llmastosysteemi ja
takaisinkytkentamekanismit

Sampo Saari
Fysiikan lehtori, PhD
TAMK



a

= Tampereen ammattikorkeakoulu

Tampere University of Applied Sciences Perjantai | yo

FORECA

LAHIPAIVIEN SAA

Imasto vs. saa N

S&aa = paikallinen olosuhde lyhyella aikavalilla _
llImasto = paikallinen olosuhde pitkalla aikavalilla 4
Globaali ilmasto = keskiarvo paikallisista ilmastoista ’}

« AP

Saaolosuhteisiin vaikuttaa seuraavat parametrit, joita voidaan mitata tai aistia:
 Lampdtila B
* Tuuli
« Sade

Kosteus

Pilvisyys

Valo (auringon sateily)

Nakyvyys
lImanlaatu

=> Vaikutus ihmisen ja biosfaarin toimintaan

Kuvat: Foreca.fi
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Historiallinen data (D,-proxy)

Vostok Ice Core: Temperature and CO2
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A Global-mean temperature (° C)

Fig. 3 Global mean surface temperature from the Temperature 12k database using d
methods. The fine black line is instrumental data for 1900-2010 from the ERA-20C r |
inset displays an enlarged view of the past 2000 years. See Fig. 2 for additional explan
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et Holoseenin keskilampotila (proxy)

Global-mean temperature composites (a) Comparison of Holocene global-mean temperature composites
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Sateilytasapaino ja kasvihuonellmio

« Maapallon energia paaasiassa peraisin C
auringon sateilysta (n. 340 W/m?) " ‘incoming solar reflected thermal outgoing
solar TOA TOA

« Osa sateilysta heijastuu pilvista ja Maan
pinnalta takaisin avaruuteen Albedon

(heijastuvuus) vaikutuksesta (n. 30%) 340
(340, 341)

» Osa sateilysta absorboituu (imeytyy)
iImakeh&an (n. 20%)

» Loput sateilystd absorboituu Maan pintaan
(n. 50%)
atmospheric

« Maan pinta luovuttaa lampda ilmakehaan ja : Bindow g
avaruuteen lampdsateilyn, konvektion ja = -
latenttil@ammon avulla

greenhouse
. o B _ solar absorbed latent heat &
« Maan lampdésateilysta suurin osa (n. 80%) atmosphere -
absorboituu ilmakehaan A i "

* llmakeha sateilee ja heijastaa _ reflected
lampdsateilya takaisin Maan pinnalle ja surface
avaruuteen => Kasvihuoneilmi6 84 20

« Maapallon séteilytasapaino (+muu (70,82 L

|Ammaonsiirto) vaikuttaa suoraan maan

pinnan Iémpt')tilaan solar absorbed evapo- sensible thermal thermal

surface ration heat up surface down surface

(Kuva: IPCC, 2014)
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I\/Iiké on merkittavin kasvihuonekaasu?

a) Hiilidioksidi
b) Metaani

c) Otsoni
d) Vesi

Pitoisuus
IImakehassa

~400 ppm

1.8 ppm

2-8 ppm
10000-50000 ppm

Vaikutus
kasvihuonellmioon

CO2 (20%

Pilvet (25‘

\esihoyry (50%)

(Schmidt, 2010)
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T) Tamporeen ammattioriedlouy Radiation Transmitted by the Atmosphere
0.2 1 10 70
KaSV| h uon ekaaS UJ en 2| Downgoing Solar Radiation Upgoing Thermal Radiation
. e . . E‘r 70-75% Transmitted 15-30% Transmitted
absorptio Maan satelilysta g
T
v}
o3
CO2 (20% al
Vesihdyry (50%) Visible | Anfrared

Percent

Pilvet (25%) (Schmidt, 2010)

 Vesihoyry absorboi (imee) maasta lahtevasta

infrapunasateilysta n. 50%, koska c —

. . v Carbon Dioxide
» Absorptioalue on laaja 5
L : Q

« H20 pitoisuus on suuri N ‘ A N\ Oxygen and Ozone
o

« Pilvien absorptio maan infrapunasateilysta on n. 25% = S sh Methane

cere - - . . vy - .. 2, l Nitrous Oxide

« Hiilidioksidi absorboi maan infrapunasateilysta n. 20% ch N A A
» CO2-pitoisuuden tuplaaminen (300 => 600 ppm) lisaisi k Rayleigh Scattering

absorptiota n. 10%, koska absorptio on jo osittain o 10 70
saturoitunut Wavelength (um)

O
o

Kuva: Wikipedia
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: s N (%)
» Auringon sateilyn heijastukseen (albedo) 100
vaikuttaa maan pintakerroksen albedo seké
iImakehan pilvisyys o
« Maapallon kokonaisalbedo on n. 0.3 — 0.35
 lImastomalleissa oletetaan yleenséa vakioksi = +
(0.3) SNOW CUMULUS
. -0 fresh STRATUS
» Maalla albedoon (0.1 — 0.4) vaikuttaa
kasvillisuus ja maapera (+rakentaminen) 60
» Merelld albedoon (0.06) vaikuttaa jonkin o ALTOSTRATUS
verran pinta-plankton =0 STRATUS |
« Keskimaarainen pilvisyys (pilvipeitto) on n. o = SAQEI
0.68 (Stubenrauch et al. ,2013) I'CE
. o D - 10
> Pilvet dominoivat Maan albedoa EA”EEI $OIL 1 pEseRT
. . . W
* Pilvisyyteen vaikuttaa: -0 CROPS
_ e - $ SAVANNA
 vesihoyryn maaréa solL Immnnws Kuva: NASA
° pllVIytImet (hiukkaset) 10 £ WATER Ii:’tk IFQHEET
* ilmakehan sekoittuminen

Kuva: https://en.wikipedia.org/wiki/Albedo



https://en.wikipedia.org/wiki/Albedo

“pemmmmee.. Aerosolit eli pienhiukkaset

IiImakehassa pilvipisaran muodostukseen tarvitaan pilviydin (CCN = cloud condensation nuclei)

Jadpilvien muodostukseen tarvitaan jaaydin (IN = ice nuclei)

Hiukkasilla merkittava vaikutus erilaisten pilvien muodostukseen ja sateisiin

Kuvat: https://phys.org/

I E AUialivVe

. => Vaikutus albedoon ja hydrologiseen kiertoon!!!

: . el Direct Radiative
Hiukkasten suora sateilypakote + jaatikot Forcing Forcing

Ihmisperaiset ja luonnolliset hiukkaset

Primaari- ja sekundaarihiukkaset
* Black Carbon

Oxidation o ¢

»>

H,SO,, MSA\'
T Oxidation
Sea-salt  Dimethylsulfide ’

“Forest Fires

R
-



https://phys.org/news/2016-03-scientists-discuss-complexities-tiny-particles.html
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Sateilypakote vs. lampotila

Carbon dioxide

Other well-mixed
greenhouse gases
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Stratospheric
water vapour

Albedo

Contrails & aviation-
induced cirrus
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Total anthropogenic

Solar

Change in effective radiative forcing from 1750 to 2019
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L X
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=
=
o
=
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|
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Figure 7.6 | Change in effective radiative forcing (ERF) from 1750 to 2019 by contributing forcing agents (carbon dioxide, other well-mixed greenhouse Figure 7.7 | The contribution of forcing agents to 2019 temperature change relative to 1750 produced using the two-layer emulator (Supplementary
gases (WMGHGs), ozone, stratospheric water vapour, surface albedo, contrails and aviation-induced cirrus, aerosols, anthropogenic total, and solar). Material 7.5M.2), constrained to assessed ranges for key climate metrics described in Cross-Chapter Box 7.1. The results are from a 2237-member ensemble.
Solid bars represent best estimates, and very fikely (5-95%) ranges are given by error bars. Non-CO: WMGHGs are further broken down into contributions from methane (CH.), Temperature contributions are expressed for carbon dioxide, other well-mixed greenhouse gases (WMGHGs), ozone, stratospheric water vapour, surface albedo, contrails and
nitrous oxide (N.0) and halogenated compounds. Surface albedo is broken down into land-use changes and light-absorbing particles on snow and ice. Aerosols are broken down  aviation-induced cirrus, aerosols, solar, volcanic, and total. Solid bars represent best estimates, and very fikely (5-95%) ranges are given by error bars. Dashed error bars show the
into contributions from aerosol—cloud interactions (ERFaci) and aerosol-radiation interactions (ERFari). For aerosols and solar, the 2019 single-year values are given (Table 7.8), contribution of forcing uncertainty alone, using best estimates of ECS (3.0°C), TCR (1.8°C) and two-layer model parameters representing the CMIP6 multi-model mean. Solid error
which differ from the headline assessments in both cases. Volcanic forcing is not shown due to the episadic nature of volcanic eruptions. Further details on data sources and bars show the combined effects of forcing and climate response uncertainty using the distribution of ECS and TCR from Tables 7.13 and 7.14, and the distribution of calibrated

processing are available in the chapter data table (Table 7.5M.14). model parameters from 44 CMIP6 models. Non-CO, WMGHGs are further broken down into contributions from methane (CH.), nitrous oxide (N,0) and halogenated compounds.
IPCC ARG6. Climate Ch ange 2021 Surface albedo is broken down into land-use changes and light-absarbing particles on snow and ice. Aerosols are broken down into contributions from aerosol—cloud interactions
) b
Physical Science Basis

(ERFaci) and aerosol—adiation interactions (ERFari). Further details on data sources and processing are available in the chapter data table (Table 7.50M.14).

| 10
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Ennusteet tulevalisuuteen

Global mean temperature near-term projections relative to 1986-2005
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Climate feedbacks
Ocean warming/freshening
Wind stress
Climate extreme events

Stratification change
Deoxygenatio

Strengthen air-sea CO, gradient
Biological C-pump

Anthropogenic
CO, removal (CDR)

the coupled Earth system. The anthropogenic CO, emissions, including land-use change, are partitioned via negative feedbacks (turquoise dotted arrows) between the

ocean (23%), the land (31%) and the airborne fraction (46%) of anthropogenic CO, that sets the changing CO, concentration in the atmosphere (2010-2019; Table 5.1). This
regulates most of the radiative forcing that creates the heat imbalance that drives the climate feedbacks to the ocean (blue) and land (green). Positive feedbacks (red arrows)

result from processes in the ocean and on land {red text). Positive feedbacks are influenced by both carbon-concentration and carbon—climate feedbacks simultaneously.
Additional biosphere processes have been included, but these have an as-yet-uncertain feedback impact (blue-dotted arrows). CO, removal from the atmosphere into the ocean,
land and geological reservoirs, necessary for negative emissions, has been included (grey arrows). Although this schematic is built around CO; (the dominant greenhouse gas),

Figure 5.2 | Key compartments, processes and pathways that govern historical and future CO, concentrations and carbon—climate feedbacks through
some of the same processes also influence the fluxes of CH, and N,0 and the strength of the positive feedbacks from the terrestrial and ocean systems.

Greenhouse effect

CO,

Airborne
fraction

—

Anthropogenic

L
COH Land use change

emissions

Fossil fuels

Geological storage

Takaisinkytkentaprosessit

Climate feedbacks
Warming
Water cycle changes
Climate extreme events

Y Soil respiration
Permafrost thawing
Erosion

O, fertilisation

Plant growth

Mutrient Interations
Freshwater processes
Fire regimes & other,
disturbances

Anthropogenic
CO, removal (CDR)

CO, sequestration

IPCC ARG, Climate Change
2021, Physical Science
Basis
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Figure 5.12 | Global carbon (CO.) budget (2010-2019). Yellow arrows represent annual carbon fluxes (in PgC yr-) associated with the natural carbon cycle, estimated
for the time prior to the industrial era, around 1750. Pink arrows represent anthropogenic fluxes averaged over the period 2010-2019. The rate of carbon accumulation in
the atmosphere is equal to net land-use change emissions, including land management (called LULUCF in the main text) plus fossil fuel emissions, minus land and ocean net
sinks (plus a small budget imbalance, Table 5.1). Circles with yellow numbers represent pre-industrial carbon stocks in PgC. Circles with pink numbers represent anthropogenic
changes to these stocks (cumulative anthropogenic fluxes) since 1750. Anthropogenic net fluxes are reproduced from Friedlingstein et al. (2020). The relative change of gross
photosynthesis since pre-industrial times is based on 15 DGVMSs used in Friedlingstein et al. (2020). The correspanding emissions by total respiration and fire are those required
to match the net land flux, exclusive of net land-use change emissions which are accounted for separately. The cumulative change of anthropogenic carben in the terrestrial
Teservoir is the sum of carbon cumulatively lost by net land-use change emissions, and net carbon accumulated since 1750 in response to environmental drivers (warming, rising
CO:, nitrogen deposition). The adjusted gross natural ocean—atmosphere CO flux was derived by rescaling the value in Figure 1 of Sarmiento and Gruber (2002) of 70 PgC yr!
by the revised estimate of the bomb radiocarbon (*C) inventery in the ocean. The original bomb *C inventory yielded an average global gas transfer velocity of 22 cm hr';
the revised estimate is 17cm hr' leading to 17/22*70=54. Dissolved organic carbon reservoir and fluxes from Hansell et al. {2009). Dissolved inorganic carbon exchanges
between surface and deep ocean, subduction and obduction from Lewy et al. (2013). Export production and flux from (Boyd et al., 2019). Net primary production (NPF) and
remineralization in surface layer of the ocean from Kwiatkowski et al. (2020); Séférian et al. (2020). Deep ocean reservoir from Keppler et al. (2020}. Anthropogenic carbon
reservoir in the ocean is from Gruber et al. (2019b) extrapolated to 2015. Fossil fuel reserves are from BGR (2020); fossil fuel resources are 11,490 PgC for coal, 6,780 PgC for oil
and 365 PgC for natural gas. Permafrost region stores are from Hugelius et al. (2014); Strauss et al. (2017); Mishra et al. (2021) (see also Box 5.1) and soil carbon stocks outside
of permafrost region from Batjes (2016); Jackson et al. (2017). Biomass stocks (range of seven estimates) are from Erb et al. (2018). Sources for the fluxes of the land—ocean
continuum are provided in main text and adjusted within the ranges of the various assessment to balance the budget (Section 5.2.1.5).
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Veden kierron ja merien takaisinkytkennat

Meriveden lampeneminen ja hiilidioksidin maaran lisdantyminen

+ Vaikutukset merien kasviplanktoniin ja ekosysteemeihin => biologinen hiilipumppu =>
lAmmittava/viilentava vaikutus

« Hiilidioksidia liukenee vAhemman lampim&an veteen, mutta hiilidioksidin pitoisuus
iimassa vaikuttaa lopulliseen tasapainoon => l|Ammittava/viilentava vaikutus

« Hiilidioksidin maara vedessa lisaantyy => karbonisaatio lisaantyy => hiilinielu kasvaa

Vesihdyryn maara ilmakehassa kasvaa
» Kasvihuoneilmi6 vahvistuu => lammittava vaikutus
* Pilvisyys voi lisdantya (riippuu aerosoleista myods) => viilentava/lammittava vaikutus
« Sateiden lisd&ntyminen tietyilla alueilla => tulvat, kasvien kasvun nopeutuminen,
hiilinielun kasvu => viilentava vaikutus

Kuivien alueiden lisaantyminen tietyilla alueilla => hiilinielu pienenee =>
lammittava vaikutus
Jaatikodiden sulaminen

* Albedon pieneneminen => l[ammittava vaikutus

* Merenpinnan nousu => rannikoiden ekosysteemit => |ammittava/viilentava vaikutus

« Termohaliinisen kierron muutokset (mm. Golf virran heikentyminen) =>
lammittava/viilentava vaikutus

u/§ Solar
"’r’fw\\‘u“‘“\\\ energy

Atmospheric CO,

' Phytoplankton,
through
photosynthesis,
produces organic

matter
¢ Plankton uses

carbonate
to produce
its limestone
protection

® Dead organisms sink
to the bottom of the
ocean

Carbon storage
by sedimentation

| —

Biological carbon pump
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Takaisinkytkennan parametrit (W/m?4/C)

Assessment of Climate Feedbacks
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IPCC ARG, Climate Change 2021,
Physical Science Basis
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Figure 7.10 | Global mean climate feedbacks estimated in abrupt4xC02 simulations of 29 CMIP5 models (light blue) and 49 CMIP6 models (orange),
compared with those assessed in this Report (red). Individual feedbacks for CMIP models are averaged across six radiative kernels as computed in Zelinka et al. (2020).
The white line, black box and vertical line indicate the mean, 66% and 90% ranges, respectively. The shading represents the probability distribution across the full range of GCM/
ESMwalues and for the 2.5-97.5 percentile range of the AR6 normal distribution. The unit is W m-* °C-". Feedbacks associated with biogeophysical and non-C0, biogeochemical
processes are assessed in ARG, but they are not explicitly estimated from general circulation models (GCMs)/Earth system models (ESMs) in CMIPS and CMIP6. Further details
on data sources and processing are available in the chapter data table (Table 7.5M.14). | 15
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Yhteenvetoa ilmastosysteemikoulutuksesta

1) Mita historia opettaa: Maapallon pintalampdtila talla - o o
hetkella samaa luokkaa kuin n. 6000 vuotta sitten " solar TOA o TOA
nykyisella Holoseeniajalla )’ ,

2) llmaston lampdtilaan vaikuttavat keskeiset tekijat:

» Auringon sateilyn muutokset

« Albedo (pilvet, maanpinta) | | ' 9 aifesphorc
« Aerosolihiukkaset (BC, CCN, IN) ' ’ R N
 Ilmakehin absorptio (vesi, hiilidioksidi, metaani, ...) "aimospners. p “’g
* llmakehan herkkyysparametri (1) = "takaisinkytkennéat” ol 185 84 fé’f'gcted
3) llmaston takaisinkytkentamekanismit ovat hyvin moninaisia, _ 8420
ja ne voivat joko kiihdyttaa tai jarruttaa ilmaston |
. . . eI s . L 9 : solar absorbed evapo-  sensible thermal thermal
|ampenem|3ta. Ta”a hetke”a nettovalkutus On negat”VInen. surface ration heat up surface down surface
4) limastomallit sisaltavat vielda melko paljon epavarmuuksia, (Kuva: IPCC, 2014)

joita pitdisi saada pienennettya, jotta ennusteet ja niiden
vaikutukset poliittisiin paatoksiin, markkinatalouteen ja
jokaisen ihmisen arkeen olisivat kestavalla pohjalla

| 16
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Pohdittavaa

* lImastonmuutos ja sen takaisinkytkentamekanismit on valtavan laaja, monimutkainen ja
dynaaminen kokonaisuus, jota on hankala mallintaa, ymmartaa ja opettaa. Miten siita saisi
paremmin kopin?

 Uutta tietoa ja ymmarrysta saadaan koko ajan lisda, mutta monet prosessit sisaltavat
edelleen paljon epavarmuutta. Miten hallitsemme tiedon tulvaa ja miten pystymme
toiminaan talla kaltevalla pinnalla?

« Kokonaisuuden ymmartdminen on avainasemassa, kun pohditaan erilaisia ratkaisuja ja
niiden paastdja mm. energiatuotannossa, maa- ja metsataloudessa, maankaytossa,
liikenteessa, kalastuksessa ym.

 Voidaanko luonnollisia ilmaston lampenemista hidastavia takaisinkytkentaprosesseja
tehostaa ja liittyykd niihin riskeja? Esim. metsittaminen, soiden ennallistaminen,
aerosolihiukkasten ruiskuttaminen ylailmakehaan.

* Yhtena valopilkkuna on hiljattain uutisissa mainitun ison valliriutan tilanne, eli se on talla
hetkella laajimmillaan kaikkien aikojen mittauksissa. Eli luonto pystyy myos eheytymaéaan,
kun tehdaan oikeita toimenpiteita.

| 17
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Pohdintakysymyksia (pienryhmissa)
Millaisia haasteita/tarpeita/kysymyksia teillda on noussut esiin seuraaviin teemoihin liittyen?

1. Oman osaamisen paivittdminen ja ilmastoon liittyvan kokonaisuuden hahmottaminen takaisinkytkentoineen.
« Ymmarranko kokonaisuuden vai onko se sekamelska yksittaisia ilmidita?
*  Mika auttaisi kokonaisuuden hahmottamisessa?
« Aika, kannustimet, koulutuksen ja aiheeseen liittyvadn materiaalin saatavuus.

2. llmastoteemaan liittyvan tiedon etsinta ja luotettavuuden arviointi.
«  Miten tiedon lahteen tausta vaikuttaa luotettavuuteen?
«  Mitka ovat luotettavia lahteita?
*  Miten erotan ilmastosta johtuvat ongelmat muista ihnmisen aiheuttamista paikallisista ymparistdongelmista?

3. llmastonmuutoksen medialukutaito.
*  Miten erotan faktat mielipiteista ja tulkinnoista?
«  Miten hahmotan tunnepohjaisen ja faktapohjaisen argumentoinnin?
«  Mita tulevaisuuden uhkakuvat vaikuttavat median/omaan/someryhmén kayttaytymiseen?

4. llmastohaasteiden ja ratkaisujen sisallyttdminen omaan opetukseen.
«  Mita aiheita valitsen ja miksi?
«  Miten voin vahvistaa tulevaisuuden toivon nakbdalaa?

Kaikkia néaita teemoja kasitelladn syvemmin OPH:n koulutuksessa. [Imoittaudu mukaan! | 18
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