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Abstract

This report includes correlation results of the Sun-Earth coupling during cycle #22, #23 and
the current cycle #24 using NASA’s High Resolution OMNI (HRO) data.



Contents

1

2

Introduction
Coupling functions (¢’ and d®,,p/dt)
High Resolution OMNI data set (HRO)

Coupling efficiency for varying solar wind input

4.1 Correlation with AE, AL and AU (method A) . . . . . .. ... ... ... ... ...,
4.2 Correlation with AE, AL and AU (method B) . . . . . .. ... ... ... .. ....
4.3 AE, AL and AU during pre- and post-solar maximum . . . . . . . .. ... ... ...
4.4 Dst-index . . . . . .

Coupling efficiency over long time (annual and decadal)

High input and big event data sets

6.1 High Kp-index events . . . . . . . . . . . .
6.2 High ¢ events . . . . . . . . . e
6.3 AE, AL and AU during high ¢ and d®p;p/dt events . . . . . . . ... ... ... ..

Conclusion
References
Largest geomagnetic storms since 1932 and 1910

Python code for key figures

B.1 Ratio of correlation (cf. Figure 3) . . . . . . . .. ... ... L
B.2 Scatter plot (cf. Figure 9) . . . . . . .. .
B.3 Time series (cf. Figure 11a) . . . . . . . . ... ... L
B.4 Bigevents (cf. Figure 13) . . . . . . . . . L

16

17
17
18
19

20

21

22



1 Introduction

The work presented here is part of a summer project at IRF.

The geomagnetic field is affected by the solar wind energy and momentum transfer to the Earth’s
magnetosphere. This interaction finally drives electric currents in the ionosphere and the induction
current at the ground, the last part of which are detected as the geomagnetic disturbances at the
Earth’s surface. These variations in the geomagnetic field due to such Sun-Earth coupling are measured
by a global network of magnetometers. To visualize global level geomagnetic activities, a variety
of geomagnetic indices has been introduced at low latitude (Dst), mid-latitude (SY M and ASY'),
subauroral region (Kp, ap, and aa), auroral region (AE) and the polar region (PC).

Since the geomagnetic disturbances are driven largely by the solar wind, the Sun-Earth coupling
functions have been constructed [Perreault and Akasofu, 1978, Akasofu, 1981, Newell et al., 2007] to
predict the global geomagnetic disturbance level (that are represented by the geomagnetic indices)
using a scalar function €, €, etc. calculated from the solar wind parameters. However, a recent
study using one-hour resolution data has found that the response of the geomagnetic activity to the
same value of the coupling function (Sun-Earth coupling efficiency) during last 10 years since 2006 is
significantly lower than those of the previous four cycles [Yamauchi , 2015]. This means that for the
same solar wind conditions, less geomagnetic activity was observed during the current solar cycle #24
than the previous four cycles.

The decreased is valid only for low or moderate solar wind conditions (¢/ < 102 W /km?), but not
for active periods with € > 5 x 102 W /km? that is calculated from hourly values. Since the number of
cases for such “strong” solar wind conditions are not very often, higher resolution data should be used
to examine such “strong” cases. This report uses 5-minute resolution data to compare the current
solar cycle #24 to the previous cycles #23 and #22 and compare results with the previous study. The
result is the first step of improving nowcast of the geomagnetic activities. Furthermore, the result
would be helpful in understanding the following questions that is relevant to the space weather:

1. Is the Sun-Earth coupling efficiency of cycle #24 at high-latitude during high solar wind input
(€ > 5x 102 W/km?) really higher than those of previous cycles, as the preliminary study
suggests?

2. Is the declining phase singular year of the coupling efficiency seen in low-resolution data really
singular in high-resolution data?

The analyses program made by Python code that reads the updated OMNI data. Some of the
programs are attached in the appendix.



2 Coupling functions (¢’ and d®,,p/dt)

The scalar coupling function is calculated solely from the solar wind parameters to obtain a single
parameter that correlates well with the magnetospheric conditions and particularly the geomagnetic
indices. The simplest coupling function is just the northward component of interplanetary magnetic
field B, and there are many other function forms that performs better [Newell et al., 2007] using B,,
solar wind velocity (v), and density (n).

As fore the representative of global geomagnetic and magnetospheric activities, Dst (low-latitude),
Kp (mid-latitude), AE (high latitude), PC (high-latitude) indices and Cusp latitude are often used.
The prediction accuracy are different between different sets of the coupling functions and geomagnetic
indices [Newell et al., 2007].

In this report, two most commonly-used coupling functions are examined:
1. The Alasofu’s epsilon [Akasofu, 1981],
2
/

B
¢ = 4122 sint (9, /2) (1)
Ho

2. The Newell coupling function [Newell et al., 2007],
d® ) p/dt = v*/3 B2 sin®3(6,/2) (2)

where: v = flow speed [km/s]

Br = transverse component of IMF [nT] = , /B2 + B2
0. = arctan(B,/B,)

By, =y component of IMF (GSM) [nT]

B, =z component of IMF (GSM) [nT]

The parameters v, B, and B, are directly available in the 5-minute resolution OMNI (HRO)
data set at

ftp:/ /spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/omni_Smin.asc
The chosen description above matches with the column description given by NASA.

Here, €’ is slightly different from original form of the Akasofu’s epsilon [Perreault and Akasofu,
1978]: € does not include the cross section but is multiplied by 47 (i.e., 47 x Poynting flux)
to make a simple multiplication of 1/uy = 107 /4w [A?/N] to the raw values using km/s and
nT. Therefore, the unit of ¢ is 107 [A2/N]-10718 [T?]-10% [m/s] = 10~8 [W/m?] = [0.01 W /km?];
i.e., all numbers that are given by [nT?km/s] (which is use in this entire report) must be mul-
tiplied by 0.01 when converting to the [W/km?] unit. The unit of Newell’s flux d®;;p/dt) is
[nT?/3.km?*/3.s7%/3] = [(mV/s)?/3] = [0.01 V¥/3.57%/3],

Both coupling functions can also be written in alternative forms, eliminating the need of arctan and
minimizing the number of operations:
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For the data set used in this report, the statistics listed in Table 1 apply. More details about the data
set will be discussed in Section 3. High values of ¢ and d®,,p/dt are also referred to as high solar
wind input.

¢ [0.01 W/km?] d®yp/dt [0.01 V/3.572/3]

mean 4.9 x 103 3.9 x 103
sd (o) 2.0 x 104 4.2 x 103
min 0 0

25% 1.7 x 102 8.6 x 102
50% 1.2 x 103 2.7 x 103
75% 4.3 x 103 5.5 x 103
max 1.9 x 106 1.1 x 10°

Table 1: Statistics of the HRO data set, 1981-2015.



3 High Resolution OMNI data set (HRO)

OMNI data is spacecraft-interspersed, near-Earth solar wind data. The observations in the HRO
dataset are time-shifted to the bow shock nose. The bow shock nose is about 14 Earth radii (Rg =
6371km) from the center of the Earth. The average flow speed in the HRO data set is 434 kms™!.
This means that on average, it would take the solar wind about 3 min to reach the Earth. However,
the solar wind interacts with the magnetosphere and magnetotail with a complicated sequences before
the energy reaches the Earth’s surface. When using 5-minute resolution OMNI (HRO) data, the time
lag would become unknown parameter. Two different time-lags will be used in this report (Section 4)
but the integrated effect is not considered because that can largely be represented by 1-hour resolution
data [Yamauchi , 2015]. The data coverage of the HRO data set used in this report is until 2015-06-
18.

Table 2: The format of the High Resolution OMNI (HRO) data set. The bold entries are used in this report.

Year 14 1995 ... 2006
Day 14 1 ... 365 or 366
Hour 13 0..23
Minute 13 0 ... 59 at start of average
ID for IMF spacecraft 13

ID for SW Plasma spacecraft 13

# of points in IMF averages 14

# of points in Plasma averages 14

Percent interp 14

Timeshift, sec 17

RMS, Timeshift 17

RMS, Phase front normal F6.2

Time btwn observations, sec 17

Field magnitude average, nT F8.2

Bx, nT (GSE, GSM) F8.2

By, nT (GSE) F8.2

Bz, nT (GSE) F8.2

By, nT (GSM) F8.2 Determined from post-shift GSE components
Bz, nT (GSM) F8.2 Determined from post-shift GSE components
RMS SD B scalar, nT F8.2

RMS SD field vector, nT F8.2

Flow speed, km/s F8.1

Vx Velocity, km/s, GSE F8.1

Vy Velocity, km/s, GSE F8.1

Vz Velocity, km/s, GSE F8.1

Proton Density, n/cc F7.2

Temperature, K F9.0

Flow pressure, nPa F6.2

Electric field, mV/m F7.2

Plasma beta F7.2

Alfven mach number F6.1

X(s/c), GSE, Re F8.2

Y(s/c), GSE, Re F8.2

Z(s/c), GSE, Re F8.2

BSN location, Xgse, Re F8.2 BSN = bow shock nose
BSN location, Ygse, Re F8.2

BSN location, Zgse, Re F8.2

AE-index, nT 16

AL-index, nT 16

AU-index, nT 16

SYM/D index, nT 16

SYM/H index, nT 16

ASY/D index, nT I6

ASY/H index, nT 16

PC(N) index, F7.2

Magnetosonic mach number F5.1




4 Coupling efficiency for varying solar wind input

The coupling functions (¢’ and d®ysp/dt) are calculated for the 5-min OMNI (HRO) dataset, and the
correlation between these coupling functions and the geomagnetic indices will be obtained for different
individual solar cycles. Two methods will be used:

(A) The 5-minute resolution coupling parameters (¢' and d®y;p/dt) are directly correlated with the
AE, AL and AU indices of the next 5-minute interval (introducing a 5-minute delay).

(B) For each 5-minute resolution coupling parameter, the highest AE, AL and AU is selected from
the following hour (the highest AE, AL and AU do not have to occur at the same interval).

4.1 Correlation with AE, AL and AU (method A)

Correlations between the solar wind input (5-minute resolution) and the geomagnetic AE indices (AE,
AL, and AU) are plotted over ¢ = 1073 - 107 [x 0.01 W/km?] in Figures 1 and 2. Figures 1 shows
the correlation using entire dataset from 1981, whereas different solar cycles (#22, #23, and #24) are
subdivided in Figure 2.
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Figure 1: Correlations between the 5-minute resolution coupling functions and the 5-minute averaged geomag-
netic AE indices (AE, AL, and AU) with 5-minute time lag (method A). The input values (x-axis) are divided
into 40 evenly distributed bins.

Figure 2 indicates that the same low input (¢’ < 10* [x 0.01 W/km?]) leads to less AE activity for
solar cycle #24 than cycle #23 or #22. However, the difference becomes smaller for ¢ > 103 [x 0.01
W /km?](Figure 3). Due to the small number of big events, it is uncertain what happens to this ratio
around € = 10° [x 0.01 W/km?], and this will be studied in more detail in a later section.
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Figure 3: Cycle #24 divided by the average of #22 and #23 (method A).



4.2 Correlation with AE, AL and AU (method B)

The previous analyses are repeated with method B instead of method A; i.e., for each 5-minute solar
wind values, the highest 5-minute aveaged AE, AL and AU during the following hour are correlated
with € and d®p;p/dt. Except AU during high values of coupling functions, the results (Figures 4, 5,
and 6) are similar to the previous section (method A).
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4.3 AE, AL and AU during pre- and post-solar maximum

Next, we further subdivide the dataset between inclining and declining phases of the solar cycle,
i.e., before and after each solar maximum. Both methods A (Figure 7) and B (Figure 8) are again
examined.

The results are quite reliable for relatively low solar wind inputs (¢ < 10* [x 0.01 W/km?])
with many data points, but scattering becomes overwhelming or high wind inputs (¢’ < 10° [x 0.01
W/km?]) as shown in Figure 9.
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(a) Pre-solar maximum
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Figure 7: The same Figure 2 but further subdivided into (a) inclining phase and (b) declining phase for each
solar cycle. The 5-minute delay is applied (method A).
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(a) Pre-solar maximum
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Figure 8: The same Figure 5 but further subdivided into (a) inclining phase and (b) declining phase for each
solar cycle. Maximum 5-minute values of AE, AL, and AU within 1-hour is used (method B).
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(a) Pre-solar maximum

2800 | AE (nT) N AL (nT) - | AU (nT)
1600 ; —-200 500
1400 —400 400
1200 —600 o #22
E 1000 E —800 E 300 . #23
w 800 -1 —=1000 2 200
< 600 < 1200 < < #24
100}
400 —1400 ,
200 ~1600f - e . 0 ,
0 -1800 - -100 L
10° 10° 10° 108
¢ ¢ ¢
AE (nT AL (nT AU (nT
2000 (nT) 0 - (nT) 700 (nT)
o - . GO0 - i
1500 ooy R —500fF - gs.— ---------------- - 500w -
¢ ° Y :'}. o o ] N
g il g N O o
£ 1000F - P L S 4 £ -1000}-- S0y SR 1 £ 300f p- ST - o #23
w . - @ 2 o0 0
< 8- . < . < 200f-------- ?,. ------------- g o #24
500 S y —1500 | o SR
0 —2000
10* 10° 10* 10°
d®yp/dt Ay p/dt d® yp/dt
(b) Post-solar maximum
AL (nT
2000 0 (nT) 900
-200 800
1500 —400 700
_ . —600 _ 600 . #22
= = fZ 500
£ 1000 £ _soo} £ o #23
I-I<12J :(I <D( 400 #24
~1000 300
500 -1200 200
-1400 100
0 -1600 0
E/ 6/
AE (nT) AU (nT)
2000 - 0 1000
g . —200 8O0
1500 oo Bt —-400 o °
X 3 .
~ e, * . =600 _. 600 . #22
iz “® 2 = 2
£ 1000} e T £ _800 £ 400 - #23
w B 2 2 #24
s ~1000 500
500 - aas- L —-1200
', S N 0
. —1400
0 ~1600 ML B -200
10* 10° 10* 10° 10* 10°
%, p/dt 0%,/ dt A p/dt

Figure 9: Scatter plot of AE, AL, AU against two different coupling functions limiting data to pre or post
maximum.
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4.4 Dst-index

The Dst-index is only available in hourly resolution, but it is correlated with the coupling function
parameters with a time delay of 5 minutes as shown in Figure 10.

The cycle-to-cycle difference repeats what was obtained from 1-hour resolution Dst values ([Ya-
mauchi , 2015]) repeats the that the solar cycle #24, even for high solar wind input (¢’ and d®y;p/dt),
has a lower coupling efficiency than cycle #23 and #22. However, it should be noted that there are
relatively few high-input events during cycle #24.
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d®,p/dt d®,p/dt

Figure 10: Hourly Dst index correlated with hourly average of ¢’ and d®,p/dt calculated using 5-min reso-
lution OMNT data. (similar to Method A)
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5 Coupling efficiency over long time (annual and decadal)

Figure 11a shows the 3-month average of the absolute AL index for fixed solar wind input (¢'). The
seasonal variation is removed with a running average of 12 months, as shown in Figure 11b. During
the declining phase of each solar cycle, there is a brief (~ 1 year) increase in coupling efficiency.

(a) 3-month average
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Figure 11: Variation of average |AL| for fixed ranges of € (in [0.01 W /km?])
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6 High input and big event data sets

In the space weather, big events are mainly discussed. This section focuses on these big events with
high values of coupling functions or geomagnetic indices.

6.1 High Kp-index events

Table 3 shows the distribution of the Kp-index for the period between 1 January, 1981 and 15 July,
2015. Each 3-hour interval is counted. The current solar cycle #24 (starting 4 January, 2008) is
extracted in the last raw. In order to compare different solar cycles, it is important to consider the
distribution of these events over time.

Table 3: K,-index distribution for 1981-2015.

Kp-index = 6 6+ 7- T 7T+ & 8 8+ 9- 9
1981-2015 502 315 248 160 131 100 52 45 33 9
Cycle #24 20 27 10 4 3 7 1 1 0 0

For the highest 5 levels of Kp (e.g. Kp > 8—,8,8+,9—,9), OMNI data sets are produced. The data
sets contain the original OMNI data, but are filtered on the Kp condition. This means that these
new datasets only contain the OMNI values during the high-Kp events. The data format of these
datasets is the same as the original OMNI dataset, except for an added column indicating the Kp
index. Figure 12 shows the cumulative distribution of high-Kp events.

Largest geomagnetic storms since 1981

2200 T T T T ]

A 100 - Kp27
0 - : : :

_ 200 i

2 100 | K, =27+
o+ : : : :

Z2oo-+ M i

A 100f - KpZS_
0 : : — : : : :

_ 200 i

@A 100} | K, >8
O T ., —

_ 200} i

¢ 100} | K, =8+
208 : : : : : : : : :

_ i i

A 100} - szg_
208:'-':"':-":"':"-:'-':' —

= i i _

4 100} . Kp—9
| I N N 1 " N N 1 N N N 1 N N N 1 N N N 1 N " N 1 N | N N 1 N
1982 1986 1990 1994 1998 2002 2006 2010 2014

Year

Figure 12: The occurrences of high Kp are plotted as vertical lines over the monthly sunspot number (running
average of 5 months). Sunspot data is obtained from the World Data Center SILSO, Royal Observatory of
Belgium, Brussels.
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6.2 High ¢ events

Table 4 shows the distribution of € for the period between 1 January, 1981 and 15 July, 2015 (the €
counterpart of Table 3). Each 3-hour interval is counted. Figure 13 shows the events where the hourly
average of ¢ is greater or equal than the € threshold indicated (on the right).

Table 4: ¢ cumulative distribution for 1981-2015 and cycle #24. Each hourly interval is counted.

e > 3x10* 4x10* 5x10* 6x10* 7x10* 8x10* 9x10* 1x10° 2x10°
1981-2015 4921 3118 2191 1643 1303 1041 859 714 202
Cycle #24 810 469 306 220 174 142 112 87 12

e > 3x10° 4x10° 6x10° 8x10° 1x10% 2x10°

1981-2015 97 61 26 21 18 0

Cycle #24 3 2 0 0 0 0

High hourly average € events since 1981
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Figure 13: The same format as Figure 12 but for high ¢’ events.

18



6.3 AE, AL and AU during high ¢ and d®,,p/dt events
Figure 9 shows scatter plots of the coupling functions (¢’ and d®;p/dt) versus AE index (AE, AL, and

AU) for high input only. In such cases, the data is sparse and therefore averaging is less meaningful
than for low input. Therefore, individual case studies are recomended.

19



7 Conclusion

This report features an extensive correlation analysis between the different coupling functions (¢’ =

(47 / o)v B2 sin(0./2) and d®yp/dt = v*/ ?’B%/ % sin®/ 3(6./2)) obtained from 5-minute resolution solar
wind OMNI dataset and the geomagnetic activities (mainly AE, AL, and AU) to give hint of the solar
cycle to cycle difference in these correlations (or Sun-Earth coupling effiency). The obtained plots
supported previous results using 1-hour resolution data [Yamauchi , 2015]. Furthermore, the Sun-
Earth coupling efficiency shows a one-year peak during the declining phase of each solar cycle.
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A Largest geomagnetic storms since 1932 and 1910

The next two landscape-oriented pages will show the largest geomagnetic storms on a longer time
scale.

22



+8 <

“xopur-931 oy} Aq poxIRW S€ gEET 9OUIS SULIO)S orjoudeurood jseSre :fT 0anSig

Jeap

S10¢c

010¢

S00¢

000¢ S66T

066T G861 0861 GL6T OL6T G961 0961

G661

0S6T

Sv6T O0Ov6T

GE6T

1001
100¢Z

1001
100¢Z

ns

ZE6T 2OUIS SWJ03s d1laubewoab 1sabue

1001
100¢

1001
100¢

100T
100¢

100T
100¢

100T
100¢

_Llfoo€E

NSS NSS NSS NSS NSS NSS

NSS



+8 <

"Xopul juareAlnba-Iy[ o) Aq pesrew se )G 9oUls swIo}s orjeudewoas jsedre] :gT o2InSig

Jeap
GT0CZ 0TOC S00C 000C S66T 066T S86T 086T GL6T OL6T S96T 0961 SS6T 0S6T SV6T OV6T SE6T 0€6T SC6T 0¢6T SI6T OT

61

0
00T
00¢

0
00T
00¢

0
00T
00¢

= ()

00T
00¢

———— 0

00T
00¢

=0

00T
00¢

0

00T
00¢
00¢€

OTI6T @2uls mcto“_m u__uwcmmEowo 1sabueT

NSS NSS NSS NSS NSS NSS

NSS



B Python code for key figures
B.1 Ratio of correlation (cf. Figure 3)

figure3.py (=Appendix-B1)

B.2 Scatter plot (cf. Figure 9)

figured.py (=Appendix-B2)

B.3 Time series (cf. Figure 11a)

figure2.py (=Appendix-B3)

B.4 Big events (cf. Figure 13)

figureb.py (=Appendix-B4)
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