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Summary

The effective dissemination of weather forecasts 
turns on the clear communication of robust and 
relevant information. Traditional best guess 
forecasts, lacking accompanying estimates of the 
uncertainty in their predictions, appear too good 
to be true, and often prove to be just that. useful 
estimates of forecast confidence can be provided 
by ensemble forecasting techniques. These 
probabilistic forecasts are, however, largely 
under-utilised in operational decision making. 
This, in part, is because many organisations are 
unable to process ensemble forecast information 
in its current form. 

Presenting ensemble forecast information in 
the form of user-relevant warnings is a natural 
extension to traditional weather forecast 
information. Not every warning is expected to be 
correct however, and the uncertainty information 
is communicated by associating a level of 
confidence with the warnings. The resulting 
forecast information is made more robust, since, 
by design, warnings should verify as frequently 
as expected. By combining ensemble information 
with user-specific data, either site-specific 
meteorological observations or business relevant 
records such as road maintenance activity or 
retail sales, forecast information can be made 
more relevant. 
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in these cases it is useful to know both the 
magnitude and sign of any likely error in a weather 
forecast. Best guess weather forecasts are rarely 
accompanied by an estimate of the likely error 
in that forecast. We can, however, use ensemble 
forecast information to inform on the sign and size 
of likely errors in a best guess forecast.

the forecast error warning system uses the 
ensemble forecast to estimate the chance that the 
error in the best guess forecast will exceed some 
pre-determined value. When the chance of an error 
is sufficiently large, a warning is issued. as before, 
the warning thresholds are determined using 
historical data and are tuned to achieve a targeted 
level of confidence. the level of confidence that can 
be achieved will depend on the frequency of the 
event, the quality of the best guess forecast, the 
quality of the ensemble forecast and the size of the 
historical archive.

The cosT of weaTher risK is rarely symmeTric wiTh
organisaTions more ofTen exposed To one side of forecasT
error Than anoTher

the error information is presented with 
the best guess forecast (shown as black 
crosses), shown in the figure below. the 
dots at the top and bottom of the plot 
indicate likely forecast errors greater 
than 2 degrees celsius, with the colour 
denoting the sign of the error. Blue dots 
indicate that the observed temperature 
will likely be 2 degrees colder than the 
forecast temperature, the red dots indicate 
that the observed temperature will likely 
be 2 degrees warmer than the forecast 
temperature. the yellow dots provide 
information on the days where there is 
increased uncertainty in the ensemble. 
these are days when the ensemble is wider 
than usual and the best guess forecast 
information can be used cautiously. the 
green dots indicate when there is no 
information regarding likely errors.
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Consider an organisation that is concerned with 
overnight freezing conditions and in particular 
the minimum overnight air temperature. given 
regular air temperature observations, recorded 
every hour for example, we can produce a data 
set of overnight (between 8pm and 6am say) 
minimum temperatures.

the available ensemble forecasts correspond 
to surface (“2 meter model”) temperatures at 
midnight. While this forecast information is 
relevant to overnight minimum temperatures 
there is no direct correspondence between 
the two quantities. in order to be useful the 
forecast must be interpreted using historical 
observations. By looking at the historical 
relationship between observed minimum 
overnight temperatures and midnight forecast 
temperatures we can build a statistical 
relationship between the two – translating 
forecast information into the quantity of interest.

the figure above shows a probabilistic minimum 
overnight temperature forecast going out 9 days. 
the light green range denotes the range of values 
that we expect roughly 9-in-10 observations to 
fall. the darker band denotes the range of values 
that we expect to see roughly 1-in-3 observations 
fall. As expected, the uncertainty, i.e. the range 
of likely outcomes, increases with the forecast 
lead-time.

this probabilistic forecast forms the basis for 
the warning system. suppose we want to issue 

overNight 
FreeziNg
CoNditioNs
The following gives an 
example of how robUsT
warnings on a parTicUlar 
weaTher evenT mighT be 
presenTed
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a warning when it is likely that the minimum 
overnight temperature will be less than 0 
degrees Celsius. We can compute the chance 
of the event, according to the forecast, and then 
issue a warning when this chance exceeds some 
threshold. the thresholds determine how sensitive 
the warning system is and are determined from 
past data so that historical warnings are correct a 
certain proportion of the time.

suppose, for example, that we want 3 warnings 
out of every 4 to be correct, on average. For 
each lead-time we find the smallest threshold 
for which 3 out of 4 warnings would be correct 
over the historical data and use this value for 
the warning system. the coloured squares 
underneath the plot provide information on likely 
overnight freezing conditions. the blue squares 
indicate likely freezing conditions, while the 
green squares indicate that the forecast has no 
information regarding freezing conditions. there 
are limits to the reliability that can be achieved, 
however. it may not be possible to identify 
thresholds that are able to provide warnings that 
are very confident, i.e. being correct 99 times out 
of 100 warnings. the level of confidence that can 
be achieved will vary from problem to problem, 
depending on the background frequency of the 
event, the amount of historical data available 
to determine the thresholds and the skill of the 
forecast system. it is also important that the 
thresholds are robust. Changing the data used to 
determine the thresholds should not change the 
threshold values unduly.
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Best guess forecasts, taken at face value, give 
definitive statements about the expected weather. 
this confidence does not often withstand scrutiny. 
the alternative is to issue warnings along with 
an estimate of the confidence in that warning. 
We avoid providing a “probability” of an event 
occurring since we know that fundamental errors 
in the forecasting system prevent us from giving a 
reliable probability forecast. instead warnings are 
issued with a targeted level of confidence, such as 
“we expect 3-out-of-4 warnings to be correct”. 

issuing a warning every day would trivially capture 
every event but would not provide useful decision 
support. a skilful warning system will capture 
a good proportion of events and confidence will 
be justified by realised performance. Different 
warning systems can be developed to suit different 
needs. Warnings can be issued so that events are 
rarely missed, or warnings can be issued so that 
they coincide with an event more frequently. the 
level of confidence that can be achieved and the 
proportion of events that can be warned on will 
then depend on the skill of the ensemble forecast, 
the relative frequency of the event of interest and 
the size of the historical archive. 

By comparing the expected performance with 
observed performance we can test the warning 
system. By making sure that no data used to 
develop the system is used for the testing, the 
results better reflect operational performance. We 
check whether or not performance is statistically 
consistent with the expected behaviour along with 
the proportion of events successfully warned on by 
the system.

CoNsisteNt
WarNiNgs

in The simplesT case, The 
User is inTeresTed in a 
criTical valUe of some 
variable and woUld liKe To
Know when ThaT valUe is 
liKely To be exceeded
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consequently, ensemble forecasts are also able 
to convey when they do not have skill compared, 
say, to the climatology. this information is useful 
as it helps prevent action due to overconfidence 
in the forecast.

Model output is used as the basis for the 
issued forecast, but is rarely issued without 
additional interpretation. the UK Met office, 
for example, employs many experienced 
meteorologists to process the model output for 
public consumption. Naive interpretations of an 
ensemble forecast have repeatedly proven to not 
be robust. for example, issuing the fraction of 
ensemble members that display precipitation 
as a probabilistic forecast for rain will rarely 
be robust due to fundamental errors in the 

forecast
iNterPretatioN

ensemble TechniqUes offer 
The poTenTial To maKe
forecasT sTaTemenTs ThaT
qUanTify The confidence 
wiTh which They are issUed

underlying model. in practice we find that the 
observation falls outside the ensemble too 
frequently to be consistent with a probability 
forecast. 

systematic errors can be addressed, to some 
degree, by interpreting the forecast information 
statistically to compensate for repeatedly 
observed mistakes. a prerequisite for any 
statistical interpretation is a suitably large 
historical archive containing a number of 
examples of forecast error. Given enough data, 
the statistical interpretation can greatly enhance 
the utility of ensemble forecasts for decision 
support. these interpretations are less effective 
for rare events, since by definition there are few 
instances of rare events in the historical archive.

1

domestic gas usage, for example, is largely 
dependent on the ambient temperature, as are 
sales of foodstuffs such as cold drinks and ice-
cream. the weather can demand that action 
be taken. Local authorities are required to 
grit their roads when there is sufficient risk of 
freezing conditions. the weather can also provide 
opportunities, as retailers of umbrellas, 
BBQ equipment and Wellington boots will no 
doubt testify.

Weather risk is the generic term given to weather 
specific impacts and opportunities that arise 
in the operations of business and public sector 
organisations. there are many different forms of 
weather risk, ranging from the immediate risk 
to human life arising from an extreme storm to 
changes in demand for basic products driven 
by relatively small differences in atmospheric 
conditions. Exposure to weather risk requires 
decisions to be made, sometimes in the form of a 
yes/no decision, sometimes in the form of a how 
much question: whether or not to take action, 
how much stock to order, what position to take. 
the quality of that decision depends not only on 
the decision maker but also on the information 
provided to support that decision.

in recent years meteorologists have developed 
and implemented new forecasting techniques. 
these state-of-the-art forecasts are probabilistic 
in nature, not merely guesses of what might 
happen but providing information on what is likely 
to happen. these forecasts are largely under-
utilised, in part because many organisations are 
unable to process probabilistic information in its 
present form. Probabilistic forecast information 
needs to be better presented if its potential value 
is to be realised. 

A framework for providing weather forecast 
information, along with the uncertainty in that 
information, is presented here for operational 
use. the following five snapshots give examples 
of the weather risk faced by a wide range of 
public and private business sectors. the use of 
weather forecasts for decision support is then 
discussed and examples of how probabilistic 
forecast information might be usefully 
communicated are presented.

iNtroductioN

The day-To-day operaTions 
of mosT UK bUsinesses and 
pUblic services are affecTed 
by The weaTher
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2

suPermarket 
Grocery sales

sales of many products are inherently 
weather dependent and store managers 
currently use weather forecast 
information qualitatively as part of their 
day-to-day decision making. 

the relationship between recent 
local weather and sales in general is 
complicated. total sales are dependent 
on many different types of customer 
and many different types of product, 
only some of which may be significantly 
exposed to the weather. Furthermore, 
demand is influenced by a multitude 
of factors other than the weather such 
as the day of the week, advertising 
campaigns, in-store promotions and 
even the weather forecast itself. 

Deliveries are common on lead-times 
of 3 days and store managers are 
interested in not only maximising sales 
but also in reducing costs. there is 
a complex trade-off between shelf 
life, delivery and expected demand 
for which weather is one, potentially 
important, but generally unquantified 
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levels of weather dependent items. 
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dependency must first be established. 
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to core business activity? If weather 
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rather than make a single forecast using the best 
guess initial condition, a number of forecasts 
are made each consistent with the observations. 
the result is a distribution of distinct forecasts 
for the same day. When the spread is wide, i.e. 
the forecasts are very different, the ensemble 
indicates increased uncertainty and confidence is 
reduced. 

ensemble forecast information is essentially 
probabilistic even if it does not provide 
probabilities that are useful as such. the 
exact outcome is not known with certainty and 
to pretend otherwise would be misleading. 
statements must be qualified by a degree of 
confidence: “there is a good chance it will rain“, 
or “it is likely that there will be above average 
temperatures“. these statements are sometimes 
further quantified using probabilistic statements 
such as: “there is a 50% chance that it will 
rain“, or “there is a 1-in-4 chance of very strong 
winds“. a forecast that says that there is an 80% 
chance of rain when the outcome is no rain is not 
necessarily a bad forecast. an 80% chance implies 
that one expects the event to not occur 1-in-5, 
or 20%, of the time that that forecast is issued. 
a forecast system that consistently says there 
is an 80% chance of rain when no rain occurs is 
misleading because it is overconfident. similarly, 
a forecast system that consistently says there is a 
20% chance of rain when rain occurs is misleading 
because it is under confident.

given this probabilistic information, how should 
a decision maker react? Whether or not action is 
taken depends on a number of factors, not least 
the risk appetite of the decision maker, the costs 
of taking action and the potential rewards at 
hand. the level of skill required for a forecast to 
be considered useful depends on the application. 
some forecasts may be able to provide that 
information and some cannot. Different users 
with different tasks and risk tolerances may want 
different things from their forecast information: 
confidence that an event will occur given a 
warning, or confidence that an event is unlikely to 
occur given no warning.

eNsemble 
ForecastiNg

one approach To qUanTifying 
UncerTainTy is a TechniqUe
called ensemble 
forecasTing
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Forecast error

a principle source of error is uncertainty in 
the state used to initialise the model. the best 
initial condition is never known at the time 
of initialisation. of course, if the best initial 
condition were known it would be used. the 
problem is not that the correct initial condition 
is not used, but rather that the correct initial 
condition is not known. there is unavoidable 
uncertainty in how best to initialise the model.

another principle source of error is due to 
imperfections in the model itself. the equations 
and their representation of the atmosphere 
are approximations of reality and are unable 
to capture every feature of the weather at all 
length scales. For example, numerical weather 
models have difficulty describing precipitation. 
the physical processes that are important in 
rainfall: cloud formation, the formation of ice 

why do forecasTs go awry? 
forecasT errors can arise 
dUe To a nUmber of facTors

crystals etc, occur on length scales that the 
models do not resolve. Instead, weather models 
use simpler models to capture these small-
scale processes. effectively, this means that no 
initial condition exists for which a given model 
can provide a realistic looking forecast. While 
this model inadequacy can be fundamentally 
addressed by developing better models and 
sometimes even detected by looking at more 
than one of today’s models, initial condition 
uncertainty can be addressed using existing 
technology.

Numerical weather predictions are not 
expected to be perfect, since the model is an 
approximation and there is uncertainty in how 
the model is initialised. to guard against over-
confidence a forecast should be presented with 
an estimate of the uncertainty in that prediction.

3

some of these impacts are similar to those faced 
by supermarkets, i.e. weather related demand for 
consumables such as food and drink. there are, 
however, other mitigable weather risks that are 
specific to each industry. 

the horse racing industry, for example, is 
concerned with the going - the quality of the 
turf. ideally, the going should be good; not too 
hard, not too soft. overnight freezing conditions 
result in hard going and when the going is too 
hard, racehorse owners are likely to withdraw 
their horses for fear of injury. in the worst 
cases the entire meeting has to be abandoned 
resulting in significant loss of revenue. the 
effects of frost can be mitigated by putting down 
overnight frost covers, but this action is costly. 
during summer months, a lack of rainfall can 

outdoor Leisure Activities

also result in hard going. this can be addressed 
by watering but short-term irrigation needs to 
take into account any potential large rainfall 
events. summer storms on an already saturated 
course can result in soft going which is also 
undesirable. 

racecourses are well aware of the particular 
weather “events” that are of interest to them 
and have extensive records of on-course 
atmospheric conditions. this site-specific data, 
along with commercial weather forecasts, is 
used by managers to support decisions regarding 
racetrack maintenance. site relevant data can be 
used to enhance commercially available weather 
forecasts to give more relevant and robust 
warnings of events such as overnight frosts and 
thus better inform intervention decisions.

a nUmber of oUTdoor leisUre acTiviTies, from horse 
racing To Theme parK aTTendance, are significanTly 
impacTed by The weaTher
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This is done by purchasing gas in the 
forward market. The amount of gas 
purchased depends on the weather 
forecast. A change in the weather forecast 
results in a change in expected demand 
and gas traders frequently adjust their 
position accordingly. For long lead-times, 
say 8-10 days, the forecast can change a 
good deal in the time to actual delivery of 
the gas.

Fluctuations in the forecast result in trades 
that not only cost money in transaction 
costs, but also due to price changes. 
An increase in forecasted demand may 
require that gas be purchased when the 
market price is high. Similarly, a decrease 
in forecasted demand may require excess 
gas to be sold when the price is low. These 
trading decisions are made every day until 
the gas is delivered. excessive trading 
costs increase operating costs which are 
ultimately passed on to the consumer. 

gas traders are numerate users of 
weather forecast information. The 
weather forecasts they use often provide 
no intrinsic information regarding 
the uncertainty in that forecast. given 
additional robust information on the likely 
errors in a forecast, gas traders can better 
position themselves in the market and 
reduce unnecessary trades.

eNergy

domesTic gas demand is heavily 
inflUenced by The weaTher and 
sUppliers mUsT ensUre ThaT They 
have sUfficienT sUpplies in place 
To meeT demand

9

these forecasts undoubtedly have skill over 
climatological forecasts for lead-times on the 
order of days. Sometimes, however, the best 
guess weather forecast can be misleading. the 
great storm of 1987, which was dismissed on 
national television, is a good example. the best 
guess forecast in that instance was wrong, and 
the storm caught many people by surprise largely 
due to the misplaced confidence of the weather 
forecasters. Naively taking a best guess forecast 
at face value can be very costly. 

in practice, users develop their own confidence 
levels of a best guess forecast system based 
on trial and error. this heuristic interpretation 
obscures potentially useful information. it has 
been recognised that our ability to predict the 
weather changes from day-to-day and as such 
our confidence in that forecast should vary 
accordingly. Modern weather forecasts attempt 
to convey this uncertainty information using the 
language of probability. rather than giving a 
definitive statement on the temperature or rainfall 
in the coming days, forecasts refer to the chance 
of an event. Suitably presented, these forecasts 
contain potentially valuable information for 
decision makers. 

Businesses are frequently exposed to just one-
side of weather forecast error, with temperatures 
colder than forecast being more costly than vice 
versa for example. Given an estimate of the size 
and direction of the uncertainty in a forecast, a 
decision maker can better choose how to act 
on that information. if the chance of rain is too 
high, even though the most likely outcome is 
no rain, an alternative to outdoor activities can 
be investigated. Similarly, additional electricity 
generation may be put on stand-by if there is a 
small chance of a significant cold snap.

overcoNfideNce 
& UNcertaiNty

TradiTional nUmerical 
weaTher forecasT
informaTion is ofTen 
pacKaged as a “besT gUess 
forecasT”
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8

having observed a range of summer temperatures 
over the years, this year’s summer temperature 
is unlikely to fall beyond this range. of course, 
extreme events do happen and records are broken. 
hottest summers and driest winters appear to 
occur ever more frequently, but even in a slowly 
changing climate, historical records provide a 
useful guide for the possible weather. 

although very reliable, climatological forecasts are 
not particularly skilful; they are rarely misleading 
but may be too vague to provide useful decision 
support. in order to say more regarding what 
the weather is likely to be, methods based on 
a scientific understanding of the atmosphere 
are generally used. modern weather forecasts 
are almost exclusively the product of Numerical 

Weather forecast 
iNformatioN

Weather Prediction. a computer programme 
is used to model features of the atmosphere: 
the temperature, humidity and pressure etc. 
changes in these quantities are then described by 
equations based on the laws of physics. 

the model requires a starting point called an 
initial condition. this initial condition is an 
estimate of the earth’s current weather based on 
satellite images and observations from weather 
stations around the world. the model then 
evolves this initial condition into a prediction of 
the model’s future weather using mathematical 
equations. the quality of the forecast depends 
on the ability of the model to describe real world 
atmospheric conditions and the suitability of the 
initial condition.

The hisTorical, or climaTological, 
record of weaTher informaTion 
provides a baseline for whaT To expecT

5

Purchasing decisions are largely carried out on 
the day and influenced by the weather conditions 
at the point of sale. 

deliveries are made every day based on orders 
received up to 3 days in advance and the shelf life 
of fresh ingredients is very short. Store managers 
are concerned not only with increasing income, 
but also in reducing waste. Many stores have 
sought to reduce their exposure to weather risk 
by offering a range of products. Coffee shops now 
sell iced coffee drinks and sandwich shops sell 
soup and hot sandwiches to counter the effects 
of changing weather.

food retail

extreme weather events can provide opportunities 
for food outlets in particular locations. the 
prolonged period of fog at Heathrow during 
the Christmas period of 2006 created an 
unexpected large demand for food and drink. 
Given forewarning of these kinds of events stores 
could better prepare themselves. How difficult 
is it to provide forecasts for such rare events 
that are both accurate and reliable enough in 
order for businesses to take action? Given a 
better understanding of how sales are related 
to fluctuations in the day-to-day weather we 
can investigate whether or not there is useful 
information in existing weather forecasts to help 
store managers better plan their operations.

reTail food oUTleTs
specialising in TaKe-away 
breaKfasTs and lUnch 
are exposed To weaTher 
dependenT demand
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Local authorities are concerned with a particular 
event, namely “freezing conditions”, where the 
roads are covered, or partially covered, in ice. 
When there is a perceived threat of freezing 
conditions, gritting trucks are dispatched to 
spread salt on the roads. 

during winter months the dispatching decision 
has to be made at least once every day. activity is 
relatively frequent, with gritters being dispatched 
during winter months, on average, around one 
night in every three. information on the current 
atmospheric conditions and short-term weather 
forecasts are used and the lead-time for decision 
making is relatively short, with trucks dispatched 
within hours. 

a good deal of expertise has been developed 
around winter road maintenance. the potential 
loss of human life and damage to property 
associated with inaction are much larger than 
the costs of deployment. consequently, road 
maintenance managers are extremely risk averse 
and any changes to operational processes would 
need to be justified with significant improvements 
in skill.

WiNter road 
MaiNteNaNce

local aUThoriTies 
ThroUghoUT The UK are 
responsible for ensUring 
ThaT roads are safe

7

For some, weather is a principle concern in 
day-to-day operations and in general these 
businesses are already consumers of weather 
forecast information. For others, the weather is 
one component amongst many other important 
factors. in order for weather forecasts to be 
used more effectively the relationship between 
weather and operations needs to be well 
understood and quantified.

the response to weather risk is also varied. For 
many companies the choice is a binary decision: 
action is either taken or it is not. For others, 
such as gas traders and supermarkets, there 
is a further notion of quantity: how much gas to 
purchase or how much stock to order. Moreover, 
these decisions are rarely solely dependent on 
the weather. A comprehensive decision support 
tool encompassing all possible relevant decision 
variables is neither feasible nor necessary. 

DecisioN suPPort

differenT organisaTions are 
exposed To a wide range of 
weaTher risK

organisations develop their own expertise 
regarding their day-to-day decision making. it is 
extremely unlikely that an automated decision 
making system could outperform the existing 
processes supported with better quality weather 
forecast information and a better understanding 
regarding the uncertainty in that weather forecast 
information.

Different organisations also have very different 
attitudes towards risk. commercial organisations 
may well be able to use forecast information that 
gives insight into likely outcomes but is not 100% 
correct. organisations that are extremely risk 
averse have demands on forecast information 
that may be beyond that which is currently 
available. Nevertheless, it is useful to explore 
alternative methods of presenting forecast 
information and to map out the limits of useful 
forecast information.
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making system could outperform the existing 
processes supported with better quality weather 
forecast information and a better understanding 
regarding the uncertainty in that weather forecast 
information.

Different organisations also have very different 
attitudes towards risk. commercial organisations 
may well be able to use forecast information that 
gives insight into likely outcomes but is not 100% 
correct. organisations that are extremely risk 
averse have demands on forecast information 
that may be beyond that which is currently 
available. Nevertheless, it is useful to explore 
alternative methods of presenting forecast 
information and to map out the limits of useful 
forecast information.
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