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Motivation

Airborne electromagnetic surveys are established methods of mapping variation of electrical conductivity in the
subsurface. These variations can be interpreted to derive hydrological information.
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The fluid potential of a groundwater flow system can be 
determined from empirical observations of hydraulic head 
distributions. As vertical fluxes are particularly important, we 
present the distribution of heads (corrected for salinity) as 
defined by Harrington et al. (2005), in a cross sectional view 
(Figure 8). Equipotential lines are superimposed on the 
conductivity depth section derived from the SCI of the 
floodplain transect line (Section 2) shown in Figure 3. The 
vertical change in hydraulic heads indicates a potential for 
downward leakage of comparatively fresh irrigation water (TDS 
~<6500 mg/L) from the Upper Loxton Sands aquifer (on the 
right of the section) into the Lower Loxton sediments. The 
groundwater mound developed beneath the highland area 
generates a significant head and flux of the saline groundwater 
system (that characterises the Pata Limestone at depth) towards 
the floodplain. On the floodplain-highland boundary 
groundwater flow is towards the floodplain, and there is an 
upward head and surface discharge of saline groundwater is 
observed at that boundary. The observed conductivity structure 
(Figure 7) indicates that the saline groundwater leaks through 
Lower Loxton Clays and Bookpurnong Beds and into the 

floodplain sediments of the Monoman Formation. At depth, in 
the Murray Group Limestones, lateral flow of the regional saline 
groundwater system (TDS between 15 000 and 30 000 mg/L) 
dominates. However, the conductivity structure suggests that 
under the floodplain, groundwater in the Mannum Formation 
freshens significantly. Whether this reflects an upward flux of 
relatively fresh groundwater from the deeper Renmark Group 
aquifer into the overlying Murray Group sediments remains to 
be determined.

In the floodplain aquifers, lateral flow of relatively fresh river 
water occurs in the sediments adjacent to the river. These 
flushed zones extend a considerable distance: up to a kilometre 
away from the river (Figures 4 and 8). The moderate 
conductivities of the Monoman and Coonambidgal Formations, 
where present, may reflect the presence of relatively freshwater 
from previous high flow events. The upward leakage the saline 
groundwater system is apparent in several places, particularly 
in the lower part of the Quaternary floodplain sequence, with 
discharge directly into the river noted in some reaches, 
particularly where the Murray approached the floodplain-

Fig. 8. Vertical conductivity depth 
section derived from a 4 layer SCI of 
SkyTEM data for the floodplain – highland 
transect shown as Section 2 in Figure 
3. The hydrogeology is illustrated in the 
lower section. Groundwater flow lines have 
been superimposed over the section and 
have been derived from an understanding 
of the potentiometric heads in the 
different aquifers. Groundwater quality is 
highly variable, with a fresh groundwater 
mound developed under the highlands 
adjacent to the floodplain as a 
consequence of excess irrigation drainage. 
The mound sits over a saline groundwater 
system and the elevated hydraulic 
gradient to the floodplain encourages 
an upward flux of saline groundwater 
across the Bookpurnong Clay aquitard. 
Groundwater conductivity values from 
bores in the vicinity of the section line 
2 are projected onto the section for 
reference. The section length represents 
a distance of ~3.5 km.
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after Veizzoli et al, 2010

Some of the features we attempt to resolve from AEM data are very subtle. Research in this talk is aimed at
better resolution of the earth through alternate sampling of the transient decays and thereby improve the quality
of interpretation of AEM data.



Data collection in airborne electromagnetic surveying

We consider Tempest-like systems where data are
collected as a time series. The main processing
steps are:-

1. reduction – attenuation of sferic, powerline,
VLF & coil motion noise;

2. deconvolution of system response;

3. removal of primary field; and

4. conversion to square-wave B-field response

It is at step 4 that we have the opportunity to
determine how we are going to sample the
transient decay.

1 m2 single-turn transmitter loop. Response is given in units of
femtotesla (1 fT = 10-15 T).

The square-wave B-field response is then converted from the
frequency domain to the time domain through application of an
inverse Fourier transformation. The transformation of ground
response from measured form to fully processed form is illustrated
schematically in the time domain in Figure 4.

The transformation associated with a change in the transmitter
current waveform is performed to simplify the ground response
characteristics. A 50% duty cycle transmitter waveform is utilised
during acquisition so that measurements of the Earth's magnetic

Fig. 3. Typical frequency-domain ground response measured by the
TEMPEST system.

Fig. 4. Schematic time-domain representation of the actual transmitter and measured ground response waveforms for 25 Hz base frequency, and their
processed form.

field can be made in the off-time of every half cycle. However, this
waveform produces a relatively complex response, with two
switching events per half cycle and low-amplitude effects during
the on-time resulting from deviations from a perfect square
transmitted waveform shape. Deconvolution and transformation of
ground response to that which would be obtained with a 100% duty
cycle perfect square wave results in a single decay for the full 
(20 ms) half period (for 25 Hz base frequency). This decay is
simple in character and has the maximum range of window delay
times possible for a chosen base frequency, having been generated
by a single change in the magnetic field associated with the
transmitter loop current at the beginning of each half cycle.

Conversion from square wave dB/dt response to square wave B-
field response is likewise applied to improve the response
characteristics. The square-wave B-field has many of the attributes
of a true step response, with enhanced interpretability compared
with an impulse response. A square-wave response differs from a
step-response in being limited to the bandwidth of the measured
response, from the base frequency to the Nyquist frequency.
However, because TEMPEST has wide bandwidth, the square-
wave B-field response is very similar to the step response in all but
the most conductive ground. The decay for step response begins at
the inductive limit, which is only a function of system geometry
and is independent of ground conductivity. Decay rates, the drop in
amplitude per unit time, are lower for a step response than for an
impulse response. The resultant smaller dynamic range for a step
response makes it easier to display profiles for a range of window
times on a single axis.

CONVERSION FROM RESPONSE TO CONDUCTIVITY

Subsurface conductivity is derived from square-wave B-field
window amplitudes for every observation using inverse modelling.
Limitations of 2D and 3D inversion techniques for the large data 

Lane, Green, Golding, Owers, Pik, Plunkett, Sattel, and Thorn
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Different sampling schemes . . .
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accurately-sampling a wide range of earth
responses (requires more windows) and
minimising noise (requires long windows).

Black dots denote windows centres, vertical lines
denote the start and end of each window, and
colours are used to highlight different windows.

Of the nine schemes of sampling the transient
decay that we consider, two model commercial
systems (Tempest & SPECTREM2000) while one
employs linearly-positioned windows. The
remainder position gates logarithmically in time.

Systems are used for illustrative purposes only.
We are not interested in benchmarking.



An example . . .

Consider a 1D model consisting of two 10 m thick
conductors separated by 50 m in a moderately-resistive
regolith over a resistive basement. The deeper
conductor is ×10 more conductive than the shallower
one.
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Model response using different sampling schemes . . .
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Optimal sampling

We refer to an ‘optimal’ sampling scheme as one which samples a transient decay so that portions of the decay
with differing ∂B

∂t are captured with an appropriate number of samples. In this work, we use a combination of
exponential and power-law fitting. Clearly, there are alternative ways of summarising the decay.
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The figure compares original and ‘optimally-sampled’ responses (with 1% noise added) for the vertical
component response of the model. In comparison to the original 50-gate response, the ‘optimally-sampled’
response has 25 samples. Optimal sampling has characterised the decay in terms of five exponential decays
and 19 power-law decays. Reducing the fitting tolerance (from R2 = 0.99999) would result in the
optimally-sampled response having fewer gates.



Methodology

A natural way to examine effects of employing different sampling schemes, is to compare results of inverting data
for a layered earth, since this is how data are most commonly interpreted. The procedure below was used:-

1. Calculate the model’s forward response

2. Add noise: 1, 2, 5 and 10% of signal amplitude in particular gate

3. Invert data: we refine the model twice using prior runs

4. Analyse results

I Average Predicted Residual Error (APRE)
I RMSResponse
I RMSParameters
I RMSConductance

Notes
For field data, we only have access to
error metrics based on response
amplitude (APRE & RMSAmplitude).

Since we have numerical-modelling
data, we can test how well the inverted
models match the true model
(RMSConductance & RMSParameters).

There are many effects that can be illustrated; we concentrate on a few . . .



Inversion results: 5% noise
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(b) Inline error metrics
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(c) Vertical (unconstrained)
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(d) Vertical error metrics

Different sampling schemes influence the inversion results . . .



More generally . . .
To test if an optimal sampling scheme is worthwhile, we perform the same experiment on a distribution of
randomly-generated models. We consider an n-layered earth with 2 ≤ n ≤ 9. We vary layer resistivity, ρ, and
thickness k :-

0.1 ≤ρ ≤ 1000 Ωm

1.0 ≤k ≤ 100 m

We compute the forward response of 7500 models taken from a uniform distribution, add noise, and invert for
the appropriate layered earth. We do not enforce particular geologies.
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Inversion results

We present results as histograms which describe the error as a function of sampling scheme. Images below are
normalised by maximum count – darker reds are better than yellows.
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(a) APRE (Inline)
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(b) APRE (Vertical)
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(c) RMSP (Inline)
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(d) RMSP (Vertical)

A naive optimal sampling scheme generally results in inverted models with lower APRE and more accurate
models (lower RMSP).



Conclusions

1. How the transient decay is sampled does have an effect on what we can interpret.

2. The sampling scheme has more of an effect in high-noise environments than in low-noise
environments.

I In high noise environments, lower APRE errors are seen when few windows are used
I In high noise environments, more accurate (lower RMSP) models can be inverted when more

windows are used

3. There may be merit in processing time-series data so that it is fit-for-purpose, so that it accurately

captures the decay of magnetic fields in the earth in as few gates as possible and provides a

noise estimate.



Outlook

I How best to summarise a transient decay?
I Sum of exponential decays?
I Combination of exponential & power-law decays?

I End goal is to characterise noise on a fiducial-by-fiducial basis
I Quiet data not degraded by noisy data
I Noisy data not improperly characterised by quiet data



Thank you . . .
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Codes . . .

Forward modelling used LeroiAir (in layered-earth mode) while inverse modelling used Airbeo. Both codes are
part of a suite of electromagnetic modelling codes that were developed by CSIRO during nearly 30 years of
industry-supported research. The suite includes programs to forward & inverse model 1, 2 and 3D EM
responses. All codes were placed into the public domain in 2010.

Codes can be downloaded from AMIRA or SourceForge. They can be found by searching for ‘P223 AMIRA’.

http://www.amirainternational.com/WEB/site.asp?section=news&page=projectpages/p223f_software
http://p223suite.sourceforge.net/


Parameter resolution matrices

A useful concept is that of the resolution matrix. For a problem with M data points and a model with N
parameters, the Jacobian

J =
∂di

∂pj
(1)

has a singular value decomposition USV T . The M × M matrix U is the data resolution matrix while the N × N
matrix V is known as the parameter resolution matrix. The matrix S contains the eigenvalues.

Some authors present V∗ = VV T . We plot V which enables us to determine how a particular parameter is
resolved e.g. in isolation, or as a product or quotient.



Parameter resolution (1% noise)
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(h) 30 gates
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(i) 40 gates
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(j) 50 gates
Blue line indicates 0.8 damping factor; eigenparameters to the right of this line are not well resolved



Parameter resolution (10% noise)
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(b) 5 gates
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(c) Spectrem
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(d) 10 gates
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(e) Tempest
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(f) 20 gates
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(g) 9/decade
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(h) 30 gates
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(i) 40 gates
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(j) 50 gates
Blue line indicates 0.8 damping factor; eigenparameters to the right of this line are not well resolved



Parameter resolution (vertical component)
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(a) Optimal 1%
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(b) Optimal 2%
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(c) Optimal 5%

e1 e2 e3 e4 e5 e6 e7 e8 e9

LnHΡ01L

LnHΡ02L

LnHΡ03L

LnHΡ04L

LnHΡ05L

LnHk01L

LnHk02L

LnHk03L

LnHk04L

Eigenparameter

M
o

d
e

l
p

a
ra

m
e

te
r

10%

Eigenparameter amplitude

-0.8 -0.4 0 0.4 0.8

-6-4-20
24
6

(d) Optimal 10%
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(e) Tempest 1%
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(f) Tempest 4%
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(g) Tempest 5%
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(h) Tempest 10%



Average predicted residual error (APRE)
Airbeo’s standard error metric is average predicted residual error which is defined

APRE =

√√√√ 1

M

M∑
i=1

Hi(Di − Yi)2 (2)

Hi =

{
1 −

N∑
j=1

U2
i,j

}−1

(3)

where Di and Yi are the i-th data and model response respectively. The matrix U comes from the SVD of the
Jacobian, J which expresses the change in model response d with change in model parameter p

J =
∂di

∂pj
(4)

= USV T (5)

where U is a M × M orthogonal matrix of data space eigenvectors, S is a diagonal M × N matrix containing
singular values of J, V is an N × N matrix of model space eigenvectors and T indicates matrix transpose. There
are M data points and N model parameters.
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