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Introduction

MAGIC is a Kalman filter based data assimilation algorithm for imaging the Earth’s ionosphere in four dimensions using GPS data.  The software was developed primarily under MatLAB version 6.5, although some aspects of the code were written in C and linked directly to MatLAB via its MEX interface.  The working of the algorithm also relies on third party software in the form of the IRI95 ionospheric model, also embedded in a MEX interface, and a geographical plotting package, m_map.  The software has been written so as to be portable across platforms and operating systems.  Testing has been carried out on Windows XP, LINUX (recommended) and HP UNIX.  PC hardware requirements are dependent on the required application, though a minimum of 2GB of physical RAM is recommended.


The MAGIC software package was developed as a research tool in order to study various approaches to the problem of obtaining an estimate of the ionosphere sufficiently accurate so as to provide utility in geodetic positioning applications.  As such, the original aim was to develop a research tool rather than a user-friendly application.  In order rectify this two graphical user interfaces were developed to provide a ‘quick and easy’ way of running the code for the most common processing tasks.  The function gmagic provides a general interface for downloading, pre-processing and assimilating data into the filter.  A separate function gplot provides a means of viewing the ionospheric reconstructions generated by gmagic.  Access to the MatLAB scripts, which provided the original interface to the software, is also included.  Online help for all aspects of the code can be obtained by typing ‘helpwin’ at the MatLAB prompt.


The following documentation provides instructions on installing MAGIC on Windows and UNIX machines and a detailed user manual for the graphical interface functions, gmagic and gplot.   A summary of the mathematical theory behind the model is included in appendices A and B.  Appendix C includes the theory behind the assimilation of wide-lane double difference data.  Appendices D, E and F illustrate a number of processing examples.  Appendix G provides information on the output to the MatLAB command window generated by MAGIC.  Finally, Appendix H provides a number of tips for the optimal configuration of the filter and appendix I provides information on real-time data processing.

Installation

MAGIC is provided in the form of a zip file for Windows or a compressed tar file for UNIX systems.  This software should be extracted to a directory, typically named magic, which is accessible to all users.  Each user must then create a working directory and copy all files and subdirectories in magic/matlab/scripts/ to this location.  It is important that the working directory is on the MatLAB search path (this is required such that MatLAB can run the startup.m function located in the users working directory).  Under UNIX the logical location for the users working directory is in ~/matlab since this directory is always on MatLAB’s default path.  Under Windows the working directory is arbitrary, though the MatLAB icon’s starting directory must be set to this location.  The file startup.m located in the working directory defines a number of default paths and settings.  This file must be edited appropriately, primarily to set the path to the magic installation directory.  Finally the DOS/shell path must include the directory magic/bin that contains a number of executables.

A summary of the installation steps is provided below.

MAGIC Installation Instructions for Windows:

Using winzip, uncompress the MAGIC archive to the required location (E.g. e:/magic)

Make a working directory (E.g. e:/work)

Copy all files and sub directories in e:/magic/matlab/scripts to the working directory

Edit e:/work/startup.m for your system

Set MatLAB’s icon stating directory to e:/work

Set the DOS path to include e:/magic/bin (edit c:/autoexec.bat)

MAGIC Installation Instructions for UNIX:
Unzip and expand the MAGIC archive to the required location (e.g. ~/magic)

Create the default matlab working directory (e.g. ~/matlab)

Copy all files and sub directories in /magic/matlab/scripts to the working directory

Edit the ~/matlab/startup.m for your system.

Ensure that ~/magic/bin is on the path

Ensure the default editor is assigned (set EDITOR in .bash_profile)

After successful installation, the following should appear in the MatLAB command window on startup.

_______________________________________________________________________

 MAGIC Ionospheric Imaging Toolbox, version 1.2

 Paul Spencer, CIRES 01-Feb-2004

_______________________________________________________________________

   Running startup from   : /work

   Working directory      : /work

   Magic directory        : /magic

   Computer type and host : glnx pspencer         _______________________________________________________________________

Installation on other operating systems

The magic/bin directory contains a number of MEX libraries and executables that have been pre-compiled for the Windows, LINUX and HP UNIX operating systems.  In order to use the software on other operating systems this code must be re-compiled.  This requires both a C compiler and a Fortran 77 compiler.   In order to set up the compilers for the MatLAB environment the function ‘mex –setup’ must be run from the matlab prompt.  Following this the MAGIC function ‘make’, starts the compilation process.  Type ‘help mex’ and ‘help make’ at the MatLAB prompt for more information. 

Summary of installation directory tree

MAGIC directory tree:

magic/bin                  
Compiled binaries and DLL’s
magic/include              
C include files
magic/source               
C source files;
   magic/source/integrate  
………………Ray path integration
   magic/source/matrices   
………………Matrix arithmetic
   magic/source/rinex      
………………RINEX conversion software
   magic/source/mex        
………………MatLAB MEX interfaces
magic/matlab               
Matlab functions;

   magic/matlab/magic   
………………Online documentation
   magic/matlab/geodetic   
………………Geodetic functions
   magic/matlab/ionosonde  
………………Ionosonde functions
   magic/matlab/gps        
………………GPS functions
   magic/matlab/gui        
………………GUI functions
   magic/matlab/kalman     
………………Kalman filter functions 

   magic/matlab/model      
………………Ionospheric models 

   magic/matlab/utils      
………………Utility functions
   magic/matlab/m_map      
………………Mapping software (third party)

   magic/matlab/scripts    
………………Entry point scripts and data directory
Working directory tree (copied from magic/matlab/scripts on installation):

matlab/    



Entry point scripts
matlab/data 



……………Data directory
matlab/data/sitelists

………………………………Site lists used by gmagic

Data processing using gmagic

Typing ‘gmagic’ at the MatLAB prompt opens the window as shown below.
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Figure 1.  The gmagic graphical interface

The function gmagic provides a general interface for downloading, pre-processing and assimilating GPS data.  The window is divided into three main sections; processing settings, input data settings and filter settings.  A final line at the bottom of the window displays the current processing state.  Each of the fields within these windows is defined below.

Processing settings;

Start date

Defines the 4 digit year, month and day for the start of processing

Days


Number of days to process

Output file


Sets the output file name for the filter that stores the ionospheric inversions.  By default, output data are stored in the directory work/data/{YYYY}/{Output file}/, where {YYYY} is the 4 digit year and work is the current working directory.  Each processing job generates a single root file, named {Output file}.mat, and a series of files for each filter pass {Output file}{YYYY}{MO}{DD}T{HR}{MN}{SC}.mat.  The defaults may be changed by editing the file guipath.m located in the working directory.  Note that the output file field need only be assigned if Assimilate is checked.

Delete used raw data


Delete redundant raw data after current job is completed.

Delete used pre-processed data


Delete redundant pre-processed data after current job is completed.

Process button


Data processing is started with the process button.  There are essentially two modes of processing data, defined by the process mode button set to Job 1 on startup.  If this button is set to Jobs 1 to 5 when process is selected then all 5 jobs will be executed in sequence.  The definition of a number of independent jobs allows the user to run the filter for a number of independent test cases, or a single test case with various filter settings. On startup all processing jobs are set to take no action (see Download, Pre-process and Assimilate buttons).  

If the process mode button is set to -2 days when process is selected the software will be run in a near real-time mode.  In this case a day is processed if it is two or more days behind the PC system clock.  Processing settings for the real-time mode are those defined on-screen when process is selected.     

Input Data Settings

Data Source


The data sources are selected using these list boxes.  Up to three independent data sources can be processed in a single job.  Selecting ‘select list’ opens a file requestor in the directory work/sitelists/.  The ASCII files in this directory contain lists of the data sites to be processed, with the first few characters of the file name defining the data type or source.  Currently the first characters in the file name must be one of ‘CORS’, ‘IGS’, or ‘WIDELANE’ (in upper case).  With a data source selected it is then possible to select the ‘edit list’ button to view the sites to be processed in MatLAB’s default editor.  The pre-installed site-lists are defined below;

CORS.sites

All CORS sites (including sites containing C1)

CORS_P1P2.sites
CORS sites which contain P1 and P2 

CORS_1x1.sites
CORS sites under-sampled on a 1x1 degree grid

CORS_2x2.sites
CORS sites under-sampled on a 2x2 degree grid

CORS_3x3.sites
CORS sites under-sampled on a 3x3 degree grid

CORS_5x5.sites
CORS sites under-sampled on a 5x5 degree grid

CORS_9x9.sites
CORS sites under-sampled on a 9x9 degree grid

IGS_2x2.sites

IGS sites under-sampled on a 2x2 degree grid

IGS_4x4.sites

IGS sites under-sampled on a 4x4 degree grid

IGS_8x8.sites

IGS sites under-sampled on a 8x8 degree grid

WIDELANE.sites
Sites for WIDELANE processing

Process As


The ‘Process As’ list boxes define how the data are to be assimilated into the filter (N.B. the pre-processing stage is independent of this).  CORS and IGS RINEX data are subject to satellite and receiver biases and as such may be assimilated in different ways that are listed below;

Phase differences
Difference phase data in time to remove biases

Phase + bias

Append bias terms for each satellite/receiver pair

Phase + RxBias
Append bias terms for each receiver, with satellite bias removed

Wide-lane data may only be assimilated as double differences.

Sample


These fields define how the data are to be under-sampled at the assimilation stage.  At the pre-processing stage CORS and IGS data are always sampled to 30s intervals.  The under-sample field is a multiple of this.  A value of 2 implies every other point, corresponding to a 60s interval. 

Window


The window fields allow the user to define a data window (in minutes) that is larger than the filter interval defined in the filter settings section.  A non-zero value allows data from times before and after the current interval to be assimilated in each filter update.  This option was included to allow higher temporal resolutions to be imaged for wide-lane data and improve temporal continuity.

Action buttons;

The following three tick boxes define the action to be taken for the current processing job.  By default these boxes are unmarked implying no action to be taken.

Download


When selected all data sources are downloaded for this job.  See the function /magic/matlab/gps/getgps.m for more details.

Pre-process


When selected all data sources are pre-processed for this job into a form which may be assimilated by the filter.  Data must be pre-processed before assimilation.  

Assimilate


When selected all data sources are assimilated into the filter for this job.  Note that if assimilate is selected the Output File must also be assigned.

Filter Settings

Set Defaults


This selector enables a number of default filter settings to be quickly defined.  The current options are; 

USA


Standard settings for the USA

Europe


Standard settings for Europe

World


Standard settings for the world

Interval


The filter update interval is defined here.  Options are provided from 2 to 60 minutes.

Grid


On starting gmagic the grid definition ID’s defined in work/defgrid.m are loaded.  This function, which may be edited by the user, defines a number of default image areas and grid resolutions to be used by the filter.

EOF Number


Defines the number of empirical ortho-normal functions, EOF’s, to be used in the mapping of the radial profile.  Zero implies that no mapping is applied which is only recommended for very low-resolution grids.  Typically, for ground-based GPS data, 2 to 3 EOF’s are sufficient.

EOF Power


Defines the power applied to the EOF singular weights before scaling of the EOF’s.  A value of zero implies no scaling of the EOF’s that increases sensitivity to variations of the radial profile but may become unstable. 

Process Noise


The process noise defines the fractional error in the model for each filter update.  A smaller value will cause the solution to tend towards the model.

Alpha


This parameter defines the extent to which forward projection of the model should be relative or absolute.  Setting this value to zero implies only the relative spatial-temporal variations in the model are to be used.  Values above zero imply an increasing tendency to the model in an absolute sense.

Reject Data


At each update of the filter, data are tested in relation to the forward projection estimate of the ionosphere.  The value here defines the number of standard deviations outside of which data rejection is applied.

Clamp


As with any linear inversion method it is possible to obtain negative values for positive quantities, i.e. the electron density.  Setting this option to ON will ensure that the prior state passed into the filter is everywhere positive. 

Temporal


The temporal field enables terms to be added to the filter state vector that represents the linear temporal variation of the ionosphere in terms of the EOF’s.  The options are NONE, EOF 1 (only includes time terms of the dominant EOF) or ALL.  Generally either NONE or EOF 1 are used.  Including these terms improves accuracy when the ionosphere is rapidly changing or when data are assimilated over extended time periods.

Model


The model selector controls the background model used by the filter.  Currently IRI95 should be used, CHAPMAN and PRIOR are included for testing.

Covariance Terms

Covariance terms apply to the starting covariance matrix (P), the process covariance matrix (Q) and the forward projection matrix (A).  The covariance functions are MatLAB functions that define a covariance for each point and its neighbors.  A single value of 1 implies a non-zero variance and zero covariance between this point and the neighbors.  A range of neighboring points is assigned non-zero covariance using MatLAB array notation, 0:3, which expands as a vector [0,1,2,3].  For example the Gaussian function exp(-([0:4]/2).^2) returns the values [1.0000, 0.7788, 0.3679, 0.1054, 0.0183].  Note that the more terms that are used, the more memory that is required.

Radial Covariance Terms


Define the covariance in the radial direction, usually set to 1 since non-zero covariance between radial neighbors is not required for the mapped problem. 

Latitude Covariance Terms


Functional form of the latitude covariance terms.

Longitude Covariance Terms


Functional form of the longitude covariance terms.

Output Line

The bottom of the interface displays information concerning the current processing state.  This includes, from left to right, the current job number, the processing date and the current processing stage.  At any point the process may be interrupted by clicking the interrupt button.  There may be a short delay before the process is interrupted and the message ‘Done’ is displayed.  Any error messages that cause an interrupt in the processing are also reported here. 

Data visualization using gplot

Typing ‘gplot’ at the MatLAB prompt opens the window as shown below.
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Figure 2.  The gplot graphical interface

The function gplot enables the visualization of ionospheric reconstructions generated using gmagic.  Follows is a summary of the functionality of each of the fields.

Load


Select Load to load in a root inversion file.  The root file corresponds to the output file defined by the field ‘Output File’ in gmagic.   By default the root file is located at work/data/{YYYY}/{Out File}/{Out File}.mat, where {YYYY} is the 4 digit year of the inversion.

Save


Save images, in the TIF format, animations in the uncompressed AVI format or ASCII data files.  The action taken depends on the selector to the left that defaults to Animation.  The files are stored in the same location as the inversion files with the naming convention;


{OutFile}_{S}{PPP}{YYYY}{MO}{DD}T{HR}{MN}{SC}.[tif,avi,txt]

OutFile is the root output file name.  S is one of; ‘I’ for inversion, ‘M’ for model , ‘A’ for running median difference, ‘E’ for error or ‘D’ for model-inversion difference.    PPP is ‘TEC’ for TEC plots, ‘sec’ for cross-sections and ‘NmF2’ for peak density plots.  The other terms define the date and time.  ASCII data is saved in a text file as a two-dimensional matrix.  The first row and first column define the axes in degrees or kilometers scaled by a factor of 10 (the first term is zero to ensure a square matrix).  The remainder of the matrix stores the values shown in the plots defined by the two plot selectors and is also scaled by a factor of 10. 

NB.  STOIK Video converter is a useful freeware Windows utility for compressing AVI animation files.  It can be found at the web site http://www.stoik.com/.

Frames


Defines the range of frames to be saved or displayed in an animation sequence.  For example 1:10 uses the first 10 frames.  Defining an interval is also possible with 1:10:100, which uses every 10th frame from 1 to 100. 

Play


Play an animation for the selected frames.  If no animation is currently generated, this button will create it.  Subsequent key presses will play the animation stored in the buffer.  Changes to any of the fields that define the plot settings will delete the current animation buffer.

FPS


Define the number of frames per second for the saved animation file.  This field makes no difference for animation playback within gplot.

Frame slider bar


The frame slider bar is used to locate particular ionospheric inversions within the sequence.  Details are provided above the slider of the inversion file and the current date, time and frame number of a particular image.

Plot


Two selectors are provided.  The one to the left determines the parameter to be plotted that can be one of;

TEC

Plot vertical total electron content (TECU)

NmF2

Plot peak electron density (1011m-3)

Section

Plot electron density cross-section (1011m-3)

The selector to the right of this determines the data to be plotted;

Inversion
Plot inversion data

Model

Plot background model data (Model field in gmagic) 

Model diff
Plot inversion - model difference

Median diff
Plot inversion - 5 day running median difference

Error

Plot inversion error estimate (standard deviation)

Longitude (deg)


Defines the longitude (degrees) for the cross-section plots (-180o to 180o).

Contour


Defines the contour color scheme

JET



Blue-green-yellow-red scale 




HOT



Color temperature scale

GRAY



Gray scale, black (low) to white (high)

GRAY’



Inverse gray scale, white (low) to black (high)

Contour Lines


Toggle contour lines

Contour levels


Defines contour levels, with values [Start:Step:End].

Projection


Selects the projection for global TEC plots.  The field to the left defines numerically the projection characteristics and over-rides the selector.  A mercator projection is generated using 4 fields as [LatMin,LatMax,LonMin,LonMax] and a satellite view projection is generated with 3 fields [EarthRadii,Lat,Lon].

Figure


Set the figure window number for output.  This allows multiple figure windows to be opened simultaneously.

Appendix A.
Theory

This section provides an outline of the theory of the mathematics behind the assimilation method used by MAGIC which is based on a Kalman filter.  Essentially the Kalman filter method provides a means of optimally updating a solution to a linear least squares problem given time dependent observations and a prior model estimate of the solution.  The unknowns, which in this case, represent the ionospheric electron density field, are stored in the state vector, x.  Associated with this matrix is a covariance matrix, P, which is updated by the filter each iteration.  The sequence of steps in updating the filter may be defined as follows;  

Firstly the state vector, x, is projected into the future (the minus superscript implies prior values)
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The matrices A and B are generated from model estimates, M, as follows;
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Where the matrix G defines the correlation between spatially separated terms, and ( is a constant.  The matrix G, is defined by the radial, latitude and longitude covariance vectors in gmagic.  By default a Gaussian function is used.  With ( set to zero, B is zero and hence the A term only exists which defines the forward projection in terms of the relative spatial/temporal variations in the model.  With ( greater than zero the B term increasingly dominates which sets the future state estimate to that of the model in an absolute sense.  

The next stage in the update of the filter involves projecting the error covariance matrix
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Where the process noise matrix Q is defined as,

[image: image10.wmf]2

/

)

(

-

+

+

=

Ax

M

q


[image: image11.wmf]j

i

j

i

j

i

q

q

kG

Q

,

,

=


Where, k is a constant (referred to as the ‘Process Noise’ in gmagic), and G, as before, defines the correlation between terms.   The Q matrix therefore defines the variance as being a constant fraction of an average of the model and projected state estimate. 

Given a set of line integral observations, z, with covariance R, and path integrals defined by, H, the Kalman Gain is given by

[image: image12.wmf]ú

û

ù

ê

ë

é

¶

¶

®

t

x

x

x


Finally, using the Kalman gain, the state vector and its covariance are updated
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One final modification has been made in the form of the inclusion of linear time evolution terms.  The state vector now becomes;
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With terms appended to the observation matrix, H, as
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Appendix B.
Mapping the state using empirical ortho-normal functions
Central to the MAGIC assimilation method is the option of mapping the state vector to enable a more succinct representation of the electron density field in three-dimensions.  The mapping is applied to the radial profile using a set of empirical ortho-normal functions, EOF’s, obtained from the IRI95 model.  The mapping significantly improves the ability of the filter to image variations in the electron density profile.  As an added advantage the reduction in size of the state vector will also increase performance and reduce memory requirements by one or more orders of magnitude.


[image: image1]
Figure 3.  Example empirical ortho-normal functions (EOF’s)

Example mapping functions are shown in Figure 3.  These EOFS’s were generated by applying singular value decomposition to a set of model profiles generated by IRI95.  The dominant term, EOF1, represents a mean ionospheric profile.  The higher order EOF’s, which gradually decrease in significance, allow the profile to depart from the mean.  Typically 2 to 3 EOF’s are sufficient when using ground-based data alone.

The mapping of the problem involves mapping all terms in the filter as shown below. 

Map state vector using orthogonal mapping matrix, M
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Map forward projection, A
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Map error covariance, P
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Map error process noise, Q
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Map observation matrix, H
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Appendix C.
Assimilating wide-lane observations

The primary goal of the work presented in this document was to provide an accurate estimate of the ionosphere for geodetic applications.  For precise geodetic positioning a double difference of the phase observable is generated for a pair of receivers and satellites.  For this reason an accurate determination of the double difference in ionospheric slant TEC was necessary.  In order to achieve this, a method was developed of assimilating double difference observations that used the integer nature of the phase ambiguity to refine the ionospheric accuracy.

The phase observable, (, on frequency i, measured by a GPS receiver can be written as


[image: image2.wmf]
The four terms here represent geometrical distance, ionosphere, troposphere and the integer ambiguity.  Various linear combinations of the two frequencies are of use in GPS data processing, the geometry free combination, L4
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used by data assimilation methods to obtain TEC estimates, and the wide-lane combination (L5)
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The value of the wide-lane combination is its large wavelength of 0.86m which corresponds to approximately 4TECU.   The Wide-lane double differences between a pair of receivers and satellites can be written
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Given estimates of the distances from satellites to receivers, the ionospheric term and the tropospheric term it is possible to estimate the double difference wide-lane ambiguity
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Rounding this ambiguity to the nearest integer enables a refined estimate of the un-ambiguous double difference ionosphere to be made
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This information may then be assimilated into the filter by double differencing terms in the H matrix as 
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A schematic of the processing strategy for assimilating wide-lane double differences is show in Figure 4.  
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Figure 4.  Schematic of the data assimilation strategy

Using a prior solution of the ionosphere, the ambiguous double differences are calibrated so as to maintain the integer nature of the wide-lane ambiguity.  The improved double difference estimates are then fed into the filter along with geometry free data.  It should be noted here that the wide-lane double differences provide a local minimum only.  Provided the ionospheric estimate is close to a true solution (within 2TECU) then solution accuracy will be improved using this method.  To obtain a global minimum the geometry free data must also be assimilated at the same time.

Appendix D:
Interface settings for near real-time mode
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Figure 5.  Interface settings for near-real time mode

The above settings show how gmagic may be configured for the near real-time processing mode.  A selection of IGS sites are assimilated using the default settings for processing the global ionosphere.  The start date for processing is 1st January 2003, the processing of each day will pause to ensure that the data being processed is always two days behind the system clock.  After each day is processed both the raw data and pre-processed data are deleted.  The results are output to work/data/2003/Jan/.

Appendix E:
Interface settings using multiple jobs
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Figure 6a.  Job 1, Download and pre-process required data
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Figure 6b.  Job 2, Assimilate data as phase differences
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Figure 6c.  Job 3, assimilate data as phase with receiver bias

For this example three processing jobs are defined.  For the first job, data are downloaded and pre-processed.  In this case no output name is required since no data are assimilated.  Jobs 2 and 3 process the data from job1 using two different processing methods.  The output names for Jobs 2 and 3 are different to prevent output files from Job 3 overwriting Job 2.  Notice that the start dates and data sources for each job are the same.

Appendix F:
Interface settings for assimilating wide-lane data
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Figure 7.  Download, pre-process and assimilate CORS and WIDELANE data

A single day is processed using both CORS data and WIDELANE data.  CORS data are given a window of 6 minutes and the filter is updated every 4 minutes.  This implies that 6x2+4=16 minutes of CORS data are used in each filter update.  The data are also under-sampled 16 times implying 8 minutes between rays.  Hence there are a maximum of 3 CORS rays assimilated per filter update (2 if phase differences are used) for each satellite/receiver. 

The script ddiff.m in the users working directory enables the comparison of double difference ionosphere estimates with geodetic ION files from the NGS.

Appendix G:
Output to the MatLAB command line

The MAGIC software was developed originally to be run from the MatLAB command line.  For this reason, all output from the internal processing functions is placed here.  If the software should fail much information may be gained from the MatLAB command line.  The output for a typical processing job is shown below. 

Downloading satellite biases

Downloading P1P20301_ALL.DCB – OK

Downloading SP3 orbit files

Downloading igs11992.sp3 - OK

Downloading igs11993.sp3 - OK

Downloading igs11994.sp3 - OK

Downloading RINEX files

Downloading guat/guat0010.02o - OK

Downloading cro1/cro10010.02o - OK

Downloading arp3/arp30010.02o - OK

Downloading kyw1/kyw10010.02o - OK

Downloading bill/bill0010.02o - OK

Downloading wsmn/wsmn0010.02o - OK

Downloading jtnt/jtnt0010.02o - OK

Downloading okom/okom0010.02o - OK

Downloading cha1/cha10010.02o - OK

Downloading ybhb/ybhb0010.02o - OK

Downloading gabb/gabb0010.02o - OK

Downloading mbww/mbww0010.02o - OK

Downloading omh1/omh10010.02o - OK

Downloading slai/slai0010.02o - OK

Downloading stkr/stkr0010.02o - Not Found

Downloading hdf1/hdf10010.02o - OK

Downloading eprt/eprt0010.02o - OK

Downloading ais1/ais10010.02o - OK

Downloading pabh/pabh0010.02o - OK

Downloading spn1/spn10010.02o - OK

Downloading bsmk/bsmk0010.02o - Not Found

Downloading gdma/gdma0010.02o - Not Found

Downloading gus2/gus20010.02o - OK

Pre-processing GPS data

Pre-processing (  1 of  23) - guat - Saving: ./data/2002/001/_CORguat20020101T000000

Pre-processing (  2 of  23) - cro1 - Saving: ./data/2002/001/_CORcro120020101T000000

Pre-processing (  3 of  23) - arp3 - Saving: ./data/2002/001/_CORarp320020101T000000

Pre-processing (  4 of  23) - kyw1 - Saving: ./data/2002/001/_CORkyw120020101T000000

Pre-processing (  5 of  23) - bill - Saving: ./data/2002/001/_CORbill20020101T000000

Pre-processing (  6 of  23) - wsmn - Saving: ./data/2002/001/_CORwsmn20020101T000000

Pre-processing (  7 of  23) - jtnt - Saving: ./data/2002/001/_CORjtnt20020101T000000

Pre-processing (  8 of  23) - okom - Saving: ./data/2002/001/_CORokom20020101T000000

Pre-processing (  9 of  23) - cha1 - Saving: ./data/2002/001/_CORcha120020101T000000

Pre-processing ( 10 of  23) - ybhb - Saving: ./data/2002/001/_CORybhb20020101T000000

Pre-processing ( 11 of  23) - gabb - Saving: ./data/2002/001/_CORgabb20020101T000000

Pre-processing ( 12 of  23) - mbww - Saving: ./data/2002/001/_CORmbww20020101T000000

Pre-processing ( 13 of  23) - omh1 - Saving: ./data/2002/001/_CORomh120020101T000000

Pre-processing ( 14 of  23) - slai - Saving: ./data/2002/001/_CORslai20020101T000000

Pre-processing ( 15 of  23) - stkr - No data

Pre-processing ( 16 of  23) - hdf1 - Saving: ./data/2002/001/_CORhdf120020101T000000

Pre-processing ( 17 of  23) - eprt - Saving: ./data/2002/001/_COReprt20020101T000000

Pre-processing ( 18 of  23) - ais1 - Saving: ./data/2002/001/_CORais120020101T000000

Pre-processing ( 19 of  23) - pabh - Saving: ./data/2002/001/_CORpabh20020101T000000

Pre-processing ( 20 of  23) - spn1 - Saving: ./data/2002/001/_CORspn120020101T000000

Pre-processing ( 21 of  23) - bsmk - No data

Pre-processing ( 22 of  23) - gdma - No data

Pre-processing ( 23 of  23) - gus2 - Saving: ./data/2002/001/_CORgus220020101T000000

Running Kalman filter

On starting, the filter must firstly initialize.  A memory failure can happen here if the number of grid voxels or covariance terms is too large.  The state is then optionally mapped, in this case using 3 EOF’s.  Each update of the filter starts with the line ‘Processing’ followed by the date and time.   As each data source is assimilated the type of data is output to the command line.  Following this the path integrals are computed and the number of rejected rays that are outside the grid volume is reported.  The Kalman filter is then updated and the solution residuals are output.  This final line is significant since it reports the RMS error in each data type divided by its error estimate (values of the order unity should therefore be expected).  If no data of this type is included a NaN (not a number) is returned.  The ordering of the residuals for each data type is listed below;


1) Absolute line integrals


2) Phase differences in time


3) Biased phase data


4) Ambiguous wide-lane data


5) Unambiguous wide-lane data

It can be seen from the following that data were assimilated with biases.

Initialising Kalman filter

Mapping problem using 3 EOF's

Processing 01-Jan-2002 00:00:00

   Reading  CORS ............................ OK

   Integrating   95 rays (29 rejected) ...... OK

   Kalman update ............................ OK

   Residual      NaN  NaN  2.6  NaN  NaN

Processing 01-Jan-2002 00:15:00

   Reading  CORS ............................ OK

   Integrating   162 rays (38 rejected) ..... OK

   Kalman update ............................ OK

   Residual      NaN  NaN  2.0  NaN  NaN

Processing 01-Jan-2002 00:30:00

   Reading  CORS ............................ OK

   Integrating   166 rays (43 rejected) ..... OK

   Kalman update ............................ OK

   Residual      NaN  NaN  1.8  NaN  NaN

Processing 01-Jan-2002 00:45:00

   Reading  CORS ............................ OK

   Integrating   194 rays (44 rejected) ..... OK

   Kalman update ............................ OK

   Residual      NaN  NaN  1.7  NaN  NaN

Processing 01-Jan-2002 01:00:00

   Reading  CORS ............................ OK

   Integrating   215 rays (39 rejected) ..... OK

   Kalman update ............................ OK

   Residual      NaN  NaN  1.7  NaN  NaN

Processing 01-Jan-2002 01:15:00

   Reading  CORS ............................ OK

   Integrating   220 rays (34 rejected) ..... OK

   Kalman update ............................ OK

   Residual      NaN  NaN  1.6  NaN  NaN

Appendix H: 
Data processing tips

Although a number of default processing settings are pre-defined within MAGIC it should be noted that these are provided as guidelines.  Depending on the requirements of the user, a degree of experimentation is recommended.  Generally a compromise must be made between, on the one hand, accuracy, and on the other computer memory-processing requirements.  As a starting point consider the choice of three-dimensional grid.  The grid, which may be configured by the user within defgrid.m, defines the image area and voxel sizes in radius, latitude and longitude.  Obviously, higher resolutions enable the imaging of smaller ionospheric features.  Unfortunately, higher resolutions also significantly increase memory requirements in a non-linear manner.  The second point to consider, which is related to the choice of grid resolution, is the number of non-zero terms in the latitude and longitude covariance functions.  For higher grid resolutions more non-zero terms are required to maintain the same correlation distance that in turn increases memory requirements.  Having defined the grid and covariance terms the next factor to consider is the number of EOF’s.  If an approximate estimate of vertical TEC is required then a single EOF is sufficient.  The number of unknowns in the problem is then identical to that required by a shell model.  The benefits of using two or more EOF’s for TEC mapping are subtle.  Certainly there is little advantage in using more than three EOF’s when ground-based GPS data alone are assimilated.  By mapping the radial profile using EOF’s the number of terms in the state vector is typically reduced by an order of magnitude and the memory requirement by two orders of magnitude, though this advantage is reduced the more EOF’s that are used.  The EOF power determines the stability of the electron density profile obtained for higher order EOF solutions.  As such it is of little importance for TEC determination, but may play a role if future versions of MAGIC support the assimilation of ionosonde or occultation data.

Further consideration must also be taken regarding the data to be assimilated and the time-scales over which the filter is to be updated.  The ionosphere is a four-dimensional medium.  As such the assumption that the electron density field is static over a ‘short’ period of time will introduce some error, especially at dawn, dusk and under active ionospheric conditions.  The time evolution setting, which applies to the EOF mapped solution, enables linear time evolution terms to be included which reduces these errors.  It should be realized that in relation to the spatial and temporal variation of the ionosphere, GPS data are generally sparse in both space and time.  Consequently, there are advantages to using longer intervals for the filter update.  Conversely, longer update intervals prevent the imaging of short-lived structure, which is important in the case of achieving geodetic accuracy requirements.  For this reason allowance has been made to enlarge the time window over which data are assimilated without altering the filter update interval.  In the case of obtaining accurate geodetic solutions, data from the CORS network may be assimilated over 10 to 20 minutes, to provide an estimate of the mean ionosphere, whilst wide-lane double-difference data may be assimilated over the filter update interval of 4 minutes to provide detailed time resolution.

The number of rays assimilated in each filter update also has a bearing on the process memory requirements.  In a rotating Earth coordinate system the apparent motion of the GPS satellites, over the nominal data-sampling interval of 30s, is often insignificant in relation to the typical grid resolutions used.  GPS data are therefore under-sampled by an order of magnitude or more.  The number of rays assimilated for a particular satellite-receiver pair is a function of the filter update interval (minutes), the data sampling and the data window size (minutes).  The number of assimilated rays for GPS data is equal to

 (Interval+2*Window)*2/Sample+1

Typically these parameters are configured such that two to four rays are assimilated per filter update per satellite receiver pair.  Note that when processing data as phase differences at least 2 rays per update interval must exist.  Failure to ensure this will result in no data being assimilated.  

GPS data from the CORS or IGS networks are subject to satellite and receiver biases and multi-path offsets.  To deal with this various methods of assimilating the data have been provided.  The method of phase differencing in time removes all the unknown bias terms and is accurate to a fraction of a TEC unit.  Although this data contains no information of the absolute TEC, given sufficient information density, accurate estimates of the TEC may be obtained.  A second method, referred to as phase + bias, includes bias terms in the state for each satellite-receiver pair.  This method is the most memory intensive and like phase differencing does not introduce inconsistencies due to multi-path.  The final method, phase + Rx bias includes bias terms for the receivers only and removes the satellite biases using external values.  This method, which provides the most information, may produce systematic errors depending on the degree of multi-path at each receiver.  Note that satellite biases are not available before October 1997.  The relative merit of the three methods is dependent on factors such as information density and data pseudo-range quality. 


Finally some consideration should be applied to the filter parameters that are related to the role of the IRI background model, i.e. the process noise and the Alpha parameter.  Alpha defines the extent to which the model is trusted in a relative or an absolute sense.  Setting Alpha to zero causes the forward projection of the state to be relative which prevents systematic biases being introduced if the model is systematically in error.  However, where no information is available a more realistic estimate of the ionosphere is likely to be given by the model in an absolute sense.  For this reason Alpha is typically set to some small number less than unity.  The process noise has a bearing on the degree to which the solution must conform to the model.  Smaller values will cause the solution to tend to the model, which may not be the required behavior where the imaging of subtle or un-modeled features is required.  Note that both the process noise value and the half-width of the covariance functions have a bearing on the overall smoothness of the solution.  

Appendix I: 
Real-time data processing


The possibility of processing data in real-time was included to fulfill the requirements of the Space Environment Center (SEC), Boulder.  This software was developed specifically for the SEC and requires access to data not available to general users.  This appendix provides a brief overview of the real-time system.  More information may be obtained directly from the source code functions mentioned below.  


The real-time process is run from a MatLAB entry point script in the working directory, rt.m, which defines a number of parameters and then calls the processing function /kalman/rtprocess.m.  This function requires that RINEX data files for the past three to four hours are provided in a local directory.  A UNIX C shell script, /magic/bin/transfer.csh, was written for this purpose.   This script must be run in parallel to the MatLAB process.


The raw binary data files from a number of USCG receivers are made available via anonymous FTP.  These files store one hour of binary data with the latest file being concatenated with new data every five minutes.  The purpose of the C shell script is to monitor this data stream, FTP current files to the local machine and convert then to five minute RINEX files using the function /magic/bin/teqc.  The script also deletes all files that are older than a pre-defined time, typically set to three hours.  The aim in using a shell script for the data transfer and conversion was to ensure that the software remained as modular as possible.  As other real-time GPS data becomes available it is unlikely that the same file naming and file format conventions will be followed.  New scripts would need to be developed to cope with these data.  


The MatLAB function rtprocess.m scans the directory of RINEX files created by the C shell script and converts the RINEX data files into a more efficient MatLAB binary format. This is done so as to maximize efficiency since cycle-slip detection and phase to pseudo-range leveling must be carried out for all available data over the past few hours for each filter update.  The data is then processed into a format that can be ingested by the Kalman filter.  Output from the filter is provided in the same format as detailed above for the function gmagic.  Whenever the real-time process is started, or at the start of each UT day, a new root inversion directory and file is generated.  For a process started at 10UT on 17 November 2003 the root inversion file 17Nov1000.mat will be placed in the directory ./data/2003/17Nov1000.  Data from each update of the filter is then stored in this directory.  Note that all MAGIC data analysis and visualization functions such as gplot will work with output from the real-time software.   The function rtprocess.m also generates real-time plots of TEC, TEC difference from the background model (IRI95), and an estimate of the TEC error obtained from the Kalman filter.  This later plot also shows the locations of the receivers used in each filter update.  Note that the error estimates are highly dependent on the process noise parameter defined in rt.m.  A late addition to the data products output by the real-time software is ASCII files containing the slant TEC to each satellite for a grid of points across the US mainland.  An example data file is shown below.  Data are stored for each satellite as a two dimensional matrix of slant TEC values (in 0.1TEC).  The first row represents the longitude of the vertices and the first column the latitudes, both in units of 0.1 degrees.  The value in the top left of the matrix is the satellite number plus 99900.  Values larger than 99900 may be used as a marker for a new satellite.  Note that values of 0 imply the satellite was below the horizon at that point.

99905 -1300 -1290 -1280 -1270 -1260 -1250 -1240 -1230 -1220 …

  200     0     0     0     0     0     0     0     0     0 …

  210     0     0     0     0     0     0     0     0     0 …

  220     0     0     0     0     0     0     0     0     0 …

  230     0     0     0     0     0     0     0     0     0 …

  240     0     0     0     0     0     0     0     0     0 …

  250     0     0     0     0     0     0     0     0     0 …

  260     0     0     0     0     0     0     0     0   432 …

  270   516   504   493   481   470   459   449   439   429 …

  280   513   501   489   478   467   456   445   435   425 …

…

…

…

99906 -1300 -1290 -1280 -1270 -1260 -1250 -1240 -1230 -1220 …

  200   253   249   245   241   238   234   230   227   224 …

  210   241   237   234   231   227   224   221   218   216 …

Example ASCII slant TEC data for satellites 5 and 6
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