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We give a survey about inverse problems and their solution which arise in the framework of 

numerical weather prediction.  

 

The simulation and prediction of the state of the atmosphere is an important task for many parts of 

society. Daily, we all rely on weather forecasts transmitted by radios, TV and provided by various 

newspapers and websites. Weather warnings are important for thousands of regional centers and 

townships, with the need to take measures when severe weather events are likely to occur. Airplanes 

and ships rely on precise information about wind direction, turbulence and precipitation, with logistical 

planning, security of humans and goods and financial success being dependent on forecasts. 

Logistical planning is crucial for business, which during winter time is highly dependent on weather 

forecasting.  

 

Today, numerical weather prediction systems consist of two main components. First, they rely on a 

large system of partial differential equations which model the development of the state of the 

atmosphere. It is usually called the forward model. Dynamical variables include pressure, 

temperature, wind speed, various types of humidity and many additional input fields like the shape of 

the earth’s surface (i.e. orography) or the sea surface temperature. On modern supercomputers 

models are run globally, on a continental scale or regionally (for example for central Europe), for 

example the global model GME of the German Meteorological Service (Deutscher Wetterdienst 

DWD), the European model COSMO-EU or the German model COSMO-DE, developed by a 

consortium of seven countries.  

The second part of a numerical weather prediction system is its data assimilation component. Data 

assimilation determines the current state of the atmosphere, which is the basis for simulation and 

prediction. Today, a broad range of measurements are employed for the analysis of the atmosphere. 

Classical measurement from base stations and ships provide data on the earth’s surface. Weather 

balloons (radiosondes) measure pressure, temperature and humidity in the atmosphere and transmit 

their data via satellites. Today most commercial airplanes carry meteorological instruments which 

provide wind speed, temperature and pressure measurements.  

Wind speed in clouds is reconstructed from satellite images by advanced tracking algorithms. Wind 

speed above the oceans can be found by scatterometers based on satellites. Further information 



about the humidity and temperature in all layers of the atmosphere is obtained by radiances which 

are transmitted by the atmosphere and recorded by instruments on satellites like AMSU-A, AMSU-B 

or IASI. Modern GPS signals between two satellites and between a satellite and a base station can 

be used to derive integrated values of water vapor along the path of transmission. This leads to 

variations of classical tomography problems, but with sparse data.  

 

Even though many measurements are available, the number of unknown state variables in today’s 

atmospheric simulations exceeds by far the degrees of freedom which can be derived by 

measurements. This is an underdetermined and in general unstable control problem based on a 

nonlinear and chaotic dynamical system. Several well-established variational algorithms (3dVar, 

4dVar) for data assimilation have been developed over the past 40 years, based on optimization 

techniques. Today, there are important new approaches under development, adopting Bayesian 

methods like the Kalman Filter, Particle Filter or hybrid methods to deal with the nonlinear stochastic 

structure of dynamics, observation operators and distributions and to provide fast and reliable 

forecast and warning techniques.  

 


