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Abstract

Groundwater is the primary source of drinking water worldwide and plays a critical role in
supporting food and energy production. It provides drinking water to at least 50% of the
wo r | d oation pJUNBSCOWWAP, 2009) and represents 43% of all of the water used for
irrigation (Siebert et al. 2010). Groundwate
climate variability and change, especially because it is more resilient to the effetimate
change than surface water (Van der Gun, 2012, Taylor et al., 2013). Its unique buffer capacity
provides a major strength to reduce the risk of temporary water shortage, and to create
conditions for survival in areas were climate change is @ggdeto cause water stress (e.qg.
semtarid and arid regions). While groundwater abstraction has increased by more than 300%
over the past 50 years with major socioeconomic benefits (Van der Gun, 2012), its
development and use has often fallen outside wéig@nce frameworks (FAO, 2015).

A challenging aspect to improve groundwater governance comes from the fact that a major
share of worl ddés groundwater volume in stor e
aquifer systems over 100 000 km2 (Margad Van der Gun, 2013), and may consequently
add a transboundary dimension that needs to be taken into consideration inadicy.

Water decisiormakers increasingly require innovative aquifer management tools that address
the broad impacts of globahange on aquifer storage and depletion trajectory management,
land use, groundwatelependent ecosystems, seawater intrusion, anthropogenic and geogenic
contamination, supply vulnerability, and letgym sustainability. NASA's Gravity Recovery

and ClimateExperiment (GRACE}) first satellite mission able to monitor total water storage
changes (including groundwater) remotélyas provided new insights of the dynamics of
large aquifer§Scanlon et al., 2012, Richey et al., 2015) since 2002. However, ¢igethe
dynamics of groundwater are not solely a function of temporal patterns in pumping, but are
also affected by internannual to multidecadal climate variability (Shamsudduha et al. 2012,
Kuss and Gurdak, 2@}, longer observation time than the one GFAanalyses currently
permit is required to separate the respective impacts of anthropogenic actiaigsise
changes, abstractioand climate on water resourcd$wus, there is a need to extiesstorage
information provided by GRACHo t h e i p atern evaludateothe kcerrent and future
evolution of groundwater resources.

This study aims at paving the way to better water management decisions and policies in large
aqgui fers by fAr ec on s storage changess @ copnarstane tg praviden d wa t e
first quantitative evaluation of the potent&ffects of anthropogenic activities and climatic
oscillations cycles such as the El Nifio Southern Oscillation (ENSQ)ygar cycle) Pacific

Decadal 20 Oscillation (PDO) (1R5 year cycle), and Atlantidultidecadal Oscillation

(AMO) (50i 70 year cycle) on large aquifers (area > 100 000 km?2) located in ariedsemi

and temperate regions. Validation is carried out by comparing obtained modeled results with
GRACE groundwater storage changes, and grdiaseld measurements.
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1. Introduction

Groundwater is the primary source of drinking water worldwide and plays a critical role in
supporting food and energy production. It provides drinking water to at least 50% of the

wor |l dos pPUNBESCOWWAPp2009)and represents 43% of all of the water used for
irrigation (Siebert et al. 2010Eroundwater playan i mport ant rol e in so
climate variability and changespecially because it is more resiliemthe effects of climate

change than surface water (Van der Gun, 20a8lor et al., 2013 Its unique buffer capacity

provides a major strength to reduce the risk of temporary water shortage, and to create
conditions for survival in areas were climateacbe is expected to cause water stress (e.g.
semtarid and arid regions).

While groundwater abstraction has increased by more than 300% over the past 50 years with
major socioeconomic benefits (Van der Gun, 2012), its development and use has often fallen
outside of governance frameworks (FAO, 2015). As a result, unrestricted pumping and
pollution have led to threats to the sustainability of some aquifers, and the allocation and use
of groundwater have often been itp custainalilityal i gn ¢
and efficiency.Gleeson et al. (2012) estimated that the size of the global groundwater
foorprint (the area required to sustain groundwater use and groundigptrdent ecosystem
services)s currently 3.5 times the actual area of &ysiand that about 1.7 billion people live

in areas where groundwater resources and/or grounddependent ecosystems are under
threat. However, 80% of aquifers have a groundwater footprint that is less than their area,
meaning that the net global valisedriven by a few heavily exploited aquifers (e.g. Western
Mexico, North Arabian, Upper Ganges, and Ogallala Aquiféence, awareness has arisen to
improve groundwater governan@AO, 2015)

A challenging aspect to improve groundwater governancessdrom the fact that enajor
share of worldodés groundwater volume in stor:
aquifer systems over 100 000 km? (Margat arah \der Gun, 2013), anday consequently
add a transboundary dimension that needs toakert into consideration in poliaypaking.

Out of the 592 Wansboundary Aquifers @As) that have been identified by IGRAC &
UNESCOIHP (72 in Africa and the Middle East, 129 in Asia and Oceania, 73 in the
Americas), only 6 are under a legal agreementHeir tsustainable management (4 in Africa
and the Middle East, 1 in the Americas and 1 in Europe) (Eckstein and Sindico, 20644). Th
very little number of agreements on TB&smostly dued the fact that the dynamics sdich
aquifers are not yet fully mowited and understood because of data scarcity and accessibility
(e.g. geography, conflicts).

Water decisiormakers increasingly require innovative aquifer management tools that address
the broad impacts of global change on aquifer storage and deplej@ctdry management,

land use, groundwatelependent ecosystems, seawater intrusion, anthropogenic and geogenic
contamination, supply vulnerability, and letgym sustainability. Therefore, it is particularly
important to understand teleconnections in gowater with interannual to multidecadal
climate variability because of the tangible and #ieam implications for wateresource
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management and policy making (Kuss and Gurdak4RMASA's Gravity Recovery and
Climate Experiment (GRACE) first satellie mission able to monitor total water storage
changes (including groundwater) remotélyasprovided new insights of the dynamics of
large aquifergScanlon et al., 201Richey et al., 20158ince 2002However, gzen thatthe
dynamics of groundwater ar®t solely a function of temporal patterns in pumping, but are
also affected by internannud mukidecadal climatevariability (Shamsudduha et al. 2012,
Kuss and Gurdak, 2@}, longer observatiotime thanthe one GRACE analyses currently
permit is requred to separate the respective impactsathropogenic activitiegland use
changes, abstractipandclimate on water resourcebhus, there is a need texterd storage
information provided by GRACEot he fApasto to better eval ua
evolution of groundwater resources.

This study aims gbaving the way to better water management decisions and policies in large
aquifersbyir econst r uct i n gtaragpchandgdhiguationsas d comdrseone to
provide a first quantitativeevaluation of the potentia@ffects ofanthropogenic activities and
climatic oscillationscycles such asthe El Nifio Southern Oscillation (ENSO)i R year
cycle), Pacific Decadal 20 Oscillation (PDO) {&b year cycle), and Atlantic Multidecadal
Oscillation (AMO) (50 70 year cycle) on large aquifers (area > 100 000 Kowated in
arid/semiarid and temperate regian¥alidation is carried out by comparing obtained
modeledresults with GRACEgroundwater storage changes, gnoundbased measurements

2. Background

2.1. Studyareas

2.1.1.High Plains (Ogallala) Aquifer (USA)

The Ogallala Aquifer is an unconfined aquifer that underlies about 45RQr00f the High

Plains of the United States, extending northward from western Texas to South (Piajata

1). Mean annual temperature ranges from about 6°C in the north to 17°C in the south. Mean
annual precipitation ranges from 305 mm in the west to 840 mm in the east (USGS, 2015).
The Ogallala is an unconfined aquifer, and vityall recharge comes from rainwater and
snowmelt. Rcharge isconsidered to beminimal and is likely to be related to climate
variability (Gurdak et al., 2007Most of the water in the Ogallala Aquifer is derived from
precipitation on the northern parf the aquifer (237 krh mean 19712000), A newly
developed recharge mayh the Ogallala Aquifer differentiates three areagjhHecharge in

the Northern High PlaingNHP) results in sustainable pumpjnghereas lower recharge in

the Central and @&ithern Hgh Plains(CHP and SHP, respectivelitps resulted in focused
depletion ofabout330 kn? of fossil groundwater, mostly recharged during past 13,000
(Scanlon et al., 2012)Values of porosity of about 30% were found for soeithern part of

the Ogallda Aquifer (Ashworth, 1980) For global analysis, the mean value is 15%
(Kuniansky, 2001) In the Ogallala Aquifer, surface water resources are dominated by



internally drained ephemeral lakes or play@5@,000 playas) because of the extremely flat

topography.

The Ogallala Aquifer is ranked first among aquifers in the United States for total groundwater
withdrawals (mainly for crop irrigation), and represents approximately 23 000 Mm3/year, that
is about30% of all groundwater pumped in the USA (Maupin and Barber, 200%3.
regional guifer is one of the most intensively monitored aquifers globally. Groundwater level
data based on water level monitoring in 3600 wells (1950s) to 9600 wells (2006) show
gererally monotonic declines with some recovery periods in1880s, mid1990s, and mid

2000s (Scanlon et al., 2012).
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Figure 1 - Delineation of the Ogallala Aquifer(Scanlon et al., 2012)

2.1.2.Stampriet Transboundary Aquif€ystem (Botgana, Namibia and South Africa)

The Stampriet Transboundary Aquifer System (STAS) stretches from Central Namibia into

Western Bot swana

and

South

Africaos

Nort her |

River Basin. The STAS covers a tota¢a of about 100 000 knfFigure2). The STAS area is
lightly populated( & 4 5 w0 @bpulation concentrated in small rural settlements. The
STAS is made up of two deep confined transboundary aquifers in the Karoo sediments (Auob
and Nossob aquifers), overlain by an unconfined-tnansboundary aquifer system of



Kalahari andupper Karoo sediments (Kalahari aquifers). The STAS is located in an arid area
with an annual mean temperature varying between 19 and 22°C. Temperature in summer can
reach 50°C. Average rainfall in the STAS area is of 150 to 310 mm/yr. Recharge to the
Kalahari aquifers during years with average rainfall is estimated at 0.5% of rainfall. Recharge
to the Auob and Nossob aquifers in normal rainfall years is negligible but considerable
recharge occurs during extreme rainfall events. Groundwater is the majoe £ water in

the STAS, to provide portable water to the people, livestock and for irrigation (GGRETA,
2015).Surface water is scarce and unreliable which makasngwater the major source of
water in the STASIt provides portable water to people, #gtock and irrigation. Therare
neither industriesror mining activities taking place in the STAS area. Approximately 20
Mms/year are abstracted in the STAS8ost of which occurs in Namibia (over 95%).The
largest consumer of water is irrigation (~46%)ldeled by stock watering (~38%) and
domestic use (~16%)ephemeral rivers only flow in periods of high rainfall. Valugs
porosity of abouR5% were found for the Kalahari aquifers (Vogel et al., 1982)

Figure 27 Delineation of the Stampriet Transboundary Aquifer (in balck)

No longterm depletion has beevbserved in the STAS although a water level drop was
observed in the late 199Q8CA, 2002) Abovenormal rainfall in the early 2000s has led to a
water level ris¢Matsheng, 2007)

2.1.3.Karoo Sedimentanpaquifer (Lesotho and South Africa)

The Karoo Sedimentary Aquifer covers an area of approximately 135 0G@Kme3otho and
South Africa Figure 3). Population and average rainfall in theea are 4 700 000 and
680mm/year, respectivelyThe Karoo Sedimentary Aquifer is a mulyered system (5
layers within Lesotho and 4 layers within South Africa) that is mostly -semfined, but
some parts are unconfinetihe average rest water level Iietween 20m and 33m and the
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average depth to the top of the aquifer is 22m within Lesdthe. predominant source of
recharge is through precipitation over the aquifer area. The predominant discharge mechanism
is through springs within Lesotho. The meamwad recharge is 650 Mm3/year. The size of

the recharge area over the aquifer is 76 078 Kimé. predominant lithology is sedimentary

sandstones that are characterized by a low to high primary pofosit2 5 %)

(Schmitz

Rooyani, 1987)with secondary porosity (fractures) and there is generally a low horizontal
and vertical connectivity. The transmissivity values are low with an average value varying
between 20 m2aly (South Africa) and 43 m2ay (Lesaho). Groundwater abstraction mainly
occurs in Lesotho and accounts for 25 Mm3/year (i.e. approximately 10% of total freshwater
withdrawals in the aquifer area)o longterm depletion has been observed in the Karoo

Sedimentary Aquifer.
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Figure 3 - Delineation of the Karoo Sedimentary Aquifer(TWAP, 2015)

2.1.4.Irhazerllluemeden Basilquifer (Algeria, Benin, Mali, Niger, Nigeria)

The Irhazetlluemeden Basin Aquifeis located in central West Africa is a sedimentary basin
shared over about 95% of its surface area between Niger, Mali and Nigéhaminor non
connected sections in Algeria and Befiigure 4). The Irhazerllluemeden Basin Aquifer
covers an area of approximately 510 000kmz2. Populatiad average rainfall in the area are

18 000 000 and 310mml/year, respectivelne Irhazerllluemeden Basin Aquifeis an
aquifer system composed by the cretaceous calcareous sandstone Continental Intercalaire (Cl)
and the tertiary sandstone Continentarminal (CT) aquifersThe aquifers aremostly
confined, but some parts are unconfinétdle CT and CI aquifers outcrop 150,000 km and
250,000 km? over the basin, respectiveljhe predominant source of recharge is from
precipitation over the aquifer areBgnin, Mali), and from runoff along river systems (Niger,
Nigeria). The predominant discharge mechanism is through river base flow (Benin, Nigeria)



and through evapotranspiration (MaliThe predominant aquifer lithology consists of
sedimentary rocksi sandtones (Benin, Mali), and sediments gravel (Nigeria). The
integranular aquifer is characterised by a low primary por¢s#ty) (UNESCO, 2004)

Most of the population lives in small villages with a few hundreds of inhabitants in the
southern part of thedsin, where rainfed agriculture is dominant. To the north, livestock
breeding is a main economic activity (Guengant and Banoin 2@8undwater abstraction

has increased steadily from 50 to 250 Mm?3/year over the past 50 years (Dodo and Baba Sy,
2010. Favreau et al., (2009) made an extensive review of water table fluctuation in the
Irhazerllluemeden Basin Aquifersince the early 1930s based on the little information
available. It is suggested that a water table rise of up to 20m occurred in the arehefrom
early 1930s to late 1950s (Jones, 1960 and Barber and Dousse[19%&g. the drought of
mid-1970s and 1980s throughout the Sagsundwater leelsdropped an estimatei5 to 1

m/year (Reij 1983), and it amy wells and boreholes went dry just attee end of the rainy
season Piezometric surveys in the Niger part of the &juifer were reviewed by Guéro
(2003) and Favreau et al. (2009). Piezometric surveys performed to date showed a rise in the
water table. Present day (2010) water table levelshar highest ever recorded, and measured
rise intensities range from 0.1 m/year to up to 0.4 m/year (Leduc et al. 2001).

C?fﬂmental Terminal

(,m mcn’uﬁ\e rmh re
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Figure 4 - Delineation of the Irhazer-llluemeden Basin Aquifer (Dodo and Baba Sy, 2010)

Although not inthe studied area, an observational record of groundwater levels (borehole
depth = 20m) in the Sahel from 1978 to 2004 was found (Yameogo, 2008). A downward trend
from 1978 to 1985 is observed. From 1985 to 1988, groundwater level stabilized, followed by
arise in the water tablé~{gureb).
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Figure 5 - Groundwater level and rainfall record in Ouagadougou (CIEH). Average rainfall (19782004): 709 mm
(Yameogo, 2008)

2.1.5.Syr Darya Ayuifer (Kazakhstan, Uzekistan

The Syr Darya Aquifer is located in Central Asia, and covers an area of 300 000km? across
Kazakhstan and Uzbekist@irigure6). Total population and averga rainfall &&00 000 and
160mml/year, respectivelyh& aquife is a multiple 3ayered hydraulically connected system

that is mostly confined but some parts are unconfiftdd.made of a confining layer of the
Paleogene age (100 m in thickness) separating two hydrogeological levels: a top level,
PlioceneQuaternay complex- sedimentary aquifer mainly gravel, sand with high primary
porosity (a20%) and no secondary poresity,
sedimentary aquifer mainly sand with high primary porosity and no secondary porosity. The
averagetransgnissivity is 3 300 m?/dThe annual recharge is estimated at 2 800 Mms3/year.
The top aquifer is recharged by inflows of interstitial and karst waters from overlying
Paleozoic rocks. Recharge also occurs by infiltration of rainfall, surface waters fram rive
and streams, and groundwater tkatulate through tectonic discontinuities. The regional
direction of the groundwater flow is towards the local base level, the AralTBeamean

annual volume of groundwater abstraction in Kazakhstan is 120Mms3/yaagelyl for
domestic use. This is less than 5% of the available recharge and no trends on water level
depletion have been observi@dWAP, 2015)
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Figure 6 - Delineation of the Syr Darya Aqwfer(TWAP 2015)

2.1.6.EastGanges Rier Plain Aquifer (Bangladesh, India)

The East Ganges River Plain Aquifesisared by Bangladesh and India and covers an area of
approximatelyl80 000 km3Figure7). Population and average rainfall are 230 000 000 and
1900mm/yar. The aquifer is a multiple-ldyered hydraulically connected system that is
mostly confined but some parts unconfined. The average depth to the water table varies
between <5 m (Bangladesh) and 10m (India). The average depth to the top of the aquifer
varies from <5 m (Bangladesh) to 7 m (India) while the average thickness of the aquifer
system is between 400 m (Bangladesh) and 600m (Inih&) predominant source of natural
recharge is througmonsoonprecipitation over the aquifer area and through reghdrom

river flood plains. The major discharge mechanism is througir base flow and through
groundwater flow into another aquiféfhere are extreme recharge events but no data was
found for average extreme amounts. A significant portion of the mgeharnot through
natural causes but is through return flows from irrigated lamtds. predominant aquifer
lithology is sediment sand that has a high primary porosity2 0 ( BGS and DPHE,
with a high horizontal and a low vertical connectivity. The average transmissivity value varies
between 500 nf/d and 4500 nf/d.

The EastGangesRiver Plain Aquifer is extensively used for irrigation. Agriculture in
Bangladeslwas entirely dependent on surface water and monsoon ranfailto the 1970s
(UNDP, 1982). Irrigated agriculture using groundwater through power operated pumps was
introduced in the late 1970s. Since then, groundwaterirrigation area has steadily
increased and nowadays account an area of 32 000km? in Bangl8t#siics reveal that
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about 75 percent of total cultivated land is irrigated by groundwater and 25 percent by surface
water. From 1979 to 2003, groundwatfed irrigation for dry season riceultivation in
Bangladesh increased by approximately 8%%3/year (BADC 2003) elevating annual rice
production from 11.9 megatonnes (Mt) in 1975 to 27.3 Mt in 22087 (Bangladesh Bureau

of Statistics 2008)0ver the last 50 years, groundwater abstracaiiothe Indiarsubcontinent
increased from about 120 000 Mn¥/year to approximately 260 000 Miyear (Shah et al.

2003; Giordano 20095hamsudduha et al., 2012 depicted declining trends in most parts of
Bangladesh, although the magnitudes of these sreaq spatially. bngterm (1985 to 2005)

trends in groundwater levels of shallow aquifers across Bangladesh are shbigara8

show contours of linear trends (cm/year) during the dry season (5th percentile), wet season
(95th percentile), and in overall (annual mean) time series. Strong declining trends (0.5 to 1
m/year) in dryperiod groundwater levels are observed in the central part of the country
surrounding the Dhaka city. Moderately declining trends (0.1 to 0.5 m/yean) iocwestern,
northwestern, and northeastern areas. In the northern piedmont areas and floodplains of the
major rivers, magnitudes of declining trends are low (0.01 to 0.05 m/year). Stable or slightly
rising trends (0 to 0.1 m/year) are generally obskfr@n the Meghna estuary to the southern
coastal areas in the country. A similar overall pattern is seen during wet periods except in the
northern piedmont areas, southwestern delta plains and southern coastal areas where wet
period trends are slightlysing or stable. Similar to loAgrm trends during dry and wet
periods, declining trends in annual mean groundwater levels are observed in the central,
northwestern, and northeastern paRelatively stable to rising mean groundwater levels are
detectedn the northern piedmont, floodplains of major rivers, and deltaic plains.
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Figure 7 - Delineation of the East Ganges River Plain Aquife(TWAP, 2015)

12



a Linear trend

@ in 8 percentile heads Trend (cmiyear) (b) «

-—-100-50  -1-0

= 50-10 g 0-08

= 10-5 mu 05-1
y 5-25 um 1-25

2541 mm 25-8

Linear rend
in 95 peccentile hoads Trand (cotjysary
- -100 - -50 -1-0
m 50--10 s 0-05
- 10-5 mm 051
5-25 mm 1-25
25--1 mm 15-8%

(c) Linear trend Trend (cmiyear) (d) i i ,;:k THaiel jeniyean)
. through the time-series Ao
R : B 100 --50 -4-0
o S . 50--10 WM 0-02
- 90-5 mm 05-1 .
5-25 mWm 1-25 .
25--1 Wl 25-8

- 10050 -0
- -50--10 mm 0-085
- 0.5 mm 05.1
525 mm 1-29
251 mm 2%-0

No of wells: 282

o

- B - v ) "y e wr e we

Figure 8 - Trends in groundwater levels for the perod of 1985 to 2005. Linear trends in the dry period groundwater
levels (5th percentiles of observations in each year) are shown in (a), trends in the apetiod groundwater levels (95th
percentiles) are shown in (b), linear trends in annual means are shaovin (c), and nonparametric trends calculated
from the long-term trend component derived from an STL decomposition are shown in (d). Three locations in coastal
regions of Bangladesh are shown in (d) where linear trends in sea levelsre calculated by Sing (2002)
(Shamsudduha et al., 2012)

Available groundwater levels fluctuation in the studied aquigegiven in Annexl.
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2.2. Climate variability El Nifo Southern Oscillation (ENSO), The Pacific Decadal
Oscillation (PDO) and thatlantic Multideadal Oscillation (AMO)

The El Niflo Southern Oscillation (ENSO) is a coupled oadarospheric phenomenon that

has interannal variability with irregular 1to 6-year cycles between the warm (El Nino) and

cold (La Nina) phases that has been occurring ler past 300 yearsAn El Nifio is
characterized by stronger than average sea surface temperatures in the central and eastern
equatorial Pacific Ocean, reduced strength of the easterly trade winds in the Tropical Pacific,
and an eastward shift in the regiohintense tropical rainfall. A La Nifia is characterized by

the opposité cooler than average sea surface temperatures, stronger than normal easterly
trade winds, and a westward shift in the region of intense tropical rainfall. Although ENSO is
centeredn the tropics, the changes associated with El Nifio and La Nifia events affect climate
around the worldFor instance, Maidment et al, (2015) suggest that the trend to more La
Nifia-like conditions since 2000 is a likely contributing factor driving the irsweéa Southern

Africa rainfall between 1983 and 200Bypical ENSO effects are shownkigure9:

Typical El Nino Effects: December Through February Typical El Nifo Effects: June Through August
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Figure 9 - Typical ENSO effects around the world(www.srh.noaa.gov/jetstream/)

The Pacific Decadal @glation (PDO) is a climate index based upon patterns of variation in
sea surface temperature of the North Pacific Ocean from 1900 to the present (Mantua et al.
1997) with warm and cold phases that can persist fe@@@@ears. Ulike ENSQ the PDO is

not a single physical mode of ocean variability, but rather the sum of several processes with
different dynamic originsAlthoughPDO has an ENS@Oke patternof climatevanability, it is

distinct from ENSO in three ways:
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1) Location: The strongest signatucé the PDO is in the North Pacific, instead of the
tropical Pacific.

2) Duration: PDO phases last much longetypically 20 to 30 years for a single warm
or cool phasé than ENSO events 6 to 18 months for a single warm (Hifio) or cold (La
Nifia) phas.

3) Cause and PredictabilityThe dynamics of the PDO remains very complex and
climate models can't predict the future evolution of the PDO, especially the shift from one
PDO phase to another. Even in the absence of a theoretical understanding, teg®ddO
improves the climate forecasts combined with ENSO for different regions of the world due to
its strong tendency for multlecadal persistence.

The scientific community is reasonably agreed on the factors contributing to ENSO events,
making it postble to provide skilled forecasts of ENSO events several seasons in advance of
the eventdés onset (for a sample of forecast
causes of the PDO, on thather hand, are not understoodart of the difficultyin
understanding what triggers PDO phase shifts is the persistence of PDO events.eAccurat
instrumental records for thedkth Pacific begin around 1900; because of the persistence of
the PDO phases, we have seen only two complete PDO cycles in thah#kieg it difficult

to determine the cause fbland thereforette predictability of the PDO. Howevenen in the
absence of a theoretical understanding, PDO climate information improves-teasason

and yeadto-year climate forecasts for North Ameaibecause of its strong tendency for multi
season and muliear persistence. Simply assuming persistence of observedrét&aiéd

North Pacificsea surface temperatui@3T) anomalies in the fall in any given year provides
some skill in predicting PD@elaed winter climate anomaliesiowever, this persistence
based forecast will always fail to predict the relatively infrequent switches from one PDO
phase to another.

The PDO was in a warm phase continued from 1925 to 1946 and 1977 to 1998, and in a cold
phase from 1947 to 1976. However, these decadal cycles have recently broken down as the
PDO entered a cold phase that lasted only 4 years followed by a warm phase of 3 years, from
2002 to 2005, neutral until August 2007 and abruptly changing again to artdl@013.

Climatic fingerprints of the PDO are most visible in the North Pacific/North Armesector.

More recently, Maidment et al., (2015) suggest that raimfialease in Southern Africa is

found to be associated with an unprecedented strengthefiWwalker circulation (e.g.,
LOHeureux et al ., 2013) and Ilinked to SST p
determine lowfrequency rainfall variability over Southern Africa.

The interannual relationship between ENSO and the global climatetistationary and

can be modulated by the PD®ang et al. (2014) reported that when ENSO and PDO are in
phase, the El Nifio/La NiAaduced dry/wet anomalies are not only intensified over the
canonical regions influenced by a typical ENSO event but etpand poleward. If ENSO

and the PDO are out of phase, then the associated dry/wet anomaly is dampened or
disappears. Generally, during the warm phase of the PDO, El Nifio induces much broader and
more severe droughts over land compared with the cold P@§epkor example, the arid and
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semtarid climate over the Sahel and southern Africa worsens. Correspondingly, during the
cold phase of the PDO, more rain occurs over land in La Nifia winters than during the warm
PDO phase. However, there are a few exceptidihe amplitude of the diwet variation is
larger over northern Europe and the Mediterranean during thef-phiase condition, while
the variation over the Horn of Africa tends to be stronger in the cold phase of the PDO.

The Atlantic Multidecadal Odtation (AMO) is an index ofSST over the North Atlantic
Ocean (quastycles of roughly 70 years) with cool and warm phases that may last-#fy 20
years each and lead to differences of about 15°C between extremes. Paleoclimatologic studies
have confirmedhat these changes have been occurring over the past 3000 years. The AMO
was in warm phases from 1860 to 1880 and 1930 to 1960, and in cool phases from 1905 to
1925 and 1970 to 199@Figure 10). Since the midl990s we have beem ia warm phase
whose peak is expected to occur aro@d@0 (Curry, 2008). The AMO index is correlated to

air temperatures and rainfall over much of North America and Europe (Enfield et al. 2001;
Sutton and Hodson 2005), North East Brazilian and AfricarlS&olland et al. 2001, Knight

et al. 2006), Indian and East Asian summer monsoons (Goswami et al. 2006, Lu et al. 2006,
Zhang and Delworth 2007, Li et al. 2008, Song and Hu 2008). Climate models suggest that a
warm phase of the AMO strengthens the sumaigfall over India, and Sahel and the North
Atlantic tropical zone (Zhang and Delworth, 2006). It is also associated with changes in the
frequency of droughts in North America and hurricanes in the Atlantic. The above
observational evidences suggest agiide link between the North Atlantic ocean state and
Asian summer monsoon intensity on multidecadal and millennial time scales. It has also been
reported that AMQnodulates the ENSO variability (Dong et al. 2006, Dong and SRGO,
Timmermann et al.@7) as well as thENSO-Monsoon interaction (Chen et al 2019jhen

the North Atlantic was anomalous warmer, the main remote features are enhanced Indian
summer monsoon and enhanced east Asian summer monsoon.

McCabe et al(2004) showed that the PDO arile AMO strongly influence multidecadal
droughts pattern in the United States. If the PDO is associated with a warm AMO phase,
drought frequency is enhanced over much of the Northern United States during warm PDO
phase and over the Southwest United Stdtesg the cold PDO phase. The Asian Monsoon

is also affected, increased rainfall and decreased summer temperature is observed over the
Indian subcontinent during the cold PDO phase.
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3. Materials and Methods

3.1 GRACE observations

Launched in March 2002, NASAOGs e@(GRACE) has Re c oV
revolutionized the way large mass changes can be detected on Earth (Tapley et al., 2004). By
monitoring the temporal variations of Earth's gravity field with an unprecedented temporal
and spatial resolution”, GRACE has provided new insighteass redistribution processes of

the atmosphere, the oceans, terrestrial water, and the cryosphere (Ramillien et al., 2008).
Consisting of two twin satellites flying in a polar orbit at about 450 km altitude and about 200
km apart, GRACE infers on E&t$ gravity variations by constantly monitoring the distance
between the two satellites at the micrometer leWslo types of products have been
developed from GRACE rangate data: The first translates satellite rarege data directly

into a set of loalized surface mass concentrationscalted "mascons”, e.g. (Rowlands and
Luthcke, 2005); the second is a global spherical harmonic (SH) expansion of the gravity field,
where a set of Stokes coefficients is the standard GRACE Level 2 product. Notaslcatm

and SHderived mass changes are equivalent (Klees et al., 2008). In this study, the SH
formulation is used. A description on how surface mass changes can be derived from SH
coefficients is given in Wahr et al., 1998.
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3.1.1.GRACE observations pcessing

GRACE responds to all/l sources of mass redi
important to correct measured radgée variations for weltecognized influences, which
include atmospheric mass redistribution, ocean mass redistrilglutéoto currents and winds,
ocean and solid Earth tides, and others. When recovering surface mass variations from
GRACE products, two major difficulties have to be dealt with. The first is linked to the
limited spectral content (i.e. the sensitivity toglarspatial scales) of GRACE when focusing

on a spacdéimited area(Simons and Dahlen, 2006). The second is given by the fact that
GRACE (and more generally, gravity) provides information about vertically integrated mass
changes only, which makes a separatof individual sources challenging. The first point
leads to sacalled leakage effects (Klees and Zapreeva, 2007), i.e. to a loss in signal amplitude
when concentrating GRACE on a region of interest, and a partial compensation from mass
changes outsidenat region. Several methods have been developed to overcome this issue,
including the use of -agriori information on the spatial distribution of the expected mass
changes (e.g. Longuevergne et al., 2010; Swenson and Wahr, 2002). The second point is
inherenly difficult, and is generally tackled by using models to discern between individual
sources.

The processes that potentially contribute to gravity variations can be subdivided into two
categories, i.e. (1) processes related to-segace mass transppsuch as water storage in
lakes, the unsaturated zone, glaciers, the seasonal snow cover, and erosion, and (2) internal
processes, including glacial isostatic adjustment since the Last Glacial Maximum and vertical
crustal movements related to tectoniogasses. Previous studies focusing on GRACE and
groundwater showed that the largest uncertainties stem from the hydrological contribution.
Recently, (Scanlon et al., 2012) showed that forward modelling (i.e. application of a spatial
filter to the modelledhydrological contribution in order to mimic the largeale sensitivity of

the GRACE signal) can be used for reducing that uncertainty. Given that the processing
method used for the derivation of the GRACE data is known, the required mathematical
process s straightforward. Forward modelling the impact of all known contributions to the
GRACE signal was previously shown to be the most suited method for extracting a specific
storage compartment. This general strategy is adopted in this work. In principteptwot of

all known masshange contributions derived from models and/or independent estimates are
spatially filtered to match the GRACE resolution, subtracted from the total mass change
derived from the GRACE data, and the residuals interpreted asrgie@$és changes. The so
obtained glacier mass changes, which still refer to the GRACE resolution -faisedon

the region using regular approaches (Longuevergne et al., 2010; Swenson and Wahr, 2002).
Mass change rates are then obtained by computiregsiimes trends through a 4th order fow

pass Butterworth in order to remove seasonal variations. In order to account for a wide range
of possible error sources, the work is basedaosetlike approach that accounts for
uncertainties in the (1) GRAG#erived gravity change products, (2) applied spatial filtering
and processing strategy, (3) massinge contributions other than groundwater subtracted
from the total signal.
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Several processy centers propose GRACE data which is available at the official data
repository online at http://podaac.jpl.nasa.gov/grace/ (CSR, GFZ, JPL), and more recently
from additional sources such as DEOS (http://www. Ir.tudelft.nl/live/pagina.jsp?id=6062b504
715e4a220e874b2231914a4b&lang=en), ITG  (http://www.geoddonn.  defitd,
grace03.html) or CNES/Groupement de Recherche en Geéodesie Spatiale (GRGS)
(http://bgi.cnes.fr:8110/geatariations/README.html) However, several research centers
also propose BACE products, vih, most of the time, alternatiwtrategies. This diversity is
important to improve GRACE products and prepare next generation satellite to be launched
beginning 2017. Official products are generally provided up to degree 90 (spatiatioeso

~220 km), but posprocessing is required to increase signal to noise ratio, leading to actual
resolution ~400 km at best. A few processing cenfgppose improved mathematical
strategies to invert GRACE data, offering improved spatial resolutidheacost of more
constrains on the solutions. GRGS, for example, offer now a dataset at ~300 km resolution
which do not any posgtrocessing (Bruinsma et al.,, 2010). CSR propaseregularized
product (Save et al., 2012), which is provided up to degréeg-4270 km resolution) without
further postprocessing requiredFigure 11 compaes regular CSR products and next
generation regularized products from CSR over the Tienshan region (Farinotti et al., 2015).
While both give the samiital mass over the region as a whole, the regulaf@&R product
offersa muchmore detailedlescription of actual mass changes overrggiions.

Figure11i A Of f i ci al 60 CSR product s, f 2009 (eff and Regulatized OS® pfatuc{ Kus c he e
(Save et al., 2012) without processing (right)

GRACE solutions are continuously improving with growing experience on the satellite
behavior and update of ®opal | ed HAdeal i asing produncthes 0 de s
atmosphere and the ocean.
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Figure 12 - Diagram synthetizing the Gravity Recovery and Climate Experiment (GRACE) satellite processing for
basin-scale water storage estimate on the basis of level 2 spherical harmonics prodytbnguevergne et al.2010)

3.1.2.GRACE observations processing of groundwater storage changes

There is considerable interest in using GRACE satellites to monitor changes in groundwater
storage at basin scales because they provide continuous cogkrbgky and complement
long-term watedevel monitoring and regional hydrologic modeling. GRACE measures
changes in total water storag®), which are used to estimate changes in groundwater storage
(GWSE) by substrating all know contribution in storage (snow, soil moisture, surface water)
When aiming at recovering glaciarass changes, water storage variations that need to be
subtracted from the GRACE signal include variations in (1) ice sto ICE)((2) show water
equivalent in seasonal snow pacBWE), surface water storageSW<), (2) soil moisture
storage SMS). The combination of the 5 components is referred to as total water storage
(S), which is measured by GRACE.

Figure 13- Water storagecomponents of GRACE signalice storage ([CE), snow water equivalent in seasonal snow
pack (SWE), surface water storage $W9, soil moisture storage(SMS), groundwater storage GWS

S= ICE + SWE+ SWS+ SMS+GWSE (Eq. 1)

In this work, we have used a set of 10 global hydrological models and land surface models to
describe storage changes$MS and SWE. As surfae water and glacier storage changes are
generally not modeled, groundwater systems located close to large lakes (e.g. Caspian) or
glacies can be affected by leakage from these zolkssng a priori monitoring or model
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based estimates ICE, SWE, SWS, SMS, changes inGWE can be calculated as residual
from the disaggregation equation:

DGWS= DS- DICE - DSWE- DSWS DSME (Eq. 2)

GRACE processing was uptaded in tetsdy to provide more reliable estimates @WE
changes with optimal use of available information. The new processing approach differs from
the regular approach in calculatifgWs from Susing filtered data at GRACE resolution
before any rescaling is appligéigure 14). In this updated approach GRACE data were
recombined and filtered to provide filtere8as previsouly described’he various water
balane components ICE, SWE, SWS, SMS) were then filtered in the same way as
GRACE data, i.e. projection of model grids on spherical harmonics, recombination to
maximum degree 50 for ogparison with GRGS data or degree 60 for comparison with CSR
data and application of a 300km Gaussian filter for comparison with CSRatatded ICE,

SWE, SMS data and point SWS data were used, allowing spatial variability in these
different storage components to be incorporated in the processing approach, in contrast to the
regular processing approach, which uses basin means. Restoring the amplitude of the filtered
GWS signal only requires bias correction (simple rescaling) and no leakage correction (no
external groundwater masses leaking into the area of interest) beGa\Sechanges are
assumed to be concentrated inside the aquifer; thereérors associated with leakage
corrections should be mimized. Bias correction was done using a multiplicative factor that
was calculated from the ratio of unfiltered to filter&WS changes fronoutput from the
hydrologic model. Th updated processing approach minimizes reliance on a priori
information and allows GRACE to be used as independent observational data as much as
possible. However, this updated approaefuires knowledge of changes ICE, SWS,

SWE, SMSinside and outside the basin and the quality of the models for these water balance
components. Computation @&WS is independent of th& calculation at basi scale.The

derived method has been validated on GW level data over several aquifer systems including
California Central valley (Scanlon et al., 2012) and for glacier applications over Tienshan
region (Farinotti et al., 2015)

TWS: = SWESk + SMSk + RESS: + GWSk

11 1 1 1
TWS_= SWES + SMS + RESS + G

1 Filtering - -» “Regular” processing
J Rescaling —» “Updated” processing

Figure 14 - Synthesis of regular and updated methods for processing GRACE data to extract changes@VVE.
Subscript represents spatial filtering, applied equivalently to GRACE and water budget date ICE, SWE, SWE,
SMS). ICE and SWE refer to RESS, and SWEto SWES (Longuevergne et al., 2010)
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3.1.3.GRACE observations in largeyaifers

Considering thespatial resolution of regula@d CSR products, largguifers having an area
larger over 100 000 km? based oaquifers delineation provided in théNESCGIHP and
IGRAC 2015 Transboundary Aquifers Mag@verall, since 2002, most Thrsboundary
Aquifers (TBAs)have had low depletion ratés 5mm/y). However, there are hotspots in the
Middle East and Central Asia with depletion rates higher than 20r{fagyre 15). Mass
changes over TBAs range fromh0 to +15 kn3/year and25 to 25 mm/yeal.inear longterm

trends, errors, and R2 anevBlue of TBAs are given in AnneX
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N
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Figure 15- GRACE data linear depletion rates in Transboundary Aquifers (TBAS)

GRACE observations of the Stamprieransboundary Aquifer System show a slight mass
increase (although uncertainties are quite high) and homogeneous storage changes over a wide
region Figure 16). On the other hand, GRACE observations of the Syr Darya aquifer show
small storage changes, which have been affected by large droughts from 2006 to 2008.
Storage changes are highly heterogeneous over the region as a whole. For instance, general
mass decrease is observed in plains, while general mass increase is obsawattamous

region Figurel6). The Hindus River Plain Aquifer and the East Ganges River Palin Aquifer
show significant and continuous mass decrease. Most storage changes are concentrated in the
upper part of the basin, which rhigbe linked to snow pack and significant groundwater

-20 0 20
TBA mass changes [mm/yr]

pumping in northern IndisF{gure16).

40
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Figure 16 - GRACE observations of the Stampriet Transboundary Aquifer System (top left hand)Syr Darya Aquifer
(top right hand), and Hindus River Plain Aquifer and East Ganges River Palin Aquifer (bottom center)Units in mm.

3.2 Limitations of GRACE observatiorfer groundwater storage estimates

GRACE has provided useful information aboublill groundwater depletion. In particular,

the GRACE results have been highly effective in getting large numbers of people to start
thinking about groundwat er and tdogledsnapst ai na
show at a glance where groundwatebasng rapidly depleted around the gloBRACE has

proven to be a powerful tool to evaluate groundwater resources. However, as all hydrologic
Aitool so, it has strengths and | imitations.
of GRACE for assssing groundwater storage estimates.

GRACE cumulates errors and uncertainties arising from the use of models in the
disaggregation proces3herefore, it is likely that GRACE results mightomulgate some
misperceptions about groundwater resourG&ACE GWSE changes are likely to result from
unconfined aquifers storage changes because storage coefficients in confined aquifers are
typically a couple of orders of magnitude less than those in unconfined aquifers (Scanlon et
al., 2010a; Scdaon et al., 2010b)Therefore, GRACE is mainly applicable to aquifers with
renewable groundwatefurthermore, leaking of errors and uncertainties from models used in
GRACE observations processing leads ifficdilties to address GRACE trends for aquifers
located close to lakes (Victoria, Tchad, Malawi, Tanganyika, Baikal, Aral Sea) and glaciers.
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Alley and Konikow (2015) have recenglyi npoi nt ed GRACEOGs main pr a
water management poliaypaking as itprovides a onglimensional (verticalindicator of the

status of a large thre#i mensi onal groundwater body. It d
that might be appropriate input for setting broad regional or national policies, and compelling
evidence of the need for better groundwater mamagé Howevergiven that nany aquifers

that play a critical role in meeting human needs, however, occur at scales of 100s or 1000s of
km2, much smaller than the GRACE footprint; which substantially hinders GRACE utilization

as a widespread local manageineol. Additionally, GRACE does not address issues such as
saltwater intrusion, land subsidence, how streams and other surface water bodies are being
affected by groundwatgrumping, anchow water quality is changin@RACE also does not

address relevanhformation to understand the dynamics of aquifers such as it is unable to
decipher flow directions or velocities, their changes over time, or actual drawdowns.
Additionally, it is worth mentioning that not all groundwater depletion arises from pumping.

In some aquifers, lonrterm drainage and water table declines resulting from climate
chang® perhaps thousands of years agmn cause depletion under predevelopment
conditions.

3.3 A modelling approach to extend GRACE time frame

While GRACE is the only obseation methodable to neasuregroundwater storage changes;
its timescaleis limited to 10 years, which is below most ioternannual to multidecadal
climatic oscillations (e.gENSO, NAO, PDO, AMO) Consequently, GRACE data analyses
would be affectedAdditionally, groundbased measurements are limited and when available
they are scattered in different timescales that usually fall out of GRACE timeEbalefore
there is a need to go back to the fApasto th
storage changes evolution. Springer et al. (2qdrdposeda method to estimate bias in
precipitation and evapotranspiratioifuxes data using GRACE, allowinga confident
estimation of GRACE storage changes over a longer time périsdier mass balanceadel

to estimate longerm groundwater storage dynamiegich independent from GRACE data,
was developed and applied at aquifer s¢iaigure17):

ds
pri P-E-R (Eq. 3

whereP is the precipitation the atual evapotranspiratiofg the runoff (or the discharge at

the outlet of the basin), arfithe total water storage (sum of water stored in the vegetation,
snow, lakes and rivers, soil moisture, and groundwater). All the components are given in
millimeters per month Mean precipitation and actual evapotranspirationcarmaputed by
averaging data available from global datasets with spagalutions of 0.5° x 0.5t aquifer

scale (Climate Research Unit database (CRU) and the Global Precipitation Chgatol
Centre (GPCC) dataset for precipitation, adx Planck Institute (MPI) dataset for actual
evapotranspirationRunoff data was obtained from the Global Runoff Data Centre (GRDC)
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Figure 171 Aquifers are considered at bam-scale

Integration of Eq3 gives:

S = fPOt- fRAt- HEC (Eq. 4)

where S, iS the totawater storage changes.

Integration over time ofP, R, and Ewill geneate a longerm trendin S, which is

attributed to the integration of systematic errors of the latter varidlbdsased precipitation

and actual evapotranspiration dataset therefore require&stimation of R is challenging
because @uifer systera aregenerally not superimposed with the basins where runoff data
would be availableln unconfined aquifers, there is often strong interaction betweeace

water and groundwateas goundwater contributes to strea in most physiographic settings
(Figure 18). Overlapbetween surface water and groundwater is considered as the part of the
renewable water resources which is common to both surface water and groundwater. It is
equal to groundwtar drainage into rivers (typically, base flow of rivers) minus seepage from
rivers into aquifersThe proportion of stream water that is derived from groundwater inflow
varies across physiographic and climatic settings. However, in large aquifers, gatemdw
contribution to stream flow could be considered as very high (Winter et al., 1998).

In a first step, it is assumed that runoff is constant over time, i.e. contribution to storage as a
linear trend, in an equivalent manner as a potential bias inippation and
evapotranspiration. Therefore, when estimating storage changes by integratonRf and

E, a longterm trend is removed. While this hypothesis is problematic in overexploited
groundwater systems where depletion is known, it is not problematic inasehBystems

where runoff is generally negligible. Moreoverite wor k 6 s nsdoi highlightothee c t i v
sensitivityof groundwater storage to interannual climate variabilibus, Eq4 becomes:
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GWS,i ® Swoe = [POt- fRA- [EdtO detrendfPdt- fEdt)  (Eq. 5)

The simplicity of the proposed model leads to limitations as anthropogenic contribution (e.g.
land use change) is indirectly taken into account through actual evapotranspiration.
Additionally, abstraction is not considered in the modekspite the significance, few
guantitative assessments of large aquifers exist. A recent study by Richey et al., (2015)
revealed a considerable amount of groundwater depletion in large adqdibersver, there is
stil |l a need to analyze if groundwater dep!
overexploitation or other phenomena. Wada et al. (2012) and TWAP (2015) have revealed
that many large aquifers over Europe, Asia and Africa are currently not oveitexp
although groundwater developmerstressresulting from the combination of high human
dependency, low renewable groundwater per capita, and high abstraction/rechardeasatios
been increasing at an alarming rate for the past fifty ydiais progcted that new hotspots
largely driven by population pressure will develop in the Middle East, Northern and Southern
Africa, South and Central Asia.
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Figure 18 - Surface water and groundwater interaction in unconfined aquiferqWinter et al., 1998)

3.31. Dataset model sensitivity analysis and validation
This section aims atnalyzing tle global datasets used in the proposed model
Actual evapotranspiration
The Max Planck Institute (MPIdataset is used. MRlatasetprovides up-scaled monthly

evapotranspiration in spatial resolutions of 0.5° x 0.5° from 1982 to 2011. It is based on
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empirical upscaling of FLUXNET data from the LaThuile synthesis effort
(www.fluxdata.org. The global FUXNET network provides continuous in situ
measurements of laratmosphere exchanges (including water vapour), and this data can be
used to estimate global land actual evapotranspiraiprdynamics. Jung et al., 2010 have
designed an approach to assessiggtemporal behavior and global spatial distributior of
since 1982. It integrates poinise E measurements at the FLUXNET observing sites with
geospatial information from satellite remote sensing and surface metereological data in a
machinelearning #orithm, the Model Tree Ensemble (MTHE data was validated by
internal crosssalidation at FLUXNET sites, corroboration against independent ET estimates
from 112 catchment water balances, and the simulations of 16 landsurface models
participating in theGlobal Soil Wetness Project 2 (GSY2lP The station based and annually
resolved runoff data originate from the Global Runoff Data Centre (GRDC).

Precipitation Trends (1998-2008)
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Figure 19 - Trends from 1998 to 2008 of (a) precipitation (P), (b) potential evapanspiration (PET) and (c) actual
evapotranspiration (ET 1 referred asE in this work) (Jung et al., 2010)
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Overall,trends of precipitation are also consistent with trends in actual evapotranspigation (
According to Jung et al., 2010, global annualp®teanspiration increased on average by 7.16

+ 1.0 millimeters per year per decade from 1982 to 1997. After that, coincident with the last
major El Nino event in 1998, the global evapotranspiration increase seems to have ceased
until 2008. This change wadriven primarily by moisture limitation in the Southern
Hemisphere, particularly Africa and Australia. In these regions, microwave satellite
observations indicate that soil moisture decreased from 1998 to 2008.Trends in atmospheric
demand assessed with potial evapotranspiration are in the opposite direction to trends in
actual evapotranspiration, except in China and southern India, where potential and actual
evapotranspiration both exhibit positive trends.

Precipitation
Two global precipitation databasere used, namely the Climate Research Unit database
(CRU) and the Global Precipitation Climatology Centre (GPCC) dataliasth. datasets
provide gaug#ased gridded monthly precipitation for the global land surfiama 1901 to
2011, and are available igpatial resolutions of 0.5° x 0.5° based on analyses of over 4000
weather stationfor CRU (CRU, 2015xand about 67,200 statiofgr GPCC (Rudolf et al.,
2011).

Figure 20 - Spatial distribution of monthly in -situ station with a climatological precipitation normal, based on at least
10 years of data in GPCC database (number of station in July 2011: 67 283)

A recent study by Hwang et al., 2013 has shown that GPCC and CRU datasets agree with the
drying rend in Sahel, Venezuela oveorthern edge of South America, and the moistening
trend over eastern Brazil. However, some regional discrepancies between both datasets might
be found. For example, GPCC reports a significant decrease in rainfall over Indonesia and
western Brazil, whictare less apparent in CRU, whereas CRU reports a significant increase
in rainfall over northern Australia, which is less apparent in GPCC.
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Figure 21 - Changes in precipitation from 1931~1950 to 1971~1990 based on (a) GPCC anddRU (Hwang et al.,
2013)

3.3.2.Comparison at regional scale

The Stampriet Transboundary Aquifer System (STA@¥ choserio analyzeand compare
GPCC and CRU data with precipitation ground measurerhdBBCC and CRU datasets use

the same stations drgjround measurements are availableféar stations (Ncojane, Tshane,
Tsabong, and Gemsbok ParkTwee Rivieren). It is found thaglobal datasets data and
groundobservation generally have an identilwadg-term annual meanwithin 2%), however,

the ranfall sequence is generally much better represented by GPCC dataset (r?=0.97)
compared to CRU data (r?=0.5Rigure23). Therefore, we choose GPCC rainfall product in

the modeling exercis&imilar results have been found oveountainous regions of Africa
(Dinku et al., 2007).It is to note thaGPCCgenerally provides larger interannual variability

in precipitationas compared to CRWAs a consequence, losigrm modeled storage contains
higher longterm variability when usingsPCC dataset Over the Stampet Transboundary
Aquifer systempbtained results show that GPCC dataset with a larger interannual variability
in precipitation leads to a better prediction of interannual groundwater storage changes
(Figure24). This shows the importance of rainfall data for modeling g variations

!t is worth mentioning that #ncomputation of the Stampriet Transboundary Aquifer System (STAS) mean
precipitation is based on the datasets spatial resolution of 0.5° x 0.5°, and consequently also takes into account
stations that are located outside the aquifer boundary.
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Figure 22 - GPCC and CRU stationsconsidered to computehe Stampriet Transboundary Aquifer System (STAS)
mean precipitation.

Figure 23 - Analysis of precipitation datasets (GPCC and CRU) and ground measurements for the Tsabong station
(Botswana)
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Figure 24 - Comparison of experimental and simulated groundwater sirage changes in the Stampriet Transboundary
Aquifer System (STAS) using GPCC and CRU databaseBark lines were obtained using thdocally weighted Least
Squared error (Lowess) method.

4. Results and discussion

GRACE datashow thatGWSdepletion ratesrom 2002to 2011 are negative in Nor#rn
America €16 mm/y in the Ogallala Aquifgr Central(-2.2 mm/y in the Syr Darya Aquifer)
and SoutkrnAsia (-6 mm/y in the East Ganges River Plain Aquitguifers and positive in
Southern Africa (8 mm/y in thKaroo Sedimentary Aquifer and 518n/y in the Stampriet
Transboundary Aquifer System) and the Sahel (3.5 mm/y in the IrHameneden Basin
Aquifer) aquifers Howeverthe latter findings could be misleading to drany exhaustive
conclusion abouGWSdepletion trendsecause of the limitedO-year time scaleand the
effects of climag variability.

Thus, thissection presestan analysis of GRACE, modeled and experimental groundwater
storage changes in the studied aquifésperimentalGWSchanges we calculated from well
data by converting water level changes to water volumes using pofasitings presented
here indicate thaGWSchanges from GRACE data, model and detailed groundwater level
monitoring are in satisfactory agreement.
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Studies indiate that the oceasmtmosphere oscillation patterns of ENSO, PDO, and AMO and
associated hydroclimatic variability may affect aquifers recharge rates and groundwater level
variability (Gurdak et al., 200&nd Taylor et al., 20)3Therefore, GRACE datshoud only

be used as a mean toonitor basirscale changes i®WS and not as a mean tbraw any
exhaustive conclusion aboldngterm depletion rates trends atite impact of climatic
oscillations cycleson groundwater resourceB order to circumvent GRAE6 s t i mesc al
limitation, groundwater storage changeave beemeconstructed by the model developed in
this study Obtained resultpartially indicate that the oceatmosphere oscillation patterns of
ENSO, PDO, and AMO and associated hydroclimatic vdmalaffect groundwater storage
changesin all the studied aquiferdaVe find thatsuch changes are highly correlated with
rainfall-fed recharge and might suggest that groundwater level variabilitpterannual to
multidecadal timescales mighe 1) a response to ENSO, PDO, and AM®) andnot lely
influenced bytemporal trends in groundwater pumpif@urdak et al., 20Q7Taylor et al.,

2012) Results indicate that ENSO and PDO have a greater control than AMO on variability
in groundwaterstorage changefor the studied aquifers, except faquifers located in the
Sahel region (e.drhazerllluemeden Basin Aquifer

In Southern African aquifers (Karoo Sedimentary and Stampriet Transboundary Aquifer
System), obtained results indicate that groundwaterage changesnight be highly
correlated to ENSO IndexVhen El Nifio (La Nifia) events occur, more intense droughts
(floods) and below (above) normal recharge is likely to occur in Southern Africa aqEers.
instance, a steady increase of groundwatesl leras observed during the early 2000s La Nifia
years which lead to above normal precipitation and rech&igare25 andFigure26). Such
results concur with Maidment et.,a(2015) results whiclsuggesthat the trend to more La
Nifia-like conditions since 2000 is a likely contributing factor driving the increase in Southern
Africa rainfalP’. Additionally, it is assumed thatbtained groundwatestorage changes the

two studied Southern African aquigeare not driven by temporal trends in groundwater
pumping becauskuman groundwater use in both aquifers is considered as very low*o low
(TWAP, 2015).

2Taylor et &, (2013) have shown strong evidence of the dependence of groundwater resources on extreme
rainfall in East Africa, as five out of the seven largest recharge events coingidgl Nifio events

% According to TWAP (2015), a hotspot is considered wipenndwater development stress (equal to total
groundwater abstraction divided by Ileteym mean annual groundwater recharge) is higher than 40%
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Figure 25 - Comparison of GRACE, modeled and exgrimental groundwater storage changes in the Stampriet
Transboundary Aquifer System
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Figure 26 - Comparison of GRACE, modeled and experimental groundwater storage changes in the Karoo
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In the Ogallala Aquifer, obtained results concur vpitevious studiesSGurdak et al., 2006 and
Gurdak et al.2007) and indicate that groundwater level variations might be correlated to
PDO Index (Figure 27). Gurdak et al., 2007 ggest thatthe controlling cycles of
groundwateilevel variabilityin the Ogallala Aquifer ardriven by PDGlike climatic factors

and not slely influenced by pumping variabilitythe majority of the variance in ti@gallala
Aquifer precipitation time sées was attributed to >PDO (>3&) and PDO periods (1@5

yr), with lesser control by ENSO. Additionallyhe strength and direction of correlation
between >PDO and PDO cycles and precipitation véitialis consistent with the fidings

from McCabe et al(2004), which indicate the majority of variance in drought frequency
across the conterminous USA is attributed to positive AMO and negative PDO phases of
variability. The climatic variability that dominantly controls the groundwater lewgls also
succasfully identified by Gurdak et al., 2007Even though groundwater of the Ogallala
Aquifer is influenced by pumpinggroundwatetevel variability response to pumping was
guantifed as moderate in ENSO period$he lack of PDO periodicities within the
groundwater pumping records indicates that anthropogenic responses are PDO independent.
Additional evidence demonstrated by comparing pumping responses with precipitation and
climate indicesjdentified a apid anthropogenic response to e fluctuations inshorter

term climate variability€.g.ENSO).
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Figure 27 - Comparison of GRACE, modeled and experimental groundwater storage changes in the Ogallala Aquifer
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Although, the model developed in this studyegonot take into account pumping, modelled
groundwatetlevel variability in all studied aquifers is in good agreement with available
groundbased observations. However, it is worth mentioning that in drought periods, obtained
modeled resultdo depictdeceasing groundwater storage, but are not as correlated to ground
based observations as in wetter periods (e.g. in the Ogallala Aquifer fron2@af@y to mid

200s, and in the STAS from eaf90s to latel 990s). This result might be explained by the
fact that during drought periods, reliance on groundwater is higher, and consequently there
might be a tendency to ovpumping.

Shamsudduha et al. (2009) studied tfemds in shallow groundwater levelisthin the East
Ganges River Plain Aquifeandhave fiown that ising mean groundwater levetsuld occur

in some heavily abstracted ardasy. north of DinagjpurjFigure8 andFigure29). Given that

the predominant source of natural recharge of the Easig€s River Plain Aquifer mainly
through heavy monsoon precipitation over the aquifer ,aprajected scenarios of
groundwater level would require thorough precipitation forecasting modeHRimgcasting
monsoonprecipitationis extremely complexbut studies have shown that the relationship
between ENSO and Indian monsoon is not straightforward (Kumar et al., 1999 and Kumar et
al., 2006). Recentlyrishnamurthy and Krishnamurthy (20133ve shown thahe monsoon
ENSO relation is modified according tiee phase of the PDO. Whether El Nifio events bring
more severe or less severe drought conditions over India may depend on whether the PDO is
in warm or cold phasét couldthenbe expected that hen warm (cold) phase of PDO and El
Nifio (La Nifia) ceoccur, more intense droughts (floodsyd below (above) normal recharge
are likely to occur ovethe East Ganges River Plain Aquif€@btainedresults in the East
Ganges River Plain Aquifeconcur with Krishnamurthy and Krishnamurthgs modeled
groundwater st@ge changes substantially decrease when warm PDO phak# Idiith co-
occur. Results arim good agreement with available grodoased observations from the late
1980s and early 200Q§&igure 28). This result might suggest thatetlcontrolling cycles of
groundwateflevel variability may be driven by climatic factors (i.e. precipitation) rather than
pumping variability. Similar results are found for th&yr Darya Aquifer(Figure 30).
However, it is worth metioning thatthe relationship between PDO ahgdroclimatein
Central Asia is more robust than in monsoonal Asia, especially in warm péfaag et al.,
2014)

35



1000

I\ I I
= —— GRACE (GWS)
£ | Model (GPCC)
E | M ‘ O SAL - Borehole
n “\ | I I O SA2 - Borehole
o 500 - 5 ﬁ L] \ i
= \\[H \H
S Bl Vil
S <1 e
) eoum=RlY=ly sty
= o e 1
© 0~ DF ‘H\ I |1 ‘ |
) \\Dﬁ Wﬁq“\j
% el |1
= DFE ; i
= (ol
Ss00 | ]
S i +‘
c \/ | |
3 | 3
© 5
-1000 ‘ \ \ |
Jan 80 Jan 90 Jan 00 Jan 10

Figure 28 - Comparison of GRACE, modeled ad experimental groundwater storage changes in the East Ganges
River Plain Aquifer
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Figure 30- Comparison of GRACE, modeled and experimental groundwater storage changes in the Syr Darya
Aquifer

Correlation of groundwatestorage changewith AMO in the Irhazedlluemeden Basin
Aquifer might be morestraightforward than for the otherusied aquifersA warm AMO
phase is thought to be associated with a positive preaguitatomaly in the Sahel region
(Folland et al. 2001, Knight et al. 2006, Martin and Thorncroft, 20&Hich coincides with

the generally monotonic increase of grountbvdevelssince mid1990s (last AMO shift
from cold to warm phase).Leduc et al. (1997) and Favreau et al., (2009) reported a water
table rise from earhl930s to late 1960s (AMO warm phade)lowed by a drop during the
drought of mid1970s and 1980s nbughout the Sahel (AMO cold phase). It is worth
mentioning that although the mi®60s was wetter than today in the Irhalleemeden
Basin Aquifer area, groundwater levels were the same or lower than those currently observed
(Leduc et al., 1997)Severh studies have attributedater level rise since miti990s in the
Irhazerllluemeden Basin Aquifelas a consequence tdnduse changessuch asnative
vegetation clearingLeduc et al., 2001; Reij et al., 2005; Favreau et al., 2009). However,
based on pential AMO-rainfall-groundwateistorage changesorrelation, this workends to
suggest thaland-use change contribution is minimal with regards to the impact of variations
in rainfall as groundwater storage changes decrease (increase) seem to bednighdyed

with negative (positive) AM@Figure31).
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Figure 31 - Comparison of GRACE, modeled and experimental groundwater storage changes in the Irhazer
llluemeden Basin Aquifer
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5. Conclusion

Policy making process is lengthy, especially in the field of natural resources, because of
existing uncertainties. This is particularly true for groundwater resources management.
Indeed, despite its importance, groundwater is still [paanderstood and often undervalued.
This may in part derive from the nature of groundwater. a complex, hidden resource that is
difficult to conceptualize. Satellite observations have revolutionized our understanding of
water availability at continental ale. GRACE data has proven to be an extremely powerful
tool to monitor large aquifers changes GWS which complement much higher spatial
resolution GWS changes from groundased monitoring and modeling analyses. It is now
known that global change impaadsoundwater availability and quality (Green et al., 2011,
Treidel et al., 2012, Taylor et al., 201B)owever for the time being, GRACE data does not
allow drawingany exhaustive conclusion about the impact of climatic oscillations cycles on
groundwateresources because of its limited timescale of about 10 years. Additional decades
of GRACE observations combined with grotimaised data (or more) would be required to
thoroughly evaluate the impact of climatic oscillations cycles on groundwater resources in
large aquifers. Howevegiven thatmost of large aquifers are located in highly populated
areas and have great regional social and economic impqrthece is an urgent need to
expand the dynamic and usabl e nt oebd. R01)0 of
that can be used by water managers and scientists to improve water resource planning and
operations in the context of the current scenario of limited data and future climate uncertainty
(Milly et al., 2008, Voss et al., 2013). Innovative aggmhes also have to consider the
existing capacity and knowledge gap that exists between developed and developing countries.
For instance, processing of satellite data is costly and would require enormous capacity
training in developing countries. This vkanas developed a simple model based on the water
mass balance equation that has allowed to satisfactorily reconstructing groundwater
fluctuations since 1982 in several large aquifers in North America, Southern Africa, Central
and South Asia. The simpligiof the model developed in this work provides a powerful tool
that couldbe easily replicated and applied in regions with knowledge and capacity gaps.
Obtained resultsnight indicate thasubstantial variability in groundwater storage changes
(and consegently groundwater levels) on interannual to multidecadal timescales might be
more correlated to climatic factors (el§NSO, PDO, and AMO}hantemporal trends in
groundwater pumpingeven in oveexploited aquifers such as the Ogallala and East Ganges
River Plain Aquifer Thus, a better understanding on the impacts of climatic oscillations on
rainfall will allow better predictions of groundwater levels fluctuatio¢ater decision
makers can begin to use information presented here to

1) strengthen link between Department of Water Affairs and Meteorological
Agencies (at national, and regional level) as groundwater levels variahitityt be
morecorrelatedo precipitation variability than abstraction variability.

2) help identify locations and optimaime periods forwater storage anchanaged
artificial recharge (MAR)perationsn accordance to ENSO, PDO, and AMO phases,
and
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3) consider updating groundwater abstraction permits in accordance to ENSO, PDO,
and AMO phases.

A key limitation of the modl developed in this work is that anthropogenic contributeog.
land-use changeis indirectly taken into consideration through evapotranspiration. Therefore,
future work should focus on extracting the contributiorlwhatic factors an@nthropogenic

activities, especially in overexploited aquifers such as the Ogallala and East Ganges River
Plain.
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Annex 17 Groundwater level fluctuations

Borehol . . . . Ti
orenole Aquifer Latitude | Longitude Location 'me Source
ID frame
Americas
Averaged from
. : approximately 9000 | 199G .
AM1 High Plains NA NA wells across the High| 2013 McGuire, 2014
Plains
Africa
Irhazer
AF1 llluemeden Maradi 199%
. 1998
Basin
Irhazer
AF2 llluemeden Koutakroukou 2003
. 2012
Basin
Karoo 1994
AF3 Sedimentary 28.3 -28.8 Caledonspoort 2001 GGMN, 2015
Stampriet 1986
AF4 Transboundary| -23.7 18.4 Stampriet 2001 JICA, 2002
Aquifer System
Stampriet 2005
AF5 Transboundary, -24.5 18.2 Ncojane Matsheng, 2007
. 2007
Aquifer System
Cental Asia
CAl Syr Darya
South Asia
East Ganges 1982 | BGS and DPHE
SAL L Riverplain | 237 | 894 Sarsa 1992 2001
Averaged from a total
236 monitoring location
SA2 Ea_Lst Ganges NA NA and river levels averagg 2003 | Shamsudduha
River Plain from a total of 298 2008 2011

gauging sations across
Bangladesh
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Annex 27 GRACE Linear long-term trends, errors, and R2 and RPvalue of TBAs

Estimated| 1sigma | Estimated| 1 sigma
TBA name trend error trend error Rz | P value
[mm/year] | [nm/year] | [km3/year] | [km3/year]
Amazonas 4.2 0.3 15.6 1.2 0.63 | 1.91E24
Amu-Darya -12.8 0.7 -2.4 0.1 0.75 | 2.88E33
Aquifer Vallee dela | 4 5 0.6 3.3 0.1 0.9 |2.57E54
Benoue
Aquifer extension i
SUG-Est de Taoudeni 1.1 0.3 0.4 0.1 0.1 |0.00113
Baggara Basin -1.4 0.6 -0.3 0.1 0.11 | 0.0039
Cambodia Mekong | o 16 1.4 03 | 0.23|1.61E07
River Delta Aquifer
Coango 0.2 0.5 0.1 0.1 0 0.93871
Cuvette -8.3 1.3 -6.6 1 0.11 | 0.000513
mast Ganges River | 0.3 0.7 01 | 0.59|5.02622
Plain Aquifer
Edwards-Trinity -EL | 0.5 0.3 01 | 0.35|197E11
Burro
indus River Plain | g 5 0.4 3 0.2 | 0.82|5.88E41
Aquifer
Irhazer lluemeden | 5 , 0.2 1.6 01 | 0.63|1.98624
Basin
Irtysh -Obsky 2.3 0.3 2.1 0.3 0.3 |8.94E10
Jezira Tertiary
Limestone Aquifer -17.5 1 -2.3 0.1 0.75 | 1.15E33
System
Judith River 14 0.8 2.3 0.1 0.78 | 5.34E37
Karoo Sedimentary | ¢ ¢ 0.2 1.2 0 0.93 | 1.66E64
Aquifer
Karoo-Carbonate -5.5 0.7 -3 0.4 0.33 | 7.62E11
Khorat Plateau 3.2 0.5 0.3 01 | 0.28 |3.25E09
Aquifer
Lake Chad Basin -4.8 0.2 -94 0.5 0.81 | 3.26E40
Lower Mekong River |, 5 1 0.2 01 | 0.03]| 0.05611
2 Aquifer
Merauke - Ketu Basin ;g 0.8 4.1 0.2 | 082138841
Aquifer
Middle Heilongjiang -| -, 5 0.4 03 0 0.34 | 4.79E11
Amur River Basin
Northern Great 6.8 1.1 5.3 08 | 0.25|2.80E08

Plains

48






