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“A map says to you. Read me 
carefully, follow me closely, 

doubt me not… I am the earth 
in the palm of your hand.”

- Beryl Markham (pioneering aviator)
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Presenter Notes
Presentation Notes
I’ve spent much of my 30+ year career making and interpreting magnetic maps for geologic and geophysical studies. It is very exciting that these data are now finding new uses in advanced navigation. The goal today is to give you an interesting overview of magnetic maps and models with a focus on understanding their strengths and weaknesses for use in navigation.

mailto:richard.saltus@colorado.edu
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Presenter Notes
Presentation Notes
I am part of a talented research team of scientists and support staff. We are part of the Cooperative Institute for Research in the Environmental Sciences at the University of Colorado (CIRES) – we work in cooperation with the National Centers of Environmental Information (NCEI) at NOAA in Boulder, Colorado. Our group thinks about the Geomagnetic field from deep in the Earth to the Magnetosphere. In cooperation with the British Geological Survey (BGS), we produce the World Magnetic Model (WMM), the DoD standard model for compass calibration.
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Outline
1. Earth’s magnetic field [8 slides + quiz]
2. Existing maps and models [7/quiz] 
3. Map and model creation [15/quiz/exercise]
4. Map coverage and gaps [5]
5. Uncertainty [24/quiz] 
6. Maps for navigation [8/quiz/exercise] 
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Presenter Notes
Presentation Notes
Here’s the breakdown of my presentation. One overall goal that Aaron and I have for the workshop is to stimulate discussion and interaction between all of us. Please feel free to interrupt with questions or comments. My slides are mostly graphical – images to stimulate thought and discussion. I have a few quiz questions for discussion and, with the help of Dennis Brinkley from NGA, we have a couple of paper exercises to work on together. We will likely take a short stand-up break somewhere around the middle, like maybe after #3 and before #4…
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Earth’s magnetic field

Core field (declination shown) Lithospheric (crustal) field (amplitude)

External field cartoon
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Earth’s magnetic field

Presenter Notes
Presentation Notes
The Earth has a complex and dynamic magnetic field. Broadly speaking, you can divide it into 3 primary components when talking about navigation applications. (1) the strong core field generated deep in the Earth, (2) the lithospheric anomaly field caused by magnetic minerals in the Earth’s outer layer, and (3) the disturbance field caused by interactions with the solar wind.
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Earth’s magnetic field

North pole wander

South pole wander

Bobs(r,t) = Bcore(r,t) + Blitho(r,~t) + Bext(r,t) + Bother(r,t)
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Earth’s magnetic field

Presenter Notes
Presentation Notes
A magnetic sensor measures the sum of all field components at a given location and time. The core field and the lithospheric field have very different power spectrums as shown by the graph on the left. The core field varies relatively slowly – time scales of years – one example of that is the movement of the magnetic poles over time as shown by the figures on the right. The lithospheric field is essentially static. The external (disturbance) field varies hourly/daily. Other fields include those resulting from aircraft components, etc., will be discussed a bunch by Aaron and others today.
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Earth’s magnetic field

North pole wander

South pole wander

Bobs(r,t) = Bcore(r,t) + Blitho(r,~t) + Bext(r,t) + Bother(r,t)
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Earth’s magnetic field

Presenter Notes
Presentation Notes
Same slide again to remind me to say, in general, how we handle these components. We use models of the core field, maps of the lithospheric field, monitoring of the external field (models too…), and calibration, etc. for the other fields.
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Induced 
Magnetic 
Anomaly

Visualization

John Milsom,
Field Geophysics
GSL Handbook
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Earth’s magnetic field

Presenter Notes
Presentation Notes
Rocks containing magnetic minerals react with the Earth’s magnetic field to cause local perturbations, which are called anomalies.
We get highs when the induced field lines are aligned with the Earth’s field.
Note that we get a high somewhere above the center of the magnetic rock body (offset by the inclination of the Earth’s field) and a surrounding low.  If you sum the areas under the anomaly curve (in 3 dimensions) the high and low areas cancel out to zero.
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Some 2D analytic formulae for scalar anomaly (mag) and gravity
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Earth’s magnetic field

Presenter Notes
Presentation Notes
There is a rich tradition of mathematics associated with potential fields, of which the magnetic field is an example.
In fact, you could say that magnetics is the oldest branch of geophysics – curiosity about natural magnets dates back at least to the 6th century B.C..  Gauss published the first paper on magnetism in 1600.
Note that the gravity and magnetic formulas for anomalies caused by various geometrical shapes are similar.  
Magnetic anomalies diminish more rapidly as a function of distance from the source.  For a spherical body, mag falls off as 1/distance cubed and gravity as 1/distance squared.
For the anomaly from a horizontal cylinder, mag falls off as 1/distance squared and gravity as 1/distance.
The other difference is that gravity anomalies are monopolar – they don’t have the complicated dipolar combination of highs and lows associated with a single source body.
This is interesting because it turns out that we can mathematically convert a magnetic field to a gravity field and vice versa.  Depending on our interpretive goals, the properties of the gravity or magnetic anomaly shapes may be most appropriate in any given study.
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Magnetic
Minerals

(mostly magnetite)
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Earth’s magnetic field

Presenter Notes
Presentation Notes
The primary minerals responsible for producing magnetic anomalies are part of the Magnetite-Ulvospinel solid solution series.  
Other more exotic iron minerals can be important in special situations – they can be particularly important when studying subtle, small-amplitude magnetic anomalies in sedimentary basin settings.
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Earth’s magnetic field

Presenter Notes
Presentation Notes
Susceptibility is a measure of how magnetic a rock is.  
As an aside, I find it to be a very confusing physical property because it has been reported in a several different ways in the literature.  Since it is a dimensionless property the reference system isn’t always clear.  SI susceptibility is cgs susceptibility times 4 pi.  Sometimes intensities are reported – either in emu/cc (cgs system) or A/m (SI) – and called susceptibility.
Anyway – it should be clear from this slide that susceptibility is not a terribly effective diagnostic tool for basic rock lithology.  However, in general, sedimentary rocks are not very magnetic and metamorphic rocks are weakly magnetic.  Felsic igneous rocks are generally less magnetic than mafic igneous rocks and some ultramafic rocks are very magnetic.
In local studies it often turns out that magnetic properties are diagnostic if the geology is generalized appropriately.
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11A
Earth’s magnetic field

Presenter Notes
Presentation Notes
I briefly touched on the rich mathematical basis for potential field studies before.
This slide illustrates the utility of Wavelength filtering in the manipulation and interpretation of magnetic data.
Given a magnetic field measured at a given elevation, it is possible to upward or downward continue it to another parallel surface by multiplying it frequency representation by an exponential factor.  Upward continuation is a damping and is stable.  Downward continuation tends to amplify noise and is risky.
The lower two equations show how Fourier filtering can be used for reduction to the pole and for converting a magnetic field to the form of a gravity field (as mentioned previously).  These two operations are similar and require that we fill in the somewhat complicated Theta function by assuming the direction of the inducing field (usually assumed to be the local direction of the Earth’s magnetic field).  The pseudogravity transformation involves dividing the frequency representation by the wavenumber – this damps out higher frequencies and produces the conversion from 1/distance cubed fall off to 1/distance squared for spherical sources that we saw in the geometrical formulas.
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Technical Point: A Standard Approximation in Potential Field Theory

Zhen and Yang, 2019

T0 = core field
Ta = anomaly
T = totalfield

Tap = projection
E = approx. error
ΔT = Tap + E

θ = difference in 
field vector 
between main 
field and anomaly
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Presenter Notes
Presentation Notes
OK, this is pretty subtle, but I want to bring this up because it is frequently brought up as a possible issue in maps for navigation. My view is that this can be generally ignored for navigation, but let’s take just a minute to walk through this.

A magnetometer measures T. A core field models gives you T0. A magnetic anomaly map gives you DeltaT, which is exactly what you have if you subtract a core field model from your observation for comparison with an anomaly map.

So what’s the possible issue? Issues can theoretically arise if (A) the angle Theta is big, and (B) the anomaly is big, and (C) you have done significant data processing based on the assumption of a well-behaved potential field. For now let me just say that this is a special case situation. 
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Quiz – Question 1

What is the difference between a map and a 
model?
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Earth’s magnetic field

Presenter Notes
Presentation Notes
Open question for discussion – any takers on this? We’ll see what ChatGPT had to say in the next slide.
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Quiz – Question 1

What is the difference between a map and a 
model?

ChatGPT says:

A map is a representation of a space, while 
a model is a representation of a system. 
Maps are often used for navigation or 
visualization, while models are used for 
understanding or prediction.
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Earth’s magnetic field

Presenter Notes
Presentation Notes
ChatGPT answer to quiz question 1. Not terrible, right?
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Existing Maps and Models

“… a map is a representation of a space, while a model 
is a representation of a system. Maps are often used for 
navigation or visualization, while models are used for 
understanding or prediction.” – ChatGPT (30 Mar 2023)

Maps - static

Models - dynamic
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Existing maps and models

Presenter Notes
Presentation Notes
We could have a lengthy debate about the distinction between a map and a model, but I think of maps as static whereas models are dynamic. Maps have a fixed time and space framework. Models can be dynamic in space and time. On the left are examples of a “historic” paper map of magnetic anomalies in the Cascade Mountains of Northern California and Southern Oregon. On top left is an image of the magnetic anomaly map of Alaska that I made when I worked at the US Geological Survey. The right top is a graphical depiction of the model concept with the usual magnetic spherical harmonic model mathematical depiction below.
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Map and model overview
WMM - World Magnetic Model 
[https://www.ncei.noaa.gov/products/world-magnetic-model]

IGRF - International Geomagnetic Reference Field 
[https://www.ncei.noaa.gov/products/international-geomagnetic-reference-field]

CHAOS - CHAMP, Orsted, and SAC-C model of the 
Earth’s magnetic field 
[https://www.space.dtu.dk/english/research/scientific_da
ta_and_models/magnetic_field_models]

MF7 - Magnetic Field Model 7 
[https://geomag.colorado.edu/magnetic-field-model-mf7.html]

LCS-1 - Lithosphere from Champ and Swarm 
[http://www.spacecenter.dk/files/magnetic-models/LCS-1/]

HDGM - High Definition Geomagnetic Model 
[https://www.ncei.noaa.gov/products/high-definition-geomagnetic-model]

EMM - Enhanced Magnetic Model 
[https://www.ncei.noaa.gov/products/enhanced-magnetic-model]

BGGM - BGS Global Geomagnetic Model 
[http://www.geomag.bgs.ac.uk/data_service/directionaldrilling/bggm.html]

WDMAM - World Magnetic Anomaly Model 
[http://wdmam.org/]

EMAG2 - Earth Magnetic Anomaly Grid* Not a 
spherical harmonic model
[https://geomag.colorado.edu/emag2-earth-magnetic-
anomaly-grid-2-arc-minute-resolution.html]
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Existing maps and models

Presenter Notes
Presentation Notes
I put together this chart to summarize the data source and resolution for some widely referenced global magnetic field models. Most of these entries are models – they consist of a set of spherical harmonic coefficients that can be plugged into a calculation of certain spatial components of the magnetic field at any position and time covered by the model. The two products at the bottom of the table are what I would call maps – they are global grids of the lithospheric anomaly field.
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Satellite-based 
models-data

SWARM satellites

Orbital histories
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Existing maps and models

Presenter Notes
Presentation Notes
The core and longest lithospheric anomaly parts of the geomagnetic field are constructed from analysis of satellite magnetic measurements. The chart at the upper right shows the orbital height vs period of flight for the primary satellite missions that are used for the construction of global models. Current models mainly use data from the European Space Agency Swarm mission – a 3-satellite constellation. 
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Existing maps and models

Magnetic observatories used for WMM 

Presenter Notes
Presentation Notes
Static, base-station, magnetic observatories are located around the world, mostly operated by governmental or academic organizations. These observatories provide critical information for validation and calibration of satellite data. Obviously the distribution of these observatories is not uniform. In addition, access to data from these observatories is subject to political forces. For example, data are not accessible from Ukraine at present.
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Satellite-based models

MF7

LCS-1

IGRF 2020
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Existing maps and models

Presenter Notes
Presentation Notes
Here is a snapshot view of several global spherical harmonic models of the core field (IGRF, right) and the lithospheric field (MF7 top left and LCS-1 bottom left). If you look closely you will see subtle differences between MF7 and LCS-1, for example look at southern South America. We’ll talk more about model reliability/uncertainty later.
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Quiz – Question 2

Where is the Earth's magnetic field the strongest?
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Existing maps and models

Presenter Notes
Presentation Notes
OK, the answer to this question was on the last slide, but any takers?



Cooperative Institute for Research in Environmental Sciences
UNIVERSITY OF COLORADO BOULDER and NOAA

Quiz – Question 2
• The strength of the Earth's magnetic field varies 
depending on the location and altitude. At the Earth's 
surface, the strength of the magnetic field is strongest 
near the magnetic poles and weakest near the equator.
• The exact location of the strongest magnetic field 
depends on whether we are talking about the north magnetic 
pole or the south magnetic pole. The north magnetic pole is 
currently located in the Arctic Ocean, near the Canadian 
island of Ellesmere, while the south magnetic pole is 
located in Antarctica.
• However, it's important to note that the strength of the 
Earth's magnetic field is constantly changing and is 
influenced by a variety of factors, such as the movement of 
the Earth's molten iron core, solar winds, and other 
external magnetic fields.
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Existing maps and models

Presenter Notes
Presentation Notes
Here’s what ChatGPT says…  again, not too bad – in fact, our group thinks that we can recognize some language from our project FAQ pages in these ChatGPT answers.
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Survey-based maps/grids

EMAG2v3 
Global, 4 km, NCEI/CIRES
Meyer et al., 2017

Marine tracklines

Highly 
heterogeneous
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Existing maps and models

Presenter Notes
Presentation Notes
If you want a global model of the lithospheric anomaly field at a scale finer than about 250 to 300 km, you have to stich together data from low-level (airborne, marine, etc.) surveys. EMAG2v3, made by our group, is one example. This slide shows a snapshot of the marine data coverage (top right) and patchwork of regional grids (bottom right) that make up the sources of EMAG2v3.
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Survey-based maps/grids

Australia – the gold standard
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Existing maps and models

Presenter Notes
Presentation Notes
Here is a snapshot of the lithospheric anomaly map/grid of Australia – much of this map is at the astonishing resolution of 40 to 80 m!!! No other continent has been mapped to this resolution. The funding for this survey was justified by utility for mineral resource exploration.
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Map and Model Creation

“You can’t use an old map to 
explore a new world.”

- Albert Einstein
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Map and model creation

Presenter Notes
Presentation Notes
With apologies to Albert, we can, in fact, use many old magnetic maps (OK, sure, with some limitations) to navigate today.

Now that we’ve broadly reviewed some of the current global maps/models, let’s dive a bit into how these data are collected and assembled in the production of maps and models.
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Fixed-wing aircraft

Helicopters
Data Collection
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Map and model creation

Presenter Notes
Presentation Notes
Most survey data for continental areas is from fixed wing and helicopter surveys.
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Photos provided by Fabio Caratori Tontini
(GNS Science, New Zealand).

2011 New Zealand—American Submarine 
Minerals Sentry Cruise 

Sea surface
AUV (Autonomous Underwater Vehicle)
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Map and model creation

Presenter Notes
Presentation Notes
Most marine magnetic anomaly data are from surface ships, generally collected with a towed “fish” containing the magnetic sensor.�



Cooperative Institute for Research in Environmental Sciences
UNIVERSITY OF COLORADO BOULDER and NOAA

26
Map and model creation

Presenter Notes
Presentation Notes
Very localized surveys can be collected via clever survey set-ups such as this bicycle set up used in Israel.
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Backpacks

Geometrics cesium-vapor 
magnetometer system

Rick Blakely (USGS)

Mark Bultman (USGS)
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Map and model creation

Presenter Notes
Presentation Notes
Some localized investigations are done on foot.



Cooperative Institute for Research in Environmental Sciences
UNIVERSITY OF COLORADO BOULDER and NOAA

Small boats

Rick Blakely (USGS)
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Map and model creation

Presenter Notes
Presentation Notes
Small boats are good too – here Rick Blakely (USGS) is using a survey to trace the location of a geologic fault beneath a lake in the Pacific Northwest.
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ATV (all-terrain vehicle) systems

Towed system
Sensor is 30ft behind 
ATV
Less agile, but ‘quiet’

Tower system
Sensor is 12ft above ATV
Top heavy but maneuverable 

Jonathan Glen 
(USGS)
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Map and model creation

Presenter Notes
Presentation Notes
By our next field season a year later we had purchased two ATVs and designed built, tested, and modified two different systems for rapidly collecting magnetic data on the playa.  This was no easy task because we had to minimize the effects of the magnetization of the ATVs themselves and them be able to characterize and correct for any residual fields.

Magnetometer and GPS systems are powered directly from the electrical systems of the ATVs, and data are recorded and displayed in real time on a tablet PC which also provides us the means to navigate.

The two systems are quite different, With the towed system, the magnetometer was mounted on a carriage that was towed 30ft behind the ATV to get it as far as reasonably possible from the vehicle.  Because of this the system is rather quiet by it made maneuvering difficult.  The tower system on the other hand is much more maneuverable because the sensor is mounted above the chassy.  We were able to achieve this because consists of a racing unit that has an aluminum frame (which is non-magnetic). 

Part of Noahs reaserch was to work with the ATV data
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UAV (Unmanned Aerial Vehicle), under development 

by Jonathan Glen, USGS
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Map and model creation

Presenter Notes
Presentation Notes
This led to our latest efforts to develop airborne UAS systems that can provide uniform coverage of high-resolution data.
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Vintage data - airborne
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Map and model creation

Presenter Notes
Presentation Notes
The Alaska data set contains a survey flown in 1945 and 1946 over the NPRA region of northern Alaska.
This was the first large-scale magnetic survey ever done on land.
Airborne magnetometers were used to hunt for submarines during the 2nd world war.



Cooperative Institute for Research in Environmental Sciences
UNIVERSITY OF COLORADO BOULDER and NOAA

PBY-5A
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Map and model creation

Presenter Notes
Presentation Notes
This is the plane used to fly the 1945-46 NPRA survey – an amphibious Navy PBY-5A.  I think it looks really cool.  This picture was taken in the Aleutian islands.
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Regional magnetic anomaly grids are patchwork quilts

33
Map and model creation

Presenter Notes
Presentation Notes
Here is an index map of the surveys in the Alaska compilation.  There are some parts of Alaska with no aeromagnetic data whatsoever.  The orange regions have only widely-spaced data that do not resolve magnetic features smaller than several miles in size.  At $10/line mile it would cost something like $10 Million dollars to double the line-mile coverage and produce a reasonable 1:250,000-scale coverage for the state.
($10 million is about the value of the current database based on the cost to re-fly).
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Regional 
magnetic 
anomaly grids 
are made for 
use in geologic 
interpretation

Map and model creation
34

Presenter Notes
Presentation Notes
This slide shows the publication of a lithospheric anomaly map of Alaska made by me at the USGS late in the last century. The purpose of this work was to support resource evaluation and regional tectonic studies. We know now that there are some regional leveling problems with this original grid. A later grid incorporates much of this same data, as well as newer surveys, and the newer version fixes the bright red tip of the Seward Peninsula.
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Survey-based maps/grids
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Map and model creation

Presenter Notes
Presentation Notes
This simple flow chart shows the steps and issues involved with construction of survey-based magnetic anomaly grids/maps from survey data.
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Survey-based maps/grids

36
Map and model creation

Caribbean Alt Nav 
Reference Experiment -
CANREx

Presenter Notes
Presentation Notes
Here is a first introduction to a recent map project we carried out as part of new technique development and validation for producing marine magnetic anomaly maps for use in alt nav. The upper left map shows the study area with the “rats nest” of marine trackline data and the geometry of the modern test survey we conducted. The background is colored bathymetry. The lower right map shows the magnetic anomaly grid from the marine trackline data and the modern survey profiles superimposed.
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Building Spherical Harmonic Models 
from Satellite Data

• Find “clean” satellite data (SWARM level 2)
• Data assimilation (quiet times, night-side, etc.)
• Inversion for coefficients (damping, etc.)
• Validation with independent data or against 

other models
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Map and model creation

Presenter Notes
Presentation Notes
This is just a quick talking points slide about the process of constructing core field maps from satellite data. The process for producing these models is quite mature and is routinely carried out by multiple groups around the world. But I think it is important to realize that this is not a trivial process and a lot of individual data assimilation and inversion decisions are involved in the model construction. We’ll discuss the uncertainties in these models a bit more later.
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Quiz – Question 3

Does a compass needle point to the north 
pole?

38
Map and model creation

Presenter Notes
Presentation Notes
Here’s a fun question – how would you answer this?
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Quiz – Question 3
Does a compass needle point to the north 
pole?
Yes, a compass needle generally points towards the magnetic 
North Pole, which is located near the geographic North Pole 
but not exactly at the same location. This is because the 
Earth has a magnetic field that acts like a giant bar magnet, 
and the compass needle aligns itself with the magnetic field 
lines.

It is important to note, however, that the magnetic North Pole 
is not fixed and can shift over time due to changes in the 
Earth's magnetic field. Additionally, the needle may be 
affected by local magnetic anomalies or interference from 
nearby objects, which can cause it to deviate from pointing 
directly towards the magnetic North Pole.
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Map and model creation

Presenter Notes
Presentation Notes
Again, ChatGPT did pretty well with this question. A compass needle only points north to the degree that the Earth’s field can be represented as a simple dipole. If you follow the needle north you will eventually arrive at the pole, but you won’t travel in a straight line.
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Map Coverage and Gaps
“You can have data without 

information, but you cannot have 
information without data.”

- Daniel Keys Moran
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Map coverage and gaps

Presenter Notes
Presentation Notes
We will spend a few minutes talking generally about magnetic survey data coverage – this represents a fundamental limitation on navigation potential for a big chunk of the world. You can make a lot of logical predictions about the expected magnetic anomalies in a given area, but at the end of the day there is no substitute for lack of data.



Cooperative Institute for Research in Environmental Sciences
UNIVERSITY OF COLORADO BOULDER and NOAA

EMAG2v3 global data sources
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Map coverage and gaps

Presenter Notes
Presentation Notes
We saw this picture before – this is the broad regional estimated map uncertainty that we published with EMAG2v3. The value represents a best guess at the mean uncertainty from pretty good (33 nT regional uncertainty) to pretty bad (> 200 nT) to “no estimate” in some blank areas. This gross uncertainty relates in large part to data resolution and coverage.
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Map coverage and gaps

Presenter Notes
Presentation Notes
This analysis of magnetic survey data over for continental US and Alaska was published a few years ago by my USGS colleagues Ben Drenth and Tien Grauch. Their ranking (1 to 5, where 1 is good and 5 is bad) is based on how appropriate the data are for mineral exploration. But the criteria for best possible navigation will generally follow this ranking.
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US Magnetic Survey Coverage
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Map coverage and gaps

Presenter Notes
Presentation Notes
Here is an earlier assessment of national data coverage, prepared along with the construction of the North American Magnetic Anomaly Grid (NAMAG). The NAMAG has been used in some MagNav evaluations, but it has known issues with survey to survey leveling in a addition to the complications of variable data resolution as illustrated here.
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WDMAM coverage map
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Map coverage and gaps

Presenter Notes
Presentation Notes
Here is a magnetic coverage map that was published with the World Magnetic model. The numbers are index values coded to a table in the report, but the overall patterns illustrate the reliance of the global grid on a variety of pre-compiled grids and marine trackline data (same is the case for EMAG2).
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Half way mark – time check

--

Presenter Notes
Presentation Notes
Roughly half way through the slides – time check and stretching opportunity.
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Map/Model Uncertainty

“The only certainty is 
uncertainty.”

- Pliny the Elder
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Map/model uncertainty

Presenter Notes
Presentation Notes
Assigning useful uncertainty estimates to magnetic maps and models will benefit use in navigation applications but it’s also just good science to report an uncertainty estimate with any map or model that you produce. 
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Spherical Harmonic Core (Main) Field Models - Uncertainty
Any numerical model of the geomagnetic field can only be an 
approximation to the actual field, and we would like to have a 
reasonable estimate of the magnitude of the errors involved. Such an 
estimate is particularly necessary if the field model is used in further 
analysis…

- F.J. Lowes and N. Olsen (2004)
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Map/model uncertainty

Presenter Notes
Presentation Notes
I really agree with this quote from a 2004 paper by Lowes and Olsen. The figure from their paper shows their estimate of a particular type of bias that could result from decisions made in the data assimilation (aka “cherry picking”) phase of spherical harmonic inversion of satellite data. This particular uncertainty source peaks at mid latitudes and in the south polar region.
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Variation in Candidate Models for IGRF-12

Nature of uncertainty in satellite spherical 
harmonic models of the core (main) field.
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Map/model uncertainty

Presenter Notes
Presentation Notes
This slide shows the variations between the individual candidate models that are averaged together to make the IGRF model of the core field. Each map shows the difference between a single model and the mean of all the models. This variation between the models shows one way to get a handle on the uncertainty profile of the IGRF.
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WMM uncertainty analysis
…it is not possible to precisely estimate the WMM2020 uncertainty in 
every location at the Earth’s surface. What is achievable is a global 
estimate of the uncertainty, based upon a statistical analysis of the 
differences between the WMM2020 and its predecessors and 
independent geomagnetic measurements in as many locations as 
possible at the Earth’s surface.

--Chulliat et al., 2020
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Presenter Notes
Presentation Notes
The quote from the latest WMM annual report expresses the challenge of completely characterizing the uncertainty of global core field models. The good news is that the global mean estimates of uncertainty are small.
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WMM uncertainty analysis cont.
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Presenter Notes
Presentation Notes
Here is a more detailed and comprehensive table estimated RMS global uncertainty of the WMM2020 model. We can dig a bit into the details here…
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Five-year evolution of core (main) field
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Presenter Notes
Presentation Notes
The core field evolves on a yearly sort of time scale. Typically the field varies enough over 5 years such that a new model is required to continue to meet the military specs for the WMM. However unexpectedly rapid movement of the north magnetic pole required a somewhat earlier update (out of cycle update) in early 2019.
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Uncertainty in Survey-based Maps

• Original survey error/uncertainty
• Flightline/trackline geometry
• Data gaps
• Lack of metadata
• Processing consistency
• Grid merging/leveling
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Presenter Notes
Presentation Notes
For spherical harmonic models from satellite data, uncertainty has global dependencies. In contrast, for survey-based maps and grids is localized. Here are some of the general factors that can effect error and uncertainty in these products.
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EMAG2v3 Pre-compiled grid 
uncertainty estimates

SE = Survey level “errors”
GE = Gridding errors
RE = Regional errors

MEAN = SEmean+ GEmean + REmean

STDEV = √(SEstd
2+ GEstd

2 + REstd
2)
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Presenter Notes
Presentation Notes
As an initial attempt to broadly estimate the uncertainties of previously published merged regional grids, we devised an “expert based” statistical framework, based on available meta-data and our own professional experience. For each regional grid we estimated factors relating to the original survey data uncertainty, the difficulties in combining individual survey grids into a composite, and the possibilities that incorrect or inconsistent regional or “DC” levels exist between the merged grids in the compilation. 
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Pre-compiled grid uncertainty 
estimates

(EMAG2v3, Meyer et al.)
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Presenter Notes
Presentation Notes
Here is the first part of our uncertainty determinations from the Meyer et al., 2017 EMAG2v3 paper. The estimated Mean (DC level) uncertainties here range from 10’s of nT to over 100 nT. The estimated uncertainty variance (standard deviation) within the grids are higher – ranging from upper mid 10’s to close to 200 nT.
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Kriging 
(aka Gaussian process regression 
or Wiener-Kolmogorov prediction)

Correlated

Uncorrelated
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Presenter Notes
Presentation Notes
Now let’s shift gears to the marine areas of global magnetic anomaly maps. The map grids in these areas are created from scattered tracklines as we have mentioned several times already. A key factor for uncertainty in these regions is the sparsity of data and the need to interpolate values over variable distances. The Kriging (aka Gaussian Process Regression or Wiener-Kolmogorov Prediction) methodology is one established way to handle this. 

This slide introduces some key terminology and shows a 2D example.
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Three factor (Wang et al., 2014) grid cell 
uncertainty model

Em = Calculated weighted uncertainty (standard lab methodology)

Use standard deviation of cell data 
(weighted in our application)

Find f as percentage of subcells with data
K is # data values in cell
Alpha (α) relates to consistency of 
standard deviation within a grid cell
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Presenter Notes
Presentation Notes
For grids cells containing multiple measurements, rather than using a constant “nugget” value, we have adapted a three-factor methodology for data cell uncertainty based on a 2014 publication dealing with CO2 data gridding. This slide illustrates that method.
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Adding cell and kriging uncertainties
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Presenter Notes
Presentation Notes
Here is a cartoon sketch that illustrates the combination of the Wang cell uncertainty with the traditional Kriging uncertainty estimate.
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Magnetic map uncertainty-
crustal anomalies

• On-going research and development in support of 
alternate positioning/magnetic navigation

• Work at CIRES/NOAA supported by NGA and ONR
• Cooperating with AFIT, PSU, NRL, etc.
• Current active map areas – USVI and N Atlantic
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Presenter Notes
Presentation Notes
Our CIRES/NOAA geomagnetic team is actively working on the improvement of maps and uncertainty estimates for use in navigation. Work is supported by NGA and ONR. We are cooperating and communicating with a number of other groups in this work. We are actively working in several map areas including a test area in the Caribbean and a large example area in the North Atlantic.
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Quiz – Question 4

What is a magnetic anomaly?
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Presenter Notes
Presentation Notes
Review question: What is a magnetic anomaly?
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Quiz – Question 4

A magnetic anomaly is a deviation from the expected or normal 
strength and direction of the Earth's magnetic field at a 
particular location. These anomalies can be caused by 
variations in the magnetic properties of the rocks and 
minerals beneath the Earth's surface, such as differences in 
their magnetization, composition, or temperature.

--- ChatGPT
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Presenter Notes
Presentation Notes
Here’s the ChatGPT answer… not bad, actually.
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CANREx experiment: data analysis and results

Puerto Rico

St Croix

Regional bathymetry – Trackline magnetic data
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Presenter Notes
Presentation Notes
As part of our research – funded by ONR – we have tested a gridding and uncertainty methodology in this Caribbean experiment. This map shows the location (near Puerto Rico and St Croix), general bathymetry (shades of blue), and available marine trackline data (colored profiles).
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CANREx data analysis and results – gridded mag anomaly
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Map/model uncertainty

Presenter Notes
Presentation Notes
Here is a magnetic anomaly map of the area constructed from the marine trackline data.
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Uncertainty model (review)
• Assign point-wise uncertainty values to original trackline data
• Define a data grid (4 km with 1333 m subgrid – EMAG2 resolution)
• For grid and subgrid cells with data calculate:

• Weighted Average (𝜇𝜇w)
• Propagated uncertainty of the weighted average (Em)
• (Weighted) Standard deviation of data (σs)
• Number of data points (n)

• Calculate the 3 components of Wang et al 2014 grid cell uncertainty:
• Em = propagated uncertainty of cell weighted average
• σs = Standard deviation of data within the cell
• σu = sqrt ( (1 + σs

2)/((xsubcells/9) * numpts) )

• Total cell uncertainty = sqrt ( Em
2 + σs

2 + σu
2 )  (Wang et al, 2014)

• Create an interpolated total cell uncertainty grid using linear grid filling
• Use the kriging methodology to calculate weighted average and uncertainty grids

• Use a spherical variogram with Nugget = 0, Range = 60 km, Sill = 100 nT
• Calculate final uncertainty as sum of interpolated cell uncertainty and kriging 

uncertainty
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Presenter Notes
Presentation Notes
This slide is just a roadmap of our methodology to find the Wang uncertainty for cells with data, then use the Kriging methodology to interpolate the grid prediction and related uncertainty to cells without data.
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Grid Stats Uncertainty Calculation

Weighted Mean Uncertainty of the 
Weighted Mean

Standard Deviation 
of data within cell

Propagation of uncertainty from survey point data to grid cell values
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Presenter Notes
Presentation Notes
This slide just illustrates a snapshot of some of the Wang calculated components for a small subset of the study area.
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CANREx data analysis and results – SGL test profile 
location

Block A

B

C

D

Line 4005
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Presenter Notes
Presentation Notes
We tested the methodology with a modern aeromagnetic survey (dark gray flightlines) conducted by Sander Geophysics of Ottawa.
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CANREx data analysis and results – uncertainty along SGL lines

300 nT
(±150)

150 nT
(±75)
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Presenter Notes
Presentation Notes
This slide shows a graphical summary of our uncertainty envelope along the Sander flightlines, with uncertainties ranging from 3.5 nT to 206 nT and a mean uncertainty value of 39 nT.
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CANREx data analysis and results – SGL test data 
profiles

Gridded 
trackline
magnetic 
data 
(model)

Measured magnetic 
profiles (truth)
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Presenter Notes
Presentation Notes
This map gives an overview of the marine trackline anomaly map overlain by the Sander flightline data values. A general match is clearly evident.
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CANREx data analysis – lines traverse cells with data (Wang uncertainty)
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Presenter Notes
Presentation Notes
A useful metric for uncertainty model evaluation is to look at Error divided by Uncertainty. Error is the actual measured difference between the marine trackline grid and the observed Sander flightline data. Uncertainty is defined by our Wang + Kriging model. A standard deviation of about 1 indicates that, to one sigma, our Error falls within the uncertainty estimate. A low Kurtosis indicates nominally Gaussian distribution.
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CANREx data analysis – all interpolated cell uncertainties
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Presenter Notes
Presentation Notes
If we expand the test to include all cells traversed by the flightlines, then we don’t do so well – standard deviation of about 2 and very large Kurtosis.
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CANREx data analysis and results – error along SGL test profiles

Error = grid (model) 
– survey (truth)

Red: model > truth 
(grid value high)
Blue: model < truth 
(grid value low)

Grid 
issue #1

Grid 
issue #2
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Presenter Notes
Presentation Notes
Lets look briefly at 2 key areas where our model did not perform well – both can be traced back to issues with data processing and gridding.



Cooperative Institute for Research in Environmental Sciences
UNIVERSITY OF COLORADO BOULDER and NOAA

CANREx data analysis – isolated gridded data issue #1 
Grid value too low,
Error exceeds 
uncertainty

Bad
trackline
level

Survey measures 
high value

Grid has 
low value 
based on 
bad 
trackline
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Presenter Notes
Presentation Notes
For grid issue #1 the problem is a single badly leveled trackline.
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CANREx data analysis – isolated gridded data issue #2 
Grid value too high,
Error exceeds uncertainty

“Saddle” 
issue with 
gridding:
Connect 
north-
south 
highs or 
east-west 
lows?

Survey 
measures low 
value Grid has 

high 
saddle –
trackline
geometry a 
factor 
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Presenter Notes
Presentation Notes
For grid issue #2 the issue is a bit more subtle. The gridding algorithm “split the difference” and created a saddle where, in reality, a linear low should continue through between flanking high ridges. 
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CANREx data analysis – interpolated cells with outlier exclusion
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Presenter Notes
Presentation Notes
If we remove these two problematic areas from the test, then things look better again. This shows the real possibility of localized failures of the grid and modeling approach.
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North South

Grid (model)

Survey (truth)

Uncertainty 
bounds
Error (model – truth)

Trackline data 
locations
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Presenter Notes
Presentation Notes
It is useful to look at profile views of the CANREx data and analysis. The upper panel compares the marine trackline grid (green line, model) and the measured Sander flightline data (black, truth). The patterns are generally similar, but do differ in detail. The lower panel shows the difference between the grid and measured values along with the estimated uncertainty envelope. The red zones highlight portions of the line traversing trackline locations (i.e., Wang cells) vs locations with interpolated (kriged) values.
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model

truth

model
truth

north south

south north

1
Map/model uncertainty

74

Presenter Notes
Presentation Notes
Here are a few more lines showing the visual comparison of measured (black line) data to marine trackline grid data (green lines).
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Use of magnetic uncertainty model in magnetic navigation (ideas and 
discussion)

• Flight data lies generally within uncertainty envelope
• True field varies smoothly within uncertainty envelope
• Overall signal greater than noise
• Best overall fit of flight data to uncertainty envelope cannot be shifted horizontally
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Presenter Notes
Presentation Notes
A closer look at trackline 4005 – a few comments (1) strong overall correlation, (2) data falls within uncertainty envelope at the one sigma (and better) level, (3) there are significant failures of the model at the ~5 km scale in a few places. 
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In addition to overall pattern matching, broad gradient zones are also traversed
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Presenter Notes
Presentation Notes
Figure to illustrate the idea of incorporating gradients and inflections in navigation algorithms.
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Frequency content and anomaly amplitudes are constrained by 
potential field source strength and position

Character of “true” field within uncertainty envelope can be defined using a priori 
information and potential field theory
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Presenter Notes
Presentation Notes
Figure to illustrate the incorporation of potential field theory and other data (e.g. bathymetry) in navigation filters.
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Maps/Models for Navigation
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Use in navigation

“No matter where you go, 
there you are.”

- Buckaroo Banzai

Presenter Notes
Presentation Notes
OK, let’s wrap up the session with a few thoughts on the use of magnetic maps within navigation algorithms.
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Quiz – Question 5

Why do people make magnetic maps?
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Use in navigation

Presenter Notes
Presentation Notes
To date very few magnetic maps have been made specifically for use in alternative navigation.
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Quiz – Question 5
People make magnetic maps to better understand the Earth's 
magnetic field and its variations. These maps show the strength 
and direction of the Earth's magnetic field at different 
locations around the world.

One of the main uses of magnetic maps is for navigation. Since 
compass needles align with the Earth's magnetic field, magnetic 
maps can be used by pilots, sailors, and other navigators to 
determine their heading and navigate to their destination.

In addition, magnetic maps are also used in geology, particularly 
in the study of rocks and minerals. This is because some rocks 
contain magnetic minerals that can record the strength and 
direction of the Earth's magnetic field at the time the rock was 
formed. By analyzing the magnetic properties of rocks, geologists 
can reconstruct the history of the Earth's magnetic field and 
gain insights into the geological processes that occurred in the 
past.

--- ChatGPT
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Presenter Notes
Presentation Notes
ChatGPT had a lot to say about this question. Again, not a bad answer.
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Alternative navigation usage – signal

81
Use in navigation

Red – 1 km
Green – 5 km
Blue – 10 km

Magneta – 50 km

IGRF (core)

IGRF (core)

Anomaly

Anomaly

Presenter Notes
Presentation Notes
We have a presentation tomorrow afternoon reviewing magnetic maps and models. This figure is from the accompanying paper.
This illustrates how the amplitude of observed magnetic variation drops off with altitude. 
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Alternative navigation usage - correlation
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Use in navigation

Presenter Notes
Presentation Notes
We looked at this already when discussing uncertainty estimation. I just want to reiterate that there will always be the potential for map errors – even those that exceed the best uncertainty estimates – so robust navigation algorithms should apply correlation criteria that allow for that.
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Assessment of navigation potential

• Complex problem
• Function of map data density/uncertainty, 

speed and direction of travel, altitude, 
platform calibration, nav algorithm

• Initial analysis considers magnetic feature 
amplitudes, density, uncertainty and direction
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Presenter Notes
Presentation Notes
We are working on ways to assess the navigation potential of a given set of magnetic maps and models – coming from an understanding of the strengths and weaknesses of our models, which maps and navigation strategies will yield successful navigation applications?
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“NavPower”
NP = TMag(stdev) / Uncertainty (mean) * #Anomaly peaks

TMag(stdev) = 5 cell directional standard deviation
Uncertainty(mean) = 5 cell directional mean

#Anomaly peaks = Number of zero crossings on directional 
mag gradient (will vary from 0 to 5 for the 5 cell calculation)

Logic: More power when magnetic variations exceed 
uncertainty and you have distinct anomaly features

Gives only a relative sense of navigation capability, accuracy 
dependent also on additional factors
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Presenter Notes
Presentation Notes
Here is one simple approach to map evaluation that incorporates some measures of map “energy” verses uncertainty along with number of distinctive features along a planned navigation direction.
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Trackline magnetic anomaly grid
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Use in navigation

Presenter Notes
Presentation Notes
We will apply this metric to the CANREx map area. Here is a view of the marine trackline anomaly grid.
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Total uncertainty of trackline mag grid
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Presenter Notes
Presentation Notes
Here is our combined uncertainty model for the CANREx grid.
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E-W magnetic gradient
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Use in navigation

Presenter Notes
Presentation Notes
Here is a calculation of the E to W magnetic gradients in the grid – a view of “navigable” features in this direction.
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N-S magnetic gradient
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Use in navigation

Presenter Notes
Presentation Notes
Here is the same for North/South gradients.
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CANREx Navigation Power
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Presenter Notes
Presentation Notes
Here is a combined view of High/Low navigation potential for EW (Blue is high) and NS (Yellow is high). The Green areas show where both EW and NS nav have high potential. The gray area show parts of the area with lower overall navigation potential (from the map makers perspective).
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“(nested) Stack(s) of grids”

Grid resolution (e.g.)
• 36 km
• 12 km
• 4 km
• 1.333 km

Altitude (e.g.)
• 10 km
• 4 km
• sealevel
• -500 m

Altitude stack: totalfield mag Altitude stack: totalfield uncertainty
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Presenter Notes
Presentation Notes
Magnetic maps are made at a given altitude – often at sea level for marine maps and at something like 1000 ft above terrain for terrestrial maps. The core field does not vary quickly with altitude, but the anomaly field does. Both the anomaly maps and the associated uncertainty would need to be evaluated for the planned altitude of operations. One approach is to pre-calculate a “stack of grids” and then interpolate as needed.
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Conclusions/discussion
• Few magnetic field maps and models have been made specifically for MagNav.
• Evaluate the value of a given map or model for the navigation objective.
• Models have operational advantages, but may lack detail and localized 

knowledge of uncertainty.
• Maps are required for precise and low-level nav, but will typically require 

professional adaptation/upgrade for use in MagNav.
• More data are required to complete global coverage and for many specific 

operations, especially in marine regions. 
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Presenter Notes
Presentation Notes
A few quick concluding remarks for this part of the workshop. The table below is from our conference paper – It shows a simple, order of magnitude, analysis of the two long profiles from the North American Magnetic Anomaly Grid that we looked at earlier. Here we color-code by speed and altitude the comparative navigational potential along the two profiles. Green is best, yellow is intermediate, and orange is poorest.
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Presenter Notes
Presentation Notes
We are actively engaged in research and development of magnetic maps and models for navigation. We appreciate significant support from NGA and ONR.
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Questions/comments?
“The one who knows all the answers has not been asked all the questions.” – Confucius

Rick Saltus  richard.saltus@colorado.edu
CIRES/NOAA Geomagnetics Team
https://geomag.colorado.edu/ 93

Presenter Notes
Presentation Notes
Feel free to contact our group for further information and discussions.

mailto:richard.saltus@colorado.edu
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Looking forward to further 
discussion

Presenter Notes
Presentation Notes
I look forward to continued discussion and collaboration between the navigators and geomagnetic mappers.
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