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Abstract. This paper presents the concepts needed to per- Space-based thermal sensing can provide a spatial image,
form snow surface thermography with a modern thermal im-but it cannot provide a high spatial resolution measurement
ager. Snow-specific issues in the 7.5 to 13 um spectrum suclike a handheld infrared point thermometer can. Thermog-
as ice emissivity, photographic angle, operator heating, andaphy, also known as infrared thermal photography, bridges
others receive detailed review and discussion. To illustratehis gap. This paper discusses sensing of snow via handheld
the usefulness of this measurement technique, various applthermography. Scales include distances from a few kilome-
cations are presented. These include detecting spatial tenters to less than one meter. The bandwidth varies by equip-
perature variation on snow pit walls and measuring the de-ment; this paper discusses the thermal infrared spectrum of

pendence of heat conduction on grain type. 7.5 to 13 um, a common spectral span for handheld thermal
imagers.
Hand-held thermography, in contrast to space-based sens-
1 Introduction ing, brings a host of new concerns as well as new abilities.

This paper demonstrates how this technique has been used

Many processes depend on thermal exchange at the surfaadready and how it may be used in the future. Space-based
of snow. For avalanche prediction, the persistent weak laythermal sensing has received attention in the previous work
ers of surface hoaHachikubo and Akitayal997 and near-  discussed throughout this paper. To date, no other paper
surface facetsMorstad et al.2007) form due to sustained has provided a specific presentation and discussion of use of
thermal gradient. For hydrology, shortwave albedo — andsnow surface thermography with these spatial resolutions and
thus radiation balance — changes as a direct result of surfacdistances, despite it offering a variety of research possibili-
grain type Armstrong and Brun2008 p. 55), which follows  ties. Thus, this paper attempts to provide both a physical and
from snow surface metamorphism via grain temperature angbractical basis for using handheld thermography for sensing
temperature gradienmMcClung and Schaerg2006 p. 66). snow.

In contrast to traditional contact thermometers, such as
thermistors, which obtain a temperature by becoming the
same temperature as their measured subject, remote thes- Motivation
mal sensing provides a way to measure the thermal infrared

emissions of a material surface without contact. By usingThe surface of snow can heat and cool at an astonishingly
a radiation sensor in the longwave range, and correcting fofast rate. As shown in thapplicationssection below, snow
interference and the longwave emissivity of a material, themay be heated by an external heat source ttCldbove the
temperature of the material may be obtained. This idea hagmbient temperature, and portions of the surface can then re-
existed for quite some t|me, the first patent for an infraredequanze with the ambient ain decreasing byoa:él_ within
thermometer was granted in 1899, and the Landsat satellitghinutes.

launch in 1978 included a spatial sensor in the thermal range ¢ speed with which thermographs may be taken can
(Lillesand et al.200§. record and measure many snow processes. Real-time video
can capture spatial changes continuously, and even single
thermographs can capture data that otherwise would be im-

Correspondence taC. Shea possible to obtain point-by-point. Figutieshows but one
BY (cashea@ucalgary.ca) example: a still-cold avalanche bed surface and warm crown
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) a given wavelength it emits, the fraction it absorbd, and
the fraction it reflects, wheree = A and:

Snow Surface

Trees

r=1-—e¢ (2)

Kirchoff's Law indicates that materials with high emis-
oc sivity absorb almost all incident energy in the thermal spec-
trum and reflect very little. This makes them easy to image
via thermography since most of the measured emissions —
at least at short ranges — are from the material of interest.
Conversely, materials with low emissivity reflect more of the
surrounding temperature — known @@wnwelling radiation
5.0 —and larger corrections must be made.

Finally, these equations assume an ideal flat surface which
Fig. 1. Bed surface and crown of a slab avalanche, approximatelyls phot_ographed dlre_ctly along its surface normal line. Emit-
5 min after release. The thermograph was taken approximately 3n5ance Is also a.functlon (_)f angle from surface nqrmal. That
from the labelled flank, and the crown depthig0 cm. is, even very diffuse emitters prodl_Jce more.radlatlon af[ an
angle of 0 degrees from normal (directly facing the subject
plane) than off to one side or another, falling off in theory

fracture, minutes after the slab avalanche occurred. The meada a cosine relationship with the angle from surface normal
surement of the temperature below the entire avalanche fail(Wolfe and Zissis1978 p. 1-6). When referring to this an-
ure layer at once would be impossible without handheld thergle, which radiation exits along while leaving a surface, the
mography. termexitant anglds often used.

Thermography not only provides a different view of  Unless pointed precisely along surface normal to a truly
known effects, but some applications — such as an unexsmooth surface, a thermal camera measures the radia-
pected instance of an inverse relation between conductiotion emitted along many different non-zero exitant angles
speed and snow density described in SB@— reveal sit-  throughout its frame. Thus, for thermography, the teim-
uations which are currently neither well understood nor welltographic anglerefers specifically to the exitant angle be-
documented. Thermography provides new ways to measuréveen the camera sensor and the center of the subject.
these processes.

Bed Surface

Snow Surface

4 Equipment
3 Basic theory
. Thermal imagers have significantly reduced in price over
A thermal imager measures the amount of thermal-band raghe |ast decade. Currently an imaging system that provides
diation that reaches its sensor. All materials emit radiation iNadequate resolution of at least 32@40 pixels, a better-
a way that can be predicted ideally by the Stefan-Boltzmannynan 22¢ accuracy for absolute temperature, and a 0.5 mK
law. The Stefan-Boltzmann law states that emissiwitiem-  penween-pixel sensitivity within a single image can be pur-
peratureT in K, and watts output per square metrare  chased from multiple companies for under US $15000. The
related by: experiments described in this paper use a FLIR B300. Such
p— 4 equipment is often also portable in a backpack with room
=coT (2) . _ . .
for other field materials, and is capable of operating below
where o is the Stefan-Boltzmann constant .3 x —25°C for thirty minutes — at which point the limitation is
108Jm2s1K~4). The emissivitye is material-specific the comfort of the field operator.
and wavelength-specific, and it always lies between zero and Modern thermal imagers require a factory calibration in
one. Ane value of one indicates an ideal radiation emitter, a near-blackbody setting. Yet camera drift seems minimal:
also known as a blackbody. after taking over 700 field images, the imager used for ex-
The Stefan-Boltzmann law directly links emissions with periments in this paper still measured 8@for clean slush
temperature, and thus an observer may calculate the tempewater through 1 m of inside air.
ature of a material by measuring its radiation emission. Many modern thermal imagers, including the one used for
Another step in thermography is knowing how much emis- the applications in this paper, use a microbolometer contain-
sion is coming from one’s subject of interest, and how muching many pixel-type sensors. Upon absorbing radiation par-
is coming from reflection and materials between the subjecticles, these pixels change some measurable property such
and the sensor. By Kirchoff’s Law, the emissivity of a mate- as resistance. Material-level changes in measured pixel dif-
rial in thermal equilibrium defines the fraction of energy of ferences, then, are often callelv voltages These voltages
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are then directly processed by the thermal camera into a meadisplacement law places the peak wavelength of snow emis-
sure of temperature, and a temperature value at this stage son at 10.6 um for snow at0°C, and 11.0 um at10°C.
known as arightness temperature Bandwidth-specific distributions may be founddozier and

An uncorrected brightness temperature may be considearren(1982 andSalisbury et al(19943.
ably different than the actual temperature of the subject. To
estimate this actual temperature, thermographs need to @2 External natural influences

field calibrated — as is true for all materials — and additional ) o

For most modern thermal imagers, basic corrective valuesorrection needed, external energy sources still have impact.
such as emissivity and humidity may be entered directly into Solar emission provides very little thermal infrared to be
the thermal imager to use the correction specific to the came€ither absorbed or reflected. Most of the solar heating of
era. Some imagers also offers manipulation of integrationSNoW is linked with daily maximum shortwave inputr(n-
times — a similar concept to exposure in visual photographystrong and Brun2008. The radiation from the sun irradi-

_ and further corrective factors. The individual algorithms ates the top of the atmosphere with less than 1 pm*
for atmospheric and other corrections vary by equipment andor the 7 um wavelength and longet/¢lfe and Zissis1978
are not discussed here. p. 3-36), as compared with over 2000 Whum* at a

The field calibration and snow-specific details, however, Wavelength of 0.45 um, or visible violet light.
are addressed in-depth in the next sections. Each section Although the sun contributes very little electromagnetic
presents its specific consideration, related previous work, anégdiation in the thermal wavelengths, water vapour in the at-
any new supplemental analysis together. Following that, thdnosphere can affect the amouqt of thermal radiation reaching
section entitled\pplicationscontains a selection of possible the ground. Other atmospheric constituents such as ozone

uses for snow surface thermography, and a short summar{3), methane (Chj, and carbon dioxide (C£) also have
concludes the paper. absorptive and emittive windows in the 7.5 to 13 um spec-

trum (Wolfe and Zissis1978, but these have little influence
when the camera and subject are in the troposphere, and pho-
5 Field calibration of images tos are taken in alpine areas with little air pollution. If such
materials were to be present in the atmosphere in significant
The following subsections outline what information a user amounts, atmospheric interference could be minimized by
may need in order to properly calibrate a thermal image, in-using short distance photography.
cluding material emissivity, sources of external radiation and The larger effect of water vapour can be predicted by its

radiation interference, and distance to subject. emissivity curve, which is similar to that of ic®¢zier and
Warren 1982. Typically, water vapour becomes heated by
5.1 Emissivity solar shortwave and emits diffusely, including in the down-

ward direction toward the snow surface. A thick cloud can
The high thermal emissivity of snow makes it easy to ther- easily emit as much thermal radiation toward the snow as the
mally image. Snow emissivity has been variably found to besnow emits out toward space, making clouds a much greater
0.98 for frost Volfe and Zissis1978 p. 2—77), above 0.98 effect in the thermal spectrum than the sun.
for small-grained snow under 1000 pimgzier and Warren Confirmation for this comes easily. A diffusing and highly
19832, 0.96 for flat solid ice and wateM(olfe and Zissis  reflective material such as crumpled aluminum foil — thermal
1978 p. 2-77), and as low as 0.8 for old snowdlfe and ¢ =0.05 (Wolfe and Zissis19789 — or gold plating — ther-
Zissis 1978. Measurements at specific wavelengths (e.g.male = 0.06 (Salisbury et al.19941 — may be used to mea-
10 pm) have seen emissivities as high as 0.9%w{er and  sure the downwelling atmospheric radiation. Care should
Warren 1982 and 0.997 Klori et al, 2006. be taken to make a truly diffuse reflector that reflects nearly

Inversely, work on the thermal reflectance of sn@al{(s-  equally in all directions, and, when used, the reflecting ma-
bury et al, 19943 showsr to be less than 2.3% between the terial should not be allowed to heat up via shortwave absorp-
4 to 14 um wavelengths. This holds for many snow types:tion (e.g. sun exposure) during measurement nor shaded from
granular, fine, wet, and dry; newly fallen snow reflected lessthe emitting source of interest.
than 1% between 4 to 14 um. Such diffuse reflectors were placed on the ground in thick

For non-bandwidth specific measurements, 0.99 and 0.98loud conditions with the emissivity set for ice (0.98). Five
seem to be good geneeavalues for use in dry seasonal snow temperatures —four from different sides of the reflector at 45
thermography. photographic angles (see Segt3 below for a full descrip-

For most of the 7.5 to 13 um spectrum, the emissivity istion of photographic angle) and one facing straight down at
greater than thisSalisbury et al.1994g Dozier and Warren  the reflector were taken and averaged to obtain one reflected
1982. However, the largest deviation that reaches 0.98 andemperature measurement. Four such experiments were car-
below occurs at wavelengths near 11 um and longer. Wien’sied out for air temperatures in clouds betweern€land
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—7°C, with clouds up to 500 m above the surface. The re-discussed in Sec6.3, and operator heating, as discussed in

flected temperatures were always withinG3of the air tem-  Sect.6.4.

perature within the clouds, which were obtained from a re- At longer photographic distances, variability in air humid-

mote weather station. This is in sharp contrast to five ad4ty and temperature have the potential to generate the largest

ditional experiments under a clear sky, where the reflectecamount of error due to there simply being more between the

temperature equaled the minimum equipment temperaturesubject and the sensor. Also, at longer photographic dis-

or —40°C. tances fine spatial features will blur more than in visual pho-
These experiments do not attempt to generalize the comtography. This is due to the power density — and thus irradi-

plex mechanism of downwelling atmospheric longwave ra-ance — falloff being dependent on the power of the emission

diation; extensive and more specific work such as that fromitself, where longwave radiation has less power than visual

Sugita and Brursaertl993 exists on the topic. Rather, light.

as thermography temperature is directly calculated from

detected emissions, these experiments simply imply that . ) )

(a) thermal emissions from a thick cloud with the above tem-° SNOW-Specific considerations

gsggifﬂ a:a?unr(:geaﬁéd(ir) ;)ifmerrelzs_llcfons fr(}lm fnow at t.h(?n addition to properly calibrating each thermograph with the

P ! pi€ diliuse refiectors can givig ¢ o aion above, the user should be further aware of some
rgnow-speciﬁc nuances. These include times when the snow

trltI)Eut;ng S|Ign|ft|canlt.ltzclngwave rad|a;|on. ted for i . is heated below its surface by shortwave radiation, the effect
xternal natural Influences can be corrected Iorin VarioUS,t yigerent jce morphology on reflection properties, the dif-
ways. Thermal imagers allow the user to input a value for

- i . . ferent uses for different photographic angles, and heating of
humidity for corrections. Some imagers allow the user to in- P grap 9 9

. . the snow by the camera operator.
put reflected apparent temperature, which allows the imager

to account for downwelling radiation. 6.1 Solid state greenhouse effect

However, imagers often only allow one value for humidity
or reflected temperature per image. With a complex scene inSnow as a material is subject to a phenomenon known as
cluding ice lenses, dense snow, and other conditions packethe solid state greenhouse eff¢@randt and Warregrn.993,
into one area, it can be useful to the user to know whethexwhere shortwave radiation may heat the snow below the sur-
external influences will appear as higher or lower brightnessace but not necessarily at the surface. Depending on the
temperatures. For example, if an ice lens of interest consisporosity of the uppermost snow layer, this may provide vari-
tently appears warmer than the surrounding snow in cloudyable thermal imaging of the snow surface.
conditions, it may be of interest to photograph the ice lens in  Maximum daytime temperatures in a snowpack being

similar but clear conditions as well. found belowthe surface during clear, sunny conditions is a
_ _ subject of some debate, as it sometimes occurs and some-
5.3 Distance to subject times does notHierz, 2010 Morstad et al.2007 Brandt and

Warren 1993 for not-yet-fully understood reasons. The gen-

For close subjects within a few meters, proper calibration isgrg) theory states that, for a greenhouse effect to occur, the
easier than at longer distances. For typical snow and air teMeonduction of the snow above the point of solar heating must
peratures and all other things being equal, the difference irhe poorer than the surface as an emitter. Since snow is more
measured temperature between 0.99 and 0.98 emissivity igansparent to shortwave radiation than it is to thermal radia-
less than 0.1C error while operating at one meter distance tjon, one can see that snow may heat below its surface where
or less because the effect of intervening water vapour in thgt ahsorbs incoming shortwave radiation, and emit efficiently
air is small. at its surface to release longwave radiation.

At a kilometer of distance, poorly calibrated values within  |f the shortwave radiation-generated heat at depth cannot
a range of usual winter atmospheric temperatures (+10 t@onduct through the ice lattice back to the surface efficiently,
—10°C) can cause around°€ of error between the ther- this would trap heat below the surface. In turn, due to con-
mal brightness seen at-camera and actual surface tempergnued longwave radiation emission, this allowskin at the
ture. This is partly due to the falloff of radiation power den- syrface to get cooler than the underlying warmed snow layer,
sity reaching the sensor —approximated by the inverse squafghich then remains warmer than the snow underlying it in
law for large distancesWolfe and Zissis1978 p. 1-32) —  tyrn. Without the greenhouse effect, the expected state of
and partly due to an inability to capture the variance in wa-seasonal snow is for the surface to be the warmest portion
ter vapour temperature and density over large distances withf the snow during the day and the coolest portion at night
single values for air temperature and humidity. (McClung and Schaerg2006 p. 52).

As is discussed in depth below, at shorter distances the
primary source of error is the angle of photography creating
a different brightness temperature than the one desired, as
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(a) (b) i 0°C

30°

75° 0°

Fig. 3. Thermographs of the same 220 cm area at a 75, 30, and
0 degree photographic angle.

Figure2 photographically demonstrates the relative inde-
pendence of thermal emission and grain size and type. Large

Fig. 2. Left: visual spectrum photographs of two areas with com- o S . .
plex surface and grain qualities. Right: thermographs depicting thevarlatlon in grain size and type can exist both with (Fg.

same areas. Imag€a) and (b) are of a visually complex crust and d) "_’m(_j without (Figza and b) corresponding large ther-
with relatively uniform temperatures. The images capture an aredal variation.

~30cm in width. Imagegc) and (d) are of a visually complex L .

layer of depth hoar with complex temperatures. The images capturg‘ram interactions

an area~10cm in width. . . o
In laboratory experiments to measure infrared material inter-

actions,Salisbury et al(1994)) found that some fine pow-

6.2 Snow morphology ders naturally exhibited¢lumping e.g. “bridging and void
o formation”. This tendency created both an uneven surface
Grain size and type and conditions for poor thermal conductivity. The combi-

o o ) nation of these two factors, they proposed, would create not
The effect of grain size on emissivity has been studied forgpy 5 steep temperature gradient between material surface
grains with radii 50 to 1000 ynDpzier and Warren1982,  and air due to the poor material conductivity, but also be-
and thermal emissivity differences are less than 0.005 fofyyeen different parts of the surface; specifically, the peaks of
wavelengths of 7 to 15 um. This is in sharp contrast to, SaYclumps and the valleys between them.
13 Hm in the near infrared spectrum where albedo —1.8.10- Though their experiments used quartz powder, this clump-
tal diffuse reflectivity — ranges from 0.2 to 0.6 depending onng phenomenon is a familiar one in some undisturbed new
grain radius Armstrong and Brun200§ p. 56). snow dendritic crystal surfaces. Experiments with similar

Although this angle dependency is covered in more de+ypes of powders with uneven surfaces of rapidly lessening
tail in Sect.6.3, flat oriented and non-diffusely reflecting ice density toward the surface (such as fresh snow) can devi-
forms such as ice lenses need be photographed with SOM&e from Kirchoff’s Law by as much as 6 percer®afis-
care. In such cases, one can imagine that unwanted reflectqﬁjry et al, 19941, perhaps affecting how the reflectance of
radiation may be much more intense at certain angles. clumped snow should be treated.

As snow becomes more morphologically similar to flat  \when combined with the solid state greenhouse effect
water, its emissivity decreases. Coarse refrozen granUgetailed above, the surface of snow can be quite complex
lar crusts have been found to have emissivities close 1Q jts thermal layering. This subject and its pertinence to
that of water ¢ = 0.96) although finer grained crusts still g6y warrants further study. Figugeshows an instance of
mimic granular snowe(=0.98), as found bysalisbury etal.  ¢jymped new snow creating this type of layered thermal ef-
(19943. In the same work, the moisture content of granularect. Choosing the correct photographic angle, as discussed

snow (wet versus dry) appears to have little overall effect onther below along with Fig3, may help the user measure
emissivity, although wet snow displays lower reflectance byihe desired thermal layer.

0.005 in the 10 to 14 pm range.
Hori et al.(2006 found that emissivity decreases slightly 6.3 Photographic angle
with increasing snow grain coarseness. Fine grained snow
showed an emissivity range of 0.984 to 0.997. Bare ice, orDifferent photographic angles measure different attributes of
the lower extreme, ranged from 0.949 to 0.993. the snow surfaceDozier and Warre((1982), for space-based
sensing purposes, found that apparent snow emissivity can
vary by as much as 0.02 over the hemispheric angle range

www.the-cryosphere.net/5/55/2011/ The Cryosphere, 55632011



60 C. Shea and B. Jamieson: Some fundamentals of handheld snow surface thermography

between 0 (along surface normal) and 75They found that  to correlate with photographic angle (Pearsonis —0.41,
apparent emissivity is at a maximum fot @nd decreases p < 10~%) but had a stronger correlation with the order that
consistently to 75 All such measurements found the emis- the photographs were taken in, as discussed in Sethe-
sivity € > 0.96. This translates into up to nearly 4@ dif- low.
ference between measured and real temperature at a 75 de-A least-squares linear regression fitting to the data found
gree photographic angle, and less than &°G.4ifference  the slope of the relationship between photographic angle
for angles between 0 and 30 degrees, with most of the erroand apparent temperature to €.0067°C of temperature
occurring at wavelengths greater than 11 um. (p < 1073) per degree of photographic angle. This trans-
Conversely, from the work in clumping undisturbed pow- lates to 0.5C between a direct 0 degree angle photo and a
ders described above in Seét2 using an infrared ther- very shallow 75 degree angle photo. This is approximately
mometer along the 70 degree photographic angle was reconone-half to one-quarter of the difference foundiyzier and
mended bySalisbury et al(1994h as an accurate measure of Warren(1982.
trueskinsurface temperature. In the case of snow, this means The residuals, when viewed on a Q-Q plot for normality,
capturing the surface temperature of the grains actually at théollow a reasonable but not precisely°4mear relation. This
very surface. implies that with a more extensive data set including an ade-
For fresh snow, these two factors — clumping and pho-quate examination of each specific condition (e.g. snow crys-
tographic angle variation — may combine to complicate thetal type, size, and free moisture) a curved relationship might
separation between brightness temperature and the actual dee extracted. Figurda shows the experiment data and the
sired measurement. FiguBeshows a series of photographs corresponding linear model.
of clumping new dry snow, all of the same area at 0, 30 and
75 degree photographic angles. The warm underlayer is sigb-4 Effect of operator heating
nificantly more apparent at 0 degrees than at 75. One ma

see that the uppermost layer — the peaks of the clumps Whici((leasurements of snow temperature require that the observer

are also the coldest portions of the snow — are the primanP€ Well insulated from the sample — by distance, clothing,
thermal features captured at a°7hotographic angle. In ©{C. —in order to preverperator heating

contrast, the ® photographic angle captures the warmer — Since human skin has an emlsswawf_ 0.98, one sees
and lower — valley features between the clumps as well. by Eqg. () that 2an unclothed human with 2¢ Sk'n, ra-

So on one hand, photographs at a shallow photographidiates 45£)Wm » and a snow surface at3°C radiates
angle, such as 75 will experience less emission and per- 299 WnT*. This yields around 155 radiative W_‘rﬁpower
haps measure a cooler temperature than desired. On the othi@" human skin to heat up a snow surface in the infrared spec-
hand, direct photographs at a photographic angle of 0 detrum, minus (a) the effgct of any insulation such as clothing
grees may capture the warmer layer below the cooler porouélnd (b) the effect of distance between the observer and the
surface snow. In short, the preferred angle of thermography"OW decreasing the power density. _
will depend greatly on the application, especially given the 1€ data from the photographic angle experiments de-
possible clumping and the thin active thermal skin discusse@CiPed in Sect6.3 also revealed a strong correlation with
above. the order in which the thermographs were taken (Pearson’s

To assess the effect of photographic angle at small spatidl = 0.70,p <107%). Least—squargs linear regression on the
scales, 15 experiments were performed taking thermograph®at@ revesaled a slope of 0.032 increase per photo taken
at various angles to the surface. All photos were taken at? < 107). As an average experimental run of twenty
a 70cm distance from a 2020 cm square area of natural angled images would take approximately ten minutes, and
snow surface, and each area was photographed at angles Whil€ taking photographs the operator weas m away from
75, 60, 45, 30, and 0 degrees (five angles), from four dif-tN€ Sample, this implies an operator effect of TLheat-
ferent sides. This gave 20 thermographs per experiment anf?d Per minute while being within 1 m of a sample. Fig-
300 photographs in total. An averaged area of approximatel;”re‘lb shows the experiment data and the corresponding lin-
10000 pixels per thermograph gave an average temperatufg® model. _ _ .
measurement for each experiment, side, and photographic 11US: it takes an operator —wearing a down jacket and ski
angle. The photographs were taken in a different order foPants — approximately ten minutes to heat up the surface of a
each experiment. The imaged areas varied, as did snow supMall snow sample 1 m away by €.
face conditions (moist, dry, new, aged seasonal), time of ex- Additional cold lab experiments were performed to show

periment (from 07:00 to 22:00h, local time), and averagethat a bare hand within millimeters of snow will warm the
snow surface temperature (betwée@ and—10°,C). snow surface nearly instantaneously. These experiments also

To assess trends in the combined data, each experimei{'0Wed it takes only around a minute for a hand in the same
mean was re-centered atO. The resulting deviations from SEtUP to warm &15°C snow surface by 6 to I in places,

the mean were plotted in RR(Development Core Team depending on the crystal morphology.
2009. From this, the brightness temperatures were found
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Fig. 4. (a) Relationship between apparent surface temperature and photographic angle, with fit linear (mpBelationship between

61

surface temperature and order in which the thermograph was taken, with fit linear model. Both graphs display each experiment with distinct

symbols, and the mean of each experiment has been re-centere@ to 8how cross-experiment trends.

Such extremity of operator heating probably only holds To confirm the accuracy of these photographs, a stan-
true for these very close ranges between operator and sanatard temperature profile&C@nadian Avalanche Association
ple. This topic warrants further study since (a) specific meth-2007) was also taken with a calibrated point thermistor-
ods (such as insulation) to mitigate operator heating are astype thermometer inserted12 cm into the pit wall, in the
yet untested, and (b) it very probably affects many snow pitclassic method of temperature profilingi€rz, 2010. Al-
temperature measurements. An example of the latter is seethough thermograph measurements deviated from the hand-
below in Sect7.1, where extended operator heating and at-held thermometer by up to°Z, the relationship between tra-
mospheric heating penetrates at least to the depth of a shoditional point and thermograph measurements have a Pear-
thermometer inserted into the snowpack. son’s correlation of =0.96, p < 1074,

Figure5 shows a three-stage progression of a profile ob-
tained in this manner. It shows a thermograph from a freshly
dug pit (1), a thermograph from the same-pt min later (2),

Ideal snow surface thermography applications are thosgnd a §tandard point temperature profile taken in the same pit
which need contactless measurement, benefit from an instaﬁ':nmed"”lte'y after tha}t (3). The thermographs are layered to
taneous spatial image, and have minimal influence from thé)Ut the values used in (3) on top, that s, the. first photos are
considerations discussed above in Segtsthrough6.4. A under the later p_hotos ofthe same area. In this way, the effect
selection of applications are presented below. of operator heatlng_ and atmospheric changes_on the surface
may be seen over time, as well as the penetration of these ef-
7.1 Thermal profiles fects into the snowpack. Note that the uneven pit wall areas,
such as irregularities from shovel blade use, display photo-
Hand-held thermography can be used to visualize the spagraphic angle effects.
tial variation of surface temperatures in a pit wall. Thermal After the experiments were concluded (after approxi-
profiles were created by overlapping multiple thermographsmately 30 elapsed minutes};30cm of surface snow was
with 6 to 10 thermographs per pit profile. The multiple ther- removed from a portion of the exposed pit wall, and a
mographs per pit provide redundancy and show the relativelownward-looking thermograph confirmed horizontal heat
stability of the thermal measurements over multiple photospenetration at depths 10 to 18 cm from the pit wall, with iso-
Point measurements from these photos came from the latated patches of deeper penetration. However, one should
est photo containing the point of interest, to mimic the ther-note that the traditional point measurements of (3) occurred
mometer being iteratively placed lower and lower along thebehind the snow surface at the length of the thermometer
pit wall over time. shaft, and thus slope-parallel spatial variation behind the pit
wall may also play a role in those values.

7 Applications
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7.2 Differing thermal conductivity

Snow conduction has been linked with snow density under
the general theory that the denser the snow, the more bonds
per volume, and thus the more paths for conductinm(
strong and Brun2008 p. 36). However, recent research has
shown that thermal conduction through snow is a spatially
complex phenomenon, with conductive chains evolving gen-
erally but tortuously along a thermal gradiei@cfineebeli
and Sokratoy2004). Other than that work, modelling, and
bulk measurement, visualization and measurement of ther-
mal conduction through snow is currently limited.

In a temperature-controlled lab-afl5°C, 2 cm thick snow
samples were heated from behind using a 175W infrared
bulb. Samples of previously moist and subsequently refrozen
rounded grains and polycrystals (RGIr and MFpc, respec-
tively, as classified by¥rierz et al, 2009 were compared us-
ing time-lapse thermal video. The samples were extracted
as they lay slope parallel by removing the snow above and
below. These layers were then turned on end, heated for
three minutes from behind, and allowed to cool for nine min-
utes each. The polycrystals measured to 6 mm in extent and
had a density of 270 kg 1i¥; the rounded grains measured to
0.5mm in extent and had a density of 390 kg'mn

Figures6 and7 show frames from these time lapse videos.

o o It is apparent from these videos that although the polycrystal
w @ o layer had a much lower density, it was a faster conductor.
/°/ /" Further, this particular layer of polycrystals appears much
o o more spatially variable as a conductor, although perhaps this
// / may be due to not being able to view the individual crystals
/?/° in the sample of rounds.
Jeo Although emissivity may not vary much by crystal mor-
phology, these videos show that conductivity does vary sub-
stantially. This form of visualization is quite new — only
recently have advances in snow and radiation modelling
(Kaempfer et al.2007) enabled infrared reflection, refrac-
tion, and absorption to be modelled and visualized, and such
methods operate on a per-photon level using lattice models
of real snow.
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T T T
4% 2 10 Thermal effects occur many places without our explicit
Temperature (C) knowledge. This section outlines additional applications at a
high level, in order to show the breadth of application avail-
Fig. 5. Two thermography temperature profiles of the same pit, in able. Beyond specific interest for avalanches, handheld ther-
order of time photographed (1 then 2), and one temperature prOﬁlQnography has wide app"ca‘[ion for the snow sciences gen-
performed in the same pit (3, in graph). For scale, the warmer layeg)ly, from providing confirmation data for spatial surface
near the surface (appearing as red)-0 cm vertical width. The o jiaiive palance models on glaciers, to detecting the effects
effect of operator heating and atmospheric heating is visualized bebf wind pumping
tween (1) and (2), and the effect of atmospheric and operator heat- '
ing at depth combined with spatial variation is visualized by adding
point profiles from 1 and 2 to the graph containing profile 3.
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0s, heat starts 30s, heat 90, heat

180, heat off

Fig. 6. Seven frames of video from a 2 cm thick slice of a layer of rounded grains. The layer has crystals with extent to 0.5 mm and density
of 390 kgm—3. Heat was applied behind the sample from 0 to 180 s. Sample width in each imatje ésn.

Melt tracking Although shallowly buried bushes are easily seen on ther-
mographs, the application of thermography to avalanche res-
The meltwater penetrating the snow in F8g.shows thatthe  cue seems limited. The bushes have been buried long enough
heat transfer from liquid water into the snow can be capturedtor their heat to conduct to the surface to be seen, and it is
using thermography. This particular thermograph shows thathis conduction time that would make thermography ineffec-
the fingers of melt maintain a tight radius of heat around thetive in detecting buried humans in a timely manner. Previ-

wet area with minimal conduction beyond that. ous work at the Icelandic Meterological Office used barrels
) of warm water buried under the snow at various depths (0.5,
Effect of vegetation 1.0 and 1.5 m) and thermal cameras to examine any possible

clues of that heat being detected at the surface. More than
Although thermography measures surface temperatures OnI¥WO hours elapsed before the experimenters stopped timing

it can be useful in measuring thermal qualities caused by . _—
buried objects. In Figgb, a buried bush conducts heat up- and probed into the snow down to the barrels, confirming

wards and creates a warmer area on the surface. Bush that the heat was detectable through the air in the probe holes
. T Ut not on the snow surfac@dnsson and Svavarssd®95.
often affect the internal snow temperature gradient aroun

them and are associated with facet growth. Thermography
would have application to these studies, both in measuring
heat at the surface and, with excavation, studying the associ-
ated temperature gradients around the objects themselves.

www.the-cryosphere.net/5/55/2011/ The Cryosphere, 55652011



64 C. Shea and B. Jamieson: Some fundamentals of handheld snow surface thermography

0s, heat starts 30s, heat

540s, no heat

Fig. 7. Seven frames of video from a 2 cm thick slice of a layer of polycrystals. The layer has crystals with extent to 6 mm and density of
270kg n 3. Heat was applied behind the sample from 0 to 180 s. Sample width in each imag@ ¢sn.

-7.0

oc

Fig. 8. Two different types of heat penetration into snof&) A video frame of fingers of melt penetrating the surface of the snow after
20 min of heating. The fingers are up to 6 cm lofig) Hibernating bushes are cold above the snow, but still transport heat from the ground

to warm the snow from below. The image sparism.
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(b)

Fig. 9. Thermal application in crystal metamorphos{a) An apparent phenomenon tifermal chaining where chains of mature faceted
crystals form aligned from the ground (bottom of image) to the snow surface (top of image). These crystals display physical connection and
subsequent isothermal tendencies. They appear as isothermal fingers pointing from the base upwards. The ima@@cspansvidth.

(b) A physical depth hoar chain extracted from a similar layer, lergth mm.

Satellite downscaling 8 Summary and conclusions

As discussed in the introduction, some satellites providingthisg paper has discussed the physical basis for thermogra-
space-based remote sensing measurements yield data in thy summarized previous work in snow thermal emissivity,
thermal range, including Landsat and MODIS. These plat-yqgressed handheld thermography concerns specific to snow,
forms average large areas — from 60m to more than 1km 4 presented a few of the possible applications. On one
in one pixel worth of data. Handheld thermography could hang, snow is easy to thermally image due to its high emis-
aid in studying the conditions of interest for downscaling g;yity: on the other hand, complications such as the solid state
thls space_—based data. Also_, as dl_scussed in 8 tpre- greenhouse effect, the need to correct for observer heating,
vious studies have used hemispherical thermal-range sensofjse application-specific choice of photographic angle, and

to address corrections needed for different angles of spacene influence of water vapour in the atmosphere all contribute
based data acquisition. Handheld thermography can alsg, making thermography a careful endeavor.

study photographic angle effects, as shown earlier. Despite this, thermography is a powerfully spatial and vi-

Crystal metamorphosis §ual measqrement method. It can help measure and visu_al-
ize everything from heat conduction to instantaneous spatial

Previous work inuCT tomography $chneebeli and Sokra- temperatures. It is our hope that this paper inspires further

tov, 2004 demonstrates that ice crystal metamorphosis undevork using this technique.

a strong temperature gradient will develop growth preferen-

tially along the temperature gradient. Designing an equip-Supplementary material related to this

ment setup to allow a thermal camera — with a macro lens -article is available online at:

to view and record the thermal metamorphosis on one surhttp://www.the-cryosphere.net/5/55/2011/

face of auCT sample would be complex. However, examin- tc-5-55-2011-supplement.zip

ing the microstructure of crystals exposed to steep and pro-

longed temperature gradients in a natural environment may
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