
Reviewer 1 

This paper assesses the impact of accounting for irrigation when calculating root zone storage based 

on a wealth of large hydroclimatic datasets applied to numerous catchments across the globe. The 

authors evidence a general reduction of root zone storage estimates, more marked in absolute value 

in locations with more than 10% of irrigated area (17-22mm reduction) or in a humid tropical climate, 

while the relative reduction is largest in temperate locations (16-22% reduction). 

In revising the estimates plant-accessible storage estimates in irrigated crops, this paper tackles an 

issue of key importance for estimating current and future ecohydrological feedback in the Earth System. 

It is therefore an important step, and I found the manuscript pleasant to read, concise and clear for the 

most part. In my view it may actually a bit too concise, lacking contextualization through a more in-

depth discussion. After this and some clarifications, I think it will be suitable for publication in HESS. 

We would like to thank the referee for the comments. We appreciate the time and effort taken to read 

our manuscript in detail and to provide us the very useful and interesting thoughts on our research. 

We will take the comments into account when revising the manuscript. 

We have separated the different comments (shown in italic) and have written our replies below. Text 

in the original manuscript is shown in ‘italic’ and revised text in ‘bold’. Unless differently stated, line 

numbers mentioned in our reply refer to the original manuscript version. 

 

General comments 

The discussion is quite short, and a significant part of it is a synthesis of the results, I think it could dig 

deeper in the implications and robustness of the method and results. These could be (but not limited 

to): 

Comment 1.1 

The comparison with the impact of using snow accumulation is very interesting, all the more that the 

present study also considers snow storage. It would be quite interesting to see the relative effects of 

snow and irrigation in catchments where both are significant, with a “no-snow” case (e.g. by forcing 

P_sn to zero). 

We have 27 catchments where both snow (snow days > 5% of the total days) and irrigation (𝐼a>0.05) 

are considerable. For these catchments we found an average reduction of 𝑆r between the no irrigation-

no snow case (NI_NS) and the no irrigation-snow case (NI_S) of 7 mm (-7 %) (Table 1). Including 

irrigation with IWU and IAF leads to a further 𝑆r reduction of 6 mm (7%) for IWU, and 11 mm (12%) 

for IAF. Based on these numbers we can conclude that the relative effects of irrigation and snow are 

also comparable within our study. 

Table 1. Average 𝑆𝑟 results for the 27 catchments with snow and irrigation significant (𝐼𝑎>0.05) with the following cases: 
NI_NS: no irrigation and no snow; NI_S: no irrigation and snow; IWU_S: irrigation based on irrigation water use and snow; 
IAF_S: irrigation based on irrigated area fraction and snow. The right side of the table shows the absolute and relative 
differences between the mean Sr values. 

 Mean 𝑺𝐫    Absolute difference  Relative difference 

NI_NS  100 mm    

NI_S 93 mm NI_S – NI_NS -7 mm -7 % 

IWU_S 87 mm IWU_S – NI_S -6 mm -7 % 

IAF_S 82 mm IAF_S – NI_S -11 mm -12 % 

 



We will integrate the findings in L246-L248 as follows: 

“Dralle et al. (2021) estimated that integrating snow accumulation and melt in the memory method 

led to an average reduction in 𝑆𝑟 of 6 mm (2%) for areas with >10% winter snow coverage, and 28 mm 

(17%) for areas with >80% winter snow coverage (Dralle et al., 2020b). These magnitudes are broadly 

consistent with our findings for irrigation (Table 2). Our results indicate that the effects of snow and 

irrigation on 𝑺𝒓 are comparable. In our study, 27 catchments have both considerable snowfall (snow 

days > 5% of the total days) and irrigation (𝑰𝒂>0.05). For these catchments, the snow model 

(Appendix A) led on average to an  𝑺𝒓 reduction of 7 mm (7%) for the NI case compared to a set-up 

without the snow model. With irrigation, 𝑺𝒓 further reduced by 6 mm (7%) for IWU, and 11 mm 

(12%) for IAF in these catchments.” 

Comment 1.2 

One of the key assumption of the methodology is a sustainable water use, but this is not the case in 

many locations, as mentioned L264-266. Beyond this sentence, a more detailed discussion of potential 

impact on the methodology (e.g. irrigation exceeding sustainable use by XX% implies XX% changes in 

S_r) would be quite interesting to put results into perspective 

We acknowledge that the assumption of sustainable water use is a limitation of the methodology used, 

as stated in L264-266. We expect that the potential impact of unsustainable water use on the 

methodology would be larger than the effects we found based on closing water balances. If water is 

unsustainably used for irrigation, more irrigation would be applied than according to our method, and, 

as a consequence, a larger reduction of 𝑆r. Therefore, our estimates represent a lower limit of effects 

on 𝑆r.   

We will elaborate more in L261-266: 

“A further limitation may arise from the assumption in the memory method with irrigation methods 

proposed here that catchments are hydrologically closed systems. However, inter-catchment lateral 

flows, such as groundwater and irrigation water can significantly alter catchment water balances (e.g., 

Bouaziz et al., 2018; Fan, 2019; Condon et al., 2020). Moreover, the extraction of fossil groundwater 

for irrigation (Siebert et al., 2010; 265 Grogan et al., 2017; de Graaf et al., 2019) can violate the 

assumption of closing water balances for the here developed irrigation methods in the memory 

method. Our methodology based on a sustainable water use assumption provides a lower boundary 

of  reduction in irrigated catchments. It is expected that irrigation exceeding sustainable use would 

lead to larger 𝑺𝒓 reductions than reported here, as in this case more water is available to crops than 

derived from the water balance.” 

Comment 1.3 

Another assumption in the methodology is that there is single succession of excess/deficit periods 

within a year. How robust is that, also in relation to cited efforts to quantify root zone storage? How do 

other patterns such as double cropping system (where irrigation may happen in two periods), and 

hydroclimatic patterns such has bimodal monsoon (which e.g. affects significant parts of India) alter 

this framework? 

The memory method is based on the annual maximum storage deficits, and the irrigation model 

proposed here only focuses on the largest deficit each year. As suggested by the reviewer, patterns 

such as double cropping systems and bimodal monsoons are not directly accounted for in the method. 

We will integrate this limitation in L266: 



“… irrigation methods in the memory method. Furthermore, the methodology assumes single 

succession of excess and deficit periods within a year (Fig. 2b), which is not necessarily 

representative in regions with double cropping systems or bimodal monsoons (Biradar and Xiao, 

2011).“ 

 

Comment 1.4 

Between the ongoing irrigation expansion and improved irrigation efficiency, what would be the net 

effect on irrigation volumes and thus root zone storage estimates? Perhaps a more detailed perspective 

relating to McDermid et al. (2023) and other review literature on irrigation would be interesting 

We showed that the effect of irrigation on root zone storage estimates increases with increased 

irrigation water use (Fig. 7). Therefore, irrigation expansion, and thus increased irrigation water use, 

would lead to further reductions of 𝑆r at catchment scales in the near-future compared to the 

estimates reported in this study. On the other hand, the effect of improved irrigation efficiency is less 

straightforward. Improved irrigation efficiency (i.e., reduced soil evaporation) reduces the irrigation 

water volumes needed, which, at the catchment scale, leads to increased long-term mean discharge, 

and thus reduced long-term mean evaporation which leads to reduced 𝑆r in the memory method 

compared to a case with lower irrigation efficiency. However, it has been shown that increased 

efficiency does not necessarily lead to reduced irrigation water use, as the saved water by increasing 

irrigation efficiency is applied elsewhere (Grafton et al., 2018, Lankford et al., 2020). Therefore, the net 

effect of ongoing irrigation expansion and improved irrigation efficiency is not evident.  

We will add the following lines in section 4.1 (L242): 

“Given the ongoing irrigation expansion as presented by McDermid et al. (2023), it is expected that 

larger irrigation water volumes lead to further reductions of 𝑺𝒓 at catchment scales in the near-

future compared to the reductions reported in this study. At the same time, irrigation efficiency is 

also improving (McDermid et al., 2023), but this effect on 𝑺𝒓 is less straightforward. Improved 

irrigation efficiency (i.e., reduced soil evaporation) reduces the irrigation water volumes needed, 

which, at the catchment scale, leads to increased long-term mean discharge, and thus reduced long-

term mean evaporation. This would result in reduced 𝑺𝒓 in the memory method compared to a 

situation with lower irrigation efficiency. However, it has been shown that increased efficiency does 

not necessarily lead to reduced irrigation water use, as the saved water by increasing irrigation 

efficiency is often applied elsewhere (Grafton et al., 2018, Lankford et al., 2020).” 

  



Specific comments 

Comment 1.5 

L23-24: Vegetation also mediates soil evaporation and perhaps more importantly evaporated 

interception; these fluxes are generally smaller, but amount land evaporation to transpiration is 

misleading. 

We agree that we are missing the other evaporation fluxes than transpiration here. Therefore, we will 

modify L22-24 as follows: 

“Vegetation strongly influences the water cycle as it controls the partitioning of precipitation into 

discharge and evaporation by mediating soil evaporation, interception evaporation and 

transpiration (Milly, 1994). Transpiration is defined as the water transport from the subsurface back 

to the atmosphere via the roots of vegetation, and is, on average, the largest terrestrial water flux 

globally (Schlesinger and Jasechko, 2014).” 

Comment 1.6 

L41-42: Kleidon and Heimann (1998) and Kuppel et al. (2017) also used a similar approach, albeit using 

potential evaporation 

We acknowledge that both these references are strongly related to the memory method approach we 

used here. However, L41-42 describe very specific previous studies using the memory method based 

on actual evaporation, and we believe that the references based on potential evaporation do not fit 

here, but rather in the previous paragraph. In this paragraph, Kleidon and Heimann (1998) was already 

mentioned twice, and we will also integrate Kuppel et al. (2017) in this paragraph (L32). 

Comment 1.7 

L160-164 / Fig. 3: since the RMSE(f_IAF, f_IWU) is computed for all catchments (for each beta value), 

why not showing the spread of RMSE (e.g. interquartile range) instead of a single line? Can you justify 

with beta should be constant for all catchments ? i.e., why not computing 4511 catchment-specific beta 

values that minimize the RMSE, as I doubt it is strictly 0.9 everywhere? Could the authors clarify this 

point, as the potential impact of this variability (or computing choice) upon S_r estimates in the IAF 

case could be quite interesting to discuss. 

In the IAF method we use a constant value for beta, that is derived from the irrigation water use data 

in combination with the irrigated area data. Beta was chosen as a constant to create a relatively simple 

approach that does not directly rely on the irrigation water use data, which is beneficial for application 

in time periods without irrigation water use data (both historical and future), as well as for regions 

where no reliable irrigation water use data is available. Moreover, using 4511 catchment-specific beta-

values would in principle be the same as the IWU method, as beta is derived from the irrigation water 

use data. Figure 3 shows the RMSE for each beta value, and the line is a combination of many points. 

For each beta we have 4511 deviations between fIAF and fIWU, and combining these deviations gives the 

RMSE for that specific beta. To clarify this approach, and to show the spread of the results, we will add 

another panel to the figure with the catchment specific fIAF and fIWU values for the optimal beta value 

of 0.9 (see Fig. C1).  

To clarify the choice of a constant beta, we will modify L160-164 as follows: 

“with 𝐼𝑎 (-) the catchment irrigated area fraction and β (-) a correction factor that is constant in space 

and time for all catchments. 𝜷 was chosen as a constant to create a relatively simple approach that 



does not directly rely on irrigation water use data, which is beneficial for application in time periods 

(both historical and future), without irrigation water use data, as well as for regions where no 

reliable irrigation water use data is available. We estimated 𝛽 by minimizing the difference between 

fIAF and fIWU in terms of Root Mean Squared Error (RMSE). We generated 1000 linearly spaced values 

for 𝛽 between 0 and 2.5, and computed fIAF for all the catchments. For all these cases, the RMSE of 

catchment fIAF and fIWU was computed (Fig. 3). The RMSE minimized for 𝛽 = 0.9 (RMSE = 0.042), which 

is applied for all catchments in Eq. (6).” 

 

Figure C1. (a) Root Mean Squared Error (RMSE) between the catchment irrigation factors fIWU (Eq. 5) and fIAF (Eq. 6) for 
4511 catchments for 1000 linearly spaced values of 𝛽 between 0 and 2.5. 𝛽𝑜𝑝𝑡  represents the value for 𝛽 where the RMSE 

minimizes. (b) Scatter of fIWU (Eq. 5) and fIAF (Eq. 6) for 𝛽 = 𝛽𝑜𝑝𝑡 = 0.9 with lighter colours indicating a higher point density. 

Comment 1.8 

L169-179: I had to read this section several times to understand how S_r was finally derived, and I am 

not sure I did. It is announced in the first sentence but referring to a Table 1 which is actually more a 

reminder list of notations than explaining S_r. In the last sentence it is said that it is the mean of three 

values, while S_r is separately computed for NI, IWU, and IAF right? What is meant by “Sd,M-values 

with occurrences closest to T = 2 years”? Perhaps a supplementary figure with an example of S_r 

calculation across return periods for a (given set of) catchment(s) would help. 

We compute the 𝑆r separately for NI, IWU, and IAF. For each case, 𝑆r is computed as the average of 

the three annual maximum 𝑆d (𝑆d,M) values with occurrences closest to T=2 years (return levels of 𝑆d,M 

are presented by the crosses in Fig. 5b,d,f and h). To clarify the 𝑆r calculation we modified L176-179 as 

follows: 

“Here, we directly used the observed 𝑆𝑑,𝑀 -values with occurrences closest to T=2 years instead of a 

fitted extreme value distribution, because fitting an extreme value distribution is ambiguous for return 

periods of interest (here: 2 years) much smaller than the timeseries length (here: >10 years). For all 

catchments, for each irrigation case separately, the 𝑆𝑟 was estimated as the mean of the three 

observed 𝑆𝑑,𝑀 -values with occurrences closest to T=2 years, as represented by the cross-markers 

closest to the vertical dashed line at T=2 years in Fig. 5b, d, f, and h.”  

We clarified this issue in Fig. 5 (see Fig. C2 below) by changing the x-axis labels of (b), (d), (f) and (h). 



 

Figure C2. (a, c, e, g) Timeseries of storage deficits Sd (mm) (Eq. 1) for four illustrative catchments with increasing irrigation 
from top to bottom for the three irrigation cases NI, IWU, and IAF (Table 1) with for each catchment the associated annual 
mean irrigation water use (Iw), irrigated area fraction (Ia), and root zone storage capacity (Sr) values. (b, d, f, h) Return level 
plot of annual maximum storage deficits (Sd,M) (Eq. 7) for the three irrigation cases NI, IWU and IAF with the dashed vertical 
line corresponding to a return period T of 2 years (Section 2.2.1). The locations of the catchments are shown in Fig. 6. 
Catchment identity, continent, and Koppen Geiger climate zone are from top to bottom: br_0002356, South America, 
temperate (Cfb); ca_0000689, North America, continental (Dfb); es_0000742, Europe, Mediterranean (Csa); in_0000252,  
Asia, tropical (Aw). 

Comment 1.9 

L174-176: Here or in the Discussion, a tentative/summary (and if possible physically-based) 

explanation for why a 2-year return periods fits best would be welcome. 

Previous studies have found that different vegetation types adapt to droughts with different return 

periods (e.g. Wang-Erlandsson et al., 2016). For example, forests adapt to longer return periods (~40 

years) by root investment than crops that are harvested each year. As described in L278-280, we 

selected a 2-year return period to represent both the yearly harvesting of crops, and the other 

vegetation in the catchment as the catchments are in no case entirely covered by crops.  

We will change L174-176 from: 

“For croplands, and thus irrigated land, a return period of 2 years was found to the be the most 

representative (Wang-Erlandsson et al., 2016)” 

to: 



“Wang-Erlandsson et al. (2016) found that for croplands, and thus irrigated land, the best 

evaporation simulations with a global hydrological model were achieved with an 𝑺𝒓 based on a 

return period of 2 years, as croplands adapt to survive droughts with relatively short return periods.” 

Comment 1.10 

L213-214: From this text it seems Fig. 8a only shows catchments with I_a > 0.05, but this is not mention 

in the Figure or its caption (contrary to Fig. S3b), could the authors clarify? I actually wonder if this 

selection if I_a > 0.05 does not also apply to parts of Table 2? 

Figure 8 shows indeed only catchments with 𝐼a>0.05, which is mentioned in the caption: 

“…, and in (b) catchments are stratified based on climate zone (Sect. 2.2.2, Fig. S3), with for both (a) 

and (b) only catchments with irrigated area fraction 𝐼𝑎>0.05….” 

Also Table 2 represents catchments with 𝐼a>0.05 for the region and climate part (not for the upper four 

rows). This was not clear in the caption, so we modified the caption of Table 2 as follows: 

“Median and interquartile range (IQR) of the relative 𝑆𝑟 difference (Δ𝑟𝑆𝑟 (%)) between the irrigation 

cases (IWU and IAF) and the no irrigation case (NI) with the catchments stratified for the top four rows 

based on irrigated area fraction (𝐼𝑎) (Fig. 7), for the middle four rows based on region (only catchments 

with 𝑰𝒂>0.05) (Fig. 8a), and for the bottom five rows based on climate zones (only catchments with 

𝑰𝒂>0.05) (Fig. 8b). IQR is given as the 25th percentile - 75th percentile.” 

 

Comment 1.11 

L224-232: For this discussion, consider adding a third panel to Fig. 6 with the relative difference 

between IWU and IAF, to look for patterns? 

For completeness of the results, we will include the relative differences between IWU and IAF in the 

supplementary information of the manuscript (See Fig. C3), and refer to it in the text.  

We will modify L224-225 as follows: 

“Figure 6 shows similar spatial patterns of 𝛥𝑟𝑆𝑟 for IWU and IAF, but the magnitudes differed. For most 

groups of catchments, IAF had a more pronounced effect on Sr than IWU (Table 2, Fig. S4).” 

  



 

Figure C3. Relative difference in 𝑆𝑟 (𝛥𝑟𝑆𝑟 (-)) for  IWU compared to IAF ((IWU-IAF)/IAF). See Table 1 for details on the 
irrigation cases.  



Comment 1.12 

L268-270: Not necessarily true if irrigated area fractions increased since then. 

The study by McDermid et al. (2023) shows that the area equipped for irrigation considerably 

increased between 1960 and 2000. The catchments studied here have varying time periods between 

1981 and 2010. The irrigation data we used is relatively ‘late’ in the 1981-2010 period (2011-2018 for 

𝐼�̅̅̅�  and 2005 for 𝐼𝑎). Therefore, the actual irrigation during the catchment time period was probably 

smaller than our estimates based on 𝐼�̅̅̅� and 𝐼𝑎. To clarify, we will modify L268-270 as follows: 

“The annual mean 𝐼�̅̅̅� used in IWU was based on the 2011-2018 period, while the catchment time series 

varied between 1981 and 2010. Similarly, the 𝐼𝑎 we used represented the 2005 irrigated area fraction 

(Siebert et al., 2015). The temporal mismatch between catchment hydrological timeseries and 

irrigation data may have led to an overestimation of I for the catchment specific period, as irrigated 

area, and irrigation techniques and efficiency have developed over the evaluated period (McDermid et 

al., 2023).” 

Comment 1.13 

L270-271: How did the authors conclude on the lack of impact? What does that refer to? At present, it 

is not very convincing and may perhaps be extended as part of the discussion (see General Comments). 

We acknowledge that the temporal mismatch between the data does impact the results. However,  

this research aimed to quantify how much irrigation in general would affect 𝑆r, and to see patterns 

herein, which is not much influenced by the temporal mismatch of the data. 

To clarify, we will modify L270-271 as follows: 

“The temporal mismatch between catchment hydrological timeseries and irrigation data may have 

led to an overestimation of I for the catchment specific period, as irrigated area, and irrigation 

techniques and efficiency have developed over the evaluated period (McDermid et al., 2023). Although 

this inconsistency in the temporal data influences the catchment specific outcomes, we believe that 

it did not have major influence on the quantification of the general patterns of the effects of irrigation 

on 𝑆𝑟, which was the aim of this study.” 

Technical comments 

Comment 1.14 

L185: Fig. S2-S3 are referred to before Fig. S1 (which is a referred though Fig. 4 a bit later). Perhaps 

consider swapping Fig. S1 for Fig. S3, etc. ? 

We will change the order of the supplementary figures as suggested.  
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