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Das Wetter: schön aber kompliziert
Was steckt eigentlich hinter einer “falschen” Vorhersage



Geschichte der Meteorologie

Aristoteles (ca. 350 v.Chr.)
“Wetter: durch Bewegung der Sterne und Planeten”

Bis ca. 1900
Wettervorhersage aus Beobachtungen des Himmels
(Bauernregeln)

Erste physikalische Idee
“Dynamik der Atmosphäre” (Bjerknes, 1900). Einziges
Problem: er konnte seine Gleichungen nicht lösen.
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Geschichte der Meteorologie

1. Weltkrieg
“Wettervorhersage durch numerische Prozesse” (Richardson).

• lösste das Problem von Bjerknes

• erste 6h-Vorhersage (benötigte ca. 6 Wochen)

• seine Hochrechnung: 64 000 “computer” wären nötig
um mit dem Wetter Schritt zu halten

Erfindung des Computers (von Neumann)

• 1946: ENIAC; 24 h für eine 24-h-Vorhersage

• 1955: EDVAC; tägliche Vorhersagen (USAF)
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Numerische Wettervorhersage

Funktionsprinzip

Anfangszustand

Analyse

• Schritt 1: Analyse (ist-Zustand)

• Schritt 2: Prognose
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Numerische Wettervorhersage
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Numerische Wettervorhersage

Navier-Stokes
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Numerische Wettervorhersage

Einziges Problem

• es existiert keine exakte Lösung

• zählt zu den 7 Millenium-Problemen.

• Preisgeld: 1 Million US-Dollar.

Ausweg

• über Näherungsverfahren

• Vereinfachung der Natur
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Real Topography

●● IBK
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Model Topography

N
A ●● IBK

• Klimamodelle: 100− 300km

• Globalmodelle: 18− 50km
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• Forschung: bis 2m
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Numerische Wettervorhersage

global models at 1 km horizontal resolution, thus with an order of
magnitude greater resolution than today, has added a new dimension,
as it requires significant investment in high-performance computing
with as-yet unknown technology.

The physics of forecasting
The Navier–Stokes and mass continuity equations (including the effect
of the Earth’s rotation), together with the first law of thermodynamics
and the ideal gas law, represent the full set of prognostic equations upon
which the change in space and time of wind, pressure, density and
temperature is described in the atmosphere4. These equations have to
be solved numerically using spatial and temporal discretization because
of the mathematical intractability of obtaining analytical solutions, and
this approximation creates a distinction between so-called resolved and
unresolved scales of motion. Physical processes that operate on unre-
solved scales down to the molecular enter the equations for the resolved
scales through source terms for mass, momentum and heat originating
from friction, moist processes such as condensation and evaporation,
and radiative heating and cooling. Since these processes are typically
unresolved they need to be ‘parameterized’ in terms of their interaction
with the resolved scales. Simplifications can be applied that facilitate the
numerical solution and reduce somewhat the complexity of the set of
equations, as demonstrated for the first time—even though with limited
success—by Richardson5. By introducing approximations that accur-
ately describe the largest scales of motion in the atmosphere, the first
attempt to use the first electronic computer for weather prediction was
carried out in Princeton in 19506. While the Princeton simulations were
hindcasts, the first real-time forecasts were made in Stockholm in 19547.

Only with increasing availability of supercomputing power in the
1970s was it feasible to solve the full set of equations as proposed by
Abbe and Bjerknes8. Consequently, various numerical methods of solu-
tion emerged that addressed numerical stability, accuracy, computational
speed9 and versatility to deal with more prognostic variables, and the
interaction between resolved and unresolved scales10. The main compo-
nents of these methods are: the representation of spatial variability by the
choice of spatial discretization, the time stepping method, the treatment of
boundaries, and the initialization approach11. This capability has founded
what we refer to as NWP12. Today, a hierarchy of many models with
different levels of complexity exists covering the full range between global
climate projections13, global weather prediction, and local-area modelling
for high-impact weather14 or air-quality prediction15.

Major steps
The improvements in the representation of unresolved processes in
global models, the advent of ensemble methods producing forecast

uncertainty estimates, and the introduction of objective analysis tech-
niques to determine the initial state have led to the predictive skill
attained today. Representing physical processes, ensemble modelling
and model initialization are also the key challenges for the future, com-
bined with technological challenges associated with observations and
computing, as we will discuss later.

Physical processes
Parameterizations capture radiative, convective and diffusive effects in
the atmosphere and at the interface between the atmosphere and the
surface, and are often determined by relatively small spatial scales16,17.
Figure 2 provides an illustration of these processes and where they are
relevant. Despite not being resolved, these processes drive heat and
momentum budgets at the grid scale18,19 and are crucial for achieving
predictive skill. The degree of parameterization and therefore the rep-
resentation of the basic physics varies significantly for different pro-
cesses20. For example, the global model formulation for radiation and
cloud microphysics processes is similar to that used in regional and
high-resolution models because the formulation accounts for the basic
small-scale physics, which is similar across these model spatial scales,
even if they require added complexity going to higher spatial resolution.
The formulations are mostly limited by our understanding of physical
process detail needed for parametric representations that define the
spatially averaged impact of the process on momentum and heat fluxes.
On the other hand, deep convection and specific boundary layer pro-
cesses require a higher degree of parametric formulation as they only
occur in small fractions of the grid scale; consequently these parameter-
izations critically depend on which resolution is actually used.

Parameterizations play a fundamental role in determining predictive
skill because they determine key aspects of the simulated weather, such
as clouds and precipitation, as well as temperature and wind. In opera-
tional NWP models, essentially the same formulation for the parame-
terizations is used for scales of 10–100 km in short-to-medium range
forecasts, minimization algorithms used for model initialization, and
seasonal range forecasts. Achieving this element of ‘grid-scale invari-
ance’ while including as much physical process detail as possible has
been a fundamental breakthrough in the recent past.

Ensemble modelling
Early in the twentieth century, Poincaré21 recognized that forecasts of
nonlinear systems can vastly differ if small perturbations are applied to
the initial conditions, and that this difficulty could be fundamental in
limiting predictive skill. In the 1950s, Thompson performed one of the
first quantitative estimates of initial errors growing during the forecast22,
while Lorenz23 formulated this understanding more holistically and
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Figure 2 | Physical processes of importance to
weather prediction. These are not explicitly
resolved in current NWP models but they are
represented via parameterizations describing their
contributions to the resolved scales in terms of
mass, momentum and heat transfers.
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Fehlerquellen

Manchmal passt die Wettervorhersage nicht perfekt.
Was sind mögliche Fehler?

• zu wenig oder zu ungenaue Beobachtungen

• Fehler in der Analyse

• Vereinfachung der Natur

• unbekannte Prozesse in der Atmosphäre

• numerische/mathematische Approximation

• Rundungsfehler beim Berechnen

• . . .

• die Atmosphäre selbst ist ein chaotisches System
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Chaos-Theorie

Chaos-Theorie (Lorenz 1963), bekannt geworden als der
Schmetterlings-Effekt.
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Numerische Wettervorhersage

Ensemble-Vorhersagen
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Numerische Wettervorhersage

Ensemble-Vorhersagen
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Entwicklung Vorhersagegüte

Improvements

Anomalie-Korrelations-Koeffizient 500 hPa Geopotential, ECMWF.int.
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Die Wettervorhersage

+1 +14+7+3+2

Radarbild: https://metradar.ch, Blitzmessung:

https://blitzortung.org.
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