
Response to Anonymous Referee #1 

We thank the reviewer for the constructive suggestions/comments. Below we provide a point-by-

point response to individual comment (Reviewer comments and suggestions are in italics, 

responses and revisions are in plain font; revised parts in responses are marked with red color; 

page numbers refer to the modified ACPD version). 

Comments and suggestions: 

Overall Comments. The manuscript by Li et al. describes a novel field experiment used to study the uptake 

of ambient VOCs on soil surfaces. The study represents a test of a new system for measuring VOC uptake 

coefficients on soil under ambient conditions and in ambient air masses with all their complexity. It is 

comprised of two flow tubes (one is Teflon, the other is coated with sterilized soil) that are exposed to 

ambient air, the output of which is flowed into a proton-transfer mass spectrometer (PTR-MS). The main 

advantage of the technique is it allows simultaneous measurements of multiple reactants under ambient 

conditions. The potentially large data sets can allow calculation of uptake parameters of multiple species 

as a function of various ambient conditions (e.g., VOC concentration, T, RH, light intensity, etc.). Some of 

the most meaningful results using this method stem from the correlations that can be drawn between 

chemical fluxes measured in the flow tube. One of the stories to evolve out of such analysis is the anti-

correlation between formaldehyde and formic acid fluxes in the soil-coated tube, which led to the 

conclusion that formaldehyde was oxidized to formic acid on the soil surface. This is important for 

understanding the missing source of formic acid to the atmosphere that has been highlighted by numerous 

field studies. The disadvantages include the fact that both the surface and the gaseous reactant mixture are 

comprised of multiple components. This increases the complexity of the system to levels that may preclude 

understanding a system in detail. Indeed, some effects could be masked by cooperative effects, one may not 

be able to disentangle physical and chemical processes. However, I still think the advantages outweigh 

these problems. If one clearly understands these caveats, and the authors certainly do, then one can use 

this system to provide an exploratory view of a certain suite of VOCs and can provide a springboard into 

more targeted experiments done on single components on simplified model surfaces, if interesting and 

unexplained behavior is observed. I support publication of the manuscript after the following points are 

addressed. It will be a valuable contribution to our knowledge of VOC uptake and provides the community 

with a new approach to studying this important topic.  

Responses and Revisions: 



Thanks for the positive comments and feedback from the reviewer. 

Comments and suggestions: 

Specific Comments. While the ambient flow tube method is useful as an exploratory tool to study 

uptake behavior under ambient conditions, it is very difficult to use this method to extract detailed 

mechanistic information and it is hard to put any weight behind the interpretation of trends 

observed in Figures 8. All else being equal, the most influential variables determining the uptake 

coefficients for the VOCs studied here are concentration of the VOC and the relative humidity. As 

noted by the authors, uptake coefficients increase with decreasing gas phase reactant 

concentration; uptake coefficients can be high if the gas reacts with bare mineral surface and can 

decrease or increase (depending on its solubility in water/Henry’s law coefficient) as water 

coverage increases. Temperature, RH, and VOC concentration constantly vary during the ca. 

month-long measurement campaign. The authors tried to show how uptake coefficient depend on 

relative humidity, temperature, and VOC concentration in Figure 8. However, I don’t think this is 

the best way to display the data. For example, the gamma vs. RH data is comprised of data from 

the entire range of T and VOC concentration data (i.e., one independent variable is plotted 

although two other confounding variables are also varying). To truly understand how RH affects 

the gamma value, one needs to produce graphs where RH is the only independent variable (i.e., T 

and VOC concentration are constant). Can the authors do this? Alternatively, one can create 3-D 

plots: For example, gamma vs. concentration vs. RH. The surface produced could potentially 

better display important trends. This could allow the authors to take representative slices along 

the gamma-concentration or gamma-RH space to show trends where the other variable is held 

constant. I would be interested to know if there is enough data to do this and what the outcome 

would be. Without such control on variables, I would be reluctant to interpret the data in Figure 

8. 

Responses and Revisions: 

Good suggestion.  

We have made a new plot as a replacement of the original Fig. 8 in the manuscript. In the new plot, 

we show the RH and T dependence of uptake coefficients of the VOC species when they have a 

small variation of their ambient mixing ratios C, assuming that this small variation of C would not 

have a big effect on gamma. Moreover, the C dependence is shown when the RH is constant at 



50%. As the reviewer suggested, we also tried to create 3-D plots for the different VOCs. 

Unfortunately, the data set is not large enough to allow us to do this.  

The revised part is as follows: 

 

“3.5 VOC exchange dependence on environmental parameters 

In order to explore potential effects of environmental factors on the exchange of these VOC species at the atmosphere-

soil interface, the relation between uptake coefficients and ambient relative humidity (RH), temperature (T) and 

mixing ratio (C) is further examined, and those VOC species showing relatively significant dependencies are shown 

in Fig 8. To interpret the uptake coefficient dependence on a single parameter, the others should remain constant. 

Under ambient conditions, however, all the environmental parameters change simutaneously and some of them are 

even closely related (e.g., between RH and T, see Fig. 5). Therefore in Fig. 8 we present the RH/T dependence as the 

C varies within a narrow range (i.e., this range can be considered constant when compared with the whole variation 

scope of C during the entire measurement time period). The C range for the species in Fig. 8 is: 0.5-0.6 for isoprene, 

0.8-1.0 for MVK+MACR, 2.0-6.0 for formic acid, 8.0-12.0 for formaldehyde and 1.5-2.5 for acetaldehyde. These 

ranges are determined following the criterion of A ± B, where A means the one-month-average of the ambient mixing 

ratios of each species and B is determined by using two criteria: (1) it should be as small as possible; (2) the selected 

range can provide a data set large enough for plotting the RH/T dependence box chart. Regarding the C dependence 

in Fig. 8, only the data is adopted when RH equals to 50%.  

 

RH affects the amount of surface-adsorbed water and can accelerate or slow down trace gas uptake rates (Crowley et 

al., 2010). High-RH induced condensed water may attract water-soluble or hydrophilic gas species and hence enhance 

their uptake (Pei and Zhang, 2011), or decrease their net emission. This mechanism applies, e.g., to hydrophilic 

formaldehyde and formic acid (see Table S.3 for respective Henry’s law constants). On the other hand, more water 

molecules on soil surfaces tend to repel the hydrophobic species more strongly or reduce gas uptake by means of 

competitive adsorption effects between water molecules and gas species (Ruiz et al., 1998;Goss et al., 2004;Donaldson 

et al., 2014a;Li et al., 2016). However, the uptake coefficients of hydrophobic isoprene and its primary degradation 

products (i.e., MVK+MACR) also increase at high RH. This counterintuitive dependence may also be explained in 

another way: more water molecules can push more hydrophobic species into the soil bulk, leaving additional 

adsorption sites on soil surfaces and thereby increasing its uptake; As the soil becomes dry, the VOC molecules in the 

soil bulk will remain in situ considering that the timescales of soil bulk diffusion are considerably longer than on soil 

surfaces. From the physical perspective of vapor pressure, increased temperature leads to decreased trace gas uptake 

and increased emission. This is in line with the decreased uptake of isoprene at higher temperatures shown in Fig. 8. 

However, the uptake coefficients of acetaldehyde show a slight increasing trend as a function of T.  

 

Even though the calculation of uptake coefficients intrinsically accounts for the gas phase mixing ratios, higher mixing 

ratios have been shown to reduce uptake coefficients (Sassine et al., 2010;Wang et al., 2012). A negative effect of 

increased mixing ratios on uptake coefficients is also observed for isoprene and acetaldehyde in Fig. 8. The negative 



effect of mixing ratios on uptake coefficients can be understood as competition among the individual VOC molecules 

for reactive uptake sites, or with other VOCs whose mixing ratios show a simultaneous increase (Li et al., 2016). Our 

previous laboratory experiments on formaldehyde (Li et al., 2016) showed that this trend was more pronounced under 

dry conditions (RH = 0%) than under humid conditions (RH = 40%), in agreement with the formaldehyde pattern 

shown here.”  

 

 

 

 

 

 

 

 



 
 

 
Figure 8. Dependence of uptake coefficients on ambient relative humidity (RH), temperature (T) and mixing ratios (C). Minimum, 

25th, 50th, 75th percentile and maximum of the box-and-whisker plots are indicated by bars. The uptake coefficient dependence is 

based on the hourly averaged data, and the RH and T dependences are plotted when C is varied within a very narrow range (nearly 

constant) and C dependence is plotted when RH equals to 50%. Note that negative uptake coefficients indicate emission. For details 

see text.  
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Comments and suggestions: 

In Section 4.2, the authors state on line 648 that “annual produced formic acid (100-120 Tg/y)” 

and mention that there is a significant missing source. The missing source is stated as being two 

or three times larger than can be explained based on current understanding of primary and 

secondary atmospheric processes and aqueous-phase cloud/rain chemistry. Besides saying that it 

is two or three times than expected, I am missing explicit mention of what that estimate is? Do 

Millet or Paulot etc. provide an explicit number in Tg/y or nmol/m2/s for that missing source? If 

so, please include so the reader can compare your later estimates (e.g., line 663). 

Responses and Revisions: 

Good suggestion.  

An explicit mention of the estimation of the missing source of formic acid would be very helpful 

for the readers. Unfortunately, the studies of Millet et al. and Paulot et al. didn’t provide such an 

explicit number for this missing source. According to the statement on line 648, we can have a 

general range of this missing source around 40 – 90 Tg yr-1. 

We made a correction in this part, shown as follows:  

 

“4.2 Physicochemical reactions on bare soil and soil-derived dust may act as a potential source of formic acid 

… Modelled budget analyses implicate the existence of one or more large missing sources for formic acid, i.e., the 

annually produced formic acid (100 - 120 Tg yr-1) is two to three times that can be explained based on the current 

understanding of primary and secondary (gas phase) atmospheric processes and aqueous-phase cloud/rain 

chemistry, …”  

Comments and suggestions: 

I also had several questions about the experimental system. First, the authors mention that the 

sampling box sheltering the flow tube system is covered with a “thin nontransparent PTFE film 

that functioned as both a reflector for sunlight and a shelter form rainwater.” How thin is the film? 

The word film suggests this is very thin and thin PTFE is often used as a diffuser to ransmit light 

evenly to optical sensors/detector chips, for example. I wonder if any light is allowed to enter the 

sampling box? If so, what is the light intensity that the flow tubes are exposed to? If the flow tubes 

are exposed to diurnal light fluctuations, then there could be the added complexity of 

heterogeneous photochemistry occurring. 

Responses and Revisions: 



Thanks for the reviewer’s comments.  

The PTFE film has a thickness of ~ 0.5 mm, which is much thicker than the normally used 

transparent PTFE film. The film we had for our flow tube system is a PTFE film coated with an 

aluminum foil (nontransparent), so it can reflect the sunlight very effectively. This kind of film is 

commercially available and especially used for blocking the sunlight and insulating the heat going 

into the sampling box. For our case, we can say there was no light in the sampling box or the light 

intensity was extremely low during daytime. Therefore, our flow tube system didn’t suffer from 

diurnal light fluctuations.  

To let the readers understand our flow tube system more easily, we have modified the statement 

as follows:  

 

“2.2 Measurement site, experimental setup and operation 

…Two openings on the sampling box allowed for direct access of ambient air into the flow tube system. The sampling 

box was covered with a non-transparent PTFE film (coated with an aluminium foil and with a total thickness of ~ 0.5 

mm) that functioned as both a reflector for sunlight and a shelter from rainwater. The flow tube system consisted of a 

sample channel and a reference channel.” 

Comments and suggestions: 

My next questions are related to potential contributions from microbial activity or background. 

The authors write in Section 2.1 that they sterilized soil using the autoclave technique to eliminate 

“primary microbial impact on VOC exchange.” This technique exposes the sample to high 

temperature (often with steam) and pressure to destroy microorganisms; often this must be 

repeated several times. Despite these efforts, it has been shown that the method does not guarantee 

that all microbes are eliminated since recalcitrant temperature-resistant spores or dormant states 

protected in the soil matrix may remain viable through this process. Did the authors do anything 

to verify that the samples were free of microbial activity after the system was autoclaved (e.g., 

RNA analysis or enzyme assays) or after a full month of experiments had been performed? Related 

to this, how long was a coated batch of soil in place on the flow tube wall? I may have missed this, 

but was a single sample present for the entire 1-month field campaign, or was it changed frequently. 

If so, please indicate how frequently the soil sample was changed. If it was changed, were samples 

comparable? i.e., was the thickness and coverage the same, etc. Did the uptake coefficients 



measured for a given compound increase or decrease as the campaign proceeded, indicating 

possible contribution of surface saturation effects or changes in microbial activity of the soil? 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

The autoclaving method shows the strongest effect on eliminating biotic activities compared with 

other sterilization methods, as proved by previous studies (Razavi darbar and Lakzian, 2007). 

Razavi darbar and Lakzian found that the colony forming unit (CFU, a unit used to estimate the 

number of viable bacteria or fungal cells in a sample) of the soil sample after autoclaving was less 

than 0.5% of that of the unsterilized soil sample, suggesting very small fraction of living or 

dormant microbes was left after the sterilization treatment. During the one-month field campaign, 

a PTFE membrane filter was installed upstream of the flow tube system and this operation could 

prevent the bacteria in the ambient air from inhabiting on the soil sample during the field 

measurement. Unfortunately, we didn’t do further RNA analysis or enzyme assays to check the 

microbial activities before and after the campaign. But we assumed that in our case the microbial 

effects were unsignificant compared with the physicochemical processes. For the whole 

measurement time period, we only used one single sterilized soil sample to simulate/reflect the 

long time interaction between soil and the atmosphere in the real world. As mentioned in the 

manuscript, prior to the VOC exchange experiment under ambient conditions the freshly coated 

tube was flushed with N2 to scrub potential VOC impurities from the soil and this procedure could 

provide adsorption-sites devoid of reversibly absorbed VOCs on the soil surface as well as within 

the soil pores, and therefore allow focus on uptake kinetics from the initial phase (VOCs-free soil) 

of the exchange experiment. Therefore, along with the field measurement the soil sample would 

gradually get saturated and this could definitely contribute to the observed decrease of the uptake 

coefficients. More details regarding soil saturation can be found in Sect. 3.3 in the manuscript.  

Comments and suggestions: 

I am not as familiar with the nuances of PTR-MS ion chemistry. The authors used m/z 47 to monitor 

and quantify formic acid, methanol, and dimethyl ether. Formic acid forms a major part of the 

story here, so it is important to understand and correct for interferences if they exist. Was the MS 

of sufficient resolution to discern between these isomers. The authors say the ambient 

concentrations are supposed to be low at this site, but don’t mention if they measured them (e.g., 

https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Fungal


with GC/MS method) during this particular field campaign. With all these interferences, how can 

the authors be sure that the signal at m/z 47 is entirely due to formic acid? Also, do the authors 

expect any interferences from nitrous acid at this mass? Over a month of measurement, nitrous 

acid will deposit on all surfaces and eventually outgas in quantities that may pose a serious 

problem if PTR-MS is sensitive to it. I would be interested in knowing the answer to this as it may 

impact interpretation of the formic acid data. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

Here we first give a brief introduction of the working principle of a PTR-MS. After having a 

general idea of the working principle, our responses to the reviewer’s comments can be more easily 

understood.  

Within a PTR-MS instrument, one part called ion source can generate hydronium ions (H3O
+) with 

high purity. These hydronium ions then go to a drift tube to have proton transfer reactions.  In the 

drift tube, the species (R) with a higher proton affinity than H2O can have proton transfer reactions 

with H3O
+ :  

R + H3O
+  RH+ + H2O 

The product ions RH+ will then go through ion interfaces and finally be detected by a mass analyzer 

in the PTR-MS (Bin et al., 2017). Therefore, only the protonated molecules (i.e., ions) can be 

detected by a PTR-MS. PTR-MS only obtains the mass-to-charge ratios (m/z) of the ions and does 

not provide a priori information on the compounds contributing to a particular m/z (Bin et al., 

2017).  

The m/z of 47 can be attributable to several species including formic acid, ethanol and dimethyl 

ether. The potential interference of nitrious acid to measurement of formic acid by the PTR-MS 

technique cannot be possible, because the m/z of protonated nitrious acid (H2NO2
+) would be 48.  

During the field measurement, unfortunately, we didn’t measure the ambient concentrations of 

ethanol and dimethyl ether. However, the atmospheric abundance of ethanol and dimethyl ether in 

similar urban site has previously been found to be low (Good et al., 1998;Monod et al., 2003;Jia 

et al., 2012), giving rise to a measurement uncertainty within ± 30%. 

Comments and suggestions: 



I also have a question about the measurement uncertainty present in the raw data depicted in 

Figure 4a and 5a. In Figure 5a, for example, two data traces are overlaid for each compound 

measured – one for the coated wall tube and one for the blank Teflon tube (the reference). The 

difference is used to determine the uptake coefficient. Are the traces in the coated tube and 

reference tube significantly different (statistically)? Ideally, we would see the confidence intervals 

on each data point on these graphs so we can tell if the difference between the coated wall and 

reference tubes is indeed significant? In Figure 5a, is there a way to: (1) make the traces more 

visible (the dotted line is barely visible), and (2) is there a way to show confidence bands for each 

data set (coated wall and reference tube) on the same plot. Perhaps this figure could be expanded 

to take up two pages in the Supplement to show more detail? 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

The measurement uncertainties of the presented VOCs (as shown in Figure 5a) can be found in the 

manuscript (Sect.2.2):  

 

“…Uncertainties of measured species except for formaldehyde, formic acid and acetic acid were about 5% - 15%.” 

 

The measurement uncertainties of the presented inorganic air pollutants (as shown in Figure 4a) 

have been added in Sect. 2.2:  

 

“…In addition to measurements of VOC species by the PTR-MS, several common air pollutants were also monitored 

by Thermo Scientific analyzers: O3 (Model 49i, UV photometric O3 analyzer), CO (Model 48i, trace-level-enhanced 

gas filter correlation CO analyzer), NOx (Model 42i, trace level chemiluminescence NO-NO2-NOx analyzer) and SO2 

(Model 43i, trace-level-enhanced pulsed fluorescence SO2 analyzer). These analyzers were calibrated every three days 

and uncertainties of these measured air pollutants were less than 5%.”  

 

In Figure 5a, the dotted lines have been changed into black solid lines to make them more visible. 

The modified Figure 5 is as follows:  



 

 

Figure 5. (A) 

 

 

Figure 5. (B) 

Figure 5.  Time series of observed ambient air mixing ratios of VOCs and air temperature and relative humidity (A), and respective 

mean diel courses (B). Colorful lines in (A) denote ambient air mixing ratios at the outlet of the reference tube Cr, and black lines 

at the outlet of the sample tube Cs. In (B), symbols denote individual hourly averaged data, and the thick solid lines respective mean 

diel profile. Thin dashed lines represent one standard deviation (± 1 SD) from the mean value.  

 

In order to clearly see the confidence bands for each data set, we have shown the confidence bands 

of each VOC species in Fig. S.2 in the supplement:  



 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 



 

Figure S.2. Time series of ambient air mixing ratios of the examined VOCs. The lines mean the best estimation 

by the PTR-MS: colorful lines denote Cr and black lines denote Cs. The confidence bands (best estimate ± 

measurement uncertainties) are shown as the orange shaded areas (for Cr) and gray shaded areas (for Cs).  

Comments and suggestions: 

Lastly, for Figure 3, I feel that the terms Ra and Rb should be specifically defined (as the 

aerodynamic and quasilaminar resistance) in the figure caption. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

We have defined the terms Ra, Rb and Rc in the caption of Figure 3.  

The modified figure caption is as follows:  

 

 



Figure 3. Schematic of the resistance model for VOC species dry deposition on soil. Ra: aerodynamic resistance; Rb: quasi-laminar 

layer resistance; Rc: soil surface resistance.  
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Response to Anonymous Referee #2 

We thank the reviewer for the constructive suggestions/comments. Below we provide a point-by-

point response to individual comment (Reviewer comments and suggestions are in italics, 

responses and revisions are in plain font; revised parts in responses are marked with red color; 

page numbers refer to the modified ACPD version). 

Comments and suggestions: 

This manuscript reports on observations of VOCs during an ambient field-based study of the 

physiological partitioning of compounds to and from a sterilized soil surface. The authors use a 

coated flow tube referenced to a soil free ambient air cell to determine the directionality and 

strength of VOC fluxes. The study concludes that for all VOCs observed the net flux is a soil surface 

sink, whereas formic acid production is consistently observed. This is a well-organized, well-

written work and clearly presents the results from these experiments. It is my opinion that this 

work does fit within the scope of ACP and should be accepted with the addition of minor additional 

discussion and edits. 

Responses and Revisions: 

Thanks for the positive comments and feedback from the reviewer.  

Comments and suggestions: 

Briefly, there seems to be a general lack of justification for the identification of several of the key 

ideals presented in the manuscript. (1) there is a strong push by the authors that this sterile soil 

system is representative of natural processes that seems to be weakly supported. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

In this manuscript we used sterilized soil to investigate the physicochemical processes of different 

VOC species on soil surfaces. As the reviewer pointed out, it is true that the sterilized soil system 

cannot totally represent natural processes. Because we all know that the natural processes on soil 

involve both biotic and abiotic activities/reactions, and the intrinsic mechanisms can become more 

complicated with all the factors (biotic and abiotic) involved. From a point view of research 

methodology, if we want to know the role that each part plays (i.e., biotic processes versus abiotic 



processes) we first need to investigate them separately. Therefore, here we tried to preclude the 

influence of biotic activities and only focus on the abiotic reactions (i.e., physicochemical 

processes). The advantage of our soil system was that it allowed real ambient air react with 

sterilized soil for a very long time period (one month). The exchange properties we observed here 

can generally reflect the physicochemical aspect on bare soil.  

Comments and suggestions: 

(2) there is a large jump evoking heterogeneous chemistry that is not obvious to the reader with 

the only evidence being emission versus uptake.  

Responses and Revisions: 

Thanks for the reviewer’s comments. 

Heterogeneous chemistry/reactions involve species that are distributed in different phases or are 

occurring at an interface (Ravishankara, 1997;Rossi, 2003). In our study, we investigated the 

exchange characteristics of VOCs at the atmosphere-soil interface. By using our coated-wall flow 

tube technique, the observed VOC uptake and emission on soil provided us direct evidence that 

some VOC species migrated from the atmosphere/soil into the soil/atmosphere through potential 

physicochemical processes on soil surfaces. In this way, we classified the physicochemical 

processes on soil that we found here into heterogeneous chemistry.                                                                                                                                                                                                                                    

Comments and suggestions: 

(3) a focus is placed on formaldehyde oxidation to formic acid when all observed VOC species are 

anticorrelated with the only species emitted, formic acid. In fact on that last point there are two 

compounds that anticorrelate with formic acid better than formaldehyde (figure 9). The authors 

should return to the manuscript and provide better justification on why these hypotheses are being 

made. The leap to these conclusions may be obvious to the authors however, I believe better 

justification is necessary for the benefit of the reader. 

Responses and Revisions: 

The reviewer is right. According to the VOC exchange correlation analysis in the manuscript (Sect. 

3.6), we found several species (i.e., acetone, isoprene, formaldehyde, styrene and methanol) 

showed high anti-correlation with formic acid.  Without direct experiment/field observation 

evidence showing the emission of formic acid is only due to the heterogeneous transformation of 



formaldehyde, we should be more strict to our wording in the manuscript. We have rearranged the 

context in Sect. 3.6 and Sect. 4.1 in the manuscript to provide better justification.  

The rearranged Sect. 3.6 and Sect. 4.1 are as follows: 

“3.6 VOC exchange correlation analysis 

As discussed above, the uptake dynamics of one individual VOC species may be biased, either (i) by competitive co-

absorption of other VOCs or trace gases from ambient air (Lichtin et al., 1996;Ao et al., 2004), or (ii) by formation on 

the soil through heterogeneous conversion of precursor compounds that have been absorbed earlier (Ammann and 

Pöschl, 2007;Pöschl et al., 2007), or (iii) by depletion of the individual VOC species due to heterogeneous degradation. 

To explore potential interactions/interferences of VOC species among each other, correlation analyses of the exchange 

rates (i.e., the concentration difference between the reference channel and the sample channel Cr – Cs times the 

volumetric flow rate F) of measured VOC species are conducted for each pair of species. The results are presented in 

Fig. 9 in terms of Pearson correlation coefficients, together with the molecular structure of each investigated species. 

The interplay of sorption, heterogeneous reactions and desorption kinetics of VOCs is complex, and heterogeneous 

reactions may require time periods from milliseconds to weeks or even months to reach equilibrium (Xing and 

Pignatello, 1996;Ammann and Pöschl, 2007). Hence, to also account for slow kinetics, the correlation analysis in Fig. 

9 is based on daily integrals. VOC exchange rates instead of uptake coefficients are used to allow for a budget 

approach. Positive correlations are indicated in red colors, and some pairs of VOC species show high positive 

correlation (deep red color code in Fig. 9), suggesting they have similar exchange characteristics. For example, MVK 

and MACR are the first generation oxidation products of isoprene (Jordan et al., 2009). Thus, the observed high 

correlation coefficient between MVK+MACR and isoprene can be explained by their similar molecular structures 

shown in Fig. 9. The same holds for the strong correlation between methanol and formaldehyde, methanol and acetone, 

as well as for MEK and acetone: similar molecular structures and functional groups result in analogous exchange and 

reaction mechanisms on soil. 

 

Negative correlations in Fig. 9 are indicated in blue colors. As aforementioned, formic acid is at the very end of the 

VOC oxidation chain, and is exclusively emitted from the soil sample while all other VOCs tend to be taken up. Thus, 

correlations of formic acid with other VOCs are negative as such (blue in Fig. 9). High negative correlation coefficients 

are obtained between formic acid and some species (i.e., acetone, isoprene, formaldehyde, styrene and methanol), 

indicative of possible generation and emission of formic acid due to heterogeneous transformation of these deposited 

compounds.  



4. Implications for atmospheric chemistry 

4.1 Formic acid formation through heterogeneous transformation of deposited VOCs 

We know from the above discussions that several VOC species including acetone, isoprene, formaldehyde, styrene 

and methanol show high anti-correlation with formic acid, suggesting the existence of one or several pathways for 

formic acid formation through heterogeneous reactions of these VOC precursors. 

 

In the atmosphere, photo-oxidation of acetone contributes to the abundance of formic acid, and the dominant pathway 

for formic acid formation via acetone photo-oxidation is the reaction of OH radical with acetone-derived formaldehyde 

(Chattopadhyay et al., 2015). Formic acid production through photo-oxidation of isoprene has been found under high 

NOx circumstances (Paulot et al., 2009). Under ambient conditions, gas phase reactions of styrene with OH radical 

and O3 can occur respectively, with formaldehyde and benzaldehyde as major products and formic acid as the minor 

(Tuazon et al., 1993). Methanol has been reported to play an important role in upper tropospheric photo-oxidation 

chemistry via its contribution to the HOx budget after its oxidation to formaldehyde (Tie et al., 2003;Singh et al., 

1995;Singh et al., 2000;Singh et al., 2004;Colomb et al., 2006). Notably, formaldehyde is an important intermediate 

of VOC oxidation and a direct precursor of formic acid (Adewuyi et al., 1984;Chameides, 1984). Moreover, the results 

in Sect. 3.2 and Sect. 3.3 tell us that formaldehyde shows continuous and even increasing uptake during the whole 

field measurement (see Fig. 5A and 6A). All these results evidence formaldehyde may act as the best candidate for 

heterogeneous formation of formic acid on soil.  

 

In terms of physicochemistry, formaldehyde is much less stable than formic acid (~ 1 day versus ~ 25 days of mean 

atmospheric chemical lifetime, see Millet et al., 2015), which indicates its faster turnover rates also on soil surfaces. 

Moreover, the mean retention coefficient of formaldehyde has been shown to be considerably higher than for formic 

acid in cloud/ice water (Jost et al., 2017), inferring a reasonable explanation for the preferential release of the organic 

acid from the soil. Furthermore, aldehydes in general undergo accretion reactions (i.e., aldol condensation type 

reactions) in acidic media and similar chemistry has been shown to occur on mineral oxides (Li et al., 2001), therefore 

mineral-rich bare soils can serve as a sink for these compounds. According to our results, formaldehyde is a relatively 

reactive short-term intermediate for formic acid production, rather than being directly released to the atmosphere under 

authentic ambient air oxidizing conditions in Beijing city. In general, a catalytic effect of soil can be anticipated by its 

composition of a variety of mineral oxides (silicon oxide, iron oxide and titanium oxide, etc.). Therefore, our soil 

sample may serve as a catalytic surface for degradation of the deposited precursors with formaldehyde as the most 

important intermediate, which can be further oxidized to build up formic acid by heterogeneous reactions on the soil, 

followed by formic acid emission. This catalytic effect may be further enhanced by the co-existence of other deposited 

oxidants (O3, OH radical, NO2 and peroxides, etc.) on the soil surfaces. More research is needed to confirm the 

speculation made here.” 

 



Comments and suggestions: 

The strength of the arguments here would have been significantly enhanced by using a third cell 

comparing sterile soil to a representative soil sample that had not been autoclaved, perhaps the 

authors have results from experiments like that? Without those comparisons, I would like to see 

additional discussion in the conclusions section comparing similar VOC study observations to the 

results observed here in detail. The previous studies performed on this topic, many of which were 

cited, observe dramatic differences in VOC flux directionality with the addition of a litter layer, 

or microbes/fungi. Putting these results in context, more so than has already been done, will allow 

the reader to better determine the representativeness of these results and therefore the potential 

impact. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

As mentioned in the manuscript, our study was aimed to investigate the physicochemical 

background of VOC exchange on soil independently from biological activity. We agree with the 

reviewer’s suggestion that a comparison between sterilized soil and naturally non-sterilized soil 

would definitely enhance the strength of our arguments. As we didn’t perform the experiments 

using non-sterilized soil during the field measurement, here we have added additional discussions 

in the conclusion section:  

 

“…At ambient atmospheric conditions, both the relatively low uptake coefficients derived for the majority of VOC 

species and the emission of formic acid from the soil to some extent challenge the applicability of models using uptake 

coefficients derived from laboratory-based uptake measurements, where single VOC species or simple mixtures are 

supplied using purging air devoid of oxidizing agents. Field measurements as presented here, with all relevant 

parameters changing in concert, may call attention for the existence of yet unknown interferences or synergetic effects.  

 

As our soil sample is sterilized, the uptake and emission characteristics observed in this study can reflect the 

contribution of abiotic processes in soil regarding VOC exchange at the atmosphere-soil interface. However, natural 

soils are a complex ecosystem including leaf litter, plant roots, microorganisms and soil particles. Taking the biotic 

processes and different soil types into account may produce different results from we observed here. Previous studies 

have shown that soil can be a source of short-chain oxygenated VOCs and terpenes due to emissions of soil vegetation 

(e.g., grass and crops), degradation of leaf litter and other activities of soil living organisms (Schade and Goldstein, 

2001;Hayward et al., 2001;Gray et al., 2010;Chen et al., 2004;Lin et al., 2007;Scholler et al., 2002;Rossabi et al., 

2018). For example, Leff and Fierer (2008) found that litter samples could produce more types of VOCs than the soil 



samples without litter covers, indicating degradation of soil litter can be an important source of VOC emission. On 

the other hand, other studies have observed deposition of several categories of VOCs (e.g., alcohols, aldehydes and 

monoterpenes) on various types of soils (Asensio et al., 2007;Asensio et al., 2008;Aaltonen et al., 2013;Gray et al., 

2014). Considering that the results obtained in the present study can only address the effects of physicochemical 

processes on VOC exchange, follow-up studies are needed to explore the contribution of soil living organisms (e.g., 

bacteria, fungi) to VOC exchange at the soil-atmosphere interface.” 

Comments and suggestions: 

As is, I am not sure that the physiological processes observed here will be paramount to the 

biological processing of VOCs, and thus the question, will these mechanisms even matter in a real 

soil situation or be diluted or obscured by other more dominant processes. That discussion is 

necessary to justify the exercise of scaling up the rates of formic acid emission observed here in 

an attempt to establish the importance of this ‘new’ source of formic acid. One could very easily 

make the argument that instead of VOCs undergoing heterogeneous oxidation to formic acid on a 

sterile medium, those VOCs will be consumed by microbes/fungi removing precursor material and 

thereby terminate the formic acid production scheme introduced here. At a minimum the authors 

should more clearly indicate the limitations of this study in this context and the assumptions being 

made to justify scaling of this potential formic acid source. 

Responses and Revisions: 

Thank the reviewer for pointing this issue out.  

In a real soil situation, the physicochemical (abiotic) processes are often combined with biotic 

processes. The dominance of one over the other is influenced/controlled by changing 

environmental factors (i.e., temperature, relative humidity and photochemistry) and/or soil types. 

As discussed in the manuscript, soils can be either sources or sinks for different kinds of VOCs. 

This difference of soils’ role in affecting the exchange properties of VOCs is likely due to varying 

soil vegetation and/or microbial communities in different soil types. However, here we assume 

that physicochemical processes on soil surfaces (more likely on soil solid phase through 

heterogeneous chemistry) can be a common phenomenon, which is occurring in parallel with biotic 

processes. Because the solid phase of soil, which includes minerals and organic matter (with 

minerals content much higher than organic matter), are generally stable in nature 

(https://www.ctahr.hawaii.edu/mauisoil/a_comp.aspx). We think that the results obtained in our 

study can address the potential contribution of soil particles to formic acid budget from a 



physicochemical (heterogeneous chemistry) point of view, especially when the soil is dry and the 

microbial activities are low under some specific situations. We believe our study can provide 

helpful information or a valuable reference for related model calculation and field campaign 

studies involving formic acid budget analysis. For example, in a recent campaign in the high Arctic, 

Mungall et al. (2018) speculated that heterogeneous chemistry could act to oxidize organic 

molecules present on soil surfaces and serve as a source for formic and acetic acid. Unfortunately, 

due to the lack of information, they couldn’t assess the extent of the contribution of heterogeneous 

oxidation processes to the observed formic and acetic acid.   

 Following the review’s suggestions, we have added additional discussions in the Sect. 4.2:  

 

“…Note that the magnitude of the emission rate here used for calculation also depends on the mixing ratio levels of 

ambient VOC precursors and other environmental parameters such as temperature, relative humidity and 

photochemistry on soil surfaces. Due to the design of our experimental setup, no sunlight reaches the soil surfaces 

(see Sect. 2.2). But one can imagine that the existence of sunlight would enhance the catalytic effect of soil minerals 

(e.g., titanium oxide) and, the soil surface will become hotter and thus make soil dry out faster. These changes may 

influence the exchange rates of the examined VOCs through the following ways: (1) high catalytic efficiency may 

accelerate transformations of deposited VOC precursors and the formation/emission of formic acid; (2) high 

temperatures of soil may let more adsorbed VOC molecules escape from soil surfaces through evaporation and 

decrease their uptake;  (3) low amounts of water on soil may increase the uptake of some hydrophobic VOC species 

and decrease the uptake of some hydrophilic VOCs. The combined effect of these three aspects may even tell another 

different story, which deserves further studies. In a real soil situation, the physicochemical (i.e., abiotic) processes are 

often combined with biotic processes. The dominance of one over the other is influenced/controlled by changing 

environmental factors (i.e., temperature, relative humidity and photochemistry) and/or soil types. However, here we 

assume that physicochemical processes on soil surfaces (more likely on soil solid phase through heterogeneous 

chemistry) can be a common phenomenon, which is occurring in parallel with biotic processes. Because the solid 

phase of soil, which includes minerals and organic matter (with minerals’ content much higher than organic matter), 

are generally stable in nature (https://www.ctahr.hawaii.edu/mauisoil/a_comp.aspx). We think the results obtained in 

our study can provide a helpful reference regarding the potential contribution of soil particles to formic acid budget 

from a physicochemical (heterogeneous chemistry) point of view, especially when the soil is dry and the microbial 

activities are low under some specific situations. Considering the still poorly understood budget of formic acid (Millet, 

2012;Paulot et al., 2011), more investigations are needed to quantify the contributions of different types of soil as a 

potential source of formic acid under different environmental conditions.”  

 

Comments and suggestions: 



It may be worth discussing the effect that RH has on the mobility of a given molecule with respect 

to diffusion into the bulk soil sample. This could explain the counterintuitive dependence of 

hydrophobic molecules on RH, where by surface sites become ‘washed’ meaning molecules are 

drawn into the bulk of the soil sample leaving additional bonding sites on the surface thereby 

increasing the rate of uptake. When the soil dries presumably VOCs that have been washed into 

the bulk of the soil sample will remain there as the diffusion timescales will be considerably longer. 

This surface absorbed water also has the potential to promote aqueous reactions that may produce 

products are a higher rate that simple gas phase heterogeneous reactions. This could be of 

particular importance to the formic acid source that is implied from your observations. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

As proposed by the reviewer, the effect that RH has on the mobility of hydrophobic molecules is 

a good point worth discussing in the manuscript.  

Therefore, we have added more discussions concerning the RH dependence in Sect. 3.5: 

 

“…However, the uptake coefficients of hydrophobic isoprene and its primary degradation products (i.e., 

MVK+MACR) also increase at high RH. This counterintuitive dependence may also be explained in another way: 

more water molecules can push more hydrophobic species into the soil bulk, leaving additional adsorption sites on 

soil surfaces and thereby increasing its uptake; As the soil becomes dry, the VOC molecules in the soil bulk will remain 

in situ considering that the timescales of soil bulk diffusion are considerably longer than on soil surfaces. From the 

physical perspective of vapor pressure, increased temperature leads to decreased trace gas uptake and increased 

emission. This is in line with the decreased uptake of isoprene at higher temperatures shown in Fig. 8. However, the 

uptake coefficients of acetaldehyde show a slight increasing trend as a function of T.” 

Comments and suggestions: 

Presumably, from the setup described, there is no light reaching the soil surface. Do the authors 

have any comments as to how the lack of light on the soil surface would change the partitioning 

and potential chemistry that would have otherwise been occurring. It would seem that soils would 

have dried out faster, local soil surface temperatures would have been hotter, and a few other 

important changes. It would be beneficial to this manuscript to discuss this aspect of the work as 

the authors do heavily rely on these results being as field representative as possible. 

Responses and Revisions: 



Thanks for the reviewer’s comments.  

Concerning the potential effect of sunlight on VOC exchange at the atmosphere-soil interface, we 

have added relevant discussions in Sect. 4.2:  

 

“…Note that the magnitude of the emission rate here used for calculation also depends on the mixing ratio levels of 

ambient VOC precursors and other environmental parameters such as temperature, relative humidity and 

photochemistry on soil surfaces. Due to the design of our experimental setup, no sunlight reaches the soil surfaces 

(see Sect. 2.2). But one can imagine that the existence of sunlight would enhance the catalytic effect of soil minerals 

(e.g., titanium oxide) and, the soil surface will become hotter and thus make soil dry out faster. These changes may 

influence the exchange rates of the examined VOCs through the following ways: (1) high catalytic efficiency may 

accelerate transformations of deposited VOC precursors and the formation/emission of formic acid; (2) high 

temperatures of soil may let more adsorbed VOC molecules escape from soil surfaces through evaporation and 

decrease their uptake; (3) low amounts of water on soil may increase the uptake of some hydrophobic VOC species 

and decrease the uptake of some hydrophilic VOCs. The combined effect of these three aspects may even tell another 

different story, which deserves further studies.” 

Comments and suggestions: 

Just an idea, there may be a promotion of the uptake rate for acetaldehyde with increasing mixing 

ratios if the acetaldehyde dimer were involved in a reaction. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

Following the other reviewer’s suggestions, we have made a new figure as a replacement of the 

original Fig. 8 in the manuscript. In the new figure, we show the RH and T dependence of uptake 

coefficients of the VOC species when they have a small variation of their ambient mixing ratios 

C, assuming that this small variation of C would not have a big effect on gamma. Moreover, the C 

dependence is shown when the RH is constant at 50%. In the new Fig.8, the uptake coefficients of 

acetaldehyde show a slight decreasing trend as a function of its mixing ratios. This dependence is 

contrary to that we had in the previous version. But here as we check the C dependence when RH 

is constant, this dependence should more precisely reflect the effect of mixing ratios on its uptake 

rate.  

The new Fig. 8 is as follows: 



 
 

 
Figure 8. Dependence of uptake coefficients on ambient relative humidity (RH), temperature (T) and mixing ratios (C). Minimum, 

25th, 50th, 75th percentile and maximum of the box-and-whisker plots are indicated by bars. The uptake coefficient dependence is 

based on the hourly averaged data, and the RH and T dependences are plotted when C is varied within a very narrow range (nearly 

constant) and C dependence is plotted when RH equals to 50%. Note that negative uptake coefficients indicate emission. For details 

see text.  
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Comments and suggestions: 

On page 12 a large leap is made when the idea of surface reactions of VOCs is thrust into this 

manuscript seemingly without justification or evidence that these types of reactions are occurring. 

What evidence is there for soil surface reactions at this point in the paper? 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

We have added more discussions in Sect. 3.3 (page 13), to show the evidence: 

 

“The observed uptake/emission in Fig. 6 can be caused by pore diffusion and soil surface processes (i.e., 

adsorption/desorption equilibrium and chemical reactions). As aforementioned, the time scale of VOC diffusion 

through soil pores is around 25 min. This time scale is several orders less than our whole field campaign time period 

(i.e., 1 month), suggesting that pore diffusion is not the limiting factor of the uptake/emission found here. After the 

significant absorption saturation on soil in the first few days (see Fig. 6A), the subsequent relatively stable uptake for 

most of the VOC species can be due to chemical reactions on soil surfaces.  Our previous laboratory study of 

formaldehyde uptake on soil has proved that the observed uptake is a combination of adsorption/desorption 

equilibrium and chemical reactions (Li et al., 2016). …”  

Comments and suggestions: 

The paragraph on page 12, line 19 is very difficult to understand. The first sentence is confusing 

introducing surface reaction, but only instead of diffusion into pores? This section needs to be 

clarified. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

In order to let the readers easily understand the chemical reactions on soil surfaces mentioned in 

the paragraph on page 12 (now on page 13 of the modified version), we added more discussions 

in front of the paragraph: 

 

“The observed uptake/emission in Fig. 6 can be caused by pore diffusion and soil surface processes (i.e., 

adsorption/desorption equilibrium and chemical reactions). As aforementioned, the time scale of VOC diffusion 

through soil pores is around 25 min. This time scale is several orders less than our whole field campaign time period 

(i.e., 1 month), suggesting that pore diffusion is not the limiting factor of the uptake/emission found here. After the 

significant absorption saturation on soil in the first few days (see Fig. 6A), the subsequent relatively stable uptake for 

most of the VOC species can be due to chemical reactions on soil surfaces.  Our previous laboratory study of 



formaldehyde uptake on soil has proved that the observed uptake is a combination of adsorption/desorption 

equilibrium and chemical reactions (Li et al., 2016). From a perspective of kinetic gas theory, the derived uptake 

coefficients can be further used to determine VOC surface reaction rates on soil which are only caused by reactions 

on soil surface instead of diffusion into soil pores under steady state conditions (i.e., after significant absorption 

saturation of the soil sample in the first few measurement days in Fig. 6A). … ”  

  

Comments and suggestions: 

Page 7, line 29: “basing” should be ‘based’. 

Responses and Revisions: 

Corrected.  

Comments and suggestions: 

Page 8, line 12: what does “During the field measurement, the system was running in multiple ion 

mode” mean? Is this meaning the PTR-MS was using H3O+ and O2+ or NO+? Or is this just 

referring to stepping through the masses using the quadrupole. Because of the context, and what 

is currently being done in the PTR-MS/PTR-TOF field with multiple reagent ion modes, this needs 

to be explicitly stated. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

The system was running in multiple ion mode refers to stepping through the masses using the 

quadrupole. We have made an explicit statement concerning the multiple ion mode in Page 8: 

 

“During the field measurement, the system was running in multiple ion mode, where the quadruple switched between 

the selected masses.” 

Comments and suggestions: 

Page 8, line 17: I would rewrite this sentence as such, ‘Uncertainties of measured species were 

about 5% - 15%, with the notable exception of formaldehyde, formic acid and acetic acid.’ 

Responses and Revisions: 

Corrected.  

Comments and suggestions: 



Page 8, line 26: I suggest rewriting “the atmospheric abundance of ethanol and dimethyl ether is 

supposed to be low” to ‘the atmospheric abundance of ethanol and dimethyl ether in similar urban 

site has previously been found to be low. “Supposed to be low” is very nonscientific way of saying 

something. 

Responses and Revisions: 

Corrected.  

Comments and suggestions: 

Page 8, line 29: The line “The influences were corrected by introducing the m/z = 89 in the 

calculations (Yuan et al., 2013)” does not provide many details as to what was done. I do realize 

that they are in this publication but another half or full sentence on this would be helpful to the 

reader. As is this line reads as a fragment of an idea, e.g. what is m/z 89 and what calculation are 

you talking about? 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

We have rephrased this sentence to make it provide more details and the new sentence is as follows: 

“…Therefore, during calculations of acetic acid concentration the m/z = 89 (attributed to ethyl acetate) was introduced 

to correct for the influences (Yuan et al., 2013).”  

Comments and suggestions: 

Page 8, line 32: You need to define what CKD stands for here. 

Responses and Revisions: 

Corrected. 

Comments and suggestions: 

Page 9, line 32: I think the mention of Eqs. 19.14 and 19.17 is referring to equations in Seinfeld 

and Pandis 2016. It would be more appropriate to reprint these equations here is they are used in 

this work and cite them in full. 

Responses and Revisions: 

Corrected.  

 

Comments and suggestions: 



Page 14, line 6: This “On one hand”…”On the other hand” phrasing is suggestive of two 

contrasting ideas in competition. In your case these are additive issues/assumptions that limit the 

interpretation of these result. I would therefore recommend removing that phrasing scheme. 

Responses and Revisions: 

We thank for the review’s correction. We have removed the phrasing scheme.  

Comments and suggestions: 

Page 15, line 7: Acetaldehyde is not a hydrophobic molecule, and is in fact soluble in water in all 

proportions. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

Following the other reviewer’s suggestions, we have made a new figure as a replacement of the 

original Fig. 8 in the manuscript. And therefore the text in Sect. 3.5 has been revised accordingly. 

The sentence that the reviewer mentioned has been removed from Sect. 3.5.  

Comments and suggestions: 

Page 17, line 3: It is stated that “formaldehyde uptake reveal a relatively high correlation with 

formic acid emission”, however, I am not sure that his has been shown effectively. I also believe 

that there is a large anticorrelation of those two species not a correlation. Point number two 

should have a reference to the reaction of formaldehyde to formic acid. A bit later you need to 

change the word “evidence” to a more fitting verb, like ‘suggest’. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

We have rearranged the text in Sect. 3.6 and 4.1. In the new Sect. 4.1, we use “anti-correction” to 

replace “correlation” to show the relation between formaldehyde uptake and formic acid. The word 

“evidence” has been changed into “suggest”. The modified text in Sect. 4.1 is as follows: 

“4.1 Formic acid formation through heterogeneous transformation of deposited VOCs 

We know from the above discussions that several VOC species including acetone, isoprene, formaldehyde, styrene 

and methanol show high anti-correlation with formic acid, suggesting the existence of one or several pathways for 

formic acid formation through heterogeneous reactions of these VOC precursors. 

 



In the atmosphere, photo-oxidation of acetone contributes to the abundance of formic acid, and the dominant pathway 

for formic acid formation via acetone photo-oxidation is the reaction of OH radical with acetone-derived formaldehyde 

(Chattopadhyay et al., 2015). Formic acid production through photo-oxidation of isoprene has been found under high 

NOx circumstances (Paulot et al., 2009). Under ambient conditions, gas phase reactions of styrene with OH radical 

and O3 can occur respectively, with formaldehyde and benzaldehyde as major products and formic acid as the minor 

(Tuazon et al., 1993). Methanol has been reported to play an important role in upper tropospheric photo-oxidation 

chemistry via its contribution to the HOx budget after its oxidation to formaldehyde (Tie et al., 2003;Singh et al., 

1995;Singh et al., 2000;Singh et al., 2004;Colomb et al., 2006). Notably, formaldehyde is an important intermediate 

of VOC oxidation and a direct precursor of formic acid (Adewuyi et al., 1984;Chameides, 1984). Moreover, the results 

in Sect. 3.2 and 3.3 tell us that formaldehyde shows continuous and even increasing uptake during the whole field 

measurement (see Fig. 5A and 6A). All these results suggest formaldehyde may act as the best candidate for 

heterogeneous formation of formic acid on soil.” 

Comments and suggestions: 

Page 17, line 9: “indicates its faster turnover rates also on soil surfaces” should be reworded. 

Responses and Revisions: 

Thanks for the reviewer’s suggestion.  

The sentence has been reworded as follows: 

 

“In terms of physicochemistry, formaldehyde is much less stable than formic acid (~ 1 day versus ~ 25 days of mean 

atmospheric chemical lifetime, see Millet et al., 2015), indicating its faster turnover rates on soil surfaces.”  

 

Comments and suggestions: 

Page 17, line 14-19: Here you are identifying ambient constituents that could be used to support 

or contradict your proposed mechanism. You elude to SO2 observations on page 10, so does formic 

acid formation seem to be suppressed during periods of high SO2 as was found in AO et al. 2004? 

What about promotion by high NO? The soil is sterile so it should not be producing NO however 

there is ambient NO that should be interacting with the soil surface, is the formic acid formation 

rate increased with high ambient NO? If there is no evidence for these correlations than why 

believe that these mechanisms are occurring? 

Responses and Revisions: 

Thanks for the reviewer’s comments.  



Based on our observation data, we checked the relation between the formation rate of formic acid 

and the ambient mixing ratios of SO2 and NO. We didn’t find these lab-observed phenomena as 

reported by Ao et al. (2004). Therefore, the related discussion regarding the work of Ao et al. (2004) 

has been removed from our manuscript. 

Comments and suggestions: 

Page 17, line 23: I think you really need to better justify the statement “formaldehyde as the most 

important intermediate”. It would seem to me that you are forcing a conclusion here when many 

of the organics being absorbed have the potential to oxidize and produce formic acid as an end 

product of oxidation. 

Responses and Revisions: 

Thanks for the reviewer’s comments.  

Here the statement of “formaldehyde as the most important intermediate” is referring to the 

discussion we have in the some section (modified Sect. 4.1): 

 

“...In the atmosphere, photo-oxidation of acetone contributes to the abundance of formic acid, and the dominant 

pathway for formic acid formation via acetone photo-oxidation is the reaction of OH radical with acetone-derived 

formaldehyde (Chattopadhyay et al., 2015). Formic acid production through photo-oxidation of isoprene has been 

found under high NOx circumstances (Paulot et al., 2009). Under ambient conditions, gas phase reactions of styrene 

with OH radical and O3 can occur respectively, with formaldehyde and benzaldehyde as major products and formic 

acid as the minor (Tuazon et al., 1993). Methanol has been reported to play an important role in upper tropospheric 

photo-oxidation chemistry via its contribution to the HOx budget after its oxidation to formaldehyde (Tie et al., 

2003;Singh et al., 1995;Singh et al., 2000;Singh et al., 2004;Colomb et al., 2006). Notably, formaldehyde is an 

important intermediate of VOC oxidation and a direct precursor of formic acid (Adewuyi et al., 1984;Chameides, 

1984)...” 

Comments and suggestions: 

Page 18: It seems a large stretch to indicate that the physiochemical properties of this soil sample 

used here, a completely sterilized medium with no ground cover, litter or impurities would be a 

good model for even barren land. Even in barren land such as Saharan soil samples there are 

microbes capable of interacting with the absorbed organics to alter the emission properties of the 

soil. It is necessary to mention the extent of the assumptions here to give an honest review of the 

potential impact of this suggested source. 



Responses and Revisions: 

Thanks for the reviewer’s comments.  

We have added more discussions in Sect. 4.2 to try to give an honest review of the potential impact 

of this suggested source: 

 

“…To the best of our knowledge, this study is the first trial to evaluate the potential contribution of physicochemical 

processes on soil under real ambient conditions to the atmospheric budget of formic acid.  Assuming the heterogeneous 

formation of formic acid also applies to other bare soil types around the globe, a global formic acid source strength of 

~ 0.24 Tg yr-1 can be estimated using the average emission rate obtained here and a global barren land (i.e., bare soil  

and land with very sparse vegetation) surface area of ~ 2.8 × 107 km2 (Roser and Ritchie, 2018). This source strength 

due to heterogeneous reactions on bare soils is comparable to that from anthropogenic and biofuel emissions (0.4 Tg 

yr-1 by Millet et al., 2015) but still much less than the missing source strength. Note that the magnitude of the emission 

rate here used for calculation also depends on the mixing ratio levels of ambient VOC precursors and other 

environmental parameters such as temperature, relative humidity and photochemistry on soil surfaces. Due to the 

design of our experimental setup, no sunlight reaches the soil surfaces (see Sect. 2.2). But one can imagine that the 

existence of sunlight would enhance the catalytic effect of soil minerals (e.g., titanium oxide) and, the soil surface will 

become hotter and thus make soil dry out faster. These changes may influence the exchange rates of the examined 

VOCs through the following ways: (1) high catalytic efficiencies may accelerate transformations of deposited VOC 

precursors and the formation/emission of formic acid; (2) high temperatures of soil may let more adsorbed VOC 

molecules escape from soil surfaces through evaporation and decrease their uptake; (3) low amounts of water on soil 

may increase the uptake of some hydrophobic VOC species and decrease the uptake of some hydrophilic VOCs. The 

combined effect of these three aspects may even tell another different story, which deserves further studies. In a real 

soil situation, the physicochemical (i.e., abiotic) processes are often combined with biotic processes. The dominance 

of one over the other is influenced/controlled by changing environmental factors (i.e., temperature, relative humidity 

and photochemistry) and/or soil types. However, here we assume that physicochemical processes on soil surfaces 

(more likely on soil solid phase through heterogeneous chemistry) can be a common phenomenon, which is occurring 

in parallel with biotic processes. Because the solid phase of soil, which includes minerals and organic matter (with 

minerals’ content much higher than organic matter), are generally stable in nature 

(https://www.ctahr.hawaii.edu/mauisoil/a_comp.aspx). We think the results obtained in our study can provide a 

helpful reference regarding the potential contribution of soil particles to formic acid budget from a physicochemical 

(heterogeneous chemistry) point of view, especially when the soil is dry and the microbial activities are low under 

some specific situations. Considering the still poorly understood budget of formic acid (Millet, 2012;Paulot et al., 

2011), more investigations are needed to quantify the contributions of different types of soil as a potential source of 

formic acid under different environmental conditions.”  

 

 



Comments and suggestions: 

Page 19, line 29: change “oxidizing” to ‘oxidized’. 

Responses and Revisions: 

Corrected.  

Comments and suggestions: 

In your conclusions you state that “The emission of formic acid is solely due to physicochemical 

processes (i.e., heterogeneous transformations of absorbed VOC precursors)” however there 

could also be a component that is due to reversible uptake of formic acid on the soil surface. Is it 

not possible that the formic acid is being taken up on the surface of the soil until the pH or water 

content reaches a particular turning point then it is volatilized to the atmosphere? You can say 

there is no net uptake of formic but you cannot say that none the molecules that are coming off the 

surface were previously in the gas phase. You are looking at the net process. 

Responses and Revisions: 

We thank the reviewer for pointing this out.  

The reviewer is right. The observed emission of formic acid can be due to its previous uptake and 

then re-emitted to the atmosphere as the soil pH or water content reaches a particular turning point. 

Yes, here in the conclusion we are talking about the net process.  

We have modified the statement in the conclusion part: 

 

“…The net emission of formic acid is solely due to physicochemical processes (i.e., heterogeneous transformations 

of absorbed VOC precursors) on soil, which represents an additional ground-based source of this organic acid.”  

Comments and suggestions: 

Page 20, line 12: change “for” to ‘to’. Also, I am not sure as to what the sentence is referring. 

There was no mention of interferences in the manuscript. Are the synergetic effects the formation 

of formic from VOC precursors? 

 

Responses and Revisions: 

Thanks for the reviewer’s comments.  



The “for” has been changed into “to” in the manuscript. Here we say “the existence of yet unknown 

interferences or synergetic effects” aiming to highlight the difference between ambient field 

measurements and laboratory experiments. Under ambient conditions, the air is a mixture 

including various trace gases (e.g., VOCs, oxidants, radicals) and aerosols, and all the 

environmental parameters change simutaneously. When we look at the exchange behavior of one 

VOC species at the atmosphere-soil interface, the other species (one or several) existed in the 

ambient air may interfere or have a synergetic effect on the observed exchange properties, making 

it different from those obtained from laboratory studies.  
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