Editor Decision: Reconsider after major revisions (further review by editor and referees) (10 Oct
2018) by Stan Schymanski
Comments to the Author:

Thank you for the detailed responses to the referee comments. All referees recommend major revisions before the
manuscript can be reconsidered for publication, and | will follow this recommendation.

Thanks to the editor for the review. The comments of referees Mark Bierkens and Anonymous 3 are really
helpful and certainly help to improve the paper. | will implement all issues addressed in the comments in

the revised version.

While following up on the referee comments and your responses, | stumbled over a very recent paper by one of your
former co-authors:

Tourian, M. J., Reager, J. T. and Sneeuw, N.: The Total Drainable Water Storage of the Amazon River Basin: A First
Estimate Using GRACE, Water Resources Research, 54(5), 3290-3312, doi:10.1029/2017WR021674, 2018.

This a very relevant paper that uses the same data and gets to very similar results in terms of estimating the total
drainable water storage of the Amazon basin. The paper goes even further and analyses water table data and sub-
catchments within the Amazon basin. | am aware that Tourian et al. (2018) use the data in a different way to your
work and that it was published after submission of your manuscript, but in order for the advantages of your approach
to be understood, the manuscript will need to be put into relation to Tourian et al. (2018) and other recent papers, as
pointed out by the referees.

The editor states that this paper goes even further than my manuscript and that it describes analyses of
Amazon sub-catchments.

There are two parts in the study of Tourian et al. (2018). The first is related to the determination of
drainable storage making use of the R-S relationship, the second part determines the river network volume
and compares it to GIEMS observations. Relevant for the discussion here is mainly the first part.

This describes nothing else but the application of the direct approach of Riegger and Tourian (2014) to the
sub-catchments of the Amazon with a different phase shifting scheme than the one used in the original.
However, the study does not consider the prerequisites of the approach described by Riegger and Tourian
(2014), namely, that for a determination of the time constant from the R-S relationship the hysteresis must
be fully described by a phase shift. This condition is fulfilled, if after the application of the phase shift, no
systematic deviations from a linear relationship are observed. The consequence is, that before the scheme
can be applied, it must be made sure that there is no impact from uncoupled storages and that there is no
other impact on the hysteresis other than a pure phase shift.

In Tourian et al (2014), however, the scheme is applied without addressing the individual R-S diagrams of

the Amazon sub-catchments in detail.

My own investigations of the Amazon sub-catchments reveal, that some of the sub-catchments (DBID 501)
fulfill the prerequisites in the same way as the full Amazon catchment (DBID 295). The counter clockwise

hysteresis corresponds to a positive phase shift and is explainable by a time lag (Fig 1)
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Other catchments (DBID 504, 506, Fig.2) show a totally different behavior with a clockwise hysteresis (as

other seasonally dry catchments like Niger etc (Riegger and Tourian (2014)) and a form which does not

correspond to a time lag.
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hysteresis.

They are typical examples for catchments with impacts from time variable soil water storage (506) and from
superpositions of fast and slow runoff components (504) during periods of zero or negative recharge as for
the Niger basin (Fig.3).
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The superposition of drainage components with different time constants (which appears in the above form

in the R-S graph) can be recognized and determined directly from the runoff time series for periods with no
input (Fig.4).
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Only in the R-S diagrams the direction and form of the hysteresis is recognizable yet not from respective
time series directly. The hysteresis in R-S must be counterclockwise and must disappear once the phase
shift is applied in order to interpret the hysteresis as a pure time lag.

This is the reason why the prerequisites for an application of the scheme is emphasized at the beginning of
the conclusions (P23 L2-9).

A negative phase shift as applied by Tourian et al. (2018) to sub-catchments like 504 or 506 does not
address these effects and is not physical as it is not causal. There is no negative time lag. Thus, the direct
approach of Riegger and Tourian (2014) may not be applied (as already mentioned in Riegger and Tourian

(2014)) for some of the Amazon sub-catchments.

For these catchments the uncoupled storages and the different dynamics of the drainage via overland and
groundwater flow must be implemented in the model description. Based on such a more detailed
description of the drainage of the catchment by flows of different time constants as input into the river
network the cascaded storage approach is expected to be able to describe the time lag for both flow types
and the respective storages as well as the volume of river network storage appropriately.

The referees raised two general concerns related to the applicability of your approach,

related to

(a) the representation of the catchment as 2 linear storage compartments in series

According to the HESS obligations for referees “the referees should explain and support their judgements
adequately”.

The mathematical framework is presented in detail in the manuscript. It is clearly showing the phase shift
created by the cascade of storages. Thus, the referees have to formulate their concerns mathematically
and provide contradictions.

and (b) the absence of significant uncoupled storages.

With the above given behavior of catchments with negligible and non negligible time variable soil /
unsaturated zone storage (Fig.2, Fig.3) it should become apparent that non negligible effects of time variant
soil water storage or other impacts on the R-S hysteresis can be recognized from the R-S graphs directly.

| agree with you that a model should be as simple as possible for a desired task and therefore, for the purpose of
estimating drainable storage volume (DSV), fitting two time constants likely has advantages over fitting the
parameters of a full-blown hydrological model to GRACE and streamflow data.

However, given that Tourian et al. (2018) have already demonstrated a way to estimate DSV from GRACE and
streamflow data in the Amazon, your manuscript will need to illustrate more clearly how it advances current
understanding beyond this.

Tourian et al. (2018) apply the direct approach described in Riegger and Tourian (2014) for determining

mass offset, time constant and phase shift to Amazon sub-catchments without appropriately addressing



their specific characteristics such as non negligible uncoupled storage or the temporal response from
drainage contributions with different time constants. They determine the total drainable storage (i.e.
catchment plus river network storage) by just fitting the phase shift phenomenologically even for sub-
catchments with seemingly negative phase shift, which cannot be explained by a time lag, This implicit
single storage approach leads to very questionable results and very inaccurate mass offsets and time
constants (Tablel and P22 L3-6).

The Cascaded storage approach goes far beyond this approach as it explains the phase shift physically by
the impact of a sequence of storages and permits to make use of the information which is contained in the
phase shift. The piecewise analytical approach provides a very accurate and unique description of the
absolute drainable storage both for the catchment AND for the river network. In contrast to a single storage
approach for the total drainable storage (implicitly used in Tourian et al. (2018) ) the cascaded storage
approach provides modelled runoff and river network storage with much higher accuracy (Table.2) and with

a very small phase shift with respect to the observations (Fig.12).

Referee #2 made a very valid point that water in the unsaturated zone would constitute time-varying uncoupled
storage, which would violate your own criteria for applicability of your approach.

According to the above discussion on the impact of the uncoupled storage there is no evidence for any
relevant contribution recognizable in R-S diagrams for the full Amazon catchment and some of the sub-
catchments.

The referee #2 is asked to substantiate his statement that the unsaturated zone constitutes time-varying
uncoupled storage with data. He is asked to prove that their temporal variation is non negligible and
substantial compared to the storage amplitudes in the catchment and river network storage.

The editor repeats the arguments of referee #2 as “very valid” without taking reference to the comments to
referee #2 already given by the author. He neither gives substantial evidence himself nor explains and
supports his judgements adequately. Thus, it is up to the editor to provide intelligible reasons why he does
not accept the arguments of the author. If no reasons or data are provided that substantiate the concerns of

the referee and the editor, the argument of the author has to be accepted as sufficiently sound.

The reason why the model still performs well might be that the relative magnitudes of total DSV are much larger than
the maximum variations of water in the unsaturated zone at the monthly time scale. This should be adequately
discussed and analysed.
In my comments to A. Glintner | have alreadygiven three reasons why for the full Amazon basin a time
variable water storage in soil or in the unsaturated zone is negligible. These shall be repeated here :

1. Average recharge N=P-ET is always positive for the full Amazon basin, so, on a spatial average no

dry out and thus no storage variation occurs (even if this happens on some sub-catchments)



2. Non negligible time variable effects would appear in the R-S relationship as mass changes with no
changes in runoff would occur.

3. Any non negligible effects not described by the model would appear in the scatter plots of modelled
versus measured mass or runoff or flood area as systematic deviations, possibly with a phase shift.
This is not the case for the Amazon catchment. Even the scatter plots of the residuals do not show

any systematic effect.

In addition, as can be seen from Table.2 in the manuscript and from data and calculations in the
supplement (where several performance metrices are presented for a comparison to other models including
correlations and NS for the monthly residuals and not for signals only), the modelling performance of the
cascaded storage approach outperforms all LSMs studied in Getirana et al. (2014), Fig. 14.

The editor as an expert in the field certainly has a better overview on the details of the description of soil
moisture storage in the investigated LSMs (Getirana et al. (2014)) and the magnitude of the effect of
storage CHANGES in soil and in the unsaturated zone. Yet, as the LSMs do not perform better for the full
Amazon basin, it does not seem relevant if the respective storage changes are explicitly described in the
model approaches or not.

It must be concluded that the assumption of a negligible soil or unsaturated storage CHANGE is an
adequate description and need not be further analysed in more detail for a lumped global scale application.

Maybe a good way to address concerns about limited applicability of the appraoch would be to apply it to more than
one basin and test whether the cascade storage model can be calibrated using GRACE and then used to predict
variations in streamflow and inundated areas.

The Cascaded storage approach is data driven and makes use of both, GRACE mass anomalies and
measured runoff. For the full Amazon catchment predicted streamflow (here river runoff), mass anomalies

and river network mass are provided in Fig. 8-10 both for signals and residuals.

As several sub-catchments of the Amazon do not fulfill the prerequisites needed for an appropriate
application of the cascaded storage approach a detailed description of the sub-catchments is needed. This
would reveal the flaws in Tourian et al. (2018), which is not the intent of this manuscript.

Detailed investigations of the Amazon sub-catchments and the development of appropriate calculation
schemes integrating drainage flows of different time constants are beyond the scope of this publication and

will be addressed in a follow-on paper.

Language: | agree with the referees that the language and use of specific terms is confusing and needs significant

improvements. Precipitation surplus more accurately expresses P-ET than recharge,



The expression recharge N=P-Eta will be clearly defined in the text. | prefer it to precipitation surplus as the
latter might be imagined as always positive while recharge can be negative for Eta > P.

and it would also be good to distinguish between drainage (or runoff) and streamflow, as suggested by one of the
referees. | think that runoff may not be a good term, as it is often expected to include infiltration excess runoff, which
would not be a function of storage. | would recommend "drainage" for subsurface flow into the channel network, and
streamflow for the flow at the outlet.

As already described in the comments to referee 3 | would like to clearly distinguish between flows [Vol. /
time] and fluxes [Vol. / time / area]. Instead of “drainage” the expression “runoff is preferred (as in WGHM
and other models using surface/subsurface runoff). Here the expression catchment runoff will be introduced
comprising surface/subsurface runoff and it is distinguished from the runoff from the river network, which
corresponds to streamflow at the outlet devided by catchment area.

These expressions will be introduced properly.

The abstract has to be shortened substantially, as suggested by the reviewers, and made understandable without
reading any other portions of the paper. | agree with the referees that its current form is more like a summary, which
would be read after reading the paper, not before.

The abstract will be shortened.

For all the other referee comments, please consider them as typical thoughts readers might have and modify the
revised manuscript in a way to not leave any of these questions open. | would actually propose to include a separate
Discussion section for this purpose, followed by a short Conclusions section.

Concerns plead in the referees comments will be addressed in the manuscript for clarity and the

Conclusions and Discussion chapter will be revised in that sense.

With your revised manuscript, please provide also a version with all changes highlighted and explain how and where

the different referee comments were addressed in the revised manuscript.

RANDOM TECHNICAL COMMENTS:

All comment not specifically addressed will be implemented in the manuscript

- Title is misleading, as it implies that you can use the approach for the whole globe, not just for very large
catchments.

As already explained extensively in my response to referee #3’s comments the expression global scales
(emphasis on scales!) means a spatial limitation introduced by the resolution of GRACE and not a “Global

coverage”. This is explained in the manuscript. It has been made very clear in the text that this approach is
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not limited to the Amazon basin or other fully humid climate zones. It has also been emphasized in the
manuscript (P24 L14-22) that it has to be modified in order to account for the description of uncoupled
storages - as has been already done in Riegger and Tourian (2014) - or for a description of runoff

components with different time scales.

In fact, you only showed application in the Amazon, so unless you add more catchments to the analysis,
generalisation may not be warranted.

The main point — namely the description of the phase shift by a storage cascade — can be generalized to all
catchments if a reliable recharge P-ET is provided. The paper proves mathematically that there is a unique
solution for the quantification of absolute catchment AND river network storage volumes. This is a novel
approach. It offers a new way for the determination of river discharge by remote sensing (even for
ungauged catchments) and of a an independent description of catchment and river network storage
volumes in general.

Yet, | cannot be expected that in addition to the presentation of a new approach including a new
mathematical formulation and extensive numerical tests the approach has to be applied to all global
catchments before it can be published.

This is unusual and would be disproportional.

You may also consider emphasising the difference to Tourian et al. (2018) in the title.

| could imagine to change the title to :

Quantification of Drainable Water Storage Volumes in Catchments And in River Networks utilizing
GRACE, River Runoff and their Phasing

- Please do not forget considering Mark Bierken's annotations.
- Please clarify the origins of the different equations, e.g. Eq. 1 is the result of a linear storage function, provide
reference.
This is basic mathematics for an ordinary differential equation of first order with no input
- Please put each labelled equation on a separate line (e.g. P9).
- Please include more information in the figure captions. Figures and captions should be informative without having
to read the main text, and contain all information needed to reproduce the figures (e.g. which data set, what
model/equation, what parameter set).
- Fig 1: what does "phase-adapted" mean?
- P5L10-15: Why not just state that extrapolation of curve to 0 runoff gives the 0-point for drainable storage?
This is my understanding of proportionality in contrast to linearity.
- Table 1: Please describe a-f in the caption.
- P5L22: "Opposite to parallel storages..."
- Please include label for table with abbreviations

- P8L13: There is no RCin Eq. 10.



- Eq. 11: Please provide reference for this general solution.
This is basic mathematics for ordinary differential equations of first order with input
- Fig. 2: N is a flux, the others are state variables. Need two axes!
Please specify what parameter values were used to generate these plots.
described in the text P10 L18-20, “unit” means value=1
- Eq. 24: Is this an arbitrary function that can be fitted to the simulation results?
This an empirical function describing an ensemble of solutions for different time constants.
Then it would only be valid for these model runs, not for real conditions with non-sinusoidal forcing, right? Please
clarify.
As any time series can be described by a Fourier representation real world time series can be
described by a superposition of sinusoidal functions. The applicability to real world conditions has
been tested for the Amazon basin.
The phasings of the catchment, river network and the total storage time series resulting from the
optimizations of the time constants correspond to the respective empirical value of the phase shift
(Eq.27) and also to the observed phase shift from measurements. Thus, this parameterization of the
phase shift facilitates a simple and quite accurate determination of storage or runoff time series
directly from measurements. The respective calculation schemes will be integrated in the
conclusions chapter.
-P14L7: "lambda = 3.2"?
Lamda=2.7
- P15L9: Isn't this limited to sinusoidal forcing?
See above
Eq. 28: Where does this come from, what are the sigmas?
All calculations, results and graph are provided in the supplement
See supplement xls file table “results synthetic”
- Figs 8-10: How is separation between signal and residual performed?
Monthly residual = monthly signal — mean monthly signal (see Table “Amazon”)
- Fig. 9: Typo: mass deviation
- Fig. 11: Caption unclear. Mention symbols and colours in the caption.
How was everyhting scaled to O, i.e. how was dMT and dMR computed?
dMT and dMR are anomalies calculated from monthly signals minus their long term average so that
they are comparable to GRACE anomalies
What does the hysteresis mean and in what direction is it?
Fig.11 shows measured runoff versus measured GRACE anomaly,
The calculated total mass anomaly shows the same phase shift as GRACE anomaly
The calculated river network mass anomaly does not show a recognizable phase shift to measured
runoff
The hysteresis is counterclockwise corresponding to a positive phase shift explained by a time lag.

For dMR no hysteresis with respect to R obs is recognizable.



-P20L10: This should be moved to figure caption.

- Table 1: Describe meaning of columns a-f in the caption.
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Quantification of Drainable Water Storage Volumes in Both the Catchment and the River

Network utilizing GRACE, River Discharge and their Phasing
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Johannes Riegger *

L Institute for Modelling Hydraulic and Environmental Systems, University of Stuttgart, Germany
Correspondence to: Johannes Riegger (Johannes.Riegger@iws.uni-stuttgart.de)

Abstract.
The knowledge of water storage volumes in catchments and in river networks leading to river discharge is essential for the
ofclimate—changedescription of river ecology, the prediction of floods and specifically for a sustainable management of

water resources in the context of climate change. - Measurements of water storage variations by the GRACE gravity satellite

or by ground based observations of river or groundwater level variation do not aHew-te-determine permit the determination
of the respective tetal-storage volumes, which could be considerably larger than the mass variations themselves. In addition
mass variations measured by GRACE comprise all time variant storage compartments whether they are hydraulically
coupled, contributing to river runeffdischarge, or uncoupled like soil moisture, isolated surface water or snow and ice.

The characterization of the Runoff-Storage relationship (Riegger and Tourian, 2014) revealed a linear relationship for

hydraulically coupled storages with a phase shift. This allows to determine the hydraulic time constant and thus to quantify

the total drainable storage directly from observed runoff, if the observed phase shift can be interpreted as a river system time

lag. Global hydrological models describe a large number of different storages storage compartments yet the determination of

the time lag and the related river network storage still means a huge effort. As a time lag can be described by a storage

cascade a lumped conceptual model with cascaded storages for the catchment and river network is set up here with

individual hydraulic time constants and mathematically solved by piecewise analytical solutions.

Tests of the scheme with synthetic recharge time series show that a parameter optimization either versus mass anomalies or

runoff reproduces the time constants for both, the catchment and the river network tcand tr in a unique way, and hence

permits an individual quantification of the respective storage volumes. The application to the full Amazon basin leads to a

very good fitting performance for total mass, river runoff and their phasing (Nash-Sutcliffe for signals 0.96, for monthly
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observed flood area from GIEMS and corresponds to observed flood volumes. This provides additional independent

information for investigations on flood hydraulics.

The fitting performance versus GRACE permits to determine river runoff and Drainable storage volumes from recharge and

GRACE exclusively i.e. even for ungauged catchments. An adjustment of the hydraulic time constants (tc, Tr) On a training

and/or GRACE and thus a closure of data gaps without the necessity of further model runs,

A

In the context of water resources management and climate change there is an ongoing discussion on how to assess available
water resources i.e. the storage volumes which can be used for water supply in a dynamic way beyond the limitations of
sustainable extraction rates. The maximum average extraction rate for a sustainable use of water resources is limited by the
long-—term recharge of a catchment (Sophocleous, 1997, Bredehoeft, 1997), however, this rate based definition of

groundwater stress only allows an assessment of water resources w-twith respect to the-long--term sustainability and does

not allow te-consideration of the volume of available water resources as a basis for short term groundwater management in
order to satisfy specific demands. In addition, the knowledge of the storage volumes is essential for climate studies as it
might lead to limitations in the water cycle.

Thus, the attempt was made by different authors to estimate available water resources by the volume of the respective
groundwater storage (under the assumption that the contribution of surface water is comparably small). Korzun, 1978 and
Nace, 1969 provide estimates of total storage volumes across the global land masses (except for Greenland and Antarctica)
based on very coarse assumptions for aquifers with homogeneous thickness and porosity. As a consequence the uncertainties
cover orders of magnitude as Shiklomanov, 1993 Alley, 2006 and Famiglietti, 2014 are warning. The revision of these
estimates by the introduction of specific yield instead of porosity for dominant soil classes together with the assumption of
different saturated thicknesses in order to reeebve-obtain the “Extractable” storage (Richey et al., 2015a, Alley, 2006) does
not solve the problem of missing information on the contributing soils or aquifers in general. Regional storage estimates for
specific aquifers derived from groundwater models (Cao et al., 2013) or measured estimates of saturated thickness and
porosity (Williamson et al.,1989) are considered to deliver more realistic estimates for storage volumes, yet are sparsely
distributed over the globe. However, for semi--/-arid_fand arid climate zones with very low recharge and/ or deep aquifer
systems with fossil water resources they deliver the best possible estimation at present. Richey et al., 2015b try to bypass the
huge uncertainties in the quantification of total storage by the introduction of a “Total Groundwater Stress” indicator, which
is defined by the time needed for the depletion of groundwater storage to a eertain-specified extent. It is determined by the
ratio of an estimated total storage of a (sufficiently large) catchment and the measured trend in the mass anomalies given by
GRACE.

Very little attention is-givenhas so far been given to the storage volume of renewable water resources participating in the
dynamic water cycle driven by precipitation P, actual evapotranspiration ET, and river runoff R. The reason for this is seen
2
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in the problem that observations of time variant groundwater or river levels only permit the estimation of volume changes
yet no absolute storage volumes, which could be considerably bigger. Natural systems consist of many different storage
components like canopy, showl/ice, surface, soil, unsaturated/saturated underground, drainage system etc. Direct

measurements of storage volumes from water or pressure levels are problematic as they are based on assumptions and

approximations. Ground based measurements of storages for example are based on point measurements and quite rare on
large spatial scales compared to the heterogeneity scale of the respective compartments. This leads to large interpolation
errors. In addition, the storage coefficients for porous media describing the relationship between the measurable groundwater
heads or capillary pressure on the one hand, and storage volume or absolute soil saturation on the other hand, are

insufficiently known on large scales. Remote sensing data have been limited to near surface water storage

(open water bodies, soil) up until now and are thus of limited benefit for the quantification of water storage with respect
to accuracy and coverage due to methodological constraints (Schlesinger, 2007).

Oppesite-In_contrast to discharge-less basins and/or arid areas, which are nearly exclusively driven by precipitation and
evapotranspiration, the storage dynamics of catchments draining into a river system allows to address the hydraulically
coupled storage compartments via their contributions to runeffriver discharge. These comprise groundwater, surface water,
the river network and temporarily inundated areas. All storages draining into the river system by gravity are referred to as
“Drainable” storage here. So aquifers or parts of them not draining into the river system without an energy input are not

considered here.

For time periods with no recharge hydraulically coupled storage components with a linear runoff storage (R-S) relationship
lead to an exponential decrease in_river discharge or streamflow fer-time-periods-with-ne-recharge-depending on the related

hydraulic time constant t:

t—t

Qt)=Qlt;)-e - —

@

The corresponding total Drainable Storage in terms of mass density Mstrage fOr any given time to is then given by an infinite

temporal integration over river discharge Q(t) from a-the corresponding catchment area A - calledeatehrment-area—A— river
Runoff R(t) = Q(t)/A here - starting at time ty starting-attimeto-:

Vtot(to) 17 Q(to) T "% _ Q(to),
Msm,age(to):T:;{Q(t)dt: je di=r =0 =rREG)
@

Contributions from several storage compartments (with individual time constants) superpose, if they drain in parallel and

if there is no feedback from the river system. For this case, there is a wide range of time series analysis methods (Tallaksen,

3
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1995), which allow to separate the flow components into fast, medium or slow and the corresponding surface, interflow or
groundwater flow contributions according to their individual time constants. Thus, measurements of the different time
constants allow to determine the Drainable Storage of the respective storage compartment and the corresponding mean
Drainable Storage :

®

from mean runoff R or recharge N.

On global scales the absolute storage volume of the Drainable Storages can be determined from runoff time series directly, if

M*=R-z, =N -7, . S -
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Catchments in fully humid conditions (like the full Amazon basin upstream Obidos (295) and some of its sub-catchments

River Runoff + R205 ——RS501 River Runoff ~ ——RS04  ——RS506 like ~ upstream { Formatted Table
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¢ 0 time lag, as it is causal.
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then behave like a Linear
Time Invariant (LTI
system  (Riegger and
15 Tourian, 2014) i.e. the R-
S relationship is linear, if the phase shift is adapted as shown in Fig.lc. For this case the slope in the R-S diagram - [Formatted: Not Highlight
corresponds to the hydraulic time constant via t~'. The time constant and the reasonable assumption of a proportional R-S
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Fig.1a: Mean monthly Runoff R and Recharge N

for fully humid catchments (Log scale for R)

Fig.1b: Mean monthly Runoff R and Recharge N

for seasonally dry catchments (Log scale for R)
incl. exp. fittings for Runoff
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Fig.1c: R-S diagram with counter clockwise

hysteresis for mean monthly runoff R vrs GRACE

dM_for fully humid catchments incl. a phase

adaption for Amazon upstream Obidos

Fig.1d R-S diagram with clockwise hysteresis

for mean monthly runoff R vrs GRACE anomaly

dM_for seasonally dry catchments
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Recent developments on river routing schemes with hydrodynamic modelling of the flow in the river network system have

(N,

successfully dealt with the description of phase shifts, generated by the time lag in the river network (Paiva et al., 2013, Luo [Formatted: Not Highlight
et al., 2017, Siqueira et al., 2018). Getirana et al., 2017a emphasize the importance of integrating an adequate river routing [Formatted: Not Highlight
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runoff with different time constants (Fig.1b, d). For these catchments the exclusive adjustment of the phase shift leads to

negative time lags (which are not physical) and to misleading time constants. ,This leads to considerable errors in the [Formatted: Not Highlight
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the catchment and the river network. These time constants then could be used for nowcasts or even forecasts (within the time

lag) of river discharge,and/or Drainable storage volumes directly from measurements without the need for further modelling. [Formatted:
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The paper is structured as follows: ir-sSection 2 presents the mathematical framework of piecewise analytical solutions of
the water balance equation for a cascade of catchment and river network storages—is—presented. It also contains the
description of observables, which allew-te-cempare-permit the comparison of calculated and measured values. The Single

Storage approach is handled as the specific case for a negligible river network time constant. In section 3, the properties of
the Cascaded Storage approach and its impact on the performance of the parameter optimization are described for synthetic
recharge data and compared to the “Single Storage” approach.- In section 4 the approach is applied to data from the Amazon
basin and evaluated versus measurements of GRACE mass, river runoff and flood area from GIEMS. Conclusions are drawn

and discussed in section 5. In section 6 a purely data drive determination of Drainable storage volumes from observations of

GRACE and river discharge is presented and an outlook on future investigations and possibilities is given in section 67.
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2 Mathematical framework

In order to investigate the impact of a pessible-non negligible river water storage eerrespending-to-a-non-neghgible-hydraulic
time-constanton the time lag in-for the river system, the water balance of the total system comprising both the catchment and

river network storage has to be considered. A conceptual model corresponding to a Nash cascade (Nash, 1957), called
properties:

o ~Forsimplicity-the-sSurface and the groundwater systems-storages both fed by recharge are summarized in-a—first<
approach-to one catchment storage Mc with time constant tc draining into the river network_as overland and
groundwater flow summarized as catchment runoff.(Fhis-is-net-necessarily-appropriate-for-catchments-in-otherthan
‘ - . .

e Temporal variations of uncoupled storage compartments like soil or open water bodies are considered as negligible.

e =The river network storage Mg with time constant tr is assumed to be instantaneously distributed within the river
network system. Internal routing effects, which might lead to an additional delay in runeff-streamflow response, are
not considered-here.

J S—

These conditions are chosen for conceptual and mathematical simplicity in this first approach here regardless of the necessity

to address several coupled storages with different time constants and different uncoupled storage compartments for the

general applicability with a global coverage. Thus, applications of this first approach are limited to catchments for which the

hysteresis can be fully described by a time lag.

The following abbreviations are used in the mathematical description (Table.1):

Abbreviation Description Units: general / for application
N recharge = (precipitation volume area* time™ [mm month]
- actual evapotranspiration)
Mc Storage mass catchment mass density in equivalent water height [mm]
Tc Time constant catchment time unit [month]
Rc Runoff catchment volume area! time* [mm month]
®MC Phasing catchment mass time unit [month]
Mg Storage mass river network mass density in equivalent water height [mm]
TR Time constant river network time unit [month]
Rr Runoff river network volume area* time [mm month]

9
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®RR Phasing river network mass time unit [month]

Mr Storage mass total system mass density in equivalent water height [mm]
1T Time constant total system time unit [month]

OMT Phasing mass total system time unit [month]

Ro Observed river runoff volume area* time* [mm month?]

GRACE GRACE mass deviatienanomaly mass density in equivalent water height [mm]
GIEMS Flood area area [km?]

Prefix “d” indicates signal deviations

anomalies
from long term mean_(anomalies)

Suffix “m” indicatess mean values on the

intervals

Table.1: Abbreviations in the mathematical descriptions:
The total system behaviour is described by two balance equations :

5 1. i—catchment storage 9

M€(t)=N({t)-R°(t)= N({t)-— -MC(t)

)

“4-6)

with = ()= L)
2. 2—riverstorage — M ®(t)=RC(t)-R"(t)= R°® (’[)—Ti MF(t)
_®
10 with RR(t):f MR(t)

with a proportional R-S relationship for hydraulically coupled storages. N denotes the recharge as input, Rc the catchment

runoff from the catchment storage Mc, which cannot be measured directly on large spatial scales, and Rr the river runoff

from the river network storage Mg which can be measured at discharge gauging stations.
15 The water balance equation, Eq.(4), for the catchment is generally solved by:

10
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=t w-t

ME(t-t,)=MC(t,)-e ?+JN(W)-E?~dW — -

to

®

where Mc(to) is the initial condition and N(w) the time dependent recharge.

For recharge N(t) being given with a certain temporal resolution in time units or by periods of piecewise constant values and
arbitrary length (stress periods) the recharge time series can be described as :

n-1
N =D Ny, 7.t with y,(t)= {é for {:Z :;11]] for each interval [t t.1] — “
i=0

©

For calculation convenience Eq. (8) can be solved successively for each stress period using the values at the end of the last
period as starting value, which leads to the piecewise analytical solution for catchment mass for a time t € lti ,th in stress

period i1 :

e oty

MC

i+l

The respective catchment runoff Rc frem-pased on Eq. (5) and Mg, from Eq. (10) is used as input for the river network water

[ Formatted: Indent: First line: 1,27 cm

[ Formatted: Indent: First line: 1,27 cm

Indent: First line: 1,27 cm

(t—t)=MS(t)e © +N,,-rc|1-e * | : 1 -«

balance, Eq.(6), and leads to the general solution for the river network storage Mg :

_ ot u-t
MR-t )=MF"(t,)-e ™ +J'R°(u)~e“* -du S «
fo

(11)
and the iterative solutions for time t € |.ti,ti+1J in stress period j+1 :

ot e t-t -t

M(t-t)=M"()-e K Niy-7p-|l-e ™ | + [Mic(ti)_Nm'Tc]' e e ©-e
Tc ~Tr
(12)
The total mass Mr is then given by : M =M +MF.
(13)
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The mixed term in Eq. (12) and thus the total mass are commutative in (zc, tr) and show a singularity at tc = tr with an

asymptotic value. For tr > tc solutions also exist with analogous values in total mass Mt for Mg > Mc.

It has to be emphasized here, that the piecewise analytical solutions for time periods of constant recharge provide a
5 mathematical solution for an arbitrary temporal resolution. Finite Difference solutions are limited by stability criteria
(ti+1-ti)<t and accuracy criteria (ti+1-t))<t/10 for the smallest t. Analytical solutions aHewte-caleutatefacilitate the calculation
of the response of the river network on the time interval of constant recharge (though the time constant of the river network
is much shorter than the time constant of the catchment), and thus avoid the very high temporal discretization, which
otherwise would be needed for a Finite Difference scheme.
10
The observables based-enrelated to measurements by GRACE and discharge from gauging stations are the total mass
deviationanomaly dM and the river runoff Rz. GRACE observations with acceptable error are still limited to monthly

vatuesresolution. Discharge as well as some of the meteorological inputs like precipitation, evapotranspiration or moisture
flux divergence are often measured in daily values, some of the products in monthly values. For an optimal adaption to the
15 monthly resolution of GRACE products, the approach presented here is based on monthly values but could also be applied to
daily data without problems.
The mass values used in the calculations here are assigned to the interval boundaries while the values for monthly recharge
and measured runoff are constant over the interval and temporally assigned to the centre of the interval. Thus, for a
comparison of the calculated mass and runoff values versus the observed monthly values of GRACE and discharge the
20 calculated values have to be averaged over the interval. As the dynamics follow an exponential behaviour the mean values
cannot be taken from arithmetic averages at the interval boundaries but instead from an integral average over the interval.

The mean storage mass for Mx is given for each interval lt.,tHiJ by :

o 1 Gig
Miil zijMiil(t_ti)'dt (14)
.-t t;
25 leading to mean runoff R (t):i. M X (t) <
r)(
—4(15)
i.e. mean catchment mass and runoff :
ta—ti

A C c 7 e

M, = (Mi _Ni+1'Tc)'(t C_t) l-e +N; -7 (16)
il T

12
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=c 1 —c [ Formatted: Indent: Left: 8,89 cm, First line: 1,27 cm
and Ri =—- Mi <
Tc
(161-(17)
and mean river mass and runoff :
T _ tiat [ Formatted: Indent: First line: 1,27 cm
N R R R R
Mi+1_(Mi _Ni+1'TR)'(t t). 1-e +Ni,;-7q
i+ i
-
fiat fint
[M.C—N. 'T] T - -
+ = M el R _drpee ® o6 +(ro—17q)

(ti+l _ti) Tc TR

5 (18)

The Observables, which allow a comparison to measured data are :

SR AR
« average river runoff Ri =—" Mi corresponding to measured monthly runoff (19)
TR

» average total mass MT = I\WiC + miR corresponding to monthly GRACE data (20)

10

The equations Eq. (10) - Eq. (20) are self-consistent, i.e. the corresponding balance equations are fulfilled with :

MT (t ~t, )_ MIT [ Formatted: Indent: First line: 1,27 cm

id—*'@:a(t_ti):Nm —_— *

(t - ti ) "

(1)

15 For the Single Storage approach the above piecewise analytical solutions of the Cascaded Storage approach, Eq. (8) - Eqg.
(21), are used for tr<<tc (here tr = 102 months)). For this case the river network mass is negligible compared to the

catchment mass.

3 Properties and optimization performance ( Formatted: English (Urited States)

For the evaluation of the parameter optimization performance of the Cascaded Storage approach an example with synthetic

20 recharge as input is investigated. This permits the quantification of the uniqueness and accuracy of the
parameter estimation undisturbed by noise. It also the discrimination of errors in the

calculation scheme itself and impacts arising from undescribed processes when compared to real world data. For an
13
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application to GRACE measurements the main question is if and why the time constants tc and tr can be determined
independently by an optimization versus deviations-anomalies in total mass and/or river runoff. Thus, in order to understand
the optimization results with respect to uniqueness the general properties of the approach are presented and discussed first.
For the synthetic case a recharge time series of sinusoidal form with a period of 12 arbitrary time units and length units with
an unit-amplitude and mean value of one is used as the driving force and the calculation is run until equilibrium is reached.

The example in Fig.2 shows the effect of a non negligible river network time constant tr =2.5 time units for a catchment
time constant tc = 3 time units which leads to an increase in total mass Mr (t) = Mc(t)+Mg(t) w-rtwith respect to the average

level and signal amplitude and to a phase shift between total mass Mt and river mass Mg i.e. the corresponding river runoff

Mass N --MC Mass = = MCm — MRm
— MR  --—-MT === MTm N
10 10 10
—_ ] —_
£ g7 £
5 : =
£ z* £
= 5 B
z z s
= g 4 -
E g0 :
2 £
£ H
I
o ol o | |
0 3 [ 9 12 15 1821 24 [ 3 6 9 2 15 18 21 24
time units time units

Fig.2: Time series of Recharge N, catchment mass Mc, river network mass Mg, and Total masses Mt for the synthetic case at equilibrium

In order to describe the general behaviour of the mass and runoff time series and their dependence on tc and tr, their
properties are summarized here in the form of statistical values for the synthetic case with the sinusoidal recharge in
equilibrium. This helps to understand why unique values for the time constants are achieved in the parameter optimization
process. The values of time constants tc and tr used for the statistical description cover a wide range from 0.1 to 100 time

units and are combined independently.

3.1 Catchment and river mass

Based on the mean mass values, Eq.(14), (16), (18), of each stress period the long term averages for the storage

compartments are given by :

M®=N-z. M® =Nz, MT =N -(r¢ +75) -

——(22a,b,c)
14
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For tr<<tc (here tr=10") the river network mass is negligible and the solution corresponds to a Single Storage approach.
For a non negligible river network storage the given average values for total mass Mt mean that the effective “total” time
constant is given by the sum of the catchment and river time constants tr = ¢ + tr, Which means that the total mass Mt
observed by GRACE is bigger than the mass Mc calculated for the catchments alone. However, Equation (22c) cannot be

used for the determination of tr = tc +1tr from GRACE measurements directly as GRACE only provides mass anomalies.

The relative signal amplitudes (standard deviations normalized with those of thee respective input) of both the catchment
mass Mc or river mass Mg show the same functional form omc/ on ~ owmr / ore = stdev(Mc) / N for the respective time
constants tc or tr (Fig.3, tr = 10%) with a monotonous increase to an asymptotic value omc/ on ~ omr/ Gre = 2 Which is
reached at about one full period of the input. The superposition of the signal amplitudes for the observable total mass Mr (t)
=Mec (t) +Mr (1) leads to a complex behaviour for omt/ on (tc, tr) (Fig.3), if the river time constant tr is not negligible (tr=

10%) and especially if it gets close to tc.

=——1R=0.001 — -tR=05
relative Signal Amplitude _ -
of Total Mass - == eeeeetR=2
© StdMciN

01 10 100 100.0
T +Tg [time units]

JFig.3: Relative-Signal Amplitudes of Total mass normalized by recharge: ,omr / on versus total mass time constant,tr = tc +1r for different

river time constants gr

3.2 Catchment and river runoff

(
(

\. [ Formatted:
(

The calculated long term averages of the runoff contributions Rc and Rr correspond to the ones of the water balance
equations, Eq.(4), (6), given by the mean recharge and thus are not dependent on the time constants.

RF(t) = R°(t) = N 23)
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Thus, an observed long term average of runoff does not permit the determination of the time constant and hence the storage

volume, Eq. (22).

The relative signal amplitudes of both, catchment and river runoff (normalized with the respective input orc/on and orr/
ore show the same functional form corresponding to a Single Storage approach (Fig.4, t= = 10®) and decrease monotonously
with the respective time constants tc and tr to an asymptotic zero. However, the signal amplitude of the observable river
runoff orr/on (tc + tr), Normalized with recharge N, shows a 2D-dependeneedeviations for different combinations—in-tc

and tr with the same tc+1r (Fig.4).

o alltC, IR

relative Signal Amplitude
of River Runoff —tR=0.001

1.0

09

08

o7

086

05

04

03

02

01

00
01 10 100 100.0
T +Tg [time units)

10 [Fig.4: Relative-Signal Amplitudes for river runoff normalized by recharge: orr/ on versus total mass time constant Tt = tc + 1R,

15

20

for combinations in (tc, tr)

Both observables, total mass and river runoff, show a non unique behaviour with respect to combinations in (tc, tr) for the
same tr = 1c + tr and considerable deviations from the Single Storage approach (tr = 10%). Measurements of the signal
amplitudes thus only provide coarse estimates of the total time constant tr, yet do not aHew-te-distinguishperrmit distinction
betweentr wersus-and tc and te-separatebetweeen catchment and river network storage.

However, so far, only the signal amplitudes are examined, yet-but not the specific properties of the time series, i.e. the
dynamic response to input signals in form and phase. The convolution in the solution of the balance equation, Eq.(8) and
(11), leads to a different phasing w-rt.with respect to the input N(t), which can be utilized for a separation of the respective
time constants.

16

[ Formatted: Font: Not Bold

[ Formatted: Font: Not Bold

[ Formatted: Font: Not Bold

A




10

20

25

30

3.3 Phasing

For the synthetic example with a sinusoidal recharge time series N(t) as input the phasing o of the different response signals

is determined by the fit of a sinusoidal function (Fig.5). This aHews—to—easHy—determine the easy
determination of the phasing and thus the relative phase shift Aw between the signals. Masses and the related runoffs are in

phase for the same storage compartments, Eq.(15). For a negligible river network time constant (tr =107) river runoff R is

in phase with the catchment storage Mc.

JFig.5: Phasing of river network mass w+t-with respect to recharge time series displayed versus tc for different tr

The functional form of the phasing wwmc for the catchment mass Mc or the corresponding runoff Rc relative to recharge N(t)

(Fig.5) can be empirically described by the monotonous function :

wmc(fc):wmax(l_eijc} - “

(24)

with the empirical parameters mmax = 2,958 and A=2;722.7 and an error € <-12% relative to the maximum.

As the catchment runoff Rc with the phasing omc -serves as input into the river system, the phasing of the river system
weFEwith respect to to catchment runoff Rc, which has the same functional form as Eq. (24), is added on top of it (Fig.5).
The resulting phasing of the river network storage or river runoff is thus given by a superposition in the form:

a)RR(rC,rR):a)m[lfei7j+a)max[l—e77J (29)

for any combination (tc, tr) and with the same empirical parameters as in Eq. (24).

As total mass Mr (t) = Mc (t) + Mg (t) is the superposition of the signals with the respective amplitudes and phasings, the
phasing of total mass Mr(t) is situated between catchment and the river system mass according to tr. This means that for non
negligible river network mass (tr >0) a phase shift between total mass (GRACE) and observed runeff-river discharge and
thus-also between total mass and modelled catchment mass must occur. The phasing of total mass M+(t) for all combinations
(tc, Tr) Fig.6 shows the same functional form as owmc and omr, EQ.(24), (25) if displayed versus the total time constant tr=

Tc+ TR,
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JFig.6: Phasing of Total mass versus total time constant tr = tc + TR,

It can be approximated by the fitting function M fit :

o ettr

wMT(T(:'TR):wmax l-e * - h

(26)

with the empirical parameters ®max=2,95 and A1=3,2:15

The phase shift between GRACE total mass and river runoff is thus given by :

_re _ _fette
Aa)(rc,rR)=wRR—a}MT:a)max[l—e ’*]+wmax[1—e ‘] - a)max[l—e 4 ] (27)

total mass and runoff within <~5% (see supplement). This in principle allows for a determination of tc and tr separately

from the adapted phase shift Amadapt and the total mass time constant gzt = tc + tr according to Eq. (27).

3.4 Parameter estimation

The analytical solutions for synthetic recharge time series allewto_evaluate-permit the evaluation of the uniqueness and

accuracy of the parameter optimization for given observables independent from limitations in the accuracy of numerical
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schemes and independent from noise in real world data sets. For given combinations (tc, tr) the analytical solutions are used

as synthetic measurements and are fitted with the same algorithm in order to retrieve the fit parameters (zc, tr).

As the total mass M+, Eq.(20), and the phasing, Eq.(25-27), are commutative in (tc, Tr), either the data range tr <tc or tr>

tc has to be used for a unique optimization. This is realized via an additional constraint in the optimization. For the

5 discussion here the condition tr <tc is used, which hydrologically reflects the more frequent situations that the inundation

volume is smaller than the catchment storage but the results can also be applied to tr > 1c, which might be the case in flat

areas with a dense river network (such as the Amazon), which typically leads to temporarily inundated areas.

As absolute signal values are not relevant for the determination of the time constant from runoff or not available for GRACE

data, the optimization versus the respective time series is based on signal amplitudes and the phasing. Thus, for a unique

10 determination of (zc, zr) the following conditions have to be fulfilled:

a)

15

b)

20

Optimization versus runoff
Ol oy (Tc,78) = 0pp /oy (T +75) —_— - -

(28)

wRR(fC,fR)—wmax[l—e"]+wmax[1—e ’"] (29)

Optimization versus mass anomalies
o loy(Tc,Tr) =0y oy (e, 7R) -

(30)
_ TetTg

@MT(fC'fR): a)MT(TC +TR): a)max(l_e *

@31

With the constraints tr < tc Or tr > tc there is only one (zc, zr) fulfilling the respective conditions, thus leading to unique

solutions. The optimization delivers RMSE errors for the time series in the range 10 - 107 and estimated time constants (zc,

25 1) with a relative error g(tx) /tx which does not depend on absolute values of (tc, tr) but on their ratio tr/ tc (Fig.7).

19

[ Formatted: Indent: First line: 0,75 cm

[ Formatted: Indent: First line: 0,75 cm




10

15

20

relative Errorin 1c, 1 + Opti MT
Cascaded Storage o OptiRR
1.E01
1.E-02 %
*
1.E-03 .
* o
o©°
1.E-04 e o gb
. ® )
1E05 oo ® 9%*:00
e te o o o
*e, o
1E-08 o o ©
+ 8%0
*
1.E07
0% 20% 40% 80% 80% 100%
it

optimizations versus Total mass Mt or yversus siver runoff Rr.

Fig.7: Relative error g(tx) /tx of the eatehment-and-rivertime constants tc and tr for the Cascaded Storage approach and-ferwith an [ Formatted: Font: Not Bold
[ Formatted: Font: Not Bold, Not Highlight
[ Formatted: Font: Not Bold

For the synthetic case relative errors e(tx) /1x are very small (~107 at tr/tc ~ 0) and show an exponential increase to a [F‘"matted: Font: Not Bold, Not Highlight
[ Formatted: Font: Not Bold

maximum of ~ 1% at tr ~ tc. The error for tr <1c is analogous to tr >1c and equal for an optimization versus runoff or mass
anomalies deviatien.

For catchments showing a phase shift between total mass and runoff the description of the system by a Single Storage
approach (tr =107) leads to a considerably higher relative error g(tx) /tx in the estimated time constant ¢ ~ (tc + tr) and
thus also in Drainable Storage volume. It follows a power function and corresponds to € <10% for tc <3 and & >40% for tc
> 6. For this case the optimization versus river runoff or mass anomalies deviation leads to different total time constants (rel.
Diff. ¢ > 7% for 1c > 5). Even though this might look like an acceptable result for =c <3, there are still inevitable deviations in
signal amplitudes (10-20%) and phasing between the modelled and measured signals for both total mass and river runoff
time series.

It can be summarized that eppesiie-in contrast to the Single Storage approach the Cascaded Storage approach alews-to
determinepermits the determination of both time constants (tc, tr) independently in a unique, highly accurate way for
optimizations with respect to either deviations-in-total mass anomalies or river runoff-if recharge-is-given. However, it has to
be mentioned that even though the theoretical error in time constants remains below 1% for tr ~ tc, the ambiguity for tr<tc

or tr > tc cannot be solved without further information on the volume of the river network.

20

(D, | |




10

15

20

25

30

4 Application to the Amazon catchment

The R-S diagram of the full Amazon eatehment-basin shows a hysteresis (Fig.1b, d) corresponding to a phase shift, which is
can be interpreted as the time lag of river runeffdischarge. The Amazon eatehment-basin upstream Obidos is situated in a
fully humid tropic environment with permanent, yet variable recharge and is large enough (4704394km?) for low noise levels
in the signals of GRACE and moisture flux divergence. With permanent input-recharge flow contributions effrom overland

basin, with permanent recharge Adse-the uncoupled storages (like soil water storage, open water bodies etc.) are not time

dependent-variant, i.e. there is no dry out effect. Any contribution from time dependent, uncoupled storages could be

recognized in the R-S diagram as it ard-thus—de—netwould appear as a hysteresis—in—the—R-S—diagram, which does not
correspond to a time lag. —This is not the case.

§n there-is-no-need-fora it } of hyrlrnnlir:lly coupled-and-uncoupled l:"nr:gﬂ P for-this _In gnnnr:l’ any- contributions—from-time

| ok non-drainable-i-e—uncoupled-storage or-from like fi
B T - P 5 i L2

melting Y1 ete_canbe ized-inthe R-S
o o 2. B z £l

2

reans-of by remote sensing-or-a jal deseription (Riegger and Tourian, 2014),
oA g L AS T A

or hy the P i deviati I the caleulated-and d-runoffs-and :tnrngn volumes-and-have to-be d-from-total :tnrngn hy

1. N(t) = P(t)—ET(t) (32)
from the hydrometeorological products precipitation P and actual evapotranspiration ETa

2. N(t) =-V-Q (33)
from atmospheric data, with the-monthly vertically integrated moisture flux divergence viMFD

3. N(t)=% M(t)+ R(t) (34)

from the terrestrial water balance with monthly tetal-mass-Myfremtemporal derivatives of GRACE measurements
and runoff-R,from-the-measured river runoff R, of the catchment.

Here recharge [mm/month] is taken either from the water balance, Eq.(34), or from moisture flux divergence, Eq.(33),
provided by ERA-INTERIM of ECMWF and processed by the Institute of Meteorology and Climate Research, Garmisch,
Germany. For GRACE mass anomalies deviations data from GeoForschungsZentrum GFZ Potsdam Release 5 are used in
mm equivalent water height. Both are handled as described ,in detail in Riegger and Tourian, 2014. Their spatial resolution

limits the application of the approach to global scales >>200000km?. River discharge is taken from the ORE HYBAM
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project (http://ore-hybam.org) and converted to runoff [mm/month] by normalization with the catchment area. For a

comparison of the calculated river network storage with observations_from the “Global Inundation Extent from Multi-

Satellite GIEMS (Prigent et al., 2001) flood area [km?] is used. As GRACE mass anomalies deviation-is-are most accurate

for a monthly time resolution at present, the other data sets are aggregated to a monthly resolution as well. For the parameter

optimization time series of river runoff and GRACE mass anomaliesdeviation are used for the time period from January
21
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http://ore-hybam.org/

2004 until January 2009. Monthly runoff and the storage volume of the catchment and river network are calculated for

Amazon based on different recharge products here and optimized either versus runoff or GRACE mass anomalies .

The results calculated with recharge from the terrestrial water balance optimized versus GRACE are shown

in Figures 8-10 for both (a) the monthly signal and (b) the monthly residual (monthly value minus mean monthly value) for
5 January 2003-2009 .

River Runoff
Signal
175

150

River Runoff
Residual

— RRm
—~— Robs

E 100 £
E g
E 75 e
50 =
25 -30
0 -40
J-03 J-04 307 J-08 403 J-04 Jo7 J-08
:Fig.8: Time series of river runoff for the Amazon basin (Obidos) and optimization, versus GRACE _(a) for the signal (b) for the residual
Total Mass — dMTm Total Mass — dMTm
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300 100 : .
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Fig.9: Time series of Total mass

nomalies, for the Amazon and optimization versus GRACE _

(a) for the sigpal (b) for

10  the residual
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:Fig.10: Time series of river-Rjver network storage and inundated area from GIEMS for the Amazon , (a) for the signal (b) for the residual , |

The calculated river runoff Rg, total mass deviation-anomaly dMt and river network mass Mr fit very well with the k

measured river runoff, GRACE mass-deviation-and the -flooded area from GIEMS both with respect to the signal and the de-
seasonalized monthly residual.

The Cascaded Storage approach reproduces the phase shift between measured runoff R, and total mass dM+ (or GRACE
respectively). The calculated river network mass Mg of about 50% of the total mass Mr for Amazon is Hrearproportional to
observed runoff R, without any phase shift- (Fig.11)!

- GRACE
—=dMT
+dMR

Runoff vrs Storage

200

175

150

125

Rope [Mmm / month]

200 -150 100 -50 O 50 100 150 200
Mass Deviation [mm]

dMr

Calculated hydraulic time constants, mean values and signal amplitudes for the absolute storages volumes are provided in
Table.2 for the full Amazon basin upstream Obidos.- In adddition the performance of optimizations either versus river runoff
(Column aA) or versus GRACE mass—deviation—(Column bB) and for different recharge products (Column &-fD, E) is
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displayed. This shows that the optimization versus different references leads to a very similar results while the fitting

performance for the two recharge products (Columns A, B, and D, E) is quite different. For recharge from water balance [Formatted: Not Highlight
Eq.(34), the resulting time constants and thus the storage masses differ in a range of ~5% for the different references while [Formatted: Not Highlight

they vary ~10% for recharge from moisture flux divergence.

5 In order to illustrate the benefits of the Cascaded versus a Single Storage approach even in the fitting quality, results for a
fixed tr= 10", which correspond to a Single Storage, are shown (Column €C, fF) for different recharge products. With the

Single Storage approach - beside the much worse fitting performance - the resulting time constant tr = tc + tr_iS

overestimated (corresponding to the investigations in section 3) and the modelled signal amplitude is about 20% less than

that measured from GRACE. In addition a non negligible phase shift remains between the modelled runoff and measured

10 discharge.

24



aA Bb eC dD eE fE
Approach Cascaded | Cascaded Single Cascaded | Cascaded Single
Recharge R+dM/dt  R+dM/dt  R+dM/dt -divQ -divQ -divQ
Optimization RR dMT dMT RR dMT dMT
tc [month] 1.53 1.62 3.55 1.68 1.87 3.95
= [month] 1.53 1.62 0.001 1.68 1.87 0.001
Avg Mt [mm] 304.81 321.77 353.29 333.00 370.93 392.02
Avg Mc [mm] 152.17 160.58 353.19 166.23 185.12 391.92
Avg Mr [mm] 152.64 161.18 0.10 166.77 185.81 0.10
Avg Rr [mm month] 99.53 99.59 99.39 99.35 99.49 99.34
Avg N [mm month] 98.80 98.80 98.80 99.07 99.07 99.07
Stdev Mt [mm] 98.46 100.38 84.09 101.73 105.34 87.83
Stdev Mc [mm] 58.49 60.40 84.06 61.22 65.05 87.80
Stdev Mr [mm] 45.48 46.02 0.02 46.70 47.55 0.02
RMSE Rr-Ro [mm month] 5.76 6.08 12.13 11.99 12.57 18.08
RMSE Mr- GRACE [mm] 15.28 14.73 28.93 35.45 34.54 42.31
NSs Rr-Ro 0.96 0.96 0.84 0.85 0.83 0.65
NSr RrRo 0.74 0.72 0.73 -0.09 -0.08 -0.10
corrs Rr-Ro 0.98 0.98 0.94 0.92 0.92 0.82
corrr Rr-Ro 0.86 0.85 0.87 0.48 0.46 0.41
NSs dMr- GRACE 0.98 0.98 0.92 0.89 0.89 0.84
NSk dMt- GRACE 0.74 0.72 0.71 -0.57 -0.81 0.71
corrs dMt- GRACE 0.99 0.99 0.98 0.94 0.94 0.93
corrr dMt- GRACE 0.90 0.90 0.88 0.58 0.56 0.51
corrs dGIEMS- GRACE 0.92 0.92 0.92 0.92 0.92 0.92
corrs GIEMS-M+ 0.93 0.94 0.95 0.82 0.84 0.82
corrs GIEMS-Mr 0.96 0.95 0.95 0.88 0.86 0.82
corrr dGIEMS- GRACE 0.65 0.65 0.65 0.65 0.65 0.65
corrr GIEMS-Mrg 0.76 0.75 0.78 0.04 -0.01 0.01

A

Table.2: The statistical characteristics are listed for calculated river runoff Rg, total mass M, catchment mass Mc and river<
network mass Mr and ebservations-efobserved river runoff Ro, GRACE {mass anomalies deviatiens)-and flood areas from GIEMS

using: RMSE: Root-mean-square error of simulated versus measured, NSs: Nash Sutcliffe coefficient of the signal (fer-simulated

values versus long-term mean of measured), NSr: Nash Sutcliffe coefficient of monthly residuals (fer-simulated versus-values

versus monthly mean of measured), corrs: correlation of simulated versus measured signals, corrr: correlation of simulated versus

measured monthly residuals, Avg and Stdev are the long term mean and standard deviations, prefix “d” used for deviations

anomalies frem-related to the long term mean.
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Results are compared for the different optimization references runoff Roor GRACE differentfor recharge preduets{from water
balance R+dM/dt (A, B) and for atmospheric input -divO_(D, E)}. The Cascaded storage approach is compared to Single storage
B T R L R e B e

This is mainly seen as the result of the quality of recharge data taken from the water balance using GRACE and river runoff,

as the use of moisture flux divergence for this purpose leads to much worse results.
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Fig.12: GRACE mass, calculated river network mass dMr and observed river runoff dRg versus fleed-Flood Area dfrem-GIEMS; al |

displayed as anomalies deviations (please consider dMr = dRr tr = 1.53 dRR )
6 Conclusions and Discussion,

The test of the Cascaded storage approach with synthetic recharge data has shown that the parameter optimization either
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versus mass d anomalies or runoff reproduces the time constants (tc, zr) for both, the catchment and the river network in a

unique way with high accuracy, yet with an ambiguity for tr <tc 0r tr >1c, and thus in the related storage volumes. This

problem can only be solved by reasonable assumptions or better by additional information on the volume of river network or

flood areas, which can be taken from ground based observations or remote sensing. In principle, river network storage could
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be directly used for the parameter optimization. It could be provided by GIEMS flood areas and water levels from altimetry. Formatted: English (United States)
This might also help to decide whether the catchment storage is clearly bigger than the river network storage, even if these Formatted: Not Highlight

data are not too accurate. Close to tr ~ tc, the generally high accuracy of ~1% RMSE is limited as the separation of the

storages depends on the quality of the respective additional information on the volume of the river network. In contrast to [Formatted: Not Highlight

this, the description of a system (showing a phase shift) by a Single Storage approach can only address the total Drainable
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storage and leads to phasing differences between the calculated and measured runoff or storage and to considerable errors in

the time constant of the total system.

R - [ Formatted:

Not Highlight

The application to the full Amazon catchment shows that the system behaviour including the time lag can be described by a

simple conceptual model with a catchment and a river network storage in sequence and an adjustment of only two

parameters, the time constants. The storage amplitudes for the total Drainable water storage and the time lag to runoff are

described with high precision. Calculated river network volume and the observed flood area are in phase with river
discharge.

The accuracy of the Drainable storage volume mainly depends on the quality of recharge data. The use of recharge from
water balance with data from observed river discharge and GRACE is preferable to the use of moisture flux divergence, yet,

it limits the approach to a lumped description of basins on global scales (>> 200000km2) due to the resolution of GRACE. [Formatted: Superscript, Not Highlight

This means that the simplicity and accuracy of this approach is payed by the lack of the spatial information, regardless of the [Formatted: Not Highlight
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physiographic conditions for which the hysteresis is completely explained by a time lag. This prerequisite is fulfilled if the \[Formatted' English (United States), Not Highlight
R-S diagram shows a counter clockwise hysteresis and if a phase shift adaption leads to positive values and a linear { Formatted: Not Highlight
relationship. If any contributions from time dependent, not drainable i.e. uncoupled storage compartments pccur, which [Formatted: Not Highlight
could result from processes like freezing, melting, evapotranspiration etc,, these can be recognized in the R-S diagram [Formatted= Not Highlight
(Fig.1d) or by the respective deviations in the scatter plots of calculated versus measured runoff or storage volumes, (see ( Formatted: Not Highiight
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either with their absolute storage volume or by their relative contribution to total storage.

As Riegger and Tourian, 2014, have shown for boreal catchments, this can be done by means of remote sensing and a
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superposition of masses from fully coupled (liquid) and uncoupled (solid) storage compartments, Remote sensing of the
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coupled and uncoupled storage can be guantified, which of course is a major task.
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As the optimization performance is comparable for either reference, the observed river runoff or GRACE anomalies, a - [Formatted: Not Highlight ]

calculation with given recharge and an optimization versus measured GRACE data can be used to determine both, the river

discharge as well as the Drainable storage volumes even for ungauged basins. For these cases the availability of accurate
recharge data limits the accuracy of runoff and storage calculations at present. However, for ungauged basins the use of

5 moisture flux divergence still provides quite acceptable results based on remote sensing and atmospheric data exclusively.

Where river discharge is available the Cascaded storage approach facilitates a simple determination of the Drainable water

storage volumes both for the catchment and for the river network directly from observations without the necessity of new

model runs.

10 , = [Formatted: Font: Bold ]
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be determined by the following calculations With-the—hydraulic—time—constants—(zc; tr)-determined-—bythe [Formatted: Not Highlight ]
orace-approach-for agiven imization-ti i ollowina-d nd time sarie n he ed— [Formatted:HighIight ]
20
according to Eqg. (22a,b,c) and Eq. (23) :
2. _Time series of Drainable storage volumes witheut-a-phase-shift-direethy-from GRACE and observed runoff R,
25 Without the need for a phase adaption:: - [Formatted: Not Highlight ]
[Formatted: Indent: Left: 1,27 cm, No bullets or numbering ]
ME (t)=14 R, (1) (35) ( Field Code Changed )
Loemys R s
(-NSS 0,961, NSR 0.576, corrR 0.859 vs
Mg; from Eq.18)
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ML ()=dMT(t)+ M™ = GRACE(t)+ M™ =GRACE(t)+ 7, - N-= GRACE (t)+z; - R, (36)
(NSS 05973, NSR 0.751, corrR 0.901 vs Mr; from Eq.20) -
MS, ()=MT(t)-M®(t)=GRACE(t)+ 7, -R, — 75-R,(t) (367))
5 (—=NSS 0:.906, NSR -

0.065, corrR 0.607 vs Mc; from Eq.16)

10 storage volumes Mc.

3. Time series of total Drainable storage volumes M+, from observed runoff R,

or simulated river runoff R%im from GRACE with a numerical phase adaption of Ac. i

15 Use of the phase shift Aw between GRACE and observed river runoff for a linear temporal interpolation (Riegger
and Tourian, 2014) permits a simple description of river runoff directly from GRACE (Eq.38) or of total Drainable

water storage MT directly from observed runoff (Eq.39). The phase shift Awagapt /17171 Jalso, " M Tadapted,irectly

(Eq.38, Eq.39) and corresponds to Ao from Eq.27 within <~10%. Both lead to very similar fitting performances.

sim

20 RE() = — [ (1-Aw) GRACE(,) + Aw-GRACE(,,) + 7 R,] (38)
7r

(NSS 0;.9483, NSR 0.698, corrR

0.864 vs measured Ro,)

MI(t)=7 | @-40)-R,(t) + A0-R (t.) | — "

25 389

(NSS 0;.95246, NSR 0.483, corrR 0.859 —vs<—

reasured-My; EG-35GRACE))

This facilitates a simple and-guite-acedrate-determination of Drainable storage volume eror runoff time series directly from
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storage facilitates the quantification of their individual Drainable storage volumes and their phasing directly from large scale [Formatted: Not Highlight
observations of GRACE, remote sensing and river discharge. No detailed information on vegetation, soil etc., complex flow
processes nor_hydrodynamic modelling with detailed hydraulic information on river roughness, cross section, gradient or
backwater effects is needed. An optimization versus GRACE measurements permits a determination of river runoff and —[Formatted: Not Highlight
Drainable storage volumes from recharge and GRACE exclusively, and thus provides reasonable results for ungauged
catchments. The piecewise anal : [Formatted: Not Highlight
the much shorter time constants of the river network without numerical limitations.

The fact, that river network and flood volumes can be quantified by this approach independently, permits an investigation of - [Formatted: Not Highlight

the relationship between flood areas, flood volumes, river runoff and calculated river network with additional information

and might provide insights into river hydraulics i.e. routing times and the mass- area- and level- relationships of flooded

areas.

N : [Formatted: Not Highlight

The individual adjustment of the hydraulic time constants for the catchment and the river network (tc, tr) On a training

period facilitates a determination of Drainable storage, volumes Mg, Mg and Mg, at other times directly from measurements of - [Formatted: Not Highlight

river discharge and GRACE without the necessity of further model runs. River runoff can also be determined directly from [Formatted: Not Highlight

GRACE and vice versa by an adaption of the time lag. This permits to close data gaps in siver discharge or GRACE time [ Formatted: Subscript, Not Highlight
series and even provides the possibility for operational forecasts within the period of the time lag., { Formatted: Not Highlight

A

For a global coverage the Cascaded storage approach has to be extended for an implementation of the uncoupled storage

components according to the regional climatic and physiographic conditions. For boreal catchment MODIS snow coverage

can be used for a quantification or coupled and uncoupled storage components. The description of monsoonal regions, which

play an important role in the global water budget, remains a major challenge.

As the spatial resolution of GRACE and the accuracy of moisture flux divergence is limiting applications-the Cascaded

storage approach to targe-global scale catchments (>200000km?)-at the moment, any improvement in the spatial / temporal
resolution and accuracy of GRACE and hydrometeorological data products will tremendously increase the number of

catchments which can be described in-theirsystem-behaviourby-remote-sensing-exelusivelyby this approach in future.
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In the supplement Ecalculations and data are provided in an EXCEL workbook for the synthetic case and for the Amazon

catchment. in-the supplement.
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