CM SAF User Workshop, March 10 — 12, 2014, Grainau

Surface radiative fluxes:
key elements in the climate system
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Content

« Why are the surface radiative fluxes important in
the climate system?

« How well are they represented in satellite-derived
products and global climate models?

« What do we know about changes in the radiative
fluxes over time?
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TOA radiation balance controls energy content of the
global climate system
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TOA radiation balance controls energy content of the
global climate system
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TOA radiation balance controls energy content of the
global climate system
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Surface radiation budget has larger uncertainties than TOA budget
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Surface radiation budgets

In IPCC AR5 climate models
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Surface radiation budgets in IPCC AR5 climate models

Downward longwave radiation
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e

Ohmura e al. 1998

Global Energy Balance Archive

* Worldwide measurements of historic energy
fluxes at the surface (2500 sites)

e Solar radiation data at many sites since 1950s,
some back to 1930s

« Monthly mean values

Baseline Surface Radiation Network

WCRP initiative, starting in 1992

Highest measurement quality at selected sites
worldwide (currently 52 anchor sites)

Minute values

Ancillary data for radiation interpretation



Validation of
satellite products and climate models
using surface observations




Validation of CM SAF MFG surface radiation

23 year (1983-2005) dataset of surface solar radiation generated
by the Satellite Application Facility on Climate Monitoring (CM SAF)
based on the Meteosat First Generation (MFG) satellites.

Validation using homogeneous surface solar radiation records from
GEBA (Sanchez-Lorenzo et al. 2013)

High spatial resolution (0.03° x 0.03° ) > facilitates comparison
with point observations

8 [+ 220

|| 180

latitude (deg M)

140

100

60

longitude (deg E)



1CM SAF surface solar radiation
against GEBA observations
CMSAF high 0.03° resolution facilitates validation

LAT [°]

.| Sanchez-Lorenzo, Wild, Trentmann 2013,
| Remote Sensing of Environment

Multisite mean: 8.2 Wm
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1CM SAF surface solar radiation
against GEBA observations
CMSAF high 0.03° resolution facilitates validation

LAT [°]

| Sanchez-Lorenzo, Wild, Trentmann 2013,

| Remote Sensing of Environment
40 -

#: 275
1 slope: 1.0
intercept: 0.0

gza— r=10.93 (p <0.01)
3
: g -
Monthly anomalies g
well reproduced -
. v
In CMSAF 5-20—
_ Monthly anomalies
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-40 -20 0 20 40

GEBA anomalies (Wm™)



Validation of coarser gridded datasets

Global climate models and global satellite products have
typically grids of = 1°

GEBA /BSRN A
station «TT——> ‘

10

.

Hakuba et al. 2013 JGR

Subgrid variability of surface solar radiation estimated
from CMSAF 0.03° dataset See poster Maria Hakuba
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Validation of coarser gridded datasets

Global climate models and global satellite products have
typically grids of = 1°

GEBA /BSRN A
station T .

Hakuba et al. 2013 JGR

Subgrid variability of surface solar radiation estimated
from CMSAF 0.03° dataset See poster Maria Hakuba
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Validation of global climate models
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LWdown biases
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Validation of global climate models

Models used in IPCC AR5

SWdown biases

111

1760 GEBA sites

IPCC AR5 models tend to overestimate downward shortwave and
underestimate downward longwave radiation at Earth ‘s surface
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Best estimates for global mean surface fluxes

IMATESCIENCE -

Surface Longwave down
GCM global means versus their biases averaged over 41 BSRN sites
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Best estimates for global mean surface fluxes

Surface Longwave down
GCM global means versus their biases averaged over 41 BSRN sites
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Revision of IPCC AR4 Energy Balance Figure
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Wild 2012: A facelift for the picture of the global energy balance, Atmos. Environ. 55
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Global Energy Balance in IPCC AR5

evised estimates consistent with direct observations
Units Wm-=2
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Global Energy Balance in IPCC AR5
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Global Energy Balance in IPCC AR5
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Global Energy Balance in IPCC AR5

Anthropogenic
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I ¥Observed changes downward longwave radiation

LW down South Pole 1994 2011

125 —Lln regreSS|on anaIyS|s

L Slope: 0.35 Stderror: 0.11 :
120 ]

115E

W/m2

110L

105F .f
100; BSRN station (NOAA/ESRL)

1995 2000 2005 2010

 “Greenhouse effect at the surface": most directly
affected by changes in atmospheric greenhouse gases

e Average change at BSRN sites: +2 Wm-~2dec™

e EXpected to undergo largest changes of all energy
balance components in coming decades




Downward longwave in IPCC AR5 scenarios

IPCC AR5 projections 21t century
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Downward longwave in IPCC AR5 scenarios

IPCC AR5 projections 21t century
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Global Mean Energy Balance in IPCC ARS

Anthropogenic interference with the climate system
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Global Mean Energy Balance in IPCC ARS

Anthropogenic interference with the climate system
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IPCC AR5 / Wild et al. 2013 Climate Dynamics




Decadal changes in surface solar radiation

————— >
“dimming” “brightening”
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From dimming to brightening: Causes
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Solar dimming and greenhouse warming

© Temperature Change Global Mean Land
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Wild et al. 2007 Geophys. Res. Lett.



Solar dimming and greenhouse warming
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Solar dimming and greenhouse warming
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Decadal changes in surface solar radiation

Potsdam, Germany, 1937 — 2010
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Decadal changes in surface solar radiation

Potsdam, Germany, 1937 — 2010
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Solar brightening in CM SAF MFG and GEBA

40
Monthly series a)

Trends in CMSAF and
GEBA at 47 GEBA sites
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5 s \ : o _Monthly series CM SAF - GEBA
LON [°] 52 \
. . . 2 ol y
Difference time series
not stable )
-10+
Trend: -1.76 Wm / decade (p < 0.05)
Sanchez-Lorenzo, Wild, Trentmann . - - =
1983 1988 1993 1998 2003

2013, Remote Sensing of Environment
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Inhomogeneities in the CM SAF Record

Homogeneity test

40

30
Homogeneity test identifies
strong inhomogeneity in
CMSAF record in 1994 _
. (transition M4-M5 satellite) ol

20

SNHT statistic T

No inhomogeneity after 1994

0 1 1 1 1
1983 1988 1993 1998 2003

Eu Satellite ‘J — Y . M5
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= osselt etal. (2012) "'y
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Inhomogeneities 1985 1990 1995 2000 2005

possibly due to the changes in Meteosat satellites
Sanchez-Lorenzo, Wild, Trentmann

2013, Remote Sensing of Environment




Trends in CM SAF and GEBA: 1994-2005

0 Monthly series a)
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Annual trend patterns in CM SAF 1994-2005

: « Annual linear trends in surface solar radiation in Europe
(below 60° N)

%« Overall trend: +3.12 Wm-2 per decade
» Substantial regional differences

LAT [°]

LON

"Sanchez-Lorenzo et al., in prep.




| Seasonal trends In GEBA and CMSAF 1994-2005
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Seasonal trend patterns in CM SAF 1994-2005

LAT [°].

LAT [°]

6

Trend patterns of surface solar radiation strongly vary
through the seasons

Spring (+7.79 Wm-2/ dec)

LON [°] LON [°] ?
Summer (-0.15 Wm-2/ dec) Autumn (+4.98 Wm-2/ dec)
0 ‘ = .'? = mezéicc 60 2 - %= ’ i""';,' = = WfImzéicc

T T T
15 20 25 30 3

- -5 5 10 5
LON [7] Sanchez-Lorenzo et al, in prep.
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Conclusions

sSurface radiative fluxes play a crucial role for the determination of

. surface climate and the intensity of the water cycle

*Changes in thermal (“greenhouse effect”) and solar (“dimming
/brightening”) surface fluxes largely govern decadal climate change

. *Better knowledge of the spatio-temporal patterns of surface radiative

fluxes is required > satellite data essential

*CM SAF MFG surface surface solar radiation compares well with
homogeneous surface observations

CM SAF MFG surface solar radiation shows realistic annual and
seasonal trends over Europe from 1994 onward > will allow for
Improved knowledge of spatial patterns of dimming and brightening

*CM SAF CLARA (global dataset 0.25° based on AVHRR, 1982-2009)
may allow global scale assessment of dimming and brightening trends
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Conclusions

Surface radiative fluxes play a crucial role for the
determination of surface climate and the intenisity
of the water cycle

CMSAF surface compares well with surface
observations from GEBA

Realistic annual and seasonal trends over Europe
iIn CMSAF

Towards improved estimates of spatial patterns of
dimming and brightening trends

Extension of validation to 2010 over europe using
CMSAF meteosat Secend generation dats

Global assessment of trends using CMSAF
CLARA, based on

Figure 11 to 2010
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CMSAF compares well with surface observations in
GEBA, also

Realistic annual and seasonal trends over Europe in
CMSAF

Towards improved estimates of spatial patterns of

dimming and brightening trends

Extension of validation to 2010 over europe using

CMSAF meteosat Secend generation dats

Global assessment of trends using CMSAF CLARA,

based on

Figure 11 to 2010




Future steps CMSAF radiation assessment

"« Extension of validation to 2010 over Europe using
| CMSAF meteosat Second generation data

e Global assessment of trends using CMSAF CLARA,
based on NOAA/AVHRR satellites

e Figure 11 to 2010




Energiebilanz der Erde

Messbare Anderungen an der Erdoberflache

thermal outgoing
Units Wm2 . ~ TOA

340 100

10D w4
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thermal thermal
up surface v wn surface

Thermische Ruckstrahlung

“Treibhauseffekt am Erdboden”

|I+-| L
-
=l
=
_i_l.
J
(|
s
< |
":P
=
L
-
=18
Py}
@)
=
<
=
@)
L
L
=
i)
N
.
- :E




Changes in downward longwave radiation

IMATESCIENCE -

Downward Iongwave radlatlon in CMIP5 models

101 hoo-csmi-1 —
1870- 2005
> —— CNRM-CMS
. e sl HadGEMZ-ES
f inmcm&
d Lai" “ MNorESh 1-h
1 > == 6k —— IPSL-CMSA-LR
L. ’ —— CCShig
Greenhouse —— MRI-CGOM3
" \ Gases Al —— CSIRO-MK3-B-D
o HadChviz
m— Aultimodel mean

= F

W™=
o

most directly affected by changes -2f
in atmospheric greenhouse gases

« CMIP5 models suggest increase of | |
6 Wm=2since 1870 570 1330 1880 1900 1910 1920 1830 1940 1950 1960 1670 1880 1880 2000

Year

» expected to undergo largest
change of all energy balance
components in coming decades

* Only monitored since the initiation
of BSRN early 1990s

INSTITUTE FOR ATMOSPHERIC AND.CL:



LW down South Pole 1994 2011

125 —Lln regreSS|on analy5|s

L Slope: 0.35 Stderror: 0.11 :
120 F ]

115F

110k

105 ]
NOAA/ESRL

100F ]
1995 2000 2005 2010

Observed changes at BSRN sites since early 1990s:

25 longest BSRN records (totally 353 years) covering period 1992-2011
e 19 stations (76%) with increase in LW down (9 significant)

e 6 stations (24%) with decrease in LW down (3 significant)

 Average change all sites: +2.0 Wm-=dec-1



Downward longwave in RCP scenarios

CMIP5 projections 21t century
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Downward longwave in RCP scenarios

CMIP5 projections 21t century
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Downward longwave in RCP scenarios

CMIP5 projections 21t century
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Future steps CMSAF radiation assessment

"« Extension of validation to 2010 over Europe using
| CMSAF meteosat Second generation data

e Global assessment of trends using CMSAF CLARA,
based on

e Figure 11 to 2010




Combined surface solar and thermal
(greenhouse) forcing




Schematic view of dimming/brightening

DIMMING

Units Wm-2

GH’ SSR SH LH

1950s to 19805

 Shortwave dimming
overcompensates
Increasing longwave
greenhouse effect

e Surface radiative
energy decreases

=> Attenuation of water

cycle expected Wild 2012
BAMS




Schematic view of dimming/brightening

DIMMING BRIGHTENING
I+I
g
2
d:_.
(]
E \ Units Wm-2
l;:|- GH’ SSR SH :;
= .
8 1950s to 19805 since 1980s
=8
4 ° Shortwave dimming « Absence of shortwave
& overcompensates dimming > no longer
! Increasing longwave masks longwave
O greenhouse effect greenhouse effect
E e Surface radiative e Surface radiative
= energy decreases energy increases
4| =>Attenuation of water => Acceleration of water

Wild 2012
cycle expected cycle expected BAMS



What are the consequences of the
surface radiation changes
for global warming?




Summary

Surface and satellite-based observations suggest significant
decadal changes in surface radiation, in line with anthropogenic
emission pathways.

Surface shortwave radiation has decreased from the from
1950s to 1980s (“dimming”) and partially recovered thereafter
up to 2000 (“brightening”), with mixed tendencies after 2000.

Indication for an increase in downward longwave radiation in
line with model projections and greenhouse theory.

The monitoring of surface radiation is essential to understand
the evolution of global warming and various other aspects of
climate change (e.g., intensity of the hydrological cycle, snow
and glacier retreat, biospheric growth)



o
i Decrease in surface insolation 1950s-80s:
'ﬂ‘ Ohmura Lang (1989): Decrease in Europe
e | Gilgen Wild Ohmura (1998): -9 Wm
g Stanhill Cohen (2001): -10 Wm?2
135
i Surface solar radiation
130 [

at Potsdam, Germany

T
) < 125L
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measurements of g 120
. . ° C
surface solar radiation £ 115}
. [ C
since the 1950s S 110f
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Substantial decline in solar radiation at Earth surface:

“global dimming”
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Table 1. Estimated Linear Changes in Surface Solar Radiation Over the Period of Roughly 1960s to 1980s Based on Surface

Observations®
Absolute Trend Relative Trend
Region Reference Number of Sites Period (W m 2 decade’) (% decade )
Global Focus
Global land sites Gilgen et al. [1998] 400 1960-1990 —3.5° -2
Global land sites Stanhill and Cohen [2001] 145 19581992 —35.1 -2.7
Global land sites Liepert [2002] 295 1961-1990 —-23 —1.3
Global urban sites Alpert et al. [2005] 144 1964—-1989 —-4.1 —2.3°
Global rural sites Alpert et al. [2005] 174 1964—1989 —1.6 —0.9°
Global remote sites Stanhill and Moreshet [1994] 7 1953-1991 —4.8 —3.3
Global remote sites Duiton et al. [2006] 5 1977-1990 decrease decrease
Europe

Europe Ohmura and Lang [1989] 1959-1988 —2 7 —2.0°
Europe Norris and Wild [2007] 19711986 -2.3°

Zurich (Switzerland)
Baltic

Toravere (Estonia)
Germany

European part of FSU
Moscow

Turkey

Israel

Ireland

Iberian Peninsula
Northern Europe

United States
Canada

Wider Caribbean

Hong Kong

Former Soviet Union
China

China

(China

O and Lang (19%9) 40+ stuﬂles show a decrease of
Af}fg::f‘c‘g}?g?;‘éﬁ observ1ed surfﬁgme solar radlatlﬁn
Abjku;mnfzj 2%;;37{1996% betwe Um“the }.7!;9]598 and 1980s Hw: 1
Stanhill ;:3; I[Qnerz][l‘)g? ]*J: 5
Stanhill [1998a]

Sanchez- Lorenzo et al. [2007] N O St u d%’ W I t hbérn:s@ reas_eg —I.D;”C

Stjern et al. [2009] 1955-2003 —43 -37
North America
Liepert [2002] 43 1961-1990 —6 -3
Cutforth and Judiesch [2007] 7 19581999 -2.6° —-1.7
Central America
J. C. Antuna et al. (submitted manuscript 2009) 30 1961-1990 —10 —4.5°
Asia
Stanhill and Kalma [1995] 1 1958-1992 —18 —10.6
Abakumova et al. [1996] 160 1960-1987 -1 to —8 -1 to =7
Che et al. [2005] 64 1961-2000 —4.5b —3b
Liang and Xia [2005] 42 1960-2000 —49 <
ictrr ot al 120071 QL 1955 2000 . S | J G R —2@309



Global dimming: potential causes

15} 3

—irradiance
----- fossil fuel

1.0

0.5 .
Stanhill and

Cohen (2001)

007"

Irradiance decrease (W m?yr")
or fossil fuel increase (gC m?* yr‘1)

80 60 40 0 0 20 40 60 .80
Latitude (°)
Increase in fossil fuel emissions between 1960 - 1990,

In line with decrease in solar radiation at the surface




Global dimming: potential causes

Direct and indirect aerosol effects
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Direct effects First indirect effect: cloud-albedo effect
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Both direct and indirect aerosol effects (cloud
albedo/cloud lifetime) reduce the amount of solar
radiation reaching the ground
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Extending the records beyond the 1980s

. Studies on global dimming used data only prior to 1990

i => Extend observational records from 1980s to present

140
“dimming”

130

120 _ _ _
Dimming studies

based on records

Surface solar radiation (Wm-2)

110 prior to 1990
1950 1960 1970 1980 1990 2000

Year
Surface Solar Radiation at Potsdam

Wild et al. 2005: From dimming to brightening: Decadal changes in solar
radiation at the Earth’s surface. Science 308




Extending the records beyond the 1980s

i Studies on global dimming used data only prior to 1990
iy => Extend observational records from 1980s to present

140
“dimming” “brightening”
130

120

110

Surface solar radiation (Wm-2)

100|||||||||I|||||||||I|||||||||I|||||||||I|||||||||I||||
1950 1960 1970 1980 1990 2000
Year
Surface Solar Radiation at Potsdam

Wild et al. 2005: From dimming to brightening: Decadal changes in solar
radiation at the Earth’s surface. Science 308
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Changes in surface solar radiation after 1980s

Observed at BSRN and GEBA sites since 1990

Yellow:
Increase

Brown:

Decrease
A

A
INCREASE of solar radiation ofter 1990
A  high—quality BSRN—type stotions
X other stations fram GEBA/WRDC

Wild et al. 2005, Science 308

No more evidence for “global dimming”
after 1980s



Satellite-derived products show brightening

Surface solar radiation 1984- 2000

— Globe
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Polynomial Fit of Global Data .
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Changes in cloud amount 1983 - 2002

Observed from satellites
Cloud Amount: 19-Year Deviations Of Global Monthly Mean From Total Period Mean

| MASA GISS —— D2 Mean=66.63 50=1.52

J

nmﬂ.

Cloud Amount (X3
D ——tl
|

g3 84 85 86 87 85 89 90 91 92 93 94 95 98 97 953 99 00 o1
Year

Decrease in cloud amout during 1990s?

From ISCCP (NASA/ Bill Rossow)
International Satellite Cloud Climatology Project




Changes in cloud-free atmosphere 1960-2000

Atmospheric clear sky transmission 1960-2000
085 ‘""""\""""'\""""'\"“""‘\“"""'\""_
- “dimming” “brightening”

Tiirikcja

0.80 Tt
075

0.70 -

Atmospheric transmission

0.65

0.60!

I Y Y I I ‘ I O Y Y Y ‘ N Y Y I I | ‘ I Y I T I I ‘ I O Y I | ‘ L1l
1950 1960 1970 1980 1990 2000
Year

Recent recovery in atmospheric transmittance
Wild et al., 2005, Science 308




From dimming to brightening: Causes

Aerosol optical depth 1981 - 2005 over oceans
from satellites

IMATE SCIENCI:
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Fig. 1. GACP record of the globally averaged column AOT over the oceans and SAGE record of the
globally averaged stratospheric AOT.

Mishchenko et al. Science 2007
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GEBA trends in Europe

Anomalies (Wm-2)

10 | Homogeneous GEBA sites composite
ST
Or
-5 F “dimming” “brightening”
| 1961-1984 1985-2007
- -2.0 W/m? per decade +3.8 W/m? per decade
-10F Annual
] 1

1960 1970 1980 1990 2000 2010

Sanchez-Lorenzo et al. (2012, submitted)



QU GEBA trends in Europe
15

E‘ Kolobrzeg (Poland)
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GEBA trends in Europe

normal homogeneity test (SNHT) — relative approach

Tk)y=kz1+(n—Kkz k=1,..., n
where

1

k
_ 1 — _
21 = % ‘EZI:(YE —Y)/s and 7= p—

Y ;i =Y)/s

i=k+1

e 16 of the 56 series show at

least one break (= 30%)
e Monthly adjustement
been applied

have
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Brinckmann et al. (2012)
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