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by G.A. McKayl
INTRODUCTION
Meteorology, Energy and National Economies
The need for energy is fundamental. Mastery of energy has
allowed mankind to achieve major advances in productivity and
lifestyles. Energy is needed for cooking and transportation, and
to counteract adverse effects of weather. It fuels national
economies. The major gains achieved in agriculture are largely
based on the use of inexpensive energy. Market competitiveness and
the use of many new technologies are highly dependent on the
availability of inexpensive energy. The vital importance of stable
and economic energy sources is apparent in the effort made by
countries to achieve energy self-sufficiency.
Energy systems have been carefully planned to achieve
reliability at low cost. By their nature they are sensitive to
meteorological phenomena. Their design has usually recognized
meteorological elements that disrupt services, augment demands,
contribute to supply or must be considered for environmental
reasons. As a result, average weather and climate conditions are
unlikely to upset the energy industry. But design and planning
rarely covers all contingencies, and systems are frequently
victims of unusual weather and climate and extremes. Rising fuel
prices have often changed earlier design and operating rationales
and, combined with growth, have made systems much more vulnerable
to anomalous weather and climate.
Events over the past decade have revealed marked destabilizations
due to extreme meteorological events, some enormously costly.
Major losses have been experienced also as energy extraction has
moved into less hospitable and poorly understood, remote
environments. They have also occurred in highly populated areas
when planning did not adequately consider the combined effects of
atmospheric
variations,
topography
and
growth. National
Meteorological Services (NMS) can make important contributions to
national economies by assisting the energy industry to cope with
meteorological
extremes
and
achieve
greater
operational
efficiency. Some of the desired improvements, such as the
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development of more detailed climate forecasts, may require
intensive research. On the other hand, many losses have occurred
simply because available technologies are not being used to their
potential. Most of these technologies could be implemented by
national services with minimal additional cost or disruption.
Often the main hurdle to overcome is the development of effective
channels of communication between the industry and the NMS.
The main purpose of this report is to review ways in which
meteorological services can help mitigate costly and adverse
effects of daily/monthly and seasonal extreme events on energy
systems, and thereby contribute significantly to national
economies. The considered extremes are in intensity, duration, or
combination of meteorological elements. The report concentrates
initially on energy systems, identifying those features that
appear to be most vulnerable and at the same time critical to
system efficiency and effectiveness. Comments follow on mitigative
responses and their provision by National Meteorological Services.

ENERGY SYSTEMS AND METEOROLOGICAL EXTREMES
System characteristics
Energy systems can be highly varied as to fuels
distribution and operating methods, costs, pollution controls and
characteristics, etc. Systems may operate primarily with one fuel,
such as coal, hydrocarbons, hydropower or nuclear energy, or they
may use a mix of energy sources. Different fuel types are often
employed to accommodate peak demands. For example gas turbines or
pumped storage reservoirs may be used in conjunction with
conventional thermal- or hydro- power generation to provide
additional power for the peak consumption periods. The projected
Swedish energy system focuses on a combination of hydro, nuclear,
solar, wind, and biomass sources (Lônnroth et al, 1980). Brazil
has exploited primarily hydro, oil, coal alcohol and biomass
(Goldemberg, 1978). A convenient way of looking at the systems is
to consider stages within fuel cycles for each of the major energy
sources. The stages considered here are noted in Figure 1. To
reduce repetition in the following text, those parts of the cycles
that have similar problems, eg. offshore oil and gas acquisition
are considered together. Transportation and distribution systems,
too, have similarities. That for coal differs from oil and gas,
although that is being changed by the trend to coal pipelines.
Many of the systems feed into electrical utilities and these are
also dealt with as a distinct component. The diverse nature of the
components creates a myriad of opportunities for weather and
climate extremes to exert significant socio-economic impacts
(Table 1).

Energy systems must provide continuous, reliable, lowcost service. Interruptions can be costly as well as annoying, and
are to be avoided. Power grids that span large regions increase
reliability by providing energy from distant sources should major
areal supply or distribution problems occur. Alternatively,
additional production units may be brought on line to meet peakperiod energy demand or other power emergencies. The use of
'energy-source mixes'
to achieve economies and
to meet
environmental criteria has increased steadily. Examples are the
use of low sulphur fuels in times of anomalous airmass stagnation,
and the practice of conversion of solar or wind energy at the
household or institutional level - surpluses being fed into
regional energy distribution systems.
Vulnerability to Extremes
Weather and climate manifest themselves in a variety of
ways which can have distinctive effects on energy systems. Some
components of energy systems are remarkably insensitive to weather
and climate, others are not. Electrical systems show great
vulnerability to severe weather eg. the effects of a damaging
thunder- or ice-storm on power lines. Hydroelectric energy systems
and thermal plants that are dependent on water for cooling, in
most cases, are vulnerable to drought; however, drought evolves
gradually and that often allows time to assess and develop
compensating strategies. Long distances frequently exist between
the coal production sources and generation facilities and that can
increase the risk of the system being affected by adverse weather.
The vulnerability can be reduced by storage, but at a cost. As
previously noted, many of the potentially adverse effects of
extremes of weather and climate are obviated by design, but by no
means all. Current information and accurate weather forecasts are
invaluable in reducing vulnerabilities to storms. The operational,
design and planning responses to long-duration, large-area
anomalies should exploit climate monitoring, projections and
predictions. Some of the vulnerabilities and meteorological
service responses are identified in Table 2.
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TABLE 1.
FUEL CYCLE STAGE

FUEL CYCLE STAGES AND ENERGY TYPES
ENERGY SOURCE

TYPICAL VULNERABILITIES

EXPLORATION

OFFSHORE OIL & GAS

WAVES, WINDS, CURRENTS
HURRICANE, ICE

EXTRACTION &
STORAGE

COAL

MINE DAMAGE, GAS
HEAVY RAINS, WIND

CAPTURE

WATER POWER,
SOLAR
WIND

DROUGHT
EXCESSIVE CLOUDINESS
EXCESSIVE WINDS

CONVERSION

COAL GASIFICATION
COAL LIQUIFACTION

DROUGHT

STORAGE &
TRANSPORTATION

EXTRACTED & UPGRADED SNOWFALL, SNOW COVER,
FLOOD, HIGH SEAS, FOG.
ENERGY FORMS.

CONVERSION

POWER GENERATION
SPACE & INDUSTRIAL
HEAT GENERATION
REFINERY OUTPUT

WASTE MANAGEMENT

NON-RENEWABLES

TRANSMISSION

ELECTRICAL SYSTEMS

LINE & TOWER DAMAGE BY
WIND, ICE, SNOW.
FLASHOVER, LIGHTNING

TRANSPORTATION &
DISTRIBUTION

HYDROCARBONS, COAL,
WOOD, PEAT

SNOW, ICE;
ANOMALOUS DEMAND.

END USE

POWER & HEAT

SHORT SUPPLIES,
POWER OUTAGES.

RECLAMATION

EXCESSIVE DEMAND
1 INABILITY TO DELIVER
PREDICTION OF DEMAND
FLOODING

CLIMATE/WEATHER SENSITIVITY & VULNERABILITY
Meteorological Extremes
Major system disruptions have sensitized the energy industry
to the importance of extreme meteorological events. They have led
to meetings between meteorologists and the energy industry to
determine how meteorological science can be better exploited in
the interest of increased efficiency and effectiveness of use
(USDOE, 1984; Envir. Canada, in Press). Although the disruptions
are triggered by meteorological extremes, increased demands and
tightened reserve margins resulting from growth and increased
energy costs can be major influencing factors. Planning must be
integrated, and recognize that non-meteorological changes can
increase vulnerability to meterological extremes.
The meteorological extremes referred to herein are those that
can have major impacts on energy systems. They may result in loss
of life, property, major inconvenience, or disadvantage countries
or communities. They are events for which existing systems are not
adequately defended by existing planning, design and operating
procedures. The losses may be caused by short-duration events such
as storms that can greatly damage a distribution system, by
sustained heat that creates excessive power demands leading to
"black-outs", or by long, sustained droughts that may force a
curtailment of service, i.e. from events on both weather and
climate time scales. Meteorological Information, introduced into
planning, engineering design and operational tactics, can help
reduce such losses.
Typical meteorological extremes affecting
energy systems are noted in Table 2.

ENERGY SYSTEM VULNERABILITY/SENSITIVITY
Non-Renewable Energy System Components
As apparent in Figure 1, exploiting non-renewable energy
sources involves exploration extraction, the transport of
materials from sources to plants, their conversion into electrical
energy or heat, the distribution of these to consumers, use and
related management of materials, and waste. Also systems must be
designed and operated for economic viability and to meet
environmental and other regulations. The fuel types and management
functions considered here have been selected because of their
widespread
use and because they require information on
climate/weather extremes. Wood is not considered. To simplify
presentation only the more meteorologically sensitive elements and
the most viable services are considered.

Table 2.

Element :

EXTREME METEOROLOGICAL EVENTS AND RELATED SERVICES
(WF = Weather Forecast, DD = Design Data
and Information, CF = Climate Forecasts)
1 Service Response
Common Effects:
CF
WF
DD

WIND:
gales,
hurricane,
cyclone,
tornado,
strong gusts.

Pylon, cooling tower damage
Conductor breakage.
Dangerous seas.
Flooding of low, coastal areas.
Oil-spill hazard increased &
containment complicated.

HEAVY RAIN

X
X
X

X
X

X
X
X
X
X

Flooding of mines, facilities.

X

X

FREEZING RAIN
& WET SNOW
HEAVY SNOW
& BLIZZARD

Electrical conductor breakage.
Support structure failure.
Overloading of coal-cars.
Oil, coal distribution and
systems servicing impeded.

X
X

X
X

X
X

X
X

SEVERE
THUNDERSTORM
(lightning)
EXTREME COLD

Power distribution interrupted
by surge, transformer damage
(see above for wind and rain).
Excessive demand.
Frozen coal.
Equipment malfunction.

X

X

X

X

X

X
X

X
X

X
X

—

X
X
—

& HEAT

DROUGHT

Hydropower production curtailed
Cooling & processing water
shortages.
Purchase alternative energy
Energy for water pumpage
Industry curtailed

X
X
—

Offshore Oil and Gas
The search for, the extraction and the shipping of
hydrocarbons offshore are highly exposed and vulnerable to extreme
environments. Hurricanes have been a major threat in lower
latitudes. Norway's Alexander L. Kielland rig disaster, that took
123 lives in 1979, may have been related to the brittleness of
metal resulting from sustained cold. Canada's Ocean Ranger
disaster on the Grand Banks in 1982 claimed 84 lives. It occurred
under storm conditions that contributed to the problem and
frustrated evacuation.
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Prior to foraging for oil, baseline studies are undertaken in
the interest of safety and maintaining environmental values. There
is a serious deficiency in base-line climate information for the
planning of these activities. That deficiency has increased as
exploration reaches into regions for which there is little climate
history, and uses technologies that were developed for quite
different environments. Supertankers can carry about 100,000
barrels of oil. A heavy responsibility is placed on marine
architects and those who select routes so that extreme events do
not jeopardize safety, the environment and major capital
investments. Careful evaluation of all relevant information is
essential. Obtaining the long-term time series needed to reveal
past extremes may not be possible for 'frontier' areas. Historical
scenarios that are transposable to the area may provide valuable
additional insight into possible extremes, their intensity, timing
and duration.
Most damaging are extreme winds, waves, currents,
surges, fog, ice accretion, cold temperatures and sea-ice. These
threaten operations, facilities and emergency procedures. They
threaten construction crews, the haulage of pipeline assemblies,
drilling and travel to and from sites (Birks, 1981). Installation
and other schedules can exploit climate "windows" when the hazard
of high wind, fog and freezing precipitation is least. Structures
are designed to withstand winds, waves, and currents, of a
specified recurrence interval, but unforseen disasters do occur.
Storm-produced currents stress structure and cause sediment
washouts which can undermine structures and pipelines (McKay et
al. 1981). The uncertain performance of materials in climate
extremes for which they have not been developed can prove
hazardous. Emergencies may force abandonment under difficult
weather and sea conditions, as occurred at the time of the
previously mentioned Ocean Ranger disaster off Newfoundland. In
the absence of wind oil will spread as a result of gravitational
forces and surface tension differences. In general slicks move at
a rate equal to about 3 % of the wind velocity; however, both
current and wind vectors determine the track. Rough seas and
strong winds
also
increase
the rates
of evaporation,
emulsification, oxidation and biodégradation of a spill.
Containment boom performance and failures are associated mainly
with strong winds, currents and high waves (Fingas, Duval &
Stevenson, 1979). The probability of blizzards and frost-bite is
introduced along with anomalous sea ice movement in Arctic
exploration. The occurrence of blow outs and spills (eg. Ixtoc-I
in Mexico's Bay of Campeche, 1979) may make necessary the assembly
of emergency forecast teams and availability of drift models that
predict the movement of slicks and their probable landfalls. Lowrelief coastal plains along the Gulf of Mexico and in other
tropical/subtropical areas are highly prone to spills. Sound
guidance is needed on the movement of tropical storms,
extratropical storms and storm surges (USD0E, 1984). Storms and
climate
fluctuations
also
affect
ocean-going
tanker

transportation, sometimes causing delays that affect the overall
supply available to markets.
The use of climate data in route selection, and the
development of port facilities, and the provision of accurate
climate forecasts can help in ensuring continuity of operations
and supply. Recurrence of severe winter ice, such as that
experienced off Siberia in the winter of 1982-83, could have an
enormous impact on offshore energy transportation, and their
forecast could have enormous benefits. Regulatory measures
designed to minimize environmental risks may require additional
information and monitoring of extremes winds and waves. Spill
contingency plans should be based on knowledge of climate and its
extremes and ensure that appropriate weather advisories are
available and used.
In-port, time is lost due to extremes such as heavy
rains and snow, exceptionally strong winds, and extreme cold.
Writing of these costs, Jakobsen (1979) noted that "Economically
speaking, lost time due to weather can be disastrous... costing in
the neighborhood of $US 400" for each labour gang member.
Inland Oil
Inland exploration, development and extraction requires
understanding of meterological extremes such as coastal storms and
surge that might flood onshore drilling areas, and extreme
environments that affect the performance of personnel and
equipment. With time the search for hydrocarbons has reached out
into increasingly remote and difficult environments and to sources
that require different technologies. Many 'frontier' developments
are particularly prone to extremes of weather , being located in
areas for which climate history is inadequate, the weather often
severe, and the environment fragile. Economics has favored
secondary recovery and the extraction of heavy oils which must be
made less viscous to be extracted. Their heating by steam requires
large volumes of water. Extremes of weather can pose operating
problems for highly exposed activities such as the extraction of
oil from tar sands. Reclamation of the mined areas poses problems
similar to those of strip mining for coal. Because of the high
cost of operating in harsh environments, adverse climate
variations may frustrate an otherwise viable program.
Transportation
Most oil is transported by pipelines. These are relatively
insensitive to weather, though monitoring does involve flying.
Canada's Interprovincial Pipeline Company carries 1 million
barrels of oil per day. Collector pipelines bring oil from the
fields to be pumped onward to refineries. Pipeline design and
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baseline studies require climate information such as maximum air
temperature, solar radiation, and soil temperatures. These are
used to evaluate pipeline expansion and contraction due to
weather, and pumpage requirements which must allow for the
viscosity of oil. Extreme climate and weather events that might
alter 'wet* permafrost, cause severe soil erosion or floods at
river crossings etc., along pipelines must be considered in design
and monitoring. Delays in water traffic caused by precocious
freeze-ups, ice, snow storms and flooding are concerns when the
oil is transported by tanker or barge on inland waterways.
Supply Management ;
Another major industry concern is the supply/demand
imbalances caused by vagaries in weather and climate. These can
have local to international implications. Cold northern hemisphere
winters have been repeatedly blamed for imbalances that have
increased world oil prices. Quirk (1981) claimed that the weather
conditions of 1976-77 caused an increase of over one million
barrels per day in U.S. oil imports. His study of concurrent cold
in Europe, Japan and North America indicated that climate
variations "could cause the world gross domestic product to vary
by more than 100 thousand million U.S. dollars". A gas
distribution crisis resulted in the United States in 1976-77
because of lack of preparedness for a 1:100-year return-period
cold winter. Inappropriate regulations that were a factor in this
disaster have been corrected, but what of other unforseen events
that are yet to try established systems? Design and planning is
much less expensive than trial and error. Advance planning
information can allow more timely and economic purchasing, help in
the allocation of scarce fuels, and, in the overall, help avoid
unnecessary hardship. Some North American oil companies stock oil
supplies sufficient to meet the demands of 90 percent of the
winters. If a winter is colder, alternatives must be invoked such
as importing oil, increasing refinery production, altering the
manufacturing mix of heating oil and gasoline, etc. Should the
demand for oil fall far short, then other costs are encountered.
The storage of heating oil in the northeastern United States in
the warm winter of 1982-83 is estimated to have cost $100 million
(U.S.DOE, 1984).
The supply manager's task is to achieve optimum
performance, avoiding both costly excessive inventories and
critical shortages. That portion of the demand attributable to
climate is computed in detail in the United States because of the
large investment involved. There, winter heating demand is
determined primarily by the coldest 100 days of winter, but the
sequencing of cold events over the winter and in the autumn and
spring shoulders of winter are also important. For that reason
series of 1-15 day cumulative extreme demands are computed (USD0E,
1984). To avoid undesirable bias, the climate records used in
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computation must be representative with respect to the general run
of climate and the area generating the major demand.
Weather/climate occurrences are not the only factors
that shape demand. Energy demand model design, testing and use
requires definition of all factors that significantly influence
demand, including energy price and disposable income. To compute
the effects of these other parameters for rate setting or system
development, the effects of weather, and in particular, weather
anomalies must be removed. Energy-use data sets may be
significantly biased by anomalous climate, and difficult to assess
especially if there have been coincident causes of demand peaking.
Typical meteorological parameters used for this analysis are
hourly air-temperature, relative humidity, sky cover, temperaturehumidity index, and wind speed.
Peak demands, too, have both weather and socio-economic
components. The meteorological effects can be large. An American
northeastern utility indicated that a 1° F change in temperature
can mean a 150MW change in demand. In the northwest, another
utility noted that a 5°f drop increased the demand by 600 MW.
(USDOE, 1984). Heat waves also cause surges in power demand as air
conditioners and irrigation systems are turned on. Analysis of
peak demands is also undertaken in detail, eg. by customer class
(country, urban home, etc). That, too, requires hourly weather
data to establish the sequence that initiates peak demands.
Analysis is undertaken periodically (say every 3 to 5 years) to
identify opportunities to increase the system efficiency.
Refining

and Manufacturing

Three critical components of refining and manufacturing
are: management of crude oil stocks, the refinery mixture of
products (which vary with the season) and the supply of water for
cooling and processing. Refineries produce home heating oil,
gasoline, aviation diesel fuel, kerosene, waxes and inputs to the
petrochemical industry. Decisions must be made well in advancesay in June for autumn season production - on the volume and mix
of heating oil and gasoline to be produced. Both are dependent on
the future climate. Early planning is presently based on normal
and extremes or design winters and a basic projected demand for
gasoline. Adjustments are made as the heating/cooling season
weather/climate unfolds. Climate monitoring and more accurate
climate forecast of future climate have obvious relevance in
determining markets and thereby the refinery mix and in projecting
the availability of cooling and processing water.
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Distribution:
"Weather rather than long-range forecasting, come into play
in short-term decisions on oil distribution modes" (USDOE, 1984).
Scheduling of oil deliveries is based on consumption rates that
are dictated largely by weather, in particular air temperatures.
Occasionally deliveries are hindered by major storms, and user
shortages occur most frequently in periods of extreme cold.
Information on the probable occurrence, intensity and duration of
such events can be used to plan and implement tactical plans to
avoid or mitigate hardships that might result on these occasions.
Gas
Supply management is also the principal weather/climaterelated concern once gas is in the pipeline. (The export of
liquified natural gas (LNG) or liquified petroleum gases by ocean
carrier warrants the same consideration as other ocean shipping,
and is not given further attention here). Major economies are
possible through timely and accurate prediction of weather/climate
variations. Good management makes optimum use of storage
facilities and climate/weather information to carefully tune
supplies to demand, thereby minimizing operating costs. Climate
information in the form of normals and risk statistics are used
extensively- to assess probable demands and plan acquisitions as
noted above for the oil industry.
The movement of gas in the system must start several
hours to several days before it is needed. Systems generally have
a storage capacity as well as committment from the pipeline
operator. Purchasing supplementary gas may be costly, and if it is
not all used, additional losses may be incurred as it is 'dumped'
back into the pipeline. For these and other reasons weather
forecasts of extreme cold and heat have key roles in dispatching.
With constrained supplies, industrial gas may be cut to ensure
supplies are adequate for higher priority, higher priced domestic
consumption. Advance notice of such reductions is needed by the
user as well as the supplier. In some instances supplementary gas
generating plants may have to be put into action when the on-line
supply and storage systems cannot cope with demands. The start-up
and production levels of these plants must be carefully tuned to
weather in the interests of economy and efficiency. In the case of
sustained cold that reduces industrial activity, additional
concerns may arise such as alternative work for those idled by the
fuel shortage. Weather and climate forecasts of such major
anomalies have great potential utility in offsetting related costs
and inconvenience. The implications of anomalous temperatures on
gas consumption (Table 2) indicates this potential.
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Table 2. The effects of anomalous climate on gas sales in the
United States, 1977 - 1983). Gas sales were 22% higher in the cold
January of 1977, than in January 1980, and 18% less in the warm
winter of 1983 than in the preceding winter (after Roland, 1984).
January

1977

hdds

134%

Gas sales

122%

1980 I
1
I
100% I
I
100% !

1982

1983

100%

81%

100%

82%

The estimated
cost of additional 1977 gas if purchased at the
supplemental rate is $US 1.5 billion. If a 5% saving were possible
through the use of climate forecasts, that would equate to a
saving of $75 million. "Knowledge of warm winters could encourage
utilities and gas suppliers to look for new markets for surplus
gas, initiate short-term sales to industrial customers, and better
adjust industrial sales plans of scheduling interruptible load."
(Roland, 1984).
Coal
Coal is the industrial world's most-exploited source of
energy, and its use is growing rapidly. In addition to being used
by electrical utilities, coal is used in district heating and
converted to gas and oil. The coal system's vulnerability to
weather/climate is greatest in mine and infrastructure siting,
mine operations, transportation and in the conversion to
electrical energy or heat.
Mining :
The local topoclimate can be of major importance in the
selection of mine sites and infrastructures. This is particularly
true in mountainous terrain where it can be difficult to predict
the dispersion of dust and stack plumes (USD0E, 1984) . Of major
importance are the definition of the inversions and low
ventilation risks in terms of frequency, intensity, duration and
timing, and the risk of floods. Major capital savings have been
made in locating connecting railway transportation lines where
protection from major snow storms is provided by topography.
Surface mining is usually scheduled in seasons with
favorable climate so that anomalous weather and climate are not
major factors in its success. Periods of drought or excessive rain
can
impact
land reclamation projects. Underground mining
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experiences more serious problems. Abrupt changes in atmospheric
pressure may allow methane that has accumulated in mined-out areas
to expand into active portions of a mine. Ignition may then follow
if ventilation is inadequate. Warnings of such drops in pressure
can help ensure that preventative measures are in place.
Condensation of moist air introduces water into mines and, in
winter, both ice formation and freezing can adversely affect the
performance of haulage equipment. Also in winter, the lower
humidity increases the risk of coal dust ignition. Four times as
many American explosion disasters have occurred in winter as in
summer. Flooding
occurs in periods of extreme and extended
precipitation, and can result in losses in production and, on
occasion, the loss of life. (Boyer, 1984).
Gasification and Liquifaction
Both coal gasification and its conversion into oil are achieved by
the injection of steam and hydrogen. As this requires large
amounts of water, both the amount and dependability of water
supplies are factors to be considered, and conversion plants are
usually located near large sources.
Transportation
Problems in rail transportation of coal include snow
loading of cars, and the freezing of wet coal so that it sticks to
cars. Boyer (1984) states that up to 2 tons of coal can remain
stuck to emptied cars, and that losses of up to $50 US per car are
incurred in thawing the cars or returning them with the adhering
coal to the mine. He noted a frozen shipment that required 69 days
to thaw, and which incurred demurrage charges of US$400,000
(1982). Rail lines can also become impassable due to floods, heavy
or drifting snow, and ice. Revenue losses of US$1.5 million per
day were experienced by 12 mines in Utah as a result of a
landslide initiated by heavy spring rains. The weight of the snow
on cars, added to that of the coal, can be substantial and has
necessitated car redesign. The use of water slurries in coal
pipelines is also dependent on a reliable water supply.
Two major problems affecting transportation on water are
floods and freezing of the waterway. Terminals may be unusable
during floods and anomalous cold. The sustained cold of the 197677 winter in eastern North America resulted in millions of tons of
coal production being lost, and power plants serviced by the river
traffic were forced to acquire coal from other sources at premium
prices (Boyer, ibid).
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Conversion and Use
Coal-fired power plants usually depend on stockpilesusual ly a 90 to 120 day reserve depending on the size of the
plant, to offset
the variable demand occasioned by weather and
climate. Anomalously cold weather can create major difficulties
for small plants for these tend to maintain smaller inventories.
Excessive precipitation can cause coal handling difficulties, and
environmental problems from runoff. The type of coal used in
conversion depends on air quality guidelines and the ventilation
capacity of the atmosphere. Current weather information and
forecasts are of major importance in achieving the most economic
use of fuels compatible with environmental quality. Extremes
relating to conditions that demand the use of more costly fuels
need to be well understood. Climate monitoring and prediction are
important in periods of drought, when alternative supplies of
cooling water may have to be negotiated. In the design phase, the
extreme loads produced by winds on cooling towers must be
estimated to arrive at a safe design. Wind estimation usually
requires the analysis of past wind extremes and the use of
boundary-layer modelling techniques.
Nuclear Energy
The control of radioactive materials requires extremely
careful management in all processing,
refining and transportation modes. The release of materials into
the atmosphere directly or via the hydrosphere and biosphere can
lead to highly undesirable contamination. For that reason, WMO and
the IAEA have collaborated in setting design criteria. WMO has
published Technical Note No. 170,
" Meteorological and
Hydrological Aspects of Siting and Operation of Nuclear Power
Plants" (WMO, 1981 & 1985). The Note stresses that "the design and
operation of a nuclear power plant should incorporate the effects
of rare and extreme meteorological events". Reference should be
made to the two-volume Technical Note for specifics on the
analysis
of meteorological
anomalies
for
such design.
Consideration of meteorological anomalies is recommended at the
site survey stage when the susceptibility of the site to
meteorological hazards should be thoroughly evaluated. Procedures
are proposed
for
the evaluation of extremes of wind,
precipitation, snow pack, temperature, and phenomena such as
coastal and riverine flood and tornadoes. International Atomic
Energy Agency procedures for design against both water excess from
direct rainfall, or rainfall and runoff and also tornadoes are
included in the technical note. The existence of conventional
meteorological records is generally well known. Less well known is
the existence of some special data files on the characteristics of
tornados that have major importance in engineering design such as

16
those of Fujita (1971, 1973). Reactors are designed to withstand
much greater forces than those exerted by tornadoes, however this
information is needed for the design of ancillary facilities.

RENEWABLE RESOURCES
Water
The most-manageable renewable energy source is surface
waters. Hydropower presently provides for about 3 per cent of the
world's energy needs. Use varies markedly between countries
depending, in large measure, on natural endowment. Because the use
of hydro-power presents few environmental problems and since much
of it remains unexploited, major development is projected. A first
step in development is to find suitable supplies and opportunities
for storage. Storage is essential to overcome variations in supply
occasioned by seasonality and climatic anomalies. Precipitation is
the primary source of inputs to storage, and evaporation is
usually the major demand on stored waters. The seasonal and annual
variations of these parameters, as well as the magnitudes design
floods caused by rainstorms and snowmelt, wind effects, waves, and
ice conditions must be known for adequate design and operation of
impoundments. Reservoir drawdowns are scheduled to match projected
inflow based on hydroclimatic information. Strategies can be
modified in the light of climate contingencies or climate
forecasts for the ensuing month and season. The time-lag between
climate forcing and water supply change facilitates the projection
of water stage. Operation of dams is increasingly based on
hydrological models that employ weather forecasts and both weather
and climate records for the catchment area. Continuity of the
climate stations for which data are used, and the "real time"
delivery of records is of great importance in model application.
Drought can pose a major problem for water-supply based
systems. For example by October in the 1976-77 drought in
California, stored water had dropped to 38& of average and 23 % of
capacity. Since the reservoirs were multipurpose/ water use had to
be curtailed in 150 communities and hydroelectric energy
production was reduced from a 33 billion kWh average to 16 billion
in 1976 and 13 billion in 1977 (McKay and Allsopp, 1980). On that
occasion California burned 50 million barrels of oil to replace
hydropower shortages caused by the drought (Quirk and Moriarity,
1980). The ability to foresee such occurrences, and predict their
onset, intensity and termination is obviously extremely important
in decisions concerning the conversion to and use of alternative
fuels.
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Solar Energy
The supply of solar energy is enormous, but dilute.
The
development of suitable thermal-electric and photovoltaic
technologies for economic capture and use has led to extensive
study of the magnitude and variability of the resource. Major
conversion systems are still mainly of a research nature, and
success relates to the use of collectors on a large scale (10MW or
greater). Nevertheless small collectors are popular and now
commonplace. Surplus solar energy from small units is being fed
increasingly into electrical systems as a supplementary source.
Sweden's energy system incorporates energy from solar and wind to
complement that from other sources.
Where solar energy is a main source, back-up systems
must be put in place to cover periods of low insolation.
Determining that need requires climatological analysis of
durations of low solar energy reception. Site selection, and
design of capturing devices are also dependent on climate
information, but the systems are not excessively vulnerable to
extremes. Siting is often based on opportunities that can be
assessed from climate information or models and topographic
information. Forecasts of temperature, daytime cloud cover and
wind speeds, both conventional and for extended range, have
utility in determining the most economic functioning of hybrid
energy systems using solar energy (WMO 1975, Olsson et al, 1975).
Systems design would normally accommodate extreme durations of low
insolation.
Wind Energy
The variable supply of wind energy usually necessitates the
use of storage devices to ensure stable supply, or its use as
supplementary input to a system. The capture and use of wind
energy is now widely practised using both horizontal and vertical
axis devices. Their size and the noise they generate usually
constrains their use to more remote areas. The Boeing Mod-2
generators are 61 m high, have rotors that measure 91 m from tip
to tip and have a rated output of 7500kW. Wind speeds of 6.2 m/s
are required to initiate rotation, and the system automatically
cuts out at speeds of 20 m/s. In the stationary mode the generator
is designed to withstand winds of 56 m/s. There is merit in
exposing generators in wind-favoured locations, and this has
developed the art of wind prospecting and modelling for optimum
exposure sites. Since the selected sites experience strong winds,
turbines and support structures must be designed accordingly, eg.
to feather when wind speeds exceed about 50 m/s to avoid damage
to the devices. One to seven day forecasts of winds are of value
in operating hybrid systems that exploit wind energy.
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UTILITIES
Site Selection and System Design
Siting, design and operations of utilities all require
significant amounts of information on meteorological extremes.
Plant siting should take into account prevailing winds that
dictate where coal dust and stack emissions will move, ventilation
and the frequency, duration and intensity of inversions that could
result in high unacceptable concentrations of emissions, the risk
of flooding, and of extreme winds that stacks and cooling towers
must withstand.
Intensive production of energy has introduced major
environmental concerns, including the alteration of local
climates. The modifying effects of cooling ponds are well known.
Studies of energy sources in the Upper Rhine Valley have been
taken to see if heat releases there could contribute significantly
to severe storm generation (Pankrath, 1980). Decentralization of
production could reduce that risk. Model studies have been
undertaken for proposed 'energy parks' to evaluate their effects
on local-to-regional climate (Murphy et al., 1976, Chervin, 1980).

Distribution System Design
The extreme loadings exerted by winds, ice and snow
are factors to consider in the selection of electrical
transmission corridors, conductors and support structures These
parameters can vary markedly within a climate region because of
topography. They can be estimated by models that are developed
from and use climatological measurements - as validated by infield
ice accretion measurements (Environment Canada, in press).
Meteorological advice on the location of new power lines, or on
relocation of lines where such damage is chronic, can be of
enormous economic value to the system operator.
Analysis of likely hazards such as lightning strike
frequency, strong winds, sandstorms, tornados, heavy snowfalls,
ice storms, rime occurrence etc. with due topoclimatological
interpretation should also be undertaken in the selection of
transmission corridors, and to identify sectors of routes that
require additional protection. Flashover, a concern related often
to salt
and
other atmospheric
impurities
is frequently
identifiable with anomalous meteorological conditions (cf. Ahti,
1981) .
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Continuity of Service
Continuity of service is sought by utilities and
consumers alike. The major causes of electrical power interruption
are extremes of weather and climate that damage the operating
system or exceed its design basis to meet energy demands. Gusty
winds can cause rain-soaked or ice-laden trees to fall across and
break electrical conductors. Very strong winds have toppled
transmission towers. Tornadic winds have torn up large segments of
transmission lines, leaving cities without the power needed to
operate electric trains, elevators and other vital services.
Lightning strikes also cause power surges that may lead to blackouts: they can also destroy power transformers. Goellner (1984)
suggests that 40 to 50 % of all customer service interruptions are
attributable to the effects of lightning and that millions of
dollars are spent annually to repair its damage to lines and
equipment. Radar tracking of thunderstorms can provide valuable
information on areas affected. Emergency systems are in place in
most hospitals, airports, major computer installations, and
important buildings, but the cost of providing more general backup services is prohibitive. However, urban or regional blackouts
leave homes and citizens at great risk and cause both major
economic losses and inconvenience, and mitigative measures are
needed. A utility, alerted to such occurrences or risks by
detailed forecasts, monitoring and advisories, can locate repair
crews and strategically to minimize the duration and extent of
power outages.
Another cause of service disruption is demand peaks
occasioned by extreme heat or cold. Utilities may counter such
peaks by bringing other energy production units on line.
Projections concerning the nature of the peak can assist the
operator in making important decision concerning load distribution
and the purchase of energy from another utility (USDOE, 1984) all
of which can affect the economy of the opération. Such decisions
are usually based on models that use information on temperature
extremes and their duration as well as concurrent humidity, solar
radiation and wind. The worth of the decisions relates to the
model quality and forecast accuracy. The lack of adequate cooling
water because of drought may also constrain production. Estimates
of the availability of water would benefit from accurate climate
forecasts. Alternatively climate records are also used in
examining possible alternative futures and in contingency
projection.
Related to continuity is maintenance. When there is a
pronounced seasonal cycle in demand, maintenance can be best
undertaken in the low demand season. Where there is no clear-cut
off season, eg. where peaks occur due to both summer cooling and
winter heating, seasonal forecasts can assume much greater
importance in the scheduling of maintenance.
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Load Estimation and Rate Evaluation
Regulated utilities use chronological data to adjust
their fuel purchase and sales for climate during a particular
year. In the United States they are granted compensation by the
regulatory authority if the design value is exceeded and penalized
if the reverse occurs (Viren, 1981). The purpose is to enable the
utility to earn revenues that match those for a typical year. That
opens the question of what is typical? Use of climate normals
leads to many upsets. Shorter duration, recent averages and
contingency statistics may provide an improvement. Accurate
climate forecasts would overcome the present speculative approach.
Operations, planning and facility design require values
of daily maximum and minimum or hourly temperature, daily totals
of precipitation, hourly values of wind speed and direction, solar
radiation, humidity, the occurrence of ice storms etc. These are
used in the development of operating plans, and to achieve system
economy and security through design. Extreme values must be
considered as elements of the sequence of weather that the
facility will experience.
Estimation of power demands and operating costs are
based on projections of user-population, life styles, industrial
activity and climate. Normalization of use is achieved by using
past climate records and screening out variations in demand due to
storms, heat-waves and other weather/climate influences. Elements
used in estimation include hourly measurements of wet and dry bulb
temperature, wind speed and direction, direct and diffuse solar
radiation, solar angle, cloud cover and type, visibility, and snow
cover. The weather/climate demand factor is extremely important.
Goellner (1984) reports that a 1°C change in temperature in winter
caused a utility load shift of over 200 MW. Climate data used in
the normalization process should be site specific. In practice the
data are weighted and otherwise interpreted to make them better
reflect demands of the areas of concentrated energy consumption.
In the absence of such data alternative estimation techniques must
be developed - such as models using data for plausible alternative
locations or other indices. The resulting information and climate
projections are used to substantiate proposed rates which are
approved by regulatory agencies, and for long-term development
projections. The climate records that are used must be of
sufficient quality, representativeness and length to convincingly
prove the rationality of projected climate anomalies. Once
developed, the demand model products should be usable in assessing
the effects of climate anomaly forecasts on system demand.

21
Operational and longer-term planning
"Changes in climate and weather affect the operations of
electric utility systems in variety of ways, on different time
scales, and with different economic impact" (Reiter, 1984).
Typically utilities have three planning horizons: the short-term
(days to weeks), the intermediate term of a month to a year, and
the long-term which is in excess of a year. Over the short-term
costs are minimized by optimising on fuel and generation choices
available. Over the intermediate term labour and fuel resources
are adjusted to minimize operational costs and purchase contracts
are let. Over the long-term, capacity changes will be planned
(Viren, 1981). The electric utility is concerned with short-term
minimum and maximum demands. As a rule a number of base load units
is operated, along with peaking units that meet the increases in
demand due to weather, and which operate at a higher unit price.
The gas utility must minimize costs relating to storage,
manufacturing and pipeline purchases. Uncertainty "requires that
the utility conservatively hold their storage gas in reserves to
meet severe weather conditions. The normal operating procedure is
to dispatch storage gas under a duration curve for probable severe
weather events" (Viren, 1981) which means that more use is made of
the more costly pipeline and manufactured gas. The use of
conditional probability for forecast conditions can enable a
reduction in the duration curve levels, and thereby reduce
operating costs.
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METEOROLOGICAL SERVICES
Fine tuning to climate and weather is required if the systems
are to achieve the much needed economy of operation and
effectiveness. Most energy systems are designed to cope with the
more-common vagaries of weather, but they are not immune to all
extremes. New, more efficient technologies generally require more
information, and National Meteorological Services need to keep
pace if they are to be relevant. Ever-increasing amounts of
information are wanted in "near-real-time". The expanding rolesof
computerized data processing and communications are contributing
factors.
The service needs identified in this report are unlikely to
be universal, but they are typical. Service responses should be
priorized on the basis of net benefits identified jointly by the
industry and Meterological Services. Often the inititative must be
taken by the Services. Convincing, hard proof of utility of a
proposed service is frequently difficult to acquire. To overcome
that problem, interested Services are well advised to critically
document events that prove the value of their services. When a
decision is made to implement, a clear understanding of the
industry's operations and decision process is required to help
ensure that the provided services are suitably tailored to needs.
There are marked differences in the needs for and the ability
to provide services. For example industrialized countries are
highly dependent on coal, hydrocarbons and nuclear energy.
Developing countries, on the other hand, may not have those
options. This report attempts to identify energy system activities
in general that can
be made much more effective
and
efficient
through
meteoroLogicaL
services. It also
identifies key meteorological services areas, and procedures that
may be of value. Methodological details are only alluded to
because specifics are available in documentation that has been
prepared for the World Meteorological Organization's Climate
Applications and Referral System
(CARS), its Hydrological
Operational Management Systems (HOMS), and in WMO Guides and
Technical Notes that are noted as references.
Initiating Action
As a rule, the weather/climate related losses or missed
opportunities experienced by energy systems are, in themselves,
sufficient inducement to initiate action. Documentation of such
cases can provide a start in demonstrating the need to use
meteorology in planning, design and operations. However, drawing
attention to weather/climate related problems alone does not
ensure that needed action will be taken by the energy industry.
The benefits of using meteorology must, usually, be clearly
demonstrated in social and economic terms. The benefits must also
exceed the costs of system modification, and be better than those
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obtainable through other courses open to the decision-makers. A
candid approach to use of meteorology is of fundamental importance
in establishing the credibility that is essential for meaningful
communication. Specific joint undertakings should be identified
and proposed. These could be case studies that demonstrate cause
and effect relationships and that are urgently needed in solving
real problems - eg. the use of weather warnings to reduce the
duration of power outages or losses during transportation.
An example of a missed opportunity might be loss of revenue
due to the curtailment of hydropower production due to drought
conditions. Most droughts are not uniform across a large region
and water shortages do not necessarily exist in adjacent areas.
Drought analyses will demonstrate the spatial variability of
drought. That knowledge, backed by engineering and economic
studies, could be used to justify further regional development of
hydropower and power grids to achieve a more stable supply.
Since each energy system is relatively unique, support
programs will differ. Tailoring meteorological services to a
specific system requires precise understanding of how the system
functions. Meetings between users and those who must design and
provide the service can be highly productive in determining major
needs, in identifying possible solutions, in making known the
services that can be provided, and in establishing credibility and
contacts or committees to implement proposals. How and whether or
not a service is provided may depend on a country's meteorological
service system and policies.
Education
Unfortunately, potential users within the energy industry
often have little understanding of the meteorological support
services that can be provided. Understanding cannot be assumed. It
can be generated through meetings and educational programs. A
variety of ways have been successfully employed; for example the
use of brochures, guidance materials and training courses. An
impressive, specific example is "A description of meteorological
and Océanographie conditions associated with typical storms on the
east coast of Canada" (Atmospheric Environment Service, 1986).
This pocket-sized publication provides offshore operators with a
very clear picture of what can be expected in major storms that
traverse an exploration area. A storm that caused a catastrophic
loss of life (sinking of the "Ocean Ranger" in 1982) is included
as an example. Graphs, cross sections and maps are used to show
the trajectory, mean sea level pressure, wind speeds and
direction, significant wave heights, clouds, visibility and
weather, aircraft icing, isotherms, windchill and sea spray. The
same approach could be used with land-based concerns.
Workshops on energy system needs and the capabilities of
the National Meteorological Services to provide information can be
extremely effective in overcoming knowledge deficiencies. These
can allow unfettered discussion at the scientist and operating
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levels and thereby greatly improve understanding and arrangements
concerning services. They can also provide guidance for research
and development.
Communication
Good communication lines must be established and maintained
to determine precisely what information is needed, what can and
should be provided, when and in what format and on what media, how
will it be prepared, what are the costs and who will pay.
Proactive programs are needed to bring meteorological capabilities
and their utility to the attention of the energy agencies and
industries. The workshops can be common ventures such as the
educational workshops already noted. WMO regional technical
conferences also provide such opportunities, but others that are
specific to national interests should be considered. Workshop
decisions should be actively implemented to establish credibility
and maintain interest.
Communication must not stop with periodic meetings and
promotions or demonstration at fairs or technical meetings. The
most effective means of technology transfer is joint development
of services. In some countries this is often facilitated by the
employment of meteorologists in industry which helps ensure that
meteorological science is properly exploited in support of the
energy systems. However, industrial meteorologists, too, may not
have full understanding of. nor adequate influence in shaping
National Meteorological Service programs. When energy agencies do
not have their own meteorologists, collaborative development of
service programs should be considered. That can be done by
assignment of personnel from one agency to the other for the
development period.
MATCHING SERVICES TO NEEDS
Highly effective support for energy systems is provided in
some countries. However, even there, with changing technologies
there are invariably opportunities for enhancement. Some of the
many conventional ways in which meteorological services are or can
contribute significantly toward the industry's success are noted
below. Evolving technologies promise even greater capabilities to
serve in the future.
National meteorological service products are primarily
weather forecasts along with data and climate information. All of
these can be used to convey information on extreme events of great
importance to the energy sector. Weather forecasts and data are of
greatest importance in system operations, whereas climate
information/data are most useful in planning, design and decisionmaking of a non-operational nature. Perfect climate forecasts
would be ideal for many purposes, but, as yet, they lack the
needed specificity and accuracy.
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But most NMS forecasts, advisories and data are provided
mainly as a public service and, as such, are not normally tailored
to serve the interests of energy systems. For really effective
use, the information should allow energy system operators to know
specifically what system component is to be affected, - how, when
and to what degree. Weather forecasts and advisories usually
contain needed information, but not necessarily in the level of
detail that is required. Climate information is frequently
converted for use, such as in the provision of heating degree-day
data, but it, too, is unlikely to have been interpolated or
extrapolated to the specifically required place and time. Nor are
climate forecasts site and time specific. They provide period and
area means or sums of a generalized nature and can be considered
as estimates of future mean values about which variations will
occur. Regrettably their lead-time;is often insufficient to enable
effective action to be initiated.
Much more can be achieved simply by improved communication.
The timely provision of information (when is it needed? how fast
does its value decay?) and its conversion or interpretation in
ways that do not mislead and are conducive to direct use in
decision-making should be a major goal. The latter steps could be
assumed to be the responsibility of the user, but that could
defeat the whole purpose if the user does not have adequate
meteorological knowledge. Increasinglyf decisions are made with
computer-based
decision models, that enable comparison of
alternative courses of action. These may require rapid acquisition
and communication of large volumes of information. Their
implementation necessitates joint evaluation and development of a
communications plan.
Weather Forecasts and Advisories
Weather data, forecasts and advisories are used mainly in
tactical or operational procedures (Figure 3). Extreme occurrences
are of critical importance, and they generally receive much
attention. Because of the marked hour-to-hour sensitivity of many
energy demands to weather, many utilities need detailed forecasts
that express as accurately as possible the shape, time and
duration of peak energy demands. This "is important for planning
the load distribution between large base-load units, peaking
units, and power purchased from an adjacent utility" (Rotty and
Wendland, 1984). The high dependence of operations at sea equally
warrants very close tuning of operations to weather. Usually, peak
energy utility demands are associated with extremely cold
intervals; however, that is changing as air conditioning is
increasingly used to offset extreme heat. NMS forecasts are usually
quite specific when important, marked changes in weather are
expected. Their further interpretation in terms needed in decision
making, and their rapid communication are technical matters that
can be solved. Although some national meteorological services may
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not normally provide specialized services to the energy sector,
they should see that there is an adequate information basis for
their provision to users.
The importance of weather information varies with the season,
location, the nature of the operation (and with the rapidity with
which it is delivered to the user). For example, drilling rigs,
that are fixed to the ocean bottom are stable and therefore less
vulnerable to extreme winds and waves than anchored floating
platforms. Downtime due to weather is more frequent with the
floating type and weather forecasts are more critical to their
operation. Forecasts of the movement of pack-ice and icebergs
have obvious utility in polar waters.
Synoptic typing of extreme meteorological events that are
likely to have a high impact on energy system operation can be a
very useful forecasting aid. Typical events to be 'typed' might
be the occurrence of long intervals of cold, of low ventilation
and those leading to powerline damage through strong winds,
lightning and ice accretion. Coal mining events would be those
that greatly increase the hazard of explosion, flooding, and
transportation losses.
Weather parameters
Forecast parameters should depend on the energy concerns and
be determined in concert with industry. Table 3 indicates some of
the commonly-used parameters.
Climate Forecasts
Present
forecast
techniques
usually
involve varied
combinations of persistence, lagged correlations, teleconnections,
analogues,
extended
range forecasting
inputs, and other
rationalizations. Current forecasting skills have been found
wanting by users, but are improving. Discussing the needs of
energy systems, Abarbanel, et al., (as quoted in USDOE 1984)
concluded that "seasonal climate forecasts are too imprecise and
too limited in skill to be useful in guiding fuel planning or fuel
allocation policies". Similar conclusions were reached by Wallis
(1977) concerning the use of climate forecasts for water resources
management. However, the United States DOE 1983 Industry Workshop
found that significant benefits can accrue from the use of climate
forecasts. Greater accuracy, and improved lead times of months to
seasons would greatly improve their utility. The content, too,
should be examined; for example, exploration at sea requires
attention to winds, heavy seas and fog - features not normally
considered in climate forecasts.
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Table 3.

Forecast Parameters of Interest to the Energy Sector

Nature of
Activity
OFFSHORE
exploration,
installation,
operations,
emergency,
transportation,
oil spill containment .

Parameter extremes
of major concern
Wind speed, direction & gusts.
Low air temperature.
Intense precipitation.
Wave height, period, direction, slope.
Storm surge.
Ceilings below limits.
Fog, poor visibility.
Unexpected, unnavigable
sea ice - thickness, extent, concentration,
movement, topography.
Superstructure icing.

ON LAND:
mining,
transportation.

Intense, flood-producing, or.
sustained heavy rains.
Heavy snowfall or drifting.
Low visibility.
Intense cold. High humidity.
Channel ice.
Rapid air pressure drop.

DAILY OPERATIONS

Severe storms, strong winds, lightning,
Flood, freezing precipitation.
Onset/character of periods of extreme heat,
cold, combined heat & high humidity
(hourly to 10-day forecasts).

Recent advances in scientific understanding promise greater
future utility, although the rate of advance is not expected to be
rapid. Current monthly forecast skills exceed persistence and have
been better in the Northern Hemisphere winter heating season than
in the summer. Over the long run, persistence provides a
significant advantage over chance or "normal value" climatology.
Present prediction procedures exploit the relatively high-skill
contained in extended weather forecasts. They can be shown to
provide a superior base about which subsequent variability is
distributed. Forecasts as presently prepared by the US Climate
Analysis Center allow the construction of a "preferred" normal
that has equal likelihood of being exceeded or not, and that can
be used in the estimation of extremes (USDOE, 1984).
As predictions are extended in time, specificity and
reliability decrease. Utility also depends in large measure on
their acceptance or credibility. Credibility is enhanced when the
forecasts do not project a greater sense of accuracy and skill
than the science permits. The use of generalized features and of
explicit, cautionary formats and texts helps convey the degree of
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confidence that ought to be placed in them. As credibility and
specificity improve, their increased utility must be demonstrated
to the potential users.
For the longer-term, there is much less need for specific
detail and interest tends to focus on what is currently possiblei.e. regionalized mean value forecasts. Temperature forecasts have
the greatest credibility and are of the great interest to
utilities because of their direct association with demand for
energy for heating and cooling. The most critical forecast period
depends on the considered activity - the coldest months of winter
for most utilities, but in some areas summer air conditioning as
well. Meaningful assurances that a season would or would not be
extreme or within one standard deviation of normal would satisfy
the gas industry (USDOE, 1984). Similar indications would have
value in the operation of hydropower systems, and in strategies
concerning cooling or processing water used in thermal-electric
power generation. A lead time of two seasons (issued in late
spring for the following winter) would be ideal for meeting most
lead times, and one season is essential if the information is to
be used at all in the planning process.
Climate Data and Information
Climate data are usually distinguished from information^ in
that information is usable directly in decision making? Wifnin
this report 'data1 usually refers to observed records without
consideration of their utility. The term, 'information', generally
is used to denote computed products such as design statistics or
climate forecasts.
As with forecast, the supply of data/information to the
energy sector should be tuned to the specific needs of the sector.
Are they to be used in exploration or by utilities? Does the
utility use hydro, gas, oil, coal, or a mix of energy sources?
Only when the
needs are understood can a properly reasoned
response be planned. The type and level of development of the
industry dictates the levels of information required and how and
when it must be delivered. The use of models, the need to meet
regulatory
constraints, the optimum
time and content of
transmissions of data/information (hard copy, fiche, by telephone,
mail or computer) are all matters that should be examined in
development of national plans for service delivery. Definition of
the service need should be a joint undertaking involving
specialists from industry, who know the need, and service
specialists who understand the capabilities to supply the needed
information.
Climate parameters
As with weather forecasts and data, the climate parameters of
concern differ with geographic area, season and activity. Table 4
identifies some parameters that are commonly used.
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Table 4.

Climate Data/Information Frequently
used in Design & Planning
,

For the estimation of:

1

OFFSHORE
Scheduling development,
route planning,
facility/vessel design
planningoperations,
emergency procedures,
oil spills,
materials selection.
Fuel consumption

1
1
1
1
I
f
1
1
1

The most favorable time
for an activity.

1
1

INLAND
Mining
Transportation
Pipelining

1
1
1
1

Hourly wind speed and
direction, temperature, seasurface temperature, wave
height, wind chill, ceilings
and visibility, freeze-thaw
cycling, sea-ice thickness,
extent, concentration and
movement, storm frequencyintensity-trajectory, storm
scenarios, storm surge.

UTILITY OPERATION & DESIGN
Oil demand,
Energy consumed

climate windows

Occurrences of sustained
heavy rain, heavy snow,
freezing precipitation,
low visibility,
deep and drifting snow,
duration/intensity of extreme
cold, ice on waterways
high & low
extreme high/low air temperature & vapour pressure
concurrent solar radiation.

Heating-degree days

1
1
I
1
1
1
1

Hourly , or daily maximum, and
minimum and mean air
temperature,
Hourly relative humidity,
temperature-humidity index,
wind chill, wind speed,
sky cover.
Relative humidity
Occurrence of rain
& thunderstorms

1
1
1

Temperature,
wet-bulb temperature,
solar radiation

Electric heating load,
power generation.

Air conditioning
load estimation

Parameters (hourly, daily
series, extremes & derived
values)
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Table 4. cont'd.,
Transmission system
design & corridor
selection.

Extreme hourly and gust windspeeds & direction.
Freezing precipitation & wet
snow & contingent air temperatures and wind speeds.
Storm histories.
Lightning statistics

On Extreme Data
A climatological extreme is usually accepted as the highest
or lowest value of an element over a given period. There is
interest in its magnitude, duration and the time of exceedance
above or below a specified high or low value, and often in the cooccurrence of other specified conditions. Because of the differing
statistical characteristics of meteorological phenomena, many
different techniques are used in their analysis. It is important
that both the climatological analyst and industrial counterparts
concur on approaches used in computing extreme value statistics.
Because of their importance, some aspects of analysis are
elaborated in Appendices I and II. As previously noted, if more
specific information is needed, reference should be made to WMO's
CARS and HOMS programmes, and to WMO Guides and Technical Reports
dealing with statistical analysis, e.g. Faragô and Katz 1990.
Observational data are the basis of these analyses. Some
services maintain utility programmes that facilitate computation
of required extremes, durations etc. The simple use of data and
existing programmes does not ensure the best utility of
information. The limitations of data are easily misunderstood and
this can lead to costly misinterpretation. Because of the vital
importance of the energy industry, close interaction between
service meteorologists and energy system modelers/decision-makers
is needed to ensure that the best data is obtained and used in the best
manner. National meteorological services must be involved to
advise on the use of their products, and to become aware of the
observational network and communication requirements of the
industry. Many utilities maintain weather observation stations.
Efforts should be made to standardize such observation programmes,
to incorporate the data into national archives and to exploit them
in design studies. Attention must be payed to the continuation of
representative, long-duration climate records that are
vital
for design and planning, data and information formats, the
creation of special data sets incorporating energy industry
climate observations, and adequate (in some instances real-time)
computer access to data files and programmes will not just happen.
It requires close cooperation between services and the industry.

32
CONCLUSIONS
A Proactive Stance
Efficient and effective energy systems are of vital
importance to national .economies. Energy systems are weather
sensitive and often highly vulnerable to extremes of weather and
climate. Because of their importance, their support should be a
priority concern of national meteorological services.
Steps should be taken to become familiar with meteorological
needs and vulnerabilities of the system, to inform the system
operators on the potential contributions of meteorology, to
proactively collaborate in the development of models, information
delivery systems and to otherwise promote the optimal use of
meteorology by the systems to the benefit of national and regional
economies.
Consideration should also be given to the implications of
extreme events on operations of major users of energy. For example
the energy savings may be realized in agriculture by timely alerts
concerning persistent heavy rains that create poor tractionability
in fields, wash away fertilizers, and obviate the need for large
amounts of energy to dry crops.
Improve forecast and climate information content
Weather and climate forecasts, warnings and advisories should
be provided to the industry in a manner that is tailored to their
specific concerns. The content and delivery should be negotiated
to ensure relevance and timeliness. The parameters should, where
possible, be directly usable in energy decisions. That means that
the confidence to be placed in the forecast must be clearly
understood. As the science permits, attempts should be made to
meet the required lead times, detail and sequencing of
meteorological events.
Recognition should be given to the character of the demand
for energy. In rural areas the major energy demand may be for
irrigation, in urban areas air conditioning. Quantitative
precipitation forecasts, and forecasts of runoff would have much
greater relevance for the rural demand than for urban demand.
Meteorological service collaboration is required for the
development of cost/loss models that can be used to decide when
abandonment of plans is warranted on the basis of a forecast.
These models will also help reveal the relative utility of
meteorological service products.
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Improve climate data quality, quantity and relevance
Most of the required services are dependent on an adequate
data base. As with most meteorological undertakings, data must be
representative and relevant. Joint studies with industry will
reveal how national networks may become more purposeful and also
aid their development. Some of the specialized concerns of the
industry include parameters that may not be widely observed.
Because of the importance of these data, the energy industry
often takes observations independently. Collaboration with the
industry can lead to a better overall network, enhancing the
utility of their observational effort. Records on ice
accretion, Lightning strikes, and heavy seas should also be made
readi Ly avai Lab Le.
The accumulation of information on damaging storms etc. as
case histories, evidence and basis of functional relationships
should be promoted since protection from these events is vital for
public safety. The mutual interest of the energy industry in this
concern offers an excellent opportunity for improving such
understanding in a continuing and orderly manner.
Collaborate in development of functional relationships
Case studies should be undertaken jointly, and demonstration
used to illustrate uses of meteorology in solving real problems;
eg. for the planning and design of reclamation areas, and the use
of weather warnings re freezing of coal in rail cars. Another area
of profitable joint study is the definition of urban heat island
characteristics. Heat island effects need to be defined and
networks established for this purpose if alternatives (ground
surveys and remote sensing) are too costly. Modelling of the heat
island should be included in diagnostic studies as well as in
forecasts of weather-related energy demand.
Improve lead time and utility of climate forecasts
Areas requiring improvement include:
°

Increasing the lead time of forecasts to at least one season.

0

Inclusion of variances and extreme value expectancies in
forecasts.

In addition, research is needed on determination of the level
of skill that is useful to the energy sectors, on how
probabilistic forecasts can best be used, and on ways of
incorporating meteorological forecasts directly into energy
strategy models. Lead time is a vital issue. For example, the oil
industry needs to decide in the summer the petroleum product mixes
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that it requires in the fall to meet expected demands for the
next winter season. That is a requirement of 3 to 4 months lead
time - far exceeding the lead time of most NMS climate forecasts.
Communication
Finally communication with the industry must be greatly
improved. This is essential if meteorology is to acheive its
proper supporting role in national energy programmes. Because of
uncertainities as to the value of and ways to exploit
meteorological information within industry, the main initiative in
communication often rests with the NMS.
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APPENDIX I
On the Estimation of Extremes
Both extreme values and runs of data are used in system
planning, design, and to develop and use in operational
algorithms. The extreme values are of particular importance in
design. In all instances the required data must be representative,
consistent, and of sufficiently long duration to enable the
development of risk statistics, design-year statistics and
scenarios.
They
must
be sufficient
to enable spatial
interpolation, definition of the effects of topography, etc.
Continuity of key stations within the networks must be assured if
the data are to have desired utility.
Extreme value theory states that the annual maximum values of
n years of record approach a definite frequency distribution when
the number of observations within each year becomes large"
(McGuiness and Brakensiek, 1964). The use of extremes as opposed
to time series analysis has the advantage of reducing the
analytical work load. Many attempts have been made to obtain the
best fitting frequency distribution to annual and monthly or other
period extremes. Quantiles, too, are used. They avoid the question
of equation fitting, but their use for rare extremes is
questionable.
Quantiles and return period values can be computed from the
mean and standard deviation of a series of data using:
x (F) = x + s . t (F)
(1)
where x(F) is the xth quantile for F, s is the standard deviation
and t(F) is the standard normal quantile (see Thorn, 1966); and:
xT

=

x

+- s . K(T,n)

(2)

where x«p i s an e v e n t w i t h a r e t u r n - p e r i o d v a l u e of T, n i s
t h e sample s i z e , x i s - t h e mean v a l u e of n r e c o r d e d e x t r e m e s , ' s '
t h e s t a n d a r d d e v i a t i o n and K^ t h e c o r r e s p o n d i n g frequency f a c t o r .
For d e t a i l s on such a n a l y s e s , r e f e r e n c e s h o u l d be made t o
such a u t h o r s
as
Gumbel
(1954,
1958),
Thorn (1954,
1966),
G r i n g o r t e n , (1960, 1962), H e r s h f i e l d ( 1 9 6 1 ) , Ven Te Chow (1964),
G r i n g o r t e n ( 1 9 6 6 ) , Simiu and F i l l i b e n ( 1 9 7 6 ) , Simiu, Changery and
F i l l i b e n ( 1 9 7 9 ) , Servuk and Geiger ( 1 9 8 1 ) , Hogg and C a r r , (1985),
and Canadian C l i m a t e C e n t r e (1986). In this connexion it should also be
mentioned that a paper entitled "Extremes and design values in climatology" by
T. Faragô and Richard W. Katz is being published concurrently with the present
report as a WMO technical document (WCAP-14).

APPENDIX II
ON ANALYSES OF EXTREME EVENTS
Hydrological Drought
As a rule water stage and streamflow records are used to
assess the frequency, intensity and duration of hydrological
droughts. Hydrological records are frequently reconstructed from
climatic
data
to overcome data gaps, but the use of
reconstructions to estimate rare extremes must be questioned.
Statistical analysis of cumulative precipitation over a watershed
for a. water year or season can provide a good indication of
deficihcies and extremes. Improved, more quantitative indications
of usable supplies can be obtained using climatic data in
combination with other components of the water balance in
operational models.
Drought indices such as that of Palmer (1965) are used by
water control agencies. Care should be taken to ensure that their
computation and limitations should be fully understood by the
energy system operators. During drought periods contingency
statistics are much in demand to assess the likelihood of
continuation, change in intensity or termination. An analysis of
historical droughts for the season and area in question can also
provide the planner with comparative information and an objective
basis for decision-making.
Dust
Consideration has had to be given to the possibility of
filters used in the nuclear energy industry being clogged by dust
and sand transported by the wind. Climatological records of
visibility reduced by dust and sand loading provide a useful index
of this hazard. Values are computed for durations and times of
onset and ending of visibilities less than 11, 5, 1.5, and 1 km.
Cumulative period totals provide measures of means and extremes
(Changery, 1983) .
Extreme Heat and Cold
Estimates
of
extremes
of temperature
for specified
probability levels can be obtained using long-duration, continuous
and consistent temperature records and extreme value statistical
procedures. Nicodemus and Guttman (198x) found that sample sizes
of 40 years were more than adequate in an analysis of annual
maxima and minima temperatures using a Fisher-Tippet type 1
extreme-value model. The authors obtained estimates for 14

44
probability levels from .01 to .9999 and some were mapped. As with
most other climatic parameters, interpolation difficulties were
found in very rugged terrain.
Freezing Precipitation & Wet Snow
Estimation of ice accretion is based on the mass of freezing
precipitation and the capturing efficiency of the conductors or
structures. Major ice accretion storms of history and industry
accretion information can provide basic information needed to
estimate approximate rates of accumulation, but in-field
measurements can provide the controlled information needed to
develop more precise relationships. Wet snow presents a similar
problem for conductors and its transition into heavy ice makes
support poles vulnerable to breakage in high winds. National
meteorological services should be able to provide energy system
scientists with the needed meteorological
parameters and
understanding for analysis and mitigation of the snow and ice
accretion problems.
Freezing Spray
Spray icing has been investigated by Minsk (1977), Makkonen
(1984), and others. The primary source is wave-generated spray,
and the frequency of impact with waves depends on the speed and
direction of the vessel relative to the wave length and direction
of the wave field. Running against the waves provides the greater
risk. Mortsch (1985)
used relationships between sea surface
temperature, air temperature, wind speed, wave height and salinity
in a computerized version of the Kachurin nomogram (Kachurin et
al., 1974 - see also Comiskey, 1976) to estimate ice accretion.
This is expressed as a function of wind speed, air temperature,
sea temperature and the freezing point of sea water. The actual
freezing spray ice accumulation on a vessel will vary considerably
depending, as noted, on factors such as the vessel structure, its
course, orientation to the wind and its speed. Using a drop size
distribution to compute accretion is inappropriate for the water
is encountered in the form of gushes or cascades (Stallabrass,
1980).
Persistent Heavy Rain
Concerns usually relate to the upper decile which can be
assessed from depth-duration curves. Synoptic typing may help in
prediction. Depth/duration curves provide a useful background for
monitoring purposes.
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Heavy Snow and Blizzard
An analysis of daily and hourly data climate records will
reveal the nature and risk of extreme snowfall and blizzard
conditions. Blizzard definitions may vary from one location to
another. Since they result from strong winds, their frequency is
greatly diminished where forest cover acts as a brake to the wind.

Severe Thunderstorms, Lightning
"Designing
for protection against
lightning
requires
knowledge of the probability that lightning will strike a given
location and of the probability that a given strike will cause a
certain level of damage" (MacGorman, Maier and Rust, 1984). Many
systems that identify lightning strikes are now available and can
be used to develop frequency maps that show the spatial variation
of the risk of a system being struck by lightning. Thunderstormday statistics have been used, but these have notable limitations
since they are based on the ability of the observer to hear
thunder and/or see lightning, and do no take into account storm
durations nor provide quantitative information on flash rates and
ground strikes, etc..
Despite these limitations, thunderstorm-day statistics are of
interest because of the depth and consistency of record and the
areal coverage of the climatological archive. The above authors
used strike measurements for areas in Florida and Oklahoma to
obtain expressions to estimate lightning strike density from
thunderstorm day and from storm duration statistics. Estimates of
storm duration were obtained from aviation weather records which
contain notations as to when thunder was first heard and when 15
minutes have elapsed since the last thunder. The regression line
and these duration statistics enabled estimation of the means and
variations in strike density with time and across an area.
Combined
with
related
information
on lightning current
characteristics, estimates were obtained of the cumulative
probability distribution for peak electric fields. The authors
note
limitations
to
the method which probably produce
underestimates and bias. However, the much improved observing
systems now available, offer the opportunity to remedy these
deficiencies and to improve storm hazard warnings.
Waves
Ship observations have been archived over the past century
and provide a basis for estimating extremes along major sea
routes. They may be biased since the occurrence of very large
waves was discounted in earlier times. Also, they are areally
biased, and simulations may be needed to acquire needed
information for less-travelled areas. Storm wind speeds and
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directions provide an extremely valuable means of estimating
significant wave heights, periods, slopes, etc. for deep sea
areas. Wind
fields have been obtained
from historical
meteorological records to provide input to wave models. Several
wind hindcast models are in use such as the Spectral Ocean Wave
Model (SOWM) of the US Navy Fleet Numerical Oceanography Center
have been used to hindcast these characteristics (Cummins et al.,
1980).
Winds
Of most interest are extreme wind speeds that occur as
gusts. The brief, transient increases in wind speed as experienced
during a squall are frequently the cause of disruption of
electrical distribution systems. They are usually assumed to be 1
minute averages of the speed at 10 m height; however,
observational practices and instrument response times have varied
with time, and with countries. The very strong influence of
topography on wind, and the different practices in measuring wind
often make estimation a hazardous art. Extremes for longer
durations are of importance such as in the prediction of wave
heights, surge and of drifting conditions.
Wind forecasts are based on reports along with projected
pressure gradients and estimates of airmass instability. Reports
from marine areas are concentrated along major sea routes and do
not provide time series for a point unless the vessel is
stationary. Coastal winds have been analyzed and adjusted to allow
for the differences in wind profiles (Berry et al., 1975).
Hindcasting uses winds computed from past storm analyses.
Satellite observations provide meso-scale detail at seas that
could only be crudely estimated previously. O'Brien (1982) states
it is now "possible to determine wind speed to much better than +
2 metres per second and wind direction to much better than + 20
degrees over the ocean" based on SEASAT SASS microwave
scatterometer measurements. If so, satellite technology allows
fine definition of the extreme winds associated with offshore
storms.
A Fisher-Tippet type II distribution is commonly assumed for
extreme wind speeds. Speeds are usually reduced to the 10 metre
level using the logarithmic law or approximated by the power law.
(Simiu, Changery and Filliben, 1979). This must be done with due
caution for the anomalous height of the anemometer was often
deliberate to compensate for topographic features. The nature of
gusts and the response of an anemometer to a gust are analytical
challenges that are usually ignored, the analyst being satisfied
if reporting is consistent. Major topographic features may
introduce biases that are usually evident in the record, and that
clearly demonstrate that the records are not transposable.
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The preceding refers mainly to extremes as measured at
conventional meteorological observation stations. Areas that
experience anomalously strong winds are sought in the development
of wind potential. Typical sources are mountain passes where winds
funnel through at relatively strong speeds, and the crests of
ridges. Remote sensing has been used to infer speeds from surface
features. Numerical modelling provides a versatile means of
evaluating wind fields in their three dimensions to locate optimum
sites.
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