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Reply to Reviewers

We thank the three reviewers for providing constructive comments and suggestions. We have re-
vised the manuscript based on the reviewers’ comments and suggestions. We believe the revised
version of the manuscript has improved its adequacy and offers a better insight into its added value.
In the following, we provide detailed replies to all comments and discuss changes to the main manuscript.

Reviewer 1

The study presents a statistical analysis of the hydrological cycle in Czechia. To do so the study
uses multiple gridded hydrological products, derived using remote sensing and reanalysis. First
a ranking scheme regarding the performance of each product and their combination is presented.
To me this is the main novelty of the study. Afterwards the best products are analyzed to provide
spatially explicit estimates of the change of hydrological dynamics between a past and a present
era.

We would like to thank the reviewer for their brief yet insightful comments. We have revised the
manuscript based on the reviewer’s comments and suggestions. The evaluation data sets were re-
placed by high-quality observations only. In addition, we added new figures to present further
results and discuss their implications supporting the hypothesis of re-distribution of terrestrial
water, since Czechia is losing water in the long-term (precipitation remains the same while evap-
otranspiration increases).

Overall, the methodology is mostly solid. My main methodological question concerns the use
of GLEAM and GRUN. I am not sure why GLEAM and GRUN were used as benchmark datasets.
GLEAM and GRUN are both model based. How can they be used as benchmarks for validation?
They themselves carry a lot of uncertainty. For ET, the physical basis of some of the remaining
datasets (e.g., ERA5 land) is much more detailed than GLEAM as they integrate a full complex-
ity land surface scheme, rather than simplifying models (e.g., Priestley Taylor). GRUN has even
less physical basis, as it is a statistical model. I would be more convinced with the analysis, if only
real high-quality observations were included in benchmarking the various datasets.

Initially GLEAM and GRUN were chosen as evaluation benchmarks because both are consid-
ered high quality products (E.g., Yang et al. [2017]; Bai and Liu [2018]; Liu et al. [2021]; Hu et al.
[2021]; Xiong et al. [2022]; Xu et al. [2022]; Mei et al. [2023]) but their record lengths were not
long enough to be part of the main analysis. As correctly pointed out by the reviewer, these data
sets do carry considerable uncertainty. Therefore, in order to include only high-quality observa-
tional data and to evince the robustness of the ranking method proposed we decided to replace
GRUN by GRDC for runoff and perform the ranking without an evapotranspiration reference for
evaluation. Note that we selected only three stations from GRDC, namely the Bohumin (Oder),
Decin (Elbe), and Moravsky Jan (Danube) stations, which are placed near the borders of the coun-
try and their wieighted average was computed using the catchment area as registered by GRDC.
The revised benchmarking (revised Figure 2) and top ranking results vary only slightly (revised
Table 2), further supporting our initial choice of referential data sets.
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Figure 2. Benchmarking spatial weighted average annual water fluxes over Czechia between 1961 and
2020. For consistency and comparability between different water fluxes, annual anomalies were computed
using the 1981-2010 average as a reference, the common period among all data sets. The 1981-2010 average
and standard deviation are listed at the bottom left of each panel. Linear correlation summary statistics are
displayed at the bottom right of each panel. The spread of the estimates being evaluated is shown in gray, and
their mean is in white. (a) Precipitation evaluation. CHMI data is shown in blue. (b) Evapotranspiration eval-
uation. (c) Runoff evaluation. GRDC (Bohumin, Decin, and Moravsky Jan stations) data is shown in purple.

–2–



Manuscript submitted to Hydrology and Earth System Sciences

Ta
bl

e
2.

D
at

a
se

tr
an

ki
ng

as
de

te
rm

in
ed

by
Eq

ua
tio

n
3.

𝑃
is

pr
ec

ip
ita

tio
n,

𝐸
is

ev
ap

ot
ra

ns
pi

ra
tio

n,
𝑄

is
ru

no
ff,

𝜉
is

th
e

m
ea

n
re

si
du

al
ov

er
60

ye
ar

s,
𝜎
𝜉

is
th

e
sta

nd
ar

d
de

vi
at

io
n

of
th

e
re

si
du

al
ov

er
60

ye
ar

s,
𝑐
𝑜
𝑟
(𝑃

−
𝐸
,𝑄

)i
st

he
co

rr
el

at
io

n
be

tw
ee

n
𝑃
−
𝐸

an
d
𝑄

fo
rt

he
𝑖-t

h
ra

nk
ed

co
m

bi
na

tio
n,

𝑐
𝑜
𝑟
(𝑃

,
𝑃

o)
is

th
e

co
rr

el
at

io
n

be
tw

ee
n
𝑃

of
th

e
𝑖-t

h
ra

nk
ed

co
m

bi
na

tio
n

an
d

C
H

M
I,

an
d
𝑐
𝑜
𝑟
(𝑄

,𝑄
o)

is
th

e
co

rr
el

at
io

n
be

tw
ee

n
𝑄

of
th

e
𝑖-t

h
ra

nk
ed

co
m

bi
na

tio
n

an
d

G
R

D
C

.

R
an

ki
ng

𝑃
𝐸

𝑄
𝜉

𝜎
𝜉

𝑐
𝑜
𝑟
(𝑃

−
𝐸
,𝑄

)
𝑐
𝑜
𝑟
(𝑃

,
𝑃

o)
𝑐
𝑜
𝑟
(𝑄

,𝑄
o)

1s
t

Te
rr

aC
lim

at
e

Te
rr

aC
lim

at
e

Te
rr

aC
lim

at
e

-0
.3

46
30

.2
04

0.
84

6
0.

94
1

0.
83

6
2n

d
m

H
M

(E
-O

B
S)

m
H

M
m

H
M

-0
.9

12
51

.2
31

0.
81

6
0.

99
4

0.
96

7
3r

d
C

RU
TS

v4
.0

6
Te

rr
aC

lim
at

e
Te

rr
aC

lim
at

e
-1

.7
49

29
.9

44
0.

84
3

0.
93

8
0.

83
6

4t
h

Te
rr

aC
lim

at
e

Te
rr

aC
lim

at
e

m
H

M
-8

.8
61

39
.8

47
0.

73
0

0.
94

1
0.

96
7

5t
h

C
RU

TS
v4

.0
6

Te
rr

aC
lim

at
e

m
H

M
-1

0.
26

5
40

.6
13

0.
71

1
0.

93
8

0.
96

7
6t

h
ER

A
5-

La
nd

ER
A

5-
La

nd
ER

A
5-

La
nd

-5
.5

54
66

.6
06

0.
70

1
0.

95
1

0.
88

2
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

14
th

PR
EC

L/
L

m
H

M
Te

rr
aC

lim
at

e
17

.0
13

60
.2

81
0.

65
8

0.
89

1
0.

83
6

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .

24
th

ER
A

5-
La

nd
Te

rr
aC

lim
at

e
m

H
M

11
4.

62
8

44
.7

21
0.

76
3

0.
95

1
0.

96
7

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .

38
th

ER
A

5-
La

nd
N

C
EP

/N
CA

R
R

1
m

H
M

-1
66

.7
46

60
.4

20
0.

71
4

0.
95

1
0.

96
7

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .

48
th

PR
EC

/L
m

H
M

ER
A

5-
La

nd
-5

2.
54

9
82

.7
51

0.
38

2
0.

89
1

0.
88

2
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

72
nd

m
H

M
(E

-O
B

S)
m

H
M

N
C

EP
/N

CA
R

R
1

-1
34

.0
44

87
.9

23
0.

23
7

0.
99

4
0.

40
5

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .

87
th

N
C

EP
/N

CA
R

R
1

N
C

EP
/N

CA
R

R
1

N
C

EP
/N

CA
R

R
1

-2
92

.0
24

13
7.

29
7

0.
67

5
0.

18
1

0.
40

5
. . .

. . .
. . .

. . .
. . .

. . .
. . .

. . .
. . .

96
th

C
RU

TS
v4

.0
6

N
C

EP
/N

CA
R

R
1

N
C

EP
/N

CA
R

R
1

-4
24

.7
72

93
.9

62
-0

.0
19

0.
93

8
0.

40
5

–3–



Manuscript submitted to Hydrology and Earth System Sciences

Apart from that, a thorough analysis is presented, which to a large extent is consistent with pre-
vious results related to continental Europe. Even though the study is methodologically sound,
its novelty is limited in my opinion because of (a) the data products used are all well established
and have been extensively previously analyzed at regional and global scales, and (b) the limited
geographical extent of the study. I find the paper better suited to journals focusing on regional
studies, rather than HESS whose goal is to further advance the fundamental understanding of hy-
drological processes and their impacts on society and ecosystems.

We thank the reviewer for this comment because it helped us realize that the novelties of our study
have not been properly highlighted. Although the data products have been previously analyzed
at regional or global scales, this is done under a univariate perspective, that does not consider the
ability of the data sets to reproduce the water cycle (and its changes) as a whole in a structurally
plausible manner. This comment pushed us to look deeper into the water budget closure, where
it became evident that there is a substantial overestimation of the drying in ERA5-Land (Figure
3).
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Figure 3. Spatial weighted average annual water fluxes over Czechia (first row), Danube basin inside
Czechia (second row), Elbe basin inside Czechia (third row), and Oder basin inside Czechia (fourth row).
Where 𝑃 is precipitation in blue, 𝐸 is evapotranspiration in green, 𝑄 is runoff in purple, 𝜉 is the residual
(𝑃 − 𝐸 − 𝑄) in black, and cumsum(𝜉) is the cumulative sum of the residual in orange. Left column: TerraCli-
mate (𝑃), TerraClimate (𝐸), and TerraClimate (𝑄). Middle column: mHM(E-OBS) (𝑃), mHM (𝐸), and mHM
(𝑄). Right column: ERA5-Land (𝑃), ERA5-Land (𝐸), and ERA5-Land (𝑄).
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We acknowledge that the geographical extent of the study is small. Nonetheless, a relatively small
study domain is not uncommon at HESS, as demonstrated by some of the work we cited [Jenicek
and Ledvinka, 2020; Muelchi et al., 2021]. The former discusses the influence of snow storage
and snowmelt inter-annual variations effect on seasonal runoff and summer low flows in Czechia.
The latter addresses projected changes in river runoff regimes in Switzerland. Furthermore, there
are multiple other publications in recent years with similar geographical extents, some of which
are:

• Osuch et al. [2016] Reported possible climate change effects on dryness by assessing the
standardized precipitation index on multiple climate projections in Poland.

• Silvestro et al. [2018] Analyzed streamflow extremes and long-term water balance in the
Liguria region of Italy.

• Girons Lopez et al. [2021] Benchmarked the SHYPE operational hydrological model in
Sweden.

• Hanus et al. [2021] Reported changes in runoff signatures at multiple scales in contrast-
ing Alpine catchments in Austria.

• Torelló-Sentelles and Franzke [2022] Presented a random forest model to predict drought
impacts in Spain.

• Alexopoulos et al. [2023] Evaluated precipitation reanalyses performance for rainfall-runoff
modeling using the GR4H model in Slovenia

Despite their regional geographical extent, the findings of the above-mentioned have implications
to our understanding about the hydrological processes. Likewise, in the revised version we high-
light the main novelties of our study, which is the importance of combining data sources that de-
scribe all the components of the terrestrial water cycle and presenting a showcase of inconsis-
tencies that might not be visible if the single components are evaluated as performance metrics
(the case of ERA5-Land).

A few minor comments:

Lines 17-20: Not clear what the contradiction is between the 2 statements

For clarity and brevity the text was rephrased from: ”On the one hand, small changes in total pre-
cipitation suggest a shift in precipitation towards more intense and less frequent events [Trenberth,
2011]. On the other hand, it was hypothesized that an increased vertical gradient of atmospheric
water vapor would offset atmospheric wind convergence in the tropics making wet regions wet-
ter and dry regions drier [Held and Soden, 2006].”

To: ”It was hypothesized that an increased vertical gradient of atmospheric water vapor would
offset atmospheric wind convergence in the tropics making wet regions wetter and dry regions
drier [Held and Soden, 2006].”

Line 26: define what you mean by unquantified uncertainties

For clarification the text was rephrased from: ”... unquantified uncertainties on satellite-based
products [Sheffield et al., 2009].”

–5–
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To: ”... unquantified uncertainties on satellite-based products [e.g., the impact of cloud filtering;
Povey and Grainger, 2015].”

Line 73: What is the meaning of the roof analogy?

For clarity and brevity, we removed the roof analogy. Which was meant to be a literary figure for
a headwaters region (water falling on top primarily runs away rather than staying in).

Figure 1: the different shading is not clear. I suggest the authors to add in bold colors the catch-
ment boundaries for clarity

Figure 1 was updated as suggested.
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Figure 1. The three drainage basins within Czechia’s boundaries. Elbe (light gray shade), Danube (black
stripes), and Oder (clear).

Line 130: System instead of set of ODEs

Text was replaced.

I find the definitions of R2 and RMSE a bit redundant.

The definitions were removed.

In eq 1, 2 I suggest changing the variable name of the residual term from R to something differ-
ent, e.g. epsilon, to not confuse the reader as R is commonly used for runoff, and previously in
the paper as the coefficient of determination

To avoid confusion the variable name was changed from 𝑅 to 𝜉.
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Line 211: Why were the authors surprised by the quality of ERA5-Land. Please explain further
this statement? The land surface scheme of ERA5-Land (H-TESSEL) has a hydrological com-
ponent, which is in compatible complexity with the remaining hydrological models of the study.

To explicitly refer to the cause of surprise the text was rephrased from : ”Notwithstanding, we
were surprised to see the ERA5-Land exclusive combination (i.e., all flux estimates from the same
data set) among the top five ranks.”

To: ”Notwithstanding, we were surprised to see the ERA5-Land exclusive combination (i.e., all
flux estimates from the same data set) among the top six ranks despite non steady water budget
residuals (Figure 3) as well as biases 1.7-3.3 and 3.8-4.2 times larger than those of models for
runoff (Figure 2c) and precipitation (Figure 2a), respectively” As the previous sentence states:
”We expected combinations with hydrological model data to be highly ranked and reanalyses to
be poorly ranked due to the above-reported considerable biases of the latter.”

TerraClimate mHM ERA5−Land

C
zechia

Labe
M

orava
O

dra
19

60

19
80

20
00

20
20

19
60

19
80

20
00

20
20

19
60

19
80

20
00

20
20

0

500

1000

0

500

1000

0

500

1000

0

500

1000

W
at

er
 F

lu
x 

in
 [m

m
]

P
E
Q
ξ

c(ξ)

Figure 3. Spatial weighted average annual water fluxes over Czechia (first row), Danube basin inside
Czechia (second row), Elbe basin inside Czechia (third row), and Oder basin inside Czechia (fourth row).
Where 𝑃 is precipitation in blue, 𝐸 is evapotranspiration in green, 𝑄 is runoff in purple, 𝜉 is the residual
(𝑃 − 𝐸 − 𝑄) in black, and cumsum(𝜉) is the cumulative sum of the residual in orange. Left column: TerraCli-
mate (𝑃), TerraClimate (𝐸), and TerraClimate (𝑄). Middle column: mHM(E-OBS) (𝑃), mHM (𝐸), and mHM
(𝑄). Right column: ERA5-Land (𝑃), ERA5-Land (𝐸), and ERA5-Land (𝑄).
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Line 225-228: Does this imply that the models do not close the water balance, or that the inte-
gration periods are not long enough, and the discrepancies are due to soil water storage dynam-
ics?

We took 30-year periods, the minimum required to calculate a climate normal, and it would be
safe to assume negligible change in water storage. Which is supported by the stationary time se-
ries seemingly centered around zero (Figure 3). Moreover, we cannot assert that models do not
close the water balance because the discrepancies are considerably small compared to the val-
ues of those fluxes.

Line 244: Change Abril to April

Text was changed.

Figure 4: Might be better if presented as cumulative distribution functions, q-q plots or boxplots.

Figure 4 was revised from a histogram to a boxplot. Please note that the revised figure number-
ing is now Figure 5 due to the newly added Figure 3.
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Figure 5. Box plots of spatial weighted average annual water fluxes over Czechia, where 𝑃 is precipitation,
𝐸 is evapotranspiration, 𝑄 is runoff, and 𝑃 − 𝐸 is precipitation minus evapotranspiration. Data are divided
into two 30-year periods: 1961-1990 (blue) and 1991-2020 (yellow). Note that outliers are present only in the
latter period (i.e., 1991-2020) as expected from the recorded severe drought of 2003.
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Reviewer 2

This article presents extensive work on comparing the performance of different datasets on the
closure degree of the water budget and demonstrates the acceleration in the hydrological cycle
over Czechia. Overall, the paper is well written and readable and provides direct evidence of the
performance on evaluation from different datasets. However, the title of the article could prob-
ably be rephrased, as it looks like a new method for demonstrating water cycle acceleration, but
the actual story of the article is more about comparing the performance of different datasets us-
ing a novel method. Here are several issues needed to be addressed or clarified, which are listed
as follows.

We thank the reviewer for their encouraging feedback and detailed comments. The empirical rank-
ing framework we propose is our original approach. However, the focus of our work is to assess
how different data sets portray different stories. While often there are similarities between data
sets specially at coarser scales, in reality, each data sets depicts a different scenario. We changed
the manuscript title from: ”Water Cycle Acceleration in Czechia: A Water Budget Approach”

To: ”Water Cycle Changes in Czechia: A Multi-Source Water Budget Perspective”

Major comments:

Line 12: What does the median space pattern mean here? Why only mention spring and sum-
mer here?

To add further detail and clarity the text was rephrased from: ”Interestingly, the most significant
temporal changes in Czechia take place during spring, while median spatial patterns stem from
summer changes in the water cycle.”

To: ”Interestingly, the most significant temporal changes in Czechia occur during spring, while
the spatial pattern of the change in median values stems from summer changes in the water cy-
cle, which are the seasons within the months with statistically significant changes.”

Line 17-21: A more logical organization is needed, perhaps adding a sentence in front of “on the
one hand” to introduce the relationship between the water cycle and water fluxes you have cho-
sen here (precipitation, evapotranspiration. . . ). The information behind ”on the one hand” and
”on the other hand” are not parallel associations, and these two aspects are less relevant to the
focus of this article.

For clarity and brevity the text was rephrased from: ”On the one hand, small changes in total pre-
cipitation suggest a shift in precipitation towards more intense and less frequent events [Trenberth,
2011]. On the other hand, it was hypothesized that an increased vertical gradient of atmospheric
water vapor would offset atmospheric wind convergence in the tropics making wet regions wet-
ter and dry regions drier [Held and Soden, 2006].”

To: ”It was hypothesized that an increased vertical gradient of atmospheric water vapor would
offset atmospheric wind convergence in the tropics making wet regions wetter and dry regions
drier [Held and Soden, 2006].”
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Line 36-43: The information in parentheses may be summarized in a supplementary table and
moved the table to supplementary materials for detailed clarification. In addition, please add the
datasets categories (which ones belong to satellites or ground-based measurements, or climate
models) in the table.

As suggested the information was added as supplementary tables (Table S1, S2, S3, S4, and S5)
in a formatting compatible with revised Table 1.
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Table 1: Add the datasets categories (which ones belong to satellites or ground-based measure-
ments or climate models) in table 1.

Table 1 was revised as follows:
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Line 173: Are there any supporting references to this similar approach? If yes, please provide
the citations.

To the best of our knowledge there are no references for a similar approach. This is our proposed
equation.

Line 180: It is okay to use the medians for excluding the outliers, but can you provide a supported
plot to show the distribution of values as supplementary material?

Instead of adding a supplementary figure, Figure 4 was revised from a histogram to a box plot.
In the revised Figure 5 it can be seen that outliers are present only in the latter period (i.e., 1991-
2020).
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Figure 5. Box plots of spatial weighted average annual water fluxes over Czechia, where 𝑃 is precipitation,
𝐸 is evapotranspiration, 𝑄 is runoff, and 𝑃 − 𝐸 is precipitation minus evapotranspiration. Data are divided
into two 30-year periods: 1961-1990 (blue) and 1991-2020 (yellow). Note that outliers are present only in the
latter period (i.e., 1991-2020) as expected from the recorded severe drought of 2003.
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Line 196-197: The demonstration is on the edge, as it is not all time is overestimated and under-
estimated, only in some certain period.

It is true that overestimation or underestimation are not present at every single time step. The state-
ments referred to the overall discrepancies as quantified by the 1981-2020 average. The text was
updated to reflect the revised evaluation values (see second major comment from Reviewer 1),
also for clarity the text was rephrased from: ”mHM has the highest correlation for runoff, with
R-squared circa 0.86 (Figure 2c), falling to the second highest for evapotranspiration (R-squared
0.7; Figure 2c). Interestingly, the values for the 30-year average in mHM underestimates runoff
(Figure 2c) but overestimates evapotranspiration (Figure 2b).”

To: ”mHM has the highest correlation for runoff, with R-squared circa 0.93 (Figure 2c).”

Figure 4: Can you use the line plot to show the trend as this is a time series for changes in hy-
drological variables, while a histogram may not be very straightforward?

The intent of the figure is to show the change between two climate normals, not the overall trend.
Thus, the figure was revised into a box plot not a line pot (Figure 5 above on reply to comment
”Line 180”).

Figure 7-9: When you discuss the spatial distributions in different parts of Czechia maybe just
focus on the one figure which is most representative as I see the spatial patterns are similar across
Figure 7-9 and moved the rest figures to supplementary materials.

Figure 7 (now Figure 8) was kept in the main manuscript and Figures 8 and 9 will be in the sup-
plementary as Figure S3 and S4, respectively.

Minor comments:

Nine datasets? But in Table 1 there are ten datasets, right?

Nine data sets indeed. Table 1 was be revised and data type was be added (see major comment
on Table 1)

Figure 5: Is it possible to zoom in on the y-axis limit because the boxes in the second and third
rows are not clear?

The y-axis was modified as suggested:
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TerraClimate mHM ERA5−Land
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Figure 6. Box plot of spatial weighted average monthly water fluxes over Czechia, where 𝑃 is precipitation,
𝐸 is evapotranspiration, 𝑄 is runoff, and 𝑃 − 𝐸 is precipitation minus evapotranspiration. Data are divided
into two 30-year periods: 1961-1990 (blue) and 1991-2020 (yellow). Left column: TerraClimate (𝑃), Terr-
aClimate (𝐸), and TerraClimate (𝑄). Middle column: mHM(E-OBS) (𝑃), mHM (𝐸), and mHM (𝑄). Right
column: ERA5-Land (𝑃), ERA5-Land (𝐸), and ERA5-Land (𝑄).
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Reviewer 3

This paper presents analyses of the water budget and water cycle for Czechia. Overall I found that
the work is interesting and well written. My major comment is around the definition of the score
used for the ranking of the different data set combinations and how this was derived and justi-
fied. For example the score only accounts for the anomalies and the correlations but does not con-
sider bias in the products. This is very evident from Figure 4 where ERA5-land has substantially
higher estimates of both P and ET and therefore its anomalies are similar to the other products.
But presumably in some applications consistent biases may be problematic even if the anoma-
lies are ok (e.g. water allocations or environmental flows). I think that the authors need to do far
more to consider the sensitivity of the dataset ranking to the definition of the score.

We thank the reviewer for their constructive and encouraging comments. As correctly pointed
out the score does not account for any biases in the products. However, if precipitation and evap-
otranspiration are over- or underestimated simultaneously then the overall water budget closure
is not significantly affected. The metric proposed herein aims to rank multi-source data combi-
nations to determine how well a given combination of data sets closes the water budget. It is a
method that can be used to easily and quickly filter out the data set combinations providing im-
plausible results and then be complemented with additional analyses that consider the bias as we
did in the original manuscript. We agree that the approach introduced in our work might not be
the best suited for different applications that need to quantify absolute values rather than anoma-
lies in water fluxes. The main aim of our work is not to benchmark the different data sets ana-
lyzed herein but to demonstrate how different can become the water cycles depicted by each of
them. To clarify this, we added in the revised manuscript the following:

”Our evaluation of individual water cycle components is cohesive with previous literature. Al-
though the data products assessed herein have been previously analyzed at multiple spatial scales,
this is done under a univariate perspective, that does not consider the ability of the data sets to
reproduce the water cycle and its changes as a whole in a structurally plausible manner. This is
easily denoted by the fact that even though mHM’s performance was the best for all water cycle
components evaluated using high-quality observational references, the best data set combination
ranking is actually TerraClimate exclusive (i.e., all flux estimates from the same data set). Note
that the score metric and ranking framework proposed herein serve as a method that can easily
and quickly filter out the data set combinations providing implausible results. It should be remarked
that this ranking framework acts as an initial assessment to be complemented with additional anal-
yses because the score metric does not account for any biases in the products. Expressly because
our work aims not to benchmark the different data sets analyzed herein but to demonstrate how
different can become the water cycles depicted by each of them.”

–21–



Manuscript submitted to Hydrology and Earth System Sciences

Minor comments:

Figure 1: shading is difficult to interpret and I think it would be easier to use hatching or just la-
bel the rivers

Figure 1 was revised as suggested:
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Figure 1. The three drainage basins within Czechia’s boundaries. Elbe (light gray shade), Danube (striped
dark gray shade), and Oder (no shade).

Line 163: Would be interesting to do the analyses for the three main drainage basins.

The following figure with the corresponding text was added:

”The water cycle budget is meant to close over hydrological units. Accordingly, we examined the
water fluxes of the data sets with the best evaluation over the subbasins enclosed by the Czech
administrative borders (Figure 3). For simplicity, we will refer to them by their river names in-
side Czechia. I.e., Morava for the Danube basin, Labe for the Elbe basin, and the Odra for the
Oder basin. It can be seen that within each data set, no extremely deviant behavior is exhibited
between basins or at the country level. In other words, the precipitation time series depicted by
TerraClimate for Czechia is similar to the one depicted for the Morava, Labe, and Odra Rivers.
Comparing data sets, however, it is evident that ERA5-Land is different. At first glance, we evince
higher magnitudes for ERA5-Land precipitation and evapotranspiration, yet the residuals do not
appear to be that far off from those of mHM or TerraClimate. It is not until we look at the cumu-
lative sum of the residuals that we can distinguish ERA5-Land water budget residuals are non-
stationary with a decreasing trend.”
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TerraClimate mHM ERA5−Land
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Figure 3. Spatial weighted average annual water fluxes over Czechia (first row), Danube basin inside
Czechia (second row), Elbe basin inside Czechia (third row), and Oder basin inside Czechia (fourth row).
Where 𝑃 is precipitation in blue, 𝐸 is evapotranspiration in green, 𝑄 is runoff in purple, 𝜉 is the residual
(𝑃 − 𝐸 − 𝑄) in black, and cumsum(𝜉) is the cumulative sum of the residual in orange. Left column: TerraCli-
mate (𝑃), TerraClimate (𝐸), and TerraClimate (𝑄). Middle column: mHM(E-OBS) (𝑃), mHM (𝐸), and mHM
(𝑄). Right column: ERA5-Land (𝑃), ERA5-Land (𝐸), and ERA5-Land (𝑄).

Line 170: would be good to explicitly note that you are doing the closure each year here and then
Ri is the average of Rj for j in 1:60

To explicitly describe the average residual we modified the manuscript from: ”A success met-
ric widely used among several studies is getting the budget closure residual (𝑅) as close to zero
as possible. Herein, we define the budget closure residual as follows:

𝑅 = 𝑃 − 𝐸 −𝑄 (1)

where 𝑃 is precipitation, 𝐸 is evapotranspiration, and 𝑄 is runoff. Thus, we have 96 distributions
of 60 annual values each. The ranking of a given data set combination was determined via:

𝑅𝑎𝑛𝑘𝑖𝑛𝑔 =
|𝑅𝑖 |𝜎𝑅𝑖

(𝑐𝑜𝑟 (𝑃𝑖 − 𝐸𝑖 , 𝑄𝑖)𝑐𝑜𝑟 (𝑃𝑖 , 𝑃o)𝑐𝑜𝑟 (𝐸𝑖 , 𝐸o)𝑐𝑜𝑟 (𝑄𝑖 , 𝑄o))2 (2)

where |𝑅𝑖 | is the absolute value of the mean of the 60 annual residuals for the 𝑖-th combination,
𝜎𝑅𝑖

is the standard deviation of the 60 annual residuals for the 𝑖-th combination, 𝑐𝑜𝑟 (𝑃𝑖−𝐸𝑖 , 𝑄𝑖)
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is the correlation between 𝑃−𝐸 and 𝑄 for the 𝑖-th combination, 𝑐𝑜𝑟 (𝑃𝑖 , 𝑃o) is the correlation
between 𝑃 of the 𝑖-th combination and the precipitation evaluation reference, 𝑐𝑜𝑟 (𝐸𝑖 , 𝐸o) is the
correlation between 𝐸 of the 𝑖-th combination and the evapotranspiration evaluation reference,
and 𝑐𝑜𝑟 (𝑄𝑖 , 𝑄o) is the correlation between 𝑄 of the 𝑖-th combination and the runoff evaluation
reference.”

To: ”A success metric widely used among several studies is getting the budget closure residual
(𝜉) as close to zero as possible. Herein, we define the budget closure residual as follows:

𝜉𝑛 = 𝑃𝑛 − 𝐸𝑛 −𝑄𝑛 (1)

where 𝑃𝑛 is precipitation, 𝐸𝑛 is evapotranspiration, and 𝑄𝑛 is runoff for a given year 𝑛. Thus,
we have 60 annual values for each of the 96 possible combinations. Under steady state conditions
the mean of these residuals should tend to zero:

𝜉𝑖 =

∑𝑁
𝑛=1 𝜉𝑛

𝑁
→ 0 (2)

where 𝜉𝑖 is the mean of the 𝑁 = 60 annual residuals for the 𝑖-th combination. The score to be
used in the ranking of a given data set combination was determined via:

𝑠𝑐𝑜𝑟𝑒 =
|𝜉𝑖 |𝜎𝜉𝑖

(𝑐𝑜𝑟 (𝑃𝑖 − 𝐸𝑖 , 𝑄𝑖)𝑐𝑜𝑟 (𝑃𝑖 , 𝑃o)𝑐𝑜𝑟 (𝐸𝑖 , 𝐸o)𝑐𝑜𝑟 (𝑄𝑖 , 𝑄o))2 (3)

where |𝜉𝑖 | is the absolute value of the mean of the 60 annual residuals for the 𝑖-th combination,
𝜎𝜉𝑖 is the standard deviation of the 60 annual residuals for the 𝑖-th combination, 𝑐𝑜𝑟 (𝑃𝑖−𝐸𝑖 , 𝑄𝑖)
is the correlation between 𝑃−𝐸 and 𝑄 for the 𝑖-th combination, 𝑐𝑜𝑟 (𝑃𝑖 , 𝑃o) is the correlation
between 𝑃 of the 𝑖-th combination and the precipitation evaluation reference, 𝑐𝑜𝑟 (𝐸𝑖 , 𝐸o) is the
correlation between 𝐸 of the 𝑖-th combination and the evapotranspiration evaluation reference,
and 𝑐𝑜𝑟 (𝑄𝑖 , 𝑄o) is the correlation between 𝑄 of the 𝑖-th combination and the runoff evaluation
reference.”

Equation 2: this isn’t actually the ranking but a score that is then used for ranking so I think all
the text associated with the equation needs to be updated.

The text was rephrased from: ”The ranking of a given data set combination was determined via:”

To: ”The score to be used in the ranking of a given data set combination was determined via:”

Figure 3 - we can’t see most of the distributions. I don’t think this is a useful presentation of the
data. What are the units for the budget residual?

Figure 3 (now Figure 4) was modified to include only the distributions listed in table 2. The orig-
inal figure with all the distributions will be placed in the supplementary material as Figure S2.
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Figure 4. Empirical distribution of the data set combinations listed on Table 2 colored based on their rank-
ing as determined by Equation 3. The color gradient goes from higher ranked combinations colored in shades
green to lower ranked combinations colored in shades of brown.

Figure 5 - wrong colours mentioned in caption. I am surprised by the results shown in figure 5
as there is less difference between the different models than implied by Figure 4 where ERA5 is
substantially wetter and higher ET. I think you could dig further into this.

We thank the reviewer for their detailed attention and corresponding suggestions. Captions were
be revised to describe the appropriate colors. The story regarding water cycle changes depends
on the data set of choice and the time scale. These differences tend to be overlooked when an-
nual averages are being compared, but when it comes to annual totals, the small discrepancies
add up, leading to such results. We further highlight some substantial inconsistency in the ERA5-
Land data (Figure 3). It appears that the cumulative sum of the water budget residual in ERA5-
Land declines monotonically in time, implying some systematic bias in the water budget closure.
Even though that approximately 500 mm over 60 years might be considered a relatively small amount,
it raises further questions about the applicability of ERA5-Land in hydrological studies and there-
fore, extra caution should be taken when the widely-used reanalysis data product is employed.
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