GEOFYSIKSAMARBEJDET

Geologisk Institut
Aarhus Universitet

Validation of the SkyTEM system at the extended
TEM test site 2010




GEOFYSIKSAMARBEJDET O

CONTENTS
INTRODUCTION 2
The SKyTEM-survey 5
SkyTEM set-up, data set 5
Processing and inversion 5
Upward continuation of SkyTEM data to a nominal height 5
Upward continuation of reference models to a nominal height 8
Validation results 9
Comparison of inversion results 9
SkyTEM repeatability 9
Agreement with the reference model section 10
Comparison in data space 11
CONCLUSIONS 15
REFERENCES 16
APPENDIX 1 - Inversion results 17
APPENDIX 2 - Data comparisons 1 18
APPENDIX 3 - Data comparisons 2 19
APPENDIX 4 - Raw data report, SkyTEM APS 20

CONTENTS 1



INTRODUCTION

The helicopter transient electromagnetic system
SkyTEM (Serensen and Auken 2004) has been used
for resistivity mapping in a hydrogeological context
since 2003 in Denmark and in recent years to a large
extent worldwide as well. From the beginning, a
very high data quality was demanded for the Sky-
TEM system to ensure seamless results when it was
used together with the large amounts of existing
high-quality groundbased TEM data. The high data
quality is ensured by a comprehensive data quality
control scheme, among other things including ca-
libration at the Danish national TEM test site and a
day-by-day documentation of repeatability at the
survey-specific test site.

The national TEM test site was established to ensure
that any TEM system used in the ongoing Danish
groundwater mapping campaign can reproduce
the reference models and match the upward conti-
nued responses of the reference model within nar-
row limits. The test site was established in 2001. In
2009 the test site was extended from being a point
location with a known reference response and re-
sistivity model to two crossing lines approximately
one kilometer long (GFS 2010). This makes calibra-
tion, validation and tests possible for airborne TEM-
systems that cannot make hovering spot measure-
ments and allows as well testing of the systems in
actual production mode.

In this report we present the validation results for
the SkyTEM system at the extended test site. The
validation of the SkyTEM system includes examina-
tions of:

® model and data repeatability in the same altitude
® model and data repeatability in different altitudes

® agreementbetween the airborne data and models
and the groundbased reference models and data

The validation and comparison will be carried out in
model space and in data space. The comparison in
data space is facilitated by an upward continuation
of the SKyTEM responses to a nominal height and
by an upward continuation of the of the reference
models. Examples of the different validations types
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are shown and commented in the report while a
complete set of plots for the full SkyTEM data set is
presented in the appendixes.

Being of international interest this GFS-report is
written in English.

GeoFysikSamarbejdet 2010, Nikolaj Foged, Esben
Auken, Kurt |. Serensen and Anders Vest Christiansen.

EXTENSION OF THE NATIONAL TEM
TEST-SITE

The extension of the national TEM test site was car-
ried out with a precalibrated ground-based TEM-
system, WalkTEM. WalkTEM is a groundbased TEM
system sharing the technological framework with
the SkyTEM system. At precalibration the WalkTEM
system reproduces the reference data set within
~1%. The red dots and squares in Figure 1 show the
positions of the groundbased TEM soundings. The
original test site is at the line intersection (Figure 1).
The TEM soundings were carried out in a central-
loop configuration using a 40 x 40 m? transmitter
loop placed edge to edge with 40 m spacing bet-
ween soundings. Data were obtained from appro-
ximately 8 ps to 10 ms, with a maximum transmitter
moment of 13,000 Am2. Data were then inverted
with a least-squares inversion approach, model-
ling the full system response and using the laterally
constrained inversion (LCl) concept by Auken et al.
(2005). The inversion result for the E-W profile is
shown in Figure 2a. A detailed report on the exten-
sion of the national test site has been published by
GeofysikSamarbejdet (GFS 2010).
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Figure 1 Detailed location map of the Danish national TEM test site. Red dots show the positions of the groundbased TEM soundings. The
squares indicate the positions of the 40 x 40 m2 transmitter loop
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Figure 2 Resistivity sections of the two profiles in figure 1. a) West-East profile b) South-North profile
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The SKyTEM-survey

The SkyTEM survey at the test site was carried out
on 5th August 2009 by SkyTEM ApS. The raw data
report (in Danish) for the survey by SkyTEM ApS is
in appendix 4

SkyTEM set-up, data set

The SkyTEM data were recorded with a standard set-
up using the largest transmitter frame at the time of
~500 m” Data were obtained from approximately
10 us to 10 ms using a low and a high transmitter
moment sequential. Table 1 shows a brief overview
of key system parameters and survey information.
A detailed system description, additional survey in-
formation etc. are found in the raw data report in
appendix 4.

Type Value
Helicopter speed ~45 km/h
Tx-height ~15 m, ~25m, ~35 m

Four of each line/height (two

Line reparations . . . ,
P times in booth direction)

Low moment  High moment

Transmitter moment ~4500 Am? ~180000 Am?
Tx: on, off 1.0 ms, 1.25 ms 10 ms, 10 ms
Gate time 10.5pus-1ms  0,14ms-9ms

Table 1 Key parameters for the SkyTEM-system setup.

The full SkyTEM data set consists of data from the
two crossing lines at altitudes of 15, 25, and 35 m, all
repeated four times (twice in both directions).

Processing and inversion

The UTM positions of all 24 lines are plotted in fi-
gure 3. The electrical installations and fences as-
sociated with the highways to the east and south
and the power line to the north cause coupling
interferences in the data. During the process the
coupled data have been removed.

In general, the agreement between the positio-
ning of the different flight lines and the groundba-
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sed reference lines is good. For the central part of
the lines, the positions are within 20 m of the refe-
rence sections. At the beginning and end of lines
the agreement with the reference sections is larger
because of helicopter manoeuvre related to the in-
coming and outgoing from the flight lines. A small
waterhole and a group of trees are located at the
north part of the north-south profile. For the repe-
titions in altitudes of 15 and 25 m, the helicopter
deviated from the reference line to avoid the trees,
which is clearly seen in the flight paths (figure 3).
SkyTEM data recorded in 35 m altitude had no tree
top clearing problems and therefore no line devia-
tions at the waterhole. The SkyTEM data deviating
from line are kept and inverted as well. This needs
to be taken into account in the later line compari-
sons. Also, note that there is no groundbased refe-
rence soundings/models at the waterhole.

Data processing and inversion were carried out
in the Aarhus Workbench (Auken et al. 2009).
Soundings were generated for approximately eve-
ry 20 m. The SkyTEM data were inverted with the
same LCl approach as used as for the groundba-
sed TEM. For the SkyTEM data this includes model-
ling of the actual transmitter and receiver heights.
The line repetitions were inverted in separate LCl
sections, using a sharp layer boundary model with
five layers (few-layer model). The data fit normali-
zed with the data error is on average close to 0.6.
This means that data are fitted well within the data
noise.

Upward continuation of SkyTEM data to
a nominal height

Part of the validation of the SkyTEM system is to
examine the repeatability. To avoid issues arising
from equivalent models, this repeatability study
is carried out in data space as well as in model
space.

The altitude strongly influences the recorded re-
sponses as showed in figure 4. Therefore, it is ne-
cessary to normalize data to a nominal altitude to
be able to compare the responses from the diffe-
rent repetitions. This is done by an upward conti-
nuation.

THE SKYTEM-SURVEY 5
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Figure 3 Model position of the different SkyTEM repetitions and the groundbased TEM soundings. Black, blue and cyan mark the four
SkyTEM repetitions in the altitudes of 15, 25, and 35 m. Red dots mark the groundbased TEM soundings
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Figure 4 a) Altitude variations along the S-N profile for two repetitions in approximately 15 m. b) Recorded SkyTEM data for the time
gate a 14.5 ys. A direct comparison of the data is not possible because of the altitude variations. c) Upward continuated data the nominal

altitude of 15 m.

The upward continuation to a nominal altitude is
done individually for all the soundings based on a
gate-by-gate linearization of the forward response
from the resistivity model with the altitude.

The upward continuation scheme is illustrated in fi-
gure 5 and includes the following four steps:

1 Inversion of the sounding to a resistivity model.

2 Calculation of the SkyTEM forward response,
using the full system transfer function in the ac-
tual altitude and in the nominal altitude.

3 Calculation of a correction factor gate by gate
from the two forward responses. CorFacgate n=
(Forwardacrual altitude, gate n /Forwardnominal alti-
tude, gate n)

4 Application of the correction factors to the re-
corded data. Datapom = Datagrecorded * CorFac

It can be shown that the linearization of log (data)
with altitude is a good first-order approximation for
small altitude variations.

With this scheme the altitude variation is removed
from the data whereas the noise characteristics of
the individual sounding are kept. The three nomi-
nal altitudes are: 15, 25, and 35 m.

THE SKYTEM-SURVEY 7
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Figure 5 - Flow chart illustrating the upward continuation concept.

Upward continuation of reference mo-
dels to a nominal height

An upward continuation of the groundbased re-
ference sections to the three nominal altitudes is
needed to validate the SkyTEM data against the
reference sections in data space. The upward conti-
nuation of the groundbased reference data to a no-
minal altitude is done in a similar way as the upward
continuation of the SkyTEM data.
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With this scheme we generate a synthetic respon-
se of what the SkyTEM system should measure
over the reference lines in the nominal altitude.
This makes it possible to compare and validate
the SkyTEM data gatewise. The upward continued
response will be referred to as the reference re-
sponse.

This upward continuation and the later compari-
son with the SkyTEM data only make sense if both
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The upward continuation scheme for the ground-
based reference soundings is illustrated in figure 6
and includes only two steps:

1 Inversion of the reference soundings to a resi-
stivity model.

2 Calculation of forward response for the refe-
rence model, in the nominal altitude, using the
SkyTEM system transfer function

Upward continuated data

Figure 6 Flow chart illustrat-
ing the upward continua-
tion concept of the reference
sounding/ model to nominal
altitude.

of the following criteria are met: Firstly, the refe-
rence model must resolve the subsurface equally
good as or better than the SkyTEM system. Se-
condly, the mapping method for the reference
model and the SkyTEM system must be based on
the same physical principles (e.g. EM and EM, not
EM and DQ). In our case, both criteria are met.

THE SKYTEM-SURVEY 8



Validation results

Comparison of inversion results

The first validation step of the SkyTEM system at the
national test site is a simple visual comparison of
the inversion results. This is done with respect to:

1 Repeatability in the same altitude
2 Repeatability in different altitudes

3 Agreement to groundbased reference model
sections

In this section comparison examples of the tree
different types are presented and commented. In
appendix 1 the full set of inversion results are dis-
played including profiles in all three altitudes and
four line repetitions, in total, 24 resistivity sections.

When comparing the inversion results, some issues,
not related to the specific system, can result in dis-
similarities in the inversion results:

®  Footprint —footprint sizes differ with altitudes

GEOFYSIKSAMARBEJDET O

® Position errors - The different line repetitions are
not perfectly positioned on top of each other.

® Equivalent models - Different models can fit the
same response within the data errors.

It is difficult to quantify the effect of the first two
issues in the inversion results. The last issue will be
eliminated in the later comparisons in data space.
However, a direct comparison of the inversion re-
sults still provides a fair first-step validation of the
SkyTEM system.

SkyTEM repeatability

Resistivity sections for two repetitions of the E-W-
profile at a altitude of 25 m are shown in figure 7.
The agreement between the two sections is gene-
rally good with only minor dissimilarities. The good
repeatability is general for the four repetitions in
the three different altitudes.

Figure 8 presents a comparison of the resistivity
sections from 15 m and 35 m from the E-W profile.
The overall agreement between the two sections is
again very good.
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Figure 7 Resistivity sections from the E-W-profile at a altitude of 25 m plotted with double vertical exaggeration. Background section is

repetition one, front bars repetition two.
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Figure 8 Resistivity section from an EW-profile at two different altitudes, plotted with double vertical exaggeration. Background section;

altitude of 35 m. Front bars; altitudes of 15 m.

Table 2 shows the model parameter analysis (Auken
et al.,, 2005) for a single model, stating how well the
different model parameters are resolved. The poor-
ly resolved model parameters are the resistivity of
layer 5, resistivity and thickness of layer 1, and partly
the resistivity of layer 3.

Resisti- Res-  Thick- Thk Depth Dep

vitet | STDC ness  STDC ~P™ srDC
Lag 1 17.9 1.618 3.8 2.020 3.8 2.020
Lag 2 141.1 1.516 27.1 1.134 30.9 1.048
Lag 3 11.7  1.055 28.2 1.038 59.1 1.028
Lag4 2.6 1.020 584 1.034 117.5 1.008
Lag 5 368.2 2.060

Table 2 Single model with the model parameters analysis for: Re-
sistivities (ResSTDC) , thickness (ThkSTDC), and Depth to the
layer boundaries (DepSTDC). The model parameter uncertainties
are stated as STD-factors.

Comparing the different model sections from figu-
res 7 and 8, it is clear that the largest dissimilari-
ties between the sections are seen for the poorly
resolved model parameters. This suggests that the
observed variations (e.g. on the resistivity of the
bottom layer) in the different repetitions are most
likely equivalence issues, since these parameters
are poorly resolved.

Comparing the inversion results from the many line
repetitions, we conclude that the SkyTEM system
model repeatability in both the same altitude and
different altitudes is good. Furthermore, this indi-
cates that the resolution capabilities of the SkyTEM
system are not noticeably affected by different re-
cording altitudes in the interval from 15 to 35 m.

Agreement with the reference model
section

The comparison to the reference section will dis-
close whether the absolute levels of the SkyTEM re-
sults are correct. Since the SkyTEM system prior to
the survey was calibrated at the original reference
site (intersection of the reference lines), we expect
at perfect match at this location. The validation of
the SkyTEM system against the reference sections
will also be a check of the globality of the SkyTEM
calibration scheme.

Figure 9 shows the comparison of a SkyTEM section
from 25 m (background) with the reference section
(bars), in this case for the S-N profile. The S-N sec-
tion has a higher degree of lateral variation than
the EW-section. Overall, there is a good agreement
between the reference section and the SkyTEM sec-

VALIDATION RESULTS 10
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Figure 9 Resistivity section from an SN-profile plotted with double vertical exaggeration. Background section is a SkyTEM result from

25 m. Front bars show reference model.

tion. Note, for instance, how the small lateral resisti-
vity variation in layer three is resolved in both cases.
The largest dissimilarities are again observed for the
poorly determined parameters: resistivities of layer
two and five.

The disagreement of the deeper model part at pro-
file coordinate 0-100 m is observed for all the repe-
titions. Just south of the end of the profile, a steep
slope of 5-10 m towards the highway is observed.
This strong surface variation may effect the ground-
based TEM-measurements (reference model) and
the SkyTEM measurements differently because of
different footprint sizes.

The general good agreement with the reference
sections confirms the quality both of the compre-
hensive calibration and quality control scheme and
of the careful and high precision modelling of the
SkyTEM-system.

Comparison in data space

It is essential that the comparisons are not only per-
formed in the model space. As mentioned, inverted
models that differ visibly may have nearly the same
response due to equivalence problems. By compa-

ring in the data space these apparent differences
will be neutralized. An evaluation in data space also
reveals if the repeatability and agreement with the
reference sections is equally good for all parts of
the sounding curve/all time gates.

Similar to the model section a few examples will
be presented in this section, while the full series of
plots for all the repetitions are placed in appendices
2 and 3.

All comparisons are based on the upward continu-
ed responses in the nominal heights. Since the data
from the different repetitions do not coincide geo-
graphically, the data are plotted against the UTM-Y
coordinate for the N-S profile and against the UTM-
X coordinate for E-W profile. The shown data values
are late-time apparent resistivity (p,), transformed
from the observed db/dt values by the usual equa-

tion:
(M [”—)
L= \200 700 ) \ 4
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Where M is the magnetic moment of the transmit-
ter, and t is the gate center time.

Panel b and c in figure 10 show data for the low-
moment time gate at 115 us from an altitude of
15 m, before and after the upward continuation
respectively. The error-bars in the four colours
represent the four different repetitions, while the
reference response from the ground-based refe-
rence section is marked with red dots in the figure.
The matching altitudes variations are shown in pa-
nel a. Panel c in figure 10 holds the plot of inte-
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rest where one can make a direct data compari-
sons. For the upward-continued data we observe
a good agreement between the four repetitions
and the reference response throughout the sec-
tion. In general, the SkyTEM-system repeats and
fit the reference response within the data STD for
this time gate.

Figure 11 shows data comparisons similar to that
of figure 10 ¢, but for the three different altitudes
of 15, 25 and 35 m. An equally good agreement in
the different altitudes is observed.
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Figure 10 Data from the south-north profile, flying height ~15 m . a) Flying height variations for the four repetitions in ~15m indicated
by four different colors. b) and c) error bars show data for the gate at 115 us before and after upward continuation respectively. The color-
coding is the same as used in panel a) and the red dots mark the upward-continued reference response, from the ground-based reference
section. d) Typical sounding curve with red as low moment, and green as high moment.
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25 m, and 35 m, respectively. d) Typical sounding curve. Red is the lo

Figure 12 shows the data comparison for an early and
center low-moment gate and for a late high-moment
gate. Data from the early time gate (top panel) is
more scattered and especially at the ends of the pro-
file the fit to the ground-based reference response is
poorer than for the later gates (panel b and ¢), were
the overall fit is good. At early times is the foot-print
relatively small, which means that surface-near geo-

VALIDATION RESULTS
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a), b) and c) marks the error bars data from the altitude of 15 m,
w moment, green is the high moment.

logical variations will have an impact if there are small
offsets in the geographical positions between repeat
lines. This is in accordance with the observations in fi-
gure 10 ¢), where the largest geographical mismatch
is at the north end of the profile where the positions
deviate from the line because of the water hole (see
figure 2). At later times the foot-print is much larger
and smaller geological variations are averaged out.
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The different data comparison shows that the
SkyTEM-system repeats the test lines equally
good in different heights and the agreement with
the reference response is generally good and wi-
thin the data STD. For the early time gates some

VALIDATION RESULTS

disagreements are observed, for parts of the line.
These disagreements are most likely the effect of
deviations from the line and/or 3D-effects. There
is nothing indicating that it is system related ef-
fects.
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CONCLUSIONS

The comprehensive test and validation of the Sky-
TEM system showed in this report confirm the high
data quality of the SkyTEM system as well as its ro-
bustness, also documented in previous studies on
the national TEM test site. The original national TEM
test site required hovering measurements, whereas
this test extends the conclusions to lines and survey
conditions.

The direct comparison of inversion results revealed
that the model repeatability of the SkyTEM system
is good in both the same altitude and in different
altitudes. Also, there are no directional problems,
i.e. it does not matter in which direction the lines
are flown. The agreement to the groundbased re-
ference sections is also good, showing that the Sky-
TEM-system yields data of same high quality as the
groundbased system.
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The validation of the SkyTEM system on data level
was set up to examine the responses gate by gate,
which, among other things, rules out the equivalent
model issue. The different comparisons in the data
space show that the SkyTEM system repeats the test
lines equally good in different altitudes, and the ag-
reement to the reference response is good and in
general within the data STD. Only for the early time
gates, minor disagreements are observed for parts
of the line. These minor dissimilarities are most li-
kely effects of line deviations and/or 3D-effects.

Furthermore, the validation tests serve as a quality
assurance that the high-precision modelling of the
SkyTEM system, together with the robust proces-
sing and inversion scheme, is of high quality. The
validation results for the SkyTEM system at the test
site set standards for the data quality expected for
an airborne system to qualify for the Danish natio-
nal groundwater mapping effort.

CONCLUSIONS 15
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APPENDIX 1 - Inversion results

Inversion results from the two profiles, for the three
altitudes of 15, 25, and 35 m, and for all four repetiti-
ons. Bottom section of each pages display the asso-
ciated reference section (ground based TEM). Same
scale for all sections and no vertical exaggeration.
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West-east profile, fly height ~15 m, four repetitions
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West-east profile, fly height ~25 m, four repetitions
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West-east profile, fly height ~35 m, four repetitions
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South-north profile, fly height ~15 m, four repetitions
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South-north profile, fly height ~25 m, four repetitions
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APPENDIX 2 - Data comparisons 1 Gatetime LM GateNo HMGateNo
This appendix holds the comparisons in data space.
The comparisons are based on the upward continu- 1.0500e-005
ed responses in the three nominal altitudes of 15, 25, 1.2500e-005
and 35m. The link between gate numbers displayed 1.4490e-005
in the plots and the actual gate times is listed in ta- 1.6500e-005
ble below (LM= low moment, HM=High moment). 1.9490e-005
There is a plot for every second gate. Data plotted 2.4000e-005
by the UTM-Y coordinated is from the N-S profile 3.0000e-005
and data plotted by the UTM-X coordinate is from 3.7490e-005
the E-W profile. The data values are late time appa- 4.6500e-005
rent resistivity (p,). The color-coded error bars re- 5.8000e-005 10
present the four different SkyTEM repetitions, while 7.2500e-005 11
the reference responses from ground based refe- 9.1000e-005 12
rence sections are marked with red dots. 1.1450e-004 13
1.4220e-004 1
1.4350e-004 14
1.7920e-004 2
1.8050e-004 15
2.2570e-004 3
2.2700e-004 16
2.8370e-004 4
2.8500e-004 17
3.5720e-004 5
3.5850e-004 18
4.4970e-004 6
4.5100e-004 19
5.6620e-004 7
5.6750e-004 20
7.1270e-004 8
7.1400e-004 21
8.9720e-004 9
1.1300e-003 10
1.4220e-003 1
1.7900e-003 12
2.2540e-003 13
2.8370e-003 14
3.5720e-003 15
4.4970e-003 16
5.6610e-003 17
7.1270e-003 18
8.8430e-003 19

o 0O gy oo 1 AW N =
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W-E profile, 35 m
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W-E profile, 35 m
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APPENDIX 3 - Data comparisons 2

The data comparisons in this appendix are for the
case where all the SkyTEM repetitions for the three
different altitudes have been upward continued to
a nominal height of 25 m. The color-coded error
bars now represent the three recording altitudes:
blue=15m, black=25m, green=35m. The reference
responses from the groundbased reference sec-
tions are marked with red dots. See appendix 2 for
additional plot info.
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APPENDIX 4 - Raw data report, Sky-
TEM APS

The raw data report from SkyTEM ApS delivered to-
gether with the raw SkyTEM data. The report is in
Danish.
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