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A message from the Lead Author
The Open Consultative Platform (OCP) White Paper #1 on Future of
Weather and Climate Forecasting addresses issues and challenges
under the overarching question of “How do you see the future of global
weather and climate predictions in 2030?”, which is framed around four
goals of future development. It presents the analyses and visions of
world-leading experts in the relevant areas upon the key questions in
relation to each goal, which have been identified through a broad
consultation processes during the work on the publication.
This compilation is an Annex to the White Paper #1 composed of the
original inputs from all contributors. The high quality of the these
contributions with the various views, the originality of the ideas, and
even the existing controversies in trying to predict the future, justify the
need to keep this record of inputs as an additional reading to the White
Paper. It also demonstrates the fair and transparent approach of the
OCP as a WMO mechanism fostering public-private-academic
engagement.

Gilbert Brunet
Chief Scientist and Group Executive Science and Innovation,
Bureau of Meteorology
Chair of the Science Advisory Panel,
World Meteorological Organization
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About this White Paper
The white paper has been developed with the contribution from 27 lead experts from all
sectors of the weather and climate enterprise. They have been invited to provide their inputs
in a structured way by answering 15 questions along four Goals shaping the future or weather
and climate forecasting and insight.
Questions:
•

Q1. How good are the forecasts today and what are the unresolved challenges in the
weather/climate forecasting? (e.g., before looking 10 years ahead, look 10 years back
– what has changed)

•

Q2. Are we going to eliminate completely the “black swans”, i.e., a future without
surprises from extreme weather?

•

Q3. Major technological breakthroughs and new applications (e.g. Artificial
Intelligence, machine learning, new data, cloud computing) – where are they expected
and what will be their impact?

•

Q4. Technical improvement – accuracy & reliability vis-à-vis value & impact

•

Q5. Moving toward the NEWP system, what will be the future forecasting in 2030?
What observational system(s) will be needed to underpin this approach?

•

Q6. What scientific advancements are needed for NEWP? (e.g. intake of new data,
new parameterization)

•

Q7. Global vs. regional vs. local: how is forecasting going to be done and who will be
doing what? (i.e., role of various centres)

•

Q8. How the future operational scheme for forecasting would address resolution &
scale questions? (e.g. information provision at global/regional/local scales)

•

Q9. What will be needed in terms of investment for infrastructure, to realize the vision
of future weather and climate forecast?

•

Q10. What would be optimal mechanisms to support developing countries through the
advanced future forecasting systems?

•

Q11. Human factor – how to develop the needed experts both in NEWP and in the
forecast services; how the “weather forecaster” profession will be changed in general?

•

Q12. Based on your views on the impact of these development to the way NMHSs will
be organized in the future, your advice to NMHSs – where to put effort and how to
avoid unjustified investments?

•

Q13. Quality of forecasts from different sources – how to validate and inform the user?

•

Q14. How do you foresee the evolving roles of public, private and academic
stakeholders in the future forecasting enterprise?

•

Q15. Ethics: What to do and what to avoid in the relationship between the
stakeholders?

Goal 1: Customised impact-based forecasts and warnings
The world shall be better served by more localised and timely information for cities and
regional areas, as per specialized socio-economic needs. Higher resolution, customised and
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accurate forecasts and their optimised connection with decision support is critical, especially
during high impact weather.
•

Relevant questions: Q1, Q3, Q4, Q7, Q8, Q9, Q10, Q11, Q12, Q13, Q14, Q15

Goal 2: Reliable and trusted forecasts
The improved quality and quantity of observational data is a prerequisite to more precise,
accurate and reliable information for expanded service to society.
•

Relevant questions: Q1, Q3, Q5, Q6, Q9, Q10, Q11, Q12, Q13, Q14, Q15

Goal 3: An Earth system prediction capability
The next generation Numerical Environmental and Weather-climate Prediction (NEWP)
system, with fully integrated atmosphere, ocean, sea-ice and hydrology models, shall be able
to deliver a wider breadth of information-rich data in a fully consistent manner.
•

Relevant questions: Q1, Q5, Q6, Q9, Q10, Q11, Q12, Q13, Q14, Q15

Goal 4: Seamless weather and climate insights
The global weather enterprise has strived to step up to a holistic and seamless system
covering time ranges from minutes to seasons, and projections for the coming decades. Efforts
are to be made for the integration of historical observations as well as predictions with a full
characterisation of uncertainty in all time scales.
•

Relevant questions: Q1. Q2, Q4, Q7, Q8, Q9. Q10, Q11, Q12, Q13, Q14, Q15
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Inputs of White Paper Contributors
The inputs from the team of contributing authors is provided in alphabetical order.

Peter Bauer
Deputy Director, Research/Lead Scientist Research Department
European Centre for Medium-Range Weather Forecasts (ECMWF)

Q1.
The past 10 years of operational forecasting have mostly been a continuation of the evolution
path of weather and climate prediction noted in the past decades, namely a steady and
incremental investment in sub grid-scale process parametrization development, data
assimilation and ensemble methodology refinements without touching the fundamental
algorithmic concepts behind dynamical cores, data assimilation and uncertainty formulation.
In addition, the global observing system has further evolved and manifested the dominant role
of hyperspectral infrared sounders and microwave sounders/imagers in all-sky conditions as
the backbone observing system, complemented by GNSS radio occultation and the
comprehensive, so-called conventional (non-satellite) observational network.
All main ingredients – models, data assimilation and ensembles – have undergone steady
upgrades in resolution, model complexity and ensemble size. This became affordable from
more powerful computers basically delivering exponential compute power growth at similar
capital and operational cost. Present global, medium-range operational systems are run at
O(10) km, at O(100) vertical levels, O(10) prognostic variables and O(50) ensemble sizes and
use O(100 million) observations per day for generating the initial conditions. As these systems
are extended beyond the medium towards the seasonal range, resolution is usually
downgraded (O (40) km) while vertical levels and ensemble size are kept constant. As
systematic model error starts becoming significant, medium-seasonal range ensembles are
being bias-corrected through reforecasts.
The main, moderately disruptive changes in the past 10 years have been the coupling of
atmosphere and ocean (sea-ice) models in both data assimilation and forecasts throughout
the entire forecast range at global scale, and the hybrid ensemble-variational design of
assimilation systems. These changes have been a major step towards the seamless prediction
philosophy both in terms of unifying the Earth-system approach between initial time and
seasonal range and in terms of unified ensemble approaches for creating initial conditions and
forecasts.
The superposition of these changes has continued the global deterministic predictive skill
growth of 1 day per decade for most large scale (z500 in mid latitudes, t850 in the tropics) and
surface weather parameters (t2m, u10m, v10m, precipitation and cloud cover). Ensemble
prediction skill has grown more strongly benefitting equally from the above investments in
model and data assimilation development as well as in improved formulations of uncertainty
in both analyses and forecasts. This progress has also greatly helped improving the predictive
skill for extremes such as windstorms (incl. tropical storms), storm surges, heavy precipitation
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and floods, droughts and heatwaves, fire and pollution, volcanic ash etc, many of which
already reach into environmental forecasting applications. This skill is well documented in the
literature and by the records of the WMO Lead Centres for Deterministic Forecast Verification.
More recently, several centres have started to invest in revising their (decades old) dynamical
cores with enhanced accuracy and numerical stability but also computational efficiency in
mind. Some of these systems have already become operational (examples: ECCC, DWD,
NOAA), others are still in preparation (examples: UK MetOffice, ECMWF). These choices are
here to stay as dynamical core developments take in excess of 10 years between concept and
operations. However, computational cost is becoming a major constraint and may require
further modifications at algorithmic and implementation level. This applies to dynamical cores
in the atmosphere and the ocean but also to numerical methods related to wave and sea-ice
dynamics as well as tracer advection.
Another recent step has been to include new technologies such as active instruments in data
assimilation. This has been successfully demonstrated for wind (Aeolus) and
clouds/precipitation (TRMM & GPM PR, Cloudsat and Calipso) and has potential to address
major sources of uncertainty in models. Examples are the initialization of processes acting at
smaller scales and complex moist processes.
There are several areas where significant outstanding challenges remain, for example in terms
of predictive skill:
•

mid-latitude weather regime transitions at week 3-4 time range;

•

tele-connections between tropical phenomena (e.g. MJO) and mid-latitude synopticscale weather patterns at monthly range;

•

seasonal-scale sea-ice cover and thickness predictions, and the different trends
observed in Arctic and Antarctica;

•

large-scale patterns of precipitation and mid-latitude circulation changes in climate
change projections;

•

deep-ocean circulation and ice sheet sensitivity to change in climate models;

•

convective precipitation beyond the short range; etc.

Apparent model and data assimilation shortcomings are:
•

major uncertainties associated with parametrizations of key processes such a deep
convection, orographic drag, cloud microphysics (and aerosol interactions), the
thermodynamic and dynamic coupling with land surfaces, snow and sea-ice, and their
impact on global circulation;

•

mismatching fluxes at the interfaces land-atmosphere, ocean-atmosphere, ocean-sea
ice-atmosphere;

•

insufficient and incomplete treatment of systematic and random errors in data
assimilation and ensembles;

•

insufficient use of diagnostic methods for tracing key sources of model error back to
their roots in both weather and climate models.

The overall aim to develop and operate more realistic modelling and more optimal data
assimilation systems translates directly into many more degrees of freedom, which become
increasingly difficult to constrain, and more non-linearity, which becomes increasingly difficult
to stabilize in data assimilation and account for in the uncertainty formulation of ensembles.
This growth in dimension is non-linear and has a major computing, data handling and
information extraction footprint.
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Managing expectations
Q3.
The need for running higher-resolution, more complex ensembles of Earth-system models in
data assimilation and forecasts on tight operational schedules poses significant challenges for
high-performance computing and big data handling. In terms of both capital and operation
(electric power) cost, the leading global weather prediction centres and climate projection
community projects like CMIP already struggle today to afford the super-computing
infrastructures required for hosting their upcoming prediction system upgrades. Computing
and data always have to be considered together as more sophisticated prediction systems
create more diverse and more voluminous data.
The main technological breakthroughs are expected to come from the combined effect of
several sources. In the past an exponential compute power growth rate was provided by
increasing transistor density while maintaining overall power density on general-purpose chips
(CPU). Today, new and more power efficient processor technologies (e.g. GPU, TPU, FPGA,
ASIC) require code adaptation to different ways of mapping the operations onto processor
memory, parallelisation and vectorization.
As future architectures will be composed of a wider range of different technologies,
mathematical methods and algorithms need to adapt so that computations can be delegated
to those parts of the architecture which deliver optimal performance for each task. As this
specialization is not foreseen in present-day codes and not delivered by the available
compilers and programming standards, a breakthrough can only be achieved by a radical
redesign of codes likely to be carried out by the weather and climate community itself. This
redesign has to ensure that the theoretically achievable performance gains are scalable from
small to very large machines and that it is transferrable to even more advanced and novel
technologies in the future without yet another redesign effort.
This combination of code adaptivity and algorithmic flexibility requires a community wide effort
and, again, concerns computing and data handling alike. Future workflows are likely to be
distributed across specialized units for the heavy computing and data handling tasks, for
operating software layers interfacing with observational input and prediction output data and
for providing a flexible and open interface to a large variety of users. This will be a move away
from single centres towards federated infrastructures, components of which will be operated
in clouds.
With the advent of observations obtained from commodity (e.g. mobile phones, car sensors)
and specialised devices (e.g. drones, buoys, high-altitude balloons) large parts of the data
processing will be carried out on the device (edge computing) or during data transmission and
collection. On the end-user side, fog computing will support data selection, information
extraction and decision making independently from the resources available in the centralised
units and with strong reliance on the IoT.
The re-emergence of artificial intelligence (AI) methods offers great potential for tasks which
were limited by insurmountable data processing challenges in the past. The emergence of
new processor technologies and AI-methods allowing heavy-duty, parallel data processing for
commercial applications also promises benefits for weather and climate prediction.
The largest potential of AI-methods (here mostly machine learning, ML) is in observational
data pre-processing and forecast model output post-processing because very large volumes
of heterogeneous data need to be processed to characterize data quality, complex multivariate error structures, identify patterns of causal connection for diagnosing sources of model
error but also for extracting information useful for a wide range of applications. The long history
of observational data records, reanalyses and operational forecasts offers a great resource
for learning from existing data and for deriving intelligent analytics methods for operational
use.
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Machine learning methods also present opportunities for accelerating forecasting system
computation if costly components (e.g. radiation schemes, tangent-linear models) could be
replaced by surrogate neural networks. Replacing entire physics-based forecast models with
neural networks remains the ultimate challenge but appears unrealistic because of the large
number of degrees of freedom, the system’s non-linearity, and the difficulties of applying
constraints such as conservation. The size of the existing data archives is probably too small
to train machine-learning forecast models as skilful as today’s operational systems.
New data sources, namely the above-mentioned commodity devices and specialist
observatories offer yet unprecedented sources of information but also challenges in terms of
observational quality, data access and volumes, and – not the least – privacy and ethical
concerns as data is owned by individuals or commercial companies. However, they offer
observational coverage in presently uncovered areas like urban areas, tropical land surfaces,
oceans, upper atmosphere and polar regions.
Regarding all technology aspects – high-performance computing, big data handling, machine
learning – there will be significant changes in the design of future prediction systems that our
community has to take onboard. The implementation will require enough lead time to be
effective and serve the entire community. Further, there is a need to enhance the scope of
expertise towards computational sciences in all programmes. This also offers potential for new
talent and career development.
Systems operation
Q5.
Enhanced spatial resolution, more complex Earth-system models and larger ensembles are
expected to deliver more skill at all forecast ranges. Future systems will continue the trend
towards seamless prediction systems with data assimilation and forecasting components that
employ the same models and uncertainty formulations. Weather and climate models will
continue to grow together towards the representation of the entire Earth-system and because
of the need to develop generic software layers that significantly increase the computational
efficiency of codes and workflows.
The investments in software will also facilitate the exchange of model and data assimilation
codes between centres, between research and operations and between developed and lesswell developed countries. The recent machine-learning revolution already indicated the
potential of creating open and interactive software tool and data management platforms (like
Tensorflow), and there is potential of similar developments for both model and data
assimilation algorithms as well as other computational science software layers.
Future observing systems will increasingly rely on hyperspectral satellite sounders covering
both infrared and microwave parts of the electromagnetic spectrum but with finer spectral
resolution, reduced noise and enhanced spatial resolution. Increasingly active sensors will
become available on satellites such as radars and lidars, mostly measuring smaller-scale
processes (wind, clouds, precipitation, water vapour). Existing technologies like syntheticaperture radars and radiometers will become mainstream despite their enormous data
volumes and complex inversion problems, in particular for the remote sensing of land, ocean,
wave and sea-ice. Despite the large potential provided by new systems, today’s backbone
observing system needs to be maintained with sufficient redundancy to fill potential gaps in
case of individual mission failure.
Q6.
The most prominent challenges of the next decade, namely:
•

reliable predictions of regime changes and weather extremes up to 4 weeks ahead,

•

reliable projections of climate change effects at regional scale for the 21st century,
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prescribe the most urgent scientific development needs. Given that the approximate
representation of key physical processes through parametrizations is one of the key sources
of model error in both weather and climate prediction, significantly enhancing spatial resolution
is one of the main objectives for the next decade. This requires model resolutions of O (1) km
after which shallow convection and clouds will become the most important challenge to
resolve. In the oceans, resolving mesoscale eddies presents a comparable challenge. Spatial
resolution enhancements come with the biggest computing and data handling cost, which
needs a substantial investment in model-computing co-design.
However, spatial resolution is not the silver bullet as major Earth-system components are still
not (well) represented. Examples are bathymetry and deep-ocean circulation, ice-sheet
processes, permafrost soil and the sources and sinks of carbon on land surfaces.
The parametrizations of clouds (and aerosols), orographic and surface drag, the
thermodynamic coupling of the atmosphere with land (incl. vegetation, urban areas, snow),
ocean and sea-ice, and the local closure of hydrological cycles will remain at the centre of the
scientific focus in weather forecasting. Climate models have additional requirements for Earthsystem physics and biogeochemistry.
In most forecasting systems, the same parametrizations are used at many different spatial
resolutions so that the ensuring scale-awareness of parametrizations remains important. The
physics-dynamics coupling also needs to be scale aware, in particular in regions where many
processes interact and potential model errors accumulate. An important example is the
coupling between troposphere and stratosphere that is highly sensitive to vertical resolution,
wave activity, vertical transport, ozone and water vapour trace gas physics and clouds.
If model resolution and complexity increases, the data assimilation challenge increases as
well since more parameters need to be observed across more scales, most likely more
frequently as well. The existing observing system needs to be therefore upgraded to provide
more accurate and stable observations with better spatial and temporal sampling. New
observations are required to constrain processes not well represented in models today. Taking
the lead time of future observing system into account the planning of new observation
requirements has to start now.
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Natacha Bernier
Director, Environment and Climate Change Canada

Over the past decade, both climate and weather forecast capabilities have increased greatly.
Over the past decade, both climate and weather forecasting have undergone a rapid transition
and seen their predictive capabilities increase significantly. In most countries, advances are
the result of independent weather and climate programs. This split is engrained throughout
the chain linking research to services. Advances result from independent groups of experts
and sources of funding, and distinct services. Services in the “grey zone” between subseasonal/ seasonal and decadal forecasts are lacking. Services in the prediction of extremes
can also be better aligned. They are a major threat, and of great societal interest, but the
prediction of their evolution requires a bridging of weather and climate time scales.
Weather of the past decade
At beginning of the last decade, traditional weather-only forecasts had reached a high level of
sophistication and effectiveness. The development of hybrid data assimilation techniques, the
ability to assimilate an ever-growing source of observations, improvements in the physics and
dynamics of the system, and rapidly increasing computing capacities, kept pushing forward
the quality of forecasts and re-analyses. The point was reached where contributions from other
components of the earth system could no longer be neglected or crudely represented. In
parallel, operational oceanography also underwent a rapid transition. Sufficient observations
were now available to help improve the estimation of the ocean state, including mesoscale
variability, and forecast accuracy started to improve rapidly. Other components of the earth
system including waves, ice, hydrology, and the land surface would also start to take root in
operational centres. The atmospheric weather centric operational centres were about to
embark on a decade of advances, many of which would stem from the arrival of coupled
environmental systems that included the ocean, ice, waves, hydrology and the land surface.
Climate of the past decade
Climate predictions also advanced significantly over the past decade. Atmospheric general
circulation models were mostly replaced with coupled atmosphere-ocean general circulation
models of growing complexity. The race to represent the complex interactions between various
earth components had begun. The past decade saw the arrival of more complex ocean
modeling systems, more complex representations of the carbon cycle and the cryosphere,
and an effort to improve other components of the systems including the water cycle. Such
systems have been used to study trends and evaluate plausible warming scenarios in support
of policy related to the curbing of emissions. They have also been used to help warn of many
upcoming changes such as the thawing of the permafrost and the receding ice cover. Regional
climate simulations have also been undertaken to address changes on a regional scales and
have also been instrumental in the advancement of our understanding of impacts to expect. It
is important to note however that the need for model runs on decadal to centennial time scales
limited the complexity and resolution of these coupled systems.
Next decade
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It is only in recent years that the centres with the most powerful computers have been able to
bridge the gap to the weather forecasting spatial resolution. For the handful of centres capable
of operating systems for centuries at resolutions typically used for ensemble weather
forecasting, a new world of possibilities lies ahead. Over the next decade, they will continue
to integrate and complexify as our computing resources and understanding of various earth
component advances. The water cycle will be of particular importance and challenge. Another
challenge resides in coupling air chemistry components. At present time, most processes
remain too costly for operational considerations. Nevertheless, before long, seamless earth
systems will lie at the heart of our climate and weather predictions.
The ever-growing complexity of systems will require that this be recognized with support for
infrastructure in addition to advances in individual sciences. The exascale, artificial
intelligence, the explosion of privately owned satellite observations is also appearing on the
near horizon. Considerable investments in weather-climate science will be required. The
present level of government funding is insufficient to keep pace. Careful consideration will be
required to ensure universities can continue to contribute in meaningful ways and train the
highly qualified personnel needed to support the forecasting world.
The private sector also has much to contribute. Climate change will not discriminate between
public and private infrastructures and the economy they support. Knowledge acquired through
earth system models will allow the private sector to adapt and mitigate. For many, this will
represent considerable opportunities and savings and as such, contributions from the private
sector should be required. Contributions could include access to the vast proprietary
observation arrays worldwide that could help alleviate some of the data sparsity, direct
contributions to the advancement of scientific knowledge through dedicated green funds in
support of the science.
The next decade will undoubtedly bring about many further advances and expectations.
Forecasts issued at the scale of the human and its neighbourhood will become expected.
Similar climate related services will be expected and the role they play in shaping/modulating
high impact weather. Citizens will expect to find the weather and climate information they wish
for at the click of a fingertip.
Specialized users will expect refinements of climate scenarios at the urban scales. Delivering
on these aspects will command that weather and climate models be unified and with it the
transition of research to the service applications. The role of the forecasters will also have to
evolve. The automation of forecasts and the issuance of warning based on extreme events or
the compounded effects of otherwise relatively minor events will replace much of their
traditional role. However, supplementing automated forecasts with local knowledge will be
important. The forecasters capacity to bring a local perspective to high impact weather or
compounded impacts, will add value to both weather and climate forecasts. Recent examples
of such unification have shown that both camps have much to learn from each other.
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Veronique Bouchet
Acting Director General, Canadian Centre for Meteorological and Environmental Prediction,
Environment and Climate Change Canada / Government of Canada

Q7:
One side of Q7 is whether NMHS will be part of the delivery mechanism. Whether NMHS
evolve from their current roles, which varies from having the full value chain from global
modelling to local forecasting (Canada) to modelling guidance (US) to cascading
responsibilities and mandates (European approach, WMO GDPFS) is partly influenced by the
geo-politics of different regions. These geo-politic implications are now being heightened
through the COVID-19 pandemic. In the North American context, the pandemic is reinforcing
the need and/or support for homegrown solution and self-sufficiency. This is likely to propel
the current model where each country is autonomous with its forecasting system into the years
to come.
Another factor is the increasing spatial resolution that can be sustained (global systems
approaching kilometre scale resolutions). Where centres can afford the computational cost of
such forecast systems, they should be expected to remain in the business of the entire global
to local forecast systems. One could argue that it would be also preferable from a scientific
perspective to retain a certain diversity in the modelling systems. The tendency of multiple
centres or research groups to adopt the same core systems (whether for weather and climate
prediction) runs the risk of stifling new advances. The contributions to the last CMIP exercise
(ref to come) is certainly striking in how few independent models really participated. The cost
of data assimilation, especially in the context of urban/local scale modelling system is another
barrier, assuming the same modelling paradigms are used at these scales, that would suggest
NMHS are still the most likely to be involved.
What about the private sector? When you factor in the cost of transferring data at urban scales
or running an independent forecasting suite with the cost of maintaining it over time, or even
to keep an AI/post-processing system trained, the economic viability may not measure well on
its own. A shift process-based modelling to an AI based one, could certainly play an important
role. Some downscaling AI technics are showing some promising results (ref to come) and
could offer a path to offer local/urban forecasts at low cost. It could be an interesting avenue
not just for the private sector but also for developing countries without the computing power
for global high-resolution systems. In order to achieve this for operational use, the downscaling
has to prove itself largely model independent. Otherwise, maintenance/re-training costs will
outweigh the value. The private sector may be more involved in developing the tools to allow
the mining of the increasingly large amount of data and identify on the fly the impact-based
thresholds. As for NMHSs, the number of private players may balance itself to a few that are
able to support the full value chain where it provides the means of developing solutions for
customized impact-base forecasts. The EPIC program in the U.S (ref to come) is an
interesting development with the ability to open up the research and development of
operational forecast system to a large base. It could spark many start-up efforts in the private
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sector. Yet at this point the business model is not clear and its success will depend on how
affordable it really for academia and private sector.
The question of whether the forecasts themselves will be done by individuals is yet another
aspect. Given the resolutions that models hope to achieve by 2030, this is unlikely. The volume
of information generated by forecasting suites today is already exceeding the ability of a
human to compose with. Adding more dimensions through targeting different impact types
across multiple lead times directly points to forecasts that are computer generated to the
utmost, in particular as the scale gets finer and finer. One element that is certain is that de
design of the customized impact-based forecast products will require a high level of interdisciplinary co-design (ref urban services paper – to come). Urban services are aiming to
codify a local-based decision-making and upgrade it with real-time and predictive capacity.
Ultimately, these services could support the concepts of smart cities. The work at the interface
of these applications will be key and may see a variety of public-private partnerships.
Q8.
Beyond the aspect of exponentially increasing amount of data discussed above, centres will
have to face the fact that forecast systems will be more complex and require more time to
execute. Traditionally, this has been addressed through the steady increase in computing
power which has allowed to absorb the increase in resolution and process representation while
continuing to execute within the ‘operational window’. These constraints are being challenged
now with a tendency to move toward continuous refreshes. The current cascade approaches
from global to local driven in part by the need to fit within specified forecast windows and in
part by computing limitations, could become less common. NMHS may favour running more
comprehensive systems, executing over longer periods of time that are part of the continuous
refresh cycle. The cascade may on the other hand continue to be used for very localized,
tactical responses. In Canada, the concept of relocatable windows is being developed to
complement the schedule runs and allow the benefit of very high-resolution on an event base.
The same may present interesting opportunities for countries with less computing power. The
treatment of data assimilation in the context of on-demand relocatable window remains to be
defined.
The operational scheme for forecasting will rely on the seamless axis that the community has
prone for the past 5 years already. Already there has been investment in best data approach
(ref to come) in a post-processing context and the rapid refresh paradigm. Much more
research will be needed to retool the post-processing systems to be able to adapt to
operational runs, which are on a more continuous schedule. Given the amount of data
generated by each run when the increase in resolution is factored in, the operation scheme is
likely to see the apparition of systems that monitor the model guidance for changes. This could
be changes from one run to the next that could invalidate the prior forecast run and require a
new forecast to be communicated. It could also be changes within the weather patterns
themselves and/or their impacts. Much of those tasks which are part of today’s interpretative
functions that individual forecaster carry are likely to be codified and included as part of the
operational suites to cope with the increase in resolution. This could be done with the
development of advance AI systems which could inform in real-time about these detected
changes. If AI does bring the power to carry these function ‘in-fight’ – as the models execute
– this could help alleviate some of the challenges currently faced with the exponential increase
in outputs.
While it is conceivable to foresee how the AI system could function to complement and
alleviate some of the challenges brought by the resolution increases, it is less clear how that
would change the requirements for observations and evaluation data.
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Andy Brown
Director of Research, Research Department, European Centre for Medium-Range Weather
Forecasts (ECMWF)

Q1.
•

•

Global NWP
o

Continued day per decade progress in ‘traditional’ measures (e.g. Z500), but
also in user-relevant near-surface weather parameters and ensemble scores
(ECMWF examples of time-series – qualitative picture would be similar for
other centres)

o

Range of earth system components modelled (for interest in own right and
because of feedbacks on atmosphere increased (e.g. ECMWF coupled ocean
from day 0; global composition forecasts)

o

Much expanded exploitation of satellite data (e.g. moved from largely only
using clear sky to using in all sky conditions with big benefits to forecast
accuracy)

o

Still significant challenges in access to data, fully exploiting data that is
available and model biases (which affect predictions for all timescale)

Regional NWP
o

•

•

Global forecasts typically at O(10km) now. Moves over last 10 years for
regional systems to continue to add value to improving global systems by
moving to km-scale (convective-permitting) ensembles + rapid updates (e.g.
hourly)

Monthly-Seasonal-Climate
o

S2S still frontier challenge (active research area), but operational progress with
e.g. MJO skill out to weak 4, and seasonal systems showing skill in extratropical winter (as well as tropics)

o

Climate – some progress with reducing model biases – although significant
issues remain (many fast physics/parametrization issues common to weather
models (seamless) – and, while some (eg associated deep convection) might
be alleviated with km-scale global most parametrization problems will still be
present even then (and most climate will not be km scale anyway by 2030) i.e.
model improvements still needed now and will be in 2030; increasing use of
km-scale downscalers for regional climate information

Raw NWP-> products and impacts
o
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Increased post-processing (much in private sector) to add accuracy to raw
NWP

o

First moves towards impacts e.g. qualitative (impact-based warnings),
quantitative coupling to other models and combining of met information with
non-met data in decision tools

(Systems operation)
Q7.
Running global full NWP systems including data assimilation likely still the preserve of
relatively few (large NHMSs, regional collaborative institutes like ECMWF, large tech
companies) because of the scale of the enterprise and infrastructure required (lower barrier to
entry for forecast only from analysis produced elsewhere). Increased pooling / common
development of code components (including across public-private).
•

Democratization of results from global centres, with increased access to information
(policy and technical eg open data; cloud solutions to prevent need to move huge
datasets e.g. Copernicus Climate Data Store)

•

Regional NWP further focused on km-scale (and below e.g. hectometric). Increased
pooling of development and operational efforts (e.g shared HPC and multi-country
domains) at regional level (e.g. current European consortia).

•

Observation based nowcasting (enhanced by AI) major role in first hour or two – likely
provided by NHMSs, but also big tech globally (specially to developing countries)

•

Warnings still preserve of national met services, but services (combining met
information with other data) provided by increasing range of (private) providers
(national and international)

•

For climate, recent years has seen proliferation of number of global climate models –
some consolidation would likely lead to beneficial focusing of resources around fewer
systems, but little sign of this happening as yet. Challenges (financial and technical) of
getting to exascale climate may lead to such consolidation.

•

As above. Global (environmental) NWP will have ensembles at a few km and will form
bedrock of numerical guidance, but with regional providing more small-scale, shortrange detail.

•

For monthly-seasonal-climate, skill will largely be at larger scale (large-scale patterns)
but still in places a role for (convection permitting) downscaling models to give local
detail / scenarios.

Q8.
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Antonio Busalacchi
President, University Corporation for Atmospheric Research (UCAR)

Q1.
Incremental and steady improvement continues related to advances in HPC, satellite
observations, and data assimilation. We are now at the point of convective resolving and
permitting NWP models. Earth system “predictive” models at present are an expansion of
models of the physical climate system. In the next 10 years we will see significant advances
in predictive aspects of marine and terrestrial ecosystems coupled to the physical climate
system as well as nascent efforts to predict aspects of the human system.
(Managing expectations; Systems operation)
Q4.
This is not either/or. We will continue to see both proceeding in tandem. As we move to higher
and higher resolutions at the regional and local scale we will see an increasing emphasis on
the research needed for decision support especially within the context of multiple stressors of
the Earth system.
Q7.
Forecasting will continue down the seamless path of a multi-scale cascade in both time and
space. With ease of access to the cloud we will see the private sector playing an ever
increasing larger and larger role. With respect to forecasts for LDCs, there may well be tension
between governmental regional centers and forecasts provide by the private sector as
supported by development banks.
Q8.
This is somewhat related to Q7. What is missing is the future role/demand for observations to
underpin forecasts at the higher resolutions enabled by advances in HPC. Be it mesonets,
drones, other remotely piloted vehicles, the Internet of Things, crowd sourced observations,
smart cars/smart roads, will all play an increasing role at higher resolutions. We will also be
seeing on demand remote sensing be adaptive swarms of drones or special event satellite
imagery for extreme events such as wildfire, volcanic plume dispersion, inland and coastal
flooding, etc.
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Georgina Campbell and Rei Goffer
Executive Director and CSO and Co-Founder, ClimaCell.ORG

Q1.
How good are forecasts today?
•

Significant global progress in forecasts has been made in recent years and continues
to improve year by year. This is clear when looking at long-term statistics of the leading
NWP systems, as well as forecast metrics around high-impact events, e.g. tropical
cyclones. The increased adoption of forecast-driven weather tools, especially by the
commercial sector for decision-making, also suggested major progress.

•

This "perspective" article by Alley/Emanuel/Zhang from last year is particularly relevant

•

The frontiers of weather forecasting are curious opposites: extremely near-term, “warnon-forecast” nowcasting for convective phenomena, and sub-seasonal forecasting are
the two biggest buckets

•

Lorenz’s comments on [weather] predictability as a problem “partly solved” (2006 ) are
still highly relevant

•

See example of advancements in forecasting that have lead to wider adoption via
ClimaCell use case

What are the unresolved challenges in the weather/climate forecasting?
It is clear that the advances of forecasting are yet to reach their full potential in
emerging markets.
•

Observation gaps:
o

•

•

Gaps exist in observations, especially in remote areas. There exists many
underutilized on the ground weather stations, often used for academic
purposes but yet potential to also contribute to prediction; There is also the
challenge of how ground stations are serviced, maintained and resourced. In
the near future, we will hopefully see application of more non traditional
observations such as virtual sensors, IOT devices, smartphone sensors and
military-grade weather stations.

Forecasting gaps:
o

There are many “niche” forecasts which are still extremely challenging: rapid
intensification of tropical cyclones, severe convective weather, etc.

o

Data assimilation has advanced to initialize forecast models from a more
accurate "current state" of the atmosphere.

o

Accurately simulating convection and capturing large-scale dynamical
teleconnections are core science challenges.

Dissemination and usage:
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o

There remains major gaps in access and the practical use of weather data.

o

In Africa, for example, weather data is not used for daily decision making,
despite increased demand and recognition of its importance from a variety of
sectors and applications (ranging from subsistence farming communities,
emergency responders, social enterprises and the commercial sector). In the
USA, on the other hand, industries ranging from supply chain management,
agriculture and aviation are highly dependent on high resolution forecast-driven
decision-making tools.

o

There is delayed transmission, relay, use and feedback of information and
customised products within the value chain because of limitations in the
integration and timely transmissions of data and information between the
mandated institutions and the end-users.

Managing Expectations
Q3.
•

This is an area where the private sector is actively innovating and has developed tools
that are mature

•

The atmospheric sciences as a field has always been at the forefront applying new
technological breakthroughs for weather forecasting - from numerical simulation of
PDEs to big data to statistical modelling.

•

Innovations will come from transitioning from deterministic to probabilistic forecasts
informed by very large ensembles of high-resolution NWP simulations. Bayesian
statistical approaches like BMA or model dressing promise ways to leverage this data
to create fine-tuned (“sharp” and “calibrated”) probabilistic forecasts which will have a
great deal of value for many types of decision-making

•

See here for an example of CimaCell’s decision-making tools

•

The above is especially exciting for sub-seasonal forecasts -> identifying, with higher
specificity, when large scale weather patterns will drive heat, drought, flood, etc. There
are huge implications for the global agricultural supply chain as these techniques
continue to develop.

•

Continued development of diverse epistemic communities which bring stakeholders
from decision-maker and authorities will help lead to more useful forecasts.

•

Connecting the weather forecast to “decisions on the ground” will help boost reliability
(by forecasting the right things) and utility (by providing the right information and
context)

•

There is much opportunity for applying design thinking and user-centric design
methods for serving vulnerable communities with decision-making tools.

Q4.

Systems Operation
Q7.
This depends entirely on the user's needs. Making data easier to access and process will help
more users gain insights for decision making.
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•

“Addressing specific users weather/climate forecast needs” is likely a job best suited
for the private sector in partnership with public and community partners. The
endeavours required to build better/more sophisticated weather forecasts are likely to
be very capital intensive, and require technology investments on timescales
unattractive to private enterprise. But delivering and constructing value from weather
forecasts and climate information to meet specific consumer and user needs requires
high investment in a specific set of skills and services and is beyond the scope and
mandate of most of the public agencies which will make those investments. Thus, this
is a great example of where public-private partnerships can “complete” the value chain
and ensure that taxpayers and corporations can derive as much value as possible from
the weather enterprise.

•

Technology best serves a user when it is designed with rapid and iterative feedback
from the user. When considering how to address the needs of vulnerable communities
through forecasting, vehicles that enable the user to be a part of the design process
from the beginning (e.g. leveraging human-centered design methods can be
beneficial). Partners with existing and trusted dissemination channels must also be
equipped with access and knowledge to best utilize forecasts.

Resources
Q9.
•

Improved observation systems - we continue to lack critical weather observations in
sparsely populated parts of the world and over oceans. Improved remote observing
systems - such as autonomous drones or other systems which can probe and measure
the 3D volume of the atmosphere - will have a significant impact on global forecast
quality. The private sector will play a critical role in the execution of this.

•

Democratization of weather and climate data - Weather and climate data are massive,
and it’s increasingly problematic to get this data into the hands of users. The old model
of storing data in centralized archives - ostensibly part of high-performance computing
systems, which likely produce the data - is not capable of scaling to support the diverse
user group expected to want this data over the next decade, for two reasons: (1)
Remote users likely cannot get access to them, and (2) security concerns make it
unwieldy to support large user bases on these systems. A solution is needed to make
data open and accessible for diverse stakeholders from across the globe. Cloudpowered data archives and support infrastructure are likely a key enabler.

•

High performing financial sustainable NMS’s

Q10.
•

It would be helpful to target funding toward projects that maximize scalability. For
example, cloud-based software solutions deployed in one country can be seamlessly
ported to assist other countries with similar needs.

•

To build on the above point, it’s not about porting - we’d go so far as to propose
“systems as a service”: cloud-based infrastructure which can be customized and redeployed with a single click of a button.

•

It would also be helpful to target funding toward projects that will demonstrate the value
of a public-private interaction, inclusive reach, and lead to eventual self-sustainability.

Q12.
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•

NMHSs should engage in community-based modeling and data initiatives /
consortiums. Confederating activities and targeting inter-country collaborations will
help scale core NHMS technology and capability development

•

Resources and experimentation of public-private engagement with the goal of eventual
financial sustainability.

PPE: Present and Future
Q14.
•

We should expect larger investment and resources to enter through the private sector
as the role of weather and climate issues are raised in activities across many global
industries. However, to really create value, the agents which bring these resources will
need guidance from and collaboration with the traditional sectors of the Enterprise,
else it will end up being a very inefficient way to realize positive impacts from the
forecasting enterprise.

•

We will likely see the expansion of stakeholders included in the Weather Enterprise,
including an active contribution from NGOs, social enterprises and international
development organizations.

•

Expect a shift in the public and academic sectors with regards to investment on climate
- given our current challenges with mitigation of climate change, there will be an
imperative to aggressively study weather and climate adaptation. This will likely
manifest as a shift in public funding from climate towards weather applications.
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Paul Davies
Chief Meteorologist, Met Office, UK

Q1.
Over the course of the last 70 years, forecast skill has increased at an average of 1 day in
every 10, that is to say a 3-day forecast today is as accurate as a 2-day forecast was 10 years
ago (Bauer et al, 2018). This remarkable progress is directly attributable to significant scientific
and computational advances in our approach to weather forecasts (Numerical Weather
Prediction – NWP). Whilst deterministic ‘forecast accuracy’ is still something forecast users
crave, the introduction of Ensemble Prediction Systems (EPS), are now focused on capturing
quantitatively reliable risk assessments of probability and confidence as it relates to
meteorology and climate prediction, (Palmer, 2018). There is still much work to do to develop
the EPS approach and deliver forecasts that are informative, useful and that enable discrete
decision making in very diverse contexts including situation, geographical scale and timescale.
Whilst ‘accuracy’, of forecasts has improved over time, as described above, it is in part
attributable to the ‘Moore’s Law’-like exponential growth of hardware capacity and capability.
Forecast improvement and translation to warnings and impact-based forecasts has followed
a much slower and more linear path. In part, this is due to the diminishing returns of resolving
processes of an ever-finer chaotic scale (e.g. convection), but also the challenges in ensuring
proportionate and effective actions on the ground based on sound scientific advice (the so
called ‘last mile’). As we create more complex information, we increasingly need better ways
to use it within sophisticated decision-making systems. For example, requiring full knowledge
of the probabilities of upcoming weather events and access to non-environmental data has
moved us towards ‘impact forecasts’, as opposed to ‘weather forecasts’. It is also clear that a
‘good’ forecast is also defined by the degree to which it enables decision-making and good
decision making is highly dependent upon (user) context. A common but challenging context
are those decisions that are based upon very recent conditions combined with very short-term
predictions. It is also the case that for events such as convection or tornadoes the time window
to drive decision-making systems may be extremely short, testing our ability to monitor, react
and communicate during fast moving, life threatening situations.
Forecasts that support decision-making at the human scale in terms of very local conditions
are also a growing challenge. Autonomous vehicles, smart infrastructure and renewable
power generation all sense the local environment at high fidelity and require equally high
fidelity forecasts. This could be in minutes, hours and even days into the future, with some
logistics and planning-based decisions being required at climatological time periods. The data
volumes and complexity involved in meeting these needs demands a better understanding of
the given forecast requirement and for that understanding to be a dynamic and conversational
dialogue between the ‘thing’ and the forecast provider. If the ‘decision’ being made is driven
in part by meteorology but is not meteorological, (such as an autonomous vehicle selfcalibrating sensor in poor weather), today’s forecast approaches are not ‘good’ at all.
Typically, in the longer lead time prediction services, we predict terciles or quintiles of
precipitation and temperature[1]. Arguably these are useful to very few people. And then only
largely because the assumed relationship between the deviation from the average, and the
likely number of extremes in the direction of that deviation is (sometimes!) real. Despite some
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of the recent successes in seasonal prediction, we have a long way to go before we can
produce something that is useful to more than a tiny community of users.
These two extreme versions of what a ‘good’ forecast may look like in the future demonstrate
that there is no longer (if there ever has been), a ‘one-size-fits-all’, approach to
‘good’. Previous paragraphs have shown that ‘good’ is also not about looking at deterministic
accuracy. ‘Good’ can be measured by the degree to which better real-world decisions are
made and those decisions are highly diverse in terms of spatial scale, temporal scale and
context. Context is often about recent conditions that have been experienced as well as the
type of decision being made and the degree to which weather (or climate) parameters affect
that decision.
While data proliferates, there is a general concern that the skills and knowledge within
operational meteorology as a whole may suffer, and that people may begin to lack the critical
understanding of conceptual meteorology and its applications. The application of data is just
as important as its creation, and simply creating more data – even if highly sophisticated and
cutting edge in accuracy – is not enough.
In considering ‘good’, we have mostly taken a mid-latitude, developed country perspective.
How good do forecasts look in other area such as East Africa or South East Asia? Whilst
significant progress has been made in terms of predicting tropical weather, this global
capability does not typically extend to people (or machines) making good local
decisions.
There are often ‘better’ forecasts available outside, then inside
countries. Capability programmes currently strive to build capability ‘in country’ as opposed
to exploiting existing ‘out of country’ capability to deliver better ‘in country’ decisions. If efforts
were focused on forecasts that enable good decisions in both urban and rural environments,
based on NWP that may have originated out of country, using contemporary, often ‘digital’
approaches to communicate them, better outcomes could be achieved.
In relation to hazards, the approach can be quite different. Apart from limiting use of transport,
a public response is not generally called for while the infrastructure is safe, but once that is
threatened, mass evacuation may become necessary. Such considerations make warning a
far more difficult exercise for urban areas, where people cannot see the hazard; decisions
have to be made at street scale, and risk is inherently complex, multi-hazard and systemic.
The definition of when ‘good is, good enough’ could cover many geo/temporal scales. It could
cover the perspective of scientifically verifiable ‘accuracy’, but also the value associated from
a customer or market that ‘good is, good enough’ to invoke appropriate and proportionate
action. Furthermore, ‘forecasting’ has become the domain of a wider ‘big data information
economy’ as well as Operational Meteorology becoming a specific aspect of ‘analysis and
advice’. Both analysis and advice have grown in maturity and prevalence exponentially in
recent times in areas that include, but are no longer defined by, ‘meteorology’. Other sectors
do big data! This in itself is a change. As an ‘industry’ that has been at the forefront in both
consuming and defining ‘computational science’ – we are no longer alone.
Our individual health data, combined with artificial intelligence, will progressively permit us to
take control of our individual healthcare.
The cognitive intelligence of the future will anticipate weather that affects you and me,
integrate that with our individual scheduled activities and preferences, and help us optimise
accordingly. We’ll become masters of our weather-impact-based decision support. We’ll all be
meteorologists as well as doctors (‘Doctor You’ becomes ‘Met You’).
Increasingly we learn in DYI partnership with search engines, whose own capabilities have
been expanding rapidly and our ability adapt through immediate feedback, learning and
application.
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Figure 1. The Economist article; Dr You on healthcare treats two aspects that are as important
to meteorologists as to healthcare professions: the rising importance of big data to the overall
healthcare process, and the concomitant rise of what the print edition’s cover calls “Dr. You.”
Infrastructure as a service may change everything – our desire to own sovereign infrastructure
capability may be rendered unaffordable, unsustainable and unachievable in the world of
cloud computing.
Q9.
It would be unusual if, in the time frame for consideration, meteorology was alone in finding
that owning and running infrastructure was a more viable model than renting and hiring
infrastructure. This is often unhelpfully positioned as ‘buying data’, (as paying for data ingress
and egress is often the economic face of the ‘rental’ model). There are of course real
challenges to traditional constructs in a ‘rental’ model, a key one being a market viable to
support a provider. It is very likely that in areas such as Observations, there will be no viable
‘rental’ model in which case investment will be needed to own and operate. However even in
this situation, community collaboration, standardization of approaches and so on all have the
potential to deliver more efficiently than today’s dominant model of local ownership. If the
question is framed at where investment would be best placed from that perspective, some
consensus would be required around the framework used.
Effort is needed to provide meteorologists diagnostics tools and skills to identify when, and
why, ours and other models are performing badly and what not to believe in the model output.
Since all model forecasts are imperfect, meteorologists and our users need to be able to
ascertain when and why forecasts are going wrong.
In terms of investment to drive out inefficiencies, automation is expected to lead to faster
identification of potential forecast errors, saving time, staff resources and creating a more
effective service. On the other hand, new tools delivered without the user experience in mind,
can inhibit the competent expert, making them less adaptive and more passive, pigeonholing
or disconnecting them from the way they prefer to analyse data. There is a real danger that
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new tools, could disrupt the conceptual simulation and recognition-primed decision modelling
process important to users and meteorologists alike. This also relates to ensembles where the
meteorologists find difficulty extracting insight and value from ensembles; they need to be able
to actually see and process the data in order to generate insights and to deliver personalised
content.
Furthermore, increasing the volume and sophistication of technology puts more emphasis on
improving NWP guidance and automating procedures for producing forecast products.
Technology can contribute to apathy. Meteorologists not motivated to analyse data and NWP
guidance cannot learn from the past and build expertise. Apathetic meteorologists can all too
easily fall into the workforce that are procedure-based mechanics or disengaged. We therefore
need to encourage meteorologist to seek complexity and understand it, that means a change
in how our meteorologist gain access to data, the skills & tools available to them and the
business opportunities that will come about due to this change. Ultimately Meteorologists and
end users require the tools to add value when it matters. For the customer it might be
intervening when it matters most (to affect the right decision), or for the Meteorologist, it may
be having access to the right tools to spot model errors, and then the tools to intervene.
Q10.
Not every advanced capability is relevant to every country, so countries need support in risk
(not just hazard) mapping and its translation into strategic priorities. A process for closing the
forecasting loop is very important – poor forecasts need to be identified and fed back to the
modellers, who need to test upgrades against these weaknesses. A semi-permanent
forecasting testbed is the optimum solution: involving users in assessing enhanced model
capabilities in real time.
Building on the above we, including the WMO, should aspire to all Met Services reaching a
common end-state of capability. We would focus on what capabilities that we need, IF we can
rate them (often not) and if not, how we go about building them as ‘common capabilities’. We
may of course choose to go about these capabilities with different approaches (as we do with
global NWP or data assimilation), but we may not expect every single member to do it
themselves. A federated and selective (but not one-size-fits-all) collaboration could be more
appropriate.
The ability to establish a causal narrative around the weather, attuned to a customer’s needs
and level of understanding is a precious skill. The ability to assess meteorological data with a
critical eye based on understanding and experience is equally valuable. We should not
underestimate the importance of these skills, which distinguish us as the expert partner not
just a data provider.
Q11.
Today’s meteorologists are in the midst of huge change; they are overwhelmed by the sheer
volume of data, face incomplete or inaccurate diagnosis of the atmosphere, have access to
multiple sources of imperfect computerised information and there is an increasing demand on
meteorologists to perform even better with fewer people.
Against this backdrop of change, we are constantly asked the question ‘what defines a good
meteorologist? What characteristics and performance levels do we expect from our them?
How do you measure the value add to decision making and how much do they play in building
even stronger customer satisfaction?
Kox et al (2015) suggests that when trying to enhance weather communication by reducing
the uncertainty in forecasts, the focus should not only be on improving computer models and
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observation tools, but also on the communication aspect, as uncertainty also arises from
linguistic origins.
Budescu et al (2011) showed that the public consistently misinterprets the probabilistic
statements in the IPCC report in a regressive fashion, and that there are large individual
differences in the interpretation of these statements, which are associated with the
respondents’ ideology and their views and beliefs about climate change issues. Emergency
managers indicated that the probabilistic forecasts were useful not only for preparatory action
and planning, but also for managing resources and personnel during the event, figure 2 below.

Figure 2. Fundel,et al (2019) results following a survey to when users start searching
information before, during, and after storms Xavier and Herwart. Total number of selected
representations by time (per 6‐hour‐interval). The colour indicates which representations were
selected. The vertical dotted and solid lines show the times when the first weather watch and
warning were issued, respectively. The horizontal red lines below the bars mark the period
when the storms passed through Germany
So, are we building the right tools to improve heuristic decision making and liberate cognitive
thinking, or are we on a trajectory to building tools, processes and skills that drive out expertise
entirely – the answer is probably skewed to the latter rather than the former. More realistic is
to use both data science and psychological science to de-bias and improve upon human
judgements – wherein the philosophy is to ‘complement human decision makers, not replace
them’.
Moreover, we can learn from the gaming industry. In game design, big data highlights the
importance of giving users what they want. Using behavioural data to update the game
according to what is working well means making games that are challenging, but not
something users get frustrated with and want to walk away from. We should adopt a similar
practice in operational meteorology.
What does exemplary look like for an operational meteorologist? We should look to the
Dreyfus model of skill acquisition which calls for continuous learning and self-improvement. It
is these characteristics that makes an operational meteorologist an expert; it is through
immediate feedback, learning and application that we can truly unlock the potential of the
human in the forecasting process…
Q12.
NMHSs should rebalance their focus and resources towards ‘Process innovation’, using their
domain expertise as a leverage. This is particularly important because the data we are dealing
with is inherently and increasingly complex (e.g. multi-variable, high-resolution probabilistic
environmental predictions) and new entrants typically lack the expertise to exploit it optimally.
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NMHSs will not be able to afford the necessary resources to pursue exploration alone and,
therefore, they should prioritise the creation of a unique ecosystem around them - including
academia, technology companies, start-ups and others in the wider weather industry and
beyond.
NMHSs will need to balance competition and collaboration activities adequately. In other
words, each individual NMHSs should understand how it creates value by combining its unique
resources and capabilities with other external assets. Crucially, it should be a continuously
updated theory (i.e. not a static 5 year plan) which not only provides long-term direction but a
clear rationale to manage daily decision-making, particularly around horizontal and vertical
boundaries internally (within and across Business Units) and externally (with suppliers,
customers, and competitors). A critical aspect of the new situation facing NMHSs is that it
requires us to develop ecosystems (i.e. networks of partners, suppliers, collaborators) to
pursue the exploration of new technologies
In summary we need to collaborate, collaborate and collaborate. Recognize and understand
that we all need to rely on others and agree how to break the problem (opportunity!), down. It
is a bit like the way that scientific themes or medical themes have been broken down as a
function of increasing capability (and capacity). You have specialist people and organisations
that provide services to others. You no longer expect a GP to perform major surgery! Yet we
are still talking about ‘forecasts’ and whether they are getting ‘better’ or ‘worse’. We need a
better structure that provides more fidelity!

Figure 3. A future ‘unique ecosystem. In this diagram, sources of data may not be NWP /
Meteorological based, it can be any data. Data to information is the process often associated
with post processing, but it also describes the Human-Over-The -Loop (HOTL) concept for the
role of a human operating over the loop in the forecasting process. This could extend to data
analytics and machine learning. Schema and Hypothesis is how we extract business value,
the so called ‘whispers in the data’ and the creation of reusable insight and content
(feature/object based and incumbent regime identification and transition are two examples of
this). The Impact is at the heart of all this, sits at the top of the cycle and is a measure of the
societal and business benefits which then relates back to data sources (cataloguing and
storing value and impact). The key is that we may not own this, it’s a concept shared with
everyone and that any user can enter at any point in the process. Moreover, it’s not a linear
operating model often used to describe the forecasting process starting with observations,
ending with benefit.
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Closing remarks
Hartmut Rosa ‘A sociology of our relationship to the world’, (2019) argues that society has
ended up in a paradoxical state of ‘frenetic standstill’ – where everything is constantly moving
and yet nothing really ever changes. According to Rosa, this is because the rate of
technological, economic and social change is now so fast that we are unable to control or
manage these spheres through the slow processes of achieving consensus. Rosa suggests
‘resonance’ to break the mode, where both sides of the relationship forms a mutually
‘response’ relation. This is not new. Maya Angelou is quoted by saying ‘people forget what
you say, forget what you did, but not how you made them feel’. The question is ‘how do others
feel’ when they engage with us? Are we difficult, impenetrable and complex, how do we allow
others to ‘resonate with us’ and how do we make people ‘feel’ empowered and enriched from
the experience?
This is also the age of imagination. Everything you need to know you can get from Google.
What you cannot get is where knowledge ends. We need people who don’t follow in straight
lines but who can navigate elsewhere; creativity not knowledge, imagination rather than
intelligence. As Palmer (2018) in reference to 25 years of ensemble prediction captures the
essence of change well ‘you never convince your sceptical colleagues, it’s just that a new
generation comes along for whom there was never any real alternative’. Perhaps that’s it. We
need a disruptor, a new generation, a crisis (COVID), climate change to refocus on what
matters most to users. We need to decide when is good, good enough and adjust our
investment decisions around it. A change that embraces collaboration, partnerships and more
importantly coalitions. One that moves us away from thinking in one area to a multidisciplinary, ecosystem model where the right environment for creativity often means breaking
free of disciplinary silos. With our people, users and partners, we should endeavour to
embrace emotional intelligence and empathy, entrepreneurship and design, creativity and
digital literacy and if we don’t embrace this change, someone else will.
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Q1.
During the last decade weather and climate forecasts have improved in their ability to provide
more timely, accurate and relevant information for users. These are largely due to advances
in numerical weather and climate prediction, underpinned by increasing high performance
computing capacity, better representation of complex physical processes, better model
initialization from expanding satellite observations and more effective data assimilation
methods, and use of ensembles to represent uncertainty in the initial state and model
processes (Bauer et al. 2015). Great progress has also been made in the value-adding
processes that convert model output into weather and climate information that users can
reliably base decisions on.
The accuracy of numerical weather prediction (NWP) has continued to improve at a rate of
about one day of increased lead time per decade. This partly due to increasing spatial
resolution being better able to resolve physical processes. Operational global models at
leading NWP centres have gone from about 25 km to about 10 km grid spacing, and regional
model grid spacing has increased from a few km to 1 km or less, fine enough to explicitly
resolve convection. At longer ranges, coupled seasonal prediction systems have similarly
seen improvements in accuracy from increasing spatial resolution, from about 100 km in 2010
to about 50 km now. Major updates in these systems occur less frequently, typically every five
years or so, with a rate of improvement closer to a week of extra lead time per decade of
development (Kim et al. 2018).
Ensemble prediction has become the norm for NWP. Benefits include not only the ability to
quantitatively represent uncertainty in forecasts, but also enable more realistic and effective
approaches to data assimilation. 4D variational approaches are being replaced by hybrid
ensemble-variational approaches that better represent the situation-dependent errors in the
model first guess field. A significant challenge continues to be assimilating the ever-increasing
volume and variety of observational data, particularly from satellites. Data assimilation in the
coupled modelling context is an area of active research.
Accurately representing physical processes in models remains a challenge. Good progress
has been in some areas including convection and inhomogeneous land surface, allowing
increased focus to be applied to other processes that are likely to improve longer range
predictability such as sea ice, hydrological cycle, and atmospheric composition. The
increasing complexity has led to partnerships becoming a necessity not only for developing
numerical modelling systems but also for observation processing, data assimilation, and
verification systems.
To more seamlessly represent the range of physical processes that operate across multiple
time scales, major modelling centres are moving from having separate models for weather
and climate to a unified modelling approach. This has required the development of new scaleaware approaches for model physics that accommodate high-resolution short-range forecasts
through to longer range predictions and projections. Diagnostic approaches from NWP that
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use data assimilation increments to characterise model biases have led to climate model
improvements (Rodwell and Palmer 2007, Williams and Brooks 2008). Reanalyses and
reforecasts from the latest modelling system are now used on NWP time scales to calibrate
the forecasts and also to put forecasts for extreme conditions into climatological context. An
ongoing challenge for presenting forecasts seamlessly to users is simultaneously conveying
the future state of the variable (normal in the short range) and its anomaly (normal for longer
ranges).
In the last decade or so smart phone technology has enabled more people to access locationspecific and graphical weather and climate information, requiring greater accuracy and
timeliness to avoid conflicts between the forecast and the user's immediate experience (for
example, rain occurring but not forecast). Time-consuming manual forecasting is gradually
being replaced by more automated processes enabled by statistical post-processing of multimodel NWP outputs to remove local biases and improve accuracy by about one day of lead
time to compared to raw NWP (e.g. Novak et al. 2014). Rapid-update NWP analysis/nowcast
cycles and observation-based nowcasts are providing more timely information for situational
awareness and automated alerting. Ensembles are playing an increasingly important role at
these very short ranges (Rothfusz et al. 2018).
There is increased recognition of the importance of social science in providing the context of
vulnerability and exposure to better understand the risks of hazardous impacts (WMO 2015)
and understanding of user behaviours to inform more effective communication. The
meteorologist's role is changing to become a trusted communicator and interpreter of the
weather and climate information and associated impacts to assist users in their decision
making.
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Q2.
The development of multi-model techniques has shown remarkable progress in identifying
outliers and uncertainty, more so than ensembles. The competitive development of weather
modelling techniques combined with increased ease of access and open data, has enabled
step-change increases in accuracy and ability to detect outliers, see details.
A second approach to identification of “outliers” Is the continuous advances in remote sensing,
with most of the world now covered by satellites sending 1 km resolution data in 15- 30 minute
intervals, see details.
A third approach ist the ubiquitous deployment of ground sensors, (e.g. building, cars, mobile
phones) which is creating an explosion of data also for meteorology, which has yet to - but
can - be mined to provide more local event detection All this has to be underpinned by near
real-time data processing and transmission, and distribution systems, to be really effective.
Q3.
Multi-model calculations combined with machine learning techniques have noble reduction of
forecast error by 20%, combined with classic techniques, such as MOS Some evidence is
shown at meteoblue Learning Multimodel (mLM).
Q4.
Any good decision about an event needs a probability of occurrence (magnitude of effect)
combined with an assessment of the impact (or value of the effect). Whilst probability
calculations are today sufficiently developed (see question 2 and 13) , impact definition must
be much better defined and models for decision making must be improved and operationalised
(can’t wait fo 2 weeks to make a hurricane or thunderstorm decision). The same principles
apply to climate change and decisions about prevention and mitigation, which require much
larger investments then those we currently make ; only the time frames are different.
Q13.
Constant verification is a good basis for better decision making. There are multiple techniques
to do that. Basic pre-requisite are reliable measurements, so reality is well defined. As a
second step, measurement data availability is necessary. A third step is the application of
reliable, proven AND understandable verification measures. Currently, very few suppliers
provide probability and accuracy figures. This field has to and will evolve, and will make
weather information increasingly valuable. Examples 1 and 2.
Q14.
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The global weather value chain is - in my estimate - yet largely underdeveloped. A few
countries (USA; Japan) have a well developed (but not matured) weather value chain. In many
developed countries, the weather value chain is still in development (and less than half of what
it could be) and in many countries still in its infancy. developments start with building
infrastructure for data capture and processing, then continues with data distribution and only
then the real development starts, by packaging the data into sector specific solutions. The
example of the USA shows that such packaging, as done by the private sector, more than
doubles the value created by the national services, and this is not yet the maturity stage :
probably , factor 3-5 are possible, economical and needed. In most countries, that factor is
still below 1, as the presentation attached shows, so there is huge opportunity - and need - for
growth. The more valuable the private sector, the more important, valuable (and well utilised)
will be the national basis infrastructure - this is what most stakeholders (including public and
private sector) have yet to fully realise. Building the value chain (beyond simple data capture
and processing is therefore a joint - and very valuable -effort.
Q15.
An evolving industry needs rules. These exist in form of WMO standard, but have yet to evolve,
to cover the increasing number of applications and private players. Examples are
1. Standard software measurements - we see the measurements evolving Tinto 4
categories.
a) WMO standard
b) Calibrated (but not WMO) public or private networks, such as rand
management, agriculture, energy and other measurement networks with many
good data.
c) Low-standard networks, like private amateur and divers networks.
d) New IoT devices, such as mobile phones, cars etc which essentially have no
standard, but are thousand to million times more frequent than 1.a), 1.b) and
1.c) combined, and can yield good information if properly analysed.
2. Forecast verification standards
3. Probability definitions
4. Open data attribution
5. Single-voice principle for disaster warnings etc. such Standards must be better
defined, agreed and implemented.
I hope this helps to "deliver the full value of publicly-funded weather information across
Europe” and the world and appreciate any feedback and questions.
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Q1:
NWP: Synoptic scale predictability, i.e, 500 hPa GH ACC, in world-class global NWP models
has constantly been improved since 1980s, but its improvement rate slowed down for recent
10 years. The accurate initial conditions from satellite observations is assumed to be a key
factor. The horizontal resolution of global and regional NWP models is about 10 km and a few
kilometers as of today and would be twice high in coming 10 years. Exascale computing would
be feasible in early 2020s, which necessitates the development of dynamic core with high
computational efficiency. For past 10 years, major operational centers and research
institutions have developed alternative dynamic cores with the non-hydrostatic assumption
over irregular grid points not only for accuracy in governing equations but also to overcome
the computation deficiencies in traditional cores over lat-lon grids. The major benefit of higher
resolution is its capability of resolving small scale features producing high-impact weathers.
Accurate representation of diabatic heating/cooling is one of the unresolved challenges in
weather/climate forecasting. As compared to the data assimilation and dynamical core,
especially in global NWP, relatively less progress that has been given to the improvement in
physics parameterizations reflects a rather slow improvement in quantitative precipitation
forecasts. Accumulation of errors in diabatic heating/cooling degrades the forecast skill with
time. Gray-zone physics algorithms have been proposed in past 10 years in research
communities, which should be tested in operational forecasts in coming years. As in climate
models, fully coupled ocean models should be applied to NWP models in order to fully utilize
the high-resolution forcing from the water body.
Climate models: It is recommended that the development/improvement of climate models
should be in line with the strategy for the short-range NWP. A specific tuning of the physics
components in a particular model should be avoided. Efforts to overcome fundamental
limitations in physics parameterization are accelerating in the NWP community as the
horizontal grid spacing falls in the gray zone. The climate community should take advantage
of the scientific achievements made in the NWP community. In this context, a unified single
model system across a range of both timescales (nowcasting to centennial) and spatial scales
(convective scale to climate system earth modelling) is desirable.
Q2.
The skill of weather forecasting has been constantly improved, but very slowly. Approximately
10 years have been taken to get the skill one day in advance. The forecast accuracy in
synoptic-scale features will be improved, but the quantitative forecast skill for extreme weather
would be rather flat.
Q3:
AI could be effectively utilized to optimize the highly tunable parameters in physics algorithms.
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Q5:
In addition to fully integrated atmosphere, ocean, sea-ice and hydrology models, two-way
interaction between nature and human activity needs to be incorporated, as attempted by
Motesharrei et al. (2014, DOI: 10.1016/j.ecolecon.2014.02.014). Five additional prognostic
variables of chemical species are needed to incorporate the second indirect effects of aerosols
in precipitation physics, which is feasible in coming years. About 50 chemical species are
needed to fully incorporate the two-way interaction, although simplified chemical modules are
to be developed for limited computing resources. As a rule of thumbs, 5-km global NWP with
two-way interaction could be operational in 2030 instead of 3-km model with conventional oneway interaction.
Q6:
For precipitation physics, cumulus parameterization scheme was developed from cloudresolving models, in which still inherently poses numerous approximations. PBL and
precipitation physics have been elaborated based on LES model results, even though LES
model itself is approximated. Realizing that the model cannot reproduce the observed diabatic
contributions for given large-scale control variables, more efforts need to be given to
understanding mechanisms of small-scale high-impact weather, focusing on diabetic forcing
from observations or derived values from observations or analyses. Efforts need to be given
to the improvement of the model physics and verification of short-range forecasts against
observations in order to reproduce the observed diabatic component as faithfully as possible.
Also a method to downscale those diabatic components needs to be developed. The method
of Shige et al. (2007, DOI: 10.1175/JAM2510.1) is an example of deriving the diabatic heating
profiles.
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Q10.
The PPE perspective to this important question could be described as follows.
Currently, there exists a marked inequality in the availability of weather and climate forecast
information in the developing countries, and lack of capacity to utilize such information bringing
socio-economic benefits to the society. The reasons are well known, but one striking element
of this situation is that the massive investments through various development assistant
projects, engaging numerous development funding agencies, provided very disappointing
results. The impact of these investments estimated in billions of dollars on the local capacity
has been very low. Some analysts pointed out that the main reason for such a failure was a
model in which the development funds were spent on ‘things’ – automatic stations, telecom
systems, computers to run NWP, weather radars (widely non-used after the delivery due to
maintenance problems), etc., etc., with little care about the local capacity of the NMHSs to use
all this equipment for serving their countries, and without planning for sustainable operations
in the post-project period. A standard part of many of these projects was the idea to install
some sort of NWP and run it locally on a PC cluster, without clear idea of the usefulness of
such model output.
There is a need for a paradigm change in the provision of such development assistance,
already well understood by many players in the weather enterprise. The main focus of the
projects should be on the rapid improvement of the capacity to serve the public and local users
thorough utilizing cost-efficient technology and available data from international sources. Of
paramount importance is to stabilize the national observing networks, ensure their long-term
maintenance for providing standard quality observational data; in addition, these data should
be shared internationally – an international obligation of each and every WMO Member which
is not fully understood and followed nowadays.
Another way to help developing countries in places like Africa, for example, is to strengthen
the regional centres for weather and climate. The ECMWF model may need to be replicated
to certain extent to other regions. This will allow to consolidate human resources and expertise
and to optimize the running cost. Such regional approach could be successful only with strong
political support, which is a task and challenge for the WMO in cooperation with other relevant
international organizations.
Another big opportunity to be explored and promoted in the future is building partnerships
between the NMHSs and the private sector players engaged in the development assistance
projects. Private companies can assist in raising the IT capacity, maintaining the infrastructure,
and the overall modernization of the systems operated at national and regional level. To do
this, perception and culture issues need to be resolved and political will demonstrated from
both public and private sides. There is a need for successful pilot and demonstration projects
through PPE as a proof of concept. As already demonstrated in other sectors, countries with
very low capacity at present may have a historic change to leap frog into the digital era without
passing through all stages of development that happened in more developed countries. Some
‘low hanging fruits’ could be picked up by twinning projects in the implementation of APIs to
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utilize the huge amount of available data for creating local products – e.g., through weather
forecast apps for smartphones.
Q11.
The next decade will be a transition period for the profession ‘weather forecaster’ as we know
it. The decade of digital transformation will remove from the weather forecasters most of their
usual workflow functions, which will be fully automated. One huge challenge for the forecasters
will be how to deal with enormous amount of information coming from the observational and
forecasting sources. It is already a state-of-the-art to see in the forecasting offices a person
sitting behind ten or more screens displaying different types of graphical or alphanumeric
information. It is believed that this ‘assimilation process’ happening in the forecaster’s brain
will be replaced by artificial intelligence and machine learning – to what extent this will happen
in the next decade, is still to wait and see.
The new major role of the weather forecaster as the intelligent human being sitting between
the machines and the users (in many cases, also machine), will be to select the right weather
data from the 4-dimensional ‘data ocean’ and translate into user-specified (or co-designed)
information products that feed the users decision-making process. In some cases, this
translation process could be possible without a human middle man, but it is believed that in
areas, such as early warning systems for DRR, the human expertise will continue playing key
role, in particular, in rapidly changing situations like tropical cyclones, or convective
developments.
With all these disruptive changes in mind, during the next decade the qualification and
competence requirements of the weather forecasters need to be revisited and updated,
starting from the university programmes and curricula, to the refresher trainings.
Q12.
The concept of having one agency designated by the government of each country (or WMO
Member) as ‘the Meteorological Service’, at present known as NMHS, is central for the whole
WMO construct (see WMO Convention, Article 3, for example). Considering that it represents
a thinking from the first half of the 20th century, it is natural that this concept is being currently
evaluated and updated to represent the new realities of the weather enterprise.
With regard to the future weather and climate forecasting, the NMHSs should continue to play
a central role as national agencies funded through the public budget to conduct
meteorological, hydrological and climate activities. However, their specific role and
responsibility should be determined based on the public needs, technological development,
resources, and trends towards regionalization and globalization of a number of essential
activities. It is foreseen that the NMHS in the future will retain several major functions through
public funding – the operation and maintenance of the basic observing network, the collection
and archiving of the national observations, the interface to the regional/global data exchange
systems coordinated by the WMO (and other international players – ICAO, IMO, ECMWF,
etc.), and serving the government and the public with essential services such as early
warnings. The individual portfolio of each NMHS will be determined by the mandates given to
it by the national government, so, there will be a great diversity in these portfolios; the part not
mandated by the government will represent the market area where products and services will
be provided through competitive arrangements by stakeholders from all eligible sectors
(national legal frameworks will play a great role to make this possible).
With regard to the core business are of forecasting, the classical NMHS model included always
a strong organizational element as a ‘forecasting office’, and in the majority of cases, it has
been supported by in-house NWP operations. The huge cost of operating a proper NWP
model at a national level has led over the years to a ‘cascading’ model whit a global, regional
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and national component with the deeper layers of this model aimed at bringing finer resolution
to account for the sub-grid local effects. While the regional/local models run by the NMHSs
are massively cheaper than the global models operated by, e.g., ECMWF, they still require
significant resources of the NMHS – both human and financial.
One of the most significant changes over the coming decade would be in changing the
cascading model and eliminating the need for the so-called limited area models at NMHS level
mostly due to the great improvement of the global and regional models operated by the
dedicated centres. With the resolution of the global models already below 10 km and moving
towards 1 km grid size, little improvement can be achieved by the NMHSs by running local
models. Through the open data policy, all the high resolution global and regional NWP data
will be made available to the NMHSs which will allow them to focus on the other side of the
weather forecasting – namely, generating value for the users by the translation of the NWP
into impact-based actionable forecasts, warnings and advisories. The advice to NMHS’s
decision-makers should be to give up on their ambition to run inferior quality NWP models ‘in
house’ but focus the human development and the financial resources in the development of
platforms and interfaces to serve users with end products based on the high-quality NWP data
from global and regional models. In addition, the NMHS should provide important verification
and feed-back information to the regional and global centres that would support their further
improvement.
(PPE: present and future)
Q13.
For many years, the only source of scientifically based weather forecasts was the national
meteorological institution (met office, agency, service, institute, etc.). All the successes and
failures of the weather forecasts were attributed to that agency and the user had almost no
other choice for getting forecast information. The current multi-stakeholder enterprise provides
a completely different landscape with many opportunities to receive forecast information for
the same location from multiple sources. With the open data availability of observational data,
gridded NWP data at global and regional scale, the possibility to run finer resolution NWP
models at affordable cost, and the explosion of opportunities in delivering products through
mobile apps, there are now many players – big, medium and small, forming a very dynamic
part of the enterprise. It has been estimated that the number of weather apps for smartphones
and other mobile devices ranges between 10 and 20 thousands. These apps are used by all
sorts of users - from individuals to corporate users, and are provided on free or paid basis. It
should be realized, however, that the basic input information used by the plethora of weather
apps is quite limited and in many cases, the apps present just ‘repackaging’ of the information
from the available sources – trying to attract users by better graphical interface, possibility for
localization/customization and other non-essential ‘goodies’. More recently, the competitive
advantage is also sought by utilization of AI and machine learning to improve the forecast
products for locations and use cases.
A big question about the quality assurance (QA) exists in this situation and it is linked to the
fact that people sometimes need to take important decisions based on the forecasts from
those apps (e.g., in some extremes sports, farming, sailing, etc.). The question is how the QA
information could be attributed to the individual sources, how to be presented to users, and
finally, who should do such quality assessment in an authoritative manner.
One recent good example of QA is the establishment of a mandatory requirement for a Quality
Management System (QMS) for all providers of aeronautical meteorological forecasts and
services – this has been imposed as an international requirement by the ICAO, WMO and the
European Commission, and includes the need for those providers to obtain an ISO 9001:2015
certificate in order to be considered as legitimate sources. While such approach was
applicable for the highly regulated aeronautical sector, it will be difficult to come to at least
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quasi-mandatory international regulations for the forecast products in other sectors.
Nevertheless, the WMO should take a leadership in establishing QA principles and practices
that would allow objective evaluation of providers of weather forecasts and related services.
The newly established WMO Services Commission should take this task as part of its work
programme for the coming decade. WMO should also engage the private sector in the
development of the procedures and practices for the QA evaluation in order to consider all
use cases and ensure buy-in from the private developers. For instance, there have been
already attempts by the private sector to make assessment of the forecast accuracy of various
providers (e.g., the ForecastWatch company in the USA).
Within the span of the next 10 years, it could be envisaged that by 2025, the WMO, in
partnership with private sector and academia, should come to an agreeable methodology for
QA validation, recognition and attribution of respective visible signs of quality to the various
providers from public, private and other sectors. This would allow in the second half of the
decade to promote and apply this methodology, thus facilitating the use of high quality
sources, in particular, in areas where forecasts are used for critical decision-making.
Q14.
An improved coordination and collaboration between the three main sectors on the forecasting
enterprise will accelerate the achievement of the vision for 2030. Each sector will continue to
play its most relevant role: academic sector – furthering the fundamental science and
research, as well as the applied science and research related to the Earth system modeling;
public sector – the continuous development of the observing systems, NWP infrastructure and
operations, including the WMO-coordinated system of global, regional and national centres
and facilities; private sector – developments in several key sub-sectors, like computing and
telecom, will lead to new opportunities to run forecasting models with incredible resolution and
speed; the weather companies on their side will be working on applying AI and machine
learning for providing advanced forecast services to the meet the growing demand trends of
the weather and climate services market (WCSM).
The success of the enterprise as a whole will depend on a clear understanding of the inherent
interdependence of the three sectors and creating such forms of dialogue and collaboration
that would overcome eventual competition and frictions. WMO will play an important role in
setting appropriate policies on data sharing that provide for mutually beneficial outcomes.
Private sector itself should also adopt an open approach to sharing data and know-how.
One particular development should be sought through the WMO Commission of Infrastructure
which provides an intergovernmental possibility for coordination of plan and investments.
WMO should explore the organizational models that ensure more synthetic integration of the
private sector into its work, in particular on technology development and standardization, for
example, the ITU model in which private sector entities form a tier of ‘sectoral members’ to the
organization.
Q15.
The current and projected growth of the demand for weather and climate services, the core of
which are the weather forecasts and climate predictions, expands the opportunities for
stakeholders to get their share in the market. Based on their different funding and business
models, private and public sector may address these new opportunities from different angles,
i.e., the private sector stakeholders will try to monetize those opportunities as soon as
possible, while some public sector stakeholders may try to expand their portfolios. Some of
the public agencies have already adopted a particle commercialization of their services, thus
the profit driver is also present for them. There exist a potential for conflict of business interests
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and disruption that would have a negative effects not only to individual stakeholders involved
but to the whole enterprise.
While understanding that markets logic and self-regulating mechanisms will apply to the
weather enterprise, the part of the enterprise that serves the public interests by providing
public good type of services, should avoid such potential disruptions. The well understood
global societal risks of weather extremes and climate change require a unified response from
the enterprise as a whole. This necessitates the development of a culture and ethics relevant
to the overall mission of the enterprise expressed in the WMO Vision 2030 – for a more
resilient world.
A good starting point for cultivating such culture and ethic resulting in concrete actions is the
WMO Geneva Declaration 2019: Building Community for Weather, Climate and Water
Actions. This Declaration represents the high-level WMO policy for an inclusive enterprise
contributing to the global sustainable development agenda. It promotes the UN Global
Compact principles and will help build a responsible and committed multi-sector forecasting
enterprise. The WMO role in this regard will include the promotion of ethical behaviour and a
recent accord together with the HMEI for the development of a joint ‘code of ethics’ should
demonstrate its advantages.
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Q1:
In general the advent of NWP models have enhanced our understanding of the climate today,
and how it is likely to be in the future, yet with inevitable uncertainty (refs). The issue of scale
(spatial and temporal), and ability to represent various parameters (i.e. models being able to
represent say temperature than precipitation), including feedback mechanisms within the
different hydrosphere has been key in determining reliability of the model outputs. Lack of
(limited) observation data for both hydrology and meteorological data (owing to poor
instrumentation particularly in developing countries), data quality issues (prolonged missing
data especially at daily time scale, poor database management)) have also limited the
parametrisation, appreciation, ground truthing and application of these models particularly at
finer scales (i.e. at catchment/basin/watershed levels, where most water management
decisions are usually made). Even with the best NWP model, availability of local data is akey
and this discussion should not be left behind during the refinement/development of future NWP
models. A breakthrough in the development of integrated earth observation systems that are
able to monitor (at the minimum) shallow groundwater aquifers (similar to the concept behind
the NASA’s Gravity Recovery and Climate Experiment (GRACE data) but at basin/catchment
scale, and integration of data assimilation (DA) with NWP (i.e. He et al, 2019) will resolve the
current impasses between groundwater hydrology and climate change.
Other challenges are to do with issues of predictors (covariates or parameters) used in most
of the NWP models. While the use of teleconnections such as ENSO/NAO, etc are justifiable,
their strength (and interactions with other local predictors) differ from region to region. The use
of local predictors (such as aspects unique to certain landscapes, e.g. it could be surfaces
such as sand dunes in the Kalahari environments, wetlands (microphysics) (see Bengtsson et
al., 2017) have not been fully explored. Supplementary information, such as indigenous
knowledge, citizen science, among others are yet to be explored to improve forecasts.
Q5:
Besides ‘the vertical’ integration of atmosphere-ocean-sea-ice and hydrology models, the
NEWP system should consider the interconnection between the natural ecosystems within the
so called nexus framework, such as water-food-energy-ecosystem services (the horizontal
integration) as one is interlinked to the other. The NEWP should be robust enough to provide
forecasts at desirable spatial and temporal scales (including sub-daily, e.g. for early warning,
and with ability to track extreme events). These will require utilisation of newer earth
observation products such as sentinel based products, use of mobile smart phone capabilities,
development of geoportals to take advantage of geographic information systems (GIS) and
spatial data infrastructure (SDI), as well to make provision for end-users to test different future
scenarios in order to make well-informed decisions. Investment in data collection
and instrumentation infrastructure is not an option when moving toward NEWP system, as
well as using satellite parameters for pseudo verification (similar to cloud masks used by
Croker and Mittermaier (2013). The use of unmanned aerial vehicle (UAV) or
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drones/saildrones in collection of surface, atmospheric and ocean data will become
instrumental in improving weather and climate forecasting (Rothfusz et al., 2018). Access to
NEWP data and products in user-friendly formats/packages is desirable in the future in order
to increase uptake of such products. Development of robust and flexible tools/portals for
extraction of data (spatial and temporal) is therefore recommended. In terms of
parameterization of the NEWP systems, particularly as they relate to hydrological modeling,
efforts should be expended towards development of regionalization methods, which attempts
to regularizes optimization problems towards reducing the degrees of freedom (number of
unknowns inferred) to relatively small number of regional transfer function coefficients (Gupta
et al, 2014), as well as parameter identifiability and sensitivity diagnostic schemes. Other
issues worth consideration are (i) capacity building and technical support for scientists in the
developing countries to be involved in the development of the NEWP systems, through, (ii)
special funding models, (iii) collaborative research allowing for staff/student exchange, access
to equipment/laboratories in the already advanced institutions.
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Q3
Cloud Technology
Data produced on a daily basis by large centers will be in the order of a few PB by the end of
this decade. Even today only parts of the data are being made available to users (At DWD
about one third of the daily production) and an even smaller fraction is downloaded and
actually used. The main reasons are the limited bandwidth of the Internet and the complexity
of using the data provided.
Cloud technologies have developed into a mature technology in recent years, are available
everywhere and offer a wide variety of functions. Cloud technologies support the so-called
"bringing the data to the user" paradigm. The bandwidth issue can be solved by providing the
output of NWP models and big observational data in a cloud data storage. This will enable
users from the weather enterprise to run their own NWP models and sophisticated applications
in the cloud and so allow for new business opportunities.
A prerequisite for a broad use is the provision of tools that allow an easy integration of the
data into the processes of the users. The implementation of advanced data interactions such
as subsetting or transformations is relatively easy to implement with the available cloud
resources. Cloud infrastructures provide a development and operating environment that
improves effectiveness and efficiency on any scale, accelerating the development process
and daily operations.
Implementing NWP-Systems with post processing, production, and visualization in the cloud
could offer a unique advantage for developing countries. This approach will provide a more
sustainable and cost-effective solution, also allowing for an improved cooperation and burden
sharing between partners. To implement this, certain competencies and financial resources
must be available.
Artificial Intelligence (AI) and Machine Learning (ML)
The amount and diversity of environmental data and its possible applications has grown and
will continue to grow in the future. We see an abundance of unexploited observations and
model results. Machine Learning reverse engineers functions from data in a high dimensional
space allowing complex relationships to be detected in disparate data sets. Although the
operational application of Machine Learning (ML) is not yet widespread, many projects and
use cases show promising results (Boukabara, 2019).
ML can lead to significant progress over the whole range of 'classical' modeling, data
assimilation and post-processing algorithms in the next decade. ML can be applied at each
step of the weather forecasting process. Some examples are listed below:
•

ML can improve our utilization of observing systems, allowing forward planning of
maintenance activities, improved quality control and intelligent filling of data gaps.
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•

ML can improve our ability to introduce information from complex observing systems
into models through data assimilation by providing better compression rates and thus
allowing significantly increased precision and speed of forward operators

•

ML can help us model and estimate the observation error for data assimilation.

•

ML allows us to incorporate further complexity physical parametrizations or to train
parameterizations on data with higher resolution than that of the model they are
intended for.

•

ML can be used in post processing of numerical variables allowing us to incorporate
non-linear correlations

•

ML allows us to estimate impact based on model output and further observations or
statistically relevant data

A wide range of open source machine learning frameworks (e.g. TensorFlow, PyTorch)
together with well-known programming languages like Python or C++ support the
development of ML-applications. With the advent of dedicated accelerators, it became
possible to tackle large-scale problems. A cloud infrastructure allows easy access to
accelerator hardware. If the meteorological data treasure is readily available, SMEs can
develop successful applications, especially if they can bring together expertise from different
disciplines.
The performance of a trained ML based application can provide forecasts within minutes thus
allowing these applications to be used even for demanding real time applications like the
automated detection of severe weather. We expect that in certain areas ML will lead to a
significant boost in forecasting performance, especially in areas where new data sources can
be exploited and combined with traditional data or where there is no clear understanding of
the physics. It is still unclear whether ML applications will be able to outperform traditional
methods. It is highly likely that the combination of both approaches will be the best way
forward.
Challenges remain for the realization of these opportunities described, The statistical nature
of ML leaves open questions with regards to its conservation properties. Lack of
understanding of how KI algorithms function can introduce uncertainty into the forecast
process, so that rigorous testing is necessary before operational implementation. And large
training datasets are needed to ensure that stable forecasts can be provided even when a
rare event occurs.
New Data and the Internet of Things
The Internet of Things is a system of interconnected computing devices. It delivers a huge
volume of data and will grow significantly in the years to come. All sort of devices will provide
environmental data: smart phones, low cost weather stations, cars, and many more.
There are many fields of applications where the meteorological community can benefit from
data provided by the IoT.
A few examples show the potential and a possible usage:
•

Crowed sourced data from low cost commercial weather stations. These stations can
help to densify the observational network.

•

Data from modern automobiles. Acting as rolling measurement stations, they can
provide a wealth of meteorological data. These data have the potential to be very
useful to enable high spatial resolution analysis and to develop better nowcasting and
warning systems, especially to support autonomous driving.
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•

Data from industrial installations like wind turbines. Wind data measured in wind farms
could be used to enhance the wind forecast and in turn contribute to a more
economical, and stable operation of the power grid.

•

Crowd sourced data collected with apps offer a unique possibility to receive impact
data of severe weather events

Although there is a lot of potential in these new data sets, there are also legitimate concerns
with their usage. There are legal problems with data ownership and privacy protection. The
data quality is not comparable to standard WMO weather stations. Quality control could
become difficult due to data protection regulations, which could even make bias correction
difficult. The global availability and the reliability of he the data provision cannot be guaranteed.
Q4:
Environmental forecasts
On top of the steady improvements in NWP accuracy by one-day per decade, the public and
businesses enjoy additional increases in accuracy and potential value of meteorological data
due to an explosion of the availability of weather and climate information on the internet. E.g.
25 years ago, most businesses and the public could only receive forecasts and warnings: via
traditional media, on a few weather variables, for regional scales or a few cities, mostly in daily
resolution, without uncertainty estimates and in a non-digital format. Now, the persistent
challenges and new opportunities in the provision of fit-for-purpose forecasts and warnings
are:
•

to predict all weather and climate variables needed

•

on the true, often very local scale of the user,

•

to deliver forecasts seamless across time, i.e. without the current breaks in the data
due to the division into now/short/medium/seasonal/decadal-casting,

•

to attach uncertainty estimates for all data based on reliable ensembles,

•

to provide the data in an easy to use format, web service, app, etc.

To increase the usability of warnings and products further down the value chain, a significantly
larger proportion of the data must become available to users outside of the meteorological
community. In addition, metadata need to be locatable and provided in modern data formats
(e.g. geoJSON instead of GRIB). Data provision must be configurable based on user
requirements and individual user profiles. This lowers the barrier for the private sector to use
the data.
External users and the private sector are particularly competent in the user- friendly postprocessing of numerical analyses and forecasts. However, a major obstacle to the usage is
the availability of consistent training data sets. Therefore, the provision of sufficiently long data
sets of reforecasts and reanalysis of the actual modelling system is essential.
Warnings are understood when they are related to user`s lives. Using smartphone apps,
personalized warning and forecast information could bridge the last mile to trigger the right
response.
Success can be measured automatically, e.g. by the exponential increase in access to the
data, or by verification of forecasts, which reveals for instance, that the use of statistical postprocessing can improve local forecasts by an equivalent of 5-10 years progress in NWP.
Impact forecasts
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“Progressing from weather forecasts and warnings to multi-hazard impact-based forecast and
warning services represents a paradigm shift in service delivery.” (WMO, 2015). The aim is to
deliver more direct support for decisions and ultimately enable better preparedness and
response to hydro-meteorological events. It requires:
•

the digitization of and access to impact observations,

•

easy access to high resolution indicators of vulnerability and exposition of people,
infrastructure, etc.,

•

a knowledgeable use of the exploding opportunities of AI for impact modelling,

•

a substantial increase in cooperation with users impacted by weather and climate.

Yet numerous challenges accompany this development, e.g. there is a need to:
•

negotiate the access to the impact data in light of the diverse ownership and
commercial interests,

•

develop quality control for non-conventional data and to ensure provision of metadata,

•

provide impact data also for real time assimilation and verification and not just for
model development on past data,

•

establish the best dissemination platforms, protocols and formats,

•

ensure co-design between developers and users of the services,

•

balance the differing business models of NHMS, private companies and academia in
the development and 24/7 operational service delivery,

•

provide training and education for understanding and usage of these new type of
forecasts.

Ultimately, the same scientific rigour used to develop NWP and climate models has to be
applied for the development and testing of products, services and their use, including the
qualitative and quantitative assessment of their socioeconomic benefits for user decisions.
Harnessing social scientific knowledge and methods to ensure optimal usability and use of
impact-based forecasts and services has to become an integral part for the whole process.
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Q7.
(Key words; integrate, weather/climate forecast, sector users)
Integrating
seamless
weather/climate
forecasts
into
user
sector-specific
forecasts. Meteorologists and climatologists have always had a challenge; is their mandate
only to issue a weather and climate forecasts – or rather to also issue advisory on the
implications of the weather and climate forecast? The advent of demand for improved climate
services define the emerging need for development and evaluation of solutions and any other
service in relation to climate that may be of use for the society at large. As such, these services
include; data, information and knowledge that support adaptation, mitigation and disaster risk
management (DRM), and these are delivered as weather and or climate forecasts.
An integration model including some mechanisms is required to integrate seamlessly,
weather/climate forecasts into user sector-specific forecasts. The model must also measure
the extent and effectiveness of integration of the institutions, management systems,
applications and users. The components of the model (Figure 1) would include:
•

Map the Providers of Weather / Climate forecasts

•

Define the weather / climate forecast products

•

Define the 'lack' (between current and needs of users

•

Define gap, infrastructure and Technology Innovation gaps and potentials

•

Develop system set-up and protocols

•

Process monitoring, evaluation, and review
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The detailed narrative of the mechanism for integrating weather / climate forecasts into user
specifics are summarised in Table 1.
Table 1: mechanisms for integrating weather/climate forecasts into user products.
Map the Providers of Under this mechanism, the entities that provide weather
Weather / Climate forecasts and climate forecasts are mapped, target sectors and a
database on ‘who is doing what’ is developed. This also
includes data networks, communication systems used in
the delivery of weather and climate forecasts
Define the weather / climate A mechanism for determining the weather and climate
forecast products
forecasts and products.
Define
the 'lack' between A set of key performance indicators and targets for
current
and
need
of delivery of such user-products must be developed and
information by users
these must be aligned to user expectations. These gaps
may also lead to identification of variables that are not
currently observed.
Define
gaps
infrastructure
Technology
and
potentials

in Establish a process for defining a ‘future’ weather and
and climate forecast-system, including data networks,
future communication platforms and systems; including
systems’ compatibility, interoperability, security policies
and access controls.

Develop system set-up and Set mechanism to implement current and planned
protocols
communication infrastructure (voice, internet, radio,
satellite, and other)
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Define
mechanism
for Develop a mechanism to oversee the interfacing,
monitoring, evaluation, and integrating and improving weather and climate forecasts
review
Addressing specific sector users weather/climate forecasts needs. To address specific sector
weather/climate forecasts’ needs by various users, it is necessary to address the challenge
that weather and climate forecasts pre-suppose the existence of a strong collaboration of data
and functioning data sharing platforms. Increasingly, this is not the case – a number of data
observing platform are either shut-down or dormant. This is reportedly a result of various
reasons including the increasing cost of weather and climate observation.
Considering the exponential growth in the expectations of users and stakeholders in improved
predictive capabilities and socioeconomic relevance, the World Meteorological Organisation
(WMO) in its Strategic Plan 2020 – 2030, (WMO, 2019) has undertaken to ensure an effective
science-for-service transition by accelerated research to operations applications. (WMO,
2019)
Trends indicate that there is an increase in the demand for a widening scope of weather and
climate forecasts, in areas such as (a) issuance of climate disaster and risk warnings and
advisories; (b) monitoring of climate and use of weather and climate forecasts and data as
a and a resource for development; (c) weather / climate services for sectors including health
(malaria, viruses); weather/climate services for agriculture (food security and other human
securities); water and smart concepts for greening development and living.
In addressing the increased demand by sectors, it is necessary to move towards a fostering
of public-private partnerships; promoting innovation; catalysing the use of technology and
facilitating joint research and development activities.
There are various models for addressing user-needs especially when weather / climate
forecasts are considered either a public or private good. For example (Navabi, 2017) argues
that government ought to pay for weather and climate forecasts. To operationalise a sectorbased weather / climate forecast, it is possible to measure the user (sector/consumer) benefit
as being equal to the cost of the weather / climate forecast. The total cost of producing the
weather / climate forecast (public good) is then minimised. (Sandmo, 2015). In this way it
should be attractive to the private sector to ensure the usefulness of the weather/climate
forecast is valued by the sectoral user.
It is also clear that many portals in both the social media and scientific arenas owe their
success to the content generated by their users. Trends like “big data”, “crowd sourcing” and
“open system”, the appearance of commercial observing networks, data and service
providers, the affordability of digital technology, the introduction of artificial intelligence and
cognitive computing to rapidly extract useful information from “big data”, all are game
changer (WMO, 2019).
It is however, important to also caution that some platforms may suffer lack of authority and
hence “Fake News”. In implementing the a robust sector-specific weather / climate forecast, it
will be important that the mechanism described above must be build trust, must facilitate
engagement and leadership; two opportunities are identifiable - Understanding the need of,
and working with partners and (b) operating an Open Consultative Platform (OCP) as a main
platform
Annex to Q7:
Alternatively have the sectors pay for the service of providing a weather/climate forecast. In
that case, the specific forecast may be considered a Private Good. For private goods, an
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efficient use of resources is obtained when the marginal consumer benefit as measured by
the price that the consumer pays, is equal to the marginal cost of production.

Figure 2: Physical Goods and Public Goods. Source: (Navabi, 2017) downloaded
from https://notesonliberty.com/2017/10/09/physical-goods-immaterial-goods-public-goods/
Public goods in economics have been a contentious theoretical issue since Paul Samuelson
introduced the concept in 1954. Economists define a public good as something that is “nonrival” (meaning that one person’s consumption does not affect another person’s), and “nonexcludable” (meaning that one person cannot stop another person from consuming the good.)
Public goods are often contrasted with private goods, which are rival and excludable. (Navabi,
2017). The implications are that public goods cannot be provided by a free market, because
no one would have to pay for such a good, and so there would be no incentive to produce it.
Q8.
(Key words; future, scheme, forecast resolution, forecast scale,)
Operationalising weather and climate forecasting at global/regional/national scales: Weather
and climate forecasts on different timescales (monthly, seasonal and decadal) as well as
physical scales (global, regional, national and sub-national) are complex products derived
from simple weather and climate observation and historical climate datasets. The forecasts
are produced in collaboration with various technical partners from different sectors at global
level, regional level and including national level and community-level decision-makers.
Weather/climate forecasts therefore rely on collaboration of multiple stakeholders and
institutions, in a coordinated value-chain and linking knowledge to policy and action.
Weather/climate forecasts need to be considered as part of an enterprise having global,
regional, national and local dimensions. (Policy Framework for Public-Private Engagement,
as approved by the WMO EC-70, 2018)
Currently information about past, present and past weather and climate are routinely collected,
stored, processed to result in weather and climate forecasting products. This information is
used across a wide range of sectors. Data collection occurs at various scales from local
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(micro-scale) through national to global scale. The resolution is also required at fine
resolutions of time (now-casting, through to seasonal to inter-annual scales) and space (local,
a river catchment, sub-national, regional, etc.). One recurring challenge is that of ensuring
sustainability of weather and climate monitoring and reporting, resulting in data gaps. Given
weather and climate forecasts also require input of socioeconomic, biological and other
environmental data, the observing systems requires a broadening of the primary data sources
and stakeholder base.
Resolution in weather and climate forecasts. Operationalising the weather/climate forecasts
will require that the forecasts must (a) deliver benefit to the various users, (b) ensure
availability and access and considered a public good and (c) respect national and international
policies but be free and openly available weather and climate related data while being based
on scientific methods. An important consideration is to ensure the weather and climate
forecasts are useful at a small scale / local level, given that for most human-earth systems,
vulnerabilities are expressed at small scales.
Table 1: Operationalising weather and climate forecasts in the future, broadening the scales
to small / local scale.
Subnational

National

Regional

Global

Establish a process for data collection and
P
analysis (protocol / legal framework…)

P

P

P

Articulate user needs / priorities

P

P

P

P

P

P

P

P

Identify suitable means for User Interface
Platform) UIP (website, social media, P
media-radio/television/print, other)

P

P

P

User perspectives and feedback

P

P

P

Identify collaborators (across
disciplinary boundaries)

political,

P

Information provision at different scales. There is an increase in the demand for more diverse
weather/climate forecasts (to serve various socio-economic sectors; agricultural, health,
tourism, transport, water, wildlife, etc.). The demand is from users who are now more
sophisticated, requiring rapid service delivery and applying evolving business models. The
different weather/climate scales give rise to differing impact. We now know that information
on weather/climate phenomena of different scales need to be provided and shared globally.
Though some weather/climate phenomenon may be small (local/regional) in scale, it could
turn out to have global impact. For example a cyclone occurring in a particular region may
impact on tourism, or food security globally. This points to scale and the reversibility of
impacts of scale as a main challenge, typically we relate to a cascade of global scales having
greater impact that local (national), smaller scale.
Weather/climate information and forecasts, noted as public goods, are increasingly becoming
important at the global level. Many weather/climate problems transcend national
boundaries (Kotchen, 2012). One lesson that may be taken from global warming and climate
change, where local/national actions may impact of the bigger scale (Regional/global). In the
review of information provided at different scales, there is a need to adjust the tools that have
been used to study problems related to a national scale to the issues that arise when policies
have to be considered with a view to their effects on the global scale (Sandmo, 2015).
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The extent to which information may be derived will also depend on the capacity to generate
and handle input data and information and at different scale. In operationalising weather and
climate forecasting at global/regional/national scales, the quality of information and products
will depend on the local / national capacities to access and process (technology), analyse and
deliver convert into knowledge and policy relevant advice. Examples of the pre-requisite
capacities are given in Table 2.
Table 2: Operationalising weather/climate forecasts: examples of scale, service and
capacities
Services

Scaling the capacities
Infrastructure

Weather/climate
observations,
management

Small
data network

Human
capacity

Technology

Ability
process
forecasts

Basic training

Basic ground Basic
observations

to

Interaction with users of Capacity to Professional / Ground and Analysis
weather/climate forecasts process data / technical
upper
air
information
observations
Medium scale forecasts Advanced
(synoptic
range), networks
warnings and links to
disaster risk reduction
(DRR) communities

Professional

Space based

Research

Specialised
Advanced
weather/climate
networks
forecasts;
customised
products

Professional

Space based, Research and
advanced
innovating
high
speed
connectivity

In summary therefore, a future operationalisation scheme must continually improve (a) policies
and tools for addressing data gaps, (b) tools for prediction and modelling weather and climate
science and (c) tools for communicating weather and climate forecasts, especially for
communicating with the vulnerable. This operationalisation must:
a. Transform the ultimate goal for issuing weather / climate forecasts and ensure the
cascade model responds to the expectations of communities, particularly the
vulnerable communities. This will embolden ownership and buy-in into the programme
at local, national and regional scale.
b. Integrate weather/climate forecasting products into national/regional strategic and
operational disaster risk reduction (DRR) programmes/
c. Promote the transfer of weather/climate forecast-science by fostering partnerships
between the larger (global) and the smaller centres and stakeholders. These
partnerships would serve to catalyse and promote a ‘labs’ to application of
weather/climate forecasts, with innovative ways to review and improve on resolution
and texture of information.
d. Link the different scales. Ensure communities and local/national governments are
linked and have access to ‘external’ weather/climate forecasts.
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Q3.
Earth system predictions are characterized by a large number of degrees of freedom, where
“largeness” is governed by the elements of the system, the grid resolutions, the regions under
consideration, among many other factors. For example, global scale numerical weather
prediction - considering the atmosphere only, with relatively coarse grid spacing
encompassing the whole globe - is typically characterized as requiring estimation of 109 state
variables, assimilating over 107 observations, at least four times per day. Furthermore, the
nonlinearity of the problem continues to increase as models develop in terms of the variety of
systems they can represent, the grid resolutions they can accommodate, and the types of
observations that can be assimilated. These characteristics of the Earth system prediction
problem are often referred to collectively as the “curse of dimensionality” because they resist
our physical intuition in constructing the models, optimizing and calibrating their performance,
and making sense of their output. Nevertheless, by any number of objective measures, Earth
system simulation quality in general and numerical weather prediction skill in particular have
improved dramatically over time.
The curse of dimensionality will only continue to grow. As a result, there is a continuing interest
in alternative means of optimizing model design, creating seamless visualizations and refining
approaches to communicating actionable information. These means have focused primarily
on research on parameter estimation and calibration (e.g. Tett et al. 2017), on the reduction
of dimensionality of model output (e.g. the classic Taylor 2007), and on analysis of perceptions
of hazards (e.g. Klockow-McClain et al. 2020). At the “front end” of this chain of adaptation to
the curse of dimensionality, new opportunities in unsupervised machine learning hold promise
for addressing increasing model system complexity (Boukabara et al. 2019). At the “back end”
of this chain still lie profound questions of assumptions of vulnerability and marginalization,
particularly in colonized spaces (Howitt et al. 2012, see also Box 1).
In the final analysis, however, the purpose of any of these systems is to develop information
that will be used. No human decisions can occur without this information being passed through
our own cognitive apparatus and its inherent limitations. Even for highly expert recipients of
customised and usable information, this includes necessarily an intolerance for both the
unexpected and the ambiguous. Nobel Prize winning economist Herbert Simon and the many
behavioral economists that have followed him have characterized expert and non-expert
decision-makers as “intendedly rational but only limitedly so” (Simon 1997). Indeed, it has
been demonstrated that even among expert practitioners, use of information is constrained by
discipline as well as experience and training (e.g. Bischoff-Mattson et al. 2020). As a result,
the ultimate utility of impact-based forecasts and warnings will elicit responses that are
complex admixtures of facts and values, cultures and capacities. In this context, actionable
information will inevitably require not just customized products but cross-cultural
communication, within practitioner communities and across civil society.
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(see over page, Box 1 and References.)
Box 1. Case Study:
Evacuation of an Indigenous Community from TC Monica Tropical Cyclone Monica (Figure 1)
was a Category 5 cyclone that made first landfall in Cape York, Queensland, Australia on 19th
April 2006, crossing to Arnhem Land, Northern Territory for a second landfall on the 24th,
reporting maximum winds at that time gusting to 148 kmhr-1*. The primary concern of
forecasts and warnings was the potential for risk to Darwin, and after the cyclone, scholarly
research focused on vegetation damage (e.g. Cook and Goyens 2008). However, along with
these mainstream efforts, the forecast prompted evacuation of 350 people from the Indigenous
community of Warruwi. This community understood the cyclone on fundamentally different
terms from weather forecasters and emergency services practitioners, whereby cyclones and
their paths are effected though natural events, powerful spirits of the land, and individuals
expressing purpose (singing storms into existence) and mischief (failures to observe
appropriate Laws) (Veland et al. 2013). Local institutions that embedded this cultural
understanding were able to mobilize “unofficial” services during the emergency that allowed
lives to be saved (Veland et al. 2010). This included elders going house to house to encourage
community members to leave, allocating groups to aircraft according to appropriate avoidance
protocols, and designating essential personnel who should remain to protect infrastructure.
Emergency services personnel saw these customary observances as dangerously slow, but
in fact they are necessary to maintain trust relationships for the (inevitable) next evacuation.

Figure 1. Top left, the town of Warruwi on Goulburn Island. Bottom left, MTSAT visible image
of TC Monica at 1500 CST on 24th, and at right, Gove radar at 0920 CST on 23rd. TC images
courtesy of the Australian Bureau of Meteorology and photograph by Claire Rawlinson of the
Australian Broadcasting Corporation. * http://www.bom.gov.au/cyclone/history/monica.shtml
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Customised Forecasts/Reliable Information/Managing Expectations
Q4.
Evidence-based social science research provides an important link between meteorological,
hydrological and climatic prediction and actionable intelligence. Sharing reliable, relevant and
accessible information directly with policy makers is a first step, but effective engagement
often fails even in cases where scientific knowledge support is both readily available and of
high quality (Brunner and Lynch 2010).
Actionable intelligence, such as customised weather forecast products, diffuse through both
centralized and decentralized systems. Most NMHS deploy intelligence effectively using the
centralized model (...within the limitations described in my response to Q3), whereby a product
– forecast, warning, outlook, or scenario – diffuses as a package to potential adopters.
Products can be and sometimes are rejected, typically by calling into question the credibility,
admissibility, or domain of scientific knowledge being utilized (Tonn et al. 2001). Rejection is
more common for climate-related information than meteorological and hydrological forecast
information, but this may occur across all domains. Even when accepted, however, forecast
products may be used in one of three ways:
1. instrumentally – product is adopted as a concrete recommendation for action;
2. conceptually – recipients undergo cognitive change in response to product but may
not act on it; or
3. symbolically – forecast is used as a justification for a pre-existing preferred alternative
policy action.
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This last factor, often known as partial incorporation (Ascher 1999), has important
ramifications when considering situations in which vulnerable and disenfranchised
communities are deprived of appropriate services in the face of extremes and disasters.
In the less common decentralized model, new approaches arise from the operational levels of
a system, that is, from cohorts of practitioners, sometimes in partnership with community
members. In this case, innovations in the development of products are spread horizontally via
communities of practice (Wenger and Snyder, 2000), with local adaptation and modification
rather than passive adoption being typical. Factors affecting product adoption in a
decentralized system include (Lynch et al. 2014):
1. success – sustaining progress depends on observed successes based on product
usage, which motivates further diffusion and adaptation;
2. power – products are diffused from institutions with formal or informal power (...such
as the elders in Box 1 in my answer to Q3);
3. threat – product diffusions fail when adopting recommendations threatens a recipient’s
value position (again, this is more typical in climate services).
Evaluation of centralized and decentralized models to be used in any particular NMHS
requires that these models be tested empirically through direct and rigorous observation and
experiment. This is a particularly complex task in the context of uncertainties associated with
regional climate change, demographic shifts, economic development, perverse policy
incentives, disenfranchisement, and political transition. The role of social scientific research in
this space is to provide a rigorous knowledge basis for exploring these choices.
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Just a couple of short notes on (Q11) education of practitioners and (Q14) considering the
potential for micro-entrepreneurs.
Resources
Q11.
In recent years, academic institutions have put genuine effort into developing and employing
interdisciplinary knowledge for addressing the interwoven challenges of Numerical
Environmental and Weather-to-Climate Prediction. Coming to terms with these challenges is
requiring new modes of thinking that borrow from all regions as well as a range of disciplines
from computer science to economic to public health. It will also require cross-national and
multi-institutional modes of collaboration that are rendered difficult by the very inequalities they
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are designed to address. Scientific challenges are therefore exacerbated by geopolitical and
pedagogical ones. From the standpoint of academic scholars in particular, our systems of
merit, reward and recognition do not lend themselves easily to rigorous excellence in
interdisciplinary research. Indeed, in many quarters it is still considered very much a “career
risk.”
To facilitate a revolution in training through equal partnership across north and south
institutions, it is critical that we build a cross-national, multi-generational community of scholars
that will rethink the way we research, teach, publish and impact this field.
PPE: present and future
Q14.
Micro-entrepreneurs may be a major factor in the return of a robust global economy – for
example, in India, one estimate suggests that 40% of the urban poor and almost all small
agricultural producers fall within the definition of micro-entrepreneur. For many reasons, the
percentage of micro-entrepreneurs in the population is substantially higher in developing
countries than in developed countries. This practice can have an important role in the future
Numerical Environmental and Weather-to-Climate Prediction enterprise.
Consider the potential inherent in the development of climate-smart agriculture (CSA), which
is aimed at supporting sustainable production systems, gains in resource efficiency, and
effective management of production risks. Early actors such as the Indian Farmers Fertiliser
Cooperative disseminate information about weather forecasts and crop advisories to farmers
via mobile phones so that they can plan their crop selections and timing accordingly. At
present, expanding the adoption of CSA requires that the business case for farmers be made
explicit. But there is potential for feedback in this system, whereby micro-entrepreneurs, rather
than acting a passive recipients of products (...see centralized diffusion models in my answer
to Q4), might be incentivized to feed back into the system. Indeed, enabling microentrepreneurs in the value cycle of forecasting is just starting to happen in some cases through
localized observations, sharing of successful strategies, and providing inputs to products such
as weather index insurance. These activities require, of course, broadband access, but they
are clear demonstrations of the transformative power of shared information.
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Q1:
The quantification of weather forecast skill depends on the parameter of interest, and also on
spatial and temporal scales at which the parameter is predicted.
Never ending challenge since one would like in the future to extend the range of parameters
to be accurately predicted as well as the range forecast validity at finer and finer spatial scales.
Currently good weather forecasts concern synoptic scale meteorological parameters
(pressure, temperature, wind) in the free troposphere at weekly time scale.
One would like to improve the forecast skill of extreme and high impact weather events (flash
floods, wind gusts, fog events, hailstorms, heat and cold waves, droughts, surges, mid-latitude
and tropical storms)
The forecast accuracy of variables characterizing the water cycle (clouds, precipitation, soil
moisture) needs to be improved. It is also the case in the planetary boundary layer (surface
heterogeneities, coastal and urban areas, mountainous regions). This is particularly true for
small scale features that are less predictable and require high resolution NWP models that
are currently available only over regional domains (requiring large computing resources).
To better address predictability issues, there is a need to enhance the development and the
usage of ensemble forecasting systems (quantification of uncertainties, probabilistic approach
to NWP). This requires increased computing resources that have been available in the past
but that maybe more challenging in the future (evolution of HPCs with the breakdown of
Moore’s law and possible reductions on energy consumption).
During the past 10 years, Météo-France has increased its global Ensemble Data Assimilation
from 6 to 50 members (corresponding increase in computational resources by a factor of 10).
Over the same period, there has been an increase in resolution of the convective scale NWP
model AROME from 2.5 to 1.3 km. The chosen strategy has been not to consider yet the
hectometric scale but to use the computing resources for setting up ensemble data
assimilation and ensemble prediction systems at convective scale.
Challenges for the next decade: description of the hectometric scale associated with the grey
zone of turbulence and new surface types (towns, lakes, rivers including anthropogenic
contributions).This will require to monitor the Earth’s surface at high temporal frequency and
high spatial resolution (space observations from Copernicus Sentinel satellites shall be
extremely valuable for that purpose).
Nowcasting issues for the very short forecast ranges (< 6h) with high resolution NWP models
will have to be addressed including those associated with initial imbalances (model spin-up).
Q3:
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Explore the potential of global non-hydrostatic models (explicit description of deep moist
convection) and examine the capacity of deep learning algorithms to develop parameterization
schemes from their outputs for coarser grid models.
Examine the interest of AI for data compression to allow an efficient extraction of information
contained in huge amounts of observational datasets?
Possible domains of application of AI/deep learning: faster physical parameterization
schemes, big data management, data post-processing for ensemble forecasts), observation
operators for observations where the relationship with model variables is complex (e.g.
assimilation of lightning imager), efficient and automatic quality control of massive
(crowdsourced) observations.
To explore the potential of these new techniques additional expertise on IA is needed
(important role of academic stakeholders for getting such knowledge, partnerships to be built
through research projects).
Q5:
Coupled systems are starting to be developed (ocean, sea ice, land surfaces, atmospheric
composition): that will require coupled data assimilation systems and dedicated observations.
The initialisation of each compartment in consistency with the others (to avoid spin-up
problems) is of paramount importance. Each new module with additional prognostic variables
in the NEWP system will require a dedicated initialisation (analysis) with suitable (relevant)
observations. It appears necessary to balance the complexity of physical processes
(increasing the physical realism) against their controllability (tunable parameters, variables to
be initialized).
These coupled systems are intended to provide accurate forecasts of additional components
of the Earth system: river discharges, soil droughts (for water management), air pollution,
volcanic ash plumes, avalanches, snow storms (blizzard), predictions at town scale, …
In terms of observing systems, efforts should be equally put in exploiting new satellite
observations and better exploiting data already available. A better synergy between
spaceborne instruments will have to be considered (spectral domains, polarisation
capabilities, active vs. passive sensors, spatial and temporal resolutions).
The focus shall be on observations of components of the Earth system that can enhance its
predictability (ocean, soil moisture, snow mantle, stratosphere, UTLS)
Consider worldwide availability of radar data (following the European example of EUMETNET
OPERA programme) that could be of interest for global NEWP models at convective scale
Enhance the observation usage of data suitable for high resolution coupled systems (available
at interfaces).
The evolution of satellite programmes from governmental space agencies takes place at time
scales of decades (e.g. long-term backbone programmes from EUMETSAT and Copernicus
in Europe). On the other hand, the private sector invests in low cost technology based on
COTS elements in order to build short lifetime missions (e.g. constellations of nanosatellites).
The interest of these opportunity observations have to be evaluated. The same is true of
observations provided by IoT (with meteorological sensors or GNSS receivers) with additional
constraints, on top of their intrinsic quality, such their cost and real time availability to NMHSs.
Q6:
Information from observations shall be extracted more efficiently through progress in data
assimilation algorithms (improved estimation of model, background and observations errors,
assimilation of coherent objects instead of grid point values, improved handling of non-linear
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aspects that are important at convective scale) and model physical processes (to allow model
simulation of complex observations).
For example, the development of more complex cloud microphysical schemes with additional
prognostic variables (higher order moment schemes – links between microphysics and
atmospheric composition - aerosols for cloud nucleation) should allow more realistic
simulation of instruments sensitive to clouds, aerosols and precipitation (radars, lidars,
passive microwave and infrared sensors).
Q9:
Importance of sharing data (observations, model outputs), computational resources and
knowledge (training) among various countries. Web interfaces and portals to access the data.
Online e-learning courses. Availability of open source codes. The new platform EWC
(European Weather Cloud) initiated by ECMWF and EUMETSAT will soon offer such
possibilities. Similarly, the UWC (United Weather Centres) will allow the procurement of a
number of European NMHSs towards a future shared HPC.
Q10:
Production of global forecasts at high resolution suitable for the needs of countries not having
the capability to run their own NEWP model (with the need of appropriate timeliness for data
availability).
Q11:
More and more automatic production of weather bulletins, requirement to be closer to the
needs of specific customers with tailored services (more and more economic sectors are
weather and climate dependent: tourism, energy, transport, …). There is a need to learn how
to use ensemble forecasts, to exploit efficiently post-processed model outputs (AI tools), but
also to maintain a good knowledge on «classical meteorological forecasting».
Q12:
Maintain a high quality sustainable and resilient network of in-situ meteorological observations
(open data exchange among countries) at national level (also including, if possible, ground
based remote sensing networks: radars, lidars, radiometers). This is of paramount importance
for quality controls of other observing systems to be provided by opportunity networks.
Develop smartphone applications to collect meteorological information on present weather.
Exploit databases from social networks (e.g. Tweeter) to extract meteorological information
on present weather.
Continue to invest on long term programmes from governmental space agencies.
Foster studies towards the exploitation (extraction of useful information) of already existing
but unused meteorological observations (full electromagnetic spectrum: solar part; mostly
from remote sensing instruments: satellite radiances in clouds, over continental surfaces) –
improve bias correction schemes, account for spatially correlated errors for data assimilation
of observations at high spatial density.
Share freely among NMHSs of data bought to the private sector (need to have redistribution
agreements through partnerships or contracts)
Share NEWP code development and availability among various NWHSs (e.g. European NWP
consortia under the EUMETNET SRNWP)
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Need of trained staff with skills on machine learning and NEWP code adaptation to the
architecture of future HPCs (e.g. GPUs)
Enhance the coordinating role of WMO for providing guidelines and general worldwide rules
Q13:
Validation of forecasts against reliable (quality controlled) observations (importance of longterm high quality observing networks)
Forecast quality should be provided through measures of uncertainties available from
ensemble forecasts.
Q14:
NMHSs should continue to provide long term accurate meteorological and hydrological
observations of relevant parameters and should continue to issue warning and alerts for public
organizations.
Budget and staff reductions from governmental agencies could imply partnerships and
subcontracts to sustain planned activities both in terms of NEWP developments and space
programmes.
Computing resources and data storage: the EWC initiative is preferable to the one proposed
by Gafa.
ECOMET is an European Economic Interest grouping with an open data policy to make
available to the private sector a set of meteorological data from NMHSs.
Academic stakeholders can contribute to an improved knowledge on data processing,
numerical algorithms, understanding of physical processes (theoretical studies, field
campaigns, …). Links with research teams could be enhanced by submitting joint funded
research proposals.
Private stakeholders can provide additional observing systems (data collected from IoT with
meteorological information), downstream services of NWP forecast outputs (post-processing,
new products better suited to customers needs).
Q15:
It is important not rely only on private sector. Build (maintain) a reliable and sustainable
forecasting systems on public money (funds, budget) and consider partnerships with private
section as opportunities to provide an added value (assets), such that without their contribution
the system remains resilient.
How to build win-win partnerships between public and private sectors given the fact they are
based on different economic models?
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Laban Ogallo
Professors, University of Nairobi

The contributors to this White Paper express their great sadness of the demise of Prof. Laban
A. Ogallo who passed away in November 2020. Prof. Ogallo was one of the pioneers of climate
science in Africa and he provided a significant input to the White Paper.
Q1.
Some of the available weather and climate forecasts have not been used to the maximum by
many developing countries due to their inability to down scale the products to regional / local
levels, and to maximize their use for local sector specific risk reduction and enhancement of
local resilience. Improving the skill of currently available weather and climate forecasts at
regional / local/city specific levels and make them timely accessible and useable by vulnerable
communities is one of the today challenges in the developing countries. Recommendation is
also needed in the white paper to ensure current and future timely availability and sustainability
of quality products and services that can satisfy fast growing local multi facet applications,
including through PPE.
Closely connected, many technological breakthroughs and new applications are in the
developed world, especially through private sector investments and innovations that are often
patented. Technological breakthroughs and new applications are sometimes very expensive
and beyond affordability by most developing countries, and many of them have survived on
WMO support. WMO and partners support has included monitoring, collection and exchange
of data, data analysis and reanalysis, storage, retrieval, computing, modelling, as well as
weather/ climate prediction and early warning products and services. Need to recommend
strategies for continued availability of technological breakthroughs and new applications to the
developing countries by the WMO system. Strong involvement of the private sector can help
to connect regional and local community to contribute to local development and risk reduction
strategies. The WMO Global and regional climate centers, NMHSs, and relevant local users
sectors based institutions need to work together in co-designing, delivery of multidisciplinary
research products and services, as well as in investments, and development of the required
local and regional capacity for seamless integrated modelling and downscaling capabilities,
as well as products interpretations including integration of indigenous knowledge and the
delivery systems for local products and service.
Q2.
Investment in both infrastructure and human capital will continue to be critically in future,
particularly for the developing countries, not only to off sect the current gaps, but will also
determine the level of future success in effective use of weather and climate forecasting for
local risk reduction. WMO Global and regional centers will continue to lead improvement of
the Global and regional scale forecasts. The regional and local forecasts should still be led
by WMO regional centers and NMHSs to ensure the standardization of products and services,
improve skill of forecasts, etc. Some users institutions will however be providing down scaled
regional and local forecasts targeting specific applications. Investment in infrastructure and
skilled human capital will be critical for the regional and national institutions. Lessons from
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WMO Regional Climate Outlook Forums that is being coordinated by the WMO regional
climate centers will be extremely useful. PPE could help to ensure partnerships, availability
and usability of skilled regional/ local products. In Africa capacity building and support for
home-based African institutions/ scientists will be critical. and lessons from WMO regional
Training centers could be of great importance. The multi-disciplinary nature of the required
human capital in the future must be recognized that will require partnerships of all stake
holders including specialized Policy, risk management, networking and communication related
institutions.
Q3.
NMHSs should structure and organize their management systems and collaborate with
relevant institutions to effectively support timely availability of the required sector specific
products and services. They must also have strategies for training and sustaining the required
high skilled human capital, as well as sustaining and updating their technical infrastructure.
They further need to incorporate strong multi-disciplinary research component in partnerships,
to enable customization of new techniques/tools, and prototyping them for local operations
while taking into account local indigenous Knowledge Most neighbouring countries share the
same regional weather/ climate processes. The WMO regional centers will continue to play
critical roles in capacity building and the regional down scaling of the role of the global weather
and climate products today and in the future The important roles of user sectors institutions
and need for PPE must be recognized.
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In this essay, I outline a personal vision of how I think Numerical Weather Prediction (NWP)
should evolve in the years leading up to 2030 and hence what it should look like in 2030. By
NWP I mean initial-value predictions from timescales of hours to seasons ahead. Here I want
to focus on how NWP can better help save lives from increasingly extreme weather in those
parts of the world where society is most vulnerable.
Whilst we can rightly be proud of many parts of our NWP heritage, its evolution has been
influenced by national or institutional politics as well as by underpinning scientific principles.
Sometimes these conflict with each other. It is important to be able to separate these issues
when discussing how best meteorological science can serve society in 2030; otherwise any
disruptive change - no matter how compelling the scientific case for it - becomes impossibly
difficult. I call on WMO to make a clear statement about these issues in their White Paper.
1. Why Bother?
Why bother? Some might argue that NWP is pretty good already and serves its purpose
warning society of weather-related natural hazards. Perhaps no great transformation in NWP
capability is needed, just steady, modest, evolution. However, if NWP is so good, why is still
frequently the case that when a major weather event hits some part of the world, devastating
the local population, it is only days later that emergency relief is distributed to the stricken
population? Although we can point to examples where NWP has triggered action ahead of an
extreme event, why isn’t its use more universal, particularly in the developing world where
society is often most vulnerable to these events? Why isn’t it being used enough, given its
potential to save property and lives?
An important reason why it isn’t being used enough was brought home to me quite forcibly at
a workshop on ensemble prediction discussing the devastating 2018 Kerala floods. A speaker
proudly announced that the ECMWF ensemble prediction system had forecast, a week ahead
of time, that a 2-sigma rainfall event would hit Kerala with around 30% probability (apparently
with higher probability than any other ensemble forecast system). It was concluded that the
ECMWF forecast provided a credible warning of an extreme event.
However, one of the Indian scientists at the meeting shook his head in disbelief at the naivety
of this assessment: no-one in Kerala would even notice a 2-sigma event, he commented - this
was close to a 15-sigma event! Of course, for this type of genuinely extreme event, the
probability of occurrence a week ahead was essentially zero for reasons discussed below.
The implication, of course, is that a week ahead, the extreme flooding event was not predicted
with anything like the level of probability that would make a governmental or aid agency take
notice. It would not, for example, trigger the type of forecast-based-finance initiative discussed
below. Perhaps two or three days before the event, an inkling of its intensity became apparent.
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However, at such a short lead time it was much more difficult to get emergency relief in place
ahead of time.
It is my strong belief that we need to develop our NWP systems considerably so that by 2030
they become reliable predictors of genuinely extreme events, at least in the range where
substantial proactive actions can be planned and executed - say at least 7-10 days ahead of
time. Disruptive thinking is needed if we are to achieve this.
We would like our seasonal forecasts to provide credible estimates of the likelihood of
occurrence of seasonal extremes. However, on seasonal timescales matters are much worse
than in the medium-range – with model biases typically as large as the signals being predicted.
For example, current-generation models substantially under-simulate the long-lived quasistationary circulation anomalies that generate predictability on the seasonal timescale, largely
because of problems with scale interactions as discussed below [1]. As a result, probabilistic
reliability on the seasonal timescale is frequently poor [2]. In truth, seasonal predictions are a
long way from being genuinely useful. It is hard to imagine that many real-world decisions are
strongly influenced by current seasonal forecast systems (except perhaps in countries very
close to the El Niño event).
Of course, developments in NWP over the last years – increased model resolution, better data
assimilation, improved parametrisations, larger ensembles with stochastic parametrisation –
have all improved our ability to forecast extreme events such as tropical and extratropical
cyclones, at least in the medium range [3]. Steady developments will see further improvements
over the coming years. However, in my view this will leave us a long way short of what could
and indeed should be achieved by 2030 across the spectrum of extreme weather events, if
only we had the human and computational resources. And yet weather and climate science is
not badly funded compared to many other sciences. The real problem is that, in my view, we
do not use the funds we are collectively given by the taxpayers of the world, efficiently and
effectively. WMO has a role to play in ensuring these funds are better used.
Current weather events are extreme enough. However, most climate-change forecasts
suggest that as the atmosphere warms and holds more water vapour, extreme weather events
– drought, storm, heat wave - will become yet more extreme. That is to say, improving earlywarning systems on multiple timescales are crucial in helping society become more resilient
to the changing nature of weather and climate extremes. Hence, we should therefore see
improving our NWP systems as a vitally important part of the climate adaptation programme.
Indeed, according to the Global Commission for Adaptation [4], improved early-warning
systems has the greatest benefit/cost ratio of any climate adaptation measure.
2. Scientific Principles
Whatever the NWP system of 2030, it must be firmly founded on scientific principles. This is
not the “motherhood and apple-pie” statement that it might appear to be, because, as
discussed below, in current NWP practice, meteorological science has been compromised as
a result of national or institutional politics. This has led to the development of NWP systems
where science is not optimally benefitting society. It is vital that if we aspire to do a better job
by 2030, then WMO must criticise practices that are outmoded, inefficient and/or unscientific
and not benefitting society optimally.
One of the great strengths of meteorology is that our predictions are falsifiable, which as Karl
Popper emphasised many years ago is a necessary condition for any subject to be considered
scientific. Of course, everyone agrees with the importance of falsifiability, but what do we
conclude when a deterministic weather prediction is falsified - when reality turns out differently
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to what was predicted? The traditional conclusion has been that the forecast model or initial
condition need to be improved. But this is not the correct conclusion. In a chaotic system like
climate, single deterministic forecasts can be expected to be falsified all the time, no matter
how good the model and initial conditions are. Indeed, when the atmosphere is in a particularly
unstable part of the climate attractor, a forecast can be falsified dramatically – by failing to
predict or misplacing an extreme event completely – even when the model and initial
conditions are relatively accurate. What then is the conclusion? The conclusion is that the
philosophy of determinism is at fault. This is not a matter of forecast timescale. Even at the
very shortest forecast ranges (think about convective storm systems), forecasts can be
sensitive to errors in model equations or observational input.
Hence, if we aspire to be scientific, we should not be providing single deterministic forecasts
to users or to the public. However, it is still the case that most NMSs (and even international
forecast organisations) continue to disseminate so-called high-resolution single deterministic
forecasts (from either a global or limited-area model). The argument is sometimes made that
this is what the customer wants. However, the customer also wants forecasts to be reliable. A
reliable deterministic forecast (no matter how high the resolution of the model) is simply a
contradiction, a non-sequitur: it is unscientific. In any case, as discussed below, there is now
a much better way to provide high-resolution detail within an ensemble context. As such, the
practice of disseminating deterministic forecasts (including, incidentally, ensemble-mean
forecasts which are also deeply flawed as predictions of the real world since they necessarily
damp partially predictable extreme events) should cease by 2030 – if not before! Instead, all
predictions should be ensemble based [5], and of course the probabilities produced by these
ensembles should be reliable. It is of unrealistic to expect the raw ensemble data to be fully
reliable, and calibration corrections must be made to ensure statistical reliability.
There is a second important point to be made about falsification. It is vital if forecast users are
to assess the reliability of products derived from global ensemble systems, that sufficient
hindcast data is made available. This is a highly nontrivial and computationally intensive
requirement. It means that every time the forecast system changes, a new set of hindcasts (or
“reforecasts”) must be made stretching back over many years to provide adequate sample
sizes. Reforecast data is also needed to provide the calibrations needed to make the
probabilistic forecasts reliable, and also to train the AI-based systems for downscaling (see
below). Not many centres have the resources to provide such ensemble reforecast data sets.
However, again, they are essential if we aspire to be scientific. Many NMSs produce limitedarea model forecasts with either no or little reforecast data and no interface to users where
they can interrogate the skill of the model. This is both unscientific and unhelpful for users.
3. High-Resolution
Global Ensembles The single most important development in NWP in the coming years will
be the implementation of global ensemble prediction systems with grid-point spacing (or
spectral equivalent) of 1-3km, where some of the key atmosphere/ocean processes (deep
convection, orographic gravity wave drag and ocean mesoscale eddies) are represented by
the laws of physics rather by approximate semi-empirical parametrisation formulae as is
presently the case. There are three reasons for suggesting this:
1. Extreme events are often associated with coherent nonlinear organised or self
aggregated structures, such as associated with mesoscale convection (leading to
extreme precipitation), or with persistent quasi-stationary anticyclones (leading to
extreme drought). There is ample evidence that high-resolution models capture better
the scale interactions that are crucial for maintaining these types of extreme events.
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Conversely, there is little doubt that parametrisations can do damage to these scale
interactions, e.g. by diffusing away sharp gradients which are in reality being
maintained by processes like nonlinear wave breaking. The existence of fat tails in
climatic distributions [6] provides evidence that these extreme events have
predictability. However, the failure to simulate these tails in current-generation models
frequently makes them inadequate tools for many extreme-event predictions (like the
Kerala floods).
2. In current-generation models, we are unable to assimilate the crucial information in our
observational network due to inadequate model resolution. For example, the skill of
medium-range forecasts has been shown to be relatively poor when upstream initial
conditions are dominated by organised mesoscale convective systems [7]. In this case,
there is no shortage of observations of such convective systems. However, because
the assimilating model cannot resolve such systems, the information in the
observations is either aliased, damped, or simply wrongly assimilated into the model,
leading to poor forecasts downstream, days later. This is a very important point often
not fully understood. It is typically assumed that the best way to improve the initial
conditions of a weather forecast is to increase the number of high-quality observations.
In the cases mentioned in the paragraph above, the forecasts would not have improved
much no matter how many extra observations became available. Increasing the
resolution of the assimilating model would instead have been a much more effective
way of improving these initial conditions. In such circumstances, the benefit/cost ratio
of improving the initial conditions by increasing the assimilating model resolution to
O(1-3km) would likely be much greater than improving initial conditions by funding a
new satellite observing system. Again, there is a role for WMO here. The budgets of
the space agencies are measured in the billions per year. And yet the value of this
investment in terms of improved forecast skill is being diminished because of
insufficient investment in modelling capability. Investment in the development of highresolution global data assimilation could be transformative for improving initialcondition accuracy and hence forecast skill. There is an imbalance here.
3. The third reason why improving resolution is so important is that it will help reduce the
systematic errors in model which, as mentioned, are typically of the same magnitude
as the signals such models attempt to predict [8]. In current generation models, largescale systematic errors (e.g. in the persistence of coherent quasi-stationary
circulations) start to become significant after about two weeks into a forecast, and of
course they persist into the climate-change timescales, making regional estimates of
climate change extremely uncertain.
The development of 1-3km global ensemble NWP should become possible by 2030 using
Tier-0 exascale supercomputing and where numerical precision is reduced to a level
consistent with the stochasticity in the system (certainly 32-bit floating-point reals, and likely
16-bit floating-point reals for many parts of the model). The use of AI, trained on existing
parametrisations but replacing existing parametrisations can reduce the computational cost of
the parametrisations. Domain-specific languages can help make the dynamical cores more
computationally efficient, especially on mixed CPU/GPU computing platforms. Having said
this, I believe it is important not to compromise ensemble size for increasing model resolution.
50-member ensembles are important for two reasons: to provide enough probabilistic
resolution to forecast extreme events, and to provide enough probabilistic resolution to
forecast multivariate events. (As a simple example of the latter, consider forecasts of electricity
production from renewable energy sources. To make such forecasts one needs to know the
correlated probabilities that both the sun is shining and the wind is blowing. These correlated
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probabilities cannot be estimated reliably with small ensemble sizes.) NWP can certainly
benefit from larger ensemble sizes, but 50 should be seen as a minimum size.
4. Downscaling and Calibrating to Postcode Scale: AI rather than LAMs.
As mentioned, it is common for NMSs to run their own limited-area model system, embedded
in a global forecast system, in order to provide locally enhanced resolution. Of course, these
models simply inherit the systematic biases of the global models at their lateral boundaries.
As also mentioned, most NMSs do not have the resources to run a full 50-member ensemble
of limited-area model integrations and they also do not have the resources to produce the
reforecasts necessary to validate the forecast system adequately, and develop and test
products derived from the limited-area model ensembles. They therefore fail in some of the
key criteria needed if we aspire to develop a scientific NWP system by 2030.
Fortunately, there is an alternative to limited-area modelling and one that I am personally much
more enthusiastic about. In recent years, there have been considerable advances in the use
of AI (e.g. with Generative Adversarial Networks [9]) to do high-resolution stochastic
downscaling. My own view is that instead of running small limited-area model ensembles, we
should instead be applying these sophisticated AI schemes (trained using the reforecast data
from the global ensemble) to directly calibrate and downscale the output from global
ensembles to postcode scales. Scientists from NMSs should be trained in these AI schemes,
applying them to the postcode scales in their own countries and using national observations
to optimise the calibrations.
The fact that AI based systems are already competitive with very short-range limited-area
model forecasts [10] provides further evidence that limited-area models may not have a useful
role for NWP in 2030. My own conclusion, therefore, is that limited-area models should be
phased out in the coming years and should likely play no operational role by 2030. NMS
computing resources saved could be usefully spent producing the reforecasts for the global
ensemble system. There is clearly an important role for limited area modelling for weather and
climate research purposes, but not in my view for operational NWP. It is time to rethink this
area of operational forecasting.
One can legitimately ask whether AI can completely replace NWP altogether. For medium
range prediction I think this is extremely unlikely. An ability to forecast reliably the probability
of highly nonlinear phenomena in the medium range (e.g. second-generation cyclones) using
NWP (i.e. using the laws of physics), requires high-quality models run from high-quality initial
conditions. To do this with the same level of skill using AI would likely require an exceptional
(and hence unrealistic) amount of training data. How much training data do you need to
provide adequate data analogues for AI-based medium-range prediction? It has been
estimated [11] that it would take about 1030 years of data collection before we can find two
data analogues of the atmosphere over the Northern Hemisphere which agree to within
observational error! This same point can also be seen in a different way. If we look at adjoint
sensitivity vectors [12], which provide the patterns of initial conditions needed to optimally
improve specific forecasts, they are dominated by flow-dependent sub-synoptic-scale features
which then evolve into synoptic and larger scales. This upscale evolution is a consequence of
non-self adjointness which itself is a consequence of the linearised form of the nonlinear
advection term in the equations of motion. The small-scale features in the sensitivity vectors
themselves lie well down the spectrum of scales provided by an Empirical Orthogonal Function
(EOF) analysis. High-resolution NWP can resolve such sensitivity vectors and one can say
that this is a reason why increasing the resolution of NWP models has been a successful
strategy over the years. However, a data-driven scheme, trained on limited past data, will only
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perform well when the information which drives the scheme lies in the space of leading EOF
modes. It will not work well when the crucial information is buried deep (and therefore difficult
to access) in the sup-space of modes which, from a “variance-explained” perspective, are
deemed totally unimportant. For these reasons, I do not believe AI will ever compete seriously
with NWP in the all-important day 7-10 medium range.
By contrast, on seasonal timescales AI is already starting to become competitive with NWP
[13]. However, this likely reflects the fact that seasonal NWP forecasts are so degraded by
model systematic errors that it is relatively easy to be competitive with them. The answer here,
in my opinion, is not to give up doing seasonal prediction by NWP, but instead to invest in the
models so that these systematic errors are substantially reduced. We need good physicsbased models in any case to study climate change. Here the methods of AI completely fail
(extrapolation is their Achilles Heel, and they simply cannot be used to extrapolate so far into
an unprecedented future). The benefits of a good seamless NWP/climate change prediction
system cannot be underestimated [14].
5. Impacts, Forecast-based-Finance and Public-Private Partnerships: COP26
Stochastic downscaling and calibration are vital for running impact models e.g. hydrology,
agronomy, health, energy and so on. To be specific, consider a potentially very important
application of NWP in 2030: for determining when an agency might send forecast-based
finance [15] to a developing-world country at risk for some particular severe weather event
(flood, drought, wind storm etc). An analysis will have been done ahead of time to determine
a suitable trigger for sending such forecast-based-finance. Typically, this will be based on a
prior-determined probabilistic threshold: when the probability of some particular extreme event
(potentially defined from multiple meteorological variables or from a user-impact model driven
by such variables) exceeds this threshold, then the country will receive the funds e.g. to help
buy and locate emergency supplies ahead of time. Again, a week’s lead time would seem to
be the shortest feasible if such a scheme is to be effective.
For such forecast-based-finance schemes to be viable, the forecast probabilities must be
properly calibrated and be fully reliable. Otherwise the agencies will either too-often fail to
send funds ahead of especially devastating events and the schemes will be written off as
ineffective, or conversely limited funds will be frittered away by acting in vain with large
numbers of so-called false alarms (leading donors to withdraw funding). This is why having
considerable past reforecast data is so vital, and why basing triggers on poorly validated
limited-area model output is so totally unsatisfactory.
A crucial question is how data from global ensemble systems can be relayed to NMSs,
especially developing country NMSs. It does not seem feasible to transmit raw data – there is
too much of it. Instead, much of the downscaling and calibration should either be done inhouse
by the global forecast centres, or it should be done at specialist regional centres such as
RIMES. Given that such downscaling and calibration will help developing countries improve
their early-warning systems, and given that this should legitimately be considered part of the
climate adaptation agenda for the developing world, such downscaling and calibration work
could be done under the auspices of (e.g. Copernicus) Climate Services.
The private sector (especially large companies like Google, IBM, Microsoft etc) have
considerable expertise with AI and they can certainly contribute to providing the software
needed to calibrate and downscale the global ensemble data for the developing country NMSs
and also doing AI-based rapid-update nowcasting. However, in providing calibrated
downscaled forecast data to aid agencies and developing-country NMSs, the software should
be provided free of charge. I do not think that the use of NWP systems developed by the
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private sector is itself a viable option for use by developing country NMSs and aid agencies:
these are not global ensemble systems and they do not have adequate hindcast datasets to
provide the required validation.
However, so that developing country NMSs can optimally benefit from global ensemble
systems, it is necessary that the global ensemble forecast centres provide all their raw data to
aid agencies and developing-country NMSs free of charge. I believe that a unanimous gesture
in this direction should be made by the global forecast centres (and the private companies
who may contribute through AI for example) in time for COP26 in 2021. As mentioned,
improving our early-warning systems is a legitimate part of the climate adaptation programme.
As mentioned, the most important key to progress lies in providing the global ensemble
centres with Tier 0 supercomputing and adequate human resources. Of course,
supercomputing is provided by the private sector, though the funding comes from the tax
payer. The extent to which new types of private-partnerships need to be developed is unclear
to me, though philanthropic donation from the private sector for Tier-0 supercomputing for
extreme-event prediction should certainly be encouraged. What would be much more
transformational than new private-public partnerships would be the reorganisation of the
NMSs so that they work together cooperatively in helping to develop the global ensemble
forecast systems, instead of pursuing their own fragmented limited area model work. If
scientists at the NMSs could work collaboratively towards the development of very small
numbers (see below) of global high-resolution ensemble systems, the consequences could
be revolutionary!
6. A collaborative NWP development programme
It is important that scientists from developing countries can also contribute to the development
of the global ensemble system – it will become divisive if NWP somehow becomes solely a
“first-world” activity. Of course, some operational centres are mindful of this today and do take
part in development programmes and such like. However, my sense is that the potential for
developing country scientists to contribute to the science of NWP is much greater than is
currently being realised. For example, open-source versions of operational ensemble systems
must be made available to run, e.g. at regional centres such as RIMES, themselves with Tier1 supercomputing. When a global ensemble system does not perform well on a specific
extreme event, regional scientists need to be able to study the factors that the forecast was
sensitive to, and make recommendations on how to improve the global forecast system.
Forums need to be further developed where these insights can be fed back to the primary
forecast centres and implemented in new operational cycles. NWP needs the scientific insights
from scientists around the world. Centres like ICTP in Trieste should be developed to
encourage interaction between NWP (and climate) scientists from developed and developing
countries.
How many global ensemble models do we need? In answering this question, it is vital not to
think of a “model” as a deterministic piece of code. If models were deterministic, then indeed
we might need many models in order to span model uncertainty. However, by 2030 all models
(weather and climate) should explicitly encode the uncertainties introduced by the numerical
truncation of the underlying partial differential equations, through explicit stochasticity [16].
The scientists who develop models must recognise model uncertainty as a primitive concept
in model development, and not a tag-on extra. For example, if there is no unambiguous closure
scheme for the parametrisation of a physical process (e.g. cloud microphysics), then
parametrisation schemes which stochastically combine multiple possible closures should be
developed (model uncertainty is certainly not just about parameter perturbations). If stochastic
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models are developed which encompass the uncertainty in closure schemes, there is then no
compelling case for maintaining and developing multiple models, especially since individual
institutes do not in any case have the resources to maintain and develop high-resolution
ensemble forecast systems, particularly given the needs for the extensive reforecasts
discussed above.
My own opinion is that one (stochastic) model system per continent is about right. By pooling
human and computational resources across the NMSs and academic sectors within each
continent, and focussing on a very small number of modelling systems, it should be possible
by 2030 for NWP ensemble forecast systems with the required 0(1-3km) to be run out to the
seasonal timescale, and supplemented with sophisticated AI for stochastic downscaling and
calibration (and rapid-update nowcasting) made possible by plentiful reforecast data with the
same forecast system. The calibrated data would then be fed into a range of impact models
producing probabilistic forecasts of electricity production, river discharge, flood risk, storm
surge, structural damage, health impact, crop yield and so on. This latter activity, I would
suggest, should be the primary mandate of NMSs in 2030 (see below). By contrast, if
resources are split between multiple centres within a continent, as is currently the case, there
is a significant risk that we will not get to this happy state by 2030 and society will not be
optimally served.
I am fully aware that some NMSs may cite national security as a reason for requiring a semiindependent NWP system. However, I believe there are ways to overcome such concerns
(e.g. by having independent copies of internationally developed code which could potentially
be run at lower resolution on some national Tier 1 computing resource in times where national
security issues demand it). However, as mentioned at the beginning, it is important that we
carefully separate scientific from such other issues in our discussions about the future of NWP.
7. The NMS mandate and the role of the forecaster in 2030
I finish with some remarks about what I see should be the primary mandate of the vast majority
of NMSs in 2030. My view is that it should simply be that of turning forecast data from the
global ensembles into useful products for the various national impact sectors. As mentioned,
many NMSs do not have the capacity to receive the global ensemble data, so much of the
analysis would need to be done by regional centres such as RIMES, or in-house at the
ensemble forecast centre. As also discussed above, this will require performing regionally
specific calibration of the global ensemble data against observations. Particularly useful in this
respect will be the specific national weather observations that the NMSs are mandated to
make – here is where these observations can have particular value (perhaps more so than
assimilating them into the global forecast system). Rapid update short-range predictions can
be made blending AI-based schemes, using the latest regional observations, with the latest
global ensemble output. As mentioned above, I see no compelling requirement for limitedarea NWP in this scheme of things.
What about the role of forecasters in 2030? As Allan Murphy [17] wrote: “Forecasts possess
no intrinsic value. They acquire value through their ability to influence the decisions made by
users of the forecasts”. The role of the human “forecaster” in 2030 will be to help the user
make the right decisions using available probability forecasts. Like the wavefunction of
quantum theory under measurement, this is where – and not before - probabilities finally
“collapse” into deterministic actions and decisions. Here, prior to the forecast itself, the
meteorologist will have interacted with the user on how to determine the probability threshold
for a relevant type of weather event (which may be a compound event based on multiple
meteorological variables), above which certain actions should be taken (e.g. evacuating a
69 | P a g e

neighbourhood, or moving valuable livestock to higher ground, given a possible storm surge).
This is not at all straightforward and not a process I see AI doing any time soon: it is likely to
require prolonged in-depth interaction with the user. However, through such interaction, when
a user needs to make a decision in real time, the decision process should then be relatively
straightforward and would simply be a matter of assessing whether the pre-determined
threshold has indeed been exceeded or not. This is already starting to happen now. However,
by 2030, this type of procedure should be commonplace around the world and in the
developing world in particular. The silly notion that “the public will never understand the notion
of probability” (an old ruse by an NMS for not accepting probabilistic over deterministic
predictions) will be finally consigned to the history books. In this way, the human meteorologist
(what we would now call a “forecaster” although in 2030 he or she may not actually be doing
much forecasting per se) will certainly have an extremely important role in the NWP system of
2030.
If this can be achieved, I believe we will no longer be asking, in 2030, why isn’t NWP being
used enough? Rather early-warning will be the ubiquitous go-to tool to help society become
more resilient to the ever-greater intensity of weather extremes. Acknowledgements My
thanks to Erin Coughlan, Peter Webster and Antje Weisheimer for helpful comments on an
early draft of this paper.
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Paragraph References to Questions Asked
Goal 4 (Seamless weather and climate insights), under "managing expectations" and
"systems operation". Questions include:
Q3. Major technological breakthroughs and new applications (e.g. Artificial Intelligence,
machine learning, new data, cloud computing) – where are they expected and what will be
their impact?
See Sections 3 and 4. Q4.
Technical improvement – accuracy & reliability vis-à-vis value & impact
All Sections
Q7. Global vs. regional vs. local: how is forecasting going to be done and who will be doing
what? (i.e., role of various centres)
Sections 6 and 7
Q8. How the future operational scheme for forecasting would address resolution & scale
questions? (e.g. information provision at global/regional/local scales)
Sections 3 and 4.
And, for Goal 3 (Earth system prediction capability), under "systems operation". Questions
include:
Q5. Moving toward the NEWP system, what will be the future forecasting in 2030? What
observational system(s) will be needed to underpin this approach?
Section 3 ii) . See also Section 7
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Q6. What scientific advancements are needed for NEWP? (e.g. intake of new data, new
parameterization)
See Section 3
Private-Public Partnerships.
See Section 5.
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Q9.
The vision of weather and climate forecast will change dramatically over the current decade
with weather prediction systems moving to the cloud resolving scales, climate models moving
toward ensemble predictions at higher resolution, and post-processing increasingly employing
modern computer intensive techniques (i.e., deep learning approaches such as convolution
neural networks, random forest). The infrastructure resources required for this effort are wide
ranging and include:
•

The need for vastly increased computational resources will be a major limitation to
effectively adopting these new approaches. These investments are needed not just to
conduct these simulations, but also to store and provide real-time and subsequent
research access to these data sets. These computational investments across the world
will range into the 10’s to even 100 billion Euros over the next decade. These
investments are significant, but a small fraction of the annual impact of day-to-day
weather variations on economic efficiency that according to the Allianz report “Weather
Business” is US$ 1.5 trillion. In addition to the day-to-day variations, natural disasters
force a US$ 520 billion drop in consumption and drive ~26 million people into poverty
every year (Hallegatte et al. 2017). These numbers are likely to grow due to the
impacts of climate change and changes in demographics as people are increasingly
concentrated in cities and along coastlines.

•

Another infrastructure need will be to produce the observations required to initiate and
verify these model simulations at increasingly higher grid resolutions. This requirement
will likely mean a continuation of the current reliance on satellite remote sensing, but
also a path to explore and make use of new observational technology. These
approaches currently range from GPS occultation measurements made by
constellations of satellites maintained by the private sector to the use of attenuation
and path delays from cell phone networks to long duration upper-air balloon and
unmanned aerial vehicles. The increased involvement of the private sector in taking
measurements rather than just developing the observational instrumentation will
require the establishments of infrastructure and agreements to ensure the long term
stability of an optimal data set and a continuation and expansion of the open sharing
of data between the academic research community and those taking the observations.

•

An investment in infrastructure to will also be required in order to effectively
communicate weather information to users of weather information. While not typically
thought of as an infrastructure need, the sheer volume of the data sets from these new
observational and modelling systems will grow substantially across the space and time
scales.

•

The human infrastructure will also require significant investments. These needs are
dealt within Q11.
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Q10.
The World Bank publication, and “The Power of Partnership: Public and Private Engagement
in HydroMet Services”, put together under the leadership the Global Facility for Disaster
Reduction and Recovery outlines an excellent path forward for National Meteorological and
Hydrological Services (NMHSs) in the low-income nations of the world. Based on analyses of
how NMHSs operate in several countries, the document makes the strong case that a
partnership is needed between the private, public, and academic sectors if the weather and
climate enterprises are to survive and prosper in these low-income nations.
The inclusion of the private sector as a partner, rather than a threat, allows for a great
expansion in the users of weather, water, and climate information in these nations. As
demonstrated in this publication, this expansion of the users is more likely to create a
sustainable model of support for these NHMSs and takes advantage of the strength of the
private and public sector. For example, the private sector users of weather information created
in part by the NMHSs can concentrate of the development of targeted services for sectors
such as agriculture, transportation, and tourism, while the NMHSs can focus on the core
mission of saving lives, protecting property, and working with the private sector and other
partners to create a sustainable measurement network.
The success of these public-private partnerships are highly dependent on building a
sustainable work force, which has been a critical barrier to success in low-income nations.
This need is best met by developing a strong academic sector that plays a key role in
educating and training the work force. The academic sector also plays a central role in basic
and applied research helping both the private and public sectors carry out their mission in the
weather, water and climate enterprise. Examples exist where the growth of the academic
enterprises in these nations has been further through regional and international partners in
the academic community.
The success of these endeavors in the low- and middle-income nations of the world
sometimes often relies on regional and external partners. The WMO, for example, has the
strong connections with NMHSs across the world and has and should continue to play a
central role in furthering observations, training, and sharing of data. The later issue is of critical
importance in these developing nations as these major modelling centers are requesting that
these nations invest in the maintenance and operation of observational networks to support
global modelling, yet may not, in some cases, share the output of these models. Clearly these
low-income nations need the opportunity to maintain high quality observations, but also the
capacity to access and utilize modelling data produced elsewhere, which requires human and
technical infrastructure. The World Bank and other development partners need to increase
their critical role in supporting actions beyond the purchase of observational equipment in the
NMHSs in low-income nations to include other necessary infrastructure (e.g., computational,
communication, education and training, private sector partnerships, regulations that allow all
three sectors to prosper.
Q11.
Several factors will impact the education, training, and mission of the weather and climate
forecasters of the future. One factor is the explosive broadening and growth in the private
sector involvement in prediction across the scales. The private sector in the weather enterprise
is expected to grow by a factor of ten in this decade. Thus, the education and training of
atmospheric sciences should not be focused solely on preparing a student to become a
weather forecaster in an NMHS. This change means a different skill set for students in the
atmospheric sciences with a greater focus in communication, understanding decision making,
risk and benefits. An increase in the partnerships between the academic and private sectors
in the educational process would help meet this changing need.
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Another change will be the increase use of machine learning and deep learning approaches
in decision making. While a great debate is taking place in the extent of benefit that will be
obtained by these approaches with widely differing points of view (i.e., post-processing only,
replacing NWP, providing insight into short-comings of the NWP and climate system), it is
clear that these computer intensive approaches need to taught as part of the curriculum in the
atmospheric sciences. It is also likely that these approaches mean that more automation will
take place in the forecast office.
In addition, as forecasts continue to improve and increase in resolution, the benefits of
weather, water, and climate information extend to a greater number of applications across
more sectors. The modelling systems and post-processing approaches are also becoming
more complex with a far greater amount of data. Climate change and the exponential growth
of populations and their concentration into urban and coastal areas also means that rapid
decision-making and communication is increasingly more important. Thus, written and oral
communication skills and the ability to communicate to the public need to be considers as
necessary skill sets within the atmospheric science community.
Q12.
Several pieces of advice come to mind. First, while investments in the weather, water, and
climate enterprise appear to be expensive, the economic and human benefits are substantial.
The economic impact of day-to-day variations in weather has been estimated to be ~$1.5
trillion with extreme events causing an annual loss of consumption of over $520 billion. This
type of problem cannot be addressed with expenditures of millions or tens of millions of dollars
or Euros. To obtain the needed amount of funding, the weather, water and climate enterprise
needs to be bold and excellent at communicating the benefits to the public and our
governments.
A second key point to realize is that all three sectors (academic, private and public) are
required for a successful weather, water, and climate community. Success will be aided by
cooperation and sometimes healthy competition between these sectors. The failure to
maintain the health of these three sectors will diminish the chances of success of the
enterprises in the future and stifle advances.
A third point is that the fostering the development and success of low-income nations of the
weather, water, and climate enterprises in the low- and middle-income nations of the world
will benefit the global enterprise. These nations will be providers of observations to provide
data to initialize, verify, and improve global and regional models. The increase in the
involvement of these nations will be a source of innovation. While one approach for these
nations would be to obtain their own modelling capability, a more efficient path might be to
become expert users of global weather and climate models with investment in computational
infrastructure and sustainable human expertise.
Another key issue to consider is that the global weather and climate enterprise has relied on
the cooperation between nations. I would urge this cooperation continue and expand on data
sharing and on developing prediction systems. The international cooperation that defines the
ECMWF is a clear example of how international cooperation leads to a clear path for
success. Thus, nations should consider international partnerships as a cost-efficient path to
success. The complexity of the prediction system with nowcasting approaches built on
observations necessary on the minute to hour time-scale to numerical weather prediction
ensembles to the complexity of earth system modelling will mean that some problems need
to be addressed on a local level, while others through international cooperation.
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Q1.
There is ample literature and evidence that points to the fact that we have seen considerable
improvement in the ability to predict the state of the atmosphere. For instance, studies have
shown that forecast accuracy improves by 1 day every 10 years, meaning that a 5-day forecast
today is as accurate as a 4-day forecast 10 years ago (Bauer et al., 2015). More importantly,
there has been improvements in the ability to predict high-impact events such as tropical
cyclones, winter storms, flooding, and heat waves. Progress in weather and climate prediction
can be attributed to advancements in numerical models, computational power, and the
availability of new and improved observations, and continued investment in these three areas
is warranted. In terms of numerical weather predictions, evidence points to the need for
improvements ranging from data assimilation to model coupling. Boundary layer observations,
as well as observations in data sparse regions, would advance forecasting considerably.
Effectively leveraging and optimizing code for GPU computer architectures and making use of
cloud capabilities can help to advance forecast improvements by addressing needs in both
operational and research environments. However, in the discussion of forecast quality and
related improvements, a central element is routinely overlooked – the end user.
What does good mean in the context of a forecast? From a purely scientific perspective, we
can measure the quality of a forecast through the use of sound verification techniques;
however, conventional verification metrics don’t always translate into how good a forecast is
from an end user’s perspective. The real measure of forecast quality can be found in whether
the end user can routinely use a forecast in a manner that allows them to achieve their
objective (e.g. protect life, improve operational efficiency, reduce costs, etc.). Moreover, it is
important to recognize that the end user community is extremely diverse. Therefore, what
might classify as a good forecast could benefit one group of end users and not another.
Beyond providing general measures of meteorological accuracy, it is essential to provide useroriented information about how a forecast (or related product) performs relative to a specific
operational context or decision-making process.
P. Bauer, A. Thorpe, G. Brunet, The quiet revolution of numerical weather prediction. Nature
525, 47–55 (2015)
Q13.
Growth in various segments of the Weather, Water, and Climate Enterprise has been
accompanied by the proliferation of prediction capabilities ranging from nowcast to climate
predictions. In many cases, these disparate forecasts are the result of employing proven
models, well-known techniques, and conventional inputs, while in other cases, forecasts are
being generated in which established boundaries are routinely being challenged through the
exploitation and adoption of emerging technologies (e.g. artificial intelligence), unique and
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proprietary data sources, as well as advanced computational infrastructure. Given the variety
of forecasts available across the Enterprise, it can be a challenge to ascertain which forecasts
present the end-user with the level of quality required to address their particular problem(s).
The question then becomes how individuals and organizations can effectively and efficiently
discern which forecasts meet their needs and requirements.
In numerous other industries, when considering a new service or product, end users often turn
to third party reviews to provide information about the strengths and weaknesses of a product
in comparison to others. The use of independent third-party evaluators can be an excellent
way to assess the quality of a product from the standpoint of the end user’s operations. The
provider of a product or capability, such as a weather forecast, can sometimes lack the
preferred level of objectivity to evaluate and communicate information regarding performance
characteristics. Thus, third parties can be well-positioned to offer credible, independent,
operationally-relevant evaluations of a capability if they possess key attributes, including the
following:
•

True independence, with no personal investment in one capability succeeding over
another.

•

Fundamental expertise in atmospheric science and weather phenomena

•

Expertise in forecast evaluation, namely forecast verification and statistical analysis

•

Thorough understanding of the forecasts being evaluated

•

Experience identifying and understanding the context for and use of the forecast being
evaluated

•

Transparency about the evaluation approaches used

•

Scientific rigor in evaluation techniques

•

Experience in producing evaluation results targeted to the end user and how forecasts
are used

Regrettably, the number of truly independent third-party organizations in the Weather, Water
and Climate Enterprise that possess the aforementioned traits is extremely limited. However,
a secondary, yet effective method that can inform the end user of the accuracy and reliability
of a forecast is through direct partnership with the forecast provider. The formation of
partnerships, when done correctly, can ultimately provide a level of flexibility and
understanding that will aid in ensuring that the forecast capability is well-suited for the intended
use. For example, through such partnerships, an organization or end user can progressively
(e.g., through trials and phases) attain knowledge and perspective on the quality of a forecast
capability and how that forecast will fit within the end user’s operational paradigm. That said,
one cannot lose sight of the importance that all partnership members take the time to develop
a suitable level of understanding in terms of proper and accepted forecast verification
methodologies, have the skills to effectively implement and assess the verification techniques
used in the evaluation, agree on the baseline against which a forecast is going to be measured,
and have a good perspective on how the forecast is to be used, since the required quality of
a forecast may ultimately differ depending on its projected use.
Q14.
When it comes to the roles of the different sectors in the Weather, Water and Climate
Enterprise, there are some fundamental characteristics of which all stakeholders should be
aware. The roles of the sectors will continue to evolve over the coming decades. There should
not be an expectation that the roles and contributions from each sector reach some type of
optimized state. Adjustments in roles will be driven by a number of factors including, but not
limited to, funding, technological advancements, new business opportunities, novel business
models, and the needs of end users.
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Variability in roles will be observed from one region of the globe to the next. Attempting to
adopt a “one size fits all” approach will prevent each sector from effectively and efficiently
contributing to forecasting-related science, products, and services. For example, in some
regions of the world where government-owned and operated infrastructure is lacking and
resources are limited, it may be beneficial for the public sector to appreciably leverage
contributions from private sector entities in the end-to-end process of developing and
delivering forecast products and services to the general public and other regional businesses.
Conversely, in regions where there is a high level of maturity in government-based
meteorological institutions around forecasting, product generation, and information
dissemination, public-private partnerships may be formed where the private sector simply
takes on a relatively minor support role. Again, it will be essential to adopt a posture that will
allow for disparate partnership strategies to exist based on the needs and requirements
associated with a particular region and problem.
In recent decades, we have seen an upsurge in the scientific contributions coming from the
private sector. This has been facilitated by an increase in scientific staffing, along with
investments in capital resources. Such investments have culminated in advancements in
areas such as observing capabilities and platforms (space-based and terrestrial), novel
nowcasting techniques, the development of global-scale NWP capabilities, and climate risk
forecasting. Sustained growth by the private sector in scientific competencies have and will
continue to reshape elements of the Enterprise, especially in terms of unleashing new
partnership opportunities in the areas of research. It is likely that there will be an ongoing
requirement for the academic community to play a leading role in aspects of basic research;
however, the private sector’s mounting interest and proficiencies in applied research and
science will open the door to some unique, cross-cutting partnership opportunities.
It is likely that some countries and regions will not follow conventional business models when
it comes to the provisioning of meteorological services. For instance, we are already seeing
the proliferation of business models in which observing platforms are owned and operated by
a private sector company, and the data from these systems is provided to external
organizations to meet their needs, without the burden of operating and maintaining the
infrastructure. Such a model can be applied to other aspects of meteorological services,
including NWP data, hazard notifications, and routine dissemination of day-to-day data and
information.
What will not change is the need for contributions from all sectors, including non-governmental
organizations. The Enterprise is a symbiotic framework in which each segment depends on
the other. What those dependencies looks like will undoubtedly change as time progresses
but will continue to exist for the unforeseeable future.
Q15:
The topic of ethics can be very complex. Fundamentally, it can be described as a system of
moral principles that governs behavior. In terms of the Weather, Water, and Climate
Enterprise, we can consider ethics from the standpoint of guidelines that establish what
conduct is right and wrong, with a focus on what is good for individuals, organizations and
society.
Regardless of the differences that exist across the Enterprise, there are some fundamental
principles from which to work. All sectors and participants in the Enterprise can find
commonality in acknowledging that the primary goal of the Enterprise is to contribute to efforts
that protect life and property, as well as improve the operational effectiveness and efficiencies
throughout disparate industries. From here, the question is how to achieve and contribute to
this goal in an ethical manner while recognizing that there are secondary and tertiary goals
that also influence the behavior of individuals and organizations that make up the enterprise.
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Understanding, accepting, and embracing these differences is an important first step in helping
to formulate and evolve ethical guidelines.
One of the needs in the Enterprise is a “level playing field” for all participants. A level playing
field acts to cultivate trust and transparency and further promotes ethical behavior throughout
the Enterprise. For example, every effort should be made to encourage equitable access to
data, particularly as it relates to private sector entities and the private divisions of National
Meteorological and Hydrological Services (NMHSs). Regardless of their affiliations each
should be regarded in an equitable, impartial manner.
Laws and regulations vary from one country to the next in terms of the provisioning of
meteorological data and services. It is imperative that these rules and regulations are
respected and strictly followed by all members of the Weather, Water, and Climate enterprise,
including local entities.
One of the more challenging areas around ethics is that of intellectual property. As new
partnerships arise, it is good practice to identify areas of concern related to IP, resolve any
concerns, and agree on how IP will be handled prior to the execution of a project. Moreover,
data and information exchange (verbal discussions, presentations, documents, data files,
etc.), unless otherwise communicated and agreed to, should always be treated in a
confidential manner and never shared with other companies, institutions, or individuals. This
behavior also extends to the generation and distribution of reports and publications. In other
words, before a report is distributed or publicized, there should be concurrence and input from
contributing organizations about the release of information.
It is well understood that companies and other organizations have a need to communicate and
promote their offerings. However, it is essential that a concerted effort is made to communicate
not only the strengths of their forecasts and other offerings but also the limitations. This helps
end users obtain a more comprehensive understanding of the forecast, including performance
characteristics, and how a forecast (and associated products) should be used under differing
scenarios. This also acts to further build trust, as this level of transparency helps to properly
manage the expectations of the end user.
Although not yet a significant issue, the Enterprise may need to contend with the dilemma
concerning whether there is a moral obligation to deliver life-saving technologies at a
“reasonable” price point. Not only could this be a potential ethical issue for companies, it can
also be an issue for academic institutions that develop and license technology. It is acceptable
for an organization to recover the cost of its investment; however, how does one define
reasonable pricing when lives are at stake.
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Q13.
In the recent decades we have seen an increase of different providers issuing weather
forecasts. This is a result of growing international communication, private sector businesses
breaking into former state monopolies and furthermore inter-governmental organizations
becoming a source of weather forecasts. On the other hand, weather forecasts are also
applied to a larger variety of use cases. This includes the prediction of the impact of weather
instead of the weather events itself as well as weather forecasts feeding downstream weatherdependent predictions, like crop growth models or energy demand and generation. It is to be
expected that this trend also continues in the foreseeable future with digitalization of business
processes, more affordable technology for public and private service providers and a growing
need to tailored weather and climate services in the context of adaptation to climate change.
This trend in diversification, both on the supplier and on the user side, requires transparent
and widely accepted validation methods for weather forecasts. Forecasts which may be fit for
purpose for one particular use case may not meet the required accuracy level for another use
cases. In addition to that, validation metrics which have a strong link between forecast
performance and value to the application in one particular use case may produce irrelevant
results for another use case.
Forecast providers should also apply a strong verification regime internally. This involves the
understanding of how much accuracy is gained in each step of the forecasting system, in
particular if numerical models, post-processing and human intervention are combined.
With further business process integration and evolution of impact based forecasts and
warnings, it is also important to validate not just the realization of weather parameters but also
the success in predicting the impacts. This also requires the users to make available more
information on the actual impact and performance of their operation. Additionally, new
challenges arise as preventive actions may be taken as a result of the predicted impact.
With the growing variety of users and providers it is unlikely that executing the validation
centrally will be successful but rather decentralized, independent services based on
consensus validation methodology. Forecast providers should be encouraged to share data
with those services in order to create more transparency for users and the meteorological
community overall.
Therefore, instead of specifying specific metrics the following guidelines should be noted:
•

Users should be involved in the definition of quality metrics

•

Forecast validation needs to be transparent with methods and data used clearly
described

•

Value drivers at the user side need to be well understood

•

It needs to be explored if there are specific situations when weather forecasts influence
the user benefit in particular
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•

Accepted quality metrics should be promoted within the user community and should
also be used for procurement criteria

•

Communication to the user involves numbers but also graphical representation and
explanation to help non-specialist users of the weather forecasts to understand the
presented information

•

Accuracy targets should be documented in service-level agreements (SLA). That helps
providers to focus their efforts on where it matters most and helps also to manage user
expectations. Achievement of those targets should then be monitored by independent
organizations.

Q14.
Certain trends in technology and in the economy impact the meteorological community along
with the relationships between and the roles of the different stakeholders. Many technical
resources needed for providing reliable weather forecasts used to require investments in the
past which were only viable for public organizations. That has dramatically changed already.
Private businesses launch satellites, set up precipitation radar networks and run global
numerical weather prediction models.
There may still be differences in those initiatives compared to public operations, but private
companies now clearly challenge the monopoly of public organizations also on the early
segments of the value chain, i.e. operating observation networks and running global weather
prediction models.
In order to maximize the value of the weather enterprise for society, both closer collaboration
and clearer distinction between the public, private and academic stakeholders are necessary
in the future.
Collaboration will increase as the whole potential of science and technology can only be
utilized when data is shared, and standards are mutually agreed. This requires transparent
processes, open communication and trustful relationships.
Additionally, constraints on public funding are going to force further collaboration to provide
the societal benefits in the most cost-effective way. Strong public services are needed to
ensure that the meteorological infrastructure is operated in a diligent way which doesn’t mean
the public side needs to perform all the tasks themselves.
At the other end of the value chain, when integrating weather with business processes, we do
see a growing need for tailored services. User needs vary from industry to industry and have
different flavors in different geographies. Tailored services are often better provided by the
private sector which can adapt faster to evolving user needs.
These private services depend on reliable and publicly available observations and numerical
weather prediction data. It needs to be ensured that, despite private involvement in taking
observations, society in general but also downstream service providers in particular still benefit
from the full wealth of data.
The academic sector can only put the right focus if user needs and technical opportunities are
well understood and communicated. On the other hand, increased partnerships between
academic and public/private organizations can lead to a faster transfer of research results into
user benefits.
The weather enterprise overall needs vibrant and open organizations which streamline the
communication and allow all stakeholders to come together, exchange information,
experiences, problems and solutions as well as visions for the future. International
organizations as well as meteorological societies can play an important role in that.
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References:
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Suwa, Makoto & Bogdanova, Anna-Maria & Grünigen, Stefan & kull, daniel &
Ramshorn, Christoph & Frei, Thomas. (2020). Public and Private Engagement in
Hydromet Services The Power of Partnership Public and Private Engagement in
Hydromet Services.

Proposed best practice example for separate box: Building trustful relationships between the
public and private sector in Europe through ECOMET and PRIMET showcasing that regular,
open dialogue can help to reduce friction between different stakeholders and work more
collaboratively. If the topic sounds interesting, I can draft an initial version.
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Q2:
Outliers, or unprecedented events, represent a particular sort of challenge for weather and
climate services. Scientifically, the challenge lies in characterizing in a meaningful way
something that is singular, or a one-off. Although weather never exactly repeats itself, we are
usually comfortable in describing climate — or the distribution of possible weather states — in
terms of summary statistics, and extreme events as, e.g., percentiles within those distributions.
Even record-breaking events are not difficult to comprehend and quantify if they can be
regarded as part of a continuum. But record-breaking events in this sense are not surprises,
in fact they are to be expected given a sufficiently long record. The difficulty comes with
complex, highly nonlinear compound events that cannot be readily described through joint
distributions (copulas). An example is Hurricane Sandy, which devastated New York City in
2012. A hurricane hitting New York City was far from unimaginable, indeed there had been
studies addressing such a risk, but the particular manifestation of Sandy, transitioning from a
hurricane to an extratropical cyclone as it made landfall, was so unimaginable that there was
no hand-off protocol between the National Hurricane Center and the National Weather
Service, which contributed to the confusion in public messaging (Sobel 2014).
The challenge of describing singular events has been a major topic in the attribution of extreme
events to climate change (NAS 2016). The standard approach to extreme event attribution is
probabilistic, comparing distributions of states with and without climate change, and relating a
given event to a percentile or return period in those distributions. This necessarily involves
creating an event class defined in terms of one or perhaps two variables, coarse-grained over
somewhat arbitrary time and space scales. But for an event like Sandy, such a description
seems inadequate and certainly fails to describe the multiplicity of compound impacts that
Sandy had. Thus, an alternative approach has been developed, where storylines of the event
are constructed, which can be perturbed to create counterfactuals (Shepherd 2016). This
approach takes the weather event as given, i.e. as a random occurrence, and asks what the
effect was of known aspects of climate change, such as higher sea level, warmer sea-surface
temperatures, or a moister atmosphere (Patricola and Wehner 2018). Such an approach is
well aligned with the case-study perspective that is well-established in weather science. Thus
it offers a way to bridge between weather and climate services in the case of singular events.
With regard to future surprises, one approach is to mine ensembles of long-range forecasts to
look for extreme events that could have occurred, but didn’t (Thompson et al. 2017). However,
such a brute-force approach is necessarily limited to events that are not particularly rare, and
is probably best used for identifying where record events are ‘weak’ and local experience may
underestimate risk. For truly unprecedented events, rare event methods offer potential. These
methods arose in statistical physics and represent a form of ‘importance sampling’ (as in the
particle filter), which allows most of the computational resource to be focused on the events
of interest, rather than (in the brute-force approach) on the events in the middle of the
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distribution. The method has been applied to heat waves (Ragone et al. 2018) and there
seems no reason why it could not be operationalized.
Role of PPE: Pertinent (e.g. extreme event attribution is being done commercially in New
Zealand: http://www.bodekerscientific.com/projects/eweram)
Q4:
Key attributes of any prediction are reliability (or accuracy) and informativeness (or
sharpness). In general, there will be a trade-off between the two: climatology is reliable but
not sharp; a deterministic forecast is sharp but not reliable. When probabilities are known,
these attributes can be quantified and the forecasts tailored based on the user needs, e.g. on
their tolerance for Type 1 errors (false alarms) vs Type 2 errors (missed warnings). However,
to generate probabilities from observed data, the issues of non-stationarity and of sample size
both raise their head. Non-stationarity is a deterministic influence and thus is not readily
amenable to probabilistic quantification (Beven 2016); a central example is climate change,
where the change in climate (understood as a change in the distribution of possible weather
states) is, fundamentally, a singular prediction. For rare or unprecedented events, probabilistic
quantification is also problematical (see Q2). The essential distinction between reliability and
informativeness nevertheless remains. It is recognized in psychology (Yaniv and Foster 1995),
and is related to the distinction between objective and subjective uncertainty (Kahneman and
Tversky 1982).
In IPCC WGI, there has historically been a strong emphasis on reliability, which prioritizes the
avoidance of Type 1 errors. In order to produce assessment statements with a high degree of
confidence, the statements are typically weakened or generalized. This achieves reliability at
the price of informativeness (Shepherd 2019). Yet whether to prioritize the avoidance of Type
1 or Type 2 errors is a question of user values, not of scientific rigour (Lloyd and Oreskes
2018), and there has been a growing demand for IPCC WGI to place more emphasis on lowlikelihood, high-consequence outcomes (Sutton 2019). Note that almost by definition, such
outcomes are not amenable to probabilistic quantification and so “low-likelihood” is to be
understood in a qualitative way. One way to do this is through the use of storylines, which are
physically self-consistent, plausible outcomes. Uncertainty in climate change can then be
represented, and its consequences explored, through a range of storylines (Shepherd 2019).
Similarly, when considering climate impacts, it is common to consider not the impact itself, but
some kind of generic risk index, in order to avoid the complications associated with modelling
the impact and thereby make a more reliable statement. For example, attribution of flooding
events typically considers precipitation rather than flooding; and attribution of wildfires typically
considers a fire index. Yet extreme impacts are not necessarily associated with extreme
meteorology (van der Wiel et al. 2020). With multiple causal factors involved, a complete
causal account is more informative, and more relevant to decision-making (Lloyd and
Shepherd 2020).
A challenge for weather and climate services is therefore to find ways of bringing weather and
climate information into the decision context. Because many of the uncertainties are epistemic
and therefore subjective, and the predictions themselves may be unverifiable, this raises the
important issue of trust and intelligibility. Ultimately, the construction of actionable information
involves building a chain of evidence (Beven 2016), and the reliability of each link in the chain
needs to be open to audit, i.e. assessable. In this respect, simpler approaches have a role to
play. For example, the UK’s operational seasonal hydrological forecasts involve a set of
products with a range of statistical and dynamical inputs, e.g. one product is initialized with
observed groundwater and streamflow levels and then driven by a climatological ensemble of
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meteorological conditions (Prudhomme et al. 2017). In this way, the user can make their own
choice between reliability and informativeness, based on their decision context.
Role of PPE: Pertinent (this is essentially scientific consulting, though requires the right sort
of input)
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Q1.
This contribution comes from my perspective of the long time scale relevant for climate and
climate services and which uses global models to provide information on future climate
conditions and impacts. In the past 20 years I have witnessed the increasing resolution of
these models such that today global climate models have a very high degree of realism in
certain large-scale variables. However, there are still substantial limitations regarding the
representation of modes of variability such as ENSO, AMO, NAO and their different flavors as
suggested by observations. These limitations still reduce substantially the value of such
models for impact studies and decision making at regional and national level. The major
challenges are (list not complete):
1. Hydrological cycle and regional patterns,
2. Interannual and decadal modes of variability,
3. Extreme events and their statistical distribution in time and space,
4. Regime changes and tipping points in atmospheric and ocean circulations, sea ice
distribution,
5. Impacts on terrestrial and marine biological systems.
These are all key to provide information that goes beyond the "classical" weather forecast and
forms the basis for information on possible futures in all regions of the world.
An extension of the classical notion of "seamlessness" must achieved in the next decade of
model development. Model improvements that are developed, tested and implemented in
NWP models must be effectively "transferred" to the global models that are used for projection
and that continue to increase their spatial resolution. WMO has to play an important role in
accelerating this by encouraging and facilitating work at the boundary of NWP and global
model development.
It is evident that in a globalized world, global model projection must be a global endeavour.
However, there is still a strong spirit of "National Weather Services" that remains a stumbling
block in translating climate and impact projections from a global scale to the scale that matters
for people. Unfortunately, "Climate Services" also has a taken the road of being distinctly
national, and this will prove, before long, its major shortcoming. National climate services have
an inherent and potentially dangerous limitation that is built into their design. The scientific
foundation of projections does not derive from the best possible and most scientifically
advanced source accessible to all, in particular the vulnerable countries and regions. However,
delivered reliably, robustly, and usefully can only be what has been developed, tested, and
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standardized before. There is currently neither a process nor an institution in place that would
be able to ensure this in the coming 10 years. WMO could take leadership of such an initiative.
Considering the five challenges outlined above, a strong case must be made for an
international climate computation facility that disposes of the most powerful computers, is able
to produce exascale ensembles, and ensures the implementation of the most up-to-date
scientific knowledge into the global model. Production is intimately coupled with development:
ECMWF may serve as a blueprint for such a global R&D centre. Recognizing the scale and
the urgency of the problem, in view of the financial implications of wrong or uninformed
decisions around climate change adaptation and mitigation, the ambition must be to build a
global climate change R&D institute similar to CERN in particle physics or ESA and NASA in
space science. Close collaboration with developers of computation and storage infrastructure
is a must. Data and information must be open access, and a clear emphasis must be given to
the most vulnerable and exposed regions and countries.
Up to now this globality was reflected in the joint, and very successful, effort of successive
model intercomparisons at which an increasing number of institutions worldwide is
participating. The scientific substance for these intercomparison projects is provided on a
voluntary basis by research centers scattered around the globe. The collaboration is excellent,
but it does lack the consolidated financial and structural basis for a long-term effort. Without
diminishing the important achievements of such intercomparisons, and the most valuable
information that they have produced up to now, this activity is minute in comparison to the
required effort called for here.
There are several developments converging that strongly suggest that this activity be enabled
under a global umbrella with the according global funds:
1. Making available to world's most effective computing power for exascale simulations
requires substantial funds that are beyond the capabilities of an individual nation;
2. Consolidation of intellectual and scientific capacity for a global scale problem requires
a global institution;
3. Providing information for the more exposed and most vulnerable represents a global
responsibility.
This would form the basis for a massive scaling up of the development and computational
investment which is direly needed to overcome the challenges outline above.
Q2.
There is still a large amount of missing physical understanding and relevant observations for
such surprises in the physical and biological Earth system. Knowledge on instabilities,
irreversible changes, very extreme events and compound events, in the atmosphere, ocean,
cryosphere, and terrestrial and marine ecosystems, is only emerging. A similar effort of
scientific acceleration as that triggered by the successive IPCC assessments since 1990
should be initiated by an IPCC Special Report on Tipping Points to be prepared in the 7th
assessment cycle of the IPCC that will start in 2023 and likely complete by 2030. This would
provide the utterly needed consensus on what we know, and more importantly, on what we
do not know about low probability-high risk events.
Q9.
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It has been evident that in situ, high quality observation systems have decreased in number
over the past 20 years in most regions of the world. The most vulnerable areas such as
developing countries require well equipped and maintained stations that serve as early
warning systems, and as reference stations for climate and weather simulations. Precipitation
is particularly difficult and reliable observations are not available in the required spatial density.
In contrast to temperature, high time and space resolution is a must if model are to be checked
critically against observations. Limitations of model evaluation against observations have
become evident already in the Working Group I contribution to the IPCC's 5th Assessment
Report in 2013. The situation has become more dramatic as the resolution of the climate
models increases, and the discrepancy between "model information" and real measurements
continues to grow.
Progress in the above areas covered by Q1 and Q9 hinges on a global observations data base
with open data access, quality monitoring, and high spatial resolution.
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Q3.
Observational technology breakthrough – miniaturisation of satellites and their instruments
making that critical component of the global observing system more cost effective, flexible,
and resilient. These technological implementations will be delivered by the private sector. In
addition, as in telecommunications the trend is likely to be for private sector providers to
become proficient in providing an observational data service rather than simply providing
hardware as was the case in the past. This will require national and international space
agencies to become procurers of data services (from the private sector) as well as, or instead
of, satellite hardware.
Cloud computing breakthrough – we are currently in the midst of a revolution whereby national
weather services and others will procure supercomputing and data storage from private sector
providers – computing as a service. This will entail remote computing resources and cloud
computing becoming embedded in the way the enterprise operates. This offers up
opportunities for much more comprehensive and pervasive public-private partnerships;
indeed, such partnerships are crucial if supercomputers of the future are to be designed to be
suited to the numerical simulation software that the weather and climate enterprise uses.
AI and machine learning (ML) breakthrough – the creation of weather and climate information
has for a long time involved the removal of systematic errors via model output statistics and
other statistical post-processing techniques. The advance of AI and ML offers up opportunities
to make these approaches both more integrated with techniques such as data assimilation
and physical parametrisations but also for partnerships with the private sector. This is because
the private sector via large companies such as Google, IBM, and Amazon have been in the
vanguard of AI and data analytics and thus this presents an opportunity for the NMHSs and
others to partner to benefit from those developments.
Q4.
The value-added end of the value chain is, in some countries, dominated by the private sector
and this is often where the value and impact of high-quality weather and climate information
on users is realised. It is an important strategic point to be considered as to the roles and
responsibilities of NMHSs viz-à-viz the private sector in this aspect of the enterprise. Given
that national and international weather producing centres in the public sector will continue to
be a source of the raw prediction data, it seems likely that forming effective partnerships with
the private sector will be advantageous to all.
Q7.
Increasingly it is via the private sector that user specific forecasts are created via business to
business contracts. Much input information that is required for this purpose (observations and
numerical weather predictions) is produced currently by the public sector via NMHSs. An
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important strategic question for governments and NMHSs is the extent to which NMHSs
should be trying to compete with the private sector in this user-specific applications area.
Governments need to take a holistic approach to this question which involves understanding
how to structure their national weather enterprises to maximise the overall economic and
societal benefits to their country. It is likely that co-operation between the public and private
sectors is a more productive route to pursue than competition between the sectors.
Q9.
Governments must continue to invest in the weather (and climate) enterprise if high-quality
information is to be produced to save lives and protect infrastructure. Investment in the local
and global observing system is fundamental as it is in the (super-) computing capability to
create weather and climate information of sufficient accuracy and reliability to address the
growing societal needs. These investments by governments are made for two related and
symbiotic purposes – one is to directly support the public and academic sectors via NMHSs
and universities and the other is to support the private sector by targeted enabling investments
to stimulate the growth of private sector companies of the weather enterprise.
Q10.
It is vital that developing countries have access to, and expertise/capability to utilise, the
highest quality weather and climate information. Mechanisms to enable this access is via the
sharing of the best global (e.g. ECMWF) and regional prediction datasets to developing
countries. It requires also investment from development partners such as the World Bank to
enable capacity building within developing countries to take place. It requires investment in
academic institutions in developing countries to carry out targeted research and training of the
expert meteorologists of the future. For this purpose, collaboration between developed country
and developing country universities would be advantageous. WMO needs to play an enlarged
role to support developing countries to have the ability, for example. to contribute effectively
and sustainably to their national observational programmes as a component of the global
observing system.
Q11.
Developing the next generation of experts is a shared responsibility of, and benefit to, all
sectors of the weather enterprise. Many organisations play key roles such as universities and
NMHSs for training, learned societies to provide opportunities for accreditation, and
companies to provide “on the job” training such as via apprenticeships. The profession of
weather forecaster like many others is evolving and will continue to evolve. An example would
be that users increasingly want to know why certain weather patterns or events are occurring
as well as the details of when and where. This places a responsibility on human forecasters
that emphasises their scientific knowledge and understanding. Forecasters are increasingly
required to tailor forecasts to particular user needs such as for impact-based forecasts; this
requires an understanding of how users do business as well as of meteorology. The private
sector forecast providers are often the organisations that are closest to user needs via
contractual arrangements to provide specific user-related information.
Q12.
The role and responsibilities of NMHSs evolve all the time and as the weather enterprise
develops, they need to be agile to make the most of these changes. As the private sector
grows, the breadth of its capability to contribute to all aspects of the value chain increases.
Increasingly, governments expect public investments such as in NMHSs to not only create
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public good services but also help to enhance the economy via stimulation of the private sector
(thereby creating jobs and corporate taxes). Inefficiencies in the market produced from, for
example, unfair competition between NMHSs and the private sector may mean that
participating in such competition is not seen as appropriate for NMHSs. As for all organisations
NMHSs need to constantly review what their core values and purpose are particularly in light
of the contributions from other weather information providers in the private and academic
sectors.
Consequently, the essential role of an NMHS may need to evolve to be more clearly centred,
for example, in longer-term research and development, production of modelling software,
training of meteorological experts, and co-ordination of national (and global) observing
systems. The private sector is much less able to deliver these functions. Another area that
traditionally has been specifically a function of NMHSs is in the preparation of official weather
warnings. It is clearly critical that governments identify a single source of such warnings
although whether that source is a public or private organisation is clearly a choice to be made.
In addition, NMHSs can assist governments by working with the private sector companies to
enable those companies to exist and thrive so that they contribute to overall economic growth
and development. The number and success of public-private partnerships that NMHSs take
part in could be an output performance measure for those NMHSs. Examples exist of such
metrics being applied for example in the EU’s publicly-funded Copernicus programme wherein
an output performance measure is related to the number of jobs created (in the private sector)
by the programme’s activities to make high quality weather and climate information available
to all.
Q13.
It is becoming clear that in future there will be many providers of numerical weather and climate
prediction data coming from both the public and private sectors. This is enabled by the widely
available access to (public) modelling software from NMHSs and other sources and of ondemand computing capability. This potential expansion in the number and type of providers of
numerical forecasts based on state-of-the-art numerical weather prediction models means that
the existing requirement for weather and climate information to have measures of their quality
evaluated (such as exists for public-sector producing centres via WMO metrics operationally
computed) will need to be expanded to include the private sector providers also. This is not
an easy task as for the private sector such information has commercial value and so is likely
to be held in-house confidentially. In many industries a way to address this issue is via
internationally agreed standards such as ISO. Providers which can advertise that they have
achieved a weather information quality standard would be likely to succeed better in the
marketplace. A question then arises as to how to devise appropriate standards and how to
assess those standards without breaching commercial confidence. This is an important area
for development and would require national and international collaborative effort by
organisations such as NMHSs, WMO, and private sector providers.
Q14.
The weather and climate enterprise is already, and has been for some time, one that involves
the public, private and academic sectors in a fundamental way. The respective roles and
responsibilities of these three sectors are constantly evolving. What seems inevitable,
because the societal need for accurate and reliable weather and climate information is growing
rapidly, is that the weather enterprise will have to grow, and grow substantially to meet this
demand. Many governments will find it difficult to focus increased funding to fuel this growth
solely into the public sector via NMHSs. Indeed, recent history suggests that worldwide many
governments are finding it difficult to even maintain the existing levels of investment in the
pubic sector. This is to be regretted and all efforts need to be made by the whole enterprise
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(including the private sector) to reverse this trend by coming together to make the case direct
to governments.
It is clear, however, that some government funds and indeed private capital is likely to flow
towards stimulating the private sector component of the enterprise. As the totality of the
enterprise grows it would be most effective if all three sectors – public, private and academic
– grow even if the roles and responsibilities of each organisation and sector may change and
evolve. The most effective way to enable all sectors to grow is to develop an even more deeply
ingrained engagement and partnership approach. Competition between the public and private
sectors is likely to lead to a “race to the bottom” and this will not enable the advances in the
accurate and reliable weather and climate information to be produced that society so
desperately needs.
However, painful decisions may need to be made as and when roles and responsibilities are
changing. For example, the essential role of an NMHS may need to evolve to be more clearly
focussed on, for example, longer-term research and development, production of modelling
software, training of meteorological experts, and co-ordination of national (and global)
observing systems. It may be that more operational tasks such as production of the forecasts
and running observational networks are things seen as more suited to the private sector (as
indeed it is in many other operational spheres). These are clearly contentious issues and ones
that would benefit from wide discussion across the enterprise.
Q15.
The stakeholders being referred to here are the organisations and individuals that make up
the public, private and academic sectors of the global weather enterprise. Here we can take
the term ethics to mean the moral principles and rules of conduct that govern the relationship
between the stakeholders. There are several areas of activity where the rules of conduct are
distinctive for the weather enterprise compared to those that more generally apply to most
other activities. A major output from the weather enterprise are forecasts that can directly save
lives and protect infrastructure. For users of forecasts it is imperative that they can have
confidence that forecasts from whichever provider are of sufficiently high quality. This places
an onus on the enterprise and individual providers to be open and transparent regarding the
quality and provenance of their data. This would be enhanced if widely agreed standards are
adhered to and it also places a responsibility on providers not to make, for example,
unsubstantiated or unscientific claims regarding the quality of their data. If the government
allocates the task of issuing public weather warnings to a particular forecast provider it is
incumbent on that provider and the rest of the provider community to seek a consensus
amongst forecasts so that contradictory information is not made available to the users. This is
a non-trivial task and requires careful discussion across the weather enterprise.
Another area of distinctive importance for the weather enterprise is data exchange and sharing
– both observational and forecast data. Principles for such data sharing must recognise the
particular characteristics under which the data in question have been obtained. For example,
collection of weather observations incurs a cost that has to be covered even within a system
where open data exchange is the guiding principle. An appropriate business model has to be
devised for such transactions that involve the private sector and recognised as legitimate by
all. This recognition is but one example of the general principle that the contributing people
and organisations within the weather enterprise must respect each other’s’ right to operate
and fully acknowledge the validity of their input to the enterprise and their modus operandum.
In terms of moral principles, fairness, respect, trust, accountability and integrity need to apply
to all aspects of the weather enterprise. For example, if there is competition say between a
public sector and a private sector provider of weather and climate information that competition
should be fair, overseen by an independent regulator, and thus carried out on a level playing
field with no hidden subsidies. Such principles need to apply also to national and international
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bodies that are responsible for setting guidelines or standards. For example, the WMO needs
to ensure that public, private and academic sector members of the enterprise are equally
represented and fully engaged in their policy-making activities.
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Q5.
NEWP models are developing in complexity. Seamless real-time operational forecasting will
have to focus on the inevitable uncertainties of the complex numerical prediction system. To
make best use of numerical models, results should be thoroughly evaluated and corrected
according to inherent deviations.
To do so, it is necessary to enhance the scientific understanding of weather and climate
features at a possible fine scale and in a seamless way. Then, it is necessary to design finely
precise standard metrics for finely verification of forecasting algorithm, evaluating key model
behavior and critical processes, and understanding the uncertainties. Based on in-depth
validation, it is necessary to make good use of big data and innovate intelligent automatic
techniques to objectively correct the products of the numerical prediction system. Through
state-of-art validation and emendation, forecasting providers can minimize the uncertainties
of the numerical model system and produce a high-quality forecast. However, all of above
works have to be data driven, including new and extensive non-tradition data.
With the introduction of newer and more extensive unconventional meteorological data, new
technologies such as AI will be used in routine forecasting services and decision-making
process. The new technology will manifest itself in data assimilation system for processing,
quality control, and retrieval of geophysical information from observations, model development
and improvement, model performance evaluation, forecast product correction, ensemble
product interpretation, integrated decision-making and many other aspects.
In terms of basic research, there is an urgent need to continue in-depth studies of the
predictability of the Earth system at different spatial and temporal scales, with a particular
emphasis on predictability and its sources based on the representation of key physicchemical-biological processes, taking into account multi-sphere interactions.
It is important to further improve the dynamic framework of numerical models, continuously
improve numerical accuracy and conservation through algorithmic improvements, improve
adaptability to the future massive parallel computing environment through improved model
architecture, and make greater use of heterogeneous, dedicated hardware environments so
that they can support global integration at the kilometer or even sub-kilometer level.
Under the Earth system architecture, the reproduction of physic-chemical-biological processes
needs to be further improved to cover key Earth system processes and the impact of human
activities, as well as important environmental information, including studies of coupling
methods for physical processes and dynamical frameworks; of coupling methods for
component models in different spheres of the Earth system; and of data assimilation methods
for multi-sphere coupling.
Q8.
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It is needed to consider the future forecasting within the framework of the Earth system, the
forecast services that feature full-time domains and multiple scales including integrated realtime, nowcasting, short-lead, short-range, medium-range, and long-range weather forecasts
as well as multi-scale climate prediction and climate change projection. Therefore, the
prediction system should range from zero time to month, season and year; build a real-time
analysis field for multiple spheres, elements and scales; develop rapidly updated nowcasting
and short-lead forecasting of severe weather; improve short- and medium-range forecasts of
meteorological elements and severe weather; establish extended-range forecasting of
meteorological elements and significant weather processes; and develop the predictions of
meteorological elements and significant climate events ranging from month, season to year.
It is needed to enhance the synergy between global and regional NWP operational systems.
It is essential to establish a regional rapid cycle assimilation and prediction system of a km
scale, carry out research on convective assimilation and model physical processes applicable
to the convection scale, enable the effective application of radar, ground-based and satellite
observations in regional models, in order to effectively improve their capacity to capture
weather processes in a refined way.
Q10.
The optimal approaches to supporting developing countries include the use of several
international and regional mechanisms such as the World Meteorological Centers for
enhancing the exchanges with developing countries in terms of forecasting techniques and
forecasting systems to enable future forecasting systems to provide more targeted services
for developing countries. For example, under the framework of the Letter of Intent between
WMO and CMA to Promote Regional Meteorological Cooperation and Co-build the Belt and
Road, World Meteorological Center (WMC-Beijing), and through functioning multiple regional
centers including Regional Training Centers, and Emergency Support Mechanism of
FENGYUN Meteorological Satellite (FY ESM), China has given support to users from
developing countries based on their needs. Meanwhile, it is essential to ensure a closer
strategic alignment among developing countries themselves and enhance regional
meteorological cooperation to improve regional capacity in meteorological disaster monitoring,
prediction and early warning so that forecasters can still play an active role in achieving
sustainable development of the global economy and society.
Q11.
Considering that the future forecasting tends to be more objective, automated and smart,
weather forecasters need to conform to the evolving and changing technologies. Forecasters,
when transformed, will move toward two categories, namely “research forecasters” and
“operational forecasters”. The research forecasters are required to know well new
technologies such as AI and big data. Thanks to the modern methods for weather forecasting
and prediction, and based on multi-source data and various multi-scale NWP products, they
will be in a position to further mine and tap the effective forecast information by developing
objective quantitative high-precision and seamless forecast products and a smart forecast
analysis platform to move the operational forecasting and prediction towards a seamless, full
coverage and smart approach. The operational forecasters should have profound theory of
atmospheric science, excel in multi-source data application, know well about the numerical
models, have the ability to evaluate and correct the models, understand the requirements of
various users from different sectors for meteorological services, and own relevant
interdisciplinary expertise so that they will be in a position to develop impact-based and riskbased meteorological disaster forecasts as a provider of the most valuable meteorological
information for decision makers, sectors and the public.
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Q14.
The global meteorological enterprise is a community with shared future. Being integral to the
enterprise, the public, private and academic stakeholders share the same goal to strengthen
the global meteorological enterprise for the benefit of humanity by reducing the losses from
disasters, in the process of which the three of them are equally indispensable.
When it comes to the principles of partnership among the three stakeholders, the publicprivate one should help NMHSs fulfill their responsibilities as described in the WMO
Convention, and promote the sustainable development of global meteorological enterprise
and the common capacity development of countries without weakening the basis for the
common development of all parties; help maintain the authoritative voice of WMO and NMHSs,
and can also promote social engagement in the meteorological operational development and
service delivery so that the three actors will share the value arising therefrom all as a winner.
Q15.
NMHSs should act as a leading player to enhance their own capabilities using new
technologies, and fulfill their duties as the national single authoritative source of
meteorological warnings. NMHSs should also build channels for communication and
dialogue between public and private meteorological sectors to pay attention to the needs of
private companies and give further support to their contribution to the basic meteorological
data. NMHSs should develop the standards and norms to be followed by the public and private
sectors so that these two sectors plus the civil society will work as a synergetic powerhouse
for the development of global meteorological enterprise.
The private sector should make full use of the flexibility given by the market
mechanism. It should promote the creation of personalized meteorological services and
participate more in the discussion of the development of global meteorological enterprise,
opening up data and technologies to the government. At the same time, it should refrain from
using the freely obtained public resources to weaken the main role of the NMHSs.
The academic community should give full play to their advantages in scientific
research. It should improve the capacity and performance of scientific research in the
meteorological operations and services to contribute to the eventual emergence of a pattern
of positive interaction and mutual support among the three parties.
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