
Practical aspect for your 
prediction runs / project
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Realtime forecast schedule

A: Getting observation data

B: Data Assimilation run

C: Fast / low computational cost 
model run

D/E: Slow / costly model run



Mesh Design tips
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Grid Spacing & smallest resolved features

Assume tropical 
thunderstorms are 
about 14 km in 
diameter 

Stull 2017  Practical Meteorology
https://www.eoas.ubc.ca/books/Practical_Meteorology/
Chapter 20 Numerical Weather Prediction (NWP)

https://www.eoas.ubc.ca/books/Practical_Meteorology/
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Mesh design
Finest resolution part

● for areas that the thunderstorm / eyewall 
would possibly pass 

○ during the whole simulation
● Grid spacing: <feature length scale> / 7

Surrounding Environment

● Affecting TC track
○ Subtropical high ?
○ Monsoon ?
○ Another TC ?

● Appropriate domain size
● Appropriate grid spacing to resolve feature 

needed 
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Other settings in Mesh Specification
Estimation details

● Preview of transition
● Number of cells estimation is very 

preliminary
○ If you turned on “Boost orography” or 

“Boost coastline”, the resulting number of 
cells may be a lot more than estimated 
#cells (Note the “≥” symbol)

Max. Resolution Gradient:

● If the target of simulation is to predict / 
analyse rain.

● Smooth transition of resolution is 
recommended.

● The default 1/12 may be too steep (while 
economical).

● Recommend 1/36 or even smoother, 
increasing the cost.



Aspects in Real 
Simulations
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Initial Value Problem
Needs Initial Condition (IC) data given only.

Evolution of states is done by the model solely.

Lateral boundary condition (LBC) data must be 
given periodically (e.g. hourly,  or 3 hourly) for 
the lateral boundary (2-D: horizontal boundary 
perimeter x vertical dimension)

Initial Condition
(whole 3-D domain) given

Time-integration

Atmospheric state
Land surface state (soil moisture)

IC LBC LBC LBC LBC timetime
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Initial Condition
Realtime forecasting for the future

US NCEP GFS

● The US NCEP GFS forecast data product.
● Near real-time, some hours of delay
● With GDAS (Global Data Assimilation 

System)

Re-simulate historic event

ERA5

● The ECMWF ERA5 reanalysis dataset.
● The data has a 5 days delay. ERA5 data 

since 1979 shall be available.

FNL

● The US NCEP FNL (Final) Operational 
Global Analysis dataset.

● The data usually has one or two days of 
delay. FNL data since 2015-07-08 shall be 
available.

Should have Data assimilation done
- got all available information of 
observation data
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State Imbalance & Spin-up
Imported Initial Condition or 
Data assimilation introduced 
imbalanced state.

Analogy: 

An extra mass of water is 
added to a grid cell 
“suddenly” (due to inference 
from observation data)

Then this results in spurious 
wave until it is dissipated.
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Throw away the data in the spin-up period
Usually, the first ~12 hours of mesoscale 
(around or >10km grid spacing) atmospheric 
simulation is regarded as the spin-up.

Don’t regard it as a valid forecast. Skip the 
spin-up period in forecast data dissemination 
and analysis.



Simulation Outputs
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Specify what simulation outputs to write to files
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Prognostic vs Diagnostic variables
Prognostic:

● Rate of change formulated in the model.
● Need to simulate its time evolution.

Diagnostics:

● Can be calculated by other prognostic 
variables.



Sub-Grid Scale
Physics Parameterization
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Physics Parameterization applies different length scales

Mesoscale (coarser than ~10km) Convection-permitting (finer than ~4km)
… even finer 

Grey zone for
Cumulus 
parameterization

Grey zone for
Gravity Wave Drag

Grey zone for
Boundary Layer 
turbulence

A number of 
important physical 
processes are not 
resolved by the grid.

Needs various 
formulations to 
calculate 
parameterized 
source and sink 
terms for the PDEs.

Many physical 
processes are 
resolved by the grid.

Turn off those 
parameterization

Variable-resolution mesh needs 
Scale-aware parameterization schemes

Challenging - frontier research underway.
Existing schemes are not perfect, a long way to improve.
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Brief introduction of NWP Physics
Stull 2016 Practical Meteorology

https://www.eoas.ubc.ca/books/Practical_Meteorology/
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Available choices in WRF
https://www2.mmm.ucar.edu/wrf/users/physics/phys_references.html
(Full list and reference to paper)

Accumulation of science community’s 
contributions - very numerous.

https://www2.mmm.ucar.edu/wrf/users/physics/phys_references.html
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Available choices in WRF
https://www2.mmm.ucar.edu/wrf/users/docs/user_guide_V3/user_guide_V3.8/users_guide_chap5.htm#Phys
(Short description of models and options)

https://www2.mmm.ucar.edu/wrf/users/docs/user_guide_V3/user_guide_V3.8/users_guide_chap5.htm#Phys
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Available choices in MPAS-A / CPAS
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Physics Suite

Mesoscale reference Convection permitting
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Do the grid cells resolve cumulus?
Small grid spacing (<3km) 

Convection resolving / permitting. 
Updraft and downdraft may be simulated.

Precipitation calculated by Microphysics alone.
Turn off convection parameterization 

Large grid spacing (>10km)

Grid columns completely contain convective clouds.
Convection not resolved, needs parameterization.

Precipitation calculated by
Microphysics + convection parameterization

Output variable
rainsum 

= 
rainnc 

(non-convective rain by 
microphysics)

+
rainc 

(convective rain by convection 
parameterization)

Wrong if convection 
scheme turned on
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Interactions of Parameterizations
Moisture distribution may also be 
affected by other modules.

Cloud affects radiation.

https://homepages.see.leeds.ac.uk/~lecag/wiser/sampl
e_wiser_files.dir/Physics_Dudhia.ppt.pdf
Overview of WRF Physics

https://homepages.see.leeds.ac.uk/~lecag/wiser/sample_wiser_files.dir/Physics_Dudhia.ppt.pdf
https://homepages.see.leeds.ac.uk/~lecag/wiser/sample_wiser_files.dir/Physics_Dudhia.ppt.pdf
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Microphysics
A emulation of the processes by which moisture 
is removed from the air, based on other 
thermodynamic and kinematic fields represented 
within a model.

Clouds can be resolved but hydrometeors are 
subgrid

Parameterize micro-scale phenomena like:

● Moisture saturation
● Droplet formation & growth / evaporation
● Raindrop / snow / graupel / hail falling

Need to represent hydrometeor particle size 
distribution.
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Simple to complex 
cloud models 
Physics only ?
Physics + Chemistry?
Water only? Aerosol?

Simple: “Single moment”: 

moisture distribution described 
by mass ratio only.

Unit: kg/kg 
weight of moisture / weight of 
dry air

https://ruc.noaa.gov/wrf/wrf-chem/wrf_tutorial_2018/AerosolInteractions.pdf
WRF-Chem tutorial

https://ruc.noaa.gov/wrf/wrf-chem/wrf_tutorial_2018/AerosolInteractions.pdf
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More complicated cloud model

“Double moment”

moisture distribution described 
by mass ratio {q•} and number 
concentration {n•}.

Unit: number of droplets / 
weight of dry air
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Convection Parameterization

https://homepages.see.leeds.ac.uk/~lecag/wiser/sample_wiser_files.dir/Physics_Dudhia.ppt.pdf
Overview of WRF Physics, Dudhia NCAR

https://homepages.see.leeds.ac.uk/~lecag/wiser/sample_wiser_files.dir/Physics_Dudhia.ppt.pdf
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Convection Parameterization Con’t
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Turbulence (Richardson 1922)

Eddies of different sizes. 



https://cpas.earth/ CUHK - ESSC4602 Summer 2022

Numerical approaches

- Direct numerical simulation (DNS)

- Large eddy simulation (LES) first explored by Deardorff (1970)

- Reynolds-averaged Navier-Stokes equation (RANS)



https://cpas.earth/ CUHK - ESSC4602 Summer 2022

Reynolds-Averaged Navier-Stokes equations (RANS)

Reynolds decomposition of the flow variables into mean and perturbation parts,  Reynolds, 
Osborne (1895)

The flow variables can be u, v, w, T and \theta, 

(averaging over a grid volume and period of time)
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RANS

averaging over a grid volume and period of time. 
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RANS

u’, w’ are correlated
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Reynolds-stress term

-Viscous force (molecular viscosity, diffusion by molecular motions). 

-The complete form is Reynolds-stress tensor, is symmetric, the diagonal 
components are normal stress and off-diagonal components are shear stress.
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Theories at a glance (details skipped) 

Eddy viscosity coefficient

Prandtl Mixing Length Theory

Friction velocity on surface layer

log wind profile

Monin-Obukhov Length

Modification of log wind profile
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Review surface layer scheme 



PBL schemes
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Planetary Boundary Layer Scheme

● Monin-Obukhov length L Obukhov, 
A.M. (1946)

○ L>0, when it is stable atmosphere
○ L<0, when it is an unstable atmosphere

● PBL height 
● Diurnal cycle

 



PBL diurnal cycle
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PBL-Daytime(Afternoon)
● Strong surface heating, the virtual potential temperature will decrease with height near the 

surface ground. (close to surface layer)
● Moreover, the convective turbulence or eddies mixes efficiently and it is in the mixed layer.
● Vertical profiles of virtual potential temperature, vapor mixing ratio and horizontal 

momentum. (time-averaged is better)

daytime 
conditions
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Modeling PBL -- YSU scheme Yonsei University Scheme

1. K-profile parameterization (KPP) over the depth of PBL 
2. Another is based on turbulence kinetic energy (TKE)

The KPP was discussed as non-local K -theory [1986] and is supported by large eddy simulation. 
In surface layer scheme, K_m is defined as,

and a simple KPP formula of K_m is,

Troen, I., and L. Mahrt, 1986: A simple model of the atmospheric boundary layer sensitivity to surface 
evaporation. Bound. Layer Meteor., 37, 129–148.

\kappa is von Karman constant(=0.4), 
z is height from surface, 
h is PBL depth, 
p=2 in usual,
w_s is velocity scale at surface (u* is friction velocity 
and \phi_m is stability correction in surface layer)
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The typical variation of eddy viscosity K
From observation,

 O’Brien, J. (1970), A note on the vertical structure of the eddy exchange coefficient in the PBL,J. 
Atmos. Sci.,27: 1213–1215.

u* is the surface friction velocity
w* is the convective velocity scale 
on surface
b is moist air

label a  is at the lowest model level,
label 0 is near surface

[H06]
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Counter-gradient term
In YSU, the counter-gradient term is applied to temperature, water vapor mixing 
ratio and momentum. (details on /physics_wrf/module_bl_ysu.F)
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PBL Structure and Heat flux

 Warner (2011)
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PBL-Daytime(Afternoon)--Example: HK

92-25km mesh, it may not be finer enough

HK 2020-8-14-06 (UTC+8 = 2 pm) by Physics Suite: mesoscale reference (YSU)

Unstable atmosphere: PBL height (hpbl = 1070.5765 m)
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vertical diffusion coefficient K_h, K_m 

(Unstable atmosphere: PBL height(hpbl = 1070.5765 m)
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PBL-Nighttime--Example: HK

HK 2020-8-14-18 (UTC+8 = 2 am) by Physics Suite: mesoscale reference(YSU)

stable atmosphere: PBL height(hpbl = 337.11786 m)
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vertical diffusion coefficient K_h , K_m

stable atmosphere: PBL height(hpbl = 337.11786 m)
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Wind speed with height



How to learn more on
Physics Parameterization 

Schemes
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How to learn more about Physics Parameterizations?
The hard ways:

● Original papers:
○ E.g. How are diagnostics u10 calculated
○ “Surface layer model”

● Reference found in (some) source code
○ Some source code has a documentation 

header section.
○ Not all source code are well-documented

A more digestible way:

● Regular conferences
○ E.g. the P3 microphysics scheme

● Google search for slides and presentations
○ E.g. scale-aware gravity wave drag scheme
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Hard: Finding originating papers - CPAS 
CPAS: User Guide - Real Simulation page

Just a summary of information from WRF for 
user’s convenience.

https://cpas.earth/userguide/realsimulation
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Question: how are t2m, u10, v10 calculated?
Short answer: 

● by the “Surface Layer” scheme
● the lowest layer is usually higher 

than 10m and surely higher than 
2m.

Calculation prepared in a spreadsheet:
https://docs.google.com/spreadsheets/d/1nqeD9wsI1xjlXNMmVYHJJ4lhopKEwCZsqjS2Cbi1Ys4
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Hard: Finding originating papers - WRF 
WRF: Physics Reference page

https://www2.mmm.ucar.edu/wrf/users/physics/phys_references.html
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Hard: Finding source code and references
MPAS github

https://github.com/MPAS-Dev/MPAS-Model/tree/ma
ster/src/core_atmosphere/physics/physics_wrf

Code with documentation header

https://github.com/MPAS-Dev/MPAS-Model/tree/master/src/core_atmosphere/physics/physics_wrf
https://github.com/MPAS-Dev/MPAS-Model/tree/master/src/core_atmosphere/physics/physics_wrf
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Digestible way: Google search and look for …
(Yearly) NCAR WRF & MPAS workshop

2019 Agenda 2020 Agenda 2021 Agenda 2022 Agenda

https://www2.mmm.ucar.edu/wrf/users/workshops/WS2019/workshop19agenda.php
https://www2.mmm.ucar.edu/wrf/users/workshops/WS2020/workshop20agenda.php
https://www2.mmm.ucar.edu/wrf/users/workshops/WS2021/workshop21agenda.php
https://www.mmm.ucar.edu/events/workshops/2022/agenda
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Read more and watch more!
https://www.youtube.com/watch?v=Kmax80kMddk
(54 min video)

What is “gravity wave breaking” ?

What to pay attention to when experimenting the 
implemented parameterization scheme?

https://www.youtube.com/watch?v=Kmax80kMddk


Ensemble Forecasting
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ECMWF’s introduction to Ensemble Forecasting

https://www.ecmwf.int/en/about/media-centre/focus/2017/fact-shee
t-ensemble-weather-forecasting

https://www.ecmwf.int/en/about/media-centre/focus/2017/fact-sheet-ensemble-weather-forecasting
https://www.ecmwf.int/en/about/media-centre/focus/2017/fact-sheet-ensemble-weather-forecasting
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Chaotic nature of the atmosphere
Well-known “Bufferfly effect”. 

Prediction results will be different, given minor 
differences in:

● Initial Condition
● Model and model options

https://en.wikipedia.org/wiki/Ensemble_forecasting

Guidelines on Ensemble Prediction Systems and Forecasting
WMO-No. 1091 © World Meteorological Organization, 2012
https://library.wmo.int/doc_num.php?explnum_id=7773

https://en.wikipedia.org/wiki/Ensemble_forecasting
https://library.wmo.int/doc_num.php?explnum_id=7773
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Composing ensemble members for our CPAS project

Different ICs as ensemble members:

● The latest IC at our role-paly weather 
conference time.

● Available ICs before that latest IC
○ Longer simulation duration needed.
○ Give up information coming from latest 

observation data.

https://en.wikipedia.org/wiki/Ensemble_forecasting#Multi_model_ensembles

https://en.wikipedia.org/wiki/Ensemble_forecasting#Multi_model_ensembles
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People put ensemble forecasting result together to take a glance

Guidelines on Ensemble Prediction Systems and Forecasting
WMO-No. 1091 © World Meteorological Organization, 2012
https://library.wmo.int/doc_num.php?explnum_id=7773

https://library.wmo.int/doc_num.php?explnum_id=7773
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More examples

https://www.encyclopedie-environnement.org/en/air-en/overall-forecast/ http://www.geo-tasks.org/geoss_portfolio/weather_tigge.php 

https://www.encyclopedie-environnement.org/en/air-en/overall-forecast/
http://www.geo-tasks.org/geoss_portfolio/weather_tigge.php

