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The Gravity Recovery and Climate Experiment (GRACE) satellite provides time-varying gravity field models that
can detect total water storage change (TWSC) from April 2002 to June 2017, and its second-generation satellite,
GRACE Follow-On (GRACE-FO), provides models from June 2018, so there is a one year gap. Swarm satellites
are equipped with Global Positioning System (GPS) receivers, which can be used to recover the Earth’s time-
varying gravitational field. Swarm’s time-varying gravitational field models (from December 2013 to June 2018)
were solved by the International Combination Service for Time-variable Gravity Field Solutions (COST-G) and the
Astronomical Institute of the Czech Academy of Sciences (ASI). On a timely scale, Swarm has the potential to fill

the gap between the two generations of GRACE satellites.

GRACE Swarm GRACE follow on gap TWSC global basins

| 1. Introduction

The Gravity Recovery and Climate Experiment (GRACE) satellite is the first satellite mission dedicated to Earth
gravity sounding, launched by the National Aeronautics and Space Administration (NASA) and the German
Aerospace Center (DLR). In the decade since its launch in March 2002, GRACE has been widely used to detect
Earth-mass transport, including total water storage change (TWSC) W&, changes in the Antarctic and Greenland
ice caps B4l and global sea-level changes B8, making important contributions to Earth science-related research
and functioning as an important tool for estimating changes in terrestrial water reserves. However, in September
2017, one of the batteries in the GRACE-2 satellite failed, and its mission was successfully ended in mid-October
2017 & Now, the GRACE time-varying gravity field model provided by the three major international centers, the
Jet Propulsion Laboratory (JPL), the University of Texas Space Research Institute (CSR), and the German
Geosciences Research Center (GFZ), is currently up to date only as of June 2017. The successor to the GRACE
mission, GRACE Follow-On (GRACE-FO), was successfully launched on 22 May 2018 in California, USA, and its
measurement principle is similar to that of GRACE, so its model can be used to continue the study of TWSC.
However, the GRACE-FO time-varying gravity field model data are now published from June 2018, which means
that there is a one-year gap between GRACE and GRACE-FO, so, valid and reliable data need to be found to fill

this gap and ensure the consistency of the time-varying gravity field information time series.

On 22 November 2013, the European Space Agency (ESA) successfully launched an Earth observation satellite
constellation, Swarm, consisting of three satellites, similar to the Challenging Mini-satellite Payload (CHAMP)
mission. Although its mission is mainly to monitor the Earth’s magnetic field variations, it can also be applied to

study the time-varying gravity field because it carries high-precision Global Navigation Satellite System (GNSS)
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receivers and other key gravity detection equipment, thus filing the observation gap between GRACE and
GRACE-FO . The published Swarm time-varying gravity field models are the model from December 2013 to June
2019, solved by COST-G, and the model from December 2013 to October 2018, solved by ASI. The Swarm of both
institutions allows the continuity of GRACE and GRACE-FO observations on a time scale, so it is particularly
important to determine the feasibility and effectiveness of the Swarm-based model to recover changes in terrestrial
water storage. In recent years, several scholars have used the Swarm time-varying gravity field model to detect
water storage changes in basins. Lick et al. (2018) studied the possibility of Swarm bridging GRACE and GRACE-
FO, and the possibility of using Swarm time-varying gravity field with significantly lower resolution to replace
GRACE time-varying gravity field in missing months 9. Meyer et al. (2019) provided a long-term time series of
monthly gravity field solutions by combining laser satellite data, GPS and K/Ka band observations of GRACE
mission and GPS observations of three Swarm satellites. In their study, the lunar gravity field from Swarm was
used to fill the gap between GRACE and GRACE-FO tasks 1. Lj et al. (2019) used the Swarm time-varying
gravity field to estimate terrestrial water storage changes in the Amazon Basin and the water storage deficit caused
by the 2015/2016 drought event. Comparing GRACE data, hydrological models, and hydrological station data, they
found that the Swarm results were in good agreement with GRACE, hydrological models, and virtual hydrological
station estimates, providing a new and effective way to detect terrestrial water storage changes and drought
events. It also has the potential to replace the GRACE satellite to detect extreme droughts and floods in the
Amazon basin 12, Cui et al. (2020) compared Swarm with the GRACE/GRACE-FO models in terms of model
accuracy, observation noise, and inverted TWSC and the results verified that Swarm time-variable gravity field has
the potential to extract TWSC signals in the Amazon River Basin and can serve as a complement to
GRACE/GRACE-FO data for detecting TWSC in local areas 13, Forootan et al. (2020) applied time-variable gravity
fields (2013 onward) from the Swarm Earth explorer mission with a low spatial resolution of ~1500 km. A novel
iterative reconstruction approach was formulated based on independent component analysis (ICA) combining
GRACE and Swarm fields. The reconstructed TWSC fields of 2003—2018 were compared with a commonly applied
reconstruction technigue and GRACE-FO TWSC fields, and the results indicated considerable noise reduction and
improved long-term consistency of the iterative ICA reconstruction technique. These models were applied to
evaluate trends and seasonal mass changes (for 2003—2018) within the world’s 33 largest river basins [124l.
However, all the research does not define the best Swarm data processing and does not estimate the potential of
Swarm worldly. Therefore, how to preserve the original Swarm signal as much as possible and how to better detect

water storage changes in more basins will be the focus of ongoing Swarm-based research.

This paper targets 26 regions worldwide (see Figure 1 and Table 1) and explores regional water storage change
time series between December 2013 and June 2017 from two institutions (ASI and COST-G) under different
treatment strategies by computing the results of GRACE (GRACE-TWSC) and comparing them with the limits of
Swarm in water storage detection and the optimal processing strategy. Finally, the TWSC of the Amazon, Volga,
and Zambezi Basins is constructed to demonstrate the potential of Swarm to fill the gap between the two

generations of GRACE missions.
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Table 1. The information of the 26 regions.

NO Basin Location NO Basin Location NO Basin Location
1 Yukon Nort.h 10 Nile Africa 19 Lena Asia
America
2 Mackenzie Nort.h 11 Congo Africa 20 Kolyma Asia
America
S Nelson Nort.h 12 Zambezi Africa 21 Amur Asia
America
4 Mississippi North 13 Orange Africa 22 Huang He Asia
PP America 9 g
North .
5 St Lawrence . 14 Danube Europe 23 Yangtze Asia
America
6 Amazon Sout.h 15 Euphrgtgs and Wgst o4 Ganges and Asia
America Tigris Asia Brahmaputra
7 Parana Sout.h 16 Volga Asia 25 Indus Asia
America
8 Niger Africa 17 Ob Asia 26 Murray Darling Australia
9 Lake C_had Africa 18 Yenisey Asia
Basin

| 3. Reasons for Applying Swarm-TWSC
vaér-m ﬁaetelll EIEI gstaﬁ aCCLII’aC§IIn det?cg%y water_ st ges in different basins and different

etection |es n ent basin wh| IS cause %/tm different characterlstlcs of the basins. The size of
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more statistics of equal precision are introduced, the more reliable the results. Therefore, the size of the watershed

area affects the accuracy of Swarm detection of regional water storage. In general, the most important factor that
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TaMSES imtsnshaingmsalatimsicsefficdkanges nootateraasd) sanrtaee oradeevaltregenthen cagrabitineof tictvatal mathe]
foniledtiee sineagkbateteatiomoff represents the total amount of annual surface water in basins. The quality change of
basins detected by Swarm has a certain relationship with the size of runoff, so we also included it in the factors that
EhesEPoiiEe ol SrstIaef RlaftyaiidraguaiRtiAFRIB,PeRAHA. TR Mesabietatestdrar FlRanrsirishsRiing
BERFLNGSriSRIdecER RIS RNEnHNE PARSTIRIRARSGOM@RIahsiaRIRAFIRYDASREIRY Budea GiRviNe Erdmeorandig
oféMbeliehniRaeiN Badth s Bl S1ER AP ISR AEMGE hRG6RF REINGRT 2 1Riith dUpe vk f . dt6ra GERA%rFb EVEB airfitf
HnbA™Y RiRARVEIRIB! AN WASIHNAFAWHBIB R AR oR v AR YRlnahe d8SEEN YRS irdRato N IRaRIRitALSE
A {asssaEFRiCHIRige daheasipasiar WiRdestdiagarReRem BIigBERiR Ak hakd8c&sing the detection capability

of Swarm in different basins.
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Area Average
. Runoff Mass Instantaneous Result
10,000
NO Basin (10, A Rank (km3) Rank Change Rank Change (cm) Rank Rank
km ) 3
(km?)
6 Amazon 691.5 1 6906.38 1 -145.91 1 13.66 1 1
16 Volga 138 14 254,18 14 19.73 10 4.61 5 2
12 Zambezi 138 13 311.1 13 -23.18 7 9.96 2 3
7 Parana 310.3 5 800 4 86.57 2 4.83 4 4
17 Ob 297 6 385 9 58.51 3 3.8 8 5
18 Yenisey 260.5 7 625.36 5 -19.54 11 3.38 12 6
Ganges and
24 132.6 15 165.4 19 -40.97 5 8.94 3 7
Brahmaputra
‘end plots
10 Nile 335 3 81 21 -20.1 8 3.75 9 P
1 Yukon 83.5 22 200.6 17 -14.11 13 4.22 6 9
8 Niger 209 9 200 18 -5.43 20 1.97 22 10
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e Average
. Runoff Mass Instantaneous Result
10,000
NO Basin ( . 10 Rank (km3) Rank Change Rank Change (cm) Rank Rank
m?) 3
(km?®)

4 Mississippi 323 4 599.5 6 32.95 6 3.59 10 11

11 Congo 401 2 129298 2 -2.81 22 3.02 18 12

19 Lena 249 8 540 7 -10.21 16 2.57 19 13

25 Indus 116.55 16 207 15 -7.34 18 3.1 16 14

9 Lake Chad 100 20 450 8 ~5.06 21 3.35 13 15

Basin

2 Mackenzie 180.5 11 357.2 10 -19.86 9 2.75 21 16

23 Yangtze 180 12 1160 3 13.5 15 3.15 15 17

15 Euphratesand .0, 0 1 6206 23 51.46 4 3.06 17 18

Tigris

20 Kolyma 64.4 25 123 20 0.90 26 3.35 14 19

14 Danube 817 23 203 16 -2.53 24 3.83 7 20

5 St Lawrence 30 26 33239 12 2.7 23 3.47 11 21

13 Orange 102 19 1545 25 -2.04 25 1.08 26 22

21 Amur 1855 10 3465 11 -16.51 12 1.6 24 23
3 Nelson 115 17 74.7 22 -13.91 14 2.69 20 24 yesinthe
26  Murray Darling 100 21 5.99 26 6.3 19 1.76 23 25 itcan be
‘ n that the

22 Huang He 795 24 58 24 -7.39 17 1.52 25 26
area, but
17 Ob 297 385 1.97 58.51 0.86 77.13 3.89 |as better
18 Yenisey 260.5 625.36 -0.75 -19.54 -0.62 74.67 3.22 detection

19 Lena 249 540 -0.41 -10.21 -0.5 57.62 4.16
20 Kolyma 64.4 123 0.14 0.90 -0.42 39.37 5.62 ' have the
nal water

21 Amur 185.5 346.5 -0.89 -16.51 0.52 3.64 4.34
\at affects
22 Huang He 79.5 58 -0.93 39 0.12 -8.31 4.79 ts Swarm
23 Yangtze 180 1160 0.75 135 ~0.33 53.41 4.03 ter (8th).

In analyzing whether the Swarm’s ability to detect regional water reserve changes is related to the total change of
annual water reserve of the basin itself, among the basins with a Swarm detection effect, there are 10 in the top 14.

Similar to the analysis of the first two factors, the total change of annual water reserve can indeed affect Swarm’s
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Area
NO Basin (10,000
km?)
24 Ganges and 132.6
Brahmaputra
25 Indus 116.55
26 100

Murray Darling

GRACE- AVerage g .rm-  Correlation hed 15 is
Runoff Mass L .
(km?)  Trend - oponge | Trend - Coefficient (cm) 'Serves in
(cmlYear) % (cmlYear) (%)
(km®)
165.4  -3.09 ~40.97 —2.09 73.56 6.05 the result
Bndadn8
207 ~0.63 ~7.34 ~0.65 52.06 473 Refscyith
5.99 0.63 6.3 ~1.58 -1.68 526
an indeed

affect Swarm’s detection ability, but it is not the only factor. For example, the annual change of water reserves in
matershepéisisestiall (fdokgaerdnde st SearFiguleiartion Mebliés2)rSheaitar-Fargedah2tit) RACEHRW S G staneabs
waer tesedves incneiseshadd 4ececlasgd (WihpristbBwerin'hdsiestibnls|ity0s 1®01§2Qth).19, 24, and 25, and the

other basins have the opposite results.
Combining the above analyses, the four factors all influence Swarm’s ability to detect changes in water storage in

basmier o cxtlectttheciosdydbe aleheceontiafior ieawderaviatisbfestons wee tradactatethitiba cosftdonircdaipants
fsiw b e Syamkingo nelatitusdetficismris tadcGlatthinetretion éfiest ste rmiceanetih doeprog dionhef ddlatica of
the faatizisies tludeienticrs pestiNe (seailabded)reflects the degree of correlation between them by multiplying the
two deviations. To get the periodic accuracy of Swarm-TWSC in 26 basins, we get the cycle repetition time of each

fiable derabRteRAT e tpgees i Sllienes Wistirieatiagiera)on Swarm-TWSC in 26 watersheds.

Area Yearly RunoffTotal Mass Change Instantaneous Mass Change

Correlation Coefficient (%)  58.75 52.33 60.96 77.8
Impact ratio (%) 23.66 20.99 24.45 31
Correlation Coefficient [-100, 80) [-80, 30) [-30, (30, 80] (80, 100]
(%) 30]

The results show that Swarm detects regional water storage changes on land mainly related to transient changes

in regional water storage, followed by total mass change, the area of basins, and finally annual runoff.

Table 4. Statistical table of cycle repetition time of 26 basins (December 2012 to June 2017).
14 1 anAa.Time CRACE.-Quiarm-CRACE.EN.TWC

Cycle Cycle Cycle
NO Basin Repetition NO Basin Repetition NO Basin Repetition 17 vears
Time (Year) Time (Year) Time (Year) y
1 Yukon 3 10 Nile 3 19 Lena 3
2 Mackenzie 2.5 11 Congo 3 20 Kolyma 25
3 Nelson 245 12 Zambezi 3 21 Amur 1
4 Mississippi 3 13 Orange 0.5 22 Huang He 0.5
St
15 14 Danube 3 23 Yangtze 2.5
Lawrence
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6  Amazon 35 15 Euphrates 2.5 o4 ~ Gangesand 3
and Tigris Brahmaputra
7 Parana 3 16 Volga 385 25 Indus 25
. Murray
8 Niger 3 17 Ob 3 26 . 1
Darling
Lake Chad ] =
9 Basin 2.5 18 Yenisey 3 =0.21
Q Jrpria i
& of ﬂﬂl\ﬂHHHnn.nnnan . |
From the per ¢ V V v U /e correlation
between Swe E 1ol V are basins 1,
2,4-12, 14, 2002 2m}4 P_UIDE 2008 2010 2012 2014 2016 2018 2!]2:] 3,16, 21, 22,
and 26.
20F LI T T T T
. Zambezi k=0.18
Table 5. Stati 5
Q
o 0
NO Basin Trend Relevance Similar Period Ratio
1 Yukon Same Positive Weakly 86
2 Mackenzie Conversely Positive Weakly 71
S Nelson Conversely Irrelevant 71
» Amazon
4 Mississippi Same Positive Weakly 86 line is the
5 St Lawrence Same Irrelevant 43 basin.
6 Amazon Same Positive Strong 100 nuity. The
7 Parana Same Positive Weakly 86 10,18 cm
8 Niger Same Positive Weakly 86
9 Lake Chad Basin Conversely Positive Weakly 71
10 Nile Same Positive Weakly 86
d models,
11 Congo Same Positive Weakly 86 i .
jor basins
12 Zambezi Same Positive Weakly 86 ~E model
13 Orange Same Irrelevant 14 he seven
Swarm to
14 Danube Conversely Positive Weakly 86 weighted
15 Euphrates and Tigris Conversely Positive Weakly 71 »ach may
detection
16 Volga Same Positive Strongly 100
e eremy e e e e e e e RO (o1 ¢ o N 11941
periods.
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NO Basin Trend Relevance Similar Period Ratio -qefficient
17 Ob Same Positive Weakly 86 , and the
18 Yenisey Same Positive Weakly 86 Cyo term
then use
19 Lena Same Positive Weakly 86 .
using the
20 Kolyma Conversely Positive Weakly 71 , satellite
rth’s time-
21 Amur Conversely Irrelevant 29
22 Huang He Conversely Irrelevant 14
23 Yangtze Conversely Positive Weakly 71 NSC was
ing water
24 Ganges and Brahmaputra Same Positive Weakly 86 sient, root
25 Indus Same Positive Weakly 71 asin. The
26 M Darli C | Irrel t 29 ropriately
urray Darling onversely rrelevan S
T o B S wingieity

(rreERbiR A and Jakle S e cauating es dreriaficaRatiiRm iR ariadsiAlsha e ErRyIS Aeskralraiita gl
EQpeilien time ratios, we can see that Swarm performs better in basins 1-4, 6-12, 14-20, and 23-25, with the
same periodic repetition ratio above 70%, and performs worse in basins 5, 13, 21, 22, and 26.

Based on the accurate performance of Swarm in detecting water storage changes in 26 watersheds around the
WoRdonarepapEend RlUGE aletaastitarrgRyEidandraipassisehe, cnateiRALeN REH e GNBERtRIIRtaaRN RS rasHlal
AL EOCPRIMGS R NG EN PERAPILRI AR 3b GRHAHRP Bt de LHaley (Wb AN PR SeNRIJRIS §98aR PR RaBPs SRR
aretharrierRairgnge wispaefahbiatayseriaHemiailiracRie FHikeifarrgadied Mrinenn fiesbMe ps Yo ars ene
Uﬁmﬁﬁg@figvmrm%ﬁgyﬁ{m)ﬁgggqiqgr Edistdesdsanes afglgviation can measure the accuracy of the Swarm

composite value, i.e., the accuracy of the detected water storage height variation value, and the validity of the
trethcti papesutialg Bwaenm b8 2 ds byo ograpedivg tth & BACE {egBCobeaaatenbotSesqyiordtity & Cnadlibl < hes pemical g
feptestinhvodtGRAGBGEVEBahges tadcuiatedsesingr aldioneasay it g ralvibaferldtoradel Vaomatsate titesncadsuletimg rikee
aimailzr ferope dice wilits petlvdelaadtitme total regional mass change. In summary, this paper gives an optimal data
processing strategy to systematically explore the potential of Swarm in detecting regional water storage changes
S¥NRAENgdbasR HesomeasUtRe. dimaeadbs #EilDqerainna dansceariy stHdirerEhthasnreTngapblepidvions

8MEYUkR SO TR FAGHERR) oR WNHITAS R dIesiorSEOUBANGRIN basins 6, 12, and 16 and the second-best
accuracy in basins 1, 4, 7, 8, 10, 11, 17, 18, 19, 24 and 25, and can be used when the GRACE series satellites are

Atthavaitabten Swancl uioit replacbeB R ACR e detetiievstia \s tfr aYeSD an s ha s hnes alv@tbdyasiggnshehaceuaee \siilf
SovaensiakiS@nmgsryFbadhie tegors 3yith igUficied pretBgreofitSvach fECECnehdeatek siep tisetongiaab BAER
SausiZeatintieevanengayraviyefielo reo trec coerelbtonatethsBwage-dhaSge saindtlessabbsisitise Bysteagidifte s rzeldhotis)
abthentiv@3ypars tiesatdlbie, dSteation casuitstactahdingetiottie charbiaf, thetertve savesmoedbswaomJ¥E T aad
bermeqihpvetbwever, because the change value of water reserves detected by Swarm may have gross errors at
some time points, Swarm-TWSC and GRACE-TWSC have opposite long-term change trends of water reserves. If
these gross errors are eliminated, such as basin 2, and if only Swarm-TWSC between 2015 and 2017 is used, the

change of water reserves during this period can be detected correctly. Therefore, this paper suggests that the
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