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Knimat — 6GaraTopiyHUn peXxum noroau.

OCHOBHI 0COBNMBOCTI KnimMaTy 00yMOBMIOKTE aTMOCHPEPHUN TUCK,
LUBMAOKICTb | HANPAMOK BITPY, TeMnepaTtypa | BONoricTb NOBITPA,
XMapHICTb | aTMOCepHI onagun, TpuBanicTb COHAYHOI pagiauii

[Tloroga — cTaH HWXHbLOrO LWapy atMocdepu

MeTeoponoris Ta KniMaTonoris — KOMMJeKCHa Hayka nNpo 3eMrio,
O (pi3nKko-maTeMaTUYHUMMU METOO4AMU BUBYAE:

| aTMOCQoepHI aBULLA Ta NPOLECU B HUXKHIN aTMOocdepi
(MeTeoponorisa);

1 doisnyHi npouecwu, Wo BigdyBaloTbCs B aTMocdepi 3emni;
| pisUKOo-MaTeMaTnyHe MoaentoBaHHA aTMOCEPHUX NPOLECIB;

1 3B’A13KM MIXK XapaKkTepoM aTMOCepPHUX SBULL | NpoLECIB, Lo
BiAOyBalOTbLCA Ha NOBEPXHI 3eMrii;

1 ymoBM oOpMYyBaHHSA Mpu LUbOMY noroau i knimaty 3emni
(knimaTonoris).
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Global Warming I: The Science and Modeling of
Climate Change

7~ 1 |
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David Archer
Global Warming: The Science of Climate Change
The University of Chicago

il

www.coursera.org/learn/global-warming
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Schermatic view of the components of the ciimate system, their
processes and intersctions. (Imege courtesy of [PCC)
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Carl Wunsch, Edward Boyle, and Kerry Emanuel. 12.842 Climate Physics and
Chemistry. Fall 2008. Massachusetts Institute of Technology: MIT
OpenCourseWare, https://ocw.mit.edu. License: Creative Commons BY-NC-SA.






XIMIYHUW cKknag aTtmocdepu

Gas Name Chemical Formula Percent Volume
Nitrogen N2 78.08%
Oxygen O 20.95%
“Water H20 0 to 4%
Argon Ar 0.93%
*Carbon Dioxide CO2 0.0360%
Neon Ne 0.0018%
Helium He 0.0005%
*Methane CHa 0.00017%
Hydrogen H> 0.00005%
*Nitrous Oxide N20 0.00003%
*Ozone @k 0.000004%

* variable gases
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Summer Solstice

December 22
Winter Solstice
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Vernal Equinox
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solar radiation
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P,>P;

Sun heats the surface

Surface heats adjacent air
Density p ~ 1/;

As air density decreases, it rises

Air heating also reduces the local

pressure I T
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Sun on grass Sun on water
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ROSSBY WAVES

* Rossby waves are a type
of inertia wave

— Associated with pressure
systems and the jet stream

Polar Jet _
Subtropical Jet 4

— Causes polar and
subtropical jets to
meander

“Jetstream 2” by US National Weather Service
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Geostrophic wind
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Limited turbulence

Boundary layer
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After Grasch and Twele (2002)
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Figure by MIT OpenCourseWare.
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i Permanent
Muolecule Armangement Dipole Moment
N N
Ng —@ No
O O
Dz w—e MNo
C 0
CO e — W Yes
0 C 0
CO, e—o—@ No
N N 0O
N.O O—e—¥ Yes
0
H % 1
HEO o R Yes
@ o @
O, 0/~ &\ 0 Yes
& e
CH No
4

From “General circulation model development: past, present and future”, ed by D.
Randall. Academic Press, NY, 1999.



Dhatomic Structures

N2, 05,0 O

Triatomic Structures

Va
v, Bending Vi
Symmetric , 2) Antisymmetric
C{}I: NED - F L e - (ij ' -+ > <t+-{ ) -—{ -

3 R
WALV

From “General circulation model development: past, present and future”, ed by D.
Randall. Academic Press, NY, 1999.




= Stefan-Boltzmann's law (very useful!)

F_ T4 F is the energy emitted, per unit time, per unit area,
— 0 expressed in W/m? [J/s*m?]
QO is a constant [5.67*10® W/m?K*]

T is the absolute temperature (K)

WAALE G hALA

L . , 240 W/m? |
E“ million W/m il
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Characteristics of atmospheric moisture transport
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Chmatological mean evaporation minus precipitation

http://www.iac.ethz.ch/group/atmospheric-dynamics/focus/vapour-and-isotopes.html
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Example of surface pressure
distribution




model_data["Thound™] = [floati{model_data["Ts"]) - min{float(alt),float(model_data[

The RRTM model simulates the flow of electromagnetic radiation in and out of the Earth.

madel data["T"] = number_of_layers * [@]

model data["lev'] = number_of lavers = [8]

Far

i in range{number_of_lavers):

if ¥ == 8:
T = (float({model data["Ts"]) + float({model data["Toound"][@])}) / 2
model_data["T"][€] = T
deltaZ = model _data["altitude"J[i] * 1e3

model_data["lev"][@] = ps * numpy.expi-g * delta? / (T = R))

T = {(float(model_dats["Tbound"][1-1]) + float{model_data["Tbhound"J[1]}} /

model data["T"][i]1 =T

dgelta? = (model _data["altitude”][i] - model data[“altitude”][i-1]) = 1e3

“tropopaus

(%)

model data["lev"][i] = model_data["lev"][i-1] #* numpy.exp(-g * deltsZ / (T * R))

s.stderr.write{str(model_data["lev"]1))

eguilibrium pressure(T):

- -

return 6.1894 * exp(17.625 * (T - 273.15) / (T - 38.11))

e"]) * float{model data["lapseRate"]) for alt

model data["h2o"] = [{equilibrium pressure(T) / model datal'lev"][i]) * (float{model data['relativeHumidity*']) / 168.8) for (i,T) in enumer

model datal "asdif']

=

g B - PE L o i _
gieis =W alleUul all Sioungd

model_data[ 'asdir']

model data[ "aldir'] = model _data[ ‘asdir']

model data[ "aldif']

model data[ 'asdir']

https://github.com/jsbj/rrtm/blob/master/cgi-bin/rrtm/rrtm.py



2 sunlight
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http://climatemodels.uchicago.edu/rrtm/



Variables GCM Models
Surface Temperature beoc-csmi-1
Atmospheric CanESM2
Tnmpardiue cCsM4
Specific Humidity CNRM-CME
Cloud Fraction CSIRO-MK3ED
Precipitation GISSE2-H
Leaf Area Index MIRDC-ESM
Soil Moisture NorESMI-M
Total Runoff
Snow Cover
Plot Settings Actions
| April v| GetYear [010 |
' Snapshot v | Download Map

Pa (100000-1000)

Zoom Color Scales

50000

Initiating Download of Model Field

~CSM4 Atm Temp Annual Mean, 50000 Pa 2000

http://climatemodels.uchicago.edu/maps/

CCSM4 Atm Temp Annual Mean, 50000 Pa 2000

Coords: 53.71, 16.67

Value: -27 93







http://climatemodels.uchicago.edu/hurricane/

Sea Surface Temperature [ Azimuthal Vielogiy {mis) X ] Day 20
Temperature Aloft -70 & i
Incoming Surface Air Relative
Humidity, % IE
Wind Shear (m/s)
Latitude £
Make Landfall ] g
Enable Ocean Mixing =
Replay 0
Sea Surface Temperature 29 | I e rl Day 20
Temperature Aloft -70 i
Incoming Surface Air Relative
HumidRy, % 0|
Wind Shear (m/s) |2 |
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IMake Landfall =) g
Enable Ocean Mixing O
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Radius (km}



Natural Human Enhanced
Greenhouse Effect Greenhouse Effect

More heat escapes Less heat escapes

into space F H into space

http://climatechange.lta.org/get-started/learn/co2-methane-greenhouse-effect/




NATURE | PERSPECTIVES 5
BARZEER

Allowable CO, emissions based on regional and
iImpact-related climate targets

Sonia l. Seneviratne, Markus G. Donat, Andy J. Pitman, Reto Knutti & Robert L. Wilby

Affiliations | Contributions | Corresponding author

Nature 529, A77-483 (28 January 2016) | doi:10.1038/nature16542

Local changes associated with a global
warming of 2 “C are shown for hottest
daytime temperature (T, ) (a), annual
coldest night-ime temperature {Tyg) (b)), and
L ITL mean temperature (7 hean) (€). The analysis
s based on RCP8.5 scenano simu...




Carbon Dioxide Measurements
NOAA CMDL Carbon Cycle Greenhouse Gases

R 9 T 1 T . g . -7 —T T F—= o

GLOBAL AVERAGE

GLOBAL GROWTH RATE

I|III|.||||.|

| I | i | I ] ] L i | 1 1 I 1 I

81 52 83 B4 B> 86 8Y 88 89 50 91 92 9594 859697 96599 00 01

TEAF  Image courtesy of NOAA.

Top: Global avernge atmospheric carbon dinxide mixing ratios (blue ling) determined using measurements
from the NOAA CMDL cooperative mir samphing netwiork., The red line represents the long-term trend.
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Spatial variability of atmospheric CO,
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Figure by MIT OpenCourseWare




Global CO, emissions from fossil-fuel burning, °
cement production, and gas flaring
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Freely Emitting Fossil Primary Energy Supply [Eliyr]
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Figure T5.10.2 | Global freely emitting fossil fuel (left panel; direct equivalent) and low-carbon primary energy supply {right panel; direct equivalent) in 164 long-term scenarios in
2050 as a function of fossil and industrial CO, emissions. Low-carbon energy refers to energy from RE, fossil energy with CCS, and nuckear energy. Colour coding is based on categories
of atmospheric CO, concentration level in 2100 The blue crossed lines show the relationship in 2007. Pearson’s correlation coefficients for the two data sets are 0.97 (freely emitting
fossil) and -0.68 (low-carbon energy). For data reporting reasons, only 153 scenarios and 161 scenarios are included in the freely-emitting fossil and bow-carbon primary energy results

shown here, respectively, as opposed to the full set of 164 scenarios. [Figure 10.4, right panel, Figure 10.5, right panel]




Anthropogenic CO,

emissions through 2005
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Methane Mieasurements
NOAA CMDL Carbon Cycele Greenhouse Gases
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Image courtesy of NOAA.

Cilobal average atmospheric methane mixing ratios (blue hine) determned wsing measurements
from the NOAA CMDL cooperative mir sampling network. The red line represents the long-term trend



with human effects
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Sea—surface temperature [°C]
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CMIPS ENSMN RCPA.5 anomaly (2050-2099)-(1956-2005) O
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Sample map showing changes in the mean sea surface temperature for the latter half
of the 21st century. The ocean warming is greatest in the northern Hemisphere where

changes are more than 3 celsius. Weaker warming is seen in the North Atlantic and
the Southern Ocean.

Earth System Research Laboratory
Physical Sciences Division

https://www.esrl.noaa.gov/psd/ipcc/
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Figure T5.6.1d | Global distribution of various ocean energy resources: {d) Ocean currents. [Figure 6.3]
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Figure TS.7.1 | Example global wind resource map with 5 km x 5 km resolution. [Figure 7.1]1



Global Circulation: Means & Anomalies
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2. Model setup

The model used in the present study, PEQUOD, solves the
forced dissipative baroclinic quasi-geostrophic (QG) potential
vorticity (PV) equation on a beta plane in a square basin (e.g,
Berloff, 2005a, 2005b). The main setup is similar to the one used
in Porta Mana and Zanna (2014, PMZ14). The model is composed
of three isopycnal layers with thicknesses Hy, (with m=1,2,3 for
the upper, middle and bottom layer, respectively). For each layer
m, the prognostic equation solved for the potential vorticity g is

given by
Ddm _ m , \\ . Vg, =Dy + Ewind 4 o9 (1)
br gt Fom Ym = En 5w
with
a2 ay
_ 2 2 o 9¥m
O =V ‘»'-"m"‘.ﬁ}""az(ﬁf dz ) (2)

The planetary vorticity is f= fp, +B8y . V= t?%:" %} 1s the hor-
izontal gradient, N is the Brunt-Vdisdld frequency of the mean
density stratification and v is the streamfunction derived from

t tfrm ﬁ'ﬂ"m}
ay * dx '

www2.physics.ox.ac.uk/research/climate-and-ocean-physics

the non-divergent velocity such that uy = (—



Komn’rotepHe mogentoBaHHA xmapHocTi 0,6 6ana
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[Tone po3mipy 200 km* 200km
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http://www.earth.ox.ac.uk/~laurez/files/Zanna-et-al-2017.pdf
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Fig. 2 Suapﬁlm of p-ur!ntlal vorticity, g, in the upper layer for the model runs at horizontal rzs-ulutluns of {a] 75 km (eddy resohving nmdel]. (b} 30 J||:|:|1
model] with the deterministic B




[MowwmpeHHs pagioakTuBHOT XMapu nicnsg YopHOOUNbCbKOT KaTacTpodu

Le mouvement du nuage, composé de Nk
cesium 137/, s'étale ici du 26 avril au 9 mai.

La progression du nuage de Tchernobyl en une minute: youtu.be/k7BamEttHXo
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Figure 1. Snapshot of the high-resolution (0.1°) model field, taken at the end of the tracer injection
period (end of April, model year 0): shading indicates the thickness of the surface mixed layer (in m);

contouring illustrates the surface velocity field indicated by local stream lines.
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Figure 3. Sequence of relative surface tracer concentration during the first year from the 0.1° model

simulation; contour lines mark power of 10 intervals. youtu.be/vAUOOaL- ic
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Forcings and Feedbacks in Climate Models
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Figure T75.4.3 | Geothermal electric

www.ipcc.ch/pdf/special-reports/srren/SRREN_FD_SPM final.pdf



Global distribution of various ocean energy resources: (a) Wave power
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Lifecycle GHG Emissions of Photovoltaic Technologies
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Experimental NOAA/ESRL PSD and University of Colorado/CIRES Forecast

Years 2-5 Forecast Forecast: Jul 2014 to Jun 2018
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