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Abstract 
 
In 2016, the authors published evidence demonstrating that strong magnetic field perturbations resulting from Earth-directed 
solar events can adversely affect marine archaeological survey. Based on a 95% confidence level, it was estimated that 89.7 
to 100 percent of geomagnetic storms occurring on days of Kp 51 or greater will generate marine magnetometer signatures 
that may be misinterpreted as archaeological sites. Aggressive processing, analysis, and comparison of single instrument, 
total field marine magnetometer datasets were unable to isolate and remove the storm sudden onset signature. These findings, 
however, only demonstrated the phenomena in data collected at mid-latitudes (Carrier et al. 2016). 
 
This paper builds on that work by presenting analysis of additional survey data collected from a low latitude region in the 
Gulf of Mexico. Although it is understood that geomagnetic storms affect Earth’s magnetic field to a greater degree at high 
latitudes – that is, near the poles – and to a lesser degree at low latitudes – closer to the equator – the prevailing assumption 
that geomagnetic storms are not a problem in the Gulf of Mexico is unsubstantiated by the empirical evidence. Observatory 
datasets analyzed in this paper plainly reveal that geomagnetic storms affect Earth’s magnetic field at low latitudes and 
external source artifacts remain in professionally-collected survey data, even after aggressive processing. Recommendations 
are made for marine magnetic data collection and processing methods that adequately account for geomagnetic storms, 
allowing for improved precision in analytical interpretation and thus improved identification of archaeological resources.  
 
Introduction 
 
Identifying archaeological sites within an area slated for development using only remote sensing equipment represents the 
grand challenge of finding things that matter and ignoring things that don’t. Inherent in this effort is the need to refine 
geophysical survey techniques to reduce the number of false positives and improve accuracy without sacrificing cost 
optimization. 
 
In 2016, the authors published evidence demonstrating that strong magnetic field perturbations resulting from Earth-directed 
solar events can adversely affect marine archaeological survey. Survey and observatory magnetometer data from mid-latitude 
regions confirmed the immediate onset of geomagnetic storms and the fast compression of the magnetopause, creating a 
short-duration, high amplitude spike in Earth’s magnetic field that appears similar to the signature of an archaeological 
anomaly. Aggressive processing, analysis, and comparison of single instrument, total field marine magnetometer datasets 
were unable to isolate and remove the storm sudden onset signature. Of the 34 storms analyzed, 34 possessed onset 
signatures that were considered to be potentially misleading, resulting in possible aliasing of temporal variation (the storm 
sudden onset signature) for spatial variation (archaeological anomalies of interest). Based on a 95% confidence level, it was 

                                                           
1 Kp refers to Kp index, or Planetarische Kennziffer, a value that measures the three-hour magnetic 
field variation from thirteen sub-auroral magnetic observatories around the world on a quasi-logarithmic 
scale from 0–9 (Maus et al 2010); the greater the Kp, the more perturbed Earth’s magnetic field. 
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estimated that 89.7 to 100 percent of geomagnetic storms occurring on days of Kp 5 or greater will generate signatures that 
may be misinterpreted as archaeological sites. In other words, a surveyor will think he or she has identified an archaeological 
site, when in actuality, what has been captured in the data is the signature of a geomagnetic storm. Moreover, magnetic field 
perturbations occurring after the initial compression effectively mask small archaeological sites, meaning a surveyor may fail 
to identify the oldest, arguably most important resources because their signatures (the signal) will be hidden behind the 
geomagnetic storm (the noise). These findings, however, resulted from analysis of survey data collected at mid-latitude 
locations and therefore cannot be assumed to apply to surveys conducted at high or low latitudes (Carrier et al. 2016).  
 
Because of the high volume of remote sensing survey conducted in the Gulf of Mexico, it was appropriate to evaluate 
whether these findings are applicable also to low latitudes. At times, the magnetic signatures of archaeological sites alone are 
used to determine appropriate avoidance buffers, limiting the aerial extent of development activities; ground truthing of 
magnetic anomalies is not frequently performed. Therefore, false positives in the data may result in areas being excluded 
from development that do not need to be excluded. Moreover, data that include the noise from external sources may mask the 
signatures of important archaeological sites of small magnetic moment, resulting in unintentional damage or destruction to 
these sensitive resources.  
 
Based on an analysis of survey and observatory data for a series of geomagnetic storms occurring on 1-7 September, 2015, 
these findings appear also to be applicable to surveys conducted at low latitudes.  Although geomagnetic storms affect 
Earth’s magnetic field to a greater degree at high latitudes – that is, near the poles – and to a lesser degree at low latitudes – 
closer to the equator (Carrier et al. 2016) – the prevailing assumption that geomagnetic storms are not a problem for survey in 
the Gulf of Mexico is unsubstantiated by the empirical evidence. Processed and analyzed observatory datasets plainly reveal 
that geomagnetic storms affect Earth’s magnetic field at low latitudes and external source artifacts remain in survey data, 
even after aggressive processing. Recommendations for improving marine archaeological resource identification practices 
include (1) avoiding conducting magnetic survey during a geomagnetic storm, regardless of instrumentation used, and (2) 
using a base station or gradiometer instrument configuration rather than a single instrument, total field magnetometer. It is 
universally agreed that these configurations are effective at identifying and remove temporal variance (external, temporal 
contributions) and isolating spatial variance (spatial contributions) in marine magnetic data. 
 
Statement of Theory and Definitions  
 
Earth’s magnetic field is measured as a vector sum magnitude (quantified in nano-tesla (nT)) that is comprised of three 
primary contributors: internal core sources, crustal sources, and external sources. Internal core sources occur principally as a 
result of Earth’s iron-rich molten outer core slowly rotating around Earth’s inner core, generating electrical current that is 
manifested in Earth’s magnetic field. Crustal sources occur principally as a result of ferromagnetic materials on or below the 
ground or seafloor combining with geological sources, such as fossil fuels and other minerals. Archaeological objects and 
other shallow hazards possessing magnetic moment fall into this category. Core and crustal sources are both spatially-
variable. By contrast, external sources to the field are highly complex and time-variable. Arising from heliophysical 
processes related to solar and terrestrial magnetic field interactions, some of these interactions, such as diurnal variation, are 
considered to be relatively steady and low frequency; these slow, low-frequency variations can, in fact, be resolved in 
processing. However, geomagnetic storms and other fast moving plasma interactions between the sun and Earth’s magnetic 
field are impulsive, high frequency, and cannot be resolved in processing.  
 
“[The] magnitude of total field variation alone is not a factor limiting successful removal of the external field from single 
instrument, total field magnetometer data for the purposes of identifying archaeological anomalies. The limiting factors are 
the magnitude and rate of change, and the predictability of that change. Temporal variations due to geomagnetic storms are 
particularly difficult to resolve. For example, sudden impulses observed in the beginning of the storm are observable in 
magnetic datasets across the planet. They may reach several hundreds of nT in magnitude over the course of seconds, and 
appear very similar in character to a classic dipole archaeological anomaly of the same amplitude. Values exceeding 1,200 nT 
per minute are on record in high latitude regions and exceeding 400 nT per minute in the UK, a mid-latitude region 
(Macmillan and Reay 2012). These appear in the profile trace as high-amplitude, short duration spikes… the speed of onset, 
short duration of that onset point, and high amplitude of geomagnetic storm signatures in general make them unusually 
difficult if not impossible to resolve out in post-acquisition processing.” (Carrier et al. 2016: 5) 
 
In terrestrial archaeology, the fact that impulsive external source signatures (temporal variations) cannot be processed out 
leaving behind pristine internal core and crustal signatures (spatial variations) is widely acknowledged. Either a base station 
or multiple total field magnetometers operated in gradiometer configuration is necessary to identify spatially discrete 
anomalies. Without the additional instrument to difference out the external source, one risks aliasing temporal for spatial 
variation in the sensed magnetic field. A full discussion of this well-established theory is presented in Carrier et al. 2016. 
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Methods 
 
As with the previous analysis, both marine magnetic survey and terrestrial-based observatory datasets corresponding with the 
dates of a series of geomagnetic storms were obtained. In this case, the storms occurred between 2 and 7 September 2015. 
Then, the authors processed both survey and observatory data and plotted them together in order to better illustrate the 
external source artifacts that remained in the survey data, even after processing. The resulting plots were then analyzed in 
order to assess data quality and whether evidence of geomagnetic storms was evident in this low latitude data, and if so, had 
it been successfully removed through processing. “The use of magnetic observatory data confers an added benefit to the 
study: since magnetic observatories are stationary, there is no possibility of their datasets including spatial variance from 
geological sources or other spatially-based magnetic anomalies (e.g. archaeological resources; Macmillan 2007). Thus, any 
non-error variance in a magnetic observatory dataset is certainly due to a temporally-based geomagnetic contribution.” 
(Carrier et al. 2016: 9) 
 
Because the objective was at least partly to determine whether geomagnetic storms affect marine magnetometer data 
collected at low latitudes, and to reduce, as much as possible, any variance between survey and observatory data,  the 
observatory datasets utilized in the analysis were obtained from observatories located as geographically near as possible to 
the survey area. In some cases, Fredericksburg (Virginia) observatory provided the nearest available observatory dataset, and 
in some cases Stennis Air Force Base (Mississippi) provided the nearest. When both datasets were available, the authors 
obtained and processed both. While geomagnetic storms affect Earth’s magnetic field to a greater degree at high latitudes – 
that is, near the poles – and to a lesser degree closer at low latitudes – closer to the equator, since Stennis is further from the 
poles and Fredericksburg closer to the poles, it was hypothesized that one might expect greater geomagnetic storm impact in 
the Fredericksburg data than in the Stennis data. Additionally, since Stennis is closer geographically to the survey area, it was 
hypothesized that one might expect closer correlation to the survey data on the Stennis plots and lesser correlation on the 
Fredericksburg plots.   
 
Survey data processing included converting to UTC time zone, despiking, and typical detrending methods. For each survey 
line, a linear line fit to the data was calculated, and the line fit was subtracted from the data to create the high pass filter. In 
accompanying plots, the survey data are depicted in orange. For clarity of the plots, the linear line fit is not 
depicted. Observatory data processing included despiking, plus spline method (smoothing). A very low-frequency spline 
(black line) was fit to the data to approximate the line fit process over a continuous dataset and create the low pass filter, 
which was then subtracted from the data itself to create the high pass filter. In accompanying plots, observatory data are 
depicted in blue. The minor difference in processing methodologies is due to the fact that observatory datasets are produced 
in continuous strings partitioned every 24 hours whereas, by contrast, survey datasets start and stop according to operational 
parameters. All data extraction and processing were performed using MATLAB 2013a.  
 
Results  
 
Twelve plots presenting processed data for all available observatory and survey data sets during the study period were 
prepared and analyzed. Three selected figures illustrate findings representative of the remainder (Figures 1-3). Figure 1 
depicts a geomagnetically quiet day, as evidenced by the extremely small amount of variation around the mean on the high 
pass plot (bottom). The low pass plot (top) depicts the typical diurnal variation evident in all magnetic datasets. By contrast, 
Figures 2 and 3 depict geomagnetically active days, during which Earth’s magnetic field was being perturbed by external 
source contributions arising from geomagnetic storms. In both examples, much greater variation is evident around the mean 
in the high pass plots (bottom), and this variation is clear in both Fredericksburg and Stennis observatory datasets (blue lines) 
as well as the survey data (orange lines).  The amount of external source variation is extensive and clearly impacted data 
quality. These results confirm that temporal anomalies remain evident in the data post-processing.  
 
As with the original study, given that this storm noise is the background from which spatially-varying signals must be 
identified, its presence in the survey data renders those data useless of identifying archaeological sites on the order of tens of 
nT in amplitude (Carrier et al. 2016). These are the exact sizes of smaller historic artifacts like anchors, cannon, and ships’ 
fastenings of the oldest, rarest wooden shipwrecks (Bright et al. 2014).  
 
Conclusions 
 
This study demonstrated that even in the Gulf of Mexico (and other low latitude areas) geomagnetic storms of sufficient 
intensity will disrupt the quality of magnetic survey data. This noise in the data – the external source contribution – cannot be 
processed out.  
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Figure 1. Processed Fredericksburg Observatory Data for 1 September 2015 depicting a geomagnetically “quiet” day, as evidenced 
by the very small amount of variation around the mean in the high pass filtered data.  
 
 
Understanding that external source contributions to Earth’s magnetic field cannot be processed out of the data, even from 
data collected during survey conducted in low latitude regions, there are two approaches that will resolve the issue and 
improve archaeological resource identification practices. First, the authors recommend that archaeologists avoid surveying 
during a geomagnetic storm, regardless of instrumentation used. As we’ve demonstrated, rapid, strong temporal fluctuations 
of Earth’s magnetic field relating to the sudden onset of a geomagnetic storm can be easily mistaken for archaeological 
anomalies. Also, the main phase of the storm can mask them. We suggest that though surveyors may obtain the geomagnetic 
forecast themselves, it would be best to consult a space weather forecaster who can advise the survey team and prevent costly 
rework.  Second, the authors recommend that marine archaeologists use a base station or gradiometer. It is universally agreed 
that these configurations are effective at removing temporal variance and isolating spatial variance in magnetic data. Finally, 
we advise archaeologists to take repeat measurements, if possible, around any possible anomaly to delineate a site. The 
benefit of this approach is that if the anomaly signature is missing on subsequent passes, then it can be confirmed as a space 
weather effect. This approach would be possible if surveyors process data on board a survey vessel and take additional passes 
during the same mobilization.  
 
Magnetic data processing methodologies vary greatly and interpretation is a highly subjective activity. As with the previous 
study, the purpose of this investigation was not to insist upon conformity in processing and interpretation; rather it was 
intended to bring more consistency and fidelity to raw datasets at the outset, prior to processing. Collecting data using 
appropriate instrumentation configurations, in accordance with an understanding and respect for the heliophysical processes 
affecting data quality, will prevent aliasing spatial with temporal variation in order to effectively characterize true 
archaeological sites. For industry and regulators alike, use of a gradiometer to collect magnetic survey data will yield fewer 
false positives and more true archaeological sites identified, ensuring that avoidances placed on development areas represent 
sensitive resources warranting protection.  
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Figure 2. Processed Fredericksburg (above) and Stennis (below) Observatory (blue lines) and survey data (orange lines) for 4 
September 2015, depicting a geomagnetically active day. Variation around the mean on the high pass filtered data from both 
observatory locations depicts perturbation throughout the day that is still evident in the processed survey data. 
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Figure 3. Processed Fredericksburg (above) and Stennis (below) Observatory (blue lines) and survey data (orange lines) for 7 
September 2015, depicting a geomagnetically active day. Variation around the mean on the high pass filtered data from both 
observatory locations depicts perturbation focused especially after approximately 1400 UTC.  
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