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Winter navigation requires ice observations to provide safe and effective
waterways. Acquiring field data is a costly and difficult operation that is greatly
aided by remote sensing. This paper reports on the field campaign to develop
the use of infrared thermography as a means of river ice monitoring. In addition
to providing information regarding surface ice concentration and temperature,
based on the hypothesis that the surface temperature of ice floes is related to
their thickness, information regarding ice thickness may also be obtained with
infrared imaging. For this study, data are acquired on the St-Lawrence River,
where ice floes are present all winter. In March 2008, air borne infrared
georeferenced images were acquired between Montréal and Québec, Canada.
After appropriate corrections, each image had the potential to provide
significant information on ice characteristics. Taken as a whole, the set of
images reveals interesting phenomena about spatial ice characteristics along the
river, such as median temperature, standard deviation or ice concentration.
These statistics bring out the variability in the various types of ice floes along
the river and lead to the conclusion that infrared thermography could be a
unique and effective tool for river ice monitoring.
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1. Introduction
Ice observations on the St-Lawrence River are needed to make it an effective and safe waterway,
and to prevent ice jams that can lead to flooding and the closure of the navigation channel. They
are produced daily by a number of means including satellite surveillance, particularly
RADARSAT-1 and soon, RADARSAT-2; helicopter flyovers, where an ice observer manually
maps ice conditions and from a series of real-time cameras and radars strategically positioned
along the River. However, now, there is no large-scale real-time system that can properly see at
night, nor is there an operational system that can quantify ice thickness, although significant
research has been made in the use of RADARSAT to provide ice thickness and ice type
(Unterschultz et al. 2009.
Thermal infrared imaging is one of the avenues that can be followed to address some of these
shortfalls. Equations 1-3 describing the heat flux at the ice/air interface prove the theoretical
applicability of thermal imaging to measure ice thicknesses. After an initial ice surface element
is present, e.g. ice pan, ice floe or shore ice, further heat loss from underlying water to the
atmosphere continues via a flux through the surface ice element. The heat flux qia at the ice
surface/air interface, neglecting snow, can be expressed (Ashton, 1986) by the following
equation,
qia = H ia (To − Ta ) ,

[1]

where H ia is a heat transfer coefficient, dependent particularly on local wind velocity, To is the
ice surface temperature and Ta is the air temperature. For conservation of energy, the heat flux
qia must also be equal to the flux in the ice near the interface. Given that the flux is proportional
to local temperature gradient within the ice element, the following expression is applicable

 dT 
qia = C  
 ∆h  near ice surface

[2]

where C is the thermal conductivity of ice , h is the ice thickness, and T is the temperature within
the ice. Assuming that a permanent state is reached, that the temperature of the ice at its
ice/water interface is at zero degrees and near the surface is Ts , and combining equation [1] and
[2], the ice thickness (h) can be determined from the measured value of the ice surface
temperature.

h=

−CTs
H ia (Ts − Ta )

[3]

Given that steady state conditions prevail, i.e. fairly constant air temperatures over the previous
day or two, to apply this equation, it should be fairly easy to obtain air temperatures and wind
speed relative to the ice floe velocity. Given that C depends on ice type, this value may be a little
more difficult to quantify because the nature of ice floes is not very well documented.
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Furthermore, as in all remote sensing methods, there are technical issues related to determining
the true ice surface temperature Ts. For example, in addition to the interference from the
atmosphere, the ice thermal emissivity must be known. Hori et al. (2006) have measured
emissivity for different types of snow and ice, but their findings may be particularly tricky to use
as the ice and snow characteristics of surface floes are highly heterogeneous.
On a positive note, Leppäranta and Lewis (2007) have proved that infrared thermography can be
used to produce ice thickness maps. Using a simple heat flux budget, they determined ice
thicknesses up to 45 cm, when the air temperature was below -4°C, for sea ice.
2. Observations
Ice observations were made during a field campaign in the winter of 2007-2008. Air borne
measurements were made from a small Piper plane, on which an infrared camera was fixed. The
camera was inside the cockpit looking downward with a 45° angle. No lens or window was in
front of the objective, as seen on figure 1. Images were acquired at an altitude of 800 feet (244
m). The infrared camera used was a FLIR A40M, with a field of view of 24°x45° and a GPS was
used to know the position of the plane for each image. Ice observations were made on the SaintLawrence River, between Québec and Montréal (figure 2). The airborne measurements were
acquired on March 13th, 2008, between 10:50 am and 1:30 pm. The local air temperature at the
time varied between -10°C and -6.5°C, and the average wind speed was approximately 10 km/h.
The sky was clear.
3. Data Processing
Airborne infrared images need to be corrected for the atmospheric effect and the radiation
emitted and reflected by the surrounding objects. Rather than using theoretical equations to
calculate these effects, thermal images were “zeroed” using the knowledge that the River’s water
surface temperature was zero degrees, with a tool developed in MATLABTM by the authors. The
effect of the angle at which the camera was installed was corrected at the same time, and each
image was geo-rectified with a projective transform considering a 45° angle from the vertical.
Given the flight cruising altitude of 244 m, each image represented a real surface of about 61 000
m2. The original and resulting images are shown in figures 3 through 7.
4. Results and discussion
4.1 Observations on thermal images
Figures 3 to 7 show the original infrared images (a) and the resulting temperature and spatially
rectified images (b) for five locations along the River. Figure 4 is an example of a typical image
acquired near Montreal (km 10). Once rectified and corrected, the image has better contrasts, but
still shows, for most of the ice floes, a small difference between ice and water temperature
indicating the presence of thin ice floes. Figure 5 shows a thermal image taken downstream of
Montreal in the wide shallow portion of the river commonly referred to as Lac St-Pierre (km 90).
Ice characteristics are quite different than those observed upstream on figure 4. On the Lake, ice
pans are much larger in surface area and the ice surface temperatures are colder. Very cold shore
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ice can be seen on the upper part of figure 5a, but this part of the image has been cropped before
generating figure 5b, in order to study the characteristics of surface ice floes in the navigation
channel only. Figure 3 and 6 show thermal images near Trois-Rivières (km 120), just
downstream of Lac St-Pierre. A higher variability in ice pan characteristics is observed. Some
small ice floes have a low surface temperature, others have a higher temperature. The same
phenomenon is observed for large ice pans. The image was also cropped to remove parts of the
image where the correction was uncertain. A typical thermal image of ices floes near Québec
(km 240) is shown in figure 7. Once again, ice characteristics are different from those upstream.
Near Québec, there is a lot of ice with a high surface temperature amongst which there are small
thick ice blocks with a cold surface.
According to figure 3 to 7, ice characteristics vary a lot from one channel reach to the next and
within a single channel reach. Indeed, even within each image, each ice floe is different from
another, because each floe has its own spatial-temporal-thermal-mechanical history. Some floes
come from further upstream and go through areas of high currents and turbulence, whereas some
ice is produced locally, resulting quite different thicknesses and sizes. The observed surface
temperature variability is hence in good concordance with what is expected and may provide
insights into spatially-varied fluvial thermal hydrodynamics.
4.2 Geospatial statistics
Geospatial statistics of the images along the St-Lawrence River, since a GPS position is known
for each image, are extracted and analyzed. To aid in the interpretation of the results, figure 8
shows the air temperature for the week leading up to the flight for the three main cities along the
River: Montréal, Trois-Rivières and Québec. Ice production and thickening were important on
March 10th and 11th, since temperatures were hovering around -5° to -18°C. On March 12th,
temperatures were a lot higher, over 0°C. This may have led to some surface melting of the ice
floes and some increase in temperature in their core. On the day of the flight (March 13th),
temperatures were low again, presumably leading to low surface temperatures that were,
hopefully, not too influenced (compare equation 3 to equation 2) by the thermal inertia in the
floes from the previous high temperatures on March 12th.
Figures 9 to 11 show the resulting statistics on ice floes along the river. The survey was done
during a return Québec–Montréal-Québec trip and each data from each direction was separated
to take into account modified meteorological conditions between the two flight directions. On the
outbound flight, some data is missing due to GPS problems and to the flyover of the solid ice
cover of Lac St-Pierre, whereas all data from the inbound flight is available for analysis.
Figure 9 shows that the median ice temperatures of each neighboring image are fairly consistent
with each other. The solid blue line is a moving average, and the red dashed-lines represent a
standard deviation (SD) over and under that moving average. On the outbound flight (QuébecMontréal), upstream of Lac St. Pierre, surface temperatures were generally between -0.5 and -1.5
ºC whereas downstream the range increased to -1 to -3 ºC. On the return flight, one can also note
general spatial trends in the median values and general trends in their SD. Of particular interest
on the inbound flight is the general decrease in surface temperature in Lac St-Pierre. Lac StPierre is characterized by extended shorefast ice and a narrow deep navigation channel through
the middle of the lake. Hydraulics conditions are therefore quite different from other locations in
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the river, and so are ice floe history and shore ice characteristics. One must notice that the treated
images, as shown in figure 5, were exclusively of ice floes going down the navigation channel
and excluded all shore ice.
Figure 10 shows the standard deviation (SD) of surface ice temperature, for each image. As with
median ice temperature, SDs show sectorial homogeneity. On the outbound flight, SDs vary
from 0 to 5°C between Montreal and Lac St-Pierre. Downstream of Lac St-Pierre’s head (km
70), SDs increases to 5 to 10°C. On the inbound flight, SDs are also low upstream of Lac StPierre. They increase at the upstream end of Lac St-Pierre (km 60) and start decreasing at its
downstream end (km 100). Towards Québec, there are greater fluctuations in SDs, but they do
not get higher than 7°C. According to figure 10, the ice temperature standard deviation of floes
in Lac St-Pierre follows a tendency opposite to the median temperature. Where the median
temperature gets lower, as in Lac St-Pierre, the standard deviation gets higher. This assertion is
shown more explicitly in figure 11. As median ice surface temperature increases, SD clearly
decreases, on both outbound and inbound flights. Higher SDs imply a greater variability in ice
thicknesses. This observation could be explained by two hypotheses: either individual ice floes
are different from one another, or each ice floe has a less homogeneous thickness. Images of ice
floes in Lac St-Pierre (fig. 3 and 5) and near Trois-Rivières (fig. 6) had indeed a greater
variability in ice characteristics from both points of view. Also, old ice being most of the time
thicker, it has a lower surface temperature. Assuming that old ice has a greater variability in its
ice structure (Leppäranta and Lewis, 2007), greater SDs as the median temperature decreases is a
plausible result.
Figure 12 shows ice concentration along the St-Lawrence River. Unlike median temperature, the
measured concentrations exhibit a large variability from one image to the next. Despite this
scatter, it is still possible to see some sectorial trends within channel reaches. The outbound
flight, with fewer points, is more difficult to analyze. The inbound flight shows more interesting
trends. From Montreal to the head of Lac St-Pierre (km 60), concentrations are quite constant
and the SD values are moderate. In Lac St-Pierre, concentration decreases and has a high SD,
until it reaches a minimum near its outfall (km 100), where hydraulic conditions change.
Concentrations get higher downstream, up to midway between Trois-Rivières and Portneuf (km
160). The maximum concentrations in that area are associated with very small SDs.
Downstream of km 160, concentrations start decreasing, with a quick drop near km 180, and
bends in the river are noticed. A second minimum is reached near Portneuf, where there is a
sharp bend in the River. Towards Québec, concentrations go up again as the River narrows.
5. Future work
During winter 2008-2009, a second field campaign was done. This campaign’s goal was to
acquire infrared images from an airborne thermal camera and to acquire data for ground
thruthing Ground truthing data consisted of infrared images, real images, ice thicknesses (from
an Ice Profiling Sonar and a laser) and meteorological data acquired in February and March 2009
in the Port of Quebec (figure 13). Observations were made in different meteorological conditions
in order to describe their effects on infrared thermography. These data sets will soon be analyzed
in order to generate correlations between different sets of statistics and maps of ice temperatures
and thicknesses in the St-Lawrence River.
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6. Conclusion
Infrared thermography provides much information about ice floes on a river. Each individual
image has the potential to provide details about ice floe characteristics: temperatures, shape, size,
thickness, type and concentration. Combined with geospatial information, a set of infrared
images provides a great data set that can be used to perform analyses on large spatial river
reaches. Statistics can be extracted, and ice temperature and thickness maps can be produced,
which could be combined with currently-used remote sensing technologies such as RADARSAT
and other remotes sensing data. Moreover, the corrections applied seemed to be appropriate and
the resulting matrices generated spatially coherent analyses on ice statistics and concentration.
However, since thermal imaging is sensitive to meteorological conditions, and since the equation
relating surface temperature to thickness relies on some assumptions regarding thermal history
and ice characteristics, reliable ice floe thicknesses from the data may be more difficult. To
answer some of these issues, a new data set comparing thermal images to actual floe thicknesses
has been obtained in 2009 and we will be reporting on our progress to relate on to the other in the
upcoming months.
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Figure 1. Camera installation on the plane

Figure 2. Map of the St-Lawrence River between Montréal and Québec
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Figure 3. An example of geo and thermal image rectification (km 120)

Figure 4. Original (a) and corrected (b) images near Montréal (km 10)
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Figure 5. Original (a) and corrected (b) images for Lac St-Pierre (km 90)

Figure 6. Original (a) and corrected (b) images near Trois-Rivières (km 120)
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Figure 7. Original (a) and corrected (b) images near Québec (km 240)

Figure 7. Air temperature at selected cities along the St. Lawrence
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Figure 8. Median Ice Temperature
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Figure 9. Ice Temperature Standard Deviation
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Figure 10. Relation between ice temperature standard deviation and median temperature
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Figure 11. Ice concentration along the St-Lawrence River

53

Figure 12. Installation in Port of Québec (a) and examples of images (b-c)
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