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Abstract

As precursors for tropospheric ozone and nitrate aerosols, Nitrogen oxides (NOx) in
present atmosphere and its transformation in responding to emission and climate per-
turbations are studied by CAM-Chem model and air quality measurements including
National Emission Inventory (NEI), Clean Air Status and Trends Network (CASTNET)5

and Environmental Protection Agency Air Quality System (EPA AQS). It is found that
not only the surface ozone formation but also the nitrate formation is associated with
the relative emissions of NOx and volatile organic compounds (VOC). Due to the avail-
ability of VOC and associated NOx titration, ozone productions in industrial regions
increase in warmer conditions and slightly decrease against NOx emission increase,10

which is converse to the response in farming region. The decrease or small increase in
ozone concentrations over industrial regions result in the responded nitrate increasing
rate staying above the increasing rate of NOx emissions. It is indicated that ozone con-
centration change is more directly affected by changes in climate and precursor emis-
sions, while nitrate concentration change is also affected by local ozone production15

types and their seasonal transfer. The sensitivity to temperature perturbations shows
that warmer climate accelerates the decomposition of odd nitrogen (NOy) during the
night. As a result, the transformation rate of NOx to nitrate decreases. Examinations on
the historical emission and air quality records on typical pollution areas further confirm
the conclusion drawn from modeling experiments.20

1 Introduction

Surface ozone and particulate matter (PM) are two major pollutants that affect US air
quality (Blanchard and Hidy, 2003; Jacob, 2008) and which have a deleterious effect
on the human respiratory system and health in general. The concentrations of sur-
face ozone and PM-related secondary aerosols (nitrate, sulfate, and ammonium) are25

affected by the precursor emission and transformation rate (Spicer, 1983). Since NOx
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is a common precursor for ozone and nitrate aerosols, changes in NOx emission or the
climate induced change in related chemical reactions will affect the concentrations and
partitioning of pollutants in the air (Seinfeld, 2006).

Modeling studies have been conducted to diagnose air quality change due to an-
thropogenic emission change, biogenic emission change and climate change under5

different scenarios (Wu et al., 2008; Pye et al., 2009; Lei et al., 2013). These stud-
ies emphasize the possible long-term changing scenarios, but do not account for the
effects of perturbations on the present pollution status and interactions between pollu-
tants, which actually is more meaningful for practical air quality change (Jacob et al.,
2008). Considering the vital role of NOx in ozone and nitrate production, sensitivities of10

NOx transformation to ozone/nitrate need to be learned in response to emission and
climate perturbations for present air quality.

In addition, long term air quality measurements and well established emission inven-
tories archived significant processes about air quality change in the past and present.
For example, the records from Environmental Protection Agency Air Quality System15

have been used to examine the spatial and temporal variation of pollutants in the United
States (Choi et al., 2012; Lei et al., 2012; Lei and Wang, 2013). National Emission
Inventory has been used in determining the contributions of emission sources to con-
centrations of particulate matter and gases to the southeastern United States (Blan-
chard, et al., 2012). Based on these measurements and inventories, we can assess20

the changes in concentrations of surface ozone and nitrate aerosols at the present at-
mospheric condition, and further examine their productions associated with NOx emis-
sions.

In this study, we comprehensively analyze the sensitivities of NOx transformations
in the present atmosphere through numerical experiments and diagnoses of observa-25

tional air quality data. First, a set of sensitivity experiments were conducted to evaluate
the sensitivities of NOx transformation pathway against emission or climate perturba-
tions. The emission perturbation was examined by increasing or decreasing the global
NOx emission by 25 %. The climate perturbation was examined by increasing or de-
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creasing the global temperature by 1 ◦C. The changing rates of product concentra-
tion in NOx-ozone and NOx-nitrate pathways were analyzed, and the results shown
in this paper shed light on how emission or climate change affects the partitioning of
ozone and nitrate, especially how the surface ozone production interacts with the nitrate
aerosol formation. Then, the air concentrations and emissions of pollutants (ozone, ni-5

trate aerosol, and NOx) on several typical US cities are diagnosed to uncover the facts
about recent air quality change and further evaluate conclusions drawn from numerical
experiments. Finally, a comprehensive summary of the NOx sensitivity and its effects
on surface ozone and nitrate aerosol change will be carried out.

2 Methods10

In order to evaluate the sensitivities of the NOx transformation pathway in the present
atmospheric conditions, the reproductions of present concentrations of surface ozone
and nitrate by CAM-Chem climate-chemistry model (described and evaluated in Lamar-
que et al., 2012) will be evaluated against observations from US EPA air quality system
and CASTNET. Then, two pairs of perturbation experiments are conducted against15

emission or climate perturbations. As shown in Fig. 1, chemical transformation of NOx
includes daytime and nighttime processes. Both processes are under the influences of
climate and emission changes. Climate perturbation may change the rates of chemical
reactions, while the change in total emission amount can result in nonlinear changes
in product partitioning since chemical reactions interact.20

The first pair of experiments is on emission perturbations. The NOx emission is in-
creased (or decreased) by 25 % in the experiments. The second pair is designed for
the climate perturbations. It is impossible to exactly describe a climate perturbation in a
numerical model since too many factors may be involved in a climate changing process.
However, temperature perturbations can be good representatives of climate perturba-25

tions due to their core position in climate change, and this method has been used in
previous studies (IPCC, 2007; Aw and Kleeman, 2003). The tropospheric temperature
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is increased (or decreased) by 1 ◦C to isolate possible influences on transformation
rate. The outputs from both positive and negative perturbation runs, representing tem-
perature increases and decreases, are compared with control run results to examine
anomalies. These results provide us with information about the tendency and stability
of changes in pollutant levels. For instance, if the change in pollutant concentration in-5

duced by positive perturbations is larger than that induced by negative perturbations,
it means that the transformation tendency to that pollutant is accelerated with positive
perturbation. Similarly, if a pair of experiments shows close patterns for changes in
pollution levels, the corresponding sensitivity to that perturbation is stable.

After the numerical experiments, the measurements of surface ozone and nitrate10

aerosol concentrations over typical mega cities will be analyzed for the variability in
recent several years. The variability will be associated with the variation of NOx and
other precursor emissions to evaluate and better understand the conclusions drawn
from numerical studies. Measurements of pollutants include the CASTNET observa-
tions of nitrate and the EPA AQS records of surface ozone. Emission analysis will use15

the emission budgets from US EPA National Emissions Inventory.
The CAM-Chem model used in this study includes a simulation of O3-NOx-CO-VOC

chemistry and aerosol chemistry module, and its ability in reproducing global ozone
and aerosol levels has been established in a suite of tropospheric ozone or aerosol
studies (e.g., Tie et al., 2005; Murazaki and Hess, 2006; Emmons et al., 2010; Lei et20

al., 2012, 2013). Emissions of ozone precursors are based on the present-day inven-
tory (for the year 2000) as described by Emmons et al. (2010). The meteorology data
that drives the CAM-Chem model is the National Centers for Environmental Prediction
reanalysis II 1◦ × 1◦ fields from 1999 to 2002 (Kanamitsu et al., 2002). The six-hour
interval data were re-gridded to a horizontal resolution of 1.9◦ latitude by 2.5◦ longitude25

and 26 vertical levels extending up to 0.01hPa. Evaluation run and sensitivity exper-
iments are performed during the four-year period. After one year’s spinning up, the
model result for the last three years is used in the analysis and comparisons.
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3 Results and discussion

3.1 Evaluation for the current atmosphere and emissions

To evaluate CAM-Chem’s ability to reproduce the surface ozone and nitrate aerosol
concentrations, we compare the model-derived concentrations over the contiguous
United States around 2000 relative to the US Environmental Protection Agency Air5

Quality System site measurements. The model is driven by CCSM3 meteorology and
running for 2000–2002 is compared against the same observations by using 3 yr aver-
age data. All measurements which include at least a 75 % record of valid operations at
the rural sites during the whole comparison period are selected within a given model
grid cell. Then the selected measurements are averaged to get a grid cell mean value10

that can be directly compared with the modeled value for that grid cell.
Since summer is the active period for ozone production and the availability of ozone

measurements are the best in summer, we therefore compare the summer average
surface ozone concentrations to evaluate the model performance. Figure 2 shows the
CAM-Chem derived summer average surface ozone concentration over the contiguous15

US and the corresponding observations from EPA AQS. We find that the model is
able to reproduce the summer ozone concentrations over most area of the contiguous
United States, with overall biases smaller than 20 ppb. Similar spatial patterns and
values of biases in the comparison of daily 8 h maximum ozone concentrations over
the contiguous United States have been reported in Lei et al. (2012).20

Nitrate aerosols exist in the atmosphere in various phases and forms. Direct mea-
surements of the air concentrations of nitrate aerosols are not as easy as other pollu-
tants. As a result, present observations of nitrate aerosol concentrations are derived
from depositions. The CASTNET observations has systematically recorded the total
nitrate deposition in the past decade and derived total nitrate concentrations based25

on it. Therefore, we compare the simulated total nitrate (nitrate aerosols + nitric acid)
concentrations with CASTNET concentration map to evaluate the CAM-Chem simu-
lations. Figure 3 shows the CAM-Chem simulated (right) and CASTNET derived (left)
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annual-mean concentration of total nitrate (µg m−3) over the contiguous US in 2002.
The CAM-Chem model captures the pattern of total nitrate concentrations. The main
difference is on the coastal region of Texas, where the lack of observations would be
the main reason. The general biases on other area are within 1 µg m−3, which basically
convinced the ability of CAM-Chem model in following sensitivity experiments.5

3.2 Transformation rate change response to emission perturbations

Figure 4 shows the annual mean change ratio of surface nitrate aerosol concentra-
tion simulated from the experiment with 25 % increase (or decrease) of global NOx
emission. The patterns are similar between the two experiments, which indicate a sta-
ble sensitivity in response to emission perturbations. Comparing magnitudes of two10

diagrams in Fig. 4, it is clear that the tendency of transformation from NOx to nitrate in-
creases with NOx emission increase. In the industrial regions of the United States (the
east, the coastal area of Texas, and southern California), the change rate of nitrate is
smaller than the change rate of NOx emissions. Over the majority of the non-industrial
area of the United States, the change rate of nitrate is generally higher than the change15

rate of emission. This result suggests that the NOx transformation rate over industrial
regions is much lower, which may be caused by the limitation of available base precur-
sors of nitrate aerosols.

For the transformation pathway from NOx to ozone, Fig. 5 shows the annual mean
change ratio of surface ozone concentration. Over the major industrial regions of the20

eastern United States, the ozone concentration decreases in response to emission
increase, which means less active NOx is transformed. Hydrocarbon-limited surface
ozone production and associated NOx titration are responsible for the converse rela-
tionship in the industrial regions. For the United States, the overall change rate of ozone
is also considered very low, in comparison to the 25 % change rate in NOx emissions,25

which is attributable to the limitation of hydrocarbons.
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According to the nitrate concentration change described above, the decrease or
small increase in ozone concentration responding to emission increase means more
active NOx available for nitrate formation. As a result, the increase rate of NOx trans-
formation to nitrate can be greater than emission increase ratio, and vice versa.

In order to examine the seasonal variation of the sensitivities, the monthly changes5

in ozone or nitrate aerosol levels are analyzed. Figure 7 shows the monthly change
ratio of surface nitrate aerosols and ozone over selected industrial regions defined
according to Fig. 6. For the NOx-to-nitrate pathway, efficiency of the transformation
(represented as a ratio of incremental percentage change of nitrate to NOx) shows a
significant increase (above 1) in summer and a decrease (below 1) in winter, although10

the average change rate over the defined industrial region increases in all seasons.
The summer increase may be due to the warmer climate and a response of the NOx-to-
ozone pathway as mentioned above. On the pathway of NOx transformation to ozone,
surface ozone concentration decreases in all seasons (except summer) as a response
to NOx emission increase. This indicates that surface ozone production over industrial15

regions is generally a hydrocarbon limited type, except in the growing season when
an abundance of hydrocarbon emissions from biogenic source and ozone production
becomes NOx limited type. Overall, the transformation efficiency (represented as a ratio
of incremental percentage change of ozone to NOx) is below 1.

Another point in Fig. 7 is the tendency of transformation efficiency as a response20

to emission increase. For the NOx-to-nitrate pathway, it is noticed that the change in
transformation efficiency caused by 25 % increase of NOx emission is smaller in com-
parison to the results by 25 % reduction of NOx, which indicates transformation effi-
ciency may decrease when the NOx emission increases. The limitation on base nitrate
precursors may be a reason for this result. For the NOx-to-ozone pathway, the abso-25

lute change in transformation efficiency caused by 25 % increase of NOx emission is
smaller than that caused by 25 % NOx emission reduction for most of the year, ex-
cept for the months of October, November and December. In particular, there exist two
transitional types of ozone production transformation, as indicated by changes from
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positive to negative tendencies. One is around April and the other is around Septem-
ber. For September transition, the tendency changing for the experiments of increasing
NOx emission sign earlier than that for the emission reduction ones, while it is very
close for April transition. In summary, an increase of NOx emissions results in an ear-
lier transfer to hydrocarbon-limited type. This pattern is a result of the variation of hy-5

drocarbon emissions, which has strong seasonality. The relative level of hydrocarbon
(hydrocarbon/NOx) determines the ozone production type and thus affects the transfer
time in each case.

3.3 Transformation rate change response to temperature perturbations

Figure 8 shows the annual mean change ratio of surface nitrate aerosol concentra-10

tion from the experiments with a temperature increase or decrease of 1 ◦C. Generally,
nitrate aerosol concentration over the United States decreases as a response to tem-
perature increase at current emission level. Increase in temperature tends to depress
the chemical and physical processes relevant to nitrate aerosol formation and thus de-
crease nitrate concentration. These results are explainable by temperature impact on15

N2O5 formation. Warmer temperature tends to accelerate the decomposition of NOy
(N2O5 → NO2 + NO3 and NO3 + hν → NO + O2), and thus results in less nitrate pro-
duction (Seinfeld et al., 2006). In addition, active NOx concentration is also affected by
the NOx-to-ozone transformation pathway, which in turn affects nitrate formation.

For the temperature impacts on the NOx-to-ozone transformation pathway, Fig. 920

shows the annual mean change ratio of surface ozone concentration. Surface ozone
production is directly affected by climate and precursor emission change due to the
rapid photochemical reactions for ozone formation (Seinfeld et al., 2006). The ozone
concentration increases generally over continental United States, except mountain re-
gions and northern border areas where the NOx concentration is mainly a result of25

transport from remote sources. Since higher temperatures tend to increase the ozone
production efficiency, more NOx is consumed in ozone production over source regions.
Therefore, less NOx produced in industrial regions is transported to farming regions
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with relatively low emissions, and thus ozone concentration in the farming regions de-
creases. Conversely, it may enhance the transport of hydrocarbons to industrial re-
gions by increasing the gradient of hydrocarbon concentrations. According to the ni-
trate aerosol concentration change, increased NOx involvement in ozone production
results in less active NOx available for nitrate formation (e.g. affecting N2O5 formation)5

and thus contributes to the decrease in nitrate concentration.
In addition, the chemical reactions that occur during the night are important in aiding

the transformation of NOx into nitrate (Seinfeld et al., 2006), since the medium chem-
icals for nitrate formation are formed nocturnally (Fig. 1). Temperature is an important
factor affecting nocturnal chemistry. Therefore, it is necessary to examine the diurnal10

change in the sensitivity of NOx transformation pathways to temperature change. Fig-
ure 10 shows the diurnal cycle of the annual mean concentration change averaged over
the industrial region (defined in Fig. 6). The ozone concentration is slightly increased by
about 2 % over present value as a response to the 1 ◦C temperature increase. Although
the change in transformation rate is near constant for the whole day, it is relatively15

larger during the daytime than the nighttime. Nitrate concentration decreases during
the day and sharply increases at night, with a change ratio from −0.2 to 0.3. This also
indicates that ozone production is relatively independent from nitrate production. The
daytime decrease of nitrate is mainly caused by the accelerated NOy decomposition
and also the increased consumption of active NOx in ozone formation. During the night,20

ozone is consumed and contributes to nitrate formation (shown in Fig. 1). As a result,
NOx transformation to nitrate is enhanced. However, nitrate formation is also influenced
by other factors including humidity, the availability of base precursors, and concentra-
tions of other acids. As a result, potential responses of nitrate aerosol concentration to
a changing climate and emission are fairly complex. Observations and microphysical25

studies of its formation may further improve our understanding.
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3.4 Evidences in observations

In order to get evidences from observations and convince the findings drawn from sen-
sitivity experiments, we further examine the NOx transformation in existing emission
and air quality records. These datasets include NEI emission datasets, CASTNET ni-
trate observations and EPA AQS ozone observations. Two typical cities are selected5

to represent the two types of ozone production environment in the analysis. The first
is Los Angeles. Los Angeles is a heavy polluted city where the ozone production type
is strongly VOC-limited (e.g. Harley et al., 1993; Steiner et al., 2006). Nitrate observa-
tions on the site (JOT403) located in Los Angeles from CASTNET will be used in the
analysis. Ozone data in the surrounding area of site-JOT403 will be averaged based10

on EPA AQS records. The other is Atlanta city in Georgia. Ozone production in Atlanta
is known to be a typical NOx-limited type (Sillman et al., 1995). Similarly, we use data
on the site (GAS153) located on the suburban area of Atlanta from CASTNET to do
the analysis.

Figure 11 shows the historical variations of emissions and pollutant concentrations15

in Los Angeles from 1996 to 2012. Here, we show the change rates of surface ozone
and total nitrate on the study area. The reason to choose total nitrate (nitrate aerosols
+ nitric acid) is to avoid the influence of sulfate and availability of ammonia on nitrate
formation (Lei and Wuebbles, 2013), so that the analyzed change can largely represent
the specific effect of NOx transformation. Generally, both NOx and anthropogenic VOC20

emissions slowly decrease. NOx decrease rate is around 20 % by the year 2012. Con-
sidering the large amount of VOC emitted from biogenic sources in summer time, the
VOC decreasing rate may be less than the trend shown in Fig. 11. It is shown that both
summer time surface ozone concentration and nitrate concentration shows decreasing
trends. Nitrate decreasing rate is larger than that for surface ozone, which echoes the25

results from the model sensitivity analysis (in Fig. 7). Due to the reduction of biogenic
VOC emissions in winter time, the surface ozone production in Los Angeles is strongly
VOC-limited. As a result, the total nitrate concentration decreases as much as 60 %
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in response to the NOx decrease, while the ozone concentration does not show clear
decreasing trend. According to the analyses in sensitivity study, more active NOx can
be produced for the nitrate formation with a rate above the NOx increasing rate under
the VOC-limited ozone production environment. Now, under the same environment,
the nitrate decreasing rate is larger than the decreasing rate of NOx. This observa-5

tional variability convinced the analyses in modeling sensitivity studies. It indicates that
nitrate production is associated with local ozone production type.

Figure 12 shows the other observational results from a typical NOx-limited region-
Atlanta, Georgia. Although ozone production in Atlanta is reported to be a typical NOx-
limited type (Sillman et al., 1995), the analyses in suburban regions of Atlanta would10

further ensure this type (Pierce et al., 1998). The summer time nitrate and ozone both
show decreasing trends in response to NOx emission reduction in the past decade.
Nitrate shows a decreasing rate that is larger than the decreasing rate of ozone. The
winter time ozone production in the suburban of Atlanta is still be NOx-limited type.
Therefore, the change rate of nitrate is much lower than the change rate under VOC-15

limited environment (e.g. Los Angeles). Although the winter time ozone data is not
abundant in Atlanta area, available data also shows a clear decreasing trend.

4 Conclusions

As a precursor for tropospheric ozone and nitrate aerosols, Nitrogen oxides (NOx) and
its transformation are heavily related to their concentrations and the total pollution level.20

Climate and emission changes are two key factors that dictate NOx transformation. In
this study, the Community Atmosphere Model with Chemistry is used for sensitivity
simulations to study NOx transformations in responding to emission and climate per-
turbations. In the emission perturbation experiments, ozone concentration over the in-
dustrial regions is relatively stable, and its causes are attributable to the limitation of25

available hydrocarbon precursors and nitrate titration. The decrease or small increase
in ozone concentration in response to a large increase in NOx emission leads to more
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active NOx for nitrate formation and further explains why the responded nitrate change
ratio is larger than the emission change ratio. The seasonal transfer of ozone produc-
tion type can also affect the changes in surface ozone and nitrate levels. In the climate
perturbation experiments, temperature increase accelerates the decomposition of odd
nitrogen (NOy) during the night. As a result, the total transformation rate of NOx to ni-5

trate decreases. Ozone production in industrial regions increases in warmer conditions
and decreases against NOx emission increase, but shows converse trends in regions
where NOx is primarily transported into, which indicates different regional trends for
future surface ozone change in response to climate change. The sensitivity study indi-
cates that surface ozone concentration is more directly affected by changes in climate10

and precursor emissions, while nitrate concentration is also affected by ozone produc-
tion.

Further analyses on historical emission and air quality observations from NEI, CAST-
NET and EPA AQS datasets confirm the results from sensitivity studies. With the typi-
cal VOC-limited environment, Los Angeles area shows a higher rate of change in total15

nitrate than that of change in NOx emissions. While under the typical NOx-limited en-
vironment, Atlanta area shows close rates for both changes of ozone and total nitrate
in response to NOx emission change from 1996 to 2012. These evidences from ob-
servations strengthen the results of sensitivity studies and further convince that nitrate
change is associated with the relative levels of NOx and VOC emissions in local area.20

It noted that we focus our analysis on the processes of NOx transformation and
the subsequent production of nitrate and ozone and how these processes respond
to emission and climate perturbations. The perturbations in other factors associated
ozone/nitrate production are not discussed. Some factors may also seriously affect
future surface ozone or nitrate change. For examples, the biogenic emission of hy-25

drocarbons is sensitive to surface ozone production; the availability of ammonium and
sulfate may limit the nitrate aerosol production (Lei and Wuebbles, 2013); and humidity
may affect the physical and chemical processes associated with both. These are not
in the scope of this study. However, studying the role of these factors in affecting sur-
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face ozone or nitrate concentration would be valuable topics to further understand the
complicate processes associated with the ozone/nitrate formation and their practical
changes.
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Figure 1. Schematic diagram of major NOx transformation pathways to ozone or 422 

nitrate. Axes indicate the powers that push the transformation change. Within the dashed 423 

line there are major chemical processes for daytime. Within the solid line there are major 424 

chemical processes for nighttime. Reversible reactions in the diagram only show the 425 

transformation to ozone or nitrate. Chemicals in rectangles are initial emission or final 426 

products. Oval circulated items are environmental chemicals (OC: organic compounds, R: 427 

Compounds to neutralize nitric acid). Rhombuses are medial products.   428 

Fig. 1. Schematic diagram of major NOx transformation pathways to ozone or nitrate. Axes
indicate the powers that push the transformation change. Within the dashed line there are
major chemical processes for daytime. Within the solid line there are major chemical processes
for nighttime. Reversible reactions in the diagram only show the transformation to ozone or
nitrate. Chemicals in rectangles are initial emission or final products. Oval circulated items are
environmental chemicals (OC: organic compounds, R: Compounds to neutralize nitric acid).
Rhombuses are medial products.
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 431 

Figure 2. Summer average surface ozone concentrations over the contiguous United 432 

States during 2000-2002. The CAM-Chem simulated results (Left) and the U.S. EPA 433 

AQS site measurements (Right). (Unit: ppb) 434 

  435 

 436 

Fig. 2. Summer average surface ozone concentrations over the contiguous United States dur-
ing 2000–2002. The CAM-Chem simulated results (Left) and the US EPA AQS site measure-
ments (Right) (Unit: ppb).
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Figure 3. Annual average total nitrate concentrations over the contiguous United States 438 

in 2002. The CAM-Chem simulated results (Left) and the CASTNET observations 439 

(Right, image credit CASTNET). (Unit: µg/m3) 440 
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 444 

Figure 4. Annual mean change ratio of surface nitrate aerosol concentration 445 

((Experiment-Control run)/ Control run, Left: result of 25% NOx emission decrease; 446 

Right: result of 25% NOx emission increase.). 447 

 448 

Fig. 3. Annual average total nitrate concentrations over the contiguous United States in 2002.
The CAM-Chem simulated results (Left) and the CASTNET observations (Right, image credit
CASTNET) (Unit: µg m−3).

21979

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/21961/2013/acpd-13-21961-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/21961/2013/acpd-13-21961-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 21961–21988, 2013

Sensitivities of NOx

transformation

H. Lei and J. X. L. Wang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

21 
 

 437 

Figure 3. Annual average total nitrate concentrations over the contiguous United States 438 

in 2002. The CAM-Chem simulated results (Left) and the CASTNET observations 439 

(Right, image credit CASTNET). (Unit: µg/m3) 440 

 441 

 442 

 443 

 444 

Figure 4. Annual mean change ratio of surface nitrate aerosol concentration 445 

((Experiment-Control run)/ Control run, Left: result of 25% NOx emission decrease; 446 

Right: result of 25% NOx emission increase.). 447 

 448 

Fig. 4. Annual mean change ratio of surface nitrate aerosol concentration ((Experiment-Control
run)/Control run, Left: result of 25 % NOx emission decrease; Right: result of 25 % NOx emission
increase.).
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 449 

Figure 5.  Annual mean change ratio of surface ozone concentration ((Experiment-450 

Control run)/Control run,  Left: result of 25% NOx emission decrease; Right: result of 451 

25% NOx emission increase.). 452 

 453 

 454 

Figure 6. The shaded rectangle region is the sensitive region used for analysis. Surface 455 

aerosol concentrations are averaged over this area. 456 

 457 

 458 
Figure 7. Monthly mean change ratio of surface nitrate aerosols and ozone. (Left: Nitrate 459 

change ratio; Right: surface ozone change ratio.) 460 

 461 

Fig. 5. Annual mean change ratio of surface ozone concentration ((Experiment-Control
run)/Control run, Left: result of 25 % NOx emission decrease; Right: result of 25 % NOx emis-
sion increase.).
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Figure 7. Monthly mean change ratio of surface nitrate aerosols and ozone. (Left: Nitrate 459 

change ratio; Right: surface ozone change ratio.) 460 

 461 

Fig. 6. The shaded rectangle region is the sensitive region used for analysis. Surface aerosol
concentrations are averaged over this area.
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Figure 7. Monthly mean change ratio of surface nitrate aerosols and ozone. (Left: Nitrate 459 

change ratio; Right: surface ozone change ratio.) 460 

 461 

Fig. 7. Monthly mean change ratio of surface nitrate aerosols and ozone (Left: nitrate change
ratio; Right: surface ozone change ratio.).
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 462 

Figure 8. Annual mean change ratio of surface nitrate aerosol concentration 463 

((Experiment-Control run)/ Control run, Left: result of 1° C temperature decrease; Right: 464 

result of 1° C temperature increase.). 465 

 466 

 467 

Figure 9. Annual mean change ratio of surface ozone concentration ((Experiment-468 

Control run)/Control run, Left: result of 1° C temperature decrease; Right: result of 1° C 469 

temperature increase.). 470 
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Fig. 8. Annual mean change ratio of surface nitrate aerosol concentration ((Experiment-Control
run)/Control run, Left: result of 1 ◦C temperature decrease; Right: result of 1 ◦C temperature
increase.).
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 462 

Figure 8. Annual mean change ratio of surface nitrate aerosol concentration 463 

((Experiment-Control run)/ Control run, Left: result of 1° C temperature decrease; Right: 464 

result of 1° C temperature increase.). 465 

 466 

 467 

Figure 9. Annual mean change ratio of surface ozone concentration ((Experiment-468 

Control run)/Control run, Left: result of 1° C temperature decrease; Right: result of 1° C 469 

temperature increase.). 470 
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Fig. 9. Annual mean change ratio of surface ozone concentration ((Experiment-Control
run)/Control run, Left: result of 1 ◦C temperature decrease; Right: result of 1 ◦C temperature
increase.).
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 462 

Figure 8. Annual mean change ratio of surface nitrate aerosol concentration 463 

((Experiment-Control run)/ Control run, Left: result of 1° C temperature decrease; Right: 464 

result of 1° C temperature increase.). 465 
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 467 

Figure 9. Annual mean change ratio of surface ozone concentration ((Experiment-468 

Control run)/Control run, Left: result of 1° C temperature decrease; Right: result of 1° C 469 

temperature increase.). 470 
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Fig. 10. Annual mean diurnal cycles of ozone and nitrate change ratios averaged over the
sensitivity region (Left: surface ozone change ratio; Right: surface nitrate change ratio).
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Figure 10. Annual mean diurnal cycles of ozone and nitrate change ratios averaged over 473 

the sensitivity region. (Left: surface ozone change ratio; Right: surface nitrate change 474 

ratio.) 475 

 476 

Figure 11. Historical variations of emissions and pollutant concentrations in Los Angeles, 477 

CA during 1996 and 2012. The data for NOx and VOC emissions are from NEI dataset. 478 

The change rate of total nitrate in summer and winter are calculated from CASTNET 479 

measurements at site JOT403. The change rate of ozone is calculated from daily 8 hour 480 

maximum concentrations of surface ozone which are averaged from U.S. EPA AQS 481 

records at the same county where the site JOT403 is located. The change rate is 482 

calculated based on the first year concentration (e.g. 1996).   483 

 484 

Fig. 11. Historical variations of emissions and pollutant concentrations in Los Angeles, CA
during 1996 and 2012. The data for NOx and VOC emissions are from NEI dataset. The change
rate of total nitrate in summer and winter are calculated from CASTNET measurements at site
JOT403. The change rate of ozone is calculated from daily 8 h maximum concentrations of
surface ozone which are averaged from US EPA AQS records at the same county where the
site JOT403 is located. The change rate is calculated based on the first year concentration (e.g.
1996).
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 485 

Figure 12. Historical variations of emissions and pollutant concentrations in suburban of 486 

Atlanta, GA during 1996 and 2012. The data for NOx and VOC emissions are from NEI 487 

dataset. The change rate of total nitrate in summer and winter are calculated from 488 

CASTNET measurements at site GAS153. The change rate of ozone is calculated from 489 

daily 8 hour maximum concentrations of surface ozone which are averaged from U.S. 490 

EPA AQS records at the same county where the site GAS153 is located. Winter ozone in 491 

this area is not recorded until recent three years. The change rate is calculated based on 492 

the first year concentration (e.g. 1996). 493 
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 495 

Fig. 12. Historical variations of emissions and pollutant concentrations in suburban of Atlanta,
GA during 1996 and 2012. The data for NOx and VOC emissions are from NEI dataset. The
change rate of total nitrate in summer and winter are calculated from CASTNET measurements
at site GAS153. The change rate of ozone is calculated from daily 8 h maximum concentrations
of surface ozone which are averaged from US EPA AQS records at the same county where the
site GAS153 is located. Winter ozone in this area is not recorded until recent three years. The
change rate is calculated based on the first year concentration (e.g. 1996).
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