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Abstract. We have reconstructed a new, homogeneous geol Introduction
magneticD;; index for 1932-2002, thus extending the orig-
inal Dy, index by 25 years, i.e. by more than one full so- The Dy, index is traditionally calculated from the observa-
lar magnetic cycle. The extension was done by using datdions at the four low-latitude magnetic field stations of Her-
from the original set of four low-latitude stations for 1941— manus (HER), Honolulu (HON), Kakioka (KAK) and San
1956, and by using the nearby CTO station as a predecessduan (SJG). (For the coordinates and data coverages of the
of the HER station for 1932-1940. Despite some open quesmagnetic stations used here, see Tdhl&lthough the mag-
tions related to the composition of the origiiaJ; index, the  netic observations already started earlier at these stations the
reconstructed index is quite similar to the original one dur- Dy, index has been calculated only since the International
ing the overlapping time interval (1957-2002). However, the Geophysical Year in 1957.
reconstructedD,, index corrects for some known errors in At low latitudes the horizontald component of magnetic
the original Dy, index, such as the erroneously large daily perturbation is mostly affected by the intensity of the equa-
UT variation in 1971. Also, despite the overall agreement,torial ring current. Accordingly, theDy, index is calcu-
the reconstructed index deviates from the original index everlated from the (normalized) values of this component. Ma-
on the level of annual averages for several years. For injor disturbances in th®,, index during geomagnetic storms
stance, all annual averages of the reconstructed index argre negative due to an increasing number of energetic parti-
negative, and for 1962—-1966 they are systematically lowercles carrying the ring current. Large amounts of energy are
(more stormy) than those of the original index. Accordingly, fed into the inner magnetosphere, for example, in the form
we disagree with the uniquely positive annual average of theof energetic particles, during long periods of southward di-
original index in 1965, which most likely is erroneous. We rected interplanetary magnetic field (IMF). Once the IMF
also find somewhat higher (less stormy) values than in theurns northward the ring current begins to decrease and the
original Dy, index for the three lowest annual averages in D, index soon begins a slow rise back to its quiet time level.
1960, 1989 and 1991, out of which the lowest annual averPositive variations in theD,, index are mostly caused by
age is found in 1989 rather than in 1991. The annual averagesagnetospheric compressions due to interplanetary shocks
of the geomagnetia , index and the reconstructdd;, in-  often occurring in the initial phase of magnetic storms. In
dex correlate very well over this time interval, except in the this phase, an abrupt increase in solar wind dynamic pres-
beginning of the series in 1932-1940 and in the decliningsure is often measured on the Earth's surface as a sudden
phase of solar cycles 18, 20 and 21, where high speed solancrease in magnetic intensity called the sudden storm com-
wind streams cause enhanced geomagnetic activity. Usingnencement (SSC).
the superposed epoch method we also find that, on average, Note that rather than a homogeneous ring, the ring cur-
the storms in the early extended period (1932-1956) are lesgent is quite asymmetric and often consists of a number of
intense but tend to have a longer recovery phase, suggesfongitudinally limited sectionsLui et al, 1987. Also, it
ing that there are more HILDCAA-type medium activity in- has been known already for quite a long time that other cur-
tervals during the early period than more recently. We alsorent systems contribute to the magnetic variations even at low
study the annually averaged storm structure over the 71-yeagtitudes and thereby also to thg, index. This is simply
time interval and find that the most stormy years occur dur-demonstrated by a recent resultampbel] 2004 that the
ing the declining phase of solar cycles 17 and 21 and aroundtorm time disturbance at one longitude usually decreases
the solar maxima of cycles 19 and 22. rather than increases with latitude. In particular, the day-
side magnetopause current, which depends on solar wind
ressure, causes a contribution that is often subtracted from
he Dy, index when estimating the intensity of the ring cur-
rent (see, e.gBurton et al, 1975 O’Brien and McPherron
2000. Also, contributions to theDy; index by the tail cur-
Correspondence toA. Karinen rent and the field-aligned currenByrton et al, 1975 Alex-
(arto.karinen@oulu.fi) eev et al. 1996 Campbel] 1996 Turner et al. 2000 and
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Table 1. Geographical and geomagnetic coordinates, according t02 Data quality and availability

IGRF 2000 modellGRF, 2000 and data coverages of ttig; mag-

netic stations. As seen in Tablé all four original Dy, index stations (HER,
HON, KAK, SJG) started operating already long before the

Station, Geographic Geomagnetic Data international geophysical year (IGY) 1957 when the calcu-
IAGA Code Lat. ~ long. ~ lLat  long.  Availability lation of the originalD,; index began $ugiura and Kamei
Cape Town, CTO -3457° 1828 -3389° 8273 1932-1940 1991, WDC-C2 2004). Accordingly, we have reconstructed
o o iz aomay  sver 2eeee  190pa00,  the newDy index using data from these four stations since
Kakioka, KAK 3623 14018 2717 20850° 1913-2002 the start of the HER station in 1941 until the end of 2002.
San Juan, SJG T”  29315° 2858 587" 1926-2002 Moreover, since HER was preceded by the nearby Cape

Town (CTO) station we have calculated the nBy index

from 1932 onwards, using the observations at CTO for 1932—

1940 as a substitute for HER. (The exact starting time is
currents induced in the grountligkkinen et al.2009 have 3 August 1932, at 00:00 UT). Taken into account the close
been identified. Note also that the zero level of ihe index proximity of HER and CTO the reconstructéx, series will
is not the physical zero level of the intensity of the ring cur- pe quite homogeneous over the whole 71-year time interval.
rent Mayaud 1978. Therefore, although the ring currentis Also, the effects related to the imperfect hemispherical and
among the dominant contributions to the, index, the exact  |ongitudinal coverage of th®,, stations (like the UT vari-
dependence between tig, index and the various magneto- ation, seélakalo and Mursula2001ab) will remain closely
spheric current systems is quite complicated and will not besimilar. Unfortunately, no intercalibration between HER and

studied in this paper. However, this complicated interpreta-CTO could be made because no simultaneous observations
tion does not decrease the value of ihg index as an im-  were available.

portant measure of the global state of the magnetosphere and,
in particular, of the development of magnetic storms. More-2.1  Baseline steps
over, the role of thé,, index as a long-term (solar cycle and

inter-decennial) monitor of the magnetosphere is receivingas to data quality, we would like to note that there are some
increasing interest. shifts in the baseline level of the component at HON and

In this paper we will reconstruct thB,, index following ~ SJG. These shifts may be, for example due to an erroneous
the original formula (see, e.§ugiurg 1964 1969 Sugiura  documentation of the baseline in the original annals of the
and Kamej 1991 WDC-C2 2004 as closely as possible station. Figurel depicts the raw data of the HON station
(see alsaHakkinen et al. 2003. Using the reconstructed which includes two steps in the baseline, the first on 1 April
Dy, index we find and correct some obvious errors and sus1947 at 21:00 UT and the latter on 1 May 1960 at 11:00 UT
pectable features in the originB; index. Moreover, using (see Fig.l). At SJG, there was one such step on 1 January
the early data of the origindD,; stations, supplemented by 1966 at 00:00 UT. Also, a small step was induced and cor-
the near-by Cape Town station, we will extend fhg index  rected when joining CTO and HER data. We have treated
by 25 years, i.e. by more than one full solar magnetic cycle,the data around these steps as follows. The data after the step
to start already in 1932. Thereby, a fully reproducible andwere raised or lowered so as to smoothly join the level before
more homogeneouBy; index is obtained for a considerably the step. We would like to note that the steps cannot be re-
longer time interval than presently available. This prolongedmoved by eliminating the secular variation (see later). How-
Dy, index will, for example, contribute to studies related to ever, once the steps are removed and the data are smooth, the
the suggested centennial increase in solar magnetic activitybsolute level (baseline) of data is not important and will be
(Clilverd et al, 1998 Lockwood et al.1999. removed when removing the secular variation.

This paper is organized as follows. The next section
discusses the availability of related magnetic observations2.2 Outliers
changes in the magnetic baseline, outliers and data gaps.
Section3 reviews the procedure of calculating tiig; in- There are also some clearly erroneous data points at some
dex. In Sect4 we compare the original and the newly- stations which are seen as outliers and which have been re-
reconstructedy, indices in 1957-2002 and note some prob- moved from data. The outliers were found as follows. We
lems in the originalD; index. In Sect5 we present and have first constructed a new data set by filtering the original
discuss the results obtained by extendingEeindex with data by a three-point median filter which replaces each point
the early part (1932-1956). There we first study the statistiby the median of the point itself and the two surrounding
cal properties of thé,, index in the early part and compare data points, thus removing all single outliers. Then the fil-
them with those in the later part. Then we discuss the propiered data set was subtracted from the original data set. The
erties of the new, longeb;, index and compare them with standard deviation of this difference data set is on the order
those of the long-term magnetic activity inday. Also, we of magnitude of the average absolute difference between two
make a superposed epoch analysis of magnetic storms. Sesticcessive (normal) data points. Finally, we have examined
tion 6 presents our final conclusions. as possible outliers all those data points where the difference
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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).

Longd

ata gaps

285

outlier

Honolulu

San Juan

H[nT]

2.8

2751

2.7+ b
I I I I I I I I I I
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000

Fig. 1. The H 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
100-200nT). Based on this analysis we found seven outly-
ing data points in SJG data (27 October 1932 at 15:00, 12

26 May 1934 00:00-01 Jun 1934 10:0|
08 Feb 1939 22:00-03 Mar 1939 02:0f
11 Mar 1944 23:00-06 Apr 1944 02:0
12 Mar 1947 18:00-01 Apr 1947 20:0
01 Oct 1954 11:00-09 Nov 1954 19:0|
02 Apr 1968 18:00-05 Apr 1968 18:0
01 Jul 1978 00:00-01 Dec 1978 01:0f
23 Jun 1979 00:00-30 Jun 1979 23:(
03 Aug 1984 03:00-06 Aug 1984 17:0
12 Oct 1984 23:00-17 Oct 1984 19:0)
31 Dec 1984 00:00-15 Feb 1985 17:Q
06 May 1985 19:00-16 May 1985 18:0
22 Aug 1985 12:00-02 Sep 1985 06:Q
28 Mar 1986 09:00-31 Mar 1986 17:0
08 Jun 1986 19:00-12 Jun 1986 22:0
20 Jun 1986 14:00-26 Jun 1986 20:d
14 Jul 1986 18:00-30 Jul 1986 23:0)
31Jul 1986 18:00-05 Aug 1986 20:0|
04 Sep 1987 03:00-08 Sep 1987 18:
11 Sep 1988 02:00-21 Sep 1988 23:
26 Sep 1988 18:00-01 Oct 1988 09:0
10 Feb 1989 20:00-14 Feb 1989 23:(
16 Dec 1990 19:00-24 Dec 1990 15:Q
01 Mar 1992 00:00-04 Mar 1992 21.:0
19 Nov 1997 22:00-24 Nov 1997 17:0
11 Dec 1998 01:00-17 Dec 1998 19:Q

0 01 Nov 1934 04:00-30 Nov 1934 23:00
0 17 Jul 1941 13:00-13 Aug 1941 20:00
D 01 Aug 1949 00:00-01 Sep 1998 03:00
D 01Jan 1977 00:00-09 Jan 1977 23:00
D 01 Jan 1983 00:00-21 Jan 1983 19:00
02 Mar 1983 11:00-25 May 1983 14:00
0 08 Nov 1983 18:00-27 Dec 1983 15:00
013 Oct 1984 00:00-16 Oct 1984 03:00
0 08 Jan 1985 19:00-16 Jan 1985 13:00
D 13 Sep 1985 18:00-17 Sep 1985 07:00
023 Sep 1985 15:00-03 Oct 1985 15:00
0 20 Dec 1985 20:00-18 Jan 1986 22:00
0 01 Jun 1987 06:00-06 Jun 1987 00:00
0 28 Aug 1987 13:00-01 Sep 1987 18:00
005 Feb 1988 15:00-16 Feb 1988 14:00
001 Jul 1988 00:00-12 Jul 1988 19:00
D 16 Sep 1989 00:00-20 Sep 1989 21:00
D 08 Nov 1989 17:00-13 Nov 1989 17:00
018 May 1990 12:00-22 May 1990 18:00
006 Jul 1990 13:00-13 Jul 1990 12:00
0 01 Nov 1990 11:00-06 Nov 1990 14:00
001Jan 1992 13:00-11 Jan 1992 12:00
0 11 Dec 2000 11:00-15 Dec 2000 20:00

0 Kakioka
0 27 May 1948 00:00- 3 Jun 1948 02:00

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 Fij. The CTO, HER and
KAK stations had no outliers in their data.

Sect.3). Accordingly, the longer data gap can be filled only
after the diurnal variation has been removed andikg se-
ries has been calculated for the station in question. Three
days is an appropriate length to interpolate since Ehe
There are some data gaps at all five stations. The overaihdex depicts strong autocorrelation up to a lag of about a
data coverages at the five stations during the respective obweek, corresponding to the typical development of a storm.
servation times during 1932-2002 were the following: CTO The net effect of these short data gaps (at most 3 days) is
99.743%, HER 9988%, HON 97497%, KAK 99755%, that some 1BB67% out of the hourlyD;, indices in the early
and SJG 9B50%. Fortunately, most data gaps are relativelyperiod (1932—-1956) and.7189% in the later period (1957—
short, only a few hours long. In fact, the number of data gaps2002) were reconstructed based on such partly missing, lin-
rapidly decreases with length, and only relatively few dataearly interpolated data.
gaps were longer than three days. We have listed the dates For the long data gaps (TabB we have not used inter-
of these “long” data gaps in Tabk Note that there were no polation nor filled the gaps with data from other stations.
such long data gaps in HER or CTO, only one in KAK (cor- Rather, during the long gaps we have calculatedfein-
responding only to @28% of observation time), 23 in SJG dex using only data from those origin&l;, stations which
(1.469% of observation time) and 26 in HON§97% of ob-  were in operation. Note that this differs from the policy of
servation time). There were only 3 data gaps longer than on¢he original D,; index where data from stations other than
month in SJG and HON, the longest of about 5 months inthe original Dy, stations have been used. As mentioned by
HON in 1978 (see Fidl). Mayaud(1980, gaps did exist in the data that were used to
We have treated the data gaps in the following way. Firstly,construct the originaD;; index. Thus, the originaDy; in-
data gaps that were at most 6 h long were simply filled bydex includes data from one or more stations beyond the four
interpolating the originaH component linearly. After this original Dy, stations. However, there is no explicit mention
treatment of the raw data we computed), the disturbance of data gaps in the origindD,, formula, nor how such data
variation, for each station (see Segfior more details) and gaps were filled, nor which stations were used. Therefore,
interpolated the data gaps that were at most 3 days long ithe original Dy, index is not fully reproducible and, in this
D(r) data for each station. This two-step procedure wassense, not a truly scientific quantity.
found appropriate and necessary because of the following Naturally, our different data gap policy leads to a larger
reasons. Short data gaps of at most six hours can be intedifference between the origind;, index and the recon-
polated without distorting the diurnal variation too severely. structed D, index during the long data gaps than on av-
However, longer data gaps cannot be treated similarly sincerage. Also, the smaller set of stations leads, for example
they would induce a large error in the diurnal curve (seeto a slightly different UT variation in thé;, index during

2.3 Data gaps
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the long gaps. However, similar changes also occur in the8.2 Treatment of thg, variation

original Dy, index where the data gaps have been filled with

other stations. Our data gap procedure is only more straightThe daily solar quiety;) variation was treated in the fol-
forward and fully reproducible. Moreover, if needed for a lowing way. First, the average 24-hour local time (LT) vari-
detailed ana|ysis of some gap interval, a more detalled ation (superposed dally Variation) was calculated from the
index can be reconstructed using data from a larger numbeA H values of the five quietest days of each month. A lin-
of stations, yielding a more reliable longitudinal and hemi- €ar change from one superposed day (or rather night) to an-
spheric coverage. (For exampléakkinen et al(2003 have  other was calculated using the nightside activity levels, and

suggested using 6 stations to calculate a more symniagric  then subtracted from the 24 hourly values. Accordingly, 24
index calledDy;¢). rescaled hourly values were obtained for each month. These

Fortunately, there were very few simultaneous long data288 (12<24) values for each year form a 2-dimensional ma-
gaps. In fact, there were only two data gaps that occurredrx which is called hereij;. The midnight 'act|V|ty levels
simultaneously in HON and SJG and were 3—4 days (13 Oc\ere calculated here using t.he last and first hourly valugs
tober 1984 00:00-16 October 1984 03:00) and 7-8 days (@round the local mldn|g_hts, in or(_jer to _have a sy_mmetrlc
January 1985 19:00-16 January 1985 13:00) long. At thesgéatment for the two nights. - This choice also yielded a
times theD,, index was reconstructed based only on HER Slightly better correlation with the originaD;, index, al-

and KAK data. Otherwise, for a very large fraction of long though the original formula, as we understand it, uses only
data daps, data from three stations were available. 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.
o Second, thes? matrix for each year was replaced by the
3 Dy derivation following 2-dimensional inverse Fourier series approxima-
tion:
In the derivation of theD,; index we have followed, as Ni_6 Ny 18
far as possible, the original formul&ygiura 1964 Sug- L 27 Sm oy In
iura and Hendricsl967 Sugiura 1969 Sugiura and Kamei Sq(s:0) = Z Z Alm,nje " Tre 2, 1)
1997 (see also thé®,; index homepage aVDC-C2, 2004). m=0 n=0
Hourly values of the component of the magnetic stations Wheres (actuallys+1) ands describe the month and hour,
were obtained fromVDC-C1 (2004 at Copenhageiny/DC- respectively, andvi=12 andN,=24. Only the DC compo-
C2 (2009 at Kyoto andSPIDR (2004 at Boulder. The for- nent and the first six Fourier components were included in

mula can be divided into three parts as follows. Eqg. (1), in agreement with the original formula. The Fourier
amplitudesA(m, n) were calculated from thég values as
3.1 Removing the secular variation follows:
Nl_lNZ_l i 2 Sm i o An
For each observatory, annual mean valuedofvere cal-  A(m,n) = Z Z S;’(s, e TN TN, (2)
culated for the five internationally selected quietest days of s=0 1=0

each month (for a list of these days, see, WHC-C1(2009 . . .
web page). For the first five years, 1932-1936, a second or- This expression involves the same number (48) of Fourier

. . . coefficients as the original formula, although a slightly dif-
der polynomial was fitted to these annual averages in OrderF?erent form of the inverse Fourier transformatibis given

find a baseline or the secular variation for these years. Th'%here We calculate the Fourier transform and its inverse

polynomial was then extended until the end of 1936 in orderusing the FET code adopted within the MATLAB program

to find theT baseline at the enq of that year. When CaICUIa“nggackage MATLAB , 2001). We are not aware of how this
the baseline for 1937, the point at the end of 1936 was use . : o
numerical exercise was conducted for the origibgl index.

as an additional data point in the polynomial fitting, together

with the. annual averages in 1933—1937. This procedure fog 5 Hourly Dy, index

calculating the polynomial baseline was then repeated anal-

ogously for all later years using the corresponding six dataThe above derive- values give the final quiet-timg, vari-

points (the annual averages of the year in question and thation for each year, which is then subtracted from the hourly

four previous years, and the additional data point at the ench # values to yield the disturbance variatiobst) for each

of the previous year from the previous fit). observatory. Finally, the disturbance variations in universal
Finally, in order to remove the secular variation, the base-time (UT) from the four stations were normalized by their

line value calculated for each hour using the polynome ofrespective cosines of geomagnetic (dipole) latitudes and then

the respective year was subtracted from all hodflyalues.  averaged. Note that the dipole latitude is not a constant but

These differences then form the deviatioh®#/. We would  rather changes in time. Therefore, we have calculated the

like to note that the formula to calculate tlig; index (see, dipole latitudes for each hour using the IGRF mod&BRF,

e.g. theDy;, web page ofWVDC-C2 (2004) is unambiguous 2000 determined for every fifth year. For the intermediate

on this point of removing the secular variation. time, the Gaussian coefficients (for more details, ISRF,
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50 Reconstructed Reconstructed Original
100 Dst 1932-1956 Dst 1957-2002 Dst 1957-2002
—or 6
n=-16.94nT p=-16.70 nT pu=-16.30 nT
s 5l0=2413nT 0=2458nT 0=2481nT

I I
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-100{- 1
-250 |- ‘ ‘ 0
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Fig. 2. The reconstructed,; in 1932-1956 (blue) and in 1957— Fig. 3. Histograms of the reconstructda; in 1932-1956 (blue),

2002 (red). The originaby; in 1957—2002 (black) is depicted under in 1957-2002 (red) and of the origind;; 1957—2002 (black).

the reconstructed; . Top panel depicts the values fdb;; >-150nT, bottom panel
for Dg; <—100nT. Only gapless data were included.

2000 were interpolated (after 2000 extrapolated) and the
dipole latitude was calculated for each station. Note also thatabsolute value of the origind,, index of 19.99 nT, one can

according to the original formula (e.§ugiura and Kamei g5y that we have reconstructed the houly index with an
1991), the disturbance variations should first be averaged ang o4 accuracy of about 148%. The agréement is 50 good
then normalized by the average cosine of the dlpOle |at|tUdeSthat the OriginalDS, index is Only seldom diStingUiShable in
However, similarly t_o some other authorg rec_:onstruc_ting theFig. 2 from the reconstructed,, index. The largest dif-
Dy index (e.g.Hakkinen et al.2003 we find little motiva-  grance comes most likely from the subtraction of the sec-
tion for the original formula on this point. Moreover, we also ;o variation from the data of the individud,, stations
obtain a slightly better correlation with the original, using (Hakkinen et al.2003. ‘

the chosen method rather than the formula, suggesting that
there may be a lapse in the formula on this point. However,
as already noted bidakkinen et al.(2003, the difference
between the two methods is rather small.

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 reconstructef),, indices will be different for
these times. Accordingly, if we neglect all hours with no
4 Original and reconstructed Dy, indices in 1957-2002  data in any of the stations (including short and long data
gaps), the correlation between the tWg, indices increases
Figure 2 depicts the originabDy, index for 1957—-2002 and to 9875% and the average absolute difference between the
the reconstructed index for 1932—-2002, with the early parttwo series decreases to 3.03nT. This set of common mea-
(1932-1956) and the later part (1957-2002) denoted in difsurements covers BR6% of the time interval 1957-2002.
ferent colors. The mean and the standard deviation of thé'he corresponding);; indices are called here the gapless
original Dy; areu=—16.48 nT ands =25.06 nT while those  D;, values. However, we would like to note that the data gap
for the full reconstructedy; index in 1957-2002 are closely policy even affects these values since there are gaps also dur-
similar: u=—16.79 nT andr=24.81nT. The correlation be- ing the five quietest days of some months, andSheari-
tween the original and the reconstructeg indices over the ation and, thus, the disturbanc&gr) depend on how the
whole time interval of 1957-2002 is 98B%. Moreover, the data gaps are treated. Therefore, without knowing the data
average absolute difference between the two series duringap policy, one cannot completely reconstructfqgindex.
this time is only 3.09nT. Comparing this with the average 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 Fig. 5. Annual average value of the reconstrucizg in 1932—-1956

reconstructedy; in 1932-1956 (blue), in 1957-2002 (red) and in (blue), in 1957-2002 (red) and of the origin&l, in 1957-2002

the original Dy, in 1957-2002 (black). All hourly values were in- (black). The absolute difference between the original and recon-

cluded. structedDy; in 1957-2002 is depicted as a dashed line. All hourly
values were included.

remaining difference between the original and reconstructed
Dy, indices, especially during the “gapless” time intervals. . . N
Nevertheless, the agreement between the original and re'['dlces are for most years. However, the origing) index

A . . . exhibits an exceptionally large UT variation in 197Thkalo
constructedDy; indices is better during the gapless intervals and Mursula2001ab). It was noted earlierkarinen et al
than during gaps. The correlation between the two indice a ' y

during the short data gaps is.28% and 9789% during the s200]) that an UT variation closely similar to that in 1971 can

long data gaps. The average absolute differences for th e reproduced if the,, variation was erroneously treated in

two cases are about 4.52nT and 4.07 nT. (The fact that thé JG when Qeriving th_e originaDs, ind_ex: Since the recon-
latter is slightly smaller may result from the fact that there structedD, index depicts a roughly similar average in 1971

are relatively more simultaneous short data gaps in two ofSin all other years, itis highly probable that the derivation of

more Dy, stations than simultaneous “long” data gaps men-.the original Ds; m_dex for 1971 was indeed e_rroneous. This
tioned above.) Taking into account the total amounts of the'S also reflected in the fact that the correlation between the

short and long data gaps in 1957-2002, their contributionsOrlglnal and reconstructed indices is only.87% in 1971, .
. weaker than on average. Note also that the data gaps in

. L e
he aver | ifferen ween the original an
to the average at?so.ute difference et een the original a %71 were not abnormally large and that the annual average
reconstructedDy; indices are about.82% and 471%, re- L C S .
of the UT variation in the original index remains the same,

spectively. exceptionally high level, even if one uses only gapless days

We have further compared the original and the recon- P y igh’ ! y gap ys

structedDy; indices during the gapless intervals. The meanThus’ th? problem IS not relgted to the treatment of data gaps.
S ) Concluding, the originaD;,; index in 1971 is erroneous and

and the standard deviation of the originBl, for these .
times areu=-16.30nT ando=24.81nT while those for can be corrected by the newly reconstrucigindex.

the reconstructed,, are closely similaru=—16.70nT and FigureS shows the annual averages of the original and the
0=24.58 nT. Figure3 depicts the histogram distributions of reconstructed;, indices using all hourly values. Also, the

these indices separately for two ranges: the bulk of the valabsolute difference between the original and reconstructed
ues forD,; >—150nT and the long tail b, <—~100nT. The D in 1957-2002 is depicted. For most years, this difference

close similarity of these figures further verifies that the agree S typically about 2-3nT, i.e. on the same order of magnitude
ment between the original and reconstruced indices is ~ as the average absolute difference between hourly values that

very good during gapless time intervals. was discussed earlier. However, there are a few years where
the difference is enhanced. In particular, in 1963-1966, this
4.1 Problems in the origindDy, index difference is nearly three times larger than the average differ-

ence, with the originaDy, index being larger (less negative)
The Dy, index is known to depict a small but persistent di- than the reconstructed index. Among these years the year
urnal UT variation Mayaud 1978 Saroso et al.1993 Sis- 1965 is very special since it is the only year for which the an-
coe and Crooker1996 Cliver et al, 2000 which mainly  nual average of the origindD,; index is positive, far above
results from the asymmetric distribution of tiig, stations  the annual average of any other year. Not questioning this re-
(Takalo and Mursulg20013. Figure4 shows the annual av- sult, the traditional view has been to accept the year 1965 as
erages of the diurnal UT variation in the original and recon-having been exceptionally quiet in thi®, index. According
structed indices using all hourly values. Note first how sim-to the reconstructed,, index, the annual average in 1965,
ilar the overall level and the temporal fluctuations in the two although still attaining the highest value, is negative as in
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all other years and reaches roughly the same level as sonfeom very low values in late 1950s and early 1960s to excep-
other quiet years. Thus, the extremely special nature of thdionally high values in mid-1960s. Also, because of the par-
year 1965 in the originab;, index is most likely an artefact. ticular construction method of thBy; index (viz., the way in
Note also that the two years (1960, 1991) with the lowest anwhich secular variation is removed) the low values of the
nual values in the origindDy, index tend to be raised slightly index during the first 4-5 years of the time series, in particu-
higher, thus, to a more regular level in the reconstructed indar the minimum of the originab,; index in 1960 (the fourth
dex. year of the originaD,, index) and the implied extremely dis-
We have also calculated the annual averages for both thaurbed time period, may be doubted.
original and the reconstructed,; index using only gapless However, our continuation of thBy, index to earlier years
data. For most years the values are roughly the same agmoves this doubt and, as depicted in Fgverifies that
in Fig. 5 and the difference remains enhanced for the same 960 was among the most disturbed years infihgindex
years. Thus the problem in the originAl, index with the  during the whole 71-year period. Note also that according
year 1965 is not related to data gaps. to the newly reconstructel; index the most disturbed year
during the last 20 years was not 1991, as in the origihal
index, but rather 1989. Furthermore, although the high an-
nual averages in the originaly; index in the mid-1960s are,
as discussed above, erroneous and overestimated, they still
remain above the long-teri;,, average.

The full reconstruction of th®,, index for the early period ~ When moving further back in time with the nei, in-
1932-1956 is depicted in Fig. The mean and the standard de€x, we find (see Figp) that the annually averagefd, in-
deviation of the reconstructel;; index for this period are ~ dices in the early period 1932-1956 are roughly in the same
n=—17.03nT ando=24.41nT, using all data. These are level as in the later period. For instance, there are no years
quite similar to the Corresponding Va'ue&é_1679 nT and in the early period where the annlla_l-[ index is pOSitiVe or N
0=24.81nT) for the later time interval 1957-2002. Using €ven very close to zero. (This also suggests that the positive
only gapless data in 1932-1956 (which form aboutl96% value in 1965 in the originaD;, index was erroneous.) Cu-

of time) the values are=—16.94nT ando=24.13nT, i.e.  riously, the highest values in the early part and the later part
almost exactly the same as those for the reconstruateih are roughly equal (about6 nT) in the reconstructed index.
1957-2002 =—16.70 nT andr=25.58 nT; see Fig3). On The following long-term evolution in th®;, index can be

the other hand, if only the values during the gaps are takeroted over the 71-year time interval (Fig.see also Fig?).

into account, we fingk=—19.48 nT andc=30.84nT forthe  First, theDy, index decreases with the increase of solar ac-

early period angh=—18.36 nT andr=28.41nT for the later thlty related to the start of the solar cycle 17. With the in-
period. creasing height of the subsequent solar cycledthesalues
Figure3 depicts the histogram distribution also for the re- decrease fairly systematically during the two next solar max-
constructedDy; in 1932-1956, using gapless data. The his-ima and theDy; index reaches a local minimum ef28.1 nT
tograms for the earlp,; index and the two otheb,, indices  In 1960. Soon thereafter th@, index raises rapidly to its
are very similar, although the former depicts a slightly lessabsolute maximum-6 nT during the subsequent solar mini-
regular pattern, especially around -150 nT, probably due tgnum in 1965. Thereafter, during solar cycles 20-22 /e
smaller statistics. The close similarity of these figures furtherindices at solar maxima decrease again slowly but system-
verifies that the agreement between the original and reconatically, reaching the overall minimum ef28.6 nT in 1989,
structedD;; indices is very good, especially during gapless close to the maximum of solar cycle 22. However, thein-
time intervals. dices at solar minima show no clear trend but remain roughly
The annually averaged range of the diurnal UT variationat the same level during the last three minima.
(see Fig4) remains roughly at the same level in the early pe- ) ] )
riod as later. This is true although Figincludes all hourly ~ 9-3 Comparison withi , index

values, and despite the fact that a new station (CTO) with o )
a slightly different longitude was used in 1932-1940. Note | N€ so-callecK-related indicesNlayaud 1980 form a uni-

also that no year in the early period depicts a similar, excepl0r™M series of geomagnetic activity. Tierelated indices

tionally large UT variation as in 1971. This further under- Na@ve been calculated since 1932 and thus can be used to
lines the above discussed erroneous nature obtheéndex study the long-term evolution of geomagnetic activity over

5 The early Dy; index in 1932-1956

5.1 Statistical properties and comparison with later period

in 1971. the same time interval as covered by the new reconstructed
D, index. Figure6 correlates the annual averages of the
5.2 Long-term evolution of thé,, index guasi-linearA , index with the absolute values of the simul-

taneous reconstructefly, indices, separately for the early
The long-term evolution of th®,, index depicted in Figh and later periods. (Only gapless data were used to calculate
includes interesting details that greatly motivate the extenthe annual averages of thg,, index. A similar procedure
sion of the series to earlier times. Note first that the originalcould not be followed ford, because it is a daily index.)
Dy, index depicts dramatic fluctuations during its first years As seen in Fig6 the correlation between the two indices is
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Fig. 6. Scatterplot of annually averagey, indices vs. annually av-
eraged absolute values of the reconstruddgd Left: 1932—-1956,
right: 1957-2002. Best fitting lines are also given in the figure.
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Fig. 7. Top: annual sunspot numbers. Bottom: annually averaged
A indices (black) andi, calculated from the best fitting correla-

) o ) ) tion with the reconstructedy, index in 1932-1956 (blue) and in
strong and fairly similar for both time intervals. The corre- 1957-2002 (red).

lation coefficients ar®=0.77 in 1932-1956 an&=0.82 in
1957-2002. (The corresponding correlation coefficients us-
ing daily averages arB=0.78 for both periods.)

The similarity of correlations in the two periods gives fur-

ther evidence for the correctness of our construction of thqar long-term evolution during the 71-year interval. The ob-
Dy, index and especially its.extensio'n'into the early periOd'servedAp index includes all of the above-mentioned proper-
Note also that the correlation coefficient between the anyjeg of the long-termp,, activity: systematic increase from
nually averagedi, and the originalD;, indices is smaller 1 930q tg 3 maximum in 1960; rapid decrease to a minimum
(R:O.SO) than for the reconstructed index in 1957-2002 us-;, 1965; increase of activity during subsequent cycle max-
ing gapless data. o _ ~ima and rough levelling off during minima. However, the
~ We have used the best fitting linear correlation equations,yerall range of observed,, values is somewhat larger than
included in Fig.6 in order to model thet, index using the  he range of modelled , values. The largest, values are
the reconstructed,, index. This “model’, index and the  apove the corresponding model values and the smallgst
observedt, index are shown in Figr. The annual sunspot  5jyes are below the model values. This is also seen ir6Fig.
numbers are included in Fig. for comparison. Figurd  \here the points with the largest (smallegt) values are
shows that there is a good overall agreement between the oye|| above (below) the best fitting line. Accordingly, the

servedA, index and the modelled , index, i.e. the recon-  ongterm fluctuations are slightly (relatively) larger in the
structedDy, index. Large differences are found during the A, index than in theD,, index.

declining phase of solar cycles (in particular in 1951-1952,

1973-1974, 1983) when recurrent high-speed streams occur Note also that the observed, index is systematically

in the solar wind. Such streams typically cause rather weakower (see Fig7) than the modelledi, index in the begin-
magnetic storms and other types of geomagnetic activity (e.gning of the early period (1933-1940; ascending phase and
substorms) that are more restricted to higher latitudes ananaximum of SC 17). Also, the absolute minimum in the
do not affect very strongly at the low-latitud®; index sta-  observedA, index is already reached in 1933. We are con-
tions. On the other hand, large storms mainly occur aroundident that this difference lasting 8 years is not technical, i.e.
solar maxima. Since a similar difference between the the obdue to the method of reconstructing thg, index or due to
served and modelled, index is found both in the early pe- the above-mentioned question related to the first four years,
riod (1951-1952), as well as in the later period (1973-1974,and hardly due to statistical fluctuation. Rather, it may indi-
1983), we find that the conditions of the solar wind causingcate a problem in thd , index (K-indices more generally) or
geomagnetic activity, on the one hand, and large magneti@an interesting deviation in the physical relations between the
storms, on the other have, remained quite similar over thdwo indices at this time. Taking into account that the increase
studied 71-year time interval. We would also like to note of geomagnetic activity in 1930s is part of a longer increase
that, in agreement with the modern view of the solar cycle,present in theaa index since the beginning of the century
the difference between the observed and modellgindex (see, e.gClilverd et al, 1998 Lockwood et al. 1999, the

(a proxy of the strength of high speed streams) seems to be abserved difference would motivate an extension of ihe
good predictor of the height of the coming solar cycle. index (or a related proxy) even to earlier years.

Note that the twoA , curves in Fig.7 depict a fairly simi-
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5.4 Superposed epoch analysis of geomagnetic storms 0

We have studied th®;, index and the magnetic storms also -5r
by using the superposed epoch (SPE) analysis method. Wk
have included in the analysis all the SSC (sudden storm com-
mencement) storms mentioned in the SSC listN©gDC -15-
(2009, and used the SSC times as the superposed epoch zer
times. (There are 729 SSC storms in the list in the early pe-
riod and 1497 in the later period.) For each storm, Ehe

indices from one day before the SSC time until 6 days after
it were included in the SPE analysis. Fig@alepicts the 30
resulting SPE storm curves for the reconstructed index

in the early and the later period separately, as well as for the
original Dy,. (This analysis includes fulDy, data, not only a0}
gapless data.) Note how closely the SPE storm curves for the

original and reconstructed; indices in 1957-2002 follow % 0 1 2 3 4 5 6

each other over the whole 7-day storm time. In fact, the av- Days from the SSC

erage difference between the two curves is only 0.08nT, i.e_. .

. Fig. 8. Superposed epoch storm curves using the reconstriigied
much smaller than the average difference between the twon 1932-1956 (blue) and 1957-2002 (red). The curve using the

i ies. This is due to the fact that the SPE method, . . ; : e
Dy tlme_ seres > - ~original Dy (black) in 1957—-2002 is depicted under the red curve.
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
Dy, indices. . . o .
weakly negative values in yellow and positive values in red.

On the other hand, the SPE storm curve for the early pe'(Here, as in Fig8, we have used alb,, data, not only gap-

[.'Ot(.j d||eV|at1|EIes from thed_lfz;\ter perlgdt\:\r/w sevtiralt ways. Sta_'less data.) Figur@ shows clearly the strong solar cycle vari-
:isolga'l}/’c € averr;ge r'] er(ta)nce etween d € W? Churvesd.'fsation in the storm development, with blue colour dominating

Lrni.Lompare .to_t €a ove-.men'gone result that a dito o the SPE zero time in solar cycle maximum years and
ference due to statistical fluctuations is at most 0.08 nT, th

diff betw the two SPE for the t iods i ellow colour in minimum years. The strongest and most
yerence between the two - curves for the two periods 1,0 sistent blue colours are found during the maximum of SC
significant. In the compression phase before the SSC and, i

ficul t theD M the SPE tor th | 9, in agreement with the annu@l, maximum in 1960 (see
particuar, & st minimum the curve for the early Fig. 7). Strongly stormy years are also found around the
period is a few nT above the curve for the later period. Ac-

dinal h in th | iod maxima of solar cycles 17, 21 and 22. However, strong storm
cordingly, on average, the storms in the early perio See.nbctivity in SC 17 is quite surprising, taking into account the

to be. ?Ilg?tlyt:]etshs '?te?j:’r? :htf]g n tg.e latter pe:;lod. Th'SI 'Srather low annual averages during this cycle. Note also that
coInS|s en WII:' € ?Cd a .é" mb:cels (eg. Ie an_nutf;l] the most stormy years during this cycle occur rather late in
values, see Figh) include considerably larger values in the the declining phase of the cycle and that there are only rather

later peno? Lhan n the_earlysgérg)d. 4H0wevzr, n the late 5 tew stormy years in this cycle. In fact, these properties are
recovery of the storm, since ay 4 onwards,iRein- o closely reproduced during cycle 21 while the storm ac-

de>'< in the early period remains lower Fhan In .th('a later perIOd'tivity in cycles 19 and 22 lasts longer and extends over the
This feature recovers the above-mentioned similar overall av:

-~ ) . whole sunspot maximum.

erages of theDy; indices in the two periods, and suggests
that, on average, storms may recover slower in the early pe- There are also some differences in the storm activity level
riod. These differences, although rather small for conclusiveduring solar minimum times. We find three periods of excep-
evidence, may still be indicative of a systematic long-termtionally high Dy, values (weak activity) after the SPE zero
change in the interplanetary conditions. The weaker mairtime. These appear in Fi§.as large yellow regions in early
phase and the longer recovery phase in the early period sug930s, in mid-1960s and in mid-1990s. Note that these seem
gests that the storms at that time were more typically drivento appear every third solar minimum, when the lowest val-
by recurrent streams (often producing HILDCAA, high in- ues of theA, index are also found (see Fig). This gives
tensity long duration continuous AE activity, type storm re- additional support for the suggested 3-cycle periodicity in so-
covery phasesTurutani and Gonzale$987 Sgraas et gl.  lar activity and, for example, cosmic raysh(luwalia, 1998.
2004), rather than by strong CMEs, as typical in more recentMoreover, the higheDy, level during these times is also
times. found before the SPE zero time and, especially, at the SPE

As a final study, we have depicted in F@the annually  zero time when théy, attains typically positive values. On
calculated superposed storm curves, with the SPE day rurthe other hand, during solar maximum years, in particular
ning vertically and years horizontally. ThBy, values are  during the strongest maxima discussed above, the SPE zero
given in colour code with strongly negative values in blue, time Dy, 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: recbgstructed
index in 1932-2002. Bottom: annually calculated superposed storm curves using the reconByutel®32—-2002.

6 Conclusions 1960, 1989 and 1991. Out of these the lowest annual average
is found in 1989 rather than in 1991.
We have reconstructed the geomagné&ticindex for 1932— The reconstructedy, index presents a homogeneous,

2002, thus extending it by 25 years, i.e. by more than one71-year series which can be used, for example, to study the
full solar magnetic cycle. The extension was done by us-long-term development in the ring current and in the evo-
ing data from the original set of four low-latitude stations |ution and structure of storms. The annual averages of the
for 1941-1956, and by using the nearby CTO station as geomagnetici , index and the reconstructdd, index cor-
predecessor of the HER station for 1932-1940. Although werelate very well over this time interval, except at the begin-
have followed the originab,; formula as closely as possible, ning of the series in 1933-1940 and in the declining phase
the Dy; index cannot, because of inadequate information, beof solar cycles 18, 20 and 21, where high speed solar wind
fully reproduced and therefore remains partly unscientific.streams cause enhanced geomagnetic activity. While the re-
As a comparison, we give here a complete formula for ourconstructedD;; indices in 1932-1956 and 1957—2002 are
reconstruction of théd,; index. Despite the open questions statistically quite similar, we find differences in the average
related to the formula of the origind)y, index, the recon-  storm development during the two periods using the super-
structed index is quite similar to the original one during the posed epoch method. During the early period in 1932-1956
overlapping time interval (1957-2002). The average differ-the storms are less intense but tend to have a longer recov-
ence between the two indices is only about 3nT and theirery phase, suggesting that there are more HILDCAA-type
correlation coefficient is about 98%. medium activity intervals during the early period than more
We note that the reconstruct&y; index corrects for some  recently. We also study the annually averaged storm structure
known errors in the originaDy, index, such as the erro- using the superposed epoch method and find that the most
neously large daily UT variation in 1971. Despite the fair stormy years occur during the declining phase of solar cy-
overall agreement, the reconstructed index deviates from theles 17 and 21 and around the solar maxima of cycles 19 and
original index even on the level of annual averages for some22. On the other hand, the least stormy years are found in
years. All annual averages of the reconstructed index arearly 1930s, mid-1960s and mid-1990s, in agreement with
negative and for 1962-1966 they are systematically loweithe lowest cycle minima of tha , index.
(more stormy) than those of the original index. Accordingly,
we disagree with the uniquely positive annual average of theNote: The extended and reconstruct®g, index described
original index in 1965, which most likely is erroneous. We and studied in this paper will be released to the geophysical
also find somewhat higher (less negative) values than in theommunity via the World Data Center system as soon as pos-
original Dy, index for the three lowest annual averages in 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 origin@l, Mayaud, P.-N.: The annual and daily variations of D& index,
index. At present, our best candidate for the coming name is Geophys. J. R. Astr. Soc., 55, 193-201, 1978.
the D,; index, emphasizing the fact that the time range of theMayaud, P.-N.: Derivation, meaning, and use of geomagnetic in-
Dy, index was greatly extended. dices, Geophys. Monogr. Ser., 22, AGU, Washington D.C., 1980.
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