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Abstract

This study shows that revising the reaction rate of NO, + HO® — HNO; improves simu-
lated nitrogen partitioning and adjusts the simulated radiative effects of several radiative
forcing variables. Both laboratory and field study analysis have found that the reaction
rate should be reduced by 13-30 % from current recommendations. We evaluate the
GEOS-Chem model over North America with and without the recommended update.
Revising the NO, + HO" — HNOj rate coefficient improves model performance by in-
creasing NO, concentrations in the upper troposphere and decreasing HNO3 through-
out the troposphere. The downward revision of the NO, + HO® — HNOj rate increases
the lifetime of NO,, increases O3 concentrations and increases the simulated radiative
effects of tropospheric ozone. These findings demonstrate the influence the rate revi-
sion has on the composition of the atmosphere, the benefits it provides when compared
to observations and the simulated radiative effects that the reduction induces.

1 Introduction

Global chemical transport models (GCTMs) are excellent tools for exploring our
scientific understanding. They are used to estimate concentrations fields, develop
source/sink budgets for compounds, source/receptor relationships, infer emission in-
ventories, and estimate impact of emission reduction strategies (e.g., Jaeglé et al.,
2003; Fusco and Logan, 2003; West et al., 2006; Chen et al., 2009; Millet et al., 2010;
West et al., 2009; Kopacz et al., 2010). The benefit of GCTMs to their regional coun-
terparts is the scale that decreases sensitivity to boundary conditions. The trade off is
increased sensitivity to modeled processes including emissions, transport, and chem-
istry. The uncertainty in processes can have competing effects that make them difficult
to identify even when the uncertainty influences the research subject. When new in-
formation on a process emerges in the literature, the GCTM must be evaluated in the
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context of that new information. We must also understand how updating a process
would have influenced conclusions from previous studies.

GCTMs are often used to predict or estimate the ozone and aerosols that are prod-
ucts of photochemical oxidation. In the context of oxidation, the chemical compo-
nent of GCTMs (a.k.a. chemical mechanism) indirectly influences all the other pro-
cesses. Chemical transformation directly changes the chemical availability of com-
pounds and the physical properties of compound families. For instance, reaction R1
decreases the photochemical availability of a hydroxyl radical (HO®) and nitrogen ox-
ides (NO, = NO + NO,). Reaction R1 also increases the solubility of oxidized nitrogen
because the Henry’s Law coefficient for HNO3 (2.1 x 10°Matm™" at 298 K) is seven
orders of magnitude greater than that of NO, (1072 Matm™" at 298 K). Uncertainty in
reaction R1 would, therefore, affect the lifetime of NO, emissions and the lifetime of
NO, as a NO, reservoir. This is particularly important to ozone in its climate forcing
capacity because, on average, ozone production is limited by NO, availability (Sillman
et al., 1990; McKeen et al., 1991; Chameides et al., 1992; Jacob et al., 1993; Jaeglé
et al., 1998).

NO, + HO" — HNOj (R1)

Reaction R1 is widely recognized as a key reaction in atmospheric oxidation (e.g.,
Seinfeld, 1989; Donahue, 2011), but has not been well constrained. Despite its known
influence, reaction R1 has proved difficult to measure at temperatures and pressures
in the troposphere (Donahue, 2011). In a recent study, Moliner et al. (2010) employed
state-of-the-science techniques to accurately measure the rate at standard tempera-
ture and pressure (T = 298K and P = 1atm). In a subsequent study, Henderson et al.
(2012) constrain the rate of reaction R1 using aircraft measurements from the upper
troposphere (T = 240K and P = 0.29 atm). Both of the studies above recommend sig-
nificant downward revisions of the rate, and the rate recommended in the upper tropo-
sphere suggests an update to the temperature sensitivity (Henderson et al., 2012).
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Updates to the rate of reaction R1 have the potential to change NO, concentra-
tions, radical concentrations, ozone concentrations and sensitivity to emission reduc-
tion strategies (Cohan et al., 2010). As well, since tropospheric ozone has strong influ-
ences on the radiative budget of the atmosphere, changes in the atmospheric radiation
balance predicted by GCTMs will occur. This study implements the updated rates in
the GEOS-Chem chemical transport model and evaluates the impact. In addition to the
effects on ozone precursors, the study also utilizes an offline radiative transfer model
to evaluate the predicted direct radiative forcing (DRF) changes that this mechanism
update produces. We hypothesize that increased NO, lifetime will increase NO, con-
centrations, decrease HNO; concentrations, reduce the ratio of HO, to HO" concen-
trations, increase ozone sensitivity to NO, emission reductions, and lead to localized
positive radiative effects in locations where ozone increases occur.

2 Methods

In this study, we evaluate the influence the updated chemical mechanism has on model
estimates of trace gas composition in the troposphere and radiative effects on the sur-
face and effective top of atmosphere. The base model will be described in Sect. 2.1
and the chemistry updates in the Sect. 2.2. The observations and their associated un-
certainty are described in the Sect. 2.3. The method of evaluation used to incorporate
measurement uncertainty is described in the Sect. 2.4. The methods used to determine
the radiative effets of the chemical mechanism update are discussed in the Sect. 2.5
section.

2.1 Model description

We simulate the INTEX-A time period (July—August 2004) using the GEOS-
Chem global chemical transport model (version 9-01-02; http://www.as.harvard.edu/
chemistry/trop/geos/). The GEOS-Chem model explicitly simulates tracer species ad-
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vection, diffusion, deposition, gas-phase reactions, equilibrium partitioning of gas to
aerosol using inputs for meteorology, emissions, and chemistry inputs to produce pre-
dictions concentration fields. We configured GEOS-Chem to produce concentration
fields from 1 July to 30 August. The concentration fields are produced at 2° by 2.5°
and 47 vertical levels. We evaluated levels 1 through 32, which range in resolution
from 120 m near the surface to 1000 m at the top. The simulated time frame covers
the period observed by the National Aeronautics and Space Administration (NASA)
aircraft (DC-8). Although we have simulated global fields, the model evaluation will
cover the Northern Hemisphere, primarily over North America (see Fig. 1). The me-
teorological inputs are produced by the NASA Global Modeling and Assimilation Of-
fice (GMAO) and assimilate observations from the Goddard Earth Observing System
version 5 (GEOS-5). The GEOS-5 system is the latest version and has observations
starting on 1 January of 2004. The model was configured to use cloud convection with
a 15 min timestep and planetary boundary mixing with the non-local option. The emis-
sions include biomass (van der Werf et al., 2006), biogenic (Guenther et al., 2006),
lightning (Ott et al., 2010), and anthropogenic emissions (described below).
Anthropogenic emissions of NO,, CO, and SO, are included at both a global and
regional scale. At the regional scale, anthropogenic emissions of NO,, CO, and SO,
are specifically provided for the United States of America, Europe, Mexico and South-
East Asia. The United States emissions are derived from the EPA’s National Emission
Inventory (NEI) for the year 2005 and supplemented by the biofuel emission inventory
from 1999. In contrast to the 1999 NEI, the mobile NO, emissions from the 2000 NEI
have compared well to fuel use estimates (Parrish, 2006; Dallmann and Harley, 2010).
The European emissions are provided by the Co-operative Programme for Monitoring
and Evaluation of the Long-range Transmission of Air Pollutants in Europe (EMEP)
inventory for Europe in 2000 by Vestreng and Klein (2002). The Mexico emissions are
derived from the 1999 Big Bend Regional Aerosol and Visibility Observational (BRAVO)
emissions inventory for Mexico (Kuhns et al., 2003). The Asia emissions are derived
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from Streets et al. (2003, 2006). For the rest of the world, emissions are included from
the EDGAR fossil fuel inventory and scaled from the year 2000 (Olivier et al., 2002).

2.2 Chemistry updates

In this study, we compare simulations with standard chemistry (base case) and re-
vised chemistry (HNO;5 case). The reaction rate of NO, + HO" is decreased to account
for emerging literature recommending a downward revision (Mollner et al., 2010; Hen-
derson et al., 2012). The recommendation by Mollner et al. (2010) is 13 % below the
rate recommended by Sander et al. (2011), which is lower than that recommended by
Atkinson et al. (2004). Donahue (2011) commended the recent work by Mollner et al.
(2010), but asserted that there is remaining uncertainty. Henderson et al. (2012) also
re-evaluated the rate constant using Bayesian inference and measurements from the
upper troposphere. The evaluation in the upper troposphere complements the Mollner
et al. (2010) study with information at temperatures from 230-250 K. Henderson et al.
(2012) conclude that the temperature sensitivity is currently overestimated and should
be revised according to Eqgs. (1) and (2).
T

-1.9
ko=1.49x107%( — 1
0 9x10 (300) (1)

Ky =2.58 x 10711 (2)

2.3 Observations

In this study, we evaluate the model with respect to aircraft observations from the
INTEX-A campaign. The INTEX-A campaign collected observations from 90m to
11.9km covering North America. The suite of measurements includes inorganic
species NO, NO,, PAN, HNO,, HNO3, O3, H,O, and CO and organic species CH,0,
CH3;CHO, and CH3;C(O)CHs;. As with other studies (e.g., Hudman et al., 2007), the
observations are filtered to exclude stratospheric intrusion, biomass burning, wild-
fires, and fresh pollution plumes. These events are excluded because the model is
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not designed to capture the variability of extreme events. First, plumes that are iden-
tified in the flight logs were removed. Then biomass burning is identified by hydro-
gen cyanide greater than 500 ppt or acetonitrile greater than 225 ppt. Fresh pollu-
tion plumes are identified where NO, was more than 40 % of total oxidized nitrogen
(NOy = NO, + PAN + HNOg), or if NO, is not available, when NO, > 400 ppt and below
3 km. Stratospheric intrusion is identified when the ratio of O3 to CO is greater than
1.25.

For each measurement, an estimation or calculation of the uncertainty of the mea-
surement technique was carried out. Depending on the measurement, the uncertainty
was either provided for the whole dataset or on a per-sample basis. Absolute uncer-
tainty is provided on a per sample basis, while relative uncertainty is provided for the
dataset. Relative uncertainty (10) was provided for O3 (£5%), HO" (x15%), HO2’
(£15%), PAN (£15%), and NO, (£5%). For HNO4 (measured by P. Wennberg at the
California Institute of Technology), uncertainty was provided as a column-wise absolute
uncertainty that combines calibration, water correction, and background signal. The
uncertainty was propagated from the 0.5s time-scale to the 1 min time-scale through

linear propagation (o = \/n—12702). The HNO; relative error simple average is 20 %,
median is 12 %, 75th percentile is 19 %, and the concentration weighed average is
11 %.

For the NO, measurement, the measurement has a known interference at low tem-
peratures (Browne et al., 2011). At low ambient temperatures, pernitric acid (HNO4)
and methyl peroxy nitrate (CH3;O,NO,) dissociate in the inlet tube, adding molecules
of NO, to the measurement. When temperatures are above 255K, the interference is
less than 5% and within stated uncertainty limits (Browne et al., 2011). When tem-
peratures are below 255K, the interference can be more than 15%. Below 255K,
we use a chemical box-model (Henderson et al., 2012) to estimate the concentra-
tion of CH30,NO, and reduce the NO, measurement accordingly. Post-analysis of
CH3;0,NO, suggests that this approach provided CH3;0,NO, concentrations within
a factor of two. Box-model median CH3;O,NO, concentrations predicted 14 ppt at 8 km
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and 17 ppt at 10km. The GEOS-Chem model CH;0,NO, predictions are between
15 ppt from 8 to 9 km and 34 ppt from 9 to 10 km. Above 10 km, the uncertainty in our
box model CH3;0,NO, predictions increase, which leads us to evaluate only below
10 km. Although there are differences, they are insufficient in magnitude to alter our
conclusions.

For nitric oxide (NO), the direct measurement is not sensitive at concentrations stud-
ied here. Nitric oxide (NO) was measured by chemiluminescence with a 50 ppt lower-
limit of detection, which is too high to characterize the middle free troposphere (e.g.,
Bertram et al., 2007; Singh et al., 2007). As a result, we calculate steady-state NO
as described in Eq. (3), where j is the photolysis rate, T is temperature, and “[]” de-
note concentrations. The uncertainty in the derived NO value is propagated from NO,,
O3, and HO2 with the assumption that temperatures and reaction rates are precisely
known.

JINO,]

INO], = @
> 3.3x 1072 x exp (22) [HO2] + 3.0 x 1072 x exp (=2%) [O4]

In addition to individual measurements, this analysis focuses on species groups and
algebraic combinations of measurements. The two most notable species groups are
NO, (NO + NO;) and NO, (NO, + PAN + HNOj3). The uncertainty for species groups is
simply the root of the summed squared error.

Descriptive statistics and uncertainties for INTEX-A measurements are character-
ized in Table 1. The table summarizes uncertainty evaluated for the whole dataset, but
uncertainty at each altitude varies. For each measurement, Table 1 shows the number

of valid measurements, mean (X), percentiles (5, 50, and 75 %), and mean uncertain-

ties (relative (%)%; absolute o, in measurement units).
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2.4 Method of model evaluation

The simulations described above have inherent uncertainty and must be evaluated
using observations that also have uncertainty. The simulations spatially average con-
centration over a 48 000 km? area, which can reduce the variance of chemical species
by averaging highs and lows. The observations also spatially average, but only over
line segments that range from 4 to 17 km. Based on these differences alone, we ex-
pect the observed and simulated set will each have its own mean and variance for
each chemical species. The mean concentration for a log-normally distributed species
(e.g., NO,, HNOy) is highly sensitive to the variance of the results. For log-normally
distributed species, the means cannot be compared because the variances are ex-
pected to be different. In this case, the species can be log-transformed to reduce the
bias of the mean, but the variances of the observations and model are still different.
The difference in variances precludes certain statistical evaluation techniques.

We account for different variances and observational uncertainty using a variant of
the Student’s ¢ test. The Student’s ¢ test assumes that the variances of the two popu-
lations are identical. The variances are not expected to be identical and, therefore, the
standard Student’s ¢ test is not appropriate for this evaluation. The Welch'’s f test (here-
after t test) is a variant of the Student’s ¢ test that calculates the combined variance
using the Welch—Satterthwaite equation (Welch, 1947). Although the t test can now
compare the measurements and predictions, it cannot yet account for measurement
accuracy. The t test estimates the probability that the measured and modeled mean
could be obtained given repeated sampling with the assumption that the true means
are the same. This type of test does not inherently account for potential bias in the
measurements, but can be used as part of a framework that does.

Having accounted for the variances, we must now address the reported accuracy
and precision tolerances of the observations. The true bias of a measurement cannot
be known until compared to a superior method under similar circumstances. There is,
currently, insufficient data to fully characterize all the biases of measurements made
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during INTEX-A. For some measurements, however, multiple techniques produce dif-
ferent answers or subsequent analysis demonstrates a bias. For example, we now
know that the NO, measurement has an interference from peroxy nitrates. The methyl
peroxy nitrate interference ranges from 2.5 % at 265 K to 60 % at 225 K. Therefore, we
need to estimate measurement accuracy and account for it in our evaluation technique.

In order to account for measurement uncertainty, we use a method referred to as
two one-sided t tests (TOST) (Schuirmann, 1987). Using TOST, we can test whether
the model predictions are within measurement uncertainty by rejecting one of two null
hypotheses. The first null hypothesis is that the simulated mean is greater than the
observations adjusted to their lower bound. The second null hypothesis is that the
simulated mean is less than the observations adjusted to their upper bound. If we reject
either hypothesis, we have rejected that the model is equivalent to the observations.
This approach is equivalent to assuming a systematic bias equal to the uncertainty in
the measurement.

Using relative uncertainty, we formulate the null hypotheses (H, 1 and H,,) using
products. For each measurement, the observed accuracy is based on an estimate,
which can be found in the header of the observation files. An alternative formulation is
to produce a confidence interval for the difference and compare that to the uncertainty
of the mean. We did not use this approach because it does not account for adjustments
to observational variance when uncertainty is provided as a factor.

Ho 1 Umod = Hobsx(1-U)
Ha,2 “Hmod < uObS*(1—U)
Ho2 T Umod < Hobsx(1+U)
Ha,2 “Hmod > 'uObS*(‘] +U)
The null hypotheses are formulated to give the benefit of doubt to the model. The

joint null hypothesis is that the model is within uncertainty, which must be rejected to
conclude that the model is different (greater or less than) from observations. A higher
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bar would be equivalence testing where we reverse the null and alternative hypotheses.
As defined, the analysis is conservative with respect to model evaluation.

For each simulation, we evaluate the model in 1 km vertical divisions to capture the
influence of temperature, pressure, and transport. Temperature and pressure affect the
rate of chemical reactions including the reactions that produce HNO;. The affect of
temperature/pressure sensitivity can, therefore, only be seen by evaluating the model
with respect to altitude.

When using statistical tests like the t test, we must be careful to maintain the inde-
pendent and identically distributed assumption. By default, the plane flight sampling in
GEOS-Chem outputs one prediction for each observation. These pairs help to preserve
identical distribution because observations and predictions will represent the same ge-
ographic regions. The model’s larger spatial and temporal averaging, however, means
that a model grid cell can be paired with more than one observation. In this case, the set
of model predictions will contain duplicates that must be removed to maintain indepen-
dence. After removing duplicates, we have two datasets (observations and predictions)
that are each a representative sample of the atmosphere.

For each altitude, we compare the observed and simulated values of chemical con-
centrations. To reduce the influence of spatial averaging on variance, variables that
demonstrate log-normal distributions will be log-transformed. By log transforming, the
distribution becomes symmetric and reduces the skews influence on the mean. By con-
verting all variables to normal distributions, we also allow for the use of statistical tests
like the f test.

When equivalence of observations and simulations is rejected, we examine the bias
further. For bias calculations, the duplicate model results are not removed. By retain-
ing duplications, each observation can be paired with a prediction. This allows us to

calculate the mean normalized bias (EN) as defined in Eq. (4). In Eq. (4), o, is an ob-
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servation, y; is a prediction, and n is the number of pairs. The number of pairs varies
by compound because some observations are more available than others.

e

By= —— 4
N - (4)
We evaluate the model by using the t test for species and species groups and exam-

ining their bias. This evaluation will include the NO, cycling that drives photochemical

ozone production. For NO,, it is important to evaluate the family of compounds involved

in it's cycling. As such, we evaluate NO, and its products by defining NO, as the sum

of NO,, PAN, and HNO; (io—manos NG > 88% for 90% of all samples).

Because there is a bias in NO, (see Results), we also evaluate its components as
a fraction of the total.

2.5 Radiative effects

Changes in nitric acid formation affect the concentrations of various short-lived climate
forcers in the atmosphere. These changes result in variances in the radiative budget
of the atmosphere and will change the predicted forcing at the surface and top of the
model domain. For the updates to the nitric acid mechanism, these changes are largely
driven by the changes in tropospheric ozone concentrations, which is a large contribu-
tor to the radiation balance of our atmosphere. To a lesser extent, changes in radiative
effects due to the updated nitric acid mechanism include concentration differences of
certain aerosols, such as sulfuric acid. Ultimately, as previous mentioned, a decrease
in the reaction rate of nitric acid formation will increase tropospheric photochemical
ozone production, which is largely limited by NO, availability. This would have a posi-
tive increase in radiative effects in the atmosphere and the intensity of such radiative
changes will largely be spatially and temporally heterogenous. In addition, the nitric
acid mechanism update can change the oxidation potential of the atmosphere. This
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change can affect the formation of aerosols and has a potential to vary the concentra-
tion and distribution of aerosols, such as sulfuric acid. This process has the potential
of creating negative radiative effects.

To assess the radiative effects of changing the nitric acid reaction rate, the Parallel
Offline Radiative Transfer (PORT) model was utilized (Conley et al., 2013). This stan-
dalone model was developed at the National Center for Atmospheric Research (NCAR)
and isolates the radiation code from the Community Atmosphere Model (CAM). By us-
ing this model, the direct radative forcing due to the mechanism update can be quan-
tified. Input to PORT was compiled using output from the GEOS-Chem simulations.
An instantaneous tracer timeseries output was created every 73rd time step, which re-
sulted in an output generated every 2190 min. This output schedule enabled a balance
of sampling all seasons, day and night occurrences, output files sizes and overall com-
putational strain. Conley et al. (2013) found such a sub-sampling routine to have less
than a 0.1 % relative error in the radiative flux when compared to a PORT simulation
using every time sample. Radiative effects due to ozone, sulfate, organic and black hy-
drophilic and hydrophobic carbon, sea salt and dust were quantified using PORT. While
the main drivers of the radiative effects due to the mechanism update will be driven by
ozone, and to a lesser extent sulfate aerosols, all of these variables were included due
to availability.

3 Results

3.1 Aircraft evaluation

In this section, the base case and HNO; case models are compared to the INTEX-A ob-
servations, with a focus on ozone, nitrogen, and nitrogen partitioning. Each component
is evaluated in 1 km bins from the surface (0 km) to 10 km. Initial evaluation of total
oxidized nitrogen (NO, = NO, + PAN + HNO3) shows a high bias associated with NO,
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production from lightning. Fig. 2 displays the vertical emission profile of lightning in the
model and a general overprediction of NO, can be seen in Fig. 3a.

Since a high bias exists for NO, throughout much of the atmosphere, the remaining
evaluation of ozone, nitrogen and nitrogen partitioning from the updated mechanism
will feature a NO,, normalization. Figure 3 shows total oxidized nitrogen (NO,) and its
components (NO,, PAN, and HNO3). Each of the components are shown as a normal-
ized percentage of NO,. For each 1km bin, Fig. 3 shows the mean (black dots) and
90 % range (5—95 %) of the observed (grey bars) and simulated values (base: blue,
HNOg: red). The dots that represent the simulated means are black if the model is
consistent with the observations (i.e., we cannot reject H, y and H, ). Figure 3a shows
that NO, performance changes as a functional of altitude. In the upper troposphere
(8-10km), all the models are consistent with observations. Simulated NO,,, however, is
less concave than observed and all the models are high-biased from 0 to 8 km, where
observed values are at their minimum.

The target of improved chemistry is above 8 km, so the biases below 7 km will be
addressed separately. Between 8 and 10 km, the updated chemistry improves the pre-
dictions of NO,, HNO4, and PAN. For NO,, both cases are low-biased from 8 to 10 km;
however, the HNO5 case shows significant improvements. For HNOg, both the base
and HNO; cases are high-biased from 8 to 10km, but once again, the HNO; case
shows significant improvements. This is especially seen in the 8 to 9 km bin, where ob-
served and simulated values no longer show statistical differences. For HNO3, Fig. 3¢
shows that the two cases are statistically consistent with observations from 0 to 10 km,
with an exception of the base case in this 8 to 9 km bin. On an overall basis, the HNO4
case improves model performance and is consistent with observations at all levels. For
PAN, the HNO3 case improves predictions at all levels above 3 km, though there are
many bins of statistically significant low bias between 4 and 9 km. However, this is seen
in both simulated scenarios and is improved with the HNO; case.

Unlike NO,, HNOg3, and PAN, using the udpated chemistry exacerbates an existing
high-bias. The base case ozone predictions are high-biased throughout most of the
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troposphere (excluding 1 to 3km). The high-bias for ozone is likely the result of over-
predictions of NO, and NO,. Figure 3a shows NO, over-prediction from 0 to 8km.
The high-biased NO, is well correlated with a high-bias seen for NO, that extends
throughout the same vertical structure.

The high-biased NO, may be the result of lightning emissions that are highly uncer-
tain. GEOS-Chem emits NO,, produced from lightning flashes, according to a vertical
profile published by Ott et al. (2010) shown in Fig. 2. The lightning profie shows a dis-
tinct similarity between normalized NO, biases, as previously discussed. A high bias
exists in the altitudes of 5 to 8km, which corresponds to an area of high lightning
flashes. The ratio of freshly emitted NO, to HNO5 shows a distinct similarity with the
bi-modal lighting profiles observed by Ott et al. (2010) and recommend by Allen et al.
(2011). Using a bi-modal distribution that would redistribute NO, emissions from the
middle troposphere to the upper and lower troposphere could improve the predictions.
Overall, this update would improve the profile of NO, and its component species, but
would likely have to be accompanied by a downward revision to remove the NO, high-
bias.

When addressing the nitrogen partitioning in the lower troposphere, Fig. 3b shows
that both models underpredict NO, concentrations from 0 to 2 km. Though, once again,
when normalized to NOy, the HNO;; case decreases the simulated low-bias. On a con-
centration basis, high bias exists for most species of NO,. The HNO; case improves
the predictions of HNO; but, significant improvements require the downward revision
of NO,, which is driving the over predictions of NOy. For PAN in the lower atmosphere,
Fig. 3d shows that both scenarios predict high speciation at the surface, as well. How-
ever, throughout the middle troposphere, the HNO; case increases the PAN normalized
fraction.

Another important observation from Fig. 3 is that NO, partitioning is altitude depen-
dent. Near the surface, PAN is biased high ([PAN] and PAN:NO,) and NO, is biased
low as a fraction of NO, . In the middle troposphere, NO, is biased high (both [NO,] and
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NO, :NO,). In the middle and upper troposphere, HNO3 concentration is biased high,
but the HNO3 : NO, is only biased high in the middle and upper troposphere.

3.2 Radiative effects evaluation

As previously mentioned, an offline radative transfer model (PORT) was run, utilizing
the output generated from the GEOS-Chem GCM. The input to this offline model in-
cluded ozone, sulfate, organic and black hydrophilic and hydrophobic carbon, sea salt
and dust. While many of these variables were not expected to be changed as a re-
sult of this mechanism update, each were included due to their availability. Each of
these climate forcing variables were analyzed individually to determine the radiative
effects associated with each climate variable. The complete difference associated with
the mechanism update was also analyzed. As hypothesized, the results showed that
ozone was the strongest contributor to surface and top of atmosphere direct radiative
effects, with smaller and localize effects also observed for simulated differences in sul-
fate aerosols. These variables changes are due to the NO, cycling that produces photo-
chemical ozone and the changing atmospheric oxidation potential that the mechanism
enables. The spatial and vertical changes, which further substantiate this assessment
will be discussed further in the following section.

The PORT simulations had a spin-up period of 4-months to allow for radiative equilib-
rium due to the atmospheric perturbation. Following the spin-up period, the simulation
was carried on for a full year to allow a calculation of a global annual average change
in radiative forcing. In total, this method enabled a global annual average radiative ef-
fects determination that included all seasons; and the simulation time step allowed an
even analysis of day and night forcings. As previously mentioned, the time step for
this analysis was every 2190 min; which allowed a balance of computational strain and
even season/daylight sampling routines. The global annual averaged change in radia-
tive flux, including both solar and terrestrial radiation, at the surface from the updated
nitric acid reaction rate was 6.8 mWm™2. The global annual averaged change in radia-
tion flux