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Abstract Thawing of permafrost due to global warming can have major impacts on hydrogeological
processes, climate feedback, arctic ecology, and local environments. To understand these effects and
processes, it is crucial to know the distribution of permafrost. In this study we exploit the fact that airborne
electromagnetic (AEM) data are sensitive to the distribution of permafrost and demonstrate how the
distribution of permafrost in the Yukon Flats, Alaska, is mapped in an efficient (semiautomatic) way, using a
combination of supervised and unsupervised (machine) learning algorithms, i.e., Smart Interpretation and
K-means clustering. Clustering is used to sort unfrozen and frozen regions, and Smart Interpretation is used to
predict the depth of permafrost based on expert interpretations. This workflow allows, for the first time, a
quantitative and objective approach to efficiently map permafrost based on large amounts of AEM data.

1. Introduction

Permafrost is a statewhere the temperature in a subsurface layer stays below the freezingpoint throughout the
year for at least two consecutive years and is hence mostly common in the arctic regions. As we experience
higher surface temperatures due to changing climate, an increasing number of research projects address the
issue of how warming will affect permafrost and the potential consequences of continued permafrost thaw.
Froese et al. [2008] argue that permafrost can be quite stable and resilient to warmer climate under certain
environmental conditions. However, Vaughan et al. [2013] state that a consequence of increasing surface
temperatures related to global warming will be thawing of permafrost and increased formation of taliks, i.e.,
unfrozen zones in regions of permafrost. These changes in permafrost can have impact on several different
factors such as infrastructure foundations, hydrogeological processes, climate change feedback, ecology,
and the environment. Hydrogeological processes can be expected to change through enhanced surfacewater
andgroundwater interaction through taliks, and the contribution of groundwater to streamflowcanbe altered
[Walvoord and Striegl, 2007; Bense et al., 2009]. According to studies by Knorr et al. [2005], Schuur et al. [2009],
Koven et al. [2011], and Schuur et al. [2015], the large amounts of carbon stored in permafrost soils will have a
significant impact on climate, acting as a positive feedback when emitted to the atmosphere due to thawing
of permafrost. Thawing of permafrost can also affect the areal extent of wetlands [Avis et al., 2011] and fire
frequency and intensity [Mack et al., 2011], having substantial ecological influence [OˈDonnell et al., 2011]. It is
therefore important to be able to map the distribution of permafrost, both laterally and with depth, over
large areas.

In a study byMinsley et al. [2012] it is shown that remotely sensed airborne electromagnetic (AEM) data are sen-
sitive to the subsurface distribution of permafrost. The process ofmanually interpreting the distribution of per-
mafrost fromAEMdata is, however, very time-consuming and subjective. In addition, it is impossible to include
all available data in the mapping process, especially considering the increasingly large AEM data sets being
collected. In this study we demonstrate a workflow based on a combination of supervised and unsupervised
learning. It consists of a combination of a few manual “expert” picks of the base of frozen soil and two
machine-learning techniques: Smart Interpretation and K-means clustering. This workflow allows for a much
faster mapping of the distribution of permafrost in a quantitative and objective way that includes all available
data in the process and at the same timemakes sure that the finalmap is both consistent with the data and the
expert knowledge. Theworkflowisdemonstratedona300 km2blockofAEMdatawithin theYukonFlats, Alaska
(see Figure 1), acquired by using the Fugro RESOLVE system along closely spaced flight lines. The Yukon Flats is
sited in an area of interior Alaska near the boundary of continuous permafrost to the north andmore discontin-
uous permafrost to the south, and is hence an important location for examining the dynamics of permafrost
[Minsley et al., 2012].
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2. Methods

The workflow is built up of two parts.
First, the location frozen soil is found
by using unsupervised K-means
clustering [see, e.g., Bishop, 2006;
Everitt et al., 2001]. Then, the thickness
of the permafrost is estimated by
using supervised regression, also
known as Smart Interpretation (SI)
[Gulbrandsen et al., 2015].

2.1. Study Area

The surface geology of the study area
within the Yukon Flats (Figure 2) con-
sists of Quaternary alluvial fan, ter-
race, and floodplain deposits of the
Yukon River that overlay extensive
Pliocene-Pleistocene lacustrine silts
and clays [Williams, 1962; Clark et al.,
2009]. The alluvial sediments are pri-

marily coarse-grained gravels that extend to a depth of approximately 30–40m. This geological setting is
expected to exhibit a significant contrast in electrical resistivity, with gravels and other coarse-grained mate-
rials being more resistive than silts and clays [Hoekstra et al., 1975]. Nearby ground-based electrical resistivity
measurements [Froese et al., 2005] support this model and suggest that large-scale AEM surveys can be useful
in delineating these features over a large area.

2.2. AEM Survey

AEM data were acquired in the Yukon Flats area of interior Alaska in 2010 [Ball et al., 2011;Minsley et al., 2012]
by using the Fugro RESOLVE frequency domain system. The RESOLVE system comprises six coil pairs that
operate between approximately 0.4 and 140 kHz, and the instrument is towed with nominal 30m ground
clearance beneath a helicopter. Data are output approximately every 3m along the flight lines, with nearly
500,000 data points for the entire 1800 line-km survey. Here we focus on a subset of about half of the total
data sets that were collected along closely spaced flight lines that cover an area of approximately 300 km2

(Figure 1). At every data location, the AEM data were inverted to recover a one-dimensional model of electri-
cal resistivity in the subsurface by using the EM1DFM inversion algorithm [Farquharson et al., 2003]. The total
depth of investigation, up to 130m in some areas, was evaluated by using the method of Oldenburg and Li
[1999]. These inverted resistivity models provide the main input to the semiautomated interpretation steps
described below.

2.3. K-Means Clustering

K-means clustering is an unsupervised machine learning technique used to group a data set into a prede-
fined number of clusters, K. In this study the clustering algorithm is used to sort the zones of unfrozen
sediments from the regions with permafrost; therefore, the predefined number of clusters is K=2. The data
set in this case constitutes 243555 1D resistivity models derived from the inverted AEM data [Ball et al., 2011;
Minsley et al., 2012], which are represented by a “point” in a high-dimensional model space. The algorithmˈs
job is to sort these points into frozen and unfrozen classes. The iterative procedure starts out by choosing two
random samples from the high-dimensional input model space to represent the centers in each of the clus-
ters. All the other points are then assigned to the cluster they are closest to (the Euclidian distance is used).
Now the mean value of each cluster is computed and will represent the new cluster-centers. Again, all points
are reassigned a cluster based on the distance measure and the new centers. This procedure continues as an
iterative process until the clusters converge. Mathematically, the K-means clustering algorithm seeks to mini-
mize the objective function:

Figure 1. The Yukon Flats study area, displayed together with the surface
(0–1.2m) resistivity values from the inversion of the obtained AEM data.
Line A represents the AEM flight line 10020, and line B represents the
combined flight lines 10142 (southwest of Fort Yukon) and 10140 (northeast
of Fort Yukon). Coordinates are UTM Zone 6N.
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J ¼
XN

n¼1

XK

k¼1

rnk∥xn � μk∥
2

where N is the number of points, K is the number of clusters, rnk is an indicator variable being either 1 or 0,
indicating whether point n, located at position xn, belongs to cluster k or not, respectively. Parameter μk
represents the cluster center of cluster k. The steps of the iterative process explained above are steps in mini-
mizing the objective function, and the process converges when a minimum of the function is reached.

2.4. Smart Interpretation

Smart Interpretation is based on a linear regression technique and is a method developed for geological layer
modeling [Gulbrandsen et al., 2015]. Here we make use of this method extended from linear to second-order
polynomial regression. The method is based on two steps. In the first step an expert interprets a physical
interface such as the boundary between two lithological units, or the base of permafrost, by “picking” this sur-
face on a cross section of inverted AEM data. While the expert is doing this manual picking the algorithm tries
to learn the relation between the manually interpreted points and multiple available attributes. Specifically,
the relationship is defined by the coefficients of a polynomial that are determined through linear regression,
and attributes include quantifiable information such as resistivity values, elevation, geographic coordinates,
and terrain. After a few picks, when the algorithm has learned the interpretation-attribute relation, the sec-
ond part of the algorithm is to predict what the expert would interpret throughout the whole survey, which
is simply done by using the relation learned in the first step. In this study the SI is used to interpret the per-
mafrost thickness (by picking the base of frozen silt) of the block within Yukon Flats, close to Fort Yukon,
Alaska. The attributes used in this study are the resistivity values, the terrain, and an extracted attribute repre-
senting the depth where the resistivity values cross 100Ωm.

3. Results and Comparison

In Figure 3, the result from using the clustering procedure on one cross section is shown. The black dashed
line in Figure 3a shows the distribution of permafrost according to the manual interpretation byMinsley et al.

Figure 2. Map of AEM flight lines displayed with surface geology [Williams, 1962].
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[2012]. Where this line vanishes, the soil is assumed to be fully unfrozen throughout the entire vertical extent.
Figures 3c and 3d show the models that represent taliks and permafrost, respectively, as predicted by the
K-means clustering algorithm. It is seen that this automated approach is consistent with the manual interpre-
tation. From the figure it is clear that the subsurface below both Twelvemile Lake and the Yukon River is
interpreted to be unfrozen. This is consistent with the concept that the subsurface does not freeze beneath
large lakes and rivers that are too deep to fully freeze during winter. Figure 4 shows a map of the spatial dis-
tribution of permafrost zones resulting from the K-means clustering, in the whole study area displayed
together with all the lakes in the area. The figure shows that the results produced by the clustering algorithm
are consistent with the distribution of lakes, which is a strong indication that the clustering algorithm
performs satisfactorily. Note that the figure only displays the outlines of lakes, and not the Yukon River, its
side channel, or the Porcupine River in the northwest part of the block. It should also be noted that there
are no data of lakes from the northeast part of the survey.

There are several different unsupervised clustering techniques that probably also would be able to achieve
the results achieved by the K-means clustering algorithm in this study. No other methods have been tested,
since the K-means clustering method provides the desired results and is easy to implement. If, however, the
geology of the study area wasmore complex (e.g., different frozen/unfrozen resistivity thresholds throughout
the study area) more sophisticated clustering methods might be required.

Next, the taliks are sorted from the permafrost regions, and the result of the automated base of permafrost
interpretation on cross section B from Figure 1 is shown on Figure 5b. The black dots (seven in total) represent
the manual interpretation points that constitute the first step of the SI method. Based on the learned relation
between these points and the attributes, the SI method predicts the red line to represent the base of the per-
mafrost, which is very consistent with the manual interpretation shown in Figure 5a. The main benefit of
using SI is that it allows a quantitative approach to interpretation that can take all data into account, while

Figure 3. (a) The resistivity profile B from Figure 1 (taken fromMinsley et al. [2012]. The black and red dashed lines represent the base of permafrost and the gravel-silt
contact, respectively, as interpreted by Minsley et al. [2012]. (b) The same profile as Figure 3a where all resistivity layers below depth of investigation are removed.
(c) The K-means clustering predicted taliks. (d) The K-means clustering predicted permafrost. Coordinates are UTM Zone 6N.
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being trained by an expert. In practice, this allows much faster, and less qualitative, interpretation than the
manual approach. In Figure 5b, the models indicating taliks are removed, and it is seen that these have the
same location as where the black line in Figure 5a disappears, i.e., where the soil is interpreted to be com-
pletely unfrozen. In the middle of the cross section (about 574 km) Figure 5a, has a question mark, indicat-
ing the uncertainty in the manual interpretation as to whether this area is frozen or not. Even though the
automated approach indicates that this region most likely is unfrozen, this uncertainty is also expressed by
leaving a few models as frozen. Figures 5c and 5d show the interpreted base of permafrost on the AEM
flight line highlighted with letter A in Figure 1 (from Minsley et al. [2012] and the SI method, respectively).
The prediction in Figure 5d is made by using the interpretation-attribute relation learned on the cross
section in Figure 5b.

By comparing the interpretations of the base of permafrost on the two cross sections displayed in Figure 5, it
can be concluded that the semiautomatic approach provides objective results that are consistent with the
manual interpretation. The SI method can be applied to all of the flight lines in the survey by using the
interpretation-attribute relation learned from the seven interpretation points shown in Figure 5b. This allows
for a prediction of the depth to the base of permafrost to be estimated across an entire area (see Figure 6).
From the figure, it is clear that the permafrost is thickest in the southwest part of the block (100–110m thick),
thins towards northeast and the Yukon River, and thickens again on the other side of the river. This behavior
is consistent with the results from the study by Minsley et al. [2012].

The detailed map of permafrost extent and thickness (Figure 6), which to our knowledge is the first of its
kind, is an important data product that may be of use for numerous other studies. This result could for
instance be used to compute the storage, and hence potential release, of CO2 in the area, and in that
way play a role in state of the art climate research. Results could also be interpreted together with maps
of historical fire events and other remote sensing or geophysical data sets to better understand the
impact of fire on permafrost distributions [Nossov et al., 2013; Minsley et al., 2016]. Knowledge of perma-
frost thickness and extent is also valuable for hydrogeological modeling [Walvoord et al., 2012] and
investigations of the role of subsurface flow on observed changes in lake area extent [Jepsen et al.,
2013; Chen et al., 2014].

The workflow presented here not only gives the opportunity to achieve a reliable map of permafrost in a
much faster way than previously available, but also opens up for the possibility of more frequent mapping
of permafrost using AEM data collected over the same area. This would give rise to a completely new insight
in the actual change in the distribution of permafrost, and not only a snapshot of the present state, potentially
contributing to a much better understanding of the dynamics of permafrost, and the effects of
global warming.

Figure 4. Distribution of permafrost in the study area, as resulting from the K-means clustering algorithm together with
the distribution of lakes in the area (white polygons) [Rover et al., 2012]. The colors represent the surface resistivity
values of the regions assumed to have permafrost, and the black color is assigned zones of unfrozen soil. Coordinates
are UTM Zone 6N.
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Figure 6. The final map of permafrost distribution and configuration, where the colors represent the thickness of the per-
mafrost. Coordinates are UTM Zone 6N.

Figure 5. (a) The base of permafrost (black dashed line) as interpreted byMinsley et al. [2012]. (b) The interpretation points (black points) and the resulting predicted
base of permafrost (the red line). The cross section represents the AEM flight line 10142 and highlighted with letter B (southwest of Yukon Flats) in Figure 1.
(c) The manually interpreted base of permafrost along flight line 10020 (highlighted with letter A in Figure 1) from Minsley et al. [2012]. (d) The same cross section
as Figure 5c with the predicted base of permafrost using SI. Coordinates are UTM Zone 6N.
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4. Conclusions

In this study we demonstrate a workflow for fast and accuratemapping of the distribution of permafrost, in an
area of discontinuous permafrost that is rich with taliks, based on an AEM survey. The workflow is based on a
combination ofmanual pickingof the base of permafrost and twomachine-learning techniques: K-means clus-
tering and Smart Interpretation. This combination ensures that all data are included in themapping procedure
and that the resulting map is both consistent with the geophysical data and the interpretations made by the
expert. Although the manual interpretations require expert input, the overall result provides consistency
between the final map, the data, and the expert, and the semiautomatic nature of this process, allowing fast
results, suggests that thisworkflowprovidesaquantitative, fast, anduseful approach tomappingofpermafrost.
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