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Vision
Through unrivalled know-ihow, to enable individuals, 
society and enterprises eve%where to make the most of 
the weather and the natural environment

Goals
m To lead the world in advice on the weather and the 

natural environment

  To make the Met Office a source of pride to our staff, 
our owner and the public
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From the cockpit of an RAF Hawk jet, the distant horizon is reflected in the pilot's 
visor. Whatever you do, wherever you are, keep your goals in sight and we will 
help you achieve them, by using the weather to your advantage.
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Chief Scientist's introduction
The past year has again seen many successes in the scientific and technical 

development of the Met Office. In particular, significant progress has been 

made in numerical weather prediction and climate research. Our New 

Dynamics scheme, which has been developed over the past few years, has 

been integrated into our numerical weather prediction models and is now 

operational. This scheme has greatly contributed to the continued 

improvement in the numerical weather prediction index, and also provides 

the scientific foundation for the future development of a high resolution 

forecasting capability. Our Hadley Centre for Climate Prediction and 

Research remains at the forefront of climate change modelling, with many 

pioneering projects under way, including work on the quantification of 

uncertainty in climate predictions.

High-performance computing is critical to our forecasting ability and, 

therefore, our business as a whole, so it is with some anticipation that we look 

forward to switching over to the new NEC SX6 supercomputer towards the 

end of this year. Its introduction will help us further develop the use of 

ensemble techniques for both climate and weather prediction, and its 

additional computing power will also be essential for developing very high 

resolution forecast models to improve the prediction of severe weather events.

By the end of 2003, the majority of Met Office staff will have relocated to our 

new building in Exeter. Such a large-scale move inevitably provides many 

challenges for our organisation, both from a technical point of view and for 

our staff on a personal level. Preparations are, in both cases, well under way 

and our drive towards relocation is progressing well. Our move also provides 

many new opportunities, such as an improved computing infrastructure and 

new working environment. In particular, we hope that this will lead to 

improved communication within the Office and a greater synergy between 

the different parts of our business.

John Mitchell, Chief Scientist

"On a day-to-day basis, I 'm working with other Board Members and those in the Research 

Process to develop our science strategy and see that it is implemented. I enjoy the combination 

of being involved in state-of-the-art science and demonstrating to people the importance 

of having a world-class scientific foundation for our products."

Scientific and Technical Review 2002/3 5
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Chief Executive's overview

Success in the front line

As I write this brief overview for 2002/3, the Met Office is fully engaged in 

supporting UK and coalition forces in Iraq. Staff from our Mobile Met. Unit 

(MMU) are in uniform, based in Kuwait or at the front line, serving in very 

difficult conditions. Preparing forecasts while being constantly interrupted 

by air-raid warnings is difficult enough, but, with the added threat of gas or 

chemical attacks, the task becomes truly daunting. I thank them for all that 

they are doing and acknowledge the disruption and concern it causes their 

families.

Of course, success in the front line requires the support of many other teams 

across the Met Office, including developers, forecasters, support staff and 

communication staff. Together they have delivered the goods and have 

considerably enhanced the Met Office's reputation within the Ministry of 

Defence, the armed forces and the wider coalition community. This is the 

Met Office at its best, and I offer my congratulations to everyone involved.

Making the most of the weather

Turning to the weather in 2002/3, the winter months again saw floods, road 

chaos and storm damage to businesses and domestic properties. Even 

though we successfully forecast these events well in advance, there were still 

fatalities and substantial losses to business. We are now working with a range 

of customers to see what measures can be taken to mitigate the worst effects 

of the weather and to manage the residual risk. Our overall aim remains to 

enable our many customers to make the most of the weather and achieve 

their desired outcomes.

A challenging year
The past year has been a difficult trading year for the Met Office, and the 

signs are that 2003/4 will be just as difficult. While we have made further 

substantial improvements in our forecasting accuracy and in the quality of 

the services we provide to our customers, we have not had the same success 

in reducing our operating costs and increasing our revenue. For the first time 

since we became a trading fund, we will miss our annual efficiency target,

Peter Ewins, Chief Executive

"As Chief Executive, I am personally accountable to the Secretary of State for Defence for the 

efficient and effective management of the Met Office. Together with my Board, I formulate the 

strategy for developing the business and maintaining its scientific reputation and international 

status. I promote Met Office services and look for opportunities to collaborate both nationally 

and internationally to improve upon them."

Scientific and Technical Review 2002/3 7



although we remain well ahead of our long-term target. We will, therefore, 

revisit our plans to ensure we still achieve our medium-term cost reduction 

targets. We have also failed to achieve the expected growth in revenue, and 

revised plans are already in place to reinvigorate our sales and marketing 

strategy.

Our commercial contribution, which is a measure of the extent to which our 

non-government business has helped to offset the cost to the taxpayer, has 

risen by 12% in 2002/3 compared to 2001/2. In the current economic climate, 

this is an excellent performance and it is a pity that we have missed the formal 

target by just £150,000.

Investing in the future

2002/3 has been a year of major investment in our future. We have signed the 

contract for a new supercomputer   one of Europe's fastest   that will allow 

us to achieve more-detailed and more-accurate numerical weather 

prediction, greatly enhancing our weather forecasting and climate 

prediction capability. Our new Headquarters and Operations Centre at 

Exeter has already grown from a muddy field a year ago to an increasingly 

attractive set of buildings. The first computer links have been established and 

the first of our staff are at work in Exeter, getting everything ready for the rest 

of us to move, on schedule, later in 2003.

Investment in research and development has continued, with a new 

formulation for the numerical modelling of the dynamics of the atmosphere 

coming to successful conclusion and implementation.

All these investments will help to ensure that we continue to be the world 

leader in weather forecasting and the benchmark for national met. services 

in Europe.

Moving forward

The theme for this year's Scientific and Technical Review and Annual Report and 

Accounts is 'Met Office on the move'. This is not only about our move to 

Exeter later in the year, important as that is, but it is also about all the other 

ways in which we are moving forward: into new fields of research, advancing 

our knowledge of meteorology and the environment, developing new

8 Scientific and Technical Review 2002/3



markets, forging new relationships and leading the development of met. 

services, not only in the UK but also worldwide.

I hope you will be able to take the time to at least browse through our 

Scientific and Technical Review, and that you will pass it on to others who 

might be interested.

2002/3 has been a
year of major investment to help

ensure that we continue to be
the world leader In weather

forecasting and the benchmark
for national met. services

in Europe. 9 J
Peter Ewins, Chief Executive, Met Office





Developments in observing 
of the environment

Surface observing development

A major objective of our observing strategy is full 

automation of the surface observing networks in the 

next five to ten years, thus obtaining maximum benefit 

from the networks both now and in the future.

Camborne trials facility

The move of the Met Office HQto Exeter means that the 

trials facility at Beaufort Park will be lost. However, 

significant investment in the observing site at 

Camborne has enabled the continuation of detailed 

instrument and observing techniques studies (Fig. 1).

Figure 1. The observing trials facility at Camborne.

The collocation of surface observations, radiosonde 

measurements, remote sensing profiles of wind, 

temperature and humidity, and a Baseline Surface 

Radiation Station, creates a very powerful operational 

observing tool that can be used for instrument studies 

that were not possible at Beaufort Park. The Camborne 

facility now forms an important part of the developers' 

tool kit, as any new observational technique requires a 

benchmark to be judged against.

Observations automation

The rollout of surface observing automation is progressing. 

The focus this year has been on the provision of consistent 

performance from the new measurement systems across 

the observing networks. Consistency tests for present 

weather and laser cloud-base recorders (LCBRs) have been 

established. This important element of verifying sensor 

performance is key to ensuring that all sites equipped with 

the new instrumentation are performing at their 

optimum level. It also ensures that we can monitor the 

quality of their output. Any deterioration in quality is 

very quickly identified and can be swiftly addressed, often 

in conjunction with the manufacturers.

SAMOS enhancements

The Semi-automatic Meteorological Observing System 

(SAMOS) forms the backbone of the UK observing 

network, with over 100 of the 150 routine synoptic 

observing stations in the UK using this system. The 

latest version was installed at all sites, including civil 

aviation stations   such as Heathrow and Manchester 

Airport   that were still using the legacy version of 

SAMOS. Even St Helena, the most remote of the 

Met Office-managed sites, was upgraded during the 

autumn. A common observing platform helps minimise 

the costs of network management, as well as providing a 

consistent performance level across the network. To further 

automate the observing process at aviation stations, we 

have developed a meteorological condition alarm 

to draw attention to significant changes in key 

meteorological elements, such as a change in cloud 

base or the surface temperature falling below freezing. 

The introduction of this tool will be an important step 

towards the automation of all observing at airfields.

Tim Oakley, Remote Sensing Team Leader
"I'm responsible for developing automated instruments, and testing new measurement 

and software processing techniques, with the aim of providing high-resolution 

upper-air data to forecasters and for use in our numerical models. Leading the wind 

profiler team, we've been making tropospheric systems operational and have just 

installed a new wind profiling radar on South Uist in the Hebrides, Scotland."

Scientific and Technical Review 2002/3 11



Humidity measurement

Humidity is a basic parameter that is measured at every 

synoptic station in the UK. The current basis for this 

measurement is the psychrometer, which is a combination 

of dry- and wet-bulb thermometers. Although this 

technique has served the Met Office well, the high 

maintenance requirement and the potential for gross 

error (if not correctly maintained) make it no longer 

suitable as we move towards full automation. Although 

sensors that measure relative humidity directly are 

available, they have always been seen as a back up to the 

psychrometer. We are carrying out a review of the latest 

technology to determine the most appropriate method 

for humidity measurement in future. Most modern 

sensors measure the capacitance change as water 

molecules are absorbed onto a thin polymer film. Such a 

method is sufficiently accurate for our requirements but 

is susceptible to contamination. The effect of this 

contamination on the measurement is apparent at 

observing sites that experience salty coastal air or the 

presence of aviation fuel exhaust. These contamination 

effects form part of the review.

Figure 2. Prototype of the next-generation Vaisala RS92 

radiosonde.

Cloud cover measurement

Although a significant improvement in our automated 

cloud cover measurement capability has been achieved 

with the introduction of a new type of LCBR, there are

still weaknesses in cloud-cover measurement in certain 

circumstances. The cloud has to be directly overhead for 

the LCBR to make the measurement and no integrating 

algorithm, no matter how sophisticated, will produce 

the correct cloud cover measurement if the cloud is not 

overhead. However, a new technique using a combination 

of LCBR integration and whole sky infrared measurement 

by a pyrgeometer has been developed for possible use at 

sites where the traditional LCBR method is known to 

underperform. The development of this technique is the 

first step towards production of the Cloud Cover Arbiter.

Ground-based upper-air observing 
systems

We are continuing work on ground-based observing 

systems in order to meet the ongoing requirement for 

accurate measurements of wind, temperature and 

relative humidity at a better vertical resolution than can 

be achieved by current satellite systems.

New generation of radiosondes

During the past year, we have performed prototype 

testing on a new generation of radiosondes (weather 

balloon systems) in collaboration with the manufacturer 

(Fig. 2). The radiosonde will transmit over a narrower 

bandwidth than the current systems and will reduce the 

radio frequency spectrum required by our operations. 

The improved signal transmission link will allow smaller 

batteries to be used in the radiosonde, thus making 

balloon operations safer. Wind measurements are 

derived by tracking the movement of the system with 

signals from Global Positioning System (GPS) navigation 

satellites. The signals are decoded using a code-correlating 

receiver in the radiosonde   a change of method by our 

manufacturer. We expect it to lead to an improvement in 

the reliability of the GPS radiosonde system. The new 

radiosonde is controlled by application-specific 

integrated circuits. These allow more-sophisticated 

control of the radiosonde sensors. For instance, the 

heaters used to drive off contamination from the 

sensing system for relative humidity can be adjusted to

12 Scientific and Technical Review 2002/3



cope with the cloud conditions found over the UK. This 

should result in a significant improvement in the 

accuracy of our relative humidity measurements.

Wind profilers

The number of sites hosting vertically pointing radars 

capable of measuring winds (wind profilers) in clear air 

has been expanded to include South Uist in the Outer 

Hebrides (Fig. 3). The development system, temporarily 

installed in August 2002, will be replaced by a new 

operational system operating at longer wavelengths. 

This will allow winds to be measured continuously up to 

a height of 12 km in all weathers and will complement 

the upper-wind monitoring of the Mesosphere- 

Stratosphere-Troposphere wind profiler, Aberystwyth, 

and a similar profiler operated near Paris by 

Meteo-France.

Figure 3. Antenna installation for 64 MHz tmpospheric 

wind profiler on South Uist.

Water vapour measurements from 
CPS signals

We have made a start in building up a network of sites 

where integrated water vapour can be measured from 

the reception of GPS navigation satellite signals. This 

work depends on strong collaboration with a number of 

universities and Government agencies. The UK real-time 

ground-based GPS water vapour network consists of 

17 receivers operating remotely, with automated

contribution of hourly data to the national archive at 

the Institute of Engineering and Space Geodesy at the 

University of Nottingham. Eight of these receivers have 

been deployed. The GPS data are also forwarded to the 

real-time demonstration network of the European 

programme COST-716 so that development work on 

assimilating the measurements into numerical forecast 

models can continue. This network is expected to reveal 

information about the smaller-scale structures in water 

vapour distribution that cannot be resolved by the 

limited number of weather balloon ascents in a day.

Microwave radiometer and cloud radar

We are carrying out investigations into the use of a 

12-channel microwave radiometer for measuring 

temperature, water vapour and cloud properties from 

the surface up to about 4 km at high temporal resolution. 

The radiometer was set up at Camborne in February 

2002, and has operated very reliably. However, we found 

problems with the calibration and scanning cycle of the 

system, but the manufacturer has responded quickly to 

revise the software. The radiometer now retrieves 

profiles of temperature, humidity and cloud every two 

minutes using a neural network algorithm (Fig. 4).

Humidity %

Figure 4. Time series of humidity measurements at 

15-minute temporal resolution, from the Microwave 

Radiometer (16 May 2002, Camborne).

We are developing a variational assimilation technique 

to use radiance data from this instrument directly in 

mesoscale numerical weather prediction (NWP) models 

and to combine these with data from active sensors 

(wind profilers, ceilometers, cloud radars) to enhance 

the vertical resolution of the resultant profiles.

Scientific and Technical Review 2002/3



We have made progress in testing a prototype, vertically- 

pointing 78.2 GHz cloud radar, developed by the Space 

Science and Technology Department of the Rutherford 

Appleton Laboratory (Fig. 5). This cloud radar is 

designed to be relatively cheap to manufacture and 

operate, and has good potential for measuring fog depth 

and multiple layers of cloud.

Figure 5. Deployment of the cloud radar at Camborne, 
with the microwave radiometer visible in the background.

Satellite observing systems and 
weather radar

Making effective use of the information from the new 

series of satellites is a key component of our observations 

strategy. We are also making fundamental changes to 

the way rainfall products are generated from weather 

radar data.

Meteosat Second Generation

The first of the new series of Meteosat Second 

Generation satellites (MSG-1) was launched on 

28 August 2002. Compared with first generation 

Meteosat, which went into operation in 1978, MSG's 

principal imaging instrument, SEVIRI, is a major 

advance in terms of spatial sampling, frequency of 

coverage, number of spectral channels and radiometric 

accuracy. From 2003 until at least 2014, the series will 

provide greatly improved products to support nowcasting 

and very-short-range forecasting, including the

monitoring of severe storms and fog. It will contribute to 

short- and medium-range NWP through improved 

cloud-tracked winds and will also provide environmen­ 

tal monitoring, including detection and tracking of 

volcanic ash.

Re-engineering the radar data processing 
chain

The changes to the processing of radar data are aimed at 

delivering improvements in the accuracy of surface 

rainfall estimates, product timeliness, and providing the 

capacity to process data from a much larger number of 

radars in continental Europe.

The main structural change achieves a greater centralisation 

of the processing, which is currently distributed 

between three systems: the 'Cyclops' computer at the 

radar sites, 'Radarnet III' and 'Nimrod' workstation- 

based systems at Bracknell (Fig. 6 (a)). We are now 

developing a new 'Radarnet IV system, which is 

designed to receive raw radar data from Cyclops and

Figure 6. Radar data processing chain (a) as at 2003, (b) 
re-engineered chain to come into operation in 2004.
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generate all the required radar-based rainfall products 

(Fig. 6 (b)). The Nimrod system will then focus on the 

generation of forecast products.

The raw data transmitted from the radar sites will be in 

polar co-ordinates, rather than the Cartesian format 

used at present. Access to these raw polar data presents 

opportunities for improving the quality control and 

correction algorithms that convert the radar measurements 

into estimates of surface rainfall. As the polar format 

data are much larger in volume, this change has only 

been made possible by development of the new Met 

Office wide-area network, MORSN. The scientific 

development of new algorithms is proceeding in parallel 

with the Radarnet IV system development. We have 

produced new clutter-discrimination methods in-house 

(ref. Scientific and Technical Review 2001/2) and work on 

relating radar measurements aloft and rainfall at the 

ground has been contracted to the University of Reading.

Climatological data

Gridded climate statistics, derived from conventional 

observations, are now available for the UK for each 

month from January 1961 to December 2000 for each of 

26 weather parameters, such as temperature and rainfall 

(Fig. 7). These data sets, produced in association with the 

UK Climate Impacts Programme, can be downloaded for 

research purposes, free of charge, from the Met Office 

web site at www.metoffice.com/research/hadleycen- 

tre/obsdata/ukcip/index.html. The data sets have been 

used to generate a consistent set of monthly statistics for 

the UK, its constituent countries and various regions.

As part of our work to calculate long-term averages, we 

have developed new software to estimate values for 

periods of missing data. An estimate is generated for an 

observing site using available data from several 

neighbouring sites. The relationship between the target 

site and each neighbour is obtained by using regression 

analysis of the period when both sites have data. 

Neighbours are selected according to the level of 

correlation during the period of overlap.

To meet the increasing demand for real-time assessments 

of exceptional weather, we have enhanced our historical 

archive of noteworthy weather events. The information 

is now contained in an Oracle database and a new 

intranet-based search facility provides users with 

interactive access.

Rainfall amount (mm)

BB Less than 100 
LJ 100-125 
M 125-150
•1 150-200
  200-300
• over 300

figure 7. 5-km UK-gridded rainfall for October 2000.
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High-performance computing 
in numerical modelling

Why do we need more power?

The Met Office's supercomputer facility lies at the heart 

of our Numerical Weather Prediction (NWP) and 

Climate Research and Production processes. Our 

position amongst the world's best demands a powerful 

computing facility. However, our twin Cray T3Es are 

underpowered for the research and development we 

now wish to do. As a result, we are replacing them with 

an SX-6 system built by NEC   one of the most powerful 

supercomputers in the world.

This will enable us to deliver the improved NWP 

forecasts and climate predictions required by our 

customers. Key components of these plans are as follows.

  Tackling the main forecast problems associated with 

fog, low cloud and heavy precipitation. To properly 

resolve some of these features requires a substantial 

increase in resolution, particularly for local area 

regional models where the primary benefit to 

customers will be obtained. This can be expensive   

for example, doubling the resolution requires sixteen 

times more computational power.

  Increasing the resolution and complexity of our 

Production Climate model and providing the 

opportunity to explore more climate scenarios and 

quantify the climate uncertainties in greater detail.

  Increasing the sophistication of numerical schemes 

and physical parametrizations. Our success in 

improving predictions of fog, low cloud and 

precipitation depends on increasing the complexity 

of our modelling of the moisture processes. In a 

climate context, the models are becoming even more 

complicated   for example, we are introducing a 

chemistry sub-model to simulate important climate 

feedback mechanisms.

  Coping with the ever-increasing data volumes 

flowing from next-generation satellite observing 

systems. At present, cost constraints mean we use 

only a small subset of available data. Higher-resolution 

models require more observations.

  Implementing four-dimensional variational data 

assimilation, which has had proven benefits at other 

met. centres, but is substantially more costly than our 

current 3D analysis. We hope to reduce the frequency 

of poor forecasts attributed to misanalysis.

About the NEC SX-6

The basic building block of the SX-6 system is the NEC- 

designed vector processor, which has a theoretical peak 

performance of 8 Gflops.

Eight processors form a node, all sharing a single 

32-Gbyte shared memory. The Met Office's SX-6 will be 

split into two 15-node clusters, with each cluster residing 

in a separate computer hall to enable maximum 

resilience for our operational services. The combined 

2-cluster SX-6 will have a total peak performance of 

1.9 Tflops with a total memory of near 1 Tbyte (Fig. 8).

Connected to the clusters is the TX-7, a 24-processor 

front-end system, which acts as the host controller, 

allowing all the processors to have a consistent view of a 

single shared file system. Each input/output request 

from a processor is routed to the TX-7, which will then 

forward it on to the appropriate disk controller via a 

fibre-channel switch. The disk system will be distributed 

between the two computer halls, allowing access to all 

file systems from both halls, with key file systems 

mirrored between the two halls for operational 

resilience. The TX-7 will also be used for compiling 

codes, executing the Unix control scripts and 

communicating with other systems.

Robin Pallister, Supercomputer Support Manager
"Our supercomputers are vital for delivering accurate and timely weather forecast 
and climate predictions. After procurement, installation and acceptance of the 
new supercomputer, my job is to run the system from acceptance until it's decommis­ 
sioned. I have to deliver a reliable service, liaising with both the suppliers and 
internal users to ensure that their requirements are understood and met."

Scientific and Technical Review 2002/3 17



Figure 8. 2-duster SX-6

Transition to the SX-6 

Installing the hardware

The installation is being staged, enabling us to both 

phase the development and implementation during the 

transition to Exeter and benefit from new, cheaper 

hardware that will be available later next year (Table 1). 

The final system, available in early 2005, will provide an 

increase of 12.5 times over the current combined T3E 

machines. The first SX-6 machine at Exeter will go 

through a period of acceptance testing during Autumn 

2003 in readiness for operational use early in 2004.

Moving the application codes

Ten years ago, the Met Office had a shared-memory, 

modestly parallel vector Cray C90 supercomputer. Five 

years ago, we moved to the opposite end of the spectrum 

after the acquisition of a scalar, distributed-memory, 

massively parallel Cray T3E. The NEC SX-6 can be 

considered as a fusion of the architectures of the 

previous two supercomputers. A single SX-6 node is 

similar to an entire Cray C90. The transition from Cray 

C90 to Cray T3E was radical and entailed a major 

development effort to use a distributed-memory 

architecture. This time, the transition from a Cray T3E to 

the NEC SX-6, will be an easier process.

The major application codes, and particularly the 

Unified Model (UM), have been deliberately designed 

and developed with portability in mind, so the basic 

transfer of the codes to the SX-6 should be 

straightforward.

Date

lanuary 
2003

July 
2003

August 
2003

January 
2005

January 
2005

Location

Bracknell 
Headquarters

Exeter Headquarters 
Computer Hall 'B'

Exeter Headquarters 
Computer Hall 'A'

Exeter Headquarters 
Computer Hall 'A'

Exeter Headquarters 
Computer Hall 'B'

Description

4-node SX-6 system 
for software migration

15-node SX-6 system 
available for use

15-node SX-6 system 
available for use

15-node 'SX-6 successor' 
available for use

Combine the two 15-node SX-6 
systems into a single 30-node 

SX-6 system

Total 
power 

(cfT3Es)

xO.8

x3

x6

X12.5

X12.5

Table 1. Timetable of SX-6 installation during transition 

to Exeter.

Optimising the application codes

Once the basic transfer is achieved, the next stage is to 

make the codes run faster. The benchmark version of the 

UM reached an acceptable level of performance after less 

than 0.5% of the code was revised. With half a million 

lines of code, this remains a substantial task.

As the UM code was originally developed for the Cray C90, 

the data structures and general loop constructs are still 

appropriate for the SX-6. Some later codes were not written 

for vector machines, so more work is required to adapt them, 

for example making 'do' loops suitable for vectorisation.

Challenges

In the longer term, there are a number of areas where we 

will be looking to make further optimisations, such as 

input/output, communications and parallelisation. At 

present, the Cray T3E deals with all aspects of running a 

model suite. In future, the SX-6 will do the number-
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crunching task it is best suited to, while its TX-7 front 

end will deal with running control scripts and 

compilations. We may need to make some substantial 

changes to enable proper integration of the front-end 

system with the supercomputer. As a result, we are also 

likely to need a more complicated job scheduling system.

Some early performance results

Figure 9 shows the performance measurements taken 

during the benchmarking process for the global forecast 

model run at a higher resolution, shown relative to the 

same code running on a similar fraction of our T3E.

Two lines are shown that demonstrate the effect of using 

different decompositions (how the work is partitioned 

across the processors). The upper (higher performance) 

line shows results from running the code with a one- 

dimensional decomposition, only decomposing in the 

north/south dimension. Here, we obtain a six-fold 

increase in computational speed, relative to the T3E for 

the same percentage of machine usage. The lower line 

(lower performance) shows results when running with a 

two-dimensional decomposition (using two processors 

in the east/west dimension and a variable number in the 

north/south dimension). This early result demonstrates 

that a simple transfer of codes may not achieve optimal 

performance.

e factor (relative to T3E)

Performanc

*
<

4r

> ..--
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<

#

^

20

*-

M

30 40

m - «

50 60 70 80 90 100

Percentage of total 30-node system

Figure 9. Performance measurements taken during the 
benchmarking process for the global forecast model run at 
a higher resolution, shown relative to the same code 
running on a similar fraction of our T3E.
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Forecasting

Nowcasting

During 2002, the Met Office's nowcasting capability, 

which is based on the well-established Nimrod system, 

was expanded to include three separate domains. The 

principal domain continues to cover the UK and 

surrounding waters with a 5-km grid and an hourly 

update cycle for most products. In September, the 2-km 

GANDOLF precipitation system was implemented 

operationally across England, Wales and southern 

Scotland, primarily to support flood forecasting. Then, 

in December, we implemented an expanded 5-km grid 

domain across Europe (EuroNimrod). The latter domain 

benefits from recent progress in the exchange of radar 

data amongst European countries. Figure 10 shows an 

example of a 15-minute precipitation accumulation 

forecast for the EuroNimrod area.

CANDOLF upgrade

In September 2002, as part of a major upgrade, we 

introduced a new advection algorithm into the 

GANDOLF precipitation nowcast scheme. This 

algorithm is based on a solution of the Optical Flow 

Constraint (OFC) equation, widely used in the computer 

animation industry, and has a number of advantages 

over other widely used schemes. These include avoiding 

having to identify contiguous rain areas, and application 

of a field constraint that generates realistic advection 

velocities while minimising errors in regions with sparse 

data and at domain boundaries. Figure 11 shows a 

comparison between the old scheme and the OFC

figure 10. One-hour European Nimrod forecast of ram 
accumulation (15-minute accumulation period) for 1600 UTC 
on 22 January 2003.

Figure 77. CANDOLF now/costs for 30 October 2000.
(a) Observed precipitation distribution at 0645 UTC,
(b) observed precipitation distribution at 0945 UTC,
(c) CANDOLF OFC three-hour forecast for 0945,
(d) old CANDOLF three-hour forecast for 0945. 
Grey areas are missing data.

Clive Pierce, Precipitation Forecasting Scientist
"I am based at the joint Centre for Hydro-Meteorological Research in Oxfordshire. 
My work is an exciting mix of applied research in short-range rainfall prediction and 
the design of computer-based systems for automatic forecasts of rainfall at short 
range. I'm currently working on a Nimrod rainfall forecasting system in Poland for 
their Institute of Meteorology and Water Management."
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scheme for a case when passage of a deep depression 

over northern England resulted in localised flooding on 

30 October 2000. The precipitation area over northern 

England, near the centre of the depression, remained 

almost stationary during the three-hour period between 

Figs 11 (a) and (b), while the cold front over southern 

England moved rapidly south-east. The forecast from 

the OFC scheme (Fig. 11 (c)) captured this difference 

more successfully than the old scheme (Fig. 11 (d)).

Polish Nimrod

Following the devastating floods of the rivers Odra and 

Vistula in July 1997, a major infrastructure development 

project was initiated in Poland, with World Bank 

funding, to mitigate the impact of future severe flooding 

events. The Met Office is providing a version of Nimrod, 

configured for Poland, to the Polish Institute of 

Meteorology and Water Management (IMGW) in 

Warsaw as a component of the Hydrological and 

Meteorological Monitoring and Forecasting System 

(SMOK). Figure 12 shows a test rainfall forecast from the 

Polish Nimrod system, carried out prior to delivery using 

historical data.

Rain rate (mm rr

0.0 -0.25 
0.25-0.5 
0.5 - 1.0 
1 - 2 
2-4 
4-8 
8-16 
16 - 32 
> 32

Cloud-top height

A critical component of much Nimrod processing is the 

cloud-top height field, which is diagnosed principally 

from Meteosat infrared imagery. It has been known for 

several years that the diagnosis scheme occasionally 

assigns low cloud to the mid-troposphere due to a 

combination of biases in the brightness temperature 

seen by the satellite and deficiencies in the model repre­ 

sentation of low-level inversions. To overcome this, we 

have carried out a major revision of the code, from the 

perspective that the model is much more likely to 

correctly estimate the height of a stable layer than its 

temperature. As a result, we have achieved substantial 

improvements in the height assignment of low cloud 

and fog. Figure 13 shows an example where low cloud

Figure 12. Six-hour forecast of rain rate for 1400 UTC, 1 1 
November 1998, produced by Polish Nimrod.

Figure 13. Nimrod cloud-top height maps derived from 

Meteosat IR imagery for 1030 UTC on 12 February 2003, for 

an area covering the British Isles, the North Sea and the low 

countries. Cloud-free areas are black, high cloud tops are in 

blue shades, and low cloud tops are in red, grey, green and 

purple as height increases, (a) New scheme, (b) old scheme, 

(c) teph/gram showing cloud-top height derivation   blue 

line: model temperature; purple line: model brightness 

temperature; red dashed line: satellite brightness temperature; 

red solid line: old cloud top; green line: new cloud top. The 

location of(c) is shown by a cross in (a) and (b).

22 Scientific and Technical Review 2002/3



umtc 3dwind

>50 45-50 40-45 35-40 30-35 25-30 

20-25 15-20 10-15 5-10 0-5 Wind speed (kn)

10
(d)

-30 -20 -10 0 10 20

Anomaly (m s~ ] )
-30 -20 -10 0 10 20

Anomaly (m s~ ] )

Figure 14. Nimrod wind speed and direction for 1200 UTC 

on 75 January 2003. (a) From the mesoscale model after 

topographic adjustment, (b) raw mesoscale model output, 

(c) graph of observation-model differences from the raw 

model output, (d) graph of observation-model differences 

from the adjusted model output.

and fog over the southern North Sea, near Denmark, 

have been diagnosed at a much lower height by the new 

scheme. Figure 13 (c) shows the relationship between 

the old and new cloud-top heights in this area to the 

model temperature profile. The height indicated by the 

old scheme is not only too high, but is also inconsistent 

with the presence of stratiform cloud.

Wind nowcasts

The wind nowcasting scheme in Nimrod is an important 

source of information for inshore waters forecasts and 

hazard warnings for severe winds over land. It is formulated 

to extrapolate deviations from the mesoscale model 

surface-wind forecast, assuming that they propagate 

with the model wind. Unfortunately, part of the deviation 

arises from the influence of local topographic effects, 

unresolved by the model, which are stationary. A new 

representation of the influence of local topography, 

based on the linear theory of flow over hills, has been 

developed to allow the separation of these stationary 

and propagating signals. Figure 14 shows how the 

adjustment scheme (Fig. 14 (a)) improves the representation 

of winds over the high ground, relative to the raw model 

output (Fig. 14 (b)). The improvement is summarised by a 

comparison with the observations in Figs 14 (c) and (d).

More sophisticated models of the impact of topography 

on wind flow have been under development for several 

years. Experiments with the Unified Model (UM), run at 

very high resolution, have shown that it can successfully 

reproduce the observed wind maximum associated with 

north-easterly winds through the Strait of Dover. Over 

the past year, our collaborative work with Leeds 

University has shown that a simpler model, called 

3dVOM, developed for simulating orographic lee waves 

and rotors, can also reproduce this feature. A comparison 

of the simulations by the two models is shown in Fig. 15.
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Figure 15. Simulation of wind flow through the Strait of 
Dover on 23 July 2000 using (a) a 2 km-resolution version 
of the UM, (b) the 3dVOM model.

Man-machine mix

Over several years, we have progressively moved from 

manual forecasting methods to more automated 

techniques. While much production is now done 

automatically, forecasters still add important value to 

forecasts. A key strand of our forecasting strategy is to 

'change once, use often' by adopting a central quality 

control of numerical weather prediction (NWP) output 

using Fields Modification (FM). FM makes it possible to

'correct' data streams before they are transformed into a 

variety of products. This ensures that the process of issuing 

guidance and adding value to products is made as 

beneficial and efficient as possible. Field modification will:

  deliver consistency throughout a range of outputs;

  allow our guidance forecasters to make significant 

changes on those rare occasions when the model 

products are seriously in error;

  have the potential to substantially increase the 

efficiency of the production process.

A good example of the power of this technique is 

demonstrated by the events of 15 October 2002. Figure 16 

shows the T+36 forecast from the global run of the UK 

model with a shallow low close to the Netherlands at 

1200 UTC on the 15th. However, there was a good signal 

from the European Centre for Medium-range Weather 

Forecasts (ECMWF) ensembles of a more vigorous 

development and this was supported by a variety of 

deterministic solutions from other centres. Also, the 

satellite picture at 0200 UTC on the 15th indicated a 

developing cloud head with dry intrusion to the west of 

Spain, symptomatic of vigorous cyclonic development. 

Using this information resulted in the guidance 

forecaster issuing a forecast that was very different from 

that produced by the model (Fig. 16 (a)). The analysis at 

1200 UTC on the 15th (Fig. 16 (c)) shows a vigorous low 

close to south-west England. The forecaster had correctly 

predicted the general development and depth of the low, 

and issued timely warnings to emergency authorities of 

heavy rainfall and gales in coastal areas.

This has revolutionised the guidance issued from our 

operations centre. During October 2002, the production 

and delivery of Met Office guidance changed from being 

a text product delivered to customers at fixed times, to 

an intranet-based graphical product that is available at 

all times. This new guidance:

  introduces the modification of key model fields, such as 

cloud and precipitation, to produce graphical output 

better at reflecting the perceived short-range evolution;
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Figure 16. Forecasts for 1200 UTC 75 October 2002. 

(a) 36-hour model forecast, (b) modified forecast, 

(c) manual analysis.

  provides guidance that has a substantially higher 

information content, enhanced by the use of 

graphical output;

  provides graphical products that will become a 

common source of information for many users, 

including regional offices and TV companies, 

significantly enhancing the service we offer.

Medium-range forecasting

Forecasting the weather with numerical models involves 

significant uncertainty due to the strong sensitivity of 

the forecast to small errors in the initialising analysis. 

This uncertainty is particularly important when 

forecasting several days ahead and in potential severe 

weather situations. To help assess this uncertainty, we 

use output from the Ensemble Prediction System (EPS) 

run by the ECMWF. The EPS uses 51 separate numerical 

forecasts, each started from slightly different initial 

conditions   the differences are small and are within 

typical analysis errors.

First-guess early warnings of severe 
weather

Using the EPS output, we have developed an application 

to estimate the probability of severe weather to support 

early warnings, as issued under the National Severe 

Weather Warning Service. Probabilities of heavy rain, 

severe gales and snowfall are assessed automatically, and 

forecasters receive different levels of alert according to 

the risk, along with appropriate warning messages 

ready for issue (Fig. 17). Assessment of the system shows 

that it is often not possible to issue warnings with high 

confidence, due to the fundamental uncertainty in the 

forecasts; however, when the system does provide a 

strong signal, severe weather is correspondingly more 

likely, and forecasters have been able to issue more 

timely warnings to customers on a number of occasions, 

for three to four days ahead.
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Figure 17. Sample alert from severe weather early warnings 
system showing a three-day warning of severe gales for 
the storm that struck southern Britain on 27 October 2002. 
The top panel gives probabilities each six hours, listing 
ensemble members so that the forecaster can Investigate 
detail. The lower panel gives a draft warning with regional 
probabilities.

Probabilities of blocking

Blocking is a phenomenon in which the normal 

eastward progression of weather systems in the 

atmosphere ceases, typically due to a large stationary 

high-pressure system. Blocking can lead to prolonged

Probability of blocking onset
100

80

60

T + 24 T + 48 T+72 T + 96 T+120 T + 144 T+168 
Tuesll Wed 12 ThursIS Fril4 SaM5 Sun16 Mon 17

February 2003

Figure 18. Probabilities of blocking for the Euro-Atlantic 
area from the EPS. This example shows a high probability 
of a transition to blocked flow on day three of the forecast.

periods of either fine or unsettled weather, depending 

on the precise location of the block. Prediction of the 

onset or decay of blocking is therefore vital for successful 

medium-range forecasting (three to ten days ahead), but it 

is often sensitive to small errors, so ensemble prediction is 

appropriate. Applying research by a Met Office- 

sponsored PhD student, we have introduced probability 

forecasts of blocking, including onset and decay, based 

on the EPS (Fig. 18). The research results showed that the 

EPS has skill in predicting the onset of blocking up to 

seven days ahead, and decay up to ten days ahead.

Evaluation

We are employing a new view on the verification of 

categorical forecasts, e.g. rain/no-rain forecasts. Instead 

of looking at the forecast accuracy, which is strongly 

influenced by the weather itself, we can look at the 

benefits that the model brings to a forecast using 

climatology. This is done using the odds ratio, which can 

be interpreted as a product of the odds for getting the 

rain forecast right and the odds for getting the no-rain 

forecast right.

For instance, we find that the odds for a successful slight 

(heavy) rain forecast (Fig. 19 (a)) increase from roughly 

1:2(1:100) from using climatology to 1:1 (1:3) when the 

Met Office model forecasts such an event. The final odds 

do not look too impressive due to the rarity of the event, 

but using the model improves the odds for getting a rain 

forecast right by a factor of 2 (30). However, this is only 

half of the story and it is important not to neglect the 

other half   namely to forecast no-rain. The odds for 

correctly rejecting rain (Fig. 19 (b)) improve from 2:1 

(100:1), when using climatology, to 8:1 (200:1) after 

using the model, i.e. they increase by a factor of 4 (2). 

Note that the odds for the correct rejection of rain are 

impressively high, largely due to the abundance of the 

no-rain event. Finally, in the odds ratio (Fig. 19 (c)), the 

climatological odds cancel out and it increases from 

about 10 for slight rain to about 60 for heavy rain. The 

advantage over a persistence forecast rises similarly.
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Figure 19. Odds-based verification of six-hour rainfall 

accumulations against threshold for August 1995 to 

September 2002. Model forecast results are shown in black, 

climatology in red ((a) and (b) only) and persistence in 

blue (odds ratio only), (a) Odds of rain, (b) odds of 

no-rain, (c) odds ratio.

Aviation services

The Met Office acts as the London Volcanic Ash 

Advisory Centre and, as such, has responsibility for 

monitoring and forecasting volcanic ash dispersion for 

the North Atlantic. We have developed two tools to 

provide information to forecasters fulfilling this role. 

One is a product derived from Advanced Very High 

Resolution Radiometer (AVHRR) satellite imagery to aid 

forecasters in locating volcanic ash and the other is 

NAME, an atmospheric dispersion model that predicts 

the dispersion of the ash. Forecasters monitored an 

eruption of Mount Etna, which began on 27 October 

2002, using these two tools to track and forecast 

movement of the ash (Fig. 20).

Defence services

A critical defence requirement is to be able to predict 

what various electro-optical sensors will be able to 'see'. 

We have made considerable progress in developing a new 

support tool based on Met Office expertise in radiative 

and heat transfer modelling. Figure 21 shows an output 

from the component of this tool that diagnoses the 

thermal contrast of a target.

-5.0 -4.0 -3.0 2.0 1.0 0 -1.0 2.0 i 3.0 +4.0 +5.0 

Brightness temperature difference (K)

From 3,000 - 6,000 m asl air concentration

1.00x10" l.OOxlO 15 1.00X10 11 1.00X10"

Maximum value = 2.19X10 13 g rrr 3

Figure 20. Observed and forecast location of the volcanic 

ash cloud from Mount Etna on 28 October 2002.

(a) AVHRR image (difference between 10.8 fim and 12.0 n. 

channels) showing the location of volcanic ash, indicated 

by the negative values, at 1315 UTC,

(b) NAME output showing the forecast concentration of 

volcanic ash at 1200 UTC.
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Figure 21. Time series of thermal contrast between grass and 
runway. Superimposed at the top is a test report that identifies 
when the temperature falls below a user-specified threshold.

We have also continued to make progress in developing 

a simple-to-use CD-based global climatology facility for 

use in defence operations (Fig. 22). Based on a mix 

of data received in real time, together with data sets 

obtained through international exchange, the 

climatologies have been subjected to extensive quality 

control and post-processing. They now include surface 

and upper-air data over both sea and land, and have been 

augmented in data-sparse areas with synthetic 

climatologies generated for representative locations 

with the Met Office site-specific model.
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Commercial services

We have been working in collaboration with GAB Robins 

to develop weather-related tools for the insurance 

industry, both to enable quick claims checking, and to 

provide advance warning of forthcoming peaks in 

enquiries. The results are being incorporated into GAB 

Robins' WeatherEYE service. Figure 23 shows a prototype 

display that depicts forthcoming severe weather by 

region, using a simple set of coloured indicators tied to 

user thresholds.

[Advanced Weather Warnings
MAPS [ TABLES [ POSTCODES j ARCHIVE | HELP [

Maps

Last Updated 06:00 Montiay 22/07/02<

Event Tune/Date |lZ:GOTuesdoy 23/07/02 

Region (UK

AlertParometer

RedTTffeshold |> 6* kni 

Amber TlHMhold |>56 knots

Figure 23. Screen shot of the prototype severe weather 
display developed with CAB Robins for their WeatherEYE
service.

Figure 22. Screen shot from the global climatology CD, 
showing monthly mean upper-air wind speed for New Delhi.
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Numerical weather prediction
Over the past ten years, we have seen unprecedented 

advances in the accuracy of the numerical weather 

prediction (NWP) that underpins most of the Met 

Office's business. This comes as a direct result of 

harnessing increased computer power to improved data 

from new satellite missions, better numerical algorithms 

and a more complete representation of the key physical 

processes in the atmosphere. Our understanding of 

these processes is founded on more basic research 

supported by the observational data facilities at the 

Met. Research Flight based at Farnborough and the 

Met. Research Unit based at Cardington.

The numerical models used to produce these forecasts 

are developed within the Unified Model (UM) system, 

which provides the computational and scientific 

framework required for both NWP and climate 

prediction. These models are run at regular intervals 

throughout the day, to tight deadlines, in order to 

provide up-to-date forecast information. A global 

configuration of the UM provides forecasts out to five 

days ahead and we use a higher-resolution UK regional 

configuration to provide more-detailed forecasts for the 

UK for up to two days ahead.

Research is under way into all aspects of the NWP 

system, with the aim of improving the accuracy of the 

operational forecasts. A number of areas are singled out 

for more-detailed discussion in this chapter. Recent 

developments in the operational formulation of the UM 

are examined, along with developments in the 

operational processing and assimilation of satellite data. 

Looking further ahead, we review progress with ongoing 

research into the use of very high resolutions and the 

development of new boundary-layer and convection 

parametrizations. Finally, we take a closer look at how we

use and analyse the information collected by our 

observational data facilities.

Unified Model

In previous editions of the Scientific and Technical Review, 

we have described our Unified Model (UM) and, more 

recently, the New Dynamics version. This new version of 

the model has a non-hydrostatic dynamical core and 

much-revised physical parametrizations and has been a 

major component of our research programme over the 

past five years. Extensive trials of the new formulation, 

some of which were described in last year's Review, 

demonstrated its benefits over its predecessor. 

Operational implementation required substantial 

changes to the suite of programs that provide products 

to customers in order to adapt to the new grid. After 

much work by a large team across the Met Office, the 

new model became operational in late summer.

However, even lengthy trials do not enable us to fully 

understand the characteristics of a new model. As with 

all developments, the overall positive signal 

encompassed some negatives as well as many positives 

and we have been working to understand and resolve 

some of the outstanding problems. In the following 

sections, we describe some new features that have been 

introduced since the summer, a number of problems 

that have been resolved and some interesting forecasts.

A new surface exchange scheme

The second version of the Met Office Surface Exchange 

Scheme, MOSES2, introduces a significant advance in our 

modelling of the land surface-atmosphere interactions. 

The changes include an improved specification of 

vegetation type and coverage, and improved treatment of 

evaporation and the surface energy balance.

Terry Davies, Numerical Modeller in Dynamics Research

"As an applied mathematician, I help develop and maintain the computer models 

that are essential to many of the Met Office's activities. We regularly monitor the 

models and use mathematics, physics and programming techniques to improve 

them, using some of the most powerful computers in the world. It's very rewarding 

when we see the forecasts improving!"
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This revision gave a substantial benefit in the summer 

seasons, resulting from a change in the surface energy 

balance with less sensible heating of the lowest 

atmospheric layers and more latent heating in the 

mid-troposphere, due to a moister surface in the 

semi-arid regions. The impact on forecasts was:

  a reduced warm bias in lower troposphere 

temperatures;

  a beneficial moistening of the lower troposphere over 

land in summer;

  a reduced tendency for excessive low pressure over 

land during summer;

  reduced root-mean-square error (RMSE) in mean 

sea-level pressure (MSLP) and tropical winds.

The improvement obtained in sea-level pressure 

forecasts is illustrated in Fig. 24. In terms of geographical 

patterns, the reduction in the RMSE during the summer 

is mostly confined to the land regions, with 

improvements over the central US, North Africa, China 

and Eurasia. These changes are correlated with a 

reduction in the negative bias in sea-level pressure and a 

reduced warm bias in the lower troposphere.

Improvements to tropical convection and 
model stability

During trials, we noticed a disappointing aspect of the 

new version of the UM was its relative performance in 

the Tropics. Occasional numerical and physical 

instability associated in part with tropical convection 

and increased errors in the large-scale tropical 

circulation were noted, although these deficiencies did 

not damage the forecasts of tropical cyclones, where our 

skill levels have reached an all time high. After a very 

careful analysis of the problems, we implemented a 

package of changes early in 2003.

Shallow convection is now diagnosed only when we 

have subsidence at the top of the boundary layer 

(vertical velocity <0). This prevents the misdiagnosis of 

shallow convection in the deep convective regimes.

Such misdiagnosis was thought to be inhibiting deep 

convection and thus was a potential cause of 

instabilities. The change removes excessive cloud in the 

trade-cumulus regions of the subtropics. The resulting 

improvement in forecast cloud climatology is illustrated 

in Fig. 25. In addition, there is an overall reduction in 

tropical precipitation and diabatic heating, with some 

alleviation of the excessive Hadley and Walker 

circulation errors.
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Figure 24. RMSE of T+72 MSLP forecasts from a July-August 
2000 trial of MOSES II. MOSES I (top panel), MOSES II 
(middle panel), difference (MOSES II - MOSES I) (lower panel). 
Blue shading in the difference plot signifies reduced RMSE in 
MOSES II formulation.
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Figure 25. Mean cloud amount for 7+720 forecasts for a 
June-July 2001 trial of changes to convection (experiment). 
The reference cloud amount is the International Satellite 
Cloud Climatology Project (ISCCP) estimate for July 2001 
(top left). The differences from ISCCP of control (top right) 
and experiment (bottom right), and the experiment-control 
difference (bottom left) show beneficial reductions in cloud 
from the convection changes over the sub-tropical oceans.

European flood events — a new 
high-resolution model for Europe

Soon after the New Dynamics version of the UM became 

operational, two major flooding events occurred in 

Europe. The Dresden/Prague floods in the second week 

of August 2002 provided the first test, with rainfall totals 

in excess of 300 mm further swelling rivers already high 

from heavy rain earlier in the month. A similarly notable 

event occurred one month later when the area around 

Nimes in south-west France experienced barely credible 

rainfall totals of up to 600 mm in less than two days.

Our current forecast guidance for Europe is based on our 

Global Modelling System, which, with a resolution of 

only 60 km, is not capable of providing the necessary 

detail for these relatively small-scale features. 

Deficiencies in the global model predictions are 

particularly marked in regions of significant orography, 

where the precipitation is orographically enhanced.

To improve the forecast detail over Europe to near that 

provided over the UK from our mesoscale model, we are 

preparing a new European model. This currently has a 

horizontal resolution of 20 km, which is three times 

higher than the global model. This model (Fig. 26) also 

covers the Atlantic to enable the Atlantic weather systems 

to be defined with more detail as they approach Europe.

Latitude of pole 34.00, longitude of pole 175.00. 
Grid length 0.18. Dimensions 548 x 320, latitude of TLC 30.18, longitude of TLC 50.0

Figure 26. The domain of the European model (inner box).

The Prague/Dresden Flood event on 12 August 2002 

provided an early test of the European model. The model 

forecast of 187 mm was a good match to what was 

observed (Fig. 27), although the peak rainfall area was 

displaced slightly too far east. In Fig. 28, we compare 

global and European model forecasts of the Nimes Flood 

event on 9 September 2002. Although both models 

forecast similar totals, the global model is clearly unable 

to resolve any detail on this scale. Note that the 

observation plot is indicative only, as the data cover the 

whole event and not just a 24-hour period. These early 

successes provided evidence that the European model 

should be run routinely and the model became 

semi-operational in December 2002.

Applications of satellite data

Successful developments in the processing and 

assimilation of satellite data have continued to lead to 

improvements in global NWP performance.
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Figure 27. 24-hour rainfall totals (mm) from the European Model (T+6 to T+30) from (a) a forecast starting at 00 UTC 

on 12 August 2002, compared with (b) the observed rainfall distribution (kindly provided by Deutscher Wetterdienst).
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Figure 28. 24-hour rainfall totals (mm) from the (a) global and (b) European models for T+0 to T+24, from a forecast starting at 

12 UTC on 18 September 2002. The observed plot (c) is a 48-hour total for the event (kindly provided by Meteo-France).

34 Scientific and Technical Review 2002/3



Total number of observations assimilated: 17,950

30° W 0° 30° E ° E 150° E

Figure 29. Coverage in a six-hour data assimilation window 
of data from ATOVS instruments on three NOAA satellites.

ATOVS data from NOAA-17

On 1 October 2002, ATOVS data from NOAA-17, 

launched in June 2002, were assimilated alongside 

NOAA-15 and NOAA-16 data. This was the first time we 

have simultaneously assimilated data from three polar- 

orbiting satellites and it was also our shortest period 

between launch and assimilation of data from a new 

satellite. There were three benefits: firstly, the negative 

impact on forecast scores if one satellite was lost (due to 

instrument failure, for example) is reduced by 85%, 

compared to a two-satellite system. Therefore the system 

is more robust. Secondly, two satellites do not give global 

coverage in a single six-hour data assimilation window, 

whereas three satellites achieve this, as the orbit of

25.0 m s

Figure 30. Seawinds observations of the surface wind field 
in the vicinity of a tropical cyclone in the Western Pacific. 
The letter A denotes the centre of the cyclone estimated 
from the observations. On the right panel, the observed 
centre is compared with the corresponding global NWP 
analysis of wind and relative vorticity in the region of the 
cyclone. M denotes the analysed centre of the cyclone.

NOAA-17 lies between those of NOAA-15 and NOAA-16 

(Fig. 29). Thirdly, the forecast skill for three satellites 

is better than for two satellites, especially in the 

southern hemisphere.

Operational implementation of 
Seawinds data

The amount of marine wind observations used in the 

global NWP model was substantially increased from 

11 December 2002 with the introduction of data from the 

Seawinds scatterometer on the satellite 'Quikscat'. This 

instrument provides almost complete coverage of the 

world's oceans in one day. Careful quality control is 

required, as the observations can be degraded in the 

presence of rain. Studies have revealed a positive impact for 

forecasts of surface variables out to three days, particularly 

in the extra-tropics. Another important benefit of these 

scatterometer winds is improved description of the wind 

field around tropical cyclones (Fig. 30).

AIRS

The Advanced Infrared Sounder (AIRS) was launched on 

NASA's Aqua satellite in May 2002. It is the first 

'hyperspectral' sounder, making measurements in 2,378 

spectral channels and giving information on profiles of

669.8
662.0
649.6

Standard deviation of observed minus background (K)

Figure 31. Plot of the global standard deviation of the 
difference between measured AIRS cloud-free brightness 
temperatures and the NWP mode! equivalents computed 
from six-hour forecast fields for 324 AIRS channels during 
the period December 2002 to February 2003. The 15 
channels uppermost in the plot are from the AMSU-A sensor 
on the same platform.
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temperature and humidity at considerably enhanced 

vertical resolution compared with the current 

generation of operational satellite sounders. AIRS is a 

research forerunner for instruments with similar 

performance on operational satellites later in the 

decade. Through collaboration with NASA and 

NOAA/NESDIS, we are obtaining AIRS observations in 

near real time. To reduce the data volumes for NWP 

applications, we receive only 324 channels, carrying 

most of the information on the vertical atmospheric 

profiles of temperature, water vapour and ozone. In 

preparation for data assimilation trials, AIRS radiances 

are being continuously monitored by comparing them 

with model simulated radiances (see Fig. 31).

High-resolution modelling

Current operational models are unable to resolve the 

convective clouds, including thunderstorms, that lead 

to the highest rainfall rates and can cause flash flooding.

0.0016

Figure 32. Results from a 1 -km resolution version of the UM 

covering south England at 15 UTC on 31 July 2002, showing 

horizontal divergence (colour) of the low-level wind with 

contours of precipitation.

Instead, we parametrize their effects   an approximate 

process that can lead to errors. We are investigating the use 

of resolutions of about 1 km for very short range 

forecasting   this resolution can represent the larger 

storms reasonably well and we have shown that such 

resolutions can simulate strongly forced, organised storms 

remarkably accurately. We are beginning to study the 

mechanisms that lead to the formation of convective 

cloud in our high-resolution models. Figure 32 shows a 

snapshot of the horizontal divergence of the low-level 

wind (colour) overlaid with contours of precipitation, just 

after the first rain from convective showers reaches the 

ground. The convective cells are clearly forming along 

mesoscale convergence lines that existed before the 

clouds, the origin of which is not yet fully understood. 

These clouds went on to form severe thunderstorms (in 

reality and in the model), which caused localised flooding. 

Less-strongly forced storms often form more randomly 

within a region but may still be organised by larger-scale 

features of the meteorology or the surface (such as hills).

Even where little organisation occurs, the high 

resolution provides improved forecasts by, for example, 

realistically continuing to rain into the evening and

ra 0.2
(D

0.1

Nimrod radar
1 km (no conv scheme)
4 km (no conv scheme)
4 km (modified conv scheme)
4 km (with conv scheme)
12 km (with conv scheme)

,A

Figure 33. Area-averaged rainfall rate from a case with 

widespread, scattered convection (3 May 2002). Models 

using parametrized convection are, in this case, unable to 

show the continued growth of showers into the evening as 

well as the high-resolution model, though probably give a 

better indication of the initial formation of rain.
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Figure 34. A radar image (a) showing the widespread convection on 3 May 2002, with an equivalent 14-hour forecast 
(b) from a 1-km resolution model, averaged to the same 5-km grid as the radar. There is dearly similarity but a lack of 
precision in forecasting the detailed location of rain. Information such as this has been used to estimate a risk of large 
accumulations of rain over the period 10 to 18 UTC on 3 May 2002 (c).

5 1 0.5 0 0.5 1 1.5

Figure 35. (a) Surface rainfall rate (mm h~') overlaid with MSLP contours (1 hPa interval) at 12 UTC on 29 November 2001 
from a six-hour forecast using a 2-km resolution version of the UM including rain advection. (b) Height of orography (m) 
and boundaries of major river catchments, (c) The difference in surface rainfall rate (mm h~') between a forecast with rain 
advection and one without rain advection. Dipole anomalies in regions of orographically enhanced rainfall indicate the 
significant downwind displacement of the rain to the lee side of the orography (the wind is from the south-west); 
this is sufficient to move significant rain to different river catchments.
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night where parametrized convection tends to die out 

(Fig. 33). Furthermore, even though, at this stage, the 

precise location of the highest rainfall is unlikely to be 

well forecast in our high-resolution model, we may still 

be able to use the results to obtain guidance on features 

such as the likelihood of extremely heavy rain. We are 

looking at ways of using the output to provide useful and 

reliable forecasts, even when we have little confidence in 

the precise location of individual clouds (Fig. 34).

To use high resolution, we need to enhance some of the 

model parametrizations, since assumptions such as the 

neglect of horizontal transport no longer apply. This is 

particularly true of cloud microphysics, and work is well 

under way to produce an enhanced microphysics 

scheme appropriate for high resolution (Fig. 35).

This includes a new parametrization of the effects of 

unresolved orography, which includes a representation 

of the effects of flow blocking. Recent trials have shown
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Figure 36. Changes in zonally-averaged root-mean-square 

errors in the zonal wind (m s~') at T+24, resulting from an 

increase in the parametrized drag associated with flow 

blocking and a decrease in that associated with 

propagating waves.

Representation of physical processes

With the operational introduction of the New Dynamics 

version of the UM, the representation of many 

important physical processes in the global NWP model 

was upgraded, including improvements to the treatment 

of radiation, cloud microphysics, turbulent transports in 

the convective boundary layer, and convective 

transports in the free atmosphere. In addition, a 

completely new orography package was introduced.

Figure 37. Cloud fraction (black and white scale), precipitation 

rate (mm h~', colour scale) and MSLP (isobars at 4 hPa 

intervals) at 12 UTC on 22 July 2000 for the prognostic 

scheme (top) and control scheme (bottom).

that further increasing the low-level drag associated 

with flow blocking, while decreasing the upper-level 

drag associated with propagating gravity waves, leads to 

significant improvements in many aspects of model 

performance. In particular, the errors in the 

stratospheric and upper-tropospheric winds are reduced 

north of around 30° N in winter (Fig. 36).

Some of our current research is aimed at further 

improving the representation of clouds, convection and 

the stable boundary layer, using observational research 

and high-resolution modelling to aid our understanding 

of atmospheric processes.

38 Scientific and Technical Review 2002/3



We have written a prognostic cloud and condensation 

scheme and tested it within the UM. Processes, such as 

convection and radiation, are modelled as updating 

liquid and ice condensates and cloud fractions. The 

prognostic scheme can predict liquid water clouds that 

contain less liquid water but are more extensive. 

Figure 37 shows stratocumulus cloud in an easterly flow 

penetrating further into Wales in the prognostic scheme.

The atmospheric boundary layer is the region adjacent to 

the Earth's surface, in which active heat, moisture and 

momentum exchange takes place with the surface. 

It becomes stably stratified, but often remains turbulent 

over land during the night and in regions of persistent 

surface cooling such as Antarctica. While the convective 

boundary layer is typically 1 km deep, the stable boundary 

layer is much shallower (of order 100 m or even less). The 

representation of this stable boundary layer regime in our 

numerical forecast is important for applications such as fog 

and surface-temperature forecasting.

The current stable boundary-layer parametrization 

employed in our forecast models has a known problem 

of producing a turbulent layer that, in some 

circumstances, is too deep. This tends to produce 

temperatures at the surface that are too warm, so we 

have developed a new scheme to counteract the 

problem. The new parametrization employs a sound 

theoretical framework from turbulence theory, based on 

the turbulent kinetic energy budget, which allows, 

among other things, the control of the depth of the 

turbulent layer. Use of the Met Office Large Eddy 

Simulation (LES) model at very high resolution has 

enabled us to explicitly simulate the turbulence of stable 

boundary layers. Using data from these simulations and 

also published observations, we have configured the 

new scheme with physically sound parameters.

We have incorporated the new scheme as an alternative 

to the current one in the forecast and climate models. 

Figure 38 compares the time evolution of vertical profiles 

of (potential) temperature from a single column of the

(a)
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Figure 38. Vertical profiles of potential temperature every 
three hours (solid lines), and the Large Eddy Simulation at 
final time (crosses) for (a) the current scheme and 
(b) the new scheme. The key shows the time in hours and 
minutes since the start of the simulation.

forecast model using the old scheme and the new scheme. 

This is for a situation of prescribed surface temperature, 

decreasing with time. Also shown are the results from a 

LES (for the final time), which explicitly models the 

turbulence. The new scheme produces the desired effect 

of a shallower boundary layer, and more-closely matches 

the large eddy data. Figure 39 shows the difference 

between the new and the old schemes for a five-year 

climate simulation for the southern-hemisphere winter, 

in terms of surface temperature. The new scheme has the 

effect of producing significantly more cooling over the 

Antarctic, where stable conditions prevail.
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Figure 39. Difference between new and current stable 

boundary layer schemes in terms of surface temperature 

over Antarctica, averaged over five successive winter 

seasons, simulated using Met Office climate model.

Observations-based research

One of the methods we use to develop the 

representation of physical processes in NWP involves 

collecting and analysing special observational data sets. 

We have two facilities   a group using instrumented 

aircraft and a group using surface-based 

instrumentation. The aircraft group normally operates 

the scientific equipment on board the Met Office C-130

900 1,000

Wave number (crrT 1 )

Figure 40. The self-broadening coefficient of the water 

vapour continuum.

aircraft but they are currently transferring their 

equipment onto a BAe 146-300 aircraft, which will be 

operated in partnership with the UK university 

community, called the Facility for Airborne Atmospheric 

Measurements (FAAM). Being involved in these facilities 

enables us to interact and benefit from a wider national 

and international observational resource.

Work in support of satellite applications

In 1995, the Met Office installed an interferometer 

system on its C-130 aircraft to conduct research in 

support of satellite-borne high-resolution sounding 

instruments (AIRS and Infrared Atmospheric Sounding 

Interferometers (lASIs)). Initial results comparing AIRS 

observations with NWP model fields show significant 

differences in regions of the thermal infrared spectra 

dominated by water vapour absorption. Such differences 

could arise from errors in the prescription of water 

vapour in the forecast model or errors in the 

spectroscopy of water vapour used in the forward 

radiative transfer models.

Our airborne data are being analysed to study whether 

this absorption is being correctly modelled. One aspect of 

the water vapour absorption is the so-called 'continuum' 

absorption, which represents a spectrally slowly varying 

component rather than strong 'line' absorption features. 

Our results show that the currently used parametrization 

of the continuum absorption, as represented by a self- 

broadening component, is too strong by between 6% and 

15%. The disagreement is shown in Fig. 40, which also 

depicts some very recent laboratory measurements that 

are consistent with our airborne measurements. In the 

figure, the solid line is the standard formulation (known 

as CKD2.4) of the continuum. The darker shaded region 

indicates our best estimate of the strength of the 

continuum with the lighter shaded areas indicating our 

range of uncertainty. The three data points, with their 

associated one standard deviation error bars, are the new 

results of Cormier et al.
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Figure 47. Mean curve of 70 m wind speed, U, against the 

screen temperature change (T - Ttram) after the 

transition for three maximum daytime wind speed 

(Um, m s~') bands. The error bars shown are for the 

variance of the mean values.

Surface wind strength

It is commonly observed that, in stable conditions, the 

surface wind strength can decline markedly around 

sunset, allowing surface temperatures to fall 

dramatically and potentially giving rise to fog 

formation. Observations taken over five years from our 

instrumented surface site at Cardington have been used 

to examine factors determining this 'evening transition'. 

In particular, the data have been analysed to identify any 

predictable relationships that may interrelate the 

parameters in the stable boundary layer. The main 

results of this analysis show that there are statistically 

well-defined relationships between the decrease in 

screen temperature, measured at 1.2 m above the 

surface, and the near-surface wind, together with the 

drag and heat conducted by the flow. The reductions in 

wind speeds, measured at 10 m height, were linearly 

dependent on the reduction in screen temperature for a 

particular wind speed above the effects of the boundary 

layer (Fig. 41). The mechanisms involved have been 

studied by comparing these results with outputs from 

both a numerical and a semi-analytical model. These 

have shown that the reason for the observed increase in 

10-m wind/screen temperature gradient with generally

stronger upper-level flow is due to the greater thickness 

of the stable boundary layer at higher wind regimes. 

Observations from a tethered balloon facility have been 

used to confirm the deeper atmospheric structure.

The cloud physics of mixed-phase clouds

Understanding the disposition of ice and liquid in mixed- 

phase cloud is important for predicting the radiative 

impact of mixed-phase clouds and the evolution of 

precipitation systems, and has implications for predicting 

the occurrence and severity of aircraft icing.

Observations of mixed-phase cloud have been hampered 

by a lack of instrumentation capable of determining the 

phase of particles and have relied on manual or 

automatic techniques of identifying 2D images, which 

are only feasible for particles larger than 125 |jim. 

Recently, in collaboration with the Met Office, the 

University of Hertfordshire designed and built a new 

aircraft probe, the Small Ice Detector (SID), which is 

capable of determining the sphericity of individual 

particles in the 2-50 jim range. By assuming that particles 

deemed spherical are liquid, we can observe the occurrence 

of supercooled liquid water along an aircraft transect.

Figure 42 shows results from coincident Chilbolton 

radar and the Met Office C-130 flight as part of the 

Natural Environment Research Council's (NERC's) 

Clouds, Water Vapour and Climate thematic 

programme. In Fig. 42 (a), the higher dBZ values indicate 

the presence of greater condensed water content. The 

black line shows the track of the Met Office C-130 at the 

time of the radar scan. The average air temperature along 

the run was 28 °C. Fig. 42 (b) and (c) show aircraft data 

obtained along the flight track; (b) shows the fraction of 

spherical particles in each one-second interval as 

determined by the SID. The blue colour indicates regions 

that are dominated (number weighted) by liquid in the 

2-50 n,m particle size range, while the red colour indicates 

ice domination. Fig. 42 (c) shows examples of ice crystal 

images captured with the 2D-C probe. The maximum 

width of the images is 0.8 mm.
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Figure 42. Results from coincident Chilbolton radar and 
Met Office C-130 flight, (a) Radar reflectivity values from 
Chilbolton radar as a function of height and range from 
the radar, (b) Fraction of spherical particles in each 
one-second interval (~ WO m horizontal distance) as 
determined by the SID. (c) Examples of ice crystal images 
captured by 2D-C probe.

Figure 43. A large fire that was investigated during 
SAFARI2000. (Photograph, courtesy of Peter Hobbs, was 
taken from the University of Washington's Convair aircraft.)

The figure shows the complicated intermittent structure 

of mixed-phase regions within a frontal cloud. In this 

case, the orange -20 dBZ radar reflectivity contour, at an 

altitude of 4 km, marks a shear-driven turbulent layer 

that gives rise to supercooled liquid water. At the same 

time, the 2D imaging probe that measures larger ice 

crystals indicates the presence of ice that will rapidly 

deplete the liquid water via the Bergeron-Findeisen 

process and enhance the precipitation rate. The analysis 

of the radar data was conducted by Dr R. Hogan of the 

University of Reading, using Chilbolton radar data 

provided by the Rutherford Appleton Laboratory.

Measurements and modelling of the 
radiative effects of biomass burning 
aerosol

Accurate treatment of the effects of atmospheric aerosols 

on both weather and climate models demands a better 

knowledge of the nature of these very variable 

particulates and an understanding of how they evolve 

and interact in the atmosphere. In Autumn 2000, we 

became involved in a multinational measurement 

campaign studying biomass burning in southern Africa 
when the seasonal burning of scrubland takes place. 

Instrumentation on the Met Office C-130 aircraft 

measured the optical properties of biomass burning 

aerosol directly over the fires (Fig. 43) and progressively 

downwind to determine the effects of ageing on the 

aerosol optical parameters. Scanning electron 

microscope images show that black carbon is emitted as 

a chain-like structure at source (Fig. 44 (a)), which 

collapses as time progresses to a more compact structure. 

This collapse has been modelled by applying Mie 

scattering theory to quasi-random chain structures 

(Fig. 44 (b)) with differing aspect ratios. The results 

suggest that the increase in absorption due to the 

collapse of the chain structure is not sufficient to explain 

the observed increase in the particle absorption; 

condensation of gaseous volatile organic species is the 

more likely cause.

42 Scientific and Technical Review 2002/3



Figure 44. (a) Scanning electron microscope image of a 

typical black carbon chain collected in a smoke plume near 

the emission source (courtesy of Peter Buseck, Arizona State 

University), (b) Model representation of the ageing of the 

chain structure of black carbon that is used in Mie 

scattering calculations.
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Climate research
and ocean applications
International collaboration

Intergovernmental Panel on 
Climate Change
With the completion of the Intergovernmental Panel on 

Climate Change's (IPCC's) Third Assessment Report, 

there was international agreement that a Fourth 

Assessment Report would be prepared.

Co-Chair of Working Group I (WGI) Sir John Houghton 

has retired, and his Technical Support Unit (TSU), which 

had been at the Met Office's Hadley Centre for Climate 

Prediction and Research since the beginnings of the 

IPCC, has now moved to the United States. WGI deals 

with the underpinning climate science of the IPCC.

At the same time, the IPCC's WGII, dealing with impacts 

of climate change, has transferred to the UK with 

Professor Martin Parry as one of the WG Co-Chairs; the 

second Co-Chair is Dr Osvaldo Canziani of Argentina.

Figure 45. Artist's impression of ESA's ENVISATsatellite in 

orbit above the Earth. The AAJSR is seen here at far left and 

nearest to the reader. Courtesy of ESA.

Our Hadley Centre was successful in its bid to host the 

WGII TSU, and our TSU team is now working on the 

Fourth Assessment Report.

We also contributed to the Second Report to the UN 

Framework Convention on Climate Change on the 

Adequacy of the Global Climate Observing System. We 

had a major input to the World Meteorological 

Organization's 7th Global Climate System Review.

Sea-surface temperatures from Envisat

The polar-orbiting Envisat (Fig. 45) was launched on 

1 March 2002, and is the largest civilian satellite ever 

constructed in Europe. It carries ten instruments to monitor 

the Earth's environment; one of these is the Advanced 

Along-Track Scanning Radiometer (AATSR). This 

instrument measures sea-surface temperature (SST) to better 

than 0.3 °C accuracy, as required for monitoring climate 

trends and improving predictions of climate change.

Infrared data from AATSR are processed in near-real time 

at the Met Office to provide an SST product suitable for 

climate research (Fig. 46). We have played a key

Figure 46. Monthly mean SST from AATSR at 

half-degree resolution.

Nick Rayner, Marine Data Research Scientist
"I'm part of a team developing data sets of variables such as sea-surface tempera­ 

ture and sea ice. These data come from ships, buoys and satellites and are updated 

regularly. Records stretch back 150 years and measurement methods have changed 

over time, so we adjust data to remove relative biases and make estimates of uncertainty. 

This allows us to analyse past climate variability and provide up-to-date information 

to Government."
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role in AATSR validation activities since the launch, as 

we are the only partner to have obtained any substantial 

validation results. Our comparisons of SST from the 

AATSR to in-situ observations (from buoys) and analyses 

(such as HadlSSTl) have shown that, in the global mean, 

both the instrument and retrieval schemes are 

functioning within specification (Fig. 47). At 

the start of its mission, the AATSR is providing high- 

quality data that should admirably achieve its aim to 

continue the ATSR-series SST record for climate studies.
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Figure 47. The difference, at one-degree resolution, between 
SST from AATSR and the Hadley Centre's global SST analysis 
(HadlSSTl, preliminary version); both for November 2002.

Climate variability
Global and UK climate trends
The year 2002 was the second warmest globally in the 

142-year global temperature record, 0.48 °C above 

the 1961-90 normal. Only 1998 was warmer, at 0.55 °C 

above normal. This verified our global temperature 

forecast for 2002 made in 2001. For 2003 we predict the 

same global temperature as 1998. The year 2002 was the 

fourth warmest in the 344-year Central England 

Temperature (GET) record, being 1.1 °C above the 

1961-90 average. February, October, November and 

December were notably wet over England and Wales, but 

not record-breaking.

We developed an improved system for automated 

processing of monthly worldwide climatic data. With 

the University of East Anglia, we use its output to brief 

the media and policy makers on global climate.

Marine temperatures
With Southampton Oceanography Centre, we developed 

improved adjustments to night-time marine air 

temperatures (NMAT) since the 1970s, to compensate for 

the increasing, geographically variable heights of ships' 

decks (Fig. 48). The adjustments add about 

0.1 °C to the overall warming of NMAT since the 1860s 

and reduce the divergence between NMAT and SST trends 

in the southern hemisphere in the most recent decade.
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Figure 48. Adjustments (°C) to NMAT to allow for 
deck-heights, 2000.

European projects
We analysed Atlantic SSTs and observed atmospheric 

circulation to identify the patterns of SST most likely to 

induce a response in the North Atlantic/European 

atmosphere. We then used these SST patterns to force 

several European atmospheric climate models under the 

EU-funded 'Mechanisms and Predictability of Decadal 

Fluctuations in Atlantic-European Climate' (PREDICATE) 

project. The models yielded mainly consistent 

worldwide signals. North Atlantic SST variations 

influenced European seasonal-mean surface temperatures 

by about 1 °C and southern US precipitation by about
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1 mm/day; in the Indian summer monsoon, there was a 

signal of around 3 mm/day. These signals are smaller 

than interannual variability but they could be 

important on decadal and longer timescales.

Another EU project, 'Simulations, Observations and 

Palaeoclimate data: Climate Variability over the past 500 

years' (SOAP), has begun. It will compare partners' 

abilities to simulate the last 500 years and to quantify 

the relative contribution of natural and anthropogenic 

factors to climate variability. A simulation with only 

natural forcings replicated reasonably well northern 

hemispheric temperature for the period 1500-1950 

(Fig. 49). The largest differences are in the 

mid-17th century when the simulations show more 

warming than the palaeo-reconstructions, and after the 

eruption of Tambora in the early 19th century. Both 

simulation and reconstruction show multi-decadal 

climate variability of order ±0.2 °C, much smaller than 

the expected warming in the 21st century.

1550 1600 1650 1700 1750 1800 1850 1900

Figure 49. Comparison of simulated (solid line) and recon­ 

structed (dashed line) 25-year running average summer 

half-year northern hemisphere land temperatures from 

1500 to 1950. The reconstructed temperature time series is 

based on tree-ring densities from many northern 

hemisphere sites and was supplied by collaborators at the 

Climatic Research Unit, University of East Anglia.

Composite ocean T (5° S - 5° N) 
June (year 0) (observations)

Composite ocean T (5° S - 5° N) 
June (year 0) (HadCMB)

Composite ocean T (5° S - 5° N) 
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Figure 50. Composite upper Pacific ocean temperature 

anomalies and climatological 20 °C isotherm in the band 

5° 5-5° N in June (six months before the El Nino peaks) for 

the observations (top), HadCMB (middle) and HadCEM 

(bottom) simulations.

Simulation of El Nino Southern Oscillation

El Nino Southern Oscillation (ENSO) is the largest mode 

of interannual variability in the coupled 

ocean-atmosphere system over the tropical Pacific. It 

affects the whole globe through atmospheric 

'teleconnections'. We have analysed ENSO variability in 

observations, and in simulations using the HadCMS 

model, and HadCEM, which has finer oceanic 

resolution. The observational and model results indicate
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F/gure 57. Changes in pressure from December to February 
at mean sea level (hPa) in response to a doubling of carbon 
simulated by 53 versions of an atmospheric CCM coupled to 
ocean model.

that subsurface ocean temperature anomalies form over 

the western tropical Pacific about 12-14 months before 

ENSO peaks. These anomalies spread eastward and 

upwards along the thermocline (Fig. 50). When they 

reach the surface over the central and eastern Pacific, 

they amplify rapidly due to positive air-sea interactive 

feedbacks, marking the 'mature' or 'El Nino' stage of 

ENSO. The subsurface temperature anomalies are 

stronger and more realistic in HadCEM than in HadCM3.

Climate change predictions
Predictions of future climate change are subject to 

uncertainties arising from emissions of greenhouse 

gases and aerosols, the effects of natural variability and 

the representation of processes in the climate model. 

These uncertainties imply a range of outcomes, which 

needs to be quantified to allow policy makers and 

planners to develop optimal response strategies. In

dioxide 
a simple

-2-10 1 2 4 
Change in MSLP (hPa)

principle, this range can be estimated from a large 

ensemble of general circulation model (GCM) 

predictions. During the past year, we have produced the 

first such experiment to be carried out worldwide. The 

ensemble consists of 53 versions of the atmospheric 

model HadAMS coupled to a simple ocean model. The 

standard model version is joined by 52 versions 

distinguished by a change to a parameter controlling a 

key physical atmospheric process. Figure 51 shows the 

change in winter circulation over Europe predicted by 

each ensemble member in response to a doubling of 

carbon dioxide. The results reveal substantial 

uncertainty in this aspect of future European climate. 

Work is now in progress to develop a 'Climate Prediction 

Index' that can be used to weight the individual 

ensemble members according to reliability   this will 

allow us to present results from future ensembles as 

probabilistic predictions.
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The responsiveness of the climate system to an imposed 

radiative forcing is quantified by the 'climate 

sensitivity', defined as the steady-state response of 

global average surface temperature to a doubling of 

carbon dioxide. The climate sensitivity represents the 

greatest source of uncertainty in climate change 

projections for the 21st century. On the basis of GCM 

experiments, it is estimated to lie between 1.5 and 4.5 °C. 

The range has remained essentially unchanged during 

the last two decades, despite ongoing development and 

improvement of GCMs.

4 6 
Climate sensitivity (°C)

Figure 52. Probability distribution for the climate sensitivity. 
The bin width is 0.1 °C. The vertical solid line marks the 
lower bound of the 90% confidence interval (1.6 °C), the 
vertical dashed line the mode (2.1 °C) and the vertical 
dotted line the median (6.1 °C). Although the distribution 
is shown here only up to 10 °C, the probability of larger 
values was accounted for in deriving the statistics and 
confidence interval.

We have investigated an alternative approach of 

determining the climate sensitivity from measurements 

of the real climate system. The climate sensitivity was 

estimated from observed 20th century climate using 

estimates of the surface temperature change, the rate at 

which heat is being stored in the ocean (inferred from 

the warming of the ocean interior), and the radiative 

forcing due to greenhouse gases, sulphate aerosols, 

volcanic aerosols and solar variability. Since all these 

quantities are uncertain, we obtain a probability 

distribution for the result rather than a single number

(Fig. 52). The uncertainty is dominated by our poor 

knowledge of the sulphate aerosol forcing and precludes 

us from setting an upper bound on climate sensitivity. 

We can, however, conclude that there is only a 5% chance 

that the climate sensitivity is less than 1.6 °C. This result 

is valuable because it is independent of GCMs and 

hence increases our confidence in predicting that 

substantial climate change will occur during the 

21st century.
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Figure 53. Latitude-height distributions of zonally averaged 
westerly wind (m s^ 1) for December to February, (a) Values 
simulated by a prototype version of HadCEM run at similar 
resolution to HadCMS. The difference relative to HadCMS is 
shown in (b), and biases relative to observed dimatological 
values are shown in (c) and (d) for HadCEM 1 and 
HadCM3, respectively.

Policy makers require increasingly sophisticated 

information about possible climate change, both in 

terms of regional effects and the impact and interaction 

of environmental processes. The Hadley Centre has 

nearly completed development of a new Global 

Environmental Model (HadGEMl) in order to meet this 

challenge. This model represents a significant advance 

on our existing Global Climate Model (HadCM3). The 

main improvements in the atmospheric component of 

the model are already included in the operational 

weather forecast model   these are New Dynamics, new
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physical parametrizations of boundary layer, 

convection, orographic and microphysical processes. In 

addition, the model will have enhanced resolution, an 

improved ocean simulation and enhanced coupling of 

climate processes, with online chemistry, aerosols, and 

biogeochemical processes. The teams working on 

HadGEMl require a range of modelling and evaluation 

tools to diagnose and correct problems. One new tool 

used to great effect this year has been the 'aquaplanet' 

model. In this model, the interactions between the 

physical parametrizations and the dynamics are 

retained, while the surface boundary is global sea- 

surface everywhere with an idealised temperature 

distribution. Simplified warm or cold pools, or islands 

can be added for various tests.

HadGEMl already shows improved skill relative to 

HadCM3 in simulating some aspects of the general 

circulation (e.g. Fig. 53), with further improvements 

anticipated as the resolution is increased and the 

model tuned.

Atmospheric dispersion

There is continued interest in understanding and 

predicting the processes by which airborne pollutants are 

transported in the atmosphere, both for emergency 

response and planning purposes, and for understanding a 

range of atmospheric pollution problems. Our atmospheric 

dispersion model, NAME, continues to be developed and 

applied to an ever-increasing range of problems.

Model developments
The introduction of the New Dynamics version of the 

Unified Model (UM) required a major upgrade, and a 

number of improvements were also made. These 

included a much simplified input and output, an 

extended chemistry scheme representing over 30 species, 

a better attribution facility for investigating source- 

receptor relationships and increased speed. A detailed 

review of boundary layer turbulence parametrizations, 

including extensive comparisons with surface and 

balloon measurements, resulted in many improvements.

New service
As a Volcanic Ash Advisory Centre, the Met Office is 

responsible for forecasting the spread of volcanic ash 

plumes from eruptions originating in the North 

Atlantic. This includes Iceland, an area of regular 

volcanic activity that is situated beneath some of the 

world's busiest airways. Following discussions with the 

Icelandic met. service, we have started running daily 

volcanic ash forecasts using NAME to improve 

emergency response preparedness.

Air quality
An interesting episode study was carried out to 

determine the origin of high PM 10 levels (particulate 

matter) over much of the United Kingdom on 

12 September 2002. A combination of NAME and 

satellite data analyses showed that the origin was smoke 

from forest fires in northern Russia (Fig. 54).

1x10" 5x10" 1x10" 5x10'

Figure 54. NAME derived map of possible source regions for 
09 UK on 12 September 2002.

Following the introduction of a new plume rise scheme to 

better represent the buoyancy of 'hot' plumes, a modelling 

study of fumigation events was completed. During 

fumigation events, pollutants released above the 

boundary layer are entrained into the boundary layer as it
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deepens during the day. This process can result in short 

periods of high surface concentrations some distance 

downwind of a source. A one-year simulation of emissions 

from a hypothetical power station revealed a number of 

such events, at ranges of up to 200 km (Fig. 55). A strong 

seasonal cycle was evident in the timing, strength, 

number and horizontal extent of events. Further work is 

planned to assess the impact on air quality.

Maximum value = 020 ppb

0.0 1.0 3.0 6.0 12.0 25.0 50.0 100.0

Max Value =53.34 ppb

^H=BH
0.00 1.00 3.00 6.00 12.00 25.00 50.00 100.00

Figure 55. Example of a NAME predicted fumigation event 

from a 200 m chimney, (a) At TO UTC, no material reaches 

the surface as pollutants are released above the inversion; 

(b) one hour later, the inversion level has risen, allowing 

material to reach the ground.

Determining source strengths
The Lagrangian nature of the NAME model allows it to 

be used to investigate source-receptor relationships. This 

capability continues to be used in support of the Global 

Atmosphere Division of Defra to interpret 

measurements of radiatively-active and ozone-depleting 

trace gases taken at the Mace Head monitoring station 

on the west coast of Ireland. The NAME model is used to 

predict the likely transport of material to Mace Head 

from all possible source regions, then a new inversion 

technique called 'simulated annealing' is applied to best 

'fit' the model predictions to observations, thus 

providing emission estimates for the UK and a number 

of European countries. This technique offers an 

independent estimate of emission trends for a range of 

monitored species, allowing verification of 

internationally agreed emission quotas.

Environmental stresses

A new approach to examining the linkages between the 

environment and issues of socio-economic relevance, 

including conflict, has been developed further during 

the past year. A process leading to the implementation of 

this approach through a Geographical Information 

System has been fully scoped out. In part, the scoping 

process was handled through an international workshop 

held at the Government's Wilton Park facility in 

January/February 2003.

Climate, chemistry and ecosystems 

Introduction
Climate change over the next 100 years will be driven by 

changes in atmospheric composition, through the 

radiative effects of greenhouse gases and aerosols. The 

primary cause will be human emissions, but most of the 

relevant chemical species also have significant chemical 

and biological sources and sinks. The role of the new 

Climate, Chemistry and Ecosystems team is to include 

interactions between the physical, chemical and 

biological components of the Earth's system within 

projections of 21st century environmental change.
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Ecosystem-chemistry interactions
Ecosystems control the fluxes of important chemical 

species from surface to atmosphere, thereby influencing 

both atmospheric chemistry and climate (through the 

concentrations of greenhouse gases and aerosols).

For example, the most prevalent source of volatile 

organic compounds (VOCs) to the atmosphere is from 

vegetation. A particularly important emission from 

vegetation is isoprene (C S H8). VOCs interact with oxides 

of nitrogen (NOX ) in the troposphere to form ozone. 

Surface ozone is harmful to humans and causes 

significant reductions in crop production. It is also a 

greenhouse gas. We have coupled the diagnostics 

produced by the vegetation scheme (TRIFFID) to the 

tropospheric chemistry scheme (STOCHEM) in order to 

calculate interactive isoprene emissions. The important 

parameters are: vegetation type, leaf area index, 

temperature and photosynthetically active radiation. 

Figure 56 shows the effects of changing anthropogenic 

and natural emissions on the surface ozone. Comparing 

(a) and (b), (where the vegetation distribution is fixed) 

shows large increases in ozone over industrialised 

regions due to predicted increases in anthropogenic 

emissions of both NOX and VOCs. The increases over 

Amazonia, and central and southern Africa are due to 

increased emissions of isoprene from vegetation due to 

the warmer climate. Comparing (b) and (c), (where the 

climate and anthropogenic emissions are fixed) shows 

the effect of the vegetation changes predicted by the 

TRIFFID model. Ozone levels have decreased, 

particularly over Amazonia as the Amazon forest dies 

back and emits fewer VOCs.

Chemistry in HadCEM
The STOCHEM atmospheric chemistry model has been 

included as an integral part of HadGEM, representing a 

considerable upgrade to the STOCHEM resolution (now 

3.75° x 2.5° x 20 levels). HadGEM will allow various 

components of the model to be coupled together 

efficiently, allowing, for example, the role of climate 

change to impact on the chemistry. As an example,

Fig. 57 shows the coupling between the annual methane 

growth increment and the Nino3 temperature index 

(the sea-surface temperature anomaly for part of the 

Equatorial Pacific). The correlation between the two is 

striking and is caused in this model by variations in the 

methane sink rate, promoted by humidity fluctuations 

that occur in response to surface temperature changes. 

As water vapour increases in response to a rise in 

temperature, the source rate for the hydroxyl radical 

(OH) increases, promoting the destruction of methane.

10 20 30 40 50 60 70 80 90

Figure 56. Impact of VOC emissions from vegetation on 
modelled surface ozone concentrations in parts per billion 
(under SRES A2 scenario), (a) 1990 emissions and climate, 
and vegetation, (b) 2090 emissions and climate, 1990 
vegetation, and (c) 2090 emissions and climate, and 
vegetation.
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Figure 57. Interannual variability in the growth rate of 
atmospheric CH4 as modelled using STOCHEM coupled to 
HadCMS. The inverted Nino3 index is also plotted to 
demonstrate the extent to which the El Niho Southern 
Oscillation drives this variability.

Effects of soot aerosol
The radiative effects of aerosol particles are one of the 

key uncertainties in projections of 21st century climate 

change. Sulphate aerosols from anthropogenic activities 

are believed to have offset greenhouse warming since 

pre-industrial times, by reflecting solar radiation (the 

'direct effect') and providing additional cloud 

condensation nuclei ('indirect effects'). However, other 

aerosol species can have a warming rather than a cooling 

effect. Black carbon or 'soot' aerosol absorbs solar 

radiation and thereby tends to heat the atmospheric 

column. Experiments to investigate the climate response 

to fossil fuel soot aerosol have been carried out using the 

atmospheric model HadAM4 coupled to a simple mixed- 

layer ocean model. Figure 58 shows the simulated 

surface temperature change in one experiment. Soot 

exerts a positive radiative forcing so the global mean 

effect is a warming, but note that there are areas of 

cooling, especially in the southern hemisphere where

Figure 58. Modelled annual mean surface temperature 
change (°C) due to four times the fossil fuel soot aerosol 
emissions for 1985.

emissions are relatively low. In this model, the climate 

sensitivity to soot forcing appears to be significantly 

lower than for greenhouse gas forcing   a result that 

may have implications for policies on emissions.

Stratosphere-troposphere exchange
Previous work at the Met Office has suggested that the 

flux of air through the troposphere will increase in a 

warmer climate. STOCHEM was used within the climate 

model HadAM4, to investigate the influence of climate 

change on the stratosphere-troposphere exchange of 

ozone. The stratospheric ozone concentrations were 

held constant for this experiment to isolate the changes 

due solely to transport. The study found an increase 

between the 1990s and 2090s of over 30% in the net 

downward flux of ozone across the 200 hPa surface. The 

effect of this flux can be seen in Fig. 59, which shows the 

fractional change in ozone using a 2090s climate 

compared to a 1990s climate (emissions were fixed at 

1990s levels). Although the ozone generally decreases 

(due to a warmer, wetter climate in the future), there are 

significant increases in ozone in the upper troposphere 

that will have implications for the radiative forcing from 

tropospheric ozone. This study also demonstrates the 

important influence that stratospheric processes can 

have on tropospheric chemistry.
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Figure 59. Fractional change in ozone mixing ratio between 
2090s and 1990s.
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Figure 60. Total ozone amounts in the model experiments 
averaged over the latitude range 65° N-65° S, compared with 

observations from the Total Ozone Mapping Spectrometer.

Stratospheric processes research
A policy of continual model development has been 

pursued with the aim of obtaining improved 

simulations of the chemistry and dynamics of the 

stratosphere with which to investigate the impact of the 

stratosphere on the troposphere. The UM was previously 

established at the National Institute of Water and 

Atmospheric Research (NIWA, New Zealand) and this 

Met Office collaboration was developed further by 

setting up the coupled chemistry code at NIWA. The 

model has been improved further in collaboration with 

NIWA by incorporating a simple tropospheric chemistry 

scheme and improving the tracer transport. A 

simulation with the new chemistry-climate model has 

now been completed for the period 1975-2020, showing 

improved overall characteristics compared with the 

previous model. In particular, the overall bias in column 

average ozone is considerably reduced because of 

improved nitrogen oxide simulations. Figure 60 shows 

the results of column ozone averaged over the latitude 

range 65° N-65° S obtained for the different versions of 

the model, in comparison with observations. In each of 

the model results, the annual variation is given by the 

broken lines, while the solid lines indicate the smoothed 

values.The improved model (green line), including 

improved nitrogen oxides and a simple tropospheric 

chemistry scheme, has ozone values in much better 

agreement with the observations (blue line).

The results of the improved model are being analysed 

to try to determine the impact of climate change on 

ozone and the impact of ozone change on tropospheric 

quantities such as tropopause height, cloud amount, 

precipitation rates and large-scale atmospheric structure.

Operational ocean modelling 

Forecasting Ocean Assimilation Model
Each day we run a global version of our Forecasting Ocean 

Assimilation Model (FOAM) with 1° resolution, and a 

nested regional Atlantic and Arctic Ocean FOAM at 1/3°, 

to provide forecasts of ocean temperature, salinity,
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currents and sea ice. A 1/9° (-11 km) North Atlantic FOAM 

is being run as a contribution to the Global Ocean Data 

Assimilation Experiment (GODAE). 1/3° and 1/9° FOAM 

configurations are also run operationally for the Indian 

Ocean and Arabian Sea. Yet higher-resolution FOAM 

models have been set up during the year in support of 

naval exercises, e.g. for the Tyrrhenian Sea (Fig. 61).

11 11.5 12 12.5 13 13.5 14 14.5 15 15.5 16 16.5 
Sea-surface temperature (°C)

Figure 61. Example showing the sea-surface temperature and 

currents predicted with the 1/27° resolution Tyrrhenian Sea 

FOAM.

New methods for assimilation of in-situ and satellite 

altimeter data into the model have been implemented. 

These enable observations to make their full impact on the 

day they are received. They also use spatially varying 

statistics of the model's error at both atmospheric 'synoptic' 

scales and oceanographic 'mesoscales' (Fig. 62).

The Atlantic Margin shelf-seas model
During 2002, the operational ocean model for the 

north-west European shelf was upgraded. The new 

Atlantic Margin model covers a larger region that 

includes the full shelf break (Fig. 63). It uses the latest 

formulation of the Proudman Oceanographic 

Laboratory Coastal Ocean Modelling System 

(POLCOMS), with a hybrid vertical co-ordinate to 

improve representation of near-surface temperature in 

deeper waters. At the deep ocean boundaries, the Atlantic

Figure 62. Time-series of mot mean-square errors for model 

forecasts of surface temperature in the north-west Atlantic 

for the new and old methods for assimilating 

in-situ observations.

Margin model is nested into 1/3° Atlantic/Arctic FOAM 

for temperature and salinity conditions and barotropic 

currents. The Atlantic Margin model, in turn, provides 

boundary forcing for nested higher-resolution models of 

coastal waters, such as the Irish Sea model (Fig. 64).

Wave modelling
As part of the European Commission project 

MAXWAVE, we are developing a greater understanding 

of the likelihood of occurrence of extreme waves. 

Techniques are being developed to examine the 

'peakedness' of modelled and observed wave energy

Figure 63. The Atlantic Margin model domain, showing 

predicted bed temperature (° C) for 17 March 2001.
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Figure 64. Instantaneous surface currents in the nested 
Irish Sea model.

spectra around the time and location of extreme wave 

events and it has been found that the peakedness can be 

much higher than previously thought. The wave model 

is being modified to provide estimates of the peakedness 

of the wave energy spectrum, to assist in predicting the 

likelihood of occurrence of an extreme wave.

During 2002, a collaboration with HR Wallingford was 

established to allow us to run the HR Floodworks system. 

This has extended our capability for wave prediction from 

offshore to near-shore. The system has been run in support 

of various commercial customers and the Royal Navy.

Seasonal climate modelling and prediction

Seasonal forecasts with an 
atmospheric model
A seasonal prediction system is run to generate 

experimental seasonal predictions for all areas of the 

globe. The atmospheric model is a version of the

HadAMS climate prediction model, integrated forward 

from current conditions out to six months. The 

expected SST evolution is based on persistence of 

observed SST anomalies. From May 2002, forecast maps 

have been freely available on our public web site 

(www.metoffice.com/research/seasonal/).

In 2002, warm SST anomalies in the tropical east Pacific 

became established in March and increased in 

magnitude over the following months to signal the 

onset of El Nino conditions. The seasonal precipitation 

forecast for September to November (Fig. 6S (a)), 

confirmed the likelihood of drier than usual conditions
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Figure 65. (a) Forecast probability of a positive anomaly in 
September-October-November 2002 precipitation totals, 
issued on 9 September 2002. (b) Observed precipitation 
anomalies as a percentage of the 1961-1990 average 
(from the Global Precipitation Climatology Centre).
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over much of Australia and southern Indonesia, but 

suggested an atypical 'wetter' than normal response was 

more likely over northern Indonesia and Indochina. The 

forecast provided good guidance for both regions: dry 

conditions being observed over much of Australia and 

southern Indonesia, while over Indochina precipitation 

was generally average to above average (Fig. 65 (b)).

Ocean-atmosphere forecasts
We run a coupled ocean-atmosphere model to include 

the effects of air-sea interactions and feedbacks in 

seasonal forecasts. The Global Seasonal (GloSea) 

prediction system is based on the Hadley Centre 

HadCMS ocean-atmosphere climate model with several 

added features, such as enhanced ocean resolution.

Since January 2002, trial forecasts have been produced 

using GloSea. Figure 66 shows a recent forecast for 

sea-surface temperature in the tropical Pacific, 

predicting a decline of the El Nino event.

Ocean modelling for climate

The ocean and sea-ice components of the HadGEMl 

model (known as HadGOMl) will include a number of
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Figure 66. Ensemble forecast of SST anomalies in the 

central-east tropical Pacific Niho3 region, from 1 January 

2003, predicting the decline in 2003 of the El Nino event 

that occurred in 2002. The dashed lines indicate monthly- 

mean forecast values for the separate ensemble members.

recent developments to both the ocean and sea-ice 

models. HadGOMl will have a horizontal resolution of 

1° (increasing in the tropics to 1/3° meridionally) and 40 

vertical levels. Development work has focused on the 

introduction of a bottom boundary layer scheme into 

the model; this improves the representation of Arctic 

origin water flowing over the Denmark Strait into the 

subpolar North Atlantic and leads to a more realistic 

representation of the large-scale circulation in the North 

Atlantic basin.

The model HadCEM (Coupled Eddy-permitting Model), 

developed over the past two years, has been run under an 

idealised scenario of increasing greenhouse gas 

concentrations. This is the first transient climate change 

experiment to be run using an ocean model with 

sufficient resolution to allow mesoscale eddies. Initial 

results suggest that the global mean temperature 

response is somewhat stronger than in the standard 

HadCM3 model (which has an identical atmospheric 

component). This is due in part to a smaller weakening 

of the North Atlantic thermohaline circulation (THC) in 

HadCEM than in HadCM3.

The role of the ocean in climate

Previous work identifying the processes responsible for 

the relative stability of the THC in the HadCM3 model 

has been extended to show that these processes are 

robust across a number of model runs. The analysis 

highlights the fundamental role played by fresh water 

transport in the North Atlantic Ocean on the salinity of 

the subpolar North Atlantic. Recent observations have 

identified decadal changes in North Atlantic salinity, 

and a current focus is on using models to understand the 

causes of these changes. To complement the analysis of 

coupled model runs using anthropogenic and natural 

climate forcings, an ocean-only model has been run 

using historical ('re-analysed') atmospheric forcing. This 

will allow assessment of how much of the observed 

variability may be due to internal ocean processes and 

how much is forced by the atmosphere.
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Ocean carbon cycle Ocean observations (Argo)

Ongoing collaboration with scientists at Southampton 

Oceanography Centre has yielded major advancements 

in the ocean carbon cycle model HadOCC, integrating 

into the model more realistic controls on ocean 

plankton growth and hence giving improved 

simulations of ocean carbon cycling. Work has begun on 

performing simulations of the variability of the ocean 

carbon cycle for the last 50 years.

Argo will be an international array of 3,000 free-drifting 

profiling floats to measure the temperature and salinity 

of the upper 2,000 m of the ocean, with expectations for 

the global 3,000-float array being in place by 2006. Since 

2001, over 70 UK floats have been deployed in support of 

Argo (Fig. 67), with another 60 or so floats planned for 

deployment in 2003.

60° W 0° 60° E

Longitude
180° E

Figure 67. Coverage of Argo floats in mid February 2003. The red positions show the locations of active UK floats.
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Acronyms
AATSR Advanced Along-track Scanning 

Radiometer

AIRS Advanced Infrared Sounder

AMSU Advanced Microwave Sounding Unit

ATOVS Advanced TIROS Operational Vertical 
Sounder

AVHRR Advanced Very High Resolution 
Radiometer

GET Central England Temperature

ECMWF European Centre for Medium-range 
Weather Forecasts

ENSO El Nino Southern Oscillation

EPS Ensemble Prediction System

ESA European Space Agency

FAAM Facility for Airborne Atmospheric 
Measurements

FM Fields Modification

FOAM Forecasting Ocean Assimilation Model

GANDOEF Generating Advanced Nowcasts for
Deployment in Operational Eand-based 
flood Forecasts

GCM General circulaton model

GODAE Global Ocean Data Assimilation Experiment

GPS Global Positioning System

GloSea Global Seasonal

IASI Infrared Atmospheric Sounding 
Interferometer

IPCC Intergovernmental Panel on 
Climate Change

LES Large Eddy Simulation

LCBR Laser cloud-base recorder

MORSN Met Office Remote Sites Network

MOSES Met Office Surface Exchange Scheme 

MSLP Mean sea-level pressure

NASA National Aeronautics and Space 
Administration (USA)

NCEP National Centers for Environmental 
Prediction (part of NOAA)

NERC Natural Environment Research Council

NESDIS National Environmental Satellite, Data, 
and Information Service (part of NOAA)

NOAA National Oceanic and Atmospheric 
Administration (USA)

NWP Numerical weather prediction

NMAT Night-time marine air temperatures

OFC Optical Flow Constraint

POLCOMS Proudman Oceanographic Laboratory 
Coastal Ocean Modelling System

RMSE Root-mean-square error

SAMOS Semi-automatic Meteorological Observing 
System

SEVIRI Spinning Enhanced Visible and Infrared 
Imager

SID Small Ice Detector

SOAP Simulations, Observations and 
Palaeoclimate data

SMOK Hydrological and Meteorological
Monitoring and Forecasting System

SST Sea-surface temperature

THC Thermohaline circulation

TOMS Total Ozone Mapping Spectrometer

UM Unified Model

VOC Volatile organic compounds
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