Seismology in the Dominican Republic, February 2016 
Jens Havskov, Department of Geoscience, University of Bergen, Norway, jens@geo.uib.no
The Dominican Republic (DR) has two seismic networks: The official network operated by the university (Instituto Sismológico Universitario, Universidad Autónoma de Santo Domingo (ISU)) and a small new network operated by the Loyola Polytechnic Institute (LO) in San Cristóbal.

Instituto Sismológico Universitario (ISU)
The institute operates 20 broad band and 2 short period stations and in addition receives data from 12 stations in Puerto Rico and other countries. There are 22 strong motion stations of which 21 are part of the real time network. Equipment has been ordered (since 2012) for 8 new RefTek broad band stations. ISU has no portable equipment.14 of the broad band stations installed in 2013-14  are on loan from IRIS in the US until 2017 in a project of seismicity and tectonics, however there is a chance that some or all will remain. Most of the station data are sent to IRIS in real time, however only the permanent stations are publicly available. When the project is finished, the data from all stations will be released.

The data is sent to EarthWorm (EW) and EarlyBird  (Windows) using EW format from the field stations. Using a script, trigger waveform files from EW is then sent to SEISAN semi-automatically for processing and SEISAN contains the main base (Windows).  Continuous data is only available in a test base. The continuous data is made with an EW utility which generates a BUD archive from the EW data but this seems to generate gaps.

Noise spectra were made for several stations. We noticed that some stations do not seem to be well installed due to the high noise at lower frequencies (see Appendix 2). It seems that several broad band stations do not have any thermal insulation and is badly protected from air drafts. It also became obvious that the response curve were wrong for some stations like SDD. This is also seen in wrong magnitudes.
A test moment tensor inversion was made. It seems that this is possible for events with a magnitude 4.5 and larger. However some stations could not be used due to the high noise level due to the bad installation.

Location is done with the SEISAN default model (Norway), Ml is calculated with the default SEISAN parameters and magnitude (coda) is made with a local scale.  The analysis can be done at several different PC’s using the same data base. 
Several analysts have received internal SEISAN training and a local tutorial in Spanish has been made. 
No distant events are processed.  No data is sent to the ISC, but all stations are correctly registered. Digital data and phase data exists back to 2005, while all older data seems to have been lost and paper seismograms were lost in a fire. Thus readings from the network, which started in 1984, are maybe lost and it seems that the data has not been sent to ISC. Some data might exist in CD’s in various formats.

About 1000 events are located per year.
Macroseimic data is collected but not available in a catalog.

There are 5 analysts working in 6 hr shifts so there are always one at the institute. In addition 2 people work in instrumentation and 3 in seismology. The acceleration data is now used for processing.  ISU has no web page with recent events, but are trying to make one. The main problem is bureaucratic within the university. 

Continuous data exist since 2005 in EW format.
Overall there has been an impressive improvement in the network operation since 2012. In particular, the processing and data organization has seen a very large improvement from being disorganized and incomplete to well organized and systematic.

Recommendations
· Set up SeisComp system (can be an older version) and send all data from EW to SeisComp. In this way SEISAN will automatically have access to all the continuous data.
· Calculate Mw and fault plane solutions.
· Read first P as P, not PG. The program calculates the fastest.

· Read first S as S, not SG. The program calculates the fastest. If a large positive residual and distance is larger than 100-200 km, try to use Sg.

· Calculate moment tensor solutions for events larger than 4.5.

· Process all distant events.

· Integrate felt information into the data base.
· Send all data to ISC, this will ensure that data is not lost in the future and also show ISU’s contribution to seismology.

· Set up a project of recovering as much of the old data as possible.

· Improve the senor installation by providing thermal insulation and draft protection.
· Check the response information.

Director  of institute: Eugenio Polanco Rivera. epolanco66@uasd.edu.do 

Loyola Institute (LO)
The institute has 3 accelerometer stations (NetQuake) in the North of the country installed in 2012 and 3 SARA SP (4.5 Hz) stations located in the SW, installed in 2015, see Figure 1. All 6 stations send data to the center using SeedLink. In addition, data from 3-9 ISU stations and 8 stations from surrounding countries are received over internet from IRIS. All stations enter a RTquake system which generates triggered events that are stored directly in SEISAN. 
Loyola has 1.5 persons (students) doing the daily processing, one has been working 2 years and the other 0.5 years.
Some of the field stations were visited.
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Figure 1 SP stations. Top: LONE2, bottom left LOPE2 and bottom right LOBA2.

The stations with the metal box, like LONE2, were quit sensitive to wind noise due to the open structure and the large metal enclosure. The field stations were set up with only a few minutes of SeedLink ringbuffer so data would be lost very quickly in case of communication loss. The new short period stations seem to have an acceptable noise level when there are no external disturbances, see Appendix 2 and two of them detect well (Table 1)
The data base
There is now more than 3 years of data. The data base was therefore revised and some corrections were made. The data base now consists of 2169 local events, 22 distant and 25 regional events. Several tests were made with the data.
Seismicity
Since the network started in 2012, 2065 events have been located within the area of interest (Figure 2).
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Figure 2 All events located from October 2012 to February 2016. 
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Figure 3 Event statistics for all events. Left: Time of day distribution. Right: Number of events per month. Time is GMT.
It is seen that the number of events detected (Figure 3) increases as the network has expanded, particularly after August 2015 when the new SP stations were installed. The number of events detected at night is higher than the number of events detected in the day time which could indicate that the noise level is lower at night.

Figure 4 shows the events larger than 3 and Figure 5 the statistics.
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Figure 4  All events with magnitude larger than or equal to 3.0.
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Figure 5  Statistics of events with magnitude larger than or equal to 3.0. Time is GMT. Left: Time of day distribution. Right: Number of events per month.
The statistics show that for events larger than 3, the number of events per month is quite constant indicating that the network has detected all magnitude 3 and larger events in its operational period. However, there is still a slight bias with more events detected at night. 

Data completeness and statistics
The b-value was calculated for data from before the SP stations were installed in August, 2015 and after August 2015 (Figure 6) in the latitude longitude  window shown in Figure 2. Before August 2015 it seems that the detection threshold was 2.8 while after August 2015 it is 2.4. There is thus a general lower detection threshold for the whole country after the installation of the new stations.
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Figure 6  Events statistics. Top shows data for events before August 2015 and bottom shows data after and including August 2015. Y-axis is cumulative number of events and x-axis is the magnitude (Ml).
The new stations were installed in the SW of the country (Figure 7) for better local monitoring. The stations are close to the best station in the ISU network, SDDR, and together with the new SP stations, a lower detection threshold could be expected. Figure 7 shows the events and stations in this area together with the statistics.
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Figure 7  Epicenters and statistics in the best monitored area SW with the new stations LONE2, LOPA2 and LOBA2 from August 2015. Y-axis is cumulative number of events and x-axis is the magnitude (Ml).

The statistics indicate a detection threshold of 1.5, significantly lower that for the whole country. 
Detection at each station
The number of events recorded each year at each station was calculated, see Table 1. This table does not take into account  down time for the individual stations.
Table 1:  Number of events recorded at each station, each year, since October 2012. The instrument types are ACC: accelerometer, SP: short period, BB: broad band. Note that for 2016 there is only data until February 10.
	Station
	Type
	Institution
	2012
	2013
	2014
	2015
	2016
	Total

	LONE1
	ACC
	LO
	6
	89
	25
	9
	
	129

	LOSC1
	ACC
	LO
	
	
	13
	100
	2
	115

	LONA1
	ACC
	LO
	
	
	
	19
	13
	32

	LOBA1
	ACC
	LO
	5
	65
	19
	43
	
	132

	LOPP1
	ACC
	LO
	
	
	
	8
	12
	20

	LOPE1
	ACC
	LO
	5
	63
	31
	28
	
	127

	LODA1
	ACC
	LO
	
	
	
	
	19
	19

	LONE2
	SP
	LO
	
	
	
	342
	67
	409

	LOPE2
	SP
	LO
	
	
	
	75
	22
	97

	LOBA2
	SP
	LO
	
	
	
	243
	65
	308

	BANI
	SP
	ISU
	
	93
	21
	172
	24
	310

	SC01
	BB
	ISU
	28
	294
	231
	264
	52
	869

	PCDR
	BB
	ISU
	
	119
	322
	244
	19
	704

	SDD
	BB
	ISU
	27
	235
	189
	165
	23
	639

	SDDR
	BB
	ISU
	4
	352
	489
	595
	109
	1549

	BON1
	ACC
	ISU
	17
	138
	89
	63
	
	307

	LGNH
	BB
	Haiti
	
	114
	164
	167
	44
	489

	PAPH
	BB
	Haiti
	
	
	79
	112
	45
	236

	JAKH
	BB
	Haiti
	
	23
	68
	129
	35
	255

	AGPR
	BB
	P. Rico
	9
	222
	306
	263
	36
	836

	MPR
	BB
	P. Rico
	4
	131
	205
	120
	
	460

	CRPR
	BB
	P. Rico
	
	
	
	100
	38
	138

	GRTK
	BB
	Grand Turk
	
	
	
	115
	36
	151

	GTBY
	BB
	Cuba
	
	58
	76
	42
	27
	203

	Total
	
	
	105
	1996
	2327
	3418
	688
	8534


The best station is clearly SDDR which records up to twice as much as the second best station. An average ISU station records about 250 events per year in the LO network, it might record more in the ISU network. The best LO station LONE2 recorded 437 events in 4 months in 2015, equivalent to 1200 per year. This can be compared to SDDR which recorded 595 in 2015. However in 2016, LONE2 recorded 67 and SDDR recorded 105. It was later found out that, recently, LONE2 stops every nigh due to battery problems. LOBA2 almost recorded like LONE2 while LOPE2 recorded very little. Comparing the noise spectra of the three SP stations, LOPE2 is clearly the station with the highest noise level which might explain the few detections. Or there might be some technical problem. The LO accelerometer stations have recorded between 8 and 43 events in 2015 which is quite respectable considering their low gain. 
Triggering
It was investigated if RTquake triggers as expected. The continuous data from the two best stations, LONE2 and SDDR, centrally located (Figure 7), were checked for possible events and compared to the triggered events. No events were missed and the additional events found were only recorded on one or two stations and had magnitudes less than about 1.5. This is consistent with the detection threshold seen in Figure 7. See Appendix 1 for more details.
Noise spectra 
Noise spectra were made for the stations used by LO in order to get an idea of the quality of the stations. Several broad band stations seem to be badly installed since the noise level is high at lower frequencies. The new geophone based stations have a noise levels comparable to the broad band stations for frequencies above 0.3 Hz. For details, see Appendix 2. 
Events with any magnitude larger than or equal to 5.0

7 events were found in the data base in an area (Figure 2) around the island. All events were revised, compared to other agencies and it turned out they had not been completely processed and some locations changed significantly. Also some events had overestimated Mc so they were  below 5 in magnitude. Apparently readings were not used if the RMS became higher than about 0.5. After reprocessing there remained 4 events larger than or equal to Ml 5. The magnitudes Ml were in most cases comparable to magnitudes reported by USGS. For details, see Appendix 3.

Recommendations
· Store all continuous data in one disk and have a corresponding backup disk.
· Store reference information from other agencies in S-file, also add fault plane solution info when available. Make sure results are comparable. Only if the local stations are much closer than stations from other countries is it acceptable with large differences in location and depth.
· Stop using coda magnitude.

· Revise in detail all the events, make sure to read all stations. If residuals become high try using Sg for shallow events distances larger then 100-200 km. Or weigh out some of the distant stations.
· General clean up. E.g. there are 27 events with RMS larger than 3.

· Make sure ISU get proper credit for their stations used, like on the web page.

· Make all data available on an ftp-server.
· Make sure all events are registered before being processed. The waveform file is then copied into WAV/IPL……. New events are marked by N before being updated. 

· Clean up all the waveform files in WAV and copy to appropriate location in WAW/IPL.
· Increase SeedLink ring buffers to the maximum on field stations.

· Some stations should have improved wind protection.

· Monthly cleanup: Go to a directory WOR/test, delete all files, select all events for the month. With the program get_wav with input of select.out, check if all files have been registered and the waveform files therefore transferred to WAV. Fix if not and delete the month’s waveform files in WOR. Check events for quality and send to ISC.
· Register stations at ISC.
· Send data to ISC.
Responsible of network: Javier Rodriguez,  jrodriguez@laensenada.com
Possible projects between ISU and LO

Local magnitude scale 
Both institutions use the California scale. There should now be enough data from the two institutions from the last 2 years to be able to make an inversion for a new national Ml scale. However the data must be checked and cleaned up and all amplitudes from channels with wrong response must be reread. The following steps are suggested:
· Select the 200 largest events in the area (to be defined).
· Check response info and all magnitudes, redo amplitudes for stations with wrong amplitudes. 
· Merge data from the two institutions.
· Reprocess the data, it is particularly important that the depth is correct since inversion  will be made for shallow and deep event separately. 
· Make the inversion and test
· Publish

Focal mechanisms in SW

LO is particularly interested in tectonics of the SW area (Figure 7) which is why the new stations are concentrated there. It would therefore be interesting to make fault plane solutions for the area. Since the new stations were installed, there has been 12 events with magnitude larger than or equal to 2.5 (Table 2). For these events data could be joined from ISU and LO to make fault plane solutions, if possible.
Table 2  Events in the SW since August 2015

 Year Date HRMM  Sec Latitud Longitud Depth NST  RMS GAP   Ml

 2015  813 2142 36.4  18.061  -71.467  26.3   4  0.2 176  2.5

 2015  820 0730 25.4  18.232  -71.839  23.7   6  0.4 115  2.6

 2015  9 7 1007 23.3  18.307  -71.395  17.1   4  0.3 120  2.5

 2015  9 9 2230 25.2  18.282  -71.443   6.8   6  0.2 146  3.8

 2015  9 9 2233 28.1  18.273  -71.452  12.5   6  0.3 149  3.2

 2015  9 9 2236 28.4  18.294  -71.428  15.9   6  0.2 143  3.0

 2015  912 0210 32.8  18.292  -71.434  11.0   7  0.2 106  3.1

 2015  916 0659 29.6  18.249  -71.208  18.8   5  0.2 148  2.5

 2015 10 3 1138  8.0  17.986  -71.362  37.4   4  0.1 207  2.8

 2015 1123 0204 55.9  18.087  -71.394  51.5   3  0.0 169  2.5

 2015 1213 1229 32.6  17.881  -71.624 114.8   4  0.2 253  2.7

 2016  116 1433  1.7  18.121  -71.053  46.5   3  0.2 277  2.6
The steps could be

· Select the same events at ISU

· Put all S-files and waveform files in one directory

· Join the events with append commend

· Reprocess

· Make fault plane solution

· Technical report

Earthquake historical catalog

There is currently no complete catalog available for the country. LO has started to collect data and ISU has historical information for several periods. It is of general interest to have a good catalog and it is also a starting point for calculating seismic hazard. The steps could be:
· Decide on an area and  the lower magnitude threshold

· Start with one of the recent catalogs made for the region

· Check the other known catalogs, mainly from USGS and ISC

· Add available historical information

Technical steps
· Start with a catalog, like ISC, in a SEISAN data base

· If several solutions available, put the prime solution first, give reason for using a particular solution as prime
· All hypocenters and magnitudes  must have an agency and all magnitudes a type

· Add comments where needed (COM command)

· All comments taken from other sources must have a reference

· Additional picture or scanned material can be in the PIC directory and referenced in the S-files on a type P-line. It can then be displayed with the pp command.

Appendix 1
Test of how well the Loyola seismic network triggers

Rolando Yan Valdez

Purpose: To check if important events are missed by the RTquake system.

Method: Check the continuous data from the best station in the ISU network, SDDR, and the best station in the Loyola network, LONE2.

The following table shows the analysis of the continuous data for January 3rd, 2016. The small undetected events were located using the azimuth and magnitudes were calculated.

	Event in data base
	SDDR
	LONE2
	Other stations
	Magnitude

	
	00:03:10
	00:03:26
	
	0.8

	
	02:14:02
	
	
	Too small to analyze

	04:30:53
	04:30:36
	
	CRPR, LOBA2, SC01.
	2.4

	04:33:10
	04:32:36
	
	LONE1,SC01
	2.1

	
	
	05:57:17
	
	1.3

	
	06:05:18
	06:05:20
	LOPE2
	1.0

	
	
	06:18:00
	
	1.0

	08:44:01
	08:44:19
	08:44:27
	LOPP1,SC01
	2.4

	
	11:30:48
	11:30:42
	
	1.4

	
	
	18:22:54
	
	1.3

	19:24:25
	19:24:00
	19:24:33
	LGNH,PAPH,LOPE2
	1.8

	
	23:23:00
	
	
	Tele-seismic 


Result: As we can see in the table above, RTquake did not miss any events larger than 2. The events smaller than 2 were only recorded 1 or 2 stations and  too small to make a location without azimuth. So conclusion is that no events were missed. An  example is shown below.
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This figure shows a sismogram with our two must important station (SDDR and LONE2). Base on the difference of the P and S wave Event  at 11:30. This event was nearest to the LOPE2 station. 

Appendix 2

Noise spectrum analysis for the Loyola Seismological Observatory Network

Luis Fernando Muñoz and Javier Rodríguez

The purpose of this study is to make noise spectra for the stations used and compare the spectra.

For this purpose we choose a period of 10 minutes where we could find an average of the most quiet times during the day. We analyzed 19 stations for the Z component and in some cases we added to the analysis the N and E component. We selected February 2nd at midnight of 2016 as the date for this study.

Following this, we add the Log Amplitude vs. Frequency Graph for each station where the lowest limit marks the 20 most quiet stations in the world and the upper limit, the noisiest stations in the global network. The spectrum shown in these graphs normally, for a good average station, should be between these limit marks.
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Summary:

Of 17 stations analyzed, 14 of them had either broad band or short period seismometers. We found that several stations have a rather high noise level between 0.5 and 3 Hz which is probably due to cultural noise.  The geophone stations seem to be able to resolve ground noise down to 0.3 Hz and in general have a high frequency noise level comparable to the broad band stations. Above 5 Hz, only SCO1 has a high noise level. Several broad band stations have a high noise level below 0.05-0.1 Hz, probably due to bad installations. The best station overall is SDDR. 

Accelerometers LODA1, LOPP1 and LONA1 are out of range since they have a large internal noise.

Appendix 3

Revision of the largest events in the data base with magnitude larger than 5.0

Rolando Yan Valdez

The purpose of this work is the check in detail all the largest events. The search was made for any magnitude type. We have defined an area of study to a longitude from -76.0 to -66.0 and latitude from 16.0 to 22.0. The revision consisted of:

1. Check all readings and add readings when missing.

2. Add solutions (hypocenter and magnitude) from other agencies, USGS and Puerto Rico, for comparison

3. Add fault plane solutions from other agencies where available.

4. Relocate.

For each event we show in detail the modifications made, as seen in the following.

It became obvious that some of the events had stations that did not have amplitude, P and S wave readings. 

1. 2013/02/26_17:0733

SC01: Added ML.

SJM1: Added S, bad response.

SDD: Low ML.

The magnitude was comparable to USGS, but location changed significantly, see Table 2. We think the local solution is better since several local stations were used. 

2. 2013/06/01_05:48:41

BANI: Clipped, no ML.

MPR:  Added ML.

AGPR: Low magnitude.

SDD: Low magnitude.

MPR: Low magnitude.

GTBY: Added P.

Similar location, but magnitude cannot be compared since PR coda only.

3. 2014/01/13_04:00:48

LOBA1: Added an S wave reading. This event only had 3 stations near each other so location was fixed to USGS location. The Ml was too small compared to Mw, maybe due to saturation.

4. 2014/05/28_21:15:07

AGPR: Added S.

MPR: Added ML.

SDD: Added S, low ML.

SC01: Added P and S readings.

BON1: Added P, S and ML.

Very similar location and magnitude.

5. 2014/09/12_02:12:44

AGPR: Added S

MPR: Added S

SC01: Added S

SDDR: Added S

LOPE01: Were read

LONE1: Were read

SJM1: Were read.

Similar magnitude and location.

6. 2014/10/19_05:25:31

SC01: Added S

LNGH: Low ML

This event had magnitude less than 5 when recalculated. The depth was 198 km, so it was fixed to the more reasonable value of 10 km from PDE.

7. 2015/12/31_02:20:44

SDDR: Added S.

GTBY: Low ML.

PAPH: Low ML.

SDD: Were read.

SC01: Were read.

Similar location and magnitude, but magnitude less than 5 when reprocessed.

For most of the events it is noted that SDD had a low amplitude so it probably has a wrong calibration file. 

Map and table with all the events before reprocessing
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This map shows the location of the events before reprocessing with a magnitude above five. 
	Number
	Year
	Date
	HEMM
	Sec
	Lat.
	Long.
	Depth
	NST
	RMS
	GAP
	Mc
	Ml

	1
	2013
	0226
	1707
	33.5
	17.646
	-67.919
	0.0
	6
	1.6
	235
	5.1
	4.8

	2
	2013
	0601
	0548
	41.7
	19.449
	-67.654
	0.0
	8
	3.6
	242
	5.1
	4.7

	3
	2014
	0113
	0400
	48.3
	16.276
	-67.115
	459.2
	 3
	0.0
	353
	5.1
	6.3

	4
	2014
	0528
	2115
	7.6
	18.113
	-68.372
	90.0
	4
	0.5
	198
	5.1
	5.7

	5
	2014
	0912
	0212
	44.6
	18.431
	-69.021
	110.6
	7
	0.6
	175
	4.3
	5.0

	6
	2014
	1019
	0525
	31.9
	19.709
	-74.439
	0.0
	4
	0.6
	165
	5.0
	3.8

	7
	2015
	1231
	0220
	44.1
	19.404
	-73.700
	10.5
	6
	0.4 
	166
	5.0
	4.4


Map and table with all the events after modifications
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This map, after relocation, shows clearly that some events changed their locations due to the modifications.  The event numbers can be compare to event number s on the next figure.
	Number
	Year
	Date
	HHMM
	Sec
	Lat.
	Long.
	Depth
	NST
	RMS
	GAP
	Mc
	M

	1
	2013
	0226
	1707
	35.0


	17.661

19.250
	-7.898

-7.965
	15.0

8.0
	6
	1.9
	235
	5.1


	5.0L

4.9W

	2
	2013
	0601
	0548
	42.8
	19.440
19.343
	-7.774

-8.174
	16.3

23.0
	9
	1.2
	232
	5.0

4.4PR
	4.9L



	3
	2014
	0113
	0401
	9.9
	19.043

19.043
	-6.810

-6.810
	20.0

20.0
	 3 
	6.0
	353
	4.9
	5.8L

6.4W

	4
	2014
	0528
	2115
	7.2
	18.148

18.045
	-8.352

-8.351
	101.2

90.0
	9 
	1.6
	182
	5.1


	5.7L

5.8W

	5
	2014
	0912
	0212
	44.6
	18.431 

19.026
	-9.021

-8.881
	110.6

106.0 
	 7
	0.6 
	175
	4.3
	5.0L

4.6W

	6
	2014
	1019
	0525
	31.3
	18.410

19.151
	-4.555

-4.148
	10.4F
10.4 PDE
	 5
	3.5
	252
	4.4
	3.9L

4.4b

	7
	2015
	1231
	0220
	45.8
	19.470

19.435
	73.796

-3.632
	20.9

10.0
	11
	2.4
	164
	 5.0
	4.5L

4.6W


The second line in table, gives for each event, the reference location and magnitude.
From the table we can see that the magnitude Mc of the event number six decreases from 5.0 to 4.4 and the magnitude Ml increases from 3.8 to 4.2.
Conclusion

Except for one event, all events had similar magnitude as that reported from USGS. However, many events also did not have sufficient readings of amplitudes and phases. Some stations have wrong calibrations files. In the end, only 4 events had magnitude larger than or equal to 5.
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