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General statement

We appreciate the constructive comments of the two anonymous reviewers. In the following, we use blue to reply to Reviewer

comments. We mark additional changes that the Reviewers do not explicitly state in magenta. We will use the same colours to

display changes within the revised manuscript.

1 Answer to Anonymous Referee #15

"The paper is well written. The authors applied an advanced deep learning architecture and conducted a detailed and interesting

sensitivity study on the predictability of ozone using the U-net+LSTM. Analyses on the forecast lead time, the added value

of upstream history, and the concept drift could be useful for future studies. The inclusion of reference models enhanced the

validity of the results. I recommend the publication of the paper with minor revisions."

– General comments10

– At a resolution of 12 km, could you comment on the potential impact of sampling errors, when your model is

applied to real observations in the future? How many sites do you have in each grid box?

The number of pseudo-stations per grid box varies from one up to three pseudo-stations. All in all 247 grid boxes

contain exactly one, 35 grid boxes contain two and 5 grid boxes contain three pseudo-station, respectively. Indeed,

the pseudo-station locations are not evenly distributed across Germany; therefore, our model ’sees’ some regions15

with better measurement coverage (e.g. south-west) more often than others (north-west). Given that we are using

a combination of Convolution and LSTM layers, we do not expect a too large sampling effect. Nonetheless, we

want to point out that sampling errors occur and are a general concern in nearly all geospatial DL applications. As

shown in manuscript Fig. 9, our model has serious problems representing rare mountainous stations in the south.
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In our case, it is more likely that sampling errors related to the seasons have more effects on our results than the20

sampling errors introduced by pseudo-station locations. We added the following sentence to the data description:

Thereby, 247 grid boxes contain exactly one, 35 grid boxes contain two, and five grid boxes contain three pseudo-

station, respectively.

– Could you discuss the ozone chemical regime over Germany and the impact of VOC on ozone predictability?

The ozone production regime varies according to the location (e.g. cities are more likely to be VOC-limited than the25

rural background) and also with a strong temporal variability. This is for example expressed in the analysis of ozone

trends. There is a lot of site-to-site variability in the ozone trends in Europe, with most stations showing a decreased

trend for health-related ozone metrics (Fleming et al., 2018). Also, anthropogenic NOx and NMVOC emissions

have both decreased in Europe by about 50% since 1990 (European Environment Agency, https://www.eea.europa.

eu/data-and-maps/indicators/eea-32-non-methane-volatile-1/assessment-4), making it hard to gauge the contribu-30

tion of either of these precursors alone to ozone trends. NOx is routinely measured, but NMVOCs are not, or at least

not with enough detail to be useful for an analysis of the ozone production regime. Regarding the contribution of

VOCs to ozone, Lupaşcu et al. (2022) showed that anthropogenic NMVOC do not contribute significantly to ozone

events, but it is rather biogenic VOC. Unfortunately, the BVOC are not routinely measured, so we do not know

the trends. The recent review of the Gothenburg Protocol showed that the peak values of ozone are decreasing (see35

"Scientific information for the review of the Gothenburg Protocol" (available from https://unece.org/environment/

documents/2022/07/session-documents/scientific-information-review-gothenburg-protocol), in particular paragraphs

17-20 and Figure 3 showing the higher percentiles), so putting this together, we can likely say that reductions in

NOx emissions in Europe have contributed to lower peak ozone. A similar argumentation applies to the complexity

of ozone forecasts. We extended the discussion with the arguments presented above.40

– Specific points:

– L161: Inconsistent font of “DataHandler”

Fixed.

– L278-280: Is it possible that the training/test performances are different because your NN model is slightly overfit-

ted towards regions with more pseudo-stations?45

All three sets (train, val, test) cover the same pseudo-stations. Therefore, the mean rescaled losses (64.08ppb2,

63.34ppb2 and 64.62ppb2) are not a result of overfitting towards ’over-represented areas’. However, regional

overfitting is more likely on an individual pseudo-station level, as shown in manuscript Fig. 9. Still, we argue that

the temporal differences within the three sets are the primary cause of differences in the score.

– Figure 9: Could you comment on the degraded performance over the coastal regions? Do these coastal sites have50

something to do with the results of skill scores in Figure 10? For example, the north wind driven by the sea breeze

circulation brings less useful information.
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As mentioned in the answer above, on an individual pseudo-station level, overfitting towards overrepresented re-

gions is more likely. The total number of coastal pseudo-stations is low compared to the other areas. As we use daily

aggregated data, inter-day circulation patterns like the land-sea breeze circulation are averaged out. Only 7.26% of55

all training samples show a northern upstream sector. For the validation and testing sets, 2.42% and 4.97% of the

corresponding samples show a northern upstream sector, respectively. This corresponds to the lowest occurrence of

all sectors in all three sets. Thus the northern sector is underrepresented in all sets leading to degraded performance.

We have extended the introduction to Fig. 9 (L277) as follows:

Figure 9 shows how the losses are distributed geographically. At first glance, we can identify regions with high60

MSE (> 120ppb2, yellowish colours) in the mountainous south and in the northern coastal area. The triangles

denote the losses of each station separated for the training (left part of the symbol), validation (right part of the

symbol) and test (lower part of the symbol) set. When focussing on the set’s loss differences at individual pseudo-

stations, we can identify the following pattern: the test set’s loss is mostly lower than the validation and train loss

in Germany’s western and southwestern parts. The high individual validation loss in the northern part is directly65

related to the large temperature anomaly, as shown in Fig. 1. Thus, the feature combination is not explicitly present

in the training set resulting in larger discrepancies in forecasts and observations.

– Figure 11-14: How would the learned non-linearities compare with the WRF-Chem CTM? Could you comment on

that?

We did not run the WRF-Chem model multiple times to conduct sensitivity analyses of the WRF-Chem model. We70

updated Figures 11 to 14 by removing the light grey lines that represented the sensitivity of NN3s for each sample.

Instead, we now show the daily aggregated WRF-Chem data at t0 as a scatter plot for each lead time. Thus, the

updated figures show the ozone concentration as a function of the variable of interest (e.g. NO2). This is not a full

WRF-chem sensitivity analysis but shows how the input variable of interest relates to ozone concentrations within

the WRF-chem model. Moreover, we added the following paragraph to the discussion:75

Fast et al. (2014) showed that the reduction of all anthropogenic emissions by 50% led to a similar O3 bias in

California as for the case without emissions reduction, although a variability of ∼ 5ppb can be seen at supersites

location. Abdi-Oskouei et al. (2020) performed several sensitivity studies to assess the impact of meteorological

boundary conditions and land surface model on modelled O3 concentration, and they showed that these changes

led to a minor sensitivity of average ozone concentration (< 2ppb). Georgiou et al. (2018) analysed the impact80

of the different chemical schemes on predicted trace gases and aerosol concentrations and they should that ozone

produced by CBMZ-MOSAIC and MOZART-MOSAIC have similar biases (10.9ppb and 11.6ppb), while the use

of RADM2-MADE/SORGAM mechanism led to a bias of 4.25ppb. The difference in ozone concentrations was

attributed to the difference in VOC treatment. Gupta and Mohan (2015) have also analysed the sensitivity of ozone

concentration to the choice of chemical mechanism and noted that the CBMZ performed better than the RACM85

mechanism due to the revised rate of inorganic reaction in the CBMZ mechanism. Mar et al. (2016) found that

the absolute concentration of ozone predicted by the MOZART-4 chemical mechanism is up to 20 µgm−3 greater
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than RADM2 in summer, explained by the different representations of VOC chemistry and different inorganic rate

coefficients.

– L330: I think your NN3s model slightly outperforms OLS at most of the pseudo-sites?90

Yes, we have rephrased the part for clarity:

NN3s outperforms the ols model at most of the pseudo-stations that we trained on exactly the same data. Thus, we

can conclude that the non-linearity provided by the neural network is essential to extracting meaningful upstream

information.

– L340: I see measurement uncertainties are not utilized for now. Can you comment on potential utilization of mea-95

surement uncertainties in the future (e.g., via Bayesian NN)?

Indeed, our presented approach does not explicitly take measurement uncertainties into account. To account for

this data uncertainty, an Bayesian neural network approach by replacing the last network layer containing four

nodes (one for each lead time) with a distribution layer would be beneficial. Consequently, instead of learning four

individual point estimates, one would learn the parameters of a multivariate distribution, resulting in an ensemble100

prediction with multiple realisations represented by multiple draws from the learned distribution. Moreover, one

could explicitly account for model uncertainty by representing the model weights (point estimates) with learn-

able distributions. The weights would be sampled from the learned weight distributions during each forward path

through the network.We added the following paragraph to the new discussion subsection, "Alternative Neural Net-

work Approaches": Furthermore, the application of Bayesian network architectures can help to characterise data105

and model uncertainties in future studies (for gridded model examples, see, e.g. Sengupta et al., 2020; Sun et al.,

2022; Ren et al., 2022)

2 Answer to Anonymous Referee #2

This paper presents an interesting work on the use of machine learning to forecast tropospheric ozone. The current version

answers most of the previous review remarks. However, for the sake of completeness, I would raise two questions that could110

be addressed in the text as "discussion" even though some of them could lead to more experiments in future works.

– Indeed, the first remark is related to the forecast model chosen by the authors, that creates time-series forecasts for each

individual air-quality station. As discussed in the text, the experiments show that better results are obtained when using

data from surrounding stations rather than a single one, which seems logical as this "neighbourhood" strategy helps

capturing the advection ozone. For this reason, it would be interesting to develop a bit more the comparison with models115

that use spatial data, as for example https://doi.org/10.1007/s10994-020-05944-x that uses 2D matrices of the entire area

in the form of images and video frame prediction algorithm. I believe that WRF-Chem outputs can easily be represented

as 2D matrices

We thank the reviewer for the suggestion to put our study into a broader context. We have added the following paragraph
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that focuses on the alternative field predictions:120

As an alternative to predicting ozone concentrations at pseudo-station levels, one could forecast ozone fields. For exam-

ple, Steffenel et al. (2021) used the PredRNN++ (Wang et al., 2018) model to forecast the Total Column Ozone for the

southern part of South America and parts of Antarctica. Gong et al. (2022) recently used convolutional long short-term

memory models (Shi et al., 2015, ConvLSTM) and a generative model Stochastic Adversarial Video Prediction (Lee

et al., 2018, SAVP) model to forecasts the 2m temperature for a lead time of up to 12 hours over Europe. However, it125

remains unclear how the existing video frame prediction models cope with the high dimensionality of atmospheric data,

especially when focusing on multiple target variables. Attention mechanisms like those proposed in Vaswani et al. (2017)

might have an enormous advantage in the earth sciences as those networks - also known as transformers- are encoded by

learned contend rather than fixed positions. Querying from content allows for long-time dependencies, whereas classical

recurrent architectures have difficulties with long dependencies.130

– The second question concerning the datasets. In my opinion, only a single year seems too limited to catch the dynamic

of the atmosphere. As training, validation and test subsets cover different months of the year, seasonal variations are

certainly present and cannot be correctly expressed. A more clever strategy would be to use datasets from several years

(even if only in a reduced number of months per year), and validate with the same period in another year.

We agree that our chosen time period is very short, and we, therefore, designed the test period in such a way that135

it covers three months in 2010 that are also present in the training set in 2009. For clarification, we have added the

following sentences to the concept drift discussion:

In order to reduce the concept drift’s effect, extending each data set to multiple years would be beneficial in upcoming

studies. This would allow the network to operate on more robust data distributions and thus minimise the risk of out-of-

sample predictions.140

As stated before, answering these remarks is not mandatory but would greatly contribute to the paper completeness, even if

just in the form of a discussion

3 Additional Changes

– L49: We updated the pre-print reference (Leufen et al., 2021b) to (Leufen et al., 2022) as the article is now published

– We added the following sentence to the Acknowledgements: Open Access publication funded by the Deutsche Forschungs-145

gemeinschaft (DFG, German Research Foundation) – 491111487

3.1 Additional Changes after posting final answers

– L294ff (Sect. 5.3): We updated the description of Fig. 11 for clarity
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