Response to Referee #1 comment on “Global Ground-based Tropospheric Ozone
Measurements: Reference Data and Individual Site Trends (2000-2022) from the TOAR-
[I/HEGIFTOM Project” by Van Malderen et al.

This manuscript uses homogenized ozone data from ozonesondes, IAGOS, FTIR, Lidar, and Umkehr instruments to
analyze global trends in total, free, and lower tropospheric ozone. The authors compared different regressions and
explored reasons for trend differences among stations with co-located instruments. Overall, this manuscript is
excellent, and these ozone datasets and analyses are critically needed in the ozone community. I appreciate the authors’
careful consideration and handling of sparse and complex ozone data. | have only minor comments.

Thank you very much for your positive feedback and for taking your time to review the manuscript. We performed
new analyses as explained and illustrated below. In several cases, more material was added to the Supplement. The
main conclusions of the study, expressed in the Abstract and last Section of the manuscript have not changed
substantially.

Page 2, Line 72-73: There is a reference to “Refto Elementa collection”. Please fix this so it is a real, traceable citation.

This can be dropped, the Gaudel et al. (2018) reference is the only one that has been cited. We also included some
references to relevant new TOAR-II papers, e.g. Arosio et al. (2024), Pennington et al. (2024), Jones et al. (2025),
Gong et al. (2025), Dufour et al. (2025, Keppens et al. (2025), Maratt Satheesan et al. (2025).

Page 5, Line 154: Are there any results from the ASOPOS WMO GAW report that influenced how the ozonesonde
data was handled?

The ASOPOS WMO GAW reports give recommendations on how to prepare, process, and archive ozonesonde data.
The second report WMO GAW No. 268 incorporates the O3S-DQA homogenization activity, in the sense that its
recommendations on data processing align with those of the O3S-DQA homogenization activity. We tried to make
this clearer by modifying this sentence to “Following the GAW Report 201, the most recent JOSIE took place in 2017
(Thompson et al., 2019), which, together with the activity described in the next paragraph, led to a second ASOPOS
WMO GAW Report (Report 268, Smit et al., 2021). “And after the description of the O3S-DQA principles used in
our study, we now added the sentence “The O3S-DQA guidelines for data processing, standards, and uncertainty
estimation are now the current recommendations in WMO-GAW No 268 (Smit et al., 2021).”

Page 7, Line 175: | have some concerns about calculating monthly averages from locations where only one or two
ozonesonde measurements are available within a given month. Previous literature suggests that somewhere between
3-18 observations per month are needed for accurate and representative time series (e.g., Christiansen et al., 2022; Lu
et al., 2019; Chang et al., 2020; Wang et al., 2022). Could the authors perform some kind of short analysis that
compares trends from once- or twice-monthly samples to trends derived from more frequently sampled sites? One
thought could be to use a site that has many observations each month, then randomly select two observations to use
from each month. Would the trends be similar to those derived from the full dataset? At the least, a discussion of the
uncertainty involved in using these very sparse ozonesonde datasets is warranted.

Yes, we are aware of the literature suggesting that 3-18 observations per month are needed for calculating accurate
tropospheric ozone trends. The impact of monthly sampling frequency on the trends has already been explicitly
discussed in section 4.3.1, in which trends are compared between different techniques at collocated and nearby sites.
We followed your guidance on a short analysis and subsampled all the time series of the 55 sites of our sample to two
random observations a month, before calculating the monthly means (L3). The QR and MLR L3 trends estimated
from this subsampled dataset can then be directly compared with the original QR and MLR L3 trend estimates.

For illustration, we include here a figure (Fig. R1) that shows the L3 monthly mean time series since 2000 for 5 sites
(each for one technique) with high monthly sampling frequency (see also Table R1), together with the L3 monthly



mean time series obtained from exactly two randomly chosen measurements a month. It should be clear that reducing
the monthly sampling frequency increases the variability of the monthly mean values.
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Fig. R1: Monthly mean time series since 2000 using all available measurements (red) and using exactly two randomly
chosen daily measurements (black) at Frankfurt airport (IAGOS), Table Mountain Facility (Lidar), Lauder (FTIR),
Boulder (Umkehr) and Uccle (ozonesondes). The numbers between brackets in the legend denote the number of
months with available data.



Table R1: TrOC QR and MLR L3 trend calculations for the original and subsampled (2 randomly chosen daily
measurements a month, denoted by “Sub” in the column headers) monthly mean time series. Trends are estimated in
ppb/dec, and trend uncertainties (2 standard deviations) and p-values (QR) are given. Bold trends have p< 0.05. Left
columns display the station name, instrument type, and mean monthly sampling frequency of the original time series.

Northern Hemisphere (180W-20W) TrOC (surface to 300hPa) Trends

. Instru- l\'flholg- QRL3 QL? QRL3Sub | QR L3 MLR L3 SIL/IbL'IBrIe_r?d
Station ment Sam- Trend £ 2*c p- Trend = 2*6 | Sub p- | Trend £ 2%¢ + 2%
pling (ppb/dec) value (ppb/dec) value (ppb/dec) (ppb/dec)

Alert 03S 404 | 074+176| 042 | -0.07+2.26 0.95 062+163| 0.42+1.89
ATL IAGOS 551 | -0.78+2.22 0.50 N/A N/A -0.53+£2.44 N/A
Boulder 03S 451 -141+114| 0.01| -017+143 0.81 -1.30+0.79 | -0.91+1.02
Boulder (067) Umkehr 1347 | 044+130| 052 | -0.82+1.43 0.26 -0.02+1.08 | -099+1.41
Churchill 03Ss 363 | -164+242| 017 | -2.85+3.02 0.08 -3.01+£1.98 | -3.02+2.27
DAL IAGOS 3.08| 241+166| 0.01 N/A N/A 2.16 + 2.63 N/A
Edmonton 03Ss 393 0.03+096| 095| -0.11+1.47 0.89 -0.64+0.95 | -0.80+1.11
Eureka 03Ss 540| 032+136| 0.65| -0.03+1.89 0.98 -0.30+1.37 | -0.16+151
Fairbanks (105) Umkehr 872 0.02+228] 099| -0.15+3.70 0.94 098+277| 0.84+3.72
Goose Bay 03s 409 -080+128| 0.21| -0.80+1.49 0.28 -0.26+1.20 | -047+134
Hilo 03S 413 | -043+130| 050 | -086+1.71 0.32 -041+1.03 | -1.06+1.32
Mauna Loa FTIR 1437 | 126+248| 030| 0.99+254 0.44 0.88+2.33 | 1.15+3.37
Mauna Loa (031) Umkehr 19.65 1.62+0.96 | 0.00 1.73+£1.12 0.00 1.49+0.91 1.50+1.17
Paramaribo 03s 340 | -042+1.04| 045| -0.16+1.18 0.78 0.22+1.17 | -0.10+1.36
Resolute 03s 371 | -207+178| 0.03| -0.80+1.80 0.37 -212+180 | -1.63+1.87
Scoresbysund 03S 423 | -273+140| 0.00| -251+172 0.00 -282+1.15| -3.23+1.38
TMF Lidar 1057 | 124+1.08| 0.02]| 1.28+1.08 0.02 131+102| 1.08+1.36
Thule FTIR 969 | -327+174| 0.00| -1.77+1.89 0.06 -359+1.92 | -141+£275
Toronto FTIR 898 | -1.15+216| 0.27| -0.72+350 0.68 -1.70+2.08 | -1.02 +3.02
Trinidad Head 03s 450 -096+112| 0.07]| -141+1.27 0.03 -0.90+0.89 | -1.08+1.14
Wallops Island 03S 467 | -283+150| 0.00| -2.82+1.74 0.00 -281+1.25| -245+1.42
Northern Hemisphere (19W-79E) TrOC (surface to 300hPa) Trends

Arosa (035) Umkehr 809 | 063+136| 0.34]| 0.03+2.00 0.98 0.68+1.05| -0.38+1.42
Ascension Island 03S 383 | -1.06+176| 022 | -0.70+154 0.37 -0.88+1.74 | -0.93+1.84
De Bilt 03S 431 150+120| 0.01] 2.08+1.38 0.00 134+108| 134+1.34
FRA IAGOS 24.64 0.09+1.10 0.87 1.13+1.19 0.06 -0.04 £1.08 0.28 +1.36
Hohenpeissenberg | O3S 1058 | 055+094 | 023| 035+1.24 0.63 0.26+0.76 | 0.35+0.97
Izana FTIR 855| 1.08+130| 0.08| 1.05+226 0.37 0.73+1.07| 0.85+1.53
Izana 03S 400 | 212+118| 0.00| 192+152 0.01 230+0.87 | 1.79+1.06
Jungfraujoch FTIR 856 | -1.93+1.78| 0.03] -1.83+1.64 0.03 -1.08+134 | -1.33+1.86
Kiruna FTIR 726 | -1.77+148 | 0.02| -1.26+1.33 0.06 -1.73+1.15 | -177+£1.42
Legionowo 03S 486 | -126+1.18| 0.04| -2.02+1.32 0.00 -1.40+1.06 | -1.86+1.05
Lerwick 03s 493 | -1.01+154| 0.18| -0.77+157 0.33 -0.96 +1.24 | -1.02+1.46




Madrid 03s 396 | -0.74+x124 | 025| -0.61+1.29 0.38 -0.62+1.22 | -0.54+1.39
NyAlesund 03s 650 -0.75+1.08| 0.15| -121+1.14 0.04 -0.93+0.91 | -0.98+1.18
OHP (040) Umkehr 1129 | 051+210| 0.62| -0.19+240 0.88 -0.86+1.88 | -0.76 £1.92
OHP Lidar 6.72| 224+176| 001| 3.00%+213 0.00 1.90+204 | 248+1.97
OHP 03s 385| 137+126| 0.03| 1.04+1.39 0.12 1.96+105| 1.67+1.10
Payerne 03s 1275 | -1.29+1.02| 0.01| -1.98+157 0.01 -1.63+0.94 | -253+1.22
Sodankyla 03s 417 | -1.74+140| 0.01| -1.89+142 0.01 -1.75+1.08 | -2.02+1.20
Uccle 03S 11.80 1.23+1.10 0.03 0.83+1.51 0.27 0.57 +0.97 051+1.31
Valentia 03s 406 | 137+204| 018 | 1.63+2.68 0.23 -0.36 £2.41 | -0.02 +3.20
Zugspitze FTIR 968 | -1.15+182| 022 | -1.75+251 0.16 -0.32+£0.60 | -1.69 +2.40
Northern Hemisphere (80E-180E) TrOC (surface to 300hPa) Trends

Kuala Lumpur 03s 207 | 261+174| 000| 226+1091 0.02 186+156 | 192+155
Rikubetsu FTIR 3.73| -012+124 | 0.85| -0.29+2.03 0.78 -0.58+1.37 | -1.37+1.72
Southern Hemisphere TrOC (surface to 300hPa) Trends

Arrival Heights FTIR 6.24 | -1.25+1.20 | 0.04 0.00 -1.69+1.32 | -2.20+1.48
Fiji 03s 258 | -1.04+180| 0.29 0.0+1.70 1.00 -1.33+2.28 | -1.01+2.27
Irene 03Ss 248 | 048+236| 068 | 049+211 0.66 -0.16+2.41 | 0.31+2.63
Lauder 03s 3.84| 0.01+0.70| 098 | 0.24+0.75 0.52 0.13+0.61 | -0.16+0.79
Lauder FTIR 1090 | 164+086| 0.00| 1.85+1.10 0.00 1.67+086 | 1.21+1.08
Lauder (256) Umkehr 897 | 038+120| 055| 0.69+161 0.41 0.58+0.86 | 0.35+0.92
Nairobi 03Ss 390 | 047+156| 054 | 0.69+1.62 0.40 0.75+137| 060+1.41
Natal 03s 367 076+x122| 021| 0.90+1.83 0.33 1.04+137 | 1.49+173
Reunion 03s 327 117+162| 0.15]| 051+165 0.54 1.93+127 | 145+1.40
Samoa 03s 331] -049+110] 0.35| -0.97+160 0.23 -0.52+0.99 | -0.52+1.03
South Pole 03s 489 -090+056| 0.00| -055+0.76 0.15 -1.01+£0.73 | -0.36 £0.77

The impact of the reduced sampling frequency on the calculated trends can be assessed in Table R1, where the QR
and MLR L3 trends, trend uncertainties (2 sigma values) and p values (QR) from the subsampled monthly mean time
series can be directly compared. However, it should be stressed that this table only contains the trend results from one
possible random subsampling to 2 daily observations a month, and different results might be obtained if the exercise
is repeated with other random selections. For instance, for a time series with 10 daily values for a specific month, you
have 10*9/2=45 possibilities to subsample to exactly 2 daily values for that specific month only. As we require time
series with at least 120 monthly values in our study, we end up with a large number of possibilities for a time series
subsampled to exactly two daily values a month. Ideally, the experiment should be executed for a large number of
random subsampling strategies. This concept is nicely illustrated in Fig. 6 of Chang et al. (2024), with trends calculated
from the Mauna Loa Observatory (free-tropospheric) ozone data set subsampled randomly and independently over
1000 iterations to a fixed number of samples per month (ranging between 2 and 20). For instance, for this dataset, a
strategy of four samples per month yielded an accurate trend only 10% of the time, while a strategy of just two samples
per month yielded an acceptable rate of zero because the subsamples either severely overestimated the trend or were
not able to detect the trend. Of course, statistical power is heavily affected by the absolute magnitude of the trend and
sigma values, and will be therefore site-dependent. Such an analysis for all our sites clearly falls outside the scope of
this manuscript.



Taking this precaution into account, we however still compare the original L3 trends values with the trends from the
subsampled datasets. It should be mentioned that our single “subsampled” dataset contains fewer sites, as the IAGOS
airports DAL and ATL have too many months with only one measurement a month, so that any time series sampled
to exactly two daily values a month contain too much gaps for a reliable trend estimation. From Table R1, we can
conclude that, for this specific subsampling strategy, the differences between the trend values estimated from both
samples are not large (mean absolute trend difference of 0.46+£0.37 and 0.37+0.38 ppb/dec for QR and MLR,
respectively). For both methods, only at around 5 sites, there is a trend sign reversal, but the estimated trends have
large uncertainties. The most striking and consistent feature of the comparison is the higher trend uncertainties (2
sigma’s) for the subsampled dataset (i.e. for 46/49 sites, or 87/92%, for QR/MLR). Also the QR p values of the
“subsampled” trend estimation are higher for the majority of the sites (32 sites, 60%). As a consequence, the number
of sites with trends significantly different from zero (taking a p-value lower than 0.05 as criterion) decreases, although
moderately, from 22/21 (40/38%) to 16/15 (30/28%) for QR/MLR when subsampling the data to exactly two monthly
measurements for calculating the monthly mean. This is not unexpected because, based on the sampling theory
(Thompson, 2012), if the samples are chosen randomly and have no structural bias, the results are not expected to be
biased, but smaller samples lead to larger uncertainty. As a matter of fact, the differences in trend values and trend
uncertainties between the two L3 datasets are comparable with those between QR L1 and QR L3: a similar amount of
sites with larger than smaller trend estimates, a mean absolute trend differences of 0.46+0.40 ppb/dec, 7 (out of 55
sites) switching trend sign, all but one sites having larger trend uncertainties (2 sigma values) for QR L3 compared to
QR L1, 40 sites having larger QR L3 trend p values, the number of sites with trends significantly different from zero
(taking a p-value lower than 0.05 as criterion) being 32 for QR L1 (and 22 for QR L3). On top of that, the trend
(uncertainty) differences between the original and subsampled datasets lie also in the same order of magnitude than
those between the two trends estimation methods (QR and MLR) used, with a mean absolute trend difference of
0.38+0.37 ppb/dec, and exactly the same number of sites having trends significantly different from zero.

We can therefore conclude that the trend uncertainty due to a monthly sampling frequency of around 2 is comparable
to the trend uncertainty that is associated with the choice of the trend estimation method and with the one due to the
sampling frequency (all measurements vs. monthly means) for the QR trend estimation.

We added the discussion in the previous paragraph to the supplement, below the newly added Table R1 (Table S6).
In the manuscript text, the added paragraph looks like: “To further study the impact of the monthly sample numbers
(SN) on the trend estimations and their uncertainties, we randomly selected for all sites two daily mean (L2) values
for each month and calculated the corresponding monthly mean L3 data. Then, we estimated QR and MLR trends for
both the original L3 and the “subsampled” L3 time series. As different combinations of two random samples per
month are possible at the bulk of the sites, this trend sensitivity experiment should be executed for a large number of
random subsampling strategies. This concept is illustrated in Fig. 6 of Chang et al. (2024), with trends calculated from
the Mauna Loa Observatory (free-tropospheric) ozone data set, subsampled randomly and independently over 1000
iterations to a fixed number of samples per month (ranging between 2 and 20). Such an analysis for all our sites clearly
falls outside the scope of this manuscript, and we consider only one subsampled L3 time series. The differences in the
trends and their uncertainties with the full L3 time series are presented and shortly described in Fig. S6 and Table S6
of the supplementary material. In general, the mean absolute trend differences are rather modest (of the order of 0.4-
0.5 ppb/dec for both QR and MLR). The most consistent feature of the comparison is the higher trend uncertainties
(standard deviations and p-values) for the large majority of the sites in case of the subsampled datasets. As a matter
of fact, we found that the differences in trend values and trend uncertainties between the two L3 datasets are
comparable with those between QR L3 and MLR L3 and between QR L1 and QR L3 for the complete, original time
series (see Table S6 and details in supplementary material). We can therefore conclude that the trend uncertainty due
to a hypothetical monthly sampling frequency of 2 is comparable to the trend uncertainties associated with the choice
of (i) the trend estimation method and (ii) the temporal sampling (all measurements vs. monthly means) for the QR
trend estimation”.

Reference: Thompson, Steven K. (2012) Sampling, 3rd Edition. John Wiley and Sons. ISBN-13: 978-0470402313



Page 8: The IAGOS profiles are integrated so that the concentration is also reported in DU. Why is this not also done
for ozonesondes?

This is also done for ozonesondes. All ozonesonde partial columns are obtained by integrating the profiles, to obtain
those in DU and ppb. But in case of the column-averaged tropospheric 0zone mixing ratio Xos, the partial ozone
column amount is divided by the extent of the column. This is not done for the partial column ozone amounts in DU.
All those metrics, in the two different units (DU and ppb), can be obtained at the HEGIFTOM ftp-server (details can
be found on the HEGIFTOM website). The partial tropospheric ozone columns in DU have also been compared at
collocated or nearby sites between different techniques (see section 4.1.1), and the results have been included in Tables
S4 and S5 in the supplementary material (Tables S2 and S3 being the results for the column-averaged tropospheric
0zone mixing ratio Xos). In the text, we now explicitly mention that all partial ozone columns are also available in
DU for ozonesondes: “To calculate tropospheric 0zone columns in DU and ppb, the different 0zone concentrations in
the respective units at the pressure levels within a tropospheric column are integrated, and only for the case of
retrieving the column-averaged tropospheric ozone mixing ratio Xos divided by the extent of the column.”

Section 2.5: While the inclusion of Lidar data is desirable, as it summarizes nighttime trends, | am not sure it is
appropriate to compare those nighttime trends to other instruments that measure during daylight hours. Nighttime
ozone trends are known to be different from daytime (e.g., Yan et al., 2018). Perhaps the authors could discuss those
nighttime trends as a separate section without comparison to daytime observations. Does the fact that these are
nighttime measurements or some other aspect of Lidar sensing (e.g., sensitivity to the lower atmosphere, the filling in
of missing data using models) explain the biases identified in Section 4.1.1 when Lidars are compared to the other
instruments?

This comment includes two very good points. First of all, the possible difference between nighttime and daytime
tropospheric ozone trends. The time of day differences discussed in Yan et al., 2018 refer to surface ozone trends.
Based on the frequent IAGOS FRA profiles, Petetin et al. (2016) found statistically significant diurnal variations in
the mean ozone mixing ratios regardless of pressure level, although they quickly decrease with altitude (and hardly
discernible above 750 hPa). Inspired by this study, we split the IAGOS FRA time series into daytime and nighttime
measurements, see Fig. R2, with the start and end UTC hour of the day varying for each month separately. For your
information, this is the only dataset that has a large enough sample of both the daytime and nighttime measurements
for reliable trend estimation (the other IAGOS times series ATL and DAL do not fulfil this criterion). A comparison
of all, daytime, nighttime QR L1 trends from 2000 for 3 different partial ozone columns (TrOC, FTOC, LTOC) are
shown in the Table R2 here below. It should be noted that there is a large difference between the daytime and nighttime
partial tropospheric ozone trends: the daytime trends are close to zero (slightly positive), while the nighttime trends
are strongly positive (between 1.61 and 2.04 ppb/dec, depending on the partial ozone column). The largest difference
between the daytime and nighttime trends occur for the LTOC (from the surface to 700 hPa), which aligns with the
larger diurnal cycle found at these levels by Petetin et al. (2016). Apparently, those large LTOC trend differences
between day and night also contribute to the trends differences for the entire TrOC at Frankfurt airport. However, the
vertical tropospheric ozone trends for 1994-2019 have been calculated and compared at different pressure levels
between the entire and daytime IAGOS FRA observations in the supplement (Fig. S8) of Chang et al. (2022), and no
clear trends differences arise between the entire and daytime sample. Therefore, much more analysis on the spatial
and temporal sampling differences between daytime and nighttime IAGOS FRA observations is needed to understand
the partial ozone column trend differences between those two subsets, before looking at differences in the chemistry
producing or destroying ozone during day or night. Ideally, this would be the subject of a separate paper and lies
beyond the scope of this manuscript.
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Fig. R2: IAGOS FRA TrOC all measurements (L1) time series, split between daytime observations (black) and
nighttime observations (red). The begin and end UTC hour of the day have been varied from month to month. The
numbers between brackets in the legend denote the sample numbers for the entire time series (since 1994), and missing
values for the TrOC have been filtered out.

Table R2: QR L1 TrOC, FTOC, and LTOC 2000-2022 trend estimates, with uncertainties, calculated for the entire,
daytime and nighttime time series at IAGOS Frankfurt. The first columns mention the different sample numbers, and
the mean TrOC values (with standard deviation) for these different datasets.

Troc FTOC LTOC
Trend p Trend p Trend

N Mean (ppb) | (5bidec) | 2° | value | (ppbidec) | 2© | value | (ppbidec) | 2© | P Valve

all | 14358 | 54.12+11.36 | 0.65 036 | 0.00 | 059 047 | 001 | 057 0.41 | 0.01

day | 10906 | 55.31+11.26 | 0.28 040 | 016 | 022 049 | 038 | 012 0.47 | 0.60

night | 3452 | 50.37+10.84 | 1.84 057 | 000 | 161 0.70 | 0.00 | 2.04 0.65 | 0.00

Second, you mention some other aspects of Lidar sensing that might explain differences in mean values and trends of
the lidar datasets with respect to other techniques. We should note that both TMF and OHP lidars have their lowest
data points at around 3 km above the surface, often even higher. The Lidars at these sites measure basically only the
free tropospheric column, so the best lidar metric is the FTOC metric (from 700 to 300 hPa). When we compare those
mean FTOC differences, we found that the TMF lidar measurements reveal a 1-10% positive FTOC difference with
IAGOS, and the OHP lidar a 5% positive FTOC difference with ozonesondes, independent of the chosen unit (mixing
ratio or DU). Those numbers are lower and more consistent for the different units when compared to the TrOC
comparisons, where the differences are positive in terms of ozone mixing ratio, but negative in terms of DU. This
points to an origin for the lidar differences that is related to the conversion of units, as seem the case for the FTIR
biases. Both techniques require meteorological auxiliary data from reanalyses to convert from DU to column-averaged
0zone mixing ratios in ppb.

We included this discussion at several locations in the manuscript. First, in section 4.1.1, we write “The TMF lidar
measurements reveal a positive TrOC difference with IAGOS and the OHP lidar has a positive TrOC difference with
Umkehr and ozonesondes, see Table S3. We should however note that both those lidars have their lowest data points
at around 3 km above the surface, so the best lidar partial 0ozone column metric for comparison with other techniques



is the free-tropospheric ozone column (FTOC) between 700 to 300 hPa. With this metric, also positive FTOC
differences with IAGOS (TMF) and ozonesondes (OHP) are found.”

In the same section, we add “In contrast to most of the co-located techniques, lidar ozone measurements are nighttime
measurements. Based on the frequent IAGOS FRA profiles, Petetin et al. (2016) found statistically significant diurnal
variations in the mean ozone mixing ratios regardless of pressure level, although they quickly decrease with altitude
(and hardly discernible above 750 hPa). Therefore, differences in daytime and nighttime mean ozone mixing ratios
might partially contribute to the TrOC and FTOC differences between lidar and other co-located techniques.”

The discussion of the trend differences between different techniques at collocated sites (section 4.3.1) has been
extended with the following paragraph: “At OHP, the lidar nighttime TrOC trend estimate is very close to the
ozonesonde daytime TrOC trend, but those positive trends differ largely from the negative Umkehr daytime trend
value. Therefore, at first sight, the impact of sampling during day or night on the trend estimations seems rather
limited. However, if we estimate the daytime (76% of the observations) and nighttime partial ozone column trend
estimates from the IAGOS FRA time series, the close to zero daytime trends are substantially different from the large
positive nighttime trends (between 1.61 and 2.04 ppb/dec, with the largest values for the lower tropospheric ozone
column trends). This finding requires further investigation, e.g. to check the extent of a possible sampling bias
(temporal or spatial) between both subsets on the trend estimations.”

Figures:

Figure 6. The legend in the upper left corner is difficult to use. A few suggestions: 1) box off the legend so it does not
appear to be another data point, and 2) provide more than one length/concentration for an easier visual reference.

Thank you for these very good suggestions. These have been implemented in the updated figure 6.
References:

Chang, K.-L., Cooper, O. R., Gaudel, A., Petropavlovskikh, I., and Thouret, V.: Statistical regularization for trend
detection: an integrated approach for detecting long-term trends from sparse tropospheric ozone profiles, Atmos.
Chem. Phys., 20, 9915-9938, https://doi.org/10.5194/acp-20-9915-2020, 2020.

Christiansen, A., Mickley, L. J., Liu, J., Oman, L. D., and Hu, L.: Multidecadal increases in global tropospheric 0zone
derived from ozonesonde and surface site observations: can models reproduce ozone trends?, Atmos. Chem. Phys.,
22, 1475114782, https://doi.org/10.5194/acp-22-14751-2022, 2022.

Lu, X., Zhang, L., Zhao, Y., Jacob, D. J., Hu, Y., Hu, L., Gao, M., Liu, X., Petropavlovskikh, I., McClure-Begley, A.,
and Querel, R.: Surface and tropospheric ozone trends in the Southern Hemisphere since 1990: possible linkages to
poleward expansion of the Hadley circulation, Sci. Bull., 64, 400—409, https://doi.org/10.1016/j.scib.2018.12.021,
2019.

Wang, H., Lu, X., Jacob, D. J., Cooper, O. R., Chang, K.-L., Li, K., Gao, M., Liu, Y., Sheng, B., Wu, K., Wu, T.,
Zhang, J., Sauvage, B., Nédélec, P., Blot, R., and Fan, S.: Global tropospheric ozone trends, attributions, and radiative
impacts in 1995-2017: an integrated analysis using aircraft (IAGOS) observations, ozonesonde, and multi-decadal
chemical model simulations, Atmos. Chem. Phys., 22, 13753-13782, https://doi.org/10.5194/acp-22-13753-2022,
2022.

Yan, Y., Lin, J., and He, C.: Ozone trends over the United States at different times of day, Atmos. Chem. Phys., 18,
1185-1202, https://doi.org/10.5194/acp-18-1185-2018, 2018.

Thank you. Most of these were already in the manuscript.



Response to Referee #2 comment on “Global Ground-based Tropospheric Ozone
Measurements: Reference Data and Individual Site Trends (2000-2022) from the TOAR-
[I/HEGIFTOM Project” by Van Malderen et al.

Review of manuscript entitled “Global Ground-based Tropospheric Ozone Measurements: Reference Data and
Individual Site Trends (2000-2022) from the TOAR-II/HEGIFTOM Project by R. Van Malderen et al.

This manuscript describes the homogenized 2000-2022 tropospheric ozone records (column, free tropospheric and
lower tropospheric partial columns) archived as part of the TOAR-II/HEGIFTOM project. Data are from five ground-
based networks; measurements from each network included in HEGIFTOM have be reprocessed using standardized
procedures and records include requisite uncertainty estimates. The focus of this work is intercomparisons of mean
values, seasonal cycles and trends among the many individual instrument records to demonstrate the usefulness and
limitations of the data for direct analysis as well as a reference for model and satellite-based tropospheric ozone
records.

The manuscript is very well organized, especially given the difficulties intercomparing so many individual records
with different long-term and daily sampling, station distribution, instrument type and related vertical resolution,
uncertainty, etc. The number of tables and figures are substantial but also very well organized, and appropriate for this
type of comprehensive review of a large collaborative project and resulting data archive. The analysis is very thorough,
the authors use/compare several statistical approaches, suggest explanations for resulting biases and trends, and
include relevant references throughout the manuscript.

I have only a few comments, and otherwise editorial corrections and suggestions. | recommend publication after these
minor comments are addressed.

Thanks a lot for your time and effort in reviewing our manuscript. And thank you for complimenting us with the
organization of the manuscript, which was indeed a difficult task given the level of comprehensiveness that we aimed
for with this “review” paper.

Comments:

Section 4.1.4: The authors present an analysis of the seasonal cycle changes over the record and discuss both the
impact of Covid-19 and Bowman et al. (2022) results. Although not relevant to the trends, I think it would be very
interesting to also compute the seasonal cycle over several years pre-Covid (say 2014-2019, which is 6 years matching
2000-2005) to see how this differs from the seasonal cycle change including the Covid years. One would assume this
pre-Covid time period is a better comparison in reference to the Bowman et al. results.

This is a very good suggestion. We computed the differences in TrOC and FTOC seasonal cycles between 2000-2005
and 2014-2019. These figures are shown here below (Fig. R3) and will be included in the supplementary material as
well. Again, no consistent TrOC phase change is found between both periods. The amplitude reduction is more modest
(-6%) and less general (for 70% of the sites). The increase of the minimum annual TrOC values (at 65% of the sites)
now contributes slightly more than the decrease of the maximum annual TrOC concentrations (at 55% of the sites).
Also for the FTOC, the amplitude reduction (-3%, for 65% of the sites) is smaller than for the 2015-2022 period, with
equal contributions from increasing minimum and decreasing maximum FT ozone column amounts.

From this analysis, we can conclude that the post-COVID-19 time period is responsible for about half of the amplitude
reduction, without a noticeable seasonal cycle phase shift. This amplitude reduction can be mainly ascribed to a
decrease of the maximum annual TrOC/FTOC concentrations (for 79%/85% of the sites) during the post-COVID-19
era. This is consistent with other observations of tropospheric 0zone reductions during the COVID-19 period in NH
Spring/Summer time series, mentioned in Section 4.1.3.

In the manuscript, we added: “To be more directly comparable with the Bowman et al. (2022) results, we also
calculated the TrOC and FTOC seasonal cycle characteristics of the pre-COVID period 2014-2019 and compared
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those again with the 2000-2005 seasonal cycle (see Fig. S4). We found that, between those periods, the amplitude
reduction is more modest (-6%) and less general (for 70% of the sites) than between the 2015-2022 and 2000-2005
periods. The increase of the minimum annual TrOC values (at 65% of the sites) contributes slightly more than the
decrease of the maximum annual TrOC concentrations (at 55% of the sites). Also for the FTOC, the 2014-2019
amplitude reduction (-3%, for 65% of the sites) is smaller than for the 2015-2022 period, with equal contributions
from increasing minimum and decreasing maximum FT ozone column amounts. From this analysis, we can conclude
that the post-COVID-19 period is responsible for about half of the amplitude reduction between 2015-2022 and 2000-
2005, without a noticeable seasonal cycle phase shift. This post-COVID-19 seasonal cycle amplitude reduction can
be mainly ascribed to a decrease of the maximum annual TrOC/FTOC concentrations (for 79%/85% of the sites)
during the post-COVID-19 era. This finding is consistent with other observations of tropospheric ozone reductions
during the post-COVID-19 period in NH spring/summer time series, mentioned in Section 4.1.3, and reported in
Ziemke et al. (2022).”

Hgz for P> 300 hPa [ppb] %5 for 700 hPo > P > 300 hPo [ppb]

or '/J‘ZUEPMJ .

Fig. R3: lllustration of the mean seasonal cycle for the TrOC (a) and FTOC (b) time series for two different periods:
2000-2005 (blue) and 2014-2019 (red).

L551-555: In reference to the Law et al. “dipole effect” did the authors analyze the monthly trends in the Arctic
ozonesonde records as done for other stations in Figure 17? It seems they should be able to further comment on the
seasonal variation in the trend. I am not familiar with the study but note they say the “dipole effect” in the vertical
tropospheric ozone. If by “vertical” it means this feature varies with altitude it may be more difficult to resolve from
the partial columns but | was curious if this could be directly checked.

The “dipole effect” of the tropospheric ozone trends in the Arctic ozonesonde records (positive trends in winter and
summer, and negative trends in spring and autumn), as discussed by Law et al., has a limited vertical variation: Positive
winter (notably Jan.) trends are found up to 400 hPa at most sites (except Resolute and Sodankyla), and at
Scoresbysund in early spring. Positive wintertime trends are more evident in the earlier period in the UTLS. Eureka,
Resolute, and Sodankyla have periods with negative trends especially during spring and early summer in the lower
troposphere (LT). Resolute decreases extend up to 500 hPa in March-April.

To further comment on the seasonal variation of the trends, we followed your suggestion and calculated the MLR
monthly TrOC and FTOC trends (method described in Appendix A) for the Arctic sites (see Fig. R4 here below, and
Fig. A2 in the manuscript). From these monthly trends, it is obvious why the overall trends are negative, except for
Alert. As in Law et al., the largest negative TrOC and FTOC trends are evident in the springtime (MAM) for most of
the sites (with 4 sites having trends significantly different from zero during one of those months). Also, for most of
the sites, the winter (December, January) shows among the largest trends, but hardly reach positive values. In general,
the mentioned dipole effect of the tropospheric ozone trends is not clearly present in the TrOC and FTOC time series
considered here, and the different Arctic sites display different patterns of seasonal trends. For instance, Resolute has
one of the more pronounced seasonality in the trends, with a peak in negative trends in the Spring (April) and a peak
in positive trends in the Autumn (September and October). Possible reasons for the different seasonal signatures of
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the trends for the same ozonesonde sites between the Law et al. study and ours are the different time periods considered
(1993-2019 vs. 2000-2022), the use of operational vs. homogenously reprocessed ozonesonde time series, and the
calculation of vertical tropospheric ozone trends vs. partial column tropospheric ozone trends.

This discussion has been included in the Appendix and in the main part of the manuscript, we have added “In the
appendix, Fig. A2, we calculated the monthly TrOC and FTOC 2000-2022 trends for the Arctic HEGIFTOM sites and
found mostly negative trends, except for Alert, with the largest negative trends in springtime. We refer to the appendix
for more details.”

Monthly MLR Arctic XO3 Trends (2000-2022) for surface-300hPa 15 _Monthly MLR Arctic XO3 Trends (2000-2022) for FT (700-300hPa)
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Fig R4: MLR monthly mean TrOC (left) and FTOC (right) trends for the Arctic HEGIFTOM sites.

Section 4.2.2: | did get a bit confused reading this section and trying to understand all the permutations. Most notably,
the last two sentences seem to say the same thing. For Natal TrOC and LTOC “have increases” over the period but
the FTOC increase in greater. The next example for several European stations says the same but “now with positive
LTOC rates” but Natal LTOC was also increasing, so I do not see what distinguishes these cases.

We tried to clarify the structure of this section 4.2.2 by adding sentences like “We first consider the sites with a smaller
trend in FTOC relative to TrOC.”, “Second, we look at the sites with FTOC increases somewhat greater than TrOC,
suggesting imported ozone above the boundary layer. We distinguish two different subsets here: ...”, and “Another
subset is made up of the European ozonesonde sites OHP, Hohenpeissenberg, and De Bilt, which ...”

You are right, the statement about Natal is wrong. The LTOC relative trend is the largest, greater than the TrOC and
FTOC relative trends. But in contrast to the other tropical stations, the Natal FTOC relative trend is much larger than
the TrOC relative trend, so this is a special case. We will not mention it in the manuscript and removed the sentence
from the text. In the next example, several European stations, have positive trends for all partial ozone columns, but
the FTOC relative trend is the largest. The statement “but now with positive LTOC rates” was referring to the case
before Natal (lrene, Fiji, Samoa, Ascension Island, Hilo, Atlanta, Wallops Island, Trinidad Head, Churchill,
Sodankyla, Ny Alesund, all sites where LTOC is negative) and was therefore somewhat misleading. Thank you for
pointing this out.

We changed this sentence to “Another subset is made up of the European ozonesonde sites OHP, Hohenpeissenberg,
and De Bilt, which have positive 2000-2022 trends for all partial ozone columns, with the largest relative increase for
the FTOC, suggesting that at least some of the column increase is from mid-tropospheric transport.”
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Also in Line 588, I am not sure what the “least negative relative LTOC trends” are referring to. Is this saying that the
FTOC is more sensitive than the LTOC due to mid-tropospheric/lower stratospheric dynamics?

This has been changed into “For the mentioned Arctic sites, whose TrOC, LTOC and FTOC trends are all negative,
the larger relative LTOC than TrOC (and hence FTOC) trends (Fig. 12) indicate that the negative free-tropospheric
ozone trends, due to mid-tropospheric or low-stratospheric dynamics, are partially compensated by the larger LTOC
trends for obtaining the TrOC trends.”

Line 759 (and L520): the authors mention here in the conclusion that multiple observations per day can exist for
several instruments (looking back | see this was well covered, | just missed the details as | was reading through). | see
the Daily Mean (L2) used in the bias computations. For the QR analysis using all measurements, does this include
multiple daily measurements, or are the L2 averages used? Also, when discussing the sample numbers within the
month (around L520) does the sample count include multiple profiles in a day? This would make the monthly sampling
problem even more of an issue, if say the 12 Umkehr samples per month actually occur on fewer than 12 days. If the
sample numbers (SN) are notably different than the number of days typically sampled in the month, that would be
useful to note.

It is true that we flip around with the temporal sampling of the time series in the manuscript. All measurements (L1)
include multiple measurements a day for some techniques, and all those measurements have been used for the QR L1
trend estimation. They have also been used for the intercomparison analysis (or bias computations) in Sect. 4.1.1
between collocated or neighbouring sites, coincident within 12h (closest measurements). The daily mean values (L2)
have not been used in the trend estimation and are only used for illustration purposes in the manuscript (e.g. the daily
mean time series plots at collocated and nearby sites, and at sites in a specific region, Figs. 2 and 3). The monthly
mean values (L3) are calculated from the daily values L2 and sample numbers within the month are, as a consequence,
counted from the available daily values and expressed as number of days. We do not count multiple profiles in a day
for these numbers. The monthly mean values (L3) are used in the QR and MLR trend estimations and in the
intercomparison analysis between collocated or neighbouring sites. We also derive monthly anomalies from the L3
time series by subtracting the long-term monthly mean for each month. Monthly anomalies are shown in Figs. 14 and
15 and drifts between time series are determined as the linear regression fit slopes through the monthly anomaly time
series differences at 2 sites.

As a response to the first reviewer, we also included an extra paragraph describing the impact on the trends of reducing
the monthly sampling frequency to exactly 2 days a month. Impacts on both QR and MLR trends are described with
clarification on how the sample numbers are exactly determined.

Figures:
The Figures are understandable complex, but I have a couple of suggestions to consider.
Figures 2 and 3, showing the time series and mean value, it is difficult to see the mean value dashed line in the

figures, but since they are constant they could be extended into the white space (i.e. to 2025) then the reader will be
able to see the individual dashed lines for easier comparison.

Thank you very much for this very valuable suggestion. It is implemented in the figures.

Figure 7 and similar: It is difficult to see the station names, although this may be the best that can be done. Did the
authors try listing the station names along the plot axes, for example horizontally on the right hand side in panel a
(would have to shift the legend), and vertically along the top axis in panel b? Or possibly where there is overlap, some
stations are listed on the right/left or top/bottom so they all can be read.
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Thank you for the suggestion. Figure7a (trends by latitude), the hardest to read, has been modified with their color-
coded names along the axes. The rest have stayed the same as they were more legible.

Time Series Plots: For stations with extended time gaps | suggest removing the line over the gaps, for example in
Figures 3 a+b and 15 a+b. Many of the longer lines connecting points with large gaps distract from the pertinent results
of the plot, and the fact of the limited coverage is still clear because the color is missing in the gaps.

Very good suggestion. Done: measurements spanning gaps over more than 4 months are no longer connected by lines.

Minor Editorial Comments/Suggestions

L55: depending on site; (3)
Done.

L71-73: “In the first phase ...” This sentence is incomplete, or maybe it is supposed to be a clause, in which case the
period before Gaudel et al. (2018) should be a comma.

Done.

L77: remove comma after 2019

Done.

L85: comma after De Maziere et al., 2018)
Done.

L121: and lidar

Done.

L136-137: suggest “... in electrochemical cells (ECC). Known as the ECC sonde, this type is used in the HEGIFTOM
analyses...”

Followed suggestion.

L152: suggest “... in a WMO/GAW Report (Report 201 by Smith et al., 2014).”

Followed suggestion.

L159: suggest “(i) Removing all known inhomogeneities ... ; (ii) ensuring consistency ...; and (iii) providing ...”
Followed suggestion.

L230-231: (Bjorklund et al., 2023; Gordon et al., 2022) (correct punctuation after et al)

Done

L234: having -> have
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Done.

L235: suggest continuously -> commonly or consistently

Replaced with commonly.

L255: relevant -> relative

Done.

L264-265: the minimum ->a minimum

Done.

L273: 30-m is that 30 meters? If so, 30 m and 2 km.
Done.

L283: introduce XO3 (I didn’t see it before)

Done.

L349: within a region (delete -)

Done.

L415: 700>p>300 hPa

Done.

L448: Suggest removing “?” from section title

Followed suggestion.

L463: (Fig. 6b)

Done.

L501: suggest “with the sign of the Umkehr trend at some collocated sites differing from the other instrument(s).
Followed suggestion.

L521: suggest ... only 3 airports with sufficient coverage to compute trends, the sample ...

Followed suggestion.

L521-522: ... most divergent: ATL and DAL have only ... ( note remove extra period after : )

Done.

L 524: ... or Chang et al. (2004) ...
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Done.
L526: I’m not sure what “On the other hand” is referring to here. It seems the text before is describing the potential

complications of the differing monthly sampling and that the different uncertainties by network type similarly make
intercomparisons different. If this is correct, I would suggest “In addition, the different techniques ...

Followed suggestion.

L526: ... with mean values of: ...

Done.

L 527: comma after IAGOS rather than period
Done.

L621: The wording here was just a little confusing to me, maybe “There is a trend reduction for all but one Arctic site
(Churchill ozonesondes) and for all but one North American site (IAGOS Dallas).”

Followed suggestion.

L634: suggest “Differences due to instrument technique”

Followed suggestion.

L641: that -> which

Done.

L654: details -> detail

Done.

L691-692: I think the sentence “This adds extra information ...” could be removed here.
Done.

L694: suggest “the trend estimates are robust across statistical methods and the DLM results complement the
previously reported results.”

Followed suggestion.
L696: Figure 15. (remove :)
Extra space removed after : , but according to Copernicus guidelines, we cannot remove : in Figure caption.

Line 700: in function of -> as a function of

Done.

L706: A reference to the ozonesonde “total ozone drop off” might be useful here. If the Hilo tropospheric column is
impacted as identified though intercomparison with other instruments at the same station location, do we expect other
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ozonesonde stations which experienced the drop off to be similarly impacted even though it is difficult to quantify due
to lack of co-located data, or is Hilo thought to be a special case?

Thank you for comment. We already included references to Stauffer et al. (2020, 2022). The total ozone column drop-
off is mostly found at tropical stations where it affects only the stratospheric segment of the ozonesonde profile. There
is one clear exception. For the Costa Rica SHADOZ station anomalously low ozone post-2013 extends into the
troposphere. Costa Rica data are therefore not included in our paper nor in equatorial SHADOZ trends papers
(Thompson et al., 2021; Thompson et al., 2025). Hilo is a unique case. The magnitude of a “tropospheric” drop-off at
Hilo is borderline so it is retained in the HEGIFTOM analyses and in Thompson et al. (2025; Supplement). Note that
the origin of the drop-off remains not fully clear, although there might be a link with changing ozonesonde pump
characteristics around the time of the drop-off occurrence (Nakano and Morofuji, 2023). It is also possible that Hilo
ozone has recent low-ozone readings due to an interference in the 0zone measurement from volcanic SO,.

Thompson, A. M., Stauffer, R. M., Kollonige, D. E., Ziemke, J. R., Cazorla, M., Wolff, P., and Sauvage, B.: Tropical
Ozone Trends (1998 to 2023): A Synthesis from SHADOZ, IAGOS and OMI/MLS Observations, EGUsphere
[preprint], https://doi.org/10.5194/egusphere-2024-3761, 2025

Nakano, T. and Morofuji, T.: Development of an automated pump-efficiency measuring system for ozonesondes
utilizing an airbag-type flowmeter, Atmos. Meas. Tech., 16, 1583-1595, https://doi.org/10.5194/amt-16-1583-2023,
2023.

The text now reads: “After 2014, significant discrepancies are found with significantly positive Umkehr trends
estimates and negative ozonesonde trend estimates. The latter may be related to a small total column ozone drop-off
in the Hilo ozonesonde dataset (Stauffer et al., 2022) that is negligible for the other tropical HEGIFTOM data. Hilo is
the only station in the analysis where some of the negative trend could also derive from an artifact tropospheric ozone
loss caused by SO; interferences from Hawaiian volcanic activity in recent years.”

Line 734: In Appendix A ...
Done.
Line 750-751: suggest slight rewording so that the main point is that the data are available rather than the data include

uncertainties, maybe “The HEGIFTOM data and associated uncertainties, covering more than 350 individual datasets,
are available via http: ...

Followed suggestion.

L782: the word sparse confused me at first because it made me think of the sparse data issue (probably just me) but
maybe consider using sporadic or intermittent, such as “to highlight intermittent periods over which the trend is
significant, where trends estimated with the traditional QR and MLR methods to not show any significance.”
Followed suggestion.

L805: “in the sense North America ... “ (remove “the”)

Done.

L815: remove “will”

Done.

L846: change period to comma after “stations”

Done.
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