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Meteorology-chemistry interactions 

Meteorology’s impact on chemistry Chemistry’s impact on meteorology

+ Shallow and deep convective mixing affect concentrations
+ Resolved and sub-grid clouds affect photolysis rates and indirectly biogenic VOC fluxes
+ Meteorology modulates anthropogenic and biomass burning emissions, plume rise

Baklanov et al., ACP 2014

These processes are parameterized in various air quality models with different 
complexity. Some of the processes are not treated or poorly parameterized in 
models.
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Offline and online air quality (AQ) models

Baklanov et al., ACP 2014
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On- and off-line atmospheric chemistry models

Advantages of online coupled models:

 The online approach represents the atmosphere more realistically, since in reality the processes are all intertwined. The errors 
introduced by the offline approach for air quality forecasting can be quite substantial as the resolution is increased.

 For air quality forecasting, the online approach is numerically more consistent. No interpolation in time or space is required, although 
some time interpolation could be added to gain a computational advantage. Physical parameterizations as well as atmospheric 
transport are the same. This is especially significant for studies of the aerosol indirect effect or when aqueous phase processes are of 
importance. Feedback mechanisms can be considered.

 For weather forecasting, inclusion of online chemistry may directly improve the medium range forecasts (1 to 5 days). It may also
indirectly improve the forecasts through improving the assimilation of meteorological data.

 The needed closer interaction between atmospheric physicists and chemists will lead to improvements in both the NWP as well as the 
atmospheric chemistry modeling approaches.

Advantages of offline models:
 Low computational cost, esp. if meteorological output is already available from a forecast run or observations. This is of particular 

interest for regulatory agencies that need to perform many simulations with different chemical assumptions (such as emissions input). 
This is also of interest on coarser resolutions

 There exists more flexibility in specifying ensembles with lower computational cost in an offline approach. This is probably most 
significant for regulatory agencies, but also for emergency response, where a multitude of ensembles can quickly be run.

Grell and Baklanov et al., AE 2011



DEFINITIONS

Offline: A chemical transport model is run using output from 
meteorological model

 Single or two different numerical models
 Weather forecast completed, then chemistry

 Wind fields and thermodynamic fields are interpolated
 Space: different computational grids
 Time: often using weather from hourly output

 Different physical parameterizations 
 No feedback to meteorology 
 Computationally cheaper if running chemistry repeatedly with same meteorology

with higher and higher resolution:
 Convective storms more and more resolved by met-model: Scale separation does 

not exist, and offline run does not have the time resolution to estimate the vertical 
mass flux

 Increasing variability in meteorological fields
 No feedback to meteorology



7

History of the development of atmospheric chemistry models

Zhang Y., ACP 2008



8

Some examples of online and offline models

 Regional online models: MM5-Chem, WRF-Chem, BRAMS

 Global online models: Fim-Chem, AM3, MPAS, CAM-Chem, GEM-MACH, C-IFS (ECMWF)

 Online access models: WRF-CMAQ, COSMO-MUSCAT

 Regional offline models: CMAQ, CAMx, CHIMERE

 Global offline models: GEOG-Chem, MOZART, TM5 

 Lagrangian dispersion models: FLEXPART, HYSPLIT, STILT

+ Many other models that you’re going to learn about at this colloquium!

I am going to present some applications of the MM5-Chem and WRF-Chem models to 

demonstrate advantages of online coupling.



MM5-Chem model (predecessor of WRF-CHEM)
• MM5-Chem (Grell et al. 2000)

 No mass conservation
 1-way and 2-way nesting capable
 Height-based vertical coordinate
 Chemistry:

• Online
• Model-based grid-scale transport
• Subgrid-scale transport by turbulence
• Subgrid-scale transport by convection

• Dry deposition (Wesley), 
• Biogenic emissions (Guenther et al.)
• RADM2 chemical mechanism 
• Photolysis (Madronich)
• MADE/SORGAM aerosols



Weather Research and Forecasting coupled with Chemistry (WRF-Chem)
http://ruc.noaa.gov/wrf/WG11/



Main features and capabilities of the WRF-Chem model
http://ruc.noaa.gov/wrf/WG11/
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METHODOLOGY

Use MM5-Chemistry and WRF-Chemistry model
1 online simulation each

 Winds (u,v,w) output every time interval

several offline simulations each
 Meteorology and chemistry coupled at different 

time intervals
 Meteorological fields are time averaged, therefore mass 

consistent

 Linearly interpolated meteorology between coupling times



SIMULATION DOMAINS MM5-CHEM

D01

D03

 D01 (Domain 1)
 110x135 @ 27 km horiz. res.

 D02 (Domain 2)
 88x82 @ 9-km horiz. res.

 D03 (Domain 3)
 100x110 @ 3-km horiz. res.

 29 Vertical levels
 Vertical stretched 

~ 7m @ lowest level
~300 m @ 2 km AGL

DX=3KM

Cloud Resolving Simulation



SIMULATION DOMAIN FOR WRF-CHEM
 D01 (Domain 1)

 171x181 @ 12 km horiz. res.

 35 Vertical levels
 Vertical stretched 

~ 7m @ lowest level

~300 m @ 2 km AGL

Not completely cloud resolving resolution, but compatible to 
resolution used by current operational models



 Online simulation coupling interval 
 10 s (MM5/chem), 60s (WRF/Chem)

 Offline Meteorological coupling intervals
 1 h
 ½ h
 10 min

 Saved wind data every time step
 Purpose: frequency analysis
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What is the effective resolution of Eulerian models?
Grell and Baklanov et al., ACP 2011
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MM5-Chem

Let’s look at extreme case: Cloud resolving, front 
moving through the area
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FREQUENCY ANALYSIS

Fixed Height
 Around 500 m AGL

horizontal 4 h 
time period
 1700 to 2100 UTC



W POWER SPECTRUM

Large variations at 
short time scales
 MM5 uses 

time/space 
numerical filters



Fraction of total variability that is captured (x1000), level 10

1h

10 min

MM5/Chem, 
dx=3km
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ONLINE VS OFFLINE SIMULATIONS

 Average CO and O3
mixing ratios

 Significant differences 
even using 10 min 
meteorological updates

MM5/Chem, dx=3km



E-W cross section of difference in ozone concentrations, 
online/offline, 1-hr   18Z



MM5 AMPS /Antarctica 
20 Sept 2003, dx = 10 km

COAMPS  BAMEX 
2 June 2003, dx = 10 km

WRF-ARW BAMEX 
1 – 3 June 2003, dx = 10 km

Spectra for three different models: MM5, COAMPS and WRF



Fraction of captured variability using WRF/Chem, dx=12km, centered at 14Z

Level 10, “normal” day, no severe convection

60 min 10 min



WRF-Chem modeled carbon monoxide time series, averaged over an area



WRF-Chem modeled ozone time series, averaged over an area
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Studying chemistry-weather feedback using WRF-Chem
Fast J. WRF-Chem
tutorial presentation, 2015
Available at 
http://ruc.noaa.gov/wrf/WG11/Tutorial.
html



• WRF-Chem simulation, which includes direct and indirect feedback, and the state of the art secondary

organic aerosol (SOA) parameterization based on the volatility basis set approach, with direct and indirect

cloud feedback, evaluated in Europe with data from a field campaign (Tuccella et al., GMD, 2015)

The 17–19 May 2008 averages of droplet effective radius at cloud top (first row), retrieved using MODIS-
aqua observations (first column), predicted by model in the references run (CTRL, second columns) and 
sensitivity test without SOA (NOSOA, third column).

Studying chemistry-weather feedback using WRF-Chem
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Studying chemistry-weather feedback using WRF-Chem
Wildfires in Alaska, 2004

No feedback With feedback

Grell et al., ACP (2011 )



30

Studying chemistry-weather feedback using WRF-Chem

Difference between the model cases with and w/o fires for an area over Alaska 

Grell et al., ACP (2011 )
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M.Bela et al. (WRF-Chem
tutorial)

To calculate plume rise we need to know heat flux. 
The traditional approach in WRF-Chem to calculate plume rise:
Use constant fire released heat flux numbers for a given land use class, 
e.g. Tropical Forest: min and max heat flux = 30, 80 kW/m2

New approach recently implemented in WRF-Chem:
Heat flux ~ FRP/ burnt_area
FRP measured by satellites 
Burnt_area is determined by using fire size

Biomass burning emissions in WRF-Chem
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Another application of a coupled AQ model (wildfires and air quality)

 Based on the WRF-Chem model, run with two tracers 

emitted as PM2.5 from wildfires and anthropogenic 

emissions 

 Run in real-time at NOAA  Earth System Research 

Laboratory in Boulder

 3km resolution CONUS domain 

 1080x1059 grid cells, 50 vertical levels

 Biomass burning emissions are calculated in real-time using 

VIIRS Fire Radiative Power data

 Biomass burning emissions are calculated on the same grid 

as WRF-Chem

 Meteorological input and boundary fields come from another 

real-time meteorological runs (with data assimilation) using 

the same domain and settings.

The High-Resolution Rapid Refresh (HRRR) – Smoke 
modeling system

http://rapidrefresh.noaa.gov/HRRRsmoke/
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Smoke forecast for yesterday morning

No need to interpolate BB emissions, meteorological fields from other global 
models. Fire plume rise is simulated in an online mode using simulated meteorology 
on the same grid! Smoke impact on numerical weather prediction will be studied. 

Several advantages of using an online model for such application!



The highest ozone pollution in the US during 2013
was detected during winter over the Uinta Basin, UT!

Explaining wintertime ozone pollution in an oil/gas basin using WRF-Chem



The dry deposition and photolysis schemes in WRF-Chem

were modified to take into account effect of snow cover

Importance of tight coupling between meteorology and 
chemistry in cold-pool like meteorological conditions



WEST-EAST CROSS-SECTION THROUGH THE UINTA BASIN

O3 (ppbv)

50
40

60
70
80
90
100
110
120

2/5/13 06:00 MST 2/5/13 14:00 MST

Nighttime and Early Morning
• Strong drainage flow
• Complicated circulation within Basin
• O3 from previous day trapped

Daytime
• Light winds within Basin
• Low Mixing Heights
• Significant O3 buildup in shallow layers

Ahmadov et al., ACP, 2015

To accurately simulated such multi-day stagnant weather 

conditions tight coupling between meteorology and 

chemistry is necessary. 



O3 distribution over a surface site on February 5th, 2013

Tethersonde observations WRF-Chem model
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Needs and future directions in development of online models

 Online anthropogenic emissions processing using simulated meteorology (e.g. plume rise)

 Inline mixing of chemical species in boundary layer and cumulus parameterizations 

 Vertical mixing of chemical species by shallow convection parameterizations

 Development of new parametrizations for biogenic VOCs fluxes that are more consistent with meteorological 

parameterizations (e.g. using the same land use and vegetation greenness maps for meteorological and chemistry 

parameterizations)

 Feedback of resolved and sub-grid clouds on simulated photolysis rates

 Refinement of parameterizations chemistry-weather interactions (aerosol-cloud feedback in resolved and sub-grid 

parameterizations)

 Possible improvement of numerical weather prediction by including chemistry-weather feedback processes in the models

 Moving towards next generation coupled global coupled meteorology-chemistry models (e.g. NGGPS initiative by NOAA, 

USA), using one modeling framework for both global and regional applications



39

HRRR-CONUS domain (terrain)
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