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1- National Aeronautics and Space Administration

2- Deutsches Zentrum fir Luft- und Raumfahrt
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4- Kernel

AT
@ 9

@




tsla:ﬂ

Gl o
(! gaes
S35

02w
Sladomin

Jee
P eEn |
Y

o e

Bloc 2 3 o 5 Sl 2 02 50 .J
E35 g

A Cadd (6l 4, ol lug pdi (305 0med slaals po - F S

A g S 50,90l slaosls u‘?’”] G»]u_mﬂ B
o3k (0 JS) welewsay JPL § CSR GFZ o ,63
Sl VAV B Y Y s Sl

il o ) F soleale & glmosls
el e Lo (S35 o5 ,8) ©)l 555 j9T9e
b ils,— Y CSR 47 JPL & GFZ slagylejleus
58l 5 et Olstel Slomnl i (e s o)
39S o) sane Kz S 2, 4 AreGIS

el (o hgy b 5l T sl

5- Geoforschungszentrum

6- Jet Propulsion Laboratory
7- Center for Space Research at the University of Texas
8- Kriging Oridinary




’J\f“l},\{\f\a ]
-, VT \/U\VI

M F04 3005 2006 2007 2008 2008 010 FOWH 20M2 2013 204 WS 2016 S
TS
50
. M/AA
-3 L] ‘w B

WA

M 204 3005 2008 007 2008 2008 A0 20M i I3 4 W05 e S

—

(e

VATV
7 Ry

M J004 2005 2006 3007 2008 2008 304D 200 20mz2 A3 204 25 X016 5

MoOJ004 2004 2006 2007 008 2004 2010 20m 22 M3 a4 a0 28 S

Il

sy S 5 (8 JPL(z GFZ (& CSR (Wl s 18 0 ,lgnle (sl ;o531 b sir s casd (ylgsl 155 oylwgs — & S




YAV B A\YAY ‘530..).!0[_&4 Lguol.g- 9 GFZ‘ JPL‘ CSR O ‘Q""l)f 6o)|5.mLa L;o..\_.i';oob ‘spr.b")’fJ‘ oS0 6‘)‘3
(£ J5) ab Jleel s g5bls w95l a0 Lo jlgale ol sloosls 5l easlc wody poss

! -70 -
= @
b o y = 1.133x+ 26.107 °
B 2 -
i R =0.6874
} -30
-20
3: -10 ®
I
3 10
x:l‘l) 0 -10 -20 -30 -40 -50 -60 -70 -80

(o s8lo) o550 yasis

H 70
b o
€0 °

A y =0.8957x+ 22.05 .
J:O o Rz=0.5121
1? 30

4 0

o

Y10
3 0 °

;-{3 0 -10 -20 -30 -40 -50 -60 -70 -80

(o sl) o558l oS

-70

-50 y=0.8729x+ 22.258
R?=0.6622

-30
-20
-10 (]

&o..\.bl..i:..n Lgl.bolg gevey)
&

(o gilw) o558l yeoeis

.CSR (z JPL (¢ GFZ (Wl wizr s <uiod oylasul ounlioe sbrolx g eyl s g5b1s —F S

03,5 V¥ JS& jo moaslive boosls b lysol ol Slcwnl 515 GFZ Jue yogr joulin Kby g /457 5 40V L8R o ey

A RO IRCESVRON X V) P TOS SV - P FCUON St A P




srunn cavano ssoun- u00a0 - 10000
& =]
B ]
g ]
g H
< L] <
H ’ H
H H
& ]
g |
H ]
3 I
ruoda conade soum ol T 2000 g

-—— Kilometers

0 4.25 85 17 255 34

(<)

sruona copana - Bsouon owep - o0 -+ 200007
g 2
4 3
§ s
4 H
I =
E 2
g H
§ [
H Ed
£ ]

. . . rg
cruota canade caoutn - aowd Toa 2wt H

-—— Kilometers

0 425 85 17 255 34
sruona sopang- Eaouon a0 - 10000 200007
& =]
B g
g E]
2 3
£ E
§ @9 :
2 H
H H
] ]
£ rg

. . . 3
musta canane w0t oot T a0t H

-—— Kilometers

0 425 85 17 255 34

@

[P} st b 2y
B.66 - 20,62
[ 29.63 - 58.58
| s8.59 - 71.53
[ 7150 - 82.49
B o2.5 - 113.45
103,06 - 1304

() it 555 528 23
W a.66 - 29.62
129,63 - 50.58
T ]s0.59 - 7153
L |7.58 - 92,99
s - m3.es

13,96 - 1344

SR
s 66 - 2962
29,63 - s0.58
T ]s0.59 - 71.53
71,54 - s2.98
Pz - 138
3.6 - 1344

&ruona cavana- caung- Tosnas-

H

]

b

S

- L]

g ®

H

]

H

H

H

ruoia casae cavude oo Trondo Tl
-—— Kilometers
0 4.25 8.5 17 255 34

snuona- cabana- - o Tsua < ranon r2um0a”

H

H

g

2

| el

H

H

H

]

H

enota canada canuBe Tt aunda
- Kilometers
0 4.25 85 17 255 34

sTuong- sarapa- capung- Tonua-+ 200007+

H

H

g

2

y Ol

H

H

]

g

nuota canaa canino Tiougs st et
- Kilometers
0 425 8.5 17 255 34

WMOU0  MIOM MDD SBI0OD

12000

Aste00

seB00

sauoho  AETOM  AM4O)

a0

600

ST SMAANDD 36BN

20 s

stet00

() Ayl 3 gy g

Mls.c6 - 2962
T 20,63 - 5058
_|se.59 - 7153
Tlase - aras

oz - 113.85
1306 - 1308

(i) b 3 g i
W s - 29,62
] 9.63 - 50.58
5.9 - 753
T s - 92,49
025 - 11395
113,05 - 1330

i s g
5.6 - 20.62

- 58,58

[ 7154 - 92,49
B 025 - 213,88
B 11346 - 134.8




snicn ceoan caniny Tusian avut y2u0t0 <ruona cawinn caniny Tusiap b y2ani0
H ] H 3
H H 5 H
S 3 Z E
| @ : ) @ ;
H H £ H
2 3 # E]
H H H H
H E & g
H H
sniti cenan eanidh Tinid “Havin Taanto H <ruot G060 eanidh it i T2t H
() i e st (5] ot 3 ey
lsss - 6 Mlcss - 262
29,63 - s0.58 20,63 - 50.58
. [ sa.59 - 7153 . 50.59 - 7153
-—— Kilometers 54 - 9249 -—— Kilometers 750 - 9240
0 425 85 17 255 34 — N 0 425 85 17 255 34 ! i
W s2.5 - 212,45 M5 s - vz
3.6 - 1344 113,36 - 134.4
©) ()
wrense oot o wooon roteen rasses sruona caman cauny s b ram0
8 g
E H 1 H

Jeaum
T

asstol

) @
g
#

M MG M ekt
-
I '
-

mma  mwee e
010
a0l0

523800
se2ad0

i g
= = o =] TR = H runda cais ) s uofe yaola H
L it b (2 At e s
6 - .62 [ 5 66 - 29.62
I 2563 - 50,58 0 25.63 - sa.58
— o — Kilometers Ewa.nn
0 42585 17 255 34 - . 0 425 85 17 255 34 s
Bl s - nass 2.5 - 1345

O 536 - 144

(©) (9)
(Z IPAY-1TA) (& IFA-IFAL (O IYIYAR (QIVAAIYAA (CIYAAYAY (&1 gledlu o byl 515 gusuaigy - V Ko
AVAV-IYAP (S IFAP-1TA0 (5 1FAH0-1FAF (31TAF-1vaY (s 1var-1vay

s - 1344

S35 MalS sty loa i (55 5l (ol 15 i
5 el a5 el 03,5 2l szl ol o T 5l 5 e
Ala 5 oje2 nl (sl S Sodii— ladae L
45 (5550 amt el Jlw o e e YV 5 ey
WS el 1 sl ol s T 5l 0,5 edl bl Wi e
(Ve oA iz ol 3 paihte U1 8 ,8) ceul T logas
@l e oo o 1) (gmin ol sllao gl bagie s
oddicwal godalin glrol> wyp b (A JS5) s oo oylis
e 6 S 45 28l g3 e VYAV BATAY sl s o
Ogeken YEIAS 538 Jow Vo 0 aiz o & iod g5l

NGOV UL Yo%

Olgl (st iz el 55 a8 Cal al Sy sanaiy
98 ey ol (ol e g ozl szl Gblis Lo 51 5V
Grd o9 9 b 50 ploal jl el cis (o dibais
03,5 agal cdlals V- Sley g0l ,o 5l el el 5ensly
Sy Sl 58 il gl L gble colus s
byl ol 515 45 ()8 gtz 5 )8 Gbla 1o Cusloa S
DIYAF 5 e V) o yie A 5l ag e WWAACYYAY o
oS olszel 63550 5 (b Bblis )2 5 el 00l o IYAY
sladls jo cul Glssel Gble plo 5l 5ol oloew! )3
el 03,5 Sl fia B 4y Sa03 \TAVITAF b \FAA)FAY
S 35, e S slmonls loasliwody sladms aiiles

& @f/ﬂgﬁofﬂj ﬁﬁ’ﬁ%

&




1359
I T
1357 -
1355 -
Ahae _
1353 T~ o uuu.:::’a_
,3‘ ""\.... ket
_} 1351
N
o 1349
3
w “\
1347 N
4 ~—
_) 1345
- .
N 1343 |
-
3 “\
1341
_
"’_\1339
1337
1335
© M @ B O T N ®m ¥ WO @O0 T MM T WO~ ® OO - N M T W O I
G B B B N~ e kMMM KN R MDD ®m D ®m® D DO DD DO O O
R B . A e T A - - - T - O - T - B " - T S = S R S ST, S
© © © © © = = M m ~ I~ = K I~ = © © ® ©® ©® W O WO DO DD O
<

WS G AFOD Jlo 5 di o o o) yi5 ol (ot SIog03 —A S

Fyere Sz S b, 4 ArcGIS 15 8ls 5 0 VYAV
GFZ.: v, aw gloams oo o s5bls 0 plol
Lol gl S AL L2 0950 s JPL.CSR
0300 5 )54 oy )5 slosls SLS& lgs a5l 4 ax g8
ooy sosls Sl g s il 555 lesel sl |
(ol s llas w5 g0 l9ale slaosls 5 ailate
5000 3 S g0 lnle loools jy ygle slmg gl
o3l | (Forod cpo A S 35 B Sl ol 095
o i Candg ez il 0,50 alols oS oy o
FHO ISy cul Gl wio o c o aile o2 jglxe
oy ] 42 IS bty gl oS o

Jls 5l aiz o s oy sloo] 55 el i
2 4255 b (A JS8) Sl ond i \PAF-1YAY
‘GILM; Ql...qu.é- QL._...J“ [aw 4 Ql...qu.é- Qt;....ﬂ Qo;p.._m.a.’"
oy (ol & s oo Sl @ o Sl lod 10 5 5 592,
GliS 5 frio (e (S Ay b saiivs bLS)
w52 ol bl o claizl cwlow oloz, ol 5l 36

S0 Wiz o cuis ol g

S5 Al g Coxy
S gl 5l (SO e ool oSS o beS
wils 5] 1 by 55 caen oS g sboas sl ()5 g8,

S8 g L o] Slyen a5 sgr0a il gos i
oy 5 6 payolenel Hlanl il 5 e e S slrosls
Crslin (Ko @ 4z g3 b 0900 (65 G (S
Lolejlow 5 laios 45 8,5 ases g8 o0 odalwddy
5 423205 (—09) Ot |) S laosls el (Sas
s Sl 3l leg 0,8 el 5 Sl ol ol
S 8 50 )lale 4 (S B (S jeboa iy S
Las «, GOCEs GRACE'" . CHAMP ' ¢s, s
iy s 2T Gl sl ohRagsy el oo s Sy
QS cpl Jdo il 00,5 solaiwl w5 (50 lsale 5l Legas
508 Ghet Ol o ik ols—ale (l (S SSi5 s

o)) (6073 oyl Jad> g Cu e gl 4o aS Sl
ol ala =l 5L po 5haes sl —wlul gL apludl
Sloo i jI5 sy p 50 Jgere Glaghy, 5l (o (godalin
Wlawlie Lol cul 004 O—I S Ay Galfi 5 o))
5015 6100 0 eyl il sl ol slaa o s
CoroS sy Slp adhin gaen B (098 o o
G293 (nl ) e Ao 4y (g, o ey sloc]
22l gy b3l 58 S selale (slmosls
5 S ko (6 00 54wz o C s gl
WAV Jlo 5l S8 ey 5 goamlie ol> VY L g ‘_,’.Jg;_w.ll

10- Gravity Field and steady-state Ocean Circulaton Explorer

11- CHAllenging Mini-Satellite Payload

AT
@ Q

@




Joe 5l saelewsds (938 ey sloo] g0 S i
> o9 oline 499515 18w S so,lsale s GLDAS
(GO gy (sailate aS pl dy az gl L (Y VY (I 0 g
5057 sl b el oY el )35 by 4 Suoj st
6ok alold pgi> lulym lisl bl wgd B> 5 #Mlol e
5 MYk @ il cplpl )l plse sbps 5,55 b L
ol Giegh po 28 il el pl g w0, S puseal
laxb 0 g olj] slowT a4 oo 3 slaaibaio b awslio o alis

o
Olsl gl S5 it 5 (V) (o Jilos
Sloolr iladue g smas G4t by, 4 iz Sl
59 b yegim 55 as olo Lzi WWAY BAYYA 51 gosal iw
G AYFe 5l Goese 10 sddbewal yegim diibe sa] JLw O
G AYVE IOl AYOY 4\ YOY 5l obl e jlagio NYYA
WEA 4 VPV 5all ol A VES 0 VYFY 5l els, ATV F
L aS )5 aalss ol 55 500 sl agi g e 2l
ol elaawl 513 C8l s o w5 g0 lsale sloazs

ol Bl iz o o

OO S a (VN () Sl olisS” ()] (g5l pnga e
(e JB slaosls (Bilsp sl &)l 50 sailsl
loailels (sags & 5L dmosls ol e Jod I ole SISt
ooy i3l yiw (slo St 5 dosls (3ls 5 (gl aies jad
e slaggdge Sloj aegerme (3,5 Jlod g By b |,

S o gl 1y ey sl 3l log (il wiile
i ol slnodls 53,15 sla s 5 52
EHa el S gzed (2l by) b duslie 1 S
ol vy Jdou ool cds a4 obows Sl jols
LYV ol as g peicione ol Sl panso b o)
sl il 5 dlo 10 slaosls 5 onaas yagpe VP
Ol Loz W3 )5 i sras 8B L) w20
Lol eenl b aihaio 1o cas a0l Jow 0,5 Jos a5 sls
g iponalive slool> law (Bl g coai ganp 4 a2 L
Sl S o3l gareiay Slaw & Joo (nl (Simly 55k 5]
Sl (oo a5 50 l50ke slaools (555 e ¢ poval i

Oy S S s 5l s (ST ol s Sl a4

Slr ol 0o Soslis G5 so)lgale slacsls 5505 S
Glosls Sivon ol ol slalas 5l 190 5 5055 bl




_,,w P e elaole ey glal 3 yluslind S al5ag

Faraji Z, Kaviani A, Ashrafzadeh A. 2017.
Assessment of GRACE satellite data for es-
timating the groundwater level changes in
Qazvin province. Iranian journal of ecohy-
drology.4(2):463-476. (In Persian).

Forootan E, Rietbroek R, Kusche J, Sharifi M
A, Awange J L, Schmidt M, Omondi P, Fami-
glietti J. 2014. Separation of large scale wa-
ter storage patterns over Iran using GRACE,
altimetry and hydrological data, Remote
Sensing of Environment. 140: 580-595.

Forste C, Shako R, Flechtner F, Dahle C,
Abrykosov O, Neumayer K H, Barthelmes F,
Koénig R, Bruinsma S L,

Marty J C, Lemoine J M, Balmino G, Biancale
R. 2012. A new release for EIGEN-6 - the
latest combined global gravity field model
including LAGEOS, GRACE and GOCE
data from the collaboration of GFZ Potsdam
and GRGS Toulouse, (Geophysical Research
Abstracts, Vol. 14, Abstract No. EGU2012-
2821, 2012), General Assembly European
Geosciences Union (Vienna, Austria 2012).

Frappart F, Ramillien G. 2018. Monitoring
groundwater storage changes using the
Gravity Recovery and Climate Experiment
(GRACE) satellite mission: A review.Remote
Sensing.10(6):829-854.

Giordano M. 2009. Global Groundwater? Is-
sues and Solutions. Annual Review of Envi-
ronment and Resources. 34(1):153—-178.

Gleeson T, Wada Y, Bierkens M F P, van Beek
L P H. 2012. Water balance of global aquifers
revealed by groundwater footprint. Nature.
488:197-200. grace.jpl.nasa.gov.

Hao Z, Zhao H, Zhang C, Zhou H, Zhao
H, Wang H. 2019. Correlation Analy-
sis Between Groundwater Decline Trend
and Human-Induced Factors in Bashang
Region.Water.11(3):473-496.

&l o 48

Hosseini B. 2014. Evaluation of efficiency and
precision of different gravimetric satellite sys-
tems such as Goce, Grace and Champ. Thesis
submitted in Partial Fulfillment of the Require-
ments for The Degree of M.Sc. in Geodesy. Is-
lamic Azad University Taft Branch. (In Persian).

Jackson R B, Carpenter S R, Dahm C N., McK-
night D M, Naiman R J, Postel S L, Running S
W. 2001. Water in a changing world. Ecological
Applications. 11: 1027-1045.

Joodaki G. 2014. Earth Mass Change Tracking Us-
ing GRACE Satellite Gravity Data. Norwegian
University of Science and Technology. Trond-
heim.

Khaki M, Forootan E, Kuhn M, Awange J, van
Dijk A I J M, Schumacher M, Sharib M A.
2018. Determining Water Storage Depletion
within Iran by Assimilatin GRACE data into the
W3RA Hydrological Model. Advances in Water
Resources .114: 1-18.

Konikow L F. 2011. Contribution of global
groundwater depletion since 1900 to sea-level
rise. Geophysical Research Letters. 38 (17).

Li F, Wang Z, Chao N, Song Q. 2018. Assessing
the Influence of the Three Gorges Dam on Hy-
drological Drought Using GRACE Data. Water.
10(5):669-686.

Mohtasham M, Dehghani A A, Akbarpour A, Mef-
tah M, Etebari B. 2010. Groundwater Level De-
termination by Using Art ificial Neural Network
(Case study: Birjand Aquiefer). Iranian Journal
of Irrigation and drainage. 1(4): 1-10. (In Per-
sian).

Oki T, Kanae S. 2006. Global hydrological cycles
and world water resources. Science. 313: 1068—
1072.

Sophocleous M. 2002. Interactions between
groundwater and surface water: The state of the
science. Hydrogeology Journal. 10: 52—67.

Southern Khorasan Regional Water Company.

AT
@ 9

Vi




2008. Report on prolongation of the prohibition
of the study area of Birjand. 4616. (In Persian).

Springer A, Eicker A, Bettge A, Kusche J, Hense
A. 2017. Evaluation of the Water Cycle in the
European COSMO-REA6 Reanalysis Using
GRACE. Water. 9(4): 289-313.

Tajdarul H, Syed James S, Famiglietti M, Rodell
J, Chen C, Wilson R. 2008. Analysis of terres-
trial water storage changes from GRACE and
GLDAS. WATER RESOURCES RESEARCH.
44:1-15.

Tapley B D, Bettadpur S, Watkins M, Reigber C.
2004. The gravity recovery and climate experi-
ment: Mission overview and early results. Geo-
physical Research Letters. 31(9).

Voss K A, Famiglietti J S, Lo M, de Linage C,
Rodell M, Swenson S C. 2013. Groundwater
depletion in the Middle East from GRACE

with implications for transboundary water man-
agement in the Tigris-Euphrates-Western Iran
region. Water Resource Research. 49(2): 904—
914.

Wada Y, van Beek L P H, Sperna Weiland F C,
Chao B F, Wu Y H, Bierkens M F P. 2012. Past
and future contribution of global groundwater
depletion to sea-level rise. Geophys Geophysi-
cal Research Letters. 39(9).

Wahr J, Molenaar M, Bryan F. 1998. Time vari-
ability of the Earthys gravity field: Hydrologi-
cal and oceanic effects and their possible detec-
tion using GRACE. JGR Solid Earth. 103(12):
30205-30229.

Zektser 1 S, Loaiciga H A. 1993. Groundwa-
ter fluxes in the global hydrologic cycle: Past,
present and future. Journal of Hydrology.
144(1):405-427.

®

(o0}

&

00 = &
AT Y

&



Watershed Management Research

VOL. 32, No. 4, Ser. No: 125, Winter 2020, pp. 51-65
DOI: 10.22092/wmej.2019.126204.1218

Monitoring the Fluctuations of the Birjand Plain Aquifer Using
the GRACE Satellite Images and the GIS Spatial Analyses

Mobin Eftekhari

(Corresponding Author)* M.Sc. in Civil Engineering, Water and Hydraulic Structures, Young Research-
ers and Elite Club, Mashhad Branch, Islamic Azad University, Mashhad , Iran

Kavosh Madadi

M.Sc. in Remote Sensing Engineering, University of Industrial and Technological Advanced Studies,
Kerman, Iran.

Mohamad Akbari

Assistant Professor of Department of Civil Engineering, University of Birjand, Birjand, Iran.

*Corresponding Author Email: Mobineftekhari@yahoo.com
Received: 12 May 2019 Accepted: 03 September 2019

Abstract

Over-exploitation of a limited resource, especially in arid and semi-arid regions such as Iran, en-
tails a strict management of groundwater. In this context, identification of changes and fluctua-
tions in groundwater level can help to make the right decision. The Gravity Recovery and Climate
Experiment (GRACE), a joint mission of NASA and the German Aerospace Center, makes detailed
measurements of the Earthys gravity field anomalies and fluctuations in groundwater resources at
a spatial resolution of a few hundred kilometers. Due to the lack of the in-situ measurements at
a regional scale for the quantitative groundwater monitoring, this satellites unique data are used
to monitor the quantitative annual changes in the groundwater resources. Data processing was
performed on the Google Earth Engine Web platform using the JPL, GFZ and CSR algorithms. Re-
sults were compared using the piezometric data from 2008 to 2018. This comparison was performed
by a linear regression between the changes obtained from GRACE algorithms and the piezometric
data, which resulted in a 69% correlation of these two methods. In order to perform spatial and
temporal analysis of the water level of the aquifer, the zoning was performed using the ArcGIS soft-
ware. The results indicated that, the water level in the studied aquifer has been significantly reduced
during the 2008 to 2018 period due to a lack of rainfall, thus the net recharge and over-extracting.

Keywords: Geographical Information System, google Earth Engine, GRACE, groundwater,
remote sensing




