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ENSO - El Niño 

Southern 

Oscillation, 

PDO - Pacific 

Decadal 

Oscillation, 

MOC  - Atlantic 

Meridional 

Overturning 

Circulation 

MJO - Madden-

Julian Oscillation 

QBO - Quasi-

Biennial 

Oscillation  

SAO - semi-

annual oscillation 

stratospheric 

SSWs - sudden 

warmings 

TIDs - traveling 

ionospheric 

disturbances  



Geomagnetic field 

Solar cosmic rays & 

energetic particles  

Atmospheric 

pressure, 

temperature,  
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wind speed 

Atmospheric electric field 

UV and X-ray radiation 

minutes - months  
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Low-latitude coronal holes + 

 active regions 
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Polar coronal holes can 

co-exist with active regions 
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https://helioviewer.org/ 

Today 





 

Space weather effects on the Earth 





 



Solar constant is the total radiation energy received from the Sun per unit of time per unit of area 

on a theoretical surface perpendicular to the Sun’s rays and at 1 AU (~ 1367 W/m²)  

SOLAR 

CONSTANT 





Hoyt, D.V. and Schatten, K.H. The Role of the Sun in Climate Change (1997); Benestad, Solar 

Activity and Earth's Climate (2006); Haigh et al. An influence of solar spectral variations on radiative 

forcing of climate. Nature (2010); Haigh & Cargill, The Sun's Influence on Climate (2015)  

irradiance 

temperature 

1 % variability of the solar constant may lead to a 1-2 K change in 

the atmosphere average temperature 



Galactic CRs supernovae, active 

galactic nuclei, quasars, 

gamma-ray bursts 

Solar CRs & 

energetic particles 

(SEPs) 



Shaviv, N. J. (2005) 

It is suggested that space climate changes (cosmic rays + solar 

constant) determine Earth’s climate for ~80% 

Myr 



Main geoeffective factors of space weather:  
- X-ray and UV-emission from flares 

- high-speed streams and flows (coronal mass ejections & 

flows from coronal holes) 

- heliospheric current sheet 

-  energetic particles  

 



https://www.swpc.noaa.gov/products/goes-x-ray-flux 

flares 

https://www.spaceweatherlive.com/

en/solar-activity/solar-flares.html 

Flare X-ray emission 

Impact on the ionosphere 



Nishizuka et al. Operational solar flare prediction model using Deep Flare Net. Earth Planets 

Space 73, 64 (2021). https://doi.org/10.1186/s40623-021-01381-9  

Probabilistic 

forecasts of flares 

in two categories 

occurring in the 

next 24 h from 

observations: ≥ M-

class and <M-class 

flares or ≥ C-class 

and <C-class 

flares.  

https://wdc.nict.go.jp/IONO/wdc/solarflare/index.html 



 

https://www.izmiran.ru/ionosphere/weather/ 



Main geoeffective factors of space weather:  
- X-ray and UV emission from flares 

- high-speed streams and flows (coronal mass ejections & 

flows from coronal holes) 

- heliospheric current sheet 

-  energetic particles  

 



Main  

Interplanetary coronal mass ejections (ICMEs) and 

stream/corotating interaction regions (SIRs/CIRs) 

ICMEs & CIRs/SIRs 

ENLIL modeling 



https://iswa.gsfc.nasa.gov/IswaSystemWebApp/ 

ENLIL predictions of space weather  
based on the magnetic field measurements at the photosphere 



Merging of three ICMEs 

Complex interplanetary sources of geomagnetic storms: merged ICMEs 

http://helioweather.net/ 
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ICME merging 
2011 

Location and mean speed of CMEs 
from the CACTUS catalogue 
 

https://www.sidc.be/cactus/ 



Complex interplanetary sources of geomagnetic storms: merged ICME&CIR 



Problems of space weather prediction: streams and flows 

interact on their way from the Sun to the Earth 

 



https://ips.ucsd.edu/high_resolution_predictions 

Предсказания на основе наблюдений межпланетных сцинтилляций 



Main geoeffective factors of space weather:  
- X-ray and UV-emission from flares 

- high-speed streams and flows (coronal mass ejections & 

flows from coronal holes) 

- heliospheric current sheet 

-  energetic particles  

 



Svalgaard et al., 1974 Svalgaard and Wilcox, 1976 

Total azimuthal electric current: ~1GA  

with a current density of ~10-10A/m2 (Alfven, 1977; Kislov et al. 2015)  

 



A regular structure of the heliospheric current sheet + 

interaction with an ICME  

A 3D reconstructed velocity plot, from the viewpoint of a 

remote observer (STEL data).   Khabarova et al. ApJ, 2016 



Main  

Interplanetary coronal mass ejections (ICMEs) and stream/corotating interaction regions 

(SIRs/CIRs) + heliospheric current sheet (HCS) 

ICMEs & CIRs/SIRs 



Main geoeffective factors of space weather:  
- X-ray and UV-emission from flares 

- high-speed streams and flows (coronal mass ejections & 

flows from coronal holes) 

- heliospheric current sheet 

-  energetic particles  

 



Energetic particles with keV-MeV energies observed near 

the ecliptic plane are accelerated… 

1. - at the Sun/flares (via DSA & magnetic reconnection)  

2. - at ICME-driven interplanetary shocks (via DSA) 

3. - at CIR-driven interplanetary shocks (via DSA) 

4. - at dynamical plasmoids/magnetic islands and current sheets (via 

magnetic reconnection & 1st and 2nd order Fermi acceleration 

mechanisms) 

 

2-3AU 

ICME 
Reverse shock 

flare 

SEPs – solar energetic particles 

Sources of energetic particles at the Earth’s orbit 

1 

2 

3 

4 

4 

ICME – interplanetary coronal mass ejection 

CIR – corotating 

interaction region 



https://euhforia.com/euhforia-2-0/ 



Zharkova & Khabarova, 2012, 2015; Khabarova et al, 2015, 2017  

Problem: local particle acceleration in the heliospheric plasma sheet (HPS) 

HPS 

36 

Cartwright & 

 Moldwin (2010) 

Small-scale magnetic islands (l ~ 

0.01-0.1 AU ) observed near the 

heliospheric current sheet 

101-137 keV  101-137 keV  

HPS HPS 

Protons accelerated to 

~ 1 MeV, and electrons 

– to 100keV are often 

observed near the 

heliospheric current 

sheet (HCS) when it is 

surrounded by 

magnetic islands. 

Events can last from 

minutes to hours.  
Murphy et al. (1993); 

Sanderson (1997); 

Lanzerotti & Sanderson 

(2001), Zharkova & 

Khabarova (2012; 2015); 

Khabarova et al. 2015-2021 



Key points of short-term forecasts of geomagnetic storms 

Dominant (VBz) paradigm:  

High-speed solar wind + negative Bz IMF component  

2-3AU 

ICME 
Reverse shock 

flare 

Interplanetary coronal mass ejection 

Short-term forecasts mostly focus on the prediction 

of ICME-like conditions 

Short-term forecasts (20 minutes – three hours in advance) based on the analysis of 

L1 observations have a rather high quality  

L1 



Poor accuracy of mid-term forecasts (1 day in advance) 

 

 

 

solar maximum! 

 

https://www.swpc.noaa.gov/sites/default/files/images/u30/Max%20Kp%20and%20GPRA.pdf 

The "Correct Null" 

value represents 

the number of days 

in the period for 

which no warning 

was issued and no 

G1 or greater 

activity occurred.  

The main problem is that short-term forecast techniques 

 are applied to mid-term forecasts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The second problem is that the community focuses on ICME-driven geomagnetic storms too much. 



 



https://www.spaceweatherlive.com/ 

Mixed forecasts and current space weather condition 



 

http://spaceweather.izmiran.ru/eng/index.html 

Mixed forecasts and current space weather condition 



Main ideas for space weather forecasts 

- Prediction of solar flares and coronal mass ejections 

- Prediction of propagation of potentially-geoeffective solar 

wind streams/flows 

(ENLIL, remote observations from space in white light, 

remote observations from the ground – interplanetary 

scintillations) 

- Prediction of radiation hazard based on models 

- Short-term and mid-term predictions of geomagnetic 

storms based on 1st Lagrangian point measurements 

 



Problems of space weather prediction 

 

• Geoeffective flows and streams co-exist and propagate in the 

interplanetary medium in a complex way 

• Mid-term prognoses of geomagnetic storms have an unacceptably low 

success rate 

• MHD and semi-empiric models do not predict space weather conditions 

adequately 

Advances in space weather prediction 

 

• Many websites showing warnings 

• Interplanetary scintillations combined with ENLIL can be used for the 

interplanetary medium state prognosis 

•  Short-term prognoses of geomagnetic storms are quite accurate 

• New space missions are launched and planned 


