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Radiation in the solar und thermal range

Outline

= Motivation: satellite data as valuable data source
=» Surface Solar Radiation (SSR)
= Methods to derive SSR
=» Validation and comparisons
= Applications
= Climate analysis
=» Surface albedo
= Longwave downward radiation at the surface
=» Radiation budget at the top of atmosphere
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CM SAF Motivation E
N/

CLIMATE MONITORING

Our climate is controlled by radiative fluxes !

It is important to monitor the Earth radiation budget and its single components to
better understand the climate system and potental changes !
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EUMETSAT

(= CMSAF Motivation

CLIMATE MONITORING

[OH

BSRN (Baseline Surface Radiation Network)
High quality, but few stations and relatively short time series (since 1994)

Running, inactive, planned and closed BSRN Stations, December 2022
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EUMETSAT

CM SAF Motivation

CLIMATE MONITORING

K

GEBA/WRDC:

More stations, some long records (since 1950s);

Medium quality, monthly means only
604 M. Wild et al.: The Global Energy Balance Archive (GEBA)

Figure 1. Distribution of the 2500 locations with observational data contained in GEBA. Red symbols indicate locations with at least one
monthly entry in GEBA; yellow symbols signify locations with multiyear records (at least 3 years of data).
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CLIMATE MONITORING

?:rﬁMSAF Motivation %
-

Buoy measurements:

Global Tropical Moored Buoy System (TAO, TRITON, PIRATA, RAMA (TOGA))
Daily and monthly data

Global Tropical Moored Buoy Array
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Source: https://globalocean.noaa.gov/Research/Global-Tropical-Moored-Buoy-Array
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EUMETSAT

CM SAF Motivation

CLIMATE MONITORING

Combination of BSRN + GEBA + Buoys

(filtered for ,long”, up-to-date surface solar radiation records)

[OH

Surface radiation stations
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EUMETSAT

CM SAF Motivation

CLIMATE MONITORING

®

-> reflection and emission by clouds are variable -> Satellite data is an important
-> clouds have a cooling effect (of ~ 20 to 30 W/m?2)* observational data source !

= 7
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Figure from Trenberth et al. (2009)
>I‘See e.g. Stuhlmann et al. 1995, Raschke et al. 2005, Loeb et al. 2009
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EUMETSAT

(= CMSAF

CLIMATE MONITORING

Climatological Surface Irradiance, CM SAF CLARA-A3, September, 1991 - 2020
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EUMETSAT

CM SAF global energy fluxes

CLIMATE MONITORING

[OH
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EUMETSAT

CM SAF global energy fluxes - shortwave %

CLIMATE MONITORING u
7 . \
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?:MﬁMSAF Methods to derive surface solar radiation g
N/

CLIMATE MONITORING

Statistical algorithm Physical algorithm

based on physical relations and observations
by considering (any/most) physical processes

} Rfl cted Sola n n
Radiation r
\ 101.9Wm? fation

i

based on statistical (and physical) relations

e ted by

Basis of all methods: Treating interactions of extraterrestrial
radiation and the Earth-Atmosphere system

Gyt = G+ G, + G,y

Principle: Energy conservation

Gex: Extraterrestrial radiation
G, Reflected radiation at Top-of-Atm G, = (1—B) * SSR
G, Atmosphere-absorbed radiation

G,, Surface-absorbed radiation (net surface)

B Surface albedo

SSR Surface Solar Radiation
(Global radiation)
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?:MﬁMSAF Methods to derive surface solar radiation %
N/

CLIMATE MONITORING

Statistical algorithm Physical algorithm

based on physical relations and observations
by considering (any/most) physical processes

I Rfl cted Sola n n
Radiation r

\ 101.9Wm? fation

i

based on statistical (and physical) relations

e ted by

Basis of all methods: Treating interactions of extraterrestrial
radiation and the Earth-Atmosphere system

Principle: Energy conservation Gext :@Ga * b

Gex: Extraterrestrial radiation
G, Reflected radiation at Top-of-Atm G,=(1—p) (S‘SR)
G, Atmosphere-absorbed radiation o

G,, Surface-absorbed radiation (net surface)

B Surface albedo

SSR Surface Solar Radiation
(Global radiation)
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EUMETSAT

CM SAF Methods to derive surface solar radiation g
N/

CLIMATE MONITORING

Basis of all methods: Treating interactions of extraterrestrial radiation and the Earth-
Atmosphere system

Geyt = G+ G, + Gy,

Principle: Energy conservation

Example: Physical Retrieval

MODIS cloud | srsar1R data MODIS cloud Approach: Each relevant process is
classification ANN - ANN properties o _a .
samples (all § channels) samples explicitly considered !
P P
Cloud detection Cloud properties -> numerous relevant prope.rtles of the
results data atmosphere need to be considered
- , B -> Relatively complex and costly, many
Other auxiliary SSR retrieval Precipitable
data . scheme ) water (PW) parameters necessary
Hourly SSR

Source: Tang et. al, 2015
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EUMETSAT

CM SAF Methods to derive surface solar radiation

CLIMATE MONITORING

K

Input Variable Source for ISCCP-FD

| solar constant 1367 Wim~ (with daily variation) L g = Q

2 cosine solar zenith angle 3-hour mean denved from 1987 aterreStrlaI radlatlon and the Earth-
Astronomical Almanac for
years 1950-2050

3 atmospheric gases vertical profile and latitudinal
(excluding ozone) gradients from climatology G _I_ G
with 1850—2050 temporal variations a n
4 ozZone TOMS (Version 7) with TOVS fill
3 atmospheric aerosols GISS climatological vertical

profiles of 18 species in global
5% x 4° map, monthly
means for 1950 —2000 for

- stratosphere and troposphere
6 Atmosphenc temperature profile TOVS filled with SAGE climatology .
| for pressures <15 mbar Approach: Each relevant process is
7 surface air temperature logarithmic extrapolation from temperature
profile with diurnal adjustment 11 H |
3 atmospheric humidity profile TOVS filled with Oort/SAGE climatology eXpIICItly ConSIderEd :

for pressures <310 mbar; low/middle
troposphenc profile adjustment

9 general cloud properties 15-type clouds from ISCCP-D1
filled from ISCCP-D2 - 1
10 cloud vertical structure (CVS) cloud type dependent based on zonal, > numerous releva nt propertles Of the

monthly statistical CVS model .
L1 cloud top temperature/pressure ISCCP-DI cloud top temperature atmosphere need to be CO”Sldered
filled trom ISCCP-D2, lineardy
interpolated cloud top pressure
12 cloud layer thickness/base 20-yvear RAOBS climatology as
function of month, latitude and cloud

top pressure for land and ocean -> RElE]tIVEly com pIeX d nd COStly, ma ny

13 cloud optical depth ISCCP-DI filled from ISCCP-D2
14 cloud phase ice or liquid based on ISCCP-D1 pa ra mete rs necessa ry
15 cloud particle size seasonal climatology
by Han et al. [1994, 1999]
16 cloud particle shape spherical hquid and nonspherical 1ce

17 surface albedo: VIS (0.2—-0.7 pm) land, from ISCCP-D1 with aerosol
adjustment; ocean, from new GISS GCM

18 surface albedo: NIR (0.7—-5.0 pm) land, from input VIS multiplyed by 5-band
NIR-to-WIS ratio based on ERBE regression;

110 swteceskinempenre | 2> Enables the retrieval of multiple (all) radiative flux components

TS TITIC T 10T CIO T CITCCTS
20 surface emissivity nonunit from GISS GCM with slight adjustment
21 land vegetation, snow, sea 1ce elght vegetation types and land
ice from Matthews [1984], snow from NOAA,
sea ice from NSIDC [see Zhang et al., 1995] P Diagnostics, summer semester 2026, Uni-FFM




CM SAF

Heliosat/Specmagic appraoch

EUMETSAT Methods to derive surface solar radiation g
=/

Basis of all methods: Treating interactions of extraterrestrial radiation and the Earth-

Atmosphere system

Gext = G+ G, + Gy G,=(1-p)*SSR

Principle: Energy conservation

Example: ,,HELIOSAT/Specmagic” used by CM SAF for generation SARAH data records

Calculation of the , Effective
Cloud Albedo (CAL)“
(HELIOSAT-Method)

Clear-sky radiative transfer model
caculations (based on , libRadTran”)

~(1-CAL)*“surface clear-sky radiation”

\ 4

SSR

G = Global Radiation = Surface Solar Radiation = SSR

Hollmann, Pfeifroth, Stengel, Niedorf: Remote Sensing and Climate Diagnostics, summer semester 2026, Uni-FFM




EUMETSAT Methods to derive surface solar radiation

CM SAF

Heliosat/Specmagic appraoch

R = reflection observed by _
satellite; strong signal from R: Meteosat VIS image

clouds in the visible.

Eff. Cloud Albedo

R — Rmin

CAL =

Rmax — Rmin

Cano et al. (1986), Beyer et al. (1996), Hammer et al. (2003), Mueller et al. (2011)
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EUMETSAT Methods to derive surface solar radiation

CM SAF

Heliosat/Specmagic appraoch

R = reflection observed by _
satellite; strong signal from R: Meteosat VIS image

clouds in the visible.

,clear sky
- (11
reflection

Eff. Cloud Albedo W
R — Rmin <
Rmax — Rminj

CAL =

Cano et al. (1986), Beyer et al. (1996), Hammer et al. (2003), Mueller et al. (2011)
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EUMETSAT Methods to derive surface solar radiation

CM SAF

Heliosat/Specmagic appraoch

R = reflection observed by _
satellite; strong signal from R: Meteosat VIS image|<
clouds in the visible.

,clear sky
reflection”

Rmax corrects changes in
sensitivity and aging of
optical instruments.

Rmax: ,monthly
maximum reflection”

Eff. Cloud Albedo ]
R — Rmin <
Rmax — RminJ

CAL =

Cano et al. (1986), Beyer et al. (1996), Hammer et al. (2003), Mueller et al. (2011)
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EUMETSAT Methods to derive surface solar radiation

CM SAF

Heliosat/Specmagic appraoch

R = reflection observed by _
satellite; strong signal from R: Meteosat VIS image

clouds in the visible.

Rmax corrects changes in
sensitivity and aging of
optical instruments.

s

Qoo

Effective Cloud Albedo (CAL)
provides the amount of

reflected solar radiation relative CAL =
to clear sky Rmax— Rmin

Eff. Cloud Albedo

R — Rmin

Cano et al. (1986), Beyer et al. (1996), Hammer et al. (2003), Mueller et al. (2011)
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EUMETSAT

CM SAF

CLIMATE MONITORING

K

Heliosat generates CAL

=7
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Figure from Trenberth et al. (2009)

How to retrieve SSR from CAL ?
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EUMETSAT

CM SAF from CAL to SSR

CLIMATE MONITORING

K

SSR
SSReclear

CAL-1 ~

Radiative
transfer model

SS R(global radiation)

wW/m2

i 200 4|j|j| 600 :E:ljlj 1000

http://sourceforge.net/projects/gnu-magic/
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CM SAF Clear-sky model — LUT approach %
7

CLIMATE MONITORING

SSRclear is calculated with help of a Look-Up-Table approach

Atmospheric State

osols (AOD,SSA,GG) Clouds (COD), 03,
/ Surface Albedo
LUT
Radiative ( ) »| iRESULTS of
ansfe:; Mo a N RTM RUNS
: (RTM) Calculate Relation v
between Solar — R
: SLOW ¢
DIRECT: [rradiance and
. PATH | lots of discrete .
E Atmospheric States Interpolation
 / A /
_,// Surface R“\I Y i
\_Irradiance / ( i N

_____ . Irradlance /'
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EUMETSAT

CM SAF Clear-sky -> All-sky

CLIMATE MONITORING

[OH

— Strong cloud radiative effect in the solar spectral range

Hollmann, Pfeifroth, Stengel, Niedorf: Remote Sensing and Climate Diagnostics, summer semester 2026, Uni-FFM




EUMETSAT

CM SAF Climatology of SSR

CLIMATE MONITORING

K

Surface Irradiance Climatology (1991 - 2020), C

M SAF SARAH-3
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IMATE MONITORING

CM SAF Difficulties / Challenges g
° 7

» Clouds and snow can be missclassified
» Reduced quality at large sunzenith- und satellite viewing-angles

» Uncertanties in input data mitigate into retrieval schemes (e.g.
aerosols) and final products

» Limited spatio-temporal resolutions




CM SAF Difficulties / Challenges E
7

CLIMATE MONITORING

» Clouds over bright surfaces (e.g. snow) may cause false cloud
detection because of similar reflectances

Cloud
1.0 - - - - - Fine snow
- = - Medium snow
-« = Coarse snow
0.8 4
® 06
=
8
(&)
@ | '
&: 0.4 - \ ‘
Ve s (N g
W '
0.2 4 [ .
VIS range %’ RO VAR
00+ ¢ummm) o W Ve
0.0 0.5 1.0 1.5 2.0 2.5

Wavelength (um)

Source: Application of moderate resolution imaging spectroradiometer snow cover maps in

modeling snowmelt runoff process in the central Zab basin, Iran
J. Appl. Remote Sens. 2014;8(1):084699. doi:10.1117/1.JRS.8.084699
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CLIMATE MONITORING

CM SAF Difficulties / Challenges %
7

- Internal snowmask for estimation of surface solar radiation
over snow

snow cover HelSnow, seasmean 2006-2009+2012-2015 f1p5
T R
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Source:
Master theses of Vivien Priemer
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31 EUMETSAT

CM SAF Difficulties / Challenges

CLIMATE MONITORING

K

SSR from SARAH-3 -> Improvements in case of snow cover

SDU (h) SARAH2 and CDC SDU (h) SARAH3 and CDC

CMSAF SDU (h)

7| ;
2013-03-23 CBC DU (1)

Hollmann, Pfeifroth, Stengel, Niedorf: Remote Sensing and Climate Diagnostics, summer semester 2026, Uni-FFM




EUMETSAT

CM SAF Difficulties / Challenges

CLIMATE MONITORING

[OH

> Snow can bis missclassified as clouds

- New retrieval uses snow information to reduce false interpretations
= higher surface solar radiation in alpine regions (SARAH-3)
— Better agreement with surface observations

SIS (W/m2), SARAH2 and GEBA SIS (W/m2), SARAH3 and GEBA
180 180
160 160
140 140
120 120
100 100
80 80

old March climatologies new
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Radiation in the solar und thermal range
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=» Surface Solar Radiation (SSR)
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EUMETSAT

CM SAF Validation

CLIMATE MONITORING
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EUMETSAT

CM SAF

CLIMATE MONITORING

Validation

®

Comparison of global satellite- and reanalysis data with station data:
-> Satellite data show higher accuracy as model-based reanalysis

Full time periods

CERES ~70k

CLARA-A2 ~113k 1.92

ESA CCI ~120k 5.49

GEWEXSRB  ~76k  3.95

ERA-5 ~118k 7.34

MERRA-2 ~124k  19.7

9.16

10.97

11.68

13.12

12.60

23.64

14.0

15.2

16.5

18.4

16.1

22.8

.82

.79

.75

.79

.69

Common period (2000-2015)

~63k

~63k

~63k

~63k

~63k

2.30

2.15

4.76

6.38

17.3

10.28

10.93

11.89

22.02

14.0

15.4

15.8

15.7

22.1

.86

.82

.81

72

MAB= mean absolute bias [W/m2]; bias in W/m2; rmse in W/m2; cor= anomaly correlation; # = number of months
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EUMETSAT

CM SAF

CLIMATE MONITORING

Validation

®

Comparison of global satellite- and reanalysis data with station data:
-> Satellite data show higher accuracy as NWP-based reanalysis products

Full time periods

Common period (2000-2015)

CERES ~70k 9.16 14.0 ~63k 2.30 14.0
CLARA-A2 ~113k 192 1097 152 82 ~63k 2.15 10.28 154 .86
ESA CCI ~120k 5.49 1168 165 .79 ~63k 4.76 1093 158 .82
GEWEXSRB  ~76k 3.95 13.12 184 .75
ERA-5 ~118k 7.34 12,60 16.1 .79 ~63k 6.38 11.89 15.7 .81
MERRA-2 ~124k 19.7 23.64 228 .69 ~63k 173 22.02 221 .72

MAB= mean absolute bias [W/m2]; bias in W/m2; rmse in W/m2; cor= anomaly correlation; # = number of months

Hollmann, Pfeifroth, Stengel, Niedorf: Remote Sensing and Climate Diagnostics, summer semester 2026, Uni-FFM




EUMETSAT

CM SAF Validation with GEBA stations

CLIMATE MONITORING

K

-> Bias time series / stability analysis
based on a homogeneous set of GEBA stations

(a) SARAH-3 global radiation, normalized bias vs GEBA (b) GEBA-stations used for Trendraster-Plots
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-> slight negative trend in the bias time series of ~-0.6 W/m?/decade
(due to some overestimations in the early years)
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Radiation in the solar und thermal range

Outline

= Motivation: satellite data as valuable data source
=» Surface Solar Radiation (SSR)
= Methods to derive SSR
=» Validation and comparisons
= Applications
= Climate analysis
=» Surface albedo
= Longwave downward radiation at the surface
=» Radiation budget at the top of atmosphere

Hollmann, Pfeifroth, Stengel, Niedorf; Remote Sensing and Climate Diagnostics, summer semester 2026



EUMETSAT

CM SAF Application Climatology

CLIMATE MONITORING

[OH

Global mean of surface solar radiation: 188 W/m2

Mean of climatologies [W/m2], 2000-2015
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EUMETSAT

CM SAF Application Climatology

CLIMATE MONITORING

K

Surface Irradiance Climatology (1991 - 2020), CM SAF SARAH-3
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EUMETSAT

CM SAF Application Climate Monitoring

CLIMATE MONITORING

K

SSR Anomaly 2025

Relative annual surface solar radiation anomalies for European land Anomalles of surface solar radiation In 2025
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CM SAF Application Climate Monitoring

CLIMATE MONITORING

[OH

Sunshine Duration® Anomaly

Anomalies of sunshine duration in 2025

Reference period: 1991-2020 ‘
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* The sunshine duration is calculated from the Direct Surface Radiation, both also part of the
SARAH-3 data record
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CM SAF Application Climate Monitoring

CLIMATE MONITORING

K

Monthly SSR Anomalies 2025

Anomalies of surface solar radiation in 01:2025

Anomalles of surface solar radiation In 02-2025
[ 3 >

Anomalies of surface solar radiation In 03-2025

<

o

Anomalies of surface solar radiation in 042025

Anomalies of surf
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EUMETSAT

G CM SAF Climate Atlas based on satellite data (CM SAF)

CLIMATE MONITORING

(

Solar Radiation Atlas for Baltic States and Poland

a
Lithuanian Hydrometeorological Service
under the Ministry of Ervironenent
SERWIS IMGW-PIB
KLIMAT POLSKI
- Forecasts ~ Observed data Reviews ~ Climate ~ Useful ~ E. Services Services ~
Cémate / Solar radiation atlas Lithuanian climate
) - Climate regions of Lithuania
Solar radiation atlas
Climate change
Preduct: Year:
| Solar Surface Irradiance ' Climate change in Vilnius at nean : 12014
XXI century 5
Monthly mean solar surfa in May 2014

Climate indices

Solar radiation atlas

Extreme phenomena

Records N 280

Latitude, degrees N

Jclimate —s |-60
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CM SAF Application: Sunny Days

CLIMATE MONITORING

K

See https://www.dwd.de/EN/ourservices/pro
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EUMETSAT

G CM SAF Solar energy potential

CLIMATE MONITORING

Photovoltaic Solar Electri

city Potential in Europe, Africa and Asia COEURC g cawsw

to cover the electricity consumption
using photovoltaics

Data sources:

Climate Facility (3
Ecole des Mines de Paris, France

Joint Research Centre

Authors:
Thomas Huld’, Richard Miller?, Irene Pinedo Pascua®
* European Commission, Joint Research Centre
*Deutscher Wetterdienst

Generated by Thomas Huld, Joint Research Center, EU.
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CM SAF Solar Energy: PVGIS

CLIMATE MONITORING

K

PVGIS: Free PV energy yield web tool

FLLEISILNILY [USUEL LT ORI [ LU [ e

R PHOTOVOLTAIC GEOGRAPHICAL INFORMATION SYSTEM

European
Commission

European Commission = EU Science Hub > PUGIS = Interactive tools

Home Tools Downloads~ Documentation Contact us

n Cursor: Use terrain shadows:
E . | Calculated horizon * json
B N Selecad: 50178 8634 EXCE ETN

Y Elevation (m): 132 [CJUpload horizon file Durchsuchen... Keine Datei ausgewahit.
Grunbery- N3LD ¢ .
N3 L 3 LY
A P ~
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MNATC s =
N35C Gy critrur o L )
= - 03k e : TRACKING PV - «
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g Installed peak PV power [kWp]" 1
i o . l MONTHLY DATA System loss [%] 1
\ X l ALY DATA Fixed mounting options
B ”"3, Mounting position * Free-standing v
1 l HOURLY CATA o -
. N Slope [*] 35 || Optimize slope
l ™Y Azimuth [T 0 "] Optimize slope and azimuth
B, [] PV electricity price
P PV system cost (your currency)
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Al £
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G CM SAF Solar Energy: PVGIS

CLIMATE MONITORING

(

PVGIS: Free PV energy yield web tool

PERFORMANCE OF GRID-CONNECTED PV: RESULTS @& PV output ® Radiation @ Info = PDF
Summary Monthly energy output from fix-angle PV system Outline of horizon
2 £ 2
Location [Lat/Lon]: 50.174,8.634
Horizon: Calculated
Database used: PVGIS-SARAH3 1%
PV technology: Crystalline silicon
PV installed [KWpl: 1 £ 400
System loss [%6]: 14 §
3

Simulation outputs: E 75
Slope angle [*]: 35 E w E
Azimuth angle [T 0 s o
Yearly PV energy production [KWh]: 1091.66 o
Yearly in-plane imadiation [KWh.fmzl: 1375.06
Year-to-year variability [KWh]: 55.29 25
Changes in output due to:

Angle of incidence [%]: -301 I

Spectral effects [%I: 168 0 I Horizon height 5

Temperature and low imadiance [%]: 64 Jan Feb Mar Apr May Junmonm Jul Aug Sep Oct Mov Dec - 232 Eg:gm -é,uel':; mber
Total loss [%]: -20.61
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CM SAF Interplay of wind and solar energy

CLIMATE MONITORING

[OH

Mean Monthly Simulated Energy Production
1995-2015, Germany

= Solar = Wind

©
©
<
o
o

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

12

10

Energy Production [TWh]

See Driicke, J. et al., 2020: ,,Climatological analysis of solar and wind energy in
Germany using the Grosswetterlagen classification”, Renewable Energy.
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EUMETSAT

CM SAF Validation of climate models

CLIMATE MONITORING
_ CMIP6 minus ISCCP-ITP
MPI-ESMh ensmean (1979-2000) - CMSAF (1989-2005) 90
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51 EUMETSAT
CM SAF Quality control of station data g
N

CLIMATE MONITORING

= Monitoring differences of stations- und satellite- / reanalysis surface
radiation data

BQC run 2 . BSRN QC — CLARA-A2 — SARAH 2.1

BQC run 1 NAs Database — ERAS5 — Station

2008 Feb 2008 May 2008 Aug 2008 Mav

o
800 -
E
S
E 400 1
T
O]
D —
T
2008 Jul 10

dust on pyranometer — cleaned by rain

Flag

See Urraca et al. 2017, 2020

http://www.bqcmethod.com/
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Radiation in the solar und thermal range

Outline

= Motivation: satellite data as valuable data source
=» Surface Solar Radiation (SSR)
= Methods to derive SSR
=» Validation and comparisons
= Applications
= Climate analysis
=» Surface albedo
= Longwave downward radiation at the surface
=» Radiation budget at the top of atmosphere
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CM SAF Trend and variability analysis

CLIMATE MONITORING

[OH

GEBA used as reference for validation/ trend- analysis

Regions as found by PCA-Analysis
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EUMETSAT

CM SAF Trend and variability analysis

CLIMATE MONITORING

[OH

Anomaly time series of SARAH-2 und station data agree well
Positive trend of global radiation in Europe during 1983-2015

Anomaly Time Series (1983-2015), SARAH-2 and stations
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CM SAF

CLIMATE MONITORING

Trendraster-Analysis
Trend Analysis [ W/m?/dec], SARAH-2

[OH

Trend and variability analysis

Trend Analysis [ W/m?/dec ], GEBA
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EUMETSAT

CM SAF Trend and variability analysis

CLIMATE MONITORING

Trendraster-Analysis

[OH

Trend Analysis [ W/m?/dec], SARAH-2 Trend Analysis [ W/m?/dec ], GEBA
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EUMETSAT

CM SAF Trend and variability analysis

CLIMATE MONITORING

Trendraster-Analysis

K

Trend Analysis [ W/m?/dec ], SARAH-2 Trend Analysis [ W/m?/dec ], GEBA
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CM SAF

CLIMATE MONITORING

Trend and variability analysis

K

Trendraster-Analysis shows regional differences

startyears.
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EUMETSAT

CM SAF

CLIMATE MONITORING

Trend and variability analysis

Trendraster-Analysis shows seasonal differences

Satellite

SARAH SIS mean trends per decade, MAM

2005
|

30y-trend= 5.18 W/m2/de

g i
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L]
EEL 4
8-
1995 2000 2005 2010 2015
endyears

SARAH SIS mean trends per decade, SON

Stations

GEBA SIS mean trends per decade, MAM
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g
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g
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CM SAF Trend and variability analysis E

CLIMATE MONITORING

Trend, SARAH-2, DJF, 1983 - 2015 Trend, SARAH-2, MAM, 1983 - 2015
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Indications that typical large-scale circulation patterns in spring are changing

Trend, SARAH-2, JJA, 1983 - 2015 Trend, SARAH-2, SON, 1983 - 2015
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CM SAF Trend and variability analysis E

CLIMATE MONITORING

Analysis of surface solar radiation and cloud fractional cover in Europe

Relative annual surface solar radiation anomalies for European land

-+ —

yzwwwwwwwmﬂwwjmmﬂ

- -

-> Positive trend in surface solar radiation

‘ Data source: CM SAF SARAH-3 + ICDR; Credit: EUMETSAT, Ref, Periad: 1991-2020

o

1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022 2025

Relative annual cloud cover anomalies for European land

10

H Hn HHHHHHHHHHHHH | -> Negative trend in cloud cover

N 17 T

Data source : CM SAF CLARA-A3 + ICDR; Credit: C3S/EUMETSAT, Ref. Period: 1991-2020 |
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1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013 2016 2019 2022 2025
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CM SAF Trend and variability analysis E

CLIMATE MONITORING

Intercomparison of global radiation, cloud cover and top-of-atmosphere
reflected solar radiation

-> consistency of anomalies and trends in different independent
satellite-based data records

Anomaly time series of CM SAF's climate data records for Europe

© SARAH-2 SSR [W/m2] — TRS [W/m2) — CLARA-A2 CFC [%] COMET CFC [%]

Anomaly radiation [W m™]
0
Anomaly CFC [%)

T T T I
1995 2000 2005 2010 2015

See Pfeifroth et al., 2018, Advances in Science and Research
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Summary solar radiation

=» Physical und statistical methods to derive surface solar
radiation, by combining satellite observations and radiative
transfer calculation

=» Satellite observations enable the generation of (global) data
records with high spatial and temporal resolution, and a length
of more than 40 years

=» Various application areas (e.g. solar energy, climate analysis)

=» high quality enables global and regional climate analysis of
satellite-based climate data records

= Trend analysis: positive trend in global radiation in Europe
However homogeneity testing and validation with reference
data (if available) important

= Many satellite-based data records freely available

Hollmann, Pfeifroth, Stengel, Niedorf; Remote Sensing and Climate Diagnostics, summer semester 2026 Eéii »i§



Radiation in the solar und thermal range

Outline

= Motivation: satellite data as valuable data source
=» Surface Solar Radiation (SSR)
= Methods to derive SSR
=» Validation and comparisons
= Applications
= Climate analysis
- Surface albedo
= Longwave downward radiation at the surface
=» Radiation budget at the top of atmosphere
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CM SAF Surface Albedo

CLIMATE MONITORING

K
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Figure from Trenberth et al. (2009)
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CM SAF Surface albedo

CLIMATE MONITORING

[OH

a(0,.8,)=[ [ p6,.6,:6,.8,)cos(8, )sin(6, )6, dp,

@ albedo

p reflectance
05, s incident angles

0y, ¢y viewing angles

(spectral dependencies disregarded here)
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EUMETSAT

CM SAF Surface albedo

CLIMATE MONITORING

[OH

a(0,.8,)=[ [ p6,.6,:6,.8,)cos(8, )sin(6, )6, dp,

@ albedo _
Not corrected for atmospheric influences

p reflectance - a = “black-sky” albedo

05, s incident angles

0y, ¢y viewing angles

(spectral dependencies disregarded here)
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CM SAF

CLIMATE MONITORING Retrieval prinCipIe surface albedo E

@ Cloud free ? Satellite
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I o

1st step Correction of atmospheric
reflection and absorption
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EUMETSAT

CM SAF Retrieval principle surface albedo

CLIMATE MONITORING

[OH

Correction of atmospheric
reflection and absorption

- mainly with help of water vapor, aerosol optical depth and ozone

Correction of BRDF= Bidirectional Reflectance Distribution Function

anisotropy (BRDF) / / /

(Bs, ®s)

Source: wikipedia.org

2w ,——-—'_'““J_-—:“D
o o \_.____

ddv Source: www.cmsaf.eu, CLARA-A2 SAL ATBD

— depends on surface type (land-use) and on ocean roughness (wind)
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EUMETSAT

CM SAF Example surface albedo
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Source: www.cmsaf.eu, CLARA-A3 Blue Sky Albedo
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EUMETSAT

CM SAF Example surface albedo
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Source: www.cmsaf.eu, CLARA-A3 Blue Sky Albedo
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EUMETSAT

CM SAF Example Arctic Sea Ice
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Radiation in the solar und thermal range

Outline

= Motivation: satellite data as valuable data source
=» Surface Solar Radiation (SSR)

= Methods to derive SSR

=» Validation and comparisons

= Applications

= Climate analysis
=» Surface albedo
= Longwave downward radiation at the surface
=» Radiation budget at the top of atmosphere

Hollmann, Pfeifroth, Stengel, Niedorf; Remote Sensing and Climate Diagnostics, summer semester 2026



EUMETSAT

CM SAF

CLIMATE MONITORING
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Figure from Trenberth et al. (2009)
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Outgoing
Longwave
Radiation ,

Thermal Surface
Radiation is not
directly linked with the
satellite observations.

Satellite retrievals

have lower accuracies in
the longwave surface
radiation !
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EUMETSAT

CM SAF Longwave radiation

[OH

» Surface thermal fluxes are mainly controlled by temperatures
of the surface and of the lower atmophere

» LW-downward radiation is dependent on tropospheric
temperatures and cloud properties (e.g. cloud thickness), as
clouds absorb and re-emit thermal radiation
— Problem: Cloud thickness can only roughly be estimated

from meteorological satellites




EUMETSAT

CM SAF Longwave radiation

CLIMATE MONITORING

[OH

Example of LW radiation retrieval from Gupta et al. 1992

LWaown = LWeiear + F2 + AC

F2=,cloud forcing factor”
AC=fractional cloud cover

LW, or = LWgon — 0T* T=Surface temperature

LW j0qr is calculated based on water vapor and on the emitting temperature of the
lower troposphere

T4—

cbase

F2

=b0+b1+WVC+b2+WVCZ+b3+WVC3

,b“s are regression coefficients
WV, is the water vapor below cloud base
(in Gupta 1992, cloud base is given by a ,,climatology“)




EUMETSAT

CM SAF Longwave radiation

CLIMATE MONITORING

[OH

Example of LW radiation retrieval from Gupta et al. 1992

ILWaown = LW¢iear

F2=,cloud forcing factor”
AC=fractional cloud cover

LW, or = LWgon — 0T* T=Surface temperature

LW j0qr is calculated based on water vapor and on the emitting temperature of the
lower troposphere

T4—

cbase

=b0+b1+WVC+b2+WVC2+193+WVC3

,b“s are regression coefficients
WV, is the water vapor below cloud base
(in Gupta 1992, cloud base is given by a ,,climatology“)

F2

@Parametrizations, assumptions and external data necessary
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CM SAF Example: Longwave downward radiation g
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Source: Wang, K., and R. E. Dickinson (2013)
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EUMETSAT

CM SAF Example: Longwave backward radiation
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Radiation in the solar und thermal range

Outline

= Motivation: satellite data as valuable data source
=» Surface Solar Radiation (SSR)
= Methods to derive SSR
=» Validation and comparisons
= Applications
= Climate analysis
=» Surface albedo
= Longwave downward radiation at the surface
= Radiation budget at the top of atmosphere
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CM SAF Top-of-atmosphere budget E
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Top-of-atmosphere radiation can only be observed with help of satellite data
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Figure from Trenberth et al. (2009)
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EUMETSAT

CM SAF Measuring of the ,,Solar constant”

CLIMATE MONITORING
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EUMETSAT

CM SAF

CLIMATE MONITORING

Measuring of the ,,Solar constant”
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Summary timeseries of satellite-era TSI datasets. From Kopp (2014): http://dx.doi.org/10.1051/swsc/2014012
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EUMETSAT

CM SAF TOA flux comonents

CLIMATE MONITORING
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Overview of TOA flux components based on different datasets

TABLE 1. Global mean clear- and all-sky SW, LW, and net TOA radiative fluxes, solar irradiance, and CRE for satellite-based data
products (units in W m ™).

CERES
SRBAVG- SRBAVG-
ES-4 nonGEQ GEO GEWEX SRB
Product name ERBE S-4 Ed2 revl Ed2D _revl Ed2D _revl Version 2.86 ISCCP FD

Time period 02/85 - 01/89 03/00 - 02/2005

Solar irradiance 3413 341.3 341.3 341.3 341.8 341.5
LW (All sky) 2352 239.0 2377 237.1 240.4 2358
SW (All Sky) 101.2 08.3 06.6 07.7 101.7 105.2
Net (All Sky) 4.9 4.0 7.0 6.5 -0.3 0.5
LW (Clear Sky) 264.9 266.6 266.4 264.1 268.1 262.3
SW (Clear Sky) 53.6 493 51.2 51.1 54.5 54.2
Net (Clear Sky) 22.8 254 23.7 26.2 19.2 25.0
LW CRE 29.7 27.6 28.7 27.0 27.7 26.5
SW CRE —47.6 —49.0 —45.4 —46.6 —47.2 —51.0
NET CRE —-17.9 -214 —-16.7 —-19.7 —19.5 —24.5

Source: Loeb et al., 2009
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(= CMSAF TOA Outgoing Longwave

CLIMATE MONITORING

[OH

Example:
2004-09-23, 12 UTC

“Planck”:
E = sigma * T**4

Hot desert leads to large
values of longwave radiation.

Cold (high) clouds e.g. as
apparent in the ITCZ lead to
very low outgoing longwave
radiation.

QRO xn 100 130 200 20 200 0 990 90 W0
S S =

OLR FROM SEVIRI, 23 SEPT 2004 1200 UTC W/m2
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CM SAF TOA Outgoing Longwave
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Outgoing Longwave Radiation Climatology W/m2
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Source: Dewitte and Clerbaux, Remote Sensing, 2017, based on CERES EBAF data
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CM SAF TOA Reflected Shortwave
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Radiation in the solar und thermal range

Outline

= Motivation: satellite data as valuable data source
=» Surface Solar Radiation (SSR)
= Methods to derive SSR
=» Validation and comparisons
= Applications
= Climate analysis
=» Surface albedo
= Longwave downward radiation at the surface
=» Radiation budget at the top of atmosphere
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Proposal for Seminar Work on Radiation

Comparison of CM SAF Climate Data Records (SARAH-3, CLARA-A3, HANNA)
and gridded datasets based on stations and reanalysis (ERA-5, E-OBS)
with surface reference observations (e.g. GEBA)

This seminar work investigates how the CM SAF satellite-based solar radiation datasets perform against
other established gridded products. Comparisons are conducted on a monthly basis and, where
applicable, on a daily temporal resolution.

The validation of the gridded products with surface reference observations (e.g. from GEBA) can provide
an objective measure of data quality.

Processing steps

Data collecting and describing (data sources, properties)

Data preparations (monthly/daily averages/anomalies; common grid/domain/time period; data extraction at station locations; ...)
Data comparisons, calculation of quality measures (bias, differences, correlations, trends ...)

Data visualisations (condense information to maps/graphics/tables, ...)

Description and interpretation of results

Summarize processing steps and results in the seminar report

Recommended tools
R, python, cdo,

Links:
. EOBS
ERA-5
GEBA
SARAH-3
CLARA-A3
HANNA

Hollmann, Pfeifroth, Stengel, Niedorf; Remote Sensing and Climate Diagnostics, summer semester 2026 &
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