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Abstract

The Mansurov Effect is related to the interplanetary magnetic field (IMF) and its ability to modulate the global electric circuit,
which is further hypothesized to impact the polar troposphere through cloud generation processes. In this paper we investigate
the connection between IMF By-component and polar surface pressure by using daily ERAB reanalysis for geopotential height
since 1980. Previous studies have shown to produce a significant 27-day cyclic response during solar cycle 23. However, when
appropriate statistical tests are applied, the correlation is not significant at the 95\% level. Our results also show that data
from three other solar cycles, which have not been investigated before, produce similar cyclic responses as during solar cycle
23, but with seemingly random offset in the timing of the signal. We examine the origin of the cyclic pattern occurring in
the super epoch/lead lag regression methods commonly used to support the Mansurov hypothesis in all recent papers, as well
as other phenomena in this community. By generating random normally distributed noise with different levels of temporal
autocorrelation, and using the real IMF By-index as forcing, we show that the methods applied to support the Mansurov
hypothesis up to now, are highly susceptible, as cyclic patterns always occurs as artefacts of the methods. This, in addition to

the lack of significance, suggests that there is no adequate evidence in support of the Mansurov Effect.
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Key Points:

« We review the Mansurov Effect of interplanetary magnetic influence on Antarc-
tic surface pressure

 Different sub-periods over the last 40 years give an inconsistent surface pressure
response

» IMF By influence is seen only during solar cycle 23, but careful examination shows
it is not statistically significant
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Abstract

The Mansurov Effect is related to the interplanetary magnetic field (IMF) and its abil-
ity to modulate the global electric circuit, which is further hypothesized to impact the
polar troposphere through cloud generation processes. In this paper we investigate the
connection between IMF By-component and polar surface pressure by using daily ERA5
reanalysis for geopotential height since 1980. Previous studies have shown to produce

a significant 27-day cyclic response during solar cycle 23. However, when appropriate sta-
tistical tests are applied, the correlation is not significant at the 95% level. Our results
also show that data from three other solar cycles, which have not been investigated be-
fore, produce similar cyclic responses as during solar cycle 23, but with seemingly ran-
dom offset in the timing of the signal. We examine the origin of the cyclic pattern oc-
curring in the super epoch/lead lag regression methods commonly used to support the
Mansurov hypothesis in all recent papers, as well as other phenomena in this commu-
nity. By generating random normally distributed noise with different levels of tempo-
ral autocorrelation, and using the real IMF By-index as forcing, we show that the meth-
ods applied to support the Mansurov hypothesis up to now, are highly susceptible, as
cyclic patterns always occurs as artefacts of the methods. This, in addition to the lack
of significance, suggests that there is no adequate evidence in support of the Mansurov
Effect.

1 Introduction

First proposed in 1974, the Mansurov Effect is based on the correlation between
daily polar surface pressure and the By-component of the interplanetary magnetic field
(IMF). Significant correlation has been shown in multiple studies (Mansurov et al. 1974;
Burns et al. 2008; Lam et al. 2013; Lam et al. 2014). Evidence of significant ionospheric
perturbations related to the same change in By also exists (Tinsley 2000; 2008; Frank-
Kamenetsky et al. 2001; Kabin et al. 2003; Pettigrew et al. 2010; Lam et al. 2013). A
physical mechanism involving the Global Electric Circuit (GEC) modulating cloud gen-
eration processes has been suggested to link IMF By to the polar surface pressure (Lam
and Tinsley 2016). However, research on the linkage between the GEC and cloud gen-
eration is severely limited. Laken et al. (2012) found no apparent significant relation-
ship between solar/and or cosmic rays and the modulation of cloud generation through
the GEC.

The theory predicts a positive (negative) relation between the IMF By -component
and the polar surface pressure/geopotential height in the southern hemisphere (north-
ern hemisphere) (Burns et al. 2008). The impact on the cloud formation and the pres-
sure should occur with a lag of less than a day, first detectable in the lower troposphere
(Lam et al. 2014). Mansurov et al. (1974) found correlations between IMF B, and sur-
face pressure in the time period around 1956 to 1964 (approximately solar cycle 19). Later
publications focus on the period 1999-2002 (Burns et al. 2008; Lam et al. 2013; Lam
et al. 2014). This time interval produces high statistical significance in both hemispheres.
Burns et al. (2008) (hereafter B2008) also extends the time interval to 19952005, where
statistical significance is found in the southern hemisphere (SH), but not in the north-
ern hemisphere (NH). To our knowledge, analyses of the effect in other time periods have
not been published.

Two different methods are typically applied to derive this effect. The first is the
superposed epoch method (Mansurov et al. 1974; Lam et al. 2013; Lam et al. 2014). The
pressure/geopotential height on days with strong By deflections (usually |By [>3 nT)
are binned according to the sign of By. The difference between the two bins are shown
as lead-lags relative to the forcing on a daily scale. The second method is lead-lag re-
gression plots (B2008). Here, the average pressure/geopotential height is calculated in
five By bins, and the slope of the regression line between the average By and the aver-
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age pressure/geopotential height in each bin is calculated and plotted for chosen daily
leads and lags. We emphasise that both methods yield approximately the same results,
as the slope of the regression line strongly depends on the pressure/geopotential height
in the lowest and highest By bins.

In this paper we revisit the Mansurov hypothesis and previous applied methods with
a more rigorous estimate of the statistical significance. Emphasis is also put on time pe-
riods other than solar cycle 23 (1995-2005). In addition, we examine the lead-lag regres-
sion method with the help of Monte Carlo simulations and randomly generated normally
distributed temporally uncorrelated (white) noise and autocorrelated (red) noise. The
aim is to demonstrate the need for appropriate significance tests, as well as the risk of
misinterpreting a response from strongly periodic forcing, when assessing the impact of
Space on Earth.

2 Data
2.1 Solar wind (By) data

We use hourly averaged IMF By values obtained from the National Space Science
Data Center (NSSDC) OMNIWeb database (https://omniweb.gsfc.nasa.gov) for the in-
terval 1980-2016. IMF B, daily averages are calculated when at least 20 hourly values
are available.

2.2 Pressure/Geopotential height data

For the atmospheric data, we use the European Center for Medium-Range Weather
Forecast Re-Analysis (ERA5) (https://cds.climate.copernicus.eu). We obtain the daily
averaged geopotential heights at the 700 hPa (SH) and 1000 hPa (NH) level poleward
of 70° in geomagnetic coordinates (mlat), covering the time period 1980-2016. Geomag-
netic coordinates are used as the perturbation of IMF By in the ionosphere is centered
around the geomagnetic pole. For comparison, B2008 used surface pressure measurements
obtained for 11 Antarctic sites from the NNDC (NOAA [National Oceanic and Atmo-
spheric Administration| National Data Centers), selecting values within 90 min of 12 UT.
Also, as an analogue to the quantity Ap that B2008 calculate, a variation value AZ, is
obtained for the geopotential height by subtracting a running mean of £15 days in or-
der to remove seasonal variability. It is noted that AZ, is averaged over 70-90 degrees
mlat.

Figure 1 shows the temporal autocorrelation in AZ, for the period 1980-2016 in
the SH. Positive self-correlation occurs until day 5. A similar autocorrelation is also found
for the period 1995-2005, as well as for AZ,; in the NH.
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3 Analyses and Results
3.1 Regression results for the time period 1995-2005

Based on observations from the 11 Antarctic stations, B2008 calculated the aver-
age Ap values at each site within five separate IMF By bins: < —3, —3 to —1, —1 to
1, 1 to 3, and >3 nT. Linear regression was then applied to the average value of Ap within
these five intervals. The result for >83°S mlat, corresponding to the upper panel of Fig-
ure 1 in B2008, is shown in the left panel in Figure 2. The same procedure is done for
AZ,, seen in the middle panel in Figure 2. Also included is a linear regression without
the initial binning and averaging, seen in the right panel in Figure 2. Note that the re-
gression coeflicients are similar with or without performing the initial binning, while the
explanatory value of the model R? differs substantially.

From the regression coefficient produced by these five data bins, lead-lag variations
are calculated by B2008, as seen in the left panel of Figure 3. A clear 27-day cycle is seen
for both data sets, with the peak pressure value lagging the driver by -2 days. The sig-
nificance has been estimated by Student’s t-test. Figure 2 and 3 indicate that AZ, yields
a similar response as Ap in B2008. Furthermore, note that the normal regression with-
out the initial grouping gives similar lead-lag regression coefficients.

When applying the t-test, a highly significant pattern is observed, as shown in Fig-
ure 3. However, the lead-lag analysis is strongly affected by the temporal autocorrela-
tion in the AZ, time series (Figure 1). Instead of a t-test we therefore perform a Monte
Carlo (MC) simulation to estimate the significance of the regression coefficients. For ev-
ery iteration of the MC-simulation, phase randomization is applied to the AZ, data se-
ries. In essence, phase randomization scrambles the harmonic phases of the series. This
results in a physically unrelated data series, but preserves the autocorrelation function
of AZ,, which gives the phase randomized series the same number of independent data
points as AZ,. This process ensures that the MC simulation can perform the null hy-
pothesis test on statistically suitable material (Theiler et al. 1996; Thejll et al. 2003).
The By series is then regressed onto the phase randomized AZ, for every lead-lag. The
original regression coeflicient is then compared to the distribution of coefficients obtained
from the MC simulation in each lead-lag to obtain a fraction of more extreme values. This
represents the p-value.

Figure 4 shows the results after 3000 iterations of the MC simulation. The green
shaded area shows the interval corresponding to 95% of the values from all iterations.
The red shaded area shows above(below) the 97.5%(2.5%) percentile, corresponding to
a p-value smaller or equal 0.05 (two-tailed t-test). As can be seen, the significance is re-
duced compared to what is obtained by the t-test. Also, the peak around day 0 is only

AZg 700 hPa(>70S mlat)

05

L

R

Sample Autocorrelation

] 10 20 30 40 50
Lag

Figure 1. Temporal autocorrelation of AZ, over the period 1980-2016. Positive self-

correlation occurs until day 5.
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Figure 2. Left panel: A copy of the upper panel of Figure 1 in B2008. It represents linear

regression of Ap after the original measurement from three Antartic stations at mlat >83°S was
grouped according to the IMF By. Middle panel: Reproduction of the linear regression method
using AZ, at ~mlat >70°S. Error bars are plus/minus one standard-error-in-the-mean. Right
panel: Scatter plot and linear regression for the AZ, data without the initial five-bin grouping.

The upper panel of Figure 1 in B2008 is reproduced with permission from John Wiley and Sons.

Antarctic (mlat=70): 1995-2005
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Figure 3. Left panel: A copy of the upper panel of Figure 2 in B2008. The figure illustrates

calculated regression coefficients showing lead-lag variations of Ap at mlat >83°S. It shows three
cycles of IMF By, where the dark blue line represents the regression coefficients without any lag,
while x and o cyan lines represents a -27 and +27 day lag between IMF B, and Ap data series.
All maxima in Ap are seen to occur -2 days before the peak in the IMF driver, which occurs at
day 0. Right panel: Lead-lag variations of AZ,; at mlat >70°S. The blue line is the calculated
regression coefficients showing lead-lags when the five bin method by B2008 is used. The red
line is the regression coefficients showing lead-lag variations when regression is done without

the initial grouping. Negative days (leads) represent AZ, occurring before the By component,
and positive days By occurring before AZ,. Dots indicate significance at the 95% level for the
regression coefficients calculated by Student’s t-test. The upper panel of Figure 2 in B2008 is

reproduced with permission from John Wiley and Sons.

found significant at the 95% level for two data points, occurring at day -2 and -1. How-
ever, multiple points with 95% significance are obtained at the peaks around -27 and +27
days, along with the minimum around -13 days. Note that the y axis in Figure 4 shows
the correlation coefficient, i.e., how many standard deviations AZ, increase per one stan-
dard deviation increase in By. For day -2 the correlation coefficient is equal to 0.064: for
days -15, -27, and +27, it is approximately 0.08. This implies that By can explain less
than one percent of the pressure variability (R? <0.01).
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B2008 cite the apparent periodic response in Figure 4 as support for By forcing.
Rigorous statistical testing of this apparent periodic response requires assessment of all
individual hypothesis tests (for each lead/lag point) as a whole, i.e., estimating the global
significance limit. Interpretation of individual hypothesis test by rejecting the null hy-
pothesis with a p-value of 0.05 is that there is 5% probability of erroneously rejecting
the null hypothesis. Thus, with multiple individual hypothesis tests the probability of
erroneously rejecting an individual hypothesis test increases with the number of individ-
ual tests (Wilks 2016). To overcome this issue, Wilks (2016) provides a method known
as False Detection Rate (FDR). It is stated that if the global null hypothesis cannot be
rejected, one cannot conclude that any of the individual tests constitute rejection of the
null hypothesis. In this case, the global null hypothesis is that there is no significant re-
sponse formed from the lead-lag regression coefficients. Thus, according to FDR, the p-
value is first calculated for each individual data point. The p-values are then sorted in
ascending order, matching the set i = 1,..,N, where N represents the total number of in-
dividual tests. The new global p-value, prpr;

prpor = max[p(i) : p(i) < (i/N)agpr], i =1,..,N (1)

is then calculated with appr = 0.05, corresponding to significance at the 95% level (Wilks
2016).

When the FDR method is applied, no significance is obtained at the 95% level for
any lead-lag in the period 1995-2005. This occurs because no p-value of any lead-lag is
able to fulfill the requirements for the rejection of the global null hypothesis, stated in
Equation 1. This is true whether we calculate pppgr for lead-lags -27 to 427, -13 to +13
or even for -2 to +2. This means that the response as a whole cannot be assumed to be
statistically significant. One must note though that if only a single lead or lag (e.g., leads
-2 or -1) is presented the significance at the 95% level is justified (see Equation 1). How-
ever, from a physical perspective it is hard to justify the response occurring 1 or 2 days
(or more than 12 days) before the forcing instead of at day 0 or after.

Antarctic average
{mlat=70). 1995-2005

Accounting for temparal [ |95% of values within

02 autocorrelation [ tbove 87.5% and below 2.5%

fe i Zg per «By

0.2 i i i diiig i i
=27 -13 0 13 27

Days

Figure 4. The significance level for the lead-lag regression coefficients after 3000 MC-

iterations for the period 1995-2005. The red area equates to a p-value of 0.05. The green region
shows where 95% of all values land for every lead-lag after 3000 iterations. The y-axis represents
the correlation coefficient. Note that the significant data points (red circles) represent individual

hypothesis tests before False Detection Rate method is applied.
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Figure 5 shows the same procedure for the period 1999-2002 previously investigated
by e.g. Burns et al. (2008), Lam et al. (2013) and Lam et al. (2014). After 3000 MC
iterations, only 1 significant data point remains close to day 0 in the SH (top left panel)
and in the NH (top right panel). However, application of FDR, shows that no leads or
lags that by themselves are above the 95% significance level constitute evidence in fa-
vor of rejecting the global null hypothesis in any of the hemispheres (bottom panels).
This is true whether we calculate prpgr for lead-lags -27 to +27, -13 to +13 or even for
-2 to +2 (42 to +6 for the SH). Although, the correlation coefficients for this period is
in line with a physical effect, as the peak AZ,; anomaly occurs after day 0 in both hemi-
spheres, it is not significant in regards to rejection of the global null hypothesis.

3.2 Other time periods

Figure 6 shows the standardized lead-lag regression coefficients (correlation) be-
tween AZ, and By, for the periods 1984-1994, 1995-2005 and 2006-2016 in both hemi-
spheres (top panels). The bottom panels show the same, only for 4-year periods centered
around four different solar maxima. Near all of the time periods in both hemispheres show
cyclic responses exhibiting a periodicity of ~27 days. However, none of the time peri-
ods outside of solar cycle 23 (1995-2005 or 1999-2002) show responses supported by the
theory (positive response in the SH and negative response in the NH at day zero or shortly
after). Instead, the peaks occur seemingly at random but with an apparent periodicity
of approximately 27 days.

Antarctic (mlat>70): 1999-2002 Arctic (mlat>70): 1999-2002
3000 MC iterations 3000 MC iterations
” 0.2 = 02 W e
m m !
o g
~ ~
<] <]
e 0.1 Ll
-0.2
Days Days
Antarctic (mlat>70): 1999-2002 Arctic (mlat>70): 1999-2002
023000 MC iterations + FDR 3000 MC iterations + FDR
. rwer—roegirf R Y
o @
o X
]
S04 -
0.2

Days Days

Figure 5. Left Panels: The significance level for the lead-lag regression coefficients after
3000 MC-iterations for the period 1999-2002 in the SH. Red circles indicate 95% significance

of the individual hypothesis tests (top panel). No significance is obtained after FDR. This is

the case whether FDR is computed for -27 to +27, -13 to +13 or +2 to 4+6 (bottom panel).
Right Panels: Same procedure, only for the NH (top panel). No significance is obtained after
FDR. This is the case whether FDR is computed for -27 to 427, -13 to +13 or -2 to +2 (bottom
panel).
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Lead-lag correlation coefficients between AZy; and By in both hemispheres for three

11-year periods spanning 1984-2016 (top panels), and four 4-year periods centered around solar

maximum (bottom panels).

3.3 Monte Carlo simulations with different levels of temporal autocor-

relation
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Figure 7. Left Panel: Frequency analysis of the IMF By-index in the time period

1995-2005. Right Panel: Autocorrelation function of the IMF By-index in the time period
1995-2005.

Figure 6 demonstrates that the periodic response in AZ; of ~27 days is not unique
to the 1995-2005 period, as it occurs in other time periods as well. Since the responses
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do not seem to have any relation to the forcing (day 0), could the resulting cyclic response
be an artifact of the method itself, combined with high temporal autocorrelation of the
explanatory variable?

Figure 7 shows the frequency spectrum (left panel) together with the autocorre-
lation function (right panel) of the IMF By over the time period 1995-2005. A strong
27-day solar rotation periodicity can be observed in both. When the regression coeffi-
cients for lead-lag variations are calculated, one data set is moved with respect to the
other, where the regression coefficient is calculated for each lag between the data sets.
In essence, this can lead to the responses seen at day 4 27 days, being partially repli-
cations of the response seen at day 0, occurring as a consequence of the periodicity of
the forcing. This is especially relevant if the response variable has a strong temporal au-
tocorrelation.

To demonstrate this, we calculate three Monte Carlo simulations with varying lev-
els of autocorrelation of the response variable. For all cases the geopotential height data
set is replaced by randomly generated normally distributed noise with the same length
as the 19952005 period. For the first, second and third case, lag-1 autocorrelation is set
to 0, 0.5 and 0.94, respectively. An autocorrelation of 0 represents a data set of normally
distributed white noise, while the autocorrelation of 0.94 reflects the autocorrelation seen
in the original geopotential height data series (not shown). The + 15 day moving av-
erage is further subtracted from the three random data series, analogue to the calcula-
tion of AZ,.

For all three cases, 1000 independent Monte Carlo iterations are run. For each run
we calculate the lead-lag regression coefficients between the real By forcing in the pe-
riod 1995-2005, and the random generated data series. Figure 8 summarizes the results.
The first column represents the lead-lag regression coefficients for all runs in the three
cases. It is noted that the same scaling is used for the y-axis, to yield the correlation co-
efficient R. The lead-lag curves appear to be random. However, if each curve is shifted
such that the maximum value occurring inside the range (-13,13) days from day 0 is shifted
to day 0, a pattern emerges. This is illustrated in the middle row of panels. When the
responses are averaged over all independent simulations, as shown at right, the result-
ing average lead-lag curve exhibits a periodicity equal to the periodicity of By. It is fur-
thermore apparent that the higher the autocorrelation of the random data series at lag-
1, the larger the amplitudes of the artificially created response. It is particularly inter-
esting that the correlation coefficients in Figure 6 are comparable to the correlation co-
efficients resulting from the third artificial case (lag-1 autocorrelation = 0.94) in Figure
8.

Figure 8 clearly shows that the 27-day cyclic response in surface pressure to the
By-component cannot be used as a strong argument supporting the Mansurov Effect.
Furthermore, it clearly demonstrates the necessity of using FDR or a similar method when
estimating the significance of the response.
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Figure 8. Left Panels: 1000 MC iterations where the standardized regression coefficients
are calculated between the real By data for the period 1995-2005 and the three different random
cases for every lead lag between -60 to +60. Middle Panels: All 1000 individual lead-lag plots
aligned such that the maximum value within -13 to 413 is projected to day 0. Right Panels:

Averaged response of the middle panels.
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216 4 Discussion

217 The aim of this paper is to demonstrate the need for appropriate significance tests,
218 as well as the risk of misinterpreting a response from a strongly periodic forcing when

219 studying the Mansurov Effect (and also more generally in cases of strong temporal au-

220 tocorrelation). Figure 2 shows that similar values for the regression slopes are obtained

221 with five-bin grouping used by B2008 and the normal regression. However, the explana-

222 tory power of the two models largely depends on whether or not the measurements are

223 binned (with binning R? = 0.99, without binning R? = 0.0033). Further, both the five-

224 bin grouping and the normal regression produce similar lead-lag plots, as illustrated by

225 Figure 3. It is therefore clear that the five-bin grouping gives the impression of a signif-

226 icantly better fit than what can be found in the original data.

227 Except for the first paper on the effect, provided by Mansurov et al. (1974), all other
208 research articles focuses on solar cycle 23 (B2008; Lam et al. 2013; Lam et al. 2014). We
229 show, however, that simple t-tests are not sufficient to establish significance for the link

230 between the IMF B, and the geopotential height variability at the polar surface. By ap-
231 plying MC simulations to validate the null hypotheses in addition to false detection rate

23 method, we show that neither the period 1995-2005 nor the solar maximum period 1999-2002
233 indicate a statistically significant response. This remains true as long as the response

23 is analysed with multiple leads and lags exceeding or equalling 5 days, as the individ-

235 ual p-values exceeds the global p-value (Equation 1) even for -2 to +2 lead-lags in all cases
236 for solar cycle 23. Nonetheless, if only a single lead or lag is presented, the significance

237 at the 95% level obtained by the MC simulation alone would be justified. During the pe-
238 riod 1995-2005 the points with high statistical significance at leads -2 or -1 are hard to

239 justify on physical grounds, as the surface pressure effect occurs before the forcing. How-
240 ever, the single significant data point obtained in the SH (day +4) and NH (day +1) for
o the period 1999-2002 cannot be completely discarded from the viewpoint of a single null

212 hypothesis, as the effect occurs after the forcing.

243 By similar methodology, we also observe periodic geopotential height responses in
20 both hemispheres in other time periods, but with varying offset in respect to the forc-

25 ing, as illustrated by Figure 6. The geopotential height deflections are also fairly equal

246 to the amplitudes seen for solar cycle 23. Hence, the cyclic responses seen in solar cy-

247 cle 23 are not unique to this period.

248 By using MC simulations of randomly generated data series with different levels

249 of lag-1 autocorrelation, we show that plotting lead-lag regression coefficients for a highly
250 periodic forcing produces periodic responses, even when no physical relationship is present
251 (Figure 8). The periodic response always mimic the periodicity of the variable used as

252 the forcing. One can also observe how this cyclic response is enhanced by a higher au-

253 tocorrelation of the response variable. From this perspective, the alignment of the pe-

254 riod 1999-2002 with the theory is a coincidence (1995-2005 is also approximately aligned
255 with the theory in the SH). The absence of any rejection of the global null hypothesis

256 of the response in solar cycle 23 when FDR is applied is clear additional evidence in fa-
257 vor of this explanation.

258 4.1 Conclusion

250 We question the previous evidence suggesting a physical link between the IMF B,
260 and the surface pressure/geopotential height variability. We show that after the pres-

261 sure/geopotential height and IMF By data are subjected to rigorous estimation of sta-
262 tistical significance, evidence for the Mansurov Effect during solar cycle 23 is not found.
263 This applies for the cyclic 27-day response. In addition, our analyses shows that other
264 time periods (before and after solar cycle 23) produce cyclic responses with similar mag-
265 nitude but with random offset with respect to the IMF B, forcing. We also provide ev-
266 idence showing that high temporal autocorrelation of variables can explain the cyclic re-
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267 sponses, without the need of a physical connection between the variables. We therefore
268 question the validity of the Mansurov hypothesis.
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