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Numerical Weather Prediction-NWP

• The only way to predict the 

weather and the climate are 

the NWP models

• NWP models incorporate as 

many physically meaningful 

models of the atmospheric and 

surface processes as possible 

given computational 

constraints

• Coupled 

atmosphere/ocean/land 

models become even more 

sophisticated to incorporate 

the feedback between the 

atmosphere and underlying 

water surfaces
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Atmospheric model definition

• Atmospheric models are set of partial differential equations
defining the basic atmospheric variables (temperature, wind,
geopotential, humidity, pressure)

• They describe the spatiotemporal state of the atmospheric
conditions

• Atmospheric models incorporate as many physically meaningful
models of surface processes as possible (given computational
constraints) to make accurate forecasts
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NWP principles

• Certain physical laws of motion and

conservation of energy (for example,

Newton's Second Law of Motion and the First

Law of Thermodynamics) govern the

evolution of the atmosphere

• Vilhelm Bjerknes first recognized that NWP

was possible in principle in 1904

• He proposed that NWP could be seen as an

initial value problem in mathematics:

⚠ since equations govern how

meteorological variables change with time, if

we know the initial condition of the

atmosphere, we can solve the equations to

obtain new values of those variables at a later

time (i.e., make a forecast)

ATMOSPHERE AND CLIMATE DYNAMICS GROUP-2022



NWP fundamental concept

 To mathematically represent an NWP model in its simplest form,

we write:

 ΔA equals the change in a forecast variable at a particular point

in space

 Δt equals the change in time (stands for the timestep)

 F(A) represents terms that can cause changes in the value of A

 In NWP, future values of meteorological variables are solved for

by finding their initial values and then adding the physical forcing

that acts on the variables over the time period of the forecast.

This is stated as:

 where F(A) stands for the combination of all of the kinds of

forcing that can occur
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NWP primitive equations

 The five equations govern

changes in the motion and

thermodynamics of the

atmosphere and are derived

from the set of conservation

laws of momentum, mass,

energy, and moisture

 This set of equations is

considered to be closed and

complete (meaning that we can

forecast values of all terms by

solving each of the equations in

the proper sequence):

 All equations use the same

basic forecast variables (u, v, ω,

T, q, and z)
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Finite differences approach

 Let the numerical solution of the moisture equation

 It only includes 1-D moisture advection terms

 It is a simplified form of the Eq. (4)

 Its numerical solution is based on the finite differences method

 How do the terms of this equation represent on a 3-D grid?
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Data Assimilation (DA)

• NWP is an initial/boundary

value problem

• Given an estimate of the

present state of the

atmosphere (initial conditions)

appropriate surface and lateral

boundary conditions the model

simulates or forecasts the

evolution of the atmosphere

• The more accurate the

estimate of the initial

conditions, the better the

quality of the forecasts

• This approach is called data

assimilation
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The DA concept

• ...[the atmosphere] "is a chaotic system in which errors

introduced into the system can grow with time... As a

consequence, data assimilation is a struggle between chaotic

destruction of knowledge and its restoration by new

observations"

Leith (1993)
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The DA problem

• NWP models: elements > 107 ( 5 × n × m × L )

• No. of obs. << No. of (unknown) elements in Ԧ𝑥

• Need to fill-in the missing information with prior knowledge

The state vector Ԧ𝑥 The observation vector Ԧ𝑦
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Variety data combination
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DA methods

Variational analysis. It is based on optimal control theory and the

aim is to minimize a given cost function that measures the model-

to-data misfit

• Least Squared method

• Optimal Interpolation (OI)

• Three-Dimensional Variational assimilation (3D-Var)

• Four-Dimensional Variational assimilation methods (4D-Var)

Sequential methods. The observations are assimilated as soon

as they become available

• Kalman Filter (Kalman Filter), Extended Kalman Filter and

Ensemble Kalman Filter
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How it works…

• We want to measure the temperature in a room, and we have two

thermometers that measure with errors

𝑇1 = 𝑇𝑡 + 𝜀1; 𝑇2 = 𝑇𝑡 + 𝜀2

• We assume that the errors are unbiased 𝜀1 = 𝜀2 = 0

• Variances 𝜀1
2 = 𝜎1

2; 𝜀2
2=𝜎2

2

• The errors of the two thermometers are uncorrelated 𝜀1𝜀2 = 0

• The question is: how can we estimate the true temperature (Tt)

optimally? We call this optimal estimate the “analysis of the

temperature (Ta)”
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How it works…

• We try to estimate the analysis from a linear combination of the

observations 𝑇𝑎=𝑎1𝑇1 + 𝑎2𝑇2

• Assume that the analysis errors are unbiased 𝑇𝑎=𝑇𝑡

• This implies that 𝑎1 + 𝑎2=1

• Τα will be the best estimate of Tt if the coefficients α1, α2 are

chosen to minimize the MSE of Τα

• 𝜎𝛼
2 = (𝑇𝑎 − 𝑇𝑡)

2= [𝑎1 𝑇1 − 𝑇𝑡 + 1 − 𝑎1 𝑇2 − 𝑇𝑡 ]
2

• Minimizing a function
𝜕𝜎𝑎

2

𝜕𝑎1
= 0 (Fermat)
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How it works…

• Minimizing
𝜕𝜎𝑎

2

𝜕𝑎1
= 0 ⇒ 𝑎1 =

𝜎2
2

𝜎1
2+𝜎2

2 ; 𝑎2 =
𝜎1
2

𝜎1
2+𝜎2

2

• 𝑎1 =

1

𝜎1
2

1

𝜎1
2+

1

𝜎2
2

; 𝑎2 =

1

𝜎2
2

1

𝜎1
2+

1

𝜎2
2

• In the first formula the weight of obs 1 is given by the variance of

obs 2 divided by the total error

• In the second formula the weights of the observations are

proportional to the "precision" or accuracy of the measurements

(defined as the inverse of the variances of the observational

errors)
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How it works…

• Two measurements and an optimal linear combination (analysis)

𝑇𝑎=𝑎1𝑇1 + 𝑎2𝑇2

• Since 𝑎1 + 𝑎2=1

𝑇𝑎=𝑇1 + 𝑎2 𝑇2 − 𝑇1

• Optimal coefficients (min 𝜎𝑎
2 ) 𝑎1 =

𝜎2
2

𝜎1
2+𝜎2

2 ; 𝑎2 =
𝜎1
2

𝜎1
2+𝜎2

2

𝑎1 =

1
𝜎1
2

1
𝜎1
2 +

1
𝜎2
2

; 𝑎2 =

1
𝜎2
2

1
𝜎1
2 +

1
𝜎2
2

• Replacing, we get

𝜎𝑎
2 =

𝜎1
2𝜎2

2

𝜎1
2+𝜎2

2 , or
1

𝜎𝛼
2 =

1

𝜎1
2 +

1

𝜎2
2
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How it works…

• Assume that T1=Tb (forecast) and T2=T0 (observation)

𝑇𝑎=𝑎1𝑇𝑏 + 𝑎2𝑇0 = 𝑇𝑏 + 𝑎2(𝑇0 − 𝑇𝑏)

• A forecast and an observation optimally combined (analysis)

𝑇𝑎=𝑇𝑏 +
𝜎𝑏
2

𝜎𝑏
2+𝜎0

2 (𝑇0 − 𝑇𝑏)=𝑇𝑏 +𝑤 (𝑇0 − 𝑇𝑏)

1

𝜎𝛼
2 =

1

𝜎1
2 +

1

𝜎2
2

• If the statistics of the errors are exact, and if the coefficients are

optimal, then the "precision" of the analysis (defined as the

inverse of the variance) is the sum of the precisions of the

measurements

• Least squared method
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Summarizing the theoretical background

𝑇𝑎=𝑇𝑏 +
𝜎𝑏
2

𝜎𝑏
2+𝜎0

2 𝑇0 − 𝑇𝑏 = 𝑇𝑏 +𝑤 [𝑇0 − ℎ 𝑇𝑏 ]

• Analysis = background + optimal weight x (observational

increment)

• Observation operator: model variables => observed variables

• Optimal weight = background error variance/total error variance

• Precision = 1/error variance

• Analysis precision=background precision + obs precision

• We assume no bias, no error correlation
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The variational approach

• We have a forecast Tb (prior) and a radiance obs 𝑦0 = ℎ 𝑇𝑡 + 𝜀0

• The new information (or innovation) is the observational

increment 𝑦0 − ℎ 𝑇𝑏

• From a 3D-Var point of view, we want to find a Ta that minimizes

the cost function J: 𝐽 𝑇𝑎 =
(𝑇𝑎−𝑇𝑏)

2

2𝜎𝑏
2 +

ℎ(𝑇𝑎 −𝑦0)
2

2𝜎0
2

• This analysis temperature Ta is closest to both the forecast Tb

and the observation yo and maximizes the likelihood of Ta ~Tt

given the information we have

• It is easier to find the analysis increment Ta -Tb that minimizes

the cost function J
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3DVar/4DVar

 3D-Var based on the 3D cost function minimization

• B is the model error covariance matrix; R is the observational 
error matrix (diagonal);

• xa is the control variable; xb is the background field;

• H is the observation operator (nonlinear); y is the observation

𝐽4𝐷𝑉𝑎𝑟 = min
1

2
[ 𝑥0 − 𝑥𝑏

𝑇𝐵−1 𝑥0 − 𝑥𝑏 + σ𝑖=1
𝑠 𝐻𝑥𝑖 − 𝑦𝑖

𝑇𝑅𝑖
−1(𝐻𝑥𝑖 − 𝑦𝑖)]

𝐽3𝐷𝑉𝑎𝑟 = min
1

2
𝑥𝑎 − 𝑥𝑏

𝑇
𝐵−1 𝑥𝑎 − 𝑥𝑏 + 𝐻𝑥𝑎 − 𝑦 𝑇𝑅−1 𝐻𝑥𝑎 − 𝑦

Distance to background Distance to observations

Distance to background

at the initial time

Distance to observations in a

time window interval t0-t1



Minimizing the cost function

• The problem reduces to an optimization problem in 107

dimensional phase space
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Schematic representation of gridded analyses
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Nowcasting

• Nowcasting is a form of very 

short-range weather 

forecasting (usually up to 6 

hours) based on very fined 

observational data (Kalnay, 

2003)

• It usually runs every 1 hour 

(analysis cycle) or even 

shorter and provides 3hr 

forecasts on very high 

resolution (eg. 1km)
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Nowcasting vs NWP forecast skill
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Basic components

 Data Acquisition and Quality Control

 Univariate Analysis of the

• Temperature

• Winds

• Water Vapor

• Clouds

➢ Microphysical variables

➢ Vertical motions

Data Univariate

Analysis

Analysis

Merging/

Balancing

NWP

Model

Initialization/

Prediction

Generate 

analyses and 

nowcasts

Reconcile 

gridded fields; 

force 

consistency 

based on 

atmospheric 

scale

Force geometric 

smoothing 

constraints to 

interpolate  data 

to high res. 

grids

Diverse data 

sets
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Local Analysis and Prediction System (LAPS)

✓ NOAA’s Local Analysis and Prediction System (LAPS) is an

advanced mesoscale meteorological data assimilation tool

designed to exploit all available data sources (local and global)

and produce analyzed and guessed grids (Albers, 1995)

✓ LAPS incorporates a number of surface and upper air

observations (METAR/SYNOP, satellite, soundings, radar, etc) to

produce high spatial and temporal resolution analysis fields

✓ It is based on the traditional objective analysis scheme using the

cost function approach in order to minimize differences between

the analysis and the observational fields

✓ Currently, LAPS has been ported in various European institutes

and universities to support operational and research activities
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Common data formats
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The Binary Universal Form for the 

Representation of meteorological data (BUFR)

✓ BUFR was created in 1988 with the goal of replacing the WMO's

dozens of character-based, position-driven meteorological

codes, such as SYNOP (surface observations), TEMP (upper air

soundings) and CLIMAT (monthly climatological data)
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LAPS nowcasting development and 

evaluation
 A simplified forward advection scheme has been embedded in

LAPS in order to overcome the 'spin up' period which routinely

appears in the conventional numerical weather predictions

(NWP)

 This way LAPS is able to advance the meteorological

parameters in time and provide an estimation of future conditions

3 hours ahead from the analysis hour

 In order to examine the capabilities of the system against 

conventional NWP, the WRF model with the NMM core was run 

in operational mode for the same time period

 Using the model output for the same forecast window (1-3 hrs), 

which is part of the model 'spin-up' time, WRF-NMM was 

evaluated having as reference the same station data
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LAPS advection scheme

 Simple first order advection scheme in 2 dimensions (x,y)

 Solving the advection equation for various meteorological

parameters (Temperature, Precipitation, Humidity)

 and (1)

 C is the Courant number defined as and

 Equations (1) can be written as (2)

 First the Courant number is calculated in order to see if the time-

step selected assures the stability of the formulation

 By solving equation (2) we can find the value of the parameter at

time t+1 using information at time t
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LAPS nowcasting evaluation

 The performance assessment of the system has as reference the 

surface measurements available from the WMO network

 The available surface observations from more than 500

conventional stations were used to verify and compare 

categorical near to analysis forecasts for one month period

 Furthermore in order to examine the capabilities of the system 

against conventional NWP, the WRF model with the NMM core 

was run in operational mode for the same time period

 Using the model output for the same forecast window (1-3 hrs), 

which is part of the model 'spin-up' time, WRF-NMM was 

evaluated having as reference the same station data

 Spyrou C. V.M. Nomikou, A. Papadopoulos and P. Katsafados, 

2017: “LAPS nowcasting – Development and evaluation”. 2nd 

European Nowcasting Conference (ENC), 03-05 April 2017, 

DWD, Offenbach, Germany
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 LAPS-046-13

 Horizontal resolution: 15x15km

(550x425 grid points), 43 vertical levels

 Background fields: GFS 0.25°x0.25°, 

26 isobaric levels up to 50 mb, 

assimilated cycles 00, 06, 12, 18UTC 
(NCEP is acknowledged for the data provision) 

 Assimilated data: METAR/SYNOP and 

RAOB, EUMETSAT Multi-Sensor 

Precipitation Estimate (MPE), NOAA’s 

QMORPH product

 WRF-NMM (ver3.0)

 Horizontal resolution: 0.09°x0.09°

(305x273 grid points), 38 vertical  levels

 IC & BC: GFS 0.5°x0.5°, 26 isobaric 

levels up to 50 mb, cycle 12UTC

LAPS-WRF configuration

Evaluation period

29/1-16/2/2017
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LAPS-WRF temperature evaluation
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LAPS-WRF temperature evaluation
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LAPS-WRF wind speed evaluation
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LAPS-WRF wind speed evaluation
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LAPS-WRF aggregated statistics

LAPS
Temperature Wind speed

Bias RMSE Bias RMSE

+1 -0,534 1,984 0,212 2,031

+2 -0,557 2,166 0,347 2,142

+3 -0,246 2,398 0,544 2,303

WRF
Temperature Wind speed

Bias RMSE Bias RMSE

+1 -0,541 2,715 0,728 2,2

+2 -0,706 2,758 0,921 2,305

+3 -0,646 2,416 0,848 2,306
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LAPS temperature evolution
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LAPS precipitation evolution
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Relevant textbooks. THANK YOU
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