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Background Solar activity and the consequent geomagnetic activity (GMA) profoundly
influence human biological rhythms and cardiovascular system functions. Although the
response of blood pressure (BP) to GMA has attracted considerable attention, it is unclear
whether the GMA can have an influence alone and how it occurs.

Methods In this six-year time series analysis, we collated over 500,000 BP measurements from
two representative cities (Qingdao and Weihai) at mid-magnetic latitudes in China. Using
various statistical methods, we analyzed the correlation between BP and the GMA (represented
by Ap index) and their quasi-periodic fluctuations. Additionally, we conducted a comparative
analysis of the influence of other environmental factors (air temperature and PM2.5) on BP.
Results The statistical BP level fluctuations correlate with the GMA. Both BP and the GMA
index exhibit similar annual bimodal patterns and multiple periodicities, including 12-month
and 6-month cycles, and an intermittent 3-month cycle. In contrast, other known
environmental factors influencing BP such as air temperature and PM2.5 do not exhibit
similar periodicities, particularly they lack 3-month cycles. In years with higher GMA levels,
the BP shows stronger correlations with the Ap index and responds on a shorter timescale.
Additionally, BP in females appears to be more strongly correlated with GMA.
Conclusions Our findings highlight potential risks to individuals with hypertension with elevated
GMA levels, deepen our understanding of GMA’s role in human health, and offer insights for
healthcare policymakers on the clinical significance of the geomagnetic environment.

Hypertension is a widespread and highly consequential cardiovascular
disease. It substantially increases the likelihood of developing various
disorders affecting the heart, brain, kidneys, and other vital organs.
Therefore, enhancing our scientific understanding of the causes of
hypertension is crucial for early detection and timely intervention.

Human blood pressure fluctuates constantly
and is influenced by various factors such as
hormone levels in the body and
environmental conditions. Geomagnetic
activity is change in the Earth’s magnetic field
as a consequence of the sun’ s activity, such
as the impact of solar winds. We used six
years of data to investigate whether changes
in geomagnetic activity have an impact on
blood pressure. Our results show a
relationship between geomagnetic activity
and blood pressure, particularly during
periods of high geomagnetic activity.
Understanding this relationship could
enhance our knowledge of the geomagnetic
environment’s clinical significance and
potentially contribute to better hypertension
risk assessment and management.

Numerous previous studies have investigated environmental factors such
as air temperature and air pollutants on earth, particularly particulate
matter with an aerodynamic diameter less than 2.5 microns (PM2.5),
highlighting their significant effects on BP'~. But in the Sun-Earth sys-
tem, research into the effects of solar activity and the consequent GMA
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on the cardiovascular system is thought-provoking and demands more
precise substantiation. Since the 20th century, pioneering efforts have
advanced fields such as “heliobiology”, “chronoastrobiology,” and
“clinical cosmobiology,” exploring the influence of solar and lunar
movements on human life systems and biological rthythms*®. Extensive
research indicates that cardiovascular diseases such as myocardial
infarction and cardiac death, as well as heart rate variability, exhibit
significant statistical correlations with solar activity, GMA, and cosmic
rays’”. Additionally, brain disorders like stroke are more likely to occur
during periods of solar maximum and geomagnetic storms'*"'°. Analyses
of the temporal rhythms in biophysiological phenomena revealed that
certain space weather parameters and BP fluctuations have similar per-
iodicities. For instance, circadian rhythms have been found to exhibit
correlations with short-term space weather disturbances'”’, while long-
term fluctuations in hypertension and associated mortality seem to be
correlated with the approximately 11-year solar cycle’™”. It has been
well-documented that systolic BP and diastolic BP tend to increase
during periods of elevated GMA, with this effect being particularly
pronounced during geomagnetic storms™ . Overall, the intensity var-
iations in GMA could lead to functional changes in the cardiovascular
system”, and the mortality associated with hypertension illness are
highly correlated with various heliophysical parameters'®*.

Due to the significant geomagnetic field variation, the cardiovascular
system’s response to GMA at high magnetic latitudes has attracted major
attention. The intensity of GMA is influenced by various current systems.
In polar regions, these currents are mainly concentrated around 100
kilometers above the Earth’s surface, while in mid- and low-latitude
areas, they are located several thousand to tens of thousands of kilo-
meters from the surface®”. The sun continuously emits streams of
charged particles, forming the solar wind, which consistently impacts the
Earth, driving current systems in the magnetosphere to trigger GMA.
During GMA, the polar current systems vary rapidly, and the current

Blood pressure data at
mid-magnetic latitudes
(Qingdao and Weihai, China)

Geomagnetic
Ap index

o Correlation
e Significance level
o Fast Fourier Transform

Time-series
analysis

o Wavelet Transform

, |

Multifactor Environmental Factors

comparison (air temperature and PM2.5)

A

Geomagnetic activity could influence
blood pressure levels

Fig. 1 | Study design and samples. a Study design. b, c Sample Characteristics. b The
sample size and the distribution of gender and age. ¢ Overview of the blood pressure
(BP) measurements and hypertension in samples. The monthly number of BP
measurements (solid line) and hypertension (dashed line) in three groups from
January 2015 to December 2020. Group All, black lines, as a reference containing

density is enhanced, leading to strong and rapidly changing localized
electromagnetic induction effects on Earth’s surface. At mid- and low
latitudes, the amplitude of the magnetic field variation is smaller and
varies more smoothly than that at high-latitude™'. The drastically
changed electromagnetic induction in high magnetic latitudes leads to a
conceivable impact on the cardiovascular system, while the impaction at
lower latitudes attracts much less attention. Compared to the complex
rapid variations of the polar magnetic field, the relatively moderate
magnetic perturbation in the middle and low magnetic latitudes provides
a more straightforward situation for assessing the effect of GMA on the
cardiovascular system. In this study, we collated the BP measurement
data from Qingdao and Weihai in China, two cities at mid-magnetic
latitudes with uncomplicated geomagnetic environments and good air
quality, and assessed the correlation between BP and GMA. Subse-
quently, we conducted a comparative analysis between environmental
factors (air temperature and PM2.5) and GMA, revealing that BP and
GMA exhibit similar annual bimodal patterns and multiple periodicities
(3-month, 6-month, 12-month) that cannot be explained by air tem-
perature and PM2.5. In general, our statistical study links the fluctuations
between GMA and BP, revealing a correlation between human BP and
the subtle yet influential signals from the geomagnetic field. These
findings hold promise for the development of innovative strategies aimed
at mitigating BP elevation.

Methods

Blood pressure data

The BP measurements were obtained from the Qilu Hospital of Shandong
University (Qingdao) and the Weihai Municipal Hospital in China. The
data were directly output by the hospitals and no sampling was required.
Figure 1 shows the number of BP measurements and of individuals with
hypertension from January 2015 to December 2020, subdivided according
to gender. The total sample size is 554,319, of which 298,365 are males and

b Sample size: 554,319
Gender Age distribution
Male Female | =29 | 30-39 | 40-49 [ 50-59 | 60-69 | 270

298,365 | 255,954 | 16% | 29% | 22% | 17% | 10% | 6%

Number of blood pressure measurements (solid line)
and of individuals with hypertension (dashed line)

=)
w
T

Month 6 12 6 12 6 12 6 12 6 12 6 12
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both males and females; Group Male, blue lines; Group Female, red lines. These
green points represent the continuation of the January 2020 data to February 2020,
where original data was missing, using the Last Observation Carried Forward
(LOCF) method.
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255,954 are females. The total number of individuals with hypertension is
141,810, of which 93,549 are males and 48,261 are females. The prevalence
of hypertension in the total sample is 25.58%, 31.35% for males, and 18.86%
for females. The age range of the participants is broad, spanning from 11 to
103 years. The majority of the sample population (78%) falls within the
30-69 age group. These populations mainly lived in and around the
cities of Qingdao and Weihai. Hypertension was defined as a systolic
BP > 140 mmHg and/ or a diastolic BP > 90 mmHg. BP is measured using
OMRON Blood Pressure Monitors made in Japan, and rest is required
before measurement to ensure accurate readings. All BP data are freely
accessible and available in the Supplementary Data.

This retrospective study focuses solely on the statistical data of physical
examinations and does not reveal personal information about any partici-
pants. It was approved by the Ethics Committee of Qilu Hospital of Shan-
dong University (Qingdao) and Ethics Committee of Weihai Municipal
Hospital in China, which confirmed that informed consent was not required
and ensured full compliance with ethical guidelines and regulations.

The number of people taking BP measurements reaches its lowest level
around February each year (Fig. 1¢), coinciding with the Chinese New Year
period when hospitals only conduct physical exams for employees. How-
ever, from March to January of the following year, the number of tests
remains relatively stable. Furthermore, there were no BP measurements in
hospitals due to Covid-19 in February 2020, so we duplicated and used the
data from January 2020 to maximize data integrity based on the Last
Observation Carried Forward (LOCF) method”. Incomplete data may
lead to errors in periodicity analysis. In addition, various methods for
handling missing data including linear or polynomial interpolation were
considered. To maintain data consistency and reduce potential variability
that may arise from more complex interpolation methods, we chose the
relatively conservative but robust LOCF method. The GMA, air tempera-
ture, and PM2.5 for February 2020 have been handled in the same method.
All of the data were averaged on a monthly basis, hence each data point
corresponds to a single month, which ensures a balance between data
resolution and manageability, allowing us to capture seasonal and long-term
trends without being overwhelmed by short-term noise.

Geomagnetic activity, air temperature and PM2.5 data

To assess GMA, we obtained the daily Ap index from the GFZ German
Research Centre for Geosciences™(https://www.gfz-potsdam.de/en/
section/geomagnetism/data-products-services). The Ap index serves as a
global indicator of the intensity of full-day geomagnetic disturbances. This
index was chosen for its comprehensive and continuous data coverage,
making it suitable for long-term analysis in our study. The air temperature
and PM2.5 data were obtained from reliable sources, including the China
Weather Network (https://www.tiangi.com/), the Ministry of Ecology and
Environment of the People’s Republic of China, and the Weihai Municipal
Ecological Environment Bureau (https://www.mee.gov.cn/hjzl/dghj/ and
https://sthjj.weihai.gov.cn/col/col45185/index.html). These data, measured
by many meteorological and air quality monitoring stations distributed
across various districts and counties in each city, provide comprehensive
and accurate information regarding the air temperature and PM2.5. All the
data are freely accessible and available in the Supplementary Data. Con-
sistent with the BP data processing approach, the geomagnetic, air tem-
perature and PM2.5 data are also processed as monthly averages. The air
temperature and PM2.5 used are average data for the city where the hospital
is located. For PM2.5, the existing long-term records only have monthly
average data, since higher cadence data is not available.

Analytical methods

Firstly, the Ap index was detrended using the moving average method’*”.
Studies have shown that GMA influenced by solar activity exhibits periodic
characteristics of 4-6 years and 11 years”. To remove the long-term trend
and keep the short-period variation as analyzed below, we set the smoothing
window to 36 months (i.e., 36 points). By detrending the data, it becomes
easier to identify short-term changes and cyclic patterns that may be

obscured by long-term trends. This is particularly useful in time series
analysis or when comparing data from multiple sources™.

Subsequently, the data were tested for normality to determine whether
certain statistical methods could be appropriately applied, such as Pearson
or Spearman correlation”. Cross-correlation and Spearman correlation
methods were employed to examine the statistically averaged lag time and
correlation coefficients between the monthly mean BP and Ap index®.
Cross-correlation is a statistical measure that quantifies the similarity
between two time series. It examines the correspondence between patterns,
variations, or changes in the data, allowing for the analysis of relationships
and time delays"'. Spearman correlation assesses the monotonic relationship
between two variables, measuring the strength of correlation of their levels.
Unlike Pearson correlation, it is not limited to linear relationships“. The
significance levels were set at 0.05, 0.01, and 0.001, indicating the threshold
for statistical significance. These significance levels are crucial for hypothesis
testing. In null hypothesis testing, the null hypothesis typically posits that
there is no statistically significant relationship between the variables being
examined. The significance levels indicate the probability threshold below
which the null hypothesis is rejected”. Therefore, the null hypothesis was
tested by comparing the calculated correlation coefficient (r) to these
threshold values. If the p-value was less than the chosen significance level, it
indicated a statistically significant relationship between the variables.

Additionally, the periodicities of these variables were determined using
the Fast Fourier Transform (FFT), Continuous Wavelet transform (CWT)
and Cross-Wavelet Transform (XWT) to understand the key patterns of
temporal fluctuations. FFT is an efficient algorithm for computing Discrete
Fourier Transform. It transforms a time-domain signal into its frequency-
domain representation, enabling the analysis of periodicity, frequencies, and
amplitude components*. CWT and XWT are powerful tools for time-
frequency analysis. CWT is commonly used for the detection of individual
time series, while XWT is used to detect the coherence and phase rela-
tionships between two time series, thereby identifying common patterns
and shared oscillation behaviors”. All analytical methods were conducted
using MATLAB R2020a.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results

Annual bimodal pattern and correlation analysis of BP and GMA
To illustrate the time-series characteristics of the BP and GMA, where GMA
is denoted by the internationally recognized Ap index describing shifts in the
geomagnetic field, we highlighted their bimodal distributions along with the
time differences corresponding to their peaks (Fig. 2). The monthly mean
Ap index and BP are shown to provide an overview of their fluctuations
within each year (Fig. 2a—c). The peaks occurring in spring and autumn are
clearly highlighted by the solid black line, which represents the 6-year
average values. Furthermore, the peaks in BP exhibit apparent time delays
with respect to the peaks in Ap. The original and detrended Ap index
(Detrended-Ap), along with systolic BP and diastolic BP for various groups
(indicated by the black line for all samples, blue line for male samples, and
red line for female samples), are shown to indicate their long-term fluc-
tuations (Fig. 2d-f). Trend analysis of the six-year data showed an overall
decrease in the Ap index, while BP remained stable with no statistically
significant upward or downward trends.

To aid in identifying the peaks and corresponding months, we posi-
tioned several vertical dashed lines (Fig. 2d-f). The systolic BP exhibits two
peaks annually, observed during the months of April-May and October-
November, accompanied by a trough in close proximity to June. These
peaks are more pronounced in Group Female, with the first peak being
substantially weaker than the second. Notably, additional peaks can be
observed in the male data, such as in May 2017 and January 2018. The data
of Group All, indicated by the center black line, are used as reference values
(Fig. 2e). The distribution of the bars in Fig. 2e illustrate the difference
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Fig. 2 | Bimodal distribution of Ap index and blood pressure. a-c Monthly
fluctuations of Ap index, systolic blood pressure (BP), and diastolic BP. Dashed lines
of different colors represent different years (2015-2020), while the thick black solid
lines represent the mean of the 6-year data. The upper and lower boundaries of the
shaded areas are the mean plus and minus twice the standard deviation, respectively.
d The monthly mean Ap index (solid line) and Detrended-Ap (dashed line) from
January 2015 to December 2020. e, f The monthly mean systolic BP (solid line) and
diastolic BP (dashed line) in three groups from January 2015 to December 2020.

Black for Group All; Blue for Group Male; Red for Group Female. The sample size of
BP measurements is 554,319, with 298,365 for Group Male and 255,954 for Group
Female. The purple bar chart represents the data of blue minus red. The dashed lines
running through (d-f) highlighted the peaks at the corresponding time. The pink
and blue turning lines indicate that the peak time of BP is 1 month and 2 months later
than Ap, respectively. These green points represent the continuation of the January
2020 data to February 2020, where original data was missing, using the Last
Observation Carried Forward (LOCF) method.

between the systolic BP for males and females, indicating that the difference
is smallest in October or November of each year compared to the other
months. The diastolic BP is presented in Fig. 2f, with peaks and troughs
occurring at the same time as the systolic BP. In Group Female, the dif-
ference between the two annual peaks in diastolic BP is smaller compared to
systolic BP. Additionally, the first peak in diastolic BP per year is notably
smaller than the second peak. The variability of diastolic BP in Group All is
less than that of systolic BP, with an amplitude difference calculated
according to variance is approximately 10 mmHg. Overall, diastolic BP
consistently appears higher in Group Male than in Group Female.

A downward trend in the Ap index can be observed during the analysis
time (Fig. 2d). The Ap index also exhibits two peaks each year, occurring in
March-April and September-October, which is 1-2 months ahead of the BP.
Time differences of 1-month or 2-month were estimated between BP and
Ap index based on the cross-correlation method*'. The gray dashed lines
spanning panels d to findicate a zero time lag between the Ap index and BP,
observed in the first half of 2017 and 2019. The pink turning lines below
panel d indicate that the peak in BP is 1 month later than the peak in Ap
index, primarily observed in 2017 and before. Similarly, the blue turning
lines below panel d indicate that the peak in BP is 2 months later than the Ap
index peak, primarily observed in 2018 and beyond. In general, the rela-
tionship between the peak time in BP and the Ap index during the period of
2015-2017 exhibited a 1-month lag. However, from 2018 to 2020, there was
an observed increase in the statistically averaged lag time, with BP showing a
2-month delay in its response.

The analysis indicates a temporal difference of 1-month or 2-month,
which occurs in the first and second three-year periods, respectively. To
account for this, the calculation process was separated into two temporal
phase differences and three different time series (represented as I, IL, III, i.e.
2015.1-2020.12, 2015.1-2017.12, 2018.1-2020.12). The data of BP and Ap
index (or Detrended-Ap) did not follow a fully normal distribution
according to the Jarque-Bera test™, so Spearman correlation was chosen to
be calculated between the monthly mean BP and Detrended-Ap separately
for different groups and periods. The Spearman correlation coefficient (r;)
results are shown in Tables 1 and 2, and graphed results are provided in
Supplementary Figs. 1 and 2. The content in parentheses indicated
Detrended-Ap were either 1-month or 2-month ahead of the BP. We found
a statistically significant correlation between systolic BP for Group All and
Detrended-Ap at a 1-month lead in time series I (r,=0.409, p = 0.0004). The
correlation remained significant after distinguishing gender (Group Male:
rs=0.347, p=0.0029; Group Female: r;=0.365, p=0.0016) (Table 1).
When the correlation reached its maximum, the time difference was clearly
1 month during time series II and 2 months during time series III. Table 2
shows the 7, results between diastolic BP and Detrended-Ap for the different
time series. During the 6-year study period, Detrended-Ap is significantly
1-month ahead of diastolic BP for Group All (,=0.421, p = 0.0002). The
correlation in the time series IT and III follows the same pattern as that of
systolic BP (Table 2). Overall, the Ap index, which is used to characterize the
level of GMA, shows a significant positive correlation with systolic BP and
diastolic BP. Furthermore, except for the diastolic BP in Group Male in time
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Table. 1| Correlation analysis: Spearman correlation coefficient and significance level (p) between systolic blood pressure (BP)

and Detrended-Ap

Time series

1. 2015.1-2020.12

1. 2015.1-2017.12

1lI. 2018.1-2020.12

Group All

Detrended-Ap (lead 1)

0.409 (p = 0.0004**%)

0.516 (p = 0.0015**)

0.351 (p = 0.0358%)

Detrended-Ap (lead 2)

0.407 (p = 0.0004**%)

0.434 (p = 0.0087**)

0.416 (p = 0.0116%)

Group Male

Detrended-Ap (lead 1)

0.267 (o = 0.0239%)

0.470 (p = 0.0042+%)

0.174 (p =0.3116)

Detrended-Ap (lead 2)

0.347 (p = 0.0029**)

0.467 (p = 0.0045**)

0.282 (o = 0.0953)

Group Female

Detrended-Ap (lead 1)

0.365 (p =0.0016**)

0.513 (p = 0.0016**)

0.267 (p =0.1152)

Detrended-Ap (lead 2)

0.363 (p =0.0017**)

0.391 (p=0.0191%)

0.337 (p =0.0447%)

The systolic BP data is divided into three time series: | (2015.1-2020.12), Il (2015.1-2017.12), and Il (2018.1-2020.12). Detrended-Ap values from one or two months prior to systolic BP are used in the
calculation process, indicated by “lead 1” and “lead 2” in parentheses, respectively. The significance levels are denoted as *p < 0.05, **p <0.01, and ***p < 0.001. Additionally, the sample group was

stratified by gender.

Table. 2| Correlation analysis: Spearman correlation coefficient and significance level (p) between diastolic blood pressure (BP)

and Detrended-Ap

1. 2015.1-2020.12

Time series
1l. 2015.1-2017.12

1I. 2018.1-2020.12

Group All

Detrended-Ap (lead 1)

0.421 (p = 0.0002***)

0.521 (p = 0.0013**)

0.391 (0 =0.0183%)

Detrended-Ap (lead 2)

0.341 (p = 0.0034**)

0.335 (p = 0.0465%)

0.422 (p = 0.0100%*)

Group Male

Detrended-Ap (lead 1)

0.304 (p = 0.0095%*)

0.510 (p = 0.0017*%)

0.195 (p = 0.253)

Detrended-Ap (lead 2)

0.310 (p = 0.0080**)

0.314 (p =0.0624)

0.359 (p = 0.0316%)

Group Female

Detrended-Ap (lead 1)

0.358 (p = 0.0020%*)

0.517 (p = 0.0015%*)

0.259 (p = 0.1265)

Detrended-Ap (lead 2)

0.305 (p = 0.0092**)

0.336 (p = 0.0459%)

0.251 (p=0.1404)

The diastolic BP data is divided into three time series: | (2015.1-2020.12), I (2015.1-2017.12), and Ill (2018.1-2020.12). Detrended-Ap values from one or two months prior to diastolic BP are used in the
calculation process, indicated by “lead 1” and “lead 2” in parentheses, respectively. The significance levels are denoted as *p < 0.05, **p <0.01, and ***p < 0.001. Additionally, the sample group was

stratified by gender.

series III, most of the r, results are slightly stronger in Group Female
compared to Group Male.

Based on our analysis of the correlations and fluctuations, we conclude
that there is a 1-month lag for BP from 2015 to 2017. However, a 2-month
lag is the optimal response from 2018 to 2020. Notably, the r, in time series IT
are generally higher than those in time series III, suggesting a stronger
relationship between BP and Detrended- Ap. We speculate that the decrease
of 14 in time series III can be attributed to the approach of the minimum
phase in the 11 year solar cycle in GMA indicated by the Ap index con-
sistently below 10nT (Fig. 2d).

Regarding gender-related differences, we found that 1-2 months after
the Ap index reaches its second annual peak, the systolic BP for Group
Female reaches its maximum in October - November of each year (Fig. 2e).
Importantly, during this period, the difference in systolic BP between males
and females is at its lowest, with an average difference of 3.89 mmHg. In all
other months, the systolic BP for Group Male consistently surpasses that of
Group Female, with an average difference of 8.95 mmHg. Additionally, the
correlation analysis results between systolic BP and Detrended-Ap are
slightly higher for Group Female compared to Group Male. However, the
difference in diastolic BP depicted in the bar chart did not exhibit significant
changes throughout the study period (Fig. 2f). In conclusion, our findings
suggest that GMA has a more significant influence on women’s systolic BP,
particularly after reaching the annual peaks in the Ap index.

Periodic characteristics of BP and GMA

To determine the periodic characteristics of BP and the Ap index, we applied
Fast Fourier Transform (FFT)* to the Ap index and Detrended-Ap (Fig. 3a),
as well as systolic BP and diastolic BP of different groups (Fig. 3b, c). We
found that both Ap index and Detrended-Ap exhibit multiple periodicities
over the 6-year data, with cycles at approximately 3, 6, and 12 months. The
periodicity of the Ap index shows an increasing profile over the long term,
indicating that there is a longer period character, but the sample is too
limited to display meaningful results. Similarly, systolic BP and diastolic BP
showed the same multi-cycle patterns as Ap index. For Group All, the
amplitude of these cycles are roughly equal for systolic BP, while the
6-month cycle is more pronounced for diastolic BP. These findings indicate
that BP and the Ap index share common 3-month, 6-month, and 12-month
periodicities, although the strongest periodic signal is different.

The Cross-Wavelet Transform (XWT)" was employed to conduct a
detailed time-frequency analysis, aiming to explore the precise correspon-
dence and phase asynchrony between BP and Detrended-Ap. The XWT
results displayed the dynamic periodic characteristics of the two sets of
variables over time (Fig. 3d-i). The arrows in the time-frequency space
pointing to the right or left indicate in-phase or anti-phase datasets,
respectively’. The numerous arrows pointing to the right within the thick
black line indicate an in-phase behavior and a positive correlation between
BP and Detrended-Ap. Some of these arrows also show an upward trend,
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Fig. 3 | Periodic characteristics of Ap index and blood pressure. a-c Least squares
spectra of Ap index and blood pressure (BP) based on the Fast Fourier Transform
(FFT). a Ap index and Detrended-Ap. b Systolic BP and diastolic BP of three groups
(Group All, Group Male, Group Female). ¢ The shaded area in panel b is extended to
highlight the detailed frequency characteristics of systolic BP and diastolic BP.
d-i Cross-Wavelet Transform (XWT) of systolic BP and Detrended-Ap (d-f),

diastolic BP and Detrended-Ap (g-i). The color bar indicates the intensity of the
period range, with yellow indicating the maximum value and blue indicating the
minimum. The thick black contours mark the 95% confidence interval boundary
that passes the red noise processes. The thin black line in the shaded area indicates
the cone of influence (COI), which indicates the edge effect resulting from the finite-
length time series. The arrows indicate the phase relationship between the variables.

suggesting that the phase of Detrended-Ap leads BP by a certain time
interval, which aligns with the 1-month or 2-month time difference men-
tioned earlier. The XWT of systolic BP and Detrended-Ap revealed con-
sistent cycles at 6-month and 12-month periods (Fig. 3d-f). After 2018,
Group Female exhibits a slightly stronger 6-month cycle compared to
Group Male, along with intermittent 3-month cycles observed in the second
half of 2015 and 2017. The XW'T of diastolic BP and Detrended-Ap, again
showing the presence of 6-month and 12-month cycles (Fig. 3g-i). Notably,
Group Female, particularly in relation to the brief 3-month cycle, exhibits a
closer match with the cycle of the Ap index compared to Group Male. The
strong 6-month cycle visible in all XWT images is truncated in early 2018,
which we attribute to the reduction of the GMA level. Furthermore, we
extracted the weekly mean data for the Ap index and BP, as shown in
Supplementary Fig. 3. Based on the correspondence of the peaks, there is an
observed statistically averaged lag time of approximately 3 to 10 weeks for
BP. The results of the periodic analysis are shown in Supplementary Fig. 4.
BP and Detrended-Ap index exhibit the same phase relationship, showing
12-week (3-month), 26-week (6-month), and 52-week (12-month) periodic
characteristics.

Comparative analysis of the influence of environmental

factors on BP

To establish the credibility and distinct contribution of GMA on BP, we
conducted a comparative analysis with two other environmental factors (air
temperature and PM2.5). The air temperature and PM2.5 in Qingdao and
Weihai were significantly influenced by the seasons and exhibit a 12-month

periodicity (Fig. 4a—c). In terms of XWT (Fig. 4d-k), it is clear that air
temperature and BP only share a 12-month periodicity, PM2.5 and BP share
consistent 12-month and 6-month periodicities. However, the 6-month
periodicity of PM2.5 is significantly weaker compared to the Ap index. Most
importantly, PM2.5 does not exhibit a 3-month periodicity. This supports
our view that GMA fluctuations exhibit spectral characteristics that corre-
late well with the BP fluctuation spectrum.

For the correlation analysis, previous studies indicate that BP responds
to changes in air temperature and PM2.5 within days or hours**. Using
monthly average data, our cross-correlation analysis also showed no time
lag, so it was not necessary to account for lag when calculating 7,. The
correlations with systolic BP were generally strong (Qingdao air tempera-
ture: ry = —0.365 p = 0.0016; Weihai air temperature: r; = —0.650 p = 0.0001;
Qingdao PM2.5: 7,=0266, p=0.0240; Weihai PM25: r,=0.319,
p=0.0063), while the correlations with diastolic BP were slightly weaker
(Qingdao air temperature: r, = —0.253 p = 0.0317 Weihai air temperature:
rs=—0.493 p=0.0001; Qingdao PM2.5: r,=0.119, p=0.3195; Weihai
PM2.5: r,=0.286, p = 0.0148). To summarize, compared to Detrended-Ap,
air temperature exhibited a stronger correlation with BP, while PM2.5
showed a weaker correlation.

Discussion

This study confirms an observable relationship between BP in mid-
magnetic latitude populations and solar-terrestrial system patterns, based
on long-term medical statistics. Our findings provide evidence linking
fluctuations between GMA and BP, indicating that elevated GMA levels
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the cone of influence (COI), which indicates the edge effect resulting from the finite-
length time series. The arrows indicate the phase relationship between the variables.

may pose potential risks to individuals with hypertension. This could inform
healthcare policymakers to recognize the clinical significance of the geo-
magnetic environment.

Considering the hospital’s work arrangement, which includes a balance
between spontaneous and group appointments for medical check-ups, and
the scheduling of physical exams three months in advance, we have mini-
mized the possibility of including excessive BP data due to sudden hyper-
tension. Furthermore, by examining the solid and dashed lines in Fig. 1¢, it
becomes evident that the number of individuals with hypertension does not
always directly increase or decrease in conjunction with the number of BP
measurements. This situation occurs frequently, such as in April-May 2015,
when an increase in the number of BP measurements was accompanied by a
decrease in the number of individuals with hypertension. This suggests that
the data follow unknown patterns over time, and this conclusion remains
consistent when analyzing the data separately by gender. That is to say, the
monthly mean BP data fluctuates randomly and is independent of the
number of BP measurements. However, the BP measurements does not
include specific records on the use of BP medications. Medical history and
medication records are only available for outpatient and inpatient data. BP
measurements from health check-up centers cannot be matched with these
information.

We use the Ap index to define three intensity levels for the GMA, with
Ap ranging from 0-7nT for quiet, 8-15nT for unsettled, and 16-29nT for
active periods™. The Ap index ranged from 3 to 18 nT over the entire study
period (Fig. 2d). In the first three years, it averaged 11.12 nT, mostly in the
unsettled category with occasional peaks in the active category. In the last
three years, it averaged 6.08 nT, mainly in the quiet category. According to
the time-series data shown in Fig. 2d-f, BP did not exhibit an overall decrease

or increase over the 6-year study period. Instead, it remained relatively
stable. This indicates that inter-annual changes in the intensity of GMA do
neither increase nor decrease overall BP levels in the population over the
long term. However, in terms of annual changes, the effect on BP varies
depending on the intensity of GMA. In unsettled times, we observed a
statistically averaged lag time of 1 month, while during quiet times, the
statistically averaged lag time was mainly 2 months. This indicates that the
time delay between GMA and BP changes differs based on GMA intensity.
Despite exceptions like the first peak of 2019, there is no significant time lag,
as shown in Fig. 2d. This may be due to other factors influencing BP
becoming more significant in years with lower GMA, causing the inter-
pretation of time lag to be less clear. However, individual data points
deviating from the average can be smoothed out across multiple years of
statistical analysis. Similarly, some studies have investigated the effects of
strong GMA on BP, such as during geomagnetic storm periods (Ap>30nT).
They have reported rapid changes in BP within a few days and an increase in
cardiovascular-related illnesses or hospital admissions™**. These previous
findings do not contradict the results reached in this paper—rather we come
to the analogous and more general conclusion that the higher the GMA
level, the shorter the statistically averaged lag time of BP fluctuations.

The fluctuations in population BP in response to Ap index have been
elucidated, moreover, some slight differences in BP trends have emerged
between males and females. For the second peak of systolic BP each year,
Group Female exhibits a rapid rise and decline. In contrast, Group Male
sustains elevated levels for 1-2 months after the peak, with a significantly
smaller increase and decrease compared to Group Female (Fig. 2e). This
could be because women, especially in younger age groups, have a higher
concentration of vasodilatory substances and anti-inflammatory pathways
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than male and postmenopausal female. Furthermore, the female is more
likely to develop vasodilation, enabling a quicker return to normal BP*". The
World Health Organization (WHO) reports that the age of natural meno-
pause in women worldwide is generally between 45 and 55 years. A study
investigating over 1,000 menopausal women in and around the Qingdao
urban area, found the average age of menopause onset to be 49.44 + 3.27
years old”. Similarly, another study in Weihai reported an average meno-
pausal age of 49.09 + 4.12 years old™. In the sample of this study, women
under the age of 50 make up approximately 68% of all female participants. In
addition, compared to Group Male, Group Female exhibited slightly
stronger correlations between BP and Detrended-Ap, as well as more
consistent cycles. These findings provide further statistically significant
evidence of correlations that are consistent with previous studies that
women may be more susceptible to the effects of GMA on BP'**,

Some studies have investigated the relationship between BP from
different latitude regions and GMA, such as Canada®, the United States™,
and Mexico”, but there is a lack of comparative studies on the influence of
latitude differences in BP response. We have investigated do we see any
signatures of influence of latitude on the relationship between GMA and BP
in our dataset. Both cities exhibit consistent fluctuation patterns, with peaks
occurring in April-May and October-November (Supplementary Fig. 5).
Supplementary Table 1 and 2 show the correlation between Detrended-Ap
and systolic BP, as well as diastolic BP, respectively. The r, results of systolic
BP in Qingdao are slightly higher, however, there is no significant latitude
difference effect on diastolic BP. Qingdao is located between latitudes 35° 35/
N and 37° 09’N, while Weihai is located between 36° 41’N and 37° 35’N. Due
to the very small differences in latitude, drawing statistically significant
conclusions is challenging and requires more data from cities at different
latitudes.

This study used air temperature and PM2.5 as independent environ-
mental factors. Air temperature is intrinsically intertwined with atmo-
spheric pressure and humidity™, thereby effectively encompassing most
environmental factors known to influence human sensory experiences.
Blood vessels regulate body temperature through constriction and dilation.
Blood vessels constrict when the air temperature decreases, leading to a rise
in BP; and dilate when the weather is hot, leading to a fall in BP*. Several
studies have indicated that exposure to PM2.5 has detrimental effects on
BP**”". Consistent with prior studies, our research reaffirmed the significant
correlation between BP and these environmental factors (both air tem-
perature and PM2.5). Although the effects of air temperature and PM2.5 on
BP are important and cannot be ignored, they did not exhibit the annual
bimodal patterns and multiple periodicities. Similarly, research showed that
air pressure and humidity also exhibit primarily annual fluctuations™”,
with no multiple cycles consistent with BP. Remarkably, only GMA showed
a stronger connection with BP in terms of these periodic characteristics.

Based on existing statistical data, it is challenging to ascertain which
gender is more sensitive to temperature or PM2.5 levels. As shown in
Supplementary Figs. 6 and 7, the correlation between BP and air tempera-
ture follows a more nonlinear pattern, while the correlation between BP and
PM2.5 is linear. For both air temperature and PM2.5, females in Weihai
showed higher correlations, whereas males in Qingdao had stronger cor-
relations. Therefore, we are currently unable to draw conclusions about
gender differences in the effects of air temperature and PM2.5 on BP, and
future research requires data from more cities.

The occurrence of two peaks each year and the 6-month periodicity of
GMA can be attributed to the occurrence of strong geomagnetic storm
events that are triggered by the Interplanetary Magnetic Field (IMF). These
events have a higher likelihood of occurring around the annual vernal
equinox (autumnal equinox) when the IMF is aligned toward (away from)
the sun. This mechanism is commonly explained by both the Russell-
McPherron effect and the equinoctial effect, which are widely accepted in
the scientific community” . The influence of GMA on human health is
believed to be mediated through direct or indirect pathways®, with one
potential indirect method being through primary effects in the brain that

cascade downstream via the vagus nerve. Future research is required to
collect the patient data where vagus nerves were removed/severed surgically
(or inhibited pharmaceutically), with the aim to explore the role of the vagus
nerve in mediating the effects of GMA on BP. Additionally, previous
research has found strong correlations between Schumann resonance sig-
nals and GMA indices, with both exhibiting common periodicities such as
27 days, 3-month, and half a year cycles™”. One possible mechanism
explaining the effect of GMA on BP involves the modulation of ultra-low
frequency waves, specifically Schumann resonances and their harmonics,
which occur within the Earth’s magnetosphere and ionospheric cavities.
The fundamental frequency of Schumann resonances is approximately
7.8 Hz, with harmonics around 14.1, 20.3, 264, and 32.5 Hz*. These fluc-
tuations may interfere with human brain waves such as alpha (8-12 Hz),
beta (12-30 Hz), and gamma (30-100 Hz), which have been demonstrated
by monitoring subjects’ electroencephalograms (EEGs) in some
studies'"*"®. The brain may then send instructions to secrete hormones to
cause changes in BP within the body. Several studies have indicated that the
density of neurons containing vasopressin, a hormone involved in reg-
ulating BP, peaks in May and November each year””', which roughly
corresponds to the peak times of BP mentioned in this paper. During
periods of high neuron density and increased vasopressin levels, the kidneys
reabsorb more water, leading to elevated BP. Therefore, it is plausible to
speculate that vasopressin acts as an intermediate factor contributing to the
increase in BP induced by elevated GMA.

Our analysis supplement previous research, indicating that GMA has
an in-phase effect on BP and shows consistency across multiple cycles.
Higher intensity of GMA leads to faster changes in BP. There was a sta-
tistically averaged lag time of approximately 1-2 months, from GMA change
to BP change observed in this study. Given the randomness of the raw data
and the rigor of the statistical analysis, we conclude that the findings are not
coincidental. These findings expand our understanding of external factors
contributing to BP fluctuations and enhance our comprehension of the
intricate relationship between the geomagnetic environment and the
human cardiovascular system. Future research may extend to a full solar
cycle, as the degree and statistically averaged lag time of BP may differ as the
range in GMA variations is increased. This study acknowledges its limita-
tions, and it is important to note that establishing a causal relationship based
solely on correlation statistics can be challenging. Correlation does not
necessarily imply causation, and there may be other factors or variables that
could lead to the observed correlations between BP and GMA.

Data availability

The data for this study are available in the supplementary data 1 and sup-
plementary data 2. Supplementary Data 1 includes the number of blood
pressure measurements and individuals with hypertension; systolic and
diastolic blood pressure values, categorized by gender and hospital; and
environmental parameters, including the geomagnetic activity Ap index, air
temperature, and PM2.5 levels. It serves as the source data for Fig. 1,
Fig. 2d-f, Fig. 3, Fig. 4, and Supplementary Figs. 1-7. Supplementary Data 2
includes systolic and diastolic blood pressure values with their mean
and standard deviation, supporting Fig. 2a-c. Additionally, the Ap index
data are publicly available at https://www.gfz-potsdam.de/en/section/
geomagnetism/data-products-services. The air temperature data are avail-
able at https://www.tianqi.com/. The PM2.5 data are available at https://
www.mee.gov.cn/hjzl/dghj/ and https://sthjj.weihai.gov.cn/col/col45185/
index.html. All datasets are freely accessible.

Code availability
The code used for data analysis and plotting is available in a Zenodo
Repository”.
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