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[1] We describe the detailed derivation of the interhourly variability (/HV) index of
geomagnetic activity. The /H)V index for a given geomagnetic element is mechanically
derived from hourly values or means as the sum of the unsigned differences between
adjacent hours over a 7-hour interval centered on local midnight. The index is derived
separately for stations in both hemispheres within six longitude sectors spanning the Earth
using only local night hours. It is intended as a long-term index and available data
allows derivation of the index back well into the 19th century. On a timescale of a 27-day
Bartels rotation, /HV averages for stations with corrected geomagnetic latitude less than

55° are stron%ly correlated with midlatitude range indices (R? = 0.96 for the am index

since 1959; R

= 0.95 for the aa index since 1980). We find that observed yearly averages

of aa before the year 1957 are ~3 nT too small compared to values calculated from
IHV using the regression constants based on 1980—2004. We interpret this discrepancy as
an indication that the calibration of the aa index is in error before 1957. There is no
systematic discrepancy between observed and similarly calculated ap values back to 1932.
Bartels rotation averages of /H) are also strongly correlated with solar wind

parameters (R*> = 0.79 with BV%). On a timescale of a year combining the /HV index
(giving BV? with R? = 0.93) and the recently developed interdiurnal variability (ZDV)
index (giving interplanetary magnetic field magnitude, B, with R? = 0.74) allows
determination of solar wind speed, V, from 1890 to present. Over the ~120-year series, the
yearly mean solar wind speed varied from a low (inferred) of 303 km/s in 1902 to a high
(observed) value of 545 km/s in 2003. The calculated yearly values of the product BV
using B and V separately derived from IDV and IHV agree quantitatively with (completely
independent) BV values derived from the amplitude of the diurnal variation of the
horizontal component in the polar caps since 1926 (and sporadically further back).

Citation: Svalgaard, L., and E. W. Cliver (2007), Interhourly variability index of geomagnetic activity and its use in deriving the
long-term variation of solar wind speed, J. Geophys. Res., 112, A10111, doi:10.1029/2007JA012437.

1. Introduction

[2] Modern geomagnetic indices aim at becoming proxies
for solar wind parameters and to be useful in studying the
variation with time of the solar wind and, ultimately, the
Sun. While direct and systematic measurements of the solar
wind extend a little more than 40 years, we have a
geomagnetic record more than four times that long. In this
paper, we develop a new geomagnetic index, the interhourly
variability or /HV index, that enables us to bring this
extended record to bear on the question of the long-term
variation of the solar wind, a topic of increasing interest
with impact on a range of solar-heliospheric physics includ-
ing the solar dynamo, climate change, and cosmic ray
modulation [e.g., Fisk and Schwadron, 2001; Cliver et al.,
1998b; Caballero-Lopez et al., 2004].
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1.1. Geomagnetic Indices Bear Witness to Solar
Conditions

[3] It was realized long ago [e.g., Bartels, 1940] that solar
electromagnetic radiation (primarily far ultraviolet, FUV)
and solar “corpuscular” radiation (what we today call the
“solar wind”) give rise to conditions promoting different
classes of fluctuations of the geomagnetic field. FUV
radiation creates and maintains the lower ionospheric layers.
Solar tidal motions of the ionosphere and thermally driven
ionospheric winds produce a quasi-regular daily Sg varia-
tion by dynamo action. The irregular geomagnetic varia-
tions are described or measured by geomagnetic indices that
codify and compress the extraordinary complexity of the
variations of the geomagnetic field. Modern geomagnetic
indices attempt to remove the Sy variation in order to isolate
the irregular part ascribed to activity induced by the solar
wind [Mayaud, 1980]. If this is possible, the index becomes
a proxy for solar properties and can be used to study
variation with time of the solar wind and the Sun.
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Figure 1.

Variation of the geomagnetic elements at Fredericksburg, 11-15 May 1999 (UT). The

“effective” noon is marked with a green line on 15 May. The red boxes indicate the 6 hours around
midnight where the regular variation is absent or minimal. These intervals are used to define the /HV
index. A good example of a day with very little activity is 11 May. It is, in fact, the famous day where
“the solar wind disappeared” [e.g., Jordanova et al., 2001]. The solar wind momentum flux was only 1%
of its usual value and the magnetosphere diameter was five times larger than normal. The interplanetary
magnetic field was not affected and had its usual properties. The variability of Sy is clearly seen by

comparing 11 May and 15 May.

1.2. IHV: A Mechanically Derived Long-Term
Geomagnetic Index

[4] Derivation of a geomagnetic range index [Bartels et
al., 1939; Mayaud, 1967] involves both the ability of the
observer to correctly identify the variations not caused by
the solar wind and the availability of appropriately inter-
calibrated conversion tables. Well-trained observers can
obtain a remarkable consistency in scaling K indices.
However, observers, stations, and instruments change over
time, new conversion tables have to be drawn up and
intercalibrated with the previous tables, and the station
network thins when we go back in time. The entire process
cannot casily or mechanically be duplicated and the
quality and stability of calibration of the index values
are difficult and labor-intensive to gauge. In the present
paper we shall show that the long time series of hourly
values of the magnetic components from observatories
(some extending back into the 1830s) provide a basis for
constructing a new index, the interhourly variability (/HV)
index, measuring solar wind related activity, without
visual inspection of the original magnetograms (many of
which may no longer exist or, for eye readings, may
never have existed), using a mechanical and readily
duplicated derivation process.

1.3. Fundamental Difference Between IHV and Other
Indices

[5] In deriving the /HV index, we follow the suggestion
by Mayaud [1980] to exclude daytime hours in order to

eliminate the influence of the regular variation. Because we
are constructing an index for long-term trends, we can
largely bypass the problem caused by the solar FUV
influence by only using data from the night hours. During
the 7 hours around local midnight, the influence of the Sy
variation is small and geomagnetic activity is relatively
largest. By only using a quarter of each local day, we get
an index that for a given station is a statistical sample of the
global activity. The sample is biased by any UT variations
of activity, but this can be corrected for in a straightforward
manner as described below. By combining many stations
distributed in longitude in both hemispheres, we aim to
construct an index that on a 27-day rotation basis reprodu-
ces the am index [Mayaud, 1967], basically covering the
entire geomagnetic record since regular observations began.
This procedure is validated a posteriori by the very close
correlation between our new index and the high-quality am
index. While the am index is only available since 1959, we
obtain /HV in the present study back to 1883. Records exist,
not yet in digitized electronic format and therefore not yet
incorporated into the index, that should make it possible to
extend the /HV continuously back to the 1830s.

1.4. Use of IHV to Derive the Solar Wind Speed

[6] A close relationship between solar wind parameters
and the am index has been demonstrated by many workers.
It is well-established [e.g., Svalgaard, 1977; Feynman and
Crooker, 1978; Murayama and Hakamada, 1975;
Lundstedt, 1984] that geomagnetic range indices (such as

2 of 32



A10111

Monthly means of IHV FRD and Am2

Index value (nT)

101 0.7475"IHV

Am2

T T T T T T
1970 1971 1972 1973 1974 1975 1976 1977
Year

”

Figure 2. Comparison of monthly means of the “raw
IHV index (blue) calculated for the H component at
Fredericksburg and the 4m2 index (red) for the interval
1970—1976. The year labels on the abscissa mark the
beginning of each year. The thin pink curve shows /HV scaled
down by 0.7475 for direct comparison with Am2. Note that
Am?2 is the average am index for two 3-hour intervals.

am) are robustly correlated with the product BV?, where B is
the magnitude of the interplanetary magnetic field imping-
ing on the Earth with solar wind speed V. We can therefore
determine the product BV? from geomagnetic indices,
including /HV. To make further progress, we must separate
the influence of the two parameters B and V. That, then, is
the basic problem to be solved, as was realized by Feynman
and Crooker [1978]. Lockwood et al. [1999] attempted to
determine V' from an ad hoc formula involving the aa index
and the Sargent recurrence index [Sargent, 1986]. Although
this approach worked well for the initial dataset employed,
it failed when new data became available [Svalgaard and
Cliver, 2006]. In the present study, we will use B derived
directly from our interdiurnal variability index (/DV)
[Svalgaard and Cliver, 2005] to obtain ¥ from BV? (IHV).
We also use the product BV derived from polar cap diurnal
variations [Le Sager and Svalgaard, 2004] as a divisor for
BV? to obtain an independent V series with which to check
that obtained by our primary method.

1.5. Why Not Use the Long-Term aa Index?

[7]1 Mayaud [1972, 1973, 1980] established the aa index
as the standard measure of long-term geomagnetic variabil-
ity. This index, based on observations from two nearly
antipodal midlatitude stations, one each in Australia and
England, extends from 1868 to present. The aa index,
which has an extension to 1844 [Nevanlinna, 2004], has
been used in a variety of studies of long-term solar and
solar-terrestrial variability, in particular, first by Svalgaard
[1977] and then perhaps most notably by Lockwood et al.
[1999] to infer a more than doubling of the solar coronal
magnetic field during the 20th century, claims that we
cannot substantiate. These studies and numerous others
[e.g., Feynman and Crooker, 1978; Cliver et al., 1998a]
assume a correct calibration of aa over time. Because of the
growing use of the aa index for our understanding of long-
term solar behavior, it is important to verify the long-term
stability of its calibration. The /HV index is based on many
more stations than the aa index and permits comparisons
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between several stations over extended periods of time
rather than just between the single pair of stations over
only 2 years that Mayaud used to calibrate aa after station
changes. We confirm in the present paper several recent
independent findings (Jarvis [2005], Mursula and Martini
[2006], and M. Lockwood et al., The long-term drift in
geomagnetic activity: calibration of the aa index using data
from a variety of magnetometer stations, submitted to
Annales Geophysicae, 2007, hereinafter referred to as Lock-
wood et al., submitted manuscript, 2007) following the
preliminary work by Svalgaard et al. [2003, 2004]) that
the aa index does not have stable calibration, is in need of
revision, and is therefore, in its present version, not suitable
for deriving quantitative information about long-term
changes in the solar wind or the Sun.

1.6. Roadmap

[8] After providing a detailed derivation of the /HV index
in sections 2—4 (with corresponding technical aspects dis-
cussed in Appendices A and B), we compare the /HV with
the midlatitude range indices, am, ap, and aa, in section 5.
In section 6 we use the /HV index to derive solar wind speed
from 1890 to present. We then substantiate this result by
comparison with inferred solar wind parameters based on
the polar cap potential back to 1926 and sporadically to
earlier times.

2. Definition of the JHV Index
2.1. Historical Background

[9] The IHV index springs from the same source as the
classical u-measure [Bartels, 1932], building on concepts by
Broun [1861] and Moos [1910] who defined the interdiurnal
variability U of the horizontal component at a given station
as the difference between the mean values for that day
and for the preceding day taken without regard to sign. The
¢ index defined by Chernosky [1960] was a generalization
of this interinterval variability index, where é could be taken
as any value, not just 1 day or 1 hour. Both the u measure
and the ¢ index suffer from contamination from Sk.
Chernosky [1983] attempted to eliminate Si by computing
the unsigned difference between corresponding 3-hourly
means on successive days but was only partly successful
because Sy itself varies from day to day. Our solution is more
radical as our aim is somewhat lower. We do not attempt to
construct an index value for every hour or 3 hours or even a
day but are content with a statistical sample based on the 1/4
of the data when Sy is not present. Such a sample can be
expected to provide a reliable estimate of the average level of
activity for intervals of weeks or longer and will be almost
free from contamination by Sk.

2.2. Interhour Variability

[10] The IHV index is defined as the sum of the differ-
ences, without regard to the sign, of hourly means (or
values) for a geomagnetic component from one hour to
the next over the 7-hour interval around local midnight
where the Sk variation is absent:

h=h1+5
IHVH(nT) = X abs (Hj, — Hyp1) 1)
h=h1
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Table 1. Geomagnetic Observatories Used in the Present Study®

TAGA Name GG Long GG Lat Midnight Skip CGM Lat From To From To

VLI Val Joyeux 2.0 48.8 239 21 44.9 1900 1936 1923 1936
CLF Chambon-la-Foret 2.3 48.1 23.8 21 44.0 1935 2005 1936 2005
DBN De Bilt, Nederland 52 52.1 23.7 20 48.5 1903 1938 1903 1938
WIT Wittingen 6.8 52.8 235 20 49.2 1938 1984 1938 1984
WLH Wilhelmshafen 8.2 53.5 235 20 50.8 1883 1911 1883 1895
WNG Wingst 9.1 53.7 23.4 20 50.1 1939 2006 1943 2003
FUR Furstenfeldbruck 11.3 48.2 23.2 20 435 1939 2006 1940 2004
BFE Brorfelde 11.7 55.4 232 20 51.8 1981 2006 1981 2004
RSV Rude Skov 12.5 55.5 232 20 51.9 1907 1981 1927 1981
NGK Niemegk 12.7 52.1 23.2 20 48.0 1932 2006 1932 2004
SED Seddin 13.0 523 23.1 20 48.2 1908 1931 1908 1931
POT Potsdam 13.1 52.4 23.1 20 48.3 1890 1907 1890 1907
TSU Tsumeb 17.6 —19.2 22.8 20 —29.4 1964 2006 1964 2004
CTO Cape Town 18.5 —34.0 22.8 20 —41.5 1932 1940 1932 1940
BNG Bangui 18.6 4.4 22.8 20 —8.3 1952 2006 1955 2003
HER Hermanus 19.2 —34.4 22.7 20 —41.8 1941 2006 1941 2004
HBK Hartebeesthoek 27.7 -25.9 222 19 —27.1 1973 2006 1973 2004
AAE Addis Ababa 38.8 9.0 21.4 18 —0.2 1958 2006 1958 2004
TFS Thilisi 44.7 42.1 21.0 18 36.8 1938 2006 1957 2001
CZT Crozet 51.9 —46.4 20.5 18 —53.2 1974 2004 1974 2004
ARS Arti 58.6 56.4 20.1 17 51.7 1973 2006 1973 2002
SVD Sverdlovsk 61.1 56.7 19.9 17 51.9 1929 1980 1930 1980
TKT Tashkent 69.6 41.3 19.4 17 36.0 1883 1991 1957 1991
PAF Port aux Francais 70.3 —49.4 19.3 17 —58.5 1957 2006 1957 2004
ABG Alibag 72.9 18.6 19.1 16 11.3 1904 2006 1925 2004
AAA Alma-Ata 76.9 433 18.9 16 37.9 1963 2002 1963 2002
TRD Trivandrum 77.0 8.5 18.9 16 0.0 1854 2006 1957 1999
AMS Martin de Vivies 77.6 —37.8 18.8 16 —46.5 1981 2006 1981 2004
NVS Novosibirsk 82.9 55.0 18.5 15 49.9 1967 2006 1967 2005
ANN Annamalainagar 79.7 11.4 18.7 16 3.0 1957 1999 1964 1999
LRM Learmonth 114.1 —22.2 16.4 13 —33.4 1988 2006 1990 2004
WAT Watheroo 115.9 -30.3 16.3 13 —42.7 1919 1959 1919 1958
GNA Gnangara 116.0 -31.8 16.3 13 —44.4 1957 2006 1957 2002
SSH She-Shan 121.2 31.1 15.9 13 24.0 1932 2006 1932 2002
KNY Kanoya 130.9 31.4 15.3 13 24.1 1958 2006 1958 2006
ASP Alice Springs 133.9 —23.8 15.1 13 —34.2 1992 2006 1992 2004
TOK Tokyo 139.7 35.8 14.7 12 26.7 1897 1912 1897 1912
KAK Kakioka 140.2 36.2 14.7 12 28.7 1913 2006 1913 2006
MMB Memambetsu 144.2 43.9 14.4 12 36.5 1950 2006 1957 2006
GUA Guam 144.9 13.6 14.3 11 5.4 1957 2006 1957 2004
TOO Toolangi 145.5 -37.5 14.3 11 —48.6 1919 1979 1924 1979
CNB Canberra 149.4 —353 14.0 11 —45.7 1979 2006 1979 2004
EYR Eyrewell 172.4 —43.4 12.5 10 —50.2 1978 2006 1978 2004
AML Amberley 172.7 —43.2 12.5 10 —49.9 1929 1977 1957 1977
MID Midway 182.6 28.2 11.8 9 24.7 2000 2002 2000 2002
API Apia 188.2 —13.8 11.5 8 —16.0 1905 2006 1922 2004
HON Honolulu 201.9 21.3 10.5 8 21.7 1902 2006 1902 2004
PPT Pamatai 210.4 —17.6 10.0 7 —16.3 1968 2006 1968 2004
VIC Victoria 236.6 48.5 8.2 5 54.2 1956 2006 1957 2004
FRN Fresno 240.3 37.1 8.0 5 43.6 1982 2006 1983 2004
TUC Tucson 249.2 322 7.4 4 39.9 1909 2006 1909 2002
BOU Boulder 254.8 40.1 7.0 4 48.5 1964 2006 1967 2004
FRD Fredericksburg 282.6 38.2 52 1 50.3 1956 2006 1956 2004
CLH Cheltenham 283.2 38.7 5.1 1 50.8 1901 1956 1901 1956
HUA Huancao 284.7 —12.0 5.0 2 1.2 1922 2006 1922 2004
SIG San Juan, PR 293.8 18.1 44 1 30.0 1926 2006 1926 2004
LQA La Quiaca 294.4 —22.1 44 1 —9.8 1920 1983 1968 1981
VQs Vieques 294.5 18.3 4.4 1 30.1 1903 1924 1903 1924
TRW Trelew 294.7 —43.3 4.4 1 -32.9 1957 2006 1957 2004
AIA Argentine Islands 295.7 —65.3 43 1 —50.3 1957 2006 1957 2004
PIL Pilar 296.1 -31.7 43 1 —17.6 1905 2006 1941 1985
LIV Livingstone Isl. 299.6 —62.7 4.0 1 —48.0 1997 2006 1997 2005
ARC Arctowski 301.5 —62.2 3.9 1 —47.6 1978 1995 1978 1995
PST Port Stanley 302.1 —51.7 3.9 0 —38.1 1994 2006 1994 2004
VSS Vassouras 3163 —22.4 2.9 23 —14.7 1915 2006 1915 2004
SGE South Georgia 324.0 —54.5 2.4 22 —44.4 1975 1982 1975 1982
HAD Hartland 3555 51.0 0.3 21 48.2 1957 2006 1957 2004
ABN Abinger 359.6 51.2 0.0 21 48.0 1925 1958 1926 1956
ESK Eskdalemuir 356.2 55.3 0.3 21 53.1 1908 2006 1911 2004
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Table 1. (continued)

TAGA Name GG Long GG Lat Midnight Skip CGM Lat From To From To
LER Lerwick 358.8 60.1 0.1 21 58.1 1923 2006 1926 2004
SOD Sodankyléd 26.6 67.4 22.2 19 63.6 1914 2006 1914 2004

“Listed are geographic longitude and latitude, UT time of local geographic midnight, the number of hours to skip to reach the 6-hour interval used to
calculate JHV (see section 3.1), corrected geomagnetic latitude (for the middle of the operating interval), the operating years interval, and the interval for

which digital data were available at the time of writing.

where /1 is the starting UT hour (0 to 23) of the interval.
The hour 4 should be counted modulo 24 to wrap around to
the following day, if needed. H), is the hourly mean value
for the Ath hour. If any of the hours in the interval does not
have data, the /HV value is not calculated for that day. The
IHV index can be defined for any geomagnetic component
(H, D, Z, X, Y, I, F) which may be denoted in an appropriate
way, e.g., IHV? for IHV derived from the H component,
which is what we concentrate on in the present paper. We
refer to Jonkers et al. [2003] for definition of geomagnetic
components, their relationships, and historical details of
their measurement. Components that are expressed as angles
must be converted to force units (e.g., D (nT) =H (nT) - D
(tenth of arc minutes)/34377). The [HV index must be
calculated from data values given or properly rounded
[Ellis, 1900] to the nearest 1 nT. The /HV index for a given
station is computed as one value for the UT day that
contains roughly local midnight (see section 3.1) but is not a
daily index, as we only sample part of the day. An average
over an interval of many day values (e.g., over a month or a
27-day Bartels rotation) is expected to approximate the
average activity over the interval because geomagnetic
activity has a high degree of conservation [Chapman and
Bartels, 1940, p. 585].

2.3. Demonstration of /HV Determination for a
Single Station

[11] The geomagnetic observatory at Fredericksburg, Vir-
ginia (FRD) has been in operation since 1956 (with a brief
data availability gap 1981-1983). This observatory is
located close to the ideal geomagnetic latitude of 50° for
discerning the class of activity used in derivation of the am

Correlation BV, 2 - KAK IHV(H) 1965-2006
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Figure 3. Correlation between yearly averages of IHV
calculated for KAK for the interval 1965—-2006 and the
quantity BV (see section 6.2) as a function of the number of
hours from 0000 UT to skip before calculating /HV. Blue
curve is for the H-component, green for the Z-component,
and pink for the D-component. The triangle shows the
correlation for the number of “skip hours” adopted for this
station (12 in this case).

index (and is, in fact, one of the stations contributing to the
am index, and to the ap index, as well).

[12] Figure 1 shows the variation of the three components
(H, D, and Z) for several days in May 1999. The Si
variation is clearly seen, including its day-to-day variability.
An “effective” noon can be defined as the time where the H
component has its maximum excursion. This is also the time
when the excursion in the D component changes sign. An

Raw IHV Variation by Month
24 == e — — -
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Figure 4. Variation of the S function (bottom) and of
“raw” [HV (top) with month of year and universal time
calculated for all the stations in Table 1 for all data available
for each station. The /HV values for a given station were
assigned to the universal time of local midnight. All values
were divided by the average values for each station. The
color coding over the ~40% variation is chosen such that
purple to red represents low to high values.
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Figure 5. Variation of /HV with corrected geomagnetic
latitude. Average /HV over the interval 1996—2003 for each
station with data in that interval are plotted. A few
“outliers” (SIL, KRC, QSB, GLM, and KSH) are shown
with small circles. Local induction effects may be
responsible for these stations having about 25% higher
IHV. The red curve shows a model fit to the larger circles as
described in the text.

effective midnight is then 12 hours away. It is evident for
this station, that 0000—0600 UT is a suitable interval for
calculation of the /HV value as the Sy variation is minimal
during this time. We have preliminarily chosen this interval
(although in the end we use an interval starting 1 hour later
for FRD; see section 3.1) because it just contains the first
two 3-hour intervals of the UT day. We can thus readily
compare our /HV values with the corresponding am values.
We can compute the average am value over the 6-hour
interval for the day for direct comparison with the IHV
value for the day. We denote this average value by 4m2 to
distinguish it from the daily average (not to be confused
with the average over 2 days).

[13] Figure 2 shows how well our new index compares to
the Am2 index on a timescale of a month over the (arbitrary)
interval 1970—1976. The IHV index has a high correlation
with the Am2 index (coefficient of determination R* = 0.88).
This close agreement between the two indices even on a
timescale as short as a month is the primary argument for
the validity of our approach. For a timescale of 1 day, R? is
still as high as 0.74. The finding that a single station for a
limited local time range suffices to fairly characterize global
geomagnetic activity during that time is well known and is
also the underlying rationale behind the aa index.

3. Selection of Stations, Local Time Interval,
Data, and Sectors

[14] Table 1 shows coordinates and dates of availability
for the stations selected for this study. We have shown that a
useful index can be derived from even a single station
regardless of its location, as long as it is well equatorward
of the auroral zones (section 3.3). The stations shown in
Table 1 have been selected based on the availability of
electronically readable hourly data from the World Data
Centers for Geomagnetism, the INTERMAGNET program,
and other sources. More data exist (in yearbooks and
observatory reports) but are typically not yet available in
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electronic form. In this section we detail the criteria for
choosing the local time interval, latitude regions appropriate
for /HV, and longitudinal sectors, as well as the method used
to compensate for the UT variation of geomagnetic activity
(undesirable in an index aimed at being a proxy for solar
conditions).

3.1. Selection of Interval During the Night

[15] Because the regular diurnal variation is controlled
mainly by the Sun’s zenith angle, we use the 6-hour interval
centered on ordinary geographical midnight, rather than
using geomagnetic midnight. The difference is only impor-
tant at high latitudes where, as we shall see, /HV, like the
K index, should not be used anyway in the meaning of a
subauroral zone index. The data available to us are
described in the WDC format as “hourly means centered
on the universal time half-hours.” In reality, the 24 values
per day may refer to hourly means centered on the half-hour,
or on the whole-hour, or to instantaneous values measured
on the whole-hour, or the half-hour. Moreover, “hour” may
refer to UT, local standard time, true local time, ““Astronom-
ical” time, or even Gottingen time. These variations (at times
unknown and inferable only from the data themselves by
determining the time of “effective” noon from the diurnal
variation by visual inspection) make it difficult to devise a
hard rule for assigning the time of the interval to use. The
solution we have chosen is to manually assign a number of
“hourly” data values to skip at the start of a time series for a
given station (purportedly starting as an hourly mean cen-
tered on 0030 UT and labeled as hour 00) to align the series
with ““the 6-hour interval around local geographic midnight™
determined by visual inspection of the data. This number is
usually within 1 hour of the time, 4, calculated from 4 =
(rounded (24 — longitude/15) — 3) modulo 24, and is given
in Table 1 as well. The values of /HV are not very sensitive to
small variations of the exact starting time of the interval as
can be seen from Figure 3. Using a result from section 6.2,
namely that JHV is strongly correlated with the quantity BV>
calculated from observed values of the IMF magnitude, B,
and the solar wind speed, ¥, we show the coefficient of
determination, R?, as a function of the number of hours to
skip for the Kakioka observatory (KAK) to obtain optimum
correlation. Note the very broad maximum showing the
insensitivity of the precise number of hours to skip, as long
as the value chosen is within the broad range of high
correlation.

[16] After skipping to the beginning of the 6-hour inter-
val, the following 7 hours are then used to calculate six
unsigned successive differences between the hourly data;
we referred to this as the “6-hour” interval. Their sum is the
“raw” [HV value for the UT day containing the forth hourly

Table 2. Model Coefficients for Equation (3): Amplitude ay,
Exponent by, and Latitude ¢, in Degrees

k ag by o
1 0.218 10 0

2 0.728 0.04 23.5
3 9.700 435 68
4 0.408 6 90
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Bartels Rotation mean IHV 1982-2004
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Figure 6. Bartels rotation means of /HV for BFE versus
NGK for 1982-2004. The scale factor is derived as the
slope of the regression line constrained to go through the
origin. A single outlier marked with a large circle is not
included in the fit.

data point. If any of the seven data values are designated as
“missing,” I[HV is considered missing for that day. Finally,
we skip over the 24 — 7 = 17 following hourly data points,
positioning to the next 6-hour interval and repeat the
procedure until the end of the data set. We assume that
intermittent missing data are marked by a special value
rather than by the absence of data entries.

3.2. Removing Universal Time Variation

[17] Svalgaard [1977], Svalgaard et al. [2002] and refer-
ences therein, and O’Brien and McPherron [2002] show
that the equinoctial mechanism component of the semian-
nual variation of geomagnetic activity (e.g., as expressed by
the am index) can be closely described as a modulation of
existing activity by a function of the form

(14 3cos> W) = s(W) )

where W is the angle between the solar wind flow direction
and the Earth’s magnetic dipole axis. The function S(V)
varies both with the day of the year and with universal time
(UT), and also very slowly due to secular variation of the
geomagnetic field and (slower yet) the Earth’s orbital
elements; the total secular variation of S since 1800 does not
exceed 1% and thus is not yet measurable. Figure 4 shows
the variation of the S function (bottom) and of the “raw”
IHV (top) with month of year and universal time calculated
for all the stations in Table 1, for all data available for each
station. The /HV values for a given station were assigned to
the universal time of local midnight for that station. All
values were divided by the average values for each station
to make them comparable. The diminution of activity at the
solstices when the geomagnetic pole on the sunward side
comes closest to the subsolar point is clearly seen. Indeed,
the variations of S and of [HV are quantitatively very
similar, suggesting that we may remove the equinoctial
mechanism part of the UT variation of /HV by the simple
expedient of dividing by S for the average UT time for each
single value of the differences defining /HV for each station
and for each day. Removing this UT variation minimizes the
ill effect of (the inevitable) uneven station distribution. In
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the polar caps the UT variation is small and is swamped by
the large seasonal variation caused by the variation of
ionospheric conductivity, being much higher during local
summer. As we shall see, the /H}V index should not be used
for stations within the polar cap, so removal of the UT
variation for such stations is moot.

[18] Several workers [e.g., Svalgaard et al., 2002; Cliver
et al., 2000; Crooker and Siscoe, 1986] have suggested that
typically some 25% of the semiannual variation is caused by
other mechanisms than the equinoctial effect, possibly
related to external causes (variations of solar wind proper-
ties with heliographic latitude (axial mechanisms) or to the
angle between the magnetic axes of the Sun and the Earth
(Russell-McPherron effect)). On rare occasions (e.g., during
1954), these effects can be large or even dominant [Cliver et
al., 2004]. We leave those external variations in the index.

3.3. Latitudinal Variation of the /H}V Index

[19] To get maximal spatial coverage, we computed /HV"!
freed from the W-related variation as described in section 3.2
for all 128 stations which had submitted data to the WDCs
for the interval 1996—2003, covering most of a solar cycle.
Since there were missing data at some stations at different
times, the following procedure was used to make the data
comparable. The stations were divided into six longitudinal
sectors centered on (east) longitudes 15°, 75°, 130°, 200°,
240°, and 290°. (IHV) was computed for the H component
for each station as a mean over 27-day Bartels rotations for
which 20 or more days had data. Within each longitude
sector a reference station was chosen that had good data
coverage. The Bartels rotation averages for all stations
within a sector were then normalized to the reference station
(by dividing by (IHV) for the reference station). The overall
averages (IHV) covering the full 8-year interval for the
reference stations were then themselves normalized to the
overall (/HV) for NGK, and each station finally normalized
to that same standard by multiplying by the normalized
reference averages. The meaningful application of such a
procedure relies on the assumption that /HV values at
different stations are related through a simple constant of
proportionality. This assumption is found to hold to a degree
of accuracy, arguably good enough for the purpose of
establishing the variation of /HV with latitude.

Table 3. Scaling Factors for Each Longitude Sector Relative to
Sector 15°N?*

From [HVI15N R? Time
[HV15N 1.0000 1.00 18902006
IHV15S 1.0022 0.84 1932-2004
IHV75N 1.2335 0.77 1925-2004
IHV75S 1.2926 0.77 1957-2004
IHV130N 1.4563 0.63 1913-2006
IHV130S 1.3446 0.60 1919-2004
IHV200N 1.5445 0.59 1902-2004
IHV200S 1.5146 0.43 1922-2004
[HV240N 1.1188 0.60 1910-2004
[HV240S 1.3333 N/A 19641964
IHV290N 1.1969 0.73 1903-2004
IHV290S 1.2202 0.60 1915-2005

#R2 is the coefficient of determination for the correlation between each
sector and IHV15N for the time interval given.
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