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1  Introduction   
 

Road travel has become an essential component of daily life for many people throug hout the 
world.  People expect to get  themselves and their ógoodsô from A to B in the same time throughout 

the year whatever the weather.   The presence of adverse weather conditions, most notably during 

the winter, has a dramatic effect on road  safety  and delays.   The winter climate in many countries 
necessitates  significant  investment for the prediction and subsequent prevention of snow and ice 

formation on highways , so that users can travel safely and with minimum disruption .   
 

The total annual global ex penditure on the winter maintenance of roads is about ú10 billion ($10 
billion or £6 billion).  The benefits of winter maintenance have been estimated to be about eight 

times the cost.  Hence for every ú1 spent on winter maintenance approximately ú8 are saved (ú4 
on reduced delays; ú3 on reduced accidents and ú1 to keep emergency services functional).  The 

costs and benefits of  winter maintenance  for  each country is different depending upon th e type 

and severity of winter climate  and traffic volume  which wi ll determine the level of investment in 
depots, salt, vehicles and staff.  The weather will determine  operational costs of an individual 

day/nightôs treatment  At one extreme is that of snowy environments such as Japan and the cold 
continental interiors, w hilst marginal winter environments where the air temperature commonly 

fluctuates around freezing point , as in the UK , represent the other end of the spectrum.  Between 
these extremes of climate, a balance of snow and ice hazard exists such as that experien ced in 

Scandinavia.  The full range of climates is evident across North America and Europe where 
approximately 40% each of global annual winter road maintenance is spent .  Japan and the rest 

of the world account for the remaining 20%.  

  
By definition Road Weather Systems are concerned with the interaction between the road and 

weather, and this guide will consider each of these constituent elements.  The guide will then 
concentrate on the equipment, methods and techniques that have been  developed , and contin ue 

to be advanced , in the task of managing the highways through the prediction , p revention and 
removal  of snow and ice.  Such management systems, which provide operating authorities with 

helpful information in the decision making process of what action to take, have been termed Road 
Weather Information Systems (RWIS).  Such RWIS comprise a combination of technologies that 

use his toric and current weather  data to develop road and weather information that aids decision 

making.  It is intended that this guide will provide a reference source to help understand concepts 
and the constituent parts of a RWIS, as well as discussing ideas and developments taking place  

that will play their part in  future highway meteorology .  
 

Each highway authority has a different tra nsport infrastructure to manage  and  no two areas face 
exactly the same weather conditions .  E ach authority has a different mix of people and equipment 

at their disposal , and levels of service will differ between regions and countries.  As such winter 
maint enance strategies are likely to vary to meet specific local challeng es, whilst at the same time 

making  as much use of the benefits available from a RWIS.  

 
A European Standard for RWIS ñWinter maintenance equipment ï Road weather information 

systems ï Product description and performanceò (CEN7TC 337 WI 00337006) has been 
established and is currently in consultation.  In North America the NTCIP 1204 (National 

Transportation Communications for ITS Protocol Environmental Sensor Station Interface Standard 
ï Vers ion 02) suggests standards for RWIS sensors that are close to approval.  
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2  The Basics of Road Weather  
 

2.1  The Need for Road Weather Systems  

 
The research undertaken to understand the interface between the road and weather, and the 

solutions developed and impl emented throughout the world, are intended to help make highways  
and pavements as safe as possible for the user whilst taking into account such aspects as safety, 

environmental and economic considerations.   

 
Around the globe approxima tely ú10 billion is spent every winter in a bid to keep roads open and 

safe for motorists , cyclists and pedestrians .  This involves both the prediction of adverse weather 
conditions and action taken to prevent ice formation and snow build up, and the remov al of ice 

and snow when it does remain on highways.  
 

 
2.2  The Importance for Transportation  

 

It is self evident from the extent to which many countries, their economies and social structure 
rely on being able to move themselves and goods on the highways that t he continued availability 

of the road network throughout the year is of significant importance.  The commercial transport 
industry relies heavily on the continued use of the highways throughout the year.  The 

effectiveness of the haulage industry now allow s for just - in - time delivery in many businesses and 
markets, and which without clear roads throughout the year would result in cessation of plant 

operations.  Public transportation such as bus, taxi and emergency services rely on clear roads 
year round, as do the travelling public in their own vehicles for whom many rely on the road 

network to reach places of work and relaxation.  Without an understanding and management of 

the road weather interface and the presence of information systems to help identify ap propriate 
action to take, the cost both financially and socially would be much higher, and result in 

significantly more accidents and delays on the  roads during winter.  
 

 
2.3  The Consequences and Benefits  

 
2.3.1  Safety Considerations  

 

A considerable number of road t raffic accidents can be directly attributed to skidding caused by 
unfavourable weather.  Figures show  that the skidding rate for vehicles travelling in icy conditions 

is double that of wet conditions, which in turn is double the rate for dry conditions.   
 

Despite the increased risk of accidents, fatal injuries are actually reduced during  snow and ice  
conditions as a result of vehicles bouncing off each other as well as drivers compensating for the 

conditions  by driving more slowly .  However, these figures do not show the increased occurrence 
of minor accidents in poor weather conditions and the economic consequences of increased 

journey times.  

 
 

2.3.2  Environmental Considerations  
 

To make roads passable in the winter , highway authorities around the world apply ch emical de -
icers to melt ice and snow or spread sand to help provide traction.  The most commonly used de -

icing chemical is salt (sodium chloride), which usually comes from mined rock salt that has been 
crushed, screened and treated with an anti -caking agen t (to maintain spreading properties after a 

prolonged period of storage).   The impact of using chemicals for winter road maintenance is a 
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major environmental concern.  Studies show that soils, vegetation, water, highway structures and 

vehicles are all affe cted, and so it is crucial that the de - icing chemicals are used wisely . 
 

Excessive salt usage poses environmental problems by potentially damaging groundwater 
supplies, soils and ecology.  If there are effects on the environment, they are most likely to oc cur 

within 30 metres of the road edge , however traffic and wind can carry road salt and chemicals as 
far as 50 metres .  Beyond this distance salt levels are relatively insignificant .   The degree of 

damage from polluted ground water, surface water and soil  largely depends on the type and 
designated use of the receiving water, and on the drainage system used to d ischarge the runoff .  

De- icing chemicals are highly soluble and follow any water flow and are easily leeched into water 

courses such as rivers and s treams.  The turbulent actions of surface waters, for example, 
effectively blend and dilute many of the chemicals, whereas the absence of these turbulent 

actions in ground waters renders them more vulnerable to pollution .  U ndissolved chemicals can 
percola te through the soil , being taken up by plant roots and e nter ing  the water table.  In some 

reported cases, groundwater carrying de - icing chemicals has contaminated wells, but most of 
these were apparently caused by seepage from poor storage facilities.   The slope of the road is an 

important factor in determining the extent of salt damage on adjacent vegetation; with steeper 
down sloped areas typically having the highest percentages of salt -exposed tree s.  Road drainage, 

traffic levels, intensity and frequenc y of applications, prevailing winds and weather conditions also 

affect exposure distances and extents.  
 

 

 
 
Pathways of salt to the environment (Source Salt SMART)  
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De- icing chemicals can also accelerate deterioration in concrete and steel structures , and  new 

construction methods are playing a part in helping to reduce the impact .  The damage is so severe 
at Spaghetti Junction in Birmingham , UK  that salt can no longer be used as a de - icing agent and  

an alternative chemical ï urea -   has to be used .  The O ntario Ministry of Transportation estimates 
that about $216 million in damage results to bridge decks from road salt annually (SMART).  

Vehicle corrosion is also accelerated through the spread of de - icing chemicals, and it is estimated 
that this is the lar gest cost impact of chloride based chemicals.   Motorists spend m illions annually 

on vehicle corrosion damage and protection measures.  In recent years the use of additives, 
including agricultural by -products e.g. from molasses , have been tested and are now  being sold 

commercially.  These have been shown to have a positive economic and environmental effect by 

reducing corrosion and road surface damage and aiding the free flow of salt as it is spread on to 
the roads , so that less needs to be spread at any giv en point . 

 
Sand and other abrasives are applied to the highways to aid traction on snow and ice covered 

roads, particularly in countries and regions where it is too cold for de - icing chemicals to work.  
Although sand is the most common abrasive, slag, cind ers and ash from power stations are also 

used.  These abrasives can also have a negative environmental impact by clogging storm, 
drainage and sewage inlets.  The materials may, like other de - icing chemicals, be transported into 

the groundwater system or aq uatic habitats.  When it is deposited as sediment in the bottom of 

rivers, streams or ponds it can have a more significant impact than the chemicals used for de -
icing purposes.  Anti -caking agents such as sodium ferrocyanide and ferric ferrocyanide are use d 

to help prevent alt from clumping and thus help facilitate efficient spreading on the road surface.  
These chemicals are very stable and have a low toxicity without sunlight.  However, exposure to 

sunlight could conceivably break them down and release cy anide as a by -product.  In sufficient 
concentrations this could be toxic to fish, but the volatile by -product disappears quickly, and is at 

sufficiently low concentrations by the time it reaches a stream or lake that it is not a major 
environmental concern  (Salt SMART).   Many highway authorities are implementing salt best 

management practices.  These seek to find ways to more effectively manage road salt used in 

winter maintenance and provide the public with the safe and efficient road system they expect, 
whilst mini mising the effects on the environment.  The amount of salt used is a function of local 

policies, practices, road systems, funding constraints and weather conditions.  Because of the 
variability of conditions and road systems across even a single  country, salt management 

initiaitives need to be developed and implemented locally by each highway authority.  
 

 
2.3.3  Economic Considerations  

 

It is apparent that the benefits of seeking to have in place a proactive, rather than purely 
reactive, system to act w ith regard to the forecast and prevailing weather conditions is crucial if  

highways are to be kept open for as long as possible and the users are kept as safe as possible.  
 

In countries with periods of marginal weather during the winter, whereby the road s urface 
temperature fluctuates within a couple of degrees of zero, the use of RWIS offers a way to provide 

ice prediction and optimise salt usage.  Without such a system, or where little emphasis is placed 
on using any RWIS to itôs capacity, roads can be tr eated up to three or four  times  a day , at great 

cost to the road maintenance budget and the environment.  In the UK, which experiences marginal 

winter weather,  in excess of £15 0 million pounds is spent on winter road maintenance each  year .  
In addition to t he direct economic costs associated with the winter maintenance program there 

are further economic benefits through reduced travel times, crash reductions and hence accident 
claims and those impacts on infrastructure and the environment already discussed.  

 
In the UK it is estimated that about £1250 per km is spent each winter to keeps main roads open 

and safe.  The high costs of salting mean that winter maintenance engineers face a difficult 
decision of whether to salt or not.  Experiments have shown that f our times more salt is required 
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to melt snow and ice then prevent initial formation.  Conversely, if salt is spread to soon, traffic 

and precipitation may remove the chemical from the roa d.   
 

Since ice is most slippery at 0ºC  a small error of judgement on  the engineers' part can be lethal.  
Hence, there is a continual need for improvement in winter road maintenance strategy.   The 

largest potential savings to be made in winter maintenance focus upon the prediction of ice 
formation  and snow , and countries  pr one to icy roads can make significant annual savings by 

optimising weather forecasts with salt usage  and other operational costs .   
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3  The Road  
 

 Facto rs that influence road condition  

 
The road surface temperature and condition (dry, wet, ice, frost or snow ) varies each day and 

night according to the road construction, local geography, traffic and weather conditions.   
Generally speaking the road construction and geography are constants, whereas the traffic and 

weather will vary in a diurnal fashion.   The wea ther will also vary with the synoptic situation, such 

as the passing of fronts and movement of air masses.  
 

Meteorological  Geographical  Road Construction  

Solar radiation  Latitude  and Longitude  Depth of construction  

Terrestrial radiation  Altitude  Thermal conductivity  

Air temperature  Topography  Thermal diffusivity  

Cloud cover and type  Screening  Emissivity  

Wind speed  Sky -View Factor  Albedo  

Humidity / dew -point  Landuse  Traffic  

Precipitation  Slope and Aspect   

 
Parameters controlling road surface tempera tur e 

 
Spatial variations in r oad surface temperature (RST) around a road network are caused by the 

interaction of meteorological, geographical, road construction and traffic parameters.  On marginal 
nights, while some sections of road f all below freezing, the rest  of a road network may remain 

well above zero .   

 
Thermally mapped RST data are initially displayed graphically as a pattern of temperature 

variations along a set route on a given night .  Such graphs are called thermal fingerprints, where 
the ampli tude of the thermal fingerprint displays the departure of RST from an averaged value 

against distance for each route.  The amplitude of the thermal fingerprint is dependent upon the 
weather conditions in the day preceding and during the mapping run.  Durin g clear and calm 

nights (stable conditions) the variations in RST are much more apparent then under cloudy or 
windy conditions (unstable).  Of all the geographical parameters, the sky -view factor has been 

shown to be the most dominant control on RST but al titude, topography, landuse, road 

construction a nd traffic all have significant  influence.  Road weather models have been continually 
refined to include a spatial component to incorporate the influence of both meteorological and 

geographical parameters.  H owever, traffic has so far been a challenging parameter for inclusion 
in such models.  

 
Information from a variety of sources is needed to help make sensible salting decisions; from 

weather forecasts, weather radar data, satellite data, local road condition s, sensor data from the 
immediate area and  road surface temperatures.  It is the purpose of a RWIS to assimilate the 

influence of these factors to develop a picture of how RST will vary around a road network in order 

to aid predictions of when and where fr eezing conditions will occur.    
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Meteorological Parameters  

 
RWIS monitor substantial quantities of meteorological data.  Meteorological parameters  are used 

as a standard input for a numerical road weather forecast to predict RS T and road conditions .  
Such  is the influence of these parameters  that much of the error encountered when numerically 

predicting RST is attributed to er ror in the meteorological input .  
 

Retrospective RWIS data and sensitivity analyses has been used to test the sensitivity of 
individ ual meteorological parameters under different weather conditions.  Air temperature is the 

most influential parameter controlling RST  and cloud cover, cloud type and wind -speed are very 

influential upon RST . 
 

Cloud is extremely spatio - temporally variable, m aking it very difficult to parameterise successfully 
and is generally a ccepted as the main source of error during  the numerical modelling of RST.  

Model sensitivity to variations in wind -speed is notable, although not as significant as the effects 
of cloud  cover.  Wind reduces radiative cooling by promoting turbulent mixing and thus increases 

nocturnal RST.  Varying the dew -point makes little difference, but this parameter is crucial as a 
control on hoar - frost  formation at the road surface.   

 

 
Type of Slipp eriness  Precipitation  Variables  

Precipitation on a frozen road surface  Rain  Tair < 0 C̄ preceding  the event  

Snowfall on a frozen road surface  Snow  Tair < 0 C̄ 

Snowfall on an unfrozen road surface  Snow  Tair > 0 C̄ 

Snowfall with hoar - frost  Snow  Tair  < T dew < 0 C̄ 

Hoar - frost with low visibility  No Tair  < T dew < 0 C̄ 

Freezing dew followed by hoar - frost  No Tair  < T dew < 0 C̄ 

Strong formation of hoar - frost  No Tair  < T dew < 0 C̄ & Wind > V c 

Weak formation of hoar - frost  No Tair  < T dew < 0 C̄ & Wind < V c 

Drifting s now  Snow  Various with wind  

Watercover which freezes  Rain  Tair  proceeding the event  
 

Types of road slipperiness that can be detected from meteorological observations  (Univ Goteborg)  
 

The table above shows that in order for a road to freeze, there needs to  be an input of moisture to 
the road surface.  This may be in the form of precipitation either before or during the freezing 

event or alternatively due to the sublimation of water vapour on the surface which subsequently 

freezes as hoar - frost.  Hoar - frost is formed  on roads  when  the road  temperature falls below the 
dew point temperature and the volume is dependent upon critical values of r elative humidity and 

wind -speed.  At high levels of humidity it is not uncommon for hoar - frost to be accompanied with 
poor visibility, adding a further hazard to the already frozen road.  However, one disadvantage of 

this classification is that it does not account for the hygroscopic nature of salt which is a major 
control of surface moisture on treated roads. The largest s ource of  winter accidents is 

precipitation; in particular snow on an already frozen road surface .  
 

The most complicated forecast situations are encountered when the level of atmospheric stability 

changes over the course of the night.  RST responds quickly  to changes in weather conditions, 
particularly the change from clear to cloudy conditions  or the reverse.
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3.1.2 Geographical Parameters 

 
Latitude  and Longitude  

 
Latitude is an important control on climate and RST.  For example, Scotland has more snow than  

other parts of the UK.  Countries at higher latitudes have longer winter seasons, but countries as 
far south as Greece and Spain still have ice problems.  Overall, the main influence of latitude is 

that it determines the maximum amount of incoming solar r adiation at any location.  To calculate 
incoming solar radiation the relationship between the earth and the solar beam is modelled 

geometrically to calculate the position of the sun in the sky hemisphere at any location and for 
any given time.  Longitude i s often important in determining the continentality of a region and the 

distance from the sea . 

 
Altitude  

 
Altitude is a significant c ause of temperature variation of a road  surface.  Temperatures decrease 

at higher altitudes as a result of the environmenta l lapse rate, with a maximum of 9.8ºC.km -1 but 
more typically 6.5ºC.km -1.  In Nevada, USA , altitude h as been  shown to have a considerable 

effect on RST, but the r elationship with RST i s complicated and non - linear.  As a parameter, the 
effects of a ltitude o n RST are most predictable  during times of low atmospheric stability .  

 

 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 

 
Variation of mean minimum air temperature with altitude for twe lve sensor sites in Herefordshire  
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Topography  

 
Topography is often considered to be the major facto r in causing differences in RST during 

extreme  nights , with small differences in topography producing considerable variations in air  
temperature and RST across a road network .  Variations in temperature induced by topography 

often cause the lowest RST on a  road network t o be recorded at valley bottoms ï or frost hollows.  
During stable conditions, a layer of dense cold air forms at the surface causing a temperature 

inversion.  If the topography is undulating, the layer of cold air becomes mobile and gravita tes 
down slope as a katabatic flow.  

 

Cold air flows follow lines of drainage and continue moving until a topographic or thermal barrier 
is reached.  The actual flow can occur quite suddenly and a strong katabatic can develop within 

half an hour of sunset.   Flow then occurs as a series of pulses at harmonics dependent upon the 
topography and continues until the topographic feature is filled or until sunrise when the 

phenomenon is rapidly destroyed.  At the top of the temperature inversion, lapse rates retur n to 
normal and temperatures are at their warmest.  This feature is called the thermal belt and is a 

dynamic feature whose height varies considerably with the strength of the katabatic flow and the 
relative size of surrounding topography.  

 

Katabatic flows result in lower air temperatures in valley bottoms and hollows than the 
surrounding topography which, on marginal nights, can lead to radiation frost pockets  ï white 

spots .  The accumulation of cold air is well studied and statistical relationships have be en 
developed in an attempt to quantify the differences in temperature.  More sophisticated 

techniques have been developed using digital terrain models to produce frost risk maps.  The 
criteria required for katabatic drainage ensures that the impact of topo graphy is greatest under 

extreme  conditions.  When wind -speeds exceed 3ms -1 and/or cloud cover increases any 
differences between valleys and surrounding areas are virtually eliminated .  

  

In reality, few nights actually have sufficiently low regional wind -speeds for katabatic drainage  to 
take place .  Hence, at more moderate velocities the topographic exposure of the valley becomes 

an important parameter .   Topographic features dominate airflow at a local level, with wind -
speeds increasing with elevation and  exposure .  Any variation in air tempera ture is linearly related 

to RST , but there is a  tendency for minimum  RST to be  higher than air temperature in the 
autumn and lower in winter and spring d ue to the thermal inertia of the road construction.   
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Sky - View Factor  

 
The sky -view factor (SVF) is a dimensionless parameterisation of the quantity of visible sky at a 

location.  Represented as a value between zero and one, it  will approach unity in perfectly flat and 
open terrain, whereas locations with obstruct ions such as buildings and trees will cause the SVF to 

become proportionally less becoming zero in a tunnel .   
 

The SVF  has a particularly important role in the nocturnal radiation budget.  Surface geometry 
prevents the loss of long -wave radiation from the  ground by the replacement of a section of the 

cold sky hemisphere with a warmer surface.  This results in increased air and surface 

temperatures at locations with low SVF.  Heat losses from the surface depends on the conduction 
of heat through the surface  interface, e.g. via deep conduction from the ground or internal heat 

conduction in buildings .  The relationship between SVF and temperature is so strong, that SVF  is 
considered to be the dominant parameter in causing the urban heat island phenomenon discu ssed 

later in this section . 
 

Another consequence of SVF is that it can be used to quantify sheltering effects.  Buildings and 
forests will afford a degree of wind shelter similar to that of topography  which could possibly lower 

RST.  This theory has been v alidated at coniferous sites in Sweden where RST differences of up to 

3ºC have been found between roads in sheltered coniferous forests and exposed areas.   
 

Screening  
 

Short -wave radiation from the sun is partitioned into direct and diffuse components de pending 
upon atmospheric attenuation from cloud and pollution.  The quota of radiation received at a 

location is approximately proportional to the amount of direct solar radiation, but the actual 
geometry of the surface is also influential.  If a surface i s in shadow, be it from trees, buildings or 

topography, then direct radiation will not be received.  The simple parameterisation obtained with 

the SVF can also be used  to describe the effect of surface geometry on the quantities of incoming 
radiation at lo cations with an obstructed sky hemisphere.  However the SVF does not detect the 

distance of the shading objects from the road.  The modellin g of two components is therefore 
required :  

1.  The position of the solar beam in relation to the screening object and the  location.  Known 
as a sun - track, the path of the solar beam is different for each day, and is calculated using 

solar zenith and azimuth angles.  
2.  The size, shape and orientation of screening factors and proximity to a location.  As a 

result of surface geome try, buildings and trees locally block the solar beam preventing 

certain sites from receiving the full quota of direct solar radiation at various times of the 
day, although diffuse components will still arrive.  Blocking of the solar beam is analogous 

to t he setting of the sun causing the earlier occurrence of local sunset and subsequent later 
sunrise at screened locations.   
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Landuse and the urban heat island  

 
The urban heat island is a consequence of microclimatic changes caused by anthropog enic 

alterati ons of urban areas and at night the city can be  several degrees warmer than its 
surroundings.  The intensity of  urban heat island  can be represented as a function of city size, 

population, land -use and atmospheric stability where intensity is strongest in óidealô clear and calm 
conditions .  The relationship is strongest in the city centre, but the impact of  SVF has been shown 

to be also  detected in suburban areas.   
 

The occurrence of heat islands in cities is a common feature, particularly under  stable anti cyclonic 

conditions , the same conditions conducive to low RST and icy roads.  If areas such as city centres 
with low  SVF can be shown to be consistently warmer, it is possible that on marginal nights de -

icing may not be necessary at these locations.   Howe ver, due to increased traffic density, cities 
are in fact often treated more frequently .  Every building or intrusion into the cold sky hemisphere 

is capable of producing its own heat island and even compact villages can have a surprisingly 
large thermal i nfluence.  Hence, there is a need to incorporate this effect into numerical road 

weather prediction models to improve the prediction of RST.   
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3.1.2  Road Construction  

 
Highway construction profiles can generally be split into two types, namely concrete profi les and 

the more common four layer flexible pavement s. 
 

The surface layer typically consists of bituminous layers such as asphalt and is sub -divided into a 
wearing course and a basecourse.  However, it is common on low trafficked roads for these two 

course s to be combined into a single homogenous layer.  The roadbase layer consists of cement 
bound aggregates and represents the thickest layer of a flexible pavement.  Finally, the subbase is 

a simple continuation of the roadbase.  This layer is generally more  aerated  and is often used for 

drainage .  The exact nature of road pavement construction profiles will vary around any road 
network.  Deep profiles will be found on motorways and major roads whereas minor roads only 

require a shallower construction.     
 

The term óthermal memoryô is used to describe the length of time which a surface stores heat 
from daytime solar radiation .  Major roads such as motorways have a large thermal memory due 

to the deeper pavement construction.  This often makes them the warmest  sections of a road 
network.  However, if a road crosses a bridge or is more minor, the construction and thermal 

memory can be greatly reduced.  Such reductions are explained by considering how thermal 

properties change within the road construction profile  (see table below).  
 

Typical values of the thermal properties of road materials  
 

Material  Position  Conductivity (W m - 1 K - 1)  Heat capacity (106 J m - 3 K - 1)  

Asphalt  Wearing course  1.40  2.1  

 Basecourse  1.00  2.1  

 Roadbase  1.00  2.0  

 Sub -base  1.25  1.9  

 Subs oil  1.30  2.5  

Concrete  Roadbed  2.60  2.4  

 Sub -base  1.25  1.9  

 Subsoil  1.30  2.5  

 
Thermal conductivity is the ability of a material to conduct heat whereas heat capacity is a 

measure of how efficiently a ma terial can store that heat.  Other variables useful  to consider are 
thermal diffusivity and thermal admittance.  Thermal diffusivity is the speed at which a profile 

adjusts to temperature change whereas thermal admittance parameterises the surface heat 

budget with respect to the rate heat is absorbed (albe do) and emitted (emissivity).  Overall, the 
effects of thermal properties are more noticeable during early and late winter when the input of 

solar radiation is greater.  
 

Different road surfaces are visible to the naked eye, and are often more so after pre cipitation has 
fallen.  Some remain wet after rain has fallen, whilst others quickly dry, some are dark in colour, 

and after application of salt some have a white dust coating.  It is most likely that the dry 
surfaces are the more traditional, impervious, warmer surfaces.    

 

Porous asphalt surface courses will reduce spray from vehicle wheels, and generally they are 
quieter.   However porous asphalt roads cool more quickly than normal road surfaces and have 

lower minimum road surface temperatures.   Consequen tly they normally require more frequent  
salting than normal asphalt roads.  
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3.1.3  Traffic  

 
In addition to increasing quantities of anthropogenic heat, vehicles promote mixing of warmer and 

cooler  air layers and also prevent long -wave radiation loss from th e road surface.  The full impact 
of vehicles can be quantified on multi - laned roads, where an increased volume of slower moving 

vehicles on nearside lanes can produce temperature differences of up to 2 C̄.  The impact of traffic 

on RST can be noticed on mos t nights, but values are greater in clear conditions when large traffic 

volumes can prevent radiative cooling.  
 

From its development in the 1970s, the accuracy of thermal mapping has been subject to 
numerous systematic and random errors.  One source of err or i n the prediction of RST is the 

effect of traffic, which has been shown to have a significant  influence on road surface 

temperatures.  Studies in the UK reveal consi stent temperature differences of around 1.5 C̄ across 

the lanes of a dual carriageway roa d.   

 

There are several ways in which traffic can modify RST.  Heat will be added to the road surface via 
sensible heat and moisture fluxes from the engine and exhaust as well as frictional heat 

dissipation from the tyres and braking.  Vehicles can block l ong -wave radiation exchange whilst 
also preventing short -wave radiation from reaching the road surface during the day.  The 

movement of traffic will also cause additional mixing of air above the road surface promoting 
increased turbulent flow .  For example , in a study in the Stockholm area of Sweden, it was shown  

that during the early morning rush hour, RST can increase by up to 2 C̄ more in urban areas than 

rural areas.  Fortunately, multi - laned roads provide a unique opportunity to attempt to quantify 

traf fic effects.  As other geographical parameters and climatological processes can be assumed 
constant, the actual impact of traffic density on RST can be quantified.  Studies conducted  in the 

UK found 1 C̄ and 2 C̄ differences respectively between the inside a nd outside lanes of a 

motorway.   
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 Understanding Road Adhesion  

 
Ice forms on the road when :  

 
¶ Water is present in a liquid form  

¶ The temperature of the water drops below the freezing point  
 

There are a number of sources from which the water can find its way  to the road surface, and 
there is more than one way in which the temperature of water can fall below freezing:  

 

¶ It can freeze in the atmosphere and land as  snow or  ice 
¶ It can land as liquid on a cold road and freeze  

 
Individually, none of the following c onditions is inherently problematic: moisture on the road; air 

temperatures below freezing; high air moisture levels; or road surface temperatures below 
freezing.  Yet the combination of two  or more could lead to problems that need to be addressed 

by  anti -  or de - icing action.   
 

Moisture on the road and surface temperatures below freezing is the most likely combination 

requiring action.  Regardless of  the ambient air temperature, i f the road surface temperature is 
below freezing and there is moisture on the  surface, ice will form.  High air moisture levels along 

with both air and road surface temperatures below freezing will also cause ice to form.  When 
road  temperatures fall below the dew point, moisture will condense on the road surface.  If the 

surface t empera ture is also below freezing, frost  will form  which can be compacted into ice by 
traffic . 
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 Road Conditions  

 
Road conditions obviously vary throughout the year, and during the winter period the four main 

possibilities are for the road to be dry, wet , with ice or with snow.  The air temperature at 
different vertical elevations determines the type of precipitation that falls, but it is the road 

surface temperature that has the largest influence on whether or not that moisture will become ï 
or remain ï ice or snow .  Precipitation falls from the clouds in one of five different forms; rain, 

freezing rain, sleet, snow and hail ï and sometimes a combination of one or more of these forms.   
The vertical temperature profile is the determining factor as to whic h form of precipitation arrives 

at the road surface.   

 
 

Freezing Rain  
 

Freezing rain is probably the most dangerous form of precipitation, in part because there is no 
noticeable difference between this and rain.  Freezing rain occurs when there is a shall ow layer of 

sub - freezing air at the surface underlying an above - freezing layer of air above it.  The 
precipitation falling through the warmer layer does not freeze.  When it enters the sub - freezing 

layer it is rapidly cooled, but still does not freeze.  Wh en it lands on a road surface that is below 

freezing, the super -cooled water droplets freeze on contact , forming a layer of ice . 
 

 

 
The atmospheric temperature profile that can cause freezing rain  
 

   
 
An ic e covered roads following precipitation  

 
Sleet  

 
Sleet occurs when there is a warm layer of air above a relatively deep sub - freezing layer at the 

surface.  The layer above freezing will allow for liquid precipitation but as the drops enter the cold 

layer, they will freeze and hit the road surface as fro zen water droplets.  Sleet in itself does not 
necessarily cause significant problems on the roads, but the conditions that produce it can quickly 

change and result in the formation of freezing rain  and ice formation . 
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The atmospheric temperature profil e t ypically associated with sleet  

 

 
Snow  

 
Snow occurs when the layer of the atmosphere from the surface through the cloud is entirely 

below freezing.  The precipitation falls from the cloud as snow and does not melt while falling to 
the road surface.  Snow  that falls on dry roads with below freezing temperatures does not 

represent an ice problem, although the snow will need to be cleared.   
 

 
 

The atmospheric temperature profile associated with snow  
 

 
 

A snow covered road  following recent snow fall  
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Hail  

 
Hail forms as a by -product of strong updrafts that exist in thunderstorms.  The cumulonimbus 

clouds that are associated with thunderstorms can grow to heights where the temperature is 
below freezing.  Droplets of water will rise up with the upward d irected wind as they collide with 

other droplets and increase in size.  This will eventually result in the droplets freezing into a 
hailstone.  When this hailstone grows too large to remain suspended by the updrafts it will fall to 

the road surface.  Altho ugh hail is not usually associated with winter storms, extreme events 
under the right conditions can result in ice formation on road surfaces.  In these instances  in 

winter, although less common,  it may be necessary to undertake de - icing or even ploughing 

operations.  
 

 
Frost  

 
Frost forms when the road surface temperature falls below the dew point of the air above the 

road.  Small deposits of frost are rarely dangerous and can be seen by drivers but significant 
amounts of frost can be compacted into ice by t raffic.  
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 Levels of Service  
 

Winter maintenance engineer s not only need to know how much salt to apply, when to apply it, 
and even whether it should be applied , but also where to apply it.   It is impossible, both 

operationally and financially, to t reat all roads in a given area, and so a selection must be made 
as to which roads are treated.  Highway authorities seek to achieve pre -determined levels of 

service based on typical local conditions, climate and needs.   
 

For example, in the UK  and Canada , a distinction is made between primary, secondary and even 

tertiary sections of road .  T hose roads crucial for emergency services such as access to hospitals 
as well as main roads fall into the primary categor y, whilst many rural areas with lower usage are  

likely to fall into the tertiary category.  In the US, most state authorities operate a four service 
level system for prioritising road treatment similar to  that used by the Iowa Department of 

Transportation  of :  
 

¶ A- level : the Interstate system   
¶ B- level :  the Commercial  and Industrial network and roads with m ore than 5,000 vehicles 

per day   

¶ C- level : roads with more than 2,000 vehicles per day  
¶ D- level : roads with less than 2,000 vehicles per day  

 
Salt Institute, http://www.saltinstitute.org/los.html   

 
The process of establishing l evels of service categories will most often be determined on the basis 

of traffic volumes, road classification, importance of the road for access e.g. emergency route, 
lorry route and economic  route.  It i s likely to be a broadly participative  process ; led by the 

highway authority and in consultation with emergency services, schools, businesses, home owners 

and road users in a given region.  However, level of service prioritie s are not always 
communicated to the travelling public, such that they may have a widely varying perception 

regarding the service they do and should receive.  There are three level  of service perspectives 
that may not always have the same objective:  

 
1.  The level of service prescribed by the highway authority  

2.  The service that is actually delivered by the highway authority / operator  
3.  the service that the travelling public expects  

 

The ideal situation is when the maintenance services that are provided and those  that are 
expected by the public are the same as the level of service prescribed by the highway authority.  

Public expectations should be heeded, since where the public expects a higher level of service 
than prescribed; there will be pressure to increase i t.  The road network that is covered and the 

level of service prescribed should be reviewed regularly, particularly as new infrastructure is built 
and the patterns of road usage change over time.  

 
With the increase in performance based management, it is li kely that level of service goals will be 

established in some countries and regions linked to the stated levels of service.  These may be in 

the form of the t iming and frequency of treatments  or r oad conditions after an event  e.g. bare 
surface in a given ti meframe .  Whatever goals are chosen, they should be meaningful, measurable 

and achievable.  Outcome measures such as these depend on the collection of data and 
measuring service performance .  Developments in the area of RWIS, GIS and GPS to name but a 

few have led to the capabilities to better monitor and assess levels of service delivered.  
 

http://www.saltinstitute.org/los.html
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A RWIS plays a significant part in helping inform the decisions made, but the highway engineer 

also needs to understand the chemical behaviour of salt and other chemic als being spread.   With a 
number of vehicles at the operatorôs disposal, and a limited time in which to conduct the salting 

operation, authorities will divide the primary, secondary and tertiary sections of road into a 
number of routes.  This will be done in such a way that a subset of the road network will comprise 

of primary, secondary and tertiary salting routes that can be completed in a similar time frame.  
This would mean that in the event of needing to salt, a decision is taken as to whether to salt all 

primary, secondary etc roads, and once that decision is made all primary routes would be 
completed in a similar time if they commence at a similar time.   

 

The PIARC (Permanent International Association of Road Congresses) ñSnow and Ice Databookò 
outli nes levels of service in a selection of countries around the world.  
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 Ice, Snow & Avalanche Control  
 

Ice Control  
 

There are two main approaches towards ice control; known as anti - icing  (precautionary or pre -
salting) and de- icing .  Anti - icing involves th e application of chemicals to the road to try to prevent 

the bond  between ice and road surface forming  or developing .  If a bond does form after an initial 
ant - icing treatment, it will be weak and should be removed more easily than had no chemicals 

been sp read.  This proactive approach is undertaken prior to the ice or snow forming on the road 

network, and hence is heavily reliant on an accurate  RWIS to indicate when and where adverse 
road conditions are likely to occur.  By applying chemicals to the road p rior to ice forming it is 

possible to reduce the vo lume required, and hence minimis e usage whilst maintaining safe 
passage for motorists.  The lower volume of salt and other chemicals applied also has the benefit 

of minimising harm to the environment and k eeping costs low.   
 

The second approach is that of de - icing .  By contrast this is an after - the -event  action that 
involves spreading salt or other chemicals onto the road to break the bond of already bonded ice 

and snow i.e. to melt existing ice and snow.  This approach could in the first instance be seen as 

being purely reactive; waiting until after the precipitation has fallen and settled prior to spreading 
chemicals to combat the ice and snow.  However, that is not the whole picture, and based on the 

inf ormation from a RWIS, the operating authority may decide that it is more appropriate to wait 
until precipitation has begun to fall before commencing their ice control operations.   This occurs 

when heavy wind and / or rain is forecast , which w ould be likel y to wash away any chemical  that 
was laid prior to the conditions resulting in ice forming.   

 
In both these approaches, the aim is to c lear the road to the bare pavement, although this is not 

always possible .  Using the approach of anti - icing, usually wit h liquid chemicals to improve 

adhesion to the road surface, typically reduces the total chemical usage and allows a high level of 
service to the road users.  Anti - icing can support a requirement for safe road conditions during a 

winter storm, whereas the r eactive de - icing approach cannot accomplish this.  If a sudden and/or 
unexpected change in the prevailing weather occurs, or there are insufficient personnel or 

equipment to conduct initial and subsequent anti - icing treatments, there may be no way to 
preve nt the bond from forming.  In these instances, de - icing is the only option available to break 

the bond before mechanical removal of the accumulated precipitation,; although this approach will 
require more time, chemicals and equipment to achieve any given level of service requirement.  

 

Sometimes abrasives are spread to increase traction between vehicles and the ice or snow 
covered road.  There are numerous variables involved in the spreading of anti and de - icing 

chemicals; the treatment type, the chemical i tself, its grade, method of spread, the volume of 
chemical and rate of spread and characteristics of the surface being spread upon.  Some of these 

factors will be considered in greater detail in following sections.  
 

Rock salt comprises negatively charged c hloride ions and positively charged sodium ions, which 
are bound together to form crystals.  As long as these ions remain united they  have no effect on 

ice.  In order for salt to melt ice, it must be dissolved in water to form brine, which then has the 

eff ect of causing ice to melt. During normal de - icing operations, road salt is applied on top of any 
ice or snow that lies on the road.  If there is sufficient moisture and heat, usually as a result of a 

combination of solar radiation, traffic and warmer dayt ime temperatures, the salt dissolves and 
forms a brine.  Due to its greater density than water, brine moves downward through the ice and 

snow to the road surface.  
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The role of brine on the road surface can be described in the following stages:  

 
1.  Salt is sp read on the su rface of ice/snow(only for a few cms) . 

2.  The salt draws moisture from the snow or ice and begins to form brine.  The salt 
crystals are now coated with a layer of brine, enabling them to begin augering down 

to the surface.   
3.  Due to the action of  the brine, the bond between the ice/snow and the road surface 

begins to weaken as the ice melts.  Eventually the bond is broken and the 
remaining ice/snow floats on the brine layer rather than on the road surface.  

4.  Traffic breaks through the surface and re duces the remaining ice/snow to slush.  

Continuing traffic movement moves the slush to the side of the road, and any 
remaining slush may be cleared by snow ploughs.  

 
 

 

 
 

The Role of Salt in Ice Removal  
 

 
The key to more efficient salt usage and safer road  conditions is to apply salt at the beginning of a 

winter storm to create a road condition that will prevent freezing and the formation of the ice - road 
surface bond.  Such a proactive anti - icing approach relies heavily on the ability to forecast 

prevailing  weather conditions and their impact on the road surface, and hence RWIS have a 
crucial role to play.  

 

Salt is also applied in freezing rain conditions, often along with abrasives, to establish rapid 
traction and melt the ice.  If an anti - icing chemical is  applied to a dry road in advance of freezing 

rain, a liquid solution should be applied. Applying a solid chemical will result in an endothermic 
reaction that will cause the road surface temperature to fall, and has the potential to exacerbate 

the freezing  rain conditions.  
 

Salt must not be spread on freshly fallen snow of more than a few cms.  There are environmental 
laws in most European countries which forbid this.  Snow has to be removed mechanically before 

any thawing agent is applied.  
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Snow Control  

 
Increasingly an anti - icing approach is being used in areas of snow control.  Previously authorities 

would wait until a predetermined amount of snow had accumulated on the road surface before 
commencing removal procedures.  In addition to ploughing, authori ties would apply de - icing 

chemicals  to aid the removal of snow and ice.  Such a reactive approach allowed the formation of 
a compacted layer of snow on the road surface, which becomes tightly bonded under the 

compaction of traffic and hence requires a larg e amount of de - icing chemical to penetrate the 
snow and ice and ultimately break the bond between the frozen material and the road surface.  

 

With accurate forecasting of winter conditions, de - icing chemicals can be applied prior to a snow 
storm and thus re duce the likelihood of snow or freezing rain to bind to the road surface.  It is 

important to note that snow and ice control do not necessarily function independently and that 
actions taken in ice control are also used in snow control.   

 
One of the most d ifficult conditions for highway authorities to deal with is that of drifting snow.  
Highway authorities need to have an understanding of the likely local effects of high winds and 

potential trouble spots.  As well as knowing where this is likely to occur a nd the route likely to be 
taken by the snow, they need to have a plan of how to tackle them.  Proactive, preventative 

measures include the erection of snow fences and the creation of snow windrows to act as 

windbreaks against drifting.  Once the high risk drift areas have been identified, operators can be 
deployed to erect snow fences in the period leading up to a winter.  

 
 

 
 
High snow banks can cause numerous hazards  

 
 

In some localities, particularly Japan, North America and Canada, a large amount of sno w can fall 

and snow banks grow out of control.   They obstruct the line of sight for drivers, encroach on the 
road reducing lane width and are a hazard to pedestrians trying to cross the road.  The most 

common solution in dealing with deep snow like this is  to load  it into vehicles and transport it to a 
snow storage site for disposal.   This is in effect trading one set of challenges for another, since 

when all the snow is moved from urban roads to a disposal site, along with the snow come 
contaminants that m ust be contained and disposed of as the snow pile melts.  Snow removed 

from highways often contains chloride, sodium and calcium from salting operations; and it is also 
likely to contain heavy metals, hydrocarbons, rubber and other debris deposited by vehi cles.   

 

The method that works best for snow removal depends on the amount of storage space parallel to 
or near to the highway.  The least expensive method is to dispose of it as close to where it 

accumulates as possible.  However, in urban areas this is n ot always easy and so a snow blower 
may be used to transfer snow beyond the area immediately adjacent to the roadside, although 

care must be taken not to cover the footways which pedestrians will need to use.  Sometimes 
snow banks are even spread back on t o the travelled portion of the highway in order to hasten 
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snow melting.  Mobile snow melters are also used  in some countries (not in Europe)  to melt 

accumulated snow at the roadside where the meltwater can be disposed of through the storm 
sewer system.  De spite being an expensive solution, this option may be suitable for areas where 

haul distances would be long or snow disposal site capacity is limited.  The ability of the storm 
sewer system and discharge site to handle the additional capacity and contamina nts are import 

factors to consider before something like this is implemented (Salt SMART).  Where no adjacent 
storage areas are available close to snow banks, the snow is loaded onto vehicles and hauled to 

disposal sites.  
 

 
 

 
Mobile snow melter  

 
 

Avalan che Control  

 
Testing equipment that will automatically close roadways a few seconds after an avalanche starts.  

 
"The goal is not to forecast avalanches, but to detect the onset of avalanches," says Rand Decker, 

associate professor with the University of U tah's Department of Civil Engineering. Decker says an 
avalanche's "time of descent," the time it takes it to travel from its point of origin to the roadway 

below, often is between 30 seconds and a minute.  
 

Invasive sensors --  "geophones" implanted in rock or soil --  can detect avalanches in time to 

trigger a response such as the closing of railroad crossing gates to prohibit access to the roadway 
below. Funding for the project comes from DOTs in Idaho, Utah and Wyoming, which already are 

trying out the syst em; from the Colorado and Washington DOTs, which eventually plan to 
implement it; and from the FHWA's Office of Technology Applications.  
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 Road Salting  
 

 Treatment Types  
 

Both anti - icing  (precautionary salting) and de - icing  involve the dispersal of chem icals onto the 
road surface, usually from a moving vehicle, to either inhibit the formation of , or melt p reviously 

formed ice and snow.  The main chemical to be spread is sodium chloride (common salt) and 
hence the operational task of applying anti and de - icing chemicals to the road is often referred to 

as salting.  Other chemicals are also used in this process, and will be discussed in more detail 

later.  During the months prior to the winter highway authorities seek to ensure that sufficient 
quantities of  chemical are stockpile d and spreading equipment is moved to strategic locations in 

readiness for use throughout the winter period.    
 

Highway authorities will have different equipment to maintain anti -  and de - icing chemicals in 
required states and conditi ons.  Some chemicals will be delivered to operating depots in the form 

in which they will be spread; either as solid granules or in liquid form.  Other chemicals are more 
cost effectively converted into liquids from solids delivered by the manufacturer.   

 

The number and length of routes to be treated and the equipment capabilities will greatly 
influence the location of storage facilities and depots.  Weigh bridges are a feature of winter 

maintenance depots, as vehicles used to spread anti and de - icing chem icals are weighed prior to 
and after operations.  This allows the amount of chemical spread to be calculated, stock levels to 

be maintained based on usage throughout a season and provide assistance in any necessary 
auditing processes.  

 
 

 

 Storage Facilities  
 

Maintenance yards can be the source of significant salt loss to the environment; whether in the 
form of salt dust, brine run -off or simple wastage through improper handling practices, with lost 

salt dissolving and infiltrating the soil below and adjacent  to the site.  Different authorities use 
varying grades of salt, depending on the dominant needs and equipment set -up of their vehicles.  

However, once authorities have purchase salt stock , of a given moisture content, they will seek to 
maintain the qualit y of this and minimise any local environmental damage.  The storage of salt 

can result in stockpile run -off when exposed to precipitation, and the possibility of contaminating 

ground or surface water needs to be minimised by covering the salt  and storing i t on an asphalt or 
impervious base .  Salt is usually stored under cover in sal t barns to prevent run -off, maintain the 

given moisture content of the salt  and prevent contamination .   
 

Highway authorities will seek to design and operate the maintenance faci lities in such a way as to 
minimise salt loss  through precipitation or wind .  They will often  erect permanent salt storage 

facilities , known as barns .  A t other times temporary structures will be erected using impermeable 
bituminous bases covered with a wa terproof material, such as tarpaulin or polyethylene, to ensure 

the salt is kept as dry as possible.   The floors of the structures should be sloped away from the 

centre of the storage area for drainage purposes.  If asphalt or concrete floors are used, th ese 
should be sealed to minimise infiltration.  Designs of storage facility range from domes to 

rectangular sheds to elevated silos.  Domes are the most popular design, with an efficient surface 
area to pile volume ration.  Since salt can be lost to precip itation, all designs should be aimed at 

keeping precipitation out of the salt, or, if that is unsuccessful, containing any salt - laden water 
that may be created.   If salt is to be mixed with sand, then as much as possible of this should be 

undertaken during  the dry summer months and when there is minimal wind to blow it away.  
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Well designed entrances on storage structures will take into consideration the prevailing winter 

wind direction to help keep out precipitation.  Spillage during stockpiling and vehicle  loading is the 
main source of salt loss (Salt SMART), and so the more these activities are carried out under the 

cover of a well -designed structure the less salt will be lost to the environment.  T he loading and 
unloading of spreading vehicles will be sou ght to be undertaken indoors where possible to 

minimise the moisture contact with the chemical.   The moisture content affects the mechanical 
operation of the salting process , sometimes hampering the spread,  or the effectiveness of the salt 

once it is spre ad on the road, so any changes in this will affect the efficiency of the operation 
when it comes to be used.  It is usually only the drier types that are stored outside, where it will 

naturally absorb some moisture from the environment prior to spreading.   

 
 

 

 
 
Salt spreading vehicle exiting from a salt barn  
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 Factors A ffecting De- icing Action  
 

Most of the decision -making in winter maintenance involves consideration of multiple factors and 
variables.  Temperature, moisture and time of chemical applicat ion are the controlling factors, but 

also to consider in the process of melting ice and snow are variables such as the chemical  used, 
the quantity used and its effect on phase changes, weather conditions, type of road surface, 

topography  and  traffic volume . 
 

 

Temperature  
 

Temperature is a critical factor in the salt - to -brine process, with the road surface temperature 
trend being more crucial than the air temperature when deciding on a salting strategy.  Normal 

rock salt comprises sodium chloride (NaCl) crys tals held together by an electrolytic bond.  Heat is 
required to break this bond, causing the separate sodium and chloride ions to go into solution.  

When there isnôt enough heat present in the atmosphere, the road salt will draw it from the 
nearest availa ble source ï which is the road ï as it dissolves into brine.  Under certain conditions 

it may be appropriate to apply a heat -producing catalyst such as liquid calcium chloride, which 

may be especially beneficial at lower temperatures.  
 

Rock salt has endoth ermic properties which mean it absorbs heat when dissolving, and so for 
some highway authorities this may have significant implications.  More important for most 

authorities is the fact that salt only begins to depress the freezing point once it is in solu tion, and 
hence the objective is to get it in that state as quickly as possible.   

 
As temperatures fall, the amount of de - icing chemical needed to melt a given quantity of ice 

increases significantly. The effectiveness of de - icing is sensitive to small di fferences in road 

temperature.  The longer a de - icing chemical has to react, the greater the amount of melting.  At 
temperatures above -6oC both salt and calcium chloride can melt ice in a reasonable time.  At 

lower temperatures salt takes much longer.   As the temperature drops, the effectiveness of rock 
salt decreases until it becomes completely ineffective.  Many highway authorities identify a 

minimum threshold temperature below which salt should not be applied, but as with much of the 
winter maintenance  task, these are not absolute and depend greatly on local climate, geography 

and road usage, and the resulting road surface temperature.  
 

 

Moisture  
 

Before a dry de - icing chemical can act it must dissolve into solution.  The necessary moisture can 
come f ro m the ice or snow on the road, from water vapour in the air (humidity)  or from liquid 

added at the point of application .  De - icing chemicals are either spread as a solid or, increasingly, 
as a solution.  Changing ice or snow into water requires heat from t he air, sun, pavement or 

traffic friction.  Even when the pavement is below freezing, it holds some heat and can help melt 
snow and ice.  

 

A solid salt particle will dissolve in the first moisture  it encounters, provided the temperature is 
adequate to provi de the necessary heat.  Dry salt will remain dry unless moisture is introduced 

from precipitation, humidity, or directly by means of pre -wetting.   Once salt starts to go into brine 
solution, it will continue to melt ice and snow, producing more moisture, w hich in turn dissolves 

more of the salt particles.  The brine solution will become saturated when all the salt particles 
have dissolved into the brine.  Any moisture added beyond that point would dilute the brine, 

reducing its effectiveness.  Sodium chlori de is saturated at about a 26% concentration and is 
considered most effective at 23.3% (Salt SMART).  Other chemicals have different, higher 

concentrations at which they work most efficiently.  
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In the event of hoarfrost, black ice, or a forecast of freezing  fog precautionary salting may be  

carried out even if the roads are dry.  In the event of a forecast of rain followed by a frost the 
precautionary salting is usually delayed until it has stopped raining or for as long as necessary to 

prevent runoff.  
 

 
Timi ng  

 
Timing is the most important factor in successfully treating ice or clearing snow by chemical 

treatment.   Ironically, the very phenomenon of icing could be caused if salt is applied to the road 

in the wrong quantity and at the wrong time.  When salt i s applied early the first precipitation 
provides the moisture required to break the electrolytic salt bonds and create the brine, hence 

reducing the possibility of ice or snow sticking to the road surface.  It also helps prevent a later 
build -up and allows  any ploughing undertaken to remove snow and ice easier and earlier.  

Spreading a small amount of de - icing chemical when snow is loose and unpacked melts a little 
snow and turns the rest to slush. Traffic cannot pack down this slushy snow which is 15% to 3 0% 

water, thus allowing snow ploughs to easily remove it. It is better that authorities reapply 
chemicals as needed rather than initially over - treat a section of road.  

 

Solar radiation warms the road, speeding up melting. Radiant heat may cause the road 
temperature to rise 12 oC or more above the air temperature. On clear nights, road temperatures 

will be lower than air temperatures.  Applying chemicals during blowing snow and cold 
temperatures will cause drifting snow to stick to the pavement. If chemicals are not used, the dry 

snow is likely to blow off the cold road surface.  
 

 
Chemicals  

 

The timi ng, quantity and type of anti -  and de - icing chemical applied need to be considered.  Dry 
anti - icing chemicals should not be applied too early in advance of oncoming precipitation, because 

traffic will blow it off the road.  It is also considered unnecessar y to spread salt during a snow 
storm if the surface is dry and the snow is simply blowing across but not packing to the road 

surface.  When solid rock salt is added to dry road it will draw heat from the surface by means of 
an endothermic reaction, which c ould in turn lower the temperature of the pavement.  This could 

lead to moisture freezing on contact with the road, and hence those responsible for seeking to 
keep the road free from ice actually aiding ice formation!   

 

If too much chemical is used, not a ll of it will dissolve into solution and some will be wasted. Too 
little chemical may not sufficiently lower the solution's freezing point. The ice will not melt or 

melted snow may refreeze and waste the chemical.  Those highway authorities that have to 
un dertake regular ploughing operations will set a minimum period of time between application of 

salt and commencement of ploughing operations to give the salt particles time to dissolves into 
solution and begin to break the road - ice bond.  
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Phase Changes  

 
The phase changes involved with water and ice and the effect of chemical are important.  The 

freezing point of water is not static at 0 oC, as might be imagined.  Instead, it changes in relation 
to the concentration of freeze point depressant (anti -  or de - icing chemical) in the brine solution. 

The sodium chloride / water phase diagram plots the freezing point of a solution of salt in water.  
(The line represents the different concentrations that will provide a minimum melt point 

temperature and below which ic e crystals form).  
 

 
 
¶ All points below the curve represent ice crystals along with the solution of sodium chloride 

and water.  
¶ All points above the curve and in the middle represent sodium chloride crystals along with 

the solution of sodium chloride and wat er.  
¶ In the area to the right of the eutectic point there is too much salt, so refreezing occurs.  

 

When salt particles are completely dissolved, further melting of snow or ice dilutes the solution, 
causing the temperature at which further melting will occur  ï and at which salt crystals form ï to 

increase toward 0 oC.  As the brine solution further dilutes, ice crystals form.  This causes water to 
come out of the solution, thereby increasing the concentration of the remaining brine and 

increasing the amount of  time that the salt brine is effective in preventing complete freezing.  As 
the salt concentration in the brine increases, its freezing point drops, e.g. a 10% brine 

concentration will not freeze until the temperature drops to around -6oC as compared to 0 oC for 
pure water.  

 

The temperature at which the brine will freeze continues to increase as more salt is added and the 
concentration is raised.  The lowest freezing point that can be achieved with sodium chloride is  

-21 oC with a brine concentration of 23.3 % by weight.  This optimum concentration, which 
provides the lowest possible freezing point, is called the eutectic point.  It is not recommended 

that rock salt is used much below -10 oC. 
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At different temperatures the same amount of rock salt will melt v arying quantities of ice.  The 

table below shows that at -1oC, one kilogram of salt will melt about 45 kilograms of ice.  However, 
as the temperature drop, the same kilogram of salt will melt less ice.  

 
Kilograms of ice melted per kilogram of rock 

salt  
Te mperature in 

oC 

1 Kg of NaCl will melt  

-1 46.3 kg of ice  

-4 14.4 kg of ice  

-6.7  8.6 kg of ice  
-9.4  6.3 kg of ice  

-12  4.9 kg of ice  
-15  4.1 kg of ice  

-18  3.7 kg of ice  
-21  3.2 kg of ice  

 
The objective for the highway engineer is not to melt all the  ice, but enough that the bond at the 

road surface is broken.  

 
 

Additives  
 

In the last ten years the role of additives to reduce chemicalsô corrosive properties are coming to 
the fore, with the introduction of a number of new products.  Some of these are a gricultural by -

products, e.g. derivatives of the sugar production process, and there may also be benefits in 
making the spreading from the vehicles more efficient.  Currently these alternative materials are 

more expensive, but can be useful in special situ ations.   

 
The use of salt alone to treat hard packed snow and ice must be done with caution, as in low 

temperatures an uneven and slippery surface can occur.  In exceptional circumstances authorities 
may apply single size abrasive aggregate, either separa tely or mixed with salt.  This is to assist 

with traction and does nothing to clear snow or ice.  It has attendant problems of causing 
blockage to drain networks, so authorities are hesitant to use this method.  

 
 

Topographic Conditions  

 
Ice tends to form w here topographic conditions,  like high banks or vegetation, screen the road 

surface from the sun. The longer the area is shaded, the more likely that ice will form. Since 
pavement temperatures are lower in shaded areas, you may need more chemicals there.  

Studies show that snow melts faster when salt is applied in narrow strips. The amount of snow 
melted over a long period of time is the same, however, regardless of application width.  
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 Chemicals Used  
 

The most commonly used de - icing chemical is salt (sodium chloride , NaCl ), which usually comes 
from mined rock salt that has been crushed, screened and treated with an anti -caking agent (to 

maintain spreading properties after a prolonged period of storage).   It  is one of the most cost -
effective, readily a vailable and efficient chemicals for the prevention and removal of ice and snow  

and is supplied in a variety of granule size and is sometimes applied in solution.   Traditionally this 
has been spread in dry form; known as dry salt .  Another two variants are  used; with the 

addition of some moisture either at manufacture at point of spread resulting in the pre - wetting  

technique (discussed later), and the preparation of a brine  (salt solution) that is spread as a 
liquid.  

 
The growing awareness of the environmen tal impacts of salt has led efforts to find ways to reduce 

the amounts entering the environment.  There are really only two ways to achieve this :  
1.  Using something other than salt  

2.  Optimising salt usage by applying it strategically  
 

A considerable amount of research has been conducted on alternative anti -  and de - icing 

chemicals, although no one chemical has yet been found that can fully replace NaCl, they are used 
either as substitutes or as supplements around the world.   

 
Including standard rock salt (NaCl)  there are four main chloride óroad saltsô; calcium chloride  

(CaCl 2) , magnesium chloride  (MgCl 2) , calcium magnesium acetate  (CMA) .  Other chemicals used 
include potassium acetate  (KA) , urea and ethylene glycol.  The different chemicals obviously have 

diffe rent properties; some work at lower temperatures than NaCl; many have reduced 
environmental impacts; some can damage road surfaces; and some are volatile and toxic, making 

them difficult to handle.  

 
Chemical  Practical 

working 
temperature 

( oC)  

Eutectic 

temp erature 
( oC)  

Eutectic 

concentration 
(%)  

Calcium chloride (CaCl 2)  -31.6  -51  29.9  

Sodium chloride (NaCl)  -9.4  -21  23.3  
Magnesium chloride (MgCl 2)  -15  -33  21.6  

Calcium magnesium acetate 

(CMA)  

-6 -27.5  32.5  

Potassium acetate (KA)  -26  -60  49  

 
Properties o f anti -  and de - icing chemicals (Salt SMART)  

 
 

The solubility of all chemicals varies with temperature; the lower the temperature, the less the 
solubility.  But the decrease in solubility has a limit, a point where no more of the chemical can 

dissolve and d epress the freezing point; known as the eutectic point.   

 
Each freezing point depressant has its own eutectic point e.g. calcium chloride has a eutectic point 

of -51 oC at approximately 30% concentration.  Once the concentration goes beyond the eutectic 
po int the freezing temperature rises rapidly, with 30% salt brine freezing at temperatures near 

zero.  As the amount of solution is reduced and the dilution is nearly complete (approaching 
water), a slush will form which can be ploughed from the surface befo re a subsequent application 

of salt.  
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Phase curve s of different de - icing and anti - icing chemicals (Ice and Snow Technologies)  
 

 

Solid calcium chloride (CaCl 2) is both hygroscopic and deliquescent, and hence goes into solution 
much more quickly than NaCl.   It begins absorbing moisture from the air at a relative humidity of 

43% and higher, and continues to do so until it dissolves.  NaCl, on the other hand, will not begin 
to absorb moisture until the relative humidity reaches 76%.  The hygroscopic and deliq uescent 

properties of calcium chloride are not always an advantage.  Additional and costly measures need 
to be taken to ensure that the relative humidity remains below 42% during storage and handling.   

Despite having very different chemical properties, a combination of NaCl and CaCl 2 creates a 
highly effective ice and snow control solution.  The CaCl 2 absorbs moisture and releases heat, 

reducing the amount of time required for the NaCl to go into solution.  This quickly produces 

brine, which sustains the c ontinued brine generation of the two chemicals.  
 

The chloride based chemicals are known to cause significant corrosion of metals, leading to long -
term inf rastructure and vehicle damage.  Urea is considered to have high negative environmental 

impacts, glyco ls are toxic to humans and wildlife if ingested, and methanol is volatile, flammable 
and toxic.   

 
As the research continues in the hope of finding cost -effective alternatives to NaCl, the best way 

to reduce the amount that is spread on the roads is by doi ng this more effectively.  This can be 

aided through better forecasting about when salt is needed , and hence the role of RWIS , improved 
handling practices and improved technology for spreading the salt.  The choice as to which anti 

and de - icing chemicals to  use depends on a variety of factors including desired performance 
influenced by local geography, the need to have a chemical that has minimal negative 

environmental impact, the effectiveness in anticipated conditions and the cost.  
 

There are standard spec ifications that refer to the chemical composition and physical gradation 
requirements for de - icing chemicals, often stipulated on a national basis.  The size of the salt 

granules and the moisture content of the salt are the two main variables.  Gradation r efers to the 

particle size distribution is usually classified as either coarse or fine.  Larger granule size (e.g. 
10mm diameter) used to be particularly popular, and helped ensure that the salt particle was 

large enough to produce the amount of brine requ ired to generate the melt action that would 
break the bond of ice and snow from the road surface.  These large grades are less prone to be 

blown from the road by passing traffic, but also had a habit of bouncing off the road during 
spreading and causing da mage to vehicle windscreens.  Another disadvantage was that due to the 

longer time in which the coarse grades would last after spreading, it was more likely that un -
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dissolved salt particles would be removed from the road prematurely and hence not be effect ive in 

their task.  Any ploughing process that moved un -dissolved salt to the side of the road also had 
the potential to cause adverse environmental effects to vegetation, wildlife and water courses.  

 
There has been a trend to reduce the size of granule us ed, to the point that 6mm salt is now the 

favoured option in many countries.  The smaller size results in a reduction in windscreen damage, 
improved spread control away from verges and hence less wastage.  On the other hand, finer 

grades can be prone to ca king as well as sticking to the spreader chute.  The application of salt is 
measured in terms of the rate of spread (grams per square metre).  The volume of chemical 

spread varies on the requirements; e.g. prior to ice forming a volume of 10g/m 2 can typica lly be 

laid in the UK.  This figure rises to 40g/m 2 if ice has formed and needs to be melted.  Similarly, if 
chemicals are spread prior to snowfall (usually at  rates between 5 and 15 g/m 2) then small 

amounts of snow will be melted quickly by the salt, and greater amounts of snow can more easily 
be removed as the snow will have been prevented from freezing onto the road surface.   However, 

there are no universally accepted salt application rate standards, since they depend significantly 
on local road conditio ns, policies , residual salinity, level of service goals, experience and severity 

of predicted weather conditions .   
 

The moisture content of the salt also has a significant impact on its effectiveness; with larger 

granules considered to be better for sprea ding on wider roads and having greater penetration on 
lying snow.  The moisture content also impacts the delivery rate from the vehicles from which it is 

spread; damp salt has a lower delivery rate than that of drier salt.   
 

In the Alpine countries of Eur ope the typical salt size is 3.5 mm with a maximum of 5 mm.  The 
maximum moisture content is 1.5% to prevent caking of the salt.  Vacuum salt and boiled salt are 

also used which are more effective at melting snow and ice as there are fewer impurities than in 
rock salt.  
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 Surface Type   
 

Road surfaces generally consist of either concrete or asphalt and there are subtle differences in 
the way that ice and snow behave on different road surfaces.  Concrete surfaces heat up and cool 

down more slowly then do a sphalt surfaces, due to their light colour and higher thermal mass.   
 

Asphalt surfaces can heat up to considerably higher temperatures during the day, but once solar 
radiation stops they tend to cool down more quickly than adjacent concrete surfaces.  It has been 

widely recognised that the rate of spread of salt on porous courses (asphalt) needs to be 

increased to give the same degree of protection against ice forming, in relation to the rate of 
spread needed on impervious (concrete) road surfaces  due to t he higher cooling rate of porous 

surfaces.    
 

In the UK, the national Highways Agency have issued instructions that the spread rate of salt 
should be doubled on lengths of Thin Surfacing  (porous asphalt)  because of its different thermal 

characteristics whe n compared to existing surfacing materials.   
 

 
Image courtesy of The De - Icing Business  

 
 

It is important to monitor road surface temperatures because they can fluctuate significantly 

depending on the time of day, extent of cloud cover, sub -surface conditi ons (e.g. frost 
penetration, moisture presence and thermal retention properties) and type of road surface.   

 
It is apparent that the selection of which anti -  and de - icing chemicals to use is dependant 

particularly on the geographical location and conditio ns of operation.  There is no one chemical 
that is suitable for all situations, and hence the highway authority must carefully consider which to 

use in the light of their unique situation.  If the highway authority is operating in a coastal area or 
marine type environment, where humidity is high and frosting is prevalent, it is likely that a fine 

gradation of salt will be used.  Finer gradations are also used for blending with sand to aid traction 

(see later).  
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 Spreading Vehicles  

 
Salt is applied using vari ous spreading tools and techniques, with t he majority being laid from 

moving vehicle s.  De- icing chemicals may be applied in either solid or liquid form, however, solid 
chemicals require moisture to become effective.  Many anti - icing strategies are therefo re moving 

towards the use of liquids alone, although with many highway authorities equipped for spreading 
of solid materials this will continue for some time.  

 
Salt spreading vehicles are available in a variety of capacities; with selection being made 

depe ndent on operating environment  and route requirements .  For example smaller, and more 

manoeuvrable, vehicles are more suitable for urban areas, whilst urban areas and long sections of 
route are more suited to larger vehicles.  Each highway authority has it s own unique 

requirements, and usually seeks to have a balanced fleet of vehicles based on the likely treatment 
needs of the roads under their responsibility.  Fleets will include vehicles for spreading salt and 

also ploughing snow, with multi -purpose vehi cles also available.  With salt spreaders and snow 
ploughs likely to be travelling on road surfaces that have ice or snow present, the selection of 

tyres with appropriate tread pattern and material must be considered.  Vehicles are likely to 
require tracti on control mechanisms and 4 -wheel drive to minimise and prevent loss of traction 

due to spinning wheels.  

 
Hopper style vehicles offer the best control of material application rates and the most dependable 

service, but they are the least versatile for other  operations during the off -season.  Some hopper 
style vehicles are able to have the hopper removed and function as a flat -bed truck at other times 

so that they can be used all year round by the highway authority.  
 

 

   
 
A hopper style vehicle spreading sal t during de - icing operations  

 
 

 Spreading  Controls  

 
Both the moisture content and any additives to the salt affect the delivery rate to the road 

surface.  The delivery rate of damp salt, which is influence by where it has been stored prior to 
use, is less than that of dry salt and needs to be taken into account.  The impact of any additives 

also need to be understood, since additives can effect the efficiency of the delivery rate, and 
hence equipment may need to be adjusted accordingly.   Within hopper style  vehicles a conveyor 

chain moves material to the discharge location ï often the front of the wheels on the driverôs side 
or along the centreline of the vehicle.  Some models have additional distribution points on the 

passenger side, either in front or behi nd the wheels to aid coverage of multi - laned highways.   

 
Spreading vehicles are capable of delivering solid and liquid chemicals at a variety of application 

rates.  There are two main methods of spreading de - icing chemical from a vehicle; by a variable 
speed spinner or  via a n adjustable chute.  The spinner  method is the most common way of 

applying de - icing chemicals; in which a spinning circular plate throws the chemical out in a semi -
circle.  The chute  distributes the de - icing chemical to a targeted posit ion on the road, and its 

position does not change as the vehicle traverses the route.    The application rate of the material 
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being spread is controlled by adjusting the speed of the chain used to convey the material to the 

chute or the spinner.   These cont rols can also record the chronology of actions made by the 
operator for future analysis and record keeping.  

 
Spreaders are equipped with control mechanisms that regulate application rates  to the road 

surface.  Ground -speed spreader controls adjust the appl ication as the vehicle speed fluctuates, 
such that the intended salt is laid on the surface.  Control systems are also able to record the 

quantity of chemical spread for later analysis and record keeping, and when linked with a GPS 
system a full history of  action taken throughout a road network is provided.  The older control 

systems use a hydraulic circuit to maintain stead application rates, but has the disadvantage that 

it begins to exceed the desired application rate as soon as the vehicle speed falls b elow the design 
speed, resulting in an unnecessary rich chemical mixture being deposited on the road.  Newer 

models use electronic ground -speed controls to provide the consistent application rates.  Vehicle 
speed is monitored from the speedometer and the s preader output is adjusted to maintain a 

steady output at varying speeds.  Some control systems are also able to increase the output rate 
is additional spinners are actuated to treat steep inclines and turning areas.  Hydraulic and electric 

vibrators and T eflon coatings are used to promote free flow of material.  Devices that measure 
friction can be used to help determine the location and extent to which spreading should occur.   

 

 
 Spread Patterns  

 
Extensive testing has shown that using chemicals strategica lly allows less to be used.  targeted 

applications in concentrated locations are more effective than simply spreading the chemical 
uniformly across the entire width of the road (Salt SMART).  A windrow is deemed to be a 

targeted application of chemical alo ng the centreline of the road.  By applying a concentrated 
mass of material it helps minimise the tendency to bounce or be blown off the road by passing 

traffic.  Application in such a targeted way is achieved using a chute rather than spinner, and can 

hel p provide a section of bare surface for two wheels of the passing traffic to have greater friction 
along.  Centreline windrows are not always suitable; they are not appropriate if the road surface is 

treacherous and immediate de - icing is required.  Banked curves are another example where 
centreline application is less appropriate.  Instead, chemical should be placed on the high side of 

the road.  
 

Chemicals can be usually be spread from a variety of places on a vehicle; from either side at the 
rear, from eit her side ahead of the drive wheels and on the centreline of the road at the rear.  

discharge along the centreline limits application to only the lane that the vehicle is traversing, 

whereas use of a spinner or chute towards either side can cover a number o f lanes.  Application of 
chemicals ahead of the drive wheels can provide some advantages.  By applying sand ahead of 

the drive wheels the traction of the spreader vehicle can be improved.  By applying the chemicals 
close to the operators car this enables t hem to monitor the application to ensure material flow is 

not impeded.   
 

 
 Calibration and Maintenance  

 

Calibration is essential for controlling application rates. Different materials will spread at different 
rates at the same spreader control setting, so spreaders must be calibrated based on the material 

being used. Each spreader must be calibrated separately; even individual spreaders of the same 
model can vary widely in the amount of material they spread at the same control setting. 

Furthermore, spreader s operate in a very hostile environment  -  low temperature, lots of moisture, 
corrosive chemicals -  so, they need to b e cleaned and checked annually.  Fibreglass and stainless 

or galvanised steel bodies and parts are available but expensive.  Fibreglass par ts do not corrode, 
but are damaged more easily during and use and cost more to repair.  
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 Pre-wetting  
 

The pre -wetting of solid salt has become common practice, whereby the salt is moistened prior to 
being applied to the road in a brine.  Pre -wetting allows  authorities to retain existing spreading 

equipment that has been used to spread solid salt whilst increasing the effectiveness of the 
chemicals spread.   

 
The technique of pre -wetting has a number of advantages over application of dry salt:   

¶ The requisit e moisture, which would be provided from ice, snow or precipitation once 

spread, is instead present at the point of spreading.  Hence a solution already exists, and 
there can be a more immediate effect in breaking the bond between the road and ice or 

snow.  There is also less dust spray from the back of salting vehicles and an ability to better 
target the chemicals being spread.  

¶ Granules adhere to the road surface much more readily than when dry, therefore less 
chemical is lost due to initial bounce and scat ter, from air disturbance caused by passing 

traffic or from the wind.  Savings in lost or wasted salt of over 20% to 30% are possible 
(US Roads Management Journal).  

¶ The spreading can be conducted at a speed similar to other traffic since the brine adheres 

to the road surface better than if in solid form, and hence ant - icing operations can be 
conducted quickly.  

¶ These in turn leads to a reduction in the volume of chemical required to achieve the same 
level of service, hence saving money and causing less enviro nmental damage.  

 
Savings from losing less salt to bouncing and traffic action can more than pay for pre -wetting.  

These benefits accrue from having lower application rates or fewer instances of treatment being 
necessary.  Studies show that the use of liqui d based chemicals can yield significant savings for 

winter maintenance operations, both in terms of operational costs and in reducing the adverse 

environmental impact due to chemical release (Cypress Bowl Liquid Chemical Case Study, 2001).   
 

A variety of liquids may be used for pre -wetting; with the most common being salt brine (NaCl 
already in solution), calcium chloride (CaCl 2) and magnesium chloride (MgCl 2).  Water alone may 

be used, however, it is uncommon due to the potential for refreezing  whilst in the vehicle 
mounted storage tank, in the supply line to the nozzles, in the nozzles themselves, or on the road .   

 
Pre-wetting may be completed at the material stockpile  either prior to or as it is loaded into the 

vehicles.  Spraying stockpiles of salt and  vehicle loads has been termed pre - treatment, and this 

practice is not as effective since the granules are not uniformly coated, the liquid may drain out of 
the solid material.  The most effective method is using on board spray systems mounted to the 

vehic les which add the pre -wetting liquid to the dry chemical as it is discharged from the chute or 
at the spinner .  This helps eliminate the problem of handling pre -wetted salt that is not 

immediately used, and is the most common method used.  The adjustment o f the spray nozzles 
used in pre -wetting is crucial to reduce wastage.  Wetting agents are corrosive materials, so it is 

important to use stainless steel nozzles and non -contact pumps.  Corrosion inhibitors are also 
added in some cases by the operator and t he salt spreaders can be equipped with the ability to 

re -circulate the chemicals prior to spread to help minimize the stratification process that can occur 

if left in storage for a period of time.   




