Anonymous Referee #1:

General Comments: The authors explore the sensitivity of NOx VCD to spatial distribution of
NOx emissions. Generally, the manuscript presents a sound analysis of the influence of the
selected spatial surrogates. It is well-written with clear connections between the objectives
and results. There are a few key places the analysis could be improved or should at least be
addressed in the narrative. (1) The review of spatial surrogates used by other studies raises
questions about the sectors and scenarios used in this study. (2) Further, the scenarios applied
do not distinguish between critical sector-based allocation uncertainties. (3) The spatial
allocation to the road network is not sufficiently discussed. (4) The impact of the prior
vertical distribution should be discussed further with respect to artifacts introduced by
increasing or decreasing urban/rural gradients in the AMF calculation. (5) The AMF
application needs to be more clearly connected to results in Fig 4-6. (6) The OMI NO2
threshold appears to be applied for only some of the analyses (Fig 6) — to what extent would
this change bias calculations in previous sections. (7) Lastly, how would you expect the
systematic 10% low-bias to affect the outcome of this study? More discussion of each point is
provided below.

Response: We thank Referee #1 for the encouragement and for the valuable comments to
improve our manuscript. Responses to each point are addressed as below.

(1) The review of spatial surrogates shows that previous studies have use more sectors than
the MEIC and use better spatial allocation than S1-S3. For example, none of the reviewed
inventories uses total population to allocate large power plants, on-road transportation, or
biofuels. This raises questions about the reasonability of S1 and S3. The authors should
clearly state the value of including "non standard-of-practice™ references in the evaluation.
The authors should also specifically address the lack of residential biofuel and Table 2 should
include a distinction between off-road vs onroad transportation emissions. The S4 and S5
simulations seem most consistent with previous work, and should be the focus of the paper’s
contribution. Particularly in the conclusions, it should be noted that what the standard of
practice is, so that the results are not incorrectly extrapolated.

Response: Population density is a widely used spatial proxy in bottom-up emission
inventories for different sources, including small power plants (Streets et al., 2003; Zhang et
al., 2009), industry (Zhang et al., 2009), transportation (Woo et al., 2003) and residential
(Kurokawa et al., 2013). Here we use population density as the base case and make
modifications upon it to evaluate different spatial proxies used in different sectors.



Emissions from residential biofuel use were included in this work and aggregated to
“residential” sector. We have clarified this in the revised manuscript. Table 2 is revised to
separate on-road and off-road transportation emissions.

(2) The five scenarios do not distinguish between the uncertainty in transportation and
industrial spatial allocation. The authors correctly point out that the DCW road network is
outdated and may be an important source of uncertainty. They then do not quantify the effect
of the road network, instead they combine industrial and road network allocations (S4 to S5).
Especially because these changes are most relevant to the reviewed inventories (Table 1), the
effect of each uncertainty would be very valuable. Can the authors add a simulation or infer
contributions from existing data?

Response: We thank the Referee’s suggestion to improve our manuscript. We have added a
new scenario to separate the effect of transportation and industrial sectors. The new scenario
is defined as the new S5 and the original S5 is now S6 (see revised Table 3). The new S5 is
based on S4 but uses county-level vehicle population as a spatial proxy to distribute
provincial emissions of on-road transportation to each county. Then the county-level
emissions are mapped into grids using the updated CDRM road networks.

Model simulations based on S5 agree better with satellite-based NO, columns (slope = 0.95
and R? = 0.86) than those based on S3 and S4, which shows that using vehicle population and
CDRM road networks can better represent transportation emissions.

We have revised the manuscript to include the descriptions of the newly added scenario.

(3) The description of the road network allocation lacks specificity and is inconsistent with
other parts of the manuscript. The manuscript simply says that the S4 "uses DCW road
networks to allocate on-road transportation sectors.” First, Table 2 does not distinguish
between on-road and off-road so the effect of allocation is not clear. Second, spatial allocation
to a road network can benefit from distinctions between road classes and capacities. The
manuscript does not discuss how/if primary or secondary roads are treated differently.
Improving the characterization of this process would improve the clarity and reproducibility
of results.

Response: We thank the Referee for the suggestions. We added more information about the
allocation process for transportation sector in the revised manuscript.

First, we revised Table 2 to provide the magnitude of NO, emissions for on-road and off-road
sectors. On-road emissions were 4.51 Tg over China in 2006, 2.4 times larger than that of
off-road emissions (1.88 Tg).

Second, in S4, on-road transportation emissions are allocated according to the road’s length,
which is the common practice in previous studies. We have revised the sentence to clarify this:



“The fourth dataset (S4) is based on S3 but uses DCW road networks to allocate on-road
transportation emissions, which have been applied in several widely used regional emission
inventories for China. The emissions are allocated according to the road’s length, neglecting
the distinctions of road classes and capacities”.

In the improved method proposed in S5, we have considered the difference between different
road types by using total vehicle kilometers traveled data as allocation weights. We now
specify in the sentence that: “Then, county-level emissions are mapped into grids using
GIS-based road networks, which includes various road types (highway, national, provincial
and county roads) and the total vehicle kilometers traveled data is used as allocation weights

on different road types.”

(4) The manuscript explains the use of the GC model results as a prior, but does not
distinguish between the role of the prior and the change in simulated VCD. Recent work has
suggested that higher resolution priors improve the model bias. This work does not
distinguish between the role of the prior and the change in simulated concentration. Can the
authors clarify the relative roles?

Response: In the revised manuscript, we used the NO, products adjusted by each scenario’s
vertical profile for comparison with corresponding model results. As pointed out by the
referee, we found that higher resolution prior profiles could reduce the bias by 3%-6%
between modeled and satellite data for different scenarios. We have added this in the revised

manuscript.

(5) The discussion of AMF in section 2.4 is difficult to connect to results in Figures 4-6. If the
AMF is dependent on the GC profile, then the AMF should be scenario specific (S1-S5). In
the cited Lamsal et al. (2010), the retrieval was modified to create a satellite product
consistent with the GEOS-Chem run (DP_GC). In this manuscript, Pg 7 In 18-19 says that the
AMF was revised using the profile "from the nested GC model described above," which could
be interpreted as inclusive of S1-S5. Figure 4, however, has only one OMI product panel. In
Fig 5 and 6, the individual scenarios may be compared to scenario-specific VCD. Please

clarify.

Response: We thank the Referee for pointing out this issue. We now used scenario-specific
OMI NO; data during comparisons. The changes caused by different NO, products is minor
and do not affect our conclusions.

Description for satellite data in Section 2.4 is revised as: “Following Lamsal et al. (2010), we
revise the AMF by replacing the original NO- profile with that generated from the nested-grid
GEOS-Chem model using S1-S6 emissions described above. The new NO; vertical profiles
have a finer spatial resolution of 0.667 <lon ><0.5<lat compared to the original resolution of 3°



lon x 2<lat. Six scenario-specific OMI NO; products are generated for comparison with
corresponding model results, and higher resolution prior profiles could reduce the bias by
3%-6% between modeled and satellite data for different scenarios.”

(6) The low OMI NO: values are removed from the PDF in Fig 6 because according to the
authors their priors are uncertain. To what extent was the analysis characterized in Fig 5
influenced by grid cells with uncertain priors? The "other" counties, due to the large number,
appear to dominate the NMB calculations. The "other" counties are more frequently below
3el5, so the sensitivity to this threshold seems relevant. From the scatter plots, | doubt it will
affect your conclusions. Please discuss the reason between using different results.

Response: We conducted comparisons in Figure 5 with and without data in the background
area (i.e., counties with NO, columns below 3e15 molec/cm?) for “all districts and counties™,
and especially for “other counties”. The results are shown as below:

All Including background area Excluding background area

counties | S1 S2 S3 S4 S5 S6 S1 S2 S3 S4 S5 S6

Slope | 0.78 | 0.94 | 0.87 | 085 | 095 | 1.01 | 0.62 | 0.88 | 0.78 | 0.78 | 0.95 | 1.07

R? 0.75 | 081 | 0.83 | 0.83 | 0.86 | 0.85 | 0.40 | 0.57 | 0.58 | 0.58 | 0.67 | 0.69

NMB |-111| -60 | -93 |-10.2 | -65 | -55 | -13.0| -43 | -94 | -110| -55 | -34

RMSE | 1.30 | 1.20 | 1.08 | 1.10 | 1.02 | 1.11 | 220 | 2.00 | 1.83 | 1.85 | 1.71 | 1.85

Other Including background area Excluding background area

counties | S1 S2 S3 S4 S5 S6 S1 S2 S3 S4 S5 S6

Slope | 0.78 | 0.88 | 0.84 | 0.82 | 0.87 | 0.90 | 0.54 | 0.71 | 0.71 | 0.70 | 0.76 | 0.83

R? 0.80 | 0.81 | 0.85 | 0.84 | 0.86 | 0.86 | 0.38 | 0.44 | 0.55 | 0.54 | 0.58 | 0.60

NMB | -114| -91 | -106|-114| 94 | -97 | -13.7| -8.0 | -11.2 | -126 | -9.2 | -8.7

RMSE | 1.02 | 1.02 | 0.89 | 091 | 0.87 | 0.88 | 1.81 | 1.78 | 1.57 | 1.61 | 1.31 | 1.54

The correlation slope, R?, NMB and RMSE values are changed when excluding counties in
the background area; however, it does not affect our conclusions about the improvements
among different scenarios. Therefore we feel it is better to keep all the counties in our
analysis.

In Figure 6, we examine the distributions of the ratios between the modeled and satellite NO;
vertical columns. Ratios can be strongly affected when the satellite NO; value is low and with
large uncertainties, therefore we have to exclude the background areas during this analysis.




(7) Evaluation of trends is common with OMI due to the known biases. For this work, the bias
is important to the evaluation of the model. The uncertainties section (3.2) addresses some the
uncertainties. Specifically, how does the source of the systematic low-bias (pg 10, 6) possibly
affect the outcome of the study? If the satellite retrievals are high-biased, how might the
conclusions have been different?

Response: Biases in the satellite NO, data could affect the comparisons for different
scenarios. Previous studies indicated that the OMI NO- columns could be biased high for 20%
over China (Irie et al., 2008; Lin et al., 2014). In this case, the best scenario of spatial proxies
would be S4 instead of S6. If the OMI data is biased low instead of biased high, the best
scenario will remain the same but with less agreement compared to satellite observations.
However, given the high sensitivity of modeled NO- columns to spatial proxies, we can still
conclude that the spatial proxies used in gridded emission inventories could affect the
representation of bottom-up emission inventory significantly.

The above discussions have been added to the Sect. 3.2 of the revised manuscript.

Specific Comments:
- general, 4 municipalities are discussed, but never defined. People not familiar with the

region won’t know what they are.

Response: The four municipalities in China are Beijing, Tianjin, Shanghai and Chongging.
We have added the name of the cities in the revised manuscript.

- general, use specific vertical or slant column terminology throughout. (e.g., section 3.1
Results; Fig 4 caption; etc)

Response: Tropospheric NO; vertical column densities were used in this study. We have
revised the manuscript as suggested.

- pg 2, 27 - This statement seems to suggest a previous over-reliance on population and, yet,
the studies cited here all use other spatial surrogates including road networks, and GDP.
Zhang et al. (2009) use Streets 2003, which in Table 1 and the paper uses more than
population density as a surrogate. Lu et al. (2011) uses road networks and GDP. Further, this
paper does not evaluate the errors introduced by using population for residential or
sub-province industry.

Response: Population density is a widely used spatial proxy in bottom-up emission
inventories for different sources, including small power plants (Streets et al., 2003; Zhang et
al., 2009), industry (Zhang et al., 2009), transportation (Woo et al., 2003) and residential



(Kurokawa et al., 2013). In this work, we use population density as the base case and make
modifications upon it to evaluate different spatial proxies used in different sectors.

- pg 5, 28-29 - Will correlation at the provincial level be a good surrogate for sub-province
(i.e., county) allocation? Or could emissions be more related to sector than IGDP? Still, seems

a good improvement.

Response: Figure 2 (Figure 3 for now) is used to show the significant correlation between
industrial emissions and IGDP. We use provincial data for this comparison because emissions
in the MEIC model are estimated at province-level. Based on this relationship, we allocate
emissions from province to counties using IGDP of each county.

We have revised the manuscript as: “Fig. 3 shows the correlations between the normalized
industrial emissions and three factors (total population, urban population and IGDP) at the
provincial level. We use provincial data for this comparison because emissions in the MEIC
model are estimated at province-level.”

- pg 6, 4 - Details on the Gompertz formulation would be appropriate here because the

allocation of transportation emissions becomes a central outcome.

Response: The vehicle growth of a region is highly correlated to its economic development
(e.g., per-capita GDP), and the Gompertz function (an S-shaped curve with three phases of
slow, fast and, finally, saturated growth) is often used to establish the relationship between
per-capita GDP and total vehicle ownership. In this study, we used the Gompertz function to
hindcast total vehicle ownership at county level using historical GDP data:

Gompertz Function: V = V* x e“eBE,

where V represents total vehicle ownership (vehicles/1000 people); V' represents the
saturation level of total vehicle ownership (vehicles/1000 people); E represents per-capita
GDP; and « and f are two negative parameters that determine the shape of the curve.

We have added more descriptions of the Gompertz Function in the manuscript: “We use the
county-level vehicle population as a spatial proxy to distribute provincial emissions of
on-road transportation to each county (an administrative unit one level lower than city). The

county-level vehicle population is simulated by the Gompertz Function (V = V™ X e"‘eﬁE),

where V and V* represents actual and saturation level of total vehicle ownership
(vehicles/1000 people) separately and E represents per-capita GDP (more information is
provided in Zheng et al., 2014).”



- pg 6, circa 4 - Details on the road network allocation are critical. Are all roads weighted by
length density (km/km?) or is road capacity addressed (primary vs secondary roads)?

Response: The spatial allocation of vehicle emissions was processed in two steps. First, we
used the total vehicle kilometers traveled allocation weights on different types of roads
(highway, national, provincial and county roads) to split vehicle activity. Second, we divided
the county-level emissions according to road type, then plotted the results based on road
density for hot-stabilized emissions and urban population distributions for start and
evaporation emissions.

We revised the sentence to provide more information about the allocation process: “Then,
county-level emissions are mapped into grids using G1S-based road networks, which includes
various road types (highway, national, provincial and county roads) and the total vehicle
kilometers traveled data is used as allocation weights on different road types”.

- pg 6, 28 - Which version of EDGAR was used?

Response: We used GEOS-Chem version 09-01-02 in this study and the default global
emissions are EDGAR va3.

- pg 7, 19 - The new product resolution is unclear to me. Can you clarify the original

resolution and the new resolution?

Response: The original NO; vertical profile used during the AMF calculation in the
DOMINO v2 product is adopted from the TM4 model, which has a spatial resolution of 3<lon
x 2°lat. In this work, we used the new NO; vertical profile taken from the nested-grid
GEOS-Chem model, which has a finer spatial resolution of 0.667<lon = 0.5<lat. We have
revised the sentence to more clearly state the issue: “The new NO> vertical profiles have a
finer spatial resolution of 0.667 <lon < 0.5<lat compared to the original resolution of 3<lon x
2° lat”

- pg 7, 16-21 - Am | correctly interpreting that OMI NO, VCD in Figure 5 uses a AMF
consistent with that emission inventory?

Response: We used the same satellite NO, products for comparison with all cases in the
original manuscript. We have revised this issue and the OMI NO; VCD in Figure 5 uses AMF

consistent with that emission inventory for now.

- pg 8, 27 - more details of how the counties are assigned would be useful.



Response: In this work, four municipalities are defined as a separate category. For the
remaining cities, urban counties and suburban counties are divided according to the
administrative district definition in China. We have revised the sentence as: “To further
understand the biases in the model simulations, we divide all counties into three
categories—counties in four municipalities (i.e., Beijing, Tianjin, Shanghai and Chongging),
urban counties, and suburban counties according to administrative district definition—and
compare the modeled and observed NO; columns for these three categories.”

- pg 10, 11 - Rephrase. It is not clear which error you are referring to.

Response: Revised as “The stated uncertainties of individual DOMINO v2.0 NO2 column
retrievals are estimated at 1.0 <10 molecules cm™ + 25%”.

- pg 11, 6-7 - This is most interesting for the S4 vs S5 differences. The use of newer road
networks seems like an obvious best-practice. The IGDP seems like a less obvious

improvement, which is why seeing the contribution of each would be nice.

Response: We have added a new scenario in the revised manuscript and concluded that
improvements in the transportation sector have more significant effects on modeled NO;
columns than that in the industrial sector.

Technical Corrections:
- pg 1, 26 - use IGDP here since that is how it is subsequently used or remove acronym,
which is not used in the abstract or elsewhere without redefinition.

Response: Revised.

- Table 1 - citations in table should, but do not appear in bibliography.

Response: The citations are added in the bibliography.

- Fig 6 - How did your PDF bandwidth affect the shape of S1 and the tails of S2-S3?
Response: We use bandwidth of 0.1 in Figure 6, and we also test another two bandwidth,
0.05 and 0.2, as shown below. Curves with bandwidth of 0.05 is under smoothed since it
contains too many spurious data artifacts. Curves with bandwidth of 0.2 is over smoothed and
obscures much of the underlying structure. However, the selection of bandwidth will not

affect our conclusion that S1 underestimates in some counties and S2 overestimates in some

counties.
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