
We thank both anonymous reviewers for their helpful suggestions that we think make the revised 

manuscript a strong, more complete version of the original submission. In what follows we respond to each 

comment individually (in blue) and note where in the manuscript we have made revisions. 

Responses to comments from Reviewer #1: 

1. Particle surface area and number concentrations depend strongly on the size distributions of primary 

particles emitted (especially in the urban region like this study). It is unclear in the manuscript how primary 

particles of different sources (industry, residential, traffic, etc.) are parameterized in the model. This 

information is necessary and a table summarizing these will be helpful. 

We agree, and the results presented in this paper suggest that the magnitude and size distribution of primary 

emissions are a leading cause for the differences in model-measured aerosol surface area. The scope of this 

paper was to assess the state of model-measurement agreement in particle surface area to determine how 

well regional models perform with respect to this important scalar in heterogeneous kinetics.  

In CMAQ, primary particle emissions are given in units of mass/second, these are parameterized to 1st and 

2nd moment emission rates following Binkowski and Roselle (2003). We are not able to "tag" primary 

emissions from different sectors post-emission; all primary emissions are parameterized the same way 

regardless of source. In the version of CMAQ used here, the emissions inventory for primary aerosol 

particles is the 2011 EPA National Emissions Inventory (https://www.epa.gov/air-emissions-

modeling/2011-version-62-platform) split into categories including dust, agricultural, agricultural fire 

(prescribed burns), rail, marine, nonpoint, nonroad, nonpoint oil and gas, onroad, point oil and gas, point 

electrical generating units, residential wood combustion, point sources not associated with 

oil/gas/electricity, and estimates of point source and area emissions from outside the US (Canada, Mexico). 

The sources are speciated by location across the US and input into CMAQ.   

The following text has been added to the manuscript at line 99, “Primary aerosol emission rates are sourced 

from the 2011 EPA National Emissions Inventory and split into sources by location. The size distribution 

of primary aerosol emissions and mixing into the model grid cell are input in CMAQ the same way 

regardless of source.” 

2. Particle size distributions (and thus Sa) are also affected by new particle formation (or nucleation) and 

growth, especially at higher altitudes and in areas away from the urban center. The authors shall discuss 

how new particle formation was treated in the model and how the process might have affected the results. 

The data in this manuscript was run using version 5.2.1 of CMAQ. The default new particle formation 

nucleation parameterization in CMAQ version 4.3 and newer is based on a classical binary homogeneous 

nucleation which simulates kinetics and accounts for hydration (Kulmala et al., 1998). Only sulfuric acid 

is assumed to form new particles.  

Regarding aerosol growth, the model assumes that organics do not influence aerosol water content 

(Binkowski and Roselle, 2003). The growth mechanism is described therein. The representation of SOA 

was updated in CMAQ version 4.7 to include SOA formation via gas-phase oxidation, aqueous-phase 

oxidation, and aerosol-phase reactions (Carlton et al., 2010).  

The following was added to the manuscript at line 101, “In the version of CMAQ used here, new particle 

formation is based on classical, binary homogeneous nucleation (Kulmala et al., 1998). Particle growth is 

described by Binkowski and Roselle (2003), and secondary organic aerosol schemes in Carlton et al. 

(2010).” 

https://www.epa.gov/air-emissions-modeling/2011-version-62-platform
https://www.epa.gov/air-emissions-modeling/2011-version-62-platform


3. The results presented in this paper are based on CMAQ simulations with 12 × 12km latitude and longitude 

horizontal resolution, and hourly temporal resolution. As the authors themselves acknowledged: “The 12 

km ×12 km spatial resolution and 1-hour temporal resolution of CMAQ is significantly larger and longer 

than the spatial and temporal resolution of the aircraft data, resulting in an inherent contrast in resolution 

between model and measurement that may play a role in the variance in Sa,mod /Sa,meas”. Any reasons 

why you did not use a nested domain with higher resolution? Also, why not use a higher temporal 

resolution? 1-hour temporal resolution is too coarse for this kind of simulation (12 km x 12 km). 

The goal of this study was to assess how well air quality models that are used for regulatory purposes 

represent aerosol surface area concentrations. While a finer resolution model may lead to better model-

measurement agreement, they are not used as routinely in atmospheric chemistry or as a regulatory model. 

At the time of submission, the authors did not have access to a nested grid with gridded emissions data to 

utilize a smaller latitude and longitude resolution than 12km × 12km, nor was it trivial to reduce the 

temporal resolution. The same resolution has been used in other work comparing CMAQ to observational 

data at a finer resolution. For example, Yu et al. (2012) utilizes the same grid scale with hourly resolution 

in CMAQ compared to observational data from the AIRNow network and aircraft data, Nolte et al. (2015) 

utilizes the same grid scale and temporal scale compared to four different data sets, and Battye et al. (2016) 

utilizes the same grid scale compared to a later DISCOVER-AQ campaign. Further, Qin et al. (2018) used 

a 36km × 36km grid scale in CMAQ compared to the 2013 SOAS campaign. There is also evidence that 

the horizontal resolution may not have a large effect on PM comparisons via Wang et al. (2021). 

4. Figure 1. Is the figure for an average of values at all altitudes? It will be helpful to separate those in the 

boundary layer from those above the boundary layer. I expect a large difference in particle size distributions 

at different altitudes. Also maybe you can use the same y-axis scale for observed and model values for 

easier comparison? 

Figure 1 in the preprint is an average of values at all altitudes. In the revised version of Figure 1, we have 

included size distributions for below 1km and above 3km for comparison. The aerosol surface area 

distribution as calculated for altitudes below 1km is similar to that of the full day average originally used, 

though CMAQ underestimates overall surface area by a larger amount. Above 3km in altitude, the modeled 

and measured surface area distributions match in shape more closely, although CMAQ overestimates the 

contribution of larger particles and underestimates those at mid-diameter. The revised figure (shown below) 

has been updated in the manuscript. 

 

 



5. The manuscript does not have a summary session. I would suggest that the authors add one. 

A summary section has been added to the manuscript (line 525), which reads: “This study examined the 

ability of the CMAQ model to accurately predict aerosol surface area as it directly affects heterogeneous 

chemistry within the model. The CMAQ data was compared to dry measured aerosol surface area data 

from the 2011 DISCOVER-AQ campaign utilizing a UHSAS. A discrepancy between modeled and 

measured dry aerosol surface area, Sa,mod. and Sa,meas respectively, are modestly correlated (r2 = 0.52) and 

on average agree to within a factor of two (Sa,mod. /Sa,meas = 0.44) over the course of the 13 research flights. 

However, there was a strong correlation between measured and modeled number concentration 

(Nmod/Nmeas = 0.87, r2 = 0.63). When looking into possible sources of the discrepancy, there was not a 

strong dependence on photochemical age or secondary biogenic aerosol concentration. The strong 

agreement in aerosol number concentration may indicate that the modeled size distribution contributes to 

the observed discrepancy, though the exact source of discrepancy is outside of the scope of this study.  

The discrepancy in aerosol surface area was also compared to that of the reactive uptake coefficient of 

N2O5 during the 2015 WINTER campaign due to the fact that the uptake coefficient also directly impacts 

heterogeneous reaction rates. The uncertainty in the modeled heterogeneous chemistry remains primarily 

driven by that of the uptake coefficient, as the uncertainty in those values is larger than that seen by Sa. 

Model improvements to aerosol surface area concentrations along with improvements to the 

parameterization of reactive uptake coefficients will greatly impact the accuracy of heterogeneous 

chemistry within regional models.” 

6. L79-81: Are the median diameters for the three modes fixed in the model? How the size range for each 

mode is decided? How was the value of geometric standard deviation determined? 

The median diameters, standard deviations, and size ranges for primary emissions are set within the CMAQ 

model based on Binkowski and Roselle (2003) from box model inputs. Size ranges are fixed, and modes 

must always be distinct. Mean diameters and standard deviations are not fixed during particle growth and 

nucleation. When particle growth and nucleation occur over a timestep, the average mode diameter grows, 

and some number, surface area, and mass are transferred to the next larger size (e.g. Aitken to accumulation) 

and averaged with the new size bin. For size distributions and after particle growth/nucleation, these values 

do not change. The size ranges for each mode are based on Whitby (1978). The geometric standard 

deviation is also based on Whitby 1978, but have been updated to those from Elleman and Covert (2010) 

based on many observational data sets.  

The following has been added to the manuscript at line 83, “Particle nucleation and growth result in changes 

to the mode diameter and can result in the transfer of particle number, surface area, and mass to the next 

larger size (e.g. Aitken to accumulation). Outside of particle growth and nucleation, the approximate 

median diameters are unchanged. The size ranges for each mode are based on Whitby 1978, and geometric 

standard deviation is also based on Whitby 1978 but has been updated to those from Elleman and Covert 

2010.”  

7. L100: “>99%”: What is the exact value? 

Binkowski and Roselle (2003) state that “the major part of PM2.5 particulate mass emissions are in the 

accumulation mode with a small fraction in the Aitken mode; (i.e. 99.9% of PM2.5 is assumed to be in the 

accumulation mode and the remaining fraction, 0.1%, is assigned to the Aitken mode).” 

8. L104: How (is the) condensation of water is treated? 



As discussed in Binkowski and Roselle (2003), particles acquire liquid water in their evolution, thus 

increasing the surface area. Particle water concentration is determined using a thermodynamic model (in 

this case ISORROPIA). ISORROPIA is used both in the “reverse mode” for inorganic gas interactions with 

coarse particles and in the “forward mode” for inorganic gas interactions with fine particles with AERO6 

(USEPA, 2017). Given uncertainty in the contribution of soluble organics to aerosol liquid water content 

and the lack of “ambient RH” surface area measurements, we focus exclusively on the dry aerosol surface 

area. 

9. Table 1: Q1, Q3 values from Jaegle et al. 2018 appear to be incorrect. 

Thank you for catching this. The data was converted from cm2/cm3*10-6 to um2/cm3 for the medians, but 

not the Q1 and Q3. This is updated now.  

10. Why did two simulations (2011 & 2015) use two different versions of the CMAQ model and 

chemistry/aerosol schemes (CB5 vs CB6, AER06 vs AER07)? 

Our choice of chemical and aerosol mechanisms has been informed by the speciation of emissions input, 

which has varied with the development of CMAQ. The 2011 emissions data were speciated for the CB5 

mechanism, which is not available in CMAQ v5.3.2. The 2015 emissions were speciated for CB6, which is 

not available in CMAQ v5.2.1. We expect some differences, as noted in Luecken et al. (2019), “CMAQ-

CB6 slightly improves prediction of ozone over much of the dynamic range, while providing updates that 

are more consistent with current scientific understanding”. There are a few other updates from CB5 to CB6, 

as described in the linked manuscript. On the aerosol side, there is not a distinguishable difference between 

AERO6 and AERO7 in the source code, and thus aerosol chemistry will not be impacted by the use of 

AERO7 versus AERO6.  

11. L222: Please explain why the measured values are dry Sa. 

The in situ measurements were made inside the cabin after the ambient air was sampled through an 

isokinetic inlet. The aerosol temperature equilibrated quickly to the cabin temperature, which is very warm. 

As a result, the RH of the measurements is likely to be below 40-50% RH. Since the aerosol water 

associated with particles of this RH is likely to be small (although not negligible) we compare these 

measurements to the dry model run.  

The following sentences have been added to the manuscript (line 237): “Ambient air was sampled through 

an isokinetic inlet, allowing the aerosol temperature to quickly equilibrate to that of the cabin of the P3-B 

aircraft. Along with additional ram pressure heating in the inlet during flow deceleration, particles reach an 

RH of below 40-50%, meaning the aerosol is considered to be dry. The term dry here distinguishes that the 

particle hydration state is greatly reduced compared to that of the unperturbed ambient air. It is important 

to note that aerosol water is not accounted for in the following model-measurement comparison, though 

there would be some aerosol water present at the higher end of the 40-50% RH threshold, which may impact 

the comparison of the measured aerosol to dry aerosol in the model.” 

12. L145: relative to? 

The large temporal and spatial variability in aerosol surface area in Simon et al. 2010 in the Houston Ship 

Channel is evident from the larger interquartile range when compared to that in the Gulf of Mexico in the 

same study (Table 1). 

The phrase “relative to the smaller interquartile range seen in the Gulf of Mexico” was added to the 

manuscript at line 154. 



13. L283: Please give some details on how this was measured. Completely dry or at some fixed RH? 

Please see our response to comment 11. 

14. L305-309: What are the possible reasons? Can the difference be reduced by increasing resolution and/or 

modifying assumed mode sizes? 

As noted in Table 1, the data from Simon et al. and Jaeglé et al. utilized different models. Simon et al. 

utilized the CAMx model and Jaeglé et al. utilized the GEOS-Chem model. There are a variety of 

differences between these models and CMAQ, including that CMAQ is a regulatory model on a regional 

scale while the others are not. The measurements taken by Simon et al. and Jaeglé et al. are also very 

different to those utilized here. We compare to aircraft data over the Baltimore and Washington D.C. area, 

while Simon et al. looked at the Gulf of Mexico and the Houston Ship Channel and Jaeglé et al. looked at 

the northeast US. We compare to these studies because they are two of the only studies that mention aerosol 

surface area comparisons between models and measurement directly, but we understand that they are not 

direct comparisons to our data or model utilized in this study.  

15. L310: This is inconsistent with what is stated in the figure caption. Please add more labels to the x-

axis to make it clearer. 

More detail has been added to the figure caption to clarify and the x-axis has been updated for figure 5 a) 

and b) (below). The figure caption now reads “Figure 5: Histograms of a) measured aerosol surface area 

concentration (DISCOVER-AQ) at all altitudes, b) modeled aerosol surface area concentration (CMAQ) at 

all altitudes, c) measured aerosol surface area in the 0 to 1km altitude bin, and d) modeled aerosol surface 

area in the 0 to 1km altitude bin over the entirety of the DISCOVER-AQ campaign.”  

 



16. L388: This is speculation here.  Why not use a nested domain with 4 km resolution to look into the 

effect of resolution? 

We did not have access to a nested domain with 4km resolution for the emissions data for this study to be 

able to look at this directly. We have added a sentence at line 413 to acknowledge that this is a speculation: 

“However, without utilizing a smaller model resolution to directly test for impacts of the grid size, 

resolution issues cannot be fully ruled out”. 

17. L446: Does the condensation change the sizes of particles represented in the model? 

Condensation changes particle size by increasing the average particle diameter within a particle mode as 

particles acquire inorganic liquid water. As the average diameter of the Aitken mode approaches that of the 

accumulation mode, mass is reassigned to the larger mode, though no more than half of the mass from the 

Aitken mode can be reassigned during one time step (Binkowski and Roselle, 2003). The particle modes 

retain the same size range, though the average diameter may change due to condensation.  

18. L481: Please explain how the reactive uptake coefficient was measured. 

The reactive uptake coefficient was not measured directly. Instead, the uptake coefficient was determined 

by the method developed by McDuffie where she uses an observationally constrained box model to solve 

for the N2O5 uptake coefficient along the flight path of the WINTER campaign.  

This information has been clarified in the manuscript in line 507, where the sentence now reads “In Figure 

14a, we show the histogram and PDF of the ratio of (N2O5)mod calculated in CMAQ using the Bertram and 

Thornton parameterization for the WINTER campaign, compared with (N2O5)meas, which was determined 

in McDuffie et al. from an observationally constrained analysis of flight data via a box model solved along 

the flight path to determine the uptake coefficient (McDuffie et al., 2018)”. 

19. L485: Why? Winter and summer particle size distribution (and thus Sa) could be quite different. 

This is a good point. We have not delved deep into the surface area data for the WINTER campaign, so we 

are unsure if the surface area is in fact consistent. This statement has been rewritten to clarify and now reads 

(line 512) “Interestingly, since khet(N2O5) is proportional to the product of Sa and g(N2O5), the underestimate 

in model Sa is compensated by an overestimate in g(N2O5) in the mean state if the underestimate in model 

Sa is consistent for WINTER, though that is not necessarily the case”.  

 

Responses to comments from Reviewer #2:  

1. Figure 13: Since the question is how ratio of modeled to measured aerosol surface area changes with 

aging, it might be better to plot it with respect to total modeled SOA particle mass rather than just 

modeled isoprene oxidation products. Can the authors generate a similar plot comparing to modeled 

SOA? 

Similar to the species-specific figure, there is no clear trend with total SOA (as shown below). This figure 

has been added to figure 13 as part b) of the figure with the original figure 13 as part a) (below). 



 

 

The statement, “There is also no trend with the total SOA concentration parameterized in CMAQ, shown 

in figure 13b.” has also been included at line 492. 

2. Some of the model-measurement differences in aerosol surface area might relate to processes not 

considered in the model. For e.g.: 

(a) How does phase state and viscosity of organic aerosols affect heterogeneous loss of organic aerosols in 

the model? Heterogeneous loss also affects aerosol surface area and vice versa.  



The base version of CMAQ version 5.2.1 does not include phase separation and does not account for 

changes in viscosity which are known to impact aerosol water and SOA processes. Since we are focused 

on the dry aerosol surface area these effects could impact total SOA. 

Aerosol phase state in CMAQ version 5.2 and beyond is based on ambient relative humidity, according to 

Pye et al. (2017), where the separation relative humidity (SRH) is the humidity above where a single 

combined phase state can exist, and “when the ambient relative humidity was below the SRH, the model 

separated the particle into a water-rich phase (containing aqueous SOA) and an organic-rich phase 

(containing traditional SOA and POA)”. Including organic and inorganic water interactions in absorptive 

partitioning calculations for organic aerosol generally decreased the bias between CMAQ and measurement 

data, while increasing the mean error. It is also noted that dryers utilized in aerosol chemistry instruments 

and different RH systems may play a part in differences between modeled and measured SOA based on 

phase state calculations, and the same may be said for the data presented in this manuscript, as phase state 

is important for “wet” aerosol interactions, but cannot be applied directly to dry aerosol, as “Such drying 

can cause changes in the aerosol phase state and could potentially lead to changes in the partitioning of 

soluble organic compounds”. For example, it has been reported that there can be loss of WSOC after drying, 

therefore impacting comparisons, though this is impacted by residence time in the specific instrument. 

A new algorithm to determine SOA phase separation based on the glass transition temperature, oxygen to 

carbon ratio, and organic mass to sulfate ratio was applied to CMAQ version 5.2.1, the version run for this 

manuscript, and evaluated by Schmedding et al. (2020). Adding phase separation to CMAQ version 5.2.1 

generally yielded reduction in the uptake of IEPOX to aerosol, thus decreasing the concentration of resultant 

IEPOX-derived SOA and impacting overall biogenic SOA. It was also predicted that most of the SOA in 

the middle and upper troposphere was phase separated with more organic concentration in the semi-solid 

or glassy state as altitude increases, in agreement with field studies. However, this phase-state prediction 

was not implemented for CMAQ version 5.2.1 as run in this manuscript, so it is possible that the SOA 

prediction and heterogeneous loss of organic aerosol here is not as accurate as it could be. 

The following was added at line 362, “It is also important to acknowledge that some of the model-

measurement disagreement could be due to processes not considered in the model such as phase separation, 

viscosity changes of aerosols, and direct modeling of clouds impacting cloud processing of aerosols, though 

the impacts of these processes are not investigated further in this work.” 

(b) How does model representation of aqueous and cloud chemistry affect model-measurement 

comparisons of aerosol surface area? 

Binkowski and Roselle (2003) briefly discusses cloud processing of aerosols in CMAQ. Cloud processes 

are modeled with simplified effects of clouds rather than modeling the clouds directly. There are a few main 

assumptions regarding aerosol cloud processing in CMAQ, including: 

1) Aitken mode particles are scavenged by cloud droplets, where mass, number, and surface area 

respond to in-cloud scavenging. 

2) Accumulation mode particles form cloud condensation nuclei, which are distributed within the 

cloud water. Mass, surface area and number can be lost by precipitation, and mass, but not number, 

is increased by in-cloud scavenging of the Aitken mode.  

3) Sulfate mass produced by aqueous production is added to the accumulation mode, but number and 

geometric standard deviation are unchanged for cumulous clouds. 

4) Since the geometric standard deviation does not change for the accumulation mode, surface area is 

reconstructed with that same geometric standard deviation based on the new mass and number of 

particles. 



5) Aerosol is mixed vertically just as any other species, where wet removal of aerosol is proportional 

to that of sulfate removal based on the internal mixing of aerosols. Deposition of wet aerosol is 

removed at the same rate as sulfate particles. 

Surface area loss from scavenging of Aitken mode particles and precipitation of accumulation mode 

particles impacts the wet surface area in the model. Since CMAQ cannot model the clouds directly, and 

instead interactions within clouds are modeled, it is hard to know whether these processes reflect the actual 

clouds seen during the campaign used for measurements. Overall, cloud processing focuses more on wet 

surface area than dry surface area. Since dry surface area is calculated based on the change between wet 

and dry aerosol volume, and volume does not seem to be considered in cloud processing in the model from 

this information, we can assume that the impact from cloud processing in our analysis is minimal. However, 

modeling of cloud processes rather than clouds directly may have an impact on the surface area 

comparison’s accuracy overall. 

An in-cloud SOA formation parameterization was added to the CMAQ model at version 4.6. This addition 

greatly improved the normalized mean bias between CMAQ organic carbon concentrations and those from 

ground-based and aircraft-based measurements (Carlton et al., 2008). The largest impact was seen on a day 

when the model was compared to flight data of water-soluble organic carbon specifically designed to 

investigate clouds (NMB reduced from -65% to -15%), meaning that the addition of the in-cloud SOA 

formation parameterization included key enhancements to the model for cloud processing.  

3. The model-measurement comparisons in the paper are focused on an aircraft campaign that samples up 

to 5 km altitude (e.g. Fig 8). It would be interesting to compare at higher altitudes e.g. in the upper 

troposphere as well. Are there measurements from other aircraft campaigns that could be used as well? 

We agree that it would be very interesting to look at the model-measurement comparisons at higher altitudes 

and in more remote regions as aerosol surface area impacts the frequency of NPF. In this paper we focused 

primarily on the role of aerosol surface area as it connects to ground level air pollution. As such, we sought 

out a near-surface campaign. 

4. How does relative humidity affect model-measurement comparison of aerosol surface area? 

As shown below, there is a very slight trend in the surface area ratio with RH in the model for our dry 

surface area comparison (figure below).  



 

However, it is important to note that we looked at dry Sa measurements and dry modeled Sa in this study. 

In future analyses, it would be interesting to investigate how the ambient aerosol surface area concentration 

ratio (model/measured) scales with RH.  

5. A general comment: A more useful approach might be to perturb aerosol formation and loss processes 

in the model e.g. turning heterogeneous chemistry on/off, aqueous chemistry on/off,  etc. and determine 

which of these affect model-measurement comparisons of aerosol surface area the most, especially as a 

function of aging.  

This is a great comment, and we agree that being able to change settings in the model would allow for the 

ability to find a more detailed/direct reason for what drives the discrepancy between model and 

measurement. However, doing this would require re-running the model and that is something outside of the 

scope of this paper. We would love to be able to do so in the future with this data set or a more recent data 

set to see how each parameter impacts the model-measurement comparison.  

6. The reactive uptake analyses only focused on N2O5. Could the authors look at other reactive uptake 

coefficients as well e.g. related to IEPOX-SOA? 

The only measurements we have access to right now are those of N2O5, which is why that was the focus of 

the uptake analyses. Other uptake coefficients should be looked at in the future.  
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