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Snow in the Atmosphere

The snowflake is a fleeting, beautiful, ephemeral work of art that has long captured the imagination of humans (Figure snow_crystal). The symmetry of ice crystals was commented upon by the Chinese in the second century B.C. Europeans had recorded the same observation at least by the Middle Ages. The first known sketches of snow crystals were made by Olaus Magnus, the Archbishop of Uppsala, Sweden, in about 1550. At the beginning of the seventeenth century the same subject beguiled Johannes Kepler. "There must be some definite cause," he wrote in 1609, shortly after making the discovery that the planets travel not in circles but in ellipses, "why, whenever snow begins to fall, its initial formation invariably displays the shape of a six-cornered starlet. For if it happens by chance, why do they not fall just as well with five corners or with seven?" In his pamphlet Kepler drew parallels with honeycombs and the pattern of seeds inside pomegranates, but was unable to explain the flakes' hexagonal form. Somewhat later Rene Descartes discerned that branches sprout off each side of the stems of hexagonal snowflakes at an angle of 60 degrees, with an angle of 120 degrees thus separating the branches themselves.

Figure snow_crystal

More recently, there have been several definitive works published on snow crystals. From 1885 to 1931, Wilson Bentley of Jericho, Vermont, photographed a mind-boggling 6,000 different snow crystals. This magnificent, artistic collection of photographs was published in 1931 as “Snow Crystals” by McGraw-Hill and reissued in 1962 by Dover Publications. Ukichiro Nakaya published “Snow Crystals: Natural and Artificial” in 1954. He was a professor at Hokkaido University in Sapporo, Japan.  Nakaya’s book also contains many beautiful photographs, along with a technical discussion of their origin and character. He was able to make in the laboratory almost all the types of snow crystals found in nature. He was thus able to measure with great precision the atmospheric conditions which controlled their formation, and which is the basis for the Nakaya diagram that correlates atmospheric conditions with types of snow crystals.  The bottom line is that if you can identify the basic form of a snow crystal on the ground you can tell what the conditions are in the clouds above. Nakaya referred to this connection between crystal form and cloud conditions as ‘letters from the sky’. The “Field Guide to Snow Crystals” by Edward La Chapelle was published in 1969 and re-issued by the International Glaciological Society in 1992.  As a basic guide for the practical field worker and as a reference for instruction, it has stood the test of time remarkably well.  


The scanning electron microscope (SEM) has ushered in a new method of imaging snowflakes and other types of frozen precipitation. The falling crystal is caught on a small, frozen chip of copper. The snow crystal is stored in a dewer of liquid nitrogen, at -160°C or so. This process can preserve the crystals for months. Next, spray the crystals with a coating of gold or some other metal. Place the crystal on an SEM cold stage that has been cooled with liquid nitrogen. The SEM shoots an invisible beam of electrons onto the crystal's metal coat. This knocks off the crystals' own electrons--much like shaking dust from a rug. The SEM "sees" this electron "dust" and captures an image of it. The SEM can magnify images of the ice crystals 40,000 times their true size. Following are various crystal types photographed with the SEM and compared to conventional optical cameras (Figure SEM).

Figure SEM


 One of the most entertaining science presentations we have ever witnessed was Al Rango’s presentation of the initial SEM photographs in 3-D to the 1996 annual meeting of the Western Snow Conference. Al had everybody wear the red and green 3-D glasses famous from cheesy 3-D SciFi flicks of the 1950’s.  The premier snow scientists of the 1990’s were huddled together wearing funky 3-D glasses watching snow crystals leap off the screen in 3-D. It was a very effective presentation.


Several publications by Kenneth Libbrecht deserve special mention. He is a physics professor at CalTech who has conducted rigorous research on the growth of snow crystals and also published several books appropriate for the general reader interested in snowflakes. Ken Libbrecht’s Field Guide to Snowflakes (K. Libbrecht, 2006) and The Snowflake, Winter’s Secret Beauty (Libbrecht and Rasmussen, 2003), provide both beautiful pictures and more in-depth explanations appropriate for the readers of this book. These two books were valuable sources in writing the following section. He also has an outstanding web page at: www.its.caltech.edu/~atomic/snowcrystals/.

Not all snow crystals are symmetrical. In fact, most are not. Looking at Bentley’s book and the other authors cited in this section, one is left with the impression that all, or almost all, snow crystals are completely symmetrical. That is not the case in nature. The majority of snow crystals and snowflakes have some deviation from complete symmetry. The reasons are many-fold. One side of a snow crystal may become rimed through random collisions with supercooled liquid droplets while another side is not, effecting subsequent growth problems. Collisions with other snow crystals cause similar imperfections in symmetry. The authors above all looked through hundreds, and sometimes many thousands of snow crystals, to find the outstanding examples presented in their work.
Atmospheric Conditions
There is more to the birth of a snowflake than Aristotle's assertation that "when a cloud freezes there is snow." Snow is not merely frozen rain. There are three primary steps in the generation of precipitable water in the atmosphere: (1) creation of saturated conditions in the atmosphere; (2) condensation of water vapor into liquid water; and (3) growth of small droplets by collision and coalescence until they become large enough to precipitate.

There are two broad categories of precipitation processes: (1) warm cloud precipitation in which the temperature of the cloud is above 0°C; and (2) cold or mixed-phase processes in which cloud temperature is mostly or all below 0°C. Clouds are composed of liquid water droplets and ice particles that form on aerosols, similar to how dewdrops from on a cooled surface on the ground. Cloud water is composed of many water drops 10-20 (m in diameter that are small relative to the range of droplet sizes in a cloud. The trick is to get the cloud droplets to a large enough size to grow into raindrops or snow crystals that can overcome atmospheric turbulence and fall to the ground.

Warm cloud precipitation processes involve larger-size droplets settling through a cloud and growing by collision and coalesence with smaller droplets. Precipitation proceeds rapidly once droplets exceed about 40 (m in diameter. Ice phase processes include growth by vapor diffusion, by ice particles collecting liquid water droplets (riming), and by mechanical aggregation of ice crystals. Precipitation amount from a cloud depends on the liqud water content of the cloud, the temperature of the cloud, the number and type of aerosols in the cloud, and the lifespan of the cloud.

There are four essential components necessary for solid precipitation to occur in cold clouds (Figure snowfall_cartoon): (1) presence of atmospheric moisture; (2) humidity at or above saturation, that is relative humidity at or above 100%; (3) air temperature at or below 0(C, and (4) the presence of ice nuclei.  As we will see, the lack of ice nuclei is often the limiting factor in the formation of snow in the atmosphere. Once an ice crystal is formed, the precipitation process continues to form snow crystals through three primary processes: (1) growth by vapor diffusion; (2) riming; and (3) aggregation. More on each of these processes later.

Figure snowfall-cartoon

The total aerosol concentration of the atmosphere is around 109 particles per liter (Figure aerosols). Liquid water droplets form on hygroscopic aerosols called cloud condenstation nuclei (CCN). Concentrations in the atmosphere can be several thousand per liter. The activation of CCN is independent of temperature. Ice nuclei (IN) are needed to form ice crystals when temperatures are below 0°C. The number of IN is strongly dependent on temperature (Figure aerosols). IN generally begin forming at temperatures around -5 to -10°C. 

Figure aerosols

Here’s a head-scratcher: ice is not automatically formed in clouds when the relative humidity reaches 100% and temperatures are below 0°C. Liquid water at temperatures below freezing is common in clouds. Water in the liquid state at temperatures below freezing is termed supercooled or subcooled liquid water. It is estimated that supercooled water droplets dominate over ice particles in clouds at temperatures above -12(C, and ice crystals begin to dominate in clouds only after temperatures decrease below about -30(C. 

Another head-scratcher; clouds often have a water vapor content that exceeds saturation for that temperature. Thus, the air in a cloud often exceeds a relative humidity of 100%; that is the cloud is supersaturated with water vapor. Counter-intuitively, clouds are a hostile environment for the freezing process. We’ll explain why it is difficult to form solid precipitation in clouds, why it is common for clouds to have a relative humidity greater than 100%, and why liquid water droplets in clouds do not necessarily freeze when the temperature goes below 0(C.

Types of Frozen Precipitation

Frozen precipitation takes many forms.  Once nucleation occurs in the atmosphere, an ice crystal is formed. The ice crystal is the initial stage in growth of the snow crystal. The diameter is usually less than 75 µm, it has a very low fall velocity that is typically less than 5 cm s-1, and a very simple crystal shape, often a hexagonal plate.  As this crystal grows in size, we call it a snow crystal. A snow crystal refers to a single crystal of ice. A snowflake is a more general term; it can mean an individual snow crystal, a few snow crystals stuck together, many snow crystals and/snowflakes stuck together, and snow crystals/snowflakes that have been modified by some atmospheric process (Figure snowfall_cartoon).  Snow crystals and snowflakes are NOT frozen rain.  There are a number of different forms of solid precipitation in addition to snow crystals and snowflakes. 


Hail is precipitation in the form of balls or irregular lumps of ice, always produced by convective clouds, nearly always cumulonimbus.  Hail results from repeated vertical cycling within convective clouds (Figure hail). As an ice ball falls down through the atmosphere it becomes coated with liquid water. The ice ball is then lifted higher in the cloud and the liquid water freezes, increasing the diameter of the hail. An individual unit of hail is called a hailstone. By convention, hail has a diameter of 5 mm or more, while smaller particles of similar origin, formerly called small hail, may be classed as either ice pellets or snow pellets. Thunderstorms that are characterized by strong updrafts, large liquid water contents, large cloud-drop sizes, and great vertical height are favorable to hail formation. The destructive effects of hailstorms upon plant and animal life, buildings and property, and aircraft in flight render them a prime object of weather modification studies. 

Figure hail

Rime ice is a white ice that forms when supercooled water droplets freeze to the outer surfaces of objects. It is brittle and easily detached from surfaces. Rime is often seen on trees atop mountains and ridges in winter, when low-hanging clouds cause freezing fog (Figure rime). This fog freezes to the windward (wind-facing) side of tree branches, buildings, or any other solid objects. Rime ice always grows into the source of supercooled liquid water, so grows into the wind. Scientists at meterologically-extreme places such as Mount Washington in New Hampshire often have to remove large amounts of rime ice from their equipment, in order to keep anemometers and other measuring instruments operating. Ice and snow crystals falling through the atmosphere are rimed when they contact supercooled water droplets, which freeze onto their surface (Figure rime). When this riming process continues so that the shape of the original snow crystal is no longer identifiable, the resulting crystal is referred to as graupel. Rime is often sub-divided into two categories. Soft rime forms fine needles with a clear structure, a low density of about 20% that of liquid water, fog is not essential to its formation.  Hard rime is a white granular structure with crystalline branches separated by entrapped air. Density can be as high as 50% that of liquid water; fog is essential for its formation. 

Figure rime

Graupel is the name for snow pellets formed inside clouds when supercooled water droplets rime onto snow crystals and completely cover the crystal.  Graupel pellets are white, opaque, ice particles that vary from pinhead to BB in size (Figure graupel). Graupel usually forms in convective clouds, because the up- and down-drafts recycle the ice pellets, causing more collisions between them and supercooled water droplets and leading to a larger size.  Graupel is thus the winter analogue of hail. Graupel is generally smaller in size than hail because the colder ground temperatures characteristic of the winter season result in less vigorous convective clouds compared to the summer season. In the snowpack, graupel can sometimes cause a weak layer that acts literally like ball bearings and facilitates avalanche activity.

Figure graupel

Glaze (also called glaze ice, glazed frost, verglas) is a coating of ice, generally clear and smooth, formed on exposed objects by the freezing of a film of supercooled water deposited by rain, drizzle, fog, or possibly condensed from supercooled water vapor.  Glaze is denser, harder, and more transparent than either rime or hoarfrost. Its density may be as high as 80 to 90% of that of liquid water, approaching the density of glacial ice. Factors that favor glaze formation are large drop size, rapid accretion, slight supercooling, and slow dissipation of heat of fusion. The opposite effects favor rime formation. The accretion of glaze on terrestrial objects constitutes an ice storm; as a type of aircraft icing it is called clear ice. Glaze adheres firmly to surfaces and is difficult to remove. Glaze, as well as rime, may form on ice particles in the atmosphere. Ordinary hail is composed entirely (or nearly so) of glaze; the alternating clear and opaque layers of some hailstones represent glaze and rime, deposited under varying conditions around the growing hailstone.

Freezing rain is rain that falls in liquid form and then freezes upon impact with the ground or an item with a temperature below freezing. Freezing rain often produces a coating of ice, often called black ice (Figure freezing_rain). Even in small amounts, freezing rain can cause traveling problems because of the slipperiness or low friction of the ice on roads and trails. Large amounts can pull down power lines and tree branches. Freezing rains are among the most destructive of meteorological events. From 1949 to 2000, it is estimated that freezing rain has caused more than $16 billion dollars in property damage in the US alone (Changdon, 2003).

Figure freezing_rain

Sleet is formed by snowfall following through a warm layer of atmosphere, melting or partially melting, then re-freezing as that melted snow falls through another cold layer (Figure sleet).  The result of this process is the formation of ice pellets, small frozen droplets of water. Sleet differs from hail in several ways, including the process of formation and its smaller size. Sleet differs from freezing rain in (a) it consists of frozen ice rather than liquid rain when contact is made with a surface, and (b) the frozen balls generally bounce when they make contact with the ground rather than freezing into a layer of ice.

Figure sleet

Super Water: Supersaturation, Supercooled (Subcooled) Liquid Water, and other Super Tales

Let’s figure out how we can have supersaturated water vapor and supercooled liquid water simultaneously in clouds. Remember, humidity is the amount of water vapor in the air. Let’s revisit how we quantify the amount of water vapor in the atmosphere, parameters termed humidity quantities. 

1. Absolute humidity (a) or vapor density is the mass of water vapor per cubic meter of air with common units of gm m-3.  A problem with this measurement is that the value changes as air pressure changes and the volume of air changes. As a result, absolute humidity is generally defined in chemical engineering as mass of water vapor per unit mass of dry air, also known as the mixing ratio (see below).

2. Mixing ratio (mr) is the ratio of water vapor to dry air in a particular volume of air. Mixing Ratio is expressed as a ratio of kilograms of water vapor (Mv) per kilogram of dry air (Md): 
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      Partial pressure of water vapor and air can also be used to express the ratio. 

3. Specific humidity (q) is the ratio of water vapor to moist air (dry air plus water vapor) in a particular volume of air, with units of kg/kg. We’ll use this measure of humidity a lot in the energy balance section. Because specific humidity is expressed as kilograms of water vapor (Mv) per kilogram of air (M), that ratio can be given as 
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       Specific humidity is related to Mixing Ratio (and vice versa) by 
[image: image3.wmf]and     
[image: image4.wmf].  For example, if 1 kg of air contains 15 gm of water vapor, then q = 0.0150 kg/kg and 
[image: image5.wmf], or 0.01542 kg/kg. These values are not affected by changes in the volume of air, which is one reason we prefer to use specific humidity in energy balance calculations.

4. The vapor pressure (e) is the partial pressure exerted by water vapor molecules in a column of air.  To illustrate, if the total pressure of a column of air is 1,000 hPa, and the column of air has by weight 78% nitrogen, 21% oxygen, and 10% water vapor, then the partial pressure of nitrogen is 780 hPa, oxygen 210 hPa, and water vapor pressure is 10 hPa.  

5. Relative humidity (RH) is the ratio of the water vapor content of air to the capacity of air to hold water vapor at that temperature.  Relative humidity is thus the fraction of water vapor in the air relative to the maximum amount of water vapor that the air can hold at that temperature.  We can calculate the relative humidity of air with respect to vapor pressure (e) as 
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 where esat is the saturation vapor pressure of water vapor in equilibrium with a flat surface of pure water. 

Saturation vapor pressure is the key to understanding supersaturation and supercooled liquid water. Saturation vapor pressure (SVP) is the static pressure of a vapor when the vapor phase of some material is in equilibrium with the liquid phase of that same material. “Saturation” is a poorly chosen term that has lead countless people astray (see Chapter 5 of “Atmospheric Thermodynamics” by Bohren and Albrecht for a sequence of funny diatribes on the incorrect use of this term). Meteorological textbooks often use the analogy that the atmosphere is like a sponge, which has a limited capacity to hold water vapor. When the relative humidity reaches a 100%, the “sponge” is saturated and the amosphere can’t hold any more water vapor.

Let’s revisit the idea of the atmosphere as a sponge with a limited ability to hold water vapor. At normal temperatures and pressures the average separation between air molecules is about 10 molecular diameters. Thus, only about one part in a thousand of a volume of air actually is occupied by a molecule. Hot or cold, air is so thinly populated with molecules that it can easily accommodate many more molecules of water vapor or anything else. Dalton showed in 1802 that the pressure of a gas is independent of the amount of other gases present. Because air is mostly empty space, each gas acts individually as if it alone existed. The vapor pressure of water in air is independent of the existence of the air. Thus, even when the atmosphere is at saturation vapor pressure, it is possible to add more molecules of water vapor to the atmosphere.  In fact, a relative humidity of 300% can be easily accommodated by the atmosphere before condensation must occur. 

Saturation vapor pressure is actually something of a misnomer. It probably should be called equilibrium vapor pressure because, by definition, it is the water vapor pressure that occurs when a phase change is taking place. The higher the liquid water temperature, the more energetic are the liquid water molecules. The more energetic these molecules are, the more readily they can leave the liquid interface. This increases the amount of evaporation and therefore the ‘saturation’ vapor pressure. The temperature of the air has nothing to do with it except that it can be eventually warmed or cooled depending on the temperature of the liquid surface. ‘Saturation’ occurs when the evaporation rate equals the condensation rate and the air is in equilibrium with the liquid. Equilibrium vapor pressure is thus a better term than saturation vapor pressure. However, we are stuck using the term ‘saturation vapor pressure’. What’s important is to remember that when the atmosphere is at ‘saturation vapor pressure’, eg when RH = 100%, the atmosphere can still hold more water vapor. The atmosphere is ‘supersaturated’ with water vapor when the actual vapor pressure e is greater than the saturation vapor pressure esat, resulting in RH > 100%. The sponge analogy is misleading. It is not only possible, it is common, for the atmosphere to have a water vapor content that exceeds ‘saturation’.

The saturation vapor pressure of any material is solely dependent on the temperature of that material (Figure Tsat). As temperature rises the saturation (or equilibrium) vapor pressure rises nonlinearly.  At the saturation vapor pressure, liquid water is in a dynamic equilibrium with water vapor where the rate of condensation of water equals the rate of evaporation of water. When air is at the saturation vapor pressure, it is said to be at the dew point. Thus, at saturation vapor pressure, air has a relative humidity of 100% and net condensation can occur with any increase of water vapor content or a reduction in temperature.

Figure Tsat

Saturation vapor pressure (or better, equilibrium vapor pressure) is described using the empirical Clausius-Clapeyron relationship:
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where pressures P are in mbar, the temperature T is in degrees Celsius, and TK is in degrees Kelvin (Note 0(C = 273.16K).  Substituting in a range of values for T produces the saturation vapor pressure curve in Figure Tsat. The take-home message from this equation is that saturation vapor pressure increases exponentially with an increase in air temperature.  So, a small increase in air temperature causes a large increase in SVP. Similarly, a small decrease in air temperature, as when an air parcel is forced to lift over a mountain, causes a large decrease in SVP and a large increase in RH.


Condensation of your breath on a cold winter day is a good example of the SVP-Temperature relationship. The air in your lungs is near saturation. The temperature of air in your lungs is right around 98.6(F. So, the air in your lungs has a vapor pressure of xx mbars. The parcel of air that you exhale from your lungs rapidly cools when it leaves your body.  The SVP decreases with decreasing air temperature, but the vapor pressure (e) remains about the same. Thus, in figure Tsat, you go from right to left at the same vapor pressure of yy mbars. Relative humidity rapidly increases even though the amount of water vapor, the specific humidity, remains about the same. The breath that you have exhaled is now supersaturated with water vapor at the cold winter temperatures. The temperature of your exhaled breath goes below the dew point, water vapor condenses, and you’ve formed a miniture cloud that you can see.

Bergeron-Findeisen Precipitation


We can start to address frozen precipitation in clouds after we add one more important piece of information. The temperature-SVP relationship is different for ice (and snow) than for liquid water droplets, as demonstrated by the Clausius-Clapeyron relationship with respect to ice:
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The saturation vapor pressure for subcooled water is always greater than for ice at the same temperature (TiceA). First, remember that in clouds at -12(C there are generally as many or more subcooled (or super-cooled) water droplets as there are ice particles. Water vapor in clouds is thus evaporating (sublimating) and/or condensing (depositing) from both liquid water droplets and ice particles at the same temperature. Intuitively, we expect water to evaporate more readily from the loosely bound liquid state than from the more tightly bound solid (ice) state. Thus it isn’t a surprise that it takes more water vapor to reach the saturation or equilibrium state over liquid than over ice at the same temperature.

Figure Tice


This difference in SVP over liquid versus ice has profound consequences for the growth of clouds and the type of snowflakes that fall out of the sky and leads to the Bergeron-Findeisen process. On Figure Tsat_iceA the two vapor pressure curves are almost indistinguishable, so we show their differences in Figure Tsat_iceB. The maximum difference between the two curves occurs at about -12.5(C. Many clouds in the winter are mostly supercooled water droplets because of a lack of ice nuclei. Once an ice crystal forms in a cloud, it has a tremendous growth advantage over the supercooled water droplets. Evaporation proceeds more slowly from an ice crystal than nearby water droplets at the same temperature because the supercooled water droplets have a higher SVP. For the same temperature and vapor pressure that causes evaporation from supercooled liquid droplets, the ice crystal is often supersaturated and grows by deposition. Thus the ice crystal grows in size while liquid water droplets continued to decrease in size because of the differences in SVP at the same temperature. As the ice crystal grows, it becomes heavier and falls through the cloud faster than its smaller liquid neighbors, colliding with them. The liquid droplets may freeze on contact (riming). The ice crystal rapidly becomes larger. Ice crystals in clouds are a classic case of a positive feedback system. Once ice nuclei are added to a cloud and ice crystals form, they can grow extremely fast. A case of the rich (ice crystals) getting richer at the expense of the poor (supercooled liquid water droplets). The cloud rapidly becomes composed of large snowflakes that release snow towards the ground.


The following point cannot be emphasized too much: Ice crystals in a cloud grow at the expense of supercooled water droplets (Figure avybook_fig3.2), leading to growth by vapor diffusion. Saturation vapor pressure is always greater over supercooled liquid droplets than over ice at the same temperature. Water vapor moves from areas of higher concentration (over liquid water droplets) to areas of lower concentration (over ice crystals). Even though there is lower vapor pressure over the ice crystals, the vapor pressure is at or above the equilibrium vapor pressure for ice. The water vapor then condenses (deposits) on the ice crystals.  This sets up a positive feedback system. As water vapor condenses on an ice crystal, the vapor pressure over the ice crystal is lowered. The gradient in water vapor between liquid droplets and ice crystals steepens. More water vapor diffuses from around the liquid water droplets towards the ice crystal.  Bottom line is that this difference in saturation vapor pressures between liquid water and ice crystals causes water vapor to diffuse from supercooled liquid water droplets to ice crystals.


Figure avybook_fig3.2

To help understand how an ice crystal in a cloud can be supersaturated with respect to water vapor and an adjacent supercooled water molecule is undersaturated, let’s use some actual values from Graham Sumner’s book, Precipitation (1988). Let’s assume that the ambient temperature within a cloud is -10(C and the vapor pressure is 2.60 mb. The saturation (equilibrium) vapor pressure at -10(C over ice is 2.60 mb and over a water droplet is 2.86 mb. We’ll neglect any radius of curvature effects. So, the air in the cloud is unsaturated with respect to the liquid droplet. However, the air in the cloud is saturated with respect to the ice crystal. Net evaporation will take place from the supercooled water droplet, releasing more water vapor into the cloud and raising the local vapor pressure above 2.60 mb. Because the air in the cloud now has a vapor pressure greater than 2.60 mb, the cloud is supersaturated with respect to the saturation vapor pressure over ice. Because the air is supersaturated with respect to ice, water vapor will deposit directly onto the ice crystal. This process of water vapor (gas phase) depositing directly onto the ice crystal (solid phase) continues until the vapor pressure in the cloud is reduced to 2.60 mb. We now have the initial condition, with evaporation taking place from the supercooled water droplet. The mass (volume) of the water droplet continues to decrease. The air is again supersaturated with respect to ice, water vapor deposits on the ice crystal, and the ice crystal grows in size.  Snow occurs when the snow crystals and/or snowflakes become large enough to fall to the ground.

Ice Nucleation

The process by which ice particles form within clouds is poorly understood when compared to the processes of condensation around cloud condensation nuclei. A typical cloud droplet is on the order of 10 to 20 µm in diameter. In comparison, a typical raindrop has a radius of about 1,000 µm, or 100 times larger than a cloud droplet.  Such tiny droplets are very stable in a cloud. They do not grow much larger over the lifetime of the cloud. Their aerodynamic properties are such that they rarely coalesce and so do not grow in size by that mechanism. Their terminal velocity is so low that they do not fall out of the cloud.  About 60% of the earth’s surface is cloud-covered at any one time. Getting a cloud composed of supercooled water droplets to produce snow involves two difficult steps: (1) initiating the phase change from liquid to solid; and (2) having the resulting ice crystal grow large enough to fall to the ground.

We do know that ice nuclei are often limiting in clouds. Ice nuclei are substances that act as a template for water to freeze onto. The process of forming ice nuclei is called nucleation. The nucleation step is difficult because somehow water in the liquid and/or gas phase must be aligned to form the crystalline, hexagonal lattice characteristic of ice. At temperatures below about -40(C, there is a sufficient reduction in energy of supercooled liquid water to allow molecules to slow down and align in a latticed hexagonal array. This process is called homogeneous nucleation because no prior existing nucleating agents are necessary. Homogeneous nucleation occurs with ease below about -40(C, but above about -35(C this process becomes difficult. However, our main interest is nucleation at temperatures warmer than -35(C. A quick timeout for a great cocktail party question: At what temperature are degrees C and degrees F the same? The answer is -40(C equals -40(F, the threshold for homogeneous nucleation. 


Heterogeneous nucleation is the dominant form of nucleation at temperature greater than -35(C and involves the presence of an ice nuclei that effectively catalyzes or assists the freezing process. Three types of heterogeneous nucleation are generally recognized:

1. Immersion-freezing occurs when an ice nucleus is present in a supercooled water droplet, which then freezes onto the ice nucleus when the temperature drops below a critical threshold determined by the nature of the ice nuclei.

2. Contact nucleation occurs when super-cooled water droplets come into contact with an ice nucleus and freezing occurs instantly on contact.

3. Direct deposition occurs when water vapor deposits directly from the gas phase to the solid phase onto an ice nuclei.

The process of nucleation is still inadequately understood from first principles. What is well-known is that formation of ice crystals in clouds at temperatures between 0(C and -40(C is often limited by the quantity and quality of aerosols that are effective ice nuclei. 

Ice nuclei are found with a wide variety of chemical compositions. As mentioned earlier (Figure aerosols), ice nuclei are characterized by a particular activation temperature at which ice formation can be initiated. Nuclei active below -10(C can be classified as efficient, whereas nuclei active below about -20(C can be considered as poor nucleating agents. Sea salt aerosols, which are ubiquitous, generally don’t become activated until temperatures decrease below about -35(C. 

The subject of what makes for a good ice nuclei is fascinating. Ice nuclei act as a template to help water molecules align in the crystalline structure of ice. In general, the substance must have a shape similar to that of the hexagonal crystal lattice of ice. Clay minerals and numerous organic molecules have a hexagonal form. Silver iodide, often used to seed clouds, has a hexagonal form. The surface of the substance needs to be hydrophyllic, that is it easily bonds to water. Pure silver iodide is hydrophobic and does not act as a good nucleating agent. Coating the silver iodide aerosols with hydroscopic impurities provides a good bonding surface for water molecules and makes for an excellent nucleating agent. The substance also needs a more or less even distribution of electrical charges. A substance where the surface is mostly negatively charged or positively charged tends to repel water molecules. 

The major source of ice nuclei in the atmosphere is the surface of the earth. Silicate minerals, particularly clay and mica groups, are an important source of ice nuclei. About 85% of snow crystals collected at the Greenland Ice Cap had a center of clay, with the clay mineral kaolinite composing almost 50% of the ice nuclei. Organics, particularly decomposing plant material generated at or near the surface of the earth, reduce the activation temperature of ice nuclei. For example, pure kaolin nucleates around -20(C. However, at -12(C kaolin “contaminated” with organic compounds is 4 orders of magnitude better at nucleation than pure kaolin. The biogeography of biogenic ice nuclei is still poorly understood. As Bruce Hayden of the University of Virginia states: “The variety of forms of snowflakes falling from the sky might be determined in part by the ecosystem below.”  As we will see later on, commercial snow-making operations at ski areas use biogenic nucleating agents to increase the efficiency of making snow at higher temperatures. Szyrmer and Zawadzki (1997) provide an excellent review of biogenic and anthrogenic sources of ice nuclei.

When snow falls on the ground, it covers the primary source of ice nucleating agents. Nuclei with diameters less than 0.2 mm are termed Aitken nuclei, large aerosols have diameters ranging from about 0.2 to 2 mm, and giant aerosols have diameters larger than 2 mm. Only a small fraction of aerosols are active as ice nuclei, about one in 109, at -10(C. The number of “active” aerosols increases rapidly as temperature decreases, with about a 10-fold increase for every 4(C decrease in temperature below -10(C. A further complication is that concentrations of aerosols vary greatly in time and space:  changes of one or two orders of magnitude occur over periods from minutes to weeks and over distances of less than meters at the same time. Snow on the ground causes a negative feedback situation by decreasing the number of ice nucleating agents in the atmosphere, limiting future snowfalls. Hence the idea that cloud seeding-human added substances to the atmosphere that increase the number of ice nucleating agents-will increase snowfall.

Growth of Snow Crystals

Once formed, ice crystals may grow to sufficient size to be called snow crystals. Snow crystals grow by three main processes: (1) vapor diffusion; (2) riming (accretion); and (3) aggregation (Figure solidprecip_cartoon). In vapor diffusion, water vapor in the gas phase is deposited directly onto an ice crystal in the solid phase, by-passing the liquid phase. Growth by vapor diffusion is driven by the lower saturation vapor pressure over ice relative to supercooled liquid water droplets at the same temperature. Maximum rates of growth by vapor diffusion in the lower atmosphere occur at temperatures around -14 to -17(C. Precipitation-sized snow crystals may develop rapidly, on the order of 10 to 30 minutes. 

Riming or accretion is the process of a snow crystal growing by colliding with a super-cooled water droplet. The snow crystal acts as an ice nuclei. The super-cooled water droplet freezes instantaneously onto the snow crystal. Graupel and hailstones are advanced forms of rimed snow crystals. However, most snow crystals will have at least some riming, as illustrated in Figure rime. Additionally, secondary ice particles may be ejected during the freezing process of a liquid water droplet onto a snow crystal. These ice fragments act as additional ice nuclei, leading to a “multiplication” of ice particles in a cloud. Riming affects the fall velocity and influences the motion of snow crystals. The mass growth rate 
[image: image9.wmf]due to riming can be approximated as a disc-like crystal (radius r) falling in a supercooled cloud
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where a is adhesion efficiency, b is collision efficiency, w is the snow crystal’s fall velocity relative to the liquid droplets, and W is the liquid water content of the cloud. The adhesion efficiency is usually near unity and can generally be ignored or set at one. The mass growth rate increases rapidly as the snow crystal increases (square of the radius). A snow crystal with a radius of 250 µm may grow to a 1 to 2 mm graupel within 10 to 20 minutes. 


Adhesion is the aggregation of snow crystals after collision and results in the formation of large snowflakes. Adhesion can result from several processes, including physical interlocking of the crystals, riming of a liquid water droplet “glueing” two snow crystals together, and sintering by vapor deposition at the neck where two snow crystals are in contact. The quasi-liquid like layer on the surface of individual snow crystals greatly enhances adhesion efficiency. When two snow crystals come into contact, the quasi liquid-like layer will almost instanteously freeze, cementing the two snow crystals together. This process appears to be most effective at higher temperatures where the quasi liquid-like layer is thicker, particularly between -4 and 0(C.  Thus, the largest snowflakes are produced in the warmer regions of a cloud. Consequently, the size of snowflakes reaching the ground generally increases with increasing cloud temperature. 

Types of Snow Crystals

The growing snow crystals may assume an almost infinite variety of different shapes (“habits” or “morphology”). The almost bewildering range of possible snow crystal types results in a major challenge to devise a comprehensive yet simple classification system. The most widely used classification for solid precipitation is based on the scheme developed by the International Commission on Snow and Ice in 1951. This simplified scheme is based on seven main crystal types-plates, stellar crystals, columns, needles, spatial dendrites, capped columns, irregular forms- plus graupel, ice pellets, and hail (Figure crystal_icsi).  The Magono-Lee classification published in 1966 is the most comprehensive classification scheme. The 80 shapes in that scheme represent close to a 100% of the snow crystals commonly observed. Growth primarily along the c-axis or optic plane produces prisms and needle shapes (Figure crystal_icsi). Growth primarily along the a-axis or basal plate produces hexagonal shapes such as plates and dendrites.  Compound shapes are common, such as a capped column where growth primarily along the a-axis is followed by growth along the c axis at either end of the column (Figure crystal__icsi). 

Figure crystal_icsi

The primary factors that determine the shape of snow crystals are: (1) temperature; and (2) percent supersaturation with respect to ice. The type of ice nuclei may also interact in some complicated way with temperature and humidity as snow crystals grow. Temperature and the amount of humidity interact in a non-linear fashion to produce different snow crystals, illustrated graphically in a morphology diagram (Figure morphology_diagram.jpg). Note that as temperature decreases below 0(C, there are several inflection temperatures where the predominant direction of growth switches from one axis to another. Why snow crystals grow in this manner is still not well-described.

Figure morphology_diagram.jpg

The basic snow crystal is a simple prism. These small, faceted crystals can be either plate-like or columnar in form (figure prism). They have relatively plain shapes, with minor patterning and no branching. These simple prisms are generally small, on the order of 300 (m. They often form in high-altitude cirrus clouds and can serve as ice nuclei. Most snow crystals start life as simple prisms. Branching tends to occur when the snow crystal grows to about 500 (m, depending on the local humidity.

Figure prism

Plates dominate at warm temperatures between 0 and -4(C (figure SEM). Growth along the c-axis predominates from about -4 to -10(C, forming prism-like crystals, sheaths, and needles. From -10 to -20(C growth again is favored along the a axis. Higher amounts of supersaturation at these temperatures, on the order of 20% or more, produce dendrites, the beautiful stellar crystals that are the icon of snowflakes (Figure SEM). It’s worth noting that stellar snow crystals are formed in the temperature range where maximum rate of growth by vapor diffusion occurs. At temperatures greater than -20(C, growth again is favored along the c axis, producing sheath and hollow columns. The basic transitions in crystal shape occur at temperatures of -4, -10, and -20(C, where the predominate growth changes from one axis to another axis. Growth along the axis is then modified by the amount of supersaturation.

A puzzling question is how does the simple act of water vapor (itself a very simple molecule) depositing onto an ice crystal produce such intricate forms as a stellar dendrite? And “how does the snow crystal know to grow six arms simultaneously?”  The answer lies in the distribution of water vapor around an individual snow crystal and the movement of water vapor to the snow crystal. The molecules of water vapor have to diffuse through the air to reach the ice crystal. The further water vapor has to move to reach a snow crystal, the slower the rate of growth. An important mechanism by which this happens is the Mullins-Sekerka instability, which causes simple growing crystals to assume complex shapes.  To see how this works, consider a flat solid surface growing into a supersaturated vapor. If a small bump sticks out away from the surface of the snow crystal, water vapor doesn’t have to travel as far to reach the bump (Figure ice_dendrite). With more molecules of water vapor reaching the bump than the main surface of the ice crystal, the bump grows faster. A positive feedback system is set up, where as the bump grows, it sticks out even further and grows even faster. A branching instability is initiated, where bumps becomes branches and bumps on the branches become sidebranches. Complexity is born. The net result is that the flat growth is unstable, and a crystal will tend to grow into more complex shapes (Figure stellar_simple)

Figure ice_dendrite, stellar_simple

   One outcome of the Mullins-Sekerka instability is the formation of dendritic arms on snow crystals.  In this case the growth starts out as a simple hexagonal plate, and as the crystal grows larger the corners grow the most rapidly, resulting in six arms.  As the arms grow the sides of the arms in turn become unstable via the same mechanism.  This process repeats to produce a growing snow crystal, the result is called an ice dendrite.  The word dendrite means "tree-like," and stellar dendrite snow crystals are formed (Figure ice_dendrite).

How do hollow snow crystals form? When a crystal is small, surface effects dominate the growth, yielding simple prismatic growth.  As it grows larger, however, diffusion plays a more substantial role.  Since the corners and edges of the crystal stick out most, these grow the fastest, robbing water molecules from the centers of the faces, which then grow much more slowly. The high rate of growth along edges and corners results in little water vapor for growth in the middle of the snow crystal, which then becomes hollow.


A common and intriguing question is: “Are any two crystals identical?” The easy answer is no. The reason is that the size and shape of each and every snow crystal is a function of the history of that crystal as it moves through the atmosphere on its way to the ground. Reviewing the morphology diagram, the growth of snow crystals is very sensitive to local conditions. The shape of each snow crystal is determined by the history of its growth. Each snow crystal takes a complex path with random and erratic movements that expose that crystal to differing conditions of temperature and super-saturation. Since no two snow crystals follow the same exact path to the ground, no two snow crystals will be identical in appearance. 


But while snow crystals take different paths in a cloud, the six arms of an individual snow crystal travel together. Each of the arms or sides of a snow crystal experiences about the same temperature and humidity as the rest of the snow crystal. Thus, the six arms or sides grow in relative synchrony, because they experience the same atmospheric history. 


One special phenomena in clouds deserves mention, atmospheric halos. The small prisms that act as starter crystals we mentioned earlier as often called diamond dust. Formed high in the atmosphere, they are not large enough to fall to the ground. On mostly sunny days, high cirrus clouds formed mostly of this diamond dust will reflect and refract sunlight in unique patterns. A 22-degree halo is formed because the hexagonal prisms result in a 22-degree deflection angle being especially likely (Figure halo). The halo’s intensity depends on the quality of the snow crystals. The most pronounced halos occur when the crystals are nearly perfect hexagonal prisms. These halos are common during winter in mid- to high-latitudes and appear around the sun by day and the moon by night. Sun dogs are related to the 22-degree halo. They look like diffuse spots of light on either side of the sun, and only form low in the sky. There are many variants of the atmospheric halo phenomena, such as tangent arcs, Parry arcs, sun pillars, and others. Many of these are rare, but all depend on specific ice crystals high in the sky.

Figure halo

Artificial Modification of Snowfall

Charles Dudley Warner famously stated in the 19th century: “Everybody talks about the weather, but nobody does anything about it.”  Cloud seeding is the addition of artificial ice nuclei into an existing cloud composed of supercooled water droplets to do something about the weather and cause it to snow or rain.  As early as 1938 Findeisen proposed that the introduction of nuclei to clouds would encourage ice particle growth and initiate the Bergeron-Findeisen precipitation process.  The first successful cloud seeding experiment was by Schaefer in 1946 in the US, using carbon dioxide to seed a cloud of supercooled water droplets. Project Cirrus was conducted in 1948, using silver iodide as proposed by Vonnegut. Currently there are more than 150 operational weather-modification programs taking place in 37 countries; at least 66 operational programs are being conducted in 11 states across the US (Bruintjes, 2007 [swhyro]).  Most professional cloud seeding organizations estimate the effectiveness of their weather modification programs is in the range of a 5 to 15% increase in precipitation (Ostler, 2007 [Swhyro]).

Glaciogenic seeding involves the injection of ice-producing materials into a supercooled cloud to stimulate precipitation by ice particle growth. Common materials used for glaciogenic seeding include dry ice (solid CO2), silver iodide, and liquid propane. The underlying hypothesis for glaciogenic seeding is that there is commonly a deficiency of natural ice nuclei and therefore insufficient ice particles for a cloud to produce precipitation as efficiently as it would in the absence of seeding (Cotton, 2007). Glaciogenic seeding of orographic clouds to cause increased snowfall is what most of us think of when we hear the term “cloud seeding”.

Hygroscopic seeding is a second type of cloud seeding and involves enhancement of rainfall from warm or mixed clouds.  Hygroscopic seeding changes the CCN characteristics by adding larger, more hygroscopic aerosols to facilitate the formation of large cloud droplets that convert to rain more quickly. Materials include salt powders and hygroscopic flare-producing particles milled to an optimal size of 2-5 (ms. In contrast to glaciogenic seeding, the activation of these particles is independent of temperature (Figure aerosols).

Recent experiments and basic physical modeling (Cotton, 2007) suggest that glaciogenic cloud seeding works best under these conditions:

· Clouds that are relatively cold-based and continental; 

· clouds having top temperatures in the range of -10°C to -25°C; 

· and there is sufficient time available for precipitation (figure precip_orographic).

Figure precip_orographic

The temperature window is critical. At cloud temperatures colder than -25°C, there is an abundance of natural, small ice nuclei. The addition of additional ice nuclei could produce an “overseeded” cloud, reducing snowfall. At temperatures greater than -10°C, artificial ice nuclei are not effective at nucleating ice crystals.

The time available for the formation of orographic precipitation is the time that it takes a parcel of air to move from the windward to the downward boundary of the cloud (Figure precip_orographic). If winds are weak, sufficient time may exist for natural processes to occur efficiently. Stronger winds may decrease the time available for natural precipitation processes and glaciogenic cloudseeding may be effective. But if the winds are too strong, seeded ice crystals will not have enough time to grow into precipitable snow crystals before they are blown over the crest and the cloud evaporates. The liquid water contents of wintertime clouds are usually less than 0.5 gm per kilogram of air. Production of snowfall requires efficient conversion of cloud droplets into snow crystals. The intent of glaciogenic seeding is to reduce the timescale of precipitation formation so that precipitation is optimized on the upwind side of the mountain crest (Cotton, 2007). 


   Planning and conducting rigorous field experiments to determine if cloud seeding has resulted in increased snowfall in an area of interest has proven to be problematic and controversial. A report of the National Research Council (NRC, 2003) highlights the dilemma that little funding is available for physical measurements to evaluate the effectiveness of weather modidification projects yet many government and private (e.g. ski companies) are willing to spend funds to apply these technologies without knowing the effect it will have in their region. For example, in 2002, the sixth year of a major drought, the Colorado State Legislature appropriated and spent $400,000 for cloud seeding so that they could at least say they were trying to do something about the drought. Verification is difficult for many reasons: uncertainties about the natural variability of precipitation, inadequate understanding of the interaction between the microphysics and dynamics in clouds, inadequate testing of seeding material, the list goes on. Perhaps the biggest reason is that detection of a small induced effect, such as a 10% increase in snowfall from seeding relative to no seeding, is difficult when the natural variability of snowfall is so high. In most cases, our knowledge is not yet sufficent to measure the amount of snowfall within 10% of the actual value for a region of interest, much less whether seeding has enhanced snowfall by 10%.

One last type of weather modification deserves mentioned. As mentioned earlier, natural (eg trees) and artificial (lift towers) structures that extend into clouds or fogs of supercooled water droplets act as nucleating agents and can become heavily rimed over time. Aircraft wings and helicopter blades provide a similar nucleating substance. Ice will freeze immediately onto aircraft flying through clouds with large amounts of supercooled water droplets. High-density glaze ice can form on wings and other structures, causing dangerous icing conditions.  Icing on airplanes is one of the worst problems in general aviation.


Weather modification and the law.  The practice of weather modification is regulated in most regions of the US, particularly the West, where cloud seeding has been employed for decades. Regulation is necessary because history is replete with numerous examples of “rainmakers” who took money from desperate farmers and ranchers battling drought, only to be revealed as charlatans. And who can forget the saying “Rain follows the plow”. Most states have a licensing and permitting process that weather modification programs must follow. Few lawsuits have been filed in US courts claiming that weather modification is harmful. Potential victims must show “irreparable harm”. Despite the approximately dozen court cases filed since 1950, none have resolved the most important legal issues surrounding the practice of weather modification. Problems with weather-modification laws may be attributed to inadequate scientific understanding of how clouds produce precipititation and how seeding of clouds modifies the process of precipitation (Bomar, 2007 [swhydro]). We are back to the dilemma noted by the NRC. There is insufficent knowledge to show that cloud seeding has caused “irreparable harm” because we lack the scientific ability to verifiy the effects of cloud seeding, yet there are more than 150 current weather modification projects that are ongoing.
Air pollution and cloud seeding.  Suppresion of precipitation may occur because of “overseeding” from particulates in smoke and other forms of pollution. We “seed” clouds negatively with pollution aerosols on a much grander scale than we do positively with silver iodide and other materials (Rosenfeld, 2007 (Swhydro). Polluted air provides many CCN. The result of the increase in CCNs from pollution is that many small water droplets in the size range of 10-20 (m are formed. These small drops are too small to combine into raindrops (the reason for adding large hygroscopic particles) and are also slower to freeze into ice crystals, producing less rain and snow than would otherwise occur. Satellite visualization shows the opposite effects of air pollution and cloud seeding. Shown in yellow are small cloud drops that are not conducive to precipitation (Figure RS_airpollution). The pollution tracks manifested as smaller cloud droplets over South Australia all originiate from specific sources of pollution; clouds composed of large droplets are purple and red. In contrast, cloud seeding using silver iodide over central China produces a 300-km track that appears red because the cloud drops froze and converted to snow that fell from the cloud top and left behind a channel in the clouds the size of the Grand Canyon (Rosenfeld and Lensky, 1998).

Figure RS_airpollution

The western US is particularly vulnerable to the effects of pollution because much of its water vapor comes from pristine oceanic air masses that become polluted by the major urban areas during their trek inland (Figure sierranevada_airpollution). When the polluted air ascends the mountain ranges it forms clouds with reduced drop size. The short lifetimes of clouds mean that pollution-induced slowing of the conversion of cloud drops to snow and rain translates to a net loss of water on the ground. The estimated loss of precipitation for the central Sierra Nevada is estimated at 4x109 m3 per year (3.2 million acre-feet per year). Similar reductions of 10 to 25% have been recorded in the past decades for the Cascades east of Seattle, the Wasatch Mountains east of Salt Lake City, the Sandias east of Alburquerque, and parts of the Rocky Mountains west of Denver and Colorado Springs (Givati and Rosenfeld, 2004; Rosenfeld and Givati, 2006 [swhydro 2007]).

Figure sierranevada_airpollution

Artificial Snow 

Today, most major ski areas make artificial snow. The primary reason is to ensure adequate snow conditions during peak market demands, particularly the Thanksgiving week and Christmas holidays, when natural conditions may not have resulted in sufficient snow for skiing. Moreover, artificial snow provides a superior base with respect to natural snow. Another reason becoming more important over time is that a warming climate may cause snowfall to start later and melt earlier. Artificial snow provides some insurance against a changing climate causing poor snow conditions for the ski industry.

Artificial snow-making mimics that of natural snowfall, with some important problems that must be overcome. A mixture of cold water and air is shot from the high-pressure nozzle of a “snow gun” (figure snowmaking). The gun shoots a cloud of super-cooled liquid droplets having diameters in the range of 100-700 µm into the air some 20 to 30 feet. The droplets have a “hang time” of about 15 seconds. The air and water mixture cools by adiabatic expansion. However, the ambient air temperature controls the conversion of liquid water to snow. To form snow, the supercooled liquid water droplets must freeze within 15 seconds or so. If the water droplets do not freeze in the air, the supercooled liquid water droplets freeze immediately upon contact with snow on the ground, forming a solid slab of ice, not ideal conditions for skiing. 

Figure snowmaking

Nucleating agents are added to the water by many ski areas to help ensure that the droplets will freeze before contact with the ground. Some of the most effective nucleating agents are bacterial organisms. To illustrate, the bacterium strain Pseudomonas syringae is cultivated in fermentation equipment, harvested, freeze-dried (a similar process is used to make freeze-dried backpacking food), sterilized, pelletized, and then added to the water to be shot from the snow gun. The sterilized bacterium is metered into the water supply such that every water droplet ideally has at least one bacterium. This naturally-occurring bacterium is found readily in the natural environment, from grass to trees to vegetable and cereal crops and even in the air we breathe. The nucleation site for ice crystal growth appears to be a hexagonally arranged cluster of protein platelets on the cell membrane of the bacterium. Perhaps contributing to the nucleation efficiency of the bacterium is that the bond length between carbon and nitrogen atoms in the bacterial protein is comparable to the bond length between oxygen atoms in ice. An added advantage of nucleating agents made from bacteria is their nucleation efficiency at high temperatures. Ice crystals can be made at 27°F with some bacteria (such as P. syringae) whereas most natural water additives are not effective at temperatures above 15-20°F. Nucleating efficiency at higher air temperatures may be indispensible to the operation of ski areas if climate warming persists. In short, water with organic nucleators added will freeze faster, more completely and over a wider range of conditions.

The density of artificial snow is around 400 kg m-3, about 4 times that of natural snow, which rarely exceeds 100 kg m-3. The snow particles are spherical in shape. Thus artificial snow has high density and uniformly rounded snow grains. This snow is easy to move and groom over an alpine ski run. The rounded snow grains pack efficiently and result in a well-bonded snowpack. Obstacles are more efficiently covered by this high density snow compared to lower-density natural snow. Additionally, the presence of this high-density, well-bonded snow at the base of the snowpack reduces the risk of forming snow grains that weaken the snowpack and contribute to avalanche activity. Artificial snow thus makes a base for skiing that is superior to that of natural snow in many ways.

Negative effects of artificial snow. Little research has been conducted on the hydrological, pedological, and biological effects of making and applying artificial snow. WATER: Carmen de Jongs stuff.

Chemistry of Snowfall

The chemistry of snowfall differs from that of rain in several important ways. First, the interior of a snow crystal or snowflake contains few impurities. A snow crystal is a crystalline, 3-dimensional lattice of frozen water molecules. The solubility of most solutes in ice is very low. Few impurities fit into the crystal. Growth by vapor diffusion is similar to a distillation process. As water evaporates from a supercooled liquid water droplet and then deposits on a snow crystal, impurities are left behind. Impurities in supercooled water droplets are forced to the outside as liquid water freezes to become atmospheric ice. Thus, the interior of a snow crystal is relatively pure ice with few impurities.  A snow crystal in general will contain less impurities than the cloud it formed from.

However, a snowflake falling through the atmosphere is able to scavenge impurities effectively. These impurities can take many forms: aerosols, trace gases, and various ions. A snow crystal or snowflake generally has a large surface to volume ratio compared to a raindrop of equal mass. The snow crystal will fall slower than the raindrop, sweeping or scavenging pollutants over a much larger area and for longer time than a comparable raindrop. A falling snowflake may thus scavenge impurities effectively as it falls through the atmosphere to the ground. These impurities are generally located on the outside of snow crystals.

Once on the ground, the falling snow accumulates and is stored in the seasonal snowpack. Impurities associated with the snowfall are also stored in the seasonal snowpack. The potential pollution impacts from snowfall are thus very different from that of rain. Impurities in rainfall immediately enter and interact with the environment. In contrast, impurities in snowfall are stored for many months in the seasonal snowpack before release during snowmelt.  Last, these impurities are primarily distributed on the outside of individual snow grains in the snowpack. As we will see later, this distribution pattern has a large effect on potential environmental impacts by melting snow.
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