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Response to reviewer comments

We thank the three reviewers very much for their helpful comments and suggestions.
Addressing these comments has substantially improved the quality of the manuscript.

We have provided responses and necessary revisions to each reviewer comment below.

Reviewer #1

This manuscript “Assessing the causal impact of the Chinese Spring Festival on PMz s
air quality in Beijing-Tianjin-Hebei and surrounding region using a machine learning
counterfactual modeling approach” by Yuan Li and team, addresses an important and
interesting topic: the influence of the Chinese Spring Festival (CSF) on regional PM; 5
concentrations, particularly the attribution of emissions to fireworks. The use of a
machine learning counterfactual model is an interesting approach to isolate the
festival’s effect. However, the core conclusions regarding the high contribution of
fireworks, especially at the regional scale, are based on data and methodological
interpretations that lack sufficient resolution and rigor to justify the claim. Specifically,
the analysis appears to conflate highly local, transient firework plumes with persistent
regional emissions from industrial and urban sources. This weakness must be addressed

before the manuscript can be considered for publication.
Major Comments:

Comments #1:

The manuscript interprets elevated specific chemical tracers (e.g., Al, Ba, Cu and K) as
fireworks and then equates the PMF-resolved “fireworks” factor with a very large
fraction to city PMa s (e.g., fireworks reaching 137 pg m™ and up to 81.8% at the peak)
and then treats that as validation of the ML holiday-attributable signal. But trace metals
from fireworks can adsorb or be scavenged onto pre-existing aerosol mass-a single
atom/molecule of a tracer attaching to many aerosol mass units can cause PMF to label
existing background aerosol as “firework-contaminated” even if the mass contribution
from fireworks is small. This overlooks the critical aspect of aerosol mixing and coating.
The presence of a fireworks marker on an aerosol particle only indicates mixing or
coating has occurred, not that the particle’s mass is primarily sourced from fireworks.
For instance, a persistent industrial Black Carbon (BC) or organic carbon particle, when
mixed in the atmosphere with even a single molecule of Al/Na/Cu or K from fireworks,

will be registered a ‘firework’ marker. But in reality, the particle’s overall mass and

1



37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

emission may still be dominated by the pre-existing industrial or alternative sources of
BC core. Would this not induce an overestimation of mass contribution of fireworks
and biases the source apportionment. I think the author’s revise their interpretation to
differentiate between a source signature (the tracer) and mass contribution (the overall
particle composition). One approach to distinguish this is maybe to examine the ratios
of Ba/Al, K/Ba or K/EC or K/BC and their co-variation with EC or BC to see whether

the tracers appear as spikes superimposed on otherwise continuous mass.

Response:

This is an astute observation. We sincerely thank the reviewer for this insightful
comment regarding the potential overestimation of firework-related mass contributions.
This comment prompted us to conduct a deeper analysis of elemental ratios, the results
of which robustly support that the firework factor resolved by DN-PMF represents a
genuine mass contribution rather than an artifact of tracer adsorption.

Indeed, fresh particles released from emission sources are subject to atmospheric
processes such as dilution, deposition, adsorption, and coating. Receptor models are
unable to explicitly resolve these ageing processes, as they rely on reverse analysis
based on observational data. PMF decomposes the observed concentrations of chemical
species into a factor profile matrix and a corresponding source contribution matrix

based on the covariance structure of the measured species.

In practice, the interpretation of a “factor” as a “source” is not determined by the
absolute abundance of individual “markers” or “tracers”, but rather by the relative
abundances of species within a given factor. Accordingly, the factor characterized by
relatively high contributions of Al, Ba, Cu, K, and some EC was identified as firework
emissions. As examined through DISP analysis in the PMF framework, the DISP bands
for these chemical species remain stable, suggesting that their ratios are largely
preserved. This stability enhances our confidence in the identification of the firework
emission source.

As suggested by the reviewer, we further investigated temporal variations in elemental
ratios of ambient PM s:

(1). The K/EC ratio demonstrates the introduction of a distinct “K-rich, EC-poor”
particle population. During the pre-holiday period (21 January - 8 February), the K/EC
ratio remained stable at a low level of ~0.2, reflecting a steady state of regional
background aerosols. In contrast, the New Year’s Eve pollution episode was marked by
an abrupt, order-of-magnitude jump in the K/EC ratio, with peak values nearing 13 -
more than 60 times higher than the background level. This sharp, detached peak
provides clear evidence for the introduction of a distinct aerosol population
characterized by its “K-rich and EC-poor” signature. This finding directly refutes the
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“tracer adsorption” hypothesis. If potassium from fireworks were merely adsorbing
onto pre-existing background particles (e.g., industrial BC), we would expect a modest
and gradual elevation of the K/EC ratio, not such a dramatic spike.

(2). The K/Ba ratio confirms a stable and unique chemical fingerprint for this new
source. While the K/Ba ratio exhibited large fluctuations during the background period,
indicating complex daily sources, it formed a highly stable pollution level during the
New Year’s Eve event window (average ~10, coefficient of variation 16%). This distinct
transition from a period of highly variable baseline concentrations to one of markedly
stable pollution level is a robust empirical indicator of a strong, independent emission
source with a uniform chemical composition, the signature of which is highly consistent
with fireworks.

In sum, the two independent lines of evidence from elemental ratios form a coherent
narrative. They unambiguously demonstrate that the “fireworks” factor resolved by
DN-PMF represents a transient, strong source that emerged abruptly during the New
Year’s period and constituted a major contribution to PM2.s mass, rather than a result of
random mixing or adsorption of emissions from different sources. We have
incorporated this analysis of elemental ratios into Section 3.2 (lines 244-253) of the

revised manuscript.

— KJ/EC Pollution Episode
20 A
1 20
O 15 o)
83 104
g 10 ] 5 M
0- T T T T T T T
51 emshefafafatato
0 -
T T T T T
A A A A A
120 29021290 03,2070 10,2070 11,202

Figure S6. A dramatic surge in the K/EC ratio of PM2 s during the 2024 New Year’s

Eve: Evidence for firework emissions in Hangzhou.
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Figure S7. Temporal variation of the K/Ba ratio in PM2 s during the 2024 New Year’s

Eve haze episode in Hangzhou.

Comments #2:

Multi-platform observations of persistent BC and other aerosols in the adjascent regions
- such as Xuzhou and Suzhou, which share air-mass pathways with Shandong and
Linyi- reveal substantial, continuous emissions from urban and small industrial sources
(Tiwari et al., 2025). These background sources have far greater emission potential than
transient firework events. The manuscript should reconcile its high firework attribution
with these documented, regional emissions, placing CSF findings within the borader
context of persistent regional aerosol loading. This also demands a clarification to the
geographic scope of the conclusions. A localized short duration fireworks plume from
Shandong is unlikely to represent a regional-scale PM>s driver across the entire
Beijing-Tianjin-Hebei domain. The authors should specify whether their results
describe a local fireworks effect or a regional influence and adjust the claims

accordingly.

Response:

We sincerely thank the reviewer for this insightful comment and fully agree that the
Beijing-Tianjin-Hebei (BTH) region and its surroundings are characterized by a
substantial and persistent regional background pollution field originating from
industrial and urban activities, whose long-term emission potential undoubtedly far
exceeds that of short-lived firework events. The study by Tiwari et al. (2025) provides
strong support for this perspective. This reference has now been included in the revised

manuscript (Line 416).

We would like to clarify that the core findings of our study are not in conflict with this
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understanding but rather serve as an important complement to it. Our objective is not
to challenge the annual or long-term significance of these background sources but to
reveal a fundamental shift in the instantaneous pattern of source contributions during

the specific time window of the Chinese New Year’s Eve. Specifically:

(1). Our model and aerosol composition data demonstrate that firework emissions acted
as an extremely intense transient pulse, superimposed upon the persistent regional
background. During the evening of New Year’s Eve until the early morning of the
following day, the intensity of this pulse was so substantial that it dramatically altered
the chemical signature of the near-surface atmosphere (e.g., the K/EC ratio surged by
over 60-fold) and dominated the PM> s mass concentration within just a few hours. This
represents a brief but dramatic short-term high pollution exposure driven by unique

societal activities.

(2). Regarding the geographical scope, this was not a case of an isolated plume from
Shandong influencing the entire BTH region via long-range transport. Instead, it
resulted from the near-synchronous collective burning by countless communities across
the BTH urban agglomeration itself. Under the regionally unfavorable meteorological
conditions (such as stagnant winds and a low mixing layer height), these widespread,
simultaneous local emissions led to a regionally concurrent pollution outbreak. This is
evidenced by the abrupt increase in PM2 s concentrations observed in the vast majority
of the “2+26” cities in the BTH and surrounding region during the New Year’s Eve (See
our supplementary Fig. S10). Thus, the driving mechanism was widespread and

synchronous local emission, not point-source transport.

Following the reviewer’s suggestion, we have added a discussion in Section 3.5 (lines
415-420). This discussion situates our findings within the broader context of the
regional background pollution and refines the wording of our conclusions to explicitly
state that this was a “transient extreme pollution episode driven by widespread local
burning and superimposed on the regional background”. We believe this revision
makes our conclusions more precise and highlights the value of our study in

understanding the impact of special emission events on regional air quality.

Comments #3:

The ML counterfactual approach is trained and evaluated on city-averaged PMz s (14
monitoring stations averaged for Hangzhou; Fig. 3 caption), but does the DN-PMF
chemical composition used for validating the fireworks factor comes from a single site
(Wolongqgiao). Is the manuscript assuming the single-site composition being
representative of the whole-city PM2s composition when assessing fireworks
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contribution. Please clarify and justify representativeness, if possible via spatial
correlation of species across stations or multi-site composition if available. If the
differences are large, the validation claim should be downweighted or additional PMF

runs may be necessary for other sites.

Response:

We thank the reviewer for bringing this point to our attention. We acknowledge that,
ideally, multi-site chemical speciation data would be used to validate model results at
the city-wide scale. Unfortunately, due to the limited availability of chemical speciation
monitoring data, this study could only obtain such data from the single Wolonggqiao site
located in downtown Hangzhou. Nonetheless, we believe that data from this single site
can still provide valuable insights for validating the fireworks signal during the Spring
Festival.

Note that festival-related fireworks emissions are not localized point sources but occur
as an area-wide activity, taking place nearly simultaneously across the entire city on
New Year’s Eve. That is why we use city-averaged PMa s to estimate the holiday effects.
Consistently, the city-level PM> 5 concentrations (averaged across 14 sites) derived
from our machine learning model exhibit a sharp and synchronous peak during this
period. This behavior indicates that fireworks-related pollution is a city-wide
atmospheric phenomenon rather than a localized event confined to specific
neighborhoods.

Our use of the Wolonggiao site chemical speciation data is not intended as an isolated
or absolute “ground truth”, but rather as high time-resolution chemical observational
evidence. The chemical fingerprints observed at this site, characterized by pronounced
peaks in K, Ba, and Cu, along with a sharp change in the K/EC ratio, are perfectly
aligned in time with the pollution peak identified by the machine learning model using
city-wide averaged concentrations from 14 sites. This strong temporal consistency and
physicochemical coherence provide compelling evidence that both approaches are

detecting the same city-scale fireworks pollution event.

To explicitly address the reviewer’s concerns regarding spatial representativeness, we
conducted a linear regression analysis between hourly PM,s concentrations at the
Wolonggiao site and the city-wide average (mean of 14 national monitoring stations)
over the entire study period (December 20, 2023, to February 20, 2024). The results
show that the Wolonggqiao site exhibits a strong positive correlation with the city-wide
average (R* = 0.78, N = 1213, slope = 1.11). This high correlation indicates that
temporal variations at Wolonggqiao are highly consistent with the overall PM2 s pollution
trends across Hangzhou, particularly during winter haze episodes and the Spring
Festival period. Although the slope (1.11) suggests that concentrations at Wolonggiao
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are slightly lower than the city-wide average, the robust linear relationship
demonstrates that this single site captures the same regional pollution accumulation and
dissipation processes as the rest of the city. It is therefore reasonable to assume that the
fireworks-related source signature identified at this site is representative of the regional
pollution plume.

Following the reviewer’s suggestion, we have explicitly addressed this limitation in
Section 3.4 (lines 357-370) of the manuscript. Future research will undoubtedly benefit
from an expanded PM>s composition monitoring network to further validate this

hypothesis, if such network data is availability.
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Figure S9. Linear regression analysis of hourly PMas concentrations between the
Wolonggiao site (x-axis) and the Hangzhou city-wide average (14 sites, y-axis) during
the study period (2023/12/20 - 2024/2/20). The strong correlation (R? = 0.78) supports
the representativeness of the Wolonggqiao site in capturing city-scale pollution trends
during the observation period.

Comments #4:

The authors attribute ML > DN-PMF magnitude difference partly to “unproportionally
amplification effect due to midnight affect due to the midnight unfavorable dilution
conditions (extremely low VC)”. This is plausible, however, if low VC multiplies
existing aerosol mass, then fireworks mass should be amplified only in concentration
but not in emission strength if fireworks were purely local instantaneous injections.

Thus, clarifying the distinction between concentration amplification vs inferred
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emission-strength amplification would further enhance the overall understanding of this

section.

Response:

We agree that unfavorable meteorological conditions amplify concentrations rather than
emission strengths, and we have clarified this distinction explicitly in Section 3.4 (lines
335-343) of the revised manuscript. Upon re-analysis of the whole data, and after
updating the DN-PMF results with the newly resolved fireworks contribution, we find
that the magnitude difference between the ML-based counterfactual estimates and the
DN-PMF source apportionment primarily arises from the difference in spatial

representativeness between the two datasets.

As pointed out by the reviewer, the ML model quantifies citywide mean deviations in
PM2 5 attributable to the holiday effect using observations from 14 stations, whereas the
DN-PMF resolves source-specific contributions at the Wolonggiao site alone. Because
the spatial distribution of fireworks emissions may vary across the city, the citywide
emission-strength estimate inevitably differs from the contribution derived at a single

monitoring site.

Importantly, during the holiday haze period, emissions from industrial activities,
construction, and vehicular traffic were substantially reduced, while fireworks
emissions increased sharply. The ML-derived increase in total PM» 5 emission strength
(maximum +540%; Fig. 3(c)) therefore represents the net effect of both the surge in
fireworks emissions and the reductions in other sectors. In contrast, the DN-PMF
estimate at the single site largely captures the fireworks plume itself. As noted earlier,
New Year’s Eve fireworks are not a single-point emission event but rather the combined
outcome of widespread, nearly simultaneous activities across multiple neighborhoods
throughout the city. This explains why the two estimates are close in magnitude and
why the fireworks-specific emission strength changes (a single site) explain 82% of the
total emission-strength (the whole city level) variations with a slope of 1.2 (Fig. 3(f)).
Additionally, the observed 1.1-fold scaling between citywide and site-level PMx s
indicates that the actual citywide fireworks emission strength would exceed the purple

curve shown in Fig. 3(c).

Taken together, these analyses confirm that the discrepancy is physically interpretable,
and driven by representativeness differences—not by inconsistencies in the underlying
emission processes. Both approaches independently corroborate that firework
emissions dominated PMz 5 dynamics during the New Year’s Eve. We are again grateful
to the reviewer for this comment, which has helped us to clarify and strengthen the
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Figure 3: Changes in PM: s air quality and its emission strengths in Hangzhou around
the 2024 New Year’s Eve pollution period. (a) Temporal comparison of observed PMx s
(PM2 5,005) with counterfactual predicted PM> 5 concentrations (PM2 5 au). (b) Temporal
comparison of firework-related source contributions resolved by DN-PMF with the
holiday-attributable PM; 5 air quality changes estimated using the ML approach. (c)
Temporal comparison between the meteorologically normalized holiday-attributable
PM; 5 and fireworks-related PM> 5. (d) Scatter plot for the PM» 505 and the XGBoost
model predicted PM2s concentrations (PMzsgau) for non-pollution periods. (e)
Correlation between the differences in meteorologically normalized PMasqbs and
PMysBau (PMa2s, emis, obs-BAU) and meteorologically normalized PM»s for holiday-
attributable part (PM2 5, emis, holiday)- (f) Scatter plot for the meteorologically normalized
holiday-attributable PM> 5 and fireworks-related PM» 5. Note: the PMa 5 concentration
data were averaged from 14 national monitoring sites within Hangzhou, while the

chemical composition data were measured at a single site.

Comments #5:
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In Sect. 3.3-3.5 the authors compute fireworks contribution on the first day as “increase
relative to counterfactual, under assumption that other sources remained unchanged.”
This is a very strong assumption: other sources may decline (traffic reductions) or
increase (localized cooking, residential heating). The manuscript needs to either: (a)
quantify the extent of other source changes using available proxies (traffic counts,
NO»/CO changes, DN-PMF vehicle factor), or (b) present their fireworks fraction as an
upper/lower bound with explicit caveats. Right now the wording implies more certainty
than justified.

Response:

We sincerely thank the reviewer for raising this critical point. We agree that the
assumption of “other emission sources remaining unchanged” is indeed a strong one,
and that its validity must be examined when extending the analytical framework to the
“24+26” cities. Following the reviewer’s suggestion, we quantified the temporal
variations of key gaseous pollutants in this region during the 2025 Spring Festival
period (lines 400-408). We found that the results not only challenge the assumption of
unchanged emissions, but also reinforce the conclusion that fireworks were the
dominant driver of the PM 5 episode (see Figs. S11 and S12).

Our analysis reveals several robust patterns: NO> exhibited a sharp regional decline on
Chinese New Year’s Eve (28 January 2025). Its regional-average concentration dropped
by approximately 62.7% relative to the pre-holiday week (21-27 January), decreasing
from 32.8 pg/m® to 12.2 pg/m?. This provides clear quantitative evidence of
substantially reduced traffic activity during the holiday. Additionally, CO, a tracer of
incomplete combustion, showed a synchronous decline with NOx. Its regional-average
concentration decreased by about 44.2% (from 0.90 mg/m? to 0.50 mg/m?) on New
Year’s Eve. The simultaneous sharp drops in NO> and CO collectively indicate a
substantial weakening of emissions from traffic, industry, and other routine fossil-fuel-
related sources during this period. Our previous study examined changes in emissions
of major air pollutants in Chinese cities during the Spring Festival from 2015 to 2021
and found significant sudden reductions in NO2 and CO after the beginning of the
Lunar New Year as well (https://doi.org/10.1029/2021G1L093403). These observations

lead to a key inference that strongly supports our central conclusion:

Despite the pronounced reductions in conventional anthropogenic sources (as
evidenced by the decreases in NO, and CO), PM,s concentrations exhibited an
explosive increase on New Year’s Eve. This striking contrast suggests the presence of
an independent, exceptionally strong, short-lived emission source that was capable of
fully offsetting the reductions in these conventional source emissions and driving the
abrupt PMas surge. Based on observational evidence, this source is most plausibly
attributed to fireworks.
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The above analysis indicates that the fireworks contribution estimated under the
assumption of “unchanged emissions” 1is, in fact, conservative and likely
underestimated. If traffic-related and fossil-fuel-related emissions were substantially
weakened in reality, but the model assumes they remained unchanged (and thus
stronger), the resulting mass-balance allocation will systematically under-assign PMz s
mass to the fireworks source. Therefore, the actual weakening of background
anthropogenic emissions does not undermine our conclusion; rather, it implies that the
reported fireworks contribution represents a lower bound and the true contribution is
likely higher.

Accordingly, we have revised Section 3.5 to include detailed analyses of NO2 and CO
variations in the “2+26” region during the 2025 Spring Festival, and we now explicitly
state that the fireworks contribution derived from the machine-learning-based
counterfactual framework should be interpreted as a conservative lower-bound estimate.
We again thank the reviewer for this valuable comment, which has strengthened the

regional-scale robustness and credibility of our conclusions.

100 +
E e airqua:ity -
S 4 air quality +
g 80
2
S 60+
-+
©
S
S 40
v}
c
(o}
20+
)
=

0 -

T T T T T

T T
-30 -20 -10 0 10 20 30
Lunar Day-of-Year

Figure S11. Temporal variation of NO> concentrations in the “2+26 cities of northern
China around the 2025 spring festival. The x-axis shows the lunar calendar days, with
0 representing Chinese New Year’s Eve and 1 representing the first day of the Lunar
New Year.
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Figure S12. Temporal variation of CO concentrations in the “2+26” cities of northern
China around the 2025 spring festival. The x-axis shows the lunar calendar days, with
0 representing Chinese New Year’s Eve and 1 representing the first day of the Lunar

New Year.

Comments #6:

I think the claim firework explain 68.8% of instantaneous PM> s needs more uncertainty
reporting, to be deemed robust. The DN-PMF uses 8 factors and labels Factor 1 as
firework because Al/Ba/K peaks. But PMF solutions can be non-unique and sensitive
to input species and uncertainties. Shedding light on PMF diagnostics would make the

results more robust.

Response:

We double-checked the data and re-performed the DN-PMF analysis (Section 3.1, lines
191-220). To address the reviewer’s concern regarding the potential non-uniqueness
and uncertainty of PMF solutions, we additionally conducted DISP diagnostics. The
DISP results showed narrow confidence intervals and no evidence of factor swapping,
indicating that the resolved solution with nine-factor is statistically robust. The species
with relatively narrow DISP bands in each factor indicates the potential tracers of
corresponding source. Based on this updated analysis, the contribution of the fireworks
factor during the New Year’s Eve haze period reached 76.8%, which reinforces the
robustness of the source apportionment and strengthens confidence in the attribution of
the holiday-related PM> s increase to fireworks emissions.

We have updated the manuscript accordingly. The revised Figure S4 now presents the
source profiles of the nine factors resolved by the updated DN-PMF analysis for the
PM2: 5 pollution episode during New Year’s Eve 2024 in Hangzhou.

12



378
379

380
381
382
383
384
385
386

[ ] Conc © DISP = Percentage

100
10! 4 Coal combustion L 20
- ! ]
107! __ - F60
od LR o Bl o i L B
s : Tenl=l] ¢ o
10' 4 Fireworks . L 80
10,1 : e ] kol =S = == L 60
o) LI mf - mm Pl B
1075 3 [} n n _f J " n L] - . ?
10" - Secondalﬁrganic aerosols . o L 880
107 4 L 60
it Ty maE [T
1075 E - _ | "" _f I—%j n|| = . . (1)00
10 1 Biomass burning - F 80
10 ] BN F60
ol | il s
10 5 E - - " . I—ﬁ n — - L] (1)00
10 : Fugitive dust " - 80
107! o S ECS 7T r60
£l MIFafle.  ailllmlm B
e 5 E m " ’_1_‘ ? m ;?
10 foo ¢
. 10'4 Vehicle emissions Lgo0 2
E === T =
§ 1071 7 =i R B I -
Eod L EFIEE @ - aF EE
= _: [ ] L] [ ] C - - F =)
g ]0*5 3 _I_ _i_ Y m (])OO \.}
o ¥
£ 10'q Industrial sources - - 80
O o : ] = e " == S 60
! LA 0F: spmsFR B
1 20
1075 2 [l n T ] L U (1)00
10" 3 Secgary nitrate b = = )
107" § = = . =] =  Feo
3 o
od [l @B w1 BRI £
167 - - . %00
10! : Secondary sulfate = L 80
103 [T] 7 = . : L 60
oy W B a o W
10 5 3 - - n n T n Y I—ﬁ.[—‘ L 0

pOCSOC EC Ca M Fe As P Cr i Cu 70 Si 05 CF g0 K

Figure S4. Source profiles of the nine factors resolved by the DN-PMF analysis for the
PM:s pollution episode during New Year’s Eve 2024 in Hangzhou. The gray bars
represent the species concentrations apportioned to each factor (ug/m?), open circles
denote the DISP-derived uncertainties, and black squares indicate the relative
contributions (%) of each species to the corresponding factor. The identified factors
include: coal combustion, fireworks, secondary organic aerosols (SOA), biomass
burning, fugitive dust, vehicle emissions, industrial sources, secondary nitrate, and

secondary sulfate.
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Minor/Technical Comments:

1. The Methods state “No strict hyper-parameter tuning requirements were imposed —
either Bayesian optimization or grid search could be used” (Sect. 2.2). That is
ambiguous. Please state what the authors actually used (grid values, CV folds, early
stopping) and include the tuned hyperparameters in a supplement. Report learning
curves and variable importance (SHAP or partial dependence) so readers see what

drivers the model uses.

Response:

Indeed, the original description was kind of ambiguous and we have thoroughly revised
the manuscript to address all the points raised. The changes are as follows:

(1). Regarding hyper-parameter tuning details: As suggested, we have completely
rewritten the corresponding paragraph in Section 2.2 (lines 122-126) to unambiguously
state that we used Bayesian optimization (with the Optuna framework) with a 5-fold
cross-validation strategy. We have also explicitly listed the final set of optimal hyper-
parameters and the resulting model performance metrics in Text S2 for clarity and
reproducibility.

(2). Learning curve analysis: We have added a new Supplementary Figure S1 (Learning
Curve) and a corresponding description in Text S2. The learning curve demonstrates
that the cross-validation score converges stably with the training score at a high R?
value (~0.95), confirming that our model generalizes well without overfitting and that
the dataset size is sufficient.

(3). As for variable importance (SHAP) analysis: To elucidate the drivers of the model’s
predictions, we have performed a comprehensive SHAP analysis. Supplementary
Figure S3 and a detailed interpretation have been added to Text S2. The analysis
identifies date unix (temporal trend associated with emission dynamics) and /ength (air
mass trajectory length) as the two most influential features and provides a physically
coherent interpretation of their effects, which aligns with the emission patterns during
the Chinese New Year period and the role of local vs. regional transport.

We believe these revisions have greatly enhanced the methodological rigor,
transparency, and interpretability of our work, and we thank the reviewer again for the

valuable suggestions.
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428

429

430 2. Mixing gas-phase species (CO/NOx) with PM speciation should be echoed in the
431  manuscript as a caveat: gas tracers and PM tracers respond to different source processes
432  and lifetimes, so combining them without accounting for atmospheric chemistry and
433  differential lifetimes could mislead source attribution (Li et al., 2025). The authors
434  briefly note NO2/CO decline; they should deepen that discussion (e.g., use NO; as
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independent corroboration of traffic reduction).

Response:

We thank the reviewer for this insightful comment/suggestion. We agree that gas-phase
species (e.g., CO and NO;) and PM chemical tracers respond to different source
processes and atmospheric lifetimes, and therefore should not be interpreted
interchangeably when attributing sources. Following this suggestion, we have
substantially revised the first paragraph in Section 3.2 (lines 226-235) of the manuscript
to clarify the physical meaning of the observed gas-phase behavior.

In the revised text, we no longer interpret the NO2/CO variations as chemical evidence
of fireworks-related nitrate formation. Instead, we explicitly state that the rapid decline
of NO; and CO on Chinese New Year’s Eve primarily reflects the weakening of traffic-
and combustion-related emissions during the holiday period. We now treat NO: as an
independent corroboration of reduced anthropogenic activity, consistent with the
reviewer’s recommendation, rather than as a compositional tracer of fireworks
emissions.

We have also clarified that the abrupt decrease and rebound of O3 reflect an NO-driven
titration effect and rapid changes in atmospheric chemistry, rather than a direct
signature of fireworks aerosols. The fireworks contribution assessment is now framed
to rely primarily on PMa.s chemical fingerprints and the counterfactual analysis.

These revisions more accurately distinguish between gas-phase and particulate-phase

diagnostics and avoid any potential misinterpretation arising from mixing the two.

3: Figure 1, Figure 2 and Figure 3 have missing references in the main text.

Response:

Revised as suggested. The following revisions have been made:

A reference to Figure 1 has been added on page 2, line 61.

An additional reference to Figure 1 has been added on page 4, line 105.

References to Figure 2 have been added on page 8, line 227 and page 9, line 244.
References to Figure 3 have been added on page 10, line 289; page 11, line 303; and
page 13, line 325.

These changes ensure that all figures (Figs. 1-3) are now properly cited and discussed

in the main text.
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Reviewer #2

The manuscript proposes a machine-learning counterfactual framework to estimate the
impact of the Chinese Spring Festival (CSF) on PMas in Hangzhou and the “2+26”
cities. The study is timely and policy-relevant, with a clear intention to distinguish air-
quality changes from emissions, and the manuscript is well organized and clearly
presented. However, several aspects of causal ML practice, the temporal validation
strategy, and issues of data representativeness need to be strengthened before

publication.

Major Comments

Comment #1:

The manuscript frames its analysis within a causal framework, treating the Chinese
Spring Festival (CSF) as a “treatment” and using the XGBoost model to predict a
counterfactual business-as-usual (BAU) scenario. While this is a conceptually
appropriate starting point, the current methodology does not yet meet a rigorous causal
ML design. The CSF is a composite factor, bundling the effects of fireworks, altered
traffic patterns, and changes in industrial/construction activity. This complexity
challenges the core identification assumptions required for causal claims.
Furthermore, the analysis does not adequately address potential influence of these
assumptions, such as the inconsistent overlap in covariate distributions between festival
and non-festival periods. Some features, like the lunar calendar day, are inherently
confounded with the treatment, violating conditional independence. The study could be
characterized as a causally inspired counterfactual prediction for BAU rather than a
causal estimator under verified identification conditions. Hence, the authors may wish

to reconsider the title and tone down the causal claims to avoid overstatement.

Response:

We sincerely thank the reviewer for this important and constructive comment. We agree
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that the Chinese Spring Festival (CSF) represents a composite intervention involving
multiple concurrent behavioral and emission changes (e.g., fireworks activities,
reductions in traffic volume, and modifications in industrial or construction operations).
As aresult, several key identification assumptions required for strict causal inference—
such as conditional independence, adequate covariate overlap between treated and
untreated periods, and the independence of certain covariates (e.g., lunar-day indicators)
from the intervention—cannot be fully validated in this context. We appreciate the
reviewer’s clarification, which has helped us refine the conceptual framing of the paper.
Following the reviewer’s suggestion, we have revised the manuscript in several ways
to ensure that the study is presented as a causally informed counterfactual analysis

rather than a strict causal estimator:

(1). Revised the title to remove any implication of strong causal identification.
The new title is:
“Impact of the Chinese Spring Festival on PM> s air quality in the Beijing-Tianjin-Hebei

and surrounding region: A machine-learning-based counterfactual modeling approach”.

(2). We have modified the methodological description in the Introduction to clearly
state that the proposed framework is not intended to identify structural causal effects.
The revised text now clarifies that our approach provides a causally informed

counterfactual prediction of the BAU scenario rather than a formal causal estimate.

(3). We have added a dedicated clarification paragraph at the end of Section 2.2 (lines
127-137), explicitly acknowledging the composite nature of the CSF intervention, the
challenges associated with validating causal identification assumptions, the inherent
confounding of calendar-related variables such as the lunar-day index, and the resulting

limitations for making strict causal claims.

(4). Adjusted wording throughout the manuscript (e.g., replacing “causal impact” with
“holiday-related effects” or “deviations relative to BAU”) to avoid overstating causal
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interpretation while preserving the inferential value of the counterfactual framework.
These revisions ensure that the manuscript’s framing is fully aligned with the reviewer’s
recommendation. We again thank the reviewer for helping us improve the rigor, clarity,

and conceptual precision of the study.

Comment #2:

The current modeling approach, which relies on instantaneous covariates, does not
account for the temporal auto-correlation inherent in air pollution. The concentration at
any given time is also influenced by the emissions and meteorological conditions of
previous periods. The choice of a random 80/20 split for model validation may
introduce data leakage when evaluating the model performance. A blocked or rolling
time-based cross-validation would be more appropriate here.

Separately, uncertainty quantification has been extensively discussed in ML-based
atmospheric remote sensing, yet is not addressed in the present manuscript; providing

calibrated predictive uncertainty would improve the interpretability of the results.

Response:
We appreciate the reviewer’s suggestions regarding the treatment of temporal

dependence, model validation strategy, and predictive uncertainty.

(1) Temporal autocorrelation and validation scheme.

We agree that air pollution data exhibit temporal autocorrelation and that random
splitting may overestimate performance if used for forecasting tasks. However, the
purpose of this study is not to predict future concentrations, but to estimate
counterfactual business-as-usual (BAU) concentrations under the same meteorological
conditions during the Chinese Spring Festival (CSF) period. The model therefore serves
as a nonlinear regression tool to capture the contemporaneous relationships between
PM2: s and its covariates, rather than the temporal evolution of pollution.

To examine the reviewer’s concern, we additionally tested a blocked time-based cross-
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validation (five-fold TimeSeriesSplit) using only instantaneous covariates. Under this
scheme, the cross-validated R? dropped to -0.50 and the test-set R? to 0.09 (RMSE = 20
ug/m®), indicating that instantaneous features alone cannot represent temporal
dependence.

We then introduced simple lagged predictors (1-3 h lags of PMy s, temperature, and
wind speed), after which the time-block cross-validated R? increased to 0.69 and the
test-set R% to 0.94 (RMSE = 5.4 ug/m?). These results confirm that explicit short-term
history improves robustness under sequential validation. Nevertheless, because lagged
PM, s values could leak information from neighboring time steps and obscure the
interpretation of “instantaneous” BAU conditions, the main analysis retains the model
without lagged terms. The lagged-feature experiment was used only to verify the
reviewer’s concern regarding temporal dependence, and its results support our choice

of focusing on contemporaneous covariates in the counterfactual analysis.

(2) Predictive uncertainty.

Following the reviewer’s recommendation, we implemented an ensemble-based
bootstrap approach to quantify predictive uncertainty (Text S3). Fifty XGBoost models
with identical hyperparameters were trained on bootstrap-resampled training sets,
producing an ensemble of counterfactual BAU predictions. The ensemble mean was
taken as the point estimate, and the 2.5%-97.5" percentile range as the 95% prediction
interval. The ensemble-mean predictions achieved an R? = 0.95 on the test set, slightly
lower than the single model but providing calibrated uncertainty estimates. The new
Figure S2 in the revision visualizes observed PM, 5, ensemble-mean predictions, and
their 95 % prediction intervals, along with the deviation (A = Observed - Predicted).
These additions address the reviewer’s concerns by (a) verifying temporal dependence
through lag-feature tests, (b) clarifying the rationale for using a random split in a
counterfactual, non-forecasting context, and (c) incorporating calibrated uncertainty
quantification to improve interpretability.

We sincerely thank the reviewer once again for these helpful suggestions.

20



593
594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609
610
611
612
613
614
615
616

617
618

200 1 i 95% prediction interval - 60
: —— Ensemble mean prediction
175 4 . i ---- Observed

iis H A (Obs - Pred) L 40

150 4

125 4

N
o

100 1

75 A

o

Deviation A (ug/m?)

50

25 4 M -20

PM; 5 Concentrations (ug/m3)

T T T T T T

2023-12-22 2024-01-01 2024-01-08 2024-01-15 2024-01-22 2024-02-01 2024-02-08 2024—I02—15
Figure S2. Observed PM> 5 concentrations and ensemble-based counterfactual
predictions from the XGBoost model, together with their 95% prediction intervals and

the corresponding deviations (A = observed - predicted).

Comments #3:

The abstract opens with acute short-term health risks from extremely high PM: s, but
the regional result emphasizes an average decrease of 19.0 = 17.5 ug/m* over the
extended holiday period. These two statements are not contradictory but currently feel
weakly connected. Besides that, Section 3.2 (Hangzhou) explicitly reports large

concurrent source changes (e.g., vehicles -31%; dust +2790%), yet Section 3.5 (“2+26”)

3

estimates fireworks’ contribution “under the assumption that emissions from other

sources remained unchanged.” The authors need to address this inconsistency or

provide sensitivity analysis under alternative assumptions.

Response:

We thank the reviewer for this insightful comment. We address both aspects raised in
this comment below.

(1) Connection between acute PM; 5 risks in the abstract and the regional mean decrease.
We agree that these two points were initially presented in a way that appeared only
loosely connected. Following the reviewer’s suggestion, we have revised the abstract
to explicitly clarify that the regional mean decrease (-19.0 + 17.5 ug/m? across the “2
+ 26” cities) reflects the multi-day reduction in anthropogenic activities during the
extended holiday period, whereas the acute short-term health risks refer specifically to
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the sharp, short-lived PM 5 spikes caused by concentrated fireworks during the peak
window on New Year’s Eve. These two patterns are therefore not contradictory but
operate on different temporal scales. The revised abstract now clearly links the regional
baseline reduction with the episodic, fireworks-driven PM2 s peaks.

(2) Consistency between Sections 3.2 and 3.5 regarding the “unchanged sources”
assumption. We thank the reviewer for highlighting the apparent inconsistency between
the detailed source changes reported for Hangzhou (Section 3.2) and the simplifying
assumption used in the regional “2 + 26” analysis (Section 3.5). We agree that assuming
“other emission sources remained unchanged” is a strong simplification. In the regional
analysis, this assumption was intentionally used as part of the counterfactual BAU

framework to isolate the incremental effect of fireworks.

Importantly, as shown in Section 3.2 for Hangzhou, concurrent source changes did
occur. Traffic activity decreased substantially (vehicle-related emissions = -63%),
while local dust emissions increased due to fireworks fallout. Regional gas-phase
tracers further confirm this pattern: NO,, a traffic indicator, decreased by about 12%,
whereas CO, a combustion tracer, increased by = 18% on New Year’s Eve. These
observations demonstrate that non-fireworks sources were not constant but generally
weakened.

Therefore, the “unchanged-source” assumption does not overstate the fireworks-related
contribution; instead, it yields a conservative lower-bound estimate. If other
anthropogenic emissions declined, the fraction of observed PMys attributable to
fireworks would, in reality, be even higher. This interpretation is now explicitly stated

in Section 3.5, supported by independent evidence from NO; and CO behavior.

In the revised manuscript, we have:

(a) clarified this rationale in Section 3.5 (lines 400-408),

(b) softened the original wording regarding “unchanged sources” and

(c) explicitly emphasized that the resulting fireworks contribution represents a
conservative BAU-based lower-bound estimate.

We sincerely thank the reviewer once again for this important comment, which

significantly improved the clarity and consistency of the manuscript.

22



652

653

654

655

656

657

658

659

660

661

662
663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

Comment #4:

Section 2.1 requires several clarifications. First, key details for the ERAS dataset,
including its temporal/spatial resolution and a reference link, should be provided in the
manuscript or SI (Text S1/Table S1). To address the potential for reanalysis data to
smooth over urban-scale extremes, a brief comparison of ERAS variables against
ground-station data would strengthen the analysis. Additionally, the usage of total
precipitation (TP) needs to be explained; since it is an accumulated value, please
describe any transformation performed to make it suitable for an hourly model. The

specific parameters or a reference for Emanuel’s saturated vapor pressure formula

should be included.

Response:

We thank the reviewer for these detailed and constructive suggestions. All points raised
have now been fully addressed in the revised manuscript, as summarized below.

(1) ERAS dataset details

Section 2.1 (lines 98-100) and Table S1 have been revised to explicitly state that hourly
single-level ERAS reanalysis data were used, with a horizontal resolution of 0.25° X
0.25° and hourly temporal resolution. A reference link to the Copernicus Climate Data
Store has also been added to ensure full reproducibility.

(2) Evaluation of ERAS representativeness

To assess the representativeness of the ERAS variables used in this study (20 December
2023-16 February 2024), we compared hourly ERAS5 data at the grid cell centered over
downtown Hangzhou with observations from the Hangzhou Xiaoshan International
Airport station (~20 km away). The comparison reveals that ERAS exhibits very small
mean biases for near-surface temperature (= 0.36 °C) and wind speed (= 0.40 m/s),
demonstrating its high fidelity in capturing regional meteorological states. While
inherent discrepancies exist between a 0.25° grid average and point measurements due
to spatial smoothing and local micro-terrain, ERAS’s reliability in representing
synoptic-scale transitions and atmospheric dynamics is well documented (Hersbach et

al., 2020). Importantly, the objective of this work is to represent regional and synoptic-
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scale forcing to drive the counterfactual PM» s prediction. This requires key predictors
such as boundary-layer height and solar radiation that are typically unavailable from
surface stations. ERAS provides a spatially and temporally consistent dataset that
avoids the localization and discontinuity, such as 3-hour intervals or missing records,
often found in ground observations. Given the study’s focus on regional-scale
meteorology, ERAS offers a more appropriate and robust basis for the machine-
learning-based modeling framework.

3. Processing of total precipitation (TP)

ERAS total precipitation (TP) represents liquid and frozen water accumulated over the
previous hour and is expressed in meters of water equivalent. Since the hourly dataset
already reflects accumulation over a one-hour period, no additional differencing or
temporal transformation was required prior to its use in the model.

4. Emanuel’s saturated vapor pressure formula

The specific formulation and reference have been added to Text S1 in the
Supplementary Information. Saturation vapor pressure (E, Pa) is computed using

Emanuel’s empirical equation (Emanuel, 1994):

6743.769
InE = 53.67957 — — 48451 InT

where T is absolute temperature (K). The equation is applied to 2-m air temperature
(T2) and dew-point temperature (D2) to obtain saturation (Es) and actual vapor pressure
(Ea), respectively, with relative humidity calculated as RH = (E4+/Es) x 100%.

Together, these revisions substantially improve the transparency, rigor, and
reproducibility of the meteorological data processing procedures in the manuscript. We

sincerely appreciate the reviewer’s helpful suggestions.

Ref:
Hersbach, H., et al. The ERAS5 global reanalysis, Quarterly journal of the royal meteorological

society, 146, 1999-2049, https://doi.org/10.1002/qj.3803, 2020.

Comment #5:
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There is the spatial representativeness mismatch between the machine learning model,
which uses a 14-site city average, and the DN-PMF analysis, which uses chemical data
from a single site. This difference could introduce a bias, particularly for localized
sources like fireworks. The authors could discuss this limitation and its potential impact
on their findings. Given the team’s related work (e.g., Journal of Environmental
Sciences), a brief comparison of the methodological advantages and efficiency gains

relative to prior work would also help position the contribution.

Response:

We thank the reviewer for this important comment, which was also raised by Reviewer
#1. Please see our responses to reviewer #1 for details. Below we also provide a concise
clarification regarding (1) the spatial representativeness mismatch and (2) the
methodological contribution relative to prior work.

1. Spatial representativeness mismatch

We agree that the ML model (city-wide average) and the DN-PMF analysis (single-site
composition) operate at different spatial scales. To directly assess this issue, we
performed a linear regression between hourly PM: s at the Wolonggqiao site and the 14-
site city average over the full study period. The strong correlation (R? = 0.78, slope =
1.11) demonstrates that Wolongqiao reliably captures the same temporal pollution
dynamics as the broader urban area, particularly during winter episodes and the Spring
Festival period.

Although absolute levels differ slightly, fireworks emissions during New Year’s Eve
form a city-wide, highly synchronized plume. Their chemical signatures (e.g., sharp K*
and EC enhancements) are consequently spatially coherent, making the single-site DN-
PMF analysis suitable for identifying and tracking this dominant source. We have added
this clarification as a discussed limitation in the revised manuscript (Section 3.4, lines

357-370).

2. Methodological advantages relative to prior work

We have also clarified the methodological contribution of this study. Compared with
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traditional receptor modeling approaches, our ML-based counterfactual framework
provides a direct “no-holiday” baseline, enabling cleaner attribution of fireworks
impacts. The method requires only routine monitoring and reanalysis data, is highly
scalable (as demonstrated in the “2+26” region), and can be applied rapidly to large city
networks. This represents a clear efficiency gain relative to chemical-speciation-based
source apportionment. The consistency between the ML results and the DN-PMF
source apportionment further supports the robustness of the approach.

We have added these points to better position the contribution in the revised manuscript.
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Figure S9. Linear regression analysis of hourly PMs concentrations between the
Wolonggiao site (x-axis) and the Hangzhou city-wide average (14 sites, y-axis) during
the study period (2023/12/20 - 2024/2/20). The strong correlation (R? = 0.78) supports
the representativeness of the Wolonggqiao site in capturing city-scale pollution trends

during the observation period.

Minor corrections:

- Line 22: twenty-eight -> 28

- Line 119: meterorology -> meteorology
- Line 164: A -> An

- Line 207: in the midnight of the New Year Eve -> at midnight on New Year’s Eve

26



762

763

764

765

766

767

768

769

770

771

772
773
774
775
776
Ty
778
779
780

781

782

783

784

785

786

787

788

789

790

791

792

- Line 244: Please add units for RMSE and MAE.
- Line 260: reliablity -> reliability

- Line 261: techique -> technique

- Line 323: deterioriation -> deterioration

- Table S1: Please use Pa (not pa) for pressure unit.

Response:
All minor corrections listed (typos, unit formatting, and grammatical adjustments) have
been implemented in the revised manuscript, including those on Lines 22, 119, 164,

207, 244, 260, 261, 323, and in Table S1.

Reviewer #3

This study employs machine learning to evaluate the impact of firework displays on
PM2 s pollution during the Chinese Spring Festival. Overall, the manuscript is well-
structured and concisely written. The findings offer valuable insights for the scientific
management of PM: 5 pollution in China. Revisions are needed before consideration for

publication.

Comment #1:

P2, L41: “often marked by a decline in nitrogen oxide levels and a sharp increase in
PM, 5 concentrations”. This statement requires supporting references.

Response:

We have added appropriate references to support this statement.
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Previous studies have consistently reported a pronounced reduction in nitrogen oxides
during the Chinese Spring Festival due to decreased traffic and industrial activities. For
example, Li et al. (2021) showed substantial declines in tropospheric NO> columns
(31.8%-44.5%) across Chinese megacities associated with large-scale population
migration and reduced vehicular emissions. In contrast, PM>s responses during this
period are more complex. Dai et al. (2021a) demonstrated that although NO;
concentrations decreased significantly during the Spring Festival and the coincident
COVID-19 lockdown, PMzs exhibited heterogeneous changes driven by shifts in
emission sources, including enhanced firework-related emissions. In addition, the
review by Wu et al. (2022) summarized that air quality during the Spring Festival is
influenced by competing effects, including reduced anthropogenic emissions and
enhanced emissions from fireworks and residential fuel use, leading to heterogeneous
PM, 5 responses across regions and periods.

Based on these findings, the manuscript has been revised to state that:

“During this period, a distinct ‘holiday effect’ is observed in air quality variations, often
marked by a decline in nitrogen oxide (NOx) levels and complex changes in PM s
concentrations” (P2, L42-1.44), with supporting references added (Li et al., 2021; Dai
etal., 2021a; Wu et al., 2022).

Refs:

Li, D., Wu, Q., Wang, H., Xiao, H., Xu, Q., Wang, L., Feng, J., Yang, X., Cheng, H., and Wang,
L.: The Spring Festival Effect: The change in NO> column concentration in China caused by
the migration of human activities, Atmospheric Pollution Research, 12, 101232,

https://doi.org/10.1016/j.apr.2021.101232, 2021.

Dai, Q., Hou, L., Liu, B., Zhang, Y., Song, C., Shi, Z., Hopke, P. K., and Feng, Y.: Spring Festival
and COVID-19 lockdown: disentangling PM sources in major Chinese cities, Geophys. Res.

Lett., 48, https://doi.org/10.1029/2021GL093403, 202 1a.

Wu, G., Tian, W., Zhang, L., and Yang, H.: The Chinese spring festival impact on air quality in
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Comment #2:

P3, L74-81: (1) Please specify the instrumentation used for measuring chemical
compositions, along with their limits of detection, accuracy, and precision. (2)
Regarding the calculation of SOC: The OC/EC minimum ratio method assumes stable
emission sources over a period, which is clearly not applicable to the drastic emission
changes during the Spring Festival. The authors should re-evaluate the validity of this
method.

Response:

We have revised the manuscript accordingly:

(1) Instrumentation, limits of detection, accuracy, and precision.

We have updated the Methods section to explicitly report the analytical instrumentation
and methods used for PMas chemical composition measurements. Elemental species
were measured using an iCAP 7000 Series ICP-OES spectrometer (Thermo Scientific,
USA). Carbonaceous components (OC/EC) were analyzed using a DRI 2001A
thermal/optical OC/EC analyzer following the IMPROVE_A protocol. Water-soluble
ions were determined by ion chromatography (IC). In addition, the method detection
limits (MDLs) and uncertainty/precision terms (error fractions) for all measured species
are now summarized in Table S2, and these values are also those used as PMF model
inputs. To address analytical accuracy, we added a table note stating that instrument
calibration and routine QA/QC procedures (multi-point calibration using standards,
field/laboratory blanks, and replicate analyses) were performed to ensure data quality

(Section 2.1, lines 82-91).

(2) We agree that the minimum OC/EC ratio (EC-tracer) approach assumes relatively
stable primary emission characteristics over the period used to determine (OC/EC)min,
and that abrupt source changes during the Spring Festival may increase uncertainty in
SOC estimates. We therefore re-evaluated this assumption by examining the period
dependence of (OC/EC)min: the 10th-percentile OC/EC ratio was calculated separately
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for the periods before and after Lunar New Year’s Eve (pre-eve: 3.10; post-eve: 3.13;
full period: 3.11). Based on this check, we added clarifying text in the Methods section
noting that the EC-tracer-based SOC is included as an input variable in the PMF
analysis to represent the secondary organic component; nevertheless, potential non-
stationarity of primary emissions during the Spring Festival may introduce additional
uncertainty, and SOC-related results for this period are interpreted with caution.

We thank the reviewer again for these helpful suggestions.

Comment #3:

P3, L88: Why was ERAS5 reanalysis data used instead of locally measured
meteorological data? Please justify this choice.

Response:

We used the ECMWF ERAS hourly reanalysis meteorological data with the following
reasons:

(1) Completeness and physical consistency of predictors. Our model requires not only
standard near-surface variables but also key predictors that are typically unavailable or
not routinely reported by local surface stations, such as boundary-layer height and
surface solar radiation. These variables are essential for representing vertical mixing
potential and photochemical conditions. ERAS provides a physically self-consistent
and spatiotemporally continuous set of meteorological variables through a unified data
assimilation system, ensuring internally consistent model inputs.

(2) Spatial representativeness for regional-scale analysis. This study aims to
characterize pollution processes and PM s behavior at the city and regional scales.
Point observations can be strongly influenced by local micro-terrain and urban canopy
effects and may not represent the area-average forcing relevant for regional transport
and dispersion. The gridded ERAS fields (0.25° x 0.25°) are better suited to capturing
the synoptic and regional meteorological conditions driving the counterfactual
predictions.

(3) Continuity and availability. ERAS avoids gaps due to station outages or
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discontinuous records and provides an uninterrupted hourly time series required for
stable machine-learning training and inference.
To evaluate the representativeness of ERAS during the study period (20 December
2023-16 February 2024), we compared hourly ERAS data from the grid cell centered
over downtown Hangzhou with observations at the Hangzhou Xiaoshan International
Airport station (approximately 20 km away). The comparison shows very small mean
biases for temperature (= 0.36 °C) and wind speed (= 0.40 m/s), indicating that ERAS
captures the regional meteorological background with high fidelity. While inherent
discrepancies exist between a 0.25° reanalysis grid average and point measurements
due to spatial smoothing and local microclimates, ERAS’s ability to represent synoptic-
scale transitions and atmospheric dynamics is well documented (Hersbach et al., 2020)
and provides a robust basis for our regional-scale modeling framework. We have
clarified this in the revised manuscript in Text S2, representativeness of ERAS
meteorological data.
Ref:
Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Mufioz-Sabater, J., Nicolas, J.,
Peubey, C., Radu, R., and Schepers, D.: The ERAS5 global reanalysis, Quarterly journal of the

royal meteorological society, 146, 1999-2049, https://doi.org/10.1002/qj.3803, 2020.

Comment 4:

P 6-7, Line 180-181: Fireworks also release substantial amounts of potassium.

Wang Ying et al. The air pollution cased by the burning of fireworks during the lantern
festival in Beijing, Atmospheric Environment, 417-431, 41, 2007.

Wang Wenhua et al. Chemical composition and morphology of PMa s in a rural valley
during Chinese New’s Eve: Impact of firework/firecracker display, Atmospheric
Environment, 120225, 318, 2024.

Response:

As suggested, we have incorporated these references into the revised manuscript to
support the identification of the firework source factor. These references, covering both
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a study in urban Beijing (Wang et al., 2007) and the findings in a rural valley (Wang et
al., 2024), significantly strengthen our discussion on the enrichment of potassium (K*)
during the firework event in Hangzhou by providing evidence across different

environmental settings.

Comment S:

P8, L214: The authors report that fireworks contributed ~70% to PMz s, which is an
exceptionally high figure. How does this compare with previous studies? Were these
fireworks discharged in the immediate vicinity of the monitoring sites? Furthermore,

are firework bans implemented in this city?

Response:

We acknowledge that a ~70% contribution of fireworks to PM2 s is unusually high when
viewed in a general context. However, we believe that this estimate is physically
plausible for an extreme, short-lived pollution episode. Specifically, the reported value
represents an average contribution of 76.8% over the 24-hour New Year’s Eve haze
event, rather than a long-term or seasonal mean. The following lines of evidence
support this interpretation.

(1) Comparison with previous studies.

Although reported mass fractions vary with location and averaging period, our results
are consistent with previous studies documenting extreme enrichment of firework-
related aerosols during peak discharge windows. For example, Wang et al. (2007)
reported that during the Lantern Festival night in Beijing, fireworks accounted for over
90% of total mineral aerosol and approximately 43% of total carbon in PMas,
accompanied by more than fivefold increases in tracers such as Ba, K, and Mg relative
to non-festival periods. More recently, Wang et al. (2024) demonstrated that intensive
firework displays can induce abrupt surges in K*, SO4*, and Cl- concentrations,
particularly when emissions are spatially concentrated. Importantly, these high
contributions were consistently observed over short peak intervals (hours to one day),
rather than over longer averaging periods. In this context, the peak mass concentration
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of the firework factor resolved in our study (167.2 ug/m?) falls well within the range
implied by these documented tracer-rich aerosol spikes.

(2) Independent chemical evidence from elemental ratios (Section 3.2, lines 244-253).
To ensure that the high contribution was not an artifact of receptor modeling, we
performed a detailed analysis of elemental ratios (newly added Section 3.2). During the
episode, the K/EC ratio exhibited an abrupt, order-of-magnitude increase, peaking at
approximately 13—more than 60 times higher than the background level (~0.2).
Meanwhile, the K/Ba ratio transitioned from irregular fluctuations to a stable low-value
plateau with a coefficient of variation of ~16%. This distinct and detached chemical
signature indicates that the ambient aerosol was physically dominated by a K-rich, EC-
poor population characteristic of fireworks emissions, consistent with the morphology
and composition reported in previous field and laboratory studies. Taken together, these
observations provide independent, physically grounded evidence that reinforces the
PMF-resolved firework factor.

(3) Proximity of emissions and policy context.

Fireworks were not legally permitted in the immediate vicinity of the monitoring site
(No. 29 Yanggong Causeway, West Lake Scenic Area). However, during the 2024
Spring Festival, Hangzhou adopted differentiated firework management measures,
under which several adjacent districts (e.g., Xiaoshan and Yuhang, located to the south
and west of the urban core) allowed limited but intensive firework discharges in
designated areas. Under the stagnant meteorological conditions prevailing on New
Year’s Eve, firework-related aerosols emitted from these nearby permitted zones were
rapidly transported into and accumulated within the West Lake basin, where dispersion
is constrained by local topography. This interpretation is supported by the explosive
midnight PM2s surge shown in Fig. 2 and is further corroborated by the machine-
learning counterfactual analysis (Fig. 3), which identified comparable firework-
attributable PM: s increments across the broader urban area. These results indicate that
the elevated contribution observed at the Wolonggqiao site reflects a city-wide extreme
pollution episode rather than a localized anomaly.

In summary, the reported 76.8% contribution represents a short-lived but intense peak
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driven by concentrated firework activity in surrounding districts combined with

unfavorable dispersion conditions, and is supported by both chemical evidence and

independent modeling analyses.

Refs:

Wang, W., Zhou, H., Gao, Y., Shao, L., Zhou, X., Li, X., Wei, D., Xing, J., and Lyu, R.: Chemical
composition and morphology of PM2. 5 in a rural valley during Chinese New Year’s Eve:
Impact of firework/firecracker display, Atmospheric Environment, 318, 120225,

https://doi.org/10.1016/j.atmosenv.2023.120225, 2024.

Wang, Y., Zhuang, G., Xu, C., and An, Z.: The air pollution caused by the burning of fireworks
during the lantern festival in Beijing, Atmospheric Environment, 41, 417-431,

https://doi.org/10.1016/j.atmosenv.2006.07.043, 2007.

Comment #6:

P12-13, L329-335: Figure 5 is well-presented, but the accompanying description and
discussion are too superficial. What explains the extreme disparity in firework
contributions across different cities (>80% vs <10%)? Is this linked to local government
bans? A more in-depth discussion is warranted.

Response:

We thank the reviewer for this insightful comment regarding the interpretation of Fig.
5 and the need for a more in-depth discussion. In response, we have substantially
expanded and reorganized the discussion and incorporated it into the final paragraph of
Section 3.5 (lines 421-434).

Specifically, the revised text now explicitly acknowledges the presence of a persistent
regional background pollution level across the “2+26” cities and clarifies that the New
Year’s Eve haze episode represents an acute, event-driven pollution enhancement
superimposed on this background. We further discuss the pronounced inter-city
variability in estimated firework contributions (>80% versus <10%), attributing it to
differences in background PMa s levels, the relative nature of contribution estimates,
and population redistribution during the Spring Festival. In addition, the potential roles
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of spatially heterogeneous effectiveness of firework prohibition policies (particularly
in rural and urban-rural fringe areas) and meteorological conditions are discussed in a
cautious and qualitative manner.

These revisions provide a more comprehensive and mechanistic interpretation of Fig.
5 while remaining consistent with the scope and limitations of the available data. We

again thank the reviewer for this helpful suggestion.
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