Dear Prof. Dr. Marc Bierkens,

We thank you for yourefforts in assessingour manuscript.We haveexamined the
reviewerOs questions regardihjthe causes for inconsistencies &Rpthe interpretation
of the outflow component in the analysfss a result, we havadaptedsome key points
throughout the manuscript and added saméditional clarification and explanations,
particularly in the Discussion and Conclusion seti

To address the first point, we hangstatedn the revised Introduction that we are inter
comparingOofficial@vaporatiorproducts rather than evaporation models. This distinction
is important because the aim of the study is to evaluate how well do theseuése0d
products integrate with other related hydrological variables. The(&eg somewhat
surprising) finding of the study was indeed that therec@nsiderableinconsistency
Establishingthe causes, eithers a consequence thfe individual productincertaintie
(including also the precipitation and GRACE produdi®)m the input data forcing the
evaporation modebr some other factor, witequireongoinginvestigation.

As previous studiege.g.Vinukollu et al., 2011; Ershadi et al., 2014; McCabe et al., 2016;
Miralles et al., 201phave alreadinter-comparednanyevaporation models, as well as the

role of input forcing variability on these modelsdemonstrang their intra-product
variability, we did not undertakiirther suchanalysis However, inour response to the
reviewer, we have included an aysé on the correlation between the precipitation product
used in thdaydrological consistencgssessmeliGPCP) and the precipitation détat was

used intwo of the evaporation produdSPCC and CP@nified). We determined that the
products were sufficiently similar in terms of the same measure used in the study-(degree
correlation), as well as with the pattern correlation, a measure of spatial correlation (Walsh
and McGregor, 1997)t was concludethereforethatthe difference in input precipitation
does not fully explain the inconsistencies found in the sitidyimportant to note that the
absolute difference®undin the evaporation products used in our studyndidrepresent

a major impact on the comparisohthe productsn terms of hydrological consistency.
Therefore, the issue of consistency not being observed is still somewhat undetermined, and
will require further examination on product quality and underdtiag what some of these
hydrological retrievals are actually expressing.

As discussed in the response to the reviewerOs comeféatts, to minimize the impact

of the outflow component (such as selecting smaller catchments) were hindered by the
spatiallimitationsof using GRACE dataAs suchit was not possible to fully exclude this
component. However, the measure used in the main analysis of oufi guthe degree
correlations)evaluate a measure of spatial agreeteetween the inflow and outflow,
assuming that the errors in the outflow component do not affect these spatial gatterns
that they are dominated by changes in storage, precipitation and evapok&gedmgyve

added some clarification in the body of thanuscript tdurther describ@ur assumptions



regarding the outflow component in Figures’ 4.g., On these figures, the degree
correlation is a measure of the spatial agreement between the two fields being compared
(i.e. TWSA andP-E anomalies), assuming that other outflow components such as surface
runoff (assumed to be minimal in these basins) do not directly affect these spatial patterns.O

Overall, we believe that this work represents a novel and interesting study on the apparent
inconsistency between commonly used hydrological prodGi¢sirly, further work will

be required to disentangle the underlying reasons fqrithist representan area of some
concern in establishing product qualiddditionally, drawing attention téhe need tonore
thoroughly evaluate remote sensing based produgitsgy a range of metrids also a
worthwhile outcome as the current paradigm of point to pie@faluation is often
inadequateThis is especially true for the global, loteym datasets that are increasingly
becoming available to the community.

We thank you again for your time and consideration.
Best wishes,

Oliver Lopez, Rasmus Houborg akthtthew McCabe



Author & responsédo Rogier Westerhof

We thank Rogier Westerhof for his time and attention in reviewing this paper on both occasions. We have
made an effort to address his new comments, which are included below, along with our responses (in
italic).

This revised manuscript reads infinitely better that the first version. My compliments for that!

This paper addresses a valid tool, not new but new to this application, to analyse the consistency of water
variables. Given all the difficulties to address this inconsistency, encountered in other studies, it is therefore
worth publishing. However, the conclusion that ‘large-scale evaporation products are inconsistent’, both
among themselves as with other water budget components, needs more clarification. After reading through
it a couple of times, I think the main message is to make sure that there is a discussion or conclusion that
the problem of inconsistency does not necessarily lie in the satellite products, but in their underlying input
components. Therefore, I advise ‘acceptation with major revision’.

Thank you for youthoughtfulcommentsTo clarify, an actual implementation of theydrological
consistencygonceptemainsquite new and novel, especially in exploring waysualuate agreemeint
satellite productsTo our knowledge, this is the first application using the degree correlation agpnoa
spherical harmonic$or this purposend the first to assess gravity and rainfall against a number of
OcompetingO evaporation produdite believe it presents an interesting and unique perspective on th
product evaluation challenge and appreciate teviewe@ positive perspective on this problem.

Within ourstudy, we did not aim to inteompare the underlyinfprcing used in the differemethodsbut
rather make use of Oofficiaffoducts as this is what a user isostlikely to adopi.e. an offthe-shelf or
available product, rather thadeveloping one of theown The use of the terms Oproduct® and OmodelO
has been revised in the text to better refthese differencsgsee for example, the use of the word product
in page 2, lines 26 ah28; nowlines 28 and 30, referring ta number oprevious studies)This has also
beenindicated in the Abstract (page 1, line 16): Kased on different methodologies and input data”.

Theconclusion that these Olasgeale evaporation products are inconsisteat@ains the key finding: they
are not only inconsistent amongst themselves (as our earfecomparison papernsave foundsee
comment beloyy they are inconsistent with related hydrological variables. What is the cause of this
inconsistency? We suspect it is as much the individual profRicEsand GRACE datajs it is the OinputO
componentgorcing the evaporation retrievals. It is also wlokeeping in mindhat the product variability
(in terms of evaporation) is not simply a ftioo of different input forcingthere is the choice of algorithm,
implicit model assumptionshoice ofparameterizations angerformance variability as a function of land
cover, thatall impact retrieval accuracy.

Weagree thatll of these elementday a partin the issue of inconsistency and have adapted some text in
the Discussion sectio(see belowjo reflect this: but it is still troubling that amongst the products being
examined, there are none that reflect what could be termed a strong reproduction of conséstamcy
considering the observedtra-product differences

Change to Discussion sectionfage 17, line 9 (Page 18, lineiri revised manuscript OHowever, other
sources of errors that directly affect evaporation estimatesh as the choice of algorithm, implicit model
assimptions, choice of parameterizations and an incorrect representation of the land cover, can directly
impact the degree correlation meastire.



Eventhough the authors test a new comparison tool, one has to be aware of what is compared. In my
opinion, this analyses could have gone a bit deeper and explain what the origin of the inconsistencies could
be for example, input meteo datdet me explain \ith two examples:

1) Differences caused by the different ET data can either be caused by the method, or their input data. In
the case of MOD16, for example, input data comes from the GMAO data. But correlations are made with
the GPCP data. How do the GP@#&a and the GMAO data correlate, for example in terms of rainfall, RH
etc. That can be a cause for bad correlation. In my opinion, such causes need to be mentioned, because it
could well be that the satellite observations of one method are better thharabat the other input data
messes up the correlation. In my opinion, this needs to be discussed, even with an example.

2) Following from 1), in my opinion, one should have better compared the GPCP data with some
components of the GMAO dataset. If ins@siencies can be found there, they can explain inconsistencies
between MOD16 and other products not based on GMAO.

Therefore, this paper reads a bit like Owe have a really cool tool (which it really is!) and we use it compare
water variablesO. But for niee conclusion that there is inconsistency that needs to be worked on

(although a true statement) sounds a bit too easy. What are these underlying causes? Are they actually
caused by the satellite data? Or by the model input components? This needsofielyg discussed.

Some of these issues are raised in the response to the reviewers first comment, so we do not repeat them
here (i.e. relating to input forcing being well studied in related papers, but only being one element of
uncertainty in the retrieval products).

In recent years, there have been a number of efforts to compare the underlying methods and algorithms of
satellite evaporation retrieval, including the impact of varying sources of input data and at different
resolutionsthat have been lelothby our owngroup and other collaborators (see Vinukollu et al., 2011;
Ershadi et al., 2014; McCabe et al., 2016; Miralles et al., 2016). Given these previous,sielifid not
undertake a further intecomparison irthis study sincethe intraproduct variability is well recognised.
Although there were indeed some absolute differences in the evaporation products (as shown &) Figure
that are caused by either differences in the models or input data, these did not ultimately represent an
advantage or disadvantage between the products in terms of their hydrological consistency.

We were hoping that the consistency approach might affeay to identify which of these products might

be Obetter@han the others. What we found was that there was no strong consistency case for any of the
productsbregardless of, rather than in spite of, their underlying differenRestating our respoeso the

first comment: it is troubling that consistency has not been observed. Getting to the bottom of this will
require considerably more investigation, both in terms of improving product quality, but also in
understanding what some of these hydrologietrievals are actually expressing. It may also be a case

that the approach is invalid: but this raises some questions of its own, given the relatively fundamental
basis upon which it is derived.

Thereviewers question owhy the GPCP data was used in the studgnjzortant The GPCP product was
selected based on the same requirements used to select the evaporation productavajlabélty and
mostly satellitdbasedIndeed, two of the evaporation products usecipitation as input: GLEAM has an
interception module that requires precipitation as input (in the version we have used, it use€the CP
Unified precipitation productJoyce et al, 2004), while CSIREML uses precipitation data (GPCC:
Becker et al., 20030 run a hydrometeorological model in the calibration of its spatial parameters.
MOD16 does not directly use precipitatiand we have added this clarification to the t&a address the
concernthough we have novexaminedheagreement betwedhese thregreciptation products, both in



the spatial domain as pattern correlatio’w#lsh and McGregor, 199and using the same measure
employedn the study (degree correlation in spherical harmonfekani-Hamed, 1998)The agreement
betweerthese precipitation products is consistently higée FigureR1below) while the agreement
between GRACE andP show in our study was not. Therefore, the differenceput precipitation
products doesat explain thénconsistenciefoundin the study.

Another point, but similar, that still worries me about Figé 4 the outflow part. Again, this question pops

to my mind: Oare we comparing the right products?0. Any remakEmgMil either come out of the

catchment as quickflow or baffow. Baseflow can take months to years to come to the surface, whereas
quickflow can leave the catchment in days. Is GRACE data corrected for outflow and how? If it is, ok, stop
reading, my bad. If not, GRACE does not only show the infloE T, but ale the outflow. And this

TWSA needs to compared teET-Q (i.e., Q being all outflow out of the catchment). This means that Figs
4-7 could either show an inconsistency in measured water volumes, or the difference between outflow and
inflow, or (probably) a&combination of both.

Thebasins were praelected to try and minimizke outflow compone®which the reviewer correctly

identifies as an issu@®ue tothe catchment sizestrictionsthat comewith usingGRACE datait is not

possibleto entirely discount this componeBtven thouglhthe selected basins alecated inpredominantly

arid regions(where runoff is1otexpected to ba significant variablg, they do include regions with

outflow components in the form of snowmelt, surface and subsurface fthmsfivill certainlyimpact the

water budget closure in terms of measured water voluh@sever we are not evaluing thetotal basin

water closureInstead, we are evaluating a measure of spatial agreement between the inflow and outflow
assuming that the errors in the outflow component willdnamaticallyaffectthese spatial pattern§ve
haveadded the following text in the Discussion sec(@age 17, line 9; now Page 18) clarify this: OThe

role of the degree correlation was to evaluate the spatial agreement between the hydrological components,
assuming that any neciosure errors due to unodeled outflow components (e.g. ldegm baseflow or

minimal surface runoff) would not affect this measure. However, other sources of errors that directly affect
evaporation estimates, such as the choice of algorithm, implicit model assumptions, €hoice o
parameterizations and an incorrect representation of the land cover, can directly impact the degree
correlation measur®

We have also added the following text in the OBasin scale assessmeseCtisul(4.2; pagé2, line 23:

An these figures, theegree correlation is a measure of the spatial agreement between the two fields being
compared (i.e. TWSA andEPanomalies), assuming that other outflow components such as surface runoff
(assumed to be minimal in these basins) do not directly affectdpatal patterns.O

In the conclusions section (page 20, line 9),ftllewing text wasmodified as well to clarify the missing
outflow componeniOTo dothis, the study focused on regions where it would be most expeabsee
such responsesrid and semirid regions with a simplified water budget, consisting primarily of
precipitation and evaporatigrand assuming a minimal runoéind other longterm outflow component3

| am not saying that the above points need to be part of this paper (although it would be nice), but they need
to be at least properly addressed indlseussion, conclusion and abstract.

Wedo not disagree with the reviewer on many of the pdieisg raised Where possible, we hatréed to

better address or clarify these areas of concern througti@paper, as theyeflectkey implications of the
work. Certainly there is scope to expand this work to further disentangle some of these underlying issues.
Referring to this laspoint, thefollowing text wasidded tathe Conclusion section to betteescribethis
need:CDespite these challenges, the expectation is that retrievals of global and regional products will
inevitably improve with advances in resolution, procasdeustanding and forcing data accuracy. In



concert with such product improvements, the way in which we evaluate remotely sensed variables should
also evolve beyond the relatively simplistic comparisons agairsituirdata that form the basis of most

current assessments. Such a strategy would include evaluation against related hydrological variables,
reflecting the underlying rationale of hydrological consistency and hydrological closure studies. Only by
implementing a more comprehensive evaluation framleimto our assessment schemes will greater
confidence in component retrievals be realiged.
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Figure R1 Averagedegree correlation (SHaveragepattern correlatiofALL) and seasonal pattern
correlations (DJF, MAM, JJA and SONgtweerthe precipitation products GPCP, GPaf CPC over
the studied basins: Colorado River bg&iRB), Lake Eyre basin (LEB), Aral Sea basin (ASB) and Niger
River basin (NRB). The basins were ordered by decreasimperof gauge stations.



List of relevant changes to the manuscript

Pagel, line 16: Added»ased omlifferent methodologies and input d@beforeGneluding CSIRGPMLO

Page 2, line 25: Modified text

Some recent evaluation efforts have sought to estith@ uncertainty of satellfgasedredelsof
evaporatiorproducts as well as those from land surfanedel and reanalysis data, in terms of the variance
amongst the products (Mueller et al., 2011; Jimenez et al., 2011; Long et al., 2014). These and related
attempts have shown that no single evaporatienzcinodelconsistently outperforms any other, whnet
applied at local (Ershadi et al., 2014) or global scales (Miralles et al.}-2G18nin cases wherthe same
input datahas been used

Page 6, line 27: Adde@precipitatiorDafter Qvind spee®

Page 12, line 19: Addedn these figures, the degree correlation is a measure of the spatial agreement
between the two fields being compared (i.e. TWSA aildhomalies), assuming that other owtflo
components such as surface runoff (assumed to be minimal in these basins) do not directly affect these
spatial pattern©after Glegree correlatiormj.O

Page 16, line 30: Adde@rhe role of the degree correlation was to evaluate the spatial agreement between
the hydrological components, assuming that anyalosure errors due to unmodeled outflow components
(e.q. longterm basflow or minimal surface runoffyould not affect this measurklowever,other sources

of errors that directly affe@vaporatiorestimatessuch aghe choice of algorithm, implicit model
assumptions, choice of parameterizationsamé¢hcorrect represeation of the land covecandirectly

impactthe degree correlation measQafter Qvould best fit this profil®

Page 17, line 14: Adde@uch. ikewise, evaporation models genally have a difficult time adequately
estimating sublimatioQafter Qyravity result®

Pag 17, lines 3284: Modified toQ/cCabe et al. 2016 present a thorough description of accuracy issues
related to global product$dowever, it is not the intent of this work to explore these product uncertainty
issues in detaiDetermining whether or not and understanding how much theseicisources obroduct
uncertaintyaffect hydrological consistency sliesremaings animportantarearequiring further
investigation\What is clear from this analysis is that there is still some way to go in terms of being able to
confidently assert that any single global product outperforms any other: at least in téemstefproduct

consistencyd

Page 18, line 32: AddetHowever, these differences in absolute values did not affect the overall results of
degree correlation dramatically, i.e. we could not identify a significant advantaégdvantage in terms
of hydrological consistencQafter@emains to be investigatéd

Page 19, lin®1: Added:Q, andassuming a minimal runoff and other leterm outflow componesiO
after (precipitation and evaporatiad.

Page20, line 4:Added:Q whether caused by model parameterizations or by inpuQafter Qhese
difference®




Page 20, line 17: Adde@mplementing techniques tmetteraccount for these delayed sources of outflow
could prove highly beneficial for themnalysis of hydrological consisten®after Qesults in timé

Page 20, lines 195: Modified toOrhe lack of persistent agreemensisme of the studied basinsy be
explained in part by the added complexities that Itimt validity of the assumption of a simple water
cycle-sueh-as.e. snowmelt runoff, complex geomorphology hydrogeologychanging patternsof
precipitation as well as anthropogenriftencanfluences on the water systenrurtheOtherlimitations to
exploiting the hydrological consistencypproactinclude the many challenges that still exist in the large

scale retrleval oprempltatlon evaporatlorandGRACE dataAs%h&algemhmsﬂand—ﬁpH%da{erFemﬁed for

p#eelﬂets aII of whlchcompllcatea thorouqh mterpretatlon of product uncertajrlilespnethese

challenges, the expectation is that retriewdlglobal and regionglroducts will inevitably improvevith
advances in resolutioprocess understanding afudcing dataaccuracyln concertwith suchproduct
improvementsthe way in which wevaluateemotely sensed variables should also evolve betlund
relatively simplisticcomparisos against irsitu datathat form the basis ghost currenfssessmest Such

a strategy wuld includeevaluationagainst relatetiydrologicalvariables, reflecting the underlying

ratiomale of hydrological consistency and hydrological closure stu@eky. by implementing a more
comprehensive evaluatidramework into our assessment schemes will greater confidence in component
retrievals be realize®.
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Evaluating the hydrological consistency oévaporation products using
satellite-basedgravity and rainfall data

Oliver L—pézRasmus HouborgMatthew F McCabe

"Water Desalination and Reuse CenRivision of Biological and Environmental Sciences and EngineeKing Abdullah
University of Science and Technolggyhuwal 239556900 Saudi Arabia

Correspondence to: Oliver L—pegoliver.lopez@kaust.edu.ga

Abstract. Advances irspacebased observatis have provided the capacitydevelopregionat to globalscaleestimates of
evaporationoffering insights intothis key component of the hydrological cycldowever,the evaluation of largecale
evaporation is not a straightforward task. While a number of studies have intercompared a range of these
products by examining the variance amortgsim or by comparison of pixedcale retrievals against ground
based observations, there is a need to egplwore appropriate techniques to comprehensively evédluate
estimates One possible approach is to establish the level of product agreement between related hydrologice
components: for instance, how well do evaporation patternsempdnse match with precipitation or water storage changes.

To assess the suitability of tiisonsistenci: Obasedapproach for evaluatingvaporation products, we

four globally distributed basins in aridnd semiarid environments the ColoradoRiver
basin,heNiger River basinjieAral Sea basin and the Lake Eyre basin. In an effortda quality,
threesatellitebased global evaporation products including CSIRGPML,

MOD16 and GLEAM were evaluated against rainfall data from GRG&Rgwith GRACE water storage anomalies. To ensure
a fair comparison, we evated consistency using a deg®relation approachfter transforming both evaporation and
precipitation data into spherical harmonics. Overall we fonodpersistent hydrological consistency in thesgland
environmentsindeed, the degree correlation showed oscillating values between periods of lughawdter storage changes,
with a phase difference of abouB2monthsInterestingly after imposing a simple lag in GRACE data to account for delayed
surface runoff or basefloeomponents an improved match in terms of degree correlation in the Niger
Riverbasin Sgnificant improvements to the degree correlatiffirem ~0 to about 0.8)erealsofound in the Colorad®iver
basinfor both he CSIRGPML and GLEAM products MOD16 showed only half of that improveménin other
basins, the variability in theemporal pattern oflegree correlations considerable and hindered acigar
differentiation between the evaporation produEtgen so, it was found that a constant lag of two months providedea fitett
compared to other alternatives, including a zero-fage a product assessment perspective,
no significant or persistent advantageuld be discriminatedacross any of the three evaporation products in terms of a
suwstained hydrological consistency with precipitation and water storage anomaly-data:

analysis implications in terms of the confidence that can be placed in independent retrievals of the hydrological cycle
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guestions on inteproduct qualityand the need for additional technigues to evaluate taggde

products.

1 Introduction

Spacebased observations of the Earth system have provided the capacity to retrieve informationveidegsmage of land
surface hydrological components and an opportunity to characterize terrestrial protasgsee and timdndeed, remote
sensing offers a number of independent means with which to retrieve various components of the hydrologigaycycle
rainfall, soil moisture, evaporation, terrestrial storaBedgress in satellitbased observation of the Earth system has enabled
the characterization of land surface hydrological components and an improved representation of terrestrial proces:
(Famiglietti et al., 2016 Dedicated space missions such as the Gravity Recovery and Climate Experiment (GRaYIE)

et al., 2008), the Global Precipitation Measurement Mission (GEMQu et al., 201¥and a site of microwavebased soil
moistureplatforms(Liu et al., 2012, represent important efforts that have contributed to these adv&@wesidering the
spatial advantage that spdeased observations have over grolbiaded measurements, there has been a proliferation of
regionalto globatlscde data products, providing knowledge on the rsdtile behaviour and patterns of hydrological states
and fluxes Haowever, one of the challenges of sphesed remote
sensing isiowto charactdze the degree to which these products represent realistic estimates of the underlying variables the

attempt to retrieve.

Terrestrialevaporation (E), comprising the sourcessoil and canopygvaporatiortogether withplant transpirationplays a

key role in the water cycle as a linking mechanism between the surface and the atmosphere (Mueller et &lnlike11).
microwave or radiative emissions from the surface or atmospivbieh can beised to inform upon soil moisture, surface
tempeature or rainfall, evaporative fluxes provide no directly observable trace that can be detected from satellites and a
instead estimated through interpretive or empirical mo@éisenez et al., 201 Ershadi et al., 2094 Recently, several of

these mods have been used te globatscale evaporation by combining satellite observations of
surface variables with meteorological and other ancillary @é¢€abe et al., 20t iralles et al., 2015 When grounebased

flux observations @ availablethey can be used for calibration and evaluatidvi but largescale
assessment is inevitably constrained by the lack of distributed and representative in situ networks to comprehensively ass
simulations as well aghe inherenuncertaintyassociated witthese observations Some

recent evaluation efforts have sought to edintihe uncertainty of satelliteased evaporation ;as well as

those from land surfacaodel and reanalysis data, in terms of the variance amongst the products (Mueller et al., 2011; Jimene
et al., 2011; Long et al., 2014). These and related attempts have shown that no single evapaifatiorodelconsistently

outperforms any other, whedr applied at local (Ershadi et al., 2014) or global scales (Miralles et al}; 2616
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Considering issue of spatial mismatch and model variability, it seems
inappropriate to assess these large-scale products via direct comparison to in situ data alone. Moreover, the quality of any
satellite-based product should not be judged solely on its agreement with potentially unrepresentative point-scale approaches.
Central to this challenge is the issue of scale, a consequence of both a lack of abundant high-quality in situ data and the fact
that there is an inevitable scale mismatch between ground- and satellite-based observations (McCabe et al. ). To
compensate for this, it is important that a range of methods be used to evaluate the large-scale implementation of evaporation

models.

, a limited number of studies have sought to quantify large-scale
water budgets using either satellite observations alone (Sheffield et al., 2009) or through a combination of satellite observations
and data assimilation (Pan and Wood, 2006; Pan et al., 2008; Sahoo et al., 2011; Pan et al, 2012). While some of these studies
(Sheffield et al., 2009; Gao et al., 2010) evaluate water budget closure by comparing the residual of the water budget (i.e.
inferred runoff) with measured runoff, aim to provide merged or observation constrained estimates of the
water cycle components, with estimates of uncertainty given in terms of the variability among the products (e.g. Long et al.,
2014). The results of these studies have generally illustrated large water budget closure errors, focusing on the temporal scale
and invoking the use of a hydrological model to guide analysis or force closure, rather than being solely observation driven
assessments. Observation-only studies are important, as they provide an unbiased perspective not just on hydrological closure,
but also allow for a first-order examination of the underlying agreement between component variables. However, rather than
just comparing the uncertainties between evaporation products and other hydrological components (which are poorly defined),
there is still a need for alternative assessment techniques that the connection between-t:e hydrological
variables at both temporal and spatial scales. One approach to determine this is to evaluate the hydrological consistency
between observed products (McCabe et al., 2008). The term hydrological consistency refers to the spatial and temporal match
that should exist between independent observations of hydrological states and fluxes, based upon physical
considerations. It is a concept that encompasses the expectation of water cycle behavior and mass balance: that is, changes in
one term should be reflected in related variables, both spatially and temporally. For instance, a rainfall event should result in
an observable change in soil water storage and a consequent increase in evaporative flux, which in turn should reduce the
available soil moisture. This relatively simple concept has been explored in the past, including in efforts to improve
precipitation events by employing cloud detection methodologies (Milewski et al., 2009); using soil moisture changes to infer
precipitation amounts (Brocca et al., 2014); examining the connection between soil moisture state and changes in atmospheric
variables such as humidity and sensible heat flux (McCabe et al., 2008); as well as in assessments of landDatmosphere coupling

between observations and reanalysis data (Ferguson and Wood, 2010).

In considering these earlier contributions, there remains a need to determine whether the basic idea of hydrological consistency

can be realistically extended to explore the agreement between independent global-scale satellite-based hydrological products.

3
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To examine this question, it makes sense to focus on catchments that have relatively simple hydrological interactions, as they
represent natural laboratories within which the evaluation of large-scale products and the concept of hydrological consistency
be reasonably undertaken. For example, Wang et al. (2014) evaluated the level of agreement between three satellite-
based hydrological cycle variables over arid regions in Australia, where surface and subsurface runoff were minimal.
a sufficiently low runoff component, a lack of snow accumulation, and a relatively strong coupling of precipitation
and evaporation components, arid and semi-arid environments represent potential candidates within which to undertake such
process assessments. Recognizing the need to a more evaluation strategy
, this study seeks to explore the hydrological consistency within a number of basins where hydrological
processes are relatively simple, i.e. the conditions described above. Our analysis constitutes a framework for
assessing the utility of hydrological consistency to evaluate remotely sensed hydrological products. We undertake
analysis over four large river basins within arid and semi-arid environments distributed across the globe
the Colorado River basin in North America, the Niger River basin in Africa, the Aral Sea basin in Asia, and the

Lake Eyre basin in Australia.

In compiling datasets with which to evaluate and differentiate evaporation products, a number of
product specific considerations needed to be accounted for. Total water storage estimates, which comprise the summation of
groundwater, soil moisture, snow, surface water, ice and biomass, were derived from anomalies in the gravity field from
GRACE satellites (Tapley et al., 2004b). As any continuous function on a sphere, the gravity field can be represented as an
expansion in spherical harmonics, which form a complete set of basis functions in the sphere: similar to the way a
Fourier series expansion uses sines and cosines as basis functions. Unlike precipitation and evaporation products (and most
other hydrological remote sensing variables), it is problematic to directly compare spatial maps of GRACE water storage data
with other spatially distributed hydrological variables (Tapley et al., 2004a), since GRACE data are usually filtered in the
spectral domain. While scaling the GRACE data to account for differences due to filtering has been proposed as

solution to this problem (Landerer and Swenson, 2012), it has recently been shown to affect results in cases (Long
etal.,2015), including arid regions. Given this restriction, we implement an alternative approach in which the precipitation
and evaporation fields are transformed into spherical harmonics in order to remove the impact (and model dependence) of this
scaling term. approach allows for a more reasonable and equivalent intercomparison of hydrological variables,

and represents a novel aspect of this work. Further details describing this process are presented in Section 3.

The overall objective of this study is to evaluate the hydrological consistency of three satellite-based evaporation
products remotely sensed retrievals of precipitation and terrestrial water storage across a selection of basins that
exhibit relatively well-defined hydrological interactions. Throughout this analysis we aim to determine whether the
hydrological consistency concept can expand the range of evaluation metrics used to assess large-scale hydrological data sets

such as evaporation, and enable some differentiation of relative product quality to be made.
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2 Data sources and study regions

A range of ¢pbally distributed largescale data sets derived primarily from satellite observations were used in this analysis.
The study period, encompassing tfearsbetween20032011, was based upon the availability of GRACE data and several
recently developedlobalscaleevaporatiorproducts. In the following paragraphs we briefly describe the sources and nature

of the data used in this contribution.

2.1GRACE water storage anomalies

GRACE water storage estimates have been usedhiyriad of studies exploring the indirect groundwa=s,

across many different spatial and temporal scédegenson et al., 2008odell et al., 2009Famiglietti et al., 2011Sun,

2013 Voss et al., 2013 The accuracy of GRACE terrestrial water storage anomalies (TWSA) is related to therraimb
degrees to which the gravity field is solved for in spherical harm¢8iesnson and Wahr, 20p@nd an approximate gal
averaged accuracy of 20mmonth® has previously proposedWahr and Velicogna, 2006 Water storage
anomalies (2002011) werecomputed using@sRACE (release 05) monthly spherical harmonic coefficients representing the
gravity field, processed at the University of Texas Center for Space Research (UTG&Riavity field is usually descride

in terms of the geoidan equipotential surface that is defined to correspond to the mean sea level over the oceans (Swens
and Wahr, 2002). The geoid is usually approximated as a linear combination of spherical harmonics, given that these repres
solutions to the Laplace equation that describes the relation between the gravitational potential and the geoid. Tl

approximation is of the form:

rEgst NS Y (G (e )y (L W0 1. 230 W), (1)
whereP(cos') arethe normalized associated Legendrections " corresponds to the colatituitne complementary angle

to the latitude)# to longitude9 . andl). are the spherical harmonic coefficients of degree | and ordeamd)maxis the
truncation degre€The total number of coefficients is given §lnax +1)"2 +Inat1)/2, while the resolution (the scale of the
smallest feature of the gravity field that can be resolved Ugingoefficients) is approximately <=5, (Where a is the
EarthOs radius). The data product used in this study (gedceg UTCSR) contains coefficients uplig= 60, i.e. a total
number of 1891 coefficients, with an approximate resolution of 333 km. The full description of the process to transform th

gravity field anomalies into water storage anomalies is desciib&thhr (1998) and Swenson and Wahr (2002).

GRACE data contains two types of errors (correlated and random) that need to be filtered before translating the data into we
storage anomalies. Correlated errors are known to comagenihe signal in the fim of northsouth oriented stripes. A Ode
stripingO filter was applied to the coefficients (Swenson and Wahr, 2006; Duan et al, 2009) in order to remove this source
error. An isotropic filter (Gaussian filter with radius of 30@) was then used to rem@random errors (Swenson and Wahr,

2002). Furthermore, it is a usual practice to replacel¢igeee 2 coefficientwith a more reliable estimate from a lalegree
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model of the gravity field calculated using satellite laser ranging (Cheng et al., 2011;Cheng et al., 2013). While the effect that
the filters have on the true geophysical signal is not known a priori, an indirect measure can be obtained by applying the filter
to a synthetic water storage variation from a land surface model (LSM). This method has been used to obtain scaling factors
for GRACE data in order to restore the signal (it has been observed that the filters typically reduce the signal) before using the
GRACE data with other hydrological variables (Landerer and Swenson, 2012). Long et al. (2015) evaluated the impact of
different land surface models on the scaling factor and showed that the impact was greatest in arid regions. To avoid this
potential element of uncertainty in our study, which is focused on arid regions, we instead transformed the other water cycle
components (i.e. evaporation and precipitation) into spherical harmonics, using an approximation similar to equation 1. The

effect of the filters is therefore incorporated directly into the other hydrological components in spherical harmonics.

2.2 Evaporation products

Several satellite-based evaporation products have been developed over the last decade, based on a range of modeling schemes
(Mu et al., 2011; Leuning et al. 2008; Miralles et al., 2011a Given the importance of evaporation
within studies of the global energy and water cycle, considerable effort has been directed towards accurately reproducing its
spatial and temporal variability, with comprehensive reviews of various approaches to do this provided by Kalma et al.
(2008) and Wang and Dickinson (2012). Here we employ a range of global evaporation datasets, which are briefly described
in the following paragraphs and summarized in Table 1-.. To ensure consistency with the GRACE data, the evaporation
products were aggregated from daily (or 8-daily in the case of MOD16) to monthly estimates, centered on the dates specified
in the GRACE monthly gravity field solutions. In the aggregation from daily to monthly data, pixels that presented missing

data for more than 20% in a given month were not included in the calculation.
g

2.2.1 MOD16

Cleugh et al. (2007) developed an algorithm for large-scale evaporation monitoring based on the PenmanbMonteith (PM)
equation, using meteorological forcing data and a surface resistance linearly modeled through remotely sensed leaf area index
(LAI), as measured by the MODerate resolution Imaging Spectroradiometer (MODIS). Improvements to this approach (Mu et
al., 2007; Mu et al., 2011) led to the development of the MODIS Global Evapotranspiration product (MOD16), a three-source
scheme used for terrestrial land flux estimation. In MOD16, the linearization of the surface resistance is specified for each
biome separately via a look-up table, with the evaporation calculated for daytime and nighttime conditions. Other adjustments
incorporated into MOD16 include soil heat flux calculation, distinction of dry and wet canopy, as well as moist and wet soil,
and improvements to the aerodynamic resistance. The MOD16 product comprises transpiration, evaporation from the soil and
wet canopy, as well as total evaporation calculated as the sum of these three components. Each component is weighted-based
on the fractional vegetation cover, relative surface wetness and available energy. Inputs to the model include net radiation (R,),
air temperature and humidity, as well as LAI and vegetation phenology. Importantly, it does not require wind speed

or soil moisture data, making it a relatively parsimonious model in terms of input requirements. In this study, we
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used the actual evaporation (AET) product from MOD16 (Mu et al., 2011) wd#ly 8emporal resolution andkin resolution

in the sinusoidal projection. E&product waseprojected onto a 0.05j regular grid using the MODIS Reprojection Tool (MRT)
before transformation into spherical harmonics, as described in Section 3.1. Further details on the modeling basis behind
MOD16 product can be found in Mu et £013), Ershadi et al. (2014) and Michel et al. (2016).

2.2.2 CSIROPML

In parallel to the PMVIu model,Leuning et al. (2008ntroduced improvements to tileugh et al. (20073lgorithm, resulting

in the two-source PenmarMonteith-Leuning (PML) model. An important new feature of the PML approach was a
biophysical algorithm for the calculation tife surface resistance, which was previously calculated as LAl multiplied by a
constant ¢ (Cleugh et al., 2007). The new parameterizatibthe surface resistance in the PML model was optimized using
data from 15 globally distributed flux station sitesth two key parameters identified: the maximum stomatal conductance
(gsy and the ratio of actual to potential evaporation at the sdiheeirZhang et al. (2010) developed a method to further
optimize the spatial variability of these two parameters (i.e. at each grid pixel) using gridded meteoddtey@adl a simple
Budyko-curvehydrometeorological model developed by Fu (1981) thatid®ss precipitation and available energy as inputs.
Mean annual evaporation for each grid pixel is calculated using the Fu model and gridded meteorologids datae of

Osx IS optimized using a nelinear least square regressidrased on the differee between the PML and the Fu model.
Interestingly, the Fu model is calibrated by comparing the output evaporation with the residual of precipitation and.runoff i
by assuming negligible annual water storage changes and groundwater inflow and outfiog.ef al. (2012) used this
approach to develop a global gridded teriesevaporation product (heafter referred to as<CSIRO-PML; Zhang, 2014,
personal communication) with a 0.25; resolut{amthis study, we used the actual evaporation prodiitiy used gridded
meteorological data from diverse sourdesludingvapor pressure and temperature from the Climate Research Unit (New et
al., 2000), LAl and land cover type from Boston University (Ganguly et al., 2008), precipitation from the Globat®iecip
Climatology Centre (GPCC, version*4; Schneidet ), and radiation data from the Global Energy and
Water Cycle Exchanges (GEWEX) Surface Radiation Budget (Gupta et al., 2006).

2.2.3 GLEAM (v2A)

The Global Land Evaporation: the Amsterdam Methodology (GLEAMIyalles et al., 2018) is a satellitebased model
developed to estimate evaporation at a global sbatais approach, rainfall interception ldssevaluated using an analytical
model(Gad, 1979 as a first step. GLEAM then employs the PriestlEgylor equation to calculate the potential evaporation

of bare soil and vegetation components (both short and tall canopy), with values constrained to actual evaporation \
application of a stresfctor. The stress factor is calculated using vegetation optical depth from a combination of different

satellite passive microwave observations using the Land Parameter Retrieval Model (Liu et al. 2013). GLEAM also has tl

7



10

15

20

25

30

capacity to explicitly calculate sublimation of snow covered surfaces (Takala et al., 2011) as well as open water evaporation.
Satellite observations of surface soil moisture can be assimilated using a Kalman filter assimilation approach to estimate the
moisture profile over several soil layers. Here we employ version 2A of GLEAM (Miralles, 2014, personal communication),
which uses a combination of satellite, ground and reanalysis input data. Precipitation is obtained from the Climate Prediction
Center Unified data set, consisting of data from over 30,000 stations (CPC-Unified, Joyce et al., 2004). The radiation product
used in this version of GLEAM is the European Center for Medium-Range Weather Forecasts (ECMWF) ERA-Interim
meteorological reanalysis product (Dee et al., 2011). In this version of GLEAM, surface soil moisture data from the Water
Cycle observation Multi-mission Strategy Climate Change Initiative (WACMOS-CCI) merged product (from a combination
of several passive and active microwave products) is assimilated (Liu et al., 2012), while air temperature is derived from both
the International Satellite Cloud Climatology Project (ISCCP) and the Atmospheric Infrared Sounder (AIRS) (Rossow and
Dueiias, 2011). Further details of the model can be found in Miralles et al. (2010), Miralles et al. (2011a) and Miralles et al.
(2011b).

2.3 Precipitation data

Global daily precipitation (P) estimates derived from multi-satellite observations for the period 2003-2011 were obtained from
the Global Precipitation Climatology Project (GPCP) (Huffman et al., 2001), the official World Climate Research Program
(WCRP) Global Energy and Water Cycle Exchanges (GEWEX) product. The GPCP product is a merged precipitation analysis
combining information from microwave, infrared, and sounder data observed by a constellation of international precipitation-
related satellites (Huffman 1997; Huffman 2001; Adler 2003). The estimates from microwave and infrared data are based on
the Threshold-Matched Precipitation Index (TMPI). The combined satellite-based product is corrected by rain gauge analysis
where data is available

Over many areas of the world, the GPCP product represents one of the best available sources of precipitation data and
has been previously used in soil moisture- and evaporation-based analyses (Crow, 2007; Miralles et al., 2011a). In this study,
we used the daily product (GPCP 1DD) and converted daily values to monthly estimates, centered on the dates provided in
GRACE monthly gravity field solutions. Pixels were assigned as missing data when more than 20% of the month was missing

(on a per-pixel basis).

2.4 Runoff data

While runoff data was not used explicitly in the consistency analysis presented in this manuscript, simulated runoff data was
compared to precipitation and evaporation observations in order to evaluate the assumption of a relatively simple hydrological
system in the study basins. Surface runoff, sub-surface runoff and snowmelt were derived from the NOAH land surface model
included in the Global Land Data Assimilation System (GLDAS) (Rodell et al., 2004). GLDAS uses global satellite and

ground-based observational products to obtain optimal estimates of land surface states and fluxes from land surface models
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using data assimilation techniques. Although these values were not constrained with ground estimates and thus may con
biases, as notedunoff values were only used to provide an assessment of runoff against the observed precipitation an
evaporation data. The version of the product used in this study (GIZD#Ss forced with meteorological data from the
Princeton University forcing datet (Sheffield et al., 2006) and is available jatesolution from 1948 to 2010.

2.5 Selection of midy basins

The studybasinsweretargeted primarilyon their climate classification, with river basinsregions with a predominantly arid

or semiarid climate preferentially selected@his criterion was established in order to seek a relatively simple hydrological
system (i.e. constrain the range of possible hydrological interactions), thereby maximizing the conditions under whic
hydrological consisterycbetween evaporation and precipitation and water storage changes might be achikgpgde/
classification mapgenerated using data sets from the Climatic Research Unit and the Global Precipitation Climatology Centr.
up to 2006(Kottek et al., 2008 was used to identify arid and sesaniid regionsThe basins were selected from a set of 405
globally distributed river basins provided by the Global Runoff Data Centre (GRDC) and derived from flow direction data ol
the HYDRO1k Elevation Derivative Databasieveloped at the U.S. Geological Survey (USGS). A threshold of 50% areal
extent containing any of the arid KSppelimates (BWk, BWh, BSk or BSh) was used to select potential b&#tsndary
criteria for basin selection from the GR{@ta sefocusedon size, geographicalistributionand amplitude and trends in the
water storage variation terms of the size of the basin, a smaller size would more likely satisfy the assumption of a relatively
simple hydrological system. However, due to the coarséuteso of GRACE data (see section 2.1), this requirement had to
be compromised. Given these consideratiéms; basinswvere selecteds focus regions of study: the Colord®ioer basin
(CRB)in North Americathe Niger River basin(NRB) in Africa, the Aral Seabasin(ASB) in Asia and thd.ake Eyre basin

(LEB) in Australia(Figure J.

Figure 2shows the spatially averaged hydrological flupesr the study basins, including the sum of surface, subsurface
and snowmelt runoffQ) derived from the GLDAS NOAH version 2 monthly product (Rodell et al., 2004). Q is included

in these figures to establish the extent to which a major assumption of thé¢i stud simple water budget) is met across each

of the study regions. Although mteminantly arid with a combination of hot arid desert and cold arid steppe climate

classifications, both the Colora&iver basin and the Ar&8ea basin contain a snow component. Snowmelt in these two regions

plays an important role in the water cygberticularly in the delivery and redistribution of water to other areas of the basin.

Therefore, hydrological consistency might not be satisfied completely in these regions using our simple water budg

assumption for some periodsikewise, the NigerRiver basin also has a runoff component that is close in magnitude to

evaporation, but we assume that it will not affect the spatial distribution of water storage anomalies. In the LakenEyre bas

we expect that the limited and sporadic runoff component wilhage a significant effect on the hydrological consistency

analysis undertaken
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Even though these four basins were preselected based upon their location within dryland SYateges 4l., 2012), they
reflect a range of trends in water storage precipitation. For example, the Qaldo Rver basin experienced intervals of wet
and dry periods, while the Nig&iver basin a small but steady increase in water storage with a sésesonal
variability in both water storage and precipitation. Meanwhile, the 3galbasin experienced a significant loss of water during
the study period-8.2 mm.yf), in line with the historical depletion of this inland sea in response to increasedltacpl
productivity (Zmijewski and Becker, 2014he Lake Eyre basin showed a marked increase in precipitation during the end of
the study period (2062011), with a corresponding increase in water storage during the flofowears, reflecting therger

scale hydrometeorological conditions affecting that re@Bwening et al., 2012)

3 Methodology

In order to provide a meaningful spatial evaluation of the hydrological consistency between the data sets ¢(basat sub
scale)and to ensure thatfair comparison between GRACE data and satellite products could be undgetiekenalysis was
carried out in spherical harmonicBhe effects of the destriping filter (see Section 2.13re incorporated into the analysis
directly instead of relying on Eand surface model, the choice of which can severely impact the results of our analysis in arid
regions(Long et al., 201p In this section, we present a detailed account of howdhsformation was carried out, as well as

how the actual evaluation of/tirological consistency is performed in spherical harmonics.

3.1Spherical harmonic analysis of evaporation and precipitation data sets

The spherical harmonic analysis refers to the process of solving equation 1 for a set of coe¥ficemdS,, up toan
approximation of degregl. Several computational packages are available to petfasntype of analysisHerewe used a
FORTRAN program developed Wang et al. (2006)wvhichis suited for regularly gridded regional and/or global-sorooth

data sets. The program can also perform spherical harmonic synthesis, which is the inverse transformation (i.e. frc
coefficients to spatial dataffigure 3presents an example of the tremmmation based on the gridded CSIRML data for

April 2003.Because all data sets are evaluated up to the same tggrary differencedue to the mismatch in the resolution

of the products are eliminated after spherical harmonic analysis and syntA#er this process, we generated
threeP! E anomaly data sets, i.e. one for eachr&duct Next, we applied the egtriping and Gaussian filters to account for

the effect thathese have in GRACE TWSA data (see section 2.1).

3.2Regional spherical harnonic analysis

In the analysis so fahé computedpherical harmonicoefficients are global (e.g.Figure 3. In order
to evaluate the hydrological consistency of the study regieigsite J), the dataneed to be masked for the gacular
basins In Swenson and Wahr (20Q2n exact averaging kerned defined as a function with a value of 1 inside the boundaries

of a region and 0O outside. To isolate the GRACE signahpgpnoximatediveraging kernel was computed in spherical
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harmonics and convolved with the Gaussian filter in order to obtgpatially averagedalue of the TWSA (athe basin
scale)In this study, we instead compute the spherical harnmsrit the productof the global data sets (e.g. TWSA
or RET) with the averaging kern&llowing Eq. (2)

£°(8, ) = £2(6, $)9(6, ), )
wheref®(,¢) is the isolated regional dafd(6,¢) is the global data set a¥@,4) is the averaging function. The relation in

spherical harmonics is given Bgs. (34):

jm _ [Qi1+1)(2j2+1) ~jo jm
jimajzmz T 4| 4m(2j+1) C110120C11m112m2' (4)

WhereijjlmljZmzare the ClebséhGordan coefficientqMartinec, 1989 We used the program developed Nbgrtinec
(1989 to mask the three globatPT data sets (as well as GRACE data) over thegtudyregions Figure J.

3.3 Evaluating spatial agreement in the spherical harmonics of towdata sets

The spatial agreement between two data sets can be evaluated using spherical harmonic coefficients by comdegta® the

correlationmeasurdArkani-Hamed, 1998Tapley et al., 2004&ollowing Eq. (5)
1

1 A B A B

n= G(A)G(B)Z (Cim Cim + Sim Sim - (5)
1 m=0

whereo? is the degree varianggven in Eq. (6):

1
of = 2 eo(Clim + Sim). (6)
The degree correlation measure is computed for every dépraad therefore we can in principle evaluate the hydrological
consistency at different length scales (i.e.-babin variability) As noted earlielGRACE data is limited in resolution by«
=60, or toapproximately 330 km. In practice however, thesttiping filter removes all coefficients larger than 40 and

we are limited to length scales of about %00 and larger. The smallesasinin this study is the Colorado

River, covering an area of about 640,000°kBased on this area, we can set a limit for the approximate largest spatial scale

relevant to our study &00 km, corresponding approximateétydegree 25.

4 Results
4.1 Assessing the consistenayf evaporation products

An examination of the evaporati@ata setéindicates that there asvidentdifferencesacrosghe productsn

each of the studied basifsee Figure 2)In general, MOD1&imulateslower flux estimates when comparedainstboth
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CSIROPML andGLEAM, a feature that hdseen noted in a number of recent global intercomparison stido€3ape et al.,
20186 Michel et al., 2016Miralles et al. 2016 There are also clear differences in terms of the variability in the temporal
response of the models, although CSIRML and GLEAM show a greater level of agreement in terms of amplitude and
timing, if not in absolute value§or example, duringhe wet period of 2002005 in theColoradoRiver basin the response

to precipitation reflecteth MOD16 wasfar more rapid than eith&SIRO-PML or GLEAM displayed Of some concern is
that CSIRO-PML is larger tharprecipitationduring muchof the study perioéh boththe ColoraddRiver and thel ake Eyre
basins immediatelynegatingany type of hydrological consistency analysistheNiger River basin there is moreonsistent
agreement between the evaporation products, indicgteeferconfidence irthe retrievals of evaporation in this regiéior

the Aral Sea basinthe discrepancies in E are similarth@seobtained for the GloradoRiver basin with an obviougphase
shiftin CSIRO-PML and GLEAM observed relative to MOD16. This may reflect complexities in evaporation modeling due
to the intermixed climate zones in the region caused by diferein land surface parametdrsthe Lake Eyre basinthere

aredifferences in amplitude but not in the temporal behavior of E.

Overall,evenfrom a qualitative perspective, there are clear challenges in developing a hydraoggisiencypproach over
these comparativel@impleObasins.Indeed, this has been demonstrated in other studies using either satellite data alone, or
combination of satellite and ground datdéhile it is not the intent of thcurrent work to explore the error characterization of
these differenevaporatiormodelsbased on hydrological closyréae techniques being used to evaluate product consistency
shouldprovide some insight into retrieval quality: at least relative to the other hydrological pr(mhecipitation and gravity

based water storage changst the evaporation lseing compared against. These ideas are explored more quantitatively in

the following sections.

4.2 Basin-scale assessment

In this section we examine thepatial and temporal patterns of the degree correlations between wadge stariations
(TWSA) and PE anomalies. Figure tb Figure7 present the results of théssessment across eachth## fourlargescale
basins.For each of the figures, time series of the spatial average TWSA -&hdrf®dmalies are shown in order to compare

their trends with the temporal behaviortbé degree correlatiom),

This
comparison is helpfuh deermining whether the cause of trends in water storage variations (either natural or anthropogenic)
influence the analysis of hydrological consisteaay.do the degree correlations behave differently during wet or dry periods
orwhen storage changagedrivenby natural or anthropogenic causésthese figureshie response of the degree correlations

is shown in timeacrosghe xaxis and in the spectral domailongthe y-axis,for each of the three evaporation products.

12



10

15

20

25

30

4.2.1 Colorado River basin

The start of the study period (2003) coincided with the end of an intenseyemitdrought in the ColoradRiver basin
(Scanlon et al., 2015puring the wet period of 2062005 (Figures?2), the basinshowed a corresponding increase in TWSA
(seeFigure 9, although with a delay in time of two to three months. Duringithis of increase in TWSAthere was a
corresponding increase in(up to 0.9 for I=25 and 0.8 for 1=40) until TWSA reached its peak value (Novemberf2004
February2005), after whch r decreased and showed negative values (sintildrnegative, i.e-0.9 for 1=25;-0.8 for 1=40)
during the TWSA decrease. During the dry period (i.e. Z00@), TWSA is correspondingly lowesut oscillating out of
phase with FE anomalies (about Inonths of lag). seems to be &
between the oscillation of TWSA and degree correlations the dry
than Jwhere

the variations ofjrappear random. In general, the degree correlations for small degrees have larger amplitudesethan
for large degrees. This spatial disagreement in correlatight be related to the spatial and temporal distribution of runoff in
the basinsincea large portion of the runoff comes framowmelt originating in the uppe: basin
(Scanlon et al., 2015). Differences in absolute valudsratihe temporal distribution of @specially with the MOD16 prodyct
were evident in the degree correlation images in FiguHo&ever they did not have a significant impawmt the analysis in
the sense of demonstrating advantage or disadvantage the otherevaporatiorproducts in

terms of hydrological consistency.

4.2.2 Niger River basin

The TWSA in this basinwas characterized by an overall steady increase (Bri9yr’) with clear seasonal
variability (see Figure 50ver the study periodrecipitationpeals between July and September, while TWSals between
September and Novembéhmedet al. (2014) attributed trebservedncrease in TWSA to an increase in precipitatiothe
region caused by warmer Atlantic Ocean temperatures trend in Pwasvalidated using multiple precipitation
sources, including satellite products and rain gatges While the GPCP data set used hdi@ not show

ary increase in precipitatiomeitherdid a recent study using rainfall estimates from the Tropical Rainfall Measuring Mission
(TRMM) (Ayman and Jin, 2016¥%o0 the true cause of this trend remains somewhat unresblwvgdg the first two years of

the GRACEobserving period20032004) basinexperienced a downward trend in TWSBuring this time, the
valuesincreasedt the same time as TWSA decreased towards its minimum value. Then, while TWSA values were recovering
the correlation quickly deeased and became negative. This is similar to what was observed oidahedORiver basinduring
the dry period. During some wet periods (e.g. July/August 2006, 2007 and 2008), when TWSA increased towards its hight
value, rincreased and was positiveyt then decreased after TWSA peaked. More generally, there seems to be a connectiot
between rand the water cycle variations in this region: both high TWSA and low TWSA produced positive correlations. The

transitions from positive to negative values malkense considering that when TWSA values approach zero, the observations
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aremoreuncertain as they are affected by noise (sgnal to noise ratio). However, the relation might also be influenced by
the lag in phase between GRACE observations of TWSA dadmRerestingly, hereseems to be less intdegree variability
compared taheother basirs £This maybe related to the simpler water budget in b@sincompared tahat

of the MloradoRiver and Aral Sea basinbut requirs further investigation.

4.2.3 Aral Seabasin

endorheic basin a historical trend of water loslsiring the study periganost likely caused
by agricultural activities Zmijewski and Becker, 2014). Although there were short

intense precipitation events durimgichof the study period (Figurd), the total annual precipitation showedegativetrend

of -31 mm.yr! from 20032008. However, water storage values increased in 2005 as a result of the construction of a dar

between thaorth andsouth portions of the Aral Sea (Shi et al., 2014). Dyirimost of the study period, thevalues oscillated

in a similarway asfor the GloradoRiver basin that is, a weak connection between higfalues and increasing or decreasing
TWSA, before reaching the local maxima or minima, respecti(g@de Figures). Some examples of this behaviour include
JundAugust2008 andluly-October2009, before TWSA reaches its lowest value. In general, tredues decreased with
increasing degre¢iowever inter-degree variability was more complicated in thésinduring several months. Although the
Aral Sea basins predominantly arid, thesouth-east portion of the basin includes a mixture of warm and cold climatés
where most precipitation occurs. Due to the mismatch in resolution and/or different lanthpatsthe evaporation products
may represent theggtermixed regions differently. Furthermomgacial andsnowmelt runoff present further complications to

the hydrologicaldescription These complications are reflected in the higher idégree varibility (compared to the other

basin3. Differences in degree correlation due to the use of the three evaporation products were minimal i.e. no sing

evaporation product resulted in a significantly higher (or lower) hydrological consistency with priecigtad water storage

anomalies.

4.2.4 Lake Eyrebasin

Another endorheic basin examined heesthe Lake Eyre basjmwhichexperienced a marked increase in precipitatiog
during the rainy seasoind 20092011 resulting in an increase in water storage anomalies of abautr™

(calculated from September 2009 to December 2011)c¥hs in which TWSA and FE were negatively

correlated (i.e. negativevalues) increased during thisiny period(see Figure 7)Total annual precipitation decreased from

20032006 (23 mm.yrY), with a corresponding secular decreasing trend in TWS/&.26 mm.yr’.

period however, the degree correlations did not reveal any structiumg@icate any connection with eitherBPor TWSA. A

short but intense precipitation event during the winter of 2008/ (Figure?) did not seem to affect the variations,inelative

to the earlier years. Thewvariations did show improvements duringsh of 2008 ¢ precipitation was low,

i.e. P<50mm), particularly with the MOD16 evaporation producti(is: thelowest evaporation values).

14



10

15

20

25

30

Overall the rvalues generally decreased with decreasing length scales. Differences in apgalugs were visible between

the evaporation products, but not in the overall spatial and temporal palknre importantly, none of the evaporation
products showed aggiificant (and persistent) advantage in terms of hydrological consistency over the \Gthegset al.
(2014) also studied the hydrological consistency of satellite products (T-BaM&dP, MOD16basedE and GRACE TWSA)
overthis basin as well as other pdeminantly arid regions of the Australian continent. At the monthly scale, their study also

found poor agreement between TWSA and.P

4.3 Applying a phase lag to GRACE data

GRACE a water storage increase, the watass from precipitation neeslto

within the catchment

This may take upo several months,
during which
from different sourcarea (Rieser et al., 2010Y.heapparentag that GRACE
data relative to precipitation events has been observed in African

basins (Ahmed et al., 2011; Ayman and Jin, 2016) as well as in AugRaser et al., 2010; Wang et al., 2014). The clearest
examplefrom amongst théasins studied helis in the Niger River basin(Figure 5), where a lag of two months is
evident throughout the study period. In other regisnsh as the @oradoRiver basinand LakeEyre basin the time needed
to detect water storage changes after precipitation etemds to varyperhapgiue to changing spatial and temporal patterns
in precipitation as well as geomorphological characteristics (Ahmed et al., 2011; Wang et al.B20adye of their large
extent and geographical features, the Colorads and AralSea basins includeegions where snow storage plays an
important role as delayed runoff.

sources of delayed flow

defined as baseflow (Beck et al., 2013).

To examine thitemporal component, at least in a simplified manaéag of one, two and three months was considered for

all basinsand assumed to remadonstant throughout the study peritd terms of changes to tliegree correlatigrfor the

Niger River basinit was clear that a two months lag producadmaprovedtemporal matctbetweenTWSA and PE. For the

other basinbiowever due to the changing dynamics in precipitation and TWSA, a temporal match could not be satisfied at al
times by using ar constant lag in GRACERegardlessit was found thaga lag of two
months provided a better fit comparedatbalternativegincluding zero lag)Beck et al. (2013) developed global estimates of
the Base Flow Index (BFIx measure of the ratio of the leteym baseflow to the total runoff, using a large glalzda set of

runoff and a regionalization procedure to transfer these and other characteristics of runoff from gauged to ungauged bas
Sincewe did not model any of the physical processes contributing to baseflow, tleaBEixamined to assist éxplaining

part of the delay in observed water storage changes relative teBHherm (although not dynamicallysincethe index is a
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long-term average in timeThe spatial average of the BFI in the four study basjnsot surprisingly, within theame rage:
between 0.4 and 0.8his isnot urexpectedasvarious climateharacteristics we used as predictors of Bfhdeed the fact
that they are similar im agreemenwith our finding of similar GRACE lag times among the study basins. Further inastig

is required to determine the nature of the elements affecting the lag in water storage, not limited to those foundhin baseflo

Figure 8presents statistical summary of the mean degree correlation values over the study qaripdring the original
analysis and using a constant lag of two months. The results are presented as, bexgietise median is indicated as a bold
black line inside a bogonfined bythe first and third quartiles (bottom and top of the box). The wehitlelow and abové
show a threshold of 1.5 times the intprartile range (IQR

defining a number of outliers outside this range.akeady notedthe Niger River basinshoweda significant
improvement in rafter considering the delagot only in terms of the medianvalue, but also in terms of the variability in
the results (i.e. a smaller IQR). Tlistcomewas similaiirrespective othe evaporation produased For theColoradoRiver
basin, the degree correlations did improve when using the GBIRRDand GLEAM products (median improved from 0.17
to 0.67, and from0.01 to 0.64, respectively) but to a lesser exfimnthe MOD16 product-0.03 to 0.29). The IQR was also
reduced significantly with the CSIRPML product, moderately reduced with GLEAM, and did not change with the MOD16
product. The degree correlation in theal Sea basiralso benefited fronan imposedag in GRACE data, although there
remainedconsiderablevariability in the resultsThe Lake Eyre basishowed only a marginal increaisethe amplitude ofir
and a minor reductioim the temporal variability-0.06 to 0.14, 0.08 to 0.20 and 0.13 to 0.29 with CSIRI_, GLEAM and
MOD16 respectively).

5 Discus$on

The development of methods and sensors to rettleverariouscomponerg of the water cycle hafor the most parbeen
undertakerindependerty of interrelatedprocesses (see McCabe et al., 2008 and Brocca et al., 2014 for
some examples of complementary retrievadirgescale retrievals of hydrological variables such as evaporation, soil moisture
and rainfall products do not come with wd#fined accuracy méts, let alone uncertainty boundghis lack of any wel

defined error structure associated with individual products complicates the task of product assessment. As such, the ques
of how to evaluatéarge scaledatasets remains an outstanding one. iBhéspecially important in the conteddtglobatscale
products. While a number of global evaporation (and precipitation) evaluation papers have been published, none seek
identify consistency with related hydrological variables, and focus instead qradeons against traditional poistaleor
towerbased techniques (McCabe et al., 2016; Michel et al., 2016). Given the spatial mismatch between ground observatic
(and the lack of contious largescale coverage of itu data in remote regions), itjis inappropriate to evaluate these
largescale products in such a manri2etermining whether individual products are at the least consistent with each other (i.e.

they reflect hydrological expectation) is a needed first step in product assessheentofivation behind this study was to
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take a step back and determine whether a first order hydrological assessment could be achieved. Rather than comparing
uncertainties between the evaporation products and the other hydrological components (vpltioHyadefined), we attempt

to distinguish between the different evaporation products relative to their consistency with precipitation and terrestrial wate
storage. That is, are observed changes or patterns in the evaporation datasets reflectenthethssizological variables?

We explore this approach precisely because of the challenges in quantifyingintegsed upon traditional §itu methods.

As is discussed below, the challenge on how to do this remains, raising some important quesitmngduct quality and

also the techniques we use to evaluate global products.

5.1 Challenges to implementing hydrological consistency

some regionsespecially thosevhere simpler and more defined water cycle behaviour
dominates, significant and consisteiriter-productagreemenbetween hydrological components
should To explore this ideaour studyfocused on basinahere a water budget
consisting of water storage anomalies as a function of precipitation and evaporativenfiigke e expected to predominate.
The aim was tc complicating variables sucas snow, vegetation changes, large
precipitation and streamflow contributions and other hydrological procésses ;The assumption was that arid

and semiarid regions would best fit this profil€

Given the relationshibetween
size and accuracy GRACE datay a geographical distribion of basins that couldatisfythis
simplified water budgeassumptiomwas . Restrictions related to basin size affect the studywndonflicting
ways. On the one hand, a large basin will inevitably present complications related to heterogeneity (including in césate zon
as was the case for the ColoraBiver basin and AraBea basin) and also be more likely to contain areas affected by
anthropogenic activities, such as irrigation, land cover changes, building of dams and reservoirs, etc. On the other hanc
small catchment sizg more difficult to evaluate with thisonsistency approach, given the coarse resolution of (most)
of the global products used here, but especially the GRACE data. The spatial resolution of GRACE data is further limited t
the use of filters to remove errors. Considering these restricti@aspromise in the selection of study basins was required

to allow for at least a narrow range of length scales-@@Dkm) to be evaluated.

In the end, our study consisted of four major globally distributed river basins, including two endorheic siktemagh
having mostly an arid climate in termskK$ppenclassification both the Colorad®iver and Aral Sea basiinclude regions
with the presence of snow and snowntEiminated runoffWhile snow storage itself is not a problem, since GRACE detects

changes in storage irrespective of their nature (snow, groundwater, soil moisture, etc), snowmelt may contribute to delay
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changes in storage that can affect gravity results.

, the inclusion of these basins was considered important in order to test the
hydrological consistency concept in regions that deviated from the ideal assumption. influence that snowmelt
and other potential sources of lag in the system have is poorly defined and forms part of the motivation to explore the inclusion

of a lag response in the GRACE data (see Section 4.3).

Apart from the issues of spatial scale, the use of satellite-based hydrological data presents additional challenges and sources
of uncertainty to consistency-based assessment. For instance, because GRACE data is smoothed to remove errors in

-scale terms (i.e. truncation of the spherical harmonic coefficients), the gravity signal contains contamination from
outside of the studied basins (leakage) and a potential source of uncertainty in areas neighbouring high amplitude
signals (particularly if they are out of phase with the study basin) and the ocean. Although the LSM-based scaling factor, which
is static in time, has been used to correct for bias (e.g. signal reduction) and leakage contamination, dynamic changes in water
storage trends outside the basin might still contaminate the signal (Long et al., 2015). In addition, the temporal lag in terrestrial
storage response, as documented in previous studies (Rieser et al., 2010; Ahmed et al., 2011; Wang et al., 2014; Ayman and
Jin, 2016) and observed in our analysis, represents an important source of potential error (see Sections 4.3 and 5.2). Product
errors are also evident in the precipitation and evaporation data sets. Global rainfall retrievals have well recognised limitations,
including the detection of both high and low intensity events (Hou et al., 2014), the discrimination of cloud and cloud
precipitation scenes, as well as the sensitivity to parameters in the forward model of radiative transfer over different sensors
(Stephens and Kummerow, 2007). In terms of evaporation, uncertainties related to algorithm choice, input data variability and

process parameterizations all complicate the accurate estimation of terrestrial fluxes (Ershadi et al. 2015).

Determining whether or not and understanding how much these sources of

uncertainty affect hydrological consistency studies an area requiring further investigation.

5.2Temporal lag in terrestrial storage response

In exploring the relationship between GRACE water storage changes and precipitation and evaporation data, it was evident
that water storage anomalies peaked at a significantly later time than the corresponding P-E values. One possibility for this
apparent lag in GRACE data is that, due to the inability of GRACE to detect small-scale changes in the gravity field (a rough
estimate of GRACE accuracy averaged over the entire Earth is 20 mm.month™'; Wahr and Velicogna, 2006), the corresponding
mass is not detected until a sufficient amount has accumulated within the catchment via natural drainage processes (Rieser et

al., 2010; Ahmed et al., 2011). The intensity and duration of the precipitation events, antecedent soil moisture , as
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well as the geomorphological characteristics of the basin all influence the
detectiortime. A simple way to account for this phenomenon was to appiyiaanphase lago GRACE daté
the whole study periodoing tis improvel the behaviour of degree correlation, not only in time (less

variability in the results), builsoincreased the value of as well. This was particularly evident in the Nid&ver basin,
which was expected due to the wadfined seasonal behaviour of its hydrological cycle throughout the study period, and to a
lesser extent in the ColoradRiver basin and Aral Sea basin, @k changing trends in the seasonal patterns of precipitation
madeit more challenging to apply this simple correction. In the Lake Eyre basin, applying a lag to GRACE data did not seer
to have an effect on the degree correlatisn:

understanding the implications and physical rationale behind the attribution of this

lag is required

5.3 Discriminating between satellite evaporation products

One aspecbf this workwas toexplorewhether differences in availakiébalevaporation products

theresults of the consistenepalysis.e. could we
identify better agreement between water storage anomalies-Brid &yparticular evaporation product?hile theanalysed
products covered a wide range of resolutions (@025!, the effective resolution in the analysias ultimatelydetermied
by the truncation degreé(,) of the spherical harmonic transformatidven after accounting for this, absolute differences
were evident from a qualitative basinale analysis (Figure 2). Results indicated M&D16 underestimat evaporation
whencompared to CSIR®ML and GLEAM, even though both the CSIFR®DIL and MOD16 products are based on the
PenmadMonteith equation. Several recent studidsCabe et al., 20t®/ichel et al., 2016Miralles et al. 201palso suggest
that the MOD16 product (or variants using the-RM approach) underestimate evaporation whemgared to other products
(including GLEAM), and that most products show large discrepancies in reproducing results during periods of water stres
Ershadi et al(2015)demonstrated that the parameterization of aerodynamic and surface resistances were critical controls ¢
evaporation through both soil and vegetation. Furthermore, both GLEAM and GBMRGOnclude dynamic constrai® on
evaporation (stress moduladasoil moisture assimilation in GLEAM; dynanriatio of actual to potential evaporation at the
soil surface in CSIR@ML) that are critical in arid regions due hgdrological and plant physiologicatresgs and the
subsequenimportance of soil evapoiah. Whether these differences in model parameterization are the sole cause of the

apparent underestimation by MOD16 remains to be investigatedk:

Asthe focus of the study was to discriminate between evaporation products, the question on whether the choice of precipitat
product the hydrological consistency analysims somewhabeyond the scope of this work. However, a

preliminary analysis was undertakeby replacing theGPCP precipitationdatawith another data setnd reproducing the
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analysis To do this, we preoessed thérecipitation Estimation from Remote Sensing Information using Artificial Neural
Network (PERSIANNYroduct, which uses antificial neural network to approximate spatiotemporal-tioaar relationships
between physical variables and remotadpsed signals (Hsu et al., 1997). PERSIANN uses data from the long wave infrared
imager onboard th&eostationary Operational Environmental Satellite (GO&S)vell as from th&ropical Measurement
Mission (TRMM) microwave imager (TMI)As shown in FigureS1, te results of this new analysis did mevealany
significant differencavhen compared to those basedtibe GPCP analysis. Figure S1 showsdlierage degree correlation

statistics per study region and evaporation proawith and without the inckion of a lag in GRACE data.

Evaluating global evaporation products remains an outstanding challenge. The purpose of implementing a hydrologic
consistency approach was to explore the evaluation of evaporative fluxesniparingthe spatial patterns between
precipitationand changes in water storadé such an approach could be shown to perform well in a relatively simple
hydrological system, theopential for broadescale applicatiotin regions withmore complex behaviour would Iiee next
logical step However, the study showed that even in these relatively simple basins, it was not possible to demonstrate
consistent hydrological agreement between independent observitipngvements irsatellitebased evaporation products
arelikely to be deliveredhrough advances in algorithm development, increases in the observable resolution and also via th
development of mukproduct ensembles (with weighting based on validation analyses and uncertainty asse&siieats

The prospects for improved precipitation monitoring is also promising given the Global
Precipitation Measurement mission, which will allow for a more accurate representation of light refitlenge that has
been a limitatiorin other precipitation products, including the GPCP (Huffman et al., 2001). Likewise, the next generation
gravity missions (GRACE follow on and GRACE Il) with the incorporation of improved sensor design (Christophe et al.,

2015) areanticipatedto provide more accurate estimatdshe water storage anomalie's

6 Conclusions

Given the inherent challenges in validating satebiésed products via the use of grodrased observationa keymotivation
behind this study was toexamine the capacity dhdependent observations of the water cytdeeflect some form of
hydrologicalconsistencyTo do , the study focused aegionswhere it would be mostxpectedo
arid and semiarid regions with a simplified water budget consisting primarily of precipitation and
evaporation Unfortunately,
that even in these simple environments, hydrological consistenagiffteslt to obtain. While there are timesd
locations at which some consistency vesiservedthere a greater number farhenit not The lack of

persistent behaviour is problematic, bott: at independently evaluating remote sensing data and also
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in individual productsAlthough there

were significantand knowndifferences in evaporation estimates, especially with the MOD16 product in the Caliwexrdo

and AralSeabasins, these differences didinotseem toplay a
significant role in the of hydrological consistency.
While not providing a comprehensive tool for produstaluation, he approachdid help to revealsome

interesting spatial and temporal pattebesween the studied hydrological variablesgeneral, the correlation between the
satellite products was higher with smaller degrees, or larger spatial scaiesple water cyclaystemssuch as in the Niger
River basin, the correlation followed cyclical patterns along with the water storage anonealies increased

with water storage anomalies up to the point where these peaked,it then decreased to
the point where these were minimal pattern but
negative anomalies >This indicates that, at the least, the correlations are not random, but roughly follow the
cyclical variationswithin the basin. It is alsquitereasonable to expect low agreement when fluxes and/or water
storage anomalies are minimal, eaiping some of the cyclical nature in the correlation. A lag between GRACE and
precipitation data was also considetedaccount for delayed sources of water storage chatgesit |t was shown that
imposingevena simple correction (i.e. a constant phabhift to GRACE data) greatly improved the agreement, both in average

degree correlation and variability of the results in tiimg

The lack of persistent agreementsiome of the studied basingy be explained in part by the added complexities that limit

the validity of the assumption of a simple water cysla snowmelt runoff, complex geontphology )
changing patternsof precipitation as well as anthropogeni¢ on the water systerf: limitations
to hydrological consistency include the many challenges that still exist in the laxcge retrieval of

precipitation,evaporatiorand GRACE data
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Product name Spatial resolution  Time span Reference
Evaporation

MOD16 (A2) 0.05 2000- 2013 Mu et al. (201}
CSIROPML 0.25 1981- 2011 Zhang et al. (2012
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GLEAM (v2A) 0.25 1980- 2011 Miralles et al.
(2011a,b

Water storage
GRACE (CSR RL0O5 GSM) 333 km (max=60)  2003- present Tapley et al. (2004)
Precipitation

GPCP (1DD v1.2) 1; 1996- present Huffman et al.
(2001)

Table 1.Description of thesatelliteproducts used in this study. The temporal resolution is daily except for MOEdIy3
and GRACE (monthly)The original MOD16 product is availablelakm resolution in the sinusoidatojection. In this study,
the product was reprojected onto a 0.05j regular grid using the MODIS Reprojection Tool (MRT).
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5 zero.
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Figure4. Top: anomalies of the terrestrial water storage (TVW®Aserved by GRACE (with 20 mm uncertaibgund$ and
P-E using three global evaporation products over the Colorado river basin. Balying degree correlatianeasurer() with
time and degree (from 25 to 40) using the threbalevaporation products. Tlwerage is shown as a time seriéslack

line). The degree correlation measure can range frbmo 1 as shown in the color scale on the secondary. axis
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Figure 5. Topanomalies of the terrestrial water storage (TWSA) observed by GRACE (with 20 mm uncertainty bounds) anc
P-E using three global evaporation products over the Niger river [Bsiow: varying degree correlation measurg \yith

time and degre (from 25 to 40) using the three lghd evaporation products. Tlwerage is shown as a time seriéslack

line). The degree correlation measure can range flota 1as shown in the color scale on the secondary axis

34



Aral Sea Basin (ASB)

$

GRACE (CSR) —— P-E (CSIRO-PML) P-E (GLEAM) P-E (MOD16)
'g' 150 v
£ 100 N , , , :
< 50—\ /w4 L | ; /\
Z sl SHML AN AR ASA A
00— 2003 | 2004 T 2005 I 2006 T 2007 T 2008 I 2009 T 2010 T 2011 |
CSIRO-PML
40 .Il 1.0
35 | gg
30 05
25 -1.0
- 0.5
()]
o 3 0.0
> 30 -0.5
0O 25 -1.0
1.0
0.5
0.0
-0.5
-1.0

Figure6. Top:anomalies othe terrestrial water storage (TWSA) observed by GRACE (with 20 mm uncettaintyl3 and
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Figure 7. Topanomalies of the terrestrial water storage (TW®BA3$erved by GRACE (with 20 mm uncertaibiyund$ and
P-E using three global evaporation products overlthiee Eyrebasin. Belowwvarying degree correlation measurg \ith
time and degree (from 25 to 40) using the three global evaporation products. The gigtgBvn as a time seriéslack
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Figure 8. Top: average degree correlation statistics per study region and evaporation product. Bottom: GRACE data wer
shifted by two months to match the phase with nomaliesThe boxplots show the first, second (median) and third quartiles.
Outliers, defined adata outside the 1.5 intquartile range (IQR) whiskers below or above the first and third quartiles are
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