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Solar radiative forcing of the upper atmosphere
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2



COMET ORB 20220514

The ionosphere-thermosphere system
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The ionosphere-thermosphere system
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Different types of forcings

Solar radiative forcing in the EUV

daily-yearly variations, impulsive bursts during flares only 

Joule heating due to geomagnetic activity

highly variable in time

5

external



COMET ORB 20220514

Where the energy comes from

Solar radiative forcing in the EUV

daily-yearly variations, impulsive bursts during flares only 

Joule heating due to geomagnetic activity

highly variable in time 

Dynamical coupling with the mesosphere below

wave activity: energy and momentum exchange 

Infrared cooling by trace gases

continuous, caused by greenhouse gases (CO2, CH4, …)
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What do we know ?

Changes in the thermospheric 
density on time scales >>1 day 
are primarily driven by solar EUV 
forcing

7
Emmert	et	al.	GRL	(2010)

log(density)

solar	EUV	flux	 
(f10.7	index)
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What do we know ?

Variability <1 day is 
driven by a mix of 
geomagnetic forcing and 
solar EUV variability

8
Lei	et	al.	JGR	(2008)
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What do we know ?

Impact on density of largest (X-class) flares is highly variable but globally weak
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Qian	&	Solomon,	SSR	
(2012)

Thermospheric Density: An Overview of Temporal and Spatial

Fig. 1 Neutral density responses to an X17 flare occurred on October 28, 2003 and an X28 flare occurred
on November 4, 2003. (a) Neutral density observed by CHAMP on October 28, 2003. The solar local time
of CHAMP orbit was ∼13:10. (b) Neutral density observed by CHAMP on November, 2003. The solar
local time of CHAMP orbit was ∼12:45. (c) Neutral density simulated by TIE-GCM for October 28, 2003,
sampled along the CHAMP orbit. FISM flare spectra were used as solar input for the TIE-GCM. (d) Neutral
density simulated by TIE-GCM for November, 2003, sampled along the CHAMP orbit. FISM flare spectra
were used as solar input for the TIE-GCM; (c) GOES 0.1–0.8 nm solar irradiance and geomagnetic Kp index
for October 28, 2003. (d) GOES 0.1–0.8 nm solar irradiance and geomagnetic Kp index for November 4,
2003

1974; Davies 1990; Mendillo et al. 1974; Zhang et al. 2005; Tsurutani et al. 2006), with
relatively sparse research concerning the thermosphere (Sutton et al. 2005; Liu et al. 2007a;
Pawlowski and Ridley 2008). The thermosphere, with its large mass and high heat capac-
ity, is expected to be slower in responding to transient events such as solar flares. How-
ever, model simulations and observations show significant rapid density response to solar
flares.

Figure 1a and 1b show neutral density at 400 km observed by the CHAMP satellite along
its day-time orbit, for October 28, 2003, and November 4, 2003. Figure 1c and 1d are neutral
density simulated by the TIE-GCM. Input flare spectra for the TIE-GCM were provided by
the FISM (Chamberlin et al. 2008), which is based largely on data from TIMED/SEE and
the X-ray monitors on the GOES satellites. TIE-GCM density was sampled along CHAMP
orbits for comparison to the measured density. Figure 1e and 1f show solar flux in the wave-
length range 0.1–0.8 nm measured by GOES 10, and geomagnetic Kp index. An X17 flare

soft	X-ray	flux
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Fig. 1 Neutral density responses to an X17 flare occurred on October 28, 2003 and an X28 flare occurred
on November 4, 2003. (a) Neutral density observed by CHAMP on October 28, 2003. The solar local time
of CHAMP orbit was ∼13:10. (b) Neutral density observed by CHAMP on November, 2003. The solar
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sampled along the CHAMP orbit. FISM flare spectra were used as solar input for the TIE-GCM. (d) Neutral
density simulated by TIE-GCM for November, 2003, sampled along the CHAMP orbit. FISM flare spectra
were used as solar input for the TIE-GCM; (c) GOES 0.1–0.8 nm solar irradiance and geomagnetic Kp index
for October 28, 2003. (d) GOES 0.1–0.8 nm solar irradiance and geomagnetic Kp index for November 4,
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Pawlowski and Ridley 2008). The thermosphere, with its large mass and high heat capac-
ity, is expected to be slower in responding to transient events such as solar flares. How-
ever, model simulations and observations show significant rapid density response to solar
flares.

Figure 1a and 1b show neutral density at 400 km observed by the CHAMP satellite along
its day-time orbit, for October 28, 2003, and November 4, 2003. Figure 1c and 1d are neutral
density simulated by the TIE-GCM. Input flare spectra for the TIE-GCM were provided by
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orbits for comparison to the measured density. Figure 1e and 1f show solar flux in the wave-
length range 0.1–0.8 nm measured by GOES 10, and geomagnetic Kp index. An X17 flare

measured	density

soft	X-ray	flux

Sutton et al. GRL (2006)



Why solar proxies are needed

10



COMET ORB 20220514

Impact is highly wavelength-dependent
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EUV/UV observations are very challenging

Instruments suffer from degradation and contamination (lifetime < 10yrs)


Poor radiometric accuracy and stability


Observations are highly fragmented
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Main solar proxies for the UV/EUV

13

Name Definition Origin Coverage

Sunspot	Number	 number	of	spots	/	groups Ground	:	counted	by	
observers daily	since	1815

MgII	index
core-to-wing	ratio	of	

Mg	II	line	@	280	nm

measured	from	space daily	since	1978

F10.7	index radio	emission	@	10.7	cm Ground	:	Penticton	
observatory daily	since	1947

F30	index radio	emission	@	30	cm Ground	:	Nobeyama	
observatory daily	since	1957
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Proxies and solar UV/EUV irradiance are highly correlated

14



Which is the best proxy ?

15
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Two different questions

Question 1 : Which is the best proxy for reproducing a specific spectral band ?


Question 2 : Which is the best proxy for describing the solar forcing  
                  of the thermospheric density ?

16
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Two different questions

Question 1 : Which is the best proxy for reproducing a specific spectral band ?


Question 2 : Which is the best proxy for describing the solar forcing  
                  of the thermospheric density ?


Question 3 : Can we reduce the solar radiative input to one single quantity ?

17
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Solution for question 1

Use solar surface magnetism to nowcast/forecast the radiative output : ADAPT 
model  [Henney et al. 2015, 2016]

18

2

Air Force Data Assimilative 
Photospheric Flux Transport (ADAPT)

WSA-Enlil

Example ADAPT Global Solar Magnetic Map

*ADAPT References:  Arge et al. 2013;  Hickmann et al. 2015

The ADAPT* model generates global  solar 
photospheric magnetic field maps using 
flux transport that accounts for known 
surface flows in the solar photosphere:  

• differential rotation
• meridional circulation
• supergranular diffusion

Global magnetic maps are utilized to drive: 

• coronal & solar wind models used to 
forecast wind parameters and Coronal 
Mass Ejection (CME) arrival times

• empirical models to forecast  F10.7 and 
XUV/EUV/FUV irradiance 1 to 7 days in 
advance for thermospheric modeling
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Solution for question 2

19

density	
observations

model

correct

solar	input

geomagnetic	

input

empirical	model	(transfer	
function),	or	semi-
empirical	model	(DTM,	
MSIS,	…)
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Testing proxies with the DTM2000 model

Run the DTM2000 model with the 10.7 and the 30 cm flux


Compare the ratios between observed and modelled density, using various 
observations

20

These densities have been compared to the GOCE-inferred
ones, and they are identical except for a scale factor on time
scales of an orbit revolution and longer. The GOCE satellite
had several, sometimes long, problems causing data gaps,
which is why we used the gapless HASDM densities in this
study. The mean and standard deviation of the annual density
ratio time series, the average RMS and correlation coefficients
are listed in Table 3.

The dispersion of the annual time series (10–20%) and the
RMS (5–10%) is again significantly smaller, and the correla-
tions higher, with DTM_F30 than with DTM_F10. These
improvements may seem small, but in thermosphere modelling
progress is made in such relatively small steps.

We have also quantified the modelling improvement thanks
to F30 for time scales up to a solar rotation. To that purpose,

density ratios have been binned per ten days for specific years
with high variability. Figure 15 displays this for the CHAMP
and GRACE satellites, for HASDM. The average of all
10-day density ratios is printed in the figures, as well as the
standard deviation of the time series. The standard deviations
are again smaller with DTM_F30, which implies again that
the solar variability effect on density is also better taken into
account.

6. Conclusions

The principal conclusion of this study is the superior perfor-
mance of the 30 cm radio flux over the usual 10.7 cm one
when it comes to modelling the response of the upper atmo-
sphere on time scales of days and beyond. The reason for this

Year

Year Year

Year

Figure 14. Density ratios, per year (upper row) and RMS of density ratios, per year (lower row). These values are computed with
DTM2012_F10 (left column) and DTM2012_F30 (right column). The average F10.7 is shown in grey, in arbitrary units.

Table 3. Statistics of the model comparisons with CHAMP, GRACE, US Air Force EDR, and HASDM densities. The first of each pair of values
stands for the result obtained with DTM2012_F10, and the second one with DTM2012_F30.

Mean O/C r Mean O/C RMS O/C R
CHAMP 0.998; 1.003 0.070; 0.061 0.179; 0.172 0.937; 0.941
GRACE 1.049; 1.017 0.129; 0.079 0.257; 0.230 0.921; 0.927
EDR: Nav29 0.958; 0.952 0.078; 0.064 0.105; 0.096 0.939; 0.947
EDR: Intelsat 0.971; 0.963 0.061; 0.051 0.098; 0.093 0.949; 0.956
EDR: Cosmos1263 0.994; 0.977 0.077; 0.070 0.158; 0.151 0.947; 0.953
EDR(400-500 km) 0.970; 0.959 0.072; 0.069 0.172; 0.164 0.946; 0.953
HASDM@GOCE 1.001; 0.963 0.008; 0.009 0.113; 0.105 0.961; 0.970

T. Dudok de Wit et al.: Synoptic radio observations

A06-p11

DdW & Bruinsma, 
2015, 2016
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Which is the best proxy for satellite drag modelling ?

21

Name Performance Stability Outages Latency Long-term	availability

Sunspot	
Number	 poor good none ~	1	day no	interruption

MgII	index good average a	few hours probably	no	interruption

F10.7	index good good none hours no	interruption

F30	index *	best	* good a	few hours may	end	around	2024

EUV	flux	

@	30.4	nm	
(SoHO	SEM)

good average a	few minutes may	end	soon,	replaced	
by	GOES-R

operational use
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Which is the best proxy for satellite drag modelling ?
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Name Performance Stability Outages Latency Long-term	availability
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Forecasting solar proxies
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What are we able to forecast ?

24

Time	scale Relevance	for	drag	
modelling	 Ability	to	forecast

minutes	(flares) little impossible	 
(only	probabilistic)

hours	to	weeks important average

months less	relevant average

years important	for	mission	
planning average
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Example : forecasting the F10.7 index

25

<latexit sha1_base64="kKo1X6u8vjsoVSpcTOZBtTpNWJ4="></latexit>

y[k] = y[k � 27]

<latexit sha1_base64="EnSFBffhyKDuqFdPfRBOIfQf0f8="></latexit>

y[k] = ↵y[k � 1] + �y[k � 27]
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Time scales of days to weeks :  what improvements  ?

Empirical time series models (neural networks, etc.) 

perform well except for a highly active Sun 


no major improvements expected in performance


zoo of models, no benchmarking 

26
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Time scales of days to weeks :  what improvements  ?

Empirical time series models (neural networks, etc.) 

perform well except for a highly active Sun 


no major improvements expected in performance


zoo of models, no benchmarking 


Semi-empirical models : use flux transport models to predict the surface magnetic 
field


are much better in capturing solar activity up to ~ 1 month ahead


requires surface magnetic field observations + data assimilation + physical modelling


1 operational model : ADAPT
27

1

Integrity � Service � Excellence

Air Force Research Laboratory

Forecasting Solar Indices 
with ADAPT

April 28, 2016
Space Weather Workshop

Carl J. Henney1, Nick Arge1, 
Kathleen Shurkin2, Frank Hill3

1. AFRL/Space Vehicles Directorate, Kirtland AFB, NM
2. ISR, Boston College, Chestnut Hill, MA

3. National Solar Observatory, Boulder, CO



COMET ORB 20220514

Long-term forecasts

28

https://www.swpc.noaa.gov/products/solar-cycle-progression
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Long-term forecasts

Many different types of models have been tested : physical (dynamo) models, 
precursor models, empirical models, ….


Considerable scatter in the predicted amplitude of the next solar maximum (> 30%) 
[Pesnell 2012, 2016]


Prediction horizon = 1 cycle at best


	 	 but


Dynamo models are improving

29
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Predicting the amplitude of 
solar cycle 24 [Pesnell, 2018]

30

Space Weather 10.1002/2015SW001304

Figure 2. The predictions of Solar Cycle 24, plotted in order of decreasing predicted maximum going downward and color coded as in the legend. A solid blue
line is drawn at the value of RZ for 2014, a chain-dashed black line is drawn at the mean of the predictions (106), and a dashed black line is drawn at the
climatological mean of RZ (115).

PESNELL SOLAR CYCLE 24 PREDICTIONS UPDATE 12
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Conclusions

Solar proxies still offer an excellent trade-off between performance and capacity for 
operational use


The future

Continue the measurement of these solar proxies :  
	 	 ➞  interruptions are a curse - redundancy is a blessing


Need a framework to compare/benchmark their performance 


Prepare the transition from solar proxies to solar EUV observations


Physical models using solar magnetism (flux transport / dynamo) are the future  
	 	 ➞ need operational measurement of solar magnetism 

31
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Transfer function approach

Satisfactory model performance is obtained with parsimonious  models (2-3 poles)

33
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And the winner is …

> 60 years of daily observations of the solar radio flux are available

34
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Energy deposition is highly wavelength-dependent

35

S.	Solomon	(NCAR)

Energy	deposition	
profile	for	a	quiet	
Sun

No single quantity can properly reproduce the 
complex interplay with the atmosphere


