
Reply to reviewer 1

Review of hess-2020_34
‘Drivers of nitrogen and phosphorus dynamics in a groundwater-fed urban catchment
revealed by high frequency monitoring’ by Yu et al. (2020)

General comments

The topic of the paper in combination with the use of high-frequency nutrient concentration data in a complex hydrological system such as an urban low land polder is an interesting topic well in the scope of HESS. The scientific content could be an interesting addition to the current state of knowledge and is thus worth to be published. Nevertheless, the paper shows some formal and methodological weaknesses, which need to be improved or clarified before publication:

We thank Professor Matthias Gassmann (Reviewer 1) for his compliments and for his time and valuable review which led to a clearly improved paper.

1. The language of the paper is often unprecise (expressions such as ‘much higher’) and there are many grammatical mistakes (see specific comments). The same expressions are often used shortly after each other, leading to repetitions of the same content (e.g. L 20, 22 and 24: mixing of groundwater and runoff governed water quality). This unnecessarily prolongs the text. A higher scientific precision, a better grammar and a consolidation of the text would add much to its readability and the scientific language.

We agree with the reviewer that the language can be improved. We have worked through the text and updated the language, consolidated the text and eliminated repetitions. Thanks to the reviewer and the many suggested improvements, we think the readability has much improved.

L 20, 22 and 24 are changed accordingly in comment 8.

2. Total phosphorus (TP) and ammonium (NH4) is analysed, but unlike nitrate (NO3) ammonium is not directly a driving factor for eutrophication.

There is strong evidence for the role of ammonium in the process of eutrophication and the preference by several forms of phytoplankton over NO3 (Blomqvist et al., 1994[footnoteRef:2]; Glibert et al., 2016[footnoteRef:3]; Gobler et al., 2016[footnoteRef:4]; Andersen et al., 2019[footnoteRef:5]). The studies cover both fresh and saline water environment. In our system NH4 is the main form for N (new Figure 6 Response, see below) and Nitrate is only present in very low concentrations. We previously published on our system in Yu et al. (2019)[footnoteRef:6] but realize now that it is important information for this paper too. So, we added the graphs of TN and NO3 to the manuscript (see new Figure 6 below). [2: 	Blomqvist P., Pettersson A., and Hyenstrand P.. Ammonium-nitrogen: a key regulatory factor causing dominance of non-nitrogen-fixing cyanobacteria in aquatic systems. ARCHIV FUR HYDROBIOLOGIE, 132(2): 141-164, 1994.]  [3: 	Glibert P.M., Wilkerson F.P., Dugdale R.C., Raven J.A., Dupont C.L., Leavitt P.R., Parker A.E., Burkholder J.M., and Kana T.M.. Pluses and minuses of ammonium and nitrate uptake and assimilation by phytoplankton and implications for productivity and community composition, with emphasis on nitrogen-enriched conditions. Limnology and Oceanography, 61(1): 165-197.]  [4: 	Gobler C.J., Burkholder J.M., Davis T.W., Harke M.J., Johengen T., Stow C.A., and van de Waal D.B.. The dual role of nitrogen supply in controlling the growth and toxicity of cyanobacterial blooms. Harmful Algae, 54: 87-97, 2016.]  [5: 	Andersen I.M., Williamson T.J., Gonzalez M.J., and Vanni A.J. Nitrate, ammonium, and phosphorus drive seasonal nutrient limitation of chlorophytes, cyanobacteria, and diatoms in a hyper-eutrophic reservoir. Limnology and Oceanography, 9999: 1-17, 2019.]  [6: 	Yu L., Rozemeijer J.C., van der Velde Y., van Breukelen B.M., Ouboter M., and Broers H.P.. Urban hydrogeology: Transport routes and mixing of water and solutes in a groundwater influenced urban lowland catchment. Science of the Total Environment, 678: 288-300, 2019.] 


We made some changes to the text to better refer to the previous study, setting the scene for a reader who is not familiar with the previous paper. For example, we changed the text in the abstract to better explain the situation, and we added to section 2.1:

“The Geuzenveld study site is part of an urban lowland polder catchment, which is characterized by groundwater seepage that constantly determines the surface water quality, being the main source of solutes in the water system. The groundwater seepage is a continuous source of anoxic, iron and nutrient rich slightly brackish waters. Yu et al. (2019) presented the results of a 10-year monitoring program describing the main processes determining the water quality in the catchments, which is dominated by mixing of runoff water and seepage water. A high-frequency monitoring campaign was set-up to further unravel the temporal pattern on the nutrient N and P, of which N is typically present in the form of NH4 from groundwater.”

Moreover, we improved Figure 1, to better present the study area (see further comments 69).

NO3 on the other hand is not included in the discussion, mainly because the planned NO3 measurements didn’t work in a proper way. This raises the question why NO3 wasn’t at least monitored by regular grab samples (low frequency). This would have also helped to confirm the conceptual model for nutrition dynamics in low land polders.

Indeed, the nitrate was measured in the grab samples and we published about those in Yu et al. 2019. We now realize that we should present this information also in this paper, so we added TN and NO3 boxplots to Figure 6 in the original manuscript. NO3 was measured in a monthly routine from 2006-2016 and in biweeky frequency from 2016 to 2017 by the water authority. Those results showed much lower concentrations of NO3 (median 0.1 mg N/L) than NH4 (median 3 mg N/L) in the water column, indicating the dominance in NH4 over NO3 (see Figure below). Moreover, we included TN and NO3 in the text where we list the parameters measured in the routine monitoring campaign.
[image: ]
New Figure 6 Monthly measurement of TN,  NH4 -N, NO3 - N, chlorophyll-a (chlor), O2, organic N/ TN and NH4-N /TN (NH4/N) mass ratio, pH , water transparency, and suspended solids in Geuzenveld from 2007 to 2018. X axis is month. (The plots of TN, NO3 and organic-N/TN were added to the original Figure in the main manuscript).

3. Though high frequency data were collected, they haven’t been really used in the analysis to precisely describe single events, except for the analysis of single pumping events. There would probably have been the same results when the data resolution would have been one day. Mostly concentrations are discussed in an annual or seasonal context. Please elaborate more on the added value of a 20 min sampling compared to a daily sampling in the discussion. Probably, the focus of the paper should not be too much on high-resolution sampling (e.g. in the title).

Here we do not completely agree with the reviewer, because we discuss the event scales in detail in the section 2.3.1 and 3.3.2, and Figures 4 and 5 both focus on the event scale (see also reply to comment no.7). In section 4.5 the measured patterns were addressed in detail; we observe large fluctuations within a single day for NH4 (1 mg l-1) and P (2 mg l-1). The merits of high-frequency sampling are highest for the nutrient concentrations, for which the temporal patterns were not understood using the analysis of biweekly grab samples campaigns (see Yu et al. 2019 for the complete analysis). One of the conclusions is that the responses to precipitation and pumping events were very different from the reported in previous literature, and we gained much understanding about possible processes from the high-resolution dataset that we could not assess otherwise. Moreover, pumping events would be missed completely in a one-day sampling frequency as pumping occurs almost solely overnight. However, we did not specifically answer the question raised by the reviewer about the benefits of our high frequency sampling campaign with a daily sampling schedule. We published about these aspects in earlier papers (e.g. Van Geer et al. 2016, Rozemeijer at al. 2010, papers that we cite in the references section).  We added the following text to the discussion:

“This type of event scale dynamics would be easily missed in a daily or lower frequency sampling schedule, especially because pumping occurs almost solely overnight in our regulated catchments. As such, only a sampling schedule with 7 hours intervals (e.g. Neal et al. 2011)[footnoteRef:7] or high-frequency monitoring is able to catch the short-term dynamics (Van Geer et al. 2016, Van der Grift et al. 2016)”  [7:  Neal, C., Reynolds, B., Norris, D., Kirchner, J. W., Neal, M., Rowland, P., Wickham H., Harman S., Armstrong L., Sleep D., Lawlor, A., Woods C., Williams B., Fry M., Newton G., Wright D.. Three decades of water quality measurements from the Upper Severn experimental catchments at Plynlimon, Wales: an openly accessible data resource for research, modelling, environmental management and education. Hydrological Processes, 25(24), 3818-3830, 2011.
] 


4. A statistical analysis of the data is completely missing. All processes seem to be deduced by just visually comparing the graphs, without calculating e.g. correlation coefficients.

We intentionally pursued understanding about the hydrological and hydrochemical temporal patterns through studying the high-frequency dataset at 3 time scales, as much is to be learned from these patterns. We did not report about the statistical patterns in order to keep the manuscript concise. As both reviewer 1 and 3 requested for a more thorough statistical treatment of our data, we added this information in the Supporting Information and summarized the results by mentioning correlation coefficients and p-values in the main text, where appropriate. We refer to the response to reviewer 3 for more details.

5. The authors developed a mixing model to determine which amount of nutrients can be attributed to hydrological mixing and which to biological processes. Latter one is derived by the discrepancy between model results and measured concentration. Electrical conductivity (EC) acts as a conservative tracer in this case. However, the model failed to reproduce EC within the polder after November 2016. This raises the question whether the amount of biological processes for nitrogen and phosphorus can be determined on this basis. This uncertainty should be discussed in more detail.

The model is meant for illustrating an ideal situation that the ditch water is a pure mixing between groundwater and rainwater, without any physi-bio-chemical disturbances. The good fitness of the general pattern and in the first 6 months between the modeled and measured data of EC indicates that the hydrological process we assumed are convincing. Even though the modelled EC is lower than the measurements from mid-November onwards, the dynamics and amplitudes of the temporal pattern remain consistent with the period before Nov 2016, from which we deduced that the patterns is governed by the hydrological mixing process. During the later period, the deviation between the model and the measurement stays constant, which seems to be induced by underestimating the groundwater contribution other than by some biogeochemical processes. We added explanation for the deviation.  If NH4 and TP patterns would be governed by the hydrological mixing, the dynamics and amplitudes of these measurement should also be stationary in time. However, NH4 and TP measured data drifted drastically away. There are no other processes other than biogeochemical processes that can explain those discrepancies. As such we are confident with our inference on the biogeochemical processes.

To clarify the point,we added: “After that, the conservative mixing approach underestimated the EC but the main patterns were still reproduced; as groundwater is the only contributor to the high EC due to the seepage of quite mineralized, slightly brackish water, the model must underestimate the seepage flux from November 2016 on”. Further changes to the text with additional discussion of the patterns are introduced in the replies to comments 50 and 60.

6. The authors are classifying their study in the context of eutrophication: the findings of this study are meant to help water managers to mitigate eutrophication. However, there are no suggestions how the results of the study can be used to do so.

We agree with the reviewer that the part of providing practical suggestions for water management in this paper could be improved. We added a section on this topic. It reads: 

 “This study proved high frequency monitoring technology to be an effective tool for understanding the complex water quality dynamics. Investment in high frequency monitoring is a prerequisite for incorporating the determining biogeochemical processes into the management of urban lowlands with substantial groundwater seepage. It also exemplifies the necessity for utilizing the nutrient temporal behaviors to realize efficient  mitigation and eutrophication control. For example, a direct treatment of the drain water by constructed wet lands in low lying areas, where artificial water systems that resemble the Amsterdam region in cities such as New Orleans, Shanghai and Dhaka. Centralizing the treatment of discharge is also recommended, for instance, harvesting N as phytoplankton from the discharge which is abundant in the water column in spring like in our case, and filtrating P away at the pumping station during winter time. Measures that artificially increase oxygen concentrations in the waters, such as the inlet of oxygen rich water, aeration by fountains or similar or the artificial introduction of grazers or macrophytes may be considered to improve the ecological status of these urban waters. And aeration of the water in summer and autumn can enhance processes such as nitrification, denitrification and anammox, eventually converting NH4 to N2, before the water is discharged to downstream waters. Importantly, before the application of any measures or maintenance in urban low lying catchments, managers should consider about the potential effects on the biological and chemical resilience of the ecosystem communities, e.g. dredging of a layer with abundant benthic activity might destroy an important buffer to nutrients in growing seasons, especially P.”

7. An aim of this study was to analyse and compare annual scale, precipitation events and pumping events (lines 88-90), but this scheme can’t be found in the discussion. The three scales are mixed up rather than to distinguish between the dynamics of the different time scales.

As suggested by the reviewer, we also first wrote a time-scale based discussion structure, but discussing each of the solutes for each timescale became long, repetitive and tedious. Therefore, we found a solute based discussion structure easier to follow. As the solute behavior increases in complexity (i.e. the number of processes that affect it), we feel that this is the natural structure that best fits our manuscript. This structure allows us to focus on the drivers, more than on what occurs during each timescale. In order to avoid false expectations we removed suggestions that we would compare the 3 time scales, as we analyze them complementary instead. We realize that most of our conclusions deal with the seasonal scale as those are eventually most relevant for fluxes of nutrients leaving the catchment, but we tried to make the conclusions more balanced also making reference to shorter time scales. For example, we added in the conclusion section: “Unlike many other natural and artificial catchments, rainfall and pumping events did not increase turbidity or TP concentrations at the short time scale, rather reduced turbidity and TP because of iron hydroxide precipitation and removal of phytoplankton from the catchment.”


Specific comments

8. L22: ‘through variation of the intensity and duration of the events’ I don’t understand the meaning of this sentence.

We removed the sentence and reworded the preceding sentence into:

“Mixing of upwelling groundwater and runoff from precipitation on pavements and roofs was the dominant hydrological process and governed the temporal pattern of the EC, while N and P fluxes from the polder were also significantly regulated by primary production and iron transformations”.  

9. L23: Is NH4 really the dominant form in surface waters? I know many examples from Europe where nitrate dominates. Furthermore, NH4 gets nitrified to NO3, leading to decrease in NH4 and increase in NO3 concentrations. Maybe the authors mean that NH4 is the dominant form in urban water bodies?

We agree that the statement is not precise enough. Indeed, in many surface waters, NO3 is the dominant form. However, ammonium is the main N-form in the anoxic groundwater seepage that has passed organic rich (peat) layers in the subsurface. As a consequence, ammonium also dominates in the low lying polder catchments, like Geuzenveld, that receive this seepage water. What we mean is that NH4 is the dominant form of N in Geuzenveld, which is fed by anoxic, old groundwater sourced from the organic matter abundant subsurface. So we clarified our message which was too generally stated. We now mention the source of NH4 which was elaborated in previous papers (Yu et al. 2018, 2019). It now reads:

“In our groundwater-seepage controlled catchment, NH4 appeared to be the dominant form of N with surface water concentrations in the range of 2-6 mg N/L which stems from production in a organic -rich subsurface. The concentrations of ammonium in the surface water were governed by mixing of groundwater and runoff water in autumn and winter and showed reduced concentrations up to 0.1 mg N/L during the algae growing season in spring”.

We further made the nitrate measurements available (see reply comment 2) which gives evidence for the dominance of NH4 to NO3 for the readers.

10. L 24, 25: ‘low concentrations during the algae growing season, while concentrations were governed by mixing of groundwater and precipitation inputs in the late autumn and winter.’ This sentences only makes sense, when the authors mention the concentrations in autumn and winter as well.

Agreed. We added the concentration ranges, following the reply on comment 9. 

11. L26 – 28: The two sentences have nearly the same content: release of reduced iron causes turbidity.

Agreed. We deleted “Rapid Fe2+ oxidation in the water column is the major cause of turbidity.” And formulated new sentences to clarify what we meant. We emphasize the different position of the iron oxides (water columns versus sediments).

“Total P and turbidity were high during winter, due to the release of reduced iron and P from anoxic sediment to the water column, where Fe2+ was rapidly oxidised into iron oxides which contributed to turbidity. In the other seasons, P is retained in the sediment by precipitation of iron oxides”.

Moreover, for consistency reasons, we added the concentration ranges for P as well, following the reply on comment 9.

12. L 29, 30: Was organic N measured? A denitrification needs anaerobic conditions, while in spring O2
concentrations were rather high, how does that fit together?

[bookmark: tw-target-text]In our dataset, organic N was not directly measured, but Kjeldahl-N was during the biweekly grab sampling campaigns (Kjeldahl nitrogen is the sum of the ammonium nitrogen and organic nitrogen). By subtracting NH4-N from Kjeldahl-N we came up with an estimate of organic N. In order to better clarify the nitrogen species in the surface water, we extended Figure 6 of the manuscript to include NO3, TN and organic-N/TN ratio (see the attached new Figure 6 in the system). Clearly the proportion of organic N over total N is increased in spring, wheareas NH4/TN decreased. In Spring, organic-N occupied more than 50% of total in spring. This was implicitly evaluated in the original paper to describe the organic-N pattern, but we now choose to present this explicitly.

As phytoplankton produces oxygen this gives rise to increased oxygen concentration in the water column, and also increase pH due to the uptake of CO2 from the water. As we discussed in the rest of the paper, the ditches were fed by anoxic groundwater constantly over the year, which created a sediment with low oxygen level, and oxygen was mainly supplied by runoff, by phytoplankton growth and growth of benthic algae. 

We made the following changes to the manuscript:
· We added NO3, TN and Kjeldahl-N to Figure 6 
· Mentioning TN and Kjeldahl-N in the list of low-frequency parameters
· Section 2.2.2. added: “Organic-N was estimated by subtracting NH4-N from Kjeldahl-N.
· Section 4.2 Line 362-364 changed into: “Growth of primary producers results in a consumption of ammonium, phosphate and a production of organic-N, chlorophyll, oxygen, and suspended solids, and led to a relatively higher pH because of the uptake of CO2 (Figure 6). This patterns is also clearly reflected in the shift in the NH4/TN and organic-N/TN ratios during spring (Figure 6)”
· Section 4.5: “Fig.6 NH4/N and organic-N/TN”

13. L 41: I would replace ‘end up’ by ‘reaching’ or something similar

Agreed. Changed accordingly, replaced “end up” by “reaching”

14. L 45: This sentence belongs to the following paragraph.

Agreed. Moved “Nutrients dynamics are governed by biological, chemical, and physical processes and their interactions. ” to Line 47 before “Assimilation….”

15. L 47: it should be ‘in the aquatic environment’ or ‘in aquatic environments’

Agreed. Added “the” before “aquatic environment”

16. L 48, 49: molecular nitrogen and phosphate was not mentioned until now, the authors should introduce N2 and PO4 first, like they have done it for nitrate and ammonium

We added in Section 1: “Recently, groundwater has been identified as another important source of N and P in cities situated in low-lying deltas, where dissolved NH4 and PO4 in groundwater seep up into urban surface water (Yu et al, 2018 & 2019)”.

17. L 49: ‘NH4 is the preferred N-form by microbes’. There are also other microbes which prefer different forms of Nitrogen (like the authors mentioned in the sentence before).

Agreed. The reference we referred to was done in European estuaries, and their conclusions were made for the tidal estuary environment.

We added “in some cases like in estuaries” after “by microbes”

18. L 50, 51: The content of this sentence is obvious, when there is no NH4 and NO3 the uptake of the substances can’t reach a maximum.

See previous comment.

19. L 53: ‘Under aerobic conditions, NH4 can be oxidized to NO3 through nitrification by nitrifying microbes even under cold conditions (below 10 °C ), which is an O2 consuming, acid generating process’ Please revise the sentence structure. It sounds as if the nitrification under cold conditions is O2 consuming.

[bookmark: _Hlk41410448]Agreed. Changed into: “Under aerobic conditions, NH4 can be oxidized to NO3 through nitrification by nitrifying microbes, which is an O2 consuming and acid generating process. Nitrification even occurs under cold conditions (below 10 °C)”

20. L 59: ‘during events’ what kind of events? The authors should be more precise with their expressions ‘during hydrological/precipitation events’

Agreed. The reference is about heavy precipitation events. So, we added “precipitation” before “events”.

21. L 60: ‘and chemical reactions....’ This part of the sentence doesn’t fit substantively to the ones before, which were about transport processes not transformation processes. The latter aspect is discussed in the following paragraph.

Agreed. Deleted “, and chemical reactions such as mineral precipitation with associated P incorporation cause removal from water column (Rozemeijer et al., 2010a; Van der Grift et al., 2014; Yu et al., 2019)”

Line 67, replaced “Griffioen, 2006; van der Grift, 2014” by “Griffioen, 2006; Rozemeijer et al., 2010a; van der Grift, 2014; Yu et al., 2019”

22. L 74: ‘N and P dynamics, for instance its response...’ Please replace ‘its’ by ‘the’ or ‘their’

Agreed and done

23. L 83. Please replace ‘...insight in...’ by ‘...insight into...’

Agreed and done.

24. L 86 – 88: Please replace ‘We conducted a one-year high frequency monitoring campaign in 2016-2017, measured parameters EC, NH4, TP, turbidity and water temperature. ’ by ‘We conducted a one-year high frequency monitoring campaign in 2016-2017. Measured parameters were EC, NH4, TP, turbidity and water temperature.’

Agreed and done.

25. L 97, 98: Do the authors mean that groundwater seeps into the catchment because the water level of the groundwater is higher than the sole of the channels and the drain system?

The groundwater head is higher than the water level in the channels and the level of the drains. We changed the text to clarify this. 

It now reads: “Geuzenveld is a groundwater fed catchment due to the constantly higher groundwater head (-2.5 ~ -3 m NAP) in the main aquifer relative to the surface water level in the polder ditches (~ -4.25 m NAP) (Fig.2). To keep the foundations of the building dry, there is a groundwater drainage system placed under an artificial sandy layer, right on top of a natural clay layer. The drain elevations range from -4.84 to -4.61 m NAP, which is below the phreatic groundwater level throughout the year, making sure that groundwater seepage either discharges through the drains or the ditches”
 
26. L 99: ‘much higher’ How much is much higher?

Agreed. Changed accordingly, see comment 25.

27. L 102: NAP doesn’t need to be explained, naming the abbreviation should be enough.

Agreed. Deleted “(NAP: Normalized Amsterdam Peil, a known international standard conforming to mean sea level)”

28. L 117: The temporal resolution (20 min?) is missing in the description. I could only find it in the abstract.

Agreed. Line 124 added “The monitoring frequencies were set to 20 mins, 10 mins, 5 mins, 5 mins and 5 mins interval for TP, NH4-N, turbidity, EC and water temperature, respectively.” at the end.

29. L 135: ‘was calibrated’ instead of ‘was calibrating’

Agreed. Changed accordingly.

30. L 153: What was monitored by Waternet? – ‘Waternet has monitored the water quality’?

Agreed. Added “the water quality” after “Since 2006, Waternet has monitored”

31. L 154: ‘the frequency became twice...’ Frequency cannot increase by itself: ‘frequency was increased.....”

Agreed. Changed “became” into “was increased to”

32. L 154: ‘were measured in this dataset’ In a data set nothing can me measured. Please be more precise.

Agreed, reworded.
Deleted “Many parameters were measured in this dataset, but for this research”.
Added “parameters from the routine monitoring campaign” after “ We selected the following...”

33. L 172: Potential evapotranspiration is a virtual measure derived from meteorological data. It doesn’t give an actually evaporated water volume. How is the use of potential evapotranspiration justified? Actual evapotranspiration should rather be used in this case.

We did not have measurement for the actual evapotranspiration. So, we used the potential evapotranspiration instead. Potential evapotranspiration was downloaded from the meteorological station (2 km away from the study area). The results were derived from Makkink calculation as noted in the downloaded file. Given the year-round seepage conditions throughout the polder, combined with an artificially drained subsurface, we assumed that potential evapotranspiration is close to the actual evapotranpiration (no water shortages occur here).

We added: “Given the year-round seepage conditions throughout the polder, combined with an artificially drained subsurface, we assumed that actual evapotranspiration is close to the actual evapotranpiration as no water shortages occur in our situation”.
[bookmark: _Hlk41419781][bookmark: _Hlk41419781]
34. L 172: I suppose groundwater seepage S stems from outside of the polder. How are the values of this variable derived? Calibration? And why is it multiplied by the area of the polder? Please clarify these issues.

We did not have measurement for the seepage neither within nor outside of the polder. In this study, we used the difference between groundwater head in the first aquifer and the surface water level (Figure 2) to estimate a range of the seepage. The actual number of 1.5 mm per day was chosen based on the behavior of the mixing model (Figure 3) and was calibrated against the water level changes observed near the pumping station.
[bookmark: _Hlk41419964][bookmark: _Hlk41419964]
As we assumed a homogeneous distribution of the seepage within the polder, the calculation of the flow rate of groundwater was multiplied by the area of the polder instead of by the area of the ditches. We think it is a convincing assumption as the drain system underground is effectively collecting and transporting seepage from everywhere of the polder to the ditches.

[bookmark: _Hlk41496765]We added: “In this study, we used the difference between groundwater head in the first aquifer and the surface water level (Figure 2) to estimate a range of the seepage. The actual number of 1.5 mm per day was chosen based on the behavior of the mixing model and calibrated using the measured water levels (Figure 3).”

35. L 174: Naming the variables in the order of their occurrence in the formulas would be easier to follow.

Agreed.

Changed Line 174-176 from “L is surface water level in the ditches, V is total water volume in the ditches, P is precipitation, S is a constant seepage, E is potential evapotranspiration, A polder is area of the polder, A ditch the area of the ditches in the polder. Water level L determines the activation of pumping activity. Pump(t) is water volume being pumped out with maximum capacity 216 m3h-1.” into “V is total water volume in the ditches, P is precipitation, S is a constant seepage, E is potential evapotranspiration, Apolder is area of the polder, Pump(t) is water volume being pumped out with maximum capacity 216 m3 h-1, Aditch the area of the ditches in the polder. L is surface water level in the ditches. Water level L determines the activation of pumping activity. ”

Changed Line 183-184 from “C(t) is solute concentration at time t, Cgw is the average groundwater concentration, Cp is the average concentration in runoff, V is the ditch water volume given by equation (1).” into “V is the ditch water volume given by equation (1), C(t) is solute concentration at time t, Cgw is the average groundwater concentration, Cp is the average concentration in runoff.”

36. L 182: ‘d(VC)” is not explained in the text, I guess it is the concentration of the ditch water?

Thank the reviewer for his comment.

“d(VC)/dt” is a expression for the change of solute mass in an unit time. Both “V” and “C” were explained in the text.

37. L 185. Is the high salt concentration really the reason for EC being a conservative tracer? Or do you mean that the concentration difference between the two water sources renders EC a useful tracer?

Agreed. A high salt concentration does not render EC directly as a useful tracer. Indeed the high salt concentration difference between groundwater and rain makes EC behave as a valuable conservative tracer.

We rewrote the text as follows: “In our study area, the EC is a useful water quality parameter for describing the mixing processes between groundwater and runoff water, as the EC represents the end members of the mixing: groundwater with an high EC (1750 µS/cm) and runoff water (100 µS/cm) with a low EC (see also Yu et al., 2019). Moreover, we assume that EC behaving as a conservative tracer as the EC is highly correlated with the Cl concentration (R2 = 0.71, p-value < 0.05)  and the temporal patterns of EC and Cl are very similar (see supplement Figure S1)”.

38. L 193: ‘simulated concentrations ... together with their high frequency...’ exchange ‘their’ with ‘the’

Agreed. Changed “their” into “the”.

39. L201: Rain events are very long (> 1 month), that seems to be more representative for a (sub-)season or similar. A rain event usually is shorter than a few days in central Europe.

Thanks to the reviewer, it is a very good question.

The actual precipitation did not last for a month. In this paper, we defined a “rain event” based on the dilution pattern of EC (from EC started to be diluted until it recovered to the original level before the event). And we tried to cover the four seasons. This way of defining events is more helpful for gaining the main messages instead of lost in details. We think that the original text covers this aspect sufficiently.

40. L 207, 208: Four times ‘and’ in one sentence. Please rephrase.

Following suggestions of all reviewers to remove redundancy in the text, we skipped this introduction sentence.

41. L 217: Why did the wet season start in October and end in February? Did the authors maybe calculate a cumulative water deficit? According to Figure 2 there has been quite a lot of rain up to the middle of March. Further, a dry and wet season usually refers to a semi-arid climate, which Amsterdam is far from being in. Please think about re-naming the compared time spans and give details on how they were separated from each other.

We better defined our wet and dry season in the text. The reviewer is right that this is not typically a semi-arid climate wet season, but we propose to keep the term and better define it instead, as winter and summer seasons would lead to further confusion. Indeed, we estimated the cumulative water deficit based on the amount of pumping. As indicated in the text, not so much the precipitation sum, but rather the frequency of pumping shows the “wet”and “dry”seasons most clearly. In accordance with the reply to reviewer 3, we quantified the pumping volumes over the wet and dry period.

We added: “We defined the wet season based on the absence of a water deficit, which corresponds with the period of higher frequency pumping. This period is correspondingly characterized by the higher intensity of the water level fluctuations and covers the period October 2016 until the end of February in 2017 (Fig 2A and 2B). Typically, the dry season showed a higher water deficit, indicating water loss due to evapotranspiration under warmer conditions. The wet season is distinguished by higher average daily pumping volumes and lower water temperatures (Fig.2B) than the ones of the rest of the year (wet season: 997 m3/d, dry season: 787 m3/d).

42. L222: Please change ‘..period that the water temperature...’ to ‘...during which the water temperature....’

Agreed. Changed accordingly.

43. L228 – 229: ‘In contrast to the constant water level ranges from surface water regulation regime’ I am not sure about what the authors want to say. Please clarify.

Agreed.
Line 227, added “(light blue)” after “Fig.2A”.
Line 228, replaced “water level ranges from surface water regulation regime, ...” with “surface water level (Fig.2A, dark blue), ...”.

44. L237: Remove ‘...if there was no rain’.

Agreed. Changed accordingly.

45. L 237: ‘this duration of the return’ Bad expression

Agreed. Changed “This duration of the return to pre-event EC values” into “The duration of this process”.

46. L 241- 244: The authors mention twice, that NH4 deviated from slope of EC.

Agreed. Changed into “NH4 decreased from around 4 mg L-1 to around 2 mg L-1 between the middle of June to the end of August 2016 and reached down to almost 0 mg L-1in the second period. Whereas...”

47. L 250: The authors refer to excessive precipitation, but unfortunately this is not shown in Figure 2.

Added “and a large pumping volume” after “correspond to excessive precipitation”.

The precipitation event coincides with a high pumping volume, so we added: “and a high pumping volume” to help find the peak we refer to.

48. L247 – 252: The description of turbidity is rather confusing: ‘Turbidity was constantly below 100 FNU’ is followed by a peak description of 500 FNU. The authors also miss out, that there are several EC peaks during October. They also repeat the same content (‘turbidity stayed around 200 FNU’) in lines
249 and 251.

We clarified and simplified the text: 

“Turbidity stayed below 60 FNU during the dry season until October 2016 and substantially increased after a first rain event to 500 FNU (more details refer to Figure S2 in supplementary information). A drop to about 200 FNU occurred right after this first peak, which seemed to correspond to excessive precipitation and a large pumping volume (Fig.2B). Soon after, turbidity went up again and peaked at 1800 FNU. Turbidity levelled of towards values around 200 FNU for the rest of the wet season, and dropped below 60 FNU from April 2017 on”.

49. L 259: Delete ‘when’

Agreed. Changed accordingly

50. L265 – 274: The authors are writing that concentrations are captured well, but there are discrepancies of more than 50 %. Maybe the authors want to point out, that the dynamics are captured?

Agreed, we actually mean that the dynamics and amplitudes are well captured, but not always the absolute values. We rephrased the complete paragraph to better describe our observations and to start the hypotheses which were further explored in the Discussion section.

“A simple fixed-end-member mixing model was used to reconstruct the conservative mixing of EC, NH4, and TP. The simulated and the measured EC, NH4, and TP are plotted in Figure 3. By comparing the model results with the high frequency measurements, potential processes that might deprive or enrich nutrients relative to the conservative mixing process along the flow routes were inferred from the discrepancies between the modeled and the measured data. Figure 3(A) shows that the predicted and observed EC dynamics agree reasonably well from May to November 2016. After that, the conservative mixing approach underestimated the EC but the main dynamics and amplitude were still reproduced; as groundwater is the only contributor to the high EC due to the seepage of quite mineralized, slightly brackish water, the model must underestimate the seepage flux from November 2016 on. Overall, the observed dynamics of EC are consistent with mixing of high EC seepage water with low EC runoff water. 
The dynamics of measured NH4 concentrations show resemblance to the model results, especially during the wet season. Clearly, NH4 is diluted during the rain events and a gradual increase of NH4 starts after each rain even during the wet season showing slopes that resemble the model reconstruction. Over the whole period, measured NH4 concentrations are overestimated by the model, indicating that some NH4 is probably lost due to non-conservative processes. This is especially true for the  spring season of 2017, where NH4 concentrations must be controlled by other processes. Concentrations of TP are generally far below the conservative model reconstruction, except between the end of November and the beginning of March. During this particular period the minimum measured TP concentrations are captured nicely by the conservative model, however distinct peaks up to 3 mg L-1 are not captured by the model and must have different physical or chemical processes determining them”.

51. L265 – 274. Since water levels were measured: why were the model results of the water levels (L(t)) not compared to measurements?

The reviewer is acknowledged for this question. We did compare the measurement to the modeled results, in order to calibrate the groundwater seepage rate for the conservative model. We added the comparison in the supplementary information, but kept it out of the manuscript itself, in order to keep it concise.

We added: “and calibrated using the measured water levels (Figure S6).”

52. L 277, 278: What is the criterion for a ‘significant dilution event’?

Agreed, we added our criterion. Line 201 added “((EC value reduced by over 35%))” after “dilution extent of EC”.

53. L 287, 288: Why does event 2 follow EC but not event 3? According to figure 3 NH4 concentration seems to increase parallel to EC. The authors attribute the missing dilution only partly to the data gap. I don’t think a statement about the missing part can be made, when there are no data available. Further, the word ‘partly’ implies that there was no strong dilution.

Agree, the use of “partly” is confusing. Our meaning is that we cannot tell whether NH4 followed EC in event 3 and 4 like in event 1 and 4, that is because we don’t have data (data gaps) of NH4 in event 3 and 4.

Line 286-287, rephrased into “The dilution patterns of the NH4 in events 1 and 2 were similar to those of EC. Due to the data gaps of NH4 in event 3 and 4 we cannot describe the pattern of NH4 in these two events.”

54. L 289: Can you be sure about the dilution? When you compare the high frequency measurements with grab samples (figure 2) 0.35 mg TP/l seems to lie within the uncertainty range of the high frequency measurements. Please discuss a potential sampling uncertainty.

Thanks reviewer for his comments, which made us check our data again. We are quite sure about the dilution patterns for TP during the dry period, as the available grab samples confirm the high frequency results. Some more details are provided below.

We added: “This pattern is nicely reflected in the available grab samples of that event period, confirming the measurement uncertainty is limited.  The response during period 2 is unclear because of too many data gaps, but in general TP show a dilution patterns during rainfall events in the dry and warm season”

Dilution:
To answer the questions, we plotted Event 1 with the TP grab sampling data (red dot) as below. It shows that TP started to decline at the same time when EC started to drop. It was due to the precipitation between June 20 and 24. For both EC and TP, we are sure that the pattern above is dilution in the summer. However, redox reactions (iron oxidation) have to be taken into consideration of the decreasing pattern in the late autumn and winter.

[image: ]
Sampling uncertainty or measurement uncertainty:
Table below reveals that the grab sampling results fit well with the high frequency monitoring time series. The sampling uncertainties are low. It confirms the reliability of the high frequency data, as well as the dilution pattern we proposed above.

	Date
	TP grab
[bookmark: rstudio_console_output]mg P/L
	[bookmark: rstudio_console_output1]TP HQ (mg P/L)
	Uncertainty

	
	
	range
	mean
	

	10-06-2016
	0.70
	0.58-0.69
	0.63
	0.01-0.11

	17-06-2016
	0.66
	0.60-0.66
	0.63
	0-0.06

	27-06-2016
	0.79
	0.71-0.76
	0.74
	0.03-0.08

	11-07-2016
	0.52
	0.51-0.54
	0.52
	0.01-0.03




55. L290: The authors forgot to mention, that TP was also falling again after reaching 0.8 mg/l

The reviewer is referred to the figure above. That the TP fell again might be due to the occurrence of precipitation that day (June 27). However the variation (0.05 mg P/L) is insignificant.

56. L292: There were more small rainfall events during recovery period of event 3 compared to event 4

Agreed. What we wanted to express is the occurrence of the high concentration of TP when rainfall was absent, regardless of the dilution or recovery period.

Line 291-293, changed into “In events 3 and 4, rainfall events are less intensive but last longer. TP concentrations increased up to 3 mg L-1 when rainfall was absent. No such pattern occurred to TP in the beginning of spring (event 4). ”.

57. L310: ‘pumping has the least influence on NH4 in winter’ It is difficult for the reader to relate this to figure 5, because the scaling for NH4 concentrations is different for every event

Agreed. But the trend of NH4 cannot be seen if all the four events are at the same scale. So, we decided to add detail information to elaborate the concentration variations during the pumping events. This can give readers more precise information.

We changed the text into “The concentrations of NH4 were disturbed the least (event 1: 0.38 mg N L-1, event 2: 1.02 mg N L-1, event 3: 0.15 mg N L-1 , event 4: 0.76 mg N L-1) by pumping events in winter (event 3).”

58. L316: The authors suggest that turbidity is influenced by pre-event conditions, but the reader has no specific information about the pre-event conditions. This point is also not further discussed in the Discussion, where this sentence should be placed anyway.

We skipped this sentence. 

59. L 329: ‘Runoff in Geuzenveld has waters with EC....’ – Please rephrase.

Agreed.
Deleted “waters with an ”
Replaced “low compared to” by “lower than”
Added “EC” after “...the groundwater”

60. L332: ‘...the mixing model...which revealed close similarity to the measurement’. This statement is wrong. There is a big discrepancy between model and measurements in the second part.

We rephrased the text to resemble the right observation of the reviewer. We believe that the discrepancy is due to a shift during a specific short period, and adapted the text to reflect that position.

[bookmark: _Hlk41430155][bookmark: _Hlk41497704]“This presumption is supported by the agreement between modelled and measured EC dynamics for the period between May to November 2016. Precipitation events diluted the EC values at the pumping station, and the magnitude of dilution depended on the intensity of precipitation; heavy rainfall resulted in low EC values (Fig.2D and Fig.4). In periods with absence of rainfall, the EC values follow a recovery curve that resembles a linearly mixed reservoir with concentrations increasing to values that approach the EC of the continuous groundwater supply of around 1500 µS/cm. After November 2016, the conservative mixing approach underestimated the EC but the main dynamics were still reproduced and the amplitude of the EC dynamics remains similar to the model results, except for the short period Nov 20th to Dec 1st, 2016. Starting around Nov 20th, the EC started to increase relative to the dry season before. It coincides with an intensive pumping event after the first intensive rainfall event that happened after a prolonged period of water deficit. This may be related with a first flush from the drain system that starts to be activated more strongly, thus removing clogged material and lowering the overall resistance of the drain system for shallow and deep groundwater flow. It suggests that this triggered the inflow of somewhat more mineralized groundwater relative to the period before, creating a shift in the EC towards ~250 uS/cm higher values that continued during the remainder of the monitoring campaign. It appeared that it raised the EC, but did not change the amplitude or dynamics of the EC during the remainder of that period (Fig 2 and 3). An alternative reason for the higher EC starting from November, 2016 on, would be the application of road salts during the winter period. Although freezing conditions occurred from November onwards, we did not find any evidence for the effects of road salts, as the chloride concentrations in the grab samples only showed two higher measurements, one in December 2016 and one in January 2017 (see Supplement, Figure S2.) So, overall, the observed dynamics of EC are consistent with mixing of high EC seepage water with low EC runoff water. ”

61. L341 – 347: Only the discrepancies during winter are discussed, but measurements and the model
reach into middle of June.

Agreed. See reply to comment 60.

62. L 397: NH4 can be consumed by nitrifying bacteria (not by nitrification).

Rephrased as: “Apart from primary production, NH4 can be oxidized to NO3 in the process of microbial nitrification (Zhou et al., 2015)”. 

63. L 398, 399: Denitrification and anammox are two different processes and the chemical equation doesn’t fit to neither of them. For anammox NO2 is needed, not NO3. I am also wondering why nitrification and denitrification are not discussed apart from this two sentences. Nitrification is also an oxygen consuming and NH4 reducing process. While denitrification can take place under anoxic conditions.

We skipped the reference as the nitrate concentrations are typically very low in this seepage catchment (see Figure 6). Nitrate and NO2 might be intermediate species in the primary production or chemical reactions, but do not affect the main patterns of ammonium uptake in spring and the transfer to organic-N as was discussed here.  

64. L 417 Turbidity only increased for a short period (end of October to middle of November)

From the end of October until the end of February, Turbidity was most of the time above 200 FNU which can be considered as high level compare to the dry season (typically below 50 FNU).

We adapted the text to clarify this: “From the late autumn onwards, turbidity and total Fe concentrations significantly increased, peaking first to 1800 FNU and staying at a plateau of ~200 NFU during the rest of the cold and wet season (Fig.2). During this period the water turned brownish and transparency declined (Fig.6)”

65. L 418: ‘Iron-rich particles are the most likely source of turbidity in freshwater’: Concentration of iron particles is high until February. If this is true, why is turbidity low in February? Please clarify.

We clarified that turbidity values of ~200 FNU are elevated relative to the spring and summer seasons, but this was probably missed because it is less prominent than the 1800 FNU peak in late autumn. Actually,  the 1800 FNU peak started a new situation with elevated turbidity, and later increasing TP concentrations once the ironhydroxide layer at the sediment-interface became completely dissolved (see Figure 7). Complementary to the addition of the text of comment 64, we added the next sentence halfway the section to further explain our hypothesis: 

“We suggest that the turbidity peak of 1800 FNU is caused by the mineralization of the benthic algae once they die off when light and temperature conditions decrease, combined with the shift of ironhydroxide formation from the sediment-water interface to the water column. The latter process continues through the whole winter season, until primary production restarts in spring (Figure 7)”

66. L 433: ‘...turbidity became high’ according to figure 2 turbidity wasn’t high in this time span.

See reply to previous comments. Turbidity was most of the time above 200 FNU which can be considered as high level compare to other time (mostly below 50 FNU), please refer to the text in line 247-252.

67. L 447: ‘relatively low in oxygen (because of warming) ’ Additionally, a reason for reduced oxygen might be an increase in O2 consumption by microorganisms.

We change the text to also mention this possibility: “and relatively low in oxygen due to the continuous supply of anoxic groundwater, the mere absence of O2 -rich runoff, the oxidation process of Fe(II) and possibly by microbial organic matter decomposition during warm periods with relatively stagnant water.”

68. L 523 – 664: The references are not completely in an alphabetical order and slightly different citation styles were used (e.g. sometimes DOI is written in capital letters, sometimes not)

Agreed. Changed accordingly.

69. Figure 1: Readers have to guess the channel after the pumping station is Boezem Haalemmerweg and whether the left drainage system is the secondary water channel which Greuzenveld is connected to. The map above the Google Maps Card with the location is too small and doesn’t help to understand the system. Please provide a better overview map of the study area.

We provided a better location map to help understand the system, which shows the position of the polder, the pumping station, main flow direction and overall setting within Amsterdam. It is uploaded in the “Fig.1” in the system.

70. Figure 2: The discrete sampling data points are hard to identify;

Agreed. Changed accordingly as below.

We found the detailed precipitation data is more useful when interpret the data in the event scales. For the annual scale, we think showing the water surplus and deficiency (precipitation minus potential evapotranspiration) gives a better representation, especially to derive the wet and dry periods which are based on water deficits and not precipitation alone.

71. Figure 3: ‘measured’ and ‘modelled’ timeseries overlap in the same colour. It is not visible whether ‘TP modelled’ shows the same peaks like ‘TP measured’. Choose different colours.

We used green color to identify the measured TP,  making it consistent with Figure 4. We now use consistent colors throughout the graphics.

72. Figure 4/5: A rearrangement of graphs and scales could add to a better understanding of the figures.

We were aware of the problem of the scales. For those parameters with small variations, we plot them in the same scales for all events, such as for water temperature, rain, surface water level, EC and NH4. But the ranges of TP and turbidity are beyond the possibility for plotting all the events in the same scales without losing the patterns. The arrangement of the parameters in Figure 4 and 5 is determined by the similarity of their behavior. For instance, EC  shows more similar pattern with NH4 than with TP or turbidity, same for the TP and turbidity group. Besides, those groups are consistent with the groups in Figure 2. So, we intend to keep the Figures as they are, except that we will combine water temperature and precipitation rate in the first row of figures 4 and 5, as suggested in comment 73. This will avoid having 3 y-scales in row 2 and will help better identify the main patterns.

73. Figure 5: The reader can’t distinguish between day and night time, though the authors discuss this in chapter 3.3.2 based on this figure; while the first block only contains water temperature, the second block contains three measured parameters. There is room for improvement of visibility.

Agreed. We define day from 7 am to 8 pm in autumn and winter, and 6 am to 10 pm in spring and summer. We will indeed combine water temperate and precipitation rate in the first row of figures 4 and 5. This will avoid having 3 y-scales in row 2 and will help better identify the main patterns.
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  Figure 6 Monthly measurement of TN,  NH 4  - N, NO 3  -   N, chlorophyll - a (Chlor), O 2   organic N/ TN and  NH 4 - N /TN (NH 4 /N) mass ratio,  pH   , water transparency, and suspended solids   in Geuzenveld from  2007 to 2018. X axis is month.  
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