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Introduction
Parta

This supporting information gives details of the Maximum Likelihood Estimation (MLE) method and
associated goodness-of-fit metrics

Part2
The values of best-fit parameters (and their uncertainties) and the goodness-of-fit metrics are

presented for the fits of 7 selected distribution forms to the observed distributions of the geomagnetic
indices, ap and Dst and the estimated power into the magnetosphere, P, (all expressed as ratios of



their annual means). The procedures are repeated for data averaged over timescales t of 3 hours, 1
day, 7 days, 27 days, o.5 years and 1 year. Plots of the observed and fitted distributions (both
probability density functions (p.d.f.s) and cumulative distribution functions (c.d.f.s) are also presented
for all cases.

Part3

A Table giving a list in rank order of the 83 largest storms (the top 0.25%) defined by daily mean ap
values, Ap

Part 1. Maximum Likelihood (MLE) method and associated goodness-of-fit metrics

Probability density distributions can be fitted to data using the least squares method. This involves
counting the fraction of all samples in bins, P,, of arbitrarily-chosen width to create a histogram and
then evaluating the adopted pdf function for the bin centers, P. The mean square of the deviation is
then computed, A = < (Pm— P,)*> and the parameters describing the fitted distribution iterated until
the minimum A, Aws, is obtained. One major problem with this “last squares” fit is that the results can
depend on the bin width chosen [e.g., Woody et al., 2016] and it assumes that the fit residuals are
normally distributed.

Maximum Likelihood Estimation (MLE) provides an alternative that avoids these problems. It is a
generalization of the least squares method, which it reduces to if all the assumptions of least squares
are met. MLE searches for the parameter values of the distribution form used that maximize a
likelihood function, given the observations. The likelihood is estimated from the joint probability of
the assumed distribution generating the N observed data points xi, X, ....X;, ....xn for a parameter a.
(For simplicity we here consider a distribution with just one fit parameter, a: in general there can be
several). Forindependent measurements this is given by the product of the individual densities p(x|a),
which is the likelihood

N
L(a) = p(x:|a) x p(x;|a) ...... x p(xia) ..... x p(xnla) =TT i=1p(xila)
For a number of reasons is easier to work with natural logarithm of L, the log-likelihood F(a)

Fla) =logn(L) = _loga(p(xa))

MLE finds the parameter value a that maximizes L(a), the maximum likelihood being L

There are two goodness-of-fit metrics that can be used in MLE. The A/C is the Akaike Information
Criterion metric and the BIC the Bayesian (or Schwarz) Information Criterion. Where

AIC = 2ds— 210gn( Lm)

where dris the number of fit parameters (degrees of freedom) and



BIC =logn(N)x df— 2logn( Lm)

The AIC and BIC values are not (unlike Aus) absolute quality metrics because they depend on the data
sample set of x values in question. However, they can be used to compare the goodness-of-fit of
different distributions to the same set of x data, the smallest value indicating the largest maximum
likelihood L. The first term means that the number of degrees of freedom of the fit are allowed for
and the BIC in gives larger weight to this factor than the A/C provided the number of samples N
exceeds 7. Hence AIC and BIC are useful in evaluation which distribution best fits the data.

One other goodness-of-fit test we apply is the modified Kolmogorov—Smirnov test which yields the
metric D which is the largest absolute value of the difference of the observed and fitted cumulative
distribution functions (c.d.f.s). These c.d.f.s can be evaluated without binning the data and the K-S test
is a non-parametric test as it does not assume that the data are normally distributed.

Part 2. Results of maximum likelihood (MLE) fitting to observed distributions of geomagnetic
indices ap and Dst and of the power input into the magnetosphere, P4

This section presents Tables giving best-fit parameters and their 2-c uncertainty ranges and the
goodness of fit metrics (and their rank orders) for 7 different standard distribution forms. The forms
used are:

normal (Gaussian) distribution
lognormal distribution
Weibull distribution

Burr distribution

Gamma distribution
Log-logistic distribution
Rician distribution

For all these distributions the number of degrees of freedom is dr=2, except the Burr for which df = 3.
These distributions are fitted to the ratios of observed <ap>:/<ap>:-1yr, <Dst>+/<Dst>+-.yr, and
<Po>+/<Pg>:-ayr - in each case for 6 different values of averaging timescale t, namely: 3hrs (the basic
resolution of the ap data), 1 day, 7 days, 27 days, o.5 year and 1 year. In each case, a plot is given of
both the observed and best-fit (MLE) cumulative distribution functions (c.d.f.s) and of the
corresponding probability density functions (p.d.f.s). Note thatin the case of the observed p.d.f.s, the
data samples have been binned (to give a histogram) into 150 contiguous bins centered on
[0.5:1:150](x48/200) Where xqs is the 98" percentile of the observed distribution and the numbers of
samples nin each bin then normalized so that Xn(xys/100) is unity.

For the distributions of <ap>:/<ap>:-.yr, the lognormal distribution form consistently performs best in
all four metrics until T gets large and the distribution becomes close to normal. Note that in these
large-t cases, the A/C and BIC have both turned negative because the maximum likelihood, L exceeds
unity. (It is often said that L cannot exceed unity but this is incorrect and this means that the log
likelihood can be positive). However, this only happens when the fits are of extremely high quality (as
seen in the plots). As all the tested distributions tend to Gaussians in one limit, all distributions fit the



high t distributions very well and the rank orders are based on minimal differences in the metrics —i.e.
the fitted distributions are essentially all equally valid. Note for T = 1 year the distribution of and

parameter <x>./<x>:-yr, is a delta function at unity which is a Gaussian of unity mean 1 and standard
deviation zero.

The behavior is quite similar for the distributions of normalized power input to the magnetosphere
<Po>+/<Ps>r-ayr, except at the lowest T where the lognormal does not fit the observations well. For t of
7 days and 27 days the lognormal is best by all metrics and, as for ap, at the larger t all distributions fit
the near-Gaussian form well and the lognormal is, effectively, as good as any other form. The
distribution at t =3 hours is complexin form and in Paper 2 is explained as the effect of averaging (via
the central limit theorem) on the very non-standard distribution at t =12 min in the IMF orientation
factor. In Paper 2 it was described in terms of a Weibull distribution which fits the above-the-mode
values very well but does not fit the mode and below quite as well as the Burr distribution (see Figures
S13 and Sa14). Table S6 shows that both the AIC and BIC metrics indicate that the addition of an extra
shape parameter in the Burr is valid in this case. The advantage gained in using the Burr is a better
fitting of the near-zero peak but the fits to the distribution above the mode are very similar.

In contrast, for the distributions of <Dst>/<Dst>+-.,r, the lognormal distribution is never the best
option. Of the two-parameter distribution fits the Gamma and the Weibull distributions are very
similar in all their goodness of fit estimates and the best options for t up to 0.5 year, above which all
distributions fit the near-Gaussian observed distribution well. However, at 7 days and below the Burr
distribution is best, even in the BIC metric that penalises the extra degree of freedom most. The
Figures S7 to S11 show that the 2-parameter fits match the distribution above the mode well but have
trouble matching the exact form of the peak around the mode.



Table S1. Best-fit parameters and their 2-6 uncertainty ranges for 7 tested distribution forms fitted to
the ratio <ap>:/<ap>:-.,r for the ap geomagnetic index data for 6 different values of t. The
distributions studied are: the normal (Gaussian) distribution (for which the parameter A is the mean,
m; and parameter B is the standard deviation, c); the Lognormal distribution (A = u, the mean of
logarithmic values; B = g, the standard deviation of logarithmic values); the Weibull (A = A, the scale
parameter; and B = k, the shape parameter); the Burr distribution (A = A, the scale parameter, B = ki,
the first shape parameter, and C = k;, a second shape parameter); the Gamma distribution (A = k, the
shape parameter, and B = A, the scale parameter); the Log-logistic distribution (A = m, the mean; and B
= k, the shape parameter); and the Rician distribution (A = s, the noncentrality parameter and B = A, the
scale parameter). In each case the optimum fit is given, along with the minimum and maximum of the
2-c uncertainty range, as derived using the Maximum Likelihood Estimation (MLE) method (using the
MATLAB statistics toolbox). Fits are carried out using averaging intervals of T of 3hrs (the basic
resolution of the ap data), 1 day, 7 days, 27 days, half a year and 1 year.

1 2 3 4 5 6 7 8 9 10 11 12
distribution time best Min max Best min max best min Max
T A A A B B B C (o (o
Normal ap | 3hrs | 1.0353 1.0298 1.0407 1.3642 1.3604 1.3681
Lognormal ap | 3hrs | -0.4054 | -0.4089 | -0.4018 | 0.8845 0.882 0.887
Weibull ap | 3hrs | 1.0546 1.0503 1.059 1.0382 1.0354 1.0411
Burr ap | 3hrs | 0.4136 0.4093 0.4178 2.6086 2.5857 2.6318 0.5337 | 0.5252 | 0.5424
Gamma ap | 3hrs | 1.2773 1.2708 1.2838 0.8105 0.8055 0.8156
LoglLogistic | ap | 3hrs | -0.4452 | -0.4488 | -0.4416 | 0.5081 0.5064 0.5097
Rician ap | 3hrs | 0.0232 0 0.0784 1.2109 1.2084 1.2134
Normal ap | 1dy 1.0006 0.9892 1.0119 1.0191 1.0112 1.0273
Lognormal ap | 1dy -0.3305 | -0.3393 | -0.3216 | 0.7966 0.7903 0.8029
Weibull ap | 1dy 1.0758 1.0653 1.0864 1.2081 1.1988 1.2175
Burr ap | 1dy 0.6294 0.6103 0.6491 2.3578 2.311 2.4054 0.8394 | 0.8024 | 0.8782
Gamma ap | 1dy 1.6576 1.6338 1.6818 0.6036 0.5935 0.6139
Loglogistic | ap | 1dy -0.3446 | -0.3535 | -0.3358 | 0.4532 0.449 0.4574
Rician ap | 1dy 0.0259 0 0.1757 1.0098 1.0038 1.0157
Normal ap | 7dy 1 0.9832 1.0168 0.5677 0.5561 0.5798
Lognormal ap | 7dy -0.1312 | -0.146 -0.1163 | 0.5034 0.4932 0.5142
Weibull ap | 7dy 1.1331 1.1145 1.1519 1.8972 1.8588 1.9364
Burr ap | 7dy 0.8082 0.7659 0.8529 3.6816 3.4895 3.8841 0.8465 | 0.7488 | 0.957
Gamma ap | 7dy 3.9706 3.8145 4.133 0.2519 0.2413 0.2629
LoglLogistic | ap | 7dy -0.1406 | -0.1556 | -0.1257 | 0.2891 0.2822 0.2962
Rician ap | 7dy 0.0285 0 0.7017 0.8129 0.7963 0.8299
Normal ap | 27dy | 1 0.9819 1.0181 0.3113 0.2991 0.3247
Lognormal ap | 27dy | -0.0459 | -0.0634 | -0.0283 | 0.3023 0.2905 0.3154
Weibull ap | 27dy | 1.1117 1.0911 1.1327 3.2846 3.1528 3.4218
Burr ap | 27 dy | 0.9507 0.8892 1.0165 5.8123 5.2627 6.4194 0.9908 | 0.7755 | 1.2658
Gamma ap | 27dy | 11.0589 | 10.2011 | 11.9889 | 0.0904 0.0833 0.0982
LoglLogistic | ap | 27 dy | -0.0481 | -0.0656 | -0.0306 | 0.1726 0.1645 0.1811
Rician ap | 27dy | 0.943 0.9229 0.9631 0.3222 0.3082 0.3369
Normal ap | 05yr | 1 0.9811 1.0189 0.1242 0.1126 0.1395
Lognormal ap | 0.5yr | -0.0078 | -0.0269 | 0.0113 0.1256 0.1138 0.141
Weibull ap | 0.5yr | 1.0552 1.0362 1.0746 8.7762 7.8306 9.836
Burr ap | 0.5yr | 1.1125 0.9492 1.3038 10.9177 | 8.515 13.9984 | 2.4749 | 0.7423 | 8.2519
Gamma ap | 0.5yr | 64.1512 | 51.8616 | 79.3531 | 0.0156 0.0126 0.0193
Loglogistic | ap | 0.5yr | -0.0051 | -0.0246 | 0.0144 0.0734 0.0649 0.0831
Rician ap | 0.5yr | 0.9921 0.9732 1.0111 0.1247 0.112 0.1389
Normal ap | 1yr 1 0.9967 1.0033 0.0152 0.0133 0.0181
Lognormal ap | 1yr -0.0001 | -0.0035 | 0.0032 0.0154 0.0134 0.0182
Weibull ap | 1yr 1.0071 1.0036 1.0106 64.888 56.373 74.6887
Burr ap | 1yr 1.002 0.9947 1.0093 1307 99.1262 | 0.0002 1.1515 | 0.6154 | 2.1547
Gamma ap | 1yr 42544 3144.1 5756.7 0.0002 0.0002 0.0003
LoglLogistic | ap | 1yr 0.0005 -0.0021 | 0.0031 0.0073 0.0061 0.0088
Rician ap | 1yr 0.9999 0.9966 1.0031 0.0152 0.0131 0.0177




Table S2. Goodness-of-fit metrics for the 7 tested distribution forms and the ap geomagnetic index
ratio <ap>:/<ap>:-.,r data averaged over intervals of duration t described in Table S1. D is the largest
absolute value of the difference of the observed and fitted cumulative distribution functions (c.d.f.s)
obtained from a modified version of the non-parametric Kolmogorov—-Smirnov test; Aus is the mean
square deviation of the observed and fitted probability distribution functions (p.d.f.s) for 150
contiguous bins centered on <ap>:/<ap>:-y: = [0.5:1:150](X8/200) Where xggis the 98" percentile of the
observed <ap>:/<ap>+-., distribution. N is the total number of available samples, A/C is the Akaike
Information Criterion metric from the maximum likelihood estimate, and BIC the Bayesian Information
Criterion. The last 4 columns give the rank order in goodness-of-fit for a given t according to these four
metrics. Note all distributions have two degrees of freedom, except the Burr that has 3.

1 2 3 4 | 5 | 6 | 7 | 8 9 | 10 | 1 | 12
distribution Time Goodness of fit tests Rank
T D Dus N AlC BIC D | Aws | AIC | BIC

Normal ap | 3hrs | 0.2442 | 0.0551 238740 | 825830 | 825860 6 |6 6 6
Lognormal ap | 3hrs | 0.0542 | 0.0028 238740 | 425370 | 425390 3 2 1 1
Weibull ap | 3hrs | 0.1 0.0137 | 238740 | 493340 | 493360 4 5 5 5
Burr ap | 3hrs | 0.0376 | 0.0013 | 238740 | 425740 | 425770 1 1 2 2
Gamma ap | 3hrs | 0.1048 | 0.0124 238740 | 485750 | 485770 5 4 4 4
LoglLogistic | ap | 3hrs | 0.0417 | 0.003 238740 | 430880 | 430900 2 3 3 3
Rician ap | 3hrs | 0.4182 | 0.0686 | 238740 | 853850 | 853870 7 7 7 7
Normal ap | 1dy 0.1845 | 0.0442 30878 | 88803 88820 6 | 6 7 7
Lognormal ap | 1dy 0.0195 | 0.0007 | 30878 | 53177 53194 1 1 1 1
Weibull ap | 1dy 0.0803 | 0.0131 30878 | 59783 59800 5 |5 5 5
Burr ap | 1dy 0.0197 | 0.0011 30878 | 53471 53496 2 2 2 2
Gamma ap | 1dy 0.0738 | 0.0086 | 30878 | 57696 57713 4 |4 4 4
LoglLogistic | ap | 1dy 0.0214 | 0.0015 | 30878 | 53524 53541 3 |3 3 3
Rician ap | 1dy 0.2998 | 0.0471 30878 | 83383 83400 7 |7 6 6
Normal ap | 7dy 0.1167 | 0.033 4413 7529.9 7542.7 7 7 7 7
Lognormal ap | 7dy 0.0176 | 0.0013 | 4413 5312.1 5324.9 1 1 1 1
Weibull ap | 7dy 0.0786 | 0.0187 | 4413 6308.8 | 6321.6 5 |6 5 5
Burr ap | 7dy 0.0273 | 0.0032 | 4413 5411.2 5430.4 3 2 2 3
Gamma ap | 7dy 0.0508 | 0.0066 | 4413 5653.6 5666.4 4 | 4 4 4
LoglLogistic | ap | 7 dy 0.0265 | 0.0034 | 4413 5416 5428.8 2 3 3 2
Rician ap | 7dy 0.0861 | 0.0182 | 4413 6335.4 | 6348.1 6 5 6 6
Normal ap | 27dy | 0.0787 | 0.0235 1144 580.2 590.3 7 |6 6 6
Lognormal ap | 27dy | 0.0184 | 0.0042 1144 408.3 418.4 1 1 1 1
Weibull ap | 27dy | 0.0754 | 0.0283 1144 606.8 616.9 5 |7 7 7
Burr ap | 27dy | 0.0227 | 0.0053 1144 430.7 445.8 3 |2 3 4
Gamma ap | 27dy | 0.0385 | 0.007 1144 430.7 440.8 4 |4 3 3
LoglLogistic | ap | 27 dy | 0.0226 | 0.0053 1144 428.7 438.8 2 2 2 2
Rician ap | 27dy | 0.0757 | 0.0222 1144 566.8 576.9 6 |5 5 5
Normal ap | 0.5yr | 0.047 0.0276 169 -221.39 | -215135 |3 | 4 3 3
Lognormal ap | 0.5yr | 0.0505 | 0.0237 169 -220.36 | -214.096 | 4 2 4 4
Weibull ap | 0.5yr | 0.0668 | 0.0529 169 -212.17 | 205911 | 7 7 7 6
Burr ap | 0.5yr | 0.0545 | 0.039 169 -214.1 -204.711 | 6 5 5 7
Gamma ap | 0.5yr | 0.0466 | 0.0235 169 -221.41 | -215.152 | 1 1 2 2
Loglogistic | ap | 0.5yr | 0.0536 | 0.0411 169 -212.44 | -206.178 | 5 6 6 5
Rician ap | 0.5yr | 0.0469 | 0.0275 169 -221.41 | -215.152 | 2 3 1 1
Normal ap | 1yr 0.1236 | 0.0476 84 -460.43 | -455.569 | 3 3 4 4
Lognormal ap | 1yr 0.1244 | 0.0456 84 -459.02 | -454.156 | 6 1 6 6
Weibull ap | 1yr 0.164 0.4733 | 84 -450.77 | 445908 | 7 |7 7 7
Burr ap | 1yr 0.0781 | 0.1023 | 84 -476.6 -469.31 1 5 2 2
Gamma ap | 1yr 0.1241 | 0.0459 84 -459.51 | -454.649 | 5 2 5 )
LoglLogistic | ap [ 1yr 0.081 0.1266 | 84 -478.4 -473.537 | 2 6 1 1
Rician ap | 1yr 0.1236 | 0.0476 | 84 -460.44 | 455575 |3 | 3 3 3
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Figure Sa. Best-fit distributions (in colours) fitted using the MLE method to the observed distributions
(in black) for 7 tested distribution forms fitted to that for the ratio <ap>/<ap>:-.,r of the ap
geomagnetic index data and an averaging timescale t = 3hours. The plot on the right shows the
probability distribution functions (pdfs) and on the left the corresponding cumulative distribution
functions (cdfs). The fitted distributions are: (cyan) the normal (Gaussian) distribution; (mauve) the
Lognormal distribution ; (green) the Weibull distribution ; (blue) the Burr distribution; (red) the
Gamma distribution ; (orange) the LoglLogistic distribution; and (brown) the Rician distribution. The
optimum distribution parameters are given in Table S1 and the goodness-of fit metrics in Table S2.
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Figure S2. Same as Figure Si1 but for an averaging timescale T = 1 day.
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Figure S3. Same as Figure S1 but for an averaging timescale t = 7 days.
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Figure S4. Same as Figure S1 but for an averaging timescale 1 = 27 days.
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Figure S5. Same as Figure S1 but for an averaging timescale t = 0.5 year
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Table S3. Same Table Sa for the ratio <Dst’>:/<Dst>:-.,, of the Dst geomagnetic index data

1 2 3 4 5 6 7 8 9 10 1 12
distribution I:::Ii best min max Best Min max best min Max
T A A A B B B C C c
Normal Dst | 3hrs | 1.5118 1.5035 1.5202 1.572 1.5662 1.578
Lognormal Dst | 3hrs | -0.0419 | -0.0475 | -0.0363 1.0593 1.0554 1.0633
Weibull Dst | 3hrs | 1.5691 1.5611 1.5771 1.0963 1.092 1.1006
Burr Dst | 3hrs | 3.0954 2.9863 3.2085 1.3531 1.3438 1.3624 3.2124 3.1020 3.3267
Gamma Dst | 3hrs | 1.2385 1.2302 1.2469 1.2207 1.2107 1.2308
LoglLogistic | Dst | 3hrs | 0.0332 0.0279 0.0385 0.5779 0.5753 0.5804
Rician Dst | 3hrs | 0.0347 0 0.1591 1.5421 1.5378 1.5464
Normal Dst | 1dy 1.4063 1.386 1.4266 1.3758 1.3616 1.3903
Lognormal Dst | 1dy -0.1276 | -0.1478 | -0.1074 1.3694 1.3553 1.3839
Weibull Dst | 1dy 1.4617 1.4413 1.4823 1.1063 1.0941 1.1187
Burr Dst | 1dy 4.9434 | 4.2892 5.6973 1.2574 1.2345 1.2807 5.3459 | 4.6628 6.1292
Gamma Dst | 1dy 1.2064 1.1841 1.2291 1.1657 1.1392 1.1928
LogLogistic | Dst | 1dy -0.0208 | -0.0359 | -0.0058 0.5947 0.5873 0.6021
Rician Dst | 1dy 0.0413 0 0.3315 1.3909 1.3798 1.402
Normal Dst | 7 dy 1.1984 1.1635 1.2332 0.9355 0.9117 0.961
Lognormal Dst | 7dy -0.1578 | -0.1931 | -0.1226 0.9467 0.9226 0.9725
Weibull Dst | 7 dy 1.305 1.2671 1.344 1.3322 1.295 1.3705
Burr Dst | 7 dy 4.8309 3.2547 7.1703 1.4569 1.392 1.5249 7.4556 | 4.7048 11.8145
Gamma Dst | 7dy 1.6224 1.5461 1.7025 0.7386 0.6981 0.7815
LogLogistic | Dst | 7 dy -0.0718 | -0.1041 | -0.0395 0.5037 0.4882 0.5197
Rician Dst | 7 dy 0.0302 0 1.0098 1.0748 1.0508 1.0994
Normal Dst | 27 dy | 1.0871 1.0427 1.1315 0.6238 0.5944 0.6572
Lognormal Dst | 27 dy | -0.1219 | -0.1759 | -0.0678 0.76 0.7241 0.8007
Weibull Dst | 27 dy | 1.2192 1.1694 1.2711 1.7893 1.6951 1.8888
Burr Dst | 27 dy | 3.4811 1.8829 6.4359 1.9387 1.7762 2.1162 8.3695 3.1918 21.9464
Gamma Dst | 27 dy | 2.5892 2.3555 2.8461 0.4199 0.3782 0.466
LogLogistic | Dst | 27 dy | -0.0478 | -0.0934 | -0.0022 0.3757 0.3539 0.3989
Rician Dst | 27 dy | 0.0449 0 1.9464 0.8857 0.83 0.9452
Normal Dst | 0.5yr | 1.0098 0.9519 1.0676 0.3173 0.2826 0.3652
Lognormal Dst | 0.5yr | -0.0538 | -0.1273 | 0.0197 0.4033 0.3592 0.4641
Weibull Dst | 0.5yr | 1.1185 1.0564 1.1842 3.3126 2.9054 3.7767
Burr Dst | 0.5yr | 1.3608 0.9812 1.8874 4.2419 3.38 5.3237 3.0008 1.1209 8.0339
Gamma Dst | 0.5yr | 8.0391 6.2672 10.3121 0.1256 0.0971 0.1624
LogLogistic | Dst | 0.5yr | -0.0146 | -0.0705 | 0.0412 0.185 0.1586 0.2158
Rician Dst | 0.5yr | 0.9507 0.887 1.0144 0.3289 0.2865 0.3776
Normal Dst | 1yr 1 0.9946 1.0054 0.0206 0.0176 0.0254
Lognormal Dst | 1yr -0.0002 | -0.0056 | 0.0052 0.0207 0.0177 0.0255
Weibull Dst | 1yr 1.01 1.0044 1.0156 48.4687 40.6213 57.8321
Burr Dst | 1yr 1.0003 0.9859 1.015 0.0906 62.5014 0.0001 1.0203 0.4363 2.3863
Gamma Dst | 1yr 2338.8 1635.3 3344.9 0.0004 0.0003 0.0006
LogLogistic | Dst | 1yr 0 -0.0047 | 0.0048 0.011 0.0088 0.0136
Rician Dst | 1yr 0.9998 0.9946 1.005 0.0206 0.0173 0.0247
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Table S4. Same Table Sz for the ratio <Dst’>./<Dst>.-.,, of the Dst geomagnetic index data

1 2 3 4 | 5 | 6 | 7 | 8 9 | 10 | 1 | 12
distribution Time Goodness of fit tests Rank
T D Dus N AlC BIC D | Aws | AIC | BIC

Normal Dst | 3hrs | 0.1698 | 0.0114 136380 | 510440 | 510460 6 |6 6 6
Lognormal Dst | 3hrs | 0.0658 | 0.0036 136380 | 391340 | 391360 5 5 5 5
Weibull Dst | 3hrs | 0.0363 | 0.0015 136380 | 383510 | 383530 4 3 3 3
Burr Dst | 3hrs | 0.0137 | 0.001 136380 | 377930 | 377960 1 1 1 1
Gamma Dst | 3hrs | 0.0319 | 0.0012 136380 | 381850 | 381870 3 |2 2 2
LogLogistic | Dst | 3hrs | 0.0309 | 0.0018 136380 | 385830 | 385850 2 |4 4 4
Rician Dst | 3hrs | 0.2779 | 0.0161 136380 | 520540 | 520560 7 7 7 7
Normal Dst | 1dy 0.1533 | 0.0114 17664 | 61402 61418 6 |6 6 6
Lognormal Dst | 1dy 0.1066 | 0.0094 17664 | 56729 56745 5 |56 5 5
Weibull Dst | 1dy 0.0311 | 0.002 17664 | 47077 47093 3 |3 3 3
Burr Dst | 1dy 0.0213 | 0.0016 17664 | 46777 46800 1 1 1 1
Gamma Dst | 1dy 0.0271 | 0.0019 17664 | 47009 47024 2 2 2 2
LogLogistic | Dst | 1dy 0.0416 | 0.0026 17664 | 48436 48452 4 | 4 4 4
Rician Dst | 1dy 0.2514 | 0.0164 17664 | 63165 63181 7 |7 7 7
Normal Dst | 7 dy 0.1015 | 0.0112 | 2772 7501 7512.8 6 6 7 7
Lognormal Dst | 7 dy 0.0799 | 0.0079 | 2772 6692 6703.8 5 5 5 5
Weibull Dst | 7dy 0.0241 | 0.0015 | 2772 6214.5 | 6226.3 2 |2 3 3
Burr Dst | 7dy 0.0183 | 0.0012 | 2772 6191.2 | 6209 1 1 1 1
Gamma Dst | 7 dy 0.0275 | 0.0017 | 2772 6211 6222.8 3 3 2 2
LogLogistic | Dst | 7 dy 0.0456 | 0.0037 | 2772 6474 6485.8 4 |4 4 4
Rician Dst | 7 dy 0.1609 | 0.0126 | 2772 7225 7236.8 7 7 6 6
Normal Dst | 27 dy | 0.07 0.0085 | 763 14491 1458.3 6 |6 6 6
Lognormal Dst | 27 dy | 0.0886 | 0.0168 | 763 1564.5 1573.7 7 |7 7 7
Weibull Dst | 27 dy | 0.0366 | 0.0047 | 763 1330.1 1339.3 2 3 2 1
Burr Dst | 27 dy | 0.0283 | 0.0038 | 763 1326.8 1340.7 1 2 1 2
Gamma Dst | 27 dy | 0.0431 | 0.0059 | 763 1354.8 1364 3 |4 4 4
LogLogistic | Dst | 27 dy | 0.0515 | 0.0063 | 763 1411.5 1420.8 5 |56 5 5
Rician Dst | 27 dy | 0.0439 | 0.0037 | 763 1347.4 1356.7 4 1 3 3
Normal Dst | 0.5yr | 0.0877 | 0.0432 119 68.4819 | 74.0401 | 4 3 1 1
Lognormal Dst | 0.5yr | 0.1461 | 0.0841 119 112.767 | 118.325 | 7 7 7 7
Weibull Dst | 0.5yr | 0.0986 | 0.0545 119 74.82 80.3782 | 5 5 4 4
Burr Dst | 0.5yr | 0.0695 | 0.0374 119 70.4156 | 78.7529 | 1 2 3 3
Gamma Dst | 0.5yr | 0.112 0.0595 119 85.804 | 913623 (6 | 6 6 6
LoglLogistic | Dst | 0.5yr | 0.0817 | 0.0369 119 77.0085 | 82.5667 | 2 1 5 5
Rician Dst | 0.5yr | 0.0876 | 0.0437 119 68.6028 | 74.161 3 |4 2 2
Normal Dst | 1yr 0.0746 | 0.0167 | 60 -291.41 | -287.226 | 5 1 4 4
Lognormal Dst | 1yr 0.0709 | 0.0238 60 -291.04 | -286.854 | 3 4 6 6
Weibull Dst | 1yr 0.1267 | 0.2017 | 60 -282.64 | -278.448 |7 |7 7 7
Burr Dst | 1yr 0.0658 | 0.1232 60 -293.54 | -287.257 | 2 5 2 2
Gamma Dst | 1yr 0.0721 | 0.0211 60 -291.19 | -286.999 | 4 3 5 5
LogLogistic | Dst | 1yr 0.0653 | 0.128 60 -295.54 | -291.349 | 1 6 1 1
Rician Dst | 1yr 0.0746 | 0.0167 | 60 -291.42 | -287.235 | 5 1 3 3
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Table S5. Same Table S1 for the ratio <Pg>:/<Po>:-1yr for the estimated power input into the
magnetosphere, Pq

1 2 3 4 5 6 7 8 9 10 11 12
distribution Time | best min max best min max best min Max
T A A A B B B C C Cc
Normal P. | 3hrs | 1 0.99 1.01 1.2135 1.2064 1.2206
Lognormal P. | 3hrs | -0.607 -0.618 -0.5959 1.3353 1.3275 1.3431
Weibull P. | 3hrs | 09806 | 0.9718 | 0.9896 0.9586 0.9527 0.9646
Burr P. | 3hrs | 54574 | 4.9261 6.046 1.0647 1.0545 1.075 6.9359 | 6.3622 | 7.5613
Gamma P. | 3hrs | 0.9561 0.9463 | 0.9659 1.046 1.0321 1.06
Loglogistic | P. | 3hrs | -0.4768 | -0.4867 | -0.4669 0.6968 0.692 0.7017
Rician P. | 3hrs | 0.0163 | O 0.1282 1.1118 1.1072 1.1165
Normal P. | 1dy 1 0.9806 | 1.0194 0.8626 0.8492 0.8766
Lognormal P. | 1dy | -0.2885 | -0.3064 | -0.2705 0.7999 0.7874 0.8128
Weibull P. | 1dy 1.0967 | 1.0774 | 1.1163 1.3368 1.3158 1.3582
Burr P, | 1dy 1.1486 1.0567 1.2485 1.9523 1.891 2.0156 1.7629 | 1.5808 | 1.966
Gamma P. | 1dy 1.8827 | 1.8283 | 1.9388 0.5312 0.5136 0.5493
LoglLogistic | P | 1dy | -0.2601 | -0.2772 | -0.243 0.4384 0.4303 0.4467
Rician P. | 1dy | 0.012 0 0.6305 0.9338 0.9227 0.9451
Normal P. | 7dy 1 0.9738 | 1.0262 0.4416 0.424 0.4611
Lognormal P. | 7dy | -0.0882 | -0.113 -0.0634 0.4181 0.4015 0.4366
Weibull P. | 7dy 1.1302 | 1.1006 | 1.1605 2.3746 2.2768 2.4767
Burr Pa | 7dy 0.9182 0.8336 1.0114 4.1464 3.7502 4.5845 1.0157 | 0.7889 | 1.3077
Gamma P. | 7dy | 58285 | 53724 | 6.3232 0.1716 0.1576 0.1868
Loglogistic | P, | 7dy | -0.0911 | -0.1159 | -0.0662 0.2399 0.2284 0.2519
Rician P. | 7dy | 0.8011 0.7424 | 0.8599 0.5259 0.4865 0.5686
Normal P. | 27dy | 1 0.9728 | 1.0272 0.2321 0.2148 0.2534
Lognormal P. | 27dy | -0.0262 | -0.0529 | 0.0006 0.2285 0.2115 0.2494
Weibull P. | 27dy | 1.0926 | 1.0624 | 1.1237 4.3949 4.0438 4.7764
Burr P. | 27dy | 0.976 0.8796 1.0831 7.6117 6.2341 9.2939 1.0163 | 0.6164 | 1.6756
Gamma P. | 27dy | 19.2766 | 16.376 | 22.6909 0.0519 0.044 0.0612
LoglLogistic | P, | 27dy | -0.0275 | -0.0541 | -0.001 0.1306 0.1186 0.1439
Rician P. | 27dy | 0.9709 | 0.9426 | 0.9992 0.2358 0.2166 0.2568
Normal Pa | 05yr |1 0.9736 | 1.0264 0.0838 0.0697 0.1081
Lognormal P. | 0.5yr | -0.0036 | -0.0303 | 0.0232 0.0848 0.0706 0.1094
Weibull P. | 0.5yr | 1.0383 | 1.0127 | 1.0646 12.8352 10.2692 16.0424
Burr P. | 0.5yr | 1.0548 0.9075 1.226 17.2865 10.986 27.2004 1.9909 | 0.3422 | 11.5837
Gamma P. | 0.5yr | 140.567 | 91.6971 | 215.4817 | 0.0071 0.0046 0.0109
Loglogistic | P, | 0.5yr | -0.0011 | -0.0266 | 0.0244 0.0483 0.0376 0.062
Rician P. | 0.5yr | 0.9965 | 0.971 1.0219 0.0839 0.0677 0.104
Normal Pa | 1yr 1 0.9978 | 1.0022 0.0047 0.0037 0.007
Lognormal B3 1yr 0 -0.0022 | 0.0022 0.0047 0.0037 0.007
Weibull Pa | 1yr 1.0021 1.0004 | 1.0038 263.7103 | 190.3309 | 365.38
Burr Pa | 1yr 1.0044 | 0.9855 1.0237 0.3204 139.1549 | 0.0007 27958 | 0.0388 | 201.2463
Gamma Pa | 1yr 44.9673 | 24.559 | 82.3346 0 0 0
Loglogistic | Pa | 1yr 0.0002 | -0.0015 | 0.002 0.0024 0.0017 0.0034
Rician Pa | 1yr 1 0.998 1.002 0.0047 0.0035 0.0064
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Table S6. Same Table S2 for the ratio <Po>:/<P«>:-1yr for the estimated power input into the
magnetosphere, Pq

1 2 3 4 | 5 | 6 | 7 | 8 9 | 10 | 11 | 12
distribution Time Goodness of fit tests Rank
T D Duys N AlC BIC D | Aws | AIC | BIC

Normal Pa 3hrs | 0.2049 | 0.0285 56130 181010 | 181020 6 5 6 6
Lognormal Pa 3hrs | 0.0869 | 0.0163 56130 123610 | 123630 5 4 5 5
Weibull Pa 3hrs | 0.0226 | 0.0099 56130 112080 | 112100 3 3 2 2
Burr Pa 3hrs | 0.019 0.007 56130 111230 | 111260 1 1 1 1
Gamma Pa 3hrs | 0.0216 | 1.0105 56130 112190 | 112200 2 7 3 3
LogLogistic Pa 3hrs | 0.0488 | 0.0094 56130 117490 | 117510 4 2 4 4
Rician Pa 3hrs | 0.3321 | 0.0474 56130 204200 | 204220 7 6 7 7
Normal B3 1 dy 0.1386 | 0.0272 7632 19407 19421 6 7 7 7
Lognormal s 1 dy 0.0341 | 0.002 7632 13851 13865 3 3 4 4
Weibull s 1 dy 0.0536 | 0.0062 7632 14203 14217 5 5 5 5
Burr s 1dy 0.0097 | 0.0006 7632 13386 13407 1 1 1 1
Gamma s 1dy 0.038 0.0023 7632 13759 13772 4 4 3 3
LoglLogistic | Pa 1dy 0.02 0.001 7632 13514 13528 2 2 2 2
Rician B3 1 dy 0.202 0.0236 7632 17582 17596 7 6 6 6
Normal Pa 7 dy 0.0951 | 0.0253 1095 13215 1331.5 7 7 7 7
Lognormal Pa 7 dy 0.0146 | 0.0019 1095 1008.6 1018.6 1 1 1 1
Weibull Pa 7 dy 0.0691 | 0.0183 1095 1202 1212 5 5 5 5
Burr Pa 7 dy 0.0197 | 0.0035 1095 1036.6 1051.6 2 2 3 3
Gamma Pa 7 dy 0.0433 | 0.0049 1095 1050.5 1060.5 4 4 4 4
LogLogistic Pa 7 dy 0.0202 | 0.0035 1095 1034.6 1044.6 3 2 2 2
Rician Pa 7 dy 0.0792 | 0.0216 1095 1240 1250 6 6 6 6
Normal B3 27 dy | 0.0637 | 0.0272 284 -19.697 | -12.3991 | 6 6 6 6
Lognormal s 27 dy | 0.0267 | 0.0118 284 -43.444 | -36.1462 | 1 1 1 1
Weibull s 27 dy | 0.0809 | 0.0435 284 2.6857 9.9836 7 7 7 7
Burr s 27 dy | 0.0358 | 0.0133 284 -35.796 | -24.8487 | 3 3 4 4
Gamma s 27 dy | 0.0387 | 0.0141 284 -40.318 | -33.0203 | 4 4 2 2
LoglLogistic | Pa 27 dy | 0.0355 | 0.0132 284 -37.792 | -30.4936 | 2 2 3 3
Rician B3 27 dy | 0.0628 | 0.0267 284 -20.619 | -13.3213 | 5 5 5 )
Normal Pa 0.5yr | 0.0531 | 0.0126 42 -85.106 | -81.6303 | 4 1 2 2
Lognormal P, | 0.5yr | 0.0452 | 0.0189 42 -84.37 -80.8949 | 1 4 4 4
Weibull Pa 0.5yr | 0.0981 | 0.0404 42 -82.29 -78.8143 | 7 6 7 6
Burr Pa 0.5yr | 0.0597 | 0.0257 42 -82.673 | -77.4598 | 6 5 6 7
Gamma Pa 0.5yr | 0.0456 | 0.0158 42 -84.727 | -81.2521 | 2 3 3 3
LoglLogistic | P, | 0.5yr | 0.0535 | 0.0415 42 -83.874 | -80.3988 | 5 7 5 5
Rician Pa 0.5yr | 0.053 0.0126 42 -85.117 | -81.6418 | 3 1 1 1
Normal B3 1yr 0.1299 | 46.2965 | 21 -161.45 | -159.362 | 3 3 5 )
Lognormal s 1yr 0.1289 | 45.5454 | 21 -161.33 | -159.237 | 1 1 7 7
Weibull B3 1yr 0.1934 | 116.519 | 21 -164.68 | -162.589 | 7 7 1 1
Burr B3 1yr 0.1756 | 85.2282 | 21 -162.9 -159.768 | 6 6 3 &
Gamma s 1yr 0.1292 | 45.795 21 -161.39 | -159.303 | 2 2 6 6
LoglLogistic | Pa 1yr 0.1577 | 52.0844 | 21 -164.32 | -162.234 | 5 5 2 2
Rician B3 1yr 0.1299 | 46.2965 | 21 -161.48 | -159.387 | 3 3 4 4
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Figure S13. Same as Figure S1 but for for the ratio <Po>:/<Pa>:-1yr for the estimated power input into
the magnetosphere, P. (and for an averaging timescale t = 3 hours)
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Figure S14. Same as Figure S13 but for for an averaging timescale t =1 day.
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Figure S15. Same as Figure S13 but for for an averaging timescale t =7 days
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Figure S16. Same as Figure S13 but for for an averaging timescale t = 27 days
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Figure S17. Same as Figure S13 but for for an averaging timescale T = 0.5 year
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Figure S18. Same as Figure S13 but for for an averaging timescale t =1 year
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Part 3. List of largest storms in rank order defined by 24-hour running means of corrected ap
values, Apc*

As pointed out by Allen [1982], taking means over each calendar day is not appropriate when
identifying a geomagnetic storm because any storm that straddles 24hrs UT would be recorded as two
moderately-active days rather than a single storm. Hence, daily mean ap (i.e., Ap) values are not
appropriate and we here employ Allen’s idea of using 8-point running (boxcar) means over all 24-hour
intervals, termed Ap*, as has also used by Kappenman [2005] and Cliver and Svalgaard [2004].

However, we also make corrections to the ap values. Our recent research on the collective response of
networks of stations contributing to geomagnetic indices has shown that the ap index tends, on
average, to exaggerate the semi-annual variation in geomagnetic activity and has a low response in
northern-hemisphere winter [Lockwood, M., A. Chambodut, I. D. Finch, L. A. Barnard , and M. J.
Owens (2019) Time-of-day / time-of-year response functions of planetary geomagnetic indices, to be
submitted to J. Space Weather Space Clim.].  Lockwood et al. [2018d, e] have made corrections to
the aa geomagnetic index and our work on the response functions of the various mid-latitude range
indices employs the model that was developed for that work. This research reveals that the am
geomagnetic index has a very flat, almost ideal, time-of-day/time-of-year response at all activity levels
because it employs relatively uniform rings of mid-latitude stations in both hemispheres and uses
weighted means to account for any spatial non-uniformity of the station network. Cliver and Svalgaard
[2004] recognized the quality of the am index, compared to indices derived from a less-ideal
distribution of stations, and used it to correct for the false time-of-day variation in the aa index (and so
created what they termed aam). However, they did not correct for the associated false time-of-year
variation in aa [Lockwood et al., 2018e]. They then used the Allen [1982] suggestion of 24-hour running
means of aam (which they termed Aan*) which largely suppresses the false time-of-day variation
anyway. We here apply the same philosophy that Cliver and Svalgaard [2004] adopted, but use am to
correct for the false time-of-year variation in ap. We do this because the am index data only extends
back to 1959 whereas the ap index is available from 1932 onward.

The ap index is compiled from a network of stations that is predominantly in the northern hemisphere,
with many in Europe. The compilation of the ap index employs station- and activity-dependent “look-
up tables” to convert the data from a station into a form that matches that from the Niemegk
reference station before averaging them. Our research shows that this causes ap to slightly exaggerate
the average semi-annual variation and gives a poorer response in northern-hemisphere winter
compared to am. However, the effect is complex and depends on the level of geomagnetic activity.
We here employ a corrected ap index, ap_, which allows for these effects as a function of the fraction

of each year (F) using the formula

ap(P) = ap(F) x C, (F,ap)

Co
where gap(F,ap) = (<am(F,ap)>vin/ <am>ai) [ (<ap(F,ap)>bin/ <ap>an )
= (<am(F,ap)>vin | <ap(F,ap)>vin) x (<ap>ai [ <am>an)

where the subscript “all” refers to the averaging of all co-incident ap and am data for 1959-2017
(inclusive) and the subscript “bin” refers to the averaging of data in a given F and ap bin for the same
interval. Multiplying by the ratio of the all-over means of ap and am means that we correct for the
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variation with F but do not change the average levels of ap. In practice, the data were divided into 40
percentiles of the overall ap distribution giving 6282 samples in each ap bin, the values of Cap(F,ap)

were then fitted with a 6" order polynomial in F. Note that we are not concerned with any limitations
in the UT dependence of the response of ap because we use averages over 24-hour intervals, Apc*.
Further details are given in Appendix A of the main paper. We note that this correction is only
approximate because the network of stations used to generate the ap index has changed a number of
times since 1932. However, we do not find any major discontinuities in the derived Cap(F,ap) atany of

these changes since 1959 and so use the assumption that effects of changes before this date also have
negligible effect.

We then follow the procedure of Allen [1982] to make 24-hour boxcar means of ap , Apc*. For the

purposes of identifying and ranking storm days we take the largest value of the 8 such running-means
in each calendar day [Apc*Iwax. The 100 largest values of [Apc*Imax since 1932 are given in Table S7in
rank order. Although there are similarities, this list has a somewhat different ranking order to previous
studies [e.g., Nevanlinna et al., 2006; Kappenman, 2005; Cliver and Svalgaard, 2004], largely because
we have made allowance for the variation of ap response with time of year. Note that even quite small
changes in the estimated magnitude of the storm day can have a large effect on its ranking order.

In the table “est.” means estimated rather than directly observed: these events (listed in italics) are not
included in the rank order but are listed to act as context. The “estimate 2”, [Ap*]max values are taken
to be 296+16 for both the Carrington (03 September1859) and STEREO (23 July 2012) events and have
not been subject to the same correction for time of year as the observed ap estimates. Also given are
values for these events that have been corrected (“estimate 1”, [ Apc*luax values) of 224+12 and
221412, which drops them both down the ranking order by several places). The rationale that this
correction is required for these estimated event sizes is discussed in the main text. Note that all these
values come from Cliver and Svalgaard’s [2004] estimate of a peak of Aa* = 425nT for the Carrington
event and we do not here attempt to estimate, or employ, uncertainties on that estimate — we simply
evaluate its consequences for the likely Ap* and Apc* values.
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Table S7. Storm days ranked by the largest value of the 8-point (1 day) boxcar smoothed mean in the

day ([Apc*Imax) of ap_, the ap geomagnetic index that has been corrected to allow for its time-of year

dependence. The value of [Apc*]max as a ratio of the annual mean for the calendar year in question is
also given for each storm day. The coloured symbols in column 1 are the same as used in Figure 2 of

main text.

Date Sun- Cycle- Notes: event name, notable features, and [Apc*Imax | [Apc*Ivax /
spot | phase (°) | references <aP>1year
cycle

Est2 [] | 03 September1859 9 104 Peak of “Carrington” event [1,45,46,48] 284430 25.942.7
Est2.O | 23 July 2012 24 133 STEREO-A event [2] 284430 30.943.3
1 o 13 November 1960 19 229 Day 2 [63] Large SEP events also seen 249 10.51
[3,4,5,6,10] widespread aurora [6,37,48]
2 @ | 18September 1941 17 269 Day 1 of the “Geomagnetic Blitz” 239 14.17
[12,13,3,4,48,63] (a.k.a. the “Playoff Storm”
[14]) From aa, one of the 3 largest storms in
that solar cyle [70]
3 @ | 13 March 1989 22 97 Day 1, Hydro Quebec Power Loss Event 234 12.02
[8,9,4,3,48,63]. From aa, one of the 3 largest
storms in that solar cyle [70]
4 ® | 24 March 1940 17 220 Day 1, the “Easter Sunday” Storm, First power 220 13.68
grid effect detection [21,23,48,57,63]
Est1 A 03 September1859 9 104 Peak of “Carrington” event [1,45,46,48] 2157423 19.52.1
5 ® | 25March 1940 17 220 Day 2, the “Easter Sunday” Storm, First power 212 13.19
grid effect detection [21,23,48,57,63]
Est 1. A 23 July 2012 24 133 STEREO-A event [2] 211423 23.042.5
6 @ | 29 October 2003 23 220 Day 1, “Halloween” Events [16,24] GICs 206 9.47
[25,48,63]
7 08 February 1986 21 346 Day 1, flares followed by storm [5,33,3,4, 36, 203 16.27
48,63] From aa, one of the 3 largest storms in
that solar cyle [70]
3 12 November 1960 19 229 (Day 1 of 2) Large SEP events also seen 202 8.54
[3,4,5,6,10,63] widespread aurora [6]
9 06 October 1960 19 225 [3,31,48] 202 8.53
10 19 September 1941 17 269 Day 2 of “Geomagnetic Blitz” [11,12,4,48,63] 199 11.81
From aa, one of the 3 largest storms in that
solar cyle [70]
11 01 April 1960 19 207 SEP events [10,3,39] Major Dst storm [63] 195 8.25
12 07 October 1960 19 226 [3,31] 194 8.21
13 15 July 1959 19 181 Day 1, [48,63] Aurora, telegraph and SW 187 8.78
disruption [11,3], SEP events [6,10,63]
14 14 March 1989 22 97 Day 2, Hydro Quebec Power Loss Event 184 9.48
[8,9,4,3]
15 31 October 2003 23 220 Day 3,“Halloween” Events [16,24] Large GIC 181 8.32
[25,48,63]
16 01 March 1941 17 251 Day 1. Widespread aurora [3,27,30,48,63] 180 10.66
17 26 May 1967 20 87 Day 2 of the “1967 Great Storm” [18,3,48,63] 177 14.81
SEPs [9]
18 07 February 1946 18 58 Day 1, storms predicted. Bombay, Lisbon, 177 9.51
Cairo, and Singapore report telegraph
disturbances. Aurora seen over New York City.
Complete blackout of HF radio signals for
second day [38,48,60,63]

23




19 30 March 1940 17 221 Day 2, Re-intensification of the “Easter 177 10.99
Sunday” Storm, First power grid effect
detection [21,23,3,4,48]
20 11 February 1958 19 130 Day 2 of 2: Major SW radio effects and aurora 176 9.17
[20,3,48, 56,63]
21 10 November 2004 23 251 Large GICs [25, 40] 173 12.93
22 25 May 1967 20 87 Day 1 of the “1967 Great Storm” [18,3,48,63] 172 14.39
SEPs [9]
23 14 July 1982 21 217 [33,3,4,48] Major Dst storm [63] 171 7.61
24 09 November 2004 23 251 [40] 171 12.72
25 30 October 2003 23 220 Day 2, “Halloween” Events [16,24] Large GIC 170 7.8
[25,48,63]
26 28 March 1946 18 63 Major SW radio effects and aurora 169 9.1
[14,3,4,48,60,63] From aa, one of the 3 largest
storms in that solar cyle [70]
27 04 September 1957 19 114 Day 2, [3,4,42,48] aurora in Chicago [43] Major 168 8.35
Dst storm [63]
28 05 August 1972 20 243 Day, 2 the “Space Age Storm” Predicted from 167 13.28
flare observations, CME detected by Pioneer 9
[4]. Between Apollo 16 and 17 misions [28,3,4,
48,63] From aa, one of the 3 largest storms in
that solar cyle [70]
29 29 March 1940 17 221 Day 1, Re-intensification of the “Easter 167 10.37
Sunday” Storm, First power grid effect
detection [21,23,3,4,48]
30 09 February 1986 21 346 Day 2, flares followed by storm [5,33,3,4, 36, 166 13.32
48,63] From aa, one of the 3 largest storms in
that solar cyle [70]
31 05 July 1941 17 262 Major SW radio effects and aurora 165 9.78
[14,15,3,48,63]
32 22 September 1946 18 80 [3,48,60,63] 165 8.84
33 31 March 1960 19 207 [39,48,63] 163 6.87
34 08 July 1958 19 145 Day 1, Greatest IGY storm [32,3,48,63] 160 8.35
35 27 July 1946 18 74 First published link to GLEs SEPs [14, 3,60] 158 8.49
36 13 July 1982 21 217 [41] Major Dst storm [63] 157 6.99
37 25 March 1946 18 62 Major HF radio effects and aurora [4,48,60] 154 8.28
From aa, one of the 3 largest storms in that
solar cyle [70]
38 26 July 1946 18 74 [47, 48,60,63] 154 8.28
39 08 February 1946 18 58 Day 2, storms predicted. Bombay, Lisbon, 153 8.21
Cairo, and Singapore report telegraph
disturbances. Aurora seen over New York City.
Complete blackout of HF radio signals for
second day [38,48,60,63]
20 20 August 1950 18 221 Day 2 [48] Widespread aurora [52] 153 8.45
a1 06 September 1982 21 223 [33,3,4,48] 152 6.79
42 08 November 1991 22 193 Day1 [44.63] 150 6.42
43 31 March 2001 23 142 [34,63] 149 11.55
a4 09 July 1958 19 145 Day 2, Greatest IGY storm [32,3,48,63] 149 7.76
45 05 September 1957 19 114 Day 3 [3,4,48] 149 7.43
46 09 November 1991 22 193 Day 2 [44,63] 148 6.29
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47 20 November 2003 23 222 Day 1, Large GIC [25] 147 6.73
48 27 March 1959 19 170 [3] 146 6.84
49 27 July 2004 23 242 [25] 145 10.85
50 19 August 1950 18 221 Day 1 [48] Widespread aurora [52] 145 8.01
51 16 July 1959 19 181 Day 2 [48,63] 145 6.78
52 12 May 1949 18 175 [48,60] 145 9.37
53 05 June 1991 22 177 [5,22,3,48] 144 6.16
54 10 February 1958 19 130 Day 1 of 2: Major SW radio effects and aurora 144 7.5

[20,3,48, 56,63]
55 24 March 1991 22 170 Day 1 [5,3,58,59] 144 6.14
56 16 July 2000 23 121 Day 2, “Bastille” Storm, Large GICs [25.48] 143 9.47

Major Dst storm [63]
57 15 July 2000 23 121 Day 1, “Bastille” Storm, Large GICs [25.48] 143 9.47

Major Dst storm [63]
58 22 September 1957 19 116 Day 1. [3,4] 143 7.11
59 10 May 1992 22 211 [35.48] 142 8.62
60 08 November 2004 23 251 [40] 142 10.6
61 05 February 1983 21 238 [49] 141 7.6
62 23 September 1957 19 116 Day 2, [3,4] Major Dst storm [63] 140 6.98
63 25 January 1949 18 164 Day 1, Widespread aurora [26,60,63] 140 9.06
64 26 January 1949 18 165 Day 2, Widespread aurora [26,60,63] 139 9.02
65 07 November 2004 23 251 [40] 139 10.34
66 21 November 2003 23 222 Day 2, Large GIC [25] 139 6.36
67 27 April 1956 19 66 [50] 138 7.67
68 02 March 1941 17 251 Day 2. Widespread aurora [3,27,30,48,63] 137 8.13
69 18 July 1959 19 182 Day 4 [48,63] 137 6.41
70 08 March 1970 20 170 SEPs seen [9], Dst storm and TEC depletion [61] 135 11.33
71 17 July 1959 19 181 Day 3 [48,63] 135 6.32
72 25 March 1991 22 170 Day 2 [5,3,58,59] Major Dst storm [63] 135 5.75
73 30 June 1957 19 108 [60] 135 6.7
74 01 November 1968 20 130 [64] 134 9.89
75 25 January 1938 17 149 Day 1 of the “Fatima Storm” [4,29,63] Ap > 131 8.6

100 on 17, 22, and 25 January, widespread

aurora on 25 January including in the Azores

and north Africa [51]
76 21 October 1989 22 119 Low latitude red aurora [62] 131 6.74
77 20 October 1989 22 119 Low latitude red aurora [62] 131 6.73
78 15 October 1949 18 190 [69] 131 8.47
79 03 September 1966 20 65 SEP [10] 131 12.74
20 25 September 1951 18 260 [66] 130 5.84
31 02 November 1968 20 130 SEP [10] 130 9.63
82 16 August 1959 19 184 SEP [10] 130 6.09
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83

04 September 1958 19 150 Widespread aurora in Europe [54] Major Dst 130 6.74

storm [63]

84 04 September 1966 20 65 SEP [10] 130 12.64

85 30 April 1960 19 210 [4, 39,10] Major Dst storm [63] 129 5.46

36 28 October 1991 22 192 GIC [65] 129 5.51

87 04 August 1972 20 243 Day, 1 the “Space Age Storm” Predicted from 127 10.05

flare observations, CME detected by Pioneer 9

[4] Between Apollo 16 and 17 misions

[28,3,4,48,63]. From aa, one of the 3 largest

storms in that solar cyle [70]
28 23 April 1946 18 65 [60,63] 126 6.77
29 26 1938 17 150 Day 2, of the “Fatima Storm” [4,29,63] Ap > 126 8.23

100 on 17, 22, and 25 January, widespread

aurora on 25 January

90 04 February 1983 21 237 SEP [10] 125 6.75

91 03 September 1957 19 114 Day 1, [3,4,48] Major Dst storm [63] 125 6.24

92 03 March 1947 18 96 [60] 125 6.64

93 22 September 1963 19 332 SEP [10] 123 9.8

94 13 September 1957 19 115 Auroral event [63,68] 123 6.12

95 16 May 1956 19 67 122 6.77

9% 21 February 1994 22 275 [67] 122 6.71

97 25 July 1981 21 182 SEP [10] 122 7.46

98 24 April 1946 18 65 [60] 121 6.5

99 29 September 1957 19 117 [4] Widespread aurora in Europe [53] SEP [10] 121 6.02

100 21 February 1950 18 203 Disruption to cable service [55,60] 121 6.68

>101 The remaining 30947 daily [Apc*]max values (97.68% of all available values for 1932-2017, inclusive)
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