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The instant a [snow]flake has sunk to earth, changes in its structure begin to take place. As we gaze at the whitened woods stilled to silence or look through the tiny window of an alpine hut upon the dazzling fields, conveying to us the false message of an inert nature standing still, we are really looking upon a supremely busy labor in which, in sum total, vast energy is at work inducing all kinds of physical changes, so that in a short time nothing is left of the original flake of yesterday’s blizzard save its whiteness.




G. Seligman,




Snow Structure and Ski Fields




(1936) 

Snow on the ground is a dynamic medium.  The properties and characteristics of fallen snow change constantly as a function of energy fluxes, wind, moisture, water vapor, and pressure.  For example, the time window for good skiing in mid-winter may last several days after a fresh snowfall in cold continental climates.  During spring conditions the time window may be only an hour or two as rock-hard boilerplate turns to ideal corn conditions before additional energy inputs turns the snowpack to unskiable slush.  Physical properties of snow change over time.  Furthermore, snow properties can vary widely over small distances, both vertically within a snowpack and horizontally over space.

The purpose of this chapter is to provide a qualitative overview of the material properties of snow on the ground.  We will also introduce some of the processes that modify snow on the ground.  The physical properties of snow on the ground may differ greatly from the accumulated snow crystals that form a snowpack. Snow covered area is the amount of ground covered by snow.  The accumulation of new and old snow on the ground forms a snowpack. A snowpack is the result of numerous snowfall events. Each of these snowfall events may occur with different meteorological conditions, resulting in a horizontally stratified snowpack that is vertically heterogeneous or anisotropic. Furthermore, meteorological conditions between snowfalls will change the physical character of the snowpack. For example, warm, sunny days may cause melt at the snow surface, producing a high-density, well-bonded layer over a colder, lower-density, and poorly-bonded layer. A snowpack is thus analogous to a sedimentary rock. Each layer in the snowpack reflects the nature of its atmospheric origin and the changes the snow in the layer has gone through since deposition.

Snowpack Composition

Snow is a porous mixture liquid water of ice, air and liquid water. The ice is in the form of crystals and grains that are usually bounded together to form a texture that possesses some degree of strength. The amount of ice in a seasonal snowpack ranges from about 5 to 50%. Champagne powder is only about 5% ice and about 95% air! Throughout the season the amount of ice relative to air generally increases. As a rule of thumb, the amount of ice at snowmelt asymptotes at around 50%; that is the snowpack during melt is about 50% ice and 50% air. Air is thus an integral part of a snowpack. A helpful way to think of a snowpack is a skeleton of ice surrounded by air (Figure ice_skeleton). The ice skeleton provides structural strength. Air is distributed in the pore space about the ice skeleton, similar to the pore space in a soil. The thermal conductivity of air is much less than that of ice. Because air is such a major constituent of snow, snow is a very good insulator.

Figure ice_skeleton

As Seligman noted in 1936, once snow crystals are deposited onto a snowpack, they immediately begin to change. The newly fallen snow crystals have grown in an environment that is much more highly supersaturated with water vapor than the snowpack. The snow crystals immediately began to round due to a process called snow metamorphism. The shape and size of snow crystals will continue to change throughout the period of storage in the seasonal snowpack. Snow that survives one melt season is called ‘firn’ or ‘neve’ and is an intermediate stage between snow and glacier ice. Firn becomes glacier ice when air passages become sealed off and are no longer in contact with the atmosphere, usually at a density of about 85% liquid water.

Snowpack Properties.

Measuring the properties of snow is not easy (Figure sue_fergueson). Never has been and probably never will be. There is a tendency to assume that all meterological measurements, including measurements of snowfall and snowpack properties, are made with modern, sophisticated equipment. Replacement of human observers with automated weather instruments hooked directly to digital data loggers and transmitted nearly instantaneously to computers has taken place rapidly over the last two decades. But the accurate electronic measurement of snow properties continues to elude even the most brilliant engineers. Most measurements of snow properties today are made using the same manual equipment and techniques developed almost one hundred years ago. Properties of interest include the depth and density of the snowpack, grain size and shape, hardness, and stratigraphy (Table t_properties).

Figure sue_fergueson

Snow profiles. One of the best ways to measure and understand snowpack properties is to dig a snowpit. A snowpit is simply a hole excavated from the snow surface to the ground (Figure snowpit). The most important tool in snow hydrology is a shovel and a strong back! Simply digging the snowpit provides intuitive information, as some parts of the snowpack may be heavy or light, hard or soft. The size of the hole is determined in part by the number and types of measurements that you will make, and in part by how much energy you have for digging the snowpit. One side of the hole is designated the working wall, where the measurements will be made (Figure snowpit). Snow hydrologists place the working wall on the side of the snowpit facing the sun, so that the wall itself faces away from the sun and is self-shaded. Having the working wall shaded is important, otherwise some of the snow properties you are trying to measure will change because the incoming sunlight may heat the snowpack. However, if the snowpit is constructed to evaluate avalanche danger, the working wall should be the slope that is at risk of avalanching. After the snowpit is constructed, the working wall is smoothed by shaving back the wall with a shovel or a snow saw. Where to construct a snowpit depends on the why the information is being collected. 

Figure snowpit

Constructing a snowpit is a destructive measurement technique; in general the snowpit cannot be re-used. Study plots can be be used to observe and record parameters for a long-term record. Sites should be selected and marked before snow accumulates. Large rocks and brush should be removed. Observations are carried out by excavating each snow pit progressively in a line marked by two poles. Excavated snow is always placed on the side of the snowpit opposite the working wall; refill the snowpit after use to minimize atmospheric influences on the snowpack. After each observation, the working wall of the snowpit is marked with a pole to indicate where to dig the next pit. Subsequent snowpits should be constructed at a distance of at least the depth of the snowpack from the previous working wall. Each snowpit and profile observation is thus made on undisturbed snow on a line through the working wall, with each new snowpit in the direction of the working wall. 

Figure snowpit

Snow depth. The first question we want answered is “how deep is the snow?” Snow depth has units of length, such as centimeters, meters, or feet. In a snowpit, snow depth is easily measured by placing a carpenter’s rule or other measuring device from the snow surface to the ground. When measuring snow depth in a snowpit, we always place the zero mark at the snow ground interface rather than the snow surface (Figure snow_temp).  The reason is that the elevation of the ground surface is fixed in time but the elevation of the snow surface changes with time. This convention is opposite that of measuring snow depth in the glacial community, where snow depth is measured from the snow or ice surface to the bottom of the pit. 

A snow stake is used where the snow depth will be measured repeatedly. A snow stake is simply a two-inch by two-inch long piece of lumber or comparable material, taller than the deepest possible snow for that location, permanently installed in the ground where snow collects uniformly. The stake is painted white to reduce thermal heating from incoming solar radiation and marked with height above ground designations clearly visible from a short distance. The observer can read the depth of snow from some distance away without disturbing the snow surface near the stake. 

Snowfall amount is often measured using a snowboard. A snowboard is nothing more than a piece of plywood or other light, strong material, painted white to minimize radiation and melting effects. The snowboard is placed on the snow surface and new snow accumulates on the board, effectively separating the falling snow from the old surface. Snow depth is simply measured by poking a sturdy ruler into the snow on the snowboard. Typical dimensions for a snowboard are approximately 60 cm x 60 cm and 1.5 cm in thickness. We recommend having a long thin center stake projecting from the center of the snowboard so that the snowboard can be found after a large snowfall. After each observation, the board is cleaned of snow and set flush with the snow surface. 24-hr snowfall totals and total stormfall amount are two of the more common measurements that snowboards are used for. 

While measuring snow depth is simple, obtaining representative snow depths over an area is very difficult. The reason is that snow depth can be highly variable over space.  In mountainous terrain snow depth can range from 0.1 to 10 m (two orders of magnitude) over a distance of 100 m.  Estimating snow depth on the Colorado Plateau by poking a ruler through the snowpack every 10 meters is impractical.  Measuring the spatial distribution of snow depth is a difficult problem that we’ll talk more about in Chapter xx. Automated techniques for measuring snow depth will be covered in the chapter on operational snow hydrology.

Density (general symbol ().  Anyone who has shoveled a driveway or sidwalk or postholed through snow has some appreciation for snow density. Density is the amount of mass per unit volume, measured by weighing a tube with a known volume filled with snow and subtracting the weight of the tube. Density provides a quantitative measure of the amount of ice in snow relative to air. We generally use the units of kilograms per cubic meter (kg m–3), which is 1,000( the value expressed in grams per cubic centimeter (g cm–3). One reason that we like this quantitative measure is that the percent of liquid water is easily calculated by simply moving the decimal point to the left by one digit. A density of 300 kg m–3 is equal to a liquid water content of 30%. 

Let’s try an example. Lets say our sampling tube has a volume of 250 cm3. After taring the tube (taring subtracts the weight of the tube), our mass is 70 g. Then 
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The density of dry snow typically ranges from 30 kg m–3 (3% liquid water) for the driest champagne powder to about 550 kg m–3 (55% liquid water) at the initiation of snow melt (Table t_density). Most new snow densities fall into the range of 40 to 100 kg m–3, with peak frequencies centered between 60 and 90 kg m–3. Densities of new snow below 40 kg m–3 are rare but exciting, with densities as low as 10 kg m–3  (1% liquid water!) reported. This very low-density snow is called ‘wild snow’ because it is so light it rises and moves about rapidly at the stomp of a foot or ski.  However, new snow densities above 200 kg m–3 are common in cold areas such as high-elevation areas of Colorado and Alaska. Very cold temperatures favor high densities because the snow crystals tend to be very small hexagonal prisms that pact into high density layers as they accumulate on the ground. Warm temperatures, high winds, and heavily rimed crystals all favor higher densities. Even a small amount of wind can increas the density of new snow several-fold, because the turbulence causes falling snow crystals to collide with each other and with objects on or near the ground, breaking off pieces of individual snow crystals and essentially making much smaller crystals that pack compactly on the ground.  Shoveling two feet of new snow with a density of 250 kg m–3 is about five times harder than shoveling two feet of new snow with a density of 50 kg m–3.

Snow water equivalent (generaly symbol SWE). The most important parameter in snow hydrology is the amount of liquid water stored as snow, the snow water equivalent (SWE). Conceptually, SWE is the depth of liquid water we have when we melt snow over some unit area. To calculate SWE we measure the average snow depth and snow density. We then calculate SWE as the product of average snow density (
[image: image2.wmf]) and depth (hs), normalized to the density of liquid water ((w=1,000 kg m–3)
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This equation may be the single most important equation in snow hydrology. This equation is how water resource managers calculate the amount of SWE stored in the snowpack. Lets say we measured an average snow depth of 100 cm in our basin of interest. Average snow density was measured at 200 kg m-3 (normal density for a ski area). Convert cm to m and substitute
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we have an average of 0.2 m liquid water stored as snow covering our basin of interest. And our meter of snow only equals 0.2 m of liquid water, or 1/5 of the snowpack depth. 

In the field we often measure snow density in increments of 10 to 20 cm, or take the average density for a layer of snow with snow vertical height hi. In this case we calculate SWE as
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where the snow cover of thickness hs has been divided into n layers with vertical heights of h1, h2, …hn, each layer having a corresponding density (1, (2, …(n, which gives us equation (1.3)

.  Note that the heights of the layer thickness do not have to be the same.

Snow porosity (general symbol (). The porosity of snow, (, is defined as the ratio of voids to ice for some volume of the snowpack. Snow porosity is a measure of the amount of air in the snowpack and is essentially the inverse of density. Snow porosity is important for the calculation of liquid water and trace gas fluxes through the snowpack, among many uses. The ratio of the density of dry snow to the density of ice ((i=917 kg m–3) gives the fraction of the volume of a snow sample that is composed of ice. When this fraction is subtracted from 1, we obtain the fraction of the snow sample that is composed of air, or the porosity of the snowpack
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Characteristic ranges of porosity and air permeability are given in Table t_porosity.
Temperature (general symbol T) is one of the fundamental parameters of a snowpack and is easily measured using thermometers, thermistors and thermocouples. Snowpacks are characterized by two temperature regimes: (1) isothermal conditions where the temperature is uniform from top to bottom of the snowpack, usually at 0(C; and (2) a temperature gradient where the snowpack temperature varies with depth. When the snowpack is isothermal at 0(C we say that it is ‘ripe’ because meltwater produced at the snow surface can percolate through the snowpack without freezing and contribute to surface water and groundwater systems.  During the majority of the season the temperature is not consistent with depth in the snowpack. This temperature gradient can control important features of the snowpack, including the types of snow grains, strength of the snowpack, and presence or absence of weak layers that can contribute to avalanche activity.

Somewhat conter-intuitively, snowpacks are generally warmer at the bottom and colder at the top, as shown in Figure snow_temp. The reason is that snowpacks are bounded by the atmosphere above and by the ground below in seasonally snow-covered areas. In general, the basal layer at the bottom of the snowpack is warmed to near 0ºC because of: (1) stored heat in the ground from summer warming (most important); (2) geothermal heat from the interior of the earth; and (3) the strong insulation ability of snow. Heat flux from the ground to the snowpack warms the bottom of the snowpack. The resulting increase in energy is not effectively transmitted upwards in the snowpack because the large amount of air has a very low thermal conductivity. The result is that the bottom of the snowpack warms to about 0(C and stays at or near that temperature with little diurnal flucuations. In contrast, the temperature of the snow surface responds to prevailing synoptic conditions as well as daytime heating and nighttime cooling (diurnal fluctuations). The combination of these boundary conditions usually results in a snow surface that is cooler than the bottom of the snowpack, producing a vertical gradient in temperature. 

Figure snow_temp
The temperature gradient in a snowpack is a vector quantity having both magnitude and direction. The magnitude of the temperature gradient is defined as the change in temperature 
[image: image7.wmf] divided by the distance 
[image: image8.wmf] over which the temperature changes. By convention, the direction of the temperature gradient is the direction of increasing temperature (generally downward but sometimes sideways in the snowpack.  The temperature gradient is usually expressed in degrees Celsius per meter.  We take the absolute values of the gradient, so it doesn’t matter from which direction that we calculate the temperature gradient.

Let’s calculate the temperature gradient in Figure snow_temp for the vertical distance from the ground to 100 cm above the ground. The temperature at the snow-ground interface is 0(C. The temperature at 100 cm above the ground is -5(C. So, 
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and the temperature gradient is from the ground towards the top of the snowpack.

In a general sense, temperatures and temperature gradients in a snowpack are coupled together in response to the local climate regime. In a maritime climate, prevailing air temperatures are usually mild and snowpacks are deep. These two effects combine to produce weak temperature gradients and warm snow temperatures. In continental climates, snowpacks are relatively shallow and air temperatures are cold, producing strong temperature gradients and colder temperatures near the snow surface. 

Thermal conductivity (general symbol kc). We just mentioned thermal conductivity. So what is it? Thermal conductivity, kc, describes the capacity of a substance to transmit heat given a thermal gradient of 1(C m-1. The units are energy per unit time per linear meter per degree C when the temperature gradient is 1(C m-1, or W m-1 (C-1. The thermal conductivity is specific to a given substance. You can think of it as the resistance of a substance to transferring heat. The thermal conductivity depends on the composition of the substance, and the capacity for mixing motion. Convective mixing can radically increase thermal conductivity.

K, either upper case or lower case, is one of the most overused symbols in earth sciences. Unfortunately, K and k are used for multiple parameters. You have to live with it. Get used to interpreting the symbol K and k by the context.

We all know that snow is a good insulator. The insulation ability of the snowpack is inversely related to the density of the snowpack. The thermal conductivity of the snowpack increases with increasing snow density. Intuitively, that makes sense. The less air in the snowpack, the higher the density, the higher the thermal conductivity, and the worse insulator the snowpack is. Air is a poor conductor, with a kc value of 0.025 W m-1 (C-1(Table t_thermal_conductivity). Ice is a good conductor, with a kc value of 2.2 W m-1 (C-1, almost 100x higher than the kc value of air.  Snow with a density of 50 kg m-3 has a kc value of 0.06 W m-1 (C-1, about three times greater than that of air. Spring snow with a density of 500 kg m-3 has a kc value of 0.72 W m-1 (C-1, about thirty times greater than that of air. The kc value of soil ranges from about 0.25 (10 ( air) to about 3 W m-1 (C-1, increasing with increasing water content and decreasing with increasing organic matter. The kc of liquid water increases from 0.57 W m-1 (C-1 to about 350 W m-1 (C-1 under turbulent conditions. The kc value for air can increase to more than 4,000 under convective conditions. Mixing matters for thermal conductivity. The snowpack is such a good insulator because (a) it has low density, and (b) little convective motion. The insulation in your house is rated by the ‘R’ value. The higher the ‘R’ value, the better the insulation. For a snowpack, the lower the density, the lower the thermal conductivity, and the higher the ‘R’ value.

The flux of heat (q) through snow or the underlying soil is then proportional to the temperature gradient and the thermal conductivity of the substance, or 
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We can easily calculate the flux of heat through snow if we measure the temperature change over some distance, the density of the snow, and simply lookup the thermal conductivity value for that snow density. 

Albedo (general symbol () is one of the most important parameters in snow hydrology. It is the ratio of reflected to incoming electromagnetic radiation, a measure of a surface or body’s reflectivity. Albedo is spectrally dependent; the albedo of a substance often changes as a function of the wavelength of the incoming radiation. It is a unitless measure, usually expressed as a fraction or percentage 
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where Ki is the incoming or incident radiation and Kr  is the reflected radiation. 

In the visible or shortwave wavelengths, snow has one of the highest albedo’s of all naturally-occurring substances on the surface of the Earth. The albedo of fresh snowfall is about 0.95 (Table t_albedo). That means that about 95% of incoming shortwave radiation is reflected and only 5% is absorbed.  We’ve all experienced the high albedo of snow. The high albedo of snow is why you can get sunburned in the winter, the reason that skiers can get ‘goggle-eyes’, and why you can get sunburned during the winter in weird places lack the inside of your nose.

If the albedo of fresh snow is 95%, how much of the incoming radiation is reflected, and how much is absorbed? Let’s assume incoming solar radiation Ki is 500 W m-2. Then
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So, if you are skiing under these conditions, your face is receiving both incoming and reflected shortwave radiation, a total of 975 W m-2. And the snowpack is only absorbing 25 W m-2. 

Albedo is derived from the word albus, a Latin word for ‘white’. The color white is a mixture of all the colors in the range of visible light. The high albedo of snow in the visible spectrum is why snow appears white. All wavelengths in the visible range are reflected about equally in all directions. Since snow reflects all wavelengths of visible light about equally, snow appears white.

The classic example of albedo effect is the snow-temperature feedback. If a snow covered area warms and the snow melts, the albedo decreases, more sunlight is absorbed, and the temperature of the ground tends to increase. The converse is true: if snow forms, a cooling cycle happens. The intensity of the albedo effect depends on the size of the change in albedo and the amount of insolation. Alpine tundra with an albedo of about 0.2 will absorb about four times more incident shortwave radiation than an overlying snowpack with an average albedo of 0.8 (Table t_albedo). Thus, high-elevation and high-latitude areas heat up much more dramatically for the same amount of incoming solar radiation if and when the seasonal snowcover is lost. The potential heating effect is even more dramatic for the loss of sea ice. Open water with an albedo of about 0.05 to 0.10 will absorb 8 to 16 times more heat energy than if that open water is covered with sea ice and snow with an albedo of 0.80. It is pretty obvious why the albedo of snow has such a large effect on global climate.
Hardness (general symbol R). Often we are interested in how ‘strong’ the snowpack is, from an avalanche standpoint or perhaps because we want to walk or ski on the snow surface. Hardness provides a measure of the strength of the snowpack in compression. Hardness has units of force per unit area, N m–2. Hardness generally increases with increasing density in a snowpack. A direct measurement of hardness is difficult. In most field situations, hardness is estimated using a series of hand tests that involve pressing objects into working wall of a snowpit until there is failure in compression (Table t_hardness). Hardness ranges from very low where a fist easily penetrates the snowpack to very high when it is difficult for a knife to penetrate the wall of the snowpit. While qualititative, hand tests for snowpack hardness have been calibrated to more quantitative gauges such as the Swiss Rammsonde and correlate reasonably well. International standards in the hand test call for applying about 5 kg-force (50 N) to the snowpack. However, avalanche workers rarely apply more than a small shove, or about 1.5 kg-force (15 N), to avoid missing weak layers in soft snow. 

Grain shape or form (general symbol F). Snow on the ground is difficult to classify because it is constantly changed by variations in temperature, wind, moisture, and pressure.  Snow riders have developed a lexicon for snow that provides descriptive information: champagne powder, buffed snow, cold smoke, corduroy, crud, mashed potatoes, Sierra cement, breakable crust, boilerplate.  Eskimos supposedly have over a hundred words for snow, such as aput (snow on the ground), qana (falling snow), piqsirpoq (drifting snow), and qimuqsuq (snow drift), none with a common root.  Providing a rigorous scientific definition of snow on the ground has proven to be difficult.  There is still debate about what to call the individual components of the snowpack.  Snow on the ground is a polycrystalline material composed of ice crystals, metamorphosed snow, and ice. Furthermore, once sintering begins in the snowpack, individual components are difficult to detect under field conditions.  Sommerfeld and LaChapelle recommend using the term snow grain to identify the visible ice particles in a snowpack, and grain boundary to designate where two or more grains are sintered together. We’ve adapted that approach here.

While there are not as many types of snow grains in a snowpack as there are snow crystals in the atmosphere, the type and size of snow grains influence a number of important processes in a seasonal snowpack. The type and size of individual grains within the snowpack determine amount and strength of bonding within the snowpack and the rate and location of meltwater flow through snow. Snow grains are sort of a CSI ‘smoking gun’ evidence that provides the basis to understand the climatology of the snow season. The different shapes and sizes of snow grains are a response to the current seasons climatology and hence provide a retrospective of the season’s climate conditions.

Grain appearance is informed by attributes such as solid, hollow, broken, abraded, partly melted, rounded, angular (Figure grains). The grain surface may include riming, rounded facets, or have a stepped or striated appearance. More information on snow grains is provided later in this chapter and in the chapter on snow metamorphism.

Figure grains

Grain size (general symbol E). The size of an individual snow grain varies over time, depending on the unique environment that grain experiences. The size of a snow grain or particule is the length in its greatest dimension, usually expressed in millimeters. A simple field method to estimate grain size is to place a sample of snow on a small plate that has a grid in millimeters. The average size is estimated by comparing the size of the grains with the spacing on the grid. This estimate of size may differ from that given by sieving or stereology. A relatively homogeneous layer in a snowpack will never-the-less contain a mixture of grain sizes. Some users may need to specify the range or distribution of sizes; for most uses a simple estimate works well. Grain size for new snow generally ranges from 0.01 to 0.50 mm, from about 0.5 to 3.0 mm for old snow, and about 0.50 to 5.00 mm for firn. Crystals of glacier ice can range in size from 1 to greater than 100 mm.

Liquid water  (general symbol () is present in all snowpacks to some extent. As mentioned earlier, there is always the presence of a quasi liquid-like layer on the outside of the snow particles. As temperatures get close to melting, that layer becomes more and more liquid like. Measurements of the liquid water content or wetness are expressed as a percentage by volume. Direct measurements of the liquid water content are difficult, and generally involve a separate measurement of snow density. Several methods in use today include: hot and cold calorimetry, dilution, and dielectric measurements. Liquid water is only mobile if the irreducible water content is exceeded, that is, the liquid water held by capillary tension. The irreducible water content is about 3% by volume, and varies with snow texture, grain size and grain shape.

A general classification of liquid water content is given in Table liquid_water. A good qualitative measure of the liquid water content of snow is trying to make a snowball. A relatively cold snowpack has a very small quasi liquid-like layer and doesn’t compact into a nice snowball. As temperatures get closer to melting, more liquid water is present on the outside of individual snow particles, and snowballs hold together better and become firmer. The presence of liquid water, or a large quasi liquid-like layer, acts like a glue to hold snowballs together.  As the liquid water content increases above the irreducible water content, you can squeeze liquid out of your snowball.

Water vapor. Water exists in a snowpack in all three phases. Ice of course is the most obvious phase of water.  Surprising to a lot of students, there is a lot of water vapor in snow. In general, the relative humidity of most pore spaces in the seasonal snowpack is about 100%. Even though snow is cold, with temperatures at or below freezing, water vapor is constantly sublimating from the ice and also depositing to the ice directly from water vapor to the solid phase. Because snow is poorly ventilated, water vapor in the pore spaces has nowhere to go and thus builds up in the pore spaces until it reaches a relative humidity of about 100%. As we will see later, the high water vapor content in the snowpack drives snow metamorphism and to contributes to the presence or absence of weak and strong layers in the snowpack that influence avalanche activity.

The amount of water vapor in the snowpack is an important property that is difficult to measure. There is considerable mass exchange across pore spaces within a snowpack by sublimation, vapor diffusion, and redeposition. As a rule of thumb, some snow researchers believe that every snow grain in the snowpack sublimates, diffuses in the gas phase to somewhere else in the snowpack, and is then redeposited. Since the pore space within the snowpack is at or very near the saturation vapor pressure, the amount of water vapor is controlled by the temperature of the snowpack. Warmer areas within the snowpack will have higher vapor pressure than colder areas of the snowpack, because both areas are at about the saturation vapor pressure for their respective temperatures. Water vapor then diffuses from warmer (higher vapor pressure) to colder (lower vapor pressure) areas of the snowpack.  Thus, the net flux of water vapor is in the same direction as the temperature gradient. Since the relative humidity of the snowpack is always about 100%, once we measure snow temperature we can estimate vapor pressure using the Clausius-Clapeyron equation.

Impurities. Snowpacks always have varying amounts of impurities in the form of particulates and solutes. Particulates are operationally defined and generally refer to material that does not pass through a 0.4 um filter. Dust and soot are common forms of inorganic particulates. Organic particulates vary from decomposing organic matter such as forest litter, leaves, and pine needles, to living organisms such as bacteria and fungal species. Particulate matter on and near the surface of the snowpack can dramatically lower the albedo of snow. Wet deposition of solutes occurs when dissolved impurities are located in or on the snow crystals that compose the snowpack. Dry deposition of solutes from the atmosphere to the snowpack occurs during clear days. Perhaps the most important take-home message is that impurities are stored over the lifetime of the snowpack and then released in the relatively short timespan of snowmelt runoff. In most seasonally snow-covered catchments, all pollution is stored for 6-9 months, and then released as a large pulse. 

Snowpack stratigraphy is the study of the different horizontal layers that comprise snow on the ground, each of which is more or less homogeneous compared to the other layers. The layers in Figure_stratigraphy are the result of a combination of processes, which include: (1) individual snowfalls each with different meteorological conditions, (2) meteorological conditions between snowfall events which can form sun and wind crusts, and (3) different rates and types of grain growth within the snowpack.  Snow on the ground can thus be thought of as aeolian sediment with rapidly changing properties. The snowpack records the climatology for that snow accumulation season, particularly by grain shape and size. As one looks deeper in the snowpack, one is going back in time and obtaining a climatological history of snowfall and snow processes. That information can be used to provide guidance on future dynamics of the snowpack, including the probability of avalanche activity, the amount of liquid water stored in the seasonal snowpack for water resources, and how much energy must be added to the snowpack before snowmelt can start. Pielmeier and Schneebeli (2003) provide a comprehensive and historical perspective on measuring and interpreting the stratigraphy of snow.

Figure snow_stratigraphy

Energy Exchange at the Snow Surface and in Snow

To a large extent, energy exchange at the snow surface determines many of the bulk properties of snow on the ground, including depth and density, temperature, grain size and type, and snowpack stratigraphy. Here we provide a brief overview of energy exchange at the snow surface and in the snowpack. More detailed information on energy fluxes is presented in Chapter energy_balance. The sign convention that we use in snow hydrology is that energy flux to the snow surface is positive and energy flux away from the snow surface is negative. 

The presence of snow on the ground produces large changes in the energy transfers between the surface and the atmosphere. Snow on the ground generally absorbs and transmits less solar radiation, reduces air movement, and conducts less heat. Energy exchanges at the snow-atmosphere interface are driven primarily by radiation and turbulent fluxes. The turbulent fluxes, sensible and latent energy exchanges, may be large in magnitude but are generally opposite in sign. Consequently, they tend to cancel each other out. Therefore, we will concentrate on radiation fluxes at the snow-air interface for this overview.

As we’ve already mentioned, a large portion of the short-wave radiation that strikes a snow surface is reflected back to the atmosphere (Figure snow_radiation). The solar radiation that is not reflected can penetrate the snowpack, with the intensity of radiation decreasing exponentially with depth. For dry snow with a density of about 100 kg m–3, less than 10% of solar radiation that penetrates the snowpack remains after a distance of 10 cm. Solar radiation during the day is thus a source of energy that can raise the temperature of the upper layers of the snowpack, as shown in Figure snow_temp.  The bottom line is that during mid-winter conditions, the combination of the high albedo of dry snow and the low sun angle result in little solar radiation being absorbed by snow on the ground. 

The snowpack is constantly losing energy through the emission of long-wave radiation. Long-wave radiation is unseen and not as intuitive as solar radiation, but as we will see the loss of energy from the snow surface by long-wave radiation has important effects on snow temperature and grain type. All objects at all times at all temperatures radiate (emit) electromagnetic energy. The amount of radiation emitted by an object is a function of the temperature of the object. The atmosphere and the surface of the earth emit long-wave radiation from approximately 3 to 100 (m. The snow surface is almost a perfect black box with respect to adsorption and emittance of long-wave radiation. Incoming long-wave radiation is absorbed at the snow surface with negligible penetration into the snowpack. Long-wave radiation is lost continuously from the snowpack at the snow surface (Figure snow_radiation). Values for emission of long-wave radiation by the snow surface range from about 200-300 W m-2, thus cooling the snowpack.

Figure snow_radiation

The snow surface and the “active layer” just below the snow surface are thus the most dynamic portion of the snowpack (Figure snow_radiation). Maximum solar energy available for absorption occurs at the snow surface. Maximum emission of longwave radiation occurs at the snow surface. Under mid-winter, clear-sky conditions, the snowpack may actually cool during the day because the loss of energy at the snow surface by long-wave emission is greater than absorption of incoming solar radiation. The active layer is the portion of the snowpack directly below the snow surface. During the day this layer may warm up more than the surface because of absorption of shortwave radiation that penetrates the snowpack coupled with no loss of longwave radiation. The low thermal conductivity of the snowpack results in little transfer of energy deeper into the snowpack. So this layer may warm to a higher temperature than either the snow surface or the snow below.  An example at mid-day during spring time under clear skies at a level site in the San Juan Mountains, Colorado (3,400 m) shows that the temperature of the snow surface is at -4(C (Figure snow_radiation). At a depth of 2 cm below the surface the temperature warms to 0(C. Snow temperature then decreases deeper in the snowpack. The temperature change of 4(C over 2 cm leads to a temperature gradient of 200(C m-1 between the snow surface and the active layer at a depth of 2 cm. As we will see later, this large temperature gradient can lead to faceting of crystals.

Once energy is gained or lost at the snow surface, the energy is transferred within the snowpack primarily by two mechanisms: (1) conduction through the ice skeleton, and (2) vapor diffusion through the pore spaces. As we showed earlier, the effective thermal conductivity of low-density snow (say 100 kg m–3) is about 1/25 that of ice. At low snow densities conduction is thus very inefficient for transferring energy, and the majority of energy transfer occurs through pore spaces by vapor diffusion. This transfer of energy primarily by vapor diffusion in low-density snow results in the efficiency of energy transfer decreasing as temperature decreases. Energy transfer in low-density, cold snow is thus a slow and inefficient process. Consequently, large temperature gradients over short distances can occur in the seasonal snowpack near the snow surface. In contrast, at a density of about 550 kg m–3, the thermal conductivity increases tenfold to about half that of solid ice and energy is transferred mainly by conduction through ice grains. In general, the seasonal snowpack ranges between these two densities, and both mechanisms share in the transfer of energy through the snowpack.

Classifying Snow on the Ground

A comprehensive snow classification system exists for all types of seasonal snow, known as the International Classification for Seasonal Snow on the Ground (ICSSG) (Colbeck et. al. 1990).  The ICSSG is fairly involved but at the most coarse level it consists of nine fundamental snow and ice types based mainly on grain shape:

1
Precipitation particles (identical to the eight ICSI classes)

2
Decomposing and fragmented precipitation particles (blown new snow)

3
Rounded grains (equilibrium metamorphisms)

4
Faceted crystals (kinetic metamorphisim)

5
Cup shaped and depth hoar crystals (advanced kinetic metamorphism)

6
Wet grains (melt-freeze metamorphisms)

7
Feathery crystals (surface and cavity hoar)

8
Ice masses (horizontal ice layers and vertical columns from piping)

9
Surface deposits and crusts (wind and rain stiffened layers)

This system is the standard that is used by most workers in snow related endeavors around the world.  Here we walk you through the major types of snow grains, and also present some of the lesser-known but more colorful types of seasonal snow that contribute to snow being such a dynamic medium.
Rounded snow grains that approximate the shape of spheres are characteristic of snowpacks with temperature gradients less than 10ºC m–1. Snow metamorphism is driven by gradients in vapor pressure, which in turn are driven by temperature gradients. Small temperature gradients result in small vapor pressure gradients and slow grain growth within the snowpack. Snow grains in this environment tend to minimize their surface to volume ratio to minimize their surface free energy. The result is the formation of rounded snow grains, initially about 0.1 to 0.2 mm in diameter and that grow to about 0.5 mm (Figure rounds). These rounded grains tend to bond together into simple chains that provide structural stability to the snowpack. The process of forming these snow grains has a number of synonyms, including the historical term of equitemperature metamorphism (ET metamorphism), equilibrium metamorphism, radius-dependent metamorphism, radius of curvature metamorphism, and destructive metamorphism. One explanation for the formation of rounded snow grains is that vapor diffusion within the snowpack causes a loss of mass from points on individual snow grains to gains in mass in hollows.

Figure rounds

Facets form in areas of a snowpack where temperature gradients are generally greater than 10ºC m–1. The process of forming these snow grains has a number of synonyms, including the historical term of temperature gradient metamorphism (TG metamorphism), depth hoar, constructive metamorphism, and kinetic growth.  The large temperature gradient induces a large gradient in vapor pressure, such that water vapor moves from warmer areas of the snowpack with relatively higher vapor pressures across pore spaces to colder areas of the snowpack with lower vapor pressure.  This condition is roughly analogous to snow crystal formation in a cloud that is supersaturated with water vapor. These conditions produce angular or faceted grains, which may later develop steps and striations on their surface, resulting in cup-shaped crystals with a hollow center that generally range in size from 3-5 mm (Figure facets).  Under very favorable conditions, individual grains can be larger than 15 mm.  These large, angular grains result in poor sintering, low cohesion, and little structural strength, earning an additional synonym of sugar snow.  It is almost impossible to make a snowball out of facets because of the low amount of sintering.  Depth hoar is often the weakest layer in the snowpack and is a potential sliding layer for avalanches.

Figure  facets

Surface hoar. Large, feather-shaped crystals termed surface hoar may grow at the snow-air interface during clear and cold nights (Figure surface_hoar). Surface hoar is essentially frozen dew formed by vapor deposition onto a radiation-cooled surface. The crystals have a complicated, dendritic shape that resembles feathers growing from the surface of the snowpack into the surrounding atmosphere. The length of these crystals usually ranges from 1 to 10 mm, but can be much longer under ideal conditions for formation. Surface hoar generally forms a layer at the snowpack surface several millimeters to centimeters in thickness. Density is generally quite low, 100 to 200 kg m–3. Skiing on surface hoar can be quite nice. When buried by subsequent snowfalls, surface hoar is a potential weak layer in the snowpack. Buried surface hoar is extremely efficient in propagating shear instabilities. Fatal avalanches have resulted when skiers on flat terrain caused shear fractures in buried surface hoar, which propagated upslope to undercut a slab. Because the layer of surface hoar becomes quite thin when compressed by overlying snow, this potential sliding layer is quite difficult to recognize when buried (Figure  surface_hoar).

Figure surface_hoar

Surface hoar forms when heat loss by long-wave radiation at the snow surface lowers the surface temperature below the air temperature (Figure surface_hoar_cartoon). Deposition then occurs onto the snow surface as relative humidity exceeds 100% with air temperature below 0ºC. Surface hoar generally occurs during clear, cold nights, often when there is an inversion layer in the overlying atmosphere. A warm and moist air mass during the day facilitates the formation of surface hoar by raising the air temperature and increasing the specific humidity of the atmosphere. Little or no wind is important, otherwise the temperature loss caused by longwave radiation from the snow surface will be offset by energy transfers from latent and sensible heat.

Figure surface_hoar_cartoon
Near surface faceted crystals are snow grains found near the snowpack surface that have one or more sides faceted, similar to depth hoar.  This crystal type has a variety of acronyms, including recrystallized snow, spaghetti snow, recycled powder, and loud powder. The importance of near-surface faceted crystals in forming weak layers associated with snow avalanches has recently received greater attention. When buried by subsequent snowfalls, this crystal type can form a weak layer similar to depth hoar that avalanches may run on. Faceted crystals are produced in the upper 0.15 m of the snowpack and are generally 0.5 to 1.5 mm in diameter (Figure near_surface_facets).  The faceting itself can be quite well developed and rapid. There have been reports of stellar snowflakes newly deposited in a snowpack with well-developed facets! 

Figure near_surface_facets

Three processes are generally recognized that form near surface facets: (1) radiation recrystallization; (2) diurnal recrystallization, and (3) melt-layer recrystallization. A case study in Montana recorded diurnal temperature changes on a south-facing snow surface from –3ºC during the day to –26ºC at night, producing a temperature gradient of 200(C m-1 at a depth of 0.05 m.  The strong gradient in vapor pressure driven by the temperature gradient resulted in the formation of facets about 1.0 mm in length. 

Sun crust is a thin, hard layer with refrozen crystals from surface melting. In reality, thickness varies widely. Density ranges from about 200 kg m–3 to as high as 800 kg m–3. Hardness in turn varies widely, from finger hardness to armor-plated. Mid-winter sun crusts are generally thin with a low density. In contrast, spring snow that refreezes during a cold night provides a snow surface that is hard enough for cars to drive on. Don’t try it. We’ve rescued a few fisherman who’ve driven several miles on the snow surface early in the morning to their favorite fishing spots, only to see their cars high-centered on their oil pans as they come back for the second six-pack of their favorite beverage. Skiing on surface crust can range from outstanding to the worst. When a hard meltwater crust is softened in the mid-morning by incoming solar radiation, the resulting spring skiing can make a novice skier look like an Olympic champion. Alternatively, when a melted surface layer only partially refreezes, the resulting breakable crust may be sufficiently strong to support a skier until a ski is weighted in a turn, at which time the lead ski breaks through the crust into the underlying soft snow, sinks, and pitches the skier head-first into the snowpack. Buried crusts may also play an important role in meltwater flow through snow. As liquid water percolates downward through the snowpack and encounters a buried crust, it may pool and move laterally until breakthrough is achieved in a vertical flow channel.

Wind crusts or slabs are a dense layer of snow formed by wind deposition. Wind crusts become wind slabs when the depth of the deposited snow exceeds 20 cm or so. Wind slabs are often smooth and rounded and sometimes sound hollow. As the wind bounces the eroded snow across the snow surface, it grinds up the snow into small, dense particles. Picture the delicate arms and legs of a stellar snowflake. As the stellar bounces along the ground, the arms and legs are broken of, resulting in much smaller particles that approach an angular to round shape (Figure wind_particles). By the time the particles finally come to rest on the lee side of an obstacle--where the wind slows down--they pack into a heavy, dense layer of snow. As demonstrated in Table t_density, the density of a wind slab can easily be five times that of the same snowfall with no wind. The dense layer can easily overload any buried weak layer, resulting in the release of a slab avalanche.

Figure wind_particles

Melt-freeze grains or wet snow grains are spherical in shape, often with liquid water between the grains. When snow becomes wet, conditions with respect to heat flow and snow metamorphism change greatly. Heat flows rapidly through the snowpack by conduction. The large increase in energy results in snow grains approaching their equilibrium shape which is a sphere, which minimizes surface free energy. Small grains melt preferentially, so that the snowpack is composed of large, spherical grains (Figure wet_snow). During melt-freeze cycles, individual grains will often bond together, forming a poly-crsytalline matrix (Figure wet snow).

Figure wet_snow

Corn snow is a particular condition of the snow surface during melt-freeze cycles. Imagine a bunch of grapes (Figure cornsnow). In this analogy, the grapes are the snow grains and the grape vines are the crystalline bonds between them. Now, imagine that when you wash the grapes, the grape vines dissolve, leaving you with nothing but free-floating grapes. In the snowpack, when water percolates through the snowpack it dissolves the bonds between crystals—the more saturated the snow, the more it dissolves the bonds, thus, dramatically decreasing the strength of the snow.

Figure cornsnow

Corn Snow becomes ‘ripe’ when the bonds between the snow grains just start to melt, providing a velvety surface texture perfect for many types of snow riding. This usually occurs in the morning hours, but the exact timing is very aspect and weather dependent. Seasoned corn harvesters know that predicting this timing is an art form honed through experience. If you’re too early, the frozen surface can rattle out your fillings. Worse is arriving too late, after too many bonds have melted and the corn snow has turned into deep, dangerous slush. The slope that may have been perfect an hour ago is now prime for wet snow avalanches. There is a debate as to what is more fun, skiing powder snow, or skiing corn snow. For the pleasant temperatures and ease of skiing, we definitely lean towards corn, at least in the spring.

Firnspeigel is German for ‘firn mirror’ and refers to a thin, clear ice sheet that forms on the surface of snow and glaciers from absorption of sunlight. It is also called ‘glacier fire’ because it can reflect incoming sunlight on summer glaciers like a mirror or glass. Conditions that favor the formation of firnspeigel generally occur during the late spring and summer. At night liquid water freezes on the snow surface as the loss of long-wave radiation cools the snowpack surface below freezing. The thin ice acts like a greenhouse the next day as solar radiation increases in the morning. Short-wave radiation penetrates the thin ice, melting the snow underneath but not the ice cover. The liquid water produced by heating from solar radiation infiltrates into the underlying snow. The mass loss causes an air gap to form between the ice layer and the snowpack. If you look closely at firnspeigel during the day, you can see liquid water droplets on the underside of the ice layer. The presence of the liquid droplets is because water vapor rising from the snowpack contacts the impenetrable ice layer and condenses. 

Skiing on firnspeigel can be delightful (Figure firnspiegel). The surface of the snow underneath the thin ice sheet often acts like the finest corn snow. The ice sheet itself is so thin that it produces no impediment to skiing. As you weight a turn in firnspeigel, the thin ice breaks and tumbles down-slope. The breaking and tumbling ice makes a sound like bells tinkling. Skiing over firnspeigel to a research site makes studying snow hydrology worthwhile.

Figure firnspiegel
Cornices are a mass of snow that is deposited by the wind, often overhanging, and usually near a sharp terrain break such as a ridge. Cornices have four components, a root, a roof, a face, and a scarp (Figure cornice). The overhanging roof is often unstable and can break much closer to the root than anticipated. Skiing or snow-mobiling off of a cornice looks like fun, but can lead to major avalanche danger.

Figure cornice

Sastrugi is eroded snow that has a sandblasted, scoured, scalloped, roughed-up look that forms ridges parallel to the prevailing winds (Figure sastrugi). Ranked by size, these irregularities are known as ripples (~10 mm high), wind ridges, barchans and sastrugi (up to 1 meter high). Larger features are especially troublesome to skiers. Travel on the irregular surface of sastrugi can be very tiring, and can risk breaking skis—ripples and waves are often undercut, the surface is hard and unforgiving, with constant minor topographic changes between ridge and trough.

Figure sastrugi

Pinwheels or cartwheels or cinnamon rolls are large balls of snow that form as the snowpack over-ripens from corn towards slush (figure pinwheel) on a steep slope. Under these conditions, a skier or boarder descending a slope can easily knock off a small amount of snow. The wet conditions cause the formation of a snowball, which continues to grow in size as it rolls downhill. The resulting pinwheel is much greater in diameter than in width. Often the individual rolls of snow that make up the pinwheel can be observed, similar to a cinnamon roll. We’ve kicked up some memorable pinwheels skiing down steep passes in the Sierra Nevadas during the spring. On one ski trip, the pinwheel was moving about the same speed as us down the slope. As we made turns across the fall line, we’d have to avoid the pinwheel. Each turn the pinwheel was larger. At the bottom of the slope the pinwheel was taller than us skiers.

Figure pinwheel

Suncups and penitents (primary source is Wikipedi). A penitente is a column of snow, wider at the base and narrowing to a point at the tip. They take the form of tall thin blades of hardened snow or ice closely spaced with the blades oriented towards the general direction of the sun. Penitentes can be as tall as a person (Figure penitente). The name ‘‘penitente’’ is a Spanish word meaning ‘‘penitent one,’’ and arose because a field of penitentes resembles a procession of monks in white robes. Smaller structures, known as suncups or ablation hollows, can be found in lower mountains like the Rockies and the Alps. Suncups are smaller, a few centimeters to half a meter in amplitude (Figure suncups). The genesis of suncups is thought to be similar to that of penitentes, e.g. penitentes are a more extreme type of suncup found only at elevations greater than 4,000 m. Suncups and penitentes are the  bane of hikers and climbers.

Figures penitente, suncups

Penitentes were first described in the literature by Darwin (1839). On March 22, 1835 he had to squeeze his way through snowfields covered in penitentes near the Piuquenes Pass, on the way from Santiago de Chile to the Argentinian city of Mendoza, and reported the local belief (continuing to the present day) that they were formed by the strong winds of the Andes. These pinnacles of snow or ice grow over all glaciated and snow covered areas in the Dry Andes above 4,000 m (Lliboutry 1954a, Lliboutry 1954b, Lliboutry 1965). They range in size from a few cm to over five metres. (Lliboutry 1965, Naruse and Leiva 1997).

For penitentes, bright sunlight and cold, dry weather are apparently required for formation. Lliboutry noted that the key climatic condition for the differential ablation that leads to the formation of penitentes is that dew point is always below zero. Thus, snow will sublimate, which requires higher energy input than melting. Once the process of differential ablation starts, the surface geometry of the evolving penitente produces a positive feedback mechanism, and radiation is trapped by multiple reflections between the walls. The hollows become almost a black body for radiation, while decreased wind leads to air saturation, increasing dew point temperature and the onset of melting. In this way peaks, where mass loss is only due to sublimation, will remain, as well as the steep walls, which intercept only a minimum of solar radiation. In the troughs ablation is enhanced, leading to a downward growth of penitentes. 

Problem Set

Explain the formation of boilerplate snow, using an energy balance approach.

Calculate SWE in meters for the following situations: (a) 
[image: image13.wmf]is 450 50 kg m-3, hs is 90 cm; (b) 
[image: image14.wmf] is 450 50 kg m-3, hs is 235 cm; (c) (1 is 150 kgm3, h1 is 10 cm; (2 is 450 50 kg m-3, h2 is 20 cm; (3 is 300 50 kg m-3, h3 is 15 cm. 

Calculate the heat energy flux for a snowpack with a temperature gradient of 10(C m-1and the following densities: (a) 50 kg m-3; (b) 200 kg m-3; (c) 500 kg m-3. How much more heat flux is generated for densities of 20 50 kg m-3 and 500 50 kg m-3 relative to the heat flux for a density of 50 50 kg m-3?
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