
We thank the reviewer for the thoughtful comments. Our point-by-point responses to
the comments are in blue. We have also carefully considered and addressed each
comment in the revised manuscript.

General Comments:

The authors provided an OSSE-based analysis to investigate the impacts of satellite
and surface O3 observations on the assimilated O3 concentrations over Asia. They
found that joint assimilation by assimilating both satellite and surface O3 observations
has the best performance. I agree with the authors that joint assimilation is helpful.
However, the added value to the assimilated surface O3 by assimilating satellite
observations is expected to be limited over areas with a high density of surface
observations because of weaker sensitivity to surface O3 and larger observation errors
in satellite observations. Additional analysis is suggested to demonstrate the
difference between areas with and without a high density of surface observations, as it
can clarify the advantage of satellite observations with respect to surface O3
observations. I recommend the paper for publication after consideration of the points
below.

Response: Accepted.

In Fig. 5, we evaluate the added value of GEMS and surface observations for
improving surface ozone simulations in 18 Asian countries. Our results have
demonstrated the different assimilation performances in East Asia (with dense surface
observations, see Fig. 3 for the distribution of surface monitoring sites), Southeast
Asia (with sparse, limited surface observations), and South Asia (without GEMS
observations, see Fig. 1).



Figure 5. The MAE reduction (a), RMSE reduction (b), and the difference in the
spatial correlation coefficient (c) of simulated surface ozone between the assimilation
run and the control run relative to the nature run for June 2020 in 18 Asian countries.

Per your suggestion (same as the 4th special comment), we have provided the
additional analysis for eastern China (20–42°N, 110–123°E) with a higher density of
surface observations (see Fig. S7 in the revised supplementary).

Generally, we similarly conclude that the added value of GEMS data to simulated
surface ozone in eastern China is smaller but non-negligible than that of surface
observations, while the joint assimilation of GEMS and surface data provides the best
performance. This finding is generally consistent with that of China. More specifically,
the joint assimilation of both GEMS and surface observations at 1 h time steps (Exp 3,
in darkest purple, Fig. S7) contributes to an MAE (RMSE) reduction of 52 % (46 %)
in simulated surface ozone in eastern China, which is more significant than those of
China (both RMSE and MAE reduced by ~ 34 %). Besides, the improvements in the
spatial pattern of simulated surface ozone in eastern China are limited (spatial
correlation coefficient increased by ~ 0.02) and predominantly contributed by the
assimilation of surface observations due to the smaller observation errors of surface
observations compared to satellite observations.

We have revised this part in the revised Section 3.1 (lines 295–299) as follows:

“Specifically, in China, the improvements in ozone simulations between these two
simulations are quantitatively close, with a reduction of ~ 32–35 % in MAE and
RMSE. In comparison, here we extend the investigation to eastern China with a
higher density of surface observations (Fig. S7) and observe that the joint assimilation
has the best performance for improving surface ozone simulations, contributing to a
more significant reduction of 52 % and 46 % in MAE and RMSE, respectively.”

Figure S7. Same as Fig. 5 but for eastern China (20–42°N, 110–123°E).

Special Comments:

Lines 141-147: I understand that the fast ozone profile retrieval simulation (FOR) is
necessary for GEMS because GEMS scientific products have not been released. I



suggest more analysis to demonstrate the consistency between FOR and OMI such as
their averaging kernels and observation errors, as the conclusion of this work is based
on that FOR is good enough to simulate satellite observations.

Response: Accepted.

In Fig. S2 of the revised supplementary, we have provided the validation of retrieval
errors and averaging kernels of the OMI ozone profile at the Shanghai pixel (31.1°N
121.3°E) retrieved by the fast ozone profile retrieval simulation (FOR) tool against
the Smithsonian Astrophysical Observatory (SAO) OMI Ozone Profile (PROFOZ)
product
(https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L2/OMPROFOZ/, last
access: 01 March 2023). Considering the data loss due to row anomalies and
instrument degradation of OMI (as seen in Fig. S2d), we perform the validation at a
new location in Shanghai rather than the specified location near Beijing used in Figs.
1 and 2.

From Fig. S2, we learn that the retrieval errors are comparable in the troposphere and
stratosphere from these two kinds of retrievals (Fig. S2b and e). However, the
retrievals from the SAO PROFOZ product have higher solution errors near the surface
and smaller solution errors above ~ 1 hPa relative to the FOR-based retrievals, which
are largely associated with the a priori information.

In the SAO PROFOZ product, the ozone profile retrievals are constrained using the
latitude-dependent a priori ozone profile climatology by McPeters et al. (2007) and
OMI random-noise errors
(https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L2/OMPROFOZ/OMPR
OFOZ_readme-v3.pdf, last access: 01 March 2023). In comparison, the FOR tool uses

a priori information (��� , �� ) from an updated ozone climatology (McPeters and

Labow, 2012), commonly for GEMS and OMI data simulation. As for the averaging
kernels, the comparison illustrates a good consistency in the vertical structure of
retrieval sensitivity between these two kinds of retrievals (Fig. S2c and f), while the
FOR-based retrievals generally have slightly higher retrieval sensitivity than those
from the SAO PROFOZ product.

Overall, it could demonstrate the robust capability of the FOR tool in simulating
satellite observations, acknowledging the slight differences in simulated retrieval
errors and averaging kernels.

We have revised this part in the revised Section 2.2 (lines 183–186) as follows:

“In addition, the validation of retrieval errors and averaging kernels of the OMI ozone
profile at Shanghai (Fig. S2) retrieved by the FOR tool against the Smithsonian



Astrophysical Observatory (SAO) OMI Ozone Profile (PROFOZ) product
(https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L2/OMPROFOZ/, last
access: 1 March 2023) demonstrate the robust capability of the FOR tool in
simulating satellite observations.”

Figure S2. Comparison of surface-layer ozone partial column (left panels), vertical
ozone profiles and relative retrieval errors (middle panels), and averaging kernels
(right panels) at the Shanghai pixel (31.1°N 121.3°E, denoted using the black triangle
in left panels) at 04:55 UTC on 16 June 2020 between the OMI retrievals simulated
by the fast ozone profile retrieval simulation (FOR) tool (a–c) and from the
Smithsonian Astrophysical Observatory (SAO) OMI Ozone Profile (PROFOZ)
product (d–f,
(https://avdc.gsfc.nasa.gov/pub/data/satellite/Aura/OMI/V03/L2/OMPROFOZ/, last
access: 1 March 2023). In panels (b) and (e), the solid lines denote the a priori (black),
true (red), and retrieved (blue) profiles. The dashed lines represent the a priori (black)
and solution (orange) errors that both normalized to a priori profiles. In panels (c) and
(f), the caption gives the total degree of freedom for the signal (DFS; defined as the
trace of the averaging kernel matrix). Averaging kernels (colored by layers) are
normalized to the thickness of each layer and a priori errors. Also inserted are
elements of the DFS vector along with the central pressure of each layer.

Figure 1 and Figure 2: I assume they are simulated retrievals rather than GEMS and
OMI retrievals. In addition, the sensitivity of the 839 hPa level (GEMS, Figure 1f) is



uniform from the surface to 600 hPa; the sensitivity of the 842 hPa level (OMI, Figure
2c) is uniform from the surface to 300 hPa. Consequently, the contributions of
assimilating GEMS and OMI on surface O3 concentration are expected to be limited
with respect to surface O3 observations.

Response: Accepted.

We have revised the captions of Figs. 1 and 2 in the revised manuscript to clarify that
we used the simulated satellite retrievals.

In Figs. 1 and 2, the vertical retrieval sensitivity to surface ozone at the specified
location near Beijing is relatively uniform from the surface to ~ 600 hPa (~ 300 hPa)
from simulated GEMS (OMI) retrievals. However, the averaging kernels are not
uniform for different locations and different times, as shown in Fig. S2c (OMI
retrievals at the Shanghai pixel) of the revised supplementary. A distinct feature of our
work is the use of space- and time-varying averaging kernels (Shu et al., 2022),
making it different from air quality OSSEs reviewed by Timmermans et al. (2015). As
a result, the added value to simulated ozone by assimilating GEMS data could be
limited or promising in different regions over Asia relative to the assimilation of
surface observations.

Lines 254-256: Can the authors perform a new experiment by only assimilating OMI?
I am curious about the improvement which we can obtain by assimilating GEMS
instead of OMI.

Response: Accepted.

We perform a new experiment by individually assimilating OMI data at 3 h time steps
(denoted as Exp 9 in the revised Table 1).

Figure S6 in the revised supplementary shows the improvements in surface ozone
simulations by individually assimilating LEO observations. We have discussed the
difference in the assimilation performance between Exp 9 and Exp 5 (only
assimilating GEMS observations, see Fig. S5) in the revised Section 3.1 (lines
266–273) as follows:

“Furthermore, we conduct an additional experiment that only assimilates LEO
measurements (Exp 9, Fig. S6). Compared to LEO satellite observations, the
individual assimilation of GEMS observations (Exp 5, Fig. S5) provides more added
value for monitoring surface ozone in East Asia and Southeast Asia due to the
stronger sensitivity to surface ozone and smaller retrieval errors (Figs. 1 and 2),
especially more effectively diagnosing the ozone exceedance in eastern China, while
makes little corrections to simulated surface ozone in South Asia owing to the limited
coverage over this region (Fig. 1). However, this inability of GEMS observations to



correct ozone bias in South Asia could be addressed by additionally assimilating
surface observations (Exp 7, Fig. S5). As such, the use of joint assimilation is
essential to efficiently enhance the information of GEMS and surface observations to
constrain surface ozone simulations.”

Figure S6. Same as Fig. 4 but for the assimilation run Exp 9 (Table 1).

Figure S5. Same as Fig. 4 but for the assimilation runs with the assimilation time step
of 3 h (Exp 5–8 in Table 1).



Figure S11 in the revised supplementary compares the improvements in tropospheric
ozone profile simulations by individually assimilating GEMS (Exp 5) and LEO (Exp
9) observations. Vertically, the assimilation of GEMS observations also contributes to
a more apparent bias and RMSE reduction in East Asia and Southeast Asia compared
to LEO observations, especially notably in Southeast Asia in the middle to upper
troposphere. In contrast, LEO satellite data could provide extra information to
constrain ozone simulations in South Asia. In addition, the improvements in spatial
correlation introduced by LEO satellite observations are relatively small and thus
negligible due to its limited temporal coverage.

We have revised this part in the revised Section 3.2 (lines 354–361) as follows:

“Data assimilation results without (Exp 7) and with (Exp 8) the addition of the LEO
instrument suggest that GEMS observations may have masked the added value of
LEO measurements for the whole Asian domain as well as East Asia and Southeast
Asia, with a tiny discrepancy in improving ozone vertical distributions. This is also
demonstrated by the comparison of tropospheric ozone profiles between two
assimilation runs that only assimilate GEMS or LEO observations (Exp 5 and 9, Fig.
S11), where we see that the individual assimilation of GEMS data contributes to a
more apparent bias and RMSE reduction in East Asia and Southeast Asia. On the
contrary, the LEO measurements add valuable corrections to the upper tropospheric
ozone simulations over South Asia (Fig. 7) where GEMS observations are unavailable
(Fig. 1).”



Figure S11. Same as Fig. 7 but for the assimilation runs Exp 5 and 9 (Table 1).

Figure 5: What is the major added value of assimilating satellite measurements over
areas with a high density of surface stations, such as E. China? I noticed that the
spatial correlation in China is almost ZERO by assimilating GEMS and is about 0.55
by assimilating surface observations.

Response: Accepted.

Fig. 5c in the revised manuscript shows the difference in the spatial correlation
coefficient between the assimilation run and the control run relative to the nature run.
Here it needs to be clarified that assimilating surface observations at 3 h time steps (in
green) contributes to an enhancement of ~ 0.053 (rather than ~ 0.55 as mentioned in
the comment) in the spatial correlation coefficient of simulated surface ozone in
China, while assimilating GEMS data makes no significant corrections to this spatial
correlation.

Per your suggestion, we have provided the additional analysis for eastern China
(20–42°N, 110–123°E) with a higher density of surface observations (see Fig. S7 in
the revised supplementary). Please also see our response to the general comment.

Figure 6: Please provide more description for panel d. There are different colors and
numbers shown in this panel and I don’t understand what they represent. In addition,



because only one-month assimilation is performed in this work, it could be helpful to
show the time series of daily or hourly O3 concentrations. It can better demonstrate
the effect of various assimilations on various temporal scales.

Response: Corrected.

We have revised the caption of Fig. 6 (lines 729–736) to make it clear as follows:

“Figure 6. Comparison of the averaged diurnal cycle of (a) surface ozone, (b) mean
bias, and (c) RMSE, as well as (d) the histogram (in percentage) of the temporal
correlation coefficient of hourly ozone at validation grids (Fig. S4), as simulated by
the control run (a priori, in blue) and three assimilation runs (Exp 1–3 in Table 1, in
green, yellow, and red, respectively) relative to the nature run (“True”, black line in
panel a) for June 2020. In panel (d), the green, yellow, and red bars respectively
represent the frequency (%) of the temporal correlation coefficient of simulated ozone
between the three assimilation runs (Exp 1–3) and the nature run, which is in
comparison to that of the control run (in blue). The blue bars are the same in the three
sub-panels to better illustrate the improvements in the temporal correlation of
simulated ozone relative to the control run. The mean values of the temporal
correlation coefficient (colored the same as lines in panel a) at all validation grids are
inset.”

We agree that the time series of daily or hourly ozone concentrations could be helpful
to better demonstrate the effect of various assimilations on various temporal scales.
Currently, panels (a–c), and (d) of Fig. 6 have revealed the benefit of various
observations on simulated surface ozone on the diurnal and hourly time scale,
respectively. As we discussed in Section 3.1 as “GEMS will provide continuous
daytime measurements of tropospheric ozone profiles, thus the capability of
geostationary observations through data assimilation to monitor the hourly variations
of surface ozone is of particular interest”, thus we focus on the improvements on
daytime hourly ozone simulations by assimilating various observations. In our
experiments, we only assimilate daytime synthetic observations individually or
simultaneously (described in Section 2.3). In addition, the unimplemented
optimization of ozone precursors (NOx and VOCs) is a limitation of this study
(discussed in Section 3.1). In this case, we observe no substantial improvements in
simulated ozone in the nighttime without new observations assimilated, as well as in
the short-term ozone forecasts (see the last paragraph of Section 3.1). As such, the
comparison of the time series of hourly ozone concentrations is not provided because
it cannot clearly show the added value to simulated ozone by assimilating various
observations. Instead, the comparison of diurnal cycles of simulated ozone could
demonstrate the improvements in surface ozone simulations on the hourly scale and
also well illustrate the influence of temporal coverage of observations on assimilation
performance.



Per your suggestion, we have added the comparison of the time series of daily MDA8
ozone concentrations (see Fig. S8 in the revised supplementary). We have revised this
part in the revised Section 3.1 (lines 323–327) as follows:

“Figures 6 and S8 present the diurnal and daily variations of surface ozone at
validation grids (Fig. S4), respectively. Overall, the joint assimilation of GEMS and
surface observations (Exp 3) shows the best performance in reproducing the temporal
variability of simulated surface ozone (Figs. 6a and S8a), with the smallest bias and
RMSE, especially in the late afternoon (Fig. 6b and c) and on high-ozone days (Fig.
S8b and c).”

Figure S8. Same as Fig. 6a–c but for the comparison of the daily variations.
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