
Probability forecasts of a large earthquake 
by combination of statistical characteristics 

and anomalies of seismic activity 

Yosihiko Ogata 
The Institute of Statistical Mathematics, Tokyo 

Earthquake Research Institute, University of Tokyo 

Ogata, Y. (2017). Forecasting of a Large Earthquake: An Outlook of the Research,  
                               Seismol. Res. Let. 88 (4), 1117-1126,  

プレゼンター
プレゼンテーションのノート
I am concerned/ with practical development/ of a probability forecasting procedure/ proposed by Utsu and Aki/ for probability forecasting /of damaging earthquakes.　[1] The details of this topic was published … [END] 単独の評価としはそうであるが、複数の独立な現象に関する大地震の条件付き確率評価が出来る場合に予測が無視できない数字になる場合がある。> Our researches focus on seismology, seismotectonics, geochemistry, earthquake deformation, electromagnetism, seismic observation technology,� earthquake disaster, etc.



A: Long-term anomaly = Uplift of Izu Peninsula ; 
                                           

C: Short-term anomaly： Seismic activity started at the west of Oshima Is. at January 14 morning;  
                                                   

B: Intermediate-term anomalies = Radon, water table change, & volumetric strain anomalies ; 

Utsu（Rep. Coordinating Committee 
for Earthquake Prediction, 1978） 

1978 (Jan.14th.12 :24 )  
Izu-Oshima-Kinkai eathquake of M7.0   

Evaluated probability of the  
M ≥ 6.5 earthquake      

+ 

Jan. 13 – 20, 1978 

0: Secular probability of M ≥ 6.5 earthquake; (Case 1) Wider region, once per 30 years 
                                                                  (Case 2) Narrower region, once per 50~100years 

Earthquake probability = 1/3 within 5 years from uplift start  

Earthquake probability = 1／10 within 1 month  

Foreshock probability = 1／35 within 3days  
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40 years ago. Before about 30 minutes of this earthquake/ of M7, the Japan Meteorological Agency/ warned public/ for a possible strong earthquake with minor damages.　– Behind this warning, a number of anomalous phenomena/ in and around Izu region/ had been discussed/ at the CCEP (Yotiren) meetings. [1] After this earthquake, Utsu-sensei/ evaluated conditional probabilities that/ the respective observed anomalies/ are precursors/ to an earthquake/ based on his expertise/ and the observations in Izu region. – I have no time to explain/ how these details/ were given, but these were translated/ into English by Kei Aki in his paper of 1981. \\\\ Japanese WEB RCCEPCCEP (Coordinating Committee of Earthquake Prediction)伊豆大島近海地震前、当時の予知連で報告された異常現象をもとに宇津先生が前兆確率を推定し、「この式」で計算された大地震の地震確率の算出が報告されている。地震の確率の評価や予測は様々に与えられているが、大地震となるとそれは極めて小さく実用的になものにほど遠い。Utsu/ retrospectively forecasted/ this earthquake/ in the following manner. -- [1] The anomaly A/ was uplift/ in the Izu Peninsula. The diameter/ of uplifted area/ was about 25 km, which may correspond/ to the source size/ of M6.5 (M6 and a half) earthquake. He estimated the probability/ with the uplift life-time, or precursor time. -- [2] The anomaly B/ was the swarm/ occurring in the area. He assigned the probability rate/ of a precursor. -- [3] The anomaly C/ was these/ composite anomalies which/ may be closely related, and treats them/ as one anomaly. -- [4] Finally, baseline probability/ was assessed/ in two possible regions. -- [5] Thus, he calculated/ a precursory probability/ assuming that/ the 3 anomalies/ are independent. [END]1964 年12 月6 日から1965 年1月6 日の群発地震が，1905 年6 月7 日の地震や1923 年9 月26 日の関東地震の余震を除けば最大規模のものであるので，この地震を引用して10 時50 分に多少被害を伴なう地震が起るかもしれないという地震情報を発表した。隆起。測地測量。重力変化でも確認。隆起領域の直径は約25キロM = 6.5前後の地震に対応。先行研究経験則1/6が大地震に結びつく、明瞭なので５年以内1/3。まず，伊豆半島北東部の隆起（ それに伴う重力減少）を前兆かも知れないと考える（ 項目A ）。●日本で地盤隆起が地震と結びついたのはその1 6 であるという報告もあるが，伊豆の隆起はかなり顕著なので，隆起域の広がり等から考えて，隆起が始ってから5 年以内にM61/2 程度以上の地震が起る確率を一応1/3 とする。次に，1 月14 日午前の大島西方の地震活動を前兆かも知れないと考える（ 項目B ）。●日本で群発的地震活動が前震である確率は1/20 であるという報告もあるが，伊豆地方は前震が起き易い地域であり，またこの地震活動はb 値が小さかったという報告もあるので，この活動がかなりの大地震の前震である確率を一応1/10 とみる。そしてこの活動が始ってから3 日以内にM61/2 以上の地震が起る確率を1/35 とする。（ 筆者が調べた日本の前震系列26回のうち，最大前震と本震との時間間隔が3 日以内のものが19 回，また本震と最大前震のM の差が1.6 以上のものが10 回あった。ここでは本震としてM6 １／２以上を想定し，最大前震のM4.9であったのでその差は1.6 となる。従って前記確率は（ 1/10 ）（ 19/26 ）（ 10/26 ）≒ 1/35となる。）●更に，石廊崎と網代の埋込式体積ひずみ計に現れた異常や伊豆半島でのラドン，井戸水位等の異常を取り上げる。これらの前兆としての評価は経験に乏しいため難しいが，これこれは、PA= 1/（3x5x365）日当たり条件付き確率レートを与えます。らは関連して変化する可能性があるので合わせて考え（ 項目C ），前年の12 月中旬から1 か月以内にM6 １／２以上の地震が起る確率を一応１／１０とする。●PO を決めるため，対象とする地域内でM６ １／２程度以上の地震が30 年に1 回の割で起っている場合（ CaseⅠ ）と100 年に1 回の割で起っている場合（ Case Ⅱ ）を考える。観測された異常が小田原，大島，伊豆半島南端を含む程度の地域に対応していると考えれば30 年に1 回程度，これよりもやや狭い地域に対応していると考えれば50 ～ 100 年に1 回程度とみてよいであろう。For the Izu-Oshima earthquake of 1978, Utsu (1979) estimated the probability gain in the following manner. The precursor A is the uplift in the Izu Peninsula which was confirmed also by gravity change. The diameter of uplifted area is about 25 km, which may correspond to the source size of an earthquake with M = 6 1/2. According to a summary by Sato and Iuchi quoted in Utsu (1979), only 1/6 of anomalous uplifts were connected directly to earthquake occurrence. However, since the uplift in this case is so conspicuous, Utsu assigned the probability of 1/3 instead of 1/6. He also assigned the life-time uplift (or precursor time) to be five years. This gives the conditional probability rate PA = 1/(3x5x365) per day. The precursor B is the earthquake swarm taking place in the area. According to statistics, one out of twenty swarms may be followed by a major earthquake. However, the Izu area is known for relatively frequent foreshocks. Utsu, thus, assigns the probability of 1/10 instead of 1/20 for the chance of a swarm to be followed by a major earthquake in this area. Utsu made a study of foreshocks for 26 major earthquakes, and found that the mainshock occurred within three days of the biggest foreshock for 19 cases out of 26, and that the difference between the magnitude of the main shock and that of the biggest foreshock was greater than 1.6 for 10 cases out of 26. Since the biggest foreshock in the present case was M 4.9, the difference between the magnitude of the presumed main shock (M 6.5) and that of the biggest foreshock is 1.6. Thus, he assigned the conditional probability rate PB to be 1/10 19/26 10/26 1/3 = 10- 2 per day.Finally, the precursor C for the Izu-Oshima earthquake is the composite of radon anomaly, anomalous water table change, and volumetric strain anomaly. He considers that these three precursors may be closely related, and treats them as one precursor. He just assigns the precursor time of one month, and the probabililty that the precursor is followed by a major earthquake to be 1/10. This gives Pc = 1/300 per day. With the above estimates of conditional probabilbility rate Po based-on the past seismicity in the area, he calculates the probability gains as shown in Figure 4. The precursor A (uplift gives only the probability gain of about 2, while the precursors B (radon) and C (foreshock) gives the gain of about 100. The former, however, was important for assigning the magnitude of predicted earthquake. The main reason for the high gain of Latter precursors is their short lifetime.The probability gain is a function of magnitude of earthquake to be predicted. For a given earthquake swarm the probability that the swarm will be accompanied by a major earthquake will decrease sharply with the magnitude of the latter. The longer lifetime of precursor for greater earth quakes as proposed by various people also tend to diminish the probability gain for precursors of greater earthquakes.
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3. These probabilities/ are extremely small, and the probability/ of the target earthquake itself/ is much smaller/ than those. [1] But, Utsu applied this formula/ assuming independency/ between the precursory phenomena. -- Then, it turned out that combinations of the joint probabilities are not negligible. \\\\Then, it turned out that the joint conditional probabilities are not so small. -- Although/ such an evaluation/ was not made/ in real time, the JMA issued/ an earthquake information/ at 10:50/ on January 14, stating that/ there would be a possibility/ of an earthquake/ causing minor damage. – Then, 34 minutes later, the earthquake/ of M7 occurred.[END] . （ 括孤内はPA，PB，PC が表中の値の1/2 の場合）　前記の式によってこのような計算が行えるのは各項目が独立の場合に限られる。ここで扱った三つの項目A，B，C はその現れ方の時間スケールが著しく異っているので独立の現象とみてよいとすれば，PA，PB，PC はたいへん小さい値なのにもかかわらずP（ A ∩ B ∩ C ）は結構大きくなっていることが注目される。しかしこの数字は各項目の予知能力のかなり大雑把な評価に基づいているので，これだけで予知の判定はできない。また，各項目の独立性は必ずしも保証されているわけではないので，前式の与える値は「上限」を示す参考値とみるべきであろう。
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4. Aki/ approximated the Utsu formula/ [1] by multiplicative form/ of the probability gains, [2] which illustrates/ the formula like this.　[3] Aki and his Chinese student Cao/ assessed such probabilities/ for several large China earthquakes/ including the famous/ Haicheng earthquake. – - - However, for the last 35 years/ since then, there has been very little progress/ on this matter.  -- What is the reason?  -- I believe that/ this is because of lack/ of quantitative studies/ on precursory anomalies/ for the probability gains. \\\\– 海城地震The main reason for the high gain of Latter precursors is their short life-time. -- The probability gain is a function of magnitude of earthquake to be predicted. The longer lifetime of precursor for greater earthquakes as proposed by various people also tend to diminish the probability gain for precursors of greater earthquakes. Fig. 1. The successful prediction of the Haicheng earthquake implies that the hazard rate (probability of occurrence of earthquake per unit time) had been increased from about 1 per 1000 years to 1 per several hours through acquisition of precursory information. The probability gain at each of four stages of prediction is about a factor of 30. ―　p を変数とするロジット関数とも呼ばれる。ロジット関数はロジスティック関数の逆関数であり、特に確率論と統計学で多く用いられる。確率論、統計学では p はある事象の確率を意味し、「確率p のロジット」という言い方をする。p/（1 - p）はオッズに、ロジットはオッズの対数に当たり、2つの確率のロジットの差はオッズ比の対数に当たる。ロジットは統計学で、特にロジットモデルとしてよく用いられる。
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Rates of M≧4 event during the 2016 Kumamoto sequence 
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Let me start with my example. These were snapshots/ at forecasted times/ by using a/ space-time ETAS model/ that is submitted to/ Testing Center/ of CSEP Japan, -- These earthquakes/ actually occurred/ at high rate spots/ for a short-term period. [END] Each period is until the ocurrence time of (a) M6.5 earthquake, (b) M6.4 earthquake, (c) M7.3 earthquake, and (d) 24h laps time. Color tables show expected number of M≧4 earthquakes per 100km2 per day. 第5図。CSEP日本検証センターに提出した階層的時空間ETASモデルによる各記載時刻での発生確率の短期予測のスナップショット。カラーテーブルはM4地震の1日、0.01平方度当たりの発生率。/home/ogata/CSEPjapan2ERI/japan/daily5pa/kumakuma/SRLrevise/  kamaB-M65.pdf, kumaM65-M64.pdf, kumaM64-M73.pdf, kumaM73+1d.pdf (per day, per 0.1 x 0.1 deg^2)
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This is background activity \mu estimated from the data for the 70 years period till 1995 end.  Here, the stars indicate large earthquakes that took place for the next 15 years. -- Most of them occurred in high background place. [END]Again, this is background activity \mu estimated from the data for the 70 years period till 1995 end.  [1] Then, the stars indicate large earthquakes that took place for recent 15 years. -- Most of them occurred in high background place. There are a few earthquakes that occurred in the place where the background seismicity rate is low. -- This means that background rate map is useful baseline model for long-term prediction. [END]- The stars show all the large events of M6.7 or larger that took place for the 14 years after 1996 up to now. -  Most of them occurred in the regions of the high background seismicity. + But we also see several intra-plate earthquakes, and we cannot predict these earthquakes at all by the JMA hypocenter catalog . Thus we need additional data and models such as geodetic information or active fault history. 
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[1] This is background rate by removing the triggered earthquakes from the data for the 70 years period till 1995 end. [1] Large earthquake M7 class occurred in and around red color areas, including Kumamoto region. [END]これ(右)は内陸直下型（30km以浅）に限定した活動度ですCSEP日本。1日１平方ｋｍ。色調は変わったもの。海溝型地震のみがメディアで注目されているが。/home/ogata/CSEPjapan2ERI/japaninl/backgr5pa/inland5paBackground.ps  ~/CSEP20101019/japaninl/daily7pa/inland7padaily.ps I use different color scale at finer pixel size of 1km^2. – This image was used NHK TV program on earthquake forecasting. 
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I superimpose inland historical earthquakes of M7 class or larger according to the catalog of damaging earthquakes compiled by Utsu. [END]. 



Estimation period 1926 ~1995  
1885~1925 | 1926 ~1995; M≧4.0 

Nishimura (2017, Newton)  
2005ー2009 Max. Shear Strain Rate 
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We see highly correlated pattern between the background rate and maximum shear stressing rate that is recently obtained by Nishimura-san from GNSS data, which is also correlated with major inland active fault segments. [END]



2016 Kumamoto Earthquakes （M6.5, M6.4, M7.3) 

M≧4.0 
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5. Let me provide/ a recent example/ of the Kumamoto earthquakes. [1] The black dots/ stand for the earthquakes/ following the first Kumamoto earthquake/ of M6.5 till the M7.3 main shock. Retrospectively, I want to forecast/ the probability/ of the M7 class earthquake/ within the pink region. \\  why?
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6. I first evaluate/ the unconditional probability/ of M7 earthquake/ or larger/ in this particular zone.　-- Such probability/ can be assessed/ in two ways/ using the G-R’s/ magnitude frequency law. -- The first/ is the occurrence rate/ of M4 earthquakes/ or larger. [1] And, the other is to estimate/ the ETAS \mu-parameter/ for background activity. \\先ず想定した大地震の基礎確率は　地震活動度とGR式で算出する。90年に10%。30年に３～４％.　その際、余震を除外したETASの常時地震活動度を使うことも考えられる。



Unit time   30yrs 1yr 1mo. 1day 
Secular 

 S1 ETAS-µ  & G-R        0.00027 %  

S2 #(M≧4) & G-R        0.00058 % 
Long-term   

A1 Futagawa Fault   0.9%    0.000082 % 

A2 Kumamoto Dist. 10.5 %               0.00096 % 

A3 Central Kyushu 21.0 %    0.0019 % 
Medium-term   

B1 Triggering   
       

0.5%    0.0014 % 

B2 Quiescence     2.0%     0.0055 % 
Short-term 

 C    Foreshocks       5.0%   0.17 % 

Secular probabilities of  M≧7 earthquake in Kumamoto region 
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7. These are such probabilities/ for the Kumamoto region/ per one day. \\
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8. The long-term/ conditional probability/ is calculated/ from active fault data. \\



Earthquake occurrence probability of M≥6.8 occurring  
on active faults in each region (30 years from now) 

taking into account combinations of multiple active faults 

Earthquake Research Committee (2013) 

BPT simulations 
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9. Specifically, I used/ regional fault-rupture probabilities/ that at least one of the faults will rupture in 30 years [1] in the central Kyushu region/ that were assessed/ using BPT model/ by the Earthquake Research Committee/ of Japan.  \\



Unit time   30yrs 1yr 1mo. 1day 
Secular: 

 S1 ETAS-µ  & G-R        0.00027 %  

S2 #(M≧4) & G-R        0.00058 % 
Long-term:   

A1 Futagawa Fault   0.9%    0.000082 % 

A2 Kumamoto Dist. 10.5 %               0.00096 % 

A3 Central Kyushu 21.0 %    0.0019 % 
Medium-term:   

B1 Triggering    0.5%    0.0014 % 

B2 Quiescence    2.0%     0.0055 % 
Short-term: 

C    Foreshocks      5.0%   0.17 % 

Long-term probabilities of  M≧7 earthquake  
in Kumamoto region 
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10. These/ are such probabilities; namely, of the nearest major fault,  all faults/ in Kumamoto region, and also/ in the central Kyushu.  \\
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11. The next issue is/ medium-term probabilities. -- For this, I am concerned/ with seismic triggering/ and seismicity quiescence..
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12. Consider all earthquakes/ of M7 or larger/ that occurred in and around Japan. [1] This panel/ shows stacked coordinates/ of distances and time lags/ from the each earthquake/ to all large earthquakes/ occurred after it. (remark x-axis) [2] This panel/ provides such occurrence rate/ against distance from the origin, [3] and Kumamoto region/ takes about .5%/ per year per squre degree/ within distance of .5 degree. \\Consider earthquakes of M7 or larger that occurred in and around Japan.[1] This panel（右上）shows stacked space-time locations of all the earthquakes relative to the previous large earthquakes that are located at the origin.[2] This panel（右下）provides about 0.5% per 1 square degree and per year.12. Consider large earthquakes of M7 or larger that occurred in and around Japan.This panel（右上）shows stacked space-time locations of all the earthquakes relative to the previous earthquakes that are located at the origin.This panel（右下）provides about 0.5% per 1 square degree and per year.一旦大地震が起きると近傍に大地震が起きやすいということがある。　このような誘発確率を過去のデータから見積もることができる。In particular, these are large earthquakes of M>=7 for about 120 years in and around Japan islands. [1] This shows an empirical estimate of space-time two-point correlation, namely, superposition of the space distance and time lag setting the earlier earthquake at the origin. The vertical axis indicate the elapsed time after a large earthquake and the horizontal axis indicates distance in the scale proportional to the disk area of the radius. [2] These indicate a higher correlation near the space-time origin than those of remote regions. Namely, if a large earthquake occurred in a particular location, the probability per unit area that another earthquake of similar magnitude will occur in the vicinity is greater than that which will occur in a distant area.  -- This indicates that probability of having next large earthquake is higher soon after and in the neighborhood.[END] 



Unit time   30yrs 1yr 1mo. 1day 
Secular 

 S1 ETAS-µ  & G-R        0.00027 %  

S2 #(M≧4) & G-R        0.00058 % 
Long-term   

A1 Futagawa Fault   0.9%    0.000082 % 

A2 Kumamoto Dist. 10.5 %               0.00096 % 

A3 Central Kyushu 21.0 %    0.0019 % 
Medium-term   

B1 Triggering   0.5%    0.0014 % 

B2 Quiescence   2.0%     0.0055 % 
Short-term 

  C  Foreshocks     5.0%   0.17 % 

Intermediate-term probabilities of  M≧7 earthquake  
in Kumamoto region 
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18. Namely, the triggering effect/ gives .0014% per day /per a square degree. \\
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13. Next, we look/ at the seismic quiescence/ relative to the ETAS/ in some aftershock activities/ in and around the Kumamoto region. -- For example, this/ shows aftershock activity/ of the 2000 M5 earthquake/ within the same zone/ as the 2016 Kumamoto earthquake/ of M6.5. \\更に10年過去にさかのぼると、今回のM6.5の熊本地震の震源域と同じところに　2000年にM5.1地震が起き、　その余震活動は４ヶ月後から15年間以上静穏化している。日奈久断層帯や布田川断層帯
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14. Also, we found that/ the aftershock decay rate/ of the first Kumamoto earthquake/ of M6.5/ become quicker/ than predicted/ by the ETAS model/ after a certain time/ for these different/ cut-off magnitudes. \\ 今回のM6.5熊本地震の余震活動のXETASによる解析結果。半日経たないうちに静穏化。



2005 M7.0 West off Fukuoka 

No aftershocks of  
M>=4.0 for 10 years. 

2015 Nov.11 M7.0  
West off Kagoshima 

Only 1 aftershock of  
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15. Moreover, clear quiescence/ is found/ in both aftershock sequences/ of previous M7/ large earthquakes/ in and around Kyushu. \\(the 2005 Fukuoka-Oki earthquake of M7 and the 2015 Kagoshima-Oki earthquake of M7).2005年M7.0福岡県西方沖地震の余震活動。　（これら）順調に経過。　しかし、Mc4.0の余震は10年間起きていない。AicAll/2 = 33.90, AIC = 22.34 + 0.0 + #(change pt. penalty),  thus daic/2 = 11.56 - #(change pt. penalty)
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16. Now, question/ is whether or not such/ aftershock quiescence/ links future/ large earthquakes; if so, how long after, and where/ it occurs? [1] For such/ probability evaluation, I studied/ aftershock sequences/ of the listed earthquakes/ with various cut-off magnitudes. \\ (43+34)=77, similar or larger EQs明治時代中期以後、日本における余震活動をデータがある限りETASモデルで解析した。Suppose that we observe anomaly of seismicity such as quiescence. Then, the following question arises for intermediate prediction. What percentage of the anomaly is linked to a large earthquake, how long after, and further where? -- To see some answer, I am concerned with study of aftershock activity, -- This is the list and epicenter map of large earthquakes whose aftershocks were studied by fitting the ETAS model to each sequence with different threshold magnitudes.[END] 
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17. I classified main shocks/ into those/ with the normal /or abnormal/ aftershock activity/ relative to the/ ETAS model; -- and these/ are respectively/ stacked coordinates/ of the time difference/ and distance/ of later large earthquakes/ from each classified/ main shock. (again, x-axis)  [1] This histogram/ show the similar rate/ of distance/ to the triggering/ probabilities. [2] But, the probability gain/ in the vicinity/ under the relative quiescence/ increased/ several times relative to/ the other cases. \\ [END]17. Applying the ETAS model, I classified the aftershock sequences into the cases of normal and abnormal activity; and took the stacking space-time relationships between the main shocks in each class. -- The probability gain in the vicinity under the relative quiescence increased several times relative to the other cases.今回は周辺で余震の静穏化が多数みられた。静穏化のもとでの近辺の確率利得はさらに数倍up　（1年1平方度当たり2%）。中期予測。地震のトリガーリング。一旦大地震が起きると近傍に大地震が起きやすい。重ね合わせ時空間図。原点に各大地震、横軸に距離（８度= 900km）、縦軸に経過年（２０年後まで）。[1] 余震活動の経過によって分類した。ETASモデルを物差し、順調な余震活動、と途中から静穏化。[2] 単位面積当たりの大地震の起こる確率。・・・ [END} These display  先ほど紹介した大地震のパーム測度時空間プロット、ただし左側が順調に経緯した余震の場合、右側が余震活動に静穏化した場合。[1] 余震活動が静穏化した場合には、余震活動が予測どおりに順調に推移している場合より、余震域近辺（たとえば200km以内)で、６年以内の期間に、本震と同規模以上の地震が起きる発生確率が、その他の場合より数倍以上高い。These are two cases of space-time estimate of  two-point cross-correlations. One is the case where aftershock activity was normal, and the other is case of relative quiescence. [1] From these, we have two types of spatial occurrence rates for the two durations before and after 6 years from the mainshock. -- These indicate that the probability gain is about 10-fold larger within 100km distance for 6 years if we observed relative quiescence; otherwise, probability gain is only a few-fold.[END] If aftershocks become relatively quiet, it becomes more likely that a large aftershocks will occur within and boundary of aftershock area than the case where aftershock activity has remained decay on track as expected by the ETAS or the Omori-Utsu formula. Furthermore, if the relative quiescence lasts longer (more than three months, for example), then the probability that another earthquake of similar size will more likely to occur in the vicinity of the aftershock area (within 200km, for example) within a period of six years (Ogata, 2001). The probability gain is several-fold higher than the case where we have no information about the aftershock activity mentioned above.余震活動が静穏化した場合には、余震活動が予測どおりに順調に減衰推移している場合より、将来新たな断層破壊を伴う大きな余震が起きる可能性が高い。相対的静穏化が長期間（たとえば３ヶ月以上）に及ぶと、余震域近辺（たとえば200km以内)で、６年以内の期間に、本震と同規模以上の地震が起きる発生確率が、その他の場合より数倍以上高い。space-time cross-correlations of main shocks over Japan. The left one is the case of normal aftershock activity, and the right is case of relative quiescence.　[1] These indicate that the probability-gain is about 10-fold larger within 100km distance for 6 years if a substantial relative quiescence is observed; otherwise, probability-gain remains a few-fold. [END] These/ are two cases/ of space-time estimate/ of  two-point cross-correlations. One/ is the case where aftershock activity/ was normal, and the other/ is case/ of relative quiescence.[1] From these, we have two types/ of spatial/ occurrence rates/ for the two durations/ before and after 6 years/ from the mainshock. -- These/ indicate that/ the probability gain/ is about 10-fold/ larger within 100km distance/ for 6 years/ if we observed/ relative quiescence; otherwise, probability gain/ is only a few-fold. [END] If aftershocks become relatively quiet, it becomes more likely that a large aftershocks will occur within and boundary of aftershock area than the case where aftershock activity has remained decay on track as expected by the ETAS or the Omori-Utsu formula. Furthermore, if the relative quiescence lasts longer (more than three months, for example), then the probability that another earthquake of similar size will more likely to occur in the vicinity of the aftershock area (within 200km, for example) within a period of six years (Ogata, 2001). The probability gain is several-fold higher/ than the case where we have no information about the aftershock activity mentioned above.先ほど紹介した大地震のパーム測度時空間プロット、ただし左側が順調に経緯した余震の場合、右側が余震活動に静穏化した場合。[1] 余震活動が静穏化した場合には、余震活動が予測どおりに順調に推移している場合より、余震域近辺（たとえば200km以内)で、６年以内の期間に、本震と同規模以上の地震が起きる発生確率が、その他の場合より数倍以上高い。This is classified space-time locations of stacked large earthquakes relative to the analyzed aftershocks whose main shocks are located at the origin. -- These are two cases of space-time estimate of  two-point cross-correlations. One is the case where aftershock activity was normal, and the other is case of relative quiescence. -- [1] From these, we have two types of spatial occurrence rates for the two durations before and after 6 years from the mainshock. -- These indicate that the probability gain is about 10-fold larger within 100km distance for 6 years if we observed relative quiescence; otherwise, probability gain is only a few-fold. [END] If aftershocks become relatively quiet, it becomes more likely that a large aftershocks will occur within and boundary of aftershock area than the case where aftershock activity has remained decay on track as expected by the ETAS or the Omori-Utsu formula. Furthermore, if the relative quiescence lasts longer (more than three months, for example), then the probability that another earthquake of similar size will more likely to occur in the vicinity of the aftershock area (within 200km, for example) within a period of six years (Ogata, 2001). The probability gain is several-fold higher than the case where we have no information about the aftershock activity mentioned above.余震活動が静穏化した場合には、余震活動が予測どおりに順調に減衰推移している場合より、将来新たな断層破壊を伴う大きな余震が起きる可能性が高い。相対的静穏化が長期間（たとえば３ヶ月以上）に及ぶと、余震域近辺（たとえば200km以内)で、６年以内の期間に、本震と同規模以上の地震が起きる発生確率が、その他の場合より数倍以上高い。



Unit time   30yrs 1yr 1mo. 1day 
Secular 

 S1 ETAS-µ  & G-R        0.00027 %  

S2 #(M≧4) & G-R        0.00058 % 
Long-term   

A1 Futagawa Fault   0.9%    0.000082 % 

A2 Kumamoto Dist. 10.5 %               0.00096 % 

A3 Central Kyushu 21.0 %    0.0019 % 
Medium-term   

B1 Triggering   0.5%    0.0014 % 

B2 Quiescence   2.0%     0.0055 % 
Short-term 

  C  Foreshocks     5.0%   0.17 % 

Intermediate-term probabilities of  M≧7 earthquake  
in Kumamoto region 
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18. Namely, the triggering effect/ gives .5% per year/ per square degree/ in the Kumamoto region, but the quiescence/ gives 2%. \\
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19. Finally, looking at the first M6.5 event and the followers, I evaluate/ probability/ that a further larger event of M7/ or more will occur. この前震確率を事前に計算したい。
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So, the next few slides/ explain my method/ how to forecast it. [1] First, when a primary earthquake/ occurred/ in some region, I assess a probability/ that this will be followed/ by a much larger earthquake. [2] This shows/ such a probability, which varies/ up to 10%/ depending on/ the location/ of the first earthquake. [3]The Kumamoto area/ was about 2% per month. [END]その意味で、わがGの成果から、先ず、すぐにでも実用化していただきたいことが２つあります。ひとつ、短期的予測で活用すべきものに前震があります。今回の超巨大地震でもそうでしたが、大地震に前震が認められることが少なくありません。しかし、これは大地震が起きてから初めて分かる事実です。一回り大きな起きる前に、其の確率を事前に予報すること。つまり、第一に、前震の起こりやすい場所があります。--\群れの先頭の震央座標ですが、孤立下地震も含みます。色付きの地図はこれらが前震である確率を１９９３年までのデータから求めたもので、１％から10％強まで値を取っています。２￥これをもって１９９４年以後について確率予測しました。結果をクロス表で見ると、当った割合は予報の確率に比例して、有意性も高いことが分かります。３￥この図は予測確率の度数分布です。赤丸が前震だった場合で、青のヒストグラムはそうでなかった場合です。後者の度数が多いのですが、比較のために正規化しました。縦の点線は全国平均の3.7％で、これを境に割合が逆転しています。--\それから、このカラーの図であるが、これは先頭の地震が前震である確率である。これは孤立地震も含めてであり、地域によって１％から10％強の値をとっている。その後15年経った。ここの下にあるテーブルとこの図は、群の先頭の一発目がどこに起こったかということによって確率予測をして、それが実際に前震だったかという分割表を出している。確かに有意性はあるし予測確率と実際の前震の出現率は整合している。￥(省略可）三陸沖から浦河沖にかけての地域，福島･茨城県沖，東京区部埼玉直下、伊豆諸島付近などで大きくなっている．さて、短期的予測で活用すべきものに前震があります。今回の超巨大地震でもそうでしたが、大地震に前震が認められることが少なくありません。しかし、これは大地震が起きてから初めて分かる事実です。--\群れの先頭の震央座標ですが、孤立下地震も含みます。色付きの地図はこれらが前震である確率を１９９３年までのデータから求めたもので、１％から10％強まで値を取っています。２￥これをもって１９９４年以後について確率予測しました。結果をクロス表で見ると、当った割合は予報の確率に比例して、有意性も高いことが分かります。３￥この図は予測確率の度数分布です。赤丸が前震だった場合で、青のヒストグラムはそうでなかった場合です。後者の度数が多いのですが、比較のために正規化しました。縦の点線は全国平均の3.7％で、これを境に割合が逆転しています。--\それから、このカラーの図であるが、これは先頭の地震が前震である確率である。これは孤立地震も含めてであり、地域によって１％から10％強の値をとっている。その後15年経った。ここの下にあるテーブルとこの図は、群の先頭の一発目がどこに起こったかということによって確率予測をして、それが実際に前震だったかという分割表を出している。確かに有意性はあるし予測確率と実際の前震の出現率は整合している。￥(省略可）三陸沖から浦河沖にかけての地域，福島･茨城県沖，東京区部埼玉直下、伊豆諸島付近などで大きくなっている．
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[1] If we have plural earthquakes/ in a cluster, [2] I can calculate/ these statistics/ of different cluster types/ obtained by stacking. -- Comparing the slopes/ near the origin/ in pink shades, concentrations/ of the foreshock type/ are stronger/ than the other/ cluster types. -- Also, the foreshock type/ shows that/ increasing of magnitude/ occurs more frequent. [END]２発目以降の地震が続いた場合であるが、それらの時間間隔、震央間距離、マグニチュードの増減量の統計をとる。￥これらを小さなものから並べ直してした累積分布を調べました。前震型、群発型、本震余震型、それぞれの場合について図で表しました。ー これから分かることは、前震は時間・空間的に他の型の群より集中度が高くて、マグニチュードの差は増加する場合が比較的多いといった特徴があります。--\２発目以降の地震が続いた場合であるが、それらの時間間隔、震央間距離、マグニチュードの増減量の統計をとる。￥これらを小さなものから並べ直してした累積分布を調べました。前震型、群発型、本震余震型、それぞれの場合について図で表しました。ー これから分かることは、前震は時間・空間的に他の型の群より集中度が高くて、マグニチュードの差は増加する場合が比較的多いといった特徴があります。\\\-- 累積図の傾きがローカルな間隔指数分布のスケールの逆数を示す。
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[1] Then, I normalize these statistics/ by respective transformations. -- Here, the unit cube/ is filled/ by such statistics/ for all clusters. -- The yellow balls/ are from/ the foreshock type clusters, and purple balls/ from the rest. -- Then I estimate/ the ratios/ of yellow balls/ to the others/ at each location/ in the cube; [2] namely, I apply logistic/ and logit functions. [end]以上の特徴を見るために、其々にこういう関数変換をして、それぞれのデータを単位立方体に収まるように入れました。黄色い大きな球は結果的に前震群だったもので、紫色の小さい球が結果的に他の群れのものですけれども、これらの球種の密度の比が非一様になっていれば平均前震確率を超える確率予測をする意味があります。 [END]　Relying on such staking features, we make normalizing transformations here. Here the normalized cube is filled by such transformed differences.  The yellow large balls and purple small balls represent the foreshocks and the other types of clusters, respectively. To see the ratios inside the cube, these are projected to the sliced pieces as shown in the bottom left panel. Plus signs and small dots represent the foreshocks and the other types. Thick contour curve indicates the first 5% ratio and thin contours indicate 10%, 15%, 20% and so on. Based on these normalized data, we estimate the forecasting model below.そういうわけで、時間差とか地震間距離やマグニチュードの差の値を判別するために単位立方体に詰め込んで￥そのために、ここに示すような関数をつかって標準化の変換をしました。そして　・・・--\



Probability pc is calculated sequentially by                                   where  

Here µ (x, y) indicates probability of initial earthquake at location (x,y)，and the 
2nd term calculates arithmetic mean of polynomials of the normalised space-time 
magnitude variables for all pairs of earthquakes （i < j） in a cluster, where the 
coefficients a, b, c, d are as follows. 

{ }
3 3 3

1 1 1 , , ,
1 1 1

1logit ( , )
#{ }

k k k
c k i j k i j k i j

i j k k k
f x y a b c d

i j
µ γ ρ τ

< = = =

 = + + + + <  
∑ ∑ ∑ ∑

k ak bk ck dk 

1 8.018 −33.25 −1.490  −10.92 
2  62.77  2.805   295.09 
3   −37.66 −2.190  −1161.5 

Algorithm of foreshock probability calculations  
in case of plural earthquakes in a cluster 

For plural earthquakes in a cluster, time differences    (days)，epicenter 
separation    (km)，magnitude difference    are transformed into the unit cube 
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21. Now consider/ the forecast. [1] If the following earthquakes/ are connected/ in real time, I update the forecast. [1] Specifically, such a logit model/ predicts foreshock probability, using these coefficients/ for Japan region/ and also the location function. \\[省略]それをモデル化するということでロジットモデルをつくって確率予測をしました。[end] 群の中に複数の地震が或る時、それらの時間差、距離、マグニチュードの差を変換した変数について次の￥ロジットモデルで前震である確率を計算する。ただし\係数は元の論文で推定されたものを使う。\\\ logit(p) = log{ p(1-p) }
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Foreshock probabilities/ varies around 5%/ per month/ till M7.3 main shock. You can compare this with other cases. \\左端の列は熊本のケース。から前震確率は１カ月当たり5%前後を推移。地震群の時空間的集中度やマグニチュード増減などの特徴を統計的に学習し、「前震」である確率を計算予測する。　と、今回のM6.8の「余震活動」の前震活動は5%前後を推移。　(\Ogata et al, 1997 + modification = )/home/ogata/ALTX/VOS3inUse/utsu2010gji/largeMAG/Kumamotonum.pdf, kumamotonum.pdf/home/ogata/ALTX/VOS3inUse/utsu2010gji/kumamoto/kagoshimaWoff2015nov/kagosima2015kagoshimaWoffnum.pdf, kagoshimaWofftime.pdf/home/ogata/ALTX/VOS3inUse/utsu2010gji/kumamoto/kagoshimaWoff2015nov/201609281997num.pdf, 1997time.pdf, 2005num.pdf, 2005time.pdf (鹿児島県北西部3/26, M6.6; 5/13,,M6.4）福岡県西方沖大地震MよりM+0.5の確率の計算については以下のディレクトリ参照。/home/ogata/ALTX/VOS3inUse/utsu2010gji/kumamoto2stats/Mtop2Main/20160921large2large.pdf, logit2.r/home/ogata/ALTX/VOS3inuse/utsu2010gji/kumamoto/kumallnum.pdf etc.野村 俊一 *, 尾形 良彦, 前震のロジスティック判別による短期地震予測モデル, 2015年度統計関連学会連合大会, 岡山市, 日本, 2015.09.07　野村 俊一 *, 尾形 良彦, 確率密度比推定を用いた前震識別と短期地震予測への実装, 日本地震学会2015年度秋季大会, 神戸市, 日本, 2015.10.27



  30yrs 1yr 1mo.    1day 
Secular 

S1 ETAS-µ  & G-R law        0.00027 %  

S2 #(M≧4) & G-R law        0.00058 % 
Long-term   

A1 Futagawa Fault   0.9 %    0.000082 % 

A2 Kumamoto Dist. 10.5 %    0.00096 % 

A3 Central Kyushu 21.0 %    0.0019 % 
Medium-term   

B1 Triggering   0.5 %    0.0014 % 

B2 Quiescence   2.0 %     0.0055 % 
Short-term 

  C  Foreshocks      5.0 %   0.17 % 

Short-term probabilities of  M≧7 earthquake  
in Kumamoto region 
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23. The foreshock probability/ of 5% per month/ becomes .17% per day. 



  30yrs 1yr 1mo.    per 1 day 
Secular 

S1 ETAS-µ  & G-R law        0.00027 %  

S2 #(M≧4) & G-R law        0.00058 % 
Long-term   

A1 Futagawa Fault   0.9 %    0.000082 % 

A2 Kumamoto Dist. 10.5 %    0.00096 % 

A3 Central Kyushu 21.0 %    0.0019 % 
Medium-term   

B1 Triggering   0.5 %    0.0014 % 

B2 Quiescence   2.0 %     0.0055 % 
Short-term 

  C  Foreshocks      5.0 %   0.17 % 

Short-term probabilities of  M≧7 earthquake  
in Kumamoto region 

プレゼンター
プレゼンテーションのノート
24. In summary, every anomaly probability/ per day per square degree/ is very small, but …. \\
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Multiple elements probability formula (Utsu, 1977, Zisin II） 

Pr. per unit time 1day 3days 1week 1month 

 0. 2 % 0.7 % 1.7 % 7.3 % 

 1.0 % 2.9 % 6.6 % 23.9 % 

 2.8 % 8.0 % 17.0 % 47.8 % 

 10.4 % 25.9 % 45.1 % 78.6 % 

 5.5 % 14.9 % 29.1 % 64.7 % 

 18.8 % 41.1 % 62.2 % 88.0 % 

 0.0 % 0.1 % 0.3 % 1.3 % 

 0.2 % 0.5 % 1.2 % 5.1 % 

 0.5 % 1.5 % 3.4 % 13.6 % 

 2.0 % 5.7 % 12.4 % 38.8 % 

 1.0 % 2.9 % 6.6 % 24.0 % 

 3.9 % 10.8 % 22.1 % 55.9 % 

1 1 1( | , )P M A B C S∩ ∩

1 2 1( | , )P M A B C S∩ ∩

2 1 1( | , )P M A B C S∩ ∩

2 2 1( | , )P M A B C S∩ ∩

3 1 1( | , )P M A B C S∩ ∩

3 2 1( | , )P M A B C S∩ ∩

1 1 2( | , )P M A B C S∩ ∩

1 2 2( | , )P M A B C S∩ ∩

2 1 2( | , )P M A B C S∩ ∩

2 2 2( | , )P M A B C S∩ ∩

3 1 2( | , )P M A B C S∩ ∩

3 2 2( | , )P M A B C S∩ ∩

Secular:    
S1   ETAS-mu & GR 
S2   # M≧4 & GR 
 
Long-term:   
A1   Futagawa Fault 
A2   C. Kyushu/2 
A3   C. Kyushu 
 
Intermediate-term:   
B1   Triggering 
B2   Quiescence 
 
Short-term:    
C     Foreshocks 

Legends 
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25. … the probability combinations/ are obtained/ using the Utsu formula/ like these. – These/ are not/ negligible/ anymore. The different probabilities/ based on different scenarios/ give us a variability/ of the forecast. \\All the probability values in the table are given in unit of per cent. The secular probabilities of a major earthquake M≧7.0 per 1.0ox1.0o area in Kumamoto District (Item S) were calculated by the G-R law of magnitude frequency with either the background rate of the ETAS model (Item S1) or the average number of M≧4.0 earthquakes/year of the region (Item S2). Long-term probability (Item A1-3) is 30 years’ probabilities of a rupture in one of active faults in three regions including the Futagawa fault (see text). Intermediate-term probability Item B1and B2 is based on the empirical triggering probability of proximate large earthquake and induced large earthquake in case of the relative quiescence of the aftershock activity, respectively. Short-term probability (Item C) is a foreshock probability per month. Various evaluations are considered to evaluate the range of dispersion by the multiple element probabilities. The probabilities per day are all very small, but the resulting probabilities by the multiple element prediction formula in some evaluated cases are not negligible. 



Long-term A: A1. Futagawa Faults 0.9% per 30 years （0.000082% per day） 
          A2. Central Kyushu region 21% per 30 years （0.0019% per day） 
                           A3.  Kumamoto region 10.5% per 30 years （0.00095% per day） 
       

Short-term  C： Foreshock  Probab. of Apr. 14 M6.5 =: 5％per month  （0.17% per day ） 

Medium-term B： B1. Triggering probability 0.5% per 1 year （0.0014%  per day） 
                                 B2. Relative quiescence probability 2% per 1 year （0.0055%  per day） 

Consecutive S： Unconditional probability PS of the large earthquake per 90 years 
               S1. Number of Mc4 & G-R law b = 1.0 （0.00058% per day） 
               S2.  ETAS model µ   & G-R law b = 1.0 （0.0027% per day） 
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Summary for Kumamoto case  

Multiple elements prediction formula 

Estimates of the probabilities of as a target prediction earthquake M7.0 or more                                                 
（ per 1     ）~ Rectangle containing the aftershock area    

                          per 1 day               per 3 days             per 1 week     per 1 month  
Probability    0.007% ~ 20%,     0.016% ~ 41%，  0.03% ~ 62%,     0.2% ~ 88% 

2deg
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26. In summary, long-term, intermediate-term  /and short-term forecast/ based on /independent anomalies/ [1] lead to probabilities that/ varies as follows. \\長期予測として地震調査委員会が見積もった30年確率がある。2通り考えた。。。。　ご覧の通り、それぞれ1日当たりの確率は極めて小さいが。。。[Enter]   活断層情報がある場合。  1日確率 ほぼ0% ~ 20%,  3日 ほぼ0% ~ 41%，7日　ほぼ0% ~ 62%, 1か月, 0.2% ~ 88%  活断層情報を使わない場合。1日確率 0.1%~3%,  3日 0.04%~9%，7日 0.06%~19%, 1月, 3%~51%



Some more comments about anomalies 
 from other observations 



Earthquate magnitude 

Underground electricity-potential / day 

Earthquate magnitude 

Underground electricity-potential / day 

Earthquate magnitude 

Underground electricity-potential / day 

Earthquate magnitude 

Underground electricity-potential / day 

Zhuang et al. (2005, PAGEOPH) 
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We are concerned correlations between strong earthquakes (the upsides) around Beijing and underground electricity-potential outliers (downsides) observed at the 4 stations indicated by plus-signs in the map. \\ These were continuously observed over 16 years in the last century. [end]最後に、これまでの異常事象を、確率予測につなげるための、モデルを一つ紹介します。実例として、16年間に亘る、異常地電位のデータを使いました。下向きのバーが地電位異常量で、上向きのバーはM4以上の地震のMT図です。これらのデータは公表されています。\\\ Huailai, Lanfang, Qingxiang & Sanhe 中国では数多くの観測所で超低周波(VLF band) 帯(0.1～1Hz)を中心に地電位変化が長年観測されている。北京周辺の懐来(H) におけるデータを考慮する。ただし，異常電位の強度の日総量と呼ばれる時系列データ（パネルで上からぶら下っている）が北京周辺地域のM4以上の地震発生系列に対する前兆性をみる点過程モデル廊坊(Ｌ)，青県(Q)，三河(S)の観測時系列も考慮した場合の危険度の推移観測所によって違うが，平均以上の危険度値をとった日数は全体の13前後であり，そのとき実際に発生した地震数は全体の7割前後であった。 複合的確率予測公式3，4)(multi-element prediction formula)の場合と同様に，各観測所での日総量時系列データが互いに独立であると仮定して，前節で推定された危険度関数を使って複合的な危険度の予測公式が導かれる。全ての共通領域における危険度関数の経過を示している。 2重，3重，4重の共通領域について平均以上の危険度値をとった日数は，それぞれ全体の14前後，2割前後，そして1割であり，そのとき実際に発生した地震数は全体の7割前後，7割弱，そして23であった。



Zhuang et al. (2005, PAGEOPH) 
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Note here that the external input here is point process with sizes. \\ or called marked point process. \\ By the AIC comparison using this model, the outliers were most likely precursors to the earthquakes. [1] And these are estimated response functions. [2,3]  These are changing intensity rates. \\ Except for the spikes for aftershocks, the intensities are many-fold higher than the average intensity rate due to the precursors. \\ note that there is no causality from earthquakes to the electricity outliers. [end]    Here, we see/ apparent correlation/ between the two records. [1] This point process model/ determined the causal relationship/ from the electricity anomaly/ to the seismicity, and [2] these/ are estimated/ response functions. [3, 4] These show the time varying/ intensity rate/ of several-fold probability gain/ except/ for the spikes/ for aftershocks. [end] ------ \lamda(t|Ht) は中国北京周辺地区の強い地震（M4以上）のLet me discuss about the data of unusual intensities of ground electric-potential by day, which were observed around Beijing China over 16 years from 1982. [1] The intensity rate of earthquake of M4 or larger within the circular region of 300km radius from Huailai station, for example, shows several-fold probability-gain.　[2] Furthermore, if we assume that the four time series were approximately independent, we may consider conditional intensity rate extending the multiple precursor formula, which gives 10 to 100 folds of probability-gain for the common region. -- Note here that this vertical size becomes twice as much in log-scale.　[END]　Let me discuss about the data of unusual intensities of ground electric potential by day that were observed in the vicinity of Beijing, China, over 16 years from 1982. The issue is whether or not these were useful as precursors to strong earthquakes of magnitude 4 or larger. It may be that the electricity anomalies were aftereffect of the strong earthquakes. However, by comparing the goodness-of-fit of the models by the AIC, the anomalies were statistically significant as precursors to the earthquakes (Zhuang et al., 2005). The conditional intensity rate of earthquake M4 or larger within the circular region of 300km radius from Huailai ground-electric station, for example, was given by this form.　Furthermore, three sets of the time series of electric anomaly records were available from other three stations around Beijing. If we assume that the four sets of the time series were approximately independent, we may consider the following conditional intensity rate extending the multiple precursor formula (25) 　(29)　for the common region of the four circular regions Am of 300km radii from the four stations. The retrospective total probability gain varies in the range of 110-fold~ 100-fold of the average occurrence rate in the common region (Ogata and Zhuang, 2001).  　一日当たりの予測確率で、右図は両地域の地震データと地電流異常が与えられた場合の、それぞれの時間遅れの関数。中期異常予測。中国北京周辺地区。1982年から16年間の日別地下電位超低周波帯(0.1～1Hz)異常（下さがり）。●三河SANHE観測所300km以内のM4以上の地震（上向き）, [1] 地震と異常信号との因果関係推定をみる点過程モデル。確率、これを積分 [2] 危険度の時間遅れ応答関数。スパンは半月。 [3] The probability gain varies in the range of 1/3-fold~ 3-fold relative the average occurrence rate ｛END] ●ファイライ以外の観測所に関しても同じ。4観測所のデータと予測モデルを全部使う　●中国では数多くの観測所で超低周波帯(0.1～1Hz)を中心に地電位変化が長年観測されている。北京周辺の懐来(H) におけるデータを考慮する。廊坊(Ｌ)，青県(Q)，三河(S)の観測時系列も考慮した場合の危険度の推移　●観測所によって違うが，平均以上の危険度値をとった日数は全体の13前後であり，そのとき実際に発生した地震数は全体の7割前後であった。 ●複合危険度予測。複合的確率予測公式3，4)(multi-element prediction formula)の場合と同様に，各観測所での日総量時系列データが互いに独立であると仮定して，前節で推定された危険度関数を使って複合的な危険度の予測公式が導かれる。　●全ての共通領域における危険度関数の経過を示している。 ●2重，3重，4重の共通領域について平均以上の危険度値をとった日数は，それぞれ全体の14前後，2割前後，そして1割であり，そのとき実際に発生した地震数は全体の7割前後，7割弱，そして23であった。Huailai, Lanfang, Qingxiang & Sanhe。異常系列と地震系列の因果関係の、点過程モデルです。ラムダ関数は一日当たりの、地震予測確率です。関数 ｇ（ｓ） は余震効果で、h（s） は地電位異常にから地震発生の時間遅れの応答関数です。半月ほどの幅があることが分かります。余震の効果を除けば、確率利得は常時地震活動のほんの数倍ですが、有意です。逆向きの因果関係が無いことも、このモデルを使えば分かります。\\\（リスク増大因子risk enhancement factor）＊＊＊警戒日の合計日数は全体の総日数の３分の１ほどを占めるが，実際に起こったM4以上の地震の７割前後が警戒日の日々に集中している．中期異常予測。中国北京周辺地区。1982年から16年間の日別地下電位超低周波帯(0.1～1Hz)異常（下さがり）。●三河SANHE観測所300km以内のM4以上の地震（上向き）, [1] 地震と異常信号との因果関係推定をみる点過程モデル。確率、これを積分 [2] 危険度の時間遅れ応答関数。スパンは半月。 [3] The probability gain varies in the range of 1/3-fold~ 3-fold relative the average occurrence rate ｛END] ●ファイライ以外の観測所に関しても同じ。4観測所のデータと予測モデルを全部使う　●中国では数多くの観測所で超低周波帯(0.1～1Hz)を中心に地電位変化が長年観測されている。北京周辺の懐来(H) におけるデータを考慮する。廊坊(Ｌ)，青県(Q)，三河(S)の観測時系列も考慮した場合の危険度の推移　●観測所によって違うが，平均以上の危険度値をとった日数は全体の13前後であり，そのとき実際に発生した地震数は全体の7割前後であった。 ●複合危険度予測。複合的確率予測公式3，4)(multi-element prediction formula)の場合と同様に，各観測所での日総量時系列データが互いに独立であると仮定して，前節で推定された危険度関数を使って複合的な危険度の予測公式が導かれる。　●全ての共通領域における危険度関数の経過を示している。 ●2重，3重，4重の共通領域について平均以上の危険度値をとった日数は，それぞれ全体の14前後，2割前後，そして1割であり，そのとき実際に発生した地震数は全体の7割前後，7割弱，そして23であった。Huailai, Lanfang, Qingxiang & Sanhe。Let me discuss about the data of unusual intensities of ground electric-potential by day, which were observed around Beijing over 16 years from 1982. [1] The intensity rate of earthquake of M4 or larger within the circular region of 300km radius from Huailai station, for example, shows several-fold probability-gain.　[2] Furthermore, if we assume that the four time series were approximately independent, we may consider conditional intensity rate extending the multiple precursor formula, which gives 10 to 100 folds of probability-gain for the common region. -- Note here that this vertical size becomes twice as much in log-scale.　[END]　Let me discuss about the data of unusual intensities of ground electric potential by day that were observed in the vicinity of Beijing, China, over 16 years from 1982. The issue is whether or not these were useful as precursors to strong earthquakes of magnitude 4 or larger. It may be that the electricity anomalies were aftereffect of the strong earthquakes. However, by comparing the goodness-of-fit of the models by the AIC, the anomalies were statistically significant as precursors to the earthquakes (Zhuang et al., 2005). The conditional intensity rate of earthquake M4 or larger within the circular region of 300km radius from Huailai ground-electric station, for example, was given by this form.　Furthermore, three sets of the time series of electric anomaly records were available from other three stations around Beijing. If we assume that the four sets of the time series were approximately independent, we may consider the following conditional intensity rate extending the multiple precursor formula (25) 　(29)　for the common region of the four circular regions Am of 300km radii from the four stations. The retrospective total probability gain varies in the range of 110-fold~ 100-fold of the average occurrence rate in the common region (Ogata and Zhuang, 2001).  　
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Let me discuss/ about the data/ of unusual intensities/ of ground electric-potential/ by day, which were observed around Beijing/ over 16 years/ from 1982. [1] The intensity rate/ of earthquake of M4/ or larger/ within the circular region/ of 300km radius/ from Huailai station, for example, shows several-fold/ probability-gain.[2] Furthermore, if we assume that/ the four/ time series/ were approximately independent, we may consider/ conditional intensity rate/ extending the multiple/ precursor formula, which gives 10/ to 100 folds/ of probability-gain/ for the common region. -- Note here that/ this vertical size/ becomes twice as much/ in log-scale.[END]　Let me discuss about the data of unusual intensities of ground electric potential by day that were observed in the vicinity of Beijing, China, over 16 years from 1982. The issue is whether or not these were useful as precursors to strong earthquakes of magnitude 4 or larger. It may be that the electricity anomalies were aftereffect of the strong earthquakes. However, by comparing the goodness-of-fit of the models by the AIC, the anomalies were statistically significant as precursors to the earthquakes (Zhuang et al., 2005). The conditional intensity rate of earthquake M4 or larger within the circular region of 300km radius from Huailai ground-electric station, for example, was given by this form.Furthermore, three sets of the time series of electric anomaly records were available from other three stations around Beijing. If we assume that the four sets of the time series were approximately independent, we may consider the following conditional intensity rate extending the multiple precursor formula (25) (29) xxxxxxxxxxxfor the common region of the four circular regions Am of 300km radii from the four stations. The retrospective total probability gain varies in the range of 1/10-fold~ 100-fold of the average occurrence rate in the common region (Ogata and Zhuang, 2001).  　中国では数多くの観測所で超低周波帯(0.1～1Hz)を中心に地電位変化が長年観測されている。北京周辺の懐来(H) におけるデータを考慮する。ただし，異常電位の強度の日総量と呼ばれる時系列データ（パネルで上からぶら下っている）が北京周辺地域のM4以上の地震発生系列に対する前兆性をみる点過程モデル廊坊(Ｌ)，青県(Q)，三河(S)の観測時系列も考慮した場合の危険度の推移観測所によって違うが，平均以上の危険度値をとった日数は全体の1/3前後であり，そのとき実際に発生した地震数は全体の7割前後であった。 複合危険度予測複合的確率予測公式3，4)(multi-element prediction formula)の場合と同様に，各観測所での日総量時系列データが互いに独立であると仮定して，前節で推定された危険度関数を使って複合的な危険度の予測公式が導かれる。全ての共通領域における危険度関数の経過を示している。 2重，3重，4重の共通領域について平均以上の危険度値をとった日数は，それぞれ全体の1/4前後，2割前後，そして1割であり，そのとき実際に発生した地震数は全体の7割前後，7割弱，そして2/3であった。Huailai, Lanfang, Qingxiang & Sanhe



Model #p AIC △AIC 
Poisson model 1 1482.     0 
ETAS model 5 1428. -54 
External model 4 1464. -18 
Combined model 8 1417. -65 

( , ) ( ) ( )t t S t E tλ t|H F =μ+λ t|H +λ t|F

( ) 1 1αλ
−

−

< <

−−  = − = + 
 

∑ ∑ ( )( | ) ( ) i c

i i

p
M M i

S t i
t t t t

t tpt H g t t Ae
c c

2

22
ν

ν ν

λ ν
− − −

< <

= − =∑ ∑
( )

( | ) ( )
i

i i

t L
D

E t i
t t

t F f t Be

Pen et al. (2017) 

Magnetic anomalies 
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Let me show you two recent applications of causality models and analysis. \\ This is Kakioka station, magnetic observatory of the JMA. [1] Han Peng and others consider strong earthquakes of M4 and larger within the distance of 100 km (red circle and empirical cumulative function) against the magnetic anomalies (blue stick and empirical cumulative function) observed at this station. [2] We applied this causality model including the ETAS where the response function of the magnetic anomalies is in this form. [3] Here is the table of AIC showing that … [end]



EQ class EQ 
number 

External exciting ETAS Combined 

IG/N ( vs.  Poisson) IG/N( vs.  Poisson) IG(vs.  Poisson) 

M >5.0   9 0.21 0.01 0.21 

M>4.5 27 0.09 0.11 0.18 

M>4.0 92 0.04 0.15 0.17 

( )0/ (1/ ) lnIG N N L L=
Vere-Jones, 1998 

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 

Training Forecasting 

Pen et al. (2017) 
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This shows the actual occurrence time superposed on the estimated intensity rate. \\ Here about 60% earthquake occurred at the rate above the average occurrence rate in the period of less than 20% of the total.  [1] The datasets are divided into the data in the two periods: \\ the first uses for estimation and the second for testing the prediction. This table suggest that the large earthquakes tend to occur associated with magnetic anomaly.
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Aki’s Approximation of Utsu formula 

Extension to space-time magnitude  



Desire to explore geodetic anomalies 



Alice Spring 

Taupo, NZ 

Wang & Bebbington (2013) 
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Wang TingTaupo geothermal (volcanic?)



2004～2008, M≧5.1 

fluctuation of base line expansion and contraction  
within the 10-days window 

earthquakes 
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Wang et al. (2013) defined outliers related to the maximum fluctuation range of base line expansion and contraction within the 10-days window.\\\\ The Viterbi path and the trend changes of the GPS movements in the previous 10 days (Taupo), with vertical lines indicating the earthquake occurrence times with magnitude larger than or equal to 5.1. -- For example, some statistical outliers in time records of baseline distances between GPS stations may possibly relate to the occurrences of strong earthquakes in some region. -- Specifically, Wang et al. (2013) defined outliers related to the maximum fluctuation range of base line expansion and contraction within the 10-days window, warn of medium-scale earthquakes in the surrounding area for a certain period of time with these abnormalities. They tested whether actual earthquakes occurred during warning period by using the Molchan’s error diagram (Molchan, 1991). 567/5000The alarm function is specified in two steps: the moving rate of variation (MRV) function and the prediction strategy. -- First, baselines between two GPS stations are used to cancel reference frame errors, leaving three time series, namely, N(t), E(t), and U(t) for the north-south, east-west, and vertical components of the GPS measurements, respectively. -- For each series (taking N(t), for example) at each time point t, we obtain the slope, T_N(t), of the linear regression line fitted to the data {N(s) : t-9 ≤ s ≤ t}. -- Then, for each t and each baseline, we calculate the range of deformation rates, RN(t) = max{ T_N(s) : t-9 ≤ s ≤ t} - min{T_N(s) : t-9 ≤ s ≤ t}, observed in the previous 10 days. For simplicity, we call RN(t) the “moving rate of variation (MRV).” The MRVs R_E(t) and R_U(t) for eastwest and vertical components are calculated in the same way.For example, some statistical outliers in time records of baseline distances between GPS stations may possibly relate to the occurrences of strong earthquakes in some region. Specifically, Wang et al. (2013) defined outliers related to the maximum fluctuation range of base line expansion and contraction within the 10-days window, warn of medium-scale earthquakes in the surrounding area for a certain period of time with these abnormalities. They tested whether actual earthquakes occurred during warning period by using the Molchan’s error diagram (Molchan, 1991).567/5000アラーム機能は、移動速度（MRV）機能と予測戦略の2つのステップで指定されます。　まず、2つのGPSステーション間のベースラインを使用して基準フレーム誤差をキャンセルし、南北、東西、および垂直成分の3つの時系列、すなわちN（t）、E（t）およびU（t） それぞれのGPS測定値の、各時点tでの各系列（例えばN（t）を取る）について、データ{N（s）に適合する線形回帰直線の傾きTN（t）を得る：t-9≦s≦ t}である。　次に、各tおよび各ベースラインについて、変形率の範囲RN（t）= max {TN（s）：t-9≦s≦t} - min {TN（s）：t-9≦s ≤t}であった。 簡略化のため、RN（t）を「変動率（MRV）」と呼ぶ。東西成分のMRV RE（t）およびRU（t）も同様に計算される。例えば、GPSステーション間のベースライン距離の時間記録におけるいくつかの統計的異常値は、おそらく一部の地域における強い地震の発生に関連している可能性がある。 具体的には、Wang et al。 （2013年）は、10日間の窓内でのベースラインの伸縮の最大変動範囲に関連する異常値を定義し、これらの異常を伴う周辺地域の中規模地震をある程度警告する。 彼らは、Molchanの誤差図（Molchan、1991）を用いて、警告期間中に実際の地震が発生したかどうかを調べた。例えば、GPSステーション間のベースライン距離の時間記録におけるいくつかの統計的異常値は、おそらく一部の地域における強い地震の発生に関連している可能性がある。 具体的には、Wang et al。 （2013年）は、10日間の窓内でのベースラインの伸縮の最大変動範囲に関連する異常値を定義し、これらの異常を伴う周辺地域の中規模地震をある程度警告する。 彼らは、Molchanの誤差図（Molchan、1991）を用いて、警告期間中に実際の地震が発生したかどうかを調べた。



Horizontal only 
Horizontal + vertical 

Wang, Zhuang, Kato & Bebbington (2013, GRL Supplement) 

1997～2009, M≧5.5 
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Xxxx For example, some statistical outliers in time records of baseline distances between GPS stations may possibly relate to the occurrences of strong earthquakes in some region. Specifically, Wang et al. (2013) defined outliers related to the maximum fluctuation range of base line expansion and contraction within the 10-days window, warn of medium-scale earthquakes in the surrounding area for a certain period of time with these abnormalities. They tested whether actual earthquakes occurred during warning period by using the Molchan’s error diagram (Molchan, 1991). [END] The alarm function is specified in two steps: the moving rate of variation (MRV) function and the prediction strategy. -- First, baselines between two GPS stations are used to cancel reference frame errors, leaving three time series, namely, N(t), E(t), and U(t) for the north-south, east-west, and vertical components of the GPS measurements, respectively. -- For each series (taking N(t), for example) at each time point t, we obtain the slope, T_N(t), of the linear regression line fitted to the data {N(s) : t-9 ≤ s ≤ t}. --      Then, for each t and each baseline, we calculate the range of deformation rates, RN(t) = max{ T_N(s) : t-9 ≤ s ≤ t} - min{T_N(s) : t-9 ≤ s ≤ t}, observed in the previous 10 days. For simplicity, we call RN(t) the “moving rate of variation (MRV).” The MRVs R_E(t) and R_U(t) for eastwest and vertical components are calculated in the same way.アラーム機能は、移動速度（MRV）機能と予測戦略の2つのステップで指定されます。　まず、2つのGPSステーション間のベースラインを使用して基準フレーム誤差をキャンセルし、南北、東西、および垂直成分の3つの時系列、すなわちN（t）、E（t）およびU（t） それぞれのGPS測定値の、各時点tでの各系列（例えばN（t）を取る）について、データ{N（s）に適合する線形回帰直線の傾きTN（t）を得る：t-9≦s≦ t}である。 　次に、各tおよび各ベースラインについて、変形率の範囲RN（t）= max {TN（s）：t-9≦s≦t} - min {TN（s）：t-9≦s ≤t}であった。 簡略化のため、RN（t）を「変動率（MRV）」と呼ぶ。東西成分のMRV RE（t）およびRU（t）も同様に計算される。--- 567/5000 -- 例えば、GPSステーション間のベースライン距離の時間記録におけるいくつかの統計的異常値は、おそらく一部の地域における強い地震の発生に関連している可能性がある。 具体的には、Wang et al。 （2013年）は、10日間の窓内でのベースラインの伸縮の最大変動範囲に関連する異常値を定義し、これらの異常を伴う周辺地域の中規模地震をある程度警告する。 彼らは、Molchanの誤差図（Molchan、1991）を用いて、警告期間中に実際の地震が発生したかどうかを調べた。(search wantin) Supplementary Materials for \Assessing the potential  improvement in short-term earthquake forecasts from  incorporation of GPS data"Ting Wang1;3, Jiancang Zhuang2, Teruyuki Kato3, Mark Bebbington4 GEOPHYSICAL RESEARCH LETTERS, VOL. 40, 2631–2635, doi:10.1002/grl.50554, 2013 -- Table 3: Earthquake catalog – Kanto region, Japan (Black: used in paper; red: de-clustered; green: earthquakes within 20km outside of the study region)Y M D Latitude Longitude Depth Magnitude1997 03 04 34.9557 139.1697 2.64 5.91998 05 03 34.9607 139.1758 4.72 5.91998 06 14 35.4645 140.7490 46.43 5.72000 06 03 35.6898 140.7465 48.06 6.12000 07 21 36.5293 141.1187 49.37 6.42000 07 21 35.2528 141.3217 37.14 5.72000 08 19 36.2743 141.4803 45.66 5.52000 12 05 35.8345 141.1425 34.86 5.52002 02 12 36.5897 141.0827 47.79 5.72003 04 08 36.3735 141.9567 24.00 6.02003 11 15 36.4325 141.1652 48.40 5.82004 04 04 36.3902 141.1540 48.99 5.82004 09 01 36.9222 141.7812 31.08 5.62004 10 17 36.2747 141.4030 47.75 5.52004 10 17 36.2552 141.3298 49.01 5.72005 08 08 36.3395 141.4457 46.03 5.62005 10 19 36.3817 141.0432 48.32 6.32006 04 21 34.9415 139.1958 7.11 5.82008 05 08 36.2950 141.9157 22.00 5.82008 05 08 36.2747 141.9788 18.00 6.32009 02 01 36.7170 141.2793 47.03 5.82009 06 06 35.5418 141.2642 42.40 5.9



Kumazawa et al. (2013, EPSL) 
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Non-stationary ETAS model can be applied to volcanic swarms caused by magma intrusion. [1] Swarm activities off the east coast of Izu Peninsula occasionary occurred preceding submarine volcanic eruptions. [2] These show clusters of major swarm activities, and each red curve shows corresponding background rate change of the non-stationary ETAS model for each swarm activity.



Cumulative volumetric strains 
Gray: raw record, Black: modified  

Volumetric strain rate 
Gray: raw record, Black: modified  

Volumetric strain rate 
removing coseismic effects 
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ETAS with causality data 

Kumazawa et al (2016, EPSL) 
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Now, volumetric strain records are available from a JMA station in Izu. [1] We obtained strain rate changes by removing other factors. [2] Thus, we predict the background rate changes from the strain rates. Here d(x,y) is the distance from the station. [3] The black curves are the previously obtained background rate by the non-stationary ETAS model, and the reds lines are predicted background from volumetric strains. This suggests that the swarm rate changes are predicted about a half day delay of the volumetric stress changes. [END]各群発地震に対する「m(t)のインバージョン解」と「体積ひずみ変化率による予測」の一致。図の黒線は非定常ＥＴＡＳによるm(t)のインバージョン解。図の赤線は以下の予測関数。ただしZt-kは１時間刻みの体積歪の変化量。d(x,y)は群発地震が始まった地震と体積ひずみ計との距離、s, q1, q2, q3は全ての群発地震活動について共通の定数。hourly differences, raw record, tidal effects, air pressure, rain falls, coseismic effects.



 



（１） There have been very many cases where no precursory phenomena were 
observed preceding large earthquakes  = very low prediction rate 
 
（２） To improve the low prediction rate, we need to attain sensitive detection 
of abnormal phenomenon by the statistical residual analysis using the 
standard model for the observed data in every monitoring field.  
 
（3）By many such anomalies even if each are low hitting rate, we can apply the 
Utsu formula or its extended version for a higher hitting rate． 
 
（4） Many efforts to obtain the probability gains are required after a lot of 
subtle abnormal values become apparent by careful statistical diagnostic 
analysis.  
 

Issues and further research for prospective 
probability forecasting  
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27. Here describe/ important subjects/ of future tasks.  (READ slide) しかし，これまでのところ、何の異常現象も観測されることなく，いきなり大地震が起きる場合も多く，現状では見逃し率が高い（予知率が低い）．予知率を高めるには，異常現象検出の高度化，すなわちモニタリングの高度化を目指す必要がある．例えば、本申請者は、点過程ETASモデルを用いて数多くの余震系列の診断分析を行い、相対的な静穏化現象を定義しその物理的根拠としてスロースリップとの関連を議論するだけでなく、静穏化後の大地震が起きる確率利得量の時間変化と距離変化を提供している。このように、GPSデータによる測地異常や他のあらゆる観測分野で、慎重な統計的診断解析後に明らかにすることができる多くの微妙な異常が数多く期待されるので、その確率利得、定量化するために多くの努力が必要である。
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Independent 



unit cube  

① Time Interval Transformation:  t  τ 

② Epicenter Separation Transformation:  r  ρ 

③ Magnitude Difference Transformation: g  γ 

1 26709, 0.4456σ σ= =where 

1 exp{ min( , 50) / 20}rρ = − −

Ogata, Utsu & Katsura, GJI, 1996 
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[1] Then, I normalize these statistics/ by respective transformations. -- Here, the unit cube/ is filled/ by such statistics/ for all clusters. -- The yellow balls/ are from/ the foreshock type clusters, and purple balls/ from the rest. -- Then I estimate/ the ratios/ of yellow balls/ to the others/ at each location/ in the cube; [2] namely, I apply logistic/ and logit functions. [end]以上の特徴を見るために、其々にこういう関数変換をして、それぞれのデータを単位立方体に収まるように入れました。黄色い大きな球は結果的に前震群だったもので、紫色の小さい球が結果的に他の群れのものですけれども、これらの球種の密度の比が非一様になっていれば平均前震確率を超える確率予測をする意味があります。 [END]　Relying on such staking features, we make normalizing transformations here. Here the normalized cube is filled by such transformed differences.  The yellow large balls and purple small balls represent the foreshocks and the other types of clusters, respectively. To see the ratios inside the cube, these are projected to the sliced pieces as shown in the bottom left panel. Plus signs and small dots represent the foreshocks and the other types. Thick contour curve indicates the first 5% ratio and thin contours indicate 10%, 15%, 20% and so on. Based on these normalized data, we estimate the forecasting model below.そういうわけで、時間差とか地震間距離やマグニチュードの差の値を判別するために単位立方体に詰め込んで￥そのために、ここに示すような関数をつかって標準化の変換をしました。そして　・・・--\
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Multiple Prediction Formula 

                             

+ logit Prob{F | magnitude sequential feature}                                            

(Utsu, 1978) 

   logit Prob{F | temporal feature of a cluster}                                            
+ logit Prob{F | spatial feature of a cluster }                                            

Ogata, Utsu  
& Katsura 
(1996, GJI） 

cp ≡logit

F := { Ongoing events will be FORESHOCKS } 
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 ……. the probability of foreshocks by a logit model of the 4 independent features of location, epicenter separations, time and magnitude differences. \\ The applied data for the estimation was from 1926 till 1994.\\ The table below shows the estimated coefficients of the logit model as described in our 1996 paper\\ Now we use the same model for the probability forecast from 1994 until now..こうして決めた前震確率の統計モデルを1993年までの気象庁カタログで推定したパラメータ値がここにあるが、これはそのときの論文のものと同じものである。これはlogit関数で書くと非常に簡単なのだが、これは宇津先生の複合型地震予知の確率計算式と同じものである。これに従って計算する。



Here                   indicates the expectation of the function values with respect to the  
Transformed time-differences,         ,  epicenter separations,        ,  and magnitude  
differences,             for all pairs i, j (i < j) of earthquakes within the cluster at the current time.  
The coefficients were estimated from the JMA data for the period from 1926 till 1994  
(Ogata et al., 1996). The table below shows the estimated coefficients 

=   logit Prob{F | location of the first event }  

Multiple Prediction Formula 

                             

+ logit Prob{F | magnitude sequential feature}                                            

(Utsu, 1978) 

+ logit Prob{F | temporal feature of a cluster}                                            
+ logit Prob{F | spatial feature of a cluster }                                            

{ ( , )}cp x y ≡logit
F := { Ongoing events will be FORESHOCKS } 

This is the probability of foreshocks by a logit model of the 4 independent features of 
location, epicenter separations, time and magnitude differences.  Namely,  



Logit{PN(M| X,Y,D,T,M1,M2)} = fN (M| X,Y) + gN (M| D,T) + hN (M| M1,M2)  
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fN (X,Y)  
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PN = Probability  of  the largest earthquake of M > M1 

Long. & Lat. Distances&times  magnitudes 
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訓練データにロジスティック回帰（一般化加法モデル）を適用し、地

震群が前震であるか（本震が続くか）を確率的に判別させる。 
 

  logit(PN(X,Y,D,T,M1,M2)) = fN (X,Y) + gN (D,T) + hN (M1,M2)  
 

 logit(p) = log{p/(1－p)}：ロジット関数 

PN(X,Y,D,T,M1,M2) : 地震群の後続で本震が起こる確率 

 fN: 薄板スプライン関数、 gN , hN : B-スプライン関数 

説明変数、交互作用の組合せ、スプライン関数は、 UBRE(Un-

biased Risk Estimator) を用いて選択した。 
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Logistic function: logit(p) = log{p/(1－p)} 

本震発生確率 緯度経度 距離・時間 マグニチュード 



ロジスティック回帰モデル（一般化加法モデル） 
  logit(PN(X,Y,D,T,M1,M2)) = fN (X,Y) + gN (D,T) + hN (M1,M2)  

 
推定結果（N=5のとき） 
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Step 4．訓練データによる学習 

gN (D,T)  

群内最大距離D 

群
内

時
間

範
囲

T 

 地震群の時間範囲がとても
短い（５日以内）ときに、本震
発生確率は非常に高くなる。 
 

 地震群の最大距離が長いほ
ど本震発生確率は高くなる。            
（ただし時間範囲が非常に短
いときは逆転している。） 

本震発生確率 Lon, Lat Dist・Time Mag. 



ロジスティック回帰モデル（一般化加法モデル） 
  logit(PN(X,Y,D,T,M1,M2)) = fN (X,Y) + gN (D,T) + hN (M1,M2)  

 
推定結果（N=5のとき） 

60 

Step 4．訓練データによる学習 

hN (M1,M2)  

最大マグニチュードM1 

二
番
目

マ
グ
ニ
チ
ュ
ー
ド

M
2 

 最大マグニチュードが小さい
ほど本震発生確率は高い。  
（本震マグニチュードがそれ
までの最大マグニチュードを
超えなければならないのが主
な理由） 
 

 二番目のマグニチュードは最
大マグニチュードに近いほど
本震発生確率が高い。 

本震発生確率 緯度経度 距離・時間 マグニチュード 
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EXPLORING MAGNITUDE FORECASTS  
OF THE NEXT EARTHQUAKE 

Yosihiko Ogata, Koichi Katsura, Horoshi Tsuruoka & 
Naoshi Hirata  

Inst. Math. Stats. ROIS, & Earthq. Res. Inst., U. Tokyo 

プレゼンター
プレゼンテーションのノート
I am concerned/ with developing/ probability forecasting/ of earthquakes, -- particularly, of earthquake sizes. [END]さて短期的予測で活用すべきものに前震があります。今回の超巨大地震でもそうでしたが、大地震に前震が認められることが少なくありません。しかし、これは大地震が起きてから初めて分かる事実です。
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FORMLATION OF THE ISSUES 
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Prediction models/ are based/ on the    [1] conditional intensity function/ to calculate probability/ of an earthquake/ occurring/ in each bin /of time, location, and magnitude. -- This is conditional/ on history/ of occurrence records, and also depends/ on relevant/ exogenous/ records/ if available. [END]Let me mathematically formulate the forecast that is required in CSEP protocol. [1] The probability is required to prvide in each bin of space-time-magnitude. This is obtained by integrating the conditional intensity function on the past history of occurrences and some other information or data. xxxxxxx [2] the \lambda part here includes the space-time ETAS models, but [3] …. [END]
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Then we assume/ separability/  between space-time component/ and magnitude component.[1] The \lambda here/ is for seismic activity/ above a certain/ cut-off magnitude. -– This includes/ space-time ETAS models. [END]Let me mathematically formulate the issue. [1] … [2] the \lambda part here includes the space-time ETAS models, but [3] …. [END]
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2nd term: 

1) Location dependent b-values.  
2) Reciprocal of b-value (Moving average in time and space) 
3) Magnitude frequency distributions based on SLC foreshock discrimination  

( | , , , ),( , ,( , , , | ) | ), ,tt t tt tH M t x y HF FM H F t x yt x y γλ λ≈Separablity: 

Evaluate: 
              Probability and information gains relative to the reference model. 

Gutenberg-Richter Law (b = 0.9) 
as a reference model 

Ogata et al. (2018): CSEP Special Issue in Seism. Rev. Lett.  

Challenging models 
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The 2nd-term/ is the intensity function/ to predict magnitude/ of the next earthquake.    [1] Our task here/ is to explore models/ that predict/ better magnitude distribution/ than the ordinary/ G-R law. -- In addition, I evaluate it/ by using information gain.    [2] In the forthcoming SRL paper, we have discussed/ 3 such models. –- Here/ let me introduce/ the last model. [END]CSEP testing period:



Ordinary time (days) 

Order in number (events) 
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In this epicenter map, different colors/ show the different/ SL clusters.    [1] This is latitude/ against ordinary time, and [2] this is latitude/ against sequential order. [END]黒1994M8.2北海道東方沖(Kuril Islands)、灰色、水色2000三宅島群発(Miyake-jima swarm)、赤2003M8.0十勝沖(Tokachi Oki)earthquake、and Gray, Tohoku Oki Eq and its foreshocks RED.~/ALTX/VOS3inUse/utsu2010gji/JMAsh/20170808/newcat822/evaluateIn forecasting the spatial density, I use the G-R laws of different b-values depending on locations. \\\Here, b-value at any location is interpolated from the b-values at the vertices of the triangle. 桂さん　version up 2012版ｂ値 from CSEP-ERI の図/home/ogata/CSEPjapan2ERI/japan2012/ismrx/5pa/japan/bvalues
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Now, I divide a cluster/ into sub-clusters/ if/ there is a magnitude leap, namely, jump up, with a difference/ of 0.5 or more/ compared to/ all previous magnitudes/ in a SL cluster.    [1] Then, for the earthquakes/ in the sub-clusters, I recalculate the probabilities/ of the further leap/ by using the same formula. [END]          For the first earthquake (including n = 1, isolated earthquake), it is predicted with the reference G-R (b = 0.9), and the probability of M leaping in the event of n = 2 earthquake is shown in the lower left chart. 図１．SLC地震群の細分化。マグニチュード（M）差0.5以上の飛躍があったら、そこでリセットして改めて前震確率を計算し直す。上段：地震クラスター（孤立地震を含む）は最大Mが0.5以上の増加があるごとに sub-cluster に細分される。各sub-cluster 内のn 番目の地震でMが飛躍する確率の計算を中段の式で計算される。中段の式：sub-clusterでの3番目以降の地震の前震確率の予測式で、変数は 中下段に示すような地震間の時間差・距離・M差の変換1,2） (n = 6 の場合) で、係数 a, b, c, d は右下段の表。先頭の地震（n = 1, 孤立地震を含む）に関しては基準G-Rで予測し、 n = 2 の地震でMが飛躍する確率は左下段図で示される。 Fig. 1. Segmentations of SLC. If there is a leap of magnitude (M) difference of 0.5 or more, reset and re-calculate the foreshock probability. Upper row: Earthquake clusters (including isolated earthquakes) are subdivided into sub-clusters each time the maximum M increases by 0.5 or more. The calculation of the probability that M will jump in the n-th earthquake in each sub-cluster is calculated by the middle formula. The prediction formula for the foreshock probability of the third and subsequent earthquakes in sub-cluster, variable is the transformation of the time difference, distance, M difference between earthquakes as shown in the middle and bottom row, 1) (n = 6 ), The coefficients a, b, c and d are the lower right table. For the first earthquake (including n = 1, isolated earthquake), it is predicted with the reference G-R (b = 0.9), and the probability of M leaping in the event of n = 2 earthquake is shown in the lower left chart.
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Next, I want to forecast/ the next magnitude distribution.    [1] First, I divide/ G-R distribution/ into two parts/ at the leaping/ magnitude threshold.    [2] Then, these two/ are normalized/ to be/ probability distribution. [END]         To test this forecast by the CSEP protocol, I may use my ETAS model for the time-space forecast. But, for the magnitude forecast, I use the following model that depends on the occurrence history. [1] First, I divide G-R distribution into two parts at this magnitude. [2] Then, these are normalized. [3]  If the next event is connected to the cluster, these are mixed by weighted mean of foreshock probability. --  Otherwise, isolated, then I use the original G-R model at the location. Now, I consider the following piecewise GR probability distribution, [1] where the part above the change-point means foreshock probability of the magnitude gap M(n); [2]  Namely, if the next earthquake is connected to the cluster, these are given mixed distributions by the weighted average of these probabilities. [3] Otherwise, I use the ordinary G-R law at the location. [END] \\\ Now, I consider/ the following stochastic magnitude model that/ depends on the occurrence history. [1] First, I divide G-R distribution/ into two parts/ at this magnitude. [2] Then, these are normalized. [3] If an earthquake/ is connected/ to a cluster, these are mixed/ by weighted mean/ of foreshock probability. -- Otherwise, I use the original/ G-R model/ at the location. [END] \\\ To test this forecast by the CSEP protocol, I may use my ETAS model for the time-space forecast. But, for the magnitude forecast, I use the following model that depends on the occurrence history. [1] First, I divide G-R distribution into two parts at this magnitude. [2] Then, these are normalized. [3]  If the next event is connected to the cluster, these are mixed by weighted mean of foreshock probability. --  Otherwise, isolated, then I use the original G-R model at the location. 図２．ＣＳＥＰ様式に対応するM予測。群れの中で次の地震のマグニチュードを予測する分布を以下のように定義する。 Ｍ^(n)_c はｎ番目の地震迄の最大マグニチュード。[1]ここで左下図の黒実線はＭ^(n)_cより小さな地震に対するtruncated GR確率密度分布で、灰色実線はＭ^(n)_cより大きな地震の場合のGR分布(両方とも b値=0.9)。 [2]これらに次の地震が飛躍を起こす確率 p_{c|n} とそうでない確率 1-p_{c|n} で重みを付けると、M頻度確率密度分布\Psi(M|M_n, …, M_1) 式は例えば下中央のパネルに示すように其々の色のようになる。[3] これらに対応する累積確率分布が得られる（右下のパネル）。[4] このM予測分布と基準Ｇ-Ｒ分布\Psi(M) の予測の良さを比較する[5] 情報利得（最下段の式） で[6]式の右端の対数比は各地震についての情報利得で、その正負が予測の良さを示す。以下使う。[end] Figure 2. Magnitude (M) prediction corresponding to CSEP format. The distribution that predicts the M of the next earthquake in the herd is defined as follows. M ^ (n) _ c is the maximum M up to the n th earthquake. [1] Here, the black solid line in the lower left panel is the truncated G-R probability density distribution for the earthquake smaller than M ^ (n) _c, the gray solid line is the G-R distribution of threshold M ^ (n) _ c (b = 0.9 in both cases). [2] Bottom middle panel illustrates predictive M density \Psi (M | M_n, ... , M_1), where the weight p_ {c | n} is probability that the next earthquake will make a leap. The M density is shown by each color curve here, depending on M ^ (n) _c and p_ {c | n}. [3] The corresponding cumulative probability distribution to these can be obtained in the lower right panel. [4] Compare the performance of this M predicted distribution with the prediction of the reference GR distribution \ Psi (M). [5] The information ratio gain (the lowermost equation) is sum of logarithmic ratio (information gain per each earthquake) at the right end. For each earthquake, its value with positive or negative sign indicates the goodness or badness of prediction, respectively. 4text and 4caption: In order to adapt for the prediction protocol of CSEP, the distribution that predicts the magnitude of the next earthquake in the cluster is defined as follows: M ^ (n) _ c is the maximum magnitude up to the n-th earthquake. [1] Here, the left  of Figure xxa is the truncated G-R distribution for the earthquakes of magnitude M ^ (n) _ c  or smaller, and the right side is the G-R distribution with the cut-off magnitude of M ^ (n) _ c where b = 0.9 for the both cases. [2] Figure xxb illustrates that the foreshock probability of the cluster is p_ {c | n}, weighting the two probability distribution by 1-p_ {c | n} and p_ {c | n}, respectively, the overall frequency distribution becomes by [Equation xx]. [3] The cumulative distribution corresponding to these is given in Figure xxc. [4] To compare the goodness of prediction with of the reference G-R distribution we calculate Information gain on each earthquake, where the positive and negative value indicates the degree of goodness and badness, respectively.~/ALTX/VOS3inUse/utsu2010gji/JMAsh/20170808/newcat822/evaluate ../fort13.f  fort.14  scorestest.f 
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Then, I forecast next magnitude/ by the weighted mean/ of these probabilities.[1] Then I compare the/ forecast performance/ relative to the reference/ G-R model/ [2] by using/ the Information Gain. [3] Furthermore, Information Gain/ per each earthquake/ is useful/ for statistical/ diagnostic/ of the model. [END]To test this forecast by the CSEP protocol, I may use my ETAS model for the time-space forecast. But, for the magnitude forecast, I use the following model that depends on the occurrence history. [1] First, I divide G-R distribution into two parts at this magnitude. [2] Then, these are normalized. [3]  If the next event is connected to the cluster, these are mixed by weighted mean of foreshock probability. --  Otherwise, isolated, then I use the original G-R model at the location. Now, I consider the following piecewise GR probability distribution, [1] where the part above the change-point means foreshock probability of the magnitude gap M(n); [2]  Namely, if the next earthquake is connected to the cluster, these are given mixed distributions by the weighted average of these probabilities. [3] Otherwise, I use the ordinary G-R law at the location. [END] \\\ Now, I consider/ the following stochastic magnitude model that/ depends on the occurrence history. [1] First, I divide G-R distribution/ into two parts/ at this magnitude. [2] Then, these are normalized. [3] If an earthquake/ is connected/ to a cluster, these are mixed/ by weighted mean/ of foreshock probability. -- Otherwise, I use the original/ G-R model/ at the location. [END] \\\ To test this forecast by the CSEP protocol, I may use my ETAS model for the time-space forecast. But, for the magnitude forecast, I use the following model that depends on the occurrence history. [1] First, I divide G-R distribution into two parts at this magnitude. [2] Then, these are normalized. [3]  If the next event is connected to the cluster, these are mixed by weighted mean of foreshock probability. --  Otherwise, isolated, then I use the original G-R model at the location. 図２．ＣＳＥＰ様式に対応するM予測。群れの中で次の地震のマグニチュードを予測する分布を以下のように定義する。 Ｍ^(n)_c はｎ番目の地震迄の最大マグニチュード。[1]ここで左下図の黒実線はＭ^(n)_cより小さな地震に対するtruncated GR確率密度分布で、灰色実線はＭ^(n)_cより大きな地震の場合のGR分布(両方とも b値=0.9)。 [2]これらに次の地震が飛躍を起こす確率 p_{c|n} とそうでない確率 1-p_{c|n} で重みを付けると、M頻度確率密度分布\Psi(M|M_n, …, M_1) 式は例えば下中央のパネルに示すように其々の色のようになる。[3] これらに対応する累積確率分布が得られる（右下のパネル）。[4] このM予測分布と基準Ｇ-Ｒ分布\Psi(M) の予測の良さを比較する[5] 情報利得（最下段の式） で[6]式の右端の対数比は各地震についての情報利得で、その正負が予測の良さを示す。以下使う。[end] Figure 2. Magnitude (M) prediction corresponding to CSEP format. The distribution that predicts the M of the next earthquake in the herd is defined as follows. M ^ (n) _ c is the maximum M up to the n th earthquake. [1] Here, the black solid line in the lower left panel is the truncated G-R probability density distribution for the earthquake smaller than M ^ (n) _c, the gray solid line is the G-R distribution of threshold M ^ (n) _ c (b = 0.9 in both cases). [2] Bottom middle panel illustrates predictive M density \Psi (M | M_n, ... , M_1), where the weight p_ {c | n} is probability that the next earthquake will make a leap. The M density is shown by each color curve here, depending on M ^ (n) _c and p_ {c | n}. [3] The corresponding cumulative probability distribution to these can be obtained in the lower right panel. [4] Compare the performance of this M predicted distribution with the prediction of the reference GR distribution \ Psi (M). [5] The information ratio gain (the lowermost equation) is sum of logarithmic ratio (information gain per each earthquake) at the right end. For each earthquake, its value with positive or negative sign indicates the goodness or badness of prediction, respectively. 4text and 4caption: In order to adapt for the prediction protocol of CSEP, the distribution that predicts the magnitude of the next earthquake in the cluster is defined as follows: M ^ (n) _ c is the maximum magnitude up to the n-th earthquake. [1] Here, the left  of Figure xxa is the truncated G-R distribution for the earthquakes of magnitude M ^ (n) _ c  or smaller, and the right side is the G-R distribution with the cut-off magnitude of M ^ (n) _ c where b = 0.9 for the both cases. [2] Figure xxb illustrates that the foreshock probability of the cluster is p_ {c | n}, weighting the two probability distribution by 1-p_ {c | n} and p_ {c | n}, respectively, the overall frequency distribution becomes by [Equation xx]. [3] The cumulative distribution corresponding to these is given in Figure xxc. [4] To compare the goodness of prediction with of the reference G-R distribution we calculate Information gain on each earthquake, where the positive and negative value indicates the degree of goodness and badness, respectively.~/ALTX/VOS3inUse/utsu2010gji/JMAsh/20170808/newcat822/evaluate ../fort13.f  fort.14  scorestest.f 
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Each colored +sign/ shows the information gain/ per earthquake. -- Unfortunately, we see consistently negative/ scores/ for large size clusters. [1] Nevertheless, alternatively, I will take advantage that/ 85% or more/ of the earthquake group/ comprises/ smaller group sizes/ than 5 earthquakes. [END]/home/ogata/ALTX/VOS3inUse/utsu2010gji/JMAsh/20170808/newcat822/evaluate/fort.44  r.scoresMc395cp  scoresMc395cp.pdf/home/ogata/ALTX/VOS3inUse/utsu2010gji/JMAsh/20170808/newcat822/evaluate/fort.44  r.scoresMc395cp  scoresMc395cp.pdf下の図
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Thus, we use the reference GR law/ for the fifth earthquake onward/ in the larger-sized subgroup. [1] Then, the cumulative information gain/ is roughly increased/ up to 130, -- and this mixed prediction/ is superior/ to the prediction/ made by the reference GR law/ throughout the period.　[END]~/ALTX/VOS3inUse/utsu2010gji/JMAsh/20170808/newcat822/evaluateTop: points(id,x[,19]*500,pch='+',col=abs(x[,1]+3))Bottom; points(id,x[,19]*100,pch='+',col=abs(x[,1]+3)); plot(id,y[,20],type='l', lwd=1, ylim=c(min(x[,19]*100),max(x[,20])+20), cex.axis=1.25)



Summary and suggestions 

(1) I have shown useful statistical magnitude forecast of  
      next earthquake, which depends on history of some  
      seismicity characteristics such as space-time clustering  
      concentration and magnitude increments. 

(2) These were confirmed by comparison of the forecasts with  
     the independent G-R distribution as a reference using  
     log-likelihood (= information gain). 

(3) We can carry out testing by topical magnitude score of   
      log conditional likelihood for diagnostic purpose to improve  
      the proposed model of magnitude distribution. 
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(1) I have shown useful/ statistical/ magnitude forecast/ of next earthquake, which depends/ on history/ of some/ seismicity characteristics/ such as space-time clustering concentration/ and magnitude increments.(2) These/ were confirmed/ by comparison/ of the forecasts/ with the independent/ G-R distribution/ as a reference/ using log-likelihood (= information gain).(3) We can carry out testing/ by topical magnitude score/ of  log conditional likelihood/ for diagnostic purpose/ to improve/ the proposed model/ of magnitude distribution.[END]





Characteristics of foreshocks in time, space and magnitude can be simulated by the 
ETAS model and the G–R law 
 (e.g. Helmstetter,  et al. , 2003, JGR; Felzer et al., 2004, BSSA; Marzocchi and Zhuang, GRL 
2011).  

Foreshock features relative to the mainshock 

  
     1. Are these characteristics quantitatively similar to those in real earthquake 
catalog?      

     2.  Is the concentrating degree of foreshocks independent of the mainshock size? 

     3.  Is the b-value of foreshocks larger than that of aftershocks?  

     4. Can the foreshock-based forecasts improve prediction by ETAS models?  

QUESTIONS on the ETAS simulations  
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“These papers” report that characteristics of ..[1] So, let me start with questions on …./  [END]



Cluster types Clustering 
Magnitude-based methods 

(Utsu,1969,Geophys.Bull.Hokkaido U.) 
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We consider earthquakes within one-month preceding the mainshock. [1] Foreshocks are those significantly smaller than the mainshock by the magnitude gap of 0.5 or more.[END] (This realizes 20% foreshock clusters out of pre-shock clusters in the case of b = 1 )先ず、地震の始まりの認識のために、群れを定義する必要があります。￥いわゆる除群法は裏を返せば地震の群を作る Grouping です。￥ここでいう前震とはマグニチュード0.5以上大きい本震が起きる前段地震を言い、そうでない場合は群発型地震と定義します。



JMA 1994 ~ 2011 

Cumulative number of stacked foreshocks  
v.s.  

times to the mainshock 

(DAYS) 
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This is normalized cumulative number of stacked foreshocks in time untill the mainshock in the JMA catalog.   The blue curve accelerates from a week preceding the mainshock.    Hereafter, we call that mainshock is large if the magnitude is 6.5 or larger. The orange line stands for stacked foreshocks of large mainshock.   The acceleration is large when the mainshock is large.[END]前震\1926-2011feb\mbc前震\1926-2011feb\mbc/stationary homogeneous Poisson??~/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/allsteps/sim7paMbootMBC/MBC1D:\My Documents\Dropbox\前震\1926-2011feb10\mbc\etas
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Figure S2. JMA hypocenter data from 1994 till March 10, 2011, shallow earthquakes of M ≥ 2.0, and depth ≤ 100 km; (a) epicenters, (b) latitude versus time. (c) empirical magnitude frequencies, and (d) empirical cumulative number and magnitudes of earthquakes versus time. In panel (a), earthquakes of M ≥ 2.0 are complete inside the blue polygonal region./home/ogata/XC/tseis/prm/tsfiles/  jma9411mar.ps, jma9411marlatvstime.ps, jma9411marCUMtime.ps, 
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Simulate by random sampling from the magnitudes data of the JMA catalog.  

Use the same magnitude sequence                             as the JMA catalog.  
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ETAS / MJMA(4.0|2.0): 
Use the same magnitude sequence                             as the JMA catalog. Then simulate  

ETAS sequence                                              and select these by cutoff magnitude          .    
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Randomly sample from the JMA magnitude sequence                           . Then simulate  

ETAS sequence                                              and select these by cutoff magnitude          .   
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{ }( , , , ); 2.0j j j j jt x y M M ≥ 4.0M
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I examine this characteristic by simulations, where occurrence times and locations are generated by the space-time ETAS model, but  [1] magnitudes are generated in various options. [2] The first option uses the same magnitude sequence as the JMA catalog. [3] The 2nd randomly sample from the JMA magnitude data. [4] The 3rd uses JMA sequence of magnitudes down to M2 to simulate the ETAS events, and then events below M4 are cut off. [5] The 4th is the same as the above, except for random sampling of the magnitudes.  [6] Finally, I  simulate Poisson process. [END] Thus we consider 100 sets of simulated data for each of the above cases.



(a) 

(b) 

JMA catalog 

Poisson/MBRS(4.0) synthetic catalog 
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Figure S3. Earthquakes of M>=4.0 Epicenter locations, latitude against time for the period 1994 – 10 March 2011, and empirical cumulative function and magnitude versus time from (a) JMA catalog, (b) Poisson/MBRS(4.0) synthetic catalog,/home/ogata/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/allsteps/r.jmaetas  jmaetas.pdf  C:\Users\ogata\Dropbox\前震\JMAvariousPlots; C:\Users\ogata\Dropbox\前震\simulationFigs\hypoplots /home/ogata/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/allsteps/r.simdisplay poisson.pdf  /C:\Users\ogata\Dropbox\前震\simulationFigs\poisson.pdf; C:\Users\ogata\Dropbox\前震\simulationFigs\hypoplots



(c) 

(d) 

ETAS/MBRS(4.0) synthetic catalog 

ETAS/MJMA(4.0) synthetic catalog 
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Figure S3, continued 1; (c) ETAS/MBRS(4.0) synthetic catalog, (d) ETAS/MJMA(4.0) synthetic catalog/home/ogata/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10M20/sim100M4/home/ogataALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10/sim100M4/Mc4seq.pdfC:\Users\ogata\Dropbox\前震\simulationFigs\hypoplots



(f) 

(e) 

ETAS/MBRS(4.0|2.0) synthetic catalog 

ETAS/MJMA(4.0|2.0) synthetic catalog 
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Figure S3, continued 2; (e) ETAS/MBRS(4.0|2.0) synthetic catalog, and (f) ETAS/MJMA(4.0|2.0) synthetic catalog. (e) ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10/sim100yo/Mc2M4boot.pdf(f)  ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10M20/Mc2M4seq.pdfC:\Users\ogata\Dropbox\前震\simulationFigs\hypoplots



Normalized cumulative number of stacked foreshocks  
v.s. their time differences to the mainshock 

Simulated experiments 
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(d) ETAS / MJMA(4.0|2.0) 
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All foreshocks 
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These show 100 normalized empirical cumulative curves of stacked foreshocks of the Poisson simulations, and the average over the 100 curves.  We see no acceleration characteristic. [1] These are the curves for the various ETAS simulations.   Blue curves show the accelerating feature.   Orange curves of large mainshock have weaker acceleration than blue curves on average.    These are opposite to the feature in JMA catalog as given by light blue and red curves.  [END]Caption of Figure  3. Comparison of the normalized cumulative number of stacked foreshocks in the time interval of 25days till the main shocks; the mean curves (top row) and variability curves (bottom row) piled up using each type of 100 synthetic catalogs, where blue color represents staking all foreshocks, and orange color represents staking of the foreshocks whose main shock was magnitude 6.5 or larger. Panels (a), (b), (c), and (d) are obtained by ETAS/MBRS(4.0), ETAS/MJMA(4.0), ETAS/MJMA(4.0|2.0) and Poisson/MBRS(4.0) model, respectively. Throughout the panels, the diagonal line indicates that the foreshock time to the main shock distribute uniformly. Light blue and red curve correspond in the bottom panels corresponds to the blue and orange color in Figure 2 for the JMA catalog.Ｍ６５の集中性が実際とＥＴＡＳでは逆センス。D:\My Documents\Dropbox\前震\1926-2011feb10\mbc\jma\time2mainjma.pdf, distsq2mainjma.pdf (a) time2mainb.pdf,  (ｄ) time2main100b.pdf (D:\My Documents\Dropbox\前震\simulationFigs /) (ｂ) time2mainMc4seq  (e) time2mainMc4seq１00 (c) time2mainMc4boot  (f) time2mainMc4boot100 (e) (f) are consistent but not Mc2 case. 前震\1926-2011feb\mbc\\These show empirical distribution of stacked foreshock occurrence times in relation to the main for the common time span of one month or less till the main shock. Panels (Av – Dv) show such statistics from 100 synthesized catalogs simulated by ETAS models with various magnitude .conditions as described in the followings.  (a). This blue function here are clearly accelerated in about a week till the main shock. The stacked foreshock occurrence rate increases in power law as I have already shown you. (b) The similar accelerating feature is seen by blue curve here for the ETAS catalog. (d and e) However, taking the variability of the blue curves into consideration, this acceleration is significantly weaker than in the JMA. (c and f). Furthermore, this accelerating feature is not seen in the Poisson catalog. \\ Now we further examine whether or not this accelerating feature depends on the main shock size. (a) Orange curve here shows that the foreshocks of the main shocks of M≧6.5 have stronger acceleration than those of M≧4.5 on average. (b and e) In the ETAS catalogs, we can see either the weaker acceleration on average in (b), or little difference if we take their variability into consideration. [END] 
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Small circles and cross-shapes represent foreshock b-values against the aftershock b-values from the simulated catalogs and the JMA catalog, respectively.   The blue and red color corresponds the case of all clusters and the limited clusters of large mainshock, respectively.   The latter case is consistent with the conventional relationship that b-value of the foreshocks is lower that that of aftershocks, whereas the former have opposite relation. [END]Figure 6. b-value plots of the stacked aftershocks against the stacked foreshocks in each synthesized catalog (small circles) or JMA catalog (crosses). The lengths of segments of the crosses show the corresponding error bars of the b-value estimate in the JMA catalog. The blue circles and crosses are the b-values of the stacked foreshocks and aftershocks of all clusters for main shock sizes of M4.5 or larger. The red circles and crosses represent events of M6.5 or larger.Red  M0>=6.5, Blue  M0>=4.5Home/ogata/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/allsteps/sim7paMbootSLC/SLC1/SLCfirstForeshocks-mainshock-aftershockPreshocks-mainshock-aftershocks (or swarms)  are similar to each other, taking account of their estimation errors. \\However, in both synthetic ETAS and Poisson catalogs, b-values of the aftershocks are significantly lower than those of foreshocks\\Thus the b-value of stacked aftershock sequence becomes significantly smaller than that of foreshocks. \\ M0>=6.5 case. Red small circles and red crosses in each panel show that the b-value of the foreshocks appear smaller than that of aftershocks in the JMA catalog, but not significantly smaller according to the estimation errors. In the synthetic ETAS catalogs, the majority of the red circles locate above the diagonal line, which indicate that b-values of the foreshocks are lower than those of aftershocks on average in the stacking of each simulation experiment. We can see the similar differences between them in the synthetic Poisson catalogs [RETERN] except for the SLC case.[ Unlike the JMA catalog case, synthetic catalogs have no issue of the deficiency of smaller aftershocks after the main shock. \\This can be an artefact due to the MBC algorithm under a threshold magnitude; namely, there are a large portion of the clusters in which the main shock is not large, and therefore a much larger portion of their aftershocks are as small as the threshold magnitude, whereas the foreshocks are not so many as aftershocks.  ] [ Incidentally, the reason of the narrower scatter range (horizontal direction) of the b-values of aftershocks than those of foreshocks (vertical direction) is owing to the larger sample sizes of aftershocks than the foreshocks in a cluster. \\The error bars of the b-values for each direction are similar to those of the JMA catalog due to the similar sample sizes of the stacked foreshocks and aftershocks depending on the clustering algorithm. ]Red  M0>=6.5, Blue  M0>=4.5Home/ogata/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/allsteps/sim7paMbootSLC/SLC1/SLCfirstForeshocks-mainshock-aftershockPreshocks-mainshock-aftershocks (or swarms)



Clustering algorithms 
Magnitude-based 
       Utsu (1969,GBHU) Single-Link 

Frohlich & Davis (1990,GJI) 

1 / 1 /c month km day= ≈o

2 2( ) 0.3 (or 33.33km)ST space timed c= ∆ + ∆ ≤ 
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From now on, we are concerned with real time probability forecasts.   For this purpose, the SLC algorithm is adopted. [END]MBC are not useful for the real time prospective forecasting. In fact, suppose that an earthquake of above certain threshold magnitude occurs. Then, it must first be determined whether or not the earthquake is a continuation of recent nearby earthquakes. For, the single-link clustering (SLC) algorithm is used . That is to say, earthquakes of less space-time distance than a certain threshold constant are connected as belonging to a same cluster.  モデルの仕組みを簡単に説明させていただく。まず地震の群を定義するという必要がある。これはいわゆる除群法の裏返しになる。だから、除群法によって群という認識が違うが、我々の直感に合うものがいいのだ思う。　リンク法を使ったが、大雑把に分類すると、本震マグニチュードに基づく方法、時空間の距離に基づく方法、及びこれらの混成版がある。最近、確率的除群法も提案されている。\\ 群れの最大を「本震」と呼ぶ。群れの先頭が本震のとき、地震群は「本震・余震型」と呼ぶ。\\本震の前の地震をプレショックスと呼び、それらの最大マグニチュードと本震のマグニチュード差が0.5未満の場合、群れを「群発地震」、0.5以上のときのプレショックスは「前震」と呼ぶ。\\リアルタイムで群れを認識するには Magnitude-based methods は使えないが、前震の統計的解析には使える。 \\識別のアルゴリズムのために次のような定義をする。まず
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Foreshock forecast evaluations in case where  
multiple earthquakes observed in a cluster 
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To compare the performance, we calculate log-likelihood-ratio per cluster.   These are empirical cumulative distributions of the scores from 100 sets of synthesized catalogs as denoted in legend.   The vertical dashed line indicates the JMA score, which is better than those in the simulated catalogs.   Incidentally, the score for the case of the large mainshock become 15 times better than this.[END]ETAS; Main shock M ≧ 6.5   7.13／31 =  0.23Figure 8. Comparison of the empirical cumulative distributions of negative log likelihood per an earthquake cluster. The functions are obtained from 100 synthesized catalogs of the ETAS and Poisson models as indicated in the legends, where the value 0.0 (vertical green line) means the performance is as good as the averaged foreshock probability in a catalog. The vertical dashed line represents the same score for the JMA catalog (1994 to April 2011, M ≥ 4.0).RED:~/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10M20/sim100yo4seq/RyoSLC/crossblkseq.pdfBLUE:~/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10M20/sim100yo/RkkSLC/crossblkboot.psORANGE:~/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10M20/sim100M4/Mc4SLC/crossblk.data.Mc4seq M5 tectonophys -spline, \mu: Mc4 setaspa3M2yokk.f: 0.73200E-03, 0.13934E-03, 0.70314E-02, 0.10526E+01, 0.10001E+01, 0.13668E-03,0.13769E+01/    ainteg= \int \mu(x,y)dxdy = 478.398045164666   68.6207027024962 uity=amu*aintegBLACK:~/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10M20/sim100M4/Mc4SLC/crossblk.data.Mc4bootM5 tectonophys -spline, \mu: Mc4 setaspa3M2yokk.f 0.73200E-03, 0.13934E-03, 0.70314E-02, 0.10526E+01, 0.10001E+01, 0.13668E-03,0.13769E+01/GRAY: Poisson due to DELONE  ~/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/allsteps/poissonMbootSLC/crossblk.dataD:\My Documents\Dropbox\前震\simulationFigs/entropyjamag+poi.pdf~/ALTX/VOS3inUse/utsu2010gji/JMAsimulationStudy/jma9411mar10M20/sim100M4/Mc4SLC/entropyjamag+poi.pdf
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JMA; Main shock M ≧ 6.5      22.74／37 = 0.61 
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information gain/cluster = 15 times larger than the case of M0>=4.5



1.  Stacked foreshocks in the synthesized catalogs have weaker concentration than 
those in real earthquake catalog such as the JMA catalog.  

2.  Such quantitative features depend on the mainshock size, and have different 
characteristics between the ETAS catalogs and the JMA catalog.  

3.  Some differences of foreshock features are partly due to the generating scheme 
of magnitude sequence. 

Summary on stacking characteristics 

1. The foreshock predictor show similar trend in probability gain to the average 
foreshock probability over all catalogs including Poisson catalog.  
 

2. The log-likelihood-ratio scores per cluster of the predictor vary in different 
ranges depending on the generation scheme of magnitudes and ETAS, and the 
score in JMA catalog are larger than the synthetic catalogs. 

Summary on foreshock predictors 
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