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Abstract. The ionospheric electric potential (EP) is 

used as a heliogeophysical parameter to analyze tropo-

spheric response to solar impacts during geomagnetic 

superstorms in solar cycle 23. According to observa-

tional data, the response of meteoparameters is shown to 

concur with EP variations during the November 20, 

2003 geomagnetic superstorm caused by an extreme 

geoeffective event. The tropospheric response is time-

shifted versus EP maximum during the July 15, 2000 

magnetic superstorm: increased precipitable water is 

observed in 6 hrs; decreased outgoing longwave radia-

tion, in 12 hrs; increased upper cloudiness, in 18 hrs. 

We have found that the amplitude of the meteoparame-

ters’ response to EP variations during the July 15, 2000 

magnetic superstorm is about half as low as that of the 

tropospheric response during the November 20, 2003 

geomagnetic superstorm. 

Keywords: ionospheric electric potential, solar activi-

ty, geomagnetic index, outgoing longwave radiation, 

cloudiness, water vapor, climate. 

 

 

 

 

 

 

INTRODUCTION 

The electric potential (EP) of the ionosphere can be 
used as one of the heliogeophysical parameters for ana-
lyzing processes in the magnetosphere—ionosphere—
troposphere system. The most well-known electric 
mechanisms of the effect of solar activity on the tropo-
sphere involve determining changes in incoming solar 
radiation. The ionospheric electric field through changes 
in the global electric circuit alters microphysics of 
clouds and hence the incoming short-wave radiation 
[Tinsley, 2000; Kniveton et al., 2008; Harrison, Lock-
wood, 2020]. According to the electric mechanism de-
veloped at ISTP SB RAS, variations in solar activity 
through changes in solar wind (SW) and interplanetary 
magnetic field (IMF) parameters affect the magneto-
spheric convection, which, in turn, has an effect on the 
distribution of the EP difference between the ionosphere 
and the earth. An increase in EP leads to a restructuring 
of the vertical profile of the volume electric charge, 
which affects the phase state of water vapor (cloud for-
mation in the atmosphere increases), and to a change in 
the cluster composition in cloudless regions (the number 
of dimers and larger clusters increases). Accordingly, 
optical properties of water vapor change in the infrared 
spectrum, thereby enhancing the atmospheric green-
house effect. This causes the radiation balance, in par-
ticular the outgoing longwave radiation (λ>4 µm), to 
change [Molodykh et al., 2020]. All characteristics of 
solar/geomagnetic activity have been developed to de-
scribe dynamic processes on the Sun and in near-Earth 
space. Studying climatic changes associated with solar 
exposure assumes the presence of a characteristic reflect-
ing the solar impact that reaches Earth and has a long 
range. The relative number of sunspots (Wolf number) 

is most often used in the problem of solar-tropospheric 
relations [Ishkov, 2018]. A long sequence of Wolf num-
bers is employed to study cyclicity in long-term varia-
tions of meteorological parameters. Geomagnetic indi-
ces correspond better to a given condition, but they de-
scribe, first of all, geomagnetic variations lasting less 
than three hours, and their globality does not allow us to 
create distribution in space [Gavrilov et al., 2016; 
Yamazaki et. al., 2022]. We have previously explored 
the possibility of utilizing EP as an indicator of solar 
effects on the troposphere. In [Karakhanyan, Molodykh, 
2023], we have analyzed the space-time dynamics of EP 
variations in current warming, using satellite data on the 
SW magnetic field and plasma parameters in near-Earth 
space. The trend for EP to rise has been observed for the 
past three solar cycles. The opposite trend is typical of 
geomagnetic indices. The discovered synchronicity of 
long-term variations in EP and near-surface temperature 
is likely to depend on the large-scale magnetic field of 
the Sun to a greater extent than on the small-scale one, 
and affects parameters of the climate system. Solar cy-
cle 23 is a transition period between the epochs of in-
creased and decreased solar activity (SA). It is a medi-
um cycle and the second component of the physical 22-
year cycle of changing the polarity of magnetic poles in 
the maximum phase of the 11-year cycle. The most 
powerful flare events occurred not only at the maxi-
mum, but also in the descending phase of the cycle. Let 
us mention some features of its development: character-
istic signs of stable (non-flare) active regions, prolonged 
high flare activity in the descending phase of the cycle, 
an increase in the number of quiet geomagnetic days 
due to a decrease in flare activity. These features sug-
gest that the mode of magnetic field generation in the 
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convective zone of the Sun changes. In this case, the 
Sun enters a period of medium and short cycles, which 
can last from 50 to 100 years [Ishkov, 2005; Ishkov, 
2018]. The purpose of this work is to analyze the re-
sponse of meteorological parameters (outgoing 
longwave radiation, precipitable water, upper cloudi-
ness) to EP variations during individual geomagnetic 
superstorms in solar cycle 23. 

 

1. DATA AND ANALYSIS METHOD 

ANALYSIS 

The most geoeffective flares during maximum of so-

lar cycle 23 are associated with the passage of a large 

sunspot group of AR9077 in the second decade of July 

2000. The magnetic superstorm on July 15, 2000 was 

caused by one of the largest solar flares on record called 

“Bastille Day flare” (see Table 1). Intense flare activity 

in the cycle was observed in October–November 2003. 

A complex event on November 18 led to an extreme 

geoeffective impact on near-Earth space. The geomag-

netic storm recorded on November 20, 2003 is the most 

powerful in the cycle with Dst=–422 nT [Ishkov, 2005; 

Grechnev et al., 2014; https://wdc.kugi.kyoto-u.ac.jp/ 

wdc/Sec3.html]. 

Spatial distribution of EP was computed using the 

code of the 2000 Weimer model written in IDL. In this 

version of the semi-empirical Weimer model, the hori-

zontal structure of the electric field is determined by 

variations in the SW, IMF parameters and by the geo-

magnetic activity index AL. The last parameter is in-

cluded to account for the effect of nighttime magneto-

spheric substorms on the EP structure [Weimer, 2001]. 

Events on a time scale from hours to several days are 

analyzed assuming that regular variations in electric 

potential and other parameters change little. The tropo-

spheric response is studied for latitudes above 60° N, 

therefore we took the geomagnetic index AE, which 

describes geomagnetic disturbances at high latitudes. 

Hourly-resolved data on the interplanetary medium and 

the geomagnetic indices (AE, AL) have been taken from 

the OMNI database [https://omniweb.gsfc.nasa.gov/html/ 

ow_data.html]. We have used hourly meteorological 

parameters from the CERES-SYN1deg dataset in the 

1.0°×1.0° grid [Wielicki et al., 1996, CERES_ SYN1deg 

Ed4.1SubsettingandBrowsing]. Outgoing longwave ra-

diation (OLR) is represented by the broadband emitted 

thermal outgoing flux observed by CERES in the upper 

atmosphere (h~20 km). The Cloud Area Fraction is the 

fraction of the sky covered by high-level clouds (from 

300 hPa to the tropopause) and expressed as a percent-

age. Precipitable water is the total mass of water vapor 

in the vertical air column (from the surface to h), ex-

pressed by the height of the layer W of the equivalent 

mass of accumulated precipitated water if it were con-

densed. In the troposphere, there is a natural synoptic 

period (NSP) — a period of time during which cy-

clones/anticyclones continue to move and the location 

of their centers is the same in a certain region or 

throughout the hemisphere (NSP ~ 7 days). To mini-

mize the influence of synoptic processes, we calculated 

the anomalies of the analyzed parameters relative to 

daily average variations 7 days before the event and 

analyzed the dynamics of anomalies of the characteris-

tics considered, averaged for latitudes above 60° N, 

during selected magnetic storms. The EP anomaly maps 

were calculated from the formula 
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where i is the number of disturbed day; j is the number of 
hour in the day; k is the number of day for calculating daily 
average variations; n=7. Maps of anomalies of meteoro-
logical parameters are computed in a similar way. 
 

Table 1 

Heliogeophysical conditions during magnetic supestorms in SC 23 

Event date 
Solar flare characteristics  

Date and Dst, nT 
date class Active region heliocoordinates 

Jul. 15–16, 2000 Jul. 14, 2000 Х5.7/3В 9077 22° N 07° W Jul. 16, 2000, Dst=–301 nT 

Nov. 20–21, 2003 Nov. 18, 2003 М3.2 10501 00° N 18° E Nov. 20, 2003, Dst=–422 nT 

 

Table 2 

Input IMF and SW parameters for calculating EP anomalies by the Weimer model 

Hour By, nT Bz, nT V, km/s
 

n, cm
–3

 |B| angle, deg. AL, nT 

Quiet conditions on November 18, 2003 

17 UT –0.6 –1.8 683 2.4 1.9  198.4 –372 

Disturbed conditions on November 20, 2003 

16 UT 12.9 –50.1 584 16.1 51.73  165.6 –1790 

17 UT –2.2 –44.4 596 18.7 44.45 182.8 –1619 

18 UT –12.0 –37.5 580 18.7 39.37  197.7 –1030 

Quiet conditions on July13, 2000 

20 UT 4.0 –0.6 607 4.6 4.0 98.5 –110 

Disturbed conditions on July 15, 2000 

19 UT 13.2 –35.3 1000 20.6 37.7 159.5 –797 

20 UT 17.6 –45.3 1040 5.9 48.6  158.8 –1088 

21 UT 38.7 –19.9 1107 7.2 43.5 117.2 –620 

 

https://wdc.kugi.kyoto-u.ac.jp/%20wdc/Sec3.html
https://wdc.kugi.kyoto-u.ac.jp/%20wdc/Sec3.html
https://omniweb.gsfc.nasa.gov/html/%20ow_data.html
https://omniweb.gsfc.nasa.gov/html/%20ow_data.html
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degEd41Selection.jsp
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degEd41Selection.jsp
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2. RESULTS 

Magnetic superstorms of solar cycle 23 featured ex-

treme values of parameters on the Sun, in Earth's mag-

netosphere and ionosphere [Ermolaev et al., 2005; Bla-

goveshchenskaya et al., 2005; Kleimenova, Kozyreva, 

2009; Kim et al., 2011]. The dynamics of variations in 

EP, AE, and the meteorological parameters averaged for 

the latitude region above 60° N is shown in Figure 1. 

The sudden commencement of the magnetic storm on 

November 20, 2003 was detected at 08 UT; its main 

phase, according to Dst, began at 12 UT. Analysis has 

revealed that EP variations anticorrelate with AE in the 

initial phase of the storm (r=–0.80±0.35). Correlation 

between the parameters considered is observed from 18 

UT during the storm main phase to 09 UT on November 

21 during the recovery phase (r=0.83±0.15). The tropo-

spheric response occurs simultaneously with EP varia-

tions from 08 UT to 18 UT on November 21: W in-

creases (r=0.75±0.12), OLR decreases (r=–0.53±0.15), 

upper cloudiness increases (r=0.19±0.17). W peaks 1 hr 

after the EP maximum. The maximum response of OLR 

to EP variations occurs 3 hrs after the EP maximum. 

Maximum upper cloudiness is observed later than the 

response of precipitable water and OLR to EP varia-

tions. Upper cloudiness peaks within 6 hrs after the EP 

maximum. Another decrease in OLR is recorded after 

the maximum increase in cloudiness, i.e. it might have 

resulted from an increase in upper cloudiness (see Fig-

ure 1, top left panel).  

Peculiarities in the behavior of the EP and AE varia-

tions in general persist during the July 15, 2000 magnetic 

superstorm, which began at 14:37 UT. The EP varia-

tions correlate with AE in the storm initial phase at 15–

18 UT (r=–0.56±0.59). The analyzed parameters corre-

late from 20 UT during the main phase to the end of the 

early recovery phase (09 UT on July 16, r=0.93±0.11). 

The maximum response of the meteorological parameters 

to EP variations shifts in time relative to its maximum: 

W increases within 6 hrs, OLR decreases within 12 hrs, 

high-level clouds increase within 18 hrs. Note that the am-

plitude of the tropospheric response to EP variations dur-

ing the July 15, 2000 magnetic storm is approximately 

twice as low as that of the response of meteorological pa-

rameters during the November 20, 2003 geomagnetic 

storm (see Figure 1, top right panel). 
The spatial distribution of isopotentials, illustrated in 

Figures 2, 3, was calculated for the interplanetary medium 
conditions according to Table 2: By and Bz are IMF com-
ponents; V is the SW velocity; n is the proton density; the 
IMF angle is –180°÷180°; 0 is the north; AL is a geomag-
netic activity index. 

 

Figure 1. Changes in EP anomalies (red line), meteorological parameters and geomagnetic indices (top and middle panels): 

AE×102 (black); OLR (green); high-level clouds (Ci) (purple); precipitable water (W∞×10–2) (blue). Meteorological parameters 

are averaged for a latitude region above 60° N over a 7 day interval during geomagnetic superstorms. The vertical line indicates 

the onset of the geomagnetic storm. Zero on the horizontal axis is 00 UT of the day of the geomagnetic storm onset. Scatter plots 

of hourly EP and AE, EP and meteorological parameters (bottom panel) 
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Figure 2. Spatial distribution of EP anomalies (a), precipitable water (b), OLR (c), upper cloudiness (d) during a quiet pe-

riod (left) and at their maximum (right) during the November 20, 2003 geomagnetic superstorm for a latitude region above 

60° N. The midday meridian is shown by arrows, with the maximum time of the event in parentheses  

 

Figure 2 exhibits the structure of the analyzed parame-

ters in space for a quiet period and the spatial structure of 

their maximum response to the November 20, 2003 event. 

We have found that an increase in EP during the dis-

turbance occurs with an increase in W, a decrease in 

OLR, and a less pronounced increase in upper cloudi-

ness. A similar tropospheric response to EP variations 

was observed during the July 15, 2000 geomagnetic 

storm. Yet, its spatial structure is less pronounced due to 

changes in meteorological parameters in the annual var-

iation with corresponding seasonal variations, in atmos-

pheric circulation, which in summer exhibits instability 

of the troposphere caused by the development of cy-

clonic activity in the hemisphere (Figure 3). The fea-

tures found in the behavior of the tropospheric response 

to EP variations are consistent with the theoretical 

mechanism of the solar activity effect on the climate 

system, developed at ISTP SB RAS. The mechanism 

suggests that a determining factor in estimating the 

magnitude of the tropospheric response during disturb-

ances is a change in optical properties of water vapor in 

the troposphere. 



Tropospheric response to solar effects 

53 

 

 

Figure 3. The same as in Figure 2 for the July 15, 2000 storm 

 

3. DISCUSSION 

Addressing the problem of the effect of solar pro-

cesses on the climate system allowed us to define EP as 

an optimal proxy of solar activity. The detected anticor-

relation between EP and AE variations during the events 

confirms the assumption that EP variations reflect both 

sporadic processes and slow changes in the general 

magnetic field of the Sun, unlike the indices that meas-

ure the degree of geomagnetic disturbance. From satel-

lite data, we have found that an increase in EP is ac-

companied by an increase in W, a decrease in OLR, 

and an increase in high-level clouds in the high-latitude  

troposphere during geomagnetic superstorms of SC 23. 

The spatial structure of the tropospheric response to 

solar influence is known to depend on both the power of 

events and tropospheric conditions. According to the 

results obtained in [Grechnev et al., 2014], the analyzed 

events are similar in the location of sources near the 

center of the solar disk and the intensity of the geomag-

netic effect, which was determined by the parameters of 

the solar sources such as very strong IMF>50 nT and a 

large southward Bz component. The extreme geomag-

netic effect on November 20, 2003 was clearly mani-

fested in the winter atmosphere. 
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The minimum delay in the response of the meteoro-
logical parameters to the increase in EP was hours and 
was observed during the November 20, 2003 geomagnet-
ic superstorm. The results are well described by the phys-
ical mechanism, developed at ISTP SB RAS, in which 
solar activity affects the ability of water vapor (the main 
greenhouse gas) to absorb in the infrared band [Mo-
lodykh et al., 2020]. Search for a solar signal in climatic 
changes by studying the dynamics of outgoing radiation 
during events differentiates our hypothesis from other 
mechanisms of solar activity influence on climate, which 
involve studying changes in incoming radiation. Note that 
the use of EP as a heliogeophysical parameter allow us to 
reduce the disadvantages characteristic of the geomagnet-
ic indices, but the limitation associated with nonlinearity 
of the solar-troposphere relation persists on a time scale 
<3 hrs. According to our mechanism, solar activity may 
be one of the factors affecting the formation of cloud 
radiative forcing (CRF). The results obtained from ERBE 
data suggest that global mean CRF=–15 W/m

2
 [Kon-

dratyev, Krapivin, 2006]. Model calculations have shown 
that the negative shortwave effect (cooling) is greater 
than the positive longwave effect (heating) of cloudiness 
on the underlying surface — atmosphere system [Kon-
dratyev, 1992]. In follow-up studies, it is planned to in-
clude EP as a proxy of solar activity in parameterization 
of cloud formation for the model block of radiation trans-
fer in the atmosphere. Comparison between results of 
numerical simulation and observations will allow us to 
assess the contribution of solar activity to changes in 
Earth radiation balance components. 

 

CONCLUSIONS 

The analysis of the tropospheric response to EP var-
iations during severe geomagnetic storms in SC 23 has 
allowed us to formulate the following results. 

1. The positive relationship between EP and AE 
variations breaks down during the main phase of se-
vere geomagnetic storms. The detected feature sug-
gests that EP variations reflect both sporadic processes 
and slow changes in the large-scale magnetic field of 
the Sun, unlike the geomagnetic indices that measure 
the degree of geomagnetic disturbance. 

2. The response of meteorological parameters occurs 
simultaneously with EP variations during the November 
20, 2003 magnetic superstorm, caused by an extremely 
geoeffective event. 

3. The tropospheric response shifts in time relative 
to the maximum of EP during the July 15, 2000 magnet-
ic superstorm: W increases in 6 hrs, OLR decreases in 12 
hrs, high-level clouds increase in 18 hrs. 

4. The amplitude of the response of meteorological 
parameters to EP variations during the July 15, 2000 
magnetic storm is approximately half as low as that of 
the tropospheric response during the November 20, 
2003 geomagnetic storm. 
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el code for calculating EP. We express our gratitude to 
the reviewer for carefully reading the manuscript and 
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