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DefinitionsDefinitions

• Regional Climate Modeling: a k aRegional Climate Modeling: a.k.a.
– Dynamical downscaling
“Nested” Regional Climate Model (RCMs)– Nested  Regional Climate Model (RCMs)

– Limited‐Area Model (LAM)

N t d t l i th d i id i f• Nested: telescoping the domain grid size from 
an outermost coarse grid size to a inner 
d i t fi id idomain at finer grid size.
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The multiscale problem

Definitions:
• Microscale (10m‐1km).
• Mesoscale (~1 100km)• Mesoscale (~1‐100km).
• Synoptic (~1000km).

Forecasting 
time spend at 
level

• Large‐scale (continental‐hemispheric).
• Combinations… Cold front (mesoscale across; ( ;
synoptic‐scale along).
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GOES Satellite visible 
imagery. Whites indicate 
clouds. Source: 

//http://goes.gsfc.nasa.gov
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…The multiscale problem..
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Energy dissipation: Large Scale to Fine 
lScales

• Climate varies across a wide range of temporal C ate a es ac oss a de a ge o te po a
and spatial scales.

• “Large‐scale climate determines the environment g
for mesoscale and microscale processes that 
govern the weather and local climate, but, 
lik i th t t th i llikewise, processes that occur at the regional 
scale may have significant impacts on the large‐
scale circulation.”scale circulation.  
http://www.mmm.ucar.edu/facilities/nrcm/nrcm.
php
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The atmospheric model: Numerical
l f hSolution of the Primitive Equations

• Navier‐Stokes Equations ofNavier Stokes Equations of 
Motion of the atmosphere: some
terms may be negligible
(“Characteristic scales” ) 
d di f th i l t ddepending of the simulated
phenomena.

• Plus Conservation of Mass,  and 
Thermal Energy Balance 
equations .

Total derivative:
q

• 6 by 6 system of partial
differential equations: u, v, w, P, T, 
Q.
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From Mejia, 2005, Mesoscale simulations…



The need of physical parameterizationp y p

‐Sub‐grid scale processes 
solved as a spatially implicit 
models.
‐Suffer of the scaling 
problem.
‐Larger scale evolution of the 
system controls the sub grid
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system controls the sub‐grid 
processes processes



However: The physics representations are 
scale dependent and highly inter‐relatedscale dependent and highly inter related

Radiation

Surface
Energy
Balance

Vegatetion

Atmospheric
Energy
Balance 

Planetary
boundary and 
surface layer

Clouds and 
precipitationConvection
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precipitation



Horizontal Resolution

At least 5 points to define 
a wave…
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Vertical Resolution
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Atmospheric Models: Numerical
weather prediction and Regionalweather prediction and Regional 

Climate Model
• NWP models and RCMs require 

huge computational resources.
• The spatial scale we resolve• The spatial scale we resolve 

such models:
– Physical parameterizations 
designs for limited scales….

– Computer resources... 
R l t ti– Relevant questions…
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Weather vs Climate ModeWeather vs Climate Mode
Parameter Weather Climate

Sea Surface Temperatures 
(SSTs)

Kept constant as observed 
during initial time 
integration of the model

Prescribed and updated 
regularly, e.g., 6‐hourly or 
daily…From observed or 
i l t d SSTsimulated SSTs

Albedo and Vegetation constant Prescribed fields: e.g., 
based on long‐term
monthly meansmonthly means

Green house gases, ozone, 
and aerosol  
concentrations 

constant Prescribed observed or 
predicted trends

Bottom soil layer constant Updated fields
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Regional Climate Models (Mesoscale
d l )Models)

• The Weather Research and Forecasting (WRF) Model 
http://www.wrf‐model.org/index.php: NCAR, 
NOAA/NCEP, FSL, FWA, NRL, Univ. of Oklahoma, FAA.

• CRCM – Canadian Regional ModelCRCM  Canadian Regional Model  
http://cccsn.ca/?page=download‐crcm

• ECPC RSM – Scripps Regional Spectral Model 
MM5 NCAR/PSU d l• MM5 – NCAR/PSU model

• HadRM3 ‐ Hadley Center regional model v. 3
• Regional Climate Model (RegCM): The InternationalRegional Climate Model (RegCM): The International 
Centre for Theoretical Physics 
http://users.ictp.it/~pubregcm/RegCM3/
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Appropriate Spatial‐Temporal scalesAppropriate Spatial Temporal scales

• Large‐scale climate determines the environmentLarge scale climate determines the environment 
for mesoscale and microscale processes that 
govern the weather and local climate.g

• The finer the scales the better the model 
solutions?solutions? 
Well, we know that topography, lakes and land‐
sea contrast, vegetation and land use are bettersea contrast, vegetation and land use are better 
represented…….

• but are the physical schemes scale‐invariant?but, are the physical schemes scale invariant?
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…Appropriate Spatial‐Temporal scales…Appropriate Spatial Temporal scales

• Consequently the model can better resolve the• Consequently, the model can better resolve the 
effects of underlying topography/surface forcing 
and mesoscale circulations. Examples of these are 

l f d b hprocesses strongly forced by topography:
– orographic precipitation
– monsoon circulationsmonsoon circulations.

However,
• The sensitivity of physics parameterizations to y p y p
model grid‐spacing may overwhelm any benefits 
of higher resolution simulation.
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topography comparisontopography comparison
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RCM domain Global Climate Model 
(GCM) provides the 
lateral boundary 

GCM

conditions (LBC) for the 
RCM 

GCM

GCM GCM
l

GCM
It is impractical to run a 
Atmospheric and 
Oceanic GCMs (AGCM and 
OGCM) at scales ~ 10km

Nested RCM for dynamical downscaling over the SW North America (at 36 km grid
GCM

)

Nested RCM for dynamical downscaling over the SW North America (at 36 km grid 
size), the Great Basin (at 12km grid size) & Tri-State, and Nevada (at 4km grid size). 
Gray shadings represent approximate location of the Great Basin region. 
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The importance of the Lateral 
d d ( )Boundary Conditions (LBCs)

• RCM solution vary with:y
– Size of the computational domain, 
– Location
– Season 

• LBCs provided with  high temporal resolution to 
capture the temporal variations of large‐scale flowcapture the temporal variations of large scale flow. 

• Some RCMs also use “nudging” or relaxation of large 
scales in the interior of the domain; minimizes 
distortion of the large scales inside the RCMs domain, 
although it can also HIDEmodel biases. 
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Regional Climate Model:
Weather and Research Forecasting (WRF) model

Maintained by NCAR http://wwwwrf‐model org/Maintained by NCAR http://www.wrf model.org/

Does physic schemes selection affect the predictions?

Microphysics (MP); short- and long-wave radiation (Rad); Land Surface Model 
(LSM); Planetary Boundary Layer (PBL); Cumulus physics (Cu) 24NSF EPSCoR Tri‐State Meeting, 

Albuquerque, NM,2011.



From GCM ~250km to 4km
Mean TemperatureMean Temperature
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Day-to-day Variability
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Monthly Means
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RMS Error: Minimum Temperature
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Regional Climate Modeling:
Weather and Research Forecasting (WRF) model

Microphysics (MP); short- and long-wave radiation (Rad); Land Surface Model 
(LSM); Planetary Boundary Layer (PBL); Cumulus physics (Cu) 29NSF EPSCoR Tri‐State Meeting, 
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Daily Rainfall Thresholds
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Cross section details of precipitation: 36, 12, and 4 km grid size
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Wly‐NWly
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Problematic boundary conditions

Third Coupled 
Model Inter-
comparison 
Project
(CMIP3)(CMIP3)
IPCC‐AR4

GCM Sea Surface Temperature biases (1982-2000) 
When comparing against NOAA Optimum Interpolation SST Analysis V2.0 (OISST)



• SST biases for 17 different  GCMs (CMIP3) 
and NARR w.r.t. NCEP/NCAR reanalysis.

Ensemble mean

• Period 1982‐2000.
• Ideally, ensemble average has better skill 

than a single model.
• But in this case, the models in the ensemble 

have systematic errors
• The ensemble itself is out of the solution 

domain with seasonal dependence. 



T2m
(°C)

Precip
(%)

Ensemble mean



D02 (12km)

(May-Sept)

(Nov-Mar)



Integration with Hydrological and 
Groundwater ModelGroundwater Model

Also needed…Also needed…
Bio‐ecology 
(vegetation dynamics),
Socio‐economical 

d l (l d )models (landscape)
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Integration with Air Pollution Models

Japan Radiation Plume: 03/12 03/18; Meteorology fromWRF 30km + Dispersion Model
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Summary

• Grid size and regime dependence. However, 
finner-resolution does not translate into overall 
b tt i l tibetter simulations.

o In our example 36 km runs does provideo In our example, 36 km runs does provide 
better error statistics, while 4 km runs 
improve spatial distribution. (non-linear 
interactions, dynamics).

• Sensitivity to physics schemes selection• Sensitivity to physics schemes selection 
reveals some potential for regional 
optimization.p
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Summary
• Daily rainfall:

o model overestimates rainfall amounts with large 
scale dependencyscale dependency.

o model underestimates frequency of small events 
and overestimates frequency of large event. 

• Daily Tmin and Tmax:• Daily Tmin and Tmax:
o Tmin warmer than observed
o Tmax colder than observed

Whil ld th di l l diffo While colder months display larger differences.

• Simulated biases MUST be corrected!
• ‐ We can either create better physical 
parameterization tools (very expensive!!!)

U bi ti th d ( ff d bl !!)• ‐ Use bias correction methods (affordable!!). 
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Remarks
• Appropriate implementation of the RCM for present 

and future climate dynamical downscaling tool 
requires an immense amount of work/computerrequires an immense amount of work/computer 
resources.

• While statistical downscaling is computationallyWhile, statistical downscaling is computationally 
efficient it does not take care of non-stationarity (e.g. 
trends in the mean and variance).
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Remarks

• “The ability of RCMs to simulate the regional y g
climate depends strongly on the realism of the 
large‐scale circulation that is provided by the 
LBCs”LBCs

• Further reading: IPCC Fourth Assessment Report:Further reading: IPCC Fourth Assessment Report: 
Climate Change 2007; Working Group I: The 
Physical Science Basis; Assessment of Regional 
Climate Projection MethodsClimate Projection Methods 
http://www.ipcc.ch/publications_and_data/ar4/
wg1/en/ch11s11‐10.html
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Simulated Hydro ClimateSimulated Hydro‐Climate 
Variability and Change Data

John MejiaJohn Mejia

Desert Research Institute
Department of Atmospheric SciencesDepartment of Atmospheric Sciences

John.Mejia@dri.edu
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Got RCM data? (1)

• DRI‐RCMDRI RCM
• Lead by the DRI‐Climate Modeling Group(contact: John.Mejia@dri.edu)
• Sponsored by NSF‐EPSCoR, NV
• Based on WRF‐Climate Mode.
• 36 and 12km domains
• NCEP/NCAR, CCSM3 (SRES‐A2, A1Fi, B1)/ , ( , , )
• Up to Hourly

1900’s 2000’s

12 km

36 km

80 90 00 10 20 30 40 50 60 70 80 90

NCEP

CCSM‐
A2
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Got RCM output? (2)Got RCM output? (2)

• The North American Regional Climate ChangeThe North American Regional Climate Change 
Assessment Program (NARCCAP): 
http://www narccap ucar edu/http://www.narccap.ucar.edu/

• Lead by NCAR (Mearns & collaborators)• Lead by NCAR (Mearns & collaborators)
• Sponsored by NSF, DoE, NOAA, EPA
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NARCCAP PLAN 

A2 Emissions Scenario

HADCM3GFDL CCSMCGCM3
CAM3

Time slice
GFDL

Time slice

2041 2070 fid b d di i

Time slice
50km

Time slice
50 km

2041‐2070 future1971‐2000 current Provide boundary conditions

MM5
Iowa State/
PNNL

RegCM3
UC Santa Cruz
ICTP

CRCM
Quebec,
Ouranos

HADRM3
Hadley Centre

RSM
Scripps

WRF
NCAR/
PNNL
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Got GCM Variability and Change data?Got GCM Variability and Change data?

• World Meteorological Organization/WorldWorld Meteorological Organization/World 
Climate Research Programme's (WCRP's)

• Intergovernmental Panel on Climate Change• Intergovernmental Panel on Climate Change 
(IPCC). Fourth Assessment Report (AR4‐2007), 
Fifth AR coming on 2013 14?Fifth AR coming on 2013‐14?.

• Coupled Model Intercomparison Project (CMIP3 
d f AR4 CMIP5 f AR5)used for AR4; CMIP5 for AR5)

• Where can you download these data? 
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WCRP CMIP3 multi‐model dataset
The Program for Climate Model Diagnostics and 

( )Intercomparison (PCMDI) ‐ Lawrence Livermore 
National Laboratory DATA PORTAL

htt // di ll l /http://www‐pcmdi.llnl.gov/
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Special Report on Emissions Scenarios ‐ SRES

• Scenarios of socio‐economical and environmental 
translated into the GCM driving forces: greenhouse gas

Figures adapted from http://www.ipcc.ch/index.htm

translated into the GCM driving forces: greenhouse gas 
and aerosol emissions.
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Couple Atmosphere‐Ocean GCMs 

NSF EPSCoR Tri‐State Meeting, 
Albuquerque, NM,2011. 53



Bias‐Correction and Spatial Disaggregation (BCSD)
Statistical Downscaling Approach:

http://gdo‐dcp.ucllnl.org/downscaled_cmip3_projections/#Welcome
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BCSD
• 1/8th degree (~12km) 

resolution gridded 
Precipitation and SurfacePrecipitation and Surface 
Air Temperature

• Monthly time increments
1950 2100• 1950‐2100

• SRES  A1b, A2, B1
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F2: Use of Climate Records: 

• Downscaled Products 
Intercomparison

• King et al. : Regional Climate 
Modeling activities over 
intermountain Westintermountain West. 

• Thursday 8 April, 3:45pm….
• Room: Bear A&B..
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More on Future Climate ProjectionsMore on Future Climate Projections

• Dynamical DownscalingDynamical Downscaling
– Chris Castro and F. Dominguez: University of 
ArizonaArizona

– UW,  UT, LLNL, PNNL,  Iowa State Univ.

• Statistical Downscaling• Statistical Downscaling
– Walden Von, Brandon Moore: Univ.  of Idaho
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Station based model intercomparisonStation‐based model intercomparison
exercise

John MejiaJohn Mejia

Desert Research Institute
Department of Atmospheric SciencesDepartment of Atmospheric Sciences

John.Mejia@dri.edu
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Evaluating the downscaling techniques 
(l b )(lab exercise):

• Monthly means time increments 1997‐2008.y
• Observation from 3 different surface stations.
• Minimum and Maximum temperature.
• Two GCMS forcing (CCSM3 and NCEP/NCAR reanalysis)
• Statistical and Dynamical (RCM 36km and 12km grid 

i ) d l d d tsizes) downscaled data.
• Error definitions…. Root Mean Square Error, Mean Bias, 
Skill Score.Skill Score.

• Stratification of results: cold season (Dec‐April), warm 
season (Jun‐Sept), all year.....
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From gridded data to station‐based 
data

• Interpolation scheme:Interpolation scheme:
– Nearest neighborhood? 
Bilinear interpolation?– Bilinear interpolation?

z

x

y
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Evaluating the downscaling techniques 
(l b )(lab exercise):

1 Which downscaling technique works better1. Which downscaling technique works better 
using the CCSM3, the statistical or RCM 
methods? 

2. Which GCM works better using the RCM, CCSM3 
or NCEP/NCAR reanalysis?or NCEP/NCAR reanalysis?

3. Which RCM grid size works better, the 36 km or 
the 12 km grid size?the 12 km grid size?

4. Do your answers change if considering i) all year 
ii) only warm seasons or iii) only cold seasons?ii) only warm seasons, or iii) only cold seasons?
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