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In recent years, the interaction of the auroral substorms with the equatorial and mid-latitude currents

has been the subject of extensive research. We introduce a new statistical technique that allows us to

test at a specified significance level whether such a dependence exists, and how long it persists. This

quantitative statistical technique, relying on the concepts and tools of functional data analysis, uses

directly magnetometer records in one minute resolution, and it can be applied to similar geophysical

data which can be represented as daily curves. It is conceptually similar to testing the nullity of the

slope in the straight line regression, but both the regressors and the responses are curves rather than

points. When the regressors are daily high latitude H-component curves during substorm days and the

responses are daily mid- or low latitude H-component curves, our test shows significant dependence

(the nullity hypothesis is rejected) which exists not only on the same UT day but also extends into the

next day for strong substorms.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Currents flowing in the magnetosphere–ionosphere (M–I)
form a complex multiscale system in which a number of
individual current components connect and influence each other
(see Kamide et al., 1998; Tsyganenko, 2000; Daglis et al., 2003).
The variabilities of these currents are closely connected to various
nonlinear dynamic M–I processes, such as magnetic storms and
substorms. Among the various observational means, the global
network of ground-based magnetometers stands out with unique
strengths (Friedrich et al., 1999). About a hundred terrestrial
geomagnetic observatories form a network, INTERMAGNET,
designed to monitor the variations of the M–I current system.
Modern digital magnetometers record three components of the
magnetic field in five second resolution, but the INTERMAGNET’s
data we use consist of one minute averages, i.e. 1440 data points
per day per component per observatory. We work with the
Horizontal (H) component of the magnetic field (Kivelson and
Russell, 1997, Chapter 13), which reflects the variation of the
M–I currents we plan to study. Fig. 1 shows examples of
magnetometer records we work with.
ll rights reserved.
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a).
Since the individual currents in the M–I system are connected
and influenced by each other, enormous research efforts have
been put into the study of the dynamical connection between the
currents at high latitudes and low–mid-latitudes (e.g. Kikuchi
et al., 2008) as well as the storm–substorm relationship
(e.g. Kamide et al., 1998). In these endeavors, ground-based
magnetometer data have been widely used to study how the high-
latitude electrodynamics are manifested in the low–mid-latitude
magnetic disturbances (e.g. Kitamura et al., 2005). It has been
indicated (see e.g. Rostoker, 2000) that the auroral currents
may have, a perhaps indirect, impact on the equatorial and mid-
latitude currents. The present paper focuses on the association
between the substorm current system at high latitudes and the
magnetic disturbances at low–mid-latitudes, which has drawn
wide interests over the years in the space science community, but
with a new mathematical approach of the test of significance
proposed in Kokoszka et al. (2008). The approach we advocate
directly uses the raw data curves of the H component, rather than
derived indices. One of the shortcomings of the correlation
analysis based on indices like Kp or Dst is that the physical
interpretation of the indices is not obvious, (see e.g. Campbell,
1996). Moreover, while correlation analysis is useful as an
exploratory tool, and it motivated our research, it does not allow
to attach statistical significance to the conclusions if the data are
dependent and non-Gaussian (like the H-component series).

The approach we propose here is novel in several ways: (1) we
work directly with the measurements of the magnetic field, rather

www.elsevier.com/locate/pss
dx.doi.org/10.1016/j.pss.2009.11.004
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Fig. 1. Horizontal intensities of the magnetic field measured at a high-, mid- and low-latitude stations (College, Boulder, Honolulu) during a substorm (left column) and a

quiet day (right column). Note the different vertical scales for high-latitude records. Each graph is a record over one day, which we view in this paper as a single functional

observation.
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than indices; (2) we view magnetometer records over one day as a
single functional observation; (3) we use a statistical test of
significance, which by its very nature takes into account random
variability not attributable to physical effects.

Viewing a whole daily curve consisting of 1440 data points as a
single observation focuses the study on the interaction between
the shapes of these curves. Typical shapes of storms or substorms
are what has long been intuitively used; here we make an attempt
to quantify this intuition by using a tool from the rapidly growing
field of statistics known as functional data analysis (FDA), see
Ramsay and Silverman (2002, 2005) for a comprehensive
introduction, and Xu and Kamide (2004) and Chen (2007) for
related applications to magnetometer data. We hope that the
method we propose will become useful in other geophysical
studies requiring statistical analysis of curves.

We test if equatorial or mid-latitude magnetometer records
are statistically independent of the high-latitude records. This is
our null hypothesis. If it is rejected, the test points toward a
dependence of the low- or mid-latitude curves on the high-
latitude curves. Thus, the acceptance of the null hypothesis is
interpreted as the lack of dependence between the auroral
currents and the currents measured at low- or high-latitude.
The rejection of the null hypothesis points towards the existence
of a statistically significant association.

This paper shows that there is a statistically significant
association between substorms and the currents measured at
mid- and low-latitudes. This dependence lasts for up to two days.
After that period, the null hypothesis of no association generally
cannot be rejected. We cannot specify a mechanism responsible
for this surprising conclusion, and hope that our statistical
analysis will stimulate further work.
The paper is organized as follows. In Section 2, we introduce
the test of zero association mentioned above. This is followed in
Section 3 by a detailed analysis of magnetometer data. We start
with the description of the data sets, and the motivation behind
their selection is also provided. Then, technical details of the
application of the test and the interpretation of the results are
presented, followed by tabulation and discussion of the results.
Main conclusions are summarized in Section 4.
2. Statistical test of no association

In order to formulate a statistical test of significance, data must
be assumed to follow a statistical model in which relationships
between the data are specified up to some random errors. These
errors contain, often unknown, effects which we do not wish, or
are unable, to include in the model. One of the most popular FDA
models is the functional linear model, see Chapters 12–17 of
Ramsay and Silverman (2005). In our context it is appropriate to
work with the so-called fully functional model defined by the
equations

YnðtÞ ¼

Z T

0
cðt; sÞXnðsÞdsþenðtÞ; n¼ 1;2; . . . ;N; tA ½0; T�: ð1Þ

The curves YnðtÞ are the response variables, the curves XnðsÞ are
the explanatory variables, and the enðtÞ are the error curves. Here,
T is the length of one functional observation. In our case T ¼ 1440
which is the length of one day in minutes. The function cðt; sÞ is a
kernel of an integral operator. This model is seen to be an
extension of a simple linear regression to the case when the
observations are curves rather than scalars, and can be succinctly
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written as

Yn ¼CXnþen; n¼ 1;2; . . . ;N; ð2Þ

where C is an integral operator in the Hilbert space of square
integrable functions.

Assuming model (2), we wish to test

H0: C¼ 0 versus HA: Ca0:

Using the analogy with a simple linear regression, we test if the
slope of the regression line is zero, which means that the Yn are
independent of the Xn. For scalars, H0 implies that the correlation
coefficient is zero. In our case, the Yn and the Xn are curves, and
the problem is more complex. The null hypothesis, H0, means that
there is no linear association between the curves Xn and the
curves Yn; the alternative, HA, that there is such association. In this
paper, Xn are the high-latitude daily curves, and Yn are daily
curves from mid and low latitudes. The Yn can be recorded during
the same UT day, or subsequent UT days.

The testing procedure we use was developed by Kokoszka et al.
(2008). The test statistic T̂ Nðp; qÞ is defined by

T̂ Nðp; qÞ ¼N
Xp

k ¼ 1

Xq

j ¼ 1

ĝ-1
k l̂

-1

j /DNv̂k; ûjS
2: ð3Þ

It depends on the number p of the most important principal
components (PCs) of the curves Xn and the number q of the most
important PCs of the Yn, see below. The quantities ĝk and l̂j

are the eigenvalues, and v̂k and ûj are the PCs of the Xn and Yn,
respectively. The operator DN is defined by DNx¼ N-1

PN
n ¼ 1

/Xn; xSYn; where /x; yS¼
R T

0 xðtÞyðtÞdt is the Hilbert space inner
product. All the quantities appearing in (3) can be readily
computed using the statistical software package R.

Theorem 3.1 of Kokoszka et al. (2008) shows that, as the
samples size (number of pairs of curves) N increases, the
distribution of T̂ Nðp; qÞ converges to the well-known chi-squared
distribution with pq degrees of freedom. The null hypothesis is
rejected if T̂ Nðp; qÞ4w2

pqðaÞ; where w2
pqðaÞ is the a th upper

percentile of the w2
pq distribution. We use the standard a¼ 5%

significance level. Simulations in Kokoszka et al. (2008) show that
the test is applicable for NZ40.

We conclude this section by explaining briefly the idea of
principal component analysis (PCA), Chapter 8 of Ramsay and
Silverman (2005) contains a detailed exposition. PCA is an
orthogonal linear transform that transforms the data to a new
coordinate system such that the greatest variance by any
projection of the data comes to lie on the first principal
component, the second greatest variance—on the second, and so
on. Principal components form an orthonormal system. The main
goal of the PCA is to find the dominant modes of variation in the
data. We want to know how many of these modes of variation are
required to satisfactorily summarize the original data. Retaining
only the characteristics of the data that contribute most to its
variance will improve the signal-to-noise ratio of what we keep.
In Section 3.2, the p and q selection procedures are discussed.
Table 1
Geomagnetic observatories used in this study.

Latitude I II

High College (CMO) –

(Lat., Lon.) ð64:87 ,- 147:86Þ –

Mid Boulder (BOU) Fredericksburg

(Lat., Lon.) ð40:14 ,- 105:24Þ ð38:20 ,-

Low Honolulu (HON) San Juan (SJG)

(Lat., Lon.) ð21:32 ,- 158:00Þ ð18:11 ,-
3. Analysis of magnetometer data

3.1. Data description

We analyze one-minute records of the horizontal intensity
of the magnetic field from four sets of stations given in Table 1.
Each set consists of geomagnetic observatories that are
roughly aligned along the same longitude, and are at different
latitudes. The functional data consist of daily curves in UT time,
with 1440 observations per curve. Fig. 1 provides examples of
such curves.

The question is whether the auroral activity reflected in the
high-latitude curves affects the processes in the equatorial
regions, reflected by mid- and low-latitude curves. To answer it,
we analyze the relationship between substorms recorded at
College (CMO, latitude-64.87, longitude-147.86) and the records
at other latitudes and longitudes.

Several types of data sets are analyzed. The first set consists of
the days with substorms from January until August, 2001 (set A).
Then the same analysis is performed on medium strength
substorms (400–700 nT) during the same period (set B). In
order to eliminate possible storm influence on the data,
from the substorm list we remove all days that contained storms
as well as the days before and after it (set A*). We also
removed such days from the list of medium strength substorms
(set B*). We also considered only isolated substorm days, i.e.
substorm days followed by at least two quiet days (set I). Finally,
we select the substorms that took place during three months, i.e.
January–March (set C1), March–May (set C2), and June–August
(set C3), 2001.

The reason for performing the analysis on medium strength
substorms separately is that very strong substorms might distort
the overall pattern of dependence. Removing days with storms
additionally validates our findings by answering a possible
criticism that what is seen is due to storms impact on substorms,
and not the association between substorms and low-latitude
currents. As will be seen in the following, the most surprising
finding of this work is that this dependence is significant for up to
two days. As no mechanism for such a dependence can be offered
at this point, the conclusions may be criticized by saying that
what we see one day after a substorm is due to the next day’s
substorm. For this reason we found 33 isolated substorm, i.e.
there are no substorms in the following two days. An example of
an isolated substorm day is shown in the top panel of Fig. 2
together with two quiet days that follow it (middle and bottom
panel). Such extra precautions are not usual in statistical lagged
correlation analysis, but are added here as an additional check. For
example, if substorms occurred on days 3, 4, 5, 10, 15, to study
their impact 48 hours later, we compare them with low-latitude
records, respectively, on days 5, 6, 7, 12, 17. The design of the test
ensures that the substorms on days 4 and 5 are not compared to
low-latitude records on day 5, only the substorm on day 3 is. If
that were not the case, and substroms on consecutive days were
similar, we would see dependence well beyond 24 hours, and we
do not see it. We must also keep in mind that what we claim is the
III IV

– –

– –

(FRD) Tihany (THY) Memambetsu (MMB)

77:37Þ (46.9, 17.89) (43.90, 144.20)

Hermanus (HER) Kakioka (KAK)

66:15Þ ð-34:43;19:23Þ (36.23, 140.18)
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Fig. 2. AE index. An example of isolated substorm that took place on December 27, 2001 (top panel) and two quiet days after it, December 28–29, 2001 (middle and bottom

panels).
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average statistical effect, and the conclusions do not apply to
every single substorm. Finally, comparing the substorms over
three-month periods ensures that the observations are
approximately identically distributed, which is one of the
assumptions of the test. The locations of the stations relative to
the Sun change with season, so the substorms that happened long
time apart might follow different statistical distributions. This is
an additional precaution to validate our conclusions.

There are a couple of criteria for the selection of substorm
days. First, we analyzed the features and the magnitude of H
variations from College station. We also used D and Z components
as well as the AE index as a reference. The selection of substorm
events was based on the following considerations. We included
the substorm events such that a substorm was recorded at CMO.
The days that were considered to be quiet were quiet in the global
sense, because we also made sure that AE index did not show any
disturbances. This fact was used in the study of isolated
substorms described above. In the latter, we chose only the days
when a substorm was recorded at CMO and there was quiet
period of 2 days after that (no substorms anywhere according to
the AE index). This procedure prevented the possibility of
misclassifying the substorm days. Using the profile and character
of the H variation as well as D and Z variations at CMO, the AE
index helped exclude non-substorm disturbances, such as
pseudosubstorms, as well as the substorms not seen at CMO. If
there was no substorm recorded at CMO, but AE index showed a
substorm, that day was excluded from the study. The classifica-
tion of substorm was mainly based on the variation of H
components at CMO stations, i.e. strong—more than 700 nT,
medium—400–700 nT, weak—200–400 nT.
There were 101 substorm days from January until August
during 2001, 81 substorm of which did not have any storms
around; 41 substorms were medium strength, 35 medium
strength substorms after removing the ones close to the storms;
43 isolated substorms occurred during 2001. We observed 40
substorm days from January until March, 42—from March until
May, and 42—from June until August. Note that here we use
overlapping three-month periods, therefore the total number of
substorms during those periods of time does not add up to the
total number of substorms that took place from January until
August. As indicated in Section 2, the test gives reasonable results
with sample size starting from N¼ 40. Therefore, the samples
used in our study are sufficient.

In order to perform the test, the minute-by-minute data were
converted into functional objects in R using splines basis with 149
basis functions. The number of basis functions is not crucial, the
only requirement being that the smoothed curves should look
almost identical to the original, while some noise can be
eliminated. For more details on this procedure see Chapter 3 of
Ramsay and Silverman (2005).
3.2. Details of test application and interpretation

We now present some technical details needed to apply the
test and properly interpret its outcomes.

In order to ensure that the test gives reliable results, the
approximate validity of the functional linear model must be
checked. For this purpose, a technique introduced by Chiou and
Müller (2007), which relies on a visual examination of scatter
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plots of scores, can be used. If the model is valid, score plots are
roughly football-shaped. When the dependence is not linear,
these plots exhibit different patterns. The number of plots is pq,
where p and q are as in Section 2. They show the interaction of the
k th PC of the Xn ðk¼ 1; . . . ; pÞ and j th PC of the Yn ðj¼ 1; . . . ; qÞ. To
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illustrate this technique, consider a nonlinear model: YnðtÞ ¼

H2ðXnðtÞÞþenðtÞ, where H2ðxÞ ¼ x2-1 is the Hermite polynomial of
rank 2. For this model, the plot in the top left corner of Fig. 3
exhibits a quadratic trend. For model (2) to be valid all these
plots should be ‘‘pattern-free’’, i.e. football-shaped. Fig. 4 shows
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Table 2
Number of principal components retained by the scree test, and percentage of

total variability explained, during substorm days that occurred from January until

August, 2001.

Stations PC %

CMO 10 82.52

BOU0 5 91.36

BOU1 4 86.40

BOU2 4 91.17

BOU3 4 91.74

HON0 4 96.56

HON1 3 94.91

HON2 4 97.44

HON3 4 97.79

FRD0 4 90.83

FRD1 4 89.55

FRD2 4 92.32

FRD3 4 92.68

SJG0 5 97.08

SJG1 4 94.57

SJG2 3 92.73

SJG3 4 96.42

THY0 5 92.17

THY1 5 89.49

THY2 4 91.57

THY3 4 91.51

HER0 4 95.07

HER1 4 94.31

HER2 4 95.89

HER3 4 95.53

MMB0 4 92.30

MMB1 4 91.01

MMB2 4 94.59

MMB3 4 95.60

KAK0 4 94.33

KAK1 4 93.80

KAK2 4 96.39

KAK3 3 94.66

I. Maslova et al. / Planetary and Space Science 58 (2010) 437–445442
examples of these plots for magnetometer data. We used CMO
medium strength substorm records as X, and THY with no lag—as
Y. These scatter plots indicate linear relationship with some
outliers. Since we do not require Gaussianity, only finite fourth
moment, these outliers need not invalidate our conclusions. In
case of other pairs of functional data, the score plots look similar.
We conclude that a linear model is approximately appropriate for
our application.

We now describe how to choose the most important PCs that
will be used in the test. One of the ways to pick the most
important PCs is to use the scree test, which is a graphical method
first proposed by Cattell (1966). To apply the scree method one
plots the successive eigenvalues against the corresponding PC
(see Fig. 5). The method suggests to find the place where the
smooth decrease of eigenvalues appears to level off to the right of
the plot. To the right of this point one finds only ‘‘factorial scree’’
(‘‘scree’’ is a geological term referring to the debris which collects
on the lower part of a rocky slope). Table 2 provides the number
of most important principal components and corresponding
percentage of total variability explained by them during
substorms that occurred from January until August, 2001. For
other data sets under consideration the general pattern is similar
and it is available upon request. One can also notice from Fig. 6
that each subsequent component picks up variation that declines
in smoothness. For example, the 10th principal components
resemble random noise and explain a small percentage of
variability, that is why they are not included in the analysis.

When testing the no association hypothesis, in most cases
there is a clear rejection or acceptance for all combinations of the
most important principal components. In those cases, we can
either reject ‘‘1’’ or fail to reject ‘‘0’’ the null hypothesis with a
reasonable confidence. In this paper we use the nominal 95%
confidence level. However, there are some cases when it is not
clear what conclusion to draw. We denote such cases ‘‘1?’’—in-
clined toward rejecting the null hypothesis, ‘‘0?’’—inclined
toward failing to reject the null, ‘‘1?0?’’—inconclusive. Fig. 7
gives examples of such cases. We plot rejection regions up to the
number of important principal components. Gray areas mean that
we reject H0, white-fail to reject H0. The conclusion is clear when
all, or almost all, rectangles are of the same color. We can then
conclude that X and Y are dependent (all gray) or not (all white).
Left panel of Fig. 7 gives an example when it is not clear what to
conclude. However, based on our previous experience we are
most likely to reject the null hypothesis. In the case shown in the
middle panel, the conclusion is also not clear, but we lean toward
accepting the independence of X and Y. Finally, the right panel
presents an example where it is unclear what to conclude. All the
methods introduced above led to the results presented in the
following section.
3.3. Testing for substorm impact

We now discuss the results of the application of the test. We
consider high-latitude records from College station (CMO) as X,
and let Y be the observations from all eight mid- and low-latitude
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stations during the same UT time as the CMO data. We also
analyze responses one, two and three days after substorms were
recorded at the CMO station. The notation we use later indicates
the station code and the number of lagged days, e.g. BOU0—lag 0;
BOU1—lag 1; BOU2—lag 2; BOU3—lag 3. Such a setting should
allow us to see if there is a longitudinal association; how long it, if
any, lasts; and what the global influence of a substorm is.

Column A in Table 3 presents the test results for all the
substorms that occurred from January to August. We see that the
association between the substorms observed at CMO is
statistically significant at all mid- and low-latitude stations at
the same UT (e.g. BOU0, HON0). This is true for one-day lag data
as well (e.g. BOU1, HON1), but for the lag of two days the results
are inconclusive. We conclude that this association persists for
about 48 hours, at all longitudes and latitudes. In the column
labeled A* we provide the test results for the set of the substorms
where none of the events occurred close to storms. (Storms were
identified based on the shape and duration of the bay variation
below -100 nT, in some cases we checked if there was a sudden
commencement.) As one can see, the results are similar to the
ones in column A. This means that the observed association is not
attributable to an impact of storms on high-latitude currents. We
also considered isolated substorms, i.e. there were at least two
quiet days after such substorms (see column I in Table 3). As one
can see, there is significant linear dependence between records
observed at high latitude and mid-, low-latitude during substorm
days as well as the next day. This means that the next day
association cannot be attributed to the confounding impact of
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Table 3
Results of the test for all substorm days (A), substorm days excluding days around the day with a storm (A*); medium strength substorms (B), medium strength substorms

excluding storm days (B*) that occurred from January to August, 2001; (I) isolated substorms that occurred from January to December, 2001.

A A* I B B* A A* I B B* A A* I B B* A A* I B B*

Mid-latitude

BOU0 BOU1 BOU2 BOU3

1 1 1 1? 1? 1 1 1 0 1? 1?0? 1?0? 0 0 0 0 1?0? 0 0? 1?0?

FRD0 FRD1 FRD2 FRD3

1 1 1 1? 1?0? 1 1 1 0 0? 0? 0? 0 0 0 0 0? 0 0? 1?0?

THY0 THY1 THY2 THY3

1 1 1 1? 1? 1 1 1 0? 1?0? 1?0? 1?0? 0 0 0 0 0? 0 0? 1?0?

MMB0 MMB1 MMB2 MMB3

1 1 1 0? 1? 1 1 1 0 1?0? 1? 1? 0? 0 0 0? 0 0 0? 1?0?

Low-latitude

HON0 HON1 HON2 HON3

1 1 1 1? 1? 1 1 1 1?0? 1? 1?0? 0? 0 0 0 0? 0? 0 0? 1?0?

SJG0 SJG1 SJG2 SJG3

1 1 1 1? 1? 1 1 1 0 0? 0? 0 0 0 0 0 0 0 0? 1?0?

HER0 HER1 HER2 HER3

1 1 1 0? 1? 1 1 1 0? 0? 1?0? 1?0? 0 0 0? 0 0? 0 0? 1?0?

KAK0 KAK1 KAK2 KAK3

1 1 1 1? 1? 1 1 1 1? 1? 1? 1? 1?0? 0 0 0 0? 0 0? 1?0?

Table 4
Results of the test for substorm days that occurred in 2001 from January to March

ðC1Þ, March to May ðC2Þ, June to August ðC3Þ.

C1 C2 C3 C1 C2 C3 C1 C2 C3 C1 C2 C3

Mid-latitude

BOU0 BOU1 BOU2 BOU3

1 1 1 1 1 1?0? 0 0 0 0 0 0

FRD0 FRD1 FRD2 FRD3

1 1 1 1 1 1?0? 0 0 0 0 0 0

THY0 THY1 THY2 THY3

1 1 1 1 1 1 0 0 0 0 0 0

MMB0 MMB1 MMB2 MMB3

1 1 1 1 1 1?0? 1?0? 0 0? 0? 0 0

Low-latitude

HON0 HON1 HON2 HON3

1 1 1 1 1 1?0? 0? 0 0 0 0 0

SJG0 SJG1 SJG2 SJG3

1 1 1 1 1 1? 0 0 0 0 0 0

HER0 HER1 HER2 HER3

1 1 1 1 1 1 0 0 0 0 0 0

KAK0 KAK1 KAK2 KAK3

1 1 1 1 1 1 1?0? 0 0 0? 0 0
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substorms on consecutive days. Next, we analyze the medium
strength substorms. Table 3, column B, presents the test results.
We can see that the association between medium strength
substorms recorded at high-latitude and lower latitude data is
weaker than in case of all substorms. Here, the dependence
appears significant on the same day, but on the following days it is
not. It fades out faster for further longitudes. We draw the same
conclusion from column B* which includes test results on the
medium strength substorms that were not contaminated by the
storm activity. Table 4 gives the results for the three sets of
substorms in three-month periods. In column C1 the results for
the substorm days from January to March, 2001 are presented.
The conclusions are similar to the ones we got for all substorms
from January until August (see Table 3, column A). The
dependence seems to last for two days, i.e. the day when the
substorm occurred and the following day. We come to the same
conclusion dealing with the other two sets of the substorms, the
ones that occurred in Spring and Summer 2001 (see columns C2
and C3 of Table 4), the second day dependence being weaker in
summer. This agrees with the earlier analysis, as there are fewer
strong substorms in summer months.

We conclude that there is a pattern that suggests that there is a
dependence between high- and mid-, and high- and low-latitude
records with no and one day lag. There is no significant
dependence for data with two- and three-day lags.

The form of the integral kernel cðs; tÞ in (1) is quite complex. It
cannot therefore be hoped that the shape of the Xi will in some
way be reproduced in the shape of the responses Yi. Fig. 8 shows
examples of the surfaces cðs; tÞ estimated using spline expansions,
see Ramsay et al. (2007) for the details.
4. Conclusions

This paper provides a novel analysis of the impact of the
auroral currents on the currents at lower latitudes. Our techni-
que is akin to the ideas of Xu and Kamide (2004). It indicates
that there is significant association between substorms recorded
at a high-latitude station (CMO) and the magnetic records
at mid- and low-latitudes and all longitudes. This dependence
disappears two days after the substorms and is weaker the further
we get from the CMO station. It decreases faster for moderate
substorms, for which only the same day association can be
claimed.

Some discussion of these findings is in order. The ground
magnetic effects of a localized auroral current system in the
ionosphere normally become insignificant for a location at
the Earth’s surface 400–500 km away from the center of the
current system. Therefore the substorm auroral currents in the
ionosphere would not be expected to have significant direct

effects on the measurements of the B field at mid-latitudes
and most certainly not at low (equatorial) latitudes. However,
given that the analysis finds that indeed the most important
principal components of the high- and mid/low-latitude magnetic
field are correlated, it implies that this association is rises
not directly from the auroral electrojects, but the full current
circuit in the M–I system that drives the auroral electrojects
during substorms. Conceptually, this would not be entirely
unexpected. However, what is unexpected is that on the
subsequent day, after a 24 hour lag, the mid- and low-latitude
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field is still correlated with prior day’s substorm activity
defined by high-latitude magnetic fields. The result depends on
the strength of the substorms, i.e. only for strong substorms
the association with low latitude records extends to the second
day. The interpretation of this result is not readily apparent.
That a current system has a 24 hour lagged memory seems at
odds with substorm electrodynamics, or that substorm energy
disposition at high latitudes can actually be propagated to mid
and low-latitude to modify currents in the ionosphere (Sq type or
dynamo type) with a 24 hour lag is also unlikely. These statistical
findings may imply some physical connections between the
substorm electrodynamics and the physical processes in other
regions of the M–I system that we are not aware of at the present
time.

Another possible explanation of these phenomena deals with
the existence of global current system such as DP2. This current
system extends from high to low latitudes and co-exists with the
substorm current system. Therefore, it is possible that the second
day association that we observe is due to the processes occurring
in the substorm associated DP2 current system, which has
prolonged recovery phase.

In order to distinguish between these possible explanations a
further study should be conducted. Current work sets the stage for
follow-on analysis to provide more extensive insight into the
nature of these dependencies.
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