduction in S range

~20% reduction in TCR range 

          
    
     
      

Regional mixed layer depth as a climate diagnostic and emergent constraint  

     
    
  

So, we study the consequences of different 
parameterizations on modeled climate change

https://doi.org/10.1098/rsta.2014.0429
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Sea Level Projection for Woods Hole, MA 
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Sea Level Projection for Bridgeport, CT 
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Climate change in 
remote places seems 
far away from Rhode 
Island, but…


Uncertainty about 
changes in Antarctica 
are is what makes sea 
level rise in Rhode 
Island uncertain… 
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Sea Level Projection for Woods Hole, MA with Rapid Antarctic Ice Sheet Loss

(& other similar unresolved ice sheet issues per expert opinion)
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	 Online Repositories

Thank you!!  Questions?
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Human activities affect all the major climate system components, 
with some responding over decades and others over centuries



While the AMOC is 
expected to slow in a 
warming climate, the 
Gulf Stream will not 
change much and 
would not shut down 
totally, even if the 
AMOC did. Most 
climate models 
project that the 
AMOC slows in the 
later 21st century 
under most emissions 
scenarios. The Gulf 
Stream affects the 
weather and sea level, 
so if it slows, North 
America will see 
higher sea levels and 
Europe’s weather and 
rate of relative 
warming will be 
affected.
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Over the next 2000 years, global mean sea level will rise by about 

2 to 3 m if warming is limited to 1.5°C, 

2 to 6 m if limited to 2°C and 

19 to 22 m with 5°C of warming, 

and it will continue to rise over subsequent millennia 

(low confidence)


Projections of multi-millennial global mean sea level rise are consistent with 
reconstructed levels during past warm climate periods: 

likely 5–10 m higher than today around 125,000 years ago, when global 
temperatures were very likely 0.5°C–1.5°C higher than 1850–1900; 

and very likely 5–25 m higher roughly 3 million years ago, when global 
temperatures were 2.5°C–4°C higher (medium confidence).

In the longer term, sea level is committed to rise for centuries to millennia and 
will remain elevated for thousands of years.
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Sea Surface Temperature (SST) and 
its changes with time.  
   
   
   
  
    
   
  

Warming over oceans is slower than over land.
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Greenland Ice Sheet cumulative mass change and equivalent sea level contribution. (a) Range of values of paleo	Greenland ice sheet mass and sea 
level equivalents relative to present day and the median. (b) Cumulative mass loss (and sea level equivalent) from 1972 and 1992, the estimated mass loss 
from 1840 indicated with a shaded box and projections	from ISMIP6 by 2100 under 2 scenarios and	likely range of the ISMIP6 emulation are shown. (c-e) 
Schematic interpretations of individual reconstructions	of the spatial extent of the Greenland ice sheet, grey shading shows extent of grounded ice. Maps of 
mean elevation changes (f) 2010-2017 derived from CryoSat 2 radar altimetry and (g) ISMIP6 model mean (2093-2100) projected changes for the MIROC5 
climate model under the RCP8.5	scenario.
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Antarctic Ice Sheet cumulative mass change and equivalent sea level contribution. (a) A p-box (Section 9.6.3.2) based estimate of the range of values of 
paleo Antarctic ice sheet mass and sea level equivalents relative to present day and the median over all central estimates. (b) Cumulative mass loss (and sea 
level equivalent) since 2015, with satellite observations shown	from 1993 and observations from 1979,	ISMIP6 projected changes by 2100 under scenarios and 
17th to 83rd, 5th to 95th percentile ranges of the ISMIP6 emulation, with 17th to 83rd, 5th to 95th percentile ranges for	ISMIP6, emulator, and LARMIP-2 including 
SMB at 2100. (c-e) Schematic interpretations of individual reconstructions of the spatial extent of the Antarctic ice sheet, grey shading shows extent of 
grounded ice. Maps of mean elevation changes (f) 1978-2017 derived from multi-mission satellite altimetry and (g) ISMIP6 (2061-2100) projected changes for 
an ensemble using the NorESM1-M climate model under the RCP8.5 scenario.


