
Response to Referee 2: 

We would like to thank Referee 2 for the detailed review of our manuscript and the valuable feedback. 

Changes of the manuscript are highlighted in blue and the referee’s comments in black. 

 

Referee 2: 

The manuscript by Dienhart et al. uses ship-based measurements of HCHO, H2O2, ROOH, OH, and HO2 

as well as actinic flux measurements in order to assess the oxidative budget of the marine boundary layer 

(MBL) around the Arabian Peninsula in Summer 2017. With such limited measurements over the open 

ocean in the literature, the authors possess a valuable dataset to assess model performance over such 

regions. The authors use their measurements to assess the general circulation model EMAC and also 

report nighttime deposition velocity measurements of HCHO and H2O2 over the Mediterranean and 

Arabian Seas.  

General comments: Ship-based measurements are difficult to perform, and so it is very impressive the 

authors were able to collect a dataset during AQABA of HCHO, H2O2, organic hydroperoxides (ROOH), 

OH, and HO2. A really decent job was done characterizing the uncertainty of their measurements given 

the circumstances of being on a ship. More will be discussed in the major revisions section below, but 

the lack of performing sensitivity tests with the EMAC model (such as by scaling VOC or other ship 

emissions to see impact on HOx and subsequently H2O2 and HCHO) made the model-measurement 

comparison of the paper weak. Additionally, several substantial questions arose while reading Section 

3.3 when the authors use the net photochemical production/loss of H2O2 to evaluate the discrepancy 

between measured and modeled HOx. At times, the manuscript reads as a "Measurement Report" as 

opposed to a "Research Article" for ACP. 

While the manuscript fits within the scope of ACP and presents a unique dataset for assessing oxidation 

chemistry in the MBL, major revisions are necessary when performing the model-measurement 

comparison, and so I would only recommend publication after the below issues are fully addressed. 

Authors could also consider turning the manuscript into a Measurement Report. 

Major Revisions: 

Abstract: The abstract does not report any quantitative conclusions from the study with several sentences 

better suited for the introduction as opposed to an abstract. For example, the authors could report their 

determination of the nighttime deposition velocities of H2O2 and HCHO over the Mediterranean and 

Arabian Seas since that would summarize their findings from Section 3.4. 

We agree and changed the abstract: 

‘Formaldehyde (HCHO), hydrogen peroxide (H2O2) and organic hydroperoxides (ROOH) play a key 

role in atmospheric oxidation processes. They act as sources and sinks for HOx radicals (OH + HO2), 

with OH as the primary oxidant that governs the atmospheric self-cleaning capacity. Measurements of 

these species allow evaluation of chemistry-transport models which need to account for multifarious 

source distributions, transport, complex photochemical reaction pathways and deposition processes of 



these species. HCHO is an intermediate during the oxidation of VOCs and is an indicator of 

photochemical activity and combustion related emissions. In this study, we use in situ observations of 

HCHO, H2O2 and ROOH in the marine boundary layer (MBL) to evaluate results of the general 

circulation model EMAC (ECHAM5/MESSy2 Atmospheric Chemistry). The dataset was obtained 

during the AQABA ship campaign around the Arabian Peninsula in summer 2017. This region is 

characterized by high levels of photochemical air pollution, humidity and solar irradiation, especially in 

the areas around the Suez Canal and the Arabian Gulf. High levels of air pollution with up to 12 ppbv 

HCHO, 2.3 ppbv ROOH and relatively low levels of H2O2 (≤ 0.5 ppbv) were detected over the Arabian 

Gulf. We find that EMAC failed to predict absolute mixing ratios of HCHO and ROOH during high 

pollution events over the Arabian Gulf, while it reproduced HCHO on average within a factor of 2. Dry 

deposition velocities were determined for HCHO and H2O2 during night with 0.77 ± 0.29 cm s–1 for 

HCHO and 1.03 ± 0.52 cm s–1 for H2O2 over the Arabian Sea, which were matched by EMAC. The 

photochemical budget of H2O2 revealed elevated HOx radical concentrations in EMAC, which resulted 

in an overestimation of H2O2 by more than a factor of 5 for the AQABA dataset. The underestimated air 

pollution over the Arabian Gulf was related to EMACs coarse spatial resolution and missing 

anthropogenic emissions in the model.’ 

Line 141: Authors contradict themselves when they state that HCHO "is not removed heterogeneously 

via deposition" and then in Lines 158-159 say "heterogeneous losses via wet and dry deposition also 

significantly influence the HCHO distribution". Line 141 is simply incorrect and should be fixed. 

Now corrected in the manuscript: 

Line 145: ‘Photochemical losses of HCHO are the reaction with OH and its photolysis (R15 – R17) (e.g. 

Heikes et al., 2001).’ 

Lines 161 – 163: ‘Wet and dry deposition are major loss processes of HCHO, even though it is less 

soluble than H2O2. Highest mixing ratios of HCHO are typically found in the boundary layer and 

decrease with altitude in the free troposphere (Zhu et al., 2020; Anderson et al., 2017; Stickler et al., 

2007).’ 

Section 2.7: Authors must mention how EMAC was initialized AND what was the spin uptime used in 

their model runs. Additionally, since HCHO is the tracer generally used to assess recent VOC oxidation, 

I was surprised the authors had no plots of whether EMAC over or underestimated the VOCs measured 

during AQABA (Line 290 suggests VOC measurements exist from the campaign). Seeing the VOC data 

would be helpful when looking at the model-measurement discrepancies of HCHO. 

We extended the description of the model run (Lines 294 – 303): 

‘The model simulations were carried out in the T106L31 resolution, which correspond to a grid of 

1.1° ∙ 1.1° (~110 km) with 31 vertical pressure layers and a time resolution of 10 minutes. The EMAC 

data was interpolated bi-linearly along the GPS track of the ship with the S4D submodel (Jöckel et al., 

2010). The model was initialized from a previous evaluated simulation (Pozzer et al., 2022) and started 

on the 1st of June 2017 covering the entire campaign. The dynamics have been weakly nudged (Jeuken 



et al., 1996; Jöckel et al., 2006) towards the ERA-interim data (Berrisford et al., 2011) of the European 

Centre for Medium-Range Weather Forecasts (ECMWF) to reproduce the actual day-to-day 

meteorology in the troposphere. The anthropogenic emissions are based on the Emissions Database for 

Global Atmospheric Research (EDGARv4.3.2). Further details are presented in Pozzer et al. (2022). 

Previous results of airborne and shipborne expeditions have been compared to EMAC (Fischer et al., 

2015; Klippel et al., 2011), also the AQABA datasets of NOx, O3 and VOCs during AQABA have been 

published (Tadic et al., 2020; Wang et al., 2020).’ 

Thanks for the idea of implementing the VOC measurements in the study, but these have already been 

published and compared to EMAC (see Wang et al., 2020; https://doi.org/10.5194/acp-20-10807-

2020) 

Lines 330-332: The logic is inconsistent. If it was deemed that HCHO data was contaminated by the 

ship exhaust plumes and thus should be filtered out, then the same filtering should apply to all other 

measurements. The authors mention that this contaminated air mass had high NOx levels, which would 

definitely have impacted the oxidative regime the instruments were sampling at that time. It would be 

an unfair comparison with EMAC to use measurement data that was known to be contaminated by 

Kommandor Iona because the model would not be expected to know those ship emissions. 

Thank you for this input, we agree that this comparison with EMAC is unfair, but still we decided to 

keep the analysis like it is. As mentioned in the manuscript there is no evidence that the stack emissions 

affected the peroxide measurements despite the known (marginal) NOx interference of the instrument 

(2 pptv H2O2 on average with a maximum interference of 48 pptv H2O2). Compared to the highly 

elevated mixing ratios in EMAC the effect on the comparison is negligible, it would not change the 

outcome to perform the analysis again. Other than that, the ship emission filter was applied for the 

calculation of the photochemical budget of H2O2. 

Line 455: It is vague and qualitative to just conclude that "VOC emissions in the Arabian Gulf need to 

be adjusted". How much do the emissions need to change? Is the necessary emission change even 

reasonable? Since the crux of the paper is the model-measurement comparison as stated in the title, then 

a sensitivity test should be performed and its results fully described by raising VOC emissions in EMAC 

by say 10% (or some number) and seeing whether that helps to close the discrepancy between the EMAC 

model and HCHO measurements and how the increased VOC emission impacts model oxidants like OH 

and HO2.  

In fact, no sensitivity tests were performed with the model on any regions in the manuscript. Evaluation 

of model performance as implied by the title would imply that the model would be run with different 

initial conditions or settings to see the impact on oxidants. 

We agree and changed lines 473 – 479: 

‘The model simulates the AS cleaner than it was observed, but the relatively low levels of HCHO over 

RS with winds from Eritrea (Fig. S2, S17) were overestimated. Analysis of the air mass origin showed 

that air masses over the Arabian Sea represented clean and aged conditions transported from the center 

https://gmd.copernicus.org/articles/15/2673/2022/#bib1.bibx63
https://gmd.copernicus.org/articles/15/2673/2022/#bib1.bibx65
https://gmd.copernicus.org/articles/15/2673/2022/#bib1.bibx10
https://gmd.copernicus.org/articles/15/2673/2022/#bib1.bibx10


of the Indian Ocean (Fig. S18). Given the multitude of potential HCHO sources both from direct 

emissions and a large variety of photochemical precursors, and the limited resolution of EMAC the 

agreement within a factor of 2 is satisfactory. The comparison of simulated HCHO based on a higher 

resolved model (WRF-Chem) did not improve the accuracy of HCHO and was thus not included in the 

manuscript.’ 

Thank you for the idea of the addition of a sensitivity test. We agree that it would improve the results, 

but in our opinion it exceeds the scope of this draft. With a regional or box model a sensitivity test would 

be highly valuable and less complex to perform. The scope of the manuscript was to analyze the 

oxidation budget in EMAC and compared it to the observations, not the perform a model optimization. 

The AQABA measurements were additionally compared to a regional model with an improved spatial 

resolution (WRF-Chem, ~10km grids). The higher spatial resolution did not improve the results over 

the Arabian Gulf for HCHO, but were based on a different emission database. Thus we decided not to 

include them in this manuscript. Some regions are improved compared to EMAC, probably due to the 

higher resolution, but the polluted regions were not matched: 

 

Section 3.3: The authors are attempting to use H2O2 to evaluate the discrepancy between measured and 

modeled HOx since the production of H2O2 depends quadratically on HO2 and its photochemical loss 

linearly on OH. They want to do this by only looking at the effect of photochemistry on the H2O2 mixing 

ratio (Line 547), or said another way, completely ignoring H2O2 deposition (ignoring the last term in 

Equation 4). 

While there's nothing intrinsically incorrect with Figure 6, I believe there's a grave error in Figure 7 

when the authors have to multiply the loss rate constants by the H2O2 mixing ratio (Line 546). The 

moment a person multiplies by the H2O2 mixing ratio, the assumption that the authors are only looking 



at effect of photochemistry on H2O2 production and loss breaks down since the H2O2 mixing ratio is the 

net result of photochemistry, deposition, and transport. I'm not entirely sure if it's justified a priori to say 

H2O2 deposition is negligible (particularly when one looks at Figure 11; bottom panel for H2O2 nighttime 

deposition velocities). 

Thanks for this input, we decided on purpose to display the losses of H2O2 in Fig. 6 without the 

multiplication with the H2O2 mixing ratio, so that the loss rate constants could be compared. By 

multiplication with the mixing ratio this plot only shows the obviously strong offset by EMAC. In Fig. 7 

these lose rate constants were multiplied by the H2O2 mixing ratios before the subtraction. 

The manuscript does not state that we want to neglect dry deposition of H2O2 during the day! In fact, 

we think that it might be a major issue for the discrepancy between EMAC and the observations besides 

the overestimation of HOx. The determination of the dry deposition during the day was not possible 

based on our observations, only an estimation could be done based on the PSS assumption and thus we 

cannot compare it to the model. Even though, it seems likely that dry deposition during the day may be 

more effective than during night e.g. due to enhanced turbulence.  

To make this clearer, we changed some sentences and added more information to the captions of Fig 6. 

Lines 562 – 563: 

‘Besides dry deposition, photochemical losses of H2O2 are the reaction with OH and photolysis, which 

were calculated according to Eq. 4, and displayed without multiplication of the H2O2 mixing ratio for 

the sake of comparability (Fig. 6).’ 

Lines 569 – 570: 

‘Loss due to dry deposition could not be determined during the day, but nighttime deposition velocities 

are calculated in section 3.4.’ 

Lines 572 – 574: 

‘Please note that in this term neither physical loss processes (e.g. deposition) nor transport are 

represented and thus it only reflects the effect of local photochemistry on the H2O2 mixing ratio.’ 

There's also an interesting case with the Mediterranean Sea (MS) in Figures 7 and 8 where the net 

photochemical production agrees yet there are significant model-measurement discrepancies between 

H2O2, OH, and HO2 mixing ratios in Figures 4 and 5. The authors only say that overestimated model 

photochemical production of H2O2 in MS is compensated by elevated losses via reaction with OH (Lines 

548-549) so that both model and measurement agree, but could the authors elaborate more and 

specifically say what's wrong with the HOx budget in the model based solely on looking at MS in Figure 

7? Related questions could be asked as well about the other regions. 

We agree that there are significant overestimated levels of both OH and HO2 (Fig. 4 and 5), yet the 

overestimation of HO2 over the MS is not as dramatic compared to other regions. The surprisingly well 

matched net photochemical production of H2O2 over the MS is caused by overestimated OH which 

compensates the too high levels of HO2. A similar case are the results for the net photochemical 



production over the northern Red Sea. We agree that the question arises: ‘Why is there a drastic offset 

in H2O2 while net photochemical production between observations and EMAC match?’.  

Many physical and heterogeneous processes remain uncertain, e.g. we cannot exclude that we 

experienced additional loss due to sea spray during the high wave conditions over the MS. Neither can 

we exclude the effect of transport. We checked for vertical entrainment in EMAC, which would lead to 

drastic enhanced levels of H2O2 in the early morning when the BLH increases. This may have affected 

the results, but it does not explain the dramatic overestimation of H2O2 over the MS where EMAC 

simulates a rather stable MBL. Furthermore, we mostly measured in chemical regimes which contained 

elevated NOx which likely suppressed peroxide formation. Additionally, we compared OH production 

in the model to determine on which reactions the overestimated HOx is based on. It matches best over 

the MS, while the main cause of the overestimated HOx is an overestimation of O3 and / or missing 

losses. Moreover, we observed decreased HO2 and OH over the Arabian Gulf, which was likely related 

to enhanced RO2 radicals which slowed down OH recycling (not matched by EMAC).  

 

Revisions: 

- Lines 344-352: The reader would be greatly aided by a wind vector plot that shows the direction 

of where the air mass was coming from at each point for each leg of the campaign. For instance, when 

looking at points in the Arabian Sea (say in Figure 2), the reader would want to know whether the air 

mass that was being sampled originated from the open ocean or whether it was continental outflow that 

maybe was contaminated by other VOCs. 

We included air mass origin plots based on HYSPLIT trajectories for the eight separated regions in the 

SI of the manuscript (Fig. S17, S18, section 2.8). Additionally, the readability of Fig. 2 was improved 

by increasing the size of the captions and its resolution. 



- Lines 354-358: I think more has to be said than just comparing the magnitude of the HCHO 

mixing ratio to other marine locations. Are the VOCs around the Arabian Peninsula generally larger 

than the central Indian Ocean (Wagner et al 2001) or the tropical Atlantic (Weller et al 2000)? HCHO 

is highly dependent on localized VOCs. 

Added additional information in line 372 – 379: 

‘Wagner et al. (2001) performed ship-borne measurements during the INDOEX campaign in the central 

Indian Ocean with HCHO mixing ratios between 0.2 – 0.5 ppbv, with the lowest mixing ratios in the 

clean maritime background of the southern hemisphere and about 0.5 ppbv HCHO in continentally 

influenced air masses. Weller et al. (2000) reported ship-based HCHO measurements in the Atlantic, 

which reached a broad maximum with values of 1.0 – 1.2 ppbv in the tropical Atlantic, decreasing 

towards the poles with values below 0.8 ppbv. These air masses represented pristine MBL conditions 

with average daytime NO of 3.1 pptv. During AQABA we did not encounter such very clean conditions 

with the lowest median NOx of 0.19 ppbv for AS and 0.25 ppbv for MS. This was likely due to sailing 

on major ship traffic routes which may have also led to enhanced background HCHO compared to 

remote MBL conditions.’  

- Line 410: "most likely due to missing localized pollution events": It would be helpful to plot 

out the model-measurement differences along the ship tracks (similar presentation as Figure 2) since 

this would show whether there was a missing localized pollution event. Conversely, pointing out some 

examples in the SI plots would be helpful, but the spatial information is lost. 

Changed the discussion and added a reference to Paris et al. (2021) who showed that gas flaring 

emissions were a major source of the elevated VOCs. Moreover, the pollution event over the AG is now 

presented in the SI with a GPS plot and HYSPLIT trajectories.   

Lines 439 - 454: 

‘Elevated NOx and O3 measurements classified AG and SU as the most polluted regions, followed by 

RN and GO which both were influenced to a higher extent by anthropogenic pollution (Tadic et al., 

2020). The elevated HCHO during the high ozone and VOC conditions on the first leg in AG was not 

reproduced by EMAC. Here the model clearly underestimates HCHO (Fig. S1) and ROOH (Fig. S5). 

Since the elevated OVOCs correlated well with CO and O3 (Wang et al. 2020), we can assume that we 

probed a highly polluted and photochemically active air mass, with both effective photochemical 

production and primary emissions of HCHO. Paris et al. (2021) identified natural gas flaring as a major 

source of the elevated VOCs over the Arabian Gulf. During this event, maximum HCHO and ROOH 

mixing ratios were measured during AQABA, with values up to 12.6 ppbv HCHO and 2.26 ppbv ROOH 

in the center of the Gulf (Fig. 2, S9, S19). The event was less pronounced in EMAC with up to 3.31 ppbv 

HCHO leading to an underestimation over the AG by about a factor of 4. EMAC does not simulate 

significantly elevated values of ROOH peaking at 0.49 ppbv with elevated contributions of PAA and 

EHP. Even though, the model underestimates ROOH also by about a factor of 4 (Fig. S9). Wang et al. 



(2020) showed that EMAC simulates enhanced acetone and methyl ethyl ketone (MEK) during this 

event, although the model shows no significant increase of acetaldehyde. 

In the Suez Canal and the Gulf of Suez (SU), the second most polluted region, the model also 

underestimates HCHO mixing ratios, even though EMAC simulates a significant increase of HCHO 

compared to MS and RN. Wang et al. (2020) showed that these air masses have been influenced by 

biomass burning and increased anthropogenic emissions e.g. by gas flaring similar to the Arabian Gulf.’  

- Line 455 and Line 461: Avoid qualitative statements like "the agreement is quite good"or "even 

worse". It's completely subjective. 

Changed lines 471 – 479: 

‘Altogether, EMAC reproduces observed HCHO mixing ratios on average within a factor of 2. 

However, the model clearly underestimates air pollution over the Arabian Gulf, which leads to the 

assumption of missing sources in EMAC and may also be related to the limited resolution of EMAC. 

The model simulates the AS cleaner than it was observed, but the relatively low levels of HCHO over 

RS with winds from Eritrea (Fig. S2, S17) were overestimated. Analysis of the air mass origin showed 

that air masses over the Arabian Sea represented clean and aged conditions transported from the center 

of the Indian Ocean (Fig. S18). Given the multitude of potential HCHO sources both from direct 

emissions and a large variety of photochemical precursors, and the limited resolution of EMAC the 

agreement within a factor of 2 is satisfactory. The comparison of simulated HCHO based on a higher 

resolved model (WRF-Chem) did not improve the accuracy of HCHO and was thus not included in the 

manuscript.’ 

- Line 441: Instead of assuming, can it be shown that the air mass encountered in the Arabian Sea 

during AQABA originated from the continent, some industrial area, a ship plume, etc.? Can you run a 

Lagrangian model to get a back trajectory of the air mass? This is important since HCHO over the remote 

ocean is generally from CH4 oxidation. 

Added HYSPLIT trajectories for the respective regions to the SI (Fig. S17, S18, section 2.8). 

- Line 582: Remove "transport" from the section title as it isn't discussed. 

Now changed in the manuscript. 

  



Technical Corrections: 

Thanks for the identification of these typos, we changed them in the new version of the manuscript. 

- Line 150: Add "recent emissions from" right before the word "anthropogenic activity". 

- Line 414: Change "Read" to "Red" 

- Line 429: I think the authors meant "though" instead of "tough"? 

- Line 507: 16.18.2017 is not a valid date 

 

- Figure 6, 7, 8: Use of L(H2O2) notation. The use of this notation in these figures is not the same 

as defined in Equation 4 since it doesn't include the deposition term. Either change the notation in 

Equation 4 or somehow denote that this is photochemical only on the figures themselves. 

Thanks for this input, we changed the notation in the figures and added more information in the 

discussion that the deposition is still missing for the calculated net photochemical production. 

- Figure 10: Legend needed on all subplots 

Now changed in the manuscript. 

 


