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Mo4va4on

• Many	
  atmospheric	
  CTMs	
  now	
  include	
  aerosols
–Models	
  s6ll	
  contain	
  large	
  amounts	
  of	
  uncertainty.

• Many	
  methods	
  to	
  decrease	
  uncertainty
–Develop	
  be=er	
  understanding	
  of	
  physical	
  processes.
–Data	
  assimila6on.
–Using	
  ensemble	
  of	
  models.

• This	
  project	
  focuses	
  on	
  4D-­‐Varia6onal	
  data	
  assimila6on
–Requires	
  an	
  adjoint	
  model.

• Currently	
  no	
  other	
  regional	
  CTM	
  has	
  an	
  adjoint	
  that	
  
includes	
  aerosols.
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Aerosol	
  Effects	
  on	
  Climate	
  Change
• Both	
  direct	
  and	
  indirect	
  effect	
  on	
  radia4ve	
  
forcing.
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The Community Multiscale Air Quality (CMAQ) modeling system is utilized by the 
US EPA to develop emission control regulations for air quality improvements and by 
research groups around the world to investigate air pollution. Still, air quality models 
contain uncertainty which drive a continual process of model refinement. 
Developing a constraint on emissions using 4D-Variational data assimilation is a 
valuable method for reducing such uncertainty. Towards this goal, a large 
consortium of researchers are working together to build a complete 4D-Var system 
for CMAQ. The original CMAQ adjoint model was developed for CMAQ 4.5.1 and 
was limited to gas-phase processes. The current effort includes the addition of 
aerosol dynamics and thermodynamics, cloud processes, and heterogenous 
chemistry. The model will also include parallelization, 4D-Variational capabilities, 
and improved modularity. Once the adjoint has been completely implemented and 
validated, the model will be publicly released. 

Checkpointing and parallel efficiency results courtesy of Jaroslav Resler (ICS Prague).

• The I/O in CMAQ Adjoint code has been altered so that particular strategies for I/O operations on 
checkpoint and output files can be chosen at configuration time.  Also different frequency of the 
recording of output files can be configured.

• Current implementations include:
- Serial I/O through IOAPI3/PARIO (equivalent to the present state)
- MPI I/O using the Parallel NetCDF library and NetCDF4/HDF5 libraries
- Multiple local files strategy implemented by direct calls of NetCDF

Tests have been performed to analyze the time to run the CMAQ Adjoint model (Figure 3a), and the 
parallel efficiency of the CMAQ Adjoint (Figure 3b) for various checkpointing methods.

• Bousquet et al., 2005; Intergovernmental Panel on Climate Change (IPCC), 
2007

• Giering, R. and Kaminski, T.: Recipes for Adjoint code Construction, ACM Trans. 
Math. Softw., 24, 437–474, 1998.

• Initial sensitivity calculations 
have been performed to test 
the current adjoint model.

• Tests were performed to 
determine the sensitivity of 
NO2 inert tracer 
concentrations with respect 
to entire species 
concentration array.
- Results are shown for the 

sensitivity of NO2 with

Air quality models are important for EPA efforts to improve health, but models 
contain large uncertainty. This project focuses on reducing uncertainty in 
sources of aerosols by developing a constraint on emissions using 
observations with the 4D-Var data assimilation technique. Through this 
approach, this project will address the following research objectives:
1. More accurately distinguish between natural and anthropogenic sources of 
aerosol.
2. More accurately distinguish between local and long-range sources of 
aerosol.
3. Better predict the effects that policy change will have on the future 
evolution of atmospheric composition.

This research is supported through NASA Applied Sciences Program 
grant NNX09AN77G.

Aerosol Processes in the CMAQ Adjoint
Turner, M.1; Henze, D.1; Hakami, A.2; Zhao, S.2; Resler, J.3; Carmichael, G.4; Stanier, C.4; Baek, J.4; Saide, P.4; Sandu, A.5; Russel, A.6; 

Jeong, G.6; Nenes, A.6; Capps, S.6; Percell, P.7; Pinder, R.8; Napelenok, S.8; Pye, H.8; Bash, J.8; Chai, T.9; Byun, D.9

1University of Colorado at Boulder, 2Carleton University, 3ICS Prague, 4University of Iowa, 
5Virginia Tech, 6Georgia Tech, 7University of Houston, 8USEPA, 9NOAA

Aerosol Dynamics
• Adjoint has been developed for the aero5 aerosol module utilized by CMAQ.
- Individual subroutines have been validated by comparing finite difference 

sensitivities to adjoint sensitivities (See Figure 5a for validation of HCOND3).
- Adjoint of aerosol dynamics has been verified as a whole by the same method 

(See Figure 5b).

Particulate Matter (PM) is an air pollutant consisting of a mixture of solid and 
liquid particles suspended in the air. Knowledge of PM concentrations is 
important for many reasons, two of which are that PM has an adverse effect 
on human health, and PM also has an effect on climate change.  
• Many atmospheric chemical transport models (CTM) have been modified 

recently to include aerosols, however the models still contain considerable 
uncertainty.
• There are many methods to decrease model uncertainty such as:
- Developing a better understanding of physical processes
- Data Assimilation
- Using an ensemble of models

• This project focuses on the 4D-Variational data assimilation technique
- Requires development of an adjoint model for use in inverse modeling of 

a currently existing CTM.
• Currently no other regional chemical transport model has an adjoint that 

includes aerosols.
Effects of PM on Climate Change
Aerosols have both a direct and indirect effect on radiative forcing (Figure 1).
• Direct effect caused by scattering and absorption of solar and infrared 

radiation in the atmosphere
• Indirect effect caused by changes in cloud properties due to aerosols

Figure 1: Aerosol Radiative Forcing Components (IPCC, 2007)
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ISOROPIA Adjoint results courtesy of Shannon Capps (Georgia Tech.)

Aerosol Thermodynamics
• Adjoint of aerosol thermodynamics model ISOROPIA-II has been developed and validated.
- Validation by comparison of adjoint sensitivities to complex variable method (CVM) results (See 

Figure 4).
- Results show significant agreement between adjoint and CVM sensitivities
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Figure 4: (a) Total time of forward and backward run of the model, and (b) Parallel efficiency of the CMAQ Adjoint model in 
different testing configurations.  Testing configuration: Linux cluster, NFS cluster storage, Infiniband interconnection, MVAPICH2

(a) (b)

Figure 4: Comparison of Adjoint sensitivity to CVM sensitivity for Adjoint of 
ISOROPIA-II for (a) NH4+, (b) CL-, (c) HSO4-, (d) NO3-

Figure 5: Aerosol dynamics adjoint validation for (a) subroutine HCOND3, and (b) entire 
aerosol module, excluding aerosol thermodynamics.

(a) (b)

respect to NO2 initial conditions in grid cell (50, 50, 1).
Data obtained from week long adjoint run (transport only) using 

CMAQ input data from April 2008.

Figure 6: Sensitivity of NO2 with respect to initial conditions 
of NO2 in grid cell (50, 50, 1)

• Adjoint models are used for studies that require an estimate of sensitivity of a model output with 
respect to an input.

• In air quality studies, adjoints are often used for data assimilation
• Atmospheric chemical transport models have large amount of uncertainty
• An adjoint model used in conjunction with the 4D-Var 

       data assimilation technique allows model trajectory to be 
       brought as close as possible to observed data (see 
       Figure 2) by varying control variables (emission scaling 
       factors, initial condition scaling factors, etc.)
• To quantify misfit of model prediction, a cost function is 
     introduced
• Cost function is reduced through an iterative process

• Adjoint method has 2 main advantages over finite difference:
• Especially for large number of parameters, adjoint model saves run time
• Computed gradient is exact

Figure 2: Schematic representation of variational 
methods (Giering and Kaminski, 1998)

(a) (b)

(d)(c)

Aerosol	
  Radia4ve	
  Forcing	
  Components	
  (IPCC,	
  2007)

• Both%direct%and%indirect%effect%on%radia.ve%
forcing.
• Direct%effect:
–Sca6ering
–Absorp.on

• Direct	
  effect:
–ScaJering
–Absorp4on

• Indirect	
  effect:
–Changes	
  in	
  cloud	
  
proper4es	
  due	
  to	
  aerosols
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Es4mates	
  for	
  Rela4ve	
  Risks	
  for	
  Mortality	
  and	
  different	
  air	
  pollutants	
  (WHO,	
  2006)
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 Only for hospital admissions due to respiratory dis-
eases in those aged 65+ was there a sufficient number 
of estimates for the WHO meta-analysis of European 
short-term studies on effects of PM on morbidity 
(18). The relative risk for a 10-μg/m3 increase in PM10 
was 1.007 (95% CI 1.002–1.013).

3.3 Intervention studies and evidence for 
a causal relationship between particu-
late air pollution and health effects
Positive effects of reductions in ambient PM concen-
trations on public health have been shown following 
the introduction of clean air legislation. Such posi-
tive effects have also been reported more recently in a 
limited number of studies. 
 Some studies have addressed directly the question 
of whether public health benefits can be shown as a 
result of planned or unplanned reductions in air pol-
lution concentrations. A recent study from Dublin 
documented the health benefits of the ban on the use 
of coal for domestic heating enforced in 1990 (23). 
In the Utah Valley, PM concentrations fell markedly 
during a 14-month strike at a local steel factory in the 
1980s, and mortality as well as respiratory morbidity 
was found to be reduced during this period (24,25). 
It is worth mentioning that toxicological studies have 
been performed to examine whether a change in the 

concentration of inert vs active components in the 
PM fraction could reduce the inflammatory/toxic 
potential of ambient PM. Both controlled human 
exposures (26) and animal studies (27) using Utah 
Valley PM10 sampled before, during and after closing 
of the steel factory showed considerable coherence of 
inflammatory outcomes in the lung and changes in 
airway hyperresponsiveness compared to the epide-
miological findings. The change of toxicity potential 
was attributed to a change in metal (or metal cation) 
concentrations in the PM (28). 
 Studies from the area of the former German Dem-
ocratic Republic reveal a reduction in childhood 
bronchitis and improved lung function along with 
sharp reductions in SO2 and PM concentrations after 
German reunification (29–31). The effect of reduced 
air pollution is, however, confounded with other 
socioeconomic and cultural changes that happened at 
the same time (“westernization”) and so is difficult to 
identify reliably. 
 On balance, these studies suggest that reductions 
in ambient PM concentrations bring about benefits to 
public health that can be observed in the months and 
years immediately following the reduction. (There 
may also be further, delayed, benefits.) However, the 
available epidemiological intervention studies do 
not give direct, quantitative evidence as to the rela-

Note: There were not enough European results for a meta-analysis of effects of PM2.5.  The relative risk for this pollutant is from North American studies and is shown for 
illustrative purposes only. 
Source: WHO (18).

Fig. 3.2. Summary estimates for relative risks for mortality and different air pollutants
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Schema4c	
  representa4on	
  of	
  the	
  benefit	
  of	
  adjoint	
  models	
  (Giering	
  and	
  Kaminski,	
  1998)

•	
  Atmospheric	
  CTMs	
  
contain	
  large	
  amounts	
  of	
  
uncertainty.
•	
  2	
  types	
  of	
  adjoints:

¡Discrete
¡Con4nuous

•	
  In	
  order	
  to	
  quan4fy	
  misfit,	
  cost	
  func4on	
  introduced.
¡	
  Cost	
  func4on	
  then	
  reduced	
  through	
  itera4ve	
  process.

•	
  Adjoint	
  method	
  has	
  2	
  main	
  advantages	
  over	
  FD:
¡	
  Especially	
  for	
  large	
  n,	
  adjoint	
  model	
  saves	
  run	
  4me
¡	
  Computed	
  gradient	
  is	
  exact.

In the context of inverse modeling, it is useful to look at a model of a
physical system as a mapping H of a vector of control variables X onto a
vector of predictions Y. The aim is to infer information about the control
variables X from the model prediction Y. Linearization of the model around
a given point X0 defines the tangent linear model, which is represented by
the Jacobian matrix A(X0) of the mapping H. The tangent linear model
maps variations of the control variables !X onto variations of the model
prediction !Y. The adjoint model is represented by the adjoint A*(X0) of
the Jacobian. It maps in the reverse direction and computes the influence
of the control variables on a given anomaly of the model prediction. A more
detailed introduction to adjoint models is given in Section 2.

Sensitivity analysis is another application of adjoint models [Cacucci
1981]. A tangent-linear model can be used to analyze the impact of small
disturbances. For instance, consider a tangent-linear model of the advec-
tion of temperatures by horizontal currents. If the temperature at one point
is changed, this anomaly is transported downstream and broadened by
diffusion (Figure 3).

In contrast, the adjoint model can be used to analyze the origin of any
anomaly. As shown in Figure 4, a difference at one location can be caused
by propagation of an anomaly from upstream. Thereby, due to the effect of
diffusion, the possible origin of the anomaly is located in a broader area.

In order to forecast the time development of a system, it is useful to know
which initial perturbations amplify most rapidly [Webster and Hopkins
1994]. A perturbation !X implies the largest possible perturbation !Y, if it
points in the direction associated with the dominant eigenvector of the
operator A* A. The eigenvectors are called singular vectors.

Fig. 2. Schematic representation of variational methods. Several trajectories differing in the
respective value of the cast function are displayed.

Recipes for Adjoint Code Construction • 439

ACM Transactions on Mathematical Software, Vol. 24, No. 4, December 1998.



Adjoint	
  Valida4on

• Validate	
  adjoint	
  by	
  comparing	
  Finite	
  Difference	
  
sensi6vi6es	
  to	
  Adjoint	
  sensi6vi6es.
• Finite	
  Difference:
–Run	
  simula6on	
  -­‐-­‐>	
  store	
  output	
  values
–Run	
  simula6on	
  aJer	
  perturbing	
  parameter	
  -­‐-­‐>	
  store	
  output	
  
values
–FD	
  =	
  (Perturbed	
  output	
  -­‐	
  base	
  output	
  )	
  /	
  perturba6on

• Adjoint:
–Specify	
  adjoint	
  forcing	
  
–Run	
  simula6on

6
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  Dynamics	
  Valida4on
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VOLINORG	
  Valida4on

• VOLINORG	
  contains	
  calls	
  to	
  many	
  other	
  subrou6nes.
• Discrepancies	
  only	
  for:
–Sulfate,	
  Ammonium,	
  Nitrate,	
  Sodium,	
  Chloride

8

I-Mode validation J-Mode validation K-Mode validation
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Courtesy	
  of	
  Shannon	
  Capps,	
  Georgia	
  Tech.

The Community Multiscale Air Quality (CMAQ) modeling system is utilized by the 
US EPA to develop emission control regulations for air quality improvements and by 
research groups around the world to investigate air pollution. Still, air quality models 
contain uncertainty which drive a continual process of model refinement. 
Developing a constraint on emissions using 4D-Variational data assimilation is a 
valuable method for reducing such uncertainty. Towards this goal, a large 
consortium of researchers are working together to build a complete 4D-Var system 
for CMAQ. The original CMAQ adjoint model was developed for CMAQ 4.5.1 and 
was limited to gas-phase processes. The current effort includes the addition of 
aerosol dynamics and thermodynamics, cloud processes, and heterogenous 
chemistry. The model will also include parallelization, 4D-Variational capabilities, 
and improved modularity. Once the adjoint has been completely implemented and 
validated, the model will be publicly released. 

Checkpointing and parallel efficiency results courtesy of Jaroslav Resler (ICS Prague).

• The I/O in CMAQ Adjoint code has been altered so that particular strategies for I/O operations on 
checkpoint and output files can be chosen at configuration time.  Also different frequency of the 
recording of output files can be configured.

• Current implementations include:
- Serial I/O through IOAPI3/PARIO (equivalent to the present state)
- MPI I/O using the Parallel NetCDF library and NetCDF4/HDF5 libraries
- Multiple local files strategy implemented by direct calls of NetCDF

Tests have been performed to analyze the time to run the CMAQ Adjoint model (Figure 3a), and the 
parallel efficiency of the CMAQ Adjoint (Figure 3b) for various checkpointing methods.

• Bousquet et al., 2005; Intergovernmental Panel on Climate Change (IPCC), 
2007

• Giering, R. and Kaminski, T.: Recipes for Adjoint code Construction, ACM Trans. 
Math. Softw., 24, 437–474, 1998.

• Initial sensitivity calculations 
have been performed to test 
the current adjoint model.

• Tests were performed to 
determine the sensitivity of 
NO2 inert tracer 
concentrations with respect 
to entire species 
concentration array.
- Results are shown for the 

sensitivity of NO2 with

Air quality models are important for EPA efforts to improve health, but models 
contain large uncertainty. This project focuses on reducing uncertainty in 
sources of aerosols by developing a constraint on emissions using 
observations with the 4D-Var data assimilation technique. Through this 
approach, this project will address the following research objectives:
1. More accurately distinguish between natural and anthropogenic sources of 
aerosol.
2. More accurately distinguish between local and long-range sources of 
aerosol.
3. Better predict the effects that policy change will have on the future 
evolution of atmospheric composition.

This research is supported through NASA Applied Sciences Program 
grant NNX09AN77G.

Aerosol Processes in the CMAQ Adjoint
Turner, M.1; Henze, D.1; Hakami, A.2; Zhao, S.2; Resler, J.3; Carmichael, G.4; Stanier, C.4; Baek, J.4; Saide, P.4; Sandu, A.5; Russel, A.6; 

Jeong, G.6; Nenes, A.6; Capps, S.6; Percell, P.7; Pinder, R.8; Napelenok, S.8; Pye, H.8; Bash, J.8; Chai, T.9; Byun, D.9

1University of Colorado at Boulder, 2Carleton University, 3ICS Prague, 4University of Iowa, 
5Virginia Tech, 6Georgia Tech, 7University of Houston, 8USEPA, 9NOAA

Aerosol Dynamics
• Adjoint has been developed for the aero5 aerosol module utilized by CMAQ.
- Individual subroutines have been validated by comparing finite difference 

sensitivities to adjoint sensitivities (See Figure 5a for validation of HCOND3).
- Adjoint of aerosol dynamics has been verified as a whole by the same method 

(See Figure 5b).

Particulate Matter (PM) is an air pollutant consisting of a mixture of solid and 
liquid particles suspended in the air. Knowledge of PM concentrations is 
important for many reasons, two of which are that PM has an adverse effect 
on human health, and PM also has an effect on climate change.  
• Many atmospheric chemical transport models (CTM) have been modified 

recently to include aerosols, however the models still contain considerable 
uncertainty.
• There are many methods to decrease model uncertainty such as:
- Developing a better understanding of physical processes
- Data Assimilation
- Using an ensemble of models

• This project focuses on the 4D-Variational data assimilation technique
- Requires development of an adjoint model for use in inverse modeling of 

a currently existing CTM.
• Currently no other regional chemical transport model has an adjoint that 

includes aerosols.
Effects of PM on Climate Change
Aerosols have both a direct and indirect effect on radiative forcing (Figure 1).
• Direct effect caused by scattering and absorption of solar and infrared 

radiation in the atmosphere
• Indirect effect caused by changes in cloud properties due to aerosols

Figure 1: Aerosol Radiative Forcing Components (IPCC, 2007)

Introduction

Objectives

Motivation

What Are Adjoints?

Checkpointing and Parallel Efficiency

Adjoint of Aerosol Processes (cont.)

Sensitivity Analysis

References

Complex Variable Method Sensitivity

Adjoint of Aerosol Processes

ISOROPIA Adjoint results courtesy of Shannon Capps (Georgia Tech.)

Aerosol Thermodynamics
• Adjoint of aerosol thermodynamics model ISOROPIA-II has been developed and validated.
- Validation by comparison of adjoint sensitivities to complex variable method (CVM) results (See 

Figure 4).
- Results show significant agreement between adjoint and CVM sensitivities
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Figure 4: (a) Total time of forward and backward run of the model, and (b) Parallel efficiency of the CMAQ Adjoint model in 
different testing configurations.  Testing configuration: Linux cluster, NFS cluster storage, Infiniband interconnection, MVAPICH2

(a) (b)

Figure 4: Comparison of Adjoint sensitivity to CVM sensitivity for Adjoint of 
ISOROPIA-II for (a) NH4+, (b) CL-, (c) HSO4-, (d) NO3-

Figure 5: Aerosol dynamics adjoint validation for (a) subroutine HCOND3, and (b) entire 
aerosol module, excluding aerosol thermodynamics.

(a) (b)

respect to NO2 initial conditions in grid cell (50, 50, 1).
Data obtained from week long adjoint run (transport only) using 

CMAQ input data from April 2008.

Figure 6: Sensitivity of NO2 with respect to initial conditions 
of NO2 in grid cell (50, 50, 1)

• Adjoint models are used for studies that require an estimate of sensitivity of a model output with 
respect to an input.

• In air quality studies, adjoints are often used for data assimilation
• Atmospheric chemical transport models have large amount of uncertainty
• An adjoint model used in conjunction with the 4D-Var 

       data assimilation technique allows model trajectory to be 
       brought as close as possible to observed data (see 
       Figure 2) by varying control variables (emission scaling 
       factors, initial condition scaling factors, etc.)
• To quantify misfit of model prediction, a cost function is 
     introduced
• Cost function is reduced through an iterative process

• Adjoint method has 2 main advantages over finite difference:
• Especially for large number of parameters, adjoint model saves run time
• Computed gradient is exact

Figure 2: Schematic representation of variational 
methods (Giering and Kaminski, 1998)

(a) (b)

(d)(c)
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Checkpoin4ng
• The I/O in CMAQ Adjoint code has been altered so that particular strategies for I/O 

operations on checkpoint and output files can be chosen at configuration time.
• Current implementations include:
– Serial I/O through IOAPI3/PARIO
– MPI I/O using the Parallel NetCDF library and NetCDF4/HDF5 libraries
– Multiple local files

10
Courtesy	
  of	
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  Resler,	
  ICS	
  Prague

The Community Multiscale Air Quality (CMAQ) modeling system is utilized by the 
US EPA to develop emission control regulations for air quality improvements and by 
research groups around the world to investigate air pollution. Still, air quality models 
contain uncertainty which drive a continual process of model refinement. 
Developing a constraint on emissions using 4D-Variational data assimilation is a 
valuable method for reducing such uncertainty. Towards this goal, a large 
consortium of researchers are working together to build a complete 4D-Var system 
for CMAQ. The original CMAQ adjoint model was developed for CMAQ 4.5.1 and 
was limited to gas-phase processes. The current effort includes the addition of 
aerosol dynamics and thermodynamics, cloud processes, and heterogenous 
chemistry. The model will also include parallelization, 4D-Variational capabilities, 
and improved modularity. Once the adjoint has been completely implemented and 
validated, the model will be publicly released. 

Checkpointing and parallel efficiency results courtesy of Jaroslav Resler (ICS Prague).

• The I/O in CMAQ Adjoint code has been altered so that particular strategies for I/O operations on 
checkpoint and output files can be chosen at configuration time.  Also different frequency of the 
recording of output files can be configured.

• Current implementations include:
- Serial I/O through IOAPI3/PARIO (equivalent to the present state)
- MPI I/O using the Parallel NetCDF library and NetCDF4/HDF5 libraries
- Multiple local files strategy implemented by direct calls of NetCDF

Tests have been performed to analyze the time to run the CMAQ Adjoint model (Figure 3a), and the 
parallel efficiency of the CMAQ Adjoint (Figure 3b) for various checkpointing methods.

• Bousquet et al., 2005; Intergovernmental Panel on Climate Change (IPCC), 
2007

• Giering, R. and Kaminski, T.: Recipes for Adjoint code Construction, ACM Trans. 
Math. Softw., 24, 437–474, 1998.

• Initial sensitivity calculations 
have been performed to test 
the current adjoint model.

• Tests were performed to 
determine the sensitivity of 
NO2 inert tracer 
concentrations with respect 
to entire species 
concentration array.
- Results are shown for the 

sensitivity of NO2 with

Air quality models are important for EPA efforts to improve health, but models 
contain large uncertainty. This project focuses on reducing uncertainty in 
sources of aerosols by developing a constraint on emissions using 
observations with the 4D-Var data assimilation technique. Through this 
approach, this project will address the following research objectives:
1. More accurately distinguish between natural and anthropogenic sources of 
aerosol.
2. More accurately distinguish between local and long-range sources of 
aerosol.
3. Better predict the effects that policy change will have on the future 
evolution of atmospheric composition.

This research is supported through NASA Applied Sciences Program 
grant NNX09AN77G.

Aerosol Processes in the CMAQ Adjoint
Turner, M.1; Henze, D.1; Hakami, A.2; Zhao, S.2; Resler, J.3; Carmichael, G.4; Stanier, C.4; Baek, J.4; Saide, P.4; Sandu, A.5; Russel, A.6; 

Jeong, G.6; Nenes, A.6; Capps, S.6; Percell, P.7; Pinder, R.8; Napelenok, S.8; Pye, H.8; Bash, J.8; Chai, T.9; Byun, D.9

1University of Colorado at Boulder, 2Carleton University, 3ICS Prague, 4University of Iowa, 
5Virginia Tech, 6Georgia Tech, 7University of Houston, 8USEPA, 9NOAA

Aerosol Dynamics
• Adjoint has been developed for the aero5 aerosol module utilized by CMAQ.
- Individual subroutines have been validated by comparing finite difference 

sensitivities to adjoint sensitivities (See Figure 5a for validation of HCOND3).
- Adjoint of aerosol dynamics has been verified as a whole by the same method 

(See Figure 5b).

Particulate Matter (PM) is an air pollutant consisting of a mixture of solid and 
liquid particles suspended in the air. Knowledge of PM concentrations is 
important for many reasons, two of which are that PM has an adverse effect 
on human health, and PM also has an effect on climate change.  
• Many atmospheric chemical transport models (CTM) have been modified 

recently to include aerosols, however the models still contain considerable 
uncertainty.
• There are many methods to decrease model uncertainty such as:
- Developing a better understanding of physical processes
- Data Assimilation
- Using an ensemble of models

• This project focuses on the 4D-Variational data assimilation technique
- Requires development of an adjoint model for use in inverse modeling of 

a currently existing CTM.
• Currently no other regional chemical transport model has an adjoint that 

includes aerosols.
Effects of PM on Climate Change
Aerosols have both a direct and indirect effect on radiative forcing (Figure 1).
• Direct effect caused by scattering and absorption of solar and infrared 

radiation in the atmosphere
• Indirect effect caused by changes in cloud properties due to aerosols

Figure 1: Aerosol Radiative Forcing Components (IPCC, 2007)
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Complex Variable Method Sensitivity

Adjoint of Aerosol Processes

ISOROPIA Adjoint results courtesy of Shannon Capps (Georgia Tech.)

Aerosol Thermodynamics
• Adjoint of aerosol thermodynamics model ISOROPIA-II has been developed and validated.
- Validation by comparison of adjoint sensitivities to complex variable method (CVM) results (See 

Figure 4).
- Results show significant agreement between adjoint and CVM sensitivities
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Figure 4: (a) Total time of forward and backward run of the model, and (b) Parallel efficiency of the CMAQ Adjoint model in 
different testing configurations.  Testing configuration: Linux cluster, NFS cluster storage, Infiniband interconnection, MVAPICH2

(a) (b)

Figure 4: Comparison of Adjoint sensitivity to CVM sensitivity for Adjoint of 
ISOROPIA-II for (a) NH4+, (b) CL-, (c) HSO4-, (d) NO3-

Figure 5: Aerosol dynamics adjoint validation for (a) subroutine HCOND3, and (b) entire 
aerosol module, excluding aerosol thermodynamics.

(a) (b)

respect to NO2 initial conditions in grid cell (50, 50, 1).
Data obtained from week long adjoint run (transport only) using 

CMAQ input data from April 2008.

Figure 6: Sensitivity of NO2 with respect to initial conditions 
of NO2 in grid cell (50, 50, 1)

• Adjoint models are used for studies that require an estimate of sensitivity of a model output with 
respect to an input.

• In air quality studies, adjoints are often used for data assimilation
• Atmospheric chemical transport models have large amount of uncertainty
• An adjoint model used in conjunction with the 4D-Var 

       data assimilation technique allows model trajectory to be 
       brought as close as possible to observed data (see 
       Figure 2) by varying control variables (emission scaling 
       factors, initial condition scaling factors, etc.)
• To quantify misfit of model prediction, a cost function is 
     introduced
• Cost function is reduced through an iterative process

• Adjoint method has 2 main advantages over finite difference:
• Especially for large number of parameters, adjoint model saves run time
• Computed gradient is exact

Figure 2: Schematic representation of variational 
methods (Giering and Kaminski, 1998)

(a) (b)

(d)(c)

The Community Multiscale Air Quality (CMAQ) modeling system is utilized by the 
US EPA to develop emission control regulations for air quality improvements and by 
research groups around the world to investigate air pollution. Still, air quality models 
contain uncertainty which drive a continual process of model refinement. 
Developing a constraint on emissions using 4D-Variational data assimilation is a 
valuable method for reducing such uncertainty. Towards this goal, a large 
consortium of researchers are working together to build a complete 4D-Var system 
for CMAQ. The original CMAQ adjoint model was developed for CMAQ 4.5.1 and 
was limited to gas-phase processes. The current effort includes the addition of 
aerosol dynamics and thermodynamics, cloud processes, and heterogenous 
chemistry. The model will also include parallelization, 4D-Variational capabilities, 
and improved modularity. Once the adjoint has been completely implemented and 
validated, the model will be publicly released. 

Checkpointing and parallel efficiency results courtesy of Jaroslav Resler (ICS Prague).

• The I/O in CMAQ Adjoint code has been altered so that particular strategies for I/O operations on 
checkpoint and output files can be chosen at configuration time.  Also different frequency of the 
recording of output files can be configured.

• Current implementations include:
- Serial I/O through IOAPI3/PARIO (equivalent to the present state)
- MPI I/O using the Parallel NetCDF library and NetCDF4/HDF5 libraries
- Multiple local files strategy implemented by direct calls of NetCDF

Tests have been performed to analyze the time to run the CMAQ Adjoint model (Figure 3a), and the 
parallel efficiency of the CMAQ Adjoint (Figure 3b) for various checkpointing methods.

• Bousquet et al., 2005; Intergovernmental Panel on Climate Change (IPCC), 
2007

• Giering, R. and Kaminski, T.: Recipes for Adjoint code Construction, ACM Trans. 
Math. Softw., 24, 437–474, 1998.

• Initial sensitivity calculations 
have been performed to test 
the current adjoint model.

• Tests were performed to 
determine the sensitivity of 
NO2 inert tracer 
concentrations with respect 
to entire species 
concentration array.
- Results are shown for the 

sensitivity of NO2 with

Air quality models are important for EPA efforts to improve health, but models 
contain large uncertainty. This project focuses on reducing uncertainty in 
sources of aerosols by developing a constraint on emissions using 
observations with the 4D-Var data assimilation technique. Through this 
approach, this project will address the following research objectives:
1. More accurately distinguish between natural and anthropogenic sources of 
aerosol.
2. More accurately distinguish between local and long-range sources of 
aerosol.
3. Better predict the effects that policy change will have on the future 
evolution of atmospheric composition.

This research is supported through NASA Applied Sciences Program 
grant NNX09AN77G.
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Aerosol Dynamics
• Adjoint has been developed for the aero5 aerosol module utilized by CMAQ.
- Individual subroutines have been validated by comparing finite difference 

sensitivities to adjoint sensitivities (See Figure 5a for validation of HCOND3).
- Adjoint of aerosol dynamics has been verified as a whole by the same method 

(See Figure 5b).

Particulate Matter (PM) is an air pollutant consisting of a mixture of solid and 
liquid particles suspended in the air. Knowledge of PM concentrations is 
important for many reasons, two of which are that PM has an adverse effect 
on human health, and PM also has an effect on climate change.  
• Many atmospheric chemical transport models (CTM) have been modified 

recently to include aerosols, however the models still contain considerable 
uncertainty.
• There are many methods to decrease model uncertainty such as:
- Developing a better understanding of physical processes
- Data Assimilation
- Using an ensemble of models

• This project focuses on the 4D-Variational data assimilation technique
- Requires development of an adjoint model for use in inverse modeling of 

a currently existing CTM.
• Currently no other regional chemical transport model has an adjoint that 

includes aerosols.
Effects of PM on Climate Change
Aerosols have both a direct and indirect effect on radiative forcing (Figure 1).
• Direct effect caused by scattering and absorption of solar and infrared 

radiation in the atmosphere
• Indirect effect caused by changes in cloud properties due to aerosols

Figure 1: Aerosol Radiative Forcing Components (IPCC, 2007)
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Aerosol Thermodynamics
• Adjoint of aerosol thermodynamics model ISOROPIA-II has been developed and validated.
- Validation by comparison of adjoint sensitivities to complex variable method (CVM) results (See 

Figure 4).
- Results show significant agreement between adjoint and CVM sensitivities
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Figure 4: (a) Total time of forward and backward run of the model, and (b) Parallel efficiency of the CMAQ Adjoint model in 
different testing configurations.  Testing configuration: Linux cluster, NFS cluster storage, Infiniband interconnection, MVAPICH2

(a) (b)

Figure 4: Comparison of Adjoint sensitivity to CVM sensitivity for Adjoint of 
ISOROPIA-II for (a) NH4+, (b) CL-, (c) HSO4-, (d) NO3-

Figure 5: Aerosol dynamics adjoint validation for (a) subroutine HCOND3, and (b) entire 
aerosol module, excluding aerosol thermodynamics.

(a) (b)

respect to NO2 initial conditions in grid cell (50, 50, 1).
Data obtained from week long adjoint run (transport only) using 

CMAQ input data from April 2008.

Figure 6: Sensitivity of NO2 with respect to initial conditions 
of NO2 in grid cell (50, 50, 1)

• Adjoint models are used for studies that require an estimate of sensitivity of a model output with 
respect to an input.

• In air quality studies, adjoints are often used for data assimilation
• Atmospheric chemical transport models have large amount of uncertainty
• An adjoint model used in conjunction with the 4D-Var 

       data assimilation technique allows model trajectory to be 
       brought as close as possible to observed data (see 
       Figure 2) by varying control variables (emission scaling 
       factors, initial condition scaling factors, etc.)
• To quantify misfit of model prediction, a cost function is 
     introduced
• Cost function is reduced through an iterative process

• Adjoint method has 2 main advantages over finite difference:
• Especially for large number of parameters, adjoint model saves run time
• Computed gradient is exact

Figure 2: Schematic representation of variational 
methods (Giering and Kaminski, 1998)

(a) (b)

(d)(c)



Aerosol	
  Dynamics	
  -­‐	
  Full	
  Model
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Black	
  Carbon	
  Analysis
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Sensi4vity	
  of	
  Black	
  Carbon	
  concentra4ons	
  in	
  Colorado	
  with	
  respect	
  to	
  
Black	
  Carbon	
  emissions.	
  	
  Simula4on	
  4me	
  period:	
  April	
  4,	
  2008.



Future	
  Work

• Finish	
  development	
  of	
  aerosol	
  adjoint	
  module
–VOLINORG	
  incorrect	
  for	
  modes	
  1	
  and	
  2

• Expand	
  simula4on	
  period	
  to	
  1	
  week.
• Modify	
  cost	
  func4on	
  to	
  calculate	
  sum	
  of	
  excess	
  
mortali4es	
  in	
  Colorado	
  due	
  to	
  concentra4ons	
  of	
  
Black	
  Carbon
–Use	
  adjoint	
  to	
  determine	
  sensi4vity	
  of	
  excess	
  mortality	
  
due	
  to	
  Black	
  Carbon	
  emissions	
  throughout	
  en4re	
  
domain.
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Supplemental	
  Slides
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Discrete	
  Adjoint	
  Example
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• Forward	
  code:	
  
GAMMA	
  =	
  GAMMA2	
  +	
  (	
  ASO4	
  /	
  (	
  ASO4	
  +	
  ANO3	
  )	
  )*	
  (	
  GAMMA1	
  -­‐	
  GAMMA2	
  )

• Ac5ve	
  variables:	
  ASO4,	
  ANO3

€ 

∂γ = γ1− γ2( ) 1
ASO4 + ANO3

−
ASO4

ASO4 + ANO3( )2
⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ ∂ASO4

− γ1− γ2( ) ASO4
ASO4 + ANO3( )2

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ ∂ANO3

a1

a2



Discrete	
  Adjoint	
  Example
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€ 

∂ASO4
∂ANO3
∂γ

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

=

1 0 0
0 1 0
a1 −a2 0

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

∂ASO4
∂ANO3
∂γ

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

€ 

ASO4 *
ANO3*
γ *

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

=

1 0 a1
0 1 −a2
0 0 0

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

ASO4 *
ANO3*
γ *

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

• Adjoint	
  Equa5ons:
	
   	
   	
   ASO4_ADJ	
  =	
  ASO4_ADJ	
  +	
  a1	
  *	
  GAMMA_ADJ
	
   	
   	
   ANO3_ADJ	
  =	
  ANO3_ADJ	
  –	
  a2	
  *	
  GAMMA_ADJ
	
   	
   	
   GAMMA_ADJ	
  =	
  0.0



Objectives

• Reduce	
  uncertainty	
  in	
  sources	
  of	
  aerosols.
• More	
  accurately	
  dis4nguish	
  between	
  local	
  and	
  
long-­‐range	
  sources	
  of	
  aerosol.
• BeJer	
  predict	
  the	
  effects	
  that	
  policy	
  change	
  will	
  
have	
  on	
  the	
  future	
  evolu4on	
  of	
  atmospheric	
  
composi4on.
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Colorado	
  Coun4es
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Why	
  Air	
  Quality	
  Models?

• Air	
  Quality	
  concerns:
–Contribu4on	
  of	
  source	
  to	
  concentra4on	
  of	
  pollutants	
  in	
  
area?
–Most	
  cost-­‐effec4ve	
  way	
  to	
  reduce	
  pollutant	
  
concentra4ons?
–Where	
  to	
  place	
  future	
  source	
  to	
  minimize	
  
environmental	
  impacts?

19
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WRF-CHEM  March 20, 2007 

Information feedback loops between CTMs and 

observations: data assimilation and targeted meas. 

Optimal analysis state 

Chemical kinetics 

Aerosols 

Dynamics 

Meteorology 

Emissions 

Observations 
4D-Var 

Data  
Assimilation 

Targeted  

Observ. 

Improved: 
•  forecasts 
•  science 

•  field experiment design 
•  models  
•  emission estimates 

STEM 
CMAQ 

GEOS-CHEM 
WRF-CHEM 

Slide	
  courtesy	
  of	
  Adrian	
  Sandu,	
  Virginia	
  Tech.



Aerosol	
  Effects	
  on	
  Climate	
  Change
• Indirect	
  effect:
–Altera4on	
  of	
  cloud	
  proper4es

21

Schema4c	
  of	
  aerosol	
  indirect	
  effects.	
  	
  Haywood	
  and	
  Boucher	
  (2000)



Air	
  Quality	
  Models

22

Input	
  Data
•Emissions
•Meteorological	
  Data
•Chemical	
  Transforma6ons
•Removal	
  Processes

Modules
•Emissions
•Aerosols
•Chemistry
•Transport
•Deposi6on

Model	
  Adjoint

Sensi6vity	
  Analysis

Solve	
  3D	
  chemical	
  con6nuity	
  equa6ons
on	
  regional	
  Eulerian	
  grid

Comparison	
  to	
  
Observa6ons


