EDAIQIH XTH ®Y2XIKH THY ATMOXDPAIPAY

En. Kaf. Xpijorog Téavnyg

chtzanis@phys.uoa.gr

I'" g&aunvo
Tunua DPvoixing

EOviko kou Kamooiorpiaxo Hlavemiornuio AOyvay



Eiwcaymyn oty puvoikny ths atuocpoipags

» H atuocopaipa tys ync

» To meoio PapvTytos ™S YNS

» Atuocoaipiky ynuiky cvoeracy

» Ilpoélcvan tyg atuocpaipag

» Metafoin Tty Ospuokpaciac ue to vywoc - ATUHOCPAIPIKES TEPLOYES
» Metafol Ty padeg ue to vywog

» Ouoocpaipa kar Etepocoaipa

» Eémcopaipa

» lovécoaipa

» Mayvytocoaipa



H atuoocpaipa tng yns

» Atuocpaipo (c16aymyika ctolyeia)
» Ouoiocpaipa

» Etepoocpaipa

» E¢aocpaipa

> 0poon THS ATUOCPAIPAS

X. Xaioovnng, Ewcaywyn oty Atuocpaipiky Pooikn

TR
T
>
T
M
~
!
/

_____

-
-

-

~

=
S
©
=
=
e
[
=

opoGcPUIpa

500

16

20 24 28
Méoco Moplaxod Bapog, g/mol

32



To meoio PapvTntas T™ys ync

Fe_ GZ\JZEm ;
p
M. .
g=—-G—=£r
2
GM Eo

g= =2
R.°(1+z/R,)* (+z/R;)’

20=GMz/R¢

g=g,(1 —2z/Ry)



»E ) Z
VEPYOS EMTAYVVOY THS fopiTnToS
g¥=g + O*r |

_ GM,
R, (1+z/R,)’

*

2
Q27 (R, +2)cos” @




» 'ewdvvauiko D(z) = I ad-=
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z (km) Z (km) g (m/s?)
0 0 9.81
1 1.00 9.80
10 9.99 9.77
100 98.47 9.50
500 463.6 8.43
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Northern spring/ Northern winter/
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2".June ..................................... 2‘|. December
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Autumnal equinox, b Equator
September 22 £ il
S

Winter solstice, ] = Summer solstice,
December 21 == S—=u v June 21

66727 (Arctic Circle)
North Pole —— J

Earth's orbit

Vernal equinox,
March 20

High sun

Low sun

Upper limit of /

atmosphere

Ahrens, 2009




The apparent path of the
sun across the sky as
observed at different
latitudes on the June
solstice, the December

solstice and the equinox.
(Ahrens, 2009)

() Tropic of Cancer, 2312°N (e) Equator, 0° (f) Tropic of Capricorn, 2312°S

LATITUDE MARCH 20 JUNE 21 SEPT. 22 DEC. 21
0° 12hr  120hr  12hr 12.0 hr
Length of time from sunrise to ' fehe tzehe ek
sunset for various latitudes on 2 12hr  132hr  12hr  108hr
different dates in the Northern — 30° 12hr ~ 139hr  12hr 10.1 hr
Hemisphere. (Ahrens, 2009) 40° 12hr  149hr  12hr 9.1 hr
50° 12hr  163hr  12hr 7.7 hr
60° 12hr  184hr  12hr 5.6 hr

0z 12 hr 2 months 12 hr 0 hr

80° 112 iy 4 months 12 hr 0 hr

90° 12 hr 6 months 12 hr 0 hr



O1 kvkiot tov Milankovitch

» Kvxlog tnc ekkevipoTntog
» Kvxlog tnc Aoéwong
» Kvxloc thc uetdntwons

Milankovitch Cycles

Precession
26 000, 21 000
VCEIG

Obliquity of Ecliptic
41 000 Years

Grobe H., https://commons.wikimedia.org/wiki/File:Milankovitch-cycles_hg.png
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10— Maximum tilt
|

Axis in
approximately

g 11,000 years

January

(c) Conditions in about 11,000 years Ahrens, 2009
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Méoco Mopuako Bapog, g/mol

z(km) |T(K) |p(kgm') |p(Pa) n(m”) n(g/mol) | %, (m)
0 288 1,23x10" | 1,01 x10" | 2,60 x10” | 28,9 6,6x10°° .
2 275 1.01 <10° | 7.95 <10° | 1.87 <10 | 28.9 8.1 x10° 500
4 262 8.19 x107 [ 6,15 x10" | 1,41 x107 | 28.9 9.9 x10° .
6 250 6,60 x10" | 4,70 x10* | 1,08 x10* | 28.9 1,2 107
8 236 526 x10" | 3,57 x10" | 7,80 x10"* | 289 1,6 x107 400
10 223 4,14 10T ] 2,65 x10" | 8,60 x10™" | 28.9 1,9 x107
20 217 8,89 x10= | 5,53 x10° | 1,85 x10** | 28,9 9,1 x107 i
30 231 1,79 x10® | 1,19 x10° | 3,70 x10* | 28,9 4.0 x10° E 300 —
40 260 4,01 x10° | 3,00 x10° | 8,30 x107 | 28.9 1.6 <107 =
50 283 1,08 x10° [ 9,00 x10" | 2,30 x10™ | 28,9 4.9 %107 3 7
60 245 3,70 x10™ | 2,25 x10" | 7,53 x107' | 28,9 2,7 x10™ 5“3’ 200 4
70 173 9,40 x10° | 4,70 x10° | 1,96 x10°" | 28,9 6,7 x10™ ! o
80 168 1,36 x10° | 6,60 <107 | 2,84 x10° | 28,9 4.1 =107 -
90 176 1,88 x10° [ 9,50 x10™ | 3,90 x10™ | 289 6,5 x10™
100 210 2,80 <107 [ 1,74 x107 | 6,00 x10™ | 28.8 1,6 x107 100
140 175 4,70 x10” | 1,04 x10™ | 1,07 x10"" | 27.2 2,2 x10 |
180 1150 7,70 x10™° | 3,10 x10™ | 2,00 x10'® | 26.2 1.2 x10°
220 1295 2,70 x10™" [ 1,20 x10™ | 6,60 x10"° | 249 3,5 x10° 0 ———
260 1375 | 1,12x10"" | 6,40 x10° | 3,30 x10"” | 23.8 8,3 x10° 16 20
300 1430 5,70 x10™" | 3,60 x107° | 1,80 x10"° | 22,6 1.8 x10°
400 1485 1,38 x10™ [ 9.80 x10° | 4,70 x10™ [ 19,9 8.6 x10°
500 1495 4,10 x10™ | 2,90 x10° | 1,40 x10"* | 17.9 3.2 x10*
log (P), Pa log (4), m
-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 -¥0 -50 -30 -l10 1.0 3.0 5.0
BOO b b e BOO e e
450: o 450—- o
400 - L 400 L
B:‘:D—_ o 350—_ -
= BUD—- o BDD—- -
2 250 L 250 4 C
w200 - L 200 L
150 - - 150 L
100 4 - 100 L
50 - - 50 -
D-.....................'7.- CI-'.....................
—-120 —-100 -80 -80 —-40 -20 00 140 18.0 180 200 220 240 2680

log (p), kg/m’

log (n), m™
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Atuocoaipikny ynuikiy cvcetocy

» Ouoiocpaipa

» Etepoocopaipa
2V6TUTIKO Mop. Bapoc | Avairoyia

1 | Aloto (N) 28,02 78,08 %

2 | O&vyovo (O,) 32,00 2095 %

3 | Apyo (Ar) 39,94 0,93 %

4 | Yopartpoi (H,O) 18,02 0,01-5 %

5 | Awé. AvBpoka (CO,) | 44,01 400 ppm
6 | Néo (Ne) 20,18 18 ppm
7 | Hiwo (He) 4,00 5 ppm
8 | Kpurto (Kr) 83,70 1 ppm
9 | Yopoyovo (H,) 2,02 0,5 ppm
10 | Olov (Os) 48,00 1-12 ppm

Yyog, km

500

400 - B

300 —

200 |

100 —

0

16 20 24 28 32
Mé£oo Moplakd Bdapog, g/mol



Urban or Regional or Synoptic to

t=— Inter-hemispheric

Mixing Time

~—Intra-hemispheric
Mixing Time

" Boundary Layer

Mixing Time

Microscale | Local scale Mesoscale | Global scale
N /Long-lived
100 yr | Species ..CFCs\
| NO |
®cH,ccl, |
\®CH.Br
o VI —— \_S HsBr
— Moderately Long
(}? / Lived Species ® COo |
_ | Aerosols |
= | Trop O
o ) 3
a SO [
®
C3Hg
l o DMS !
thi- _ @CHs /
/S;hort-lived A\
| Species CH |
100 'l_ .. 3%2
HO, |
| eNO,
1's | @OH | L/ | | ! l
Im 10m 100m 1lkm 10km 100km 1000 km 10,000 km

Spatial and temporal scales of variability for atmospheric constituents. (Seinfeld and Pandis, 2006)

Spatial Scale



» XvoeTatikd mov wepiEyovy Ocio

*H,S (vopobsio)

*DMS (oweOviocovigioo, CH,SCH ;)
(S, (010ciavOparag)

*OCS (rkapfovviiko covipioio)

*S0, (010é¢eidro Tov Ociov)

*H,50, (Ociixé o), k.Ax.

» 20eTaTIKd ToU TEPIEYOVY d{OTO

*N,0 (vmoleidio Tov alwdrov)
* NO (novolciéio tov alwrov)
*NO, (d10éeiono tov almtov)

*HNO; (vitpixo oév)

*NH; (opuwvia), k.Ax.

» 206TaATIKG TOV TTEPLEYOVY dvipaKa

* NMHCs (un uelovixoi vopoyovavipareg)

*CH, (u&bavio)

* VOCs (mTnTIKES 0pYOAVIKES EVAOGEIS)

* Bioyeveig vopoyovavOpaxkeg (m.y. iconpévio, CsH )
*CO (uovoéeiowo tov avlpara)

*CO, (d10é€iono tov avlpaka), k.Am.

» 206TATIKG, TTOD TTEPIEYOVY ALOYOVOL

>0, (6lov), OH (vopolviio), k..



Awoéeioro tov avlparxa

Components of the Global Carbon Cycle

.,?-
7 Sugars
0, Lipids

Plant cell

Plant photosynthesis.
Plants convert atmospheric CO,
into organic compounds used to
build plant biomass.

Carbon flow
in plants.
Regulatory networks and
biochemical pathways
control how much
organic matter is
released as CO, from
respiration and how
much accumulates
belowground in roots
€0, and aboveground in
leaves and stems.

Root-microbe interactions.

Chemical exchanges among plant roots, soil
microbes, and fungi influence nutrient and water
flows, plant productivity, and soil carbon content.

< ©o o Microbes
~ )
Root —2 RO
N *° . Soil
N = . particle

o(/‘i 25 fvssé,jopo
S8 S,

Fungal Soil NN Soil O
hyphae particle (%OO particle
O o

Movement of carbon between land, atmosphere and oceans. Yellow numbers are natural fluxes, red are human contributions

Atmosphere
(800) .

ly +3
PhotosynthesiS

Fossil Euels,
cement, and
Iandruse
change

Net terrestri

uptake
3 icrobial
respiration and

Soil carbon decomposition

Soil
(2300)

Fossil pool
(10,000)

Microbial respiration and decomposition.

Bacteria and fungi decompose plant litter (remnants
of roots, leaves, and stems) into organic compounds,
inorganic nutrients (nitrogen, phosphorus), and CO,.

(/ \k\_
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A o
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e 0V
Plant o % =
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microbes o
Organic compounds

Phytoplankton
photosynthesis

Atmospheric
Carbon Net
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Surface ocean

(1000),

Respiration
and
decomposition

Net ocean
uptake
2

Deep ocean
(37,000)

Reactive sediments
(6000) Y66-02-0340aR3

Soil organic matter formation.

Enzymes released from microbes transform plant
litter into diverse soil organic compounds that have
different structures and residence times in soils.

Enzymes
Soil organic matter

Phytoplankton photosynthesis.
Algae and photosynthetic bacteria form
the base of the marine food chain by
converting dissolved CO, into energy-rich
organic compounds that make up

living cells.

Phytoplankton

Consumption and respiration of sea life.
Carbon in phytoplankton is consumed by higher
life forms that respire CO,.

co,

o) jon of or

' of dead organisms, coccolithophore shells, fecal
pellets) forms small, degradation-resistant clumps
(marine snow) that sink to the sea floor.

.Co,
Nitrogen
Phosphorus o :
v n Marine snow
DAY A
vl ey

and white numbers indicate stored carbon. (U.S. Department of Energy Genomic Science program, hitps://genomicscience.energy.gov/)
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(a) Globally averaged combined land and ocean surface temperature anomaly

T e S (a) Annually and globally averaged combined
02} i land and ocean surface T anomalies relative to
of - the average over the period 1986 to 2005.
o 02| . Colours indicate different data sets.
< -04p T (b) Annually and globally averaged sea level
05 ] change relative to the average over the period
08 | 1986 to 2005 in the longest-running dataset.
1850 190 1950 2000 Colours indicate different data sets. All
b) Gl sversged s lavel dhages datasets are aligned to have the same value in
M 1993, the first year of satellite altimetry data
0.05F 1 (red). Where assessed, uncertainties are
of w / . indicated by coloured shading.
005} ~ M’?” i 1 (c) Atmospheric concentrations of (CO,,
sl “/.: | green), (CH,, orange) and (N,O, red)
. 3\.‘( ] determined from ice core data (dots) and from
ogle o direct atmospheric measurements (lines).
1850 100 1950 2000 (IPCC, 2014)
() Globally averaged greenhouse gas concentrations
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Emitted Resulting atmospheric Radiative forcing by emissions and drivers Level of
compound drivers confidence
| ' | ' |
g8  CO, CO, ! ! ' 1.68[1.33t02.03] | VH
g | | :
[11]
_§ CH, CO, H,0* O, : : : | 0.97 [0.74 to 1.20] H
: Halo | | | | | |
o - A
E carbons O, CFCs HCFCs [ | | | | | 0.18 [0.01 to 0.35] H
E | | | | | l
2 NO N,O : : : : : : 0.17[0.13t0021] | VH
o | | | I
< Cco Co, O, | | : | : | 0.23[0.16100.30] | M
g Lé | | | | | |
£/8§ NMvOC | CO, 0, | | | | | ! 0.10[0.05t00.15] | M
< | | | | | |
8 NO, Nitrate 0, | | | ! | | 0.15[-0.34100.03] | M
=) ) | | | | | |
3 | | | |
2 Aerosols and | wineral dust | |
© Precursors | Organic carbon Black carbon | | | 0.27[-0.77t0 023] H
& (Mineral dust, | | | | | |
,NH,, _ : |
Organic carbon Cloud adjustments l * | | | | -0.55[-1.33 t0 -0.06] L
and Black carbon) | dUe to aerosols | , | | | |
| | | i
Albedo change | |
| -0.15[-0.25t0 -0.05
due to land use ! ! 1 | ! | | 19[02510-0051) M
—_ I I | T |
g Changes in | | | |
k| solar irradiance | | t’{ : | : | e
2.29 [1.13 10 3.33]
: 2011 H
Total anthropogenic |
. 1980 | 1.25 [0.64 to 1.86] H
RF relative to 1750 |
1950 | 0.57[0.29t00.85] | M
| | | | |
—1 0 1 2 3
IPCC, 2013

Radiative forcing relative to 1750 (W m—)
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Radiative forcing

P Water Vapor & Radiative Processes

per 1 km thick layers Shading indicates June average H,0
at 35°N for observed mixing ratio: Minimum values are
strratospheric H,0 shown in light blue

decrease

Contours show June average
temperatures: coldest temperatures
are just above the tropical tropopause

W/m?2
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Condensation

Evaporation

Ahrens, 2009

_ Atmosphere
N 12.7
\\ Ocean to land
’ \\\ Water vapor transport

40
> —
@ / -/
'S /// /'/Léld
oy / /' Precipitation
/% : o 113
Ocean

l;;e;:pltat/on Evaporation, transpiration 73

Ocean 30 Tand Vegetation

Evaporation 413
Rivers
-— Lakes

178
Surface flow
(40)

Soil moisture
12

Qcean =W 8 The hydrological cycle.

el
Groundwater 22
15,300 (Trenberth et al., 2007)

Units: Thousand cubic km for storage, and thousand cubic km/yr for exchanges



Water in major global reservoirs. (Seinfeld and Pandis, 2006)

Reservoir Volume of water, km> Percentage of total
Oceans 1,370,000,000 97.25
Glaciers and ice sheets 29,000,000 2.05
Underground aquifers 9,565,000 0.69
Lakes 125,000 0.01
Rivers 1,700 0.0001
Atmosphere 13,000 0.001
Biosphere 600 0.00001
Total 1,408,705,300 100
Water fluxes between reservoirs. (Seinfeld and Pandis, 2006)
Reservoirs Process Flux, km? yr—!
Ocean—atmosphere Evaporation 400,000
Precipitation 370,000
Land masses—atmosphere Evaporation 60,000
Precipitation 90,000
Land masses—ocean Runoff 30,000




Atuocpaipika couatiola

» Aerosols
» Particulate matter (PM) Diesel soot
particle ) Solid elemental
, , , . o carbon spheres
» MéyeOog arwpovuevmy couatidimy N .
/‘ o ; > ) ¥ Surface sulfate
> Moppéc aimpobuevmy couatioiwy podsimalna il ‘%
> Hpyés
/ -

Surface-absorbed /
adsorbed organics

> Anutovpyia Tmv coUATIONWY
"HIObpY H Finlayson-Pitts and Pitts, 2000

» Amouaxpoven (Eypn -Yypn evanobeon)
» Xnuikn cvoraony
» Ioiotnres

» Emopaoceig

Lietal, 2016



Fine Particles (Ijoarse Partigles
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Typical number and volume distributions of atmospheric particles
with the different modes. (Seinfeld and Pandis, 2006)
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Terminology relating to atmospheric particles. (Seinfeld and Pandis, 2006)

Aerosols, aerocolloids, Tiny particles dispersed in gases
aerodisperse systems
Dusts Suspensions of solid particles produced by mechanical disintegration
of material such as crushing, grinding, and blasting; D, > 1 um
Fog A term loosely applied to visible aerosols in which the dispersed phase
is liguid; usually, a dispersion of water or ice, close to the ground
Fume The solid particles generated by condensation from the vapor state,

generally after volatilization from melted substances, and often
accompanied by a chemical reaction such as oxidation; often the
material involved is noxious; D, < 1 um

Hazes An aerosol that impedes vision and may consist of a combination of
water droplets, pollutants, and dust; D, < 1 pm
Mists Liquid, wvsually water in the form of particles suspended in the

atmosphere at or near the surface of the Earth; small water droplets
floating or falling, approaching the form of rain, and sometimes
distinguished from fog as being more transparent or as having
particles perceptibly moving downward; D, > 1 pm

Particle An aerosol particle may consist of a single continuous unit of solid or
liquid containing many molecules held together by intermolecular
forces and primarily larger than molecular dimensions (>0.001
um); a particle may also consist of two or more such unit structures
held together by interparticle adhesive forces such that it behaves as
a single unit in suspension or on deposit

Smog A term derived from smoke and fog, applied to extensive contamina-
tion by aerosols; now sometimes used loosely for any contamina-
tion of the air

Smoke Small gasborne particles resulting from incomplete combustion,
consisting predominantly of carbon and other combustible materi-
als, and present in sufficient quantity to be observable indepen-
dently of the presence of other solids. D, > 0.01 um

Soot Agglomerations of particles of carbon impregnated with “tar,” formed
in the incomplete combustion of carbonaceous material




Global emission estimates for major aerosol classes.

Estimated Flux,

Source Tg yr_l
Natural
Primary
Mineral dust
0.1-1.0 pm 48
1.0-2.5 um 260
2.5-5.0um 609
5.0-10.0 pm 573
0.1-10.0 pm 1490
Seasalt 10,100
Volcanic dust 30
Biological debris 50
Secondary
Sulfates from DMS 124
Sulfates from volcanic SO, 20
Organic aerosol from biogenic VOC 112
Anthropogenic
Primary
Industrial dust (except black carbon) 100
Black carbon 124
Organic aerosol 814
Secondary
Sulfates from SO, 48.6°
Nitrates from NO, 21.3¢
“Tg C.
"Tgs. Seinfeld and Pandis, 2006

“Tg NO;.



Chemical conversion
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Mass concentrations and composition of tropospheric aerosols.

(Seinfeld and Pandis, 2006)

Percentage Composition

Region Mass (ugm™°)  Celem) Corg) NHY NO; SO

Remote (11 areas)” 4.8 03 i1 7 3 22

Nonurban continental 15 5 24 11 4 37
([4 areas)®

Urban (19 areas)” 32 9 3] 8 6 28

Rubidoux, California® 87.4 3 18 6 20 6

(1986 annual average)

Gas Phase

Gas phase diffusion

Diffusion

Bounce into bulk

off — Evaporation

Reaction

Products

e
Reaction at inte®®”

r/ \L\ Products

Finlayson-Pitts and Pitts, 2000

Solid elemental
carbon spheres

.
L4 .
.’ K
LT A o ....... y -
ey * o0

/.o ..: .
Gas phase 0,7
organics : o

+
LA
M

- O
0% Surface sulfate

O

Surface-absorbed / / T N
adsorbed organics

Diesel soot particle. (Finlayson-Pitts and Pitts, 2000)
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2TPATOGCPAIPIKA AIMPOVUEVA cuaTiONd (aTpwua Junge)

Aonpinn Kot evour couoTibioy we o=0,15um (leyoha ¥ouL yivovreg)

Népog Junge (1961)

t-pryvag, gpivioe

t~lefdopadn

BD GO 40 20 0
EOpCio NTWypaPikd NMAATog (4)

‘Edogog: O2xeovoe: 1(]:‘|:¢-a-u,y‘t:1|1l3
Hrewp otucty meprog: lﬂ4nmp.l’l:m3
Tibag: 10°cop/em®

2YNUOTIKO  OLOYPOLUUG. TOD OIPWUCTOS TWV GEpoivuaTwy (otpauc Junge) oe
OUVOPTHON UE TO OTUOCPOIPIKO VYOS KO TO YEWYPOPIKO TAATOG. (Bapwtoog, 2001)



Reflected
solar flux

Heating due to
Reactions absorption of
on cloud energy from the
particles Earth and lower
destroy ozone  atmosphere

STRATOSPHERE
(net warming)

Tropospheric Aerosols
(Lifetime 1-8 Weeks

TROPOSPHERE
(net cooling)

Schematic of how large tropical or sub-tropical volcanoes impact upper atmospheric
(stratospheric) and lower atmospheric (tropospheric) temperatures. (IPCC, 2013)



Etepocopaipa

O, +hv— O+0(A<0.2424pm)
N,+hv— N, 5> N+N (k< 0.127 um)
NO+hv— NO™+ e (A<0,1341um)
O, +hv— O] +te (A<0,1026 pm)
O+hv—>0"+e (A<0,0910um)
N+hv >N+ e (A<0,0852um)
N, +hv > Nj+e (A<0,0796um)

Heproyn ¢aspatog DdaopoTikig Kiraopa
Codvn pkovg NMaKiS
KUPNGTOS A, UM gkmopmic, %
Axtiveg X 1<0,01 0,00005
Axpoio vIEPIOOES 0,01<2<0,10 0,0003
Muokpvo vrepindeg 0,10 <A<0,20 0,01
Yrepiodeg UV-C 0,20<A< 0,28 0,5
Yrepivdeg UV-B 0,28<2<0,32 1,3
Yrepiodeg UV-A 0,32<0<0,39 6,2
Oputod 0,39<3<0,76 39.0
Kovtvé vrépubpo 0,76<0<4,0 52,0
Oepiko vrEpvopo 4,0<3<100,0 0,9
Moxpvo vrepvdpo 100,0<2<1000,0 | 0,09
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Magnetotail
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William Crochot, http://science.nasa.gov/newhome/headlines/guntersville98/images/mag_sketch_633.jpg



Hpoéievon tys atuocpaipas

> Anuiovpyio aTHOGCPAIPOS UE CHUEPIVE] CVCTACH
» AlwTo (N,)
» O&vyovo (0,)

» Yopoyovo (H,)

> Evy 8v1i aé i | ;?Graflmé Mop. Bapog | Avairoyia
1 | Alwto (N») 28,02 78,08 %
2 | Ovyovo (O,) 32,00 20,95 %
» Yroioina aipio 3| Apy6 (Ar) 39.94 093 %
4 | Yopoatpoi (H,O) 18,02 0,01-5 %
5 | Al Avbpoxa (CO,) | 44,01 400 ppm
6 | Néo (Ne) 20,18 18 ppm
7 | Hao (He) 4,00 5 ppm
8 | Kpvrro (Kr) 83,70 | ppm
9 | Yopoyovo (H,) 2,02 0,5 ppm
10 | Olov (05) 48,00 1—-12 ppm




"Yyog, km
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» XTparoceaipa

» Meaocoaipa
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Ahrens, 2009



Ocpuoocpaipa
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Ocpuoovvauikng Tys ATUHOCPAIPAS

» Egapuoyn tawv vouwv 10avik@v agpimv 6tov aspa
» Ilapauctpot vypacios
" Amwolvtn vypacia
» Eidikij vypaoocia
" Avaloyia puiyuatog
» YYeTiKn vypacia
» Avtietoyn Ospuoxpacio
» Yyouerpikn elicwon
» Ocpuoovvauika allOUATO KAl EQAPUOYY CTHV ATUOCPAIPO.
» Eicwon Clausius—Clapeyron
» Ocpuoovvauikés uetafoléc agpiwv ualmv
" 2YNUATICUOS OPOGOV, TAYVYS KAl OUIYANS
" Aowafatikés uetaforés

» Kopeousveg aorafatikés Kat wevooaolafatikés uetoforés



Epapuoyn twv vouwyv 10avik@v agpimy atov aspa
k=2 wr
pV =NKT
pV =MRT =nR'T
P=DtP, TPyt -t P
Doc =2 P; = P,RA

M. +M, N
p T V _pé: pu
p;: = /O;:Ré:T €= pURUT
R.
g=—=F0_062

Ru iuf



Hapauetpor vypaciog
» Yypacoia
» Kardoraocn kopov

» Taon kopov (e,) (1] Tdon KOPEGUEVOY DIPATUMDY)

de, Le,
Ediocwon Clausius-Clapeyron = >
dI' RT
I e T, e
Water Water

AKOPEOTOC AEPAC Kopeopévocg agpac



Amoivty vypacia

p,=M /V
p, = (e/R]T)

/OUS — (es /RUT)

C-C — 651-' — ‘/41" eXp o _1

T Amoivty | T Améio)
(°C) | Yypaosia | (°C) | Yypooia
(g/m’) (g/m’)
—40 | 0.12 0 4.84
—35 0.20 5 6.79
—-30 | 0.34 10 9.40
—25 0.55 15 12.8
-20 | 0.89 20 17.3
—15 1.40 25 23.0
—10 | 2.15 30 30.3
—05 3.26 35 39.5
0 4.84 40 51.1




Ewkn vypacia

M. M, (M V) P,
(f = — — — .
M M.+M, (M./[V)+(M,JV) p.+p,
{EJ ( He }
a_ !()LJ . RUT R}:{T _!J‘U e .
P+ P, p. e 752 , Me Ho po+(u,/p)e
RT RT| \R*T R*T
- c ~0.62—~
p-(-p,fu)e p—-0378e¢
o =0,6225

P



Ewwkn vypacia

p (mb) | 1000 900 800 700 600 | 500
T(°C)
—40 0.11 0.13 | 0,14 |0.16 | 0.19 | 0.23
—35 0.19 0.21 0.24 29 | 032 |0.39
-3 0.31 035 039 |045 |0.52 | 0.63
e ~25 0.50 0.55 | 0.62 |0.71 |0.83 | 1.00
0.622 5 ~20 0,78 0.87 | 098 1.12 | 130 | 1.56
L , ~15 1,20 1.33 1.49 1.71 1.99 | 2.39
P 0,3 78&5 ~10 1.79 1.99 | 2.23 2.55 | 298 |3.58
-5 2.63 292 | 329 |3.76 |439 |5.27
0 3.80 423 | 476 |544 |635 |7.62
5 5.44 6.05 | 6.81 7.79 | 9.09 | 10.9
10 7.67 8.53 | 9.60 11,0 |12.8 | 154
15 10.7 11.9 13.4 153 | 17.9
20 14,7 16.3 18.4 | 21.1
25 20.0 222 | 25.0
30 26.9 299 | 33.7
35 35.8 39.8
40 47.3
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2YETIKI vypacia

. w
h=100— %
W

5

;I #
h =100 =100-< 9%
.I'(:IU.S' 8.5

» Znueio opooov (Ts) — ociktng avlpomivig dvapopiag



Avtietoryny Ospuokxpacia

I

T =
1-(e/ p)l—¢)

Koraorotikn eciowan vypov aspo — P = pR 57‘:’
T, = T(1+ 0.61w)

R,=R.(1+0.61w)



Ywouetpikn elicwon

R.T
) H ln(
8o P> P>

Zz_ Zl

H,=R.T, /gy= 293 T,— khiuakxa vyoovg

» Avoywyn e wieons oty empaveia s 0aiocoos

=H, In(p,/ p,) —

g2,
=)

ex Z/H ex
Po=p,exp(z,/ H)) = p, p(RT
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Ocpuodvvauiki) Tyg atuocpaipos - Ospuoovveuikd astouota.

dQ =dU +dW
dq = du + dw

dW = Fds = pdV
Eidko épyo — dw= pduv

Ewoikog oykog — v=V/M=1/p




dq =cdl

dT
dg=c,dl + pdv
dq=c,dl'—vdp  (c,=¢,TR)

d
dq=du=c, dT (_q} c,

» IooPapiic puetafolii (dp=0) — dq = deT = (Cp /c e, dl’ = (Cp /¢, )du
» lo00epun netafolsy (dT=0) — dqg = pdv = —udp = dw,
» lodywpn uetafolij (dv=0) — dq = Cud I'=du

> Adwafatirij puerapois (dqg=0) — c d1 =—pdv
c,d1'=uvdp



> Adwafazikny uerofloii

Eéicwon Poisson — T = ];) ( p / po):c

k==l v Se (k,=0.286)

Cp Cp Cp

Avvytikn Ospuoxpacia — A = T[&} _ T[ 1000 ]
P P

dq

Evtporia — ds = 24

A

S=c,In@+const



Eéicwon Clausius—Clapeyron

» Eéatuion kou counvkvwon

» Axopeotog aépag

» Kopeouévog aépagc

» Taon képoo (e) (1f Tdon KOPEoUEVOWY VOPATUDY)

7:6‘ 7:95

Water Water

AKOPEOTOC AEPOC Kopeopévocg agpag



Eéicwon Clausius—Clapeyron

» AavOavoveoa Ospuotnta eéaruions, L,

de,

_ 5~ 9,

L L L, Le,

v v v

dr

U,— U,

I
I

T(UZ _Ul) TU2 - T(R[)T/es) - RUTZ

»L — oralepny (ue T)

deS Le

VoS

dr R T

€

sV

=e ,ex L" ex ——L = A4 ex —E

» L — dev mapauével aralepij (ue T) L(T)=L—(c¢, —c, p)(T —1;)

l



Eéicwon Clausius—Clapeyron

» AavOavoveoa Ospuotnta eéayvaoons, L

deS?T — L?TeSiT
di RT?
> 0 ( T) Lfr L;r A B:r
~— oTobg 1 (ue es;r = €S cXp CXp| — = A CXp| ———
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Ocpuoovvauikés uetaforic aspiowv ualmv

» loofaprs yicy
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Aowafatikég uetafoies

»Enpn aowafortiky Ospuofalbuioo
dl’ g

dz c,

7. E£=9,8K/km
T,

» Kopeouévny adwafortixy kai wevdoaoiafartiky ustafoln

» Kopeauévny (n vypn) adiafotiky Ospuofabuioo
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Axtivofolia atyv atuocpaipa

» Nouot axtivofolioc uélavos caouatog

» Hliaxn axtivofolia

» Hliakn axtivofolia oty atuoceaipa

» INijivy axtivofolia
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Cycle 24 Sunspot Number (V2.0) Prediction (2016/10)
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» Tporoi dradoons Ospuotnrag

» Xtotyeio H/M axtivofoiiog - Aiadoon akxtivofiolios
» Evrocn axtivofoliog

» Ponj axtivofoliios
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Nouot axtivofoliag

( MEhay Supa

\ Mpayuankd owpa

» Nouog tov Planck
c
— /
/ ()M — o,
5 . .
2 (e — 1)
12 . TN N T TN S T T T N T O S T S N S T T T -
_10- -
g i _T=6000 K [
= 8- :
) ] -
g 6- : 1
4 “T=4000 K -
L . 5
-~ - _T=3000 K :
2 . /
] . e
0 i LI |_'|-d-rr-|-—|_| | L L L L L L L I
0 0,5 10 1,5 20 25 3,0

A, um



» Nopog peraromong tov Wien ¢
, 24 :
max g
ﬁ 1
0.47% 4 10 A (pm)
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Hlwakxn axtivofolia

Ieproy paopatoc QaopoTiky Khraopa
Covn mjkovg NMoKIS
KOHOTOS A, pm eKkmopumne, %
Axtiveg X 2<0,01 0,00005
Axpaio vep1dOEeg 0,01<1<0,10 0,0003
Mokpvo vaepimdeg 0,10 <3<0,20 0,01
Yrepihdeg UV-C 0,20<)<0,28 0,5
Yrepioosg UV-B 0,28<)<0,32 1,3
Yrepiddeg UV-A 0,32<3<0,39 6,2
Oputd 0,39<).<0,76 39,0
Kovtvo vrépvbpo 0,76<1<4,0 52,0
OepLikd vrEPLHPoO 4,0<2<100,0 0,9
Moxpwo vrépubpo 100,0<2<1000,0 | 0,09

Xpopa A, pm Tomko A, pm
[ddeg 0,390 - 0,455 0,430
Ba6¥ pmie 0,455 - 0,485 0,470
Avokto pmie 0,485 - 0,505 0,495
IIpdowvo 0,505 - 0,550 0,530
KITPVOTPUGIVO 0,550 - 0,575 0,560
Kitpwo 0,575 - 0,585 0,580
TOPTOKUAL 0,585 -0.,620 0,600
Koxkwvo 0,620 - 0,720 0,670
- _EKTOG ATHOGPAIPAS

I, , kWem2pm-!

_£6a9og
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» Eionlia

Shadow area

Acosé,
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» Ileprodixég uerafolréc tnc nliaxiys axtvofolios
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Emiopaon g atuocpaipag atnv nitakxny axtivofolria

» Nouog Beer-Lambert




2Kéoaon

» EJactiky cxédaon
» Huiclaotiky cxédaon
» AvelocTiky (UN-EL06TIKI]) GKEOAGH
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» Aueon

» Awayotn

» Olikn

» Avarxlousvy

» Asvkavyela,

Hlwaxny axtivofolia



Aliniemiopacn axtivofoliog Kal agpimy TS ATUOCYAIPAS

> E

translational

» Hiextpoviky evépyeia (E

electronic)

» IleproTpogixy evépyeia (E

rotational)

> Talavrotikiy evépyeia (E ;. . )
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ABSORBTION (%)

ABSORPTIVITY (%)
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Direct effect Indirect effect

Sulfate

Direct effect

[Muphvec opmvkvoane  Téppa

(CCN)

(Soot)

Particle

Type

Black carbon®

Radiative Properties

Absorbing (all solar wavelengths)

Brown (or yellow) carbon®

Absorbing (UV and some visible)

Non-absorbing carbon® Scattering
Mitrate® Scattering
Sulfate® Scattering

Black carbon coated with brown
or non-absorbing carbon?

Absorbing (enhanced by partial internal
reflection of solar radiation); fractionally
scattering

Black carbon associated with
sulfate or nitrate®

Absorbing plus some scattering

Cloud and fog droplets’

Scattering

Complexof several particles®

Absorbing and scattering

@@oJdne0

Mixed particle {cloud
processed)s

Absorbing (enhanced by partial internal
reflection of solar radiation); fractionally
scattering

US. EPA, 2012




Top of the
\ atmosphere \ \ A ; |

O QO * (@] @]
O 0 *
) o oo -
— Indirect effect - - .,
oniceclouds =~
Surface and contrails ,, o
Scattering & Unperturbed Increased CDNC Drizzle Increased cloud height Increased cloud Heating causes
absorption of cloud (constant LWC) suppression. (Pincus & Baker, 1994) lifetime cloud burn-off
radiation (Twomey, 1974) Increased LWC (Albrecht, 1989) (Ackerman et al., 2000)
Direct effects Cloud albedo effect/ Qaud lifetime effect/ 2 indirect effect/ Albrecht eﬂ‘eaj \8mi-dimcf eﬂ’ect}
15t indirect effect/
Twomey effect

IPCC, 2007




Effect Affected Process Net Effect
Cloud albedo and lifetime effect (negative radiative effect for warm clouds at
TOA; less precipitation and less solar radiation at the surface) Cloud albedo effect Smaller cloud particles reflect .
(first indirect effect) All clouds more solar radiation Cooling
more reflection — higher albedo
Cloud lifetime effect ller cloud particles d
(second indirect All clouds Smaller cloud particles decrease Cooling
f’ ff precipitation so increase lifetime
S/ . Y~ effect)
PV G- e Absorption of solar radiation
i @ @ a g . r
i J : s @ o by absorbing aerosols changes Cooling or
@~ ¢ . T e Semi-directeffect | All clouds heric stability and cloud :
P , p <l - atmospheric stability and clou warming
Y ( : .° .\, smaller cloud particles formation
@ \_® o o :. + less precipitation
ek, T M N N Glaciation ndirect | Mixed-phase i\on;grcnrszg_;géc':lr:]grcg:gge Warmin
NN pollutedt 2 s T N effect clouds o g
| higher optical depth precipitation
~ s Amallon B auHape Smaller cloud droplets delay
Thermodynamic Mixed-phase | freezing causing super-cooled Cooling or
effect clouds clouds to extend to colder warming
temperatures

Semi-direct effect (positive radiative effect at TOA for soot inside clouds,
negative for soot above clouds)

Cloud Types

U.S. EPA, 2012
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(a) Shortwave (global mean = —47.3 W m?)

(b) Longwave (global mean = 26.2 W m?)

(©)

Net (global mean = -21.1 W m?)

Cloud Radiative Effect (W m)

-100 -50 0 50 100

Distribution of annual-mean top of the atmosphere
(a) shortwave, (b) longwave, (c) net cloud radiative
effects averaged over the period 2001-2011 from
the CERES Energy Balanced and Filled (EBAF)
Ed2.6r data set (Loeb et al., 2009). (IPCC, 2013)

Average Cloud free Cloud effect
OLR (Wm™) 240 266 +26
Absorbed solar radiation (Wm™2)| 240 288 —47
Net radiation (Wm?) +0.56 +22 —21
Albedo (%) 29% 15% +14%

From CERES data (Loeb et al., 2009)



Net Radiative Cloud Forcing

Shortwave Cloud Forcing
CERES 2003-2006

CERES 2003-2006
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= == Rising High Clouds

Narrowing of Tropical Ocean Rainfall Zones

Broadening of the Hadley Cell

Rising High Clouds 4%

..... _,4>Pc;leward Shift of Storms
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i 8 qg, Less Low Clouds More Polar Clouds
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|

| Tropics T Mid-latitudes

I
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' 1
Greenhouse I
Warming I L

| > ’
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!

, High clouds rise as troposphere Reduction in mid- and low-level cloudiness (left).
Cloud } deepens, increasing difference Shift of cloudy storm tracks poleward into
Response I between cloud top and surface regions with less sunlight (right).

' temperature.
Feedback i _Hifgh c:;)ud('js_ r?_ore gffectivc_ely trap !_ess su_nlight rfeflected by clouds back to space,

} i infrared radiation, increasing increasing surface warming.

Mechanism | surface warming. IPCC, 2013
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Qutgoing Longwave Radiation
CERES 2003-2006
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Reflected Solar Incoming Outgoing

Radiation Solar Longwave
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