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RESPONSE OF DEEP AQUIFERS TO CLIMATE VARIABILITY

Karem Fathy Abdelgaber Abdelmohsen, Ph.D.

Western Michigan University, 2020

Our recent analysis of Temporal Gravity Recovery and Climate Experiment (GRACE) solutions
over the largest aquifer system in Africa (the Nubian Sandstone Aquifer System: NSAS)
revealed that while the response of deep aquifers to climatic variations remains a relatively slow
process that takes thousands to tens of thousands of years, there is a much faster response in
aquifers that are characterized by dense networks of faults, fractures and karst as is the case with
the NSAS. This rapid groundwater flow, when it occurs, is detected as an increase in GRACETws
over areas downgradient and distant (hundreds of km) from the source areas over which
increased precipitation occurred in wet periods. The increase in GRACETws over these distant
areas cannot be accounted for by an increase in precipitation, soil moisture, or surface water flow
given the hyperarid conditions even during periods of increased precipitation over the source
areas. In this research we will accomplish the following using the NSAS in North Africa as test
sites: (1) investigate whether the rapid response observed over the NSAS could be common to
many of the aquifers worldwide, (2) identify the conditions under which such rapid flow occurs,
and (3) apply groundwater flow models in fractured rocks and use the models to develop
sustainable and/or optimum scenarios for groundwater management in areas showing evidence
of rapid groundwater flow. These three tasks will be accomplished by conducting the following
for each of the investigated aquifer systems: (1) use satellite-based precipitation mission data to
identify temporal (short-term climate variability: wet and dry periods) and spatial variations of
precipitation over areas of interest (source versus discharge areas), (2) identify the spatial and
temporal response of GRACErws to short climate variability over the areas of interest, (3)
generate GRACErws phase, difference, and amplitude images to investigate the direction and
extent of GRACETws variations that are indicative of mass movement in dry and wet periods and
seasons; (4) delineate potential preferred pathways for groundwater flow by mapping fault traces

from shaded relief maps, radar backscatter images, and geologic maps and their postulated



extension in the subsurface from tilt derivative (TDR) product of a selected Gravity Field and
Steady-State Ocean Circulation Explorer (GOCE)-based global geopotential model (GGM).
Finally GRACE-based inferences will be validated using: (1) field data (temporal head data,
isotopic and geochemical composition for groundwater samples) along the identified structures
and satellite-based (SMOS) soil moisture content to test whether the identified structures
represent preferred pathways for groundwater flow, and (2) conceptual flow models that simulate
the rapid groundwater flow from the source areas towards discharge areas along preferred
pathways and a much slower flow in the surrounding media. Findings will provide new insights
into the response of large, deep aquifers to climate variability and address the sustainability of

the NSAS and similar fossil aquifers worldwide.
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CHAPTER 1

INTRODUCTION

1.1 Dissertation Framework

Chapter 2 provides a brief overview of the GRACE satellite missions and an overview of

the different GRACE solutions that have been utilized for this research work.

Chapters 3 and 4 of this thesis are written as independent research studies based on
manuscripts, one of which has been published in Science of The Total Environment (Chapter 3;
Abdelmohsen et al., 2019), and the other has been submitted for consideration for publication in

and Earth Science Reviews and is currently under review (Abdelmohsen et al., 2020).

Chapter 3 provides an integrated research investigation that incorporates the analysis of
Temporal Gravity Recovery and Climate Experiment (GRACE), Soil Moisture and Ocean
Salinity mission (SMOS), satellite altimetry, stable isotopic composition of groundwater, and
precipitation and static global geopotential models over the Nubian Sandstone Aquifer System
(NSAS) to examine the structural control on groundwater flow and the aquifer response to

climate variability.

Chapter 4 provides a study on Lake-aquifer interactions. I first review the methods that
are used by the scientific community to address this issue, then discuss ways by which GRACE
measurements can contribute to the understanding of these complex systems that are quite

difficult to investigate using traditional modelling techniques. To demonstrate how GRACE



seasonal cycle can be used to better understand lake-aquifer interactions we chose the Dakhla

subbasin within the NSAS as a test site.

Chapter 5 provides a summary of the thesis and suggestions for future work.



CHAPTER 2

BACKGROUND

2.1 GRACE Satellite Mission

The GRACE satellite was launched in 2002 to map the temporal variations in Earth's global
gravity field and mean gravity field (Tapley et al., 2004a, 2004b). The variability in the gravity
field solutions at the time scales examined by GRACE (i.e., days to years) are largely related to
redistribution of mass at, or near, Earth's surface (Wahr et al., 2004). GRACE measures the
variability in terrestrial water storage (TWS), which refers to the total water content for all the
reservoirs (e.g., groundwater, surface water, snow and ice, soil moisture and permafrost, or wet
biomass) in an area. Spherical harmonic (SH) solutions of GRACE gravity data have been used
successfully to measure TWS variations over large hydrologic systems (Ahmed et al., 2016,
2014; Ahmed and Abdelmohsen, 2018; Mohamed et al., 2016; Sultan et al., 2014, 2013; Wouters
etal., 2014), yet their applications on subbasin scales were hindered by their coarse spatial
resolution (>125,000 km?), leakage signal problems, and the required complex post-processing
steps (Scanlon et al., 2016).

There are three publicly available GRACE solutions that were utilized in this study: (1) CSR-M
monthly mass concentration (mascon) solutions (Save et al., 2016) from the Center for Space
Research at the University of Texas (UT-CSR; http://www.csr.utexas.edu/grace), (2) the mascon
solutions from the Jet Propulsion Laboratory (JPL-M), and (3) the spherical harmonics of the
UT-CSR GRACE solution (CSR- SH). The mascon solutions are advantageous compared to the
spherical harmonics given their higher signal-to-noise ratio, higher spatial resolution, and
reduced leakage errors. Moreover, they do not require post processing including de-striping or
smoothing filtering or any scaling to compensate for the attenuation of the geophysical signals
caused by de-striping (Luthcke et al., 2013; Save et al., 2016; Bridget R. Scanlon et al., 2016;
Watkins etal., 2015; D. N. Wiese et al., 2016).


http://www.csr.utexas.edu/grace

The CSR developed a new GRACE Release solution (RLO6) by improving models and
parameterization in the previous release (RLO05) to provide a starting point for GRACE Follow
On (GRACE-FO) processing (Save, 2019). The entire GRACE mission (2002-2017) were
reprocessed with the same standards as GRACE-FO. The GRACE CSR-M solutions were
derived using Tikhonov regularization with an L-ribbon approach to compute the regularization
parameter and were resolved on an equal area geodesic grid of roughly 1° at the equator.
However, that is not likely to be the effective resolution of this product that is estimated at ~ 250
km (Save, 2019). The data provided are over sampled on an equiangular grid of size 0.5°x0.5° in
RLO5 and 0.25° x 0.25° in RLO6 for ease of use. (Save, 2019; Save et al., 2016). The CSR
RLO6M has a newly defined grid in which the hexagonal tiles that extend across the coastline in
the earlier release (RLO5M) are now divided into two tiles along the coastline to minimize the
leakage signal between land and ocean signals (Save, 2019; Save et al., 2016). The newly
launched GRACE-FO data is being processed with the same standards as GRACE RLO6.



CHAPTER 3

RESPONSE OF DEEP AQUIFERS TO CLIMATE VARIABILITY

3.1 Introduction

Short-lived climatic variabilities on timescales of years to decades is believed to affect the
recharge of shallow (depth to water table [DWT] < 30 m), but not deep, aquifers (Chen et al.,
2004; Healy and Cook, 2002). By contrast, the impact of climate change and climatic
variabilities on deep aquifer systems reportedly spans longer timescales (thousands to tens of
thousands of years; Abotalib et al., 2019; Fendorf et al., 2010; Hanson et al., 2006; Sturchio et
al., 2004) due to the length of time for precipitation to infiltrate unsaturated soil profiles and
underlying shallow aquifers (Dickinson et al., 2014), and for the infiltrated waters to flow from
recharge to distant discharge areas (Abotalib et al., 2019). The response of deep aquifers to a
recharge signal caused by climatic variations is mainly constrained by the aquifer’s properties
(e.g., aquifer transmissivity and storativity, thickness of clay interbeds, and the presence of
fractures, faults, and karst topography) and depths to groundwater (Geyer et al., 2008; Goode,
1996; Seaton and Burbey, 2005; Walton, 2011). The well-established time-lag response of deep
aquifer systems has been recently challenged with reported sub-annual deep aquifer response to
short-lived climatic variabilitiesin the United States (Russo and Lall, 2017) and by the presence
of young decadal-aged waters with measurable tritium within deep (>250 m) fossil aquifers
(Jasechko et al., 2017). However, the mechanism by which modern precipitation infiltrates and
mixes with fossil groundwater in deep aquifers is still poorly understood. In this manuscript, we
use data from the Gravity Recovery and Climate Experiment (GRACE) satellite to document a
rapid response to short-lived climatic variabilities over a deep, extensive (area: 2 x 10® km?),
fossil aquifer in northeast Africa, the Nubian Sandstone Aquifer System (NSAS) and provide
possible mechanisms for the observed rapid response.



The NSAS with its simple hydrologic setting allows straightforward interpretations of the
observed temporal variations in GRACE TWS solutions, a situation that does not readily apply
to the more complex hydrologic systems worldwide. For example, recharge occurs in the
southern sections of the NSAS (Sudan and Chad), where the aquifer crops out and where the
average annual precipitation (AAP) could reach up to 1000 mm/yr locally and is minimal to
absent in the northern parts (Egypt and Libya) where precipitation is negligible (AAP: <20
mm/yr). Using the NSAS in northeast Africa (Fig. 1), we demonstrate that throughout the
investigated period (April 2002 to June 2016), the observed temporal GRACE mass variations
were largely controlled by recharge in the south and from Lake Nasser and by the rapid and
preferential groundwater flow along complex fracture/fault systems and karst topography.
Findings were corroborated by field, geophysical, topographic, and isotopic investigations. We
would have not been able to demonstrate these findings if we dealt with more complex systems

where precipitation and recharge are occurring across the entire aquifer.
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Figure 1. (a) Location map showing the distribution of the NSAS and its subbasins
(Dakhla, Kufra, and Northern Sudan Platform), the basement uplifts (Uweinat-Aswan,
Uweinat-Howar), the 20 mm AAP threshold line, and the groundwater flow direction
(Ball, 1927; Sanford, 1935).



3.2 Geologic and Hydrogeologic Settings

The NSAS consists mainly of thick (>3 km) Paleozoic and Mesozoic continental sandstone
intercalated with marine Tertiary carbonates, shale, and clay deposited in shallow marine and
deltaic settings (Hesse et al., 1987). The aquifer is bound by basement from the east and south,
the Devonian bedrock from the west, and by the saltwater-freshwater interface in the north
(Sultan et al., 2013). The NSAS is formed of three major subbasins that are separated by
basement uplifts. The Uweinat-Aswan uplift separates the Dakhla subbasin (Egypt) from the
Northern Sudan Platform subbasin (northern Sudan) to the south, and the Uweinat-Howar uplift
separates the latter (Northern Sudan Platform subbasin) from the Kufra subbasin (Libya,
northeastern Chad, and northwestern Sudan) to the west (Hesse et al., 1987; Fig. 1). Along
segments of these uplifts, the basement crops out or reaches near surface elevations, yet in other
segments along the length of the uplifts, the depth to basement increases allowing groundwater
flow through these windows (Ahmed et al., 2016). The Kufra subbasin is here subdivided into
the Northern Kufra and the Southern Kufra sections that are separated by a threshold AAP line
of 20 mm (Fig. 1). Groundwater flow is generally from the southwest to the northeast, and the
aquifer is confined north of latitude 25°N but unconfined to the south of it in the Dakhla
subbasin (Ball, 1927; Sanford, 1935).

The NSAS is composed of two major hydrological units: the sandstone-dominated Nubian
aquifer system (NAS) and the overlying carbonate-dominated post-Nubian aquifer system
(PNAS; (M Bakhbakhi, 2006). The NSAS was largely recharged during previous pluvial
periods in the Quaternary by intensification of paleomonsoons (Prell and Kutzbach, 1987;
Sarnthein et al., 1981; Yan and Petit-Maire, 1994) or paleowesterlies (Abouelmagd et al., 2014;
Sturchio et al., 2004; Sultan et al., 1997). At present, the aquifer is receiving modest local

recharge in the



southern highlands (e.g., Gebel Darfur in Sudan and Gebel Tibesti in Chad; Fig. 1) where the
Nubian Sandstone crops out and where precipitation reaches up to 96 mm/yr.

3.3 Methodology

The following data sets were generated over investigated areas (e.g., subbasins) and periods to
compare to other relevant geologic, topographic, and hydrologic data in a geographic
information system (GIS) platform to identify sources of recharge and preferred pathways for
groundwater flow and to investigate the aquifers’ response to climate variability: (1) GRACEtws
trend images and time series were extracted from GRACErws (Figs. 2, 3) to identify the spatial
and temporal variations in GRACErws; (2) Lake Nasser surface water levels (2002—2016) from
the US Department of Agriculture’s Foreign Agricultural Service (USDA-FAS) global reservoir
and lake monitoring database (GRLM; available at
https://www.pecad.fas.usda.gov/cropexplorer/global reservoir/), soil moisture data (2010 to
2016) from Soil Moisture and Ocean Salinity (SMOS) mission data (Kerr et al., 2001), and

temporal head data (2005 to 2008) to investigate the response of groundwater levels and soil
moisture content to fluctuations in Lake Nasser surface water; (3) AAP rates and trends were
extracted from Tropical Rainfall Measuring Mission (TRMM) data (Huffman et al., 2007) and
correlated with GRACE-derived products to investigate the factor(s) controlling the GRACEtws
variations; (4) deriving GRACEtws phase and difference in TWS to investigate the direction and
extent of TWS variations that are indicative of mass movement indry and wet periods; (5)
geologic maps to extract fault traces; (6) Gravity Field and Steady-State Ocean Circulation
Explorer (GOCE)-based global geopotential models (GGMs) to select the model having the least
deviation from the terrestrial gravity data; (7) tilt derivative (TDR) product of the selected GGM
to extract the subsurface extensions of the fault traces and to map faults in sand-covered areas,
and (8) isotopic composition for groundwater samples along faults to test whether structures
represent preferred pathways for groundwater flow from Lake Nasser and from the Northern
Sudan Platform to the Dakhla subbasin.


https://www.pecad.fas.usda.gov/cropexplorer/global%20reservoir/

3.3.1 GRACE data

The three GRACE solutions which were applied (from April 2002 through June 2016) in this
study are reported relative to a 2004—-2009 mean baseline. The GRACE CSR-M solutions were
derived using Tikhonov regularization (Save et al., 2016) and were resolved on a geodesic grid
(grid size: 1 equatorial degree) (Save et al., 2012, 2016). No post-processing and/or filtering or
application of empirical scaling factors were applied to the CSR-M or the JPL-M mascon
solutions ( Watkins et al., 2015; Save et al., 2016). Given the higher signal to noise ratio of the
mascon solutions relative to the spherical harmonics (Watkins et al., 2015; Save et al., 2016,
Scanlon et al., 2016), the CSR-M solutions were selected as the primary dataset for extracting
trends over the investigated subbasins (Rodell et al., 2018). The secular trend in GRACE-derived
TWS (GRACErws) data was extracted by simultaneously fitting a trend and a seasonal term to
each TWS time series. The variations (standard deviation) in trend values extracted from all
three solutions (CSR-M, JPL-M, and CSR-SH) were considered to represent the uncertainty in
the reported trend values (Scanlon et al., 2018; Rodell et al., 2018).

The spherical harmonics data was processed by replacing GRACE-derived C20 coefficients with
the solutions from Satellite Laser Ranging (SLR), because the native GRACE-C20 values have a
larger uncertainty than the SLR-values. (Cheng etal., 2011; Swenson et al., 2008). The degree-1
coefficients are estimated using the methods from Swenson et al., 2008. and applying the glacial
isostatic adjustment (GIA) correction using the GIA model (A et al., 2013). The noise was
reduced at the basin scale by applying a destriping filter (Swenson and Wahr, 2006) and a
Gaussian (250 km radius) smoothing filter (Wahr et al., 1998; Swenson and Wahr, 2006). The
scaling factor was applied to minimize the attenuation in TWS signal due to the post-processing
of GRACE data (Landerer and Swenson 2012; Long et al. 2015).

The contribution of the surface water to the Dakhla subbasin GRACE rws was omitted by
subtracting the GRACErws of a 120 km buffer zone surrounding Lake Nasser and the Tushka
lakes (Fig. 2). This approach not only removes the contribution of the surface water, but also the
contribution of the infiltration from the surface water in the immediate surroundings of Lake

10



Nasser and the Tushka lakes. A calibrated two-dimensional groundwater flow model which was
constructed to investigate the long-term hydrologic impacts of Lake Nasser in southwest Egypt
revealed substantial infiltration in the immediate vicinity (<30 km) of the Lake amounting to 60
x km?® between years 1970 and 1984 and 40 x km® between 1987 and 2000 (Sultan et al ., 2013).

The periods used for the extraction of GRACErws trends were as follows: entire period (April
2002 through June 2016), dry (2002 through 2012), and wet (2013 through 2016) periods. The
break points between the wet and dry periods were identified for each of the investigated
subbasins using the Regime Shift Detection (RSD) method (Andersen et al., 2009; Reeves et al.,
2007; Rodionov, 2004; Villarini et al., 2009).The phase image was generated by simultaneously
fitting an annual cycle (sine and cosine) and trend terms for each GRACEtws time series. The
phase for each pixel is then calculated as the time (January to December) during which the

maximum value was reached in the extracted annual cycle.

3.3.2 Geophysical data

The tilt derivative (TDR) filter was applied to the gravity data derived from the Eigen-6C4
GGM,; the latter was found to have the least deviation (9.122 mGal) from the terrestrial gravity
data for the study area (Appendix A). A GGM is a model of the gravity field obtained by
converting the observed gravity data (often sparse in this region) to a set of spherical harmonic
coefficients which then can be evaluated at any position, even where there were no observation
points. Thus, it isa smoothed, interpolated approximation to the actual gravity field. The applied
approach (selection of model showing minimum deviation from terrestrial gravity data) was
adopted after Elsaka et al., (2016).

The TDR is a normalized phase derivative with first-order derivatives (Miller and Singh, 1994;
Verduzco et al., 2004; Fairhead et al., 2011) and is defined as:

Tilt derivative = tan-1 [VDR/THDR] (D)

11



Where, the VDR is the vertical derivative, and THDR is the total horizontal derivative. Due to
the nature of the arctan trigonometric function, all amplitudes are restricted to values between
+n/2 and — 1t /2 regardless of the amplitudes of the VDR and THDR (Verduzco et al., 2004;
Fairhead etal., 2011). The TDR is independent of absolute density since the VDR and THDR are
functions of the density of the subsurface. The derivative is a powerful tool to identify subsurface
structural edges (not absolute density or magnetization), where the zero tilt indicates the location

of rapid lateral changes in the density of basement materials (Oruc, 2010).

3.3.3 Geochemistry and isotopic composition of water samples

We collected 21 groundwater samples from wells tapping the NSAS in southern Dakhla subbasin
for isotopic analyses (H and O; Table 1; Figs. 8b, 9). The depth to water table (DWT) in the
sampled wellsranged from 50 to 110 m. The wellswere pumped for a minimum of 20 to 30
minutes before sampling of groundwater that were collected in 100 ml, tightly capped,
polyethylene bottles. Stable isotope ratios of H and O in water were measured at the Stable
Isotope Geochemistry Lab, Western Michigan University, USA, using Los Gatos Research
(LGR) Off-Axis Integrated Cavity Output spectroscopy (off-Axis ICOS) technology. The
isotopic data for samples are reported (Table 1) using the conventional delta (8) notation, in units
of permil (%o) deviation relativeto Vienna standard mean ocean water (V-SMOW; Coplen,
1996), whereby

5sample (%0) = [Rsample/Rstandard _l]*103 (2)

and

R = 2H/*H or 80/%0 (3)

For comparison purposes, we included additional reported analyses for groundwater samples

from the Western Desert (Patterson et al., 2005; Thorweihe, 1986), and the Northern Sudan
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Table 1: Locations and O and H isotopic compositions for groundwater samples from wells tapping
the NSAS in the southern parts of the Western Desert and in areas proximal to Lake Nasser

Sample 1D Name Area Longitude E|Latitude N|& D (%o)d 3O (%o)
WD7F-3 Seal PNK Lake Nasser 32.44000 | 23.5600 | -50.2 | —-5.69
WD7F-4 Kurkr Lake Nasser 32.74091 |23.98783| —70.1 | —8.72
WD7F-5 Khor Galal Lake Nasser 32.71683 | 23.77234| —76.6 | —9.09
WD7F-6 GwW1 Lake Nasser 32.57000 |23.39000| —-79.4 | —10.14
WD7F-7 PSK Lake Nasser 32.45000 |23.50000| —77.4 | —10.04
WD7F-9 | Garef Hussien Lake Nasser 31.99975 |22.81808 | —72.6 | —9.17
WD7F-23| Research Desert 2| Lake Nasser 31.51756 |22.53808 | —81.0 | —10.17
WD7F-24| Magnetic Station Lake Nasser 31.54392 | 22.49089 | —84.2 | —10.58
WD7F-8 DwW3 Lake Nasser 32.84366 |23.34897| 7.1 0.77
WD7F-11| East Oweinat 3 East Uweinat 28.68989 |22.20419| —-79.5 | -10.21
WD7F-12| East Oweinat 5 East Uweinat 28.64700 |22.19136 | —79.7 | —10.15
WD7F-13| East Oweinat 7 East Uweinat | 28.65386 |22.19406 | —82.2 | —10.53
WD7F-14| East Oweinat 9 East Uweinat 28.64017 | 22.18939 | —81.5 | —10.54
WD7F-15| East Oweinat 11 East Uweinat 28.62564 | 22.18514 | —81.1 | —10.33
WD7F-16| East Oweinat 12 East Uweinat | 28.59178 |22.17639 | —81.5 | —10.38
WD7F-17| East Oweinat 13 East Uweinat 28.58586 |22.17297 | —80.6 | —10.09
WD7F-18| East Oweinat 16 East Uweinat 28.67961 | 22.21419 | —80.4 | —10.24
WD7F-19| East Oweinat 14 East Uweinat | 28.68903 |22.21703 | —81.0 | —10.34
WD7F-20 Army East Uweinat 28.70262 | 22.45915| —82.4 | —10.64
WD7F-21|Darb Al Arbaein 1| Darb Al Arbaein| 29.73906 |22.31775| —75.1 | —9.28
WD7F-22|Darb Al Arbaein 2| Darb Al Arbaein | 29.74925 |22.32800 | —80.7 | —10.16

Platform (Thorweihe, 1986), surface water samples from Lake Nasser (Aly et al., 1993), and

precipitation over the Northern Sudan Platform (Joseph et al., 1992).
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3.4 Results and Discussion

Fig. 2 shows the spatial distribution of the secular trends in GRACEws data over the NSAS and
its subbasins throughout two climatic periods: a dry period extending from 2002 to 2012,
followed by a wet period from 2013 to 2016. Fig. 3 shows the GRACEtws time series over the
Dakhla, the Northern Sudan Platform subbasins, and the Kufra sections. Positive trends indicate
an increase in GRACErws with time, and negative trends indicate the opposite (Fig. 3 and Table
2). The Dakhla subbasin shows a depletion in GRACEtws (—3.8 + 1.3 mm/yr) during the period
2002 to 2012, followed by an increase in GRACErws of 7.8 £ 1 mm/yr during the period 2013 to
2016. The Northern Sudan Platform shows a near steady state (—1.0 £ 1.2 mm/yr) during the
earlier followed by an increase during the later period (7.4 £ 0.3 mm/yr). The Southern Kufra
section shows patterns similar to those of the Northern Sudan Platform, a near steady state (—0.5
+ 1 mm/yr) during the earlier period followed by an increase in the later period (9.1 £ 2.2mm/yr).
The Northern Kufra section shows a pattern similar to the Dakhla basin, a depletion (-2.5+ 2.2
mm/yr) followed by an increase in GRACErws (10.4 £ 1 mm/yr).
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Figure 2. Secular GRACEws trend image (mm/yr) over the NSAS. (a) Dry period (2002-2012).
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(b) Wet period (2013-2016). The red dashed line shows the distribution of the Dakhla subbasin
less a polygon defined by a 120 km wide buffer zone surrounding Lake Nasser and the Tushka
lakes. Also shown are the locations of 7 areas (outlined by black boxes) displaying temporal
variations in soil moisture content similar to those observed over Wadi El-Batikh (Fig. 1 and

Fig. 5a).
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Figure 3. GRACErws time series over Dakhla subbasin, Northern Sudan Platform, and
Northern and Southern Kufra sections with three point moving average (3pma).

Table 2: Precipitation and Terrestrial Water Storage over the NSAS throughout the dry (2002—

2012) and wet (2013-2016) periods

T
Dec-14

Dry Period (2002-2012)

Wet Period (2013-2016)

Area
Area TATWS #AAP TATWS #AAP
km? mm/yr kmd/yr  mm/yr kmd/yr  mm/yr  kmd/yr mm/yr  kmd/yr
Dakhla sub-
. 67x104 -3.8+13 -2.5+09 75 5 7.8+1 52+0.7 95 6.4
basin
Southern Kufra
. 64 x104 —-05+1 —-0.3+.06 92 59.5 9.1+22 5914 115 74.3
section
Northern Kufra
. 25x104 25422 —0.6+06 6.5 1.7 104+1 27403 6.7 1.7
section
Northern Sudan
43x104 —-1+1.2 -0.5+06 78 34.2 74403 3.310.1 99 43.5
platform

TATWS: Change in terrestrial water storage.

#AAP: Average Annual Precipitation.

The observed increase in GRACETws in the Northern Sudan Platform and in the Southern

Kufra during the wet period could be explained by an increase in precipitation during this

period. The AAP over the Northern Sudan Platform during the wet period was high (99 mm/yr)

compared to that during the earlier dry period (78 mm/yr), an increase of 27% (Table 2; Fig.

4(a)). A similar
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increase in precipitation was observed over the Southern Kufra during the wet period (Table 2;
AAP for wet period: 115 mm/yr; dry period: 92 mm/yr). By contrast, the AAP over the Dakhla
subbasin was negligible during the dry (7.5 mm/yr) and wet periods (9.5 mm/yr), as was the
precipitation over Northern Kufra section (Table 2; AAP for wet period: 6.7 mm/yr; dry period:
6.5 mm/yr). The increase in GRACE+ws over the Dakhla subbasin in the wet period amounted to
7.8 £1 mm/yr (total of 31.2 mm throughout the wet period) and over the Northern Kufra section
itwas 10.4 £1 mm/yr (total of 41.6 mm throughout the wet period). Going from the dry to the
wet period, the AAP increased by 2mm/yr (total of 8mm throughout wet period) over the Dakhla
subbasin and by 0.2 mm/yr (total of 0.8 mm throughout wet period) over the Northern Kufra.
Previous work has shown that recharge inthe Egyptian deserts ranges from 11 to 31% of the
total precipitation (Milewski et al., 2009). Even if we were to assume that all the added
precipitation during the wet period ended up as recharge, we still cannot account for the observed
increase in GRACErws over the Dakhla subbasin and the Northern Kufra section. Thus, the
observed increase in GRACErws over these two areas during the wet period cannot be attributed
to an increase in precipitation, nor could it be due to an increase in soil moisture, given that
precipitation remained negligible throughout the investigated period (Appendix A). The
observed increase in GRACErws will have to be related to an increase in surface and/or

groundwater storage.
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Figure 4. (a) Average monthly and annual precipitation over the Northern Sudan Platform
extracted from TRMM data for the dry and wet periods. (b) Time seriesfor Lake Nasser surface
water level (2002-2016) extracted from the GRLM database. For comparison, the GRACErws
time series over the Dakhla subbasin is provided.

There are no major riversin the Northern Kufra section, and thus the observed increase in

GRACE~ws inthe Northern Kufra section during the wet period would have to be due to
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groundwater flow from the Southern Kufra section. There is one major river that flows in the
Dakhla basin, the Nile (Fig. 1). During the wet periods one would expect increased runoff from
the source areas in the Ethiopian highlands, impoundment of excess Nile River water in Lake
Nasser, elevated lake levels, and an increase in the surface water storage. Investigating the time
series of Lake Nasser level fluctuations for the period between 2002 and 2016 (Fig. 4(b))
indicated that indeed this is the case. We observe a progressive rise in average annual lake levels
from 172 ma.m.s.l. in 2012 to 178 m.a.m.s.l in 2015 (Fig. 4(b)) as well as an increase in its area.
Examination of the temporal Landsat thematic mapper (TM) data over Lake Nasser revealed that
its area increased from 3622 kn? in 2012 to 4530 km? in 2016. Likewise, GRACErws trends for
a 120 km wide polygon centered over Lake Nasser increased from —4.1 £ 0.3 mm/yr (—0.2 £0.01
km?®yr) during the dry period to 8.6 + 1.5 mm/yr (0.5 +£0.08 km®/yr) in the wet period. One
would also expect increased infiltration and recharge, a rise in groundwater levels, and enhanced
down-gradient groundwater flow during wet periods. Using a calibrated two-dimensional
groundwater flow model, Sultan et al., (2013) investigated the long-term hydrologic impacts of
Lake Nasser in southwest Egypt. Their model outputs showed that during a similar rise in Lake
Nasser surface water levels (water levels: 170 meters above mean sea level [m.a.m.s.l] in 1992;
179 m.a.m.s.l in 1995) recharge increased from 0.7 km®/yr to 6 km¥/yr. We attribute the increase
in GRACE~ws in the Dakhla subbasin during the wet period to increased infiltration and

groundwater flow from Lake Nasser and from Northern Sudan as well.
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Figure 5. Rapid response in groundwater level and soil moisture to fluctuations in Lake Nasser
surface water levels. (a) Comparison of monthly (April 2005 to April 2008) soil moisture
content from SMOS data acquired over Wadi El-Batikh with Lake Nasser surface water levels.
(b) Comparison of monitoring well data (Wells # W-2, W-5 and W-7; 2005 to 2008) in East
Uweinat area and surroundings to Lake Nasser surface water levels.
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We test the above-mentioned hypothesis (the nature of the source areas) and the direction and
extent of mass movement during dry and wet periods using phase and difference images
extracted from temporal GRACE+ws data. The phase diagrams display the month in which the
maximum GRACErws value was attained for each pixel, in the dry period (Fig. 6(a)),and in the
wet period (Fig. 6(b)). Fig. 6(a) shows that Lake Nasser and its surroundings, extending some
600 km to the westand 300 km to the north, attained their maximum GRACErws values in the
month of January. To the north and northwest of these areas, phase values transition from the
month of January to February, then March followed by April, and ending by the month of July in
the extreme northwest of the Dakhla subbasin. The observed phase over Lake Nasser and its
immediate surroundings are to be expected given that the lake surface water levels peak in the
months of December and January (Figs. 4 and 5). One interpretation that is consistent with the
observed phase patterns during the dry period is that Lake Nasser is the main source of recharge,
with modest to minimal recharge from the south, and that mass movement is extensive and rapid
(hundreds of km/yr along preferred directions). During the wet period, a maximum phase is
observed over Lake Nasser in the same approximate period (December instead of January), yet
the progressive transition in phase from Lake Nasser outwards throughout major sections of the
Dakhla subbasin that was observed during the dry period is absent. Instead, we observe a
maximum phase over source areas in northern Sudan (south of the 20 mm threshold precipitation
line) during the reported peak precipitation periods (August and September; Fig. 4(a)). To the
north and northeast of this area the phase transitions progressively from the months of
September/August to October, followed by November, and ends up in December to the east and
northeast of the Dakhla subbasin, where apparently recharge from Lake Nasser is underway at
the same approximate time period (December) in the year. One plausible interpretation of these
patterns is that during wet periods, the Dakhla subbasin receives rapid and extensive
groundwater flow from the Northern Sudan Platform and from Lake Nasser. The inferred rapid
overall groundwater flow directions in both the wetand dry periods are represented by black
arrowson Fig. 6. The lines satisfy a number of conditions: they originate from the proposed
sources areas, a progressive increase in phase and decrease in amplitude is observed along their
length, and they terminate where the advocated phase transitions are disrupted.
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If the advanced conceptual model is true, one would expect to observe a progressive increase in

the GRACErws downgradient from the source areas, namely from the Southern Kufra section

22



towards the Northern Kufra section and from the Northern Sudan Platform and from Lake Nasser
towards the Dakhla subbasin throughout the wet period. One way to examine these postulated
spatial variations in GRACE+ws throughout the wet period is through the construction of
difference images between the average annual GRACE+ws (AA GRACErws) for: (1) 2013 and
2012 (Fig. 7(a)), (2) 2014 and 2012 (Fig. 7(b)), and (3) 2015 and 2012 (Fig. 7(c)). Inspection of
Fig. 7 shows a progressive increase in GRACErws and mass movement from the source areas,
namely Lake Nasser, and from northern Sudan towards the Dakhla subbasin. Comparison of
Figs. 7 (a—c) shows that by 2015, almost all the Dakhla subbasin shows an overall increase in
GRACE~ws, with the largest increase (>20 mm) observed over areas extending up to 400 km
from the source areas (Lake Nasser and areas south of the 20 mm AAP threshold line; Fig. 7(c)).
These distances are represented by the length of the dashed arrowsin Fig. 7(c). It is here
assumed that recharge of the NSAS will occur in areas to the south of the line but not to the north
of it, where the limited precipitation is less likely to recharge the NSAS and more likely to be
lost to evaporation. It is worth mentioning that the groundwater flow from the Northern Sudan
Platform subbasin to the Dakhla subbasin is limited during the dry periods, given the presence of
an east-west—trending basement uplift, the Uweinat-Aswa (Mohamed et al., 2017). Apparently,
though, the flow becomes less restricted during the wet periods along windows found in areas
within the uplift, where the basement is deep, the aquifer is thick. One of these windows is found
to the east of the Uweinat outcrop at the borders of Egypt, Sudan, and Libya (Fig. 1); the window
is 225 km wide (Fig. 6), the basement at this location is up to 370 m deep, and the average depth
to water table is 10-50 m (Mohamed et al., 2017).
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Figure 7. Difference images showing a progressive increase in TWS and mass movement during
the wet period from the south to the north and from Lake Nasser to its surroundings. (a)
Difference image between the AA GRACEwws for 2013 and that for 2012. (b) Difference image
between the AA GRACErws for 2014 and that for 2012. (c) Difference image between AA
GRACEws 2015 and that for 2012. Also shown is the 20 mm AAP threshold line and
groundwater flow distances measured from the source areas (Lake Nasser and areas receiving
AAP > 20 mm in Northern Sudan Platform), represented by the length of arrows.

Additional evidence for the advocated model comes from the rapid response in groundwater
levels in wells distant from Lake Nasser that are located along, or proximal to, the preferred
pathways for groundwater flow and by a similar rapid response in the soil moisture content
within areas characterized by near-surface groundwater levels (< 2m). One of these areas is Wadi
El-Battikh (refer to Figs. 1 and 8(b) for location). It is located some 450 km to the west of Lake
Nasser and 600 km from the potential source areas in northern Sudan (Fig. 1); because of its
shallow groundwater table, farmers grow watermelons in these areas. Fig. 5(a) shows a general

correspondence between the soil moisture content in Wadi El-Battikh and Lake Nasser surface
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water levels. For example, Lake Nasser surface water levels started to rise from 170 m in August
2012 and peaked at 179 min April 2015; for the following three years (2012 to 2015), soil
moisture fluctuations in Wadi El Battikh corresponded to those in Lake Nasser, but lagged by 6—
8 months. The Wadi El-Batikh area is characterized by major faults (northwest-southeast
trending faults; El-Hinnawi et al., 2005; Fig. 8(b)) where these faults intersect the escarpment,
promontories, and embayments at theater head valleys, indicating groundwater discharge along
the extension of these faults (Abotalib et al., 2016). Several locations within the Western Desert
display temporal variations in soil moisture content similar to those observed over Wadi El-
Batikh. Specifically, they show stable or decreasing soil moisture content during the dry period
followed by an increase during the wet period. Seven of these locations are displayed in Fig. 2b.
The identified locations are all in lowlands, in areas where groundwater levels are shallow, and
where sub-vertical, deep-seated faults were mapped; the faults act as conduits for ascending deep
groundwater within the confined sections of the NSAS (Abotalib et al., 2016).
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Figure 8. (a) TDR image showing the distribution of inferred deep-seated northwest, northeast,
north-south, and east-west trending lithologic contacts and/or faults mapped along zero-tilt
lineaments (yellow colors). (b) Interpretation map showing the distribution of fault traces and
fractures (El-Hinnawi et al., 2006, 2005; GRAS, 1988). Note the correspondence of the zero-tilt
lineaments with the fault traces. The complex of intersecting structures can represent preferred
pathways for groundwater flow. Also shown are the spatial distribution of color-coded isotopic
compositions for our groundwater samples (large open circles) from productive wells tapping the
NSAS and reported isotopic compositions for the NSAS paleowaters from the Western Desert
(small open circles).

A similar correspondence and rapid response to fluctuations in Lake Nasser was observed in a
monitoring well (well W-2) located some 280 km to the west of Lake Nasser (Figs. 1 and 8(b)).
A rise in the lake’s surface water level started in August 2005 and peaked at 179 m in January
2008; for the following three years (April 2005 to April 2008), fluctuations in groundwater levels
in well W-2 corresponded to those in Lake Nasser, but lagged by 4-6 months (Fig. 5(b)). In
contrast, two other proximal wells (W-5 and W-7, <150 km from well W-2) showed no response
to fluctuations in Lake Nasser surface water levels (Fig. 5(b)). One interpretation for the reported
differences in monitoring well response is that well W-2, but not wells W-5 and W-7, is probably
located along the postulated extension of the east-west trending Kalabsha fault system, or along
the extension of a northeast-trending strand of the Pelusiam fault system (Fig. 8(b)), both
considered here to be potential preferred pathways for groundwater flow. One should expect a
general (but not a one-to-one) correspondence between the lag time extracted from the phase
analysis of GRACErws and that extracted from the groundwater levels and soil moisture data.
The former provides the average lag time over large areas, whereas the latter reflects the local
nature of the flow pathways that feed the examined locations. Unfortunately, very limited
monitoring well data is available for the Western desert of Egypt temporally and spatially to

further test our suggestions.
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If the advocated seasonal and interannual mass movements in the wet and dry years are valid,
one would have to invoke arapid mass movement of hundreds of kilometers in the investigated
periods. That is difficult to reconcile if the groundwater flow was through porous media under
laminar Darcian flow, even if the media had exceptionally high effective porosity and
permeability. One way to achieve this rapid mass movement is for groundwater flow to occur as
rapid turbulent non-Darcian flow within high transmissivity zones within fractured systems
(faults/shear zones) and karstic textures. Very high hydraulic conductivities (0.01to 1 m/s; Bear,
1972) were reported for densely fractured bedrocks using integrated theoretical and experimental
approaches. Tracer experiments in fractured aquifers indicated that groundwater flow could
attain velocities several orders of magnitude higher than natural groundwater flow through
porous media (Lapcevic et al., 1999), and the flow velocity in the individual fractures can be
extremely high (>1 m/s; Kohl et al., 1997). Such high flow velocities in fractures are maximized
within areas characterized by high hydraulic gradients such as those surrounding dam-generated
artificial lakes (Qian et al., 2005), Lake Nasser being one of these areas (hydraulic gradient:
0.0014; Alfaran, 2013). Groundwater flow velocities exceeding 2 km/day were measured in
fissured and karstic chalk aquifers in the Hampshire Basin, south Hampshire (Atkinson & Smith,
1974). Using a tracer test, Banks et al. (1995) measured similar high groundwater flow velocities
(5.8-6.8 km/day) in a karstic system within a chalk aquifer in Stanford Dingley, Berkshire, in
southern England. They attributed these high velocitiesto secondary fissure flow systems
developed by preferential dissolution along discontinuities (e.g., bedding planes and fractures)
producing high transmissivity zones (Banks et al., 1995). The advocated rapid flow for the
NSAS contrasts with the much slower flow (0.05-0.5 cnvday) within the Nubian Sandstone
matrix (Patterson et al., 2005; Sturchio et al., 2004; Sultan et al., 2013). It is the former type of
groundwater flow, not the latter, that is causing the observed temporal and spatial variations in
GRACE~ws during the wet period in the Dakhla subbasin and in the Northern Kufra section. For
this to be true, one would expect to observe extensive networks of interconnected structures

and/or karstic topography.

The Dakhla subbasin is dissected by sub-vertical, deep-seated basement faults, many of which
were reactivated by later tectonic activities (Neev et al., 1982; Sultan et al., 2007a). These
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include: (1) north-south—trending accretionary structures, (2) northwest-southeast—trending
Najd faults in the eastern sections of the Western Desert, (3) east-west—trending Kalabsha and
Seiyal fault systems inthe southern parts of the Western Desert, and (4) northeast-southwest—
trending Pelusium faults in the western sections of the Western Desert (Hermina, 1990; Khan et
al., 2014; Neev, 1975; Neev etal., 1982; Thurmond et al., 2004). We correlated the distribution
of fault traces and fractures (El-Hinnawi et al., 2006, 2005; GRAS, 1988) with potential fault
locations extracted from TDR maps of gravity data (Oruc, 2010; Verduzco et al., 2004). The
TDR filter was applied to enhance the geophysical signal of the basement structures (Oruc,
2010). The TDR filter was appliedto the gravity data derived from Eigen-6C4 GGM; the latter
was found to have the least deviation (9.122 mGal) from the terrestrial gravity data (21,262 sites)
for the study area. The applied approach (selection of model showing minimum deviation from
terrestrial gravity data) was adopted after Elsaka et al., (2016).

Fig. 8(a) isa TDR map for the Dakhla subbasin and surroundings showing radian values between
—1.4,0,and + 1.4. On this map the red color reflects positive tilt values, the blue shades indicate
negative tilt values, and the yellow colors delineate areas with zero tilt. The zero-tilt lineaments
could indicate the location of lithologic contacts and/or faults (Verduzco et al., 2004; Oruc,
2010). Also plotted on Fig. 8 are fault traces exceeding 10 km in length (EI-Hinnawi et al., 2005,
2006). Fig. 8(a) shows numerous north-south, northwest-southeast, northeast-southwest, and
east-west trending linear features, and many of the zero-tilt lineaments coincide with the mapped
fault traces. Inspection of geologic maps (e.g., Conco, 1987; El-Hinnawi et al., 2005, 2006), and
our analysis of satellite imagery (Landsat TM) revealed that large sections of the Western Desert
are covered by sand dunes and sheets, and thus fault traces were only mapped in the dune and
sand sheet-free areas (Fig. 8(b)). Approximately two-thirds of the Dakhla subbasin is covered by
marine limestone plateau which extends west of the Nile Valley (Fig. 1; Conco, 1987). The
limestone outcrops are largely formed of Cretaceous chalk and Eocene limestone, many of which
were described as having karstic features (e.g., dissolution caves, speleothems, chalk pillars, and
flowstones). The karstic features were reported along fractures and joints west of Lake Nasser
(e.g., EI Gammal, 2010; Halliday, 2003; Ruggeri, 2001; Waltham, 2001), along, and proximal to,
the road from the Farafra Oasis to the Bahariya Oasis, in the Kharga and Siwa depressions, and
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from the Kurkur area (Figs. 1 and 3(b); Aref et al., 1987; Butzer, 1965; EI Gammal, 2010;
Mostafa, 2013; Ruggieri, 2001; Waltham, 2001). The high inferred groundwater flow velocities
for the NSAS is common in fractured and karstic aquifers. These reported faults and karst
systems in the Dakhla subbasin represent preferred pathways (Mohamed et al., 2017) as well as
vertical passages for groundwater connection between the NAS and the overlying PNAS
(Abotalib et al., 2019; Mohamed et al., 2017). Given the densely mapped fault and karst
networks, and building on the observations extracted from GRACE, altimetry, SMOS, and
monitoring well data, we advocate similar systems in our study area, where extensive networks
of deep-seated fault systems and karstic topography provide preferred and rapid pathways (or

hydraulic conduits) for groundwater flow across large sections of the Dakhla subbasin.

If our conceptual model is true one could expect the isotopic composition of groundwater within,
or proximal to, the preferred pathways to reflect mixing between depleted NSAS groundwater
and modern waters from Lake Nasser and from precipitation over recharge areas in the Northern
Sudan Platform. The isotopic composition of the collected samples were compared to those of
Lake Nasser surface water (Aly et al., 1993), modern precipitation (mean + 1 Standard Deviation
[1S]: 8D: —10.0 =+ 15.7%o; 6180: —2.09 =+ 2.3%0) over recharge areas in the Northern Sudan
Platform (Joseph et al., 1992), and reported groundwater composition (Patterson et al., 2005;
Thorweihe, 1986) across the Western Desert (Figs. 8(b), 9). The majority of our groundwater
samples (e.g., WD7F-20, WD7F-19, WD7F-18, WD7F7-24, and WD7F-23; Table 1, Fig. 9) had
depleted isotopic compositions (§D: —84.2 to —80.4%o; 5'80: —10.6 to —10.1%o) that are typical
of NSAS paleowater composition (Abotalib et al., 2016; Mohamed et al., 2017; Sultan et al.,
2007b), whereas the composition of a number of our groundwater samples (e.g., WD7F-3,
WD7F-4) from wells proximal (<30 km) to Lake Nasser are consistent with depleted NSAS
groundwater mixing with enriched Lake Nasser water (Figs. 8(b), 9; Table 1). One of our
groundwater samples (WD7F-8) that was collected only a few kilometers west of Lake Nasser
yielded an isotopic composition (3D: 7.1%o; 80: 0.77%o) that approaches that of Lake Nasser
surface water (Figs. 8(b), 9).
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Fi§ure 9. The isotopic composition of our samples (large open circles) plotted on a dD versus
51%0 plot and compared to groundwater (small open red and purple circles; Patterson et al.,
2005; Thorweihe, 1986) and modern precipitation (open blue circle; mean + 1 SD) from
northern Sudan (Khartoum IAEA station; Joseph et al., 1992). Also shown are the paleo
meteoric water line (MWL), 8D = 8 30 + 6.3 (Dietzel et al., 2014) and global meteoric water
line (GMWL), 8D = 8 80 + 10 (Craig, 1961) and evaporation line for Lake Nasser (Aly et al.,
1993).

A considerable number of groundwater samples, both ours and reported by others, from East
Uweinat and Darb Al Arbaein (e.g., WD7F-21, S1, S2, and S3), approximately 200-300 km
from Lake Nasser show evidence of mixing with a more enriched endmember (Figs. 8(b), 9).
Although it is possible that the enriched samples in these two areas received contributions

from Lake Nasser through infiltration and preferred groundwater flow along east-west trending
faults and shear zones (Fig. 8), it is also possible that the source of their modern contributions

is groundwater flow from the south that originated as modern precipitation over the Northern
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Sudan Platform (Fig. 3). This hypothesis is supported by the observed similarity in isotopic
compositions of enriched samples from East Uweinat and Darb Al Arbaein to samples (e.g., S4)
from northern Sudan (Figs. 8(b), 9), and by the fact that the enriched compositions from East
Uweinat could be explained by mixing between depleted NSAS groundwater and precipitation
over northern Sudan (Fig. 9). Some of these enriched samples around Lake Nasser and in East
Uweinat were collected only hundreds of meters away from others that yielded typical NSAS
depleted isotopic signatures (e.g. WDF-21, 22; Figs. 8(b), 9). One likely explanation is that the
former samples, not the latter samples, were collected from wells lying on, or proximal to, one of

the preferred groundwater flow pathways.

During the wet periods, groundwater recharge intensifies through infiltrated precipitation in the
south and through infiltration from Lake Nasser and mixes with the extensive depleted fossil
groundwater of the NSAS. The total water reserves in the Dakhla subbasin are estimated at
154,716 km® (M Bakhbakhi, 2006), whereas the combined increase in GRACEws due to the
groundwater flow from Lake Nasser and from the Northern Sudan Platform is here estimated at
~8.5 km®/yr. Thus, one should not expect to observe evidence for mixing from samples collected
across the entire Dakhla subbasin. Instead, evidence for mixing is likely to be detected in
samples collected from wells that are located on, or proximal to, these preferential pathways.
Examination of Fig. 3 supports this suggestion; a number of enriched samples (e.g., WD7F-9,
WD7F-3, S3; Fig. 8(b)) lie on east-west trending faults originating at or near Lake Nasser, and
others (e.g., S4, WD7F-21, S2, S3; Fig. 8(b)) lie on north-south trending faults originating in
northern Sudan. TWS time series along the E-W fractures show uniform patterns along the

pathways of the faults, and dissimilar patterns across the faults (Appendix A).

We offer a conceptual model (Fig. 10) that is consistent with the above-mentioned field and
isotopic observations and our earlier GRACE-related temporal and spatial variations. We
advocate that during the dry period, Lake Nasser is the main source of recharge for the Dakhla
subbasin with modest to minimal recharge from the Northern Sudan Platform. The lake receives
on an annual basis added river flow during the flood season (month of December/January) that

increases Lake Nasser surface water level, infiltration, recharge, and groundwater flow from the
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lake to the Dakhla subbasin. During the wet periods, Lake Nasser receives higher surface water
flow compared to that received during dry periods, leading to excessive rise in Lake Nasser
surface water level, infiltration, recharge, and groundwater flow from the lake to the Dakhla
subbasin. In contrast to the dry periods, the Dakhla subbasin receives in the wet periods
additional recharge from the south. Precipitation over the Northern Sudan Platform increases, as
does infiltration, recharge, and groundwater flow from the south (Northern Sudan Platform)
towards the Dakhla basin. During both the dry and wet periods, groundwater flow is rapid along
preferred pathways (karst and fault-based conduit network) causing the increase in groundwater
flow and storage of groundwater water in conduit network. This rapid groundwater flow, when it
occurs, is detected as an increase in GRACErws over the Dakhla subbasin, whereas groundwater
flow in the surrounding matrix is slow resulting in little change in matrix storage and is not
responsible for the observed GRACErws Vvariations in the Dakhla subbasin. We realize that none
of the individual pieces of evidence presented in this study can, on its own, conclusively prove
the validity of the advocated model, yet collectively they provide substantial evidence in support
of the advocated model and merit additional investigations over aquifers of similar geologic and

hydrogeologic settings worldwide.

Our findings, we believe, have significant implications for groundwater sustainability of the
NSAS in general, and for the arid sectors of the aquifer in particular. The current perception of
the aquifer as being formed entirely of non-renewable fossil water should be revisited, even in its

arid sectors (Dakhla subbasin and Northern Kufra section).
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Figure 10. Block diagram showing our hydrological conceptual model for the NSAS where
faults and karst serve as preferred groundwater flow conduits allowing groundwater flow to
discharge areas. The figure shows on the surface and in cross section the locations of
infiltration and recharge from precipitation in the Northern Sudan Platform south of the 20
mm AAP threshold line (green arrow) and from Lake Nasser (blue arrow), areas of natural
discharge (oases in Western Desert), preferred pathways for groundwater flow (interconnected
faults and karst topography), and groundwater flow direction flow (red arrows).
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It should be also noted that the rapid groundwater flow in response to climatic variability
observed over the NSAS and detected from GRACE data could be common to many of the fossil
aquifers worldwide and might offer a viable explanation for the reported modern contributions in
many of the deep aquifers elsewhere. While we believe that the response of deep aquifers to
climatic variations remains a relatively slow process that takes thousands to tens of thousands of
years, there is apparently a much faster response in aquifers that are characterized by dense
networks of faults, fractures and karst as is the case with the NSAS. Examples of potential fossil
aquifers which could be investigated for a similar rapid response to climate variability include
the Saharan aquifer systems in North Africa and inthe Arabian Peninsula. The largest of those
aquifers is the Mega Aquifer System (area: 2 x 10° kn?; countries: Saudi Arabia, Oman, United
Emirates, and Jordan) and the North Western Saharan Aquifer System (area: 1.2 x 10 kn?;
countries: Algeria, Tunisia, and Libya). Additional smaller Saharan (<900 x 102 kn?) aquifers
include the lullemeden Aquifer in Mali, Niger, Nigeria, Algeria and Benin and the Taoudeni
Aquifer in Mauritania, Mali and Burkina Faso (Abotalib et al., 2016, Othman et al., 2018).
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CHAPTER 4

WHAT CAN THE GRACE SEASONAL CYCLE TELL US ABOUT LAKE-
AQUIFER INTERACTIONS?

4.1 Introduction

Sustainable utilization of freshwater systems is essential to ensure food security, as well as
economic and political stability, particularly insemi-arid and arid regions. Central to these systems
are freshwater lakes. Natural lakes contain 91 x 10° km?® of freshwater (87% of global non-frozen
surface freshwater; Gleick, 2000) and artificial lakes together with river systems add another 7 to
8x 10% km® (Lehner et al., 2011. Recent attempts to integrate hydrological components of
freshwater systems (e.g., surface water in lakes and rivers, groundwater, and aquatic ecosystems)
into a single management scheme (Ala-aho et al., 2015) necessitates the development of new
approaches to investigate the temporal and spatial variability in surface water—groundwater

exchange on regional scales (Rosenberry etal., 2013).

Many characteristics can be used to distinguish between the groundwater—surface water exchange
settings, the most common of which is lake level height. Depending on the differences between
groundwater and lake water levels, the lakes can lose water to surrounding aquifers (recharge
lakes), gain water from surrounding aquifers (discharge lakes), or lose water over parts of the lake
body and gain water over others (flow-through lakes; Born et al., 1979). This classification is
suitable for regional groundwater flow systems, yet the superposition of shallow local flow
systems between lake water and adjacent water table mounds or depressions complicates the
interaction between these lakes and the groundwater system, because of subsurface heterogeneity
and variations in flow rates within and among lakes (Schneider et al., 2005; Toth, 1963; Winter,

1999). The phenomena of discharge lakes has received significant scientific attention (Anderson
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et al., 2014; Attanayake and Waller, 1988; Belanger and Kirkner, 1994; Cherkauer and Zager,
1989), yet less attention has been paid to the recharge lakes. This review focuses on the phenomena
of recharge lakes and describes factors that control the rapid flow between surface waters and
groundwater, where the qualitative and quantitative evaluation of lake-aquifer interactions has

been demonstrated by the present study on a decadal scale and over a large spatial domain.

The lake-groundwater interactions have traditionally been investigated by measuring water flux
across the groundwater—surface water interface using seepage meters (Lee and Hynes, 1978;
Murdoch and Kelly, 2003; Rosenberry et al., 2020), applying heat and environmental (e.g., radon-
222) tracer methods (Becker et al., 2004; Shaw et al., 2013; Stonestrom and Constantz, 2003), or
conducting numerical simulations of the water flow based on Darcy’s Law (Kalbus et al., 2006;
Kim and Sultan, 2002).

Alternatively, lake-groundwater interactions could be investigated using mass balance—based
approaches, where the change in lake volume isestimated from the sum of precipitation and inflow
(groundwater and surface water) in the lake, less evaporation and outflow from the lake
(Gonfiantini, 1986). In these methods, one or more of these variables could be extracted from
satellite data (e.g., precipitation from Tropical Rainfall Measuring Mission [TRMM)]), land surface
model outputs (evaporation from Global Land Evaporation Amsterdam Model [GLEAM)]), or field
measurements (surface water inflow and outflow from flow meter measurements; Abdelmohsen
et al., 2019; Chipman and Lillesand, 2007; Crétaux et al., 2016; Gilbert, 1978; Kang and Hong,
2016; Martens et al., 2017). Hydrogeochemical (e.g., total dissolved solids) data have been used
to investigate lake-groundwater interactions inthe Pantanal wetland in Brazil (Freitas etal., 2019)
and in the Nunavik in Canada (Cochand et al., 2020). Knowing the isotopic compositions of the
lake and groundwater, isotopic mass balance calculations were also utilized in examining these
interactions (e.g., Sparkling Lake in northern Wisconsin [ Krabbenhoft et al., 1990], Lake Nasser
in Egypt [Aly etal., 1993], and lakes in northern Finland [Ala-aho et al., 2015]).

36



These methods, although effective in many settings worldwide, have their limitations. Seepage
meter measurements are subject to device and spatial sampling errors (Belanger and Montgomery,
1992), whereas heat tracer and Darcy’s Law—based applications and mass balance approaches
require extensive piezometer networks and/or intensive labor, conditions that are not necessarily
available for many of the world’s lakes (Nanteza et al., 2016; UNECA, 2011). Moreover, the
above-mentioned methods limit exchange flux estimations to the scale of stream or lake sections
(Smerdon etal., 2007; Virdi et al., 2012). This is not consistent with the nature of the groundwater—
lake water exchange, which ishighly variable inspaceand is significantly impacted by small-scale
features, such as subsurface karsts (Lee et al., 2014), lithological heterogeneities (Ala-aho et al.,
2015), and fault systems (Abdelmohsen et al., 2019). Additionally, the isotopic mass balance
calculations assume that the composition of the groundwater outflow and surface water outflow
resembles that of the lake water; hence, it requires that the lake is isotopically well mixed
(Krabbenhoft et al., 1990), a condition that is not common in many lakes worldwide (Gat, 1995).
The large and fast level changes in artificial lakes in response to lake regulation activities
significantly influence the groundwater dynamics around the lake and put the estimation of the
lake water—groundwater exchange flux largely out of reach using the traditional methods (EI-
Zehairy et al., 2018).

Additional complexities are introduced in estimating the lake water—groundwater exchange flux
in settings where lakes are surrounded or floored by fractured or karstic bedrock aquifers. In such
settings two different flow regimes exist: a fast flow regime (hundreds of km/yr) in fractures and/or
caves (Abdelmohsen etal., 2019), and a slow flow regime (few m/yr) inrock pore spaces (Abotalib
et al., 2019; Karay and Hajnal, 2015). The latter flow is laminar, can be characterized by Darcy’s
law, and its response to lake variations is can be estimated using standard experimental and/or
numerical models (Karay and Hajnal, 2015). In contrast, the former flow is turbulent and cannot
be described using Darcy’s Law and standard modeling approaches. Instead, it has been
characterized using a dual continuum approach or the so-called double porosity model (Karay and
Hajnal, 2015; Petronici et al., 2019). However, this model’s application has been limited given the

lack of dense monitoring networks needed for adequate sampling of the fractures and karst
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distribution, the difficulties associated with delineating these features in the subsurface, and the
uncertainties in estimating the vertical and horizontal conductivities of these features (Petronici et
al., 2019)

The Gravity Recovery and Climate Experiment (GRACE) was designed to map the temporal
variations in the Earth’s global gravity field and to estimate the variations in terrestrial water
storage (TWS) on a monthly basis (Tapley et al. 2004). This data was successfully used to
investigate the temporal variations in GRACErws over watersheds (Scanlon et al., 2012), aquifers,
and lakes (Awange et al., 2009). However, less attention was paid towards the use of GRACEtws
data for understanding the interactions of various compartments largely due to the vertical
resolution of GRACE data that does not allow differentiation between the contributions of various
Components. One way around that was to use GRACErws together with outputs of land surface
models to extract the temporal variations of compartments of interest such as groundwater
(Mohamed et al., 2017; Sultan et al., 2019; Voss et al., 2013), soil moisture (Swenson et al., 2008),
and surface water (Ramillien et al., 2011). This approach has proven to be effective in many areas
of the world (Li et al., 2019; Thomas and Famiglietti, 2019), yet its overall accuracy depends on
the accuracy of the model outputs (Ahmed and Abdelmohsen, 2018; Sultan et al., 2019; Tiwari et
al., 2009). Very few studies were dedicated towards the use of GRACErws solutions to better
understand the response of groundwater systems to seasonal cycles and to use GRACEtws

seasonal variationto better understand the hydrologic settings of the systems under consideration.

GRACE satellites monitor changes in terrestrial or land TWS as an anomaly relative to the long-
term mean from changes in the Earth's gravity field but cannot be used to monitor absolute water
storage (B. D. Tapley et al., 2004). The GRACErws signal includes both interannual and seasonal
signals of water mass variations. The seasonal signals are the larger contributor to the overall
GRACEws signal (40-80 %), whereas the interannual signals are much smaller (4-6%; Dol et
al., 2014; Humphrey et al., 2016; Scanlon et al., 2019). Seasonal signals capture mass variations
related to seasonal cycles (e.g., precipitation, snow, temperature, and evapotranspiration) and
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anthropogenic activities (e.g., irrigation and groundwater extraction) that could be seasonal in
nature as well (Scanlon et al., 2019). One would expect that the larger the observed variations in
GRACE~ws signals, the easier it is to utilize such variations to better understand the hydrologic

systems under investigation.

Using the seasonal change in GRACErws over Lake Nasser (4530 km?) and the NSAS as our
study areas, we investigate the nature of the seasonal interactions between surface water and
groundwater, groundwater recharge from the lake into the aquifer, and directions and velocities
of the groundwater flow that originated as infiltration from Lake Nasser. We also test and/or
refine findings from earlier GRACE-related studies (Ahmed and Abdelmohsen, 2018;
Abdelmohsen et al., 2019) over the NSAS in which the response of the NSAS to climatic
variability (wet versus dry periods) was investigated. In our analysis of the seasonal change in
GRACETws we use CSR-RLO6M that reduces the leakage signal between the land and ocean
signals (Save et al., 2016; Save, 2019) and we capture the dominant GRACErws signal, the
seasonal signal. None of the previous studies examined the aquifer response to seasonal climatic

variabilities.

4.2 Geology and Hydrology of the Dakhla Subbasin and Lake Nasser

The NSAS extends over 2 x 108 km? in Egypt, Libya, Chad, and Sudan. It isbound by the basement
rocks from the east and the south (Sultan et al., 2013), the Devonian bedrock from the west, and
the saltwater-freshwater interface from the north (Sultan et al., 2013). It is subdivided into three
subbasins that are separated by basement uplifts: (1) the Uweinat-Aswan uplift separates the
Dakhla subbasin in the north from the Northern Sudan Platform subbasin in the south, and (2) the
Uweinat-Howar uplift separates the Northern Sudan Platform subbasin (east) from the Kufra
subbasin (west) (Hesse et al., 1987; Fig. 11 inset).
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Figure 11. (a) Distribution of the NSAS in Libya, Sudan, and Chad, and basement uplifts
(Uweinat-Aswan; Uweinat-Howar) separating its subbasins (Kufra, Northern Sudan platform,
and Dakhla) within the aquifer. (b) Distribution of the Dakhla subbasin of the NSAS in Egypt,
outcrops of the Upper Lower Cretaceous Nubian Sandstone and the overlying karstic Eocene
limestone outcrops, and Lake Nasser, and the uplifts (Uweinat-Aswan; Uweinat-Howar)
separating the NSAS subbasins (Kufra, Northern Sudan platform, and Dakhla) within the

aquifer.

40



The NSAS iscomposed of: (1) continental sandstone formations of the Nubian Sandstone Aquifer,
(2) marine carbonates of the post Nubian Aquifer System (Bakhbakhi, 2006; Thorweihe, 1990),
and (3) confined shale and clay layers that separate the continental and marine sediments
(Thorweihe and Heinl, 2002). The limestone outcrops in Dakhla subbasin are largely composed of
Cretaceous chalk and Eocene limestone that are characterized by extensive karstic features (e.g.,
subsurface caves, speleothems, chalk pillars, and flowstones; Abdelmohsen et al., 2019; Abotalib
et al., 2016; EI Gammal, 2010; Halliday, 2003; Ruggieri, 2001; Waltham, 2001), many of which
are found along fractures and joints (Aref et al., 1987; Butzer, 1965; Mostafa, 2013). The Dakhla
subbasin is dissected by deep-seated and vertical basement faults which were reactivated by an
earlier tectonic process (Neev et al., 1982; Sultan et al., 2007a). These include: (1) northwest-
southeast faults (the extension of Najd fault system), (2) north-south faults, and (3) east-west
Kalabsha and Seiyal faults (Abdelmohsen et al., 2019; Abotalib et al., 2016; Hermina, 1990; Khan
et al., 2014; Neev, 1975; Neev et al., 1982; Thurmond et al., 2004). In the northern part of the
Dakhla subbasin, the Nubian aquifer is confined beneath a thick layer of marine shales of Upper
Cretaceous age, whereas unconfined conditions are present south of the Dakhla subbasin (Sturchio
etal., 2004).

The NSAS is believed to have been largely recharged in previous wet climatic periods by
intensification of monsoons (Prell and Kutzbach, 1987; Sarnthein et al., 1981; Yan and Petit-
Maire, 1994) or paleowesterlies (Abotalib et al., 2019; Abouelmagd et al., 2014; Sturchio et al.,
2004; Sultan et al., 1997), yet it is still receiving modern recharge locally over the Nubian
Sandstone outcrops at the foothills of mountains that are receiving high (> 96 mm/yr) precipitation
(Abdelmohsen et al., 2019). Examples of such areas include the Nuba and Darfur mountains
(southern Sudan, North Sudan Platform), the Tibesti and Sherif mountains (eastern Chad, southern
Kufra subbasin). Unlike the other two subbasins, precipitation over recharge areas in the Dakhla
subbasin is negligible. Instead, the Dakhla subbasin receives its modern contributions from Lake
Nasser, an extensive (length: 500 km; average width: 12 km; Kim and Sultan, 2002) artificial
reservoir that developed upstream from the Aswan High Dam. It has a maximum capacity of 168

x 10° m® at a maximum water level of 183 meters above mean sea level (m.a.m.s.l; Said, 1993). A
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two-dimensional groundwater flow model covering the entirety of Lake Nasser in Egypt and Sudan
and its surroundings was constructed and calibrated against observed head data in wells
surrounding the lake (Sultan et al., 2013). Transient simulations suggest that the Dakhla subbasin
is receiving significant recharge from Lake Nasser, where the total recharge for the period 1970—
2002 was estimated at 100 km*—about 60% of total lake capacity (Sultan et al., 2013). However,
the net movement of the recharge front was found to be fairly slow (6—-14 km) over the period
1970-2000 (Kim and Sultan, 2002). These estimates were extracted from a two-dimensional
groundwater model constructed and calibrated against temporal head data over Lake Nasser and

areas west of the lake.

4.3 Data and Methodology

The adopted methodology comprises four main steps. First, we investigated the spatial and
temporal seasonal cycle—related variations in GRACErws over the Dakhla subbasin using seasonal
difference in GRACErws (SDtws) images (refer to section 3.1.1; Fig. 12). Second, we conducted
spatial and temporal correlation with annual precipitation to examine whether the observed
seasonal cycle—related patterns could be related to the variations in precipitation patterns
(distribution and intensity) from TRMM data (Fig. 13). Third, we examined whether the seasonal
variations in the Lake Nasser surface water level (LNSWL; Fig. 14) and the associated leakage
out signal from the lake could explain the observed seasonal cycle—related variations in
GRACErws. Knowing the temporal variations in LNSWL (from radar altimetry) and volume, we
applied forward modeling to estimate the GRACErws and compared modeling results to the
observed seasonal GRACErws variations (Figs. 15 and 16). Fourth, we examined whether the
observed seasonal GRACErws variations could be related to rapid groundwater flow along
preferred pathways in relation to variationin lake levels. This was accomplished by examining the
amplitude and phase images (Figs. 17 and 18) and by correlating the observed seasonal
GRACErws variations with the distribution of preferred pathways (faults, fractures, and karst
topography; Fig. 19).
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4.3.1 Processing of GRACE solutions

The processing of GRACE data in this study, included three recently released (RL06) GRACE
solutions: CSR-RLO6M, the mascon solutions from the Jet Propulsion Laboratory (JPL-
RLO6M), and the spherical harmonics solution (CSR- RLO6SH (Save, 2019; Watkins et al.,
2015; Wiese et al., 2016).The GRACE data acquired (January 2006 to January 2016) over the
study area was used in this study. The CSR RI06 was selected for generating various products:
(1) SDrws images, (2) simulated leakage signal products, and (3) amplitude and phase images
and the uncertainties reported in this study build on the variations (standard deviation) between
values extracted from GRACE Spherical Harmonic (CSR RL06-SH) and mascons (CSR RLOG6-
M and JPL RLO6-M) solutions. The CSR RLO6 was selected for generating various products: (1)
SDrws images, (2) simulated leakage signal products, and (3) amplitude and phase images and
the uncertainties reported in this study build on the variations (standard deviation) between
values extracted from GRACE Spherical Harmonic (CSR RL06-SH) and mascons (CSR RLO6-
M and JPL RLO6-M) solutions .

4.3.2 Seasonal difference GRACErws images

The SDtws images were generated from the seasonal fluctuation in GRACEws time series using
equation 4, where GRACErws (sp) is the seasonal peak of GRACErws values for a particular year
(annual maximum) and GRACE~rws (st) is the seasonal trough of GRACEtws for the same year

(annual minimum).

SDtws = GRACEtws (sp) — GRACETws (St) (4)

The smallest values over Lake Nasser and its surroundings were found to be in the months of July

or August and highest in the month of November or December. Figure 12 shows the difference
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images for the seasonal cycles in GRACErws over the Dakhla subbasin for the years 2006 through
2015.

4.3.3 Simulated leakage signal products.

We applied forward modeling to estimate the upper bound of leakage signal caused by
concentrated mass in Lake Nasser and its extension into the Dakhla subbasin (Longuevergne et
al., 2013). We selected to conduct this exercise in the spherical harmonics domain given the
technical challenges posed by the extensive and irreversible processing steps if we were to work
in the mascon domain given the presence of regularization constraints.(developed by CSR; Save
etal., 2016, 2012). In the SH domain leakage error reduction and signal restoration can be applied
as post processing steps. This is not the case for mascon solutions, where leakage error reduction
can be applied only during the gravity inversion process through regularization or stabilization of
the solution without any post processing including de-striping or any scaling (Save et al., 2012,
2016; Scanlon et al., 2016).

Two exercises were conducted. In the first the following steps were implemented. We identified
the year in which the maximum SDtws was observed (year 2015; Figs. 12 and 5a; Step 1) and
tested whether the observed SDrws for this year could be accounted for by leakage signal alone
from Lake Nasser. The temporal variations in Lake Nasser levels (from satellite altimetry data) for
this year were extracted. We then generated a water level grid by filling the pixels (pixel size:
0.25° x 0.25°) over the lake by the maximum seasonal increase in lake level in 2015 and those
outside the lake by zeros. A uniform mass variation was assumed across the entire lake to represent
the concentration of true mass within the basin, and equation 5 was applied (Velicogna and Wahr,
2006; Longuevergne et al., 2013),

B(6,4) =SDy, (5),

44



where, B(0,A) is the basin function, 6,1 are the latitude and longitude of the grid points, and the
SDw. is the seasonal difference in water level (Step II). We investigated the leakage-out signal
effect of the lake due to finite spherical harmonic expansion by converting the generated water
level grid into fully normalized spherical harmonics (or Stokes coefficients) up to degree/order
(d/0) of 120; a 250 km Gaussian smoothing filter (Wahr et al., 1998; Step Il) and the results are
shown in Fig. 5b. The spherical harmonic analysis in Step 1l was applied to SDrws for year 2015;
the results are shown in Fig. 15c¢ (Step Ill). Finally, at each grid point, the differences between the
observed SDrws in spherical harmonics (Fig. 15¢) and the modeled leakage signal (Fig. 15b) were
calculated (Fig. 15d; Step 1V).

In the second exercise, we identified the year inwhich the maximum rise in LNSWL was observed
(2008; Figs. 14 and 16a) and tested whether the observed SD+ws for this year could be accounted
for by leakage signal alone from Lake Nasser following the procedures described above for the
first exercise (Steps 1-1V). Hence, Fig. 15b gives us an upper bound estimate of the leakage out
signal from the Lake Nasser.

An additional forward modelling approach was applied to investigate whether the observed SDtws
across the Dakhla subbasin could have been caused by leakage in signal from sources outside of
the Dakhla subbasin due to finite spherical harmonic expansion. In this approach we used
simulated TWS derived from the Global Land Data Simulation System (GLDAS)(Landerer and
Swenson, 2012; Rodell et al., 2020) (refer to Appendix B).

4.3.4 Amplitude, phase, and time series

Amplitude and phase of annual cycle images were generated from GRACEtws for the entire
investigated period (2003-2015), a period that witnessed a rise in lake levels (2012—2014), and
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another that witnessed a decline in lake levels (2008—2010; Figs. 17 and 18). The amplitude image
was generated to examine the spatial variations of the amplitude of GRACEtws with respect to
Lake Nasser in search of causal effects. On the phase images, the values of the pixels range from
1 to 12, where 1 represents the month of January and 12 the month of December, and the values
assigned to each pixel represent the month inwhich GRACEtws reaches its maximum value during
the seasonal cycle. The GRACEws time series was extracted, then detrended for periods of lake
decline and rise by removing the trend components after simultaneously fitting a trend and a
seasonal term to each TWS time series over the selected locations (e.g., TWS1, TWS2, and TWS3;
Fig. 17). These time series were compared to one another and to the time series for Lake Nasser
levels to examine the spatial variations in lag time within an annual cycle for a better understanding
of the factors (e.g., sources or structures) causing the observed spatial variations in GRACE rws
(Fig. 12).

4.3.5 Altimetry

The Lake Nasser surface levels time series (2003—-2016) was derived from the US Department of
Agriculture Foreign Agricultural Service (USDAFAS) global reservoir and lake monitoring

database (GRLM; available at https://www.pecad.fas.usda.gov/cropexplorer/globalreservoir/),

where lake height variations were extracted from satellite altimetry data sets
(TOPEX/Poseidon/Jason satellite series: 10-day resolution). The Lake Nasser monthly variations
were converted to lake level height with respect to the mean sea level (m.a.m.s.l). Variations in
interannual lake level trends (rising versus declining) were identified from the lake level time series
using the regime shift detection (RSD) method (Andersen et al., 2009; Reeves et al., 2007,
Rodionov, 2004; Villarini et al., 2009).
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4.3.6 Precipitation (TRMM)

The average monthly precipitation (2006—2015) over the NSAS extracted from TRMM Multi-
satellite Precipitation Analysis (TMPA,; Huffman et al., 2007; Kummerow et al., 1998). The
TMPA was designed to combine all available precipitation datasets from different satellite sensors
and monthly surface rain gauge data to provide a “best” estimate of precipitation at a spatial
resolution of 0.25° x 0.25° for the areas between 50°N and 50°S. TRMM 3B43, which provides
monthly data, is used in this study. The data are available at https://pmm.nasa.gov/data-

access/downloads/trmm.

4.4 Results and Discussion

Inspection of Fig. 12 shows the spatial distribution of the seasonal increase in GRACEtws, here
expressed as SDtws, over the Dakhla subbasin throughout the period 2006 to 2015. The seasonal
variations in GRACErws for each of the investigated years do not correlate with precipitation
patterns over the Dakhla subbasin for that year (Figs. 12 and 13). This observation, together with
the fact that precipitation is negligible over the Dakhla subbasin (0—5 mm/month; 2016 to 2015:
average annual precipitation, 8.5 mm/yr; Fig. 13) over the Dakhla subbasin rules out precipitation
as the source of the observed seasonal variation in GRACEtws over the Dakhla subbasin. That is
not the case in areas to the north of the Dakhla subbasin (Mediterranean coastline) and to its east
and northeast (Red Sea Hills and Sinai). A spatial correlation has been observed between SDtws

Signal (Fig. 12) and northerly precipitation patterns (Fig. 13).
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Figure 12. SDtws image over the Dakhla subbasin for 2006 through 2015 showing
consistent patterns of increasing GRACErws centered over Lake Nasser and extending hundreds
of kms away from the lake. The white line shows the distribution of the Dakhla subbasin.
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For each of the investigated years we observe that the SDrws is centered over Lake Nasser and
decreases in magnitude away from the lake (Fig. 12). The observed SDrws covers large areas
ranging from 172,500 km? (2010) to 385,700 km? (2015) with SDtws > 25 +9mm, reaching
distances as far as 700 km from Lake Nasser (2014/2015), and amounting to a total seasonal
increase in GRACErws over the Dakhla subbasin that ranges from 7.7 km® (2010) to 18 km?
(2015). Leakage in signal simulations for years 2015 and 2008 show that the “leakage in” is
minimal to negligible over the Dakhla subbasin. It is restricted to an east-west trending zone, 200
km deep zone along its northern peripheries (up to 10 mm in 2015 and 13 mm in 2008) and is
negligible (< 4 mm) over the rest of the subbasin (see Appendix B). The leakage signal is related
to precipitation over the Mediterranean coastline. These collective observations rule out that the
observed seasonal SDrws variations are caused by sources outside of the subbasin and are
consistent with the Lake being the main source of the observed SDrws seasonal patterns and
recharge of the Dakhla subbasin.
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Figure 13. Average monthly precipitation over the Dakhla subbasin for 2006 through
2015. Comparison of Figs. 2 and 3 shows that precipitation is not responsible for the
observed seasonal variations in GRACETWS. The white dashed line shows the
distribution of the Dakhla subbasin.

50



Increasing
180.0 4 No-trend
Decreasing
‘_’f 176.0 -
£
o
3
°
>
Q
-
L
o
-
172.0 -
168.0 T T T T T
o B\ o &0 A> A> A5
yo© yo o yo© o o yo©

Date (month-year)

—Lake Nasser Level = =Lake Level (3pma)

Figure 14. Time series for Lake Nasser surface water level (2003-2015) extracted from the GRLM
database.

The signal of surface water storage (e.g., Lake Nasser) may leak to the surrounding areas
(leakage out signal), and the signal from the surrounding areas may also leak into the surface
water (leakage in signal; Swenson and Wahr, 2007, 2002; Wahr et al., 1998). We investigated
whether the leakage out from Lake Nasser could be the cause of the observed variations in
SDtws over the Dakhla subbasin. The maximum observed SDtws was in 2015 (Figs. 12 and
15a), in which the SDtws signal centered over the Lake Nasser extended for hundreds of

kilometers away from the lake (Fig.

51



15a: area outlined by orange contour; SDtws > 25 £9 mm), reaching distances of up to 700 km
from the lake. The simulated spherical harmonic leakage-out signal effect from LNSWL for 2015
(Fig. 15b) is modest. In areas in the immediate surroundings (Fig. 5b; 0—250 km; the area outlined
by red contour line) of the lake, the SDtws is moderate (>10 mm and <49 mm), negligible (< 10
mm) inareas 250 to 330 km from the lake (Fig. 15b; area subtended by the red and white contours),
and nonexistent beyond 330 km from the lake. In contrast, the simulated SDtws (spherical
harmonic representation of the mascon solutions) extends over much larger areas in the Dakhla
subbasin. For example, the SDrws threshold line (Fig. 5¢; >30+£10 mm orange contour) extends as
far as 700 km to the west (Fig. 15c¢). Not only is the extension of the simulated (spherical harmonic)
SDrws much larger than the simulated spherical harmonic leakage out signal , but its magnitude is
larger as well. A difference image (Fig. 15d) between the observed SDrws (Fig. 15c¢) and the
modeled leakage out signal both in spherical harmonics (Fig. 15b) shows that the former exceeds
the latter by 13.7 km® in the Dakhla subbasin.
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Figure 15. Forward modeling of the seasonal mass variations in the year in which the maximum
SDrws was observed (2015) to test whether the observed SD+ws for this year could be accounted
for by leakage signal alone from Lake Nasser. (a) SDrws image over the Dakhla subbasin for
2015 (Step ). (b) Leakage-out signal effect image of the lake due to finite spherical harmonics
expansion obtained by converting the generated water level grid into fully normalized spherical
harmonics (or Stokes coefficients) up to degree/order (d/0) of 120; a 250 km Gaussian smoothing
filter (Wahr etal., 1998; Step II). (c) The spherical harmonics analysis in Step 1l applied to
SDrws for 2015 (Step 111). (d) Difference image between the simulated SDrws (Fig. 15c) and the
modeled leakage signal (Fig. 5b; Step IV). The areas outlined by the orange contours (Figs 5a,
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5¢) have, SDTWS values of > 25 mm. For comparison purposes the simulated leakage out signal
from LNSWL outlined by red and white contour lines (red: < 49 mm; white <10 mm; Fig. 5b)

are plotted on Figs. 5a and 5c.

An additional, yet similar, investigation was conducted to test whether the leakage out signal from
Lake Nasser could be the cause of the observed variations in SDrws over the Dakhla subbasin. In
this case, the year inwhich the maximum rise in LNSWL was selected instead of maximum SDtws
year. The maximum rise (7.5 m) was in year 2008 (Fig. 14). Using procedures described above,
we note observations similar to those reported above: (1) a SDtws signal centered over the Lake
Nasser extends for hundreds of km (Fig. 16a: areaoutlined by the SDtws threshold orange contour
line of >15 mm) away from the lake, (2) a modest leakage out signal simulated effect from
LNSWL (Fig. 16b; 0-270 km: > 10 mm and <72 mm; 270-350 km: <10 mm; >350 km: none), (3)
extension of the simulated SD+ws over large areas (Fig. 16c; area outlined by the threshold >20
mm orange contour line) as far as 600 km to the west (Fig. 16c¢), and (4) the simulated SDrws

exceeds the simulated leakage out signal by 10.5 km® in the Dakhla subbasin (Fig. 16d).
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Figure 16. Forward modeling of the seasonal mass variations in the year in which the maximum
rise in LNSWL was observed (2008) to test whether the observed SDws for this year could be
accounted for by leakage alone from Lake Nasser. (a) SDtws image over the Dakhla subbasin for
2018 (Step ). (b) Leakage-out signal effect image of the Lake due to finite spherical harmonics
expansion obtained by converting the generated water level grid into fully normalized spherical
harmonics (or Stokes coefficients) up to degree/order (d/0) of 120; a 250 km Gaussian smoothing
filter (Step II). (c) The SH analysis in Step Il appliedto SDrws for year 2008 (Step 111). (d)
Difference image between the observed SDtws (Fig. 5¢) and the modeled leakage signal (Fig.
5b) both in spherical harmonics (Step IV). The areas outlined by the orange Figs 6a, 6¢) have

SDTWS values of > 15 mm. For comparison purposes the simulated leakage out signal from
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LNSWL outlined by red and white contour lines (red: < 72 mm; white < 10 mm; Fig. 6b) are
plotted on Figs. 6a and 6¢.

We have shown that the observed SDrws exceeds the estimated leakage signal. Even with adopting
spherical harmonics solutions that tend to emphasize leakage signal from the lake spatially and
attenuate the GRACE signal (Bridget R. Scanlon et al., 2016), we could not account for the
observed variations in the SDtws signal. Hence, another mechanism has to be involved. We
hypothesize that in addition to the artificial numeric leakage signal effect, infiltration and rapid
groundwater flow from Lake Nasser has to be invoked to explain the observed spatial and temporal

variations in SDtws.

Additional support for this hypothesis comes from seasonal spatial and temporal relationships
between lake levels and GRACErws solutions within the Dakhla subbasin. If Lake Nasser is the
main source of recharge for the Dakhla subbasin, the peak seasonal GRACEtws (SDtws) in the
Dakhla subbasin should occur over the lake and its surrounding at the time the lake levels peak.
The runoff from the Blue Nile, which represents more than 80% of the surface waters reaching
Lake Nasser, is impounded behind the High Dam and reaches peak levels in the months of
December or January (Kim and Sultan, 2002; Said, 1993; Sultan et al., 2013). For all of the
investigated years, the highest SDtws in the Dakhla subbasin occurs over Lake Nasser and its
surroundings during the months of December and January (Fig. 14). One would also expect to
observe higher seasonal increase in SDtws during lake cycles where lake levels are on the rise, and
vice versa during cycles where lake levels are on the decline. Using radar altimetry data, four
periods were identified: (1) 2003 to 2005: decline in LNSWL, (2) 2006 to 2007: increase in
LNSWL, (3) 2008 to 2010: decline in LNSWL, and (4) 2012 to 2014 increase in LNSWL (Fig.
14). Inspection of Fig. 12 indicates that in years 2014 and 2015 (end of LNSWL rise cycles) the
SDrws reached maximum distances from Lake Nasser and in years 2010 and 2011 SDtws (end of

LNSWL decline cycles) were at minimum distances from Lake Nasser (Fig. 12).
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Moreover, if Lake Nasser is the main source of recharge for the Dakhla subbasin, one would also
expect to observe a progressive shift in phase and decrease in amplitude with distance from the
lake. Inspection of Figs. 17 and 18 show that this is indeed the case. In Figs. 17 and 18 three
periods were examined: the entire investigated period (2003—-2015), a period that witnessed a
decline in lake levels (2008-2010; Fig. 17b), and another period that witnessed a rise in lake levels
(2012-2014; Fig. 17c¢). Inspection of Fig. 17 shows that for all investigated periods the spatial
distribution of amplitude is high over the Lake Nasser and progressively declines with increasing
distance from it. For example, for the period 2003-2015, the average amplitude close to Lake
Nasser (<50 km) is 70 £18 mm, 13 £4 mm at a distance of 450 km from the lake, and declines to
10 £4 mm some 600 km from the lake.
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Figure 17: Amplitude of annual cycle derived from monthly GRACErws solutions for (a) the
entire investigated period (2003-2015), (b) a period that witnessed a decline in lake levels (2008—
2010), and (c) a period that witnessed a rise in lake levels (2012—2014). In all three periods a
progressive decrease in amplitude with distance from the lake was observed.

Starting with the months of December and January, which mark peak lake levels, we observe
phase shifts with increasing distance from the lake. The phase shift is observed throughout
the entire investigated period (2003-2014; Fig. 18a), a period witnessing a decrease in lake
levels (2008—2010; Fig., 18b), and a period witnessing an increase in lake levels (2012 to 2015;
Fig. 18c). The above-mentioned observations suggest that Lake Nasser is not only the main
source of recharge, but is also a continuous source of recharge during high and low flood

periods.

58



28°E

1 NSAS Boundary
[ Poltical Boundary
[~ Precambrian Basement

Phase of Annual Cycle (month)
N 7 [ [ [

1 2 3 4 5 6 7 8 9 10 11 12

Figure 18. The phase of the annual cycle derived from GRACErws for (a) the entire investigated
period (2003-2015), (b) a period that witnessed a decline in lake levels (2008-2010), and (c)
another that witnessed a rise in lake levels (2012—-2014). In all three periods a progressive shift in

phase with distance from the lake is observed. Also shown for each of the three periods are
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comparisons between the GRACErws time series at variable distances from Lake Nasser. A lag
time of up to three months is observed between GRACEtws and lake water level.

In our earlier study (Abdelmohsen et al., 2019) we proposed the presence of preferred pathways
for rapid groundwater flow along a network of karst and faults in the Dakhla subbasin and provided
field and isotopic evidences in support of this model. In this article, we show that the propagation
of the seasonal cycles, especiallythose within rising lake level cycles (e.g., 2014 and 2015) follow
the distribution of east-west trending faults and shear systems and the distribution of karstic

carbonate sequences (Fig. 19).
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Figure 19: Comparison of the distribution of areas witnessing seasonal increase in GRACE tws
with the distribution of faults/karst (Abdelmohsen et al., 2019; Abotalib et al., 2016; Hermina,
1990; Khan et al., 2014; Neev, 1975; Neev et al., 1982; Thurmond et al., 2004). The figure shows
a preferential increase in GRACErws along the E-W trending Kalabsha and Sayal fault system and

their postulated extension to the west.

Our findings are consistent with earlier models (Kim and Sultan, 2002) that acknowledged the role
of the Aswan High Dam in altering the pre—High Dam surface and groundwater interactions. Prior
to the dam construction, the Dakhla subbasin discharged in the Nile, but following the construction
of the Aswan High Dam, surface water level were elevated by as much as 65 m and the surface
water recharged the Dakhla subbasin (Kim and Sultan, 2002). However, these models estimated
the movement of the recharge front by as much as few meters a year, whereas our GRACE findings
call on groundwater flow by as much as hundreds of km per year. These two models are not
mutually exclusive. We acknowledge that groundwater flow is very slow through the porous media
under laminar Darcian flow. One way to achieve the observed rapid mass movement is for
groundwater flow to occur under non-Darcian flow system within high transmissivity media of

fractured and karstic texture.

Several studies have reported extremely high groundwater flow velocities using tracer experiments
in fissured and karstic aquifers. Groundwater flow velocities greater than 2 km/day were observed
in fractured and chalk aquifers in the Hampshire Basin, south Hampshire (Atkinson & Smith,
1974). Similar high groundwater flow velocities (5.8-6.8 km/day) were measured in karstic chalk
aquifers in Dingley, Berkshire, in southern England (Banks et al., 1995). These observed rapid
groundwater flow velocities were observed in aquifers characterized by (1) high hydraulic
gradient, and (2) highly fractured systems (faults/shear zones) and karstic textures. Such characters
can be seen here, where the hydraulic gradient of Lake Nasser is as high as 0.0014 (Alfaran, 2013)

and extensive networks of interconnected structures and karstic topography (Abdelmohsen et al.,
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2019). One of these structures is the strike slip, E-W trending Kalabsha and Sayal fault system
(Hussein et al., 2013; Saleh et al., 2018).

The seepage of Lake Nasser water into these fault systems and their associated fracture zones
increases the confined hydro-dynamic pressures and flows along these faults, which in turn
increases the lubrication and reactivation of these faults (Kebeasy et al., 1987; Kumar et al, 2012;
Hussein et al., 2013). Another driving force for the reactivation of this system could be the
differential rifting rates in the northern Red Sea (Woodword-Clyde Consultants, 1985; Hussein et
al., 2013).The ongoing reactivation of this fault system has apparently increased the permeability
of the fault zones by as much as several orders of magnitude (Gudmundsson, 2000). Such
hydrogeological and geological settings provide preferred and rapid pathways for groundwater
flow from Lake Nasser (the recharge area) to the Dakhla subbasin along the E-W trending
Kalabsha and Sayal fault system. Figure 19 shows a preferential increase in GRACEtws
(propagation of mass) along the E-W trending Kalabsha and Sayal fault system and their postulated
extension to the west (Fig. 19).

A new conceptual model for the groundwater recharge and flow in the Dakhla subbasin of the
NSAS is proposed based on findings presented in this study. Two flow mechanisms are proposed:
a slow groundwater flow throughout the porous matrix in the subbasin and across the entire NSAS,
and a fast flow developed and hosted within the highly fractured zones (faults/shear zones/karst
topography), which forms a fractured channel network across the porous matrix. The slow
groundwater flow through porous matrix is expected in a range of 0.001-0.01 m/day (Darcy
velocity) based on a flow model calibrated against water levels from a monitoring well network
near Lake Nasser (Sultan et al., 2013). The fast flow through the fractured channel network range
from 5.0-6.7 km/day based on the range of distance 600—700 km from the lake where SDtws
exceeds threshold (20 £9 mm) (Figs 15d and 16d) and phase changes over three to four months
(December to March). Future studies should be designed to explore the fracture system in more
detail within the NSAS.
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Although the suggested conceptual model with two flow mechanisms in the NSAS presents
challenges in simulations of both flows in groundwater for this area, it could offer an opportunity
to improve our flow predictions and could support future management of groundwater resources.
The findings from this study provide a possibility to develop groundwater flow models that
incorporate both flow mechanisms. The GRACE data processed in the study is a useful dataset to

help constrain and calibrate such models.

The extensive turbulent flow through fractures and caverns and the high hydraulic pressures
especially during high lake stands introduce significant challenges to modeling lake-aquifer
interactions, even when double continuum or triple porosity (matrix, fracture and conduit) models
(Ford, 2014) are applied. The suggested approach can potentially assist in understanding lake-
aquifer interactions, especially in artificial reservoirs surrounded by Karstified or fractured
bedrocks. Examples include the Bratsk lake in Russia (169 Km?; Eraso et al., 1995), Volta lake in
Ghana (150 Km?; Yidana et al., 2019) and Mosul dam lake in Irag (11.1 Km?®; Sissakian et al.,
2018). All of these reservoirs show evidence of massive turbulent flow and significant interaction
with the surrounding aquifers that should be adequately quantified. The aquifer surrounding Lake
Volta is largely composed of impervious sedimentary successions. It is characterized by low
primary porosity and very high fracture-related secondary porosity (Achcampong and Hess, 1998;
Yidana et al., 2007) and by highly variable transmissivity (0.3 to 267 m%day; Dapaah-Siakwan
and Gyau-Boakye, 2000). The dense fracturing of the bedrock surroundings Lake Volta can
probably explain its anomalous seasonal variations in the GRACEtws values which are three times
those of Lake Victoria, a natural lake with a surface area eight times that of Lake Volta (Moore
and Williams, 2014). We suggest that applications similar to those described in this manuscript
could complement the conventional methods in understanding the complex lake-aquifer
interactions in karst/fractured settings that could have contributed to the significant damage or
failure of dams(Milanovi¢, 2014). Examples include the failure of the St. Francis Dam in
California (Begnudelli and Sanders, 2007) and San Juan earth Dam in Spain (Gutiérrez et al.,
2003).
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4.5 Conclusion

We investigated the interactions between Lake Nasser and the underlying Nubian Sandstone
Aquifer System (NSAS) in the Western Desert of Egypt (area: 0.66 x 10® kn?) by examining and
correlating, temporally and spatially, the variations in GRACErws solutions (CSR-RI06M), with
precipitation (from TRMM), and lake levels (from radar altimetry), area (from temporal Landsat
imagery), and water volume. The spatial and temporal observations from the above-mentioned
datasets, together with modeling results of the leakage patterns of Lake Nasser’s geophysical
signal, suggest that the lake is the main source of modern recharge for the Dakhla subbasin. The
observations and modeling support a new conceptual model for the NSAS, which has a slow
groundwater flow through predominated porous matrix and a rapid groundwater flow along a

network of faults, fractures, and karst topography across the matrix.

The findings from this study could potentially complement existing methods (such as groundwater
flow models or geochemical and isotopic tracers) in understanding the nature, and the full scale,
of the interactions between lakes and aquifers. Our methods provide an opportunity to detect rapid
groundwater flow along preferred pathways in large scale aquifers, but not the slow flow in the
surrounding porous media, whereas the traditional methods are more suited for the latter. The
advocated method has its limitations as well: the large footprint of the GRACE data limits its
application to large aquifers. We have shown that using the seasonal GRACErws difference images
we could map the approximate distribution of the areas affected by the rapid groundwater flow,
however delineating these areas and mapping the distribution of the preferred pathways with
precision is hampered by the large footprint of the GRACE data and the leakage signal from one
pixel to its neighbors. The temporal acquisition of GRACE data (monthly) is another technical
impediment of capturing the short term signals. Moreover, the technique is more suited for arid
and hyper-arid areas, but less so for temperate areas. In the former, precipitation is negligible and
thus seasonal variations in GRACErws could be attributed with confidence to variations in

groundwater storage. In contrast, intemperate areas GRACErws Vvariations could be overshadowed
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with precipitation-related variations in soil moisture and/or surface water storage and therefore be
more difficult to estimate.

The advocated method provides cost-effective, robust, and innovative approaches to examine the
lake-aquifer interaction from readily available datasets and could be especially useful in data-
scarce locations in the arid world. We suggest that the proposed conceptual model for the
interaction between Lake Nasser and the Dakhla subbasin could be applicable to aquifers of similar
geologic, climatic, and hydrologic settings worldwide and that the approaches similar to those
advocated here could be used to investigate the validity of this suggestion, improve flow

predictions, and ultimately optimize management of groundwater resources.

65



CHAPTER 5

SUMMARY

A detailed description of all of the major conclusions of this work, the reader is referred to
Chapter 3 Section 3.3 and Chapter 4 Section 4.5, where all of the conclusions of this thesis were

discussed at length.
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APPENDICES

A. Climate Variability
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Figure. ALl. Shows a significant increase in precipitation over the southern sections of the
Nubian Sandstone Aquifer System (NSAS) during the wet period, but not over the northern
sections (Dakhla subbasin). The increased precipitation during the wet period is affecting the
NSAS intwo ways: 1) increasing recharge in the southern sections of the NSAS, and 2)
increasing the runoff in the Nile river and the surface water level of lake Nasser.
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Figure. A2. Geopotential models over Egypt were compared to geophysical gravity field
surveys to evaluate the performance of these models and to select the optimum geopotential
model. The Egine_6c4 model showed the lowest deviation from the terrestrial data and was
selected as the optimum geopotential model.
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Figure. A3. Propagation of water mass from Lake Nasser to the Dakhla subbasin aong E-W
trending fracture zones. The TWS time series along the E-W fractures show uniform patterns
along the pathways of the faults with decreasing amplitude away from Lake Nasser; dissimilar
patterns are observed across the faults.
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B. Seasonal Cycle

Estimation of the leakage in signal for the Dakhla subbasin

The spatial distribution of the leakage in signal for the Dakhla subbasin was estimated using the
simulated SDrws for years 2015 and 2008. The latter was extracted from GLDAS (Global Land
Data Simulation System) Noah data following procedures described in (Feng, 2019). The monthly
mean values were calculated at GRACE and GRACE-FO monthly time steps after subtracting
climatology mean 2005 to 2009. Days unused in GRACE/ GRACE-FO months were not included
in the GLDAS monthly mean computation (Landerer and Swenson, 2012; Rodell etal., 2020). The
computed TWS values outside the Dakhla subbasin were retained and those within the subbasin
were set to zero (Fig. Al). Spherical Harmonic (SH) analysis was conducted up to degree/order
(d/0) of 120 and a 250 km Gaussian smoothing was applied. In general the leakage in was found
to be minimal to negligible across the entire Dakhla subbasin. The highest values (up to 10 mm in
2015 and 13 mm in 2008) are restricted to an east-west, 200 km deep, trending zone at the northern
peripheries of the Dakhla subbasin, most likely related to northerly precipitation along the
Mediterranean coast, whereas the leakage in acrossthe remaining sections of the Dakhla subbasin

is negligible (< 4 mm).
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Figure. B1. Leakage in for the Dakhla subbasin. (a) a grid displaying SDtws Vvariations
extracted from the GLDAS Noah model for year 2015 over the Dakhla subbasin and its
surroundings, where the extracted values were retained for grid points outside of the Dakhla
subbasin and set to zero for points within it. (b) Leakage signal map for year 2015 generated by
transforming the grid in the spherical harmonic domain and up to d/o 120. (c) a grid displaying
SD+ws Vvariations extracted from the GLDAS Noah for year 2008 over the Dakhla subbasin. (d)
Leakage signal map for year 2008 generated by transforming the grid in the spherical harmonic
domain and up to d/o 120. The Dakhla subbasin extension is outlined by the white line.
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