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Application of the conservation law of energy: simplest climate model

netto received solar radiation = outgoing thermal radiation

e

4 L
co’l Solar radiation

Thermal radiation

TR°S,(1-a¢)=4nR°ecT® — T=-18 degree Celsius

R :  radius of earth (6378 km)

S, solar constant (1370 W /mz)

o mean reflection (0.3)

E : emissivity (= 1)

O : Stefan-Boltzmann constant ( 5.67 -10°*W /m* /K"



The greenhouse effect: thermal radiation is absorbed by CO2 and H20 (CHa4, N20,..)

Notural Enhonced o e -

No
Greenhouse Effect  Greenhouse Effect  Greenhouse Effect Temperature (K)

Without and with greenhouse effect: -18 / 15 degree Celsius



Polar orbiting satellites measure reflected solar and outgoing thermal radiation




Rate of extra energy input into the climate system has more than doubled in the past 20 years

Measurements of CERES satellite instrument of absorbed solar radiation and outgoing long-wave radiation

243 2.5 = "
| = Absorbed solar radiation = Outgoing long-wave radiation | 1= Absorbed solar radiation minus outgoing long-wave radiation.
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Climate change is accelerating ....



Mean trend (%/year)

Measured trend in the spectrally resolved outgoing thermal radiation 2008-2017

Infrared atmospheric sounding interferometer (IASl) aboard Metop satellites
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In the CO2, CH4, N2O and H20 bands we see reduced outgoing radiation: enhanced greenhouse effect

Increase in concentration greenhouse gasses reduces the outgoing thermal radiation



Energy change (Z))
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Where does the extra energy go to?

S Measured energy input by satellites matches
the measured increase in energy storage in
the climate system

81 % upper 2000 meter of the ocean

8 % upper deep ocean
5 % land warming

2 % atmosphere moistening and heating



Extra energy input measured by satellites matches the energy increase in the climate system

2
—#— Net incoming solar radiation minus outgoing thermal radiation
—&— Energy gains in ocean, land, atmosphere and melting of ice
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Change in ice mass
(gigatonnes per year)

Global melt of glacier ice accelerates
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Ocean heat content (upper 2000 m) increase accelerates

. Colours: estimates from different studies

Ocean heat content measured with respect to the mean over 2005-2019

Ocean heat content
(1021 Joules)

Increase accelerates
—300

—400 — Bron: Cheng, Nature Reviews, 2022
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Verandering in zeespiegel (in cm)

Sea-level rise globally and near Dutch coast accelerates
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Surface air temperature is rising: accelerated warming expected in next 10 years

2.0
Global mean warming since 1850-1900 (°C)
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The rise CO2 concentration in the atmosphere is accelerating

430 & Carbon dioxide concentration at Mauna Loa Observatory

Full record ending August 31, 2022

Charles Keeling

340
330
320

310| N T N T T T T N T T T T T T N T O O O | O R B N B O B
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

: SCRIPPS iustirurion of
UCSan Diego OCEANOGRAPHY

VL UL LY L L i i i e III
IIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII h"\. IIIIII

observations



Worldwide emissions of CO2 due to burning of oil, gas and coal and the production of cement are still rising !!!!

2010-19
o Provisional estimate
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Conservation law of mass (carbon atoms) Emissions by humans disturb the natural balance

Global carbon dioxide budget
(gigatonnes of carbon per year)
2007-2016
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industry growth 3.0+0.38 Budget
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Human activities kick off a complex chain of events ....

Burning of fossil fuels and cement production

hW

Perturbs the carbon cycle

T— CO2 concentrations rise

\ Planck feedback increases OLR
Outgoing long-wave radiation reduces

Y

Temperature rises — lce melts
human feedback
climate mitigation \ \
Water vapour is increases Reflection of solar radiation decreases

Y

Evaporation and precipitation are increasing

N\

Clouds are changing

ice-albedo feedback

water vapour feedback

cloud feedbacks







impacts of climate change
“inner world” felt by humans

 land slides
 floods

- wild-fires

- sea level rise

- water availability
 land degradation
 loss of species

noosphere

“thought, concepts, emotions, sensations”

1. What will humans do?

scenario based

values

lack of laws attitudes

beliefs

emotions technology

sOCio-economics
planning actions

politics sustainability

“living matter” “dead matter”

bicsphere geOSPhere * emissions
* mining
organisms atmosphere * fishing/hunting
vegetation hydrosphere * waste
land/sea biology cryosphere  land-use
_ _ astenosphere » live-stock
2. how will climate evolve? . water use

model based :
impacts of human change

felt by climate

“outer world”

apply laws of nature



1. What will humans do?

Shared Socioeconomic Pathways (SSPs): storylines
for consistent socio-economic developments until 2100

« SSP1: Sustainable future (the green road)
« SSP2: Middle of the road
« SSP3: Regional constrasts (bumby road)
« SSP4: Inequality (divided road)

« SSP5: Fossile-intensive (the highway)

SSP storylines
v

Population, cities,
Brute National
Income

‘Integrated
assessment models’

¢
Emissions

‘Atmospheric
chemistry and carbon
cycle models’
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2. how will climate evolve?

e Calculate the change using climate models for various pathways of future emissions



Apply laws of nature to parcels of air

1. Conservation of momentum

2. Conservation of mass

3. Conservation of energy

4. ldeal gas law

p

“parcel’”

dU dU 1 1 _
F=m-a=m -—— — —=——Vp+g+—Fw—2Q><U
dt dt P m
op — @ —
FV - (pU) =0
v (pU)
oT oT oT oT 1 dp 1 dO
—=—Uu—4=+v w | +
ot X 0y 0z  pc, dt ¢, dt
i
RT

Solve these equations with computers on a 3 dimensional computation grid that spans the

whole atmosphere

22



Horizontal Grid
(Latitude-Longitude)

Vertical Grid _
(Height or Pressure) |

e _— -

Physical Processes in a Model

solar  Werestrial
racdiation radiation
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Only possible with powerful computers
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KNMI climate model simulates tropical cyclones

present resolution

this is becoming possible

surface wind
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The warming will continue, emissies should drop quickly soon to restrict warming to 2 degrees

Climate models are used to calculate the change for different scenarios of future emissions
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Climate models disagree on the amount of drying in summer: uncertainty due to land atmosphere feedbacks and ocean circulation

cooler subpolar gyre CMIP6: dry JJA - prec, rel. change
and related higher ~ 70°NFE5; - = =
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The dry group projects a stronger cooling of the sub polar gyre which enhances easterly winds over summertime Europe



KNMI climate scenarios for the Netherlands

Climate will likely evolve within the range of these four scenarios

High emissions 5
. Warmer .
Uncertainty in

future emissions

Low emissions

climate vetter

Uncertainty in regional climate response



Example:

Summer precipitation in De Bilt
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Verandering in zeespiegel (in cm)

Projections of sea-level rise
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Three options to live in our delta in case of extreme sea-level rise:

1. protect like a fort and pump river water into the sea
2. protect low-lying areas with deep rivers
3. increase the height of the delta, as a whole or a collection of connected capes
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CO2 removal from the atmosphere
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