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Observations: The noisy revolution



What is the noisy revolution…?  

…wait and see  



But first a bit of history…  



The past 50 years  





The past 50 years…in 1slide! 

• In its early years, ECMWF recognized the importance of global data assimilation of 
observations for accurate forecasts and implemented a three-dimensional optimal interpolation (OI) 
scheme to provide initial conditions for its models. 

• Through the 1980s increasing numbers of exciting satellite observations became available, provided 
by NOAA in the form level-2 retrieved products that looked like in-situ radiosonde observations. 
Unfortunately, when these were assimilated, they systematically made forecasts worse! 

• This was attributed to the (ill-posed) process of converting satellite radiances to geophysical 
variables (e.g. temperature) and in the early 1990s triggered the development of variational DA 
systems (in the US and Europe) that could use radiances directly. After a lot of work, satellites finally 
showed a positive impact on forecasts!

• Over the next two decades variational methods were enhanced with dynamic background and 
observation error characterization, adaptive observation and model bias corrections and unified 
observation monitoring and QC, to be the state-of-the-art systems we know today



It was not always a “quiet revolution”   

Anders Persson 1999



And now a look at the 
present day…  



We have an excellent diverse global 
observing system…



…comprising in-situ and satellite 
technology



These observations are brought together by a 
state-of-the-art 4D-Var Data Assimilation system

…to form a coherent initial state 
to launch the forecast model(s) 



Without satellites our forecasts would be seriously 
degraded…. 

Can we quantify how important 
are observations for NWP ?

…denial experiments…



1 day of skill lost!

Without satellites our forecasts would be seriously 
degraded…. 

Can we quantify how important are 
satellites for NWP ?



3 days of skill 
lost!

Can we quantify how important are 
satellites are for NWP ?



Dorian viewed from the Sentinel-3 satellite  



Dorian viewed from the Sentinel-3 satellite  Dorian viewed from the Bahamas  

Most deadly event in recent history is Nargis (2008) that claimed ~ 130,000 lives  



Key information

Early identification of storm genesis and forecasts of 
trajectory saves many thousands of lives every year  

1. Ocean surface temperature
2. mid level humidity
3. wind sheer

Dorian Forecast  with satellites…4 days warning

Dorian without satellites…no warning

Satellites provide this …



Key observations

Without satellites we would often give no warning of 
severe life threateneing weather!

1. Ocean surface temperature
2. mid level humidity
3. wind sheer

Dorian Forecast without satellites…no warning

Dorian Forecast  with satellites…4 days warning



Early identification of storm genesis…Lorenzo  

Lorenzo genesis 23 September 2019  

Key observations
• Ocean surface temperature ?
• mid level humidity ?
• wind sheer ?



Early identification of storm genesis…in a challenging 
environment  • Ocean surface temperature ?

• mid level humidity ?
• wind sheer ?

Semi-transparent 
ice clouds

Desert dust

opaque 
clouds

Sun glint



Satellite sensors operating at different frequencies are 
used to understand the full atmospheric state…

Cloud phase 
and motion 
(wind)

Temperature 
and height of 
clouds, 
humidity in 
clear sky

Penetrating the 
clouds to look 
at ocean 
roughness and 
land state

Water and rain 
content within 
clouds



…But require highly sophisticated Data Assimilation 
Systems to combine these into a coherent 3D picture



Some notable recent achievements …



1) Coupled DA across the different Earth systems

2) Feeding into intelligent WIGOS design and future OBS 
deployment (in collaboration with space agencies / WMO)

3) Onboarding ML across the entire OBS / DA workflow…not 
just emulate, but improve physics

Some notable recent achievements …



1) Coupled DA across the different Earth systems

2) Feeding into intelligent WIGOS design and future OBS 
deployment 

3) Onboarding ML across the entire OBS / DA workflow…not 
just emulate, but improve physics

Some examples of where we are today with 
observations and data assimilation



October 29, 2014

Satellites radiances constraining the ocean 
and sea-ice in coupled DA 

Low frequency MW radiances improving SST and the sub-surface…and improving sea-ice concentration



1) Coupled DA across the different Earth systems

2) Feeding into intelligent WIGOS design and future OBS 
deployment (in collaboration with space agencies / WMO)

3) Onboarding ML across the entire OBS / DA workflow…not 
just emulate, but improve physics

Some examples of where we are today with 
observations and data assimilation



Planning the Observing System of 
tomorrow…WMO SOFF



Planning the Observing System of 
tomorrow…EPS Sterna / Aeolus

Wind (NH)



Planning the Observing System of 
tomorrow…NOAA orbit deployment 



1) Coupled DA across the different Earth systems

2) Feeding into intelligent WIGOS design and future OBS 
deployment (in collaboration with space agencies / WMO)

3) Onboarding ML across the entire OBS / DA workflow…not 
just emulate, but improve physics

Some examples of where we are today with 
observations and data assimilation



October 29, 2014

σ0
fore, σ0

mid, σ0
aft U10N, V10N 4DVar

θfore, θmid, θaft, φ

Current approach

4DVar

σ0
fore, σ0

mid, σ0
aft

θfore, θmid, θaft, φ

• sea-state, 
• ocean currents,
• precipitation 
• … 

Machine learned (TL/AD)

Intermediate wind ambiguous 
wind retrieval

New approach

including sea state

Direct assimilation of ASCAT sigma0 with a machine learned 
model function 



October 29, 2014

Machine learned sea ice emissivity + concentration assisting 
microwave radiance assimilation (10GHz / TensorFlow)
ML sea ice from AMSR2/10GHz OSTIA difference

ML-ice

OLCI

Iceberg A68A
4th Dec 2020

The 10GHz sea ice allows the assimilation of 
other imager channels over frozen oceans

A. Geer



But also some battles being fought …



• RFI caused by reflections of signals from direct broadcast satellites in geostationary orbit – clearly visible in 
background departures at 10 GHz.

• We can identify where the relevant satellites are by calculating the glint for a given satellite position and 
analysing the background departures.

(Tracy Scanlon, Alan Geer)

Protecting our observations 



The impact of observation timeliness on forecast skill can be of 
the same order as adding a new satellite!

• End of window observations are the most recent and informative of the current state of the Earth System

• Since the introduction of Continuous DA, ECMWF is able to exploit observations made very close to the 
assimilation window end…as long as they arrive in time!! 

50 min vs 100 min
(1 vs 2 polar down links)

20 min vs 100 min
(1 polar down link vs DbNet)

Forecast impact of data timeliness 



Purchasing private sector observations



Continuing exchange of observations

Using only US or only EU satellite data gives forecasts 
significantly inferior to the control ….successful inter-
agency data exchange continues to be vital 

N.Hemis

5-10% loss of skill



Finally a quick look at the future …

                …the real “Noisy revolution”



The Satellites and other observations provide 
initial conditions (what the atmosphere doing 
now) from which forecasts are launched



Can observations contribute more 
directly to improved weather 
forecasts ?

…go beyond initial conditions





If we build a forecast model in observation 
space…  

• use historical observations to train a Neural 
Network to predict future observations (don’t 
need analyses)

• include observations of the full Earth system 
(atmosphere, ocean, land) simultaneously

• Use all observations, without  demanding a 
detailed physical model of the measurement 

• Once trained, we could initialize the model 
directly with the latest daily observations 
themselves 



…requiring an exacting specification of poorly known 
error covariances (all huge multivariate tensors)

Accurate observation operators potentially limiting 
limiting the observations we can exploit…

Observations are simply insufficient and generally of the wrong variables to 
provide initial conditions for NWP models of this resolution and complexity!

2.8km!

…so we are forced to blend observations with a background using DA….

High-resolution and highly complex physics-based 
models present extreme challenges for DA



AI-DOP – prototype design 



AI-DOP model Target real observations

• No physics-based model

• No ERA5

• No background errors

• No observation errors

• No bias corrections

• No OBS operators

First medium-range forecasts directly from 
observations:



AI-DOP better IFS 9km better

• Globally, slightly better 
than IFS at 24h, slightly 
worse at 120h

• Better than IFS over the 
tropics out to 120h (and 
beyond)

• Winter high latitude (snow) 
surfaces clearly a problem

 

T2m RMSE forecast error at t+120h for IFS and AI-DOP

AI-DOP verification of weather parameter forecasts



Very early days, but if we can make this work…

• Obviate the most challenging aspects of conventional DA (which 
are only likely to get worse at km scale!) 

• Full Earth system forecasting without coupling, by learning 
simultaneously from atmosphere, ocean and land / cryosphere 
observations and exploitation of ALL observations, even those 
with complex errors and difficult physics…even IOT!

• The value of observations goes beyond just providing initial 
conditions for physics-based NWP models – they become the 
model!

• Sustainable R2O process…with the only dependency on 
observations!



Some concluding remarks

• Observations are the only fundamental in our business but have zero 
value until somebody does something useful with them. So, data 
providers and data users need to continue to collaborate! 

• We have an amazing global observing system, but we need to protect 
this and continue to invest in new observations and the services that 
deliver value from these to citizens (NWP, COP)

• We are on the edge of a noisy revolution where observations will play 
a new and exciting role in the deliver of accurate weather predictions    



Spare slides



• Eτð→σ ╔Ï σك╛¾╛╛ Ï ů→╗ň╤♣ك→Ěك╤Ń¾ك╛Ï ╤¾ΓΓň╤¾كÏ τ×كňτي╛ň╤╩ك
→¦ ╛¾╗◘Ï ╤ň→τكðÏ ╤¾ě→╗ň¾╛م τě→ňτ→كŹ╗→☺ك ě

• fτ ðΓ╩×¾╛ك╛→σ Ïك╤→τك¾ ╛╛ňσ ňΓÏ Ï╗¾╔→كňτك×¾╤ ╤ň→τ Ï Γك╗→لاكE• � ك�⁯
⁮? Ï…ي ╗

• 9 ╩╗╗¾τ╤ك╛╤Ï Ïكم╛╩╤ ╗→╩τ×¦ك‫⁯‮ك ňΓΓň→τ ¦→ك ╛¾╗◘Ï ╤ň→τ╛كưك
σ ¾╤Ï ×Ï ╤Ï 7±ك⁯ل‮كل Ï℅كňτك×¾╗→╤╛كل م╗╗ ¾♠╔Ï τ×ňτ ěك¾Ï ðŃك×Ï كم♣

AI-DOP – curation of observation training data



AI-DOP 10-day forecasts

SST drifters

SCAT winds

Altimeter wave height

AMSR-2 MW
sea ice cover and 
snow



Managing ML hybridization with physics-based 
systems (and people!)



Using DA for model parameter estimation and 
model error correction

From Žagar and Szunyogh (2020)
https://doi.org/10.1175/JAS-D-19-0166.1

• At some spatial scales, model error growth is so 
rapid that significant forecast improvements are 
difficult to obtain from improving initial conditions 
alone

• For these scales, larger gains could come from 
using DA to estimate model parameters which 
improve the forecasts

• Or similarly using DA to explicitly estimate and 
correct model error

• Slowing model error growth (using the above) then 
opens up new possibilities for gains from 
improving initial conditions!!

Forecast lead time



• Changing political climate
• Instability threatening global sharing of observations
• We must prove the commercial value of sharing the burden of Earth observation
• Empowering developing nations to play a role

• Changing commercial climate
• Move to private sector OBS provision
• Will need to prove the value of an observation
• Will need to close the loop and audit value of investment back to investors

• Changing science climate
• Need to retain the skill sets of the scientists / engineers we will need
• Need to accept that some skill sets will be more available than others and adapt our systems to these

• Changing technological climate
• Need to accept fast pace of OBS and HPS technology advances
• Ensure that our longer-time scale vision does not mean we are blind to the immediate
• Develop systems and methods to exploit this exciting rapid advances



Maximizing observation exploitation with “traditional” DA 

DA augmented by ML emulation of individual components 

DA incorporating ML model error correction (Hybrid forecasting) 

DA  to support Data Driven ML FC trained / initialized from analyses  

Data Driven ML FC trained / initialized from observations   

Main development threads of the ECMWF DA system

• Performance (accuracy / delivery to users)
• Resource landscape (HPC, skills, partnerships) 
• Long-term operational sustainability of approach
• Maintaining support of member state activity 

 Drivers:
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