8. Waveform Inversion

Before starting MT5, you are strongly advised to read through this manual. MT5 consists of six programs (MT5 that chains to MT5MAIN, MT5IT, MT5MEN1, MT5MEN2, and MT5PLOT) that invert waveform data for the moment tensor solution, the double-couple fault plane solution, the centroid depth, the shape of the source time function, and the seismic moment. Simply put, the program generates synthetic seismograms for the current earthquake model, compares them to the observed seismograms read from the .INV file, and then computes adjustments to the model in order to make the synthetics look more like the observed seismograms. Because the relationship between the waveform amplitudes and the model parameters is not linear, this process is done iteratively. Each sample of the amplitude of the observed seismogram within the part of the seismogram that is being inverted (the ‘inversion window’) is a data point for which a theoretical amplitude is calculated. An equation is generated for each data point equating the difference between the observed and calculated amplitudes (the ‘residual’) to the sum of the products of the parameter adjustment and the derivative of the amplitude with respect to the parameter. These equations, one for each amplitude sample, are solved simultaneously for the adjustments of each free parameter. 

The user specifies the values of fixed parameters, such as the source structure, attenuation, rupture (optional), the number and length of the source time function elements, and initial values for the free parameters (the ‘starting model’). 

An optional “grid search” mode allows the parameters of source centroid depth and rupture directivity and velocity to be consecutively fixed at incremental values within specified ranges. In contrast, including these as free parameters in the inversion can often result in finding a “local” minima in residuals, rather than the lowest (“global” minima) residual, because these parameters can be highly non-linear with respect to the inversion.

Important Note: the “grid search” mode does not realign seismograms at each step. Residuals are strongly affected by seismogram realignment, and realignments are best optimized by the user as the centroid depth is being determined in several inversion stages. The results of a grid search should thus be interpreted as indicators of where the “global” minima in residuals might be found. A grid search should be followed by a regular inversion with free parameters starting with parameter values close to those found for the “global” minima. 

While running the program you can adjust features of the data such as the relative weighting on the seismograms and adjust the size and position of the inversion windows (i.e., windowing and realigning). Also the type of inversion can be modified so that only the shapes of the seismograms are used, or so that the source time function elements always have positive values (i.e., ‘positivity’), or to limit the adjustments for or remove individual parameters from the inversion altogether. In addition, the starting model can be changed. Plots of seismograms, response functions, moment tensor solutions and fault plane solutions can be shown on the screen. A versatile routine makes plots for hard-copy and a summary sheet can be printed to a file. The program can also generate an .INV file of the synthetic seismograms or residuals. 

8.1 MT5 Setup Menu 

The SETUP MENU sets the values for parameters that control input and output files, source structure, the response functions, the length of the time function element, and sets defaults. The items in the SETUP MENU effect the elementary seismograms. If they are adjusted, the elementary seismograms will be recalculated. Press the key indicated to select from the following options:

I -- -- INPUT/OUTPUT FILE PREFIX: Default input and output files use this prefix and assume suffixes that denote particular files (see Section 6.6). 

G -- -- CRUSTAL RESPONSE FUNCTIONS TO BE GENERATED: If the file GFXI.TMP exists for the current model and data it can be read in rather than recomputed. This file contains the crustal response functions convolved with the instrument. It can be reused if the program bombs and is restarted with the same structure, seismograms, and lengths of seismograms. This flag will become “YES” when you change any parameter that will cause the crustal response to change. 

T -- -- DURATION OF TRIANGULAR SOURCE TIME FUNCTION ELEMENT (sec): the half-width of the triangular elements used to represent the source time function (see Nabelek 1985). This value is typically a multiple of the smallest sample interval of the data. For long-period data, this is 1 - 3 seconds. 

V -- -- VELOCITY, AZIMUTH AND PLUNGE OF LINE SOURCE: The velocity (in km/sec), azimuth (degrees clockwise from North), and plunge (degrees from the horizontal) of the rupture propagation. This acts to compress and expand the apparent source time function. 

H -- -- SOURCE DEPTH FOR RAY PARAMETERS (km): Ray parameters depend on the epicentral distance for each seismogram and the source depth. Ray parameters for this depth are used in the calculation of the source structure response functions. 

W -- -- WATER DEPTH (km): The depth of the ocean water layer above the earthquake. 

L -- -- CRUSTAL STRUCTURE: The plane-layered structure of the Earth at the source.  The structure can consist of at most 2 layers (not including the water layer) and the earthquake must be in the lower layer. Each layer is described by the depth below sea level to its top in km (Ztop), its P-wave velocity in km/sec (Vp), S-wave velocity in km/sec (Vs), and density in gm/cm3 (ρ). 

N -- -- NUMBER OF COMPLETE REVERBERATIONS IN UPPER LAYER: The response of the upper layer of the 2-layer structure is calculated by summing rays. This number tells how many complete bounces should be calculated (2 or 3 is typically a good compromise between speed and accuracy). 

R -- -- READ PARAMETER AND DATA FILES: This option allows you to read in the parameter file .PRM file at startup time. The (.PRM) file is written by commands in the MAIN MENU and PLOTTING MENU and contains information about current the model, alignments, plotting configuration, source structure, and several controls. At first run this file will not exist. This option also controls reading the  .INV data file. An information message may appear when reading a large .INV file advising you of a recommended maximum for free parameters during an inversion. Working close to this maximum may result in the program crashing with an “out of memory” error. MT5 will read up to 50 seismograms from the .INV file and issue a warning if there are more than 50 seismograms. Because the seismograms in the input file are grouped as all P followed by all S wave seismograms, and in increasing azimuthal order, the data truncated will be S waves beginning with stations in the fourth quadrant (360-270 degrees). 

E -- -- SCREEN TYPE AND COLORS: This option allows you to change the MT5.SET file. This file is read automatically at startup time, but you may change it here. After running this option the MT5.SET file is written and the new screen type and colors are used. (See Section 5.1) 

X/Q -- -- SHELL/QUIT: Press x to run DOS commands (see Section 6.4). Type exit at the DOS prompt to return to MT5. Press q to quit. 

(PHASE-DATA defaults: For each of the PDTs, the following provides default values. These can be changed and are saved in the .PRM file.) 

S -- -- SEISMOGRAM LENGTH (sec): The length of the seismogram to be calculated. 

A -- -- ATTENUATION t* (sec): The value of t* for each PDT. After the data have been read in the values of t* may be changed individually by station. Use the arrow keys to select the seismogram to be changed; press c to enter a new value or use the + and - keys to change the value in steps of 0.1 sec. 

M -- -- MAGNIFICATION: The reference magnification of the instrument used for calculation of the synthetics. The data are also corrected to this magnification. All amplitudes are scaled by this magnification. 

When you press the c key for ‘Continue’, the program will: 

(1) Calculate the instrument response for each seismogram. If a previous seismogram has the same response, it will be copied rather than re-calculated.

(2) Calculate the crustal response functions for each seismogram. If 2 or more layers are in the structure and a previous seismogram of the same phase is within 1o of delta, the crustal response functions will be taken from the previous seismogram rather than being re-calculated.

(3) Convolve each elementary seismogram with the appropriate triangular source time function element (TAU).  An advisory message appears if some of the elementary seismograms are stored in a temporary file. 

8.2 MT5 Main Menu 

The MAIN MENU provides some information on the current model and statistics but largely is the hub of program flow. 

On the MAIN MENU screen, the input/output prefix is shown in brackets. The Source number is the subevent whose model parameters are currently displayed. By pressing the number of the subevent (i.e., 1, 2, ...) that subevent will be displayed. NTAU is the number of source time function elements and TAU0 is their half-width. 

The model parameters and their standard errors are given in the next 2 lines. The source duration (Dur) is the time for 95% of the seismic moment to occur as determined from the source time function. dTo is the shift in sec of the origin time for this subevent relative to the first or relative to the alignment of the seismograms. Dist and Az are the distance and azimuth of this subevent relative to the first. 

VAR:Unwtd and Wtd are the unweighted and weighted variances of the amplitude residuals for the entire set of data. These are in microns2 unless normalized. 

Listed as VARIANCES are the variance of the data (‘Data’). The percent of the weighted residual variance to the weighted data variance (‘R/D %’) are given for all the data (under ‘Total’) and for each PDT for which there is data. These numbers can be used to decide on relative weighting between PDTs. If you are running a SHAPE inversion these variances are normalized. 

If the t-test statistics are being calculated the following information is furnished: DOF = number of degrees of freedom (Number of seismograms - 1); Mean Dif = mean difference in seismogram variances between the current model and the reference model; SD Dif = the standard deviation of the differences between the current model and the reference model; and t = t-value. A t-test table should be consulted to determine the significance of the difference between the two models. See Huang et al. (1986) for details on the t-test. 

At the bottom of the screen is an abbreviated list of some of the available options. Press o to see a more detailed list. The following options are available: 

A -- -- Print summary of the solution to a .SUM file (ASCII). Also print solution summary lines in 2 formats to the file MT5FPS.HDR in the current directory (see Section 10). 

B -- -- Generate .ATD file of the arrival times for each phase based on the new alignments (see Section 10). 

C -- -- Go to INVERSION PARAMETER MENU. Change parameters that control the inversion (see Section 8.2.1). 

D -- -- Generate file of synthetics or residuals in the .INV format. Be careful not to write over your input file. 

F -- -- Plot P, SH, or SV (upgoing for SV) radiation patterns on focal spheres for the current model; the source time function is also shown. Three subevents are shown per screen. Options are given for plotting just moment tensor, best double-couple, or both if you are in moment-tensor mode. 

I -- -- Perform the inversion; enter the number of iterations or 0 to return to Menu. For N iterations, the program will adjust the model N-1 times (using 1 iteration generates the synthetic seismograms). Press q to return to the main menu at any time. If there is more than 1 subevent, press the number of the subevent and its parameters will be shown on the screen (see Section 8.2.2). 

L -- -- Go to STATION DATA MENU. Lists station data on the screen and allows you to adjust the flag, alignment, polarity, inversion window, and weights (see Section 8.2.3). 

M -- -- Go to MODEL MENU. Allows you to adjust the starting model (see Section 8.2.4). 

O -- -- Show long list of Options. 

P -- -- Make a plot file (see Section 8.3). 

Q -- -- Quit program. 

R -- -- Realign and window seismograms (see Section 8.2.5) 

S -- -- Plot observed and calculated seismograms on the screen at the same scales for comparison. Type y at the question to get the SCREEN PLOTTING MENU where you can change screen plotting scales, the number of plots on each screen, whether the synthetics are plotted directly on top of the data, which seismograms are plotted, whether or not they are normalized, and plot scaling factors for each of the PDTs. For the time scale enter 0 for self scaling. Note that the normalization and offset flags will be carried over to the hardcopy plot option (P). After each screenful of seismograms, press the Enter key, or press the q key at any time to return to the MAIN MENU. 

T -- -- Toggle the solution mode between moment tensor analysis and double couple analysis. When you toggle modes, the screen will be updated to show the conversion of the last iterated solution into the parameters of the newly chosen mode. If the last iterated solution was in the same mode as the chosen mode, variances for parameters will be given as well.

V -- -- Plot on the screen the structure response functions and elementary seismograms for each seismogram. The stations are viewed sequentially. Press the Enter key to see next set or q to quit. 

W -- -- Write .PRM file containing information about the current model, alignments, weights, plot controls, etc. 

X -- -- Shell to DOS (see section 6.4). Type exit at the DOS prompt to return to MT5. 

Z -- -- (Return to Startup Menu) This allows you to change the structure, etc. Any changes that effect the elementary seismograms are flagged and the appropriate calculations are redone. 

# -- -- Any of the subevents can be displayed on the MAIN MENU screen. Just type in the subevent number you want displayed. This subevent number is then carried over to the MODEL MENU and INVERSION PARAMETER MENU. 

8.2.1 Inversion Parameter Menu (Option C): 

This menu allows changing the parameters that control the inversion section of the program. 

# -- -- Display the values for this subevent #. Enter a number 1 to 6. 

M -- -- MINIMUM PERCENT DECREASE IN VARIANCE: If the percent decrease in variance from one iteration to the next is below this number, iteration ceases. 

P -- -- POSITIVITY OF STF ENFORCED: If YES the elements of the source time function are forced to remain positive. Enforcement is performed by increasing the damping on any element that becomes negative, setting it to 0, and re-inverting the entire matrix. This is done until either some maximum damping is reached or the element stays positive. %TOLERANCE is the minimum value the element can have before it is considered negative (this should be about negative the standard error in the STF amplitudes). DAMPING INCREMENT is the multiplicative increase in damping applied when the STF element becomes negative. 

I -- -- MATCHING: the inversion can match either the AMPLITUDE or SHAPE of the observed seismograms (see Section 2.4). If you choose the AMPLITUDE option, the seismograms reflect the true variations in amplitude around the focal sphere due to the radiation pattern and these variations are used to constrain the solution. When the SHAPE option is used, the amplitudes of each seismogram are normalized and only the shape of the seismogram will constrain the solution. With this setting, the variances are also normalized and the seismic moment is adjusted by multiplying the current moment by the ratio of the data rms to the synthetics rms averaged over all the seismograms. 

T -- -- STATION t-STATISTICS: If YES then t-statistics (see Huang et al. 1985) can be used to compare models. If this is turned on, the next option is available. 

C -- CHANGE REFERENCE STATION VARIANCE VALUES: this stores the station variances aside for the current model. Later models will then be compared to this one in the t-test. 

K -- -- If YES then statistics (standard errors) will be calculated when a single iteration is run. 

W -- -- CHANGE SEISMOGRAM WEIGHTS: the following options are available: 

1:
Reset ALL weights to 1.0. 

2:
Reset only NON-ZERO weights to 1.0. 

3:
Store current weights. 

4:
Reset weights to stored values. 

5:
Multiply all seismograms of same PDT by same weight factor. 
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6:
Scale weights according to density of stations with azimuth so stations clumped at nearby azimuths will not be over represented. Weight is proportional to:
where i is the station index and ΔSYMBOL 70 \f "Symbol" is the difference in azimuth. 

7:
Normalize all weights so their average is 1.0. 

8:
Change weights on screen with STATION DATA MENU. 

L -- -- LEAST SQUARES DAMPER: this number is squared and added to the diagonal of the inner product matrix. For most earthquakes this can be set to zero. 

F -- -- ADJUSTMENT MULTIPLIER for STF: change the multiplier for a parameter by entering the first letter from the following choices and then entering the new adjustment multiplier. 

If in MOMENT TENSOR MODE:

A -- Moment tensor element: you can then choose 1-6 to change the multiplier for Mnn, Mee, Mdd, Mne, Mnd or Med, respectively, or a to change all tensor elements multipliers to the same value.

If in DOUBLE COUPLE MODE:

S – Strike

D – Dip

R -- Rake

For BOTH MODES:

H – Depth

O -- Time offset to this subevent 

X -- Distance to this subevent 

Y -- Azimuth to this subevent

The value of the parameter is multiplied by the adjustment to the parameter at each iteration. These are not least-squares dampers. If the factor is 0, the parameter is taken out of the equations (i.e., fixed). 

8.2.2 Iteration (Option I): 

After invoking this option, you will be asked for the number of iterations. Enter 0 to go back to MAIN MENU or a number 1 to 8 to iterate. The number of adjustments to the model will be this number minus 1, so that 1 iteration will only generate synthetic seismograms for the current model. 

During iteration, information about the model and statistics are printed on the screen. Press h for an explanation of the screen. If there are multiple subevents, one screen is stored for each subevent. You can view the screen for a particular subevent by pressing the subevent number at the keyboard (it may take some time to respond). You can quit iterating by pressing the q key. 

Important Note: the full synthetics are generated only during the final iteration. If you interrupt the iterating or if it stops due to one of the error messages listed below, the synthetic seismograms may not correspond to the current model. If ever in doubt, you can generate the synthetic seismograms by running a single iteration. 

At the top of the ITERATION SCREEN are printed the subevent number being displayed, the number of iterations, and the number of free parameters being adjusted. As the program loops through the seismograms the station and PDT are printed in the lower right and the elapsed time in seconds is at the left. After the first iteration the elapsed time for the previous iteration also appears after the ‘/’ on the time line to help in planning coffee breaks. When iterating is through the message ‘Press any key...’ appears at the lower right (press the Enter key to go to the MAIN MENU or type the subevent number to see its iteration information). 

For each iteration the model, standard errors, and residual variances (unweighted and weighted) are printed on the screen. This is similar to the MAIN MENU screen in its contents. The standard errors for the parameters are the lines starting with Err. The amplitudes (and errors) of the source time function elements are given in percent of total. 

GRID SEARCH OPTION: If you have specified variable range parameters (“grid search” mode) in the Model Menu (see Section 8.2.4), the iteration sequence will be repeated for each combination of parameters in the “grid”. For example, varying the source depth parameter through 4 values, the distance offset parameter through 2 values, and the azimuth parameter through 4 values will result in 32 (4x2x4) complete iteration sequences, each with the number of iterations specified in the step above. A message at the bottom of the screen informs you ‘On variable range  step ___ of ___’, where a step is a full iteration sequence. At the conclusion of all the steps, the grid search is summarized with the statement ‘Minimum R/D% of ______ on step ___’ indicating which step in the series resulted in the lowest residuals. A file MT5VARY.LOG is also appended (or created if non-existent) with summary results for each combination of parameters in the grid. These results include the values of model parameters (including the variable range parameters), standard errors, and residual variances (unweighted and weighted) at the last iteration in each iteration sequence. Source time functions are not summarized in the file, but can be recovered if desired by fixing the parameters at the values indicated in the file, and iterating for just the source time function. 

MESSAGES: While iterating some messages may appear near the bottom of the screen: 

Variance reduction x% gives the % reduction in variance from the previous iteration.
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 for the i-th iteration. 

Variance reduction below cutoff indicates that the reduction in variance is below the minimum designated in the INVERSION PARAMETER MENU. When this occurs, synthetics will be generated and errors calculated on the next iteration. Iteration will then stop unless the reduction in variance on the last iteration goes above the minimum once again. 

Sum of weights is zero appears when there are no weighted data for the inversion. Check the weights and inversion windows with the L option in the MAIN MENU.  

STF negative, max damping reached appears when too much damping has been applied to the STF element. This element is set to zero amplitude. 

*** Singular Matrix *** indicates that either two parameters are completely coupled (unlikely) or that a column of the derivative matrix is zero (more likely). The latter happens when the source time function is longer than the inversion window or the depth phases arrive outside the inversion window. 

*** Invalid number of parameters means there are either too few (i.e., 0) free parameters or too many (> 40). 

*** Phase arrival time is negative indicates that some phase is arriving before the start of the seismogram. This can happen when the energy from a subevent arrives at a particular station before the first due to their spatial offset. To get around this problem, realign all seismograms so that they start a fixed time prior to the first event and add this time as an origin time offset (dTo) to the first event. 

8.2.3 Station Data Menu (Option L):

This option permits the changing of the seismogram flag, polarity, alignment, window, and weight for each seismogram. Move the arrow with the letter keys or use the number/arrow keys. Press c to change the value where the arrow is pointing or the ‘+’ and ‘-‘ keys to incrementally change the values. Use the Esc key to return to the menu. Press the n key to produce the next page or the p key for the previous page. 

The following cannot be changed: 

Del = epicentral distance in degrees 

Az = azimuth from epicenter to station 

TOA = take-off angle of direct phase 

Var = unweighted variance of amplitude residuals in micron2. 

The following may be changed: 

Flag = 1: station is being used; Flag = 0: station is ignored in all operations. If the Flag=0 then the station appears only in this list; it has no effect on the solution and the synthetics are not generated. 

+/-: polarity correction applied to data, 1 is normal polarity, -1 indicates reverse polarity. 

Po1: the data point that was picked originally as the start of the phase. Be careful about changing this as it is the basis for calculation of arrival time residuals. 

Po2: the data point currently being used as the first in the inversion window. 

Window: the length of the inversion window in seconds. 

Wt: the weight applied to this seismogram. 

8.2.4 Model Menu (Option M): 

The MODEL MENU displays the current model with standard errors and allows changing the free parameters of the source. The Options are: 

# -- -- EVENT NUMBER: display the model values for subevent #. 

E -- -- NUMBER OF EVENTS: the number of separate subevents (up to 6). 

If in DOUBLE COUPLE MODE, the following are choices:

S -- STRIKE: defined as the azimuth one faces while looking along strike with the fault plane dipping to the right. 

D -- DIP: the angle the fault plane makes with the horizontal. 

R -- RAKE ANGLE: the angle in the fault plane that the slip vector makes with the strike direction; using the convention of Aki and Richards (1980). 

If in MOMENT TENSOR MODE, the following choice is available:

A -- set amplitudes of moment tensor elements; a submenu appears with the following choices: 

1-6 (for Mnn, Mee, Mdd, Mne, Mnd, Med) -- each moment tensor element can be individually specified. 

A -- all moment tensor elements can be set to one value (as in an explosion or implosion) 

Esc -- done setting elements; the moment tensor elements are normalized. If only one element was specified, its value is retained and the remaining elements are adjusted to normalize the tensor. 

V -- -- VARIABLE RANGE PARAMETERS: initiates “grid search” mode by allowing you to specify any combination of H, O, X, Y (with same meanings as the next four menu options below). Upon entering the list of parameters to vary within a range, you will be prompted to enter a beginning value, ending value, and increment value for each parameter in the list. During iteration (see Section 8.2.2), a full iteration sequence will be done with each combination of parameters in the list at each parameter value (calculated by going from the beginning value to the ending value in steps of increment value). Grid search mode is turned off for a parameter by removing the parameter from the entry for option V, or implicitly by assigning a non-zero adjustment multiplier to the parameter in the Inversion Parameter Menu (Section 8.2.1). 

H -- -- DEPTH OF SOURCE in km below the surface. 

O -- -- ORIGIN TIME OFFSET: the delay time in seconds between this subevent and the first. 

X -- -- DISTANCE OFFSET: the distance in km from this subevent to the first. 

Y -- -- AZIMUTH OF OFFSET: the azimuth from the first subevent to this subevent. 

M -- -- MOMENT (N-m): seismic moment in Newton-meters. 

N -- -- # OF STF ELEMENTS: number of triangular elements used for the source time function. 

T -- -- AMPLITUDES OF STF ELEMENTS: the relative amplitudes of the elements that make up the source time function, these are listed in % of total. You may enter the numbers relative to each other and the program will normalize them to sum up to 100%. 

8.2.5 Realigning and Windowing (Option R): 

This routine permits realignment and windowing of the data either automatically or manually on the screen by you. The inversion window is the section of the observed seismogram that is used as data in the inversion. Realigning is the process by which the point that marks the beginning of the arriving phase in the data is adjusted. This is the beginning of the inversion window. Windowing is changing the length of the inversion window. In short, realignment determines the beginning of the inversion window and windowing determines the end of the inversion window. 

AUTOMATIC REALIGNMENT performs a cross-correlation between the data and the synthetic seismogram to determine a best-fit alignment (i.e., the beginning of the phase). For each PDT, you designate the TIME WINDOW, which is the length of the seismogram that will be correlated (starting at the beginning of the phase), and the TOLERANCE, which is the maximum time in seconds that the new realigned position is allowed to move from the initial pick. The program stores the alignments in the form of the data point number that corresponds to the initial pick (Po1) and the realigned point (Po2; see below). To skip PDT, press Enter at both input prompts. To reset alignments to the original picks, press Enter at all input prompts and you will be asked if you want to reset alignments. 

AUTOMATIC WINDOWING allows you to designate by PDT how many seconds of data will be inverted. A negative number sets the window to 0 and entering 0 causes no change to the particular PDT. 

REALIGN/WINDOW BY HAND This option allows you to realign and window while viewing the data and synthetic seismograms on the screen. You can choose the starting station number and whether the seismograms are normalized or are scaled to the seismic moment. 

At the top of the screen is the station and phase information, the amplitude residual variance, the phase arrival-time residual for the current alignment, and the UCT time of the start of the inversion window. Also at the top appears the word REALIGNING or WINDOWING depending on which function is being performed. While REALIGNING, the synthetic seismogram can be moved with respect to the data using the right and left arrow keys. While WINDOWING the arrow keys move a vertical bar denoting the right side of the inversion window. As the alignment or window changes, the information at the top of the screen will be updated. Press c to toggle between REALIGNING and WINDOWING. Movement is Left, Right, Fast, and Slow with the capitalized letters or with the number/arrow keys, n and p get the next or previous seismogram, and the Step is the number of points for each incremental move.  Press the Esc key to return to the menu. 

8.3 Plotting Menu (Option P): 

MT5 includes a program to plot seismograms for hard-copy output. The graphics commands used are those of the Golden Software PLOTCALL, PostScript, or Hewlett Packard Graphics Language. You can select one of the two default plot formats or design a customized format using the Plot Options Menu, Option O in the following list of Plotting Menu key commands. 

G -- -- Plot file name for the plot output. If you specify a file extension, it will override the automatic extension for single page plots only. Otherwise, an extension is added automatically depending on the type of plot. In the case of separate pages for P and SH (Option 3 below) 2 plot files are generated, one xxx.P and the other xxx.SH, where the xxx is the name you supply. The 2-page mode produces a larger plot. For the single page option the plot file name will be xxx.PSH. For Format 2 the plot file name will be xxx.PHM. However, note that P and SH plots always appear on separate screens. If Format 2 is used, APPEND mode signals that the current plot can be added to the previous one. 

C -- -- Allows you to change plot positions for seismograms through a screen editor (see section 8.3.1). 

E -- -- Allows you to change plot positions interactively while plotting (see Section 8.3.1). 

F -- -- Choose plot language for output file. Select (0) for PLOTCALL (versions 2 and up), (1) for PLOTCALL (versions below 2), (2) for Postscript, or (3) through (5) for HPGL (Hewlett-Packard Graphics Language) where (3) is for HP LaserJet3, (4) is for 8.5”x11” HP Plotter, and (5) is for 11”x14” HP Plotter format. The HP Plotter formats will also allow you to choose single pen (1 color), or multiple pen (3 color) output. 

O -- -- The PLOT OPTION MENU handles optional details of the plot (see Section 8.3.2). 

P -- -- Start plotting. 

W -- -- Write .PRM file containing information about the current model, alignments, weights, plot controls, etc. 

X -- -- Shell to DOS (see Section 6.4). Type exit at the DOS prompt to return to MT5. 

Q -- -- Quit to DOS 

Esc -- -- Return to Main Menu 

8.3.1 Plot Position Editors: 

Plots are made on a page 250 mm in the X-direction by 200 mm in the Y-direction (if the P and SH are plotted on the same page then the plot area is reduced by a factor of 0.706). All coordinates and distances are in mm. The positions of the seismograms, focal spheres and time scale axes are normally assigned a number that designates a box location within the plot area. These plot indices assign X and Y values that are the center of the focal sphere or the lower left corner of the seismogram box. 

At the start the plot position indices are all set to 1 unless a parameter file has been read in. The plot positions can be changed in a table (Option C) or by moving the plot positions on the screen while plotting (Option E). 

For the screen editor (Option C), indicate whether you want to edit the position indices or the X,Y positions. While editing indices, you can move the pointer sideways between the Formats (i.e., P1 is the position index for Format 1). While editing X,Y, you can move the pointer sideways between X and Y. Use the designated letter keys or number/arrow keys to move the pointer to a value and c (or the + and - keys) to change the value. As the index number is changed, the seismogram will be assigned the corresponding X,Y values. Press the Esc key to leave the editor. 

Positions can also be edited graphically while plotting (Option E). (This procedure is not available if you are using Format 2.) While plotting with the edit mode on, the position of each seismogram is shown by a box on the screen (if its position is 0, it is not shown). Move the box with the letter or number/arrow keys or press c to enter a new index number. Press p to fix the plot location at the present location and the seismogram will be plotted. q will return you to the menu. All changes are saved when you write the .PRM file from the MAIN MENU. 

While in the edit mode some of the screen plot will be overwritten by editing help lines (these do not affect the plot file). To get a clean copy for screen dump, finish editing, turn the edit mode off, and run the plot again. 

The amplitude scaling is such that the largest amplitude of all the observed seismograms to be plotted corresponds to the height of a box. When you add or remove seismograms from the plot, the plot scale may change. If all the seismograms have a 0 plot position, the program will remind you to assign plot positions so that scaling can be calculated. 

8.3.2 Plot Option Menu (Option O): 

A -- -- If YES the seismogram amplitudes are normalized, otherwise amplitudes are scaled to the seismic moment. 

B -- -- If YES each seismogram is labeled with a letter which is also plotted in the focal sphere. If NO small circles are plotted in the focal sphere and seismograms are not labeled. 

D -- -- Synthetics can be dashed, dotted, or solid. 

I -- -- The increment in mm is the length of the dashes or distance between dots. 

E -- -- Calls up the FOCAL SPHERE PLOT CONTROL Menu; the location and size of the P and SH focal spheres are determined by designating their X, Y (or position index number) and radius. If the default (D) is used, for Format 1 they are centered in the plot (X=125; Y=90) with a 30 mm radius; for Format 2 they are in box 1 with a radius half the box height. When you change plot Format, run this option and type d to get default. The focal spheres can be turned off completely with Option F in this menu. 

J -- -- A label plotted along the side of the page gives the event file name, date & time, scaling factors, and the mechanism label (see option U for an explanation of the mechanism label). 

N -- -- Plot position format 1 or 2. Format 1 (the default) plots seismograms around a central focal sphere. Format 2 plots seismograms in a single row across the page for comparing seismograms for different models. (see Section 8.3.3). 

P -- -- Start plotting. 

O -- -- Synthetics can either overlap the observed seismograms or they can be offset vertically from one another. 

T -- -- If YES time scale and amplitude scales are included on plot. If the seismograms are normalized, an amplitude scale will not appear. 

U -- -- Where to plot the label giving the solution as STRIKE-/DIP/-RAKE/-DEPTH/-MOMENT (strike, dip, and rake are in degrees, depth in km below sea level or the free surface, and moment is in Nm). Options are: 0 = do not plot; 1 = center under the title;
2 = center over the focal sphere. 

V -- -- Allows you to see the template of plotting position indices and the current position for each seismogram. 

W -- -- Occasional pauses occur to allow you to view the plots on the screen. With this option ON you will not be prompted to press a key to continue. 

1 -- -- If NO the P-waves are not plotted. 

2 -- -- If NO the SH-waves are not plotted. 

3 -- -- The P and SH can either be plotted on the same page (1 plot file) or on separate pages. 

L -- -- The title is contained in the brackets < >. If its position index is 0 then it is centered at the top of the page. Otherwise it will be plotted starting at the X,Y of the index. 

F -- -- Position of the source time function and amplitude scale. The position of the amplitude scale defaults to the lower left of the focal sphere and a separate scale is plotted for each PDT present. 

M -- -- Magnification factors for each PDT. The amplitudes of each PDT are multiplied by this factor in the plot. Note that the amplitudes on the page are scaled to the maximum amplitude of the plotted data so that adding or removing seismograms from the plot may cause the scaling to be changed. 

S -- -- For each PDT, the length of the seismogram to be plotted. 

H -- -- Plot time scale in mm/min for LP and SP data. Default values that fill the available space are calculated but can be overridden. A warning is given when the scale exceeds the default. 

8.3.3 Plotting Formats (Option N): 

FORMAT 1: (Figures 6 and 7)  The positions of the 40 x 20 mm boxes are predefined by a set of indices but they can be moved 1mm increments with the editors. The focal sphere can be moved but in default it is at the center of the plot. In this format the boxes are numbered clockwise around the focal sphere. Use Option V to see the format. 

FORMAT 2: (Figure 8) In this format you designate the number of boxes across the page and only one line of boxes is used. The positions of the seismograms, time scale, and focal spheres can be adjusted. Amplitude scales are not plotted. When using this format each complete plot is shifted down from the previous one by an amount you designate (30 mm default). When an individual plot is finished you are asked whether or not to append it to the composite plot file (.PHM). While using Format 2, the first plot opens a new file, includes all time scales, and prints the station names at the top (if this is selected). Subsequent plots to be appended include only the seismograms and the source time function. The append mode can be stopped (i.e., a new file opened) by pressing Esc to return to the Plotting Menu and then using the G option. 

When you change formats with option N, you should also invoke options U to change the label position, E to change the location of the focal spheres (use defaults), and F to change the position of the time scales. 

PLOT DESCRIPTION: In the single page plot, P-waves are plotted on the top and SH-waves on the bottom with focal spheres showing their corresponding nodal surfaces. Seismograms are plotted so that their relative amplitudes are preserved unless amplitude normalization was selected. Time axes are shown for the long-period (LP), short-period (SP), and the normalized source time function (STF). 

In the focal sphere, solid circles are the P axes and the large open circles are T axes (the T axis is a circle with an X when option B is NO). Letters in the focal sphere designate station raypath intersections with the lower hemisphere. 

Dotted and dashed lines show the mechanisms and source time functions for subevents. The amplitude axes for each PDT are labeled in microns and are corrected for a distance of 40o and the reference instrument magnification. The values also reflect the PDT magnification factors used in plotting. 

Observed seismograms are shown with solid lines and the synthetics can either be dashed or solid as you designate. The vertical tic marks on the seismograms enclose the inversion window. 
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Figure 6. Example showing the P-wave focal mechanism (beachball), P-wave moment tensor nodal planes (non-beachball), and observed (solid trace) and calculated (dashed trace) waveforms. These are from an inversion of the Tasman Sea earthquake of November 25, 1983. See text for explanation.

Station codes are written vertically to the left of the corresponding seismogram. Upper case letters to the right of the station codes correspond to those in the focal spheres but these positions may be shown as dots. Small letters s, x, w, d, and b to the right and on the amplitude scales denote the PDT (see Table 1). An asterisk below the station code indicates that the seismogram was not used in the inversion. 

The label gives the strike/dip/rake/depth/seismic moment where depth is in km and moment is in Newton-meters. 
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Figure 7. Example of an inversion of SH-waves showing the focal mechanism, and observed (solid trace) and calculated (dashed trace) waveforms of the Tasman Sea earthquake of Nov. 25, 1983. See text for explanation.
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Figure 8. Example of the output produced when using Format 2. See text for explanation.
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