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Abstract. The ionospheric electric potential (EP) is 

utilized as a characteristic of the solar forcing to deter-

mine the tropospheric response during strong disturb-

ances. We compare EP calculations carried out using 

the 2001 and 2005 versions of the Weimer model. Dif-

ferences in the spatial distribution of EP during geo-

magnetic superstorms have been revealed for the mod-

els considered. The behavior of EP anomalies and con-

trast averaged over high latitudes is shown. The EP con-

trast is the difference between EP anomalies averaged 

over regions of the same sign. It has been found that 

changes in EP anomalies differ in different versions of 

the model, whereas EP contrast variations, calculated by 

both versions, behave synchronously during disturb-

ances. Correlation analysis of variations in the averaged 

EP contrast with variations in the PC geomagnetic index 

has shown that both can be used as indicators of solar 

activity to study individual geomagnetic superstorms. 

An increase in the EP contrast is accompanied by an 

increase in the contrast of the meteorological parame-

ters, in particular in the contrast of high clouds during 

disturbances. 

Keywords: ionospheric electric potential, geomagnetic 

superstorm, geomagnetic index, outgoing longwave radia-

tion, cloud, water vapor, climate. 

 

 

 

 

 

 

INTRODUCTION 

The second wave of climate warming over the in-

strumental observation period, which began in the 1970s 

and intensified in the 1990s, is currently manifested as a 

sharp increase in the number of dangerous phenomena 

on the planet [Mokhov, 2023; https://www.ipcc.ch/ 

report/ar6/syr/]. One of the possible causes of the cli-

mate changes is the effect of solar activity on Earth's 

atmosphere. The absence of a direct mechanism of the 

effect of solar activity on the lower atmosphere led to 

the search for an indirect mechanism of the influence of 

solar processes on the incoming radiation budget. 

Sources of solar influence include short-wave and UV 

radiation and corpuscular fluxes (GCRs, solar proton 

precipitation, high-energy particles). Their effects 

change the state of the ozone layer and the global elec-

trical circuit, as well as strato-tropospheric circulation 

and cloud microphysics [Mironova et al., 2015; 

Krivolutsky et al., 2017; Harrison, Lockwood, 2020; 

Veretenenko et al., 2023a]. The physical model devel-

oped at ISTP SB RAS describes the electromagnetic 

interaction between the components of the magneto-

sphere—ionosphere—troposphere system. In contrast to 

the Tinsley model [Tinsley, 2008], in this model a 

change in the optical properties of water vapor in the IR 

range, namely, a change in the absorption of radiation 

by water dimers in the water vapor lines and continuum, 

results in an increase in the greenhouse effect, which 

causes dynamic changes in the troposphere. Since water 

vapor is unevenly distributed in space, an inhomogeneous 

tropospheric response is observed, in particular as for-

mation or redistribution of clouds in height, which re-

duces the outgoing longwave radiation (OLR), thereby 

changing the radiation budget of the troposphere [Mo-

lodykh et al., 2020]. 

Let us take a closer look at the description of IR radia-

tion absorption by water vapor. The infrared spectrum of 

water vapor absorption is known to consist of separate 

spectral lines and atmospheric windows located between 

them. In these windows, the absorption is weakly selective, 

or continuous, and the absorption spectrum is a water va-

por continuum. Absorption by water dimers (complexes of 

two molecules) is the dominant factor in the absorption of 

self-continuum, i.e. water vapor absorption in a clear at-

mosphere.  

Since the discovery of continuous absorption of ra-

diation by water vapor, a large number of studies have 

been conducted, mainly in the atmospheric windows of 

near-IR and visible ranges. It has been experimentally 

established that the continuous absorption in the 8–12 

µm atmospheric window is proportional to the square of 

the partial pressure of water vapor and decreases expo-

nentially with increasing temperature [Ptashnik, 2015]. 

The features of the continuum make it possible to 

distinguish it spectrally against the background of a 

stronger intensity of water absorption lines, as a result 

the restoration of the continuum in atmospheric mi-

crowindows between water vapor absorption bands 

worked out. The mechanism based on the absorption of 

radiation by water dimers well explains the main tem-

perature and spectral dependences of the water vapor 

continuum in the absorption bands. Properties of water 

dimers (dissociation energy and lifetime) allow them to 

be classified as stable (bound), or s-dimers, and meta-

https://www.ipcc.ch/%0breport/ar6/syr/
https://www.ipcc.ch/%0breport/ar6/syr/
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stable (quasibound), or m-dimers, having different spec-

tral characteristics. Absorption of stable or metastable 

dimers prevails in the continuum of water absorption, 

depending on thermodynamic conditions: s-dimers are 

common at lower temperatures; and m-dimers, at higher 

temperatures. The transition temperature in one direc-

tion or another depends on the intermolecular potential 

and varies for different molecular pairs, for example, for 

water dimers it is close to room temperature. Accord-

ingly, the proportion of stable and metastable dimers in 

water vapor is approximately the same for atmospheric 

conditions. Model calculations have shown that the 

semi-empirical model of water dimer absorption better 

reproduces the experimental in-band self-continuum in 

the near IR range. Due to its spectral length (the atmos-

pheric window in the mid-IR range and the contribution 

of spectral sections of water absorption lines), continu-

ous absorption of water vapor can lead to a decrease in 

OLR, thereby affecting the radiation budget of the cli-

mate system [Simonova et al., 2022]. Based on the 

above ideas, in this paper we analyze the relationship of 

variations in the electric potential (EP) of the ionosphere 

with meteorological parameters (OLR, radiation absorp-

tion by water vapor in the 8–12 µm atmospheric win-

dow, upper cloudiness) for disturbed conditions in in-

terplanetary space. 

 

DATA AND ANALYSIS METHOD 

The observed climatic changes, especially at high 

latitudes, require a more detailed study of the influence 

of physical processes occurring in near-Earth space on 

the lower atmosphere. This is necessary to parameterize 

them in order to include them in numerical climate 

models. We have previously used the PC geomagnetic 

activity index, which describes geomagnetic disturb-

ances in the polar cap [Troshichev et al., 1988; 

https://pcindex.org /], as a solar activity proxy to study 

solar-tropospheric relations. This geomagnetic index 

reflects the expected physical processes, yet their pa-

rameterization results in the following disadvantages: 1) 

the integral characteristic of solar activity at the bounda-

ry of the magnetosphere; 2) the need to include a model 

of the magnetosphere; 3) the integral characteristic of 

solar activity in the ionosphere. These disadvantages 

complicate the use of the PC index due to the irregulari-

ty in the tropospheric response to solar influence. In this 

regard, we have taken EP as the optimal characteristic 

of solar influence on the troposphere. This heliogeo-

physical parameter describes the expected physical pro-

cesses, and applying the Weimer model to its calcula-

tion allows us to parameterize processes in the magneto-

sphere and to obtain a spatial distribution of EP in the 

ionosphere. 

A few words about the Weimer model, which we 

use to calculate EP. We have employed the 2001 ver-

sion in our research before; in this work, calculations 

are performed with the latest version of the model, i.e. 

the 2005 version [Weimer, 2001, 2005]. Let us focus on 

the main modifications made to the model to improve it: 

1. More accurate field values and more precise loca-

tion of the low-latitude boundary of the convection elec-

tric field. 

2. Spherical harmonic functions are used only within 

a small region at the pole. At lower latitudes, potentials 

are constructed from several functions of the Fourier 

series of longitude with discrete latitude steps, i.e. the 

calculation is made in a circle with a radius that varies 

depending on interplanetary magnetic field (IMF) and 

solar wind parameters with a constant shift of 4.2 °. 

3. Nonlinear effects of saturation of the relationship 

between the solar wind and the magnetosphere are bet-

ter reproduced for normal IMF conditions, but it is nec-

essary to control the results of applying the model to 

cases with strong IMF. 

Figure 1 illustrates the spatial distribution of EP cal-

culated for the events on November 20, 2003 (left) and 

July 15, 2000 (right). As a quiet period, we have taken 

2009. The top panel presents calculations with the 2001 

model; the bottom panel, with the 2005 model. 

The spatial distribution of EP for the quiet period ac-

cording to the 2005 model differs from that obtained by 

the 2001 model by a slight increase in positive and nega-

tive potentials. Significant differences in the EP structure 

are observed during disturbance maximum: in the 2005 

model, there is an increase in both the region and the 

magnitude of the negative potential, whereas in the 2001 

model, the positive potential increases more considerably. 

The detected differences are related to the shift in the 

convection zone to the nightside due to improvements 

made to the 2005 model. 
For further analysis, the spatial contrast of EP was 

utilized as a characteristic of solar influence. This pa-
rameter was obtained as follows. In the first step, the 
2005 Weimer model [https://zenodo.org/records/ 
2530324] was employed to calculate the spatial distribu-
tion of EP anomalies whose structure consists of two 
regions (of negative and positive sign). The EP anoma-
lies were calculated from the formula 

,i iEP EP EP   (1) 

where i is the hour number; <EP> is the average over 
seven preceding days.  

In the second step, the spatial distribution of the EP 
contrast was constructed according to the formula 

+ ,i i iEP EP EP    (2) 

where i is the hour number; <EPi> is the average over 
the region of one sign. 

Changes in the EP anomalies and contrast averaged 
over latitudes above 60° N were analyzed using the No-
vember 20, 2003 and April 23, 2023 events (see Table), 
triggered by a classical coronal mass ejection, as an 
example. The selected magnetic superstorms are similar 
in conditions of development of interplanetary disturb-
ances, which caused the storms [Grechnev et al., 2014; 
Abunina et al., 2024]. The choice of the magnetic storms in 
different seasons also allowed us to additionally take into 
account seasonal variations of geomagnetic activity with a 
maximum in spring and autumn, which can manifest them-
selves in variations of meteorological parameters during 
disturbances [Karakhanyan, Molodykh, 2025]. 

https://pcindex.org/%20
https://zenodo.org/records/%0b2530324
https://zenodo.org/records/%0b2530324
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Figure 1. Spatial distributions of EP calculated using two Weimer model versions for quiet conditions in 2009 and powerful 

geomagnetic storms on November 20, 2003 and July 15, 2000 

Interplanetary medium parameters during magnetic superstorms 

Event date Vmax, km/s n, cm
–3 

max
,zB  nT By, nT AL, nT Date and value of Dst, nT 

Nov. 20–21, 2003 703 7.6 –50.9 22.5 –1790 Nov. 20, 2003, 

Dst=–422 nT  

Apr. 23–24, 2023 711
* 

10.2
*
 –32.4

*
 –2.5

*
 –1015

* 
Apr. 24, 2023, 

Dst=–213
*
 nT  

*Preliminary data [https://omniweb.gsfc.nasa.gov/html/ow_data.html; https://wdc.kugi .kyoto-u.ac.jp/wdc/Sec3.html] 

 

Ionospheric EP was calculated by the Weimer 

model from hourly data on the solar wind and IMF 

parameters obtained from the OMNI database 

[https://omniweb.gsfc.nasa.gov/html/ow_data.html]. 

The method of calculating the EP contrast was also 

employed to compute the contrast of meteorological 

parameters in order to conduct a comparative analysis 

of EP with meteorological parameters during disturb-

ances. We used hourly meteorological values in a 

1.0°×1.0° grid from the dataset [Wielicki et al., 1996; 

https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degEd  

41Selection.jsp/]. Note that in the troposphere there is a 

natural synoptic period (NSP) — a period during 

which cyclones/anticyclones continue to move and the 

location of their centers in a certain region of Earth or 

in the entire hemisphere (NSP ~7 days) remains un-

changed. To minimize the influence of synoptic pro-

cesses, weather parameter anomalies were calculated 

relative to the average over seven days before the 

event. OLR is represented by the broadband heat flux 

observed by CERES at the upper boundary of the trop-

osphere (h~20 km); radiation absorption by water vapor 

in the 8–12 µm atmospheric window, by the radiated 

heat flux (h~20 km) of the CERES infrared atmospheric 

window (8–12 µm). The upper cloudiness is character-

ized by the number of high-level clouds (from 300 hPa 

to the tropopause) as a percentage of sky cover. 

 

RESULTS  

Spatial distributions of EP during disturbances (see 

Figure 1), obtained by the 2001 and 2005 versions of the 

Weimer model, differ significantly. 

Let us analyze the dynamics of EP variations aver-

aged over latitudes above 60° N during November 20, 

2003 and April 23, 2023 geomagnetic superstorms. Fig-

ure 2 illustrates variations in EP anomalies (top panels) 

and EP contrast (bottom panels), calculated by the two 

Weimer model versions. Comparative analysis has 

shown that during the magnetic superstorms the contri-

bution of negative EP values to the overall variability in 

EP anomalies is greater in the 2005 model than in the 

2001 model. This difference is related to the above 

modifications made to the 2005 model. Variations in EP 

contrast during disturbances, calculated by the 2001 

model, correlate well with those obtained by the 2005 

model. The EP contrast behavior in the two Weimer 

model versions agrees better than the dynamics of EP 

anomalies for the high-latitude region. 

https://omniweb.gsfc.nasa.gov/html/ow_data.html
https://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html
https://omniweb.gsfc.nasa.gov/html/ow_data.html
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degEd%0b41Selection.jsp/
https://ceres-tool.larc.nasa.gov/ord-tool/jsp/SYN1degEd%0b41Selection.jsp/
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Figure 2. Variations in EP anomalies (top) and EP contrast (bottom), averaged over latitudes above 60° N, during magnetic 

superstorms: the 2001 Weimer model (black line), the 2005 Weimer model (red line); onset of the geomagnetic storm (vertical 

line); zero on the X-axis is 00 UT of the day when the geomagnetic storm began 

 

Figure 3. Variations in EP contrast (top panels, red line) and contrast of meteorological parameters (bottom panels) 

averaged over latitudes above 60° N: OLR (green line); radiation absorption by water vapor in the 8 –12 µm atmospheric 

window (I, purple line); upper cloudiness (Ci, blue line), as well as variations in the PC geomagnetic index (top panels, 

black line) during magnetic superstorms. The vertical line indicates the onset of the geomagnetic storm; zero on the X -axis 

is 00 UT of the day when the geomagnetic storm began 

 

Let us examine the linear relationship of variations in 

the EP contrast, averaged over latitudes above 60° N, 

with variations in the PC geomagnetic index during the 

November 20, 2003 and April 23, 2023 magnetic super-

storms. The correlation is 0.71±0.5 between variations in 

the EP contrast, calculated by the 2001 Weimer model, 

and variations in the PC index for the cases considered. 

The EP contrast variations calculated by the 2005 

model correlate better with the PC index variations for 

the geomagnetic storms under study (Figure 3, top pan-

els). The high correlation coefficient between the pa-

rameters allows us to say that the PC index can be used 

as an indicator of solar activity during isolated magnetic 

superstorms. 

To determine the tropospheric response to changes 

in the potential during the magnetic storms, we use the 

EP contrast calculated by the 2005 Weimer model (see 

Figure 3, at the top). During the November 20, 2003 

magnetic superstorm, an increase in the EP contrast was 

accompanied by an increase in the contrast of meteoro-

logical parameters, especially in the contrast of upper 

cloudiness. The maximum contrast of meteorological 
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parameters was observed within the first 12 hrs relative 

to the maximum contrast of EP. For the April 23, 2023 

geomagnetic storm, the noted features in the change in 

the parameters considered are less pronounced, possibly 

due to the influence of substorm activity observed be-

fore the onset of the magnetic storm and resulting from 

amplification of field-aligned currents caused by the 

electric field of magnetospheric convection, which oc-

curs when the solar wind and IMF interact with the 

magnetosphere. 

Variations in upper cloudiness anomalies have a 

unidirectional trend with the dynamics of EP anomalies 

at high latitudes during geomagnetic superstorms (Fig-

ure 4). The features characteristic of the dynamics of the 

contrast of the parameters under study persist in the 

behavior of their anomalies. However, the amplitude of 

the response of positive upper cloudiness anomalies to a 

change in positive EP is by an order of magnitude high-

er than the amplitude of the response of negative upper 

cloudiness anomalies to a change in negative EP. Look 

at the maps of EP anomalies and the spatial distribution 

of upper cloudiness anomalies (Figure 5) during the 

April 23, 2023 magnetic storm. Under quiet conditions 

at latitudes above 60° N, upper cloudiness anomalies are 

uniformly distributed and amount to few percent. The 

greatest increase in upper cloudiness is observed in the 

region of increased positive potential, which has a non-

linear effect on properties of water vapor, in this case 

coming from midlatitudes with cyclones that occur near 

the eastern coast of Eurasia and, moving to the north-

east, reach their maximum near the Aleutian Islands.  
 

DISCUSSION 

Our planet as an open system is affected by changes 

in the solar wind due to active processes on the Sun. 

Rapid climate changes on Earth sustain the discussion 

about the magnitude and nature of solar influence on the 

lower atmosphere. The spatial inhomogeneity of the 

tropospheric response to solar influence may show up to 

a greater extent in the regional climate variability due to 

changes in the optical properties of water vapor in the 

troposphere during geomagnetic disturbances [Karak-

hanyan, Molodykh, 2025]. Local climate changes (high 

latitudes, inland regions) under the influence of solar 

processes can be examined in detail on the basis of data 

obtained from the ISTP SB RAS instrumentation, in 

particular from the Unique Research Facility “Optical 

Instruments” [https://iszf.irk.ru/usu-optical-instruments/].  

In our study, we have used the contrast in EP varia-

tions, which is a proxy of solar activity. This enabled us to 

minimize the differences between its calculations for dif-

ferent Weimer model versions (see Figure 2). A high corre-

lation is shown between variations in the EP contrast aver-

aged over the high-latitude region and variations in the PC 

geomagnetic index (see Figure 3). This finding allows us to 

recommend both characteristics as an indicator of solar 

activity when studying magnetic superstorms. The spec-

trum of meteorological parameters consists of high-

frequency (daily, seasonal, annual, and 2–5-year varia-

tions) and low-frequency components. The latter contains 

variations close to heliogeophysical periods, in particular a 

~22-year variation similar to the Hale magnetic cycle on 

the Sun was found in the variability in trajectories of extra-

tropical cyclones in the North Atlantic [Veretenenko et al., 

2023b]. Since the solar signal present in the meteorological 

parameters has an amplitude lower than the amplitude of 

their daily and seasonal variations, we study variations not 

in the value itself, but in the anomalies or deviations of the 

meteorological parameters from their mean during disturb-

ance. By the example of geomagnetic superstorms of 

 

Figure 4. Variations in positive (top) and negative (bottom) EP anomalies (red curves) and upper cloudiness anomalies (blue 

curves), averaged over latitudes above 60° N, during magnetic superstorms. The vertical line indicates the onset of the geomag-

netic storm; zero on the X-axis is 00 UT of the day when the geomagnetic storm began 

https://iszf.irk.ru/usu-optical-instruments/
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Figure 5. Spatial distributions of EP anomalies (top) and upper cloudiness (bottom) during the quiet period (left) and during 

their maximum (right) for an average of 3 hrs from 18 UT to 20 UT for latitudes above 60° N during the April 23, 2023 geomag-

netic superstorm. The midday meridian is indicated by arrows 

 
solar cycles 23 and 25, which are moderate and the second 

components of the 22-year magnetic activity cycle [Ishkov, 

2010, 2024], we have shown that during individual severe 

disturbances an increase in the EP contrast is accompanied 

by an increase in the contrast of meteorological parameters, 

especially in the contrast of upper cloudiness (see Figure 

3). For meteorological parameters, the contrast was utilized 

as an integral characteristic to illustrate the amplitude of 

variations in the meteorological response to solar influence 

due to the inhomogeneous structure of the tropospheric 

response in space. The results of the study have been ob-

tained using the model of the mechanism of indirect influ-

ence of solar processes on the radiation budget of the cli-

mate system, developed at ISTP SB RAS. They will help 

to parameterize physical processes in the troposphere in 

accordance with the proposed scenario and hence to in-

clude solar activity, along with the solar constant, in cli-

mate models. 

 

CONCLUSIONS 

Analysis of the relationship of EP variations with varia-

tions in meteorological parameters during magnetic super-

storms allowed us to obtain the following results. 

Spatial distributions of EP obtained using the 2001 

and 2005 Weimer model versions differ most consider-

ably during the maximum of the disturbance. 

Variations in EP anomalies averaged over latitudes 

above 60° N differ significantly in the Weimer model 

versions considered. However, variations in the average 

EP contrast calculated by the 2001 and 2005 versions 

occur synchronously during severe disturbances. 

Correlation analysis of variations in the average EP 

contrast with variations in the PC geomagnetic index has 

shown that both characteristics can be used as a proxy of 

solar activity to study isolated severe disturbances. 

During the disturbances, an increase in the EP con-

trast is accompanied by an increase in the contrast of 

meteorological parameters, especially in the contrast of 

upper cloudiness. 

The work was financially supported by the Ministry of 

Science and Higher Education of the Russian Federation. 
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