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Abstract. We have reconstructed a new, homogeneous geo-
magneticDst index for 1932–2002, thus extending the orig-
inal Dst index by 25 years, i.e. by more than one full so-
lar magnetic cycle. The extension was done by using data
from the original set of four low-latitude stations for 1941–
1956, and by using the nearby CTO station as a predecessor
of the HER station for 1932–1940. Despite some open ques-
tions related to the composition of the originalDst index, the
reconstructed index is quite similar to the original one dur-
ing the overlapping time interval (1957–2002). However, the
reconstructedDst index corrects for some known errors in
the originalDst index, such as the erroneously large daily
UT variation in 1971. Also, despite the overall agreement,
the reconstructed index deviates from the original index even
on the level of annual averages for several years. For in-
stance, all annual averages of the reconstructed index are
negative, and for 1962–1966 they are systematically lower
(more stormy) than those of the original index. Accordingly,
we disagree with the uniquely positive annual average of the
original index in 1965, which most likely is erroneous. We
also find somewhat higher (less stormy) values than in the
original Dst index for the three lowest annual averages in
1960, 1989 and 1991, out of which the lowest annual aver-
age is found in 1989 rather than in 1991. The annual averages
of the geomagneticAp index and the reconstructedDst in-
dex correlate very well over this time interval, except in the
beginning of the series in 1932–1940 and in the declining
phase of solar cycles 18, 20 and 21, where high speed solar
wind streams cause enhanced geomagnetic activity. Using
the superposed epoch method we also find that, on average,
the storms in the early extended period (1932–1956) are less
intense but tend to have a longer recovery phase, suggest-
ing that there are more HILDCAA-type medium activity in-
tervals during the early period than more recently. We also
study the annually averaged storm structure over the 71-year
time interval and find that the most stormy years occur dur-
ing the declining phase of solar cycles 17 and 21 and around
the solar maxima of cycles 19 and 22.
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1 Introduction

The Dst index is traditionally calculated from the observa-
tions at the four low-latitude magnetic field stations of Her-
manus (HER), Honolulu (HON), Kakioka (KAK) and San
Juan (SJG). (For the coordinates and data coverages of the
magnetic stations used here, see Table1). Although the mag-
netic observations already started earlier at these stations the
Dst index has been calculated only since the International
Geophysical Year in 1957.

At low latitudes the horizontalH component of magnetic
perturbation is mostly affected by the intensity of the equa-
torial ring current. Accordingly, theDst index is calcu-
lated from the (normalized) values of this component. Ma-
jor disturbances in theDst index during geomagnetic storms
are negative due to an increasing number of energetic parti-
cles carrying the ring current. Large amounts of energy are
fed into the inner magnetosphere, for example, in the form
of energetic particles, during long periods of southward di-
rected interplanetary magnetic field (IMF). Once the IMF
turns northward the ring current begins to decrease and the
Dst index soon begins a slow rise back to its quiet time level.
Positive variations in theDst index are mostly caused by
magnetospheric compressions due to interplanetary shocks
often occurring in the initial phase of magnetic storms. In
this phase, an abrupt increase in solar wind dynamic pres-
sure is often measured on the Earth’s surface as a sudden
increase in magnetic intensity called the sudden storm com-
mencement (SSC).

Note that rather than a homogeneous ring, the ring cur-
rent is quite asymmetric and often consists of a number of
longitudinally limited sections (Lui et al., 1987). Also, it
has been known already for quite a long time that other cur-
rent systems contribute to the magnetic variations even at low
latitudes and thereby also to theDst index. This is simply
demonstrated by a recent result (Campbell, 2004) that the
storm time disturbance at one longitude usually decreases
rather than increases with latitude. In particular, the day-
side magnetopause current, which depends on solar wind
pressure, causes a contribution that is often subtracted from
theDst index when estimating the intensity of the ring cur-
rent (see, e.g.Burton et al., 1975; O’Brien and McPherron,
2000). Also, contributions to theDst index by the tail cur-
rent and the field-aligned currents (Burton et al., 1975; Alex-
eev et al., 1996; Campbell, 1996; Turner et al., 2000) and
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Table 1. Geographical and geomagnetic coordinates, according to
IGRF 2000 model (IGRF, 2000) and data coverages of theDst mag-
netic stations.

Station, Geographic Geomagnetic Data
IAGA Code Lat. Long. Lat. Long. Availability

Cape Town, CTO −34.57◦ 18.28◦
−33.89◦ 82.73◦ 1932–1940

Hermanus, HER −34.42◦ 19.23◦
−33.91◦ 83.69◦ 1941–2002

Honolulu, HON 21.32◦ 202.00◦ 21.60◦ 269.45◦ 1902–2002
Kakioka, KAK 36.23◦ 140.18◦ 27.17◦ 208.50◦ 1913–2002
San Juan, SJG 18.12◦ 293.15◦ 28.53◦ 5.87◦ 1926–2002

currents induced in the ground (Häkkinen et al., 2002) have
been identified. Note also that the zero level of theDst index
is not the physical zero level of the intensity of the ring cur-
rent (Mayaud, 1978). Therefore, although the ring current is
among the dominant contributions to theDst index, the exact
dependence between theDst index and the various magneto-
spheric current systems is quite complicated and will not be
studied in this paper. However, this complicated interpreta-
tion does not decrease the value of theDst index as an im-
portant measure of the global state of the magnetosphere and,
in particular, of the development of magnetic storms. More-
over, the role of theDst index as a long-term (solar cycle and
inter-decennial) monitor of the magnetosphere is receiving
increasing interest.

In this paper we will reconstruct theDst index following
the original formula (see, e.g.Sugiura, 1964, 1969; Sugiura
and Kamei, 1991; WDC-C2, 2004) as closely as possible
(see alsoHäkkinen et al., 2003). Using the reconstructed
Dst index we find and correct some obvious errors and sus-
pectable features in the originalDst index. Moreover, using
the early data of the originalDst stations, supplemented by
the near-by Cape Town station, we will extend theDst index
by 25 years, i.e. by more than one full solar magnetic cycle,
to start already in 1932. Thereby, a fully reproducible and
more homogeneousDst index is obtained for a considerably
longer time interval than presently available. This prolonged
Dst index will, for example, contribute to studies related to
the suggested centennial increase in solar magnetic activity
(Clilverd et al., 1998; Lockwood et al., 1999).

This paper is organized as follows. The next section
discusses the availability of related magnetic observations,
changes in the magnetic baseline, outliers and data gaps.
Section3 reviews the procedure of calculating theDst in-
dex. In Sect.4 we compare the original and the newly-
reconstructedDst indices in 1957–2002 and note some prob-
lems in the originalDst index. In Sect.5 we present and
discuss the results obtained by extending theDst index with
the early part (1932–1956). There we first study the statisti-
cal properties of theDst index in the early part and compare
them with those in the later part. Then we discuss the prop-
erties of the new, longerDst index and compare them with
those of the long-term magnetic activity indexAp. Also, we
make a superposed epoch analysis of magnetic storms. Sec-
tion 6 presents our final conclusions.

2 Data quality and availability

As seen in Table1 all four originalDst index stations (HER,
HON, KAK, SJG) started operating already long before the
international geophysical year (IGY) 1957 when the calcu-
lation of the originalDst index began (Sugiura and Kamei,
1991; WDC-C2, 2004). Accordingly, we have reconstructed
the newDst index using data from these four stations since
the start of the HER station in 1941 until the end of 2002.
Moreover, since HER was preceded by the nearby Cape
Town (CTO) station we have calculated the newDst index
from 1932 onwards, using the observations at CTO for 1932–
1940 as a substitute for HER. (The exact starting time is
3 August 1932, at 00:00 UT). Taken into account the close
proximity of HER and CTO the reconstructedDst series will
be quite homogeneous over the whole 71-year time interval.
Also, the effects related to the imperfect hemispherical and
longitudinal coverage of theDst stations (like the UT vari-
ation, seeTakalo and Mursula, 2001a,b) will remain closely
similar. Unfortunately, no intercalibration between HER and
CTO could be made because no simultaneous observations
were available.

2.1 Baseline steps

As to data quality, we would like to note that there are some
shifts in the baseline level of theH component at HON and
SJG. These shifts may be, for example due to an erroneous
documentation of the baseline in the original annals of the
station. Figure1 depicts the raw data of the HON station
which includes two steps in the baseline, the first on 1 April
1947 at 21:00 UT and the latter on 1 May 1960 at 11:00 UT
(see Fig.1). At SJG, there was one such step on 1 January
1966 at 00:00 UT. Also, a small step was induced and cor-
rected when joining CTO and HER data. We have treated
the data around these steps as follows. The data after the step
were raised or lowered so as to smoothly join the level before
the step. We would like to note that the steps cannot be re-
moved by eliminating the secular variation (see later). How-
ever, once the steps are removed and the data are smooth, the
absolute level (baseline) of data is not important and will be
removed when removing the secular variation.

2.2 Outliers

There are also some clearly erroneous data points at some
stations which are seen as outliers and which have been re-
moved from data. The outliers were found as follows. We
have first constructed a new data set by filtering the original
data by a three-point median filter which replaces each point
by the median of the point itself and the two surrounding
data points, thus removing all single outliers. Then the fil-
tered data set was subtracted from the original data set. The
standard deviation of this difference data set is on the order
of magnitude of the average absolute difference between two
successive (normal) data points. Finally, we have examined
as possible outliers all those data points where the difference
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Fig. 1. TheH component at HON before (blue) and after (red) re-
moving the two steps at 1 April 1947 and 1 May 1960. One outlying
data point during 1971 was removed from the data. The gap during
1978 was filled.

is more than 20–40 times the standard deviation (about to
100–200 nT). Based on this analysis we found seven outly-
ing data points in SJG data (27 October 1932 at 15:00, 12
March 1933 at 16:00, 3 April 1933 at 08:00, 7 April 1933 at
14:00, 20 January 1947 at 11:00, 4 June 1952 at 18:00, and
21 March 1979 at 11:00), and only one outlier in HON data
(18 October 1971 at 17:00; see Fig.1). The CTO, HER and
KAK stations had no outliers in their data.

2.3 Data gaps

There are some data gaps at all five stations. The overall
data coverages at the five stations during the respective ob-
servation times during 1932–2002 were the following: CTO
99.743%, HER 99.988%, HON 97.497%, KAK 99.755%,
and SJG 97.850%. Fortunately, most data gaps are relatively
short, only a few hours long. In fact, the number of data gaps
rapidly decreases with length, and only relatively few data
gaps were longer than three days. We have listed the dates
of these “long” data gaps in Table2. Note that there were no
such long data gaps in HER or CTO, only one in KAK (cor-
responding only to 0.028% of observation time), 23 in SJG
(1.469% of observation time) and 26 in HON (1.697% of ob-
servation time). There were only 3 data gaps longer than one
month in SJG and HON, the longest of about 5 months in
HON in 1978 (see Fig.1).

We have treated the data gaps in the following way. Firstly,
data gaps that were at most 6 h long were simply filled by
interpolating the originalH component linearly. After this
treatment of the raw data we computedD(t), the disturbance
variation, for each station (see Sect.3 for more details) and
interpolated the data gaps that were at most 3 days long in
D(t) data for each station. This two-step procedure was
found appropriate and necessary because of the following
reasons. Short data gaps of at most six hours can be inter-
polated without distorting the diurnal variation too severely.
However, longer data gaps cannot be treated similarly since
they would induce a large error in the diurnal curve (see

Table 2. Data gaps longer than 3 days for HON, SJG and KAK.
All gaps in HER and CTO were shorter than 3 days. Dates are in
universal time (UT).

Long data gaps

Honolulu San Juan

26 May 1934 00:00–01 Jun 1934 10:00 01 Nov 1934 04:00–30 Nov 1934 23:00
08 Feb 1939 22:00–03 Mar 1939 02:00 17 Jul 1941 13:00–13 Aug 1941 20:00
11 Mar 1944 23:00–06 Apr 1944 02:00 01 Aug 1949 00:00–01 Sep 1998 03:00
12 Mar 1947 18:00–01 Apr 1947 20:00 01 Jan 1977 00:00–09 Jan 1977 23:00
01 Oct 1954 11:00–09 Nov 1954 19:00 01 Jan 1983 00:00–21 Jan 1983 19:00
02 Apr 1968 18:00–05 Apr 1968 18:00 02 Mar 1983 11:00–25 May 1983 14:00
01 Jul 1978 00:00–01 Dec 1978 01:00 08 Nov 1983 18:00–27 Dec 1983 15:00
23 Jun 1979 00:00–30 Jun 1979 23:00 13 Oct 1984 00:00–16 Oct 1984 03:00
03 Aug 1984 03:00–06 Aug 1984 17:00 08 Jan 1985 19:00–16 Jan 1985 13:00
12 Oct 1984 23:00–17 Oct 1984 19:00 13 Sep 1985 18:00–17 Sep 1985 07:00
31 Dec 1984 00:00–15 Feb 1985 17:00 23 Sep 1985 15:00–03 Oct 1985 15:00
06 May 1985 19:00–16 May 1985 18:00 20 Dec 1985 20:00–18 Jan 1986 22:00
22 Aug 1985 12:00–02 Sep 1985 06:00 01 Jun 1987 06:00–06 Jun 1987 00:00
28 Mar 1986 09:00–31 Mar 1986 17:00 28 Aug 1987 13:00–01 Sep 1987 18:00
08 Jun 1986 19:00–12 Jun 1986 22:00 05 Feb 1988 15:00–16 Feb 1988 14:00
20 Jun 1986 14:00–26 Jun 1986 20:00 01 Jul 1988 00:00–12 Jul 1988 19:00
14 Jul 1986 18:00–30 Jul 1986 23:00 16 Sep 1989 00:00–20 Sep 1989 21:00
31 Jul 1986 18:00–05 Aug 1986 20:00 08 Nov 1989 17:00–13 Nov 1989 17:00
04 Sep 1987 03:00–08 Sep 1987 18:0018 May 1990 12:00–22 May 1990 18:00
11 Sep 1988 02:00–21 Sep 1988 23:0006 Jul 1990 13:00–13 Jul 1990 12:00
26 Sep 1988 18:00–01 Oct 1988 09:00 01 Nov 1990 11:00–06 Nov 1990 14:00
10 Feb 1989 20:00–14 Feb 1989 23:00 01 Jan 1992 13:00–11 Jan 1992 12:00
16 Dec 1990 19:00–24 Dec 1990 15:00 11 Dec 2000 11:00–15 Dec 2000 20:00
01 Mar 1992 00:00–04 Mar 1992 21:00
19 Nov 1997 22:00–24 Nov 1997 17:00

Kakioka

11 Dec 1998 01:00–17 Dec 1998 19:00 27 May 1948 00:00– 3 Jun 1948 02:00

Sect.3). Accordingly, the longer data gap can be filled only
after the diurnal variation has been removed and theD(t) se-
ries has been calculated for the station in question. Three
days is an appropriate length to interpolate since theDst

index depicts strong autocorrelation up to a lag of about a
week, corresponding to the typical development of a storm.
The net effect of these short data gaps (at most 3 days) is
that some 1.367% out of the hourlyDst indices in the early
period (1932–1956) and 1.789% in the later period (1957–
2002) were reconstructed based on such partly missing, lin-
early interpolated data.

For the long data gaps (Table2) we have not used inter-
polation nor filled the gaps with data from other stations.
Rather, during the long gaps we have calculated theDst in-
dex using only data from those originalDst stations which
were in operation. Note that this differs from the policy of
the originalDst index where data from stations other than
the originalDst stations have been used. As mentioned by
Mayaud(1980), gaps did exist in the data that were used to
construct the originalDst index. Thus, the originalDst in-
dex includes data from one or more stations beyond the four
original Dst stations. However, there is no explicit mention
of data gaps in the originalDst formula, nor how such data
gaps were filled, nor which stations were used. Therefore,
the originalDst index is not fully reproducible and, in this
sense, not a truly scientific quantity.

Naturally, our different data gap policy leads to a larger
difference between the originalDst index and the recon-
structedDst index during the long data gaps than on av-
erage. Also, the smaller set of stations leads, for example
to a slightly different UT variation in theDst index during
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the long gaps. However, similar changes also occur in the
originalDst index where the data gaps have been filled with
other stations. Our data gap procedure is only more straight-
forward and fully reproducible. Moreover, if needed for a
detailed analysis of some gap interval, a more detailedDst

index can be reconstructed using data from a larger number
of stations, yielding a more reliable longitudinal and hemi-
spheric coverage. (For example,Häkkinen et al.(2003) have
suggested using 6 stations to calculate a more symmetricDst

index calledDst 6).
Fortunately, there were very few simultaneous long data

gaps. In fact, there were only two data gaps that occurred
simultaneously in HON and SJG and were 3–4 days (13 Oc-
tober 1984 00:00–16 October 1984 03:00) and 7–8 days (8
January 1985 19:00–16 January 1985 13:00) long. At these
times theDst index was reconstructed based only on HER
and KAK data. Otherwise, for a very large fraction of long
data daps, data from three stations were available.

3 Dst derivation

In the derivation of theDst index we have followed, as
far as possible, the original formula (Sugiura, 1964; Sug-
iura and Hendrics, 1967; Sugiura, 1969; Sugiura and Kamei,
1991) (see also theDst index homepage ofWDC-C2, 2004).
Hourly values of theH component of the magnetic stations
were obtained fromWDC-C1(2004) at Copenhagen,WDC-
C2 (2004) at Kyoto andSPIDR(2004) at Boulder. The for-
mula can be divided into three parts as follows.

3.1 Removing the secular variation

For each observatory, annual mean values ofH were cal-
culated for the five internationally selected quietest days of
each month (for a list of these days, see, e.g.WDC-C1(2004)
web page). For the first five years, 1932–1936, a second or-
der polynomial was fitted to these annual averages in order to
find a baseline or the secular variation for these years. This
polynomial was then extended until the end of 1936 in order
to find the baseline at the end of that year. When calculating
the baseline for 1937, the point at the end of 1936 was used
as an additional data point in the polynomial fitting, together
with the annual averages in 1933–1937. This procedure for
calculating the polynomial baseline was then repeated anal-
ogously for all later years using the corresponding six data
points (the annual averages of the year in question and the
four previous years, and the additional data point at the end
of the previous year from the previous fit).

Finally, in order to remove the secular variation, the base-
line value calculated for each hour using the polynome of
the respective year was subtracted from all hourlyH values.
These differences then form the deviations1H . We would
like to note that the formula to calculate theDst index (see,
e.g. theDst web page ofWDC-C2 (2004)) is unambiguous
on this point of removing the secular variation.

3.2 Treatment of theSq variation

The daily solar quiet (Sq ) variation was treated in the fol-
lowing way. First, the average 24-hour local time (LT) vari-
ation (superposed daily variation) was calculated from the
1H values of the five quietest days of each month. A lin-
ear change from one superposed day (or rather night) to an-
other was calculated using the nightside activity levels, and
then subtracted from the 24 hourly values. Accordingly, 24
rescaled hourly values were obtained for each month. These
288 (12×24) values for each year form a 2-dimensional ma-
trix which is called hereSo

q . The midnight activity levels
were calculated here using the last and first hourly values
around the local midnights, in order to have a symmetric
treatment for the two nights. This choice also yielded a
slightly better correlation with the originalDst index, al-
though the original formula, as we understand it, uses only
one hour from each midnight (one hour before the first mid-
night, and one hour after the second midnight). This is one
point where the formula is slightly ambiguous.

Second, theSo
q matrix for each year was replaced by the

following 2-dimensional inverse Fourier series approxima-
tion:

SL
q (s, t) =

N1−6∑
m=0

N2−18∑
n=0

A(m, n)e
i2π sm

N1 e
i2π tn

N2 , (1)

wheres (actuallys+1) andt describe the month and hour,
respectively, andN1=12 andN2=24. Only the DC compo-
nent and the first six Fourier components were included in
Eq. (1), in agreement with the original formula. The Fourier
amplitudesA(m, n) were calculated from theSo

q values as
follows:

A(m, n) =

N1−1∑
s=0

N2−1∑
t=0

So
q (s, t)e

−i2π sm
N1 e

−i2π tn
N2 . (2)

This expression involves the same number (48) of Fourier
coefficients as the original formula, although a slightly dif-
ferent form of the inverse Fourier transformation1 is given
there. We calculate the Fourier transform and its inverse
using the FFT code adopted within the MATLAB program
package (MATLAB , 2001). We are not aware of how this
numerical exercise was conducted for the originalDst index.

3.3 HourlyDst index

The above derivedSL
q values give the final quiet-timeSq vari-

ation for each year, which is then subtracted from the hourly
1H values to yield the disturbance variationsD(t) for each
observatory. Finally, the disturbance variations in universal
time (UT) from the four stations were normalized by their
respective cosines of geomagnetic (dipole) latitudes and then
averaged. Note that the dipole latitude is not a constant but
rather changes in time. Therefore, we have calculated the
dipole latitudes for each hour using the IGRF models (IGRF,
2000) determined for every fifth year. For the intermediate
time, the Gaussian coefficients (for more details, seeIGRF,
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Fig. 2. The reconstructedDst in 1932–1956 (blue) and in 1957–
2002 (red). The originalDst in 1957–2002 (black) is depicted under
the reconstructedDst .

2000) were interpolated (after 2000 extrapolated) and the
dipole latitude was calculated for each station. Note also that,
according to the original formula (e.g.Sugiura and Kamei,
1991), the disturbance variations should first be averaged and
then normalized by the average cosine of the dipole latitudes.
However, similarly to some other authors reconstructing the
Dst index (e.g.Häkkinen et al., 2003) we find little motiva-
tion for the original formula on this point. Moreover, we also
obtain a slightly better correlation with the originalDst using
the chosen method rather than the formula, suggesting that
there may be a lapse in the formula on this point. However,
as already noted byHäkkinen et al.(2003), the difference
between the two methods is rather small.

4 Original and reconstructedDst indices in 1957–2002

Figure2 depicts the originalDst index for 1957–2002 and
the reconstructed index for 1932–2002, with the early part
(1932–1956) and the later part (1957–2002) denoted in dif-
ferent colors. The mean and the standard deviation of the
originalDst areµ=−16.48 nT andσ=25.06 nT while those
for the full reconstructedDst index in 1957–2002 are closely
similar: µ=−16.79 nT andσ=24.81 nT. The correlation be-
tween the original and the reconstructedDst indices over the
whole time interval of 1957–2002 is 98.68%. Moreover, the
average absolute difference between the two series during
this time is only 3.09 nT. Comparing this with the average
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Fig. 3. Histograms of the reconstructedDst in 1932–1956 (blue),
in 1957–2002 (red) and of the originalDst 1957–2002 (black).
Top panel depicts the values forDst >–150 nT, bottom panel
for Dst <–100 nT. Only gapless data were included.

absolute value of the originalDst index of 19.99 nT, one can
say that we have reconstructed the hourlyDst index with an
overall accuracy of about 15.48%. The agreement is so good
that the originalDst index is only seldom distinguishable in
Fig. 2 from the reconstructedDst index. The largest dif-
ference comes most likely from the subtraction of the sec-
ular variation from the data of the individualDst stations
(Häkkinen et al., 2003).

In fact, the reconstruction is even better than suggested
by the above numbers. Since, as described above, the treat-
ment of data gaps in the original formula is unknown, the
original and reconstructedDst indices will be different for
these times. Accordingly, if we neglect all hours with no
data in any of the stations (including short and long data
gaps), the correlation between the twoDst indices increases
to 98.75% and the average absolute difference between the
two series decreases to 3.03 nT. This set of common mea-
surements covers 94.326% of the time interval 1957–2002.
The correspondingDst indices are called here the gapless
Dst values. However, we would like to note that the data gap
policy even affects these values since there are gaps also dur-
ing the five quietest days of some months, and theSq vari-
ation and, thus, the disturbancesD(t) depend on how the
data gaps are treated. Therefore, without knowing the data
gap policy, one cannot completely reconstruct theDst index.
This problem is one of the main features contributing to the
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Fig. 4. Annual average range of the diurnal UT variation in the
reconstructedDst in 1932–1956 (blue), in 1957–2002 (red) and in
the originalDst in 1957–2002 (black). All hourly values were in-
cluded.

remaining difference between the original and reconstructed
Dst indices, especially during the “gapless” time intervals.

Nevertheless, the agreement between the original and re-
constructedDst indices is better during the gapless intervals
than during gaps. The correlation between the two indices
during the short data gaps is 98.22% and 97.89% during the
long data gaps. The average absolute differences for the
two cases are about 4.52 nT and 4.07 nT. (The fact that the
latter is slightly smaller may result from the fact that there
are relatively more simultaneous short data gaps in two or
moreDst stations than simultaneous “long” data gaps men-
tioned above.) Taking into account the total amounts of the
short and long data gaps in 1957–2002, their contributions
to the average absolute difference between the original and
reconstructedDst indices are about 2.62% and 4.71%, re-
spectively.

We have further compared the original and the recon-
structedDst indices during the gapless intervals. The mean
and the standard deviation of the originalDst for these
times areµ=−16.30 nT andσ=24.81 nT while those for
the reconstructedDst are closely similar:µ=−16.70 nT and
σ=24.58 nT. Figure3 depicts the histogram distributions of
these indices separately for two ranges: the bulk of the val-
ues forDst >–150 nT and the long tail ofDst <–100 nT. The
close similarity of these figures further verifies that the agree-
ment between the original and reconstructedDst indices is
very good during gapless time intervals.

4.1 Problems in the originalDst index

The Dst index is known to depict a small but persistent di-
urnal UT variation (Mayaud, 1978; Saroso et al., 1993; Sis-
coe and Crooker, 1996; Cliver et al., 2000) which mainly
results from the asymmetric distribution of theDst stations
(Takalo and Mursula, 2001a). Figure4 shows the annual av-
erages of the diurnal UT variation in the original and recon-
structed indices using all hourly values. Note first how sim-
ilar the overall level and the temporal fluctuations in the two
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Fig. 5. Annual average value of the reconstructedDst in 1932–1956
(blue), in 1957–2002 (red) and of the originalDst in 1957–2002
(black). The absolute difference between the original and recon-
structedDst in 1957–2002 is depicted as a dashed line. All hourly
values were included.

indices are for most years. However, the originalDst index
exhibits an exceptionally large UT variation in 1971 (Takalo
and Mursula, 2001a,b). It was noted earlier (Karinen et al.,
2001) that an UT variation closely similar to that in 1971 can
be reproduced if theSq variation was erroneously treated in
SJG when deriving the originalDst index. Since the recon-
structedDst index depicts a roughly similar average in 1971
as in all other years, it is highly probable that the derivation of
the originalDst index for 1971 was indeed erroneous. This
is also reflected in the fact that the correlation between the
original and reconstructed indices is only 97.97% in 1971,
i.e. weaker than on average. Note also that the data gaps in
1971 were not abnormally large and that the annual average
of the UT variation in the original index remains the same,
exceptionally high level, even if one uses only gapless days.
Thus, the problem is not related to the treatment of data gaps.
Concluding, the originalDst index in 1971 is erroneous and
can be corrected by the newly reconstructedDst index.

Figure5 shows the annual averages of the original and the
reconstructedDst indices using all hourly values. Also, the
absolute difference between the original and reconstructed
Dst in 1957–2002 is depicted. For most years, this difference
is typically about 2–3 nT, i.e. on the same order of magnitude
as the average absolute difference between hourly values that
was discussed earlier. However, there are a few years where
the difference is enhanced. In particular, in 1963–1966, this
difference is nearly three times larger than the average differ-
ence, with the originalDst index being larger (less negative)
than the reconstructed index. Among these years the year
1965 is very special since it is the only year for which the an-
nual average of the originalDst index is positive, far above
the annual average of any other year. Not questioning this re-
sult, the traditional view has been to accept the year 1965 as
having been exceptionally quiet in theDst index. According
to the reconstructedDst index, the annual average in 1965,
although still attaining the highest value, is negative as in
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all other years and reaches roughly the same level as some
other quiet years. Thus, the extremely special nature of the
year 1965 in the originalDst index is most likely an artefact.
Note also that the two years (1960, 1991) with the lowest an-
nual values in the originalDst index tend to be raised slightly
higher, thus, to a more regular level in the reconstructed in-
dex.

We have also calculated the annual averages for both the
original and the reconstructedDst index using only gapless
data. For most years the values are roughly the same as
in Fig. 5 and the difference remains enhanced for the same
years. Thus the problem in the originalDst index with the
year 1965 is not related to data gaps.

5 The earlyDst index in 1932–1956

5.1 Statistical properties and comparison with later period

The full reconstruction of theDst index for the early period
1932–1956 is depicted in Fig.2. The mean and the standard
deviation of the reconstructedDst index for this period are
µ=−17.03 nT andσ=24.41 nT, using all data. These are
quite similar to the corresponding values (µ=−16.79 nT and
σ=24.81 nT) for the later time interval 1957–2002. Using
only gapless data in 1932–1956 (which form about 96.158%
of time) the values areµ=−16.94 nT andσ=24.13 nT, i.e.
almost exactly the same as those for the reconstructedDst in
1957–2002 (µ=−16.70 nT andσ=25.58 nT; see Fig.3). On
the other hand, if only the values during the gaps are taken
into account, we findµ=−19.48 nT andσ= 30.84 nT for the
early period andµ=−18.36 nT andσ=28.41 nT for the later
period.

Figure3 depicts the histogram distribution also for the re-
constructedDst in 1932–1956, using gapless data. The his-
tograms for the earlyDst index and the two otherDst indices
are very similar, although the former depicts a slightly less
regular pattern, especially around -150 nT, probably due to
smaller statistics. The close similarity of these figures further
verifies that the agreement between the original and recon-
structedDst indices is very good, especially during gapless
time intervals.

The annually averaged range of the diurnal UT variation
(see Fig.4) remains roughly at the same level in the early pe-
riod as later. This is true although Fig.4 includes all hourly
values, and despite the fact that a new station (CTO) with
a slightly different longitude was used in 1932–1940. Note
also that no year in the early period depicts a similar, excep-
tionally large UT variation as in 1971. This further under-
lines the above discussed erroneous nature of theDst index
in 1971.

5.2 Long-term evolution of theDst index

The long-term evolution of theDst index depicted in Fig.5
includes interesting details that greatly motivate the exten-
sion of the series to earlier times. Note first that the original
Dst index depicts dramatic fluctuations during its first years

from very low values in late 1950s and early 1960s to excep-
tionally high values in mid-1960s. Also, because of the par-
ticular construction method of theDst index (viz., the way in
which secular variation is removed) the low values of theDst

index during the first 4–5 years of the time series, in particu-
lar the minimum of the originalDst index in 1960 (the fourth
year of the originalDst index) and the implied extremely dis-
turbed time period, may be doubted.

However, our continuation of theDst index to earlier years
removes this doubt and, as depicted in Fig.5, verifies that
1960 was among the most disturbed years in theDst index
during the whole 71-year period. Note also that according
to the newly reconstructedDst index the most disturbed year
during the last 20 years was not 1991, as in the originalDst

index, but rather 1989. Furthermore, although the high an-
nual averages in the originalDst index in the mid-1960s are,
as discussed above, erroneous and overestimated, they still
remain above the long-termDst average.

When moving further back in time with the newDst in-
dex, we find (see Fig.5) that the annually averagedDst in-
dices in the early period 1932–1956 are roughly in the same
level as in the later period. For instance, there are no years
in the early period where the annualDst index is positive or
even very close to zero. (This also suggests that the positive
value in 1965 in the originalDst index was erroneous.) Cu-
riously, the highest values in the early part and the later part
are roughly equal (about−6 nT) in the reconstructed index.

The following long-term evolution in theDst index can be
noted over the 71-year time interval (Fig.5; see also Fig.7).
First, theDst index decreases with the increase of solar ac-
tivity related to the start of the solar cycle 17. With the in-
creasing height of the subsequent solar cycles theDst values
decrease fairly systematically during the two next solar max-
ima and theDst index reaches a local minimum of−28.1 nT
in 1960. Soon thereafter theDst index raises rapidly to its
absolute maximum−6 nT during the subsequent solar mini-
mum in 1965. Thereafter, during solar cycles 20–22, theDst

indices at solar maxima decrease again slowly but system-
atically, reaching the overall minimum of−28.6 nT in 1989,
close to the maximum of solar cycle 22. However, theDst in-
dices at solar minima show no clear trend but remain roughly
at the same level during the last three minima.

5.3 Comparison withAp index

The so-calledK-related indices (Mayaud, 1980) form a uni-
form series of geomagnetic activity. TheK-related indices
have been calculated since 1932 and thus can be used to
study the long-term evolution of geomagnetic activity over
the same time interval as covered by the new reconstructed
Dst index. Figure6 correlates the annual averages of the
quasi-linearAp index with the absolute values of the simul-
taneous reconstructedDst indices, separately for the early
and later periods. (Only gapless data were used to calculate
the annual averages of theDst index. A similar procedure
could not be followed forAp because it is a daily index.)
As seen in Fig.6 the correlation between the two indices is
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Fig. 6. Scatterplot of annually averagedAp indices vs. annually av-
eraged absolute values of the reconstructedDst . Left: 1932–1956,
right: 1957–2002. Best fitting lines are also given in the figure.

strong and fairly similar for both time intervals. The corre-
lation coefficients areR=0.77 in 1932–1956 andR=0.82 in
1957–2002. (The corresponding correlation coefficients us-
ing daily averages areR=0.78 for both periods.)

The similarity of correlations in the two periods gives fur-
ther evidence for the correctness of our construction of the
Dst index and especially its extension into the early period.
Note also that the correlation coefficient between the an-
nually averagedAp and the originalDst indices is smaller
(R=0.80) than for the reconstructed index in 1957–2002 us-
ing gapless data.

We have used the best fitting linear correlation equations
included in Fig.6 in order to model theAp index using the
the reconstructedDst index. This “model”Ap index and the
observedAp index are shown in Fig.7. The annual sunspot
numbers are included in Fig.7 for comparison. Figure7
shows that there is a good overall agreement between the ob-
servedAp index and the modelledAp index, i.e. the recon-
structedDst index. Large differences are found during the
declining phase of solar cycles (in particular in 1951–1952,
1973–1974, 1983) when recurrent high-speed streams occur
in the solar wind. Such streams typically cause rather weak
magnetic storms and other types of geomagnetic activity (e.g.
substorms) that are more restricted to higher latitudes and
do not affect very strongly at the low-latitudeDst index sta-
tions. On the other hand, large storms mainly occur around
solar maxima. Since a similar difference between the the ob-
served and modelledAp index is found both in the early pe-
riod (1951–1952), as well as in the later period (1973–1974,
1983), we find that the conditions of the solar wind causing
geomagnetic activity, on the one hand, and large magnetic
storms, on the other have, remained quite similar over the
studied 71-year time interval. We would also like to note
that, in agreement with the modern view of the solar cycle,
the difference between the observed and modelledAp index
(a proxy of the strength of high speed streams) seems to be a
good predictor of the height of the coming solar cycle.

0  

100

200

R

1930 1940 1950 1960 1970 1980 1990 2000

10

15

20

O
bs

er
ve

d 
an

d 
M

od
el

le
d 

A
p 

[n
T

]

Fig. 7. Top: annual sunspot numbers. Bottom: annually averaged
Ap indices (black) andAp calculated from the best fitting correla-
tion with the reconstructedDst index in 1932–1956 (blue) and in
1957–2002 (red).

Note that the twoAp curves in Fig.7 depict a fairly simi-
lar long-term evolution during the 71-year interval. The ob-
servedAp index includes all of the above-mentioned proper-
ties of the long-termDst activity: systematic increase from
1930s to a maximum in 1960; rapid decrease to a minimum
in 1965; increase of activity during subsequent cycle max-
ima and rough levelling off during minima. However, the
overall range of observedAp values is somewhat larger than
the range of modelledAp values. The largestAp values are
above the corresponding model values and the smallestAp

values are below the model values. This is also seen in Fig.6
where the points with the largest (smallest)Ap values are
well above (below) the best fitting line. Accordingly, the
long-term fluctuations are slightly (relatively) larger in the
Ap index than in theDst index.

Note also that the observedAp index is systematically
lower (see Fig.7) than the modelledAp index in the begin-
ning of the early period (1933–1940; ascending phase and
maximum of SC 17). Also, the absolute minimum in the
observedAp index is already reached in 1933. We are con-
fident that this difference lasting 8 years is not technical, i.e.
due to the method of reconstructing theDst index or due to
the above-mentioned question related to the first four years,
and hardly due to statistical fluctuation. Rather, it may indi-
cate a problem in theAp index (K-indices more generally) or
an interesting deviation in the physical relations between the
two indices at this time. Taking into account that the increase
of geomagnetic activity in 1930s is part of a longer increase
present in theaa index since the beginning of the century
(see, e.g.Clilverd et al., 1998; Lockwood et al., 1999), the
observed difference would motivate an extension of theDst

index (or a related proxy) even to earlier years.
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5.4 Superposed epoch analysis of geomagnetic storms

We have studied theDst index and the magnetic storms also
by using the superposed epoch (SPE) analysis method. We
have included in the analysis all the SSC (sudden storm com-
mencement) storms mentioned in the SSC list byNGDC
(2004), and used the SSC times as the superposed epoch zero
times. (There are 729 SSC storms in the list in the early pe-
riod and 1497 in the later period.) For each storm, theDst

indices from one day before the SSC time until 6 days after
it were included in the SPE analysis. Figure8 depicts the
resulting SPE storm curves for the reconstructedDst index
in the early and the later period separately, as well as for the
original Dst . (This analysis includes fullDst data, not only
gapless data.) Note how closely the SPE storm curves for the
original and reconstructedDst indices in 1957–2002 follow
each other over the whole 7-day storm time. In fact, the av-
erage difference between the two curves is only 0.08 nT, i.e.
much smaller than the average difference between the two
Dst time series. This is due to the fact that the SPE method
randomizes the statistical differences between the two in-
dices for each SPE hour. In fact, this agreement also verifies
that there are no large systematic differences between the two
Dst indices.

On the other hand, the SPE storm curve for the early pe-
riod deviates from the later period in several ways. Sta-
tistically, the average difference between the two curves is
1.07 nT. Compared to the above-mentioned result that a dif-
ference due to statistical fluctuations is at most 0.08 nT, the
difference between the two SPE curves for the two periods is
significant. In the compression phase before the SSC and, in
particular, at theDst minimum the SPE curve for the early
period is a few nT above the curve for the later period. Ac-
cordingly, on average, the storms in the early period seem
to be slightly less intense than in the later period. This is
consistent with the fact that theDst indices (e.g. the annual
values, see Fig.5) include considerably larger values in the
later period than in the early period. However, in the late
recovery of the storm, since SPE day 4 onwards, theDst in-
dex in the early period remains lower than in the later period.
This feature recovers the above-mentioned similar overall av-
erages of theDst indices in the two periods, and suggests
that, on average, storms may recover slower in the early pe-
riod. These differences, although rather small for conclusive
evidence, may still be indicative of a systematic long-term
change in the interplanetary conditions. The weaker main
phase and the longer recovery phase in the early period sug-
gests that the storms at that time were more typically driven
by recurrent streams (often producing HILDCAA, high in-
tensity long duration continuous AE activity, type storm re-
covery phases (Tsurutani and Gonzales, 1987; Søraas et al.,
2004)), rather than by strong CMEs, as typical in more recent
times.

As a final study, we have depicted in Fig.9 the annually
calculated superposed storm curves, with the SPE day run-
ning vertically and years horizontally. TheDst values are
given in colour code with strongly negative values in blue,
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Fig. 8. Superposed epoch storm curves using the reconstructedDst

in 1932–1956 (blue) and 1957–2002 (red). The curve using the
originalDst (black) in 1957–2002 is depicted under the red curve.

weakly negative values in yellow and positive values in red.
(Here, as in Fig.8, we have used allDst data, not only gap-
less data.) Figure9 shows clearly the strong solar cycle vari-
ation in the storm development, with blue colour dominating
after the SPE zero time in solar cycle maximum years and
yellow colour in minimum years. The strongest and most
persistent blue colours are found during the maximum of SC
19, in agreement with the annualDst maximum in 1960 (see
Fig. 7). Strongly stormy years are also found around the
maxima of solar cycles 17, 21 and 22. However, strong storm
activity in SC 17 is quite surprising, taking into account the
rather low annual averages during this cycle. Note also that
the most stormy years during this cycle occur rather late in
the declining phase of the cycle and that there are only rather
a few stormy years in this cycle. In fact, these properties are
most closely reproduced during cycle 21 while the storm ac-
tivity in cycles 19 and 22 lasts longer and extends over the
whole sunspot maximum.

There are also some differences in the storm activity level
during solar minimum times. We find three periods of excep-
tionally high Dst values (weak activity) after the SPE zero
time. These appear in Fig.9 as large yellow regions in early
1930s, in mid-1960s and in mid-1990s. Note that these seem
to appear every third solar minimum, when the lowest val-
ues of theAp index are also found (see Fig.7). This gives
additional support for the suggested 3-cycle periodicity in so-
lar activity and, for example, cosmic rays (Ahluwalia, 1998).
Moreover, the higherDst level during these times is also
found before the SPE zero time and, especially, at the SPE
zero time when theDst attains typically positive values. On
the other hand, during solar maximum years, in particular
during the strongest maxima discussed above, the SPE zero
timeDst level is clearly lower, weakly negative.
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Fig. 9. Top: daily sunspot number in 1932–2002. One-year running mean of the sunspot counts is depicted in red. Center: reconstructedDst

index in 1932–2002. Bottom: annually calculated superposed storm curves using the reconstructedDst in 1932–2002.

6 Conclusions

We have reconstructed the geomagneticDst index for 1932–
2002, thus extending it by 25 years, i.e. by more than one
full solar magnetic cycle. The extension was done by us-
ing data from the original set of four low-latitude stations
for 1941–1956, and by using the nearby CTO station as a
predecessor of the HER station for 1932–1940. Although we
have followed the originalDst formula as closely as possible,
theDst index cannot, because of inadequate information, be
fully reproduced and therefore remains partly unscientific.
As a comparison, we give here a complete formula for our
reconstruction of theDst index. Despite the open questions
related to the formula of the originalDst index, the recon-
structed index is quite similar to the original one during the
overlapping time interval (1957–2002). The average differ-
ence between the two indices is only about 3 nT and their
correlation coefficient is about 98.7%.

We note that the reconstructedDst index corrects for some
known errors in the originalDst index, such as the erro-
neously large daily UT variation in 1971. Despite the fair
overall agreement, the reconstructed index deviates from the
original index even on the level of annual averages for some
years. All annual averages of the reconstructed index are
negative and for 1962–1966 they are systematically lower
(more stormy) than those of the original index. Accordingly,
we disagree with the uniquely positive annual average of the
original index in 1965, which most likely is erroneous. We
also find somewhat higher (less negative) values than in the
original Dst index for the three lowest annual averages in

1960, 1989 and 1991. Out of these the lowest annual average
is found in 1989 rather than in 1991.

The reconstructedDst index presents a homogeneous,
71-year series which can be used, for example, to study the
long-term development in the ring current and in the evo-
lution and structure of storms. The annual averages of the
geomagneticAp index and the reconstructedDst index cor-
relate very well over this time interval, except at the begin-
ning of the series in 1933–1940 and in the declining phase
of solar cycles 18, 20 and 21, where high speed solar wind
streams cause enhanced geomagnetic activity. While the re-
constructedDst indices in 1932–1956 and 1957–2002 are
statistically quite similar, we find differences in the average
storm development during the two periods using the super-
posed epoch method. During the early period in 1932–1956
the storms are less intense but tend to have a longer recov-
ery phase, suggesting that there are more HILDCAA-type
medium activity intervals during the early period than more
recently. We also study the annually averaged storm structure
using the superposed epoch method and find that the most
stormy years occur during the declining phase of solar cy-
cles 17 and 21 and around the solar maxima of cycles 19 and
22. On the other hand, the least stormy years are found in
early 1930s, mid-1960s and mid-1990s, in agreement with
the lowest cycle minima of theAp index.

Note: The extended and reconstructedDst index described
and studied in this paper will be released to the geophysical
community via the World Data Center system as soon as pos-
sible. At the same time we will introduce a new symbol for
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our index in order to avoid confusion with the originalDst

index. At present, our best candidate for the coming name is
theDxt index, emphasizing the fact that the time range of the
Dst index was greatly extended.

Topical Editor T. Pulkkinen thanks M. Campbell, M. Hap-
good and another referee for their help in evaluating this paper.
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Häkkinen, L. V. T., Pulkkinen, T. I., Nevanlinna, H., Pirjola, R.
J., and Tanskanen, E. I.: Effects of induced currents on Dst and
on magnetic variations at mid-latitude stations, J. Geophys. Res.,
107, SMP 7-1, 2002.
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