Referee 3:
General Comments

The authors present a comprehensive data analysis of CO2 observations from an India
monitoring station, which is a relevant contribution to this special issue about GHG in the Asia-
Pacific region. The analysis, which includes related parameters like PBLH, NEE, CH4, and
CO, is also competently discussed. However, the work is primarily descriptive, presenting a
common data analysis without showing substantial scientific depth for the scope of ACP. The
manuscript’s emphasis on reporting and discussing measurements appears more aligned with
the scope of AMT or a measurement report.

We sincerely thank the reviewer for the careful evaluation of our manuscript and for
recognising the relevance of our dataset to the special issue on greenhouse gases in the Asia-
Pacific region. We also appreciate the positive remarks regarding the comprehensive nature of
the data analysis and the inclusion of related parameters such as PBLH, NEE, CH4, and CO.

We understand the reviewer’s concern that the previous version of the manuscript appeared
primarily descriptive.

1. In this revised version, we have substantially improved the writing and restructured the
manuscript to enhance its scientific depth and analytical focus. We have reduced purely
descriptive content and strengthened analytical depth. We have improved the discussion by
better linking observed CO» variability with boundary-layer dynamics, regional fluxes, and
co-emitted tracers (CHs and CO), thereby providing a more process-oriented and
scientifically robust interpretation.

2. Moreover, we now explicitly highlight the novel scientific insights gained from the CO»
measurements from the Sonipat observatory, the first continuous CO; monitoring station
in the Indo-Gangetic Plain (IGP), a globally significant yet under-observed region for long-
term atmospheric CO2 measurements.

Through these revisions, we aim to clearly demonstrate that the manuscript not only presents
high-quality measurements but also provides new scientific insight into CO» variability and its
drivers in the Indo-Gangetic Plain, which we believe aligns well with ACP's scope and
expectations.

Major comments:

1. Line 588: emissions from vehicular and natural gas combustion may exhibit different
patterns. Could the authors elaborate on this? Additionally, as mentioned before,
biomass burning is also a potential source -- how is this reflected in the correlation data?
This is particularly interesting given Sonipat’s proximity to Delhi. Could the authors
clarify how urban emissions from the city contribute to the observed enhancements?



Furthermore, the correlation analysis could be enhanced by incorporating wind
direction.

We agree with the reviewer that vehicular emissions and natural gas combustion can exhibit
distinct temporal and chemical signatures. The intention of this discussion is not to imply
identical emission characteristics, but rather to highlight that both source types act as common
contributors to enhanced CO; and CHg at the Sonipat site, thereby leading to their correlated
variability.

Biomass burning is indeed an important regional source, particularly during the post-monsoon
season, as discussed in Section 3.5.2. During this period, crop residue burning contributes to
enhancements in CO and CO.. The derived ACO/ACO: ratios (4—12.5 ppb ppm ™), while lower
than values typically associated with intense open biomass burning reported in previous
studies, are consistent with mixed influences from biofuel combustion and fossil-fuel sources,
indicating overlapping source contributions rather than a single dominant process (Lin et al.,
2015; Russo et al., 2003; Andrae and Merlet., 2001).

Sonipat’s proximity to Delhi and its location along major transport corridors further modulate
the observed enhancements. The prevailing north-westerly winds during most seasons (except
the monsoon; Fig. S3) transport air masses from the urban city centre, nearby industrial
clusters, and the NH-44 highway, all of which lie upwind of the monitoring station. This
persistent upwind influence results in sustained contributions from urban vehicular traffic and
industrial activities to the measured CO> levels.

We agree that incorporating wind direction can strengthen the interpretation of the correlation
analysis. Seasonal wind patterns have therefore been presented using wind-rose analyses (Fig.
S3), which provide meteorological context for the tracer—tracer relationships discussed in the
manuscript.

2. How does the satellite-derived tracer-tracer correlations?

Satellite-derived tracer-tracer correlation study has not been carried out. The comparison with
the satellite-derived columnar values was to assess the satellite's ability to capture the temporal
pattern of carbon dioxide over the monitoring site.

3. Line 594-598: The description of deltaCH4/deltaCO2 appears contradictory. During
periods of low photosynthetic activity (post-monsoon and winter), CO2 enhancement
should increase, resulting in lower slope values. Conversely, higher photosynthetic
activity during the monsoon season should lead to elevated slope values. However, the
data show that deltaCO2 levels are significantly higher during monsoon afternoons
compared to other periods. Could the authors explain this inconsistency?

We thank the reviewer for raising this point and apologise for the lack of clarity in the earlier
description. We emphasise that the reported slopes are derived from excess concentrations
(ACH4 and ACO:»), calculated after removing the background using the ADVS method, rather
than from absolute mole fractions.



The background concentrations estimated by ADVS are season-dependent and are notably
higher during the post-monsoon and winter seasons. Consequently, even though absolute CO»
enhancements are reduced during periods of low photosynthetic activity, the corresponding
ACH4 does not necessarily increase proportionally because a larger fraction of the measured
signal is attributed to the elevated background. This results in comparatively lower ACH4/ACO»
slopes during these seasons.

Similar seasonal behaviour in ACH4/ACO> ratios has been reported in previous studies (e.g.,
Lin et al., 2015; Sreenivas et al., 2018), supporting the interpretation presented here. The text
has been revised to clarify this distinction between absolute enhancements and background-
subtracted excess concentrations.

During the monsoon season, the background CO> concentration estimated using the ADVS
method is relatively low due to enhanced photosynthetic uptake under favourable moisture
conditions. As a result, even moderate increases in observed CO:> led to larger A CO» values.
In addition, monsoon meteorology plays an important role. Persistent cloud cover and high
humidity often suppress the development of a deep planetary boundary layer (PBL) during
daytime hours. Consequently, vertical mixing remains weak during the typical afternoon
window (11:00-14:00 LT), allowing locally influenced CO; to accumulate near the surface.
The combined effect of a lower background concentration and limited PBL growth likely
explains the elevated A CO observed during monsoon afternoons

4. Line 596: What does the “long-range transport” indicate?

The “long-range transport” in this study refers to the movement of air masses from surrounding
regions, primarily Punjab and Haryana, to the monitoring site at Sonipat, carrying emissions
and influencing local CO; variability. We acknowledge that “long-range transport’ may not be
an appropriate way to indicate these aspects in a general sense. Therefore, we clarified it in the
methods section.

5. Line 603: What are the correlations between deltaCO and deltaCO2 during the pre-
monsoon and monsoon seasons?

We appreciate the reviewer for pointing this out. The CUPI-G sensor used for CO
measurements was installed in September 2022; therefore, data for the pre-monsoon and
monsoon periods of 2022 are not available. The sensor also experienced downtime during the
pre-monsoon of 2023. Thus, we are unable to present statistical analysis for the pre-monsoon
and monsoon seasons.

6. Line 646-648: The authors highlight that Sonipat's location—between Punjab and
Delhi, with predominant northwesterly winds—makes it an ideal site for studying the
influence of different regional air masses in the IGP region. However, this potential is
not fully explored in the manuscript, aside from brief mentions in the tracer-tracer
correlations section. Could the authors expand on this aspect?



We thank the reviewer for the comment. We find that Sonipat’s unique location between
Punjab and Delhi, under the influence of north-westerly winds, contributes to its unusually high
temporal variability in CO-. This hypothesis is supported by our tracer-tracer analysis, which
indicates the mixing of local and transported emissions. While we acknowledge that this aspect
has not been explored in full depth in the current study, we plan to investigate it further in
future research to better quantify the role of regional air masses on CO: variability at Sonipat.

Technical comments:

1. Line 25: better specified the month period for “monsoon” and “post-monsoon”
Noted and added.

2. Line 70: column >>> columnar
Rectified.

3. Line 107: two “such as”

Thank you for pointing this out. Rectified.

4. Line 136: >>> background of CO2...

We still believe that the current sentence structure better suits here.

5. Line 252: a citation is missing

Thanks for noting this aspect. We have cross-checked all references to ensure consistency
throughout.

6. Line 283: Figure 1(a) better add year on the x-axis

Added.

7. Line 311: what’s the sources on the northwest of study site?

Vehicular emissions from the nearby highway and industrial emissions from facilities located
to the northwest of the monitoring site. Added this information into the manuscript.

8. Line 335: Figure2(a) shows minimum values in PBLH in January and highest values in
April/May. The monsoon period covers June to September. Doesn’t mean that the
maximum values also occur during pre-monsoon months? Please explain this.

This typo has been corrected and the text has been modified in section 3.2.1: “Figure 3(a)
shows that the minimum values in PBLH occur during winter months and the maximum values
during pre-monsoon months.”



9. Line 344: Figure 2(b) NDVI shows an increase during November — April, even
surpassing its summer values. However, this pattern is not reflected in the SIF data.
Could you please explain this?

The NDVI and SIF data measure some distinct aspects of vegetation. NDVI reflects canopy
greenness or the amount of green biomass. During November-April, following post-monsoon
crop residue burning, new winter crops are sown. These crops remain lush from November
until April-May, leading to higher NDVI values. SIF measures photosynthetic activity directly.
Even if green biomass increases, SIF can remain relatively low if photosynthetic rates are
limited by light, temperature, or crop type. Thus, the observed enhancement in NDVI during
November-April reflects the structural greenness of newly sown winter crops, whereas the SIF
signal does not show a corresponding increase because actual photosynthetic activity may be
lower.

10. Line 434: Figure 6: Sonipat monitoring station is presented as “SNPT”, which is “SNT”
in the text. Please modify.

This has been rectified and updated (now Figure 7).
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Updated figures:
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Figure 1: (a) Hourly averaged time series of atmospheric (a) CO: (red) (b) CHs4 and (¢) CO
mole fraction for the study period (February 2023 to January 2025) over Sonipat. The thick
black line represents the background mole fraction estimated using the Adaptive Diurnal least

Variation Selection (ADVYS).
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Figure 2: Anthropogenic CO; emissions over (a) India (b) Indo-Gangetic Plain and (c)

Sonipat/Delhi are derived from the EDGAR emission inventory for 2021. (d) Annually

averaged wind patterns over Sonipat for February 2023 — January 2024.
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Figure 3: (a) Monthly variations of atmospheric CO2 mole fraction (black) and PBLH (blue)

and (b) NDVI (green) and SIF (olive green) over the Sonipat monitoring station during the

study period.
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Figure 7: (a) Comparison of the seasonal variability of atmospheric CO> over Sonipat
monitoring station with various locations in the same latitudinal band. (b) Comparison of the
seasonal amplitude between Indian (coloured bars) and international monitoring stations (grey
bars). Indian stations include Shadnagar (SDN), Sinhagad (SNG), Ahmedabad (AHM), Mohali
(MHL), Gadanki (GDN), and Sonipat (SNT). International stations include Mauna Loa (MLO),
South Carolina (SCT), Shenandoah National Park (SNP), Walnut Grove, (WGC), Moody
(WKT) and Boulder (BAO). For all international stations except BAO, the five-year average
(2018 - 2022) has been chosen for the seasonality. For BAO, 2011 — 2016 has been used. The
monthly average of the entire study period (February 2023 — January 2025) has been used for

this comparison.
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Figure S2: Daily variation in atmospheric carbon dioxide concentrations (a) and

meteorological parameters (air temperature, relative humidity and rain) over Sonipat (b-d)

during the study period. All measurements have been made using the Automatic Weather
Station (AWS) in Sonipat.
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