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Solar magnetic activity and its terrestrial 
 impact through correlations with drought indices

Solar activity manifests itself in the form of sunspots on the solar surface and solar flares, which can influ-
ence Earth’s climatic conditions, including drought in mid-latitude regions. This study examines the impact 
of solar flares on drought conditions in Northern Kazakhstan and analyzes the relationship between solar 
activity parameters and drought indices. Twelve solar flares of classes X and M recorded in 2014 were ana-
lyzed using multi-wavelength data from SDO/AIA, GOES, and HMI/SOLIS magnetograms. Key physical 
parameters of the flares were determined, including duration, spatial scale, and magnetic reconnection rate. 
The reconnection rates ranged from 10⁻⁴ to 10⁻³ and showed an inverse dependence on the GOES classifica-
tion, consistent with the Petschek reconnection theory. Additionally, correlation links were investigated be-
tween solar activity indices (WSN, SSN), atmospheric oscillations (NAO, AO), and drought indices (SPI3, 
HTC). Significant strong correlations were established: between WSN and NAO (r = 0.63), NAO and SPI3 
(r = 0.70), as well as a strong negative correlation between SSN and HTC (r = –0.66), indicating a potential 
connection between solar activity and drought formation in temperate regions. 
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1 Introduction 
 
Solar activity plays a crucial role in driving 

dynamic processes within the solar atmosphere and 
throughout the heliosphere, exerting measurable 
influence on the Earth's magnetosphere, ionosphere, 
and atmospheric systems [1]. Among the most 
energetic manifestations of solar activity are solar 
flares – sudden, intense releases of energy across the 
entire electromagnetic spectrum. These events are 
accompanied by bursts of X-rays, ultraviolet 
radiation, and radio waves, reflecting the rapid 
acceleration of charged particles and the presence of 
high-temperature plasma. The primary mechanism 
responsible for such rapid energy release is 
magnetic reconnection, which occurs in regions of 
strongly sheared or oppositely directed magnetic 
fields in the solar corona [2-3]. 

Solar flares are well known for their impact on 
space weather conditions, including transient 
increases in high-energy particle fluxes, cosmic ray 
modulation, and the intensification of the solar 

wind. These phenomena lead to compression of the 
Earth’s magnetosphere, often resulting in 
geomagnetic storms with an observed delay of 
approximately 36 hours after the flare event. 
Observational data from missions such as SOHO, 
STEREO, and the Solar Dynamics Observatory 
(SDO) have enabled high-resolution, multi-
wavelength imaging of these events, allowing 
detailed reconstruction of their physical parameters. 
Nevertheless, the volume and cadence of full-disk, 
high-temporal-resolution imagery present 
computational challenges for data access and 
processing [4]. 

In this study, we analyze 12 major X- and M-
class solar flares recorded between January 2014 
and December 2024, employing multi-wavelength 
imaging from AIA/SDO and magnetograms from 
HMI, SOLIS, and GOES. We estimate key physical 
properties of these flares – including duration, 
spatial scale, magnetic flux density, and 
reconnection rate – to characterize the flare 
energetics and reconnection dynamics. Our results 

 

reveal notable trends, including a broader size 
distribution for weaker GOES classes, a lower 
threshold in magnetic flux density that depends on 
flare class, and a decreasing reconnection rate with 
increasing flare magnitude. Calculated inflow 
velocities range from a few to several tens of 
kilometers per second, while estimated coronal 
Alfvén velocity fall within the 10³–10⁴ km/s range, 
yielding dimensionless reconnection rates on the 
order of 10⁻³ – consistent with theoretical 
predictions from fast reconnection models. 

Beyond the immediate impacts on the near-
Earth environment, long-term solar variability, as 
indexed by sunspot numbers such as SSN, WSN, 
and GSN, is increasingly recognized as a potential 
driver of terrestrial climate modulation. These 
indices follow an approximate 11-year solar cycle 
[5-6] and have been statistically associated with 
cyclic variations in surface temperature, 
precipitation, and large-scale atmospheric 
oscillations. Although the overall variation in total 
solar irradiance is small (~0.04%), the resulting 
changes in upper atmospheric dynamics – 
particularly through enhanced UV radiation and 
stratospheric heating – can significantly influence 
tropospheric circulation patterns. Empirical studies 
have linked solar activity to modulations in the El 
Niño–Southern Oscillation (ENSO), Arctic 
Oscillation (AO), and North Atlantic Oscillation 
(NAO), which serve as critical regulators of climate 
variability, particularly in the Northern Hemisphere 
[7-9]. 

However, the climatic response to solar forcing 
is region-dependent and often non-linear. In West 
Africa, for instance, positive correlations between 
solar activity and both temperature and precipitation 
have been reported, particularly during solar 
minima, often resulting in intensified heat extremes 
[10-11]. Similarly, studies in India have identified 
links between solar cycles and monsoonal 
variability [12-13]. In contrast, regions such as East 
Africa, the United States, and Saudi Arabia show 
weaker or statistically insignificant correlations [14-
15], potentially due to hemispheric asymmetry in 
sunspot distribution and flare emergence [16]. 

Given these complexities, the current study 
takes an interdisciplinary approach, bridging solar 
physics and atmospheric science to investigate the 
impact of solar magnetic activity and flare energy 
release on regional drought conditions. Specifically, 
we explore how flare-scale parameters – such as 
reconnection rate and spatial scale – correlate with 

climate indicators including the Standardized 
Precipitation Index (SPI3) and the Selyaninov 
Hydrothermal Coefficient (HTC), using data from 
Northern Kazakhstan, a region highly vulnerable to 
agricultural drought. We further examine the role of 
atmospheric teleconnections such as NAO and AO, 
which may act as intermediaries in the solar–climate 
interaction. 

 
2 Data analysis 
 
The energy released during a solar flare can be 

attributed to the magnetic energy stored in the solar 
corona, which is generally expressed as a function 
of the flare’s characteristic spatial scale and the 
magnetic flux density present in the active region 
[17]. 
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Since the liberated magnetic energy corresponds 

to the energy transported into the magnetic 
reconnection region, the rate of energy release can 
be formulated based on the inflow velocity of 
plasma into this region [18-20]. 
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Accordingly, the duration required for this 

inflow to supply the total energy released by the 
flare provides an estimate of the flare’s 
characteristic timescale.  
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This relationship allows for the determination of 

the plasma inflow velocity using observationally 
derived timescale values. 
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To assess the reconnection process 𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴 ≡

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴

, in 
a dimensionless framework, we must estimate the 
Alfvén velocity 𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴 = 𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋)1/2  in the inflow region, 
which depends on the coronal magnetic field 
strength and plasma density. Therefore, by 
measuring the coronal density 𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙 , flare size 𝐿𝐿𝐿𝐿 , 



39

A. Sarsembayeva et al.                                                                        Phys. Sci. Technol., Vol. 12 (No. 1-2), 2025: 38-44

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Introduction 
 
Solar activity plays a crucial role in driving 

dynamic processes within the solar atmosphere and 
throughout the heliosphere, exerting measurable 
influence on the Earth's magnetosphere, ionosphere, 
and atmospheric systems [1]. Among the most 
energetic manifestations of solar activity are solar 
flares – sudden, intense releases of energy across the 
entire electromagnetic spectrum. These events are 
accompanied by bursts of X-rays, ultraviolet 
radiation, and radio waves, reflecting the rapid 
acceleration of charged particles and the presence of 
high-temperature plasma. The primary mechanism 
responsible for such rapid energy release is 
magnetic reconnection, which occurs in regions of 
strongly sheared or oppositely directed magnetic 
fields in the solar corona [2-3]. 

Solar flares are well known for their impact on 
space weather conditions, including transient 
increases in high-energy particle fluxes, cosmic ray 
modulation, and the intensification of the solar 

wind. These phenomena lead to compression of the 
Earth’s magnetosphere, often resulting in 
geomagnetic storms with an observed delay of 
approximately 36 hours after the flare event. 
Observational data from missions such as SOHO, 
STEREO, and the Solar Dynamics Observatory 
(SDO) have enabled high-resolution, multi-
wavelength imaging of these events, allowing 
detailed reconstruction of their physical parameters. 
Nevertheless, the volume and cadence of full-disk, 
high-temporal-resolution imagery present 
computational challenges for data access and 
processing [4]. 

In this study, we analyze 12 major X- and M-
class solar flares recorded between January 2014 
and December 2024, employing multi-wavelength 
imaging from AIA/SDO and magnetograms from 
HMI, SOLIS, and GOES. We estimate key physical 
properties of these flares – including duration, 
spatial scale, magnetic flux density, and 
reconnection rate – to characterize the flare 
energetics and reconnection dynamics. Our results 

 

reveal notable trends, including a broader size 
distribution for weaker GOES classes, a lower 
threshold in magnetic flux density that depends on 
flare class, and a decreasing reconnection rate with 
increasing flare magnitude. Calculated inflow 
velocities range from a few to several tens of 
kilometers per second, while estimated coronal 
Alfvén velocity fall within the 10³–10⁴ km/s range, 
yielding dimensionless reconnection rates on the 
order of 10⁻³ – consistent with theoretical 
predictions from fast reconnection models. 

Beyond the immediate impacts on the near-
Earth environment, long-term solar variability, as 
indexed by sunspot numbers such as SSN, WSN, 
and GSN, is increasingly recognized as a potential 
driver of terrestrial climate modulation. These 
indices follow an approximate 11-year solar cycle 
[5-6] and have been statistically associated with 
cyclic variations in surface temperature, 
precipitation, and large-scale atmospheric 
oscillations. Although the overall variation in total 
solar irradiance is small (~0.04%), the resulting 
changes in upper atmospheric dynamics – 
particularly through enhanced UV radiation and 
stratospheric heating – can significantly influence 
tropospheric circulation patterns. Empirical studies 
have linked solar activity to modulations in the El 
Niño–Southern Oscillation (ENSO), Arctic 
Oscillation (AO), and North Atlantic Oscillation 
(NAO), which serve as critical regulators of climate 
variability, particularly in the Northern Hemisphere 
[7-9]. 

However, the climatic response to solar forcing 
is region-dependent and often non-linear. In West 
Africa, for instance, positive correlations between 
solar activity and both temperature and precipitation 
have been reported, particularly during solar 
minima, often resulting in intensified heat extremes 
[10-11]. Similarly, studies in India have identified 
links between solar cycles and monsoonal 
variability [12-13]. In contrast, regions such as East 
Africa, the United States, and Saudi Arabia show 
weaker or statistically insignificant correlations [14-
15], potentially due to hemispheric asymmetry in 
sunspot distribution and flare emergence [16]. 

Given these complexities, the current study 
takes an interdisciplinary approach, bridging solar 
physics and atmospheric science to investigate the 
impact of solar magnetic activity and flare energy 
release on regional drought conditions. Specifically, 
we explore how flare-scale parameters – such as 
reconnection rate and spatial scale – correlate with 

climate indicators including the Standardized 
Precipitation Index (SPI3) and the Selyaninov 
Hydrothermal Coefficient (HTC), using data from 
Northern Kazakhstan, a region highly vulnerable to 
agricultural drought. We further examine the role of 
atmospheric teleconnections such as NAO and AO, 
which may act as intermediaries in the solar–climate 
interaction. 

 
2 Data analysis 
 
The energy released during a solar flare can be 

attributed to the magnetic energy stored in the solar 
corona, which is generally expressed as a function 
of the flare’s characteristic spatial scale and the 
magnetic flux density present in the active region 
[17]. 

 
𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙~𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔 = 𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜2

8𝜋𝜋𝜋𝜋
𝐿𝐿𝐿𝐿3                    (1) 

 
Since the liberated magnetic energy corresponds 

to the energy transported into the magnetic 
reconnection region, the rate of energy release can 
be formulated based on the inflow velocity of 
plasma into this region [18-20]. 

 
�𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡
�~2 𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜2

4𝜋𝜋𝜋𝜋
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐿𝐿𝐿𝐿2

                    
(2) 

 
 
Accordingly, the duration required for this 

inflow to supply the total energy released by the 
flare provides an estimate of the flare’s 
characteristic timescale.  

 
𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙~𝐸𝐸𝐸𝐸𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(�𝑑𝑑𝑑𝑑𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑𝑡𝑡𝑡𝑡
�)−1~ 𝐿𝐿𝐿𝐿

4𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
              (3) 

 
This relationship allows for the determination of 

the plasma inflow velocity using observationally 
derived timescale values. 

 
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖~ 𝐿𝐿𝐿𝐿

4𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑎𝑎𝑎𝑎𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙
                           

(4) 

 
To assess the reconnection process 𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴 ≡

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛
𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴

, in 
a dimensionless framework, we must estimate the 
Alfvén velocity 𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴 = 𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

(4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋)1/2  in the inflow region, 
which depends on the coronal magnetic field 
strength and plasma density. Therefore, by 
measuring the coronal density 𝐵𝐵𝐵𝐵𝑐𝑐𝑐𝑐𝑜𝑜𝑜𝑜𝑙𝑙𝑙𝑙 , flare size 𝐿𝐿𝐿𝐿 , 



40

Solar magnetic activity and its terrestrial impact through ...                Phys. Sci. Technol., Vol. 12 (No. 1-2), 2025: 38-44

 

magnetic field strength, and flare duration 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, it 
becomes possible to compute key physical 
parameters: the plasma inflow velocity 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , the 
Alfvén velocity 𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴, and the corresponding magnetic 
reconnection rate 𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴 [21-22].  

Observational data for this analysis is provided 
in near real-time by the Geostationary Operational 
Environmental Satellites (GOES), which monitor 
solar flares and associated energetic particles. In 
particular, data from GOES-13, GOES-14, and 
GOES-15 were used to track X-ray flux variations 
during flare events. 

Beyond solar flare diagnostics, this study also 
investigates the climatic impact of solar activity on 
regional drought in Northern Kazakhstan – a region 
of significant agricultural importance and sensitivity 
to climate variability. In particular, drought events 
pose a major threat to wheat production, with losses 
reaching up to 50% in dry years and leading to 
substantial economic damage. 

Meteorological data for the year 2014 were 
obtained from the Republican State Enterprise 
"Kazhydromet", under the Ministry of Ecology and 
Natural Resources. These data include monthly total 
precipitation and daily mean air temperature from 
11 ground-based weather stations across the North 
Kazakhstan region. Based on these inputs, two 
drought indices were computed: the Standardized 
Precipitation Index (SPI) and the Selyaninov 
Hydrothermal Coefficient (HTC). 

The SPI is a globally recognized index recom-
mended by the World Meteorological Organization 
(WMO). It is based solely on precipitation and is 
suitable for assessing drought over various time 
scales. SPI is calculated by fitting precipitation data 
to a gamma distribution, which is then transformed 
into a normal distribution. Positive SPI values 
indicate wetter-than-average conditions, while 
negative values reflect meteorological drought [23]. 

The Selyaninov Hydrothermal Coefficient 
(HTC) is commonly used in agricultural climatology 
to assess moisture availability. It is defined as: 

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =  
∑𝑅𝑅𝑅𝑅

0.1 ∑ 𝑡𝑡𝑡𝑡
                      (5) 

 
where: 𝑡𝑡𝑡𝑡 is the sum of average daily air temperatures 
during the period when air temperatures are above 
+10 °C, and 𝑅𝑅𝑅𝑅 is the total precipitation during the 
same period, in mm [24]. 

Additionally, the North Atlantic Oscillation 
(NAO) and Arctic Oscillation (AO) indices were in-
corporated to assess atmospheric circulation in-
fluences. NAO data were retrieved from the Natio-
nal Centers for Environmental Information (NCEI) 
under NOAA, while AO data were obtained from 
the Physical Sciences Laboratory (PSL) of NOAA’s 
Earth System Research Laboratories [25-26]. 

By integrating solar flare diagnostics with 
regional drought indices and large-scale atmosp-
heric oscillation data, we aim to quantify the extent 
to which solar magnetic activity and flare dynamics 
may influence terrestrial climate variability and 
drought risk across continental mid-latitudes. 

 
3 Results 
 
This study integrates solar flare diagnostics with 

atmospheric circulation and drought indices to 
investigate the potential solar-terrestrial coupling 
mechanisms influencing regional hydrometeo-
rological variability in Northern Kazakhstan. We 
present results from two complementary domains: 
(1) the physical characterization of solar flares 
based on reconnection dynamics and flare mor-
phology, and (2) the statistical correlation between 
solar activity indices and atmospheric/drought 
indicators throughout the year 2014. 
 

  
Figure 1 – Physical parameters of each flare plotted against the GOES class (a); Timescale . Size L (b) 

 

  
 

Figure 2 – Timescale  plotted against L (a); Reconnection rate  plotted against GOES class (b) 
 
 
3.1. Physical parameters of solar flares 
In this study, we analyzed 12 major X- and M-

class solar flares observed during the year 2014 to 
investigate the physical parameters governing 
energy release through magnetic reconnection. 
Using multi-wavelength observations and 
magnetogram data, we derived flare timescales 
(𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙), characteristic sizes (L), reconnection rates 
(𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴), and compared these parameters with GOES 
peak X-ray flux to explore physical trends and 
potential scaling relations. 

 
3.1.1 Flare duration vs. GOES сlass 
Fig. 1a displays the relationship between the 

flare timescale (𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) and the GOES class on a 
log-log scale. The flare durations range from 
approximately 500 to 2000 seconds. The scatter plot 
shows a weak inverse trend, suggesting that higher 
GOES-class flares tend to have slightly shorter 
durations, while weaker flares exhibit a broader 
range of timescales (Fig.1a). 

 
3.1.2 Flare size vs. GOES сlass 
In Fig. 1b, the characteristic spatial size of the 

flare loops (L) is plotted against the GOES class. 
Flare sizes range from ~1.3×10⁹ cm to 3.8×10⁹ cm. 
The results reveal a weak inverse relationship, 
where stronger flares (higher GOES class) are 
associated with slightly smaller-scale structures. 
While larger flares can occur across a range of 
GOES classes, the most compact events are 
concentrated in the higher flux range (Fig.1b). 

 
3.1.3 Flare size vs. timescale 
Fig. 2a examines the correlation between flare 

size (L) and flare duration (𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙). A moderate  

positive trend is observed: flares with larger spatial 
dimensions tend to last longer, supporting 
reconnection-based scaling laws such as 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∝
𝐿𝐿𝐿𝐿
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

. This suggests that in larger coronal structures, 
the reconnection process operates over extended 
timescales, likely due to slower inflow or extended 
energy release regions (Fig.2a). 

 
3.1.4 Reconnection rate vs. GOES class 
Fig. 2b presents the distribution of the magnetic 

reconnection rate (𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴 ) versus GOES class. The 
reconnection rates, calculated from inflow velocity 
and Alfvén velocity, lie within the range (10⁻⁴ to 
10⁻³) (Fig.2a). A slight downward trend is evident, 
indicating that higher GOES-class flares tend to 
occur with lower normalized reconnection rates. 
This suggests that the intense energy output of 
strong flares may not necessarily stem from faster 
reconnection, but from larger magnetic flux density 
or more efficient energy conversion in smaller 
volumes. All reconnection rates fall within one 
order of magnitude of the theoretical limit predicted 
by the Petschek model, affirming the fast 
reconnection regime observed in the solar corona. 

 
3.2 Solar activity and atmospheric/drought 

variability 
Time series data for 2014 demonstrate that solar 

activity indices such as the Wolf Sunspot Number 
(WSN) and Sunspot Number (SSN) exhibited 
moderate variability, with WSN ranging between 80 
and 120, and SSN between 100 and 140. As shown 
in Figure 4, atmospheric indices NAO and AO 
displayed significant seasonal dynamics. NAO 
declined from +0.8 in February to –0.97 in June, 
followed by sharp oscillations from –1.68 in August 
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magnetic field strength, and flare duration 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙, it 
becomes possible to compute key physical 
parameters: the plasma inflow velocity 𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 , the 
Alfvén velocity 𝑉𝑉𝑉𝑉𝐴𝐴𝐴𝐴, and the corresponding magnetic 
reconnection rate 𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴 [21-22].  

Observational data for this analysis is provided 
in near real-time by the Geostationary Operational 
Environmental Satellites (GOES), which monitor 
solar flares and associated energetic particles. In 
particular, data from GOES-13, GOES-14, and 
GOES-15 were used to track X-ray flux variations 
during flare events. 

Beyond solar flare diagnostics, this study also 
investigates the climatic impact of solar activity on 
regional drought in Northern Kazakhstan – a region 
of significant agricultural importance and sensitivity 
to climate variability. In particular, drought events 
pose a major threat to wheat production, with losses 
reaching up to 50% in dry years and leading to 
substantial economic damage. 

Meteorological data for the year 2014 were 
obtained from the Republican State Enterprise 
"Kazhydromet", under the Ministry of Ecology and 
Natural Resources. These data include monthly total 
precipitation and daily mean air temperature from 
11 ground-based weather stations across the North 
Kazakhstan region. Based on these inputs, two 
drought indices were computed: the Standardized 
Precipitation Index (SPI) and the Selyaninov 
Hydrothermal Coefficient (HTC). 

The SPI is a globally recognized index recom-
mended by the World Meteorological Organization 
(WMO). It is based solely on precipitation and is 
suitable for assessing drought over various time 
scales. SPI is calculated by fitting precipitation data 
to a gamma distribution, which is then transformed 
into a normal distribution. Positive SPI values 
indicate wetter-than-average conditions, while 
negative values reflect meteorological drought [23]. 

The Selyaninov Hydrothermal Coefficient 
(HTC) is commonly used in agricultural climatology 
to assess moisture availability. It is defined as: 

 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =  
∑𝑅𝑅𝑅𝑅

0.1 ∑ 𝑡𝑡𝑡𝑡
                      (5) 

 
where: 𝑡𝑡𝑡𝑡 is the sum of average daily air temperatures 
during the period when air temperatures are above 
+10 °C, and 𝑅𝑅𝑅𝑅 is the total precipitation during the 
same period, in mm [24]. 

Additionally, the North Atlantic Oscillation 
(NAO) and Arctic Oscillation (AO) indices were in-
corporated to assess atmospheric circulation in-
fluences. NAO data were retrieved from the Natio-
nal Centers for Environmental Information (NCEI) 
under NOAA, while AO data were obtained from 
the Physical Sciences Laboratory (PSL) of NOAA’s 
Earth System Research Laboratories [25-26]. 

By integrating solar flare diagnostics with 
regional drought indices and large-scale atmosp-
heric oscillation data, we aim to quantify the extent 
to which solar magnetic activity and flare dynamics 
may influence terrestrial climate variability and 
drought risk across continental mid-latitudes. 

 
3 Results 
 
This study integrates solar flare diagnostics with 

atmospheric circulation and drought indices to 
investigate the potential solar-terrestrial coupling 
mechanisms influencing regional hydrometeo-
rological variability in Northern Kazakhstan. We 
present results from two complementary domains: 
(1) the physical characterization of solar flares 
based on reconnection dynamics and flare mor-
phology, and (2) the statistical correlation between 
solar activity indices and atmospheric/drought 
indicators throughout the year 2014. 
 

  
Figure 1 – Physical parameters of each flare plotted against the GOES class (a); Timescale . Size L (b) 

 

  
 

Figure 2 – Timescale  plotted against L (a); Reconnection rate  plotted against GOES class (b) 
 
 
3.1. Physical parameters of solar flares 
In this study, we analyzed 12 major X- and M-

class solar flares observed during the year 2014 to 
investigate the physical parameters governing 
energy release through magnetic reconnection. 
Using multi-wavelength observations and 
magnetogram data, we derived flare timescales 
(𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙), characteristic sizes (L), reconnection rates 
(𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴), and compared these parameters with GOES 
peak X-ray flux to explore physical trends and 
potential scaling relations. 

 
3.1.1 Flare duration vs. GOES сlass 
Fig. 1a displays the relationship between the 

flare timescale (𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ) and the GOES class on a 
log-log scale. The flare durations range from 
approximately 500 to 2000 seconds. The scatter plot 
shows a weak inverse trend, suggesting that higher 
GOES-class flares tend to have slightly shorter 
durations, while weaker flares exhibit a broader 
range of timescales (Fig.1a). 

 
3.1.2 Flare size vs. GOES сlass 
In Fig. 1b, the characteristic spatial size of the 

flare loops (L) is plotted against the GOES class. 
Flare sizes range from ~1.3×10⁹ cm to 3.8×10⁹ cm. 
The results reveal a weak inverse relationship, 
where stronger flares (higher GOES class) are 
associated with slightly smaller-scale structures. 
While larger flares can occur across a range of 
GOES classes, the most compact events are 
concentrated in the higher flux range (Fig.1b). 

 
3.1.3 Flare size vs. timescale 
Fig. 2a examines the correlation between flare 

size (L) and flare duration (𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙). A moderate  

positive trend is observed: flares with larger spatial 
dimensions tend to last longer, supporting 
reconnection-based scaling laws such as 𝜏𝜏𝜏𝜏𝑓𝑓𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 ∝
𝐿𝐿𝐿𝐿
𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

. This suggests that in larger coronal structures, 
the reconnection process operates over extended 
timescales, likely due to slower inflow or extended 
energy release regions (Fig.2a). 

 
3.1.4 Reconnection rate vs. GOES class 
Fig. 2b presents the distribution of the magnetic 

reconnection rate (𝑀𝑀𝑀𝑀𝐴𝐴𝐴𝐴 ) versus GOES class. The 
reconnection rates, calculated from inflow velocity 
and Alfvén velocity, lie within the range (10⁻⁴ to 
10⁻³) (Fig.2a). A slight downward trend is evident, 
indicating that higher GOES-class flares tend to 
occur with lower normalized reconnection rates. 
This suggests that the intense energy output of 
strong flares may not necessarily stem from faster 
reconnection, but from larger magnetic flux density 
or more efficient energy conversion in smaller 
volumes. All reconnection rates fall within one 
order of magnitude of the theoretical limit predicted 
by the Petschek model, affirming the fast 
reconnection regime observed in the solar corona. 

 
3.2 Solar activity and atmospheric/drought 

variability 
Time series data for 2014 demonstrate that solar 

activity indices such as the Wolf Sunspot Number 
(WSN) and Sunspot Number (SSN) exhibited 
moderate variability, with WSN ranging between 80 
and 120, and SSN between 100 and 140. As shown 
in Figure 4, atmospheric indices NAO and AO 
displayed significant seasonal dynamics. NAO 
declined from +0.8 in February to –0.97 in June, 
followed by sharp oscillations from –1.68 in August 
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to +2.0 in December. Similarly, AO showed a drop 
from +1.21 in March to –1.13 in October. 

Correlation analysis revealed a moderately 
strong positive correlation between WSN and NAO 
(r = 0.63 at zero lag; r = 0.43 at two-month lag), 
suggesting that solar variability may influence mid-
latitude circulation patterns both immediately and 
with short delay. The SPI3 drought index, which 
showed a strong correlation with NAO (r = 0.70), 
mirrored this variability – indicating drought 
intensification from March to June, followed by a 
recovery phase toward the end of the year. 
Furthermore, a moderately strong correlation 

between WSN and SPI3 (r = 0.57) supports the 
hypothesis that solar activity, directly or indirectly, 
modulates regional drought conditions. 

In parallel, the Hydrothermal Coefficient (HTC) 
showed a strong negative correlation with AO  
(r = –0.75), and AO itself correlated positively with 
SSN (r = 0.51), suggesting a solar-mediated 
influence on Arctic atmospheric patterns. 
Additionally, a strong negative correlation between 
SSN and HTC (r = –0.66) was observed, reinforcing 
the link between increased solar activity and 
suppressed precipitation in the mid-latitude 
continental region. 

 
 

  
 

Figure 3 – Time variation of: WSN, SPI3, NAO 
 

Figure 4 – Time variation of: SSN, HTC, AO 
   

 
Figures 3 and 4 illustrate the temporal evolution 

of solar activity, atmospheric circulation indices, 
and drought indicators. Throughout 2014, the Wolf 
Sunspot Number (WSN) fluctuated between 80 and 
120. The North Atlantic Oscillation (NAO) index 
declined steadily from February to June, reaching –
0.97, and showed sharp variability during the 
summer, ranging from –1.68 in August to +2.0 in 
September and December. The SPI3 drought index, 
which exhibits a strong correlation with NAO (r = 
0.70), indicated progressive drought intensification 
from March to June, followed by a trend toward 
wetter conditions by the end of the year. 

Correlation analysis revealed a consistent and 
moderately strong positive relationship between 
WSN and NAO, with a maximum correlation 
coefficient of r = 0.63 at zero lag, decreasing to r = 
0.43 with a two-month lag. Additionally, a 
moderately strong positive correlation between 
WSN and SPI3 was identified (r = 0.57), suggesting 
a potential solar influence on short-term 
hydrometeorological variability. 

As shown in Figure 4, sunspot numbers (SSN) 
ranged between 100 and 140. The Arctic Oscillation 
(AO) index displayed significant seasonal 
variability, increasing from +1.21 in March to a 
minimum of –1.13 in October. The Hydrothermal 
Coefficient (HTC), which is strongly negatively 
correlated with AO (r = –0.75), showed persistently 
dry conditions from April to October. Correlation 
analysis revealed a moderately strong positive 
relationship between SSN and AO (r = 0.51) within 
a one-month lag. Furthermore, a strong negative 
correlation between SSN and HTC (r = –0.66) was 
established, indicating that elevated solar activity 
may be associated with increased meteorological 
drought conditions in mid-latitudes. 

  
4 Conclusion 

 
This study provides a comprehensive 

investigation into the solar-terrestrial connection by 
integrating detailed physical analysis of solar flare 
dynamics with regional atmospheric and 
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hydrometeorological responses. From the solar 
physics perspective, we estimated the physical 
parameters of 12 X- and M-class solar flares 
observed between January and December 2014, 
focusing on energy release rates and reconnection 
dynamics. The calculated reconnection rates ranged 
from 10⁻⁴ to 10⁻³, and exhibited an inverse 
relationship with GOES flare class. These results are 
consistent with the theoretical predictions of the 
Petschek reconnection model, supporting the 
validity of magnetic reconnection as the dominant 
mechanism behind flare energy release. The energy 
output, derived from multi-wavelength observations, 
provides an important physical basis for quantifying 
solar forcing in Earth’s upper atmosphere. 

On the meteorological side, the findings 
highlight a coherent and statistically significant link 
between solar activity and large-scale atmospheric 
oscillations. A moderately strong correlation 
between WSN and NAO (r = 0.63 at zero lag; r = 
0.43 at a two-month lag) suggests both immediate 
and delayed influences of solar variability – likely 
mediated through UV-induced stratospheric heating 
and subsequent modulation of planetary wave 
dynamics. These oscillatory responses appear to 
cascade into regional hydrometeorological effects, 
as evidenced by a strong positive correlation 
between NAO and SPI3 (r = 0.70), indicating that 
the positive phase of NAO is associated with 

increased precipitation and reduced short-term 
drought in Northern Kazakhstan. 

Importantly, the study also identifies a 
moderately strong direct relationship between solar 
activity and SPI3 (r = 0.57), further reinforcing the 
hypothesis that solar variability – particularly flare-
related energetic events – can influence regional 
drought regimes. A significant negative correlation 
between sunspot numbers and the Hydrothermal 
Coefficient (HTC) (r = -0.66) in mid-latitudes 
suggests that enhanced solar activity may 
correspond to drier conditions. This is further 
supported by a chain of correlations involving 
Arctic Oscillation (AO), where solar activity and 
AO exhibit a positive correlation (r = 0.51), and AO 
and HTC are strongly negatively correlated (r=-
0.75). These results collectively point to a multi-step 
coupling mechanism, whereby solar magnetic 
activity modulates high-latitude atmospheric 
circulation (e.g., AO), which in turn affects surface-
level climate indicators such as drought severity. 
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to +2.0 in December. Similarly, AO showed a drop 
from +1.21 in March to –1.13 in October. 

Correlation analysis revealed a moderately 
strong positive correlation between WSN and NAO 
(r = 0.63 at zero lag; r = 0.43 at two-month lag), 
suggesting that solar variability may influence mid-
latitude circulation patterns both immediately and 
with short delay. The SPI3 drought index, which 
showed a strong correlation with NAO (r = 0.70), 
mirrored this variability – indicating drought 
intensification from March to June, followed by a 
recovery phase toward the end of the year. 
Furthermore, a moderately strong correlation 

between WSN and SPI3 (r = 0.57) supports the 
hypothesis that solar activity, directly or indirectly, 
modulates regional drought conditions. 

In parallel, the Hydrothermal Coefficient (HTC) 
showed a strong negative correlation with AO  
(r = –0.75), and AO itself correlated positively with 
SSN (r = 0.51), suggesting a solar-mediated 
influence on Arctic atmospheric patterns. 
Additionally, a strong negative correlation between 
SSN and HTC (r = –0.66) was observed, reinforcing 
the link between increased solar activity and 
suppressed precipitation in the mid-latitude 
continental region. 

 
 

  
 

Figure 3 – Time variation of: WSN, SPI3, NAO 
 

Figure 4 – Time variation of: SSN, HTC, AO 
   

 
Figures 3 and 4 illustrate the temporal evolution 

of solar activity, atmospheric circulation indices, 
and drought indicators. Throughout 2014, the Wolf 
Sunspot Number (WSN) fluctuated between 80 and 
120. The North Atlantic Oscillation (NAO) index 
declined steadily from February to June, reaching –
0.97, and showed sharp variability during the 
summer, ranging from –1.68 in August to +2.0 in 
September and December. The SPI3 drought index, 
which exhibits a strong correlation with NAO (r = 
0.70), indicated progressive drought intensification 
from March to June, followed by a trend toward 
wetter conditions by the end of the year. 

Correlation analysis revealed a consistent and 
moderately strong positive relationship between 
WSN and NAO, with a maximum correlation 
coefficient of r = 0.63 at zero lag, decreasing to r = 
0.43 with a two-month lag. Additionally, a 
moderately strong positive correlation between 
WSN and SPI3 was identified (r = 0.57), suggesting 
a potential solar influence on short-term 
hydrometeorological variability. 

As shown in Figure 4, sunspot numbers (SSN) 
ranged between 100 and 140. The Arctic Oscillation 
(AO) index displayed significant seasonal 
variability, increasing from +1.21 in March to a 
minimum of –1.13 in October. The Hydrothermal 
Coefficient (HTC), which is strongly negatively 
correlated with AO (r = –0.75), showed persistently 
dry conditions from April to October. Correlation 
analysis revealed a moderately strong positive 
relationship between SSN and AO (r = 0.51) within 
a one-month lag. Furthermore, a strong negative 
correlation between SSN and HTC (r = –0.66) was 
established, indicating that elevated solar activity 
may be associated with increased meteorological 
drought conditions in mid-latitudes. 

  
4 Conclusion 

 
This study provides a comprehensive 

investigation into the solar-terrestrial connection by 
integrating detailed physical analysis of solar flare 
dynamics with regional atmospheric and 
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hydrometeorological responses. From the solar 
physics perspective, we estimated the physical 
parameters of 12 X- and M-class solar flares 
observed between January and December 2014, 
focusing on energy release rates and reconnection 
dynamics. The calculated reconnection rates ranged 
from 10⁻⁴ to 10⁻³, and exhibited an inverse 
relationship with GOES flare class. These results are 
consistent with the theoretical predictions of the 
Petschek reconnection model, supporting the 
validity of magnetic reconnection as the dominant 
mechanism behind flare energy release. The energy 
output, derived from multi-wavelength observations, 
provides an important physical basis for quantifying 
solar forcing in Earth’s upper atmosphere. 

On the meteorological side, the findings 
highlight a coherent and statistically significant link 
between solar activity and large-scale atmospheric 
oscillations. A moderately strong correlation 
between WSN and NAO (r = 0.63 at zero lag; r = 
0.43 at a two-month lag) suggests both immediate 
and delayed influences of solar variability – likely 
mediated through UV-induced stratospheric heating 
and subsequent modulation of planetary wave 
dynamics. These oscillatory responses appear to 
cascade into regional hydrometeorological effects, 
as evidenced by a strong positive correlation 
between NAO and SPI3 (r = 0.70), indicating that 
the positive phase of NAO is associated with 

increased precipitation and reduced short-term 
drought in Northern Kazakhstan. 

Importantly, the study also identifies a 
moderately strong direct relationship between solar 
activity and SPI3 (r = 0.57), further reinforcing the 
hypothesis that solar variability – particularly flare-
related energetic events – can influence regional 
drought regimes. A significant negative correlation 
between sunspot numbers and the Hydrothermal 
Coefficient (HTC) (r = -0.66) in mid-latitudes 
suggests that enhanced solar activity may 
correspond to drier conditions. This is further 
supported by a chain of correlations involving 
Arctic Oscillation (AO), where solar activity and 
AO exhibit a positive correlation (r = 0.51), and AO 
and HTC are strongly negatively correlated (r=-
0.75). These results collectively point to a multi-step 
coupling mechanism, whereby solar magnetic 
activity modulates high-latitude atmospheric 
circulation (e.g., AO), which in turn affects surface-
level climate indicators such as drought severity. 
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1 Introduction 
 
Hot supergiants are stars in the late stages of 

their evolution. They can serve as standard candles 
to measure extragalactic distances and are important 
for understanding stellar evolution processes. One of 
the most effective tools for studying such objects is 
the construction of spectral energy distributions 
(SED), which allows us to accurately determine 
their physical parameters, such as the effective 
temperature (Teff), surface gravity (log(g)), and 
interstellar reddening (AV). 

The choice of this research topic is due to the 
need for a deeper understanding of the physics of 
hot supergiants. Despite significant progress in 
astronomy, their fundamental parameters remain 
poorly understood and are not well-constrained. 
Numerous studies, such as those by [1], [2] and [3], 
have made a huge contribution to the study of hot 
supergiants, but there is still a lack of 
comprehensive studies covering a wide range of 

such stars, which emphasizes the relevance of this 
project. 

Although previous spectroscopic studies pro-
vided extensive information, our application of 
comprehensive SED analysis represents a novel 
approach to further refine and validate these 
parameters. 

The aim of the present study is to use the SED 
construction method to determine the parameters of 
hot B-A supergiants. The objectives of the study 
include constructing the SED for 16 stars, analyzing 
their spectral data, and applying extrapolation and 
modeling methods to refine the values of Teff, 
log(g), and AV. Selected stars span a temperature 
range from 8 000 to 13 000 K, which provides good 
coverage of the main types of hot supergiants 
(spectral classes B and A). This makes the sample 
representative in terms of physical diversity and 
suitable for testing the method. Moreover, selected 
stars are the most interesting and intriguing ones 
investigated earlier. The SED-method was never  
 


