
This manuscript presents source apportionment of organic aerosol (OA) measured by a 

FIGAERO-CIMS at a coastal downwind receptor site and resolves eight organic aerosol factors 

using PMF, followed by a comparison with HR-AMS measurements. Eight factors include six 

daytime chemistry related factors, a biomass burning related factor (BB-LVOA), and a 

nighttime chemistry related factor (Night-LVOA). It was also found that increasing NOx levels 

mainly affected SOA formation via gas-particle partitioning, suppressing the formation of low-

volatile organic vapors. Besides, two aged OA factors (Day-aged-LVOA and Day-aged-

ELVOA) were mainly attributed to daytime photochemical aging of pre-existing OA. 

The topic is scientifically relevant, particularly given the increasing interest in linking OA 

volatility, oxidation state, and formation pathways. The dataset is valuable, and the 

thermogram-based OA classification is potentially insightful. However, the attribution of the 

resolved factors (e.g., High-NOx LVOA, Urban-LVOA, Aged-LVOA) remains insufficiently 

supported by the current evidence. The manuscript would benefit from clearer methodological 

justification, more cautious interpretation of factor identities, and additional analyses to better 

constrain potential chemical and meteorological influences on factor behavior. 

  

1. The authors should clearly state what scientific insights are genuinely new compared 

with previous FIGAERO-CIMS PMF studies. 

Reply: We appreciate the reviewer for this valuable suggestion. To our knowledge, 

existing field studies applying PMF to FIGAERO-CIMS data have primarily focused 

on the mass concentrations or signal intensities of organic compounds rather than their 

thermograms. Chen et al. (2020) applied PMF to FIGAERO-CIMS datasets collected 

in Yorkville, GA, and reported substantial contributions of isoprene- and monoterpene-

derived SOA during both daytime and nighttime. Using the same approach, Ye et al. 

(2023) showed that low-NO-like oxidation pathways played a significant role in SOA 

formation in urban environments. However, these PMF analyses did not provide 

volatility information, which limits our ability to fully understand the formation 

mechanisms and aging processes of OA. 

Buchholz et al. (2020) performed PMF analysis on FIGAERO-CIMS thermogram 

datasets in laboratory experiments and demonstrated that both OA volatility and 

composition varied with relative humidity. Nevertheless, applications of thermogram-

based PMF to ambient field measurements remain scarce. 

In this work, we derive the volatility associated with each OA source and type. Our 

results show that relatively high-volatility SOA was produced through gas–particle 

partitioning under elevated NOₓ conditions, likely due to the suppressing of NOₓ on the 

formation of highly oxidized organic compounds. 



We added some discussion to the revised manuscript in line 625-639, 

“To our knowledge, existing field studies applying PMF to FIGAERO-CIMS data 

have primarily focused on the mass concentrations or signal intensities of organic 

compounds rather than their thermograms. Chen et al. (2020) applied PMF to 

FIGAERO-CIMS datasets collected in Yorkville, GA, and reported substantial 

contributions of isoprene- and monoterpene-derived SOA during both daytime 

and nighttime. Using the same approach, Ye et al. (2023) showed that low-NO-like 

oxidation pathways played a significant role in SOA formation in urban 

environments. However, these PMF analyses did not provide volatility 

information, which limits our ability to fully understand the formation 

mechanisms and aging processes of OA. Lee et al. (2020) demonstrated that 

combining molecular-level composition measurements with volatility information 

enables the resolution of organic aerosol formation and aging pathways in the 

atmosphere, providing direct constraints on how oxidation processes alter both 

chemical functionality and volatility during aerosol evolution. Buchholz et al. 

(2020) performed PMF analysis on FIGAERO-CIMS thermogram datasets in 

laboratory experiments and demonstrated that both OA volatility and 

composition varied with relative humidity. Nevertheless, applications of 

thermogram-based PMF to ambient field measurements remain scarce.  

Our results show that applying PMF directly to thermogram profiles from field 

observations yields additional and valuable volatility information that is not accessible 

from traditional mass- or signal-based PMF analyses. This added dimension is 

particularly useful for OA source apportionment.” 

 

2. In lines 192-193, the thermogram matrix was split into three segments for PMF due to 

computational limitations, but the implications for factor consistency and rotational 

ambiguity were not discussed. A justification and uncertainty evaluation are needed. 

Reply: We appreciate the reviewer for this valuable suggestion. We note that a detailed 

discussion on the justification, factor consistency, and uncertainty associated with the 

PMF analysis was originally provided in the SI. We have now added a concise summary 

of this discussion to the main text in line 194-200, 

“An eight-factor solution was selected for each part based on Q/Qexp behavior and 

factor interpretability (Fig. S3 to S6). To assess factor consistency, the mass 

spectra of resolved factors were compared across different parts, showing strong 

correlations (R>0.9) for the each factor (Fig. S7 and S8). Weaker correlations 

during the early campaign period (2 to 5 October) likely reflect changes in 



dominant OA sources under different meteorological conditions (Fig. S8 and S9). 

After excluding this period, consistent factor profiles were obtained and combined 

for further analysis. Detailed evaluations are provided in the Section S1.” 

We also revised section S1 in the SI as follows, 

“Section S1. Dataset separation and source apportionment for FIGAERO-OA 

We first divided the dataset into 3 parts: part 1 (18690× 1028), from 2 to 15 

October; part 2 (18970×1028), from 16 to 30 October; part 3 (21840×1028), from 

31 October to 16 November. In general, a significant change in 𝑸/𝑸𝒆𝒙𝒑  was 

observed by increasing factors from 2 to 4 (Fig. S3 to S6). After investigating 

different solutions with factor number from 2 to 10 with fPeak varying between -

1 and 1, an 8-factor solution was selected based on the best performance by the 

PMF quality parameters and most reasonable source identification. In the seven-

factor solution, several factors exhibited mixing across different data segments, 

whereas solutions with a larger number of factors led to excessive splitting of 

physically meaningful factors. The mass spectra of the 8 thermograms factors 

(referred as thermogrAMS-OA factors) of these three data sets can be found in 

Fig. S7. Since the entire campaign data set was divided into three parts, it is 

essential to perform the correlation analysis of mass spectra of 8 factors across 

different data sets (part 1 to 3) to identify the similar factors among the three data 

sets. In part 2 and 3 data sets, there were clear correlations between the respective 

factors, suggesting that the PMF results of part 2 and 3 data sets can be reasonably 

combined. 

In part 1 data set, both factors 1 and 6 showed the highest correlation with factor 

6 in the part 2 and 3 data set, respectively (fig. S8). However, there are no factors 

strongly correlated with F1 and F7 in part 2 and 3, respectively. It could be owing 

to that the sources of OA during 2 to 15 October (part 1) were different from those 

during 16 October to 16 November (part 2 and 3). In the discussion in sections 3.1 

and 3.2, F1 and F7 in part 2 and 3 were believed to originate from photochemical 

reactions in the urban plumes and biomass burning, respectively. Figure S9 

demonstrates that the site was mainly affected by south wind with a relatively 

lower concentration of BBOA and levoglucosan from 2 to 5 October. Thus, we 

performed PMF analysis to a new dataset (part 1.5), from 5 to 22 October. Clear 

correlations between the respective factors were found in part 1.5, 2, and 3 data 

sets (Fig. S8). Finally, we combined these three data sets (5 October to 16 

November) in the manuscript.” 

 



 

Figure S3. Diagnostic plots for part 1 (2 to 15 Oct.). 

  



 

Figure S4. Diagnostic plots for part 1.5 (5 to 22 Oct.). 

  



 

Figure S5. Diagnostic plots for part 2 (16 to 30 Oct.). 

  



 

Figure S6. Diagnostic plots for part 3 (31 Oct. to 16 Nov.). 

 



 

Figure S7. The mass spectra of 8 thermograms PMF factor of four data sets (part 1 to 3). 

  



 

Figure S8. The correlation of mass spectra of 8 factors across different data sets (part 1 to 3). The 

red squares represent the highest R value for a specific factor along the x-axis compared to all 

factors on the y-axis. 

  



 

Figure S9. The time series of (a) levoglucosan in the particle phase measured by the FIGAERO-

CIMS and BBOA in AMS-OA, (b) NOx, and (c) wind speed and direction from 2 October and 16 

November. 

  



3. In line 194, the justification for selecting the 8-factor solution is insufficient. Standard 

PMF diagnostics (Q/Qexp, residuals, Fpeak sensitivity) should be provided. 

Reply: We appreciate the reviewer for these valuable suggestions. We have expanded 

the PMF diagnostics to explicitly justify the factor selection. The evolution of Q/Qexp 

values with increasing factor numbers, Fpeak sensitivity, and residuals is now 

described in the main text and shown in the Supplementary Information (Figs. S3–S6), 

indicating a clear improvement from 2 to 8 factors and more moderate changes 

thereafter. The stability of the 8-factor solution was evaluated through cross-segment 

factor comparisons and solution stability tests, as described in response to comment 2. 

These diagnostics collectively support the selection of the 8-factor solution. Relevant 

descriptions and references to standard PMF diagnostics have been added to the 

manuscript in line 194-195, 

“An eight-factor solution was selected for each part based on Q/Qexp behavior and 

factor interpretability (Fig. S3 to S6).” 

4. In lines 214-220, the PEG-based calibration (PEG 5–8) may not be representative of 

nitrogen-containing or highly oxygenated organic species. Calibration uncertainties 

should also be discussed. 

Reply: We appreciate the reviewer for this valuable suggestion. We acknowledge that 

that the volatility of PEG 5-8 (-1.73 ≤ log10 𝐶
∗ ≤ 3.34 μg m-3) might not be able to 

cover a volatility range of nitrogen-containing or highly oxygenated organic species, 

which usually had a lower volatility (Ren et al., 2022). Unfortunately, currently 

available saturation vapor pressure data for PEG standards only extend up to PEG-8 

(Krieger et al., 2018). Ylisirniö et al. (2021) demonstrated that different extrapolation 

approaches for estimating the volatility of higher-order PEGs can lead to substantial 

discrepancies in calibration results, and they strongly recommended that higher-order 

PEGs should only be used to extend the volatility calibration range once their saturation 

vapor pressures are accurately determined. Very recently, Ylisirniö et al. (2025) derived 

saturation vapor pressures for higher-order PEGs up to PEG-15 and demonstrated that 

extending FIGAERO-CIMS calibration to much lower volatilities is feasible, but also 

showed that different estimation approaches for higher-order PEGs can lead to large 

discrepancies, highlighting substantial uncertainties when extrapolating volatility 

calibration beyond PEG-8. 

We added some discussion in the revised manuscript in line 232-248, 

“It was worth noting that the volatility range of PEG 5-8 (-1.73 ≤ 𝐥𝐨𝐠𝟏𝟎 𝑪
∗ ≤ 3.34 

μg m-3) may not fully represent the volatility of ambient organic aerosol, 

particularly nitrogen-containing and highly oxygenated compounds that can 



exhibit much lower volatility (𝐥𝐨𝐠𝟏𝟎 𝑪
∗ ≤-2 μg m-3) (Ren et al., 2022; Chen et al., 

2024). At present, saturation vapor pressure data for PEG standards are only 

available up to PEG-8 (Krieger et al., 2018). Ylisirniö et al. (2021) demonstrated 

that different extrapolation approaches for estimating the volatility of higher-

order PEGs can lead to substantial discrepancies in calibration results, and they 

strongly recommended that higher-order PEGs should only be used to extend the 

volatility calibration range once their saturation vapor pressures are accurately 

determined. Very recently, Ylisirniö et al. (2025) derived saturation vapor 

pressures for higher-order PEGs up to PEG-15 and demonstrated that extending 

FIGAERO-CIMS calibration to much lower volatilities is feasible, but also 

showed that different estimation approaches for higher-order PEGs can lead to 

large discrepancies, highlighting substantial uncertainties when extrapolating 

volatility calibration beyond PEG-8. Therefore, uncertainties may remain in the 

calibration of low-volatility OA, and further calibration experiments using 

complementary techniques are highly recommended.” 

 

5. In lines 257-260, the manuscript acknowledges decomposition artifacts for some 

species (e.g., C2–C3), but does not systematically address pyrolysis across all factors. 

A more comprehensive evaluation is required. 

Reply: We appreciate the reviewer for this valuable suggestion. The C2–C3 groups 

showed significant contributions only in the Day-LNOx-LVOA and Day-aged-ELVOA 

factors (Fig. 1). We further investigate the contribution of FIGAERO factors to the 

signal of C2H2O3, C2H4O3, C3H4O3, and C3H6O3. The results indicate that Day-aged-

ELVOA made a non-negligible contribution to all four species, especially for C2H4O3 

and C3H6O3.  

The thermogram of C2H2O3 and C3H4O3 exhibited a bimodal distribution: one mode 

peaking in the LVOC range, which was mainly associated with Day-LNOx-LVOA, and 

a second mode peaking in the ELVOC range, dominated by Day-aged-ELVOA. 

Contributions from other factors were comparatively minor. These results suggest that 

the thermal desorption behavior of these C2–C3 species can be largely explained by the 

combined influences of Day-LNOx-LVOA and Day-aged-ELVOA. 

We add some discussion in the revised manuscript in line 278-285, 

“Noting that C2-C3 group could originate from the decomposition of larger molecules 

during thermal desorption, since the thermogram of C2H2O3 and C3H4O3 demonstrated 

a bimodal distribution (Fig. 9 a). Figure S9 b and d further examine the contribution of 

all FIGAERO factors to the signals of C2H2O3 and C3H4O3. One mode, peaking in the 



LVOC range, was primarily associated with Day-LNOx-LVOA, and a second mode, 

peaking in the ELVOC range, was dominated by Day-aged-ELVOA. These results 

indicates that these two low molecular weight species are likely decomposition 

products of at least two distinct classes of higher molecular weight organic compounds.” 

We have also revised the sentence previously located at lines 302-308 to: 

“However, C2H4O3 and C3H6O3 had a weak correlation (R=0.49 and 0.13) with 

MO-OOA resolved from AMS (Fig. S11). In addition, the 𝑻𝒎𝒂𝒙 of C2H4O3 and 

C3H6O3 located in the ELVOC range and showed thermogram profiles similar to 

that of Day-aged-ELVOA (Fig. S12a). The thermogram signal of C2H4O3 and 

C3H6O3 was mainly contributed by Day-aged-ELVOA (Fig. S12 c and e), 

supporting the interpretation that these species are more likely decomposition 

products of low volatility organic compounds rather than being directly formed 

through atmospheric aging processes.” 

6. The chemical characteristics of Day-urban-LVOA and Day-HNOx-LVOA overlap 

significantly. More evidence is needed to show they are not artifacts of factor splitting. 

(in lines 275-280 and Table 1) 

Reply: We appreciate the reviewer for this valuable suggestion. We acknowledge that 

the volatility, H:C, and O:C of these two factors are similar. However, the oxidation 

state (𝑂𝑆𝑐) of Day-HNOx-LVOA (-0.01) was significantly lower than that of Urban-

LVOA (0.08), accompanied by a relatively higher N:C (0.06 vs 0.04). Despite its lower 

oxidation state, the volatility of Day-HNOx-LVOA is comparable to that of Day-urban-

LVOA, likely due to its higher nitrogen content. Organic nitrates are known to have 

lower volatility than hydroxylated products with the same carbon number (Donahue et 

al., 2011; Ren et al., 2022).  

We further investigated the temporal variations of these two factors and found that Day-

urban-LVOA showed only a limited similarity in its variation trend to Day-HNOx-

LVOA during the urban air mass period. This behavior suggests that Day-HNOx-LVOA 

and Day-urban-LVOA are formed through distinct atmospheric pathways. 

We add some discussion in the revies manuscript in line 313-318, 

“However, the oxidation state (𝑶𝑺𝒄) of Day-HNOx-LVOA (-0.01) was significantly 

lower than that of Urban-LVOA (0.08), accompanied by a relatively higher N:C 

(0.06 vs 0.04). Despite its lower oxidation state, the volatility of Day-HNOx-LVOA 

is comparable to that of Day-urban-LVOA, likely due to its higher nitrogen 

content. Organic nitrates generally exhibit lower volatility than hydroxylated 

products with the same carbon number (Donahue et al., 2011; Ren et al., 2022).” 



Additional discussion added in Section 3.2 in line 503-504, 

“In addition, Day-urban-LVOA showed only a limited similarity in its variation 

trend to Day-HNOx-LVOA during the urban air mass period (Fig. S26).” 

 

Figure S26. Temporal variation of Day-HNOx-LVOA and Day-urban-LVOA. 

7. In lines 314-316, the deviation of Day-urban-ELVOA from the expected relationship is 

attributed simply to “decomposition”. This may require a more rigorous discussion. 

Reply: We appreciate the reviewer for this valuable suggestion. We further investigate 

the thermogram of the major organic molecules (C5H6O4, C4H6O5, C6H8O4, and 

C8H10O5), as well as their contribution from all FIGAERO factors. The results show 

that these molecules do not exhibit thermograms like that of Day-urban-ELVOA. 

Instead, their thermograms demonstrate multimodal distributions and are contributed 

by multiple FIGAERO factors.  

For example, a mode of C5H6O4 peaking in the LVOC range was mainly contributed 

by Day-urban-LVOA, while two modes peaking in the ELVOC range were primarily 

contributed by Day-aged-ELVOA and Day-urban-ELVOA, respectively. These results 

suggest that these molecules may originate from both direct desorption of organic 

aerosol and thermal decomposition of higher-molecular-weight compounds during 

heating. 

 

We added some discussion in the revised manuscript in line 322-330, 

“However, the majority of organic molecules (e.g., C5H6O4, C4H6O5, C6H8O4, and 

C8H10O5) do not exhibit thermograms similar to that of Day-urban-ELVOA (Fig. 

S13). Instead, their thermograms demonstrate multimodal distributions and are 

contributed by multiple FIGAERO factors. For example, a mode of C5H6O4 



peaking in the LVOC range was mainly contributed by Day-urban-LVOA, while 

two modes peaking in the ELVOC range were primarily contributed by Day-aged-

ELVOA and Day-urban-ELVOA, respectively. These results suggest that these 

molecules may originate from both direct desorption of organic aerosol and 

thermal decomposition of higher-molecular-weight compounds during heating.” 

 

Figure S13. (a) The average thermogram of C5H6O4, C4H6O5, C6H8O4, and C8H10O5; (b-e) The 

thermogram signal of each ion contributed by all FIGAERO factors. 

 

8. In lines 386-418, the interpretation of NOx effects is speculative without supporting 

evidence from highly oxygenated organic molecules or accretion reaction markers. 

Although the manuscript proposes that NOx suppresses autoxidation and shifts SOA 

formation toward more volatile and less oxygenated components, this conclusion is 

currently based primarily on correlations and factor behavior. To substantiate this 

mechanism, molecular-level evidence would be necessary. The authors should 



therefore adopt more cautious wording or provide additional analyses to better support 

their proposed NOx-driven interpretation. 

Reply: We appreciate the reviewer for this valuable suggestion. We acknowledge that 

the quantification of larger multifunctional organic species, including potential 

accretion (dimer) products, by I-CIMS is inherently uncertain due to highly variable 

instrument sensitivity to different molecular structures and the lack of calibration 

standards. (Lee et al., 2014). Bi et al. (2021) further demonstrated that sensitivities of 

different isomers with the same elemental formula measured by iodide-CIMS can vary 

by up to two orders of magnitude, and sensitivity predictions using voltage scanning 

also carry high uncertainties for individual analytes. This implies that without specific 

calibration, quantification of complex oxidation products, including potential 

oligomers or accretion products, by I-CIMS may be inherently uncertain.  

To provide molecular level evidence, we investigate diurnal evolution of organic 

compositions under long-range transport period (low NOx) and urban air masses (high 

NOx) period (Fig. S22). Mass concentrations of CHON increase during the daytime in 

both periods, with a more pronounced enhancement observed in urban air masses (Fig. 

S22a). However, the mass fraction of CHON was lower during the urban air masses 

period than during the long-range transport period. We speculated that elevated NOₓ 

enhances overall oxidation and product formation rather than selectively enriching 

nitrogen-containing compounds. This interpretation is consistent with results from our 

previous observation-constrained box-model simulations, in which production rates of 

OH and organic peroxy radicals (RO₂) were evaluated under varying NOx and VOC 

conditions (Cai et al., 2024). The modeled P(OH) were close to the transition regime, 

indicating that elevated NOx can enhance atmospheric oxidation capacity. In contrast, 

the P(RO2) was in the VOC-limited regime and decreased with increasing NOx. 

Consistent with these results, Fig. S22c shows that the mass fraction of highly 

oxygenated organic molecules (O ≥ 6) is lower during urban air masses period. 

Concurrently, species with low oxygen numbers (O ≤3) become relatively more 

abundant in the urban plumes (Fig. S22c), indicating a shift in the oxidation product 

distribution toward less oxygenated and potentially more volatile compounds, the NOx-

driven suppression of multigenerational autoxidation inferred from the box-model 

results. This suppression of oxidation is observed for both CHON and CHO species. 

The average O:C of CHON (Fig. S22b) and CHO (Fig. S22e) are both lower during the 

urban air masses period, suggesting that enhanced NOx broadly suppresses autoxidation 

across organic compound classes. 

We added some discussion in the revised manuscript in line 459-478, 



“We investigate diurnal evolution of organic compositions under long-range 

transport and urban air masses periods (Fig. S22). Mass concentrations of CHON 

increase during the daytime in both periods, with a more pronounced 

enhancement observed in urban air masses (Fig. S22a). However, the mass 

fraction of CHON was lower during the urban air masses period than during the 

long-range transport period. We speculated that elevated NOₓ enhances overall 

oxidation and product formation rather than selectively enriching nitrogen-

containing compounds. This interpretation is consistent with results from our 

previous observation-constrained box-model simulations, in which production 

rates of OH and organic peroxyl radicals (RO₂) were evaluated under varying 

NOx and VOC conditions (Cai et al., 2024). The modeled P(OH) were close to the 

transition regime, indicating that elevated NOx can enhance atmospheric 

oxidation capacity. In contrast, the P(RO2) was in the VOC-limited regime and 

decreased with increasing NOx. Consistent with these results, Fig. S22c shows that 

the mass fraction of highly oxygenated organic molecules (O≥6) is lower during 

urban air masses period. Concurrently, species with low oxygen numbers (O≤3) 

become relatively more abundant in the urban plumes (Fig. S22c), indicating a 

shift in the oxidation product distribution toward less oxygenated and potentially 

more volatile compounds, the NOx-driven suppression of multigenerational 

autoxidation inferred from the box-model results. This suppression of oxidation is 

observed for both CHON and CHO species. The average O:C of CHON (Fig. S22b) 

and CHO (Fig. S22e) are both lower during the urban air masses period, 

suggesting that enhanced NOx broadly suppresses autoxidation across organic 

compound classes.” 

 

Figure S22. Diurnal variations of (a) mass concentration of CHON compounds, (b) the average O/C 

of CHON, (c) the mass fraction of highly oxygenated species (O ≥ 6), (d) the mass fraction of 



CHON, (e) the average O/C of CHO, and (f) the mass fraction of low-oxygen species during 

different periods. 
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