
Response to reviewer #1 

We thank the reviewer for the constructive comments and suggestions, which are very 

positive to improve scientific content of the manuscript. We have revised the 

manuscript appropriately and addressed all the reviewer’s comments point-by-point for 

consideration as below. The remarks from the reviewer are shown in black, and our 

responses are shown in blue color. All the page and line numbers mentioned following 

are refer to the revised manuscript without change tracked. 

 

1. The novelty of this paper is the inclusion of ground-based observations, but I think 

the ground-based measurements are underused in this study. Since a main part of this 

study is on HCHO, I don’t see how the authors use ground-based measurements of 

HCHO to support satellite HCHO. Do you see similar temporal patterns from ground 

vs. space? This may also help understand the difference between column vs. surface 

HCHO.  

R: Thanks for the constructive comments. The ground surface HCHO has been 

measured by LP-DOAS at the Jiangwan campus of Fudan University in Shanghai 

(31.34 °N, 121.52 °E) during 2018-2019 to compare with satellite observation. In order 

to match ground-based and spaced observations for comparison, the satellite HCHO 

within 10 km of LP-DOAS measurement site were averaged as the satellite observation, 

while the surface HCHO observed by LP-DOAS between 13:00 and 14:00 were used 

considering the OMI overpasses time.  

Figure R1 shows that HCHO VCDs and surface HCHO concentrations are not 

consistent very well. For daily observation, two observations are quite different, but the 

monthly averages are more similar. However, the difference still exists, for example, 

the highest value of HCHO VCD in 2019 appeared in June, while that of surface 

observations appeared in August. It also suggests that the FNR from satellite will 

deviate from the surface observed FNR.  

It should be noticed that the vertical column density represents the concentration of the 

total column, while the LP-DOAS results only reflect the concentration near the ground. 

Previous studies show that HCHO is not completely concentrated near the ground, but 

has a high concentration at higher altitudes (Chan et al., 2019; Wang et al., 2019). It 

may explain the discrepancy of tropospheric HCHO VCD observed by satellite and the 

ground surface HCHO concentration. In addition, satellite data reflects the average 

level of a given area, while LP-DOAS is a single point measurement. The spatial 

heterogeneity of surface HCHO concentration in horizontal can also impact the 

consistency of this comparison.  

We have also added the comparison between satellite and surface HCHO in the 

manuscript, please refer to Line 130-134. 



 

Figure R1. Comparison of daily and monthly HCHO observed by LP-DOAS and satellite. The 

black and red points represent the daily HCHO VCD and surface HCHO respectively, while the 

dot lines indicate the monthly averages. 

 

2. There seems to be some artificial strip patterns with HCHO (Figure 2), which looks 

like due to the influence of OMI swath changes. It is not clear how the authors process 

OMI HCHO data. The authors mentioned they re-grid the data to 0.01°× 0.01°, which 

is much finer than the resolution of OMI. No details are provided in terms of spatial 

downscaling. In general, spatial oversampling is used to process OMI data to achieve 

better resolution (e.g. Zhu et al., 2014). I suggest the authors consider following such 

procedure.  

R: Thanks for your professional comments. In this study, OMI HCHO data were 

processed through the following steps. Firstly, the targeted area was gridded into to a 

spatial resolution of 0.01°×0.01°, then the HCHO VCD of each pixel was assigned to 

the respective grid by determining the coordinates information. In addition, a weight 

function including cloud function and pixel size was introduced to effectively improve 

the quality of processed data (Xue et al., 2020). We have supplemented the data 

processing method in the revised manuscript, please refer to Line 89-91. 

We have carefully reviewed the recommended article, as well as the articles that used 

the same strategy (Fioletov et al., 2011; McLinden et al., 2012; Zhu et al., 2014). In 

these studies, pixel falling within a certain radius of the grid center were averaged, and 

further was assigned to that grid. Then, the differences on HCHO VCDs between these 

two methods were compared. Three years, i.e. 2010, 2014 and 2018, were selected 

randomly for test, as shown in Figure R2. HCHO VCDs in Shanghai obtained by these 

two methods were almost the same in annual average. Most areas show similar HCHO 

levels, and about 84.6% ± 1.1% area of Shanghai shows the difference between the two 



methods within 10%. Considering the different approaches in satellite data processing, 

such a level of difference is considered to be reasonable and accepted.  

 

Figure R2. Comparison of the spatial distribution of HCHO VCD in Shanghai for 2010, 2014 

and 2018 obtained by these two processing methods. Method_1 represents the method 

recommended by the references, Method_2 represents the method used in this study. 

 

It can be noticed that there are strip patterns in the spatial distribution of HCHO VCD 

via Methond_2 in Figure R2 (also appeared in Figure 2), which not appear in the one 

via Methond_1. The absence of smoothing procedure in Method_2 may be the main 

reason causing the difference in the results of these two methods. After the 

improvements in the algorithm of OMI HCHO Version 3.0, across-track striping of the 

HCHO columns is a minor issue of the new satellite product 

(https://aura.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level2/OMHCHO.003/doc/RE

ADME.OMHCHO.pdf). So the strip patterns in the spatial distribution of HCHO VCD 

are considered not introduced by artificial processing, but inherited due to unsmoothing 

in Method_2. 

 

3. It’s not clear to me how the authors explore the impacts of anthropogenic emissions 

on HCHO. There seems to be several issues. First, the authors only consider the primary 

emissions of HCHO, but a lot of HCHO is produced secondarily from other VOCs like 

alkene. The HCHO yield should also vary with VOC species, and also meteorology. 

Second, as I pointed out earlier, the authors did not consider the role of biogenic 

emissions especially isoprene. Without secondary HCHO, there is little we can learn 

about the driven factors of HCHO from this paper.  

R: Thank you for the professional comments. Secondary production of HCHO from 

anthropogenic and biogenic sources has contributed greatly to HCHO, so it is necessary 

to consider the secondary production of HCHO (Zhu et al., 2017; Shen et al., 2019). 

https://aura.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level2/OMHCHO.003/doc/README.OMHCHO.pdf
https://aura.gesdisc.eosdis.nasa.gov/data/Aura_OMI_Level2/OMHCHO.003/doc/README.OMHCHO.pdf


We have also considered the secondary production of HCHO in the revised manuscript, 

including anthropogenic and biogenic sources. Please refer to Line 176-205. 

In order to get the secondary production of HCHO from anthropogenic sources, 

NMVOCs (Non-methane volatile organic compounds) emission inventory based on the 

SAPRC07 mechanism species from Multi-resolution Emission Inventory for China 

(MEIC) was used for years of 2010, 2012, 2014 and 2016. Secondary production of 

HCHO has been calculated based on 1-day HCHO yields of several NMVOCs under 

high-NOx condition (Shen et al., 2019). Table R1 summarizes the primary emissions 

and secondary productions of HCHO from different sectors of anthropogenic sources.  

 

Table R1. The primary emissions and estimated secondary productions of HCHO in Shanghai 

from anthropogenic NMVOCs based on SAPRC07 mechanism species. 

Year 
 Estimated HCHO production from each sector (109 g) 

 Industry Power Residential Transportation Total 

2010 
Primary1 9.10 0.03 0.06 1.47 10.66 

Secondary2 240.58 0.52 15.14 66.04 322.28 

2012 
Primary 7.73 0.05 0.07 1.01 8.86 

Secondary 246.67 0.57 15.67 51.91 314.82 

2014 
Primary 6.88 0.05 0.07 0.74 7.74 

Secondary 253.32 0.50 16.44 44.32 314.58 

2016 
Primary 6.29 0.05 0.06 0.61 7.01 

Secondary 286.36 0.51 16.64 43.14 346.65 

1 Primary indicates HCHO that is directly emitted by anthropogenic sources from MEIC 

inventory. 
2 Secondary indicates HCHO that is produced by anthropogenic NMVOCs, which is calculated 

based on 1-day HCHO yields.  

 

Regardless of the primary emissions or secondary productions of HCHO, industry 

sector corresponds to the largest yield, followed by transportation, residential, and the 

power. For the temporal pattern, the primary emission of HCHO keeps decreasing 

(about 34.2% compared to 2010), while secondary produced HCHO did not change 

significantly. The increase of secondary HCHO yields in 2016 was mainly due to the 

increased production from industry sector. In addition, the changes and proportional 

relationships between primary emission and secondary production of HCHO for 

different sectors are different, which suggests the VOCs source profiles of different 

sectors would affect the amount of secondary HCHO production. 

In addition, considering the mechanism species for different chemical mechanisms in 

MEIC inventory may have impacts on HCHO secondary production, we have also 

tested the HCHO yields based on CB05 mechanism species. HCHO yields in eastern 

China during May-September 2010 were calculated based on CB05 and SAPRC07 

separately, and results were compared with the study of Shen et al. (2019). As shown 

in Table R2, total HCHO yield based on CB05 is about 23% higher than that of 

SAPRC07, and the latter is much closer to the reference, with a deviation of 7.1%. The 



high degree of lumping of PAR in CB05 may cause the corresponding individual VOC 

to be overestimated, and caused the large deviation of HCHO yield. Compared with 

CB05, SPRAC07 may be more accurate for calculating the HCHO yield. It also 

illustrates that the selection of chemical mechanism species would also introduce 

uncertainty to the estimation. 

 

Table R2. Estimated May-September total HCHO production in eastern China in 2010 from 

CB05 and SAPRC07 mechanism species and the comparison with reference.  

Species 

Estimated HCHO production from anthropogenic 

NMVOCs in eastern China (Tg) 

CB051 SAPRC07 Reference2 

Ethane 0.27 0.28 0.28 

Propane 1.29 0.19 0.54 

≥C4 alkanes 1.40 1.75 1.87 

Ethylene 0.76 0.75 0.75 

≥C3 alkenes 0.89 1.88 1.11 

Benzene 0.03 0.05 0.038 

Toluene 0.51 0.35 0.37 

Xylenes 0.62 0.23 0.11 

Formaldehyde 0.14 0.09 0.09 

Acetaldehyde 0.11 0.04 0.04 

Methanol 0.06 0.06 0.06 

Ethanol 0.06 - 0.01 

Acetone 0.90 0.15 0.16 

Methy ethyl ketone 0.14 0.04 0.04 

Isoprene 0.01 0.01 0 

Monoterpene 0.02 0.02 0 

Total 7.21 5.86 5.47 

1 Highly lumping mechanism species of CB05, including PAR, are approximately allocated 

through some individual VOC concentrations observed locally. 
2 Reference refer to the estimated May-September total HCHO production from Anthropogenic 

emission in eastern China averaged during 2005-2016 (Shen et al., 2019). 

 

HCHO yield from biogenic sources can be estimated from BVOCs emission inventory. 

Model of Emissions of Gases and Aerosols from Nature (MEGAN) is widely used to 

simulate the emission of BVOCs. As we currently cannot use MEGAN to accurately 

simulate four-year (2010, 2012, 2014, 2016) BVOCs emissions, we have used the 

annual total BVOCs emissions of Shanghai in 2014 (about 1.2×104 t) for the estimation 

(Liu et al., 2018a; Liu et al., 2018b). Isoprene, methanol and monoterpenes were 

dominant compositions of BVOCs and accounted about 81.3% of the total. We have 

calculated HCHO yields contributed by isoprene, methanol and monoterpenes, as 

shown in Table R3.  

 

Table R3. The annual BVOCs emissions and HCHO yields over Shanghai in 2014. 



BVOC Emission (109 g) HCHO yield (109 g) 

Isoprene 4.63 4.70 

Methanol 4.26 3.99 

Monoterpenes 0.86 0.38 

Total 9.75 9.07 

 

Accordingly, HCHO yield from BVOCs emission was estimated to be about 9.07×109 

g, and mostly produced from isoprene and methanol. The calculated HCHO yield from 

BVOCs emission is similar to that of previous study during 2005-2016 (Shen et al., 

2019). In addition, compared with anthropogenic sources, HCHO yield from BVOCs 

is much smaller, which indicates that the anthropogenic is the main contributor of the 

secondary production of HCHO in Shanghai (Shen et al., 2019; Fan et al., 2021). 

As shown in Table R4, we have also reviewed the related studies about the BVOCs 

emissions in Shanghai and its surrounding areas (the Yangtze River Delta) in relevant 

years. Wang et al. (2021a) assessed the impacts of land cover change and climate 

variability on BVOCs emissions in China from 2001 to 2016, in which variations of 

BVOCs emissions in Shanghai over the years were extremely small. Considering the 

different input dataset and settings would bring large differences in the simulated results, 

it was unfeasible to use BVOCs emissions from different studies for the investigation 

of temporal variation. Therefore, the BVOCs emissions in 2014 were used to basically 

characterize the approximate level of BVOCs from 2010 to 2016 in this study. 

 

Table R4. Comparison of simulated BVOCs emissions in Shanghai (SH) and the Yangtze River 

Delta (YRD) based on MEGAN. 

Simulated year Reference MEGAN 

version 

Region BVOCs emission 

(104 t) 

2010 
Song et al. (2012)1 

V 2.04 
YRD 110 

SH 0.122 

2014 
Liu et al. (2018a; 2018b)2 

V 2.10 
YRD 188.6 

SH 1.2 

2016 
Wang et al. (2021b)3 

V 3.1 
YRD 162 1 

 SH ~ 0.34 4 

1 Total annual emission inferred from the simulated BVOCs emissions in January, April, July 

and October. 
2 A variety of methods were used to reduce the uncertainty of plant functional types (PFT) 

database. The proportions of dominant components of BVOCs were also provided. 
3 BVOCs emission was simulated without drought stress. 
4 It is BVOCs emissions in July, which has been inferred from Fig. S3 of Wang et al. (2021b). 

 

As mentioned in Reviewer #2, HCHO yield was also impacted by the NOx levels, e.g. 

RO2 radical from VOCs react with HO2 to from organic peroxides under low NOx 



condition. This process reduces the reaction of RO2 and NO, which in turn decreases 

the production of HCHO, therefore, HCHO yield from VOCs is proportional to NOx 

condition (Palmer et al., 2006; Marais et al., 2012; Miller et al., 2017). In this study, the 

estimation using a fixed HCHO yield may overestimate HCHO production in later years 

due to the decreases of NOx in Shanghai (Xue et al., 2020). In previous studies, the 

proportional relationship between HCHO yield and NOx condition was usually obtained 

when 1 ppbv of NOx regard as the high condition, and 0.1 ppbv of NOx regard as low 

condition (Palmer et al., 2006; Marais et al., 2012; Miller et al., 2017). However, the 

NOx concentration in Shanghai is still relatively higher (basically 30-60 ppbv in urban) 

(Gao et al., 2017). Therefore, in such a high NOx condition, the effect of NOx decreases 

on HCHO yield needs to be further studied. 

 

4. Recent literature report there is uncertainty with the regime threshold for 

HCHO/NO2. The authors consider the uncertainty with diurnal cycle, but even at the 

overpass time, the regime threshold may also vary (Shroeder et al., 2017; Jin et al., 

2020; Souri et al., 2020). I suggest the authors be more cautionary about applying the 

thresholds to separate regimes. More validation analysis is needed to support their 

regime classification.  

R: Thank you for the professional comments. We have carefully reviewed the 

recommended articles. In these articles, various regime thresholds were proposed 

through chemical model or combining satellite result with ground surface observation, 

the complexity of applying the threshold is also discussed in detail (Schroeder et al., 

2017; Jin et al., 2020; Souri et al., 2020). Although the O3 formation sensitivity cannot 

be perfectly inferred from satellite HCHO/NO2, this method benefits from the 

advantages of satellite observation and can still provide useful information on O3 

formation. 

In this study, we did not obtain the new regime thresholds through such method, but 

used LP-DOAS data to correct the value of FNR observed by satellite. These two 

programs are similar in actual effect. Please refer to the following response for a 

detailed explanation of satellite FNR correction.  

 

5. As I commented previously, the correction for diurnal variation doesn’t make sense 

to me. First, the authors did not consider the difference between column-based satellite 

HCHO/NO2 vs. surface observed HCHO/NO2. Given the variation of the boundary 

layer height, the relationship between surface and column HCHO/NO2 should also vary 

with time. Second, it’s not clear to me why the authors use ΔO3 to weight FNR. If the 

authors are only interested in the time when ozone production is most efficient, 

wouldn’t it be easier to look the 1-hour maximum ozone? Third, there is no evidence 

supports whether such changes actually improved the regime classification.  

R: Thank you for the professional comments. At the beginning, we have verified the 

relationship between surface FNR and O3 during the day. As shown in Figure R3, the 

hourly O3 concentration is in good agreement with surface FNR, which means that the 

surface FNR observed by LP-DOAS can be a good indicator of ground surface O3 on a 

detailed time scale. Considering that satellites can only characterize the FNR situation 



at overpass time, while LP-DOAS can provide a longer period of surface FNR 

variations, we hope to introduce the time series of LP-DOAS FNR to make satellite 

FNR be a better indicator that can reflect the characteristic of O3 formation during the 

daytime.  

 

Figure R3. Diurnal variations of surface FNR observed by LP-DOAS and O3 for different seasons 

during 2018-2019. 

 

Then, we have compared the satellite FNR and surface FNR observed by LP-DOAS on 

daily and monthly scales, and discussed whether satellite FNR can indicate ground 

surface O3 properly like LP-DOAS FNR. In the following comparison, surface FNR is 

observed by LP-DOAS for 13:00-14:00, satellite FNR is the average value of 10 km 

area around LP-DOAS measurement site. 

Figure R4 shows the variation of monthly satellite and surface FNR. Since the satellite 

and surface FNR represent the column average and ground surface HCHO/NO2 

respectively, they have a significant difference in the numerical value, the satellite FNR 

is significantly larger than the surface FNR. However, a strong correlation between the 

monthly satellite and surface FNR (R2 = 0.95) was found from April to August, which 

means that satellite FNR can characterize the O3 formation on monthly scale like 

surface FNR. 

 



 

Figure R4. The variations of monthly satellite and surface FNR at the location of LP-DOAS for 

April to August during 2018-2019. 

 

For the daily comparison, we have followed the suggestion to consider the influence of 

the boundary layer height (BLH) on the relationship between the satellite and surface 

FNR. The BLHs at 13:00 local time was selected to conform the overpass time of 

satellite. Figure R5 plotted the satellite and surface FNR under different BLHs. It 

indicates that on the daily scale, satellite and the surface FNR were quite different, and 

the relationship is affected by BLH. When the atmospheric turbulence is strong, the 

boundary layer is higher than 1500 m, the fitting slope of the satellite and surface FNR 

is small (slope=0.59, R=0.80). However, in the case of weak atmospheric turbulence, 

the corresponding boundary layer is lower than 1000 m, and the fitting slope of the 

satellite and surface FNR is large (slope=2.59, R=0.67) in this situation. 

 

 

Figure R5. Satellite and surface FNR under different boundary layer heights. The gray dashed 

line represents y=x, the red and blue lines represent the fit of satellite and surface FNR when the 

BLHs greater than 1500 m and less than 1000 m respectively. The BLH data comes from the fifth 

generation European Centre for Medium-Range Weather Forecasts reanalysis dataset 

(https://cds.climate.copernicus.eu/cdsapp#!/home). 

 

https://cds.climate.copernicus.eu/cdsapp#!/home


Regarding the parameter to weight FNR, we are not only interested in the time when 

O3 formation is most efficient. 1-hour maximum O3 only represents O3 condition in a 

moment, which is contrary to the aim to make the corrected FNR better reflecting the 

temporal formation of O3 during the daytime by introducing the time series of LP-

DOAS FNR. In addition, as FNR is originally proposed as an indicator to characterize 

the instantaneous O3 production rate, we used ΔO3 as the weight to avoid the effect of 

O3 accumulation (high O3 concentration but with small increase or even decrease of O3) 

(Duncan et al., 2010). Take June 5th, 2018 as an example, the 1-hour maximum O3 in 

Hongkou Site was about 109.35 ppbv, while ΔO3 was only 0.47 ppbv at that time, 

indicating the low efficient of O3 formation. While from 07:00 to 12:00 that day, ΔO3 

were basically greater than 10 ppbv. Therefore, we used the hourly ΔO3 as the weight 

to correct satellite FNR combined with the hourly LP-DOAS FNR. 

In order to verify whether the correction of the satellite FNR improved the regime 

classification, we have compared the O3 formation regimes determined by satellite FNR 

before and after the correction with that of surface observation. The variations of O3 

with surface HCHO and NO2 during the daytime have been plotted to determine the O3 

formation regimes from the surface observation (Figure R6). The surface HCHO and 

NO2 are from LP-DOAS measurements, and the O3 observed by SP-DOAS (short-path 

differential optical absorption spectroscopy), which also located at Jiangwan campus 

of Fudan University, have been used with a finer temporal resolution. O3 formation 

regimes inferred from satellite FNR before and after the correction have also been 

marked in Figure R6 separately. 

 

 
Figure R6. The variation of O3 with surface HCHO and NO2 for two cases of (a) May 3th, 2019 

and (b) October 10th, 2019. FNRSAT_before and FNRSAT_after indicate the O3 formation regimes 

inferred from the satellite FNR before and after the correction. 

 

For Case R1, O3 decreases with the increase of NO2, which can be attributed to the 

titration of O3 by NO (Duncan et al., 2010). O3 increased from top to bottom of the 

diagram indicating it was under VOC-limited regime in Case R1 (Luo et al., 2020). For 

Case R2, it can be seen that the high O3 appeared with high HCHO and low NO2, 

indicating it was under VOC-limited regime. The uncorrected satellite FNR indicated 

that these two cases were both under transition regime, while the corrected satellite 

FNR indicated they transferred to VOC-limited regime, which are consistent with the 



results of surface observation. Therefore, the correction of satellite FNR can be 

considered to be effective and make sense.  

All these discussed above has been method in the revised manuscript, please refer to 

the Line 258-348. 

 

 

 

Minor Comments:  

1. Lines 116 to 120: Do you see similar seasonal cycle of HCHO from ground?  

R: Thanks for the comment. As shown in Figure R1, the monthly averages of ground 

surface HCHO at 13:00-14:00 observed by LP-DOAS also show the similar seasonal 

cycle with satellite observation, that high in summer and low in winter. In addition, we 

have also calculated the averaged ground surface HCHO for the whole day, result also 

shows similar seasonal cycle (Figure R3). The seasonal ground surface HCHO 

concentrations is 2.25 ± 0.40 ppbv in spring, 3.08 ± 0.51 ppbv in summer, 2.47 ± 0.61 

ppbv in autumn and 2.21 ± 0.88 ppbv in winter, respectively. We have added it in the 

revised manuscript, please refer to the Line 133-134. The division of seasons is referred 

to the response below. We have also added Figure R3 into Figure 1 of the revised 

manuscript to characterize the seasonal variation of ground surface HCHO. 

 

 

Figure R3. Seasonal averaged ground surface HCHO concentrations observed by LP-DOAS 

during 2018-2019. 

 

2. Figure 1: Please define season here. 

R: Thanks for the suggestion. In the study, seasons were divided as March, April, and 

May for spring, June, July, and August for summer, September, October, and November 

for autumn, December, January and February for winter. We have also defined seasons 

in the revised manuscript, please also refer to Line 120-122. 



 

3. Figure 1: I’d suggest include error bars to indicate spatial variation.  

R: Thanks for the suggestion. We have added error bars to Figure 1 to indicate the 

spatial variation. The seasonal variation of ground surface HCHO was also added as 

Figure 1(d). Please refer to the updated Figure 1 in the revised manuscript.  

 

 

Figure R4. OMI and LP-DOAS observed time series of HCHO in Shanghai. (a) to (c) reflect the 

annual, monthly and seasonal variations of HCHO VCD during 2010-2019, error bars indicate 

the spatial variation of HCHO VCD. (d) reflects the monthly variation of surface HCHO observed 

by LP-DOAS during 2018-2019. (Figure 1 in the manuscript). 

 

4. Figure 3: Why did you choose to show seasonal cycle only? I think it will be more 

interesting if you can show the time series from 2010 to 2018, and see how HCHO is 

correlated with each factor. This may also help explain the inter-annual variability of 

HCHO.  

R: Thank you for the comments. We have followed the suggestion and analyzed the 

relationship between time series of HCHO VCDs and meteorological variables 

including temperature, sunshine hours, precipitation, and relative humidity via the 

linear regression. The stepwise regression results show that, the correlation between 

meteorological variables and HCHO VCD is not significant except temperature. 

Therefore, only the linear regression of temperature contribution and HCHO VCD was 

shown in Figure R4. We have presented Figure R4 in the manuscript as Figure 3, and 

moved the original Figure 3 to supplement and marked it as Figure S2.  

 



 

Figure R4. Monthly HCHO VCDs and the temperature contribution in Shanghai during 2010-

2018. (a) reflects the temporal variations and (b) illustrates the correlation analysis. The black 

points represent the annual average residuals. 

 

The temperature contribution was strongly correlated with the observed HCHO VCD 

(R2 = 0.72), which means that temperature can explain about 72% of the variation of 

HCHO VCD. The remaining part that cannot be explained by temperature appears in 

the form of residual, which is considered as the influences of other changing factors 

such as anthropogenic emissions (Li et al., 2019). We have also noticed that the residual 

in summer in some years would be particularly large, which indicates that in addition 

to temperature, there are other factors affecting HCHO VCD significantly in summer.  

Therefore, we have further analyzed the phenomenon in June that the HCHO VCD 

declines when the temperature rises, the precipitation and relative humidity rises 

significantly, as shown in Figure S2. Shanghai has a subtropical monsoon climate with 

rain and heat in the same period. Precipitation and relative humidity surged in June, 

while HCHO VCD decreased slightly with the increase of temperature. High relative 

humidity in July favoured the wet deposition of HCHO largely and offset the impact of 

rising temperature, resulting in a small decrease in HCHO VCDs.  

We have regarded the changes of monthly averaged relative humidity and HCHO VCD 

as two variables, as shown in Eq. (R1) (R2). 

ΔRHi = RHi − RHi−1                                             (R1) 

ΔVCDi = VCDi − VCDi−1                                          (R2) 

where ΔRHi and ΔVCDi are the changes of relative humidity and HCHO VCD for 

month i (Jun, Jul and Aug) between 2010 and 2018, respectively.  

Then, the response of monthly HCHO VCDs variations to the changes of monthly 

relative humidity has been examined by Fisher’s exact test (Clinton et al., 2020). We 

have defined the ΔVCDi exceeding ±1×1015 molec·cm-2 (about 10% of VCDrange) as an 

obvious increase or decrease of HCHO VCDs. And two conditions of 10% and 20% 

changes on RHrange were checked. The RHrange and VCDrange is the range of relative 

humidity and HCHO VCDs between respective maximum and minimum, which are 

represented by the subscripts of ‘max’ and ‘min’ respectively, as expressed in Eq. (R3) 

and (R4). 

RHrange = RHmax − RHmin                                        (R3) 

VCDrange = VCDmax − VCDmin                                     (R4) 

Results of Fisher’s exact test determined that when ΔRHi exceeds 10% of RHrange, no 



significant correlation is found between these two variables (P = 0.637); when the 

change degree goes up to 20%, there is a significant correlation between them (P < 

0.05). Therefore, it can be inferred that the variation in HCHO VCDs is related to the 

significant change of relative humidity in summer. 

All these discussed above has been method in the revised manuscript, please refer to 

the Line 156-175. 

 

5. Figure 4: Need to include secondary HCHO from both anthropogenic and biogenic 

VOCs.  

R: As replied above, the secondary HCHO from anthropogenic and biogenic VOCs 

have been estimated. Considering the lack of continuous BVOCs emission data, we 

only have plotted the primary emission and secondary production from anthropogenic 

sources. The results are shown in Figure R5 (Figure 4 in the revised manuscript). The 

biogenic contribution of HCHO and its uncertainty were discussed in the manuscript, 

and result in 2014 was marked as red cross in Figure R5(b). Please refer to Line 182 

for detailed. 

 

 
Figure R5. Primary emissions and estimated secondary productions of HCHO from 

anthropogenic NMVOCs, biogenic contribution of HCHO in 2014 was marked as red cross in 

Figure R5(b). 

 

6. Figure 7: How do you define urban vs. rural areas? 

R: Thanks for the comment. We have defined the urban and rural areas according to its 

distance from the city center of Shanghai (31.24 °N, 121.48 °E). The distances from 

Jiangwan campus of Fudan University and Dianshan Lake to the city center are about 

12 km and 50 km, respectively. Considering the civilization and development of 

Shanghai whole city, it would be more accurate to use suburban area instead of rural 

area. Therefore, we have taken areas around Jiangwan campus of Fudan University, 

which is closer to the city center, as the representative of the urban, and areas around 

Dianshan Lake, which is much far from the city center, as the representative of the 

suburban. The distances away from city center were also supplemented in the 

manuscript. Please refer to Line 242-244. 

 

7. Figure 8: It’s unclear whether you’re showing FNR and ozone for one site or three 

sites together? If one site, which site? 

R: Thanks for the comments. Figure 8 showed the three cases only observed at the 



Jiangwan campus of Fudan University. We have clarified it and please refer to Line 

274-276. 
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