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by 
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Introduction 

As part of the cooperation between the University of Bergen, Faculty of Natural Sciences and research institutions in Sudan, the University of Bergen has allocated funds to initiate the cooperation and several minor seed projects have been approved (see www.sudan.mnfa.uib.no). The first such project to start is the general seismology project, which consists of a 2 week visit from UiB to Sudan. The intention of the visit was to work with institutions in seismology, particularly The Geological Research Authotity of the Sudan (GRAS), which runs the national seismic network (SSN).  The purpose was mainly to arrange a workshop, which would give a general course in seismology and earthquake data processing as well as doing preliminary analysis of the first 2.5 years of earthquake data available from the seismic network. In addition, lectures were given at the University of Khartoum and Computer Man College. Finally, an evaluation of the network with recommendations was made. 
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The course

The course had 11 participants from 4 institutions (see Appendix 1). The general course day consisted of a morning lecture followed by exercises. The level of knowledge among participants varied from no seismological experience to good seismological experience. Therefore, after a couple of days, the more experienced participants started to work on small specific small  (Appendix 2-7) using data from SSN or seismic catalogs from other sources, while the less experienced were following the standard exercises. The work with SSN data also served as a useful initial study of the SSN data base and network operation. The course lasted for 8 days and covered the following topics:

General seismology introduction

Seismic phases

Wadati diagram

Earthquake location

Instruments and response functions

Magnitudes

Spectral analysis and Q

Seismic noise measurements (field trip)

Fault plane solutions

The SSN and data from the network

The Sudan Seismic Network (SSN) has provided data since November 2003, and a total of 112 events have been recorded. All data recorded by the network was reviewed and relocated during the workshop as described in Appendix 3 and 4.

Of particular importance, it was confirmed that several local events had occurred at the site of the 1993, Ms 5.5 event 100 km west of Khartoum (Appendix 4).

The network is now correctly calibrated since magnitudes for global events calculated by SSN are the same as determined by the US. Geological Survey PDE list (Appendix 5). The noise level at the stations is good (see Appendix 4), particularly at low frequencies. However, the network records too few events, especially for distant events, considering the low noise level. Part of the reason for that is that the central computer has been shut down for extended periods of time. The other reason might be that the trigger parameters have not been optimized for the local conditions.  It is estimated that more than 75 % of the data, which could have been recorded, are lost (see Appendix 3). However, it is not easy to make a triggered system record as much as a continuously recording system.

For the field stations, the trigger parameters were tested and adjusted, see Table 1.

	
	STA (sec)
	LTA (sec)
	RATIO
	Low pass filter (Hz)
	High pass filter (Hz) 

	Before
	0.3
	100
	3.5
	None
	None

	After
	3.0
	100
	3.0
	8.0
	1.0


Table 1  Trigger parameters. STA is short term average, LTA is long term average and RATIO is trigger ratio.

The STA should have been longer than 100 s but cannot be adjusted to a larger value due to limitations in the recording system. The high pass filter is a compromise between detecting local and global earthquakes and was set after some testing. It might require more testing to find optimal values. The result of changing the trigger parameters was not clear since the network experienced some operational problems at the time. It is recommended to collect all triggers from all stations in order to better evaluate the detection ability.

Since much data has been lost, it was attempted to let one station run continuously. Due to the low speed radio communication, where one radio at the center connects to each station in turn (see Appendix 2 for a technical description), this is theoretically the highest data rate that the system is capable of receiving. It partly worked but seemed to disrupt the network operation, and the system was put back to normal triggered operation only.  However, without continuous data, it is not possible to know how much data is lost and why. Collection of continuous data could be implemented by placing one portable station at a permanent station and recording the broad band signal on the portable station and the SP data on the field station.  This was partially tested in a field experiment, and it was confirmed that the network potentially could record many more events as described in the next section.

The future development of the network was discussed and some recommendations were made, see Appendix 11. This includes a possible cooperation with Computer Man College (Appendix 8). 

Collecting data in the field

As an experiment, two portable stations were put about 100 km west of Khartoum where the nearest local earthquakes occur (see Appendix 4). A third station was placed together with station SLAT (station to the north, see Appendix 2). All stations were recording in continuous mode. The purpose was:

· To investigate if local events could be recorded.

· To check how many events would be recorded with stations in continuous mode.

· To collect data for testing the Nakamura method of calculating soil amplification.

The portable stations recorded for 6 days. Many of the records were quite noisy due to the stations being placed in villages, however there were also many quite periods.  The noise level in the quiet periods was as low as for the best network station SLAT. A preliminary search for events revealed 8 distant events (outside Sudan) and 2 local events near Khartoum. Note that the stations were equipped with 1 Hz seismometers and are therefore not as sensitive to distant earthquakes as the stations in the network. Never the less, about one event was record every day confirming that the network also should record more. It should be mentioned that some of the events had a rather low amplitude and may not trigger the network easily, particularly if the network should be sensitive to both local and global earthquakes.

The local events near Khartoum are of particular importance. A total of 9 events have been recorded in 2.5 years and the most recent two of these during the operation with continuous recording under the workshop. Both of these events only triggered one station of the network and may therefore not have been detected earlier, where it was required that two out of 3 stations must trigger in order to transfer an event. If there is one local event per week, more then 100 local events should have been recorded instead of 9 over the last 2.5 years. However, is very likely that the low seismicity area west of Khartoum does not show a continuous seismic activity and that earthquakes occur at irregular intervals. Thus to record 2 events in one week might just have  been luck. On the other hand, it is very important for the evaluation of seismic hazard in Khartoum, to know the seismicity rate near Khartoum. Continues  recording seems the only safe way get more information on this.

Data from one of the portable field stations was tested for the Nakamura method. The procedure consists of selecting suitable time windows using the continuous data in the central computer, transferring it to the PC and processing. All steps were tested so essentially GRAS is ready to do more experiments in this field. The sensor used was a 1 Hz sensor from Lennartz, which is not suitable for frequencies below 0.5 to 1.0 Hz (depending on level  of noise) and a sensor more sensitive at low frequencies should be used, like the Lennartz 5 s sensor.  

In addition to recording with the 3 continuous stations, a field trip was also made with the course participants to a possible new site for a permanent station east of Khartoum, where noise measurements were made, see next section.

Noise measurements

The purpose of the noise measurements was to find the level of  background noise at the field sites tested, at GRAS building and in addition to compare this noise to the noise at the best permanent station, SLAT. The measurements were made with a small portable geophone based digital seismometer from the SARA company. This unit is very simple and cheap, however at low noise sites (like the SSN sites) it does not give reliable absolute values of the background noise, but the relative values among sites are correct. The noise was measured in several frequency bands in raw counts. In the frequency band 3-7 Hz, all values were converted to nm in order to get an absolute measure and also to be able to compare to the absolute level of the permanent station. Table 2 gives the results.

	Location
	Counts, 1-5 Hz
	Counts, 5-10 Hz
	Displacement (nm), 3-7 Hz

	Self noise
	17
	15
	1

	GRAS upstairs
	4500
	5000
	104

	GRAS downstairs
	4500
	4200
	124

	GRAS basement
	9500
	6073
	159

	Road Stop
	715
	558
	15

	Site 1
	259
	250
	6

	Site 2
	92
	54
	2

	Site 3
	290
	399
	9

	SLAT
	149
	116
	3

	New Site
	245
	184
	8

	SLAT station
	---------------
	---------------
	2


Table 2  Comparative noise measurements. Self noise is the lowest value the instrument can measure, GRAS means the Geological Research Authority of Sudan Building, Road stop is about 50 km west of Khartoum and sites 1, 2 and 3 are about 100 km west of Khartoum, SLAT is at the vault of the SLAT station, New site is the proposed site for a new permanent station east of Khartoum and SLAT station is a comparative measurement using data from the permanent SLAT station.

The noise measurements were all made using the vertical channel. The measurements at GRAS were made in order to have a comparative value and also to check if it would be useful to put a seismic station in or below the building. From the measurements it is seen that the noise is far too high for this to be useful. 

All field measurements were made on hard soil. At the Road Stop, measurements ware done in the open and they were to some extent affect by wind. Sites 1 - 3 were all in small adobe houses in a village and sites 1 and 2 were used for the 6 days recording. Site 2 is clearly the best and has a similar noise level as SLAT, which is located on basement rock.

At the New Site there was also wind noise and the measurement was made on hard gravel. The noise level is a bit higher than SLAT, however, a permanent installation would probably make the noise level very similar to SLAT so it can be concluded that, in terms of noise, the site is acceptable for a new permanent station.

The comparison of absolute displacement for the permanent SLAT station and the field unit, shows that both give about the same noise level and that all values therefore can be compared.

International data exchange

Since the SSN has limited geographical coverage, it will often record limited amounts of data, particularly for the import area of South Sudan. In order to improve the location of important events in the Sudan area, data from neighboring countries can be collected. A test of this was made for a magnitude 5.3 event, which occurred in Uganda. An email request was sent to seismological observatories in the countries around Sudan. While several responded, only Eritrea sent any data (phase readings). However, several of the stations in these countries are also sending data to international data centers in real time and from here data was download successfully. It thus seems that the most reliable way of getting more data is to collect it directly from the international data centers. For more details, see Appendix 6.

Recommendations for SSN

The following recommendations are given to improve the SSN operation:

- Leave power on at the central station all the times, this means fewer lost events.

- Place a portable station at SLAT and/or MRKH with continuous recording in order to get a record of available data. The best would be to have one at each site, but that requires more portable recorders.

- Process all data and get additional data from other stations including the IRIS stations, see Appendix 6.

- Place a portable field station west of Khartoum for a few months to get more information about the local seismicity.

- Install 4’th telemetry station.

- Make a plan for routine work on a rotational basis, see suggestions in Appendix 9.

- Expand the network in Juba using one portable field station.

- Get a few inexpensive portable field stations in order to use Lennartz equipment for permanent stations.

- Collaborate closely with Computer Man Collage if they want to install seismic equipment, see suggestion for joint project in Appendix 8. 

- Make a long term plan for formal seismological training of staff. At the University of Bergen, we offer two basic seismological courses in the fall as part of our MSc program. Duration of these courses are 3 months. The courses could be part of a MSc program with a degree from Sudan or Norway, or just considered training.  In the spring, we have a course in seismic instrumentation, 2 -3 months duration. There is no course fees, so the only cost is living expenses, ca $1300 per month. Participants will be registered as students at the university and will be required to take the exams. In addition we offer courses in theoretical seismology, seismic hazard and seismotectonics. More information at http://www.geo.uib.no/seismo/courses/undervis.html.

- Make a long-term plan for network upgrade (suggestion in Appendix 11).

- Document minor projects in a local series of technical reports, similar to the workshop reports given here.

- Publish a paper on the network and present it at an international conference. 
- Become a member of the International Seismological Center ($2000 per year). This is the most important global organization for collection of seismic readings and it therefore makes the best epicentres world wide. 
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Introduction

After the 1993 Khartoum earthquake, it was decided to build a seismic network around Khartoum. The original plan was to acquire, in order of priority:

· A central acquisition unit to be based in Khartoum: This gathers the signals coming via radio from the seismic stations; four telemetered stations, to be installed around the capital, at a distance allowed by the radio transmission; an off-line system (PC) to process and analyze data.

· Two stand-alone stations to be installed in the south Juba region and in the North East, to monitor the seismisity of the most active regions in the Sudan, the Juba region and the Red Sea.

· Spare parts for the instrumentation.

· Two Drums for analog recording for the seismic traces.

Equipment was finally bought in 2000, and due to the time delay and changing equipment standards the equipment bought was 3 digital telemetered stations from Lennartz including a central station. Since then one more telemetered station has been bought (2002), which has not yet been installed. Also 3 portable Lennartz stations have been acquired.

The Sudan Seismic Network (SSN) now consists of 3 remote stations and one Central Station. The 3 remote stations are installed in 2001 around The Capital Khartoum as follows:

· Silate Remote Station (SLAT) about 32 Km of GRAS NE.

· Merkhyat Remote Station (MRKH) about 23 Km of GRAS NW.

· Jebel Aulia Remote Station (JAWL) about 42 Km of GRAS to the S.

· The fourth remote station will be installed soon at Alameen region about 35 Km East Khartoum.

The network started operation in 2001, however due to a disk crash, data is only available from November 2003.

Each remote station (Figure 1) consists of :

· Compact Long-period three component seismometer with frequency response flat from 0.05 to 20 Hz.

· MARS-88 basic data acquisition unit comprising 3  A/D converters ( > 96 dB dynamic range) and a microprocessor  with flexible triggering options.

· Modem Control comprising a dedicated modem.

· GPS receiver for timing.

· Bidirectional RF telemetry with transmitting and receiving unit for digital transmission for MARS-88. It  uses error-correcting transmission protocol.

· Directional Antenna.

· 3 (12V) Batteries charged with a solar unit.

The Central station Consists of:

· Directional Antennas.

· Bidirectional RF telemetry  consisting of transmission and receiving unit for digital transmission for MARS-88.

· RF Multiplexer (4 way) so that the unit can work with 4 stations in sequence..

· Ethernet Gateway in the form of a Unix PC.

· SPARC Workstation including SUN’s Solaris operating system used for automatically collect data from the field stations and do preprocessing.
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Figure 1  Schematics of a Sudan Seismic Network field station

Mechanisim of data Aquisition

· The 3 channel seismometer senses the earth motion and convert it to an electric signal.

· The data logger receives these signals, converts them from analog to digit signals with a precise time (coming from the GPS). The data stream is checked for seismic events and if an event occurs, it is stored in a data buffer.  When the data buffer isi full., it is overwritten. Currently the data buffer can store 4 hours of data. The data remains at the field station until the central station request it.

· The Central Station can request for a specific range of data.  The data logger then, selects this range and forwards it to the radio modem to prepare it for transmission using the transceiver.

· There are two types of data coming from the data logger:

· Monitor data, which is low resolution continuous data just for monitoring.

· Triggered data, which is fulfill the trigger criteria and  is a high resolution data for analysis.

In the SPARC Workstation, there is the software (RCM), responsible for requesting date from the remote stations, and arrange these blocks of  data in a database.

RCM first request trigger times from all field station. Once the trigger times from the  three stations have been received, the RCM program inspect these times for coincidence within a time window. If 2 out of 3 field stations trigger within this time window (usually around 60 secs.), then a network event is declared and the central station will collect corresponding waveform data.

It is the RCM software's task to reliably transport all triggered data and all monitor data from remote stations to the central station. To achieve this, the RCM software requests status information for triggered and monitor blocks. This status information tells the software where a particular data block resides within the remote station's memory. Every single block is then requested individually. Outbound commands (from the central station to the remote station) are called requests, while incoming data are called replies.

Data is transmitted in packets of variable length. It is a fundamental principle of the protocol that each request generates exactly one reply.

The Gateway Computer:

This PC computer powered by a (FreeBSD) UNIX operating system. It works as a communication server between the workstation and the remote stations. All routing information concentrated on in it.

The Gateway interprets the high-level language commands coming from the workstation, to a low-level language commands understood by the remote stations. It takes some load from the workstation activities.

Operational experience

Operational experience:

· Keep the solar unit always clean, otherwise the batteries became weak, and the station shut down.
· The seismometer room should be cleaned from insects and rats by using insect killers to avoid  noise and cable damage.

· Always coincidence sum should be less than  the number of working stations (but not equal).

· Always backup the data and free the workstation hard disk  from unused files like temporary and log files.

· The instruments should be cleaned from dust, and the seismometer should be isolated from high temperature. 


Figure 2 A diagram which shows the flow of data from the remote stations to the central station.
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Data from the Sudan Seismic Network for the period 
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and

the seismic catalog for Sudan

by

Nada Bushra Eltahir   and   Amani Elkhidir Belail  

Introduction: 

Though Sudan is characterized by low seismic activity, several big earthquakes have been recorded, which resulted in loss of life and damage to properties. The largest of these was probably the largest earthquake in Africa in the 20th century. It occurred on 20 may 1990 (Ms=7.1-7.4) [1] near Juba in southern part of Sudan. Other earthquakes whose effects caused major damage and even deaths, include the Suakin graben earthquakes (Ms= 5.8) of 12 May 1938, located in Western margin of the Red Sea, the Jebel Dumpier event located in Central Kordofan  (Ms=5.6), which occurred on 9th October 1966, and the Khartoum event (Ms=5.5) of August 1993.
In 2001 the Sudan Geological Research Authority (GRAS) established a seismic network to monitor earthquake activity in the region. The network is distributed around Khartoum for the time being and local, regional and distant earthquakes are recorded. Due to a disk crash, data form 2003 to November 2003 are not available.

During the workshop the database of Sudan Seismic Network (SSN) was revised. In addition the database was updated with historical information of Sudan seismicity. The aim is that the SSN catalog should be the best source of information on Sudan earthquakes anywhere.

 This report will make an overview of the data recorded in the period November 2003 to April 2006 as well as describing in the complete SSN catalogue. In addition an analysis of the background noise at the SSN stations will be made.

Processing of the data

The SSN network detected 112 events from November to April 2006. Processing of these events  was done as follows:

Processing of Local events: 

11 local seismic events were recorded near Khartoum, see Figure 1  Four of these seemed to be explosions (Figure 2) judged by the signal characteristics and this also corresponds well with some quarries nearby. The local events were located and magnitudes were calculated.  The epicenter are seen in Figure 1. For more  details, see report on local earthquakes.
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Figure 1 An example of data trace for a local earthquake recorded by the SSN seismic network. The magnitude of the event was 3.2Ml.
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Figure 2 An example of data trace for local explosion recorded by one station from the SSN  The magnitude was 0.7Ml

Processing of Regional events:

Most of the regional events (events in or near Sudan) recorded at SSN seismic network were swarms coming from the Ethiopia region, (Figure 3), a few from the Red Sea and two from the Uganda region. The magnitudes for those events are difficult to determine since, due to the small network, locations are uncertain and PDE solutions were used when available.  Mb was calculated when possible using the SSN data. Another problem with the Ethiopian events was that the system triggered on the S-waves and the P-waves were lost. For more details on magnitudes, see magnitude report.
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Figure 3. An example of data trace for a  regional event showing an Ethiopian earthquake which was part of the swarm recorded by the SSN seismic network. The magnitude was 3.3Mb.The epicentres of regional events detected by SSN is seen in Figure 4
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Figure 4.  Seismicity for Sudan and surrounding area as detected by SSN for the time period November 2003 to April 2006. A total of 36 events are available. The events near Khartoum are considered local events. Magnitude symbols are proportional to size.

Processing distant events:

A distant event is more than 2000 km's away and can be anywhere in the World. An example of distant event is shown in Figure5.

The processing of the distant events was:

- Fix the hypocenter to the PDE location to see if phases fit and that the calculated origin time fits within seconds of the PDE origin time.  With the event identified, fix the solution to the PDE solution and match the events to not be relocated since we want to preserve the correct solution. .     

- Read an additional phases using IASP travel time table.

- Calculate the Mb magnitude using SSN data and check if it is reasonable compared to the PDE solution, if, not, check again. It was found e.g. that for some days there were unexplained gain reduction in the data, and these could not be used to read amplitude. 

[image: image19.png]i

i

i

enar

enar

enar

s
Plot stare tiue

2004 1226 0055 6

2004

0

>

12 26

3.295

2004-12-26-0108-245. GRA__003
18 za.000

95.982 30.0F7PDE 3 0.3 6.8BSSH 5. 0wHRY.

2822

741

2125

680

1283

2336

T T T
1734407

1678414
276818
ssz104
1720832

212348

M 729888





Figure 5. An example of the data trace from a distant event (Indonesia) recorded by SSN stations. Magnitude is 9.1 Mw.

For several distant events, no PDE solution was available and the SSN solution was used. This was particularly the case for events in the Red Sea region. Once we finished from the processing, the database was updated. The epicenters of  all events detected by SSN including the distant events are seen in Figure 6.
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Figure 6  Seismicity detected by SSN for the World and Sudan for the time period November 2003 to April 2006. A total of 112 events are available. Magnitude symbols are proportional to size.

Statistics of the SSN data

The temporal distribution of earthquakes detected by SSN is shown in Figure 7 for the period November 2003 to April 2006.  In the begging the network recorded used to 12 events per month. This number has gradually decreased to 1-2 events per month (September 2005 was an exception due to the exceptional swarms). If the network had continued to record 12 events per monthly  it would have recorded 336 events instead of 112 events. This indicate that 66% event have been missed, see also later on the discussion of detection. 
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Figure 7 Temporal distribution of earthquakes detected by SSN network

The SSN catalogue

In order to improve the data base for Sudan earthquakes, the data base of SSN recordings were supplemented with data from other sources including historical data. This is called the Sudan catalog. The intention is that this catalogue should provide the best information on seismicity for  Sudan. And it will be useful for future seismic hazard assessment.   

A prime area is assigned for collecting more data. For the SSN database, this area covered (lat 0-25 and long 15-45) and is surrounding Sudan. The main reason for selecting this area is to include all all of Sudan as well as seismicity around which could be of importance for Sudan. 

A compilation was done from the earthquake catalogue of the International Seismological Center (ISC) from 1906 – 2004 and from 2004 to 2006, the catalogue was completed with data from the Preliminary Determination of Epicenters (PDE) of the US Geological Survey, see  Figure 8 for the complete catalog. Also compare to Figure 4.
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Figure 8.  Seismicity for Sudan prime area for the time period 1906-2006.The data   comes from ISC, PDE and SSN. A total of 777 events are shown. Magnitude symbols are proportional to size.

We  have now events from 1906 up to April 2006 compiled in one catalogue. The ISC catalogue is the most complete global catalogue of earthquake (most stations in the world send readings to ISC). 

The Sudan catalog  now has 225 events in the prime area from November 2003 to April 2006, see  Figure 9.

In summary the data in the SSN database in the period November 2003 to April 2006 are:  

· Data detected by the SSN network:  36 events

· Data entered from the final locations of the ISC: 7 events

· Data from the PDE weekly bulletins 201

· Events recorded by PDE, ISC and SSN: 24

The 225 events can be compared to the 36 events detected by SSN, see Figure 9. This raises the question of the detection capability of the SSN.
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Figure 9 Seismicity for Sudan prime area for the time period November 2003 to April 2006. The data comes from ISC, PDE and SSN. A total of 225 events are shown. Magnitude symbols are proportional to size.

Detection capability

In the prime area there are 208 events detected internationally. Of these SSN detected 24. It is not to be expected that SSN should detect all these events since many are far from Khartoum and of magnitude < 4.5. However, it is expected that all events with m > 5 should be detected. In the region, 20 events with magnitude > 5 occurred. Of these SSN only detected 4 events or 20 %.

Another test of detection capability is the Ethiopian swarm in September 2005. The catalog has 156 events in this swarm. Of these 15 were detected by the SSN and the detection threshold seems to be around 4.5 mb. The number of swarm events larger than 4.5, as reported by PDE was 88 and they should all have been detected by SSN.  11 was detected or 13 %. 

These preliminary calculations are not exact since other parameters like propagation path and local noise variation also could affect the detection.  The only way to get an exact number is to leave one station record continuously so that all events are available. However it seems likely that overall, 75 % of events which should have been detected, are lost.

The lack of detection is probably related to stopping the system for off office hours, and insensitive detection parameters.  Recording continuously and fine tuning detections parameters should help.

The lack of detections do not seem to be related to the sensitivity of the stations, see next section.

Analyzing the back ground noise for the seismic networks (SSN)
The natural seismic background noise at a seismic station greatly affects the detection capability. 

Seismic earth noise is generated by local and global sources. The noise of a frequency larger than 10 Hz is mainly of local origin such as microtremors, human activities and immediate environment, such as the pressure of tall buildings or trees. On the other hand, noise with frequency ≤ 1.0 Hz is generated by global sources such as ocean tides and sea with interaction coastlines. The aim of establishing a seismic station is to record clear signals of earthquakes, with as little noise contamination as possible. 

To test the level of the background noise at the seismic net of Sudan, noise signals recorded at the three broadband stations SSN (JAWL, MRKH and SLAT) were used.

The background noise level in terms of power spectrum density levels was calculated for all components for the three stations. A comparison is made between the spectra of each record and the New Global High (NHNM) and Low Noise Models (NLNM), see Figure 10. The curves represent upper and lower bounds of cumulative compilation of representative ground acceleration power spectral densities  determined for noisy and quite period at 75 worldwide distributed  digital stations. These so-called  Peterson curves have become the standard, by which the noise level at seismic stations is evaluated  [2]

Generally the background levels for the SSN stations are very low below 1 Hz indicating good station installations. The low level is also clear evidence that the stations are far from the sea. At high frequencies f > 2 Hz, the noise levels are relatively higher but still good. This noise is due to the stations located in vicinity of the large city. The good noise level should enable the SSN network to detect many earthquakes and thus the sensitivity of the stations cannot explain the low number of detected earthquakes.
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Figure 10.  A comparison of the three components of the SSN Seismic Network

Discussion and conclusion
The Sudan seismic network (SSN) recorded a total of 112 earthquakes in the period of November 2003 to April 2006. Those events were analyzed and put into groups, local, regional and distant earthquakes. Most of the local events are found to correlate with the fault NW Khartoum, which thought to be the epicenter of the Khartoum earthquakes August 1993. Seismic field station near the earthquakes could help to estimate the earthquake depth more accurately and be used to study their focal mechanisms. The SSN seismic network is also able to detect and locate events from large distances.

The noise levels showed quite reasonable compared to the low and high standard noise model.

Collaboration with other seismic networks in the region would result in better locations. This would be very helpful in creating an earthquake catalogue for the region which can be used in e.g. seismic hazard studies. Comparison to PDE and ISC catalogues, showed some events were reported from theses catalogues whilst missing in the SSN network, which leads to give critical attention to the seismic network operation system and try to fix the system. 
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Introduction:

The Sudan Seismic network (SSN) was established in 2003. It consists of three broadband stations which are located in Khartoum State, Silate, Merkhyat and J.aulia  the distance to the Central Station are  32, 23 and 42 respectively (Figure 1).
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Figure 1: Map showing the SSN Seismological Stations

The purpose of this work is to relocate and check all local events, calculate magnitudes including moment magnitude Mw. Since there is no Q-relation for the Khartoum area, an initial coda Q relation is also calculated

Relocation and check of the events

The SSN recorded only eleven local events since it became operational till now. The first one at 14 of November 2003, the last local earthquake was recorded at 21 of Mars 2005. Seven of the events are interpreted as earthquakes (example in figure 2). A list of the events is seen in Table 2 and 3. Four of the events are interpreted as probably local explosion, see Figure 3 

The magnitude Scales used are local magnitude (Ml), coda magnitude (Mc) and moment magnitude (Mw). For a definition of the scales, see report on magnitude. Only the Mc scale has been adjusted to local conditions.

The velocity model used is given in Table 1. The model comes form Sun International Exploration & Production Company. The model look a bit unreliable since the Moho depth is 58 km, however for the time being we have no better model

 P velocity (km/sec) 

        Depth to interface (km)   

  
1.93     



00.0 
  
2.37     



01.0
  
2.58     



01.8
  
2.82     



02.4      
  
6.00     



04.1
  
6.20     



12.5      
  
6.80     



27.0      
  
7.00     



28.0
  
8.00     



58.0
  
8.30     



70.0

Table 1: velocity model used in magnitudes calculation

First the readings of the events were checked for a reasonable low rms. The hypocentral depths were then checked.  There is an often problem with obtaining reliable depths due to the local minima in the rms vs depth curve. This is caused by the events being located outside the network as it is the case with our events. The rms vs depth was checked with the RMSDETH program and the depth with the lowest rms was chosen and the depth was fixed to that value. The depth of the events ranged form 5 to 22 km.
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Figure 2: Seismogram of a local Earthquake. The stations are JAWL: J.Aulia, MRKH: Merkhyat and SLAT:  Silate. Z, N and means vertical, North-South and East-west respectively.
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Figure 3: Seismogram of a probable local Explosion 

	No.
	Origin Time
	Latitude
	Longitude
	Depth(km)
	Mc
	Ml
	Mw

	1
	2003-11-14-17:54:33.2
	15.409
	31.804
	22.0
	2.7
	2.8
	3.3

	2
	2004-01-12-12:45:26.9
	15.425
	31.707
	15.0
	2.5
	2.5
	3.1

	3
	2004-02-14-10:04:39.0
	15.726
	31.404
	18.0
	2.7
	2.6
	3.5

	4
	2004-03-21-08:01:46.1
	15.393
	32.357
	4.2
	1.8
	1.8
	2.1

	5
	2004-05-16-17:30:06.4
	15.035
	32.218
	5.0
	2.4
	2.5
	2.9

	6
	2004-05-16-18:21:36.6
	16.857
	32.071
	15.0
	2.1
	2.2
	2.9

	7
	2004-09-17-17:54:01.7
	14.866
	30.692
	10.0
	3.6
	3.2
	4.0


Table 2: The Earthquakes.

	No.
	Origin Time
	Latitude
	Longitude
	Depth(km)
	Mc
	Ml
	Mw

	1
	2004-07-02-08:52:39.9
	15.659
	32.553
	00
	-
	1.7
	2.4

	2
	2005-03-21-08:57:34.7
	15.827
	32.665
	00
	0.4
	0.7
	1.0

	3
	2005-03-21-09:31:42.9
	15.810
	32.677
	00
	0.2
	0.7
	1.5

	4
	2005-03-21-15:05:27.3
	15.930
	32.749
	00
	0.5
	1.2
	1.9


Table 3: Probably Explosion.

From a Table 2 we notice that Six of the local earthquakes occurred in 2004 and only one earthquake was recorded in 2003 and nothing in 2005 and 2006. This may be due to the central station only being in operation in office hours since 2005 up to now. From Table 3 and Figure 4 we found that all the explosion events occurred around the SLAT station. This may be due to the mining activities close to this station. Three of those explosion events occurred at the same day 21/3/2005.  It is also noticed that the Mc magnitude scale is not suitable for the explosions since they give too small values compared to ML. All the local earthquakes recorded by SSN occurred around Khartoum Town (Figure 4). This is maybe because all seismic stations set up around Khartoum (Figure 1). However from historical seismicity, the Khartoum area is also the most active area of the North Sudan, see Figure 6
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Figure 4:  Local earthquakes recorded by SSN
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Figure 5: Local explosions recorded by SSN 
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Figure 6: Historical and instrumental local earthquakes. 
Spectral Analysis and Moment Magnitude

Spectral Analysis was also made of the all local events to determine seismic moment corner frequency and moment magnitude. The velocity at the source was taken form the crustal model assuming a source depth of 5-10 km. the density was taken from Sun International Exploration & Production Company
The following values are used:

Vp = 6.00 Km/s

 Vs =3.40 Km/s

 Density =2.70 g/cm3

The Q-relation, as determined in the next section, used was 

 Q = 48.0 * f 1.11
where f is the frequency.

The spectral parameters are calculated using the relation;


Moment = 4 pi * DE *V**3*10**OM / (G(r,h)*KK)

where V is the seismic wave velocity at the source (P or S ) and OM is the spectral flat level on the attenuation corrected displacement spectrum.

Moment magnitude = 2/3 *log 10 (moment) – 6.06   (Kanamori, (1977)

Calculation of Q

In order to calculate moment magnitudes, Q must be known. Since no values are available for the area, all the local earthquakes near Khartoum were used to calculate a coda Q value to be used initially. When more data become available it should be possible to calculate regional Q-values.

The coda Q values were calculated using the standard coda Q method (ref) and the SEISAN codaq program. The start of the coda window was chosen at 2 times the S-travel time and the window was 15 s long. The minimum signal to noise ratio was selected at 3 and coda Q was calculated at the frequencies 1, 2, 4 and 8 Hz.  It was not possible to calculate q for higher frequencies that 8 Hz which indicate that the damping is high in the area. All stations and components were used. Figure 7 shows an example of a Q-calculation for JAWL.
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Figure 7: example of a coda Q calculation. The top trace shows the original seismogram where the 3 arrows indicate the origin time and the analyzed coda window respectively. The bottom .Plots show the decaying code window for each frequency used. In front of the arrow is shown the noise signal as seen in the beginning of the seismogram.

The number of acceptable Q values at all frequencies were 29. The values are seen in Table 4
	Frequency (Hz)
	1
	2
	4
	8

	Number of values
	7
	8
	9
	5

	Q
	48
	115
	186
	563

	Standard deviation
	21
	35
	55
	135


Table 4: Results of calculating coda Q at different frequencies.

As it is seen, Q increases with frequency, which is usually observed with Q. The average Q-values in Table xx was fitted to the frequency dependent relation 
Q = Q0 * fa. 
We now get the relationship:

Q = 48 f 1.11

This is a rather low Q-value, which could indicate a relatively high attenuation in the area around Khartoum. This value will be used for calculating the moment magnitudes.

Summary 

- Few local earthquakes were recorded by SSN, partly due to shutting down the Central station after the end of the working day.

- All earthquakes occurred in Khartoum area. Thsi is because all seismic stations are setup in Khartoum State and also because this is the seismically most active area in north Sudan.
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Introduction 

For a large country like Sudan and due to the limited number of seismic stations that are currently used by the Sudan Seismic Network, and also due to the fact that the network itself is only has 3 years of data, the current SSN database contains magnitude values that should be assessed and revised.  

The term earthquake magnitude is defined as a relative size – scale of the earthquake based on measurements of seismic phases amplitudes.

Magnitudes are obtained from multiple stations to overcome amplitudes changing caused by changing in the path material properties.

Four basic types of magnitudes are in practice nowadays which is Ml, Mb, Ms and Mw. In addition for local earthquakes, coda magnitude Mc can be measured

The local magnitude Ml is used for local earthquakes of shallow depths this is usually done by measuring the maximum amplitude in the S - waves. It is very useful in construction engineering since many structures have natural periods of about 0.8 Sec. and that the earthquake damage is closely related to Ml.

The body - waves magnitude Mb is used for global characterization of teleseisimic events which implies that there is a clear and distinct P - phase in order to obtain a magnitude based on the amplitude of the P - phase. This magnitude essentially depends on the early and first few cycles of the P - wave arrivals since increasing in the path depth can produce a complicated waveform shape. In practice the period at which the Mb is determined is at 1 second. When short period stations are used one should pay attention to the fact that extensive averaging is required for a given event. However, working with long period stations implies that the Mb should be measured using a filter centered on 1 HZ.

Surface wave magnitude Ms is defined as the magnitude that should be considered for shallow and distant events of more than 600 km distance. It is determined using the surface - waves usually at a period of 20 seconds.

Objective 

The objective is to check and adjust the magnitude scales for Ml, Mc, Mb, Ms and Mw that are used by SSN.

Magnitude Mb

For Mb values the magnitude scale used is that of (Veith and Clawson, 1972) where Mb is calculated using :                     

Mb = Log ( amp / T )  + Q ( dist ,depth )

where Q is a hardwired function of distance and depth (Veith and Clawson, 1972). Mb is only calculated if the epicentral distance is less than 100 degrees and the period is in the range 0.2 – 5 seconds. 

Mb values have been calculated for distant events and stored in the database A total number of 27 events had both PDE and SSN Mb’s and they could be compared. The events used are shown in Table 1 and Figure 1. 

	S.No.
	Date
	Time
	Latitude
	Longitude
	Mb Values 

	1
	20031109
	19:52
	46.1
	0.239
	-19.184
	5.5BSSN        5.5BPDE

	2
	20031112
	  00:30
	5.6
	13.52
	125.685
	5.7BSSN        5.7BPDE

	3
	20031122
	11:24
	33.4
	13.29
	57.248
	5.2BSSN        5.1BPDE

	4
	20031201
	01:38
	32
	42.91
	80.515
	5.8BSSN        6.0BPDE

	5
	20031210
	04:38
	11.6
	23.04
	121.362
	6.4BSSN        6.0BPDE

	6
	20031229
	01:30
	55.6
	42.42
	144.613
	5.9BSSN        5.7BPDE

	7
	20040111
	0432
	49.1
	-36.7
	53.352
	5.8BSSN        6.1BPDE

	8
	20040213
	00:41
	40
	13.62
	57.108
	5.5BSSN        5.3BPDE

	9
	20040214
	10:30
	22.2
	34.77
	73.216
	5.8BSSN        5.4BPDE

	10
	20040214
	11:56
	57.5
	34.8
	73.206
	5.5BSSN        5.4BPDE

	11
	20040221
	02:34
	42.7
	-58.4
	-14.963
	5.8BSSN        6.0BPDE

	12
	20040224
	02:27
	46.2
	35.14
	-3.997
	5.8BSSN        6.2BPDE

	13
	20040301
	00:35
	57.9
	37.14
	22.116
	5.5BSSN        5.4BPDE

	14
	20040312
	22:45
	19
	36.4
	70.7742
	5.2BSSN        5.7BPDE

	15
	20040327
	18:47
	29.2
	33.95
	89.179
	5.5BSSN        6.0BPDE

	16
	20040405
	21:24
	4
	36.51
	71.0291
	6.2BSSN        6.4BPDE

	17
	20040528
	12:38
	44.3
	36.25
	51.622
	6.2BSSN        6.2BPDE

	18
	20040606
	09:38
	7.6
	-6.04
	113.1095
	5.2BSSN        5.6BPDE

	19
	20041008
	14:36
	6.1
	13.93
	120.5341
	6.3BSSN        6.3BPDE

	  20
	20041027
	20:34
	37.9
	45.79
	26.622
	6.0BSSN        5.8BPDE

	21
	20041226
	00:59
	6.4
	3.295
	95.982
	6.8BSSN        7.0BPDE

	22
	20050222
	02:25
	22.8
	30.74
	56.833
	6.0BSSN        6.0BPDE

	23
	20050328
	16:09
	47.1
	2.085
	97.108
	6.8BSSN        7.2BPDE

	24
	20050514
	05:05
	18.5
	0.587
	98.459
	6.9BSSN        4.6BPDE

	25
	20051127
	10:22
	19.2
	26.77
	55.858
	6.1BSSN        6.1BPDE

	26
	20051205
	12:20
	1.2
	-6.22
	29.83
	6.0BSSN        6.4BPDE

	27
	20060427
	04:18
	31.9
	0.307
	30.018
	5.7BSSN        5.3BPDE


Table1 :  showing a total number of 27 events with Mb values recoded both by SSN and 

               PDE and have been used in comparison
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Figure 1: A map showing a total number of 27 events with Mb values recoded both by SSN     

                and PDE have been used in comparison

Figure 2 show the comparison between Mb values of SSN and Mb values of PDE. The relationship is almost linear. The average Mb value for the 27 events for SSN was found to be 5.90 and that for PDE was 5.93.The appearance of only 25 points out of the total 27 selected points in the diagram is explained by the duplication of two magnitude values so they were plotted on top of each other.

This relationship and the average magnitudes indicate that SSN calculates correct Mb magnitudes and also that instrument correction is correct. 
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 Figure 2: Regression diagram showing the relationship between Mb values recoded both   

                by SSN and PDE 

Magnitude Ms

For Ms values the international Ms magnitude scale as described   in SEISAN has been used and Ms is calculated using the standard 

Ms = Log ( amp / T ) + 1.66 Log ( dist ) + 3.3

where T is period (sec), amplitude is in micrometer and distance in degrees.

A total number of 6 events had both PDE and SSN Ms’s and they could be compared. The events used are shown in Table 2. 

	S.No.
	Date
	Time
	Latitude
	Longitude
	Ms Values

	1
	20041022
	12:00:47.4
	14.166
	40.296
	4.9SSSN                           5.1SPDE

	2
	20050926
	13:28:33.3
	12.317
	40.461
	4.2SSSN                           4.2SPDE

	3
	20050926
	18:45:28.1
	37.3
	47.8
	4.1SSSN                           4.1SPDE

	4
	20050926
	21:25:1.7
	12.309
	40.578
	3.9SSSN                           4.0SPDE

	5
	20050927
	10:13:58.3
	12.564
	40.636
	3.8SSSN                           4.3SPDE

	6
	20051205
	12:20:1.2
	-6.224
	29.83
	6.9SSSN                           7.2SPDE


  Table 2:  Events with Ms values recoded both by SSN and   PDE 
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Figure 3 : Regression  diagram showing  the relationship between Ms values recoded   both  

                    by SSN and PDE

Figure 3 shows the comparison between Ms values of SSN and Ms values of PDE. The relationship is almost linear. The average Ms value for the 6 events for SSN was found to be 4.63 and that for PDE was 4.82.

This relationship and the average magnitudes indicate that SSN calculates correct Ms magnitudes and also that instrument correction is correct.  

This very limited number of values could be explained by the fact that almost all of the distant events recorded by the SSN only record the P – waves due to the triggering algorithm. 

Figures 4 - 6 show examples of events where Ms could be determined.
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Figure 4:  The first example where the surface–wave is very clear and  complete. 

               was in Station MKRH was recording in continues mode while station 

               SLAT trigger mode. Therefore we only have surface waves for MKRH.

[image: image46.png]AL

AL

AL

spscs

spscs

spscs

s1aT

s1aT

s1aT

pvent.

Plot start tiume:

200§

2005 526 1845 281 R

B

26

37.300

18:54

47.800 14.07270E

&.000

3 5.5 415880

479

2084

760

338

6245

1778

3665

-ses

1675

T
172065

85179

Lasss2

74954

103835

74509

s1585

66487

69503

o





Figure 5 :  An example showing an event from Ethiopia with clear surface waves.
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   Figure 6: An example of a regional event where Ms could be determined. This is a regional  

                  event from Uganda

Local magnitude Ml and coda magnitude Mc 

The local magnitude Ml is determined from the maximum amplitude of the S-waves on the vertical component. The local magnitude scale used is:

Ml = log (amp) - A * log (dist) – B*(dist) - C

The default scale used in SEISAN is the original Richter scale from California (Hutton and Boore 1987)

Ml = log (amp) + 1.1 * log (dist) + 0.00189 *(dist) -2.09

Since very little data is available for Sudan it is not possible to adjust the scale to local conditions and the California scale will be used. For earthquakes less than 100 km distance it does not make much of a difference but Ml values could be wrong for events with larger distances.

The coda magnitude scale used by SSN is the default SEISAN scale from California  

The coda magnitude can only be calculated if the epicenter distance is less 1500 km and the coda magnitude scale used is:

Mc =A * log (coda) + B * dist + C

where Mc is the coda magnitude, coda is the coda length in seconds (duration of signal), dist is the hypocentral distance in km, A, B and C are constants. The default SEISAN scale is   

Mc =2.0 * log (coda) + 0.0035 * dist - 0.87

The coda magnitude scale is more sensitive to local condition than Ml and we will assume that Ml is correct. The Ml should be equal Mc

Ml ≡ Mc =A * log (coda) + B * dist + C

The two magnitudes are compared using the SEISAN MAG program, see Figure 7. Only the  local earthquakes are used. From the plot it is seem that we have linear relation with a slope near 1 and the average Ml and Mc are 2.0 and 2.63 respectively. This means that a simple correction to the Mc magnitude scale is to subtract 0.63 from the constant c. The new scale then reads:

Mc =2.0 * log (coda) + 0.0035 * dist – 1.50
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Figure 7: Linear regression between Ml and Mc

Moment magnitude scale Mw

The moment magnitudes were calculated from the spectra of the local earthquakes using a locally developed Q-relation, see report on local earthquakes. The comparison of Ml and Mw is seen in Figure 14. We notice that there is a good linear correlation between Ml and Mw with a slope near 1. However the average Ml and Mw are 2.00 and 2.62 respectively. This can be caused by several factors:

- The local magnitude scale must be adjusted to the local conditions.

- The source velocity and density used by the calculation of the seismic moment is not   

   correct for the area.

- The Q-values calculated are too low.

The most likely explanation is a combination of the first and the second possibilities. This should be further studied when more data become available. For now it is assumed that then Ml is the correct value since the there are less uncertain factors associated with Ml determination, than Mw
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 Figure 8: Linear Regression between Ml and Mw
Conclusion

The network is well calibrated and seems to give very accurate Ms and Mb. The Ml scale might be underestimating the magnitudes a bit and Mw might give a little high value. When more local data  become available the scales should be revised .  
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Appendix 6
Workshop in seismology

held at

Geological Research Authority of Sudan

(GRAS)

24.04.2006 to 8.05.2006

   Regional Cooperation
by

Fadul Osman Mustafa

Introduction

This report describes a test of how to furnish cooperation with neighboring countries in the field of seismology. An earthquake that occurred in Uganda, on the 27thof April 2006, at 04:18:28 (UTM) (Mb=5.3) was used as an example. The test is aimed at getting contacts with seismic observatories in the vicinity and request them to provide data for the specific event mentioned above. Of course data received from these seismic stations would be used to correlate and enhance the accuracy of the information captured by the Sudan Seismic Network (SSN).

Location

Sudan is located in the north-eastern part of Africa. It is the largest country in the continent. It is more than 2.5 million sq. km in area. It boarders nine countries, see Figure 1. 

Objectives 

This report aims at developing the skills and building capacity to maintain the best way to collect seismic information from relevant regional and global institutions. 
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Figure 1 Location of the Ugandan earthquake (black star) relative to the ABSE seismic station (red triangle) and SSN

Contacts:     

There are two ways of getting information from other sources. The first source is the national seismic observatory centers in the region, the second is the global seismic stations in the same region.  These are stations sending their data in real time to an international data center through which data can be obtained by the Internet. Both of these options were tried. 

Some of the neighboring counties have been contacted at the following addresses: 

Congo: Zana Ndontoni, Professor, Department of Physics, 

Faculty of  Science, University of Kinshasa.PO Box  90, Kinshasa XI,                           zanan2002@yahoo.fr.met 

Eritrea: Ghebrebrhan Ogubazghi                                                                              
   ghebrebrhanog@yahoo.com

Uganda: Fred Tongue <tugume_f@hotmail.com 

                 seismo@utlonline.co.ug,                 

                 Uganda Seismological Network

                 Geological Survey and Mines Department

                 Entebbe, Uganda

Ethiopia: Ms Asnakech Estifanos

                 Geophysical Observatory

                  Science fucality

                  Addis Ababa University

                  P.O. Box 1176

                  info@geobs.aauedu.et
Libya: Abdala Elmelade

            Email: abmiladi@yahoo,com

Yemen:  Hakim A. Ahmed

               Director of National Seismological Network

             National Seismological Observatory Center

                Republic of Yemen

                Dhamar P.O. Box 87175

                Fax: + 967 502519

                Email: hakim66@myself.com
Egypt:  Dr. Selah Al Hedeedy Ali Yousif

                Email: sadl96@yahoo.com
Saudi Arabia: Prof. Amri

                 University of King Sauod

                  Email: Amri444@yahoo.com  

Results of getting data from neighboring countries 

Of the people that were contacted to provide the waveform data or readings for the earthquake of Uganda, five responses were received, namely, from Libya, Eritrea, Uganda and Yemen. The Libyans showed their willingness to cooperate, but they didn't mention anything about the data for the event occurred in Uganda, except that their seismic stations are not capable of recording small events far from their seismic stations. The Libyans also mentioned something about their seismic station close to Sudan/Libya border, in Alkofra city, but no exact location has been given. 

The response from Yemen is that they think that those events with magnitude 4 or less, outside Yemen, are beyond the reach of their seismic stations since they are not using the option of continuous recording mode.

The Eritrean was more cooperative, at least at this point of time, they send the following data:

The parameters of the event of 27th April 2006 as recorded by our ABSE are:

EPG    04: 22: 31.61

ES       04: 26: 47.32

ESG     04: 27: 20.64   

The coordinates of the ABSE station is:

14º 53.08' N

39º 19.63' E

Altitude: 2392 meters above sea level

This data received from Eritrea contains only the phase pickings and since no other information have been reported, those picking were just included in the Sudan data base.

The Eritreans are also keen to provide the name and location of their seismic station that recorded the earthquake which occurred in Uganda. Figure 1 shows the location of the ABSE station in Eritrea relative to the locations of the Sudan Seismic Network (SSN) and the event in Uganda.

The Ugandans have promised to send in data from their IRIS station which they mentioned had recorded the event very well. No data has been received yet. However, as described below, this data was easily retrieved form the IRIS data center in the US. 

 It seems difficult to get data from neighboring countries.

Data from international data centers

The most important international data centers are IRIS is the US, GEOFON in Germany and Geoscope (Figure 2) in France. From these centers data can be downloaded in various ways.
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Figure 2 Global Distribution of Geoscope Seismic Stations
The most complete way of selecting data from IRIS and GEOFON data centers is using the breq_fast facility. This enable selection of any time segment from any station in the network and is therefore not limited waveform data related to a particular event. The facility consists of sending an email to IRIS or GEOFON requesting a particular station and component. A few minutes later a message come back indicating that the data has been selected and is ready to be picked up by ftp. The most useful site is at IRIS since it contains the largest number of stations. The email address is breq_fast@iris.washington.edu. The email sent must be very accurate or an error message will be given.
Below is an example of an email requesting data for the Ugandan event from the Ugandan station:
.NAME Fadul Osman Mustafa
.INST The Geological Research Authority of Sudan      

.MAIL P.O. Box 410, Khartoum, Sudan
.EMAIL fadulosman2000@yahoo.com
.PHONE +249 183 793700
.FAX +249 183 776681
.MEDIA Electronic
.LABEL uganda 
.QUALITY
.END

MBAR II 2006 04 27 04 19 00 2006 04 27 05 20 00 1 B?? 

The label is user selectable. The request line gives the station name (MBAR), the network name (II for global seismic network), start and end time for request and B?? means all broad band channels. Other combinations are possible, see IRIS web site.
For the Ugandan event, requests were also sent for stations FURI (Ethiopia) and MKBO (Kenya). No data was available at IRIS. This could mean that the stations are down or more likely, the communication link to IRIS is down and data has to be sent on tape. The data will then be available after a few weeks. Figure 3 shos the seismogram for the Ugandan event form the Ugandan station.
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  Figure 3 Seismogram of the Ugandan event from station MBAR

Description of the Example Event:

SSN data:

Origin Time: 04:18:41.6

Location: 0.307ºN, 30.018º E

Magnitude: 5.7

It was very fortunate that one of the SSN stations (Silat) was set on continues recording mode; otherwise this earthquake of Uganda would have been missed. The vertical component, at Silat station, demonstrates both body and surface waves. The P and S phases are clear and they were successfully used to calculate a good mb magnitude which was comparable to the magnitude given by USGS. On the other hand the surface waves parameters used calculate the magnitude, resulted in Ms=4.4 which is relatively low.       

From USGS:

Origin Time 04:18:28

Location:   0.321º N, 30.0226º E

Magnitude (mb): 5.3

Conclusion: 

The outcome of this study will be put as part of the routine work of the Sudan Seismic Network (SSN). The knowledge acquired during the campaign for seeking other possible sources of information from abroad can now help in putting a concrete foundation for fruitful regional as well as international and global cooperation.

This training course which lasted for only two weeks had been the most practically-oriented type of course that ever held in Sudan. Besides what people learn from this course the most valuable discussions which took place had its effect on the participants.

Appendix 7
Workshop in seismology

held at

Geological Research Authority of Sudan

(GRAS)

24.04.2006 to 8.05.2006

Comparing Egyptian and Saudi Arabia 

Data Bases 
by

Naila Mohammed Osman

Sawsan Taha Maarouf

· epicentral map for the different catalogs with the same limited area i.e with the same longitude and latitude so as to cover the whole area using the converted file with the command epimap.

· Merging catalogs of the same agency to evaluate the coverage of data and finally merging different catalog to obtain the final unique catalog. 

· Calculating the b value and statistical analysis for every catalog using the program bvalue and catstat respectively.

INTRODUCTION:

Purpose:

The purpose of this project is to:

-
Compile a unique catalog of the Red Sea. 

· Compare the 4 data bases ( Instrumental and historical data ) taking into consideration its coverage, types  and degree of magnitude.

· Evalute the data to know which is the best.

Methodology:

· Convert all the data base in the catalog to seisan format using the convertion program ascnorhead.

· Saving the converted catalog with the new name with the extension.epi

Making an
List of data base sets available:

	Name of  catalog
	Period covered
	Number of events
	 Types of magnitude

	 Arabiahist
	859-2003
	14897
	Mc

	Arabia
	1980-2003
	6857
	Mc

	Egypt1
	1980-2003
	8131
	Mc

	Egypt _complete
	1998-2005
	10626
	Mc


Magnitudes:

-  No catalog give magnitude types.

-  We assume that most are Mc or ml and a few are Ms or Mb.

- Since we did not know the types of magnitude  we  gave it Mc type.

SAUDI ARABIA HISTORICAL CATALOG:

This data are of Saudi Arabia Kingdom is given by king Saud University ( KSA).  The contact person is Dr Alamrii, the director of the seismological department. This data is composed of historical and instrumental data from the year 859 up to 2003. The assigned code is KSA. The epicenter file name is arabiahist.epi.  Figure 1 shows the epicenteral map. 



                                Figure 1  Seismicity map of Arabiahist catalog.

SAUDI ARABIA INSTRUEMENTAL CATALOG:
This data are of Saudi Arabia King given by  King Suad University ( KSA). The contact person is Dr Alamrii, the Director of the seismological department. This data is composed of  insturmental data from the year 1980 up to 2003. The assigned code is KS1. The epicenter file name is arabia.epi Figure 2 shows the epicenteral map.

The difference between the two Saudi Arabia catalogs:

· The arabiahist.epi catalog contain both the historical and instrumental data.

· The arabia.epi contain just the instrumental data.

· The arabiahist.epi catalog contain the period from 859-2003

· The arabia.epi catalog contain the period from 1990-2003

· The arabiahist.epi cover the area bounded by the latitude 10 to 35 degree and longitude of 30  to 60 degree.

· The arabia.epi cover the area bounded by latitude 10   to   30 and longitude 30 to 45.7 degree.
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                                        Figure  2 Seismicity map of Arabia catalog     

Plotting Catalogs of the historical and the instrumental data of Saudi Arabia :

This plot is composed of  historical and insturmental data from the whole area from the  year 958 up to 2003 shown in Figure 3. The epicentral  file names are arabia.epi and arabiahist.epi respectively.
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                               Figure 3 Seismicity Map of both  Arabaihist and Arabia

Statistical Analysis and Bvalue of  the catalogs:

Statistical analysis for Arabiahist .epi catalog:

The yearly distribution as shown in Figure  6  can classified in three periods, the first from 1900-1958 display few events. This is because few seismic station in operation.  The second period from 1958-1990.   This period show intermediate level of seismicity. The third period from 1990-2003 shows the maximum frequency of events appear in 1995-1999 and it seems that the detection   capability decreases from 1999-2003. This means that the stations apparent are   not   working   well.  
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Fig ( 6) Yearly Distribution of earthquakes of Arabiahist.epi catalog
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                   Fig ( 7 )  bvalue of arabiahist.epi  from  the period 1900-1958
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                        Figure  8   b value of Arabiahist from the period 1958-1990                                                  
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                       Figure  9   b value of Arabiahist from the period 1990-2003                                              

Statistical analysis of Arabia.epi catalog:

The yearly distribution as shown in Figure 10 can be classified in three periods. The first period is from 1980-1987 display few events.  The second period is from  1987-1994. This period  of  high frequency level.   The third  period is from 1994-2003 show that the detection capability go down from 1996. 
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            Figure 10  Yearly distribution of earthquakes for the Arabia. epi catalog.

B value of Arabia.epi catalog:

The b value is calculated for the three periods mentioned in the statistical analysis. The bvalue for the period 1980-1978 is 1.47 and  a is 8.5, the completeness of this period approach the value of 5.5 magnitude as shown in Figure 11. This  area show a range of  magnitudes from 2 to 6. The b value for the period 1987-1994, is equal  1.18 and a equal 6.94. The detection threshold is 5.  This area show a range of magnitudes from 2 to 5.5 as  shown in Figure 12. The bvalue for the period 1994-2003 is equal 1.56 and the a value equal 9.38. This area show a magnitude range from 2-6 as shown in Figure 13. 

Results:

· This catalog show the best coverages for the whole area  of instrumental data  with the range of magnitudes of  2-6.

· There is no historical  data in catalog.

· This catalog is uniform because it contains magnitude of 2-6 for the three periods. 

· Since Figure 1 appear identical it seems that arabiahist contain all of Arabia we should therefore only use arabiahist. 
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                    Figure 11  B value for the period 1980-1987 for  Arabia.epi catalog
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                                  Figure 12  B value of Arabia.epi for the period 1987-1994
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                               Figure 13  B value of Arabia.epi for the period 1994-2003


Comparisons between arabiahist and Arabia catalogs:

	Catalog period
	a value
	B value
	threshold
	Min. magnitude

	Historical p.1
	12.9
	1.99
	5.5
	4

	Historical p.2
	10.97
	1.66
	5.5
	2

	Historical p.3
	9.97
	1.59
	6
	2

	Arabia p.1
	8.5
	1.47
	6
	2

	Arabia p.2
	6.94
	1.18
	5.5
	2

	Arabia p.3
	9.38
	1.56
	6
	2


EGYPTION CATALOG

 Egypt1 catalog:

This data is given by  the National Center of Seismological Research Institute of Egypt, Helwan. The contact person is Dr. Salah Elhadidy. This data  is composed of   insturemental data from  the   year 1980 up to 2003. The assigned code is (HEL). The epicenter  file name is Egypt1.epi. The epicenters are seen in figure 4
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                                   Figure 14  Seismicity  map of Egypt1.catalog

Statistical analysis for Egypt1 catalog:

The yearly distribution as shown in Figure 15  can be classified in two periods, the first from 1990-1994 display low frequency of events which means that the station coverage is low. The threshold is 5. The  second period is from 1994-2003. This period shows  high level of frequency of events with the threshold of 4. The third period  from 1994-2003 show the frequency of events decrease after 1996. The second period do not contain events >4. 
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                             Figure   15  Yearly Distribution of earthquakes of Egypt1.epi catalog


B value of Egypt1.epi catalog:

The b value is calculated for the two period mentioned in the statistical analysis. The bvalue for the period 1990-1994 is 1.34 and  a is 7.84. The threshold of this period approach the value of 5 magnitude as shown in Figure 16. This  area show a range of magnitude from 2 to 5.5.  The b value for the period 1994-2003, is equal  1.36 and a equal 8.3. The detection threshold is 6.  This area show a range of magnitudes from 4 to 6 as shown in Figure 17. 

Results:

· This catalog show coverages for the whole area of instrumental data with the range of magnitudes of  2-6.

· There is no historical  data in catalog

· Second period do not contain event < than 4 magnitude

· This catalog is not uniform due to the missing of events with magnitude less than 4 after 1994. 
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                                 Figure   16   b value of egypt1.epi from the period 1990 -1994                                                  
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                          Figure   17 b-  value of egypt1.epi from the period 1994-2003                                                  

Egypt_complete catalog:

This catalog is composed of  insturemental data from the year 1998 up to 2005. The assigned code is (HEL).  The epicenter file name is Egypt_ Complete.epi and the epicentral map is shown in Figure 18.
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                                  Figure 18  Seismicity map of Egypt_complete catalog 

Statistical analysis for Egypt-complete.epi  catalog:

The yearly distribution as shown in Figure 19  can be classified in two periods. The first period from 2000-2002 display low frequency of events. The threshold is 4. The  second period from 2003-2005.  This period show high level of frequency of events   with the  threshold of 4.

B value of Egypt-complete.epi catalog:

The b value is calculated for the two periods mentioned in the statistical analysis. The bvalue for the period 2000-2002 is 1.68 and  a is 7.59. The detection threshold is 4 as shown in Figure 20.  This  area show a range magnitudes from 2 to 4.5.  The b value for the period 2003-2005 is equal  1.19 and a equal 5.76.  The detection threshold is  4.5.  This area show a range of magnitude from 2 to 4.5 as   shown in Figure 21. 

Results:

· This catalog show the   coverages for egypt of instrumental data  with the range of magnitudes of  2-4.5.

· There is no historical  data in catalog

· The two periods do not contain events > than 4.8 magnitude

· This catalog is not uniform because it covers part of Egypt and part of the northern   Red Sea.

The differences between the two Egyptian catalog:

· Egypt1 covered all of Egypt.

· Egypt1 catalog covered Egypt and Red sea area and part of saudi  Arabia,while the Egypt_complete covered the northeastern part of Egypt and the northern part of the Red Sea. The north eastern part of Egypt is missing.

· Egypt1 catalog  contains  the area bounded by latitude 10-35 degree and longitude 30-60 degree.  

· Egypt_complete contain the area bounded by latitude 21-28 degree and longitude    33-38 degree.

· Egypt1 catalog start from the period 1980- 2003

· Egypt_complete start from the period 1998-2005.

· From the above it is clear that the Egypt_complete cotains the data for Egypt which explain its name.

· Egypt_complete contain only magnitude < than 4.5

· Egypt1 contain magnitude 2-6. 
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                     Figure  19   Yearly  Distribution of the Egypt_complete.epi catalog

                                                   for the period 1998-2005
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            Figure 20  B value of egypt_complete.epi  catalog for the period  2000-2002
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                    Figure   21   B value of Egypt_complete.epi catalog for the period 2003-2005 

Comparisons between Egyption catalogs:

	Catalog period
	a value
	b value
	Threshold
	Min. magnitude

	Egypt1 p.1
	7.84
	1.34
	5.5
	2

	Egypt1 p.2
	8.3
	1.36
	5.5
	4

	Egypt_co. P.1
	7.59
	1.68
	4.5
	2

	Egypt_co.p.2
	5.76
	1.19
	4.8
	2


Plotting Saudi Arabia and Egypt catalogs:

· plotting Arabiahist.epi and egypt1.epi catalogs

· Selecting area of both catalogs with the longitudes and latitudes using command select.

· Rename the select.out files.

· Plotting epicentral map for each catalogs.

· Plotting both epicentral maps in one map.  
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                              Figure 22 Seismicity map of Red Sea from Arabiahist.epi 
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                                    Figure 23 Seismicity map of  Red Sea from egypt1.epi
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                                         Figure 24  Seismicity map of both Red Sea of

                                                       Arabiahist.epi and Egypt1.epi

Results:

As shown in Figure 24 where both catalogs for  Red Sea are plotted:

· The magnitudes is ranges from 4 – 6.

· The latitudes and longitudes ranges from 12 – 28 and 32 – 45 degree respectively.

· This new plot is the unique catalog for the Red Sea Area begins from the 1990 – 2003.

Discussion and conclusion:

· All the above catalogs  has a different characteristics, comparing a number of events  indicates that every catalog got specialize data. So in order to merging these catalog in a unique on, we ought to delete all the repeated events and compare this ones with ISC data. Lastly we can make a catalog for the Red Sea region because it is a shared area in the all catalogs.

· For Arabia only use historical since either catalog is contained in historical.

· For Egypt both catalog have problems.. Egypt_complete only covered part of Egypt, while egypt1 cover all including Red Sea. But has a variable  magnitude limit ( M < 4 missing from 1994-2003 ). Also egypt1 has the largest time period.

· As  a conclusion it seems that the Saudi Arabia catalog contains all the events in

      the Egyption catalog, so it will be the more useful to use only the Saudi Arabia    

      historical catalog in further work.

Appendix 8

Suggestions for cooperation with Computer Man College

Computer Man College have plans of starting a program in seismology. The following is a suggestion of how Computer Man College could start work in seismology, which would complement the work done at GRAS.

Array for Computer Man College

Goal: 

· To be able to detract and locate seismic events automatically within and near Sudan using a seismic array near Khartoum.

· To, through the design, construction and operation, become familiar with the advanced signal processing used for data acquisition, transmission and array processing, which can be used within several geophysical fields.

· To provide the Sudan Seismic Network (SSN) with valuable data for their public data bank.

What is a seismic array and what can it do

An array is a group of seismic stations within a radius of e.g.1 km. Due to its antenna functionality, it becomes more sensitive than a normal seismic station and it is able to determine the type and direction of a seismic phase arrivals. It is therefore well suited for automatic earthquake location.

Why an array in Sudan

The current seismic network is centered around Khartoum and does not provide sufficient coverage for the whole country. Currently it is difficult and expensive to install seismic stations far from Khartoum due lack of data transmission facilities and local logistics. A seismic array near Khartoum is easy to construct, and maintain and it will provide a significant contribution to the observations of seismic events in Sudan. It would probably also be the first seismic array in Africa.

Elements of the array

In the field there are 5-15 seismic stations in a small group. They send digital data to Computer Man College in real time. A central computer processes the data and provides the automatic output. The analog signals from the sensors are digitized in the field and provided with an accurate time. The hardware elements are the sensors, digitizers, transmission line and central computer.

The equipment can be bought off the shelf or developed locally. To become familiar with the technology, it is possible to build a small portable array using exploration seismometers as sensors and low-cost digitizers. Off line software is publicly available while good online software is harder to get. A system could get up and running in a short time with publicly available software. It would be advisable to start with available software and then develop and improve the system for local needs. Development projects could be:

· Implementation or building of a digitizer including software.

· Communication technology for the local conditions (spread spectrum, satellite, UHF radio, etc).

· Detection algorithms.

· Array processing software.

· Using the existing SSN network as a large aperture array and test software.

· Analyze existing SSN data for frequency content of different types of events and use that information for sensor specification.

· Test different array configurations to calculate array response.

· Web interface or automated solutions for public purposes.

· Automatic algorithms for magnitude.

· Integration with Sudan Seismic Network.

Start project with existing data

The SSN network might be considered as a large array and can be used to determine apparent velocity and azimuth for events more than 1000 km away, both manually and automatically. The steps in the project are:

· Determine the relative arrival times for  P-waves at the stations. Use best station  SLAT as a reference.

· The relative arrival times can be determined by finding the P-arrival times, however the most accurate automatic method is to determine the time by correlating the SLAT signal with the signal from the other two stations. Filters might have to be used to get stable results.

· Once the relative times are obtained, calculate azimuth and apparent velocity.

· From the apparent velocity v, the distance to the event can be determined using standard earth model tables of p = 1/v.

· With distance and azimuth, the epicentre on the spherical earth can be calculated from spherical geometry (spherical triangle).

· The magnitude can be calculated from the maximum amplitude of the first 30 s of the signal. Before using a standard magnitude scale, the raw signal must be corrected for instrument response (either empirically or by Fourier analysis).

· Testing the method: Locate several events and compare array location with official locations.

· Compare magnitudes if calculated.

Before writing the software, an event should be processed manually by reading arrival times from a clear event and performing all steps above on paper to get a solution.

Two student from Computer Man College have now started on this project with supervision from Nada Bushra. 

Where to build

The permanent array must be well outside the city to avoid local city noise. The simplest way to construct the array would be to center it around one of the existing SSN stations, where facilities already are available. A joint communication system could then be used.

Hardware costs:

Sensor: $100-$5000

Digitizer: $500-$5000

Local costs of communication, site construction, cables etc. 

Literature (available at GRAS)

IASPEI new manual of seismological observatory practice, editor Peter Bormann, GFZ, Potsdam, 1109 pp.

Havskov, J. and G. Alguacil. (2004). Instrumentation in Earthquake Seismology, book, Springer 358 pp.

Appendix 9

Suggestions for SSN routine operation

Daily:

Check for events on network and transfer to data base (DB)

If continuous data is available, check it all for both local events and teleseismic events, check for events given by PDE.

Check for events in prime area from PDE, if any put in DB, mark as not to be updated.

Locate events, for teleseismic events check with PDE if recorded. If location by SSN is off by more than 1 deg, fix location to PDE. For teleseismic events, read as many phases as possible using IASP option.

Plot all seismograms and put in a folder together with information.

Put other information, e.g. PDE location, in same folder.

For important events, try to get information from IRIS and other networks in the region.

Weekly:

Backup all DB data on another disk and/or CD.

Monthly:

Get the ISC data for thelast month processed and update DB with final ISC locations. ISC is about 2 years behind real time.

Send data to ISC (a collect.out of the month).

Make a seismicity map of the prime area and one of the world and post it.

The PDE locations are available at http://earthquake.usgs.gov. At the same address, it is also possible to subscribe to bulletins by e-mail. 
Appendix 10

Suggestions for seismology projects using SSN data

The data already available or data to be collected by portable field stations allow for several projects to be initiated. Here follows a list of suggestions:

Field data for one week


Description of temporary network: location, type of instruments etc


Noise description


Description on how to process


Examine all data for events, copy out events from each station, both local and distant


Compare events to network


Locate all events and make maps

Historical catalog


Get data from all available sources


Add carefully to data base, document each event added


Try to get Egyptian data with readings from N. Sudan and relocate


Update and display maps of Sudan seismic activity


Install GMT on Linux to be able to make good maps

Fault plane solutions 


Compile all available fault plane solutions for prime area (Harward etc)


Plot all solutions


Analyse data in terms of regional tectonics

Khartoum seismicity

Compile all information on local seismicity near Khartoum

Reprocess local seismicty, attempt to make fault plane solution using modelling.

Collect more seismicity data with portable field stations

Make a special study of  the two 1993 events


Macroseismic map using newspaper archives


Get original readings from ISC


Get all waveform data available


Relocate the two events relative to each other


Relocate events relative to current seismicity

Correlate seismicity to tectonics

Crustal structure around Khartoum

Compile all existing information 

Receiver function analysis using SSN data

Test different models using local data

Seismic Hazard for the Khartoum area


Start with results from GSHAP


Make detailed seismicity maps


Attempt to make attenuation relation using local data


Calculate seismic hazard

Microzonation for the Khartoum area

Noise recordings in a 1 km grid, use Nakamura method

Geotechnical study, get local geological information 

Nakamura method training program


Goal: Get familiar with the Nakamura method and make preliminary observations for


Khartoum area


Select data from continuous records of one week field experiment


Select noise data from SSN network


Select noise from recordings available


Go in the field in Khartoum and make 5 noise recordings at different sites


Process all with SEISAN


Process all with JSESAME


Make a procedure on how to do all steps

Paper on SSN network


Background for making the network


Short technical description


Operational experience


Data recorded


Crustal model and magnitude scales used


Evaluation of data as compared to historical data


Plans for the future

South Sudan

Collect information about seismicity and tectonics

Collect as much waveform data as possible for 1990 event

Assess damage from 1990 events, can a macroseismic map be made ?

Seismic hazard for the south of Sudan


Start with results from GSHAP


Make detailed seismicity maps


Attempt to make attenuation relation using local data


Calculate seismic hazard

Appendix 11

Suggestion for long-term plan for network upgrade

The current network was a state-of-the-art network when it was planned and acquired. The network components are of high quality and have stood up well to the hard environments in Sudan. By today’s standard, the network has some deficiencies:

· The communication does not allow continuous recording which obviously is important in order to improve the detection capability and acquire long earthquake records.

· The current components are expensive to replace and cannot be bought in Sudan.

· The network can only use components from Lennartz (except sensors), which makes it difficult to take advantage of new developments in seismic instrumentation.

· The system is by today’s standard too complicated for such a small network.

For an upgraded network it is suggested to:

· Set up new communication to field stations using spread spectrum technology. This enables each station to be a node in a computer network and allows for high speed transmission. Standard commercial equipment can be used. Computer Man College probably has experience with this type of equipment, however it is simple to set up. The existing stations could also be used with a TCP/IP-RS232 converter and continuous data obtained.

· By having each seismic station connected to a standard network node with an individual IP number, many types of equipment can be connected including an inexpensive low power PC based acquisition systems (2.5 W). The new Lennartz M24 is also a good alternative (better and cheaper than the existing system). 

· Use the existing seismic sensors since they are long lasting and of high quality.

· The existing seismic stations can be used with a modem solution at remote sites where internet is not available.

· The central computer can be a standard PC when stations are IP connected.

A system of this type would be modular, many components can be bought locally and it can use equipment from several manufactures. The system can be built up gradually as need arises to replace or improve the existing system. As a first step, communication could be set up to one station and data acquired from both systems in parallel or only from the M24 or a similar system. The cost of a new acquisition system in the field (to replace the Mars88 or additional) is between $2000 and $12000. The communication link would cost around $3000-4000.
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