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The Sun’s Energy

* Energy output
— Sun’s total output 3.8x10%3 kW
— Energy heating the Earth 1361 W/m? ol
|
* Energy trivia e

— The total output of the Sun in one second would provide the e
U.S. with enough energy, at its current usage rate, for the
next 4,000,000 years

Hydroelectric

Nuclear

M Lawrence Livermore

Estimated U.S. Energy Use in 2012: ~95.1 Quads National Laboratory

Geothermal, wind,
solar, wood, waste

Total

/

surface

Greg Kopp - p. 2
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Problems

* Determine the temperature of the Sun needed to produce 1361 W/m? irradiance at 1 AU
— TSI'S; = 1361 W/m?
— Sun’s radius Rg = 6.96265x101° cm
— 1 AU R; = 1.4959787x10%3 cm
— Flux at Sun’s surface S¢ = S * (R¢/R¢)?
— Flux Sg = 6T (6 = 0.567x10% erg s cm2 K* = 0.567x107 W m2 K*)
— Temperature T = (S / 6)¥* =5769.6 K

Greg Kopp - p. 3
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Problem

* Integrate the Planck blackbody for a 5770° K Sun to determine the fraction of total

energy in:
— the visible region from 400 to 700 nm; and
— the NUV, visible, & NIR spectral region from 300 to 2500 nm

Greg Kopp - p. 5
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Problem

* Integrate the Planck blackbody for a 5770° K Sun to determine the fraction of total
energy in:
— the visible region from 400 to 700 nm; and
— the NUV, visible, & NIR spectral region from 300 to 2500 nm

Planck Wavelength Function

n]

[erg/cm?/s/micro

o
o
c

2

°
o
£
I
©
@
%
n

— Eypre = 0T# (0 =0.567x10% erg s cm2 K*) = 6.285x10%° erg/s/cm?
— 1) 400-700 nm: E = 2.299x10%° erg/s/cm? 36.6%
— 2) 300-2500 nm: E = 5.868x10%° erg/s/cm? 93.4%

(4
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Solar Spectral Deviations from Planck Blackbody

* Fraunhofer (absorption) lines in visible and NIR

* EUV emission
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Problem

* Determine the Fraunhofer line depth for a 500 nm (visible) absorption line with that of a
line at 1.6 um (NIR)

— Assume the continuum is at photospheric temperatures (5770° K) and the absorption lines are formed in
local thermodynamic equilibrium at temperature minimum values (~4500° K)

— This shows one reason that the NIR is less sensitive to scattered light than the visible
Planck Wavelength Function

— 500 nm: 24% E(500 nm, 5770 K) = 8.2x1010

— 1.6 um: 59% N

E(1.6 um, 5770 K) =
E(500 nm, 4500 K) = 9.5x10°

2.0x10%0
E(1.6 um, 4500 K) =
5.6x10°

\
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The Sun — Condensed to Total Irradiance

Images/plots courtesy of NSO,
SOHO, SORCE

Solar Spectral Irradiance

_/

n
o

19,900 19,906 19,910 19,916 19,920 19,926 19,930 19,936 19,840
65010 65008 5008

Spectral Irradiance [W m nm™']
Spectral

o
o

1000
Wavelength [nm]

Total Solar Irradiance
(TSI)

Spatial

2000/02/27 01:54 2003/11/04 19:48 2001/03/29 09:360
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What Is Total Solar Irradiance (TSI)?

28 Oct. 2003 7 Nov. 2003

e Spatially- and spectrally-integrated
radiant power from the Sun per unit area
— Normalized to 1 AU

27 Oct
2003 pgte

(4
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MDI Intensitygram 01—-5ep—20035 00:00

SORCE /TIM Irradiance V.17

HAO, 7 Aug. 2017 Movie created by G. Kopp, 23—Jan—-2017 Greg Kopp - p. 11



Perspective on Flares Compared to the TSI

T
2003110

Irrodiance [W/m?]

&< SORCE/TIM T,
——£1 GOES 0.1>0.8 nm (scaled)
GOES defivative

7 Nov. 2003 SORCE/TIM Total Solar Irradiance — 28 Oct. 2003
T T T

T

Peak at 28-0ct-2003 11:05
267 ppm increase

Net flare energy is
<0.008% of what the
Sun emitted in that
~40-min. time range

10:30 10:40 11:00
Time [UT])

27 Oct
2003 pote

HAO, 7 Aug. 2017 Solar Irradiances

11:10

Irradionce [W/m?]

11:20

1,-;30 Woods et al., 2005

TIM Irradionce — 28 Oct. 2003 11:10

T

T T T T T T

Integroted flore energy [ergs] = 6.97e+32

::Zr;rsflﬂ Integrated GOES energy [ergs] = 4.39e+30
Background Fraction of total in GOES [%] = 0.6

Relative Amplitude of Derivative = 46%
XPS 0-27 nm

1357.2
10:20

PR/ R IS NI U S I SO SR T N T T

16:40 11:20  11:40 12:00
Time [UT]
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Wavelet Analyses Indicate Timescales of Measured Variability

SORCE TSI Morlet Wavelet Power

Wavelet Scale [days])
Jamog abosanay—awi)

00,00,

20% 0% 0%

<
<
]
b |
X
X]
X
X
X
X
X
X

RS

[>
[

2006 2010 2016 00 0.1 0.2 03 04 0.5
Yeor (W m=2 (1/day)™'/?]
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What Are the Timescales of TSI Variability?

0.01% over minutes Total Solar Irradiance Composite

<0.3% over a few days

— Short duration causes negligible climate effect

:|: 1000 ppm

0.1% over 11-year solar cycle

— Small but detectable effect on climate

* 0.05-0.3% over centuries (unknown) ' 3 sonce i TE/ v2-1708
— Direct effect on climate (Maunder Minimum and : ! !

Europe’s Little Ice Age) St umoer PRENOS V0-1402 :

* 10-1%/yr on evolutionary timescales P U A e, 118 2

G. Kopp, 08 Jul. 2017

e An unequivocal link between climate change and TSI has been established over the past three decades

— Magnitude of natural climate forcing needs to be known for setting present and future climate policy regulating
anthropogenic forcings

— Future long-term solar fluctuations, similar to historical variations, are not known from current measurements or
TSI proxies

HAO, 7 Aug. 2017 Solar Irradiances \\‘_ Greg Kopp - p. 14



A ’lsdve;;ga?ﬁeﬁé’ﬁt-at Di !erent Wavelengths

it would be as bori s‘most astronomers seem to believe it is

Vﬂ . f“;tl'gé"‘R Le'ghton

“I"af.,, LT v
‘~ '. -1'4
- .

kT s k, ’ '3
PRI ik
CET Ay ] 2001/04/01 00:0

2002/10/24 19119

Heliophysics Summe
HAO, 7 Aug. 2017
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What Is Spectral Solar Irradiance (SSI)?

28 Oct. 2003 7 Nov. 2003
fg— 1361.8 SORCE/MM V.17

WO Insensityrern: 209310221

1360.2

1358.6

28 Oct. 2003

16 Nov 26 Nov
2003 2003
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Short-Term Spectral-Solar-Irradiance Variability

SORCE observations NRLv02r00 model

1362.5 Total Solar Irradiance

1361.7
1360.8

1360.0

5 36 Ultraviolet Irradiance (250-285 nm)

5.34
5.32
5.30

370 Visible Irradiance (400-600 nm)

372.0
371.8
371.6
371.4

305.90 Near-Infrared Irradiance (700-1000 nm)

305.73
305.57

305 .4 T N S, VR S IS G HN CHN TR SE SR, SN TS U] SN I T S S
2(91565 2015.70 2015.75 2015.80 2015.85
Time

L

courtesy of Odele Coddington, LASP
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What Is “Irradiance”?

* Integrated radiant flux through an area

— Total irradiance: spectrally integrated radiant flux through an area

dd

E=—
dA

— Spectral irradiance: radiant flux per wavelength unit through an area
d’®

E, =
dAdA

Planck Wavelength Function

[erg/cm?/s /micron]

©
8
g
2
3
2
K
3
S
-4
@

N
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HAO, 7 Aug. 2017

Short-Term Spectral Variability

6-month spectral variability
around “Halloween Storms”

§ Meas. (k=2)
— Model

400-600 nm

600-700 nm

§ Meas. (k=2)
— Model

courtesy of Erik Richard, LASP

28Oct

Solar Irradiances

07 .Nov

700-1000 nm

1000-1300 nm

1300-1500 nm  Meas. (k=2)

(4

@oualay|Q [eUOHIRIY

R
3
2
g
5|
E
3|
s
L
H
8

@0ualayIQ [eUOHIRIS

Greg Kopp - p. 19



Measured Spectral Irradiances

a) 121 to 122 nm

| UARS i TIMED
SME+1.60 iSUS'M—O-% isi B SEE-0.50

]
. &

" SORCE. -
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g\
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8 =
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Wavelength (nm) b SORCE SiM

SORCE SIM—1.45 °

(4
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Solar Activity Causes Spectral Irradiance Variations

4.02 Os H,0 & CO,
. ayn 10
Solar variability sources are w Vs IR
- speciral irradiance
wavelength-dependent... ES
102 i

thus, irradiance variations depend on
wavelength

. AN
gnwnnuu: HH

vy 3T0AD dA—L1L

SOLAR IRRADIANCE (mWm™2nm™")

Facular Contrast 1 -2 ectral
. 10 variability

~ 4 g | . Y SR A N
T - e N—e—— T 10_4 1 E| 11 IIlIl .:'.gl IélEllélllva:r:lol‘blllty 111 L1
é bolometric - 1 02 1 03 1 04
= R o WAVELENGTH (nm)
3 v e
g 0.0 T T T T T T T T T T T T TT T R
g -0.2 Allen (198 1) _.:
S I faculae

-0.4 bolometric

-0.6 3

-0.8 Y.Unruh(model9)  Sunspot Contrast E

-1.0 NPT | N L s eued]

0.1 1.0 10.0 100.0
Wavelength (micron)
Heliophysics Summer School courtesy of Judith Lean, NRL
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4.5 billion years

Sun Earth
5770 K 280 K

, deep space 4K
convection zone

radiative zone
core

reflected photons

hotons " -

gamma X-rays rays | infrared radar 1 TV AM
rays

1
~ Wavelength (meters)
. gth (

3 surface

~
~

L ———
600

Wavelength (nanometers)

149,597,900 km

1 Astronomical Unit

not to scale

HAO, 7 Aug. 2017

courtesy of Judith Lean, NRL
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Problems

* Compute the Earth temperature resulting from 1361 W m2 of total solar irradiance
— Assume Earth is a grey-body with equal albedo and emissivity

Incoming Energy = aR*: A- S
Outgoing Energy = 4aR*-¢-oT"

/ 1
Energy Balance = 7T =4/——38 =280K
€ 4o

— S$=1361W/m?
—T1=278K

(4
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Where Does the Earth Get Its Energy?

Heat Flux* Uncertainty or Range
Energy Source Wm?] [Wm?] Relative Input

[ 1.000E+00);
_
nfrared Radiation from the FullMoon | o001 [ - [ 290E-05 |
Combustion of Coal, O, andGas (inuU.s) | 00052 | - | 150605 |
Airglow Emission | o003 | - | 1.0E05 |
Sun's Radiation Reflected from FulMoon | 00018 | - [ 530E06 |
|Energy Generated by Solar Tidal Forces in the Atmosphere | 0.00168 | - | 4.90E-06 |
Earthshine 000000000 | 19307 [ 000- | 570E10 |
U I
|Secondary Sources of Non-Solar Origin (Tota) | 00900 | [ 2.60E-04 |
Heat Flux from Earth'sinterior | 009 | #0006 [ 2.60E-04 |
[Energy Generated by Lunar Tidal Forces in the Atmosphere| 1.96E-05 | - | 5.80E-08 |
Dissipation of Mechanical Energy from Micrometeorites
) N N
Total of All Secondary Energy Sources | 04169 | ~ [%3.39E-04/

* global average
Greenhouse gases are not-an-energy source.

from “Where does Earth’s atmosphere get its energy?" by A.C. Kren, P. Pilewskie, and O. Coddington, Space Weather
and Space Climate, 2017

(4
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Problems

* Compute Earth’s temperature due to:
— Solar radiation; and
— Earth’s internal energy sources alone

Incoming Energy = aR*: A- S
Outgoing Energy = 4aR*-¢-oT"

A 1
Energy Balance = 7T =4/——38 =280K
€ 4o

— 6=0.567x10%erg st cm2 K*=0.567x107 W m=2 K*
— Sun’s radiation S¢=1361 W/m? T=278K
— Earth’s internal sources  S; = 2.6x10# S T=35K

(4
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What If We Didn’t Have the Sun?

Heat Flux* Uncertainty or Range
Energy Source W m™2] W m™2] Relative Input

\ Total Input (relative)
Temperature [°K]

[°F]

Secondary Sources of Non-Solar Origin (Total) 0.0900 2.60E-04
Heat Flux from Earth's Interior 0.09 + 0.006 2.60E-04
Energy Generated by Lunar Tidal Forces in the Atmosphere 1.96E-05 - 5.80E-08
Galactic Cosmic Rays 8.50E-06 7.0E-06 to 1.0E-05 2.50E-08
Total Radiation from Stars 6.78E-06 5.62E-06 to 7.94E-06 2.00E-08
Cosmic Microwave Radiation Background 3.13E-06 +2.62E-09 9.20E-09
Dissipation of Mechanical Energy from Micrometeorites 1.10E-06 1.9E-08 to 2.0E- 06 3.20E-09

Total of All Secondary Energy Sources 0.1169 3.39E-04
* global average

from “Where does Earth’s atmosphere get its energy?" by A.C. Kren, P. Pilewskie, and O. Coddington, Space
Weather and Space Climate, 2017
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The Sun Is THE Dominant Driver of Earth’s Climate

Fortunately, this 800 |b gorilla is very placid

Heat Flux* Uncertainty or Range
Energy Source [W m2 1 [W m2 1 Relative Input

340.2 1.000E+00
00000000000 -
00268 | | 7.90E:05
oor | - | 2.90E05
00052 [ - | 150605
000362 | 1.0E-05to1.0E-03 | 1.10E-05
00036 [ - | 1.70E05
00018 | - | 530E06
-
| 9.0E-05 t0 9.0E-04 |

nergy Generated idal Forces i mosphere 0.00168 4.90E-06
4.956-04 | 9.0E-05 to 9.0E-04 1.50E-06
3.70E-04 1.10E-06
5.67E-05 1.70E-07
1.93E-07 5.70E-10
I

Secondary Sources of Non-Solar Origin (Total) 0.0900

1.0E-05 to 1.0E-03
2.60E-04

E -]
00000000
]
2.60E-04
1.96E-05 | - | 5.80E-08
8.50E-06 2.50E-08
Dissipation of Mechanical Energy from Micrometeorites

| N (N A
Total of All Secondary Energy Sources 01169 | [ 3.39E-04

* global average

from “Where does Earth’s atmosphere get its energy?" by A.C. Kren, P. Pilewskie, and O. Coddington, Space Weather
and Space Climate, 2017
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Sunspots

Dark, “cool” regions - 4000° K (as opposed to 6000° K)
Magnetically active (~4000 Gauss fields)

Sites of flares commonly

Duration

— Days to months

(4
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History - Sunspots

1610-1801 - Explanations of sunspots
— Galileo Galilei (1564-1642) - cloud-like structures in the solar atmosphere

— Christoph Scheiner (1575-1650) - intra-Mercurial objects; dense objects embedded in the Sun’s luminous
atmosphere

— René Descartes (1596-1650) - floating aggregates of etheral matter accreted along the Sun’s rotational
axis, where centrifugal forces are negligible

— William Herschel (1738-1822) & A. Wilson in 1774 - openings in the Sun’s luminous atmosphere, allowing
a view of the underlying, cooler surface of the Sun (which was likely inhabited)

Correlated the price of wheat in London

with the number of visible sunspots, attributing the
connection to reduced rainfall when the Sun was less spotted

(4
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History - Use of Telescope

1610 - First telescopic observations of sunspots
— Johann Goldsmid (1587-1616) in Holland
— Thomas Harriot (1560-1621) in England
— Galileo Galilei (1564-1642) in Italy
— Christoph Scheiner (1575-1650) in Germany

(4
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History — Europe’s Little Ice Age

1645-1715 — Maunder Minimum

— Solar output decreased 0.1-0.3% for 70 years
— Earth temperatures were ~0.2-0.4 C colder than the early 1900s

1600 Mau
Minimum
C—
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What Determines Climate?

Shortwave Total Solar Irradiance Infrared

102\ Reflected Solar 341 Incoming
Radiation Solar

101.9Wm? Radiation
341.3Wm?

Reflected by

Outgoing
Longwave
Radiation
238.5W m?

Clouds and ’ f40 Atmospheric

Atmosphere
79 Emitted by

\ Atmosphere

Absorbed by
78 Atmosphere

Latent
1 80 Heat .

S k\ 356
=]
E=)
=

169

396
Thermals Eapo— ~ Surface
transpiration
- - 7" ‘ e
Net absorbed
- from Trenberth,‘“ Kiehl, 2009 0.9
s W m*?

Window

Greenhouse
Gases

’

333
Back
Radiation

333

.Radiation Absork

HAO, 7 Aug. 2017
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What Is Climate?

* Climate — the total of all statistical weather information that helps to describe the
variation of weather at a given place for a specified interval of time. In popular usage,
the synthesis of weather at some locality averaged over some time period (usually 30
years) plus statistics to include extremes in weather.

“u ¢

e “‘Climate’ is what you expect; ‘weather’ is what you get.” [Gary Rottman, 2003]

e
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Observot-ons 1998 2008 relative lo 1950- 1960

Temperatures Are Changing

Earth’s surface temperature has
increased in the last century

~ 0.5
=
£ : L =
(e} -
g 705 anges are non-uniform, globally | %
~1.0 . and temporeilly Ly
1850 1900 1950 2000 I e e i ; :
Q80  -120  -60 0 60
—-2. I .0%
http://ftp.cru.uea.ac.uk/ 20 20
150k What Is Due to the Sun?
0.4 —— Jones et al. (1998)
X Monn et al. (1998) I‘
0.2 —— Bradley & Jones (1995) lnn n n h(
AA
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E 100
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N T
; ! ]

—;)soo 1700 1800 190 00
—0.4: ]
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courtesy of Judith Lean,
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There Are Many Causes of Climate Change

Natural Forcings

e solar variability - direct and indirect effects
e volcanic eruptions - stratospheric aerosols

Internal Oscillations

e atmosphere-ocean couplings
- El Nifio Southern Oscillation (ENSQO)
- North Atlantic Oscillation (NAQ)

Land Cover Changes

Anthropogenic Forcings
e atmospheric GH gases - CO,, CH,, CFCs, O3, N,O
e tropospheric aerosols - direct and indirect effects of soot,
Sulfate, carbon, biomass burning, soil dust

Heliophysics Summer School courtesy of Judith Lean, NRL
HAO, 7 Aug. 2017
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Climate Influences

HAO, 7 Aug. 2017

3 L
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N _? La Nina
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courtesy of Judith Lean, NRL Solar Irradiances \ ) Greg Kopp - p. 36



HAO, 7 Aug. 2017

“Components” of Global Temperatures

Anomaly [C]

|
0090
N O NS

oo
o

1980 1985 1990 1995 2000
ENSO Index

Volcanic Aerosol

Anthropogenic Forcing

1980 1985 1990 1995 2000

Solar Irradiances

2005

2005

(4
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Global Surface Temperature Responses Since 1890

CRU Temperatures

CRU temperature data, Unjv. East Anglia, UKl
h

"M N/ M» iy | *v

1900 1920 1940 1960 1980 2000
ENSO Index +0.0015K /decade

-0.0009K /decade

Volcanic Aerosols
+0.005K /decade

+0.054K
/decade

Anthropogenic Forcing

1900 1920 1940 1960 1980 2000
courtesy of Judith Lean,

HAO, 7 Aug. 2017 NRL Solar Irradiances

Decompositions of
historical and recent
global surface
temperatures give
consistent individual
natural and anthropogenic
components:

Natural components
account for <15% of
warming since 1890

(4
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Regional Annual Response Patterns

“Super" El Nino  GLOBAL AT= 0.19 K Pinatubo Volcano  GLOBAL AT=-0.21 K

1980- 2006 Anthropogemc Influence GLOBAL AT= 0.37 K

-2.0

. no observations 5°x5° lat/long

courtesy of Judith Lean, NRL
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Problems

* Compute the sensitivity of Earth’s temperature to TSI variations
— Compute the expected temperature changes for a 0.04% lower Maunder Minimum TSI value

— Compute the expected temperature changes for a 0.1% higher solar maximum TSI value (assuming the
climate system has time to respond)

f 1
Energy Balance = 7T =4|——3S =280K
€ 4o

AT=§- T
4S8

—1)AT = -0.028 C

—2)AT= 0.070C

— Sensitivity k = AT/AS = 0.051 C per W/m?
(neglects x4 global average)

(4
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What Do You Need for a Climate Data Record?

* Accurate measurements over long (climate scale) time periods

— How accurate? How long?
* Must detect small changes above natural fluctuations
* Need estimates of expected variability

— Drives modeling capability

— Drives measurement stability and duration

* Patience...

— ...0r a historical record...

(]
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HAO, 7 Aug. 2017

Historical TSI Reconstructions Rely on Proxies
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Climate Records Similarly Rely on Proxies

* Ice core samples (trapped air, dust, volcanoes)

* Tree rings (moisture, temperature, existence of plants, fires)
» Sea surface levels and ocean sedimentation (dust, ice floas)
* Rocks and sedimentation, corals, microfossils

(4
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Paleo-Climate Temperatures

Temperature of Planet Earth
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Models of Solar Irradiance Variations

2—Component TSI Regression Model

e Empirical (regression)
— TSI with sunspots and faculae (or other solar activity proxies)
— SSI below 300 nm less sensitive to sunspot darkening

e Physical
— Atomic processes and solar atmospheric models

* Summary of effectiveness

— Good for short-term variations, poor for long-term (secular) oo oo 000 200m

Faculae

Sunspots

Greg Kopp - p. 46
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Proxy Models of TSI Variations

NRL TSI Regression Model

e NRLTSI2 model has two components:

Sunspots

courtesy of Judith Lean, .
HAO, 7 Aug. 2017 NRL Solar Irradiances
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Sunspots and Faculae
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Proxy Models of SSI Variations

Naval Research Lab. Solar Spectral Irradiance (NRLSSI: Lean 1990, 2005, 2015)

Determines wavelength-dependence of rotational modulation by multiple regression of
SORCE/SSI with facular and sunspot indices

F(A,t)-F(A) = a(A) + b(A)x[Mg(t)-Mg, ool + C(A)X[S(t)-Ssmootn]

smooth ~—

Uncertainties in modeled SSI scale with solar activity, including
* Absolute-scale uncertainty of Quiet Sun reference

*  Scaling-coefficient statistical uncertainties
Facular-brightening & sunspot-darkening value uncertainties

Sunspot Index Scaling

7

Facular Index Scaling
o oy

b(A) coefficient .
c(A) coefficient

10° 10*
wavelength (nm)

-

10° 10*
wavelength (nm)

courtesy of Erik Richard, LASP
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Climate Model Response to Radiative Forcing

surface forcin
temperature g

change N l
AT=xF

climate sensitivity

IPCC range: 0.2-1°C per Wm?
paleoclimate: 0.75°C per Wm™
Hansen, 2004

Anthropogenic Influence

AT =0.4°C  (1980-2006)
F=1Wm?2 (total, not all radiative)

Current understanding assumes that climate
response to solar radiative forcing is
thermodynamic --
BUT empirical evidence suggests it

.... is dynamic, rather than (or as well as)
thermodynamic
... engages existing circulation patterns
(Hadley, Ferrel, and Walker cells) and
atmosphere- ocean interactions (ENSO)
... involves both direct (surface heating) and
indirect (stratospheric influence) components.

Solar irradiance provides a well specified external
climate forcing for testing models and understanding

http.//www.hpl.umces.edu/~lzhong/mixed_layer/sml.htm

l\ \ Evaporation

//VD

Wave Breaking

HAO, 7 Aug. 2017
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courtesy of Judith Lean, NRL .
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Atmospheric Absorption of Solar Radiation

Photochemistry Heating
EUV (lonosphere)
N, +hv (4 <80nm) 2 N,* + e
0, +hv(4<103nm) 2 O, + e 12°F W 120 thermosphere
O+hv(1<92nm) 2 O* +e T Y
100 5 100
FUV (Ozone Creation) 80:_ :“ L b ~99% penetratesy |-

0,+hv(i<242nm) 20 +0
0 +0,(+M) 2 0,

MUYV (Ozone Destruction) ;
0+ hv (4 <310nm) = 0, 40:'

‘ to the troposphere mesosphere
1l

60| ‘ 60

Altitude (km)

stratosphere

. 20f

GCRs TSI

1 1 1 1 PR | 0
150 200 250 300 350 200 250 500 1000
thermosphere Wavelength (nm) Temperature (K)

mesosphere

A <120 nm =0.003 +0.001 Wm2  0.0002%
1204 <300 =149 +0.1 Wm? ~1%
42300 =1346 +0.5 Wm2 99%

stratopause
AT

x
stratosphere

Cwarming> r_/
iy [ {(ropopause

=
(" alker & \) AQ troposphere
\Hadley Cell/ Pao NAO\@

ENSO/ / ~_ 5 surface |88
A s ]
Equator" s PUmEY  winter =
Oceans |

Eray-€tal Rev. Geophyss, 48,2010 . courtesy of Erik Richard, LASP

HAO, 7 Aug. 2017 Solar Irradiances &\‘_

Greg Kopp - p. 51



Fifth Assessment Report (AR5) of the IPCC, 2013

Radiative forcing of climate between 1750 and 2011 Radiative forcing of climate between 1980 and 2011
Forcing agent Forcing agent
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courtesy of P. Pilewskie, LASP .
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Historical Measurements of the “Solar Constant”

e Claude Poullet (1837)
— 1227 W m2(17.6 kcal m? min?)

John Hershel (1837)
Sam Langley (1881)
— 2903 W m?

Charles Abbot (1958)
— 1465 W m>
— Solar variations ~0.1%

* Labs and Neckel summary (1971)
— 1360 W m?2 = 1%

(4
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Accurate Radiometry Requires Subtle Corrections

Precision Aperture
Determines Area
Absorptive Radiometer k
y
T A
| Shutter Modulates
i Incoming Sunlight

Electrical Heating to Maintain Constant Temperature
As Sunlight Is Modulated Determines Radiant Power

* Aperture knowledge accuracy

— =10"" (100 ppm) = Ar =200 nm

. 8x10° cm/s
3x10"° cm/s

~5x10° = =50 ppm

HAO, 7 Aug. 2017 Solar Irradiances
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TSI Missions

Total Solar Irradiance Missions
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S$SI Measurement Continuity

* Continuity applies to both temporal and spectral coverage
— However, continuity is only beneficial if measurements have good long-term stability

HAO, 7 Aug. 2017
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Note: For several of the instruments SSI is not their primary product,
therefore calibration and long-term stability corrections not well quanti

. Ermolli, et al., Atmos. Chem. Phys., 13, 3945-3977, 2013
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Value of Spectral-Irradiance Measurements for Climate Science

TSI Measurements
1. Are the most stable solar irradiance measurements
— Achieve stabilities necessary to detect climate-relevant solar variability

2. Provide ~40 year solar-irradiance record of entire radiative input to Earth’s climate
system

[Cl-Camposite
Dudok de Wit, Kopp, Frohlich, Scholl, GRL, 44, 2017
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Fundamental Solar-Irradiance Science Questions

* What are secular (long-term) variations in solar irradiance?

* What solar activities cause variability at different wavelengths?
* What was the solar irradiance during the Maunder Minimum?
* How good are sunspot and isotope proxies of solar irradiances?

* How much solar variability is expected?
— Based on observations of the Sun and observations of other stars?

— Based on physical models?

* What is the Earth’s climate sensitivity to solar variability?

(4
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