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Estimating the Circulation & Climate of the Ocean
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Estimating the Circulation & Climate of the Ocean
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our chapter
emphasizes

PROCESSES

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.
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The former site of Okjokull, now known as simply Ok.

Rice University

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 CO,

-Andri Sner Magnason
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INTERGOVERNMENTAL PANEL oN ClimaTe change

Human influence has warmed the climate at a rate that is
unprecedented in at least the last 2000 years

Changes in global surface temperature relative to 1850-1900

a) Change in global surface temperature (decadal average)
as reconstructed (1-2000) and observed (1850-2020)

b) Change in global surface temperature (annual average) as observed and
simulated using human & natural and only natural factors (both 1850-2020)
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Working GrOUP I - The Physical Science Basis INTERGOVERNMENTAL PANEL oN ClimaTe change

Observed warming is driven by emissions from human activities, with
greenhouse gas warming partly masked by aerosol cooling

Observed warming Contributions to warming based on two complementary approaches
(a) Observed warming (b) Aggregated contributions to (c) Contributions to 2010-2019
2010-2019 relative to 2010-2019 warming relative to warming relative to 1850-1900,
1850-1900 1850-1900, assessed from assessed from radiative
°C attribution studies °C forcing studies °C
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INTERGOVERNMENTAL PANEL oN ClimaTe change

Global mean sea level rose faster since 1900 than over any prior century in at
least the last 3000 years (high confidence)
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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)

b) Global Sea-Level Budget
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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)

a) Global Energy Inventory b) Global Sea-Level Budget
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Every tonne of CO, emissions adds to global warming

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
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Every tonne of CO, emissions adds to global warming

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GtCO,)
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Every tonne of CO, emissions adds to global warming

The countries with the largest cumulative emissions 1850-2021

Billions of tonnes of CO2 from fossil fuels, cement, land use and forestry
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Every tonne of CO, emissions adds to global warming
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Human activities affect all the major climate system components,
with some responding over decades and others over centuries

a) Global surface temperature change relative to 1850-1900
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FAQ 9.2: How much will sea level rise in the next few decades?

Emissions scenarios influence little sea level rise of the coming decades but has a huge effect on sea
level at the end of the century.

climate change
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Human activities affect all the major
climate system components, with
some responding over decades and
others over centuries

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.

d) Global mean sea level change relative to 1900

Low-likelihood, high-impact storyline,
including ice sheet instabili &
q processes, under SSP5-8.5———> .-

1950 = = = 2100

ipcC

INTERGOVERNMENTAL PANEL oN ClimaTe change

e) Global mean sea
level change in 2300
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Sea level rise greater than

e level change in 2300
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Sea level rise greater than
15m cannot be ruled out
with high emissions
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Median Amplification Factor of Extreme Still Water Level by: iD C C
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Sea Surface Temperature (SST) and
its changes with time.

Sea Surface Temperature (SST) Anomalies and Maps
Observation-based estimates and CMIP6 multi-model means, biases and projected changes
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In many ways, models resolving eddies behave
like those “parameterizing” eddies.
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But, sometimes not! (Sea Surface Height variability)



The small scales of the ocean may hold the key
to surprises

Sharp fronts and eddies that are ubiquitous in the world ocean, as well as features such as shelf seas and
under-ice-shelf cavities, are not captured in climate projections. Such small-scale processes can play a key role in
how the large-scale ocean and cryosphere evolve under climate change, posing a challenge to climate models.

Helene Hewitt, Baylor Fox-Kemper, Brodie Pearson, Malcolm Roberts and Daniel Klocke

Antarctic Ice Sheet Cumulative Mass Change & Equivalent Sea Level Contribution
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Hewitt et al., Nature Climate Change, 2022



Ocean resolution of global models

IPCC reports
CMIP6
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@ Modeling of variability

A stochastic, predictable persistence model:
Frankignoul & Hasselmann (77)
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Even Simpler: 2-Layer Homogeneous Energy Balance Model (Gregory, 2000)




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

Regional mixed layer depth as a climate diagnostic and emergent constraint
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EBM-£ estimates

“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.”
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Emulate CMIP6 model oceans with 2-layer ocean emulator.
Shows climate sensitivity depends on mixed layer depth which depends

on submesoscale and smaller turbulence
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CMIP6 data via pangeo.io

Hall & Fox-Kemper, Submitted to GRL, 2021 Code at repository.library.brown.edu



So, we study the consequences of different

parameterizations on modeled climate change

Regional mixed layer depth as a climate diagnostic and emergent constraint

EBM-¢£ estimates
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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., hitps://doi.org/10.1098/rsta.2014.0429
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CMIP6 data via pangeo.io
Hall & Fox-Kemper, Submitted to GRL, 2021 Code at repository.library.brown.edu
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IPCC WGI Interactive Atlas: Regional information Homewv  About Guidance License
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CMIP6 - Sea level rise (SLR) Change meters - Long Term (2081-2100) SSP5 8.5 (rel. to 1995-2014) - Annual
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Human activities affect all the major climate system components,
with some responding over decades and others over centuries

c) Global ocean surface pH (a measure of acidity)
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FAQ9.3: Will the Gulfstream shutdown?

The warm current is expected to weaken but not cease, which will affect regional weather and sea level

Today

The gulfstream is part of a large vertical ocean current
called the Atlantic Meridional Overturning Circulation (AMOC)

AMOC N
' - Close to the poles,
’ ' water cools, becomes heavier

and sinks to the bottom

Warm surface current
driven by winds and
replenishing sinking

" 4 g

Water and
heat transferred
from the tropics to

GULF northern latitudes

STREAM

(2)

The cold deep water
is exported southward

In a warmer world

The Atlantic Meridional circulation (AMOC) is
greatly weakened

Weakened
AMOC >, -

z

< Much less
heat and water
are transferred

Water has become fresher and
lighter and therefore sinks less

GULF
STREAM

The gulfstream
weakens but the
portion pushed by
winds remains

IpCC -

INTERGOVERNMENTAL PANEL ON
climate change

While the AMOC is
expected to slow ina
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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Human activities affect all the major climate system components,
with some responding over decades and others over centuries

Observations SSP245
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In the longer term, sea level is committed to rise for centuries to millennia and
will remain elevated for thousands of years.

b) Committed sea level rise by warming level and timescale  Qver the next 2000 years, global mean sea level will rise by about
2 to 3 m if warming is limited to 1.5°C,
35| 1 2 to 6 mif limited to 2°C and
19 to 22 m with 5°C of warming,
a0l 000w | . @nd it will continue to rise over subsequent millennia
,000-yr .
(low confidence)
Mid-Pliocene
| Warm Period N
Last I

| Interglacial

N
[$]

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).
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Sea Surface Temperature (SST) and

its changes with time.

Sea Surface Temperature (SST) Anomalies and Maps
Observation-based estimates and CMIP6 multi-model means, biases and projected changes
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reenland Ice Sheet Cumulative Mass Change & Equivalent Sea Level Contribution

Paleo e (b) 4
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and equivalent sea level contribution. (a) Range of values of_p;aleo 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.



Antarctic Ice Sheet Cumulative Mass Change & Equivalent Sea Level Contribution
—-20

(@ co0 I'-;al co ' _ (b) 4 [Modern & Projected Changes ' 01 eel %
£ - . ISMIP6 | Emulator |LARMIP-2
5 0 R Ramper 0 climate chanee
= 400 10 E | IMBIE
g = o1 '
< 200 Observed £ . 4+ - ’
% mean & p-box (_3 10°Gt L SSP1-2.6
° o041 o ¢ -8 02
8 3
(¢} g i . 0.3
@ -200 (%) -12 = Emulator median (SSPs)
g = L Emulator 90% range
-400 102 |Emulator 66% range 0.4
2 -16 - ISMIP6 models (RCPs/SSPs)
o 1 | | | |
-600 w 1980 2000 2020 2040 2060 2080 2100
20
MPWP LIG LGM Observations ISMIP6 Model Mean 1
® (1978-2017) ©®  (2061-2100)
Mid-Pliocene Last Glacial =
c (d) i (e) 05 =
© Warm Period Last Interglacial Maximum £
S
5
05
C
K]
©
* { 3
X A > 3 -0.5 %’
N\ . < &

: -1

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 17w to 834, 5t to 95t 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.



