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Chmury niskie:
dominuje efekt albedo




Chmury wysokie: wazny zarowno efekt cieplarniany
jak i albedo
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Chmury rozbudowane w pionie: wazne wszystkie efekty




Schematic representation of the global mean energy budget of the Earth (left panel), and its equivalent without considerations of cloud effects (right panel).
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(a) Effective radiative forcing from 1750 to 2025
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Wroémy do chmur...

Woda w atmosferze - domieszka do tzw. , powietrza suchego” wystepuje w trzech
stanach skupienia - statym, ciektym i gazowym.

Przejscia pomiedzy tymi stanami majg swoje nazwy i tak - miedzy stanem statym i
ciektym topnienie i zamarzanie; miedzy stanem ciektym i gazowym - parowanie i
kondensacja; miedzy stanem gazowym a statym - sublimacja i resublimacja.

KROPLE CHMUR, _TOPNIENIE SNIEZYNKI,

OPADOW GRADZINY
(WoDA) — (LOD)

KRYSTALIZACJA

Chmury powstajg zawsze tam, gdzie temperatura powietrza ma nizszg wartos¢ niz

temperatura punktu rosy, co umozliwia przemiane fazowg - kondensacje obecnej w
powietrzu pary wodnej.



Procesy fizyczne prowadzace do kondensacji 40
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PRECIPITATION MECHANISMS
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True Color

Optical Thickness
b B

Effective Parlicle Radius (urm’

Wptyw aerozolu na
budowe chmur (rozmiar
kropelek)

| w konsekwencji na ich
witasnosci radiacyjne:

tzw. posrednie efekty
aerozolowe:

- pierwszy (albedo chmur)
- drugi (czas zycia chmur).



Efekty aerozolowe

Goérna granica atmosfery
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Efekty aerozolowo-chmurowe wg. V Raportu IPCC

Irradiance Changes from Irradiance Changes from
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Chmury wysokie ogrzewajg a niskie chtodza...

1 Albedo
~ 60-80%
* - . : . 2

Albedo
10-30%



Wymuszanie radiacyjne chmur

Cloud Forcing
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(c)

(a] Shortwave (global mean = —47.3 W m2)

MNet (global mean = —-21.1 W m2)

(b) Longwave (global mean = 26.2 W m™) Cloud Radiative Effect iw m'zi
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(d) Precipitation (global mean = 2.7 mm day™)

Chmury i ich rola w procesach
radiacyjnych i klimatycznych




(a) Shipping SO»
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Spatial patterns of annual means of sulfur emissions (g S m-2 yr-1) from
(a) international shipping and
(b) natural DMS in thennnnsimulation at the reference emission level.

https://doi.org/10.5194/acp-18-16793-2018



(a) Total SO,
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(f) Percentage of total sulfate from DMS
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Spatial patterns of

(a) annual mean concentrations of
total SO2 (parts per billion by
volume; ppbv).

Panels (b, c) show, respectively,
the contributions of shipping
emissions and natural DMS to total
SO2 in the lowest model layer.
Panels (d)—(f) are the same as (a)—
(c), but for sulfate aerosols.



(g) Radiative forcing (mW m™?)
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Simulated direct radiative effect (DRE;
mW m-2) of ISE at the TOA by MARC.
The DRE is calculated as the difference
between simulation results with and
without ISE (i.e., ShipRef DMSRef
minus ShipZero DMSRef) and
averaged over the 30-year period of
simulations at all-sky conditions. Panels
(a)—(f) show the spatial patterns of DRE
due to ISE with the global mean
differences and the associated
significant levels indicated by the
numbers below each panel, and panel
(g) shows the meridional variations in
zonal mean DRE for various

aerosol types from ISE and their total
effects.



Dust Cover/Smoke
June 1-26, 2023 Average
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Comparison of June dust in 2023 (left) to the typical dust cover (2003-2022).

NASA via Berkeley Earth




i
CE

TURBULEN

Jak sobie radzimy z problemami?

,Multiscale modeling” - modelowanie wieloskalowe,
superparametryzacje, GIGA-LES, ILES,

explicit cloud-resolving....

Bodenschatz, E., S.P. Malinowski, R.A. Shaw, F. Stratmann, 2010: Can We Understand Clouds without Turbulence? Science, 327, 970 — 971.

Randall D.A, Khairoutdinov M, Arakawa A, Grabowski W.W., 2003: Breaking the cloud parameterization deadlock . Bull. Amer. Meteorol. Soc., 84,
1547-1564.

| wiele wiele innych.....



Aerosol effective radiative forcing
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Aerosol-cloud interactions
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Net aerosol effective radiative forcing (ERF)

_ from different lines of evidence. The

headline AR6 assessment of —1.3 [-2.0 to —
0.6] Wm=2is highlighted in purple for 1750—
2014 and compared to the AR5
assessment of —0.9 [-1.9 to —0.1] Wm~2 for
1750-2011. The evidence comprising the
ARG6 assessment is shown below this:
energy balance constraints [-2 to 0 Wm=
with no best estimate]; observational
evidence from satellite retrievals of —1.4 [-
2.2 to —0.6] Wm=2; and climate model-based
evidence of —1.25 [-2.1 to —0.4] Wm=,
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Efekty sprzezen zwigzanych z chmurami wskutek z zmian koncentracji CO2 w atmosferze.




Zonal mean change in observed and simulated cloud amount during the period
1983-2009 in seven pressure intervals
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Chmury i aerozole, a Scislej cykl hydrologiczny wptywaja nie tylko na strumienie radiacyjne, ale i na
dynamike atmosfery i oceanu.
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——— — Rising High Clouds

Broadening of the Hadley Cell

Narrowing of Tropical Ocean Rainfall Zones

Rising High Clouds 4

2 Rising of the Melting Level ===z~ —e=—)Poleward Shift of Storms

More Polar Clouds
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Zmiany w strukturze i dynamice atmosfery zwigzane ze zmianami zachmurzenia na ocieplajgcej sie Ziemi.



T Rising of Tropopause

Rising high clouds (+)

S Fewer anvil clouds (-)

——

Enhanced stability

Enhanced stability

i Major advances since ARS

o Comprehensive assessment of feedbacks in
different cloud regimes (cf. Table 7.9)

o Increased confidence of the positive low-cloud
amount feedback

o Improved understanding of the cloud phase

1‘ change feedback

8

Rising of tropopause




Greenhouse
Warming

Cloud
Response

Feedback
Mechanism

Tropics T

High clouds rise as troposphere
deepens, increasing difference
between cloud top and surface
temperature.

High clouds more effectively trap
infrared radiation, increasing
surface warming.

Mid-latitudes

= A3
=l
Y R~ o

Reduction in mid- and low-level cloudiness (left).
Shift of cloudy storm tracks poleward into
regions with less sunlight (right).

Less sunlight reflected by clouds back to space,
increasing surface warming.

Zmiany w zachmurzeniu ocieplajgcej sie planety — schematycznie.
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Tropical column

Tropical temperature

Subtropical LES domain

1.200 ppm 1.200 ppm

Longwawve cooling
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Possible climate transitions from breakup of

stratocumulus decks under greenhouse warming
Tapio Schrelder 015, Collean M. Kaul' and KyleG. Pressel’



400 ppm 1,600 ppm

Wyniki symulacji zachmurzenia w rejonie podzwrotnikowym przy
roznych srednich koncentracjach dwutlenku wegla. Po lewej - 400
ppm (stan obecny, ze Srednig temperaturg powierzchni morza w
tym rejonie ok. 17°C), po prawej - 1600 ppm (mozliwy stan
przyszty, ze Srednig temperaturg morza w tym rejonie ok. 35°C.
Zrédto: Schneider i in. 2019



400 ppm CO, 1600 ppm CO,

1

S GG e s

Schemat zmian w bilansie energii i wtasnoSciach morskiej warstwy granicznej atmosfery nakrytej chmurg stratocumulus w
sytuacji, gdy koncentracja CO2 w atmosferze wzroScie z wartosci obecnych (ok. 400 ppm) do ok. 1600 ppm. (przyszte stulecie
w scenariuszu Biznes-jak-zwykle) Proste zokte linie ze strzatkami schematycznie pokazujg bilans promieniowania
stonecznego, czerwone — promieniowania podczerwonego (cieplnego). Fioletowe strzatki ilustrujq transport konwekcyjny

(mieszanie wskutek konwekcji) w dolnych warstwach atmosfery: pokazuja, ze przy konwekcji stratocumulusowej wymiana
pary wodnej i wody ograniczona jest do plytkiej warstwy pokrytej chmurami, w przeciwienstwie do sytuacji z konwekcja
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Global Warming Has Accelerated: Are the United Nations and the Public Well-Informed?

James E. Hansen, Pushker Kharecha, Makiko Sato, George Tselloudis, Joseph Kelly, Susanne E. Bauer, Reto Ruedy, Eunbil jeong, Qinjlan jin, Eric Rignet, Isabella Velicogna, Mark R. Schoeberl, Karina von Schuckmann, Jeshua Amponsem, junfi Cao, Anton Keskinen, jing
LI & Anni Pokela

hitps:fidoLorg/10,1080/00139157.2025.2434494 PUBLISHED ONLINE:
03 February 2025

Figure 10 of 39
Figure S5. Sulfate aerosols and sulfur limit on emissions, p.p.t.v. = parts per trillion by volume.**
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Global Warming Has Accelerated: Are the United Nations and the Public Well-Informed?

James E. Hansen, Pushker Kharecha, Makiko Sato, George Tselioudis, Joseph Kelly, Susanne E. Bauer, Reto Ruedy, Eunbi Jeong, Qinjian Jin, Eric Rignot, Isabella Velicogna, Mark R. Schoeberl, Karina von Schuckmann, Joshua Amponsem, Junji Cao, Anton Keskinen, Jing
Li & Anni Pokela

https://dol.org/10.1080/00139157.2025.2434494 PUBLISHED ONLINE:
03 February 2025

Figure 11 of 39
Figure 6. Earth's albedo (reflectivity, in percent), seasonality removed.**
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Figure 11. Global and 30-60°N Sea Surface Temperature anomalies.**
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Decadal trends, July 2003 to June 2024
SWCRE,,, Low-cloud amount Cy,,,

Or | = SWCREjpy i

4r =1x Ciow -
= f‘ A }.q_ 3
P 5 i

Fog 7 y

0.22 W m 2 decade

-1.0 0.0 1.0 i ; : . -1.0 0.0 . . i 2005 2010 2015 2020
W m 2 decade % decade ' Year

Tsfc

T T T T
f 06 4
— Tsfc
04F EIS 7/'
02} s
) e J\/\f v['\’f/:‘\ﬂ
e 0.20 K decade ' |
-0.4 J
-~ e [y, —— T e— I I I I
-125 -0.75 -025 0.00 025 075 125 -10 -06 -02 00 02 06 10 2005 2010 2015 2020
K decade™ K decade™ Year

Figure 2. Observed decadal trends in (a) low-cloud radiative effect SWCREj,y,, (b) low-cloud amount C,, (note the inverted colourbar),
(d) surface temperature T, and (e) estimated inversion strength EIS (lower-tropospheric stability LTS over land). (¢, f) Near-global time-
series of the same quantities, averaged from 60° S to 60° N and scaled to the global area. The timeseries show monthly anomalies from the
time-mean, smoothed with a 12-month centred running mean. Coloured dashed lines represent linear fits to the corresponding timeseries,
with trend values (in W m™2 per decade, % per decade or K per decade, calculated before smoothing the timeseries) shown in the bottom
right corner of each panel. Trend maps for other controlling factors are shown in Fig. A2.

https://doi.org/10.5194/acp-26-4153-2026



~Wybielanie” chmur stratocumuliig dla schiadzania,
planety? | ' \
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Robert Wood

MARINE CLOUD
BRIGHTENING PROGRAM:
PUBLICATIONS

Publications in process, not yet submitted:

The impact of the interaction of cloud microphysics and macro-
physics with large-scale circulation on stratocumulus-to-cumulus
transition. Je-Yun Chun, Robert Wood, Peter N, Blossey, and Sarah J.
Doherty, 2024: To be submitted to Atmospheric Chemistry and

Physics

Evaluation of E35M version 2 marine boundary layer clouds over
the northeast Pacific during the CSET Campaign. Kyoung Ock Choi,
Philip J. Rasch, Robert Wood, Sarah J. Doherty, 2024: To be submit-
ted to Journal of Geophysical Research - Atmospheres

Submitted, in review:

A protocol for model intercomparison of impacts of Marine Cloud
Brightening Climate Intervention. Philip J. Rasch, Haruki Hirasawa,
Mingxuan Wu. Sarah Doherty. Robert Wood, Hailong Wang, Andy
Jones, James Haywood, Hansi Singh, 2024, submitted to
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