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Figure 2: Conditional intensity model D

(a) Extremes (b) Crashes

Estimated conditional intensity for the 95% quantile of daily extreme (negative) returns over
the period January 2, 1957, until September 1, 2008, using model D
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Figure 4: Residual analysis for the S&P 500 crashes

(a) Model D (b) Model H

Cumulative number of events against the transformed time {τi}. The red lines indicate the
95% and 99% error bounds of the Kolmogorov-Smirnov statistic.
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Figure 5: Crash probability predictions

(a) Model C (b) Model G

The probability of the occurrence of a crash within 5 days is predicted according to the models
C and G (blue lines) from 1 September, 2008, to 1 January, 2013. When this probability
is larger than 0.5 the background is shaded. The green line corresponds to the predicted
probability of the occurrence of a crash within 5 days according to a homogeneous Poisson
model with intensity equal to the number of crashes during the forecast period divided by
the length of the forecast period.
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Table 1: Specification ETAS models

Model A B C D E F G H
Triggering function Power law Exponential

Influence magnitude events α = 0 α 6= 0 α = 0 α 6= 0 α = 0 α 6= 0 α = 0 α 6= 0
Influence event history η = 0 η = 0 η 6= 0 η 6= 0 η = 0 η = 0 η 6= 0 η 6= 0

Influence magnitude on triggering subsequent events is zero when α is restricted to 0. Influ-
ence event history on magnitude events is zero when η is restricted to 0.
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Table 5: Kolmogorov-Smirnov tests

Model A B C D E F G H

Extremes 0.2204 0.3906 0.1881 0.3277 0.1441 0.2594 0.0974 0.1697

Crashes 0.2003 0.3192 0.1488 0.2523 0.0613 0.1041 0.0501 0.0824

The tests are performed on the transformed times {τi} specified by the models. The null
hypothesis of the test is transformed times {τi} are distributed according to a homogeneous
Poisson process with intensity 1. In the Table the p-values of the Kolmogorov-Smirnov tests
are reported.
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Table 6: Quadratic and Log Probability Scores

2008–2013 2008–2010

Model A C E G A C E G

Crashes QPS 0.39 0.39 0.39 0.39 0.41 0.41 0.40 0.40
LPS 0.58 0.58 0.58 0.58 0.60 0.60 0.59 0.59

Extremes QPS 0.33 0.32 0.32 0.32 0.29 0.29 0.29 0.28
LPS 0.51 0.50 0.51 0.50 0.46 0.45 0.45 0.45

QPS and LPS of probability predictions of the occurrence of events within 5 days from 1
September, 2008, to 1 January, 2013 and from 1 September, 2008, to 1 January, 2010.
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Table 7: Diebold Mariano Statistics

2008–2013 2008–2010

Models E G E G

Crashes A 1.30 1.57 2.02 1.90
C 0.81 1.20 1.97 1.89

Extremes A 1.24 2.29 1.15 1.37
C 0.16 1.53 0.56 0.98

DM statistics comparing predictions of non-nested models. Probability predictions of the
occurrence of events within 5 days are made from 1 September, 2008, to 1 January, 2013
and from 1 September, 2008, to 1 January, 2010.
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Table 8: Adjusted Mean Squared Prediction Errors

2008–2013 2008–2010

Models A-C E-G A-C E-G

Crashes 2.58 1.83 1.76 0.47

Extremes 2.29 2.94 1.88 1.50

Adjusted MSPE comparing predictions of nested models. Probability predictions of the
occurrence of events within 5 days are made from 1 September, 2008, to 1 January, 2013
and from 1 September, 2008, to 1 January, 2010.

40



Table 9: Results for the Early Warning Systems

2008–2013 2008–2010

Model A C E G A C E G

Crashes Hits 248 249 243 242 161 161 158 156
False alarms 140 137 136 134 68 66 64 62
Hit rate 0.61 0.61 0.60 0.60 0.87 0.87 0.85 0.84
False alarm rate 0.19 0.19 0.19 0.18 0.41 0.40 0.39 0.38
KSS 0.42 0.43 0.41 0.41 0.45 0.46 0.46 0.46

Extremes Hits 341 343 333 335 221 220 218 216
False alarms 118 121 113 107 58 57 52 50
Hit rate 0.74 0.74 0.72 0.72 0.94 0.93 0.92 0.92
False alarm rate 0.18 0.18 0.17 0.16 0.51 0.50 0.46 0.44
KSS 0.56 0.56 0.55 0.56 0.43 0.43 0.47 0.48

Hits, hit rates, false alarms, false alarm rates and the Hanssen-Kuiper Skill Scores (KSS) of
the EWS predicting the occurrence of events within 5 days from 1 September, 2008, to 1
January, 2013 and from 1 September, 2008, to 1 January, 2010. An event is predicted when
the probability according to the models given the history of the event process exceeds 0.5.
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Table 12: Kolmogorov-Smirnov tests

GARCH GJR

Model E F G H E F G H

Extremes

Quantile (%) 95 0.2099 0.2096 0.2106 0.2104 0.1589 0.1578 0.1773 0.1763
96 0.1529 0.1523 0.1527 0.1522 0.2916 0.2903 0.2915 0.2902
97 0.2410 0.2403 0.2395 0.2395 0.3825 0.3800 0.3803 0.3784
98 0.1419 0.1418 0.1420 0.1418 0.4072 0.4062 0.4059 0.4055
99 0.1246 0.1070 0.1245 0.1072 0.4243 0.4229 0.4240 0.4229

Crashes

Quantile (%) 95 0.0378 0.0378 0.0428 0.0428 0.0789 0.0788 0.0798 0.0798
96 0.0384 0.0384 0.0398 0.0400 0.0580 0.0577 0.0577 0.0573
97 0.0959 0.0961 0.0961 0.0956 0.1234 0.1229 0.1230 0.1226
98 0.1097 0.1095 0.1095 0.1094 0.1980 0.1977 0.1988 0.1981
99 0.0725 0.0722 0.0725 0.0722 0.2531 0.2528 0.2570 0.2567

The tests are performed on the transformed times {τi} specified by the models. The null
hypothesis of the test is transformed times {τi} are distributed according to a homogeneous
Poisson process with intensity 1. In the Table the p-values of the Kolmogorov-Smirnov tests
are reported.
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