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Tomography: why it is so cool? 

http://www.nanomotor.de/s_sem_xray.htm 

Classic X-ray 

imaging 

Tomography X-Ray 
slicing 

Bauer, D., Chaves, H., & Arcoumanis, C. (2012). Measurements of void fraction distribution 

in cavitating pipe flow using x-ray CT. Measurement Science and Technology, 23(5), 055302. 



Tomography: why it is so cool? 

http://www.ece.ucsb.edu/~ymostofi/SeeThroughImaging.html#Publications 

Gonzalez-Ruiz, A., Ghaffarkhah, A., & Mostofi, Y. (2014). An Integrated Framework for Obstacle Mapping with 

See-Through Capabilities using Laser and Wireless Channel Measurements. IEEE SENSORS JOURNAL, 

14(1), 25-38. 

X-Ray Vision for Robots: Seeing Through 
Walls with Only WiFi 



Tomography: why it is so cool? 

http://www.iris.edu/hq/files/programs/education_and_outreach/lessons_and_resour

ces/docs/es_tomography.pdf 



Tomography: why it is so cool? 

• You don’t need to cut open somebody’s head 
to research it (X-ray tomography) 

• You can develope new applications of old 
signals (e.g. WiFi – see-through) 

• You can research the earth crust without 
diging a hole (Seismic tomography) 

• Can you picture atmosphere with GNSS and 
tomography? 



Lecture content 

• Tomography principles 

• GNSS troposphere tomography  

– Building blocks 

– Equation system (link) 

– Observations 

– Constraints 

– Implementations 

• Applications in meteorology 

• Future development  

 



Preconditions for successful tomography 

• The waves that penetrates the substance of interest are partially sensitive to 
the molecules of that substance 

http://fas.org/irp/imint/docs/rst/Intro/Part2_4.html L1 L2 L5 

Observations 

• Waves receivers that are located on the 
opposite side of the investigated structure  

http://gnss.curtin.edu.au/research/cors_rtk.cfm 

Observation system 

http://gnss.be/troposphere_tutorial.php 

• Waves propagation effects known as an 
analytical or empirical formulas  
Link 



GNSS Tomography: building blocks 

Observations Observation system Link 



Tomography: link between troposphere and delay 
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Tomography: structure 

TOTAL NEUTRAL 

ATMOSPHERE 

DELAY 

Observation system 

o 

10-15 km 

troposphere 

40 km 

400 km 

ionosphere 

stratosphere 

Location of 

satellites in the 

observation time 

Location of receivers 

Troposphere girds/voxels 



Tomography: observations (1) 

Observations 
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Tomography: single observation (2) 

Observations 

Observation system 
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Tomography: multiple observations (3) 

Observations Tomography model structure Unknowns 

1SWD
2SWD



Tomography: problem ill-posedness 

vNAWD S

EXAMPLE POLAND  

120 ZTDs every hour ~600 SWDs ,  

Number of unknowns (10x12x10) = 

1200 voxels 

A matrix is sparse   

SWDs are correlated  

]6001200[]1200600[]1600[ xxx 

Solve the system: 
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SWDPABBAPAN TTT

v  )(

Use pseudo inverse not unique but optimal (SVD) 

SWDPABBAPAN TTT
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Select best singular values with (TSVD) 



Tomography: constraints(1) 

Observations 
Tomography model structure Unknowns 

-1 54/1 w 56/1 w
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Horizontal  

constraints 
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constraints 



Tomography: pseudo observations and outer (1) 

Observations Tomography model structure Unknowns 

Observations  

(e.g. radiosonde) 
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Tomography implementations: WLS 

Close to 

singular, ill-

posed system  

Pseudo-inverse 

Uncertainty of  ZTD 0.004 - 

0.007 m converts to  

Uncertainty of SWD 0.008 – 

0.050 m (in optimal 

conditions) 

Add wieghts for constraints 

and pseudo observations 

(Flores et 

al., 2000) 



Tomography implementations:  KF/RKF 

State predicition I State first guess 

Predicted covariance matrix 

State covariance 

 first guess 

Process noise 

Design matrix Observation noise 

Robust  KF - modification Inversion process 

Kalman Gain matrix (Robust KF iterative process) 

Corrected state estimate 

Corrected state covariance 

(Rohm et 

al., 2014) 



Tomography implementations: (M)ART 

Iterative algorithm with two loops  (Bender et al., 2009) 

Inner i = 1 : number of rows in A (observations) 

outer k = 1 : number of iterations 

Good quality of initial field (x) required as the 

updates only are estimated  

No inversion 

λ important to choose apropriate value 

Inner i = 1 : number of rows in A (observations) 

Inner j = 1 : number of columns in A (unknowns) 

outer k = 1 : number of iterations 

SWD 

Nw 



Tomography implementations: DD obs + spline 

(Perler et al., 2011) 
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Tomography implementations: stacking 

(e.g. Brenot et al., 2014; Rohm,  2013) 

1tr 1ts

p

q

observations 2ts2tr

There are „n” observation matrices  

There are „n” design matrices 

There is only one Nw (or expressed 

as a some function)  

How long you can accumulate the 

STD data as a result of one 

„atmosphere state”? 



Tomography retrieval quality 

zero noise 

low noise 

realistic 

noise 

noise 
reduction 

Standard Kalman Filter Robust Kalman Filter 



Tomography retrieval quality  

The tomography is very 

sensitive to bias and noise in 

STD 

The bottom part of troposphere 

(up to 1.5-2km) is undersampled 

due to the interstation distances 

The quality for simulated 

retrieval is usually 1mm/km 

The quality for real data retrieval 

is usually ~6 mm/km 



Tomography: practical considerations 

ZTD to SWD conversion 

supported with pressure 

information – NWP is a 

reasonable choice of 

pressure data 

The size of the voxels 

should not be smaller than 

half the distance between 

stations 

Heavy undulated areas are 

better for tomography.  

1

)(
s

s
Acond k

A matrix condition number is a 

good approximation of the 

tomography geometry quality 

Flores, A., Ruffini, G., & Rius, A. (2000, February). 4D tropospheric 

tomography using GPS slant wet delays. In Annales Geophysicae 

(Vol. 18, No. 2, pp. 223-234). Springer-Verlag. 
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Tomography: nowcasting application (1) 

Hypothesis: 1) Strong convection in front of the severe weather should be visible 
in 3D tomography retrievals, 2) the rain bands removing water vapour from the 
air should also have signature in these data 

6th March 2010 strong multicel storm in Melbourne, Vic, Australia 



Tomography: nowcasting application (2) 

  RIJ 

UPDRAFT 

(Houze, 2004) Vertical cross-section of multicell storm  

Vertical cross-section of tomography model 
along the severe storm propagation 



Tomography: nowcasting application (3) 

Vertical cross-section of tomography model along the severe storm propagation 

• Low refractivity represents the location of storm 
• Vertical fluxes visible on the figures 
• Cross validation with other methods required 



    

 

 

 

 

 

 

 

Stratiform: 

Cold backdraft 

Convective: 

Warm, moist air rise 

(Houze, 2004) Vertical cross-section of multicell storm  

Tomography: nowcasting application (4) 

Horizontal tomography slices of the investigated area  



    

    

Horizontal tomography slices of the investigated area  

Storm GNSS tomography (4) 



    
Tormential rain: Tomography 

dPWV Radar reflectivity Hz Tomography IWV Vr Tomography IWV 

Brenot, H., Walpersdorf, A., Reverdy, M., van Baelen, J., Ducrocq, V., Champollion, C., ... & Giroux, P. (2013). A GPS network for 

tropospheric tomography in the framework of the Mediterranean hydrometeorological observatory Cévennes-Vivarais (South-

Eastern France). Atmospheric Measurement Techniques Discussions, 6, 9513-9578. 



NWP tomography requirements  (1) 

Number of horizontal layers 16 (20) 

Bottom layer <2.0 km (0.5km) 

Top layer 6 km 

Inversions Resolved 

Height difference ~300m (1000m) 

Distance between receivers <20km 

Cut-off angle 5 deg (1.4 deg) 

Bending  impact 59mm (2397mm) 

Hypothesis: The tomography profiles (fields) are easier to assimilate into the 
NWP system as this is not much difference to any other profiling instrument.  



Tomography towers concept (1) 



Tomography towers concept (2) 

Sites that comply with 
requirements: 
• horizontal separation 
• vertical separation 
• observations 

separation (STD!) 
• NRT sites  
• stability of solution 
• future GNSS solution 



Summary 

• The tomography is a technique to convert ANY 1D observations 
to 3D structure 

• GNSS tomography is based on: 1) the Slant Troposphere 
observations, 2) division of the troposphere into number of 
voxels and 3)know link between troposphere conditions and 
signal propagation 

• GNSS tomography implementation for troposphere studies 
shoudl resolve ill-posedness of the observation system 

• The quality of retrieval depends on the interstation distance, 
terrain undulation, available independent observations. 

• There is potential to use it in both Nowcasting and NWP and 
we are very keen to work with you on those applications 



witold.rohm@igig.up.wroc.pl  

http://www.igig.up.wroc.pl/igg/ 

Thank you! 



TOMOGRAPHY workshop for WG1 and 
WG2 in Wroclaw late Autumn 2014 (19-21 
November) 

• Hands-on tomography processing of 
benchmark GNSS data 

• Application to sever weather 
monitoring and nowcasting 


