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ABSTRACT

As Guam moves into the future, development demands will require increased sources of
high quality water. A possible source of this increased water supply is the Northern Guam Lens
Aquifer (NGLA). Eighty percent of the supply of water for the island’s residents and businesses
depend on this water source for their daily water needs (Contractor et al., 1999). In 2005, Guam
Visitor’s Bureau recorded a record high tourist arrival of over 1.2 million visitors (GVB, 2006).
Guam is expecting more expansion in tourism in the future. In the next three years, the U.S.
military plans to relocate approximately 8,000 Marines (Guam PDN, 2009) and 3,000 from the
Air Force (Guam PDN, 2007) along with their dependents to Guam. These impacts along with
other growth in the islands population will clearly have an effect on Guam’s demand for fresh
water supply resources. Possible impacts could include exceeding pumping rate limits of
sustainable yield to meet the increase population demands. This in turn could threaten the fresh
water quality through salt water intrusion.

An accurate estimate of the NGLA’s sustainable yield is vital for water resource
managers from Guam Waterworks Authority and Guam Environmental Protection Agency in
order for them to plan and make confident decisions in managing and protecting the NGLA.
Knowing the inflows or recharge to the aquifer is one important factor in regulating pumping so
as not to exceed the limits of sustainable yield.

Attempts to estimate the NGLA recharge have been carried out since the late 1940s.
Early estimates have been refined using increasingly sophisticated approaches. With modern
computer technologies, more in-depth analyses are available to improve previous recharge
estimates. These improvements are required as Guam’s water demands approaches the safe yield
of the aquifer. The approach described in this thesis is an improvement over recent work
accomplished at WERI (Contractor et al., 1999). In this new approach, we will be examining
how soil moisture properties affect evapotranspiration (ET) and ultimately recharge estimates.
Recharge from vadose flow synthesis is used as the water that arrives to the water table. The
resulting recharge values are applied to a finite element ground water model. A computer
program called AQUA CHARGE is developed to integrate the spatially distributed properties of
the aquifer and the recharge model with the time variable inputs of rainfall and pan evaporation.

The Vadose Flow Synthesis Conceptual Model was designed for the NGLA to synthesize
recharge to the aquifer. The model development begins with an area over a node and is the size
of that node’s cell, of a two-dimensional groundwater model finite element mesh, from the water
table, elevated to the soil surface as a vertical geologic column of shaft. This vertical shaft is
termed node-shed and describes the vadose hydrologic watershed supplying each node. This
node-shed is divided into two stages: the soil layer and the unsaturated limestone bedrock. The
soil layer in the node-shed is composed of sub polygons with unique attributes we termed zones.
These zones employ a mass balance equation referred to as the soil moisture model to account
for the moisture input, the proportioning to recharge and evapotranspiration (ET), and the
remaining soil moisture computed in a daily cycle. The proportioning of recharge and ET is
determined by a soil moisture curve relationship for the two hydrologic processes. For a day’s
computation of recharge for each zone in the node-shed, the soil stage ends with the calculation
of the node-shed’s area weighted average recharge. This area weighted average recharge is split
to account for the bedrock stage’s fast and slow flows to recharge. The time arrival of recharge
to the lens, lagged and attenuated, is determined using a transfer function called the modified
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pulse routing technique. This conceptual model is derived from the US Army Corps of
Engineer’s Streamflow Synthesis and Reservoir Regulation (SSARR) model (1987). It is an
alternative route around the NGLA’s complex hydrogeology producing realistic estimates of the
volume and time arrival of recharge to the lens. The project construction required ESRI®
Geographic Information System Arc Editor and MICROSOFT® Excel 2003 and Visual Basic
6.0 Professional. The synthesized recharge serves as flux into a simple two dimensional,
transient, saturated-flow, finite element groundwater model for history matching as a means of
calibration. The ultimate purpose of AQUA CHARGE is to serve as a modeling tool to help
water distribution and protection agencies on Guam to optimize the groundwater resource
exploitation and development, to manage the population’s increased water needs and set limits to
the aquifer’s yield capacity, and to maintain abundant quality water.

v
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INTRODUCTION

The modeling of the Northern Guam Lens Aquifer (NGLA) has dramatically improved
over the last three decades, incorporating increasingly sophisticated numerical modeling
techniques and more precise data on the meteoric and hydrologic factors affecting the flows into
the aquifer. Today’s advanced computer technology with improved software applications has
contributed to the development of a program called AQUA CHARGE. AQUA CHARGE
integrates the meteoric, hydrologic, and hydrogeologic components of the vadose (aerated rock
media layer) and phreatic (saturated rock media zone) system into a numerical/computer
program to synthesize recharge. The recharge produced from the vadose flow synthesis model
is defined here as the volume of water that gets to the water table. Obtaining a refined recharge
estimate means an accurate determination of evapotranspiration (ET) since recharge is rainfall
loss to ET. We achieved these approximations through the development of soil moisture (SM)
model. Then, the estimated dual recharge flows through the thick bedrock plateau to the water
table were synthesized using a router type transfer function. The SM model and the router are
the two main guiding components necessary to build the vadose flow synthesis model. With
improved estimates of vadose flow, groundwater (GW) modeling’s reliance on accurate recharge
can be met. Ultimately, this project aims to take GW modeling done in the previous two
decades, 1980s and 90s, to new and improved levels of simulation accuracy through the
synthesis of a realistic GW recharge calculation.

AQUA CHARGE was designed with the endeavor to resolve the shortfalls of past GW
modeling attempts that the modelers themselves announced as errors. Three major problems
addressed and accounted for were the spatial variability of soils, complex geologic material
properties, and the temporal variations of meteoric events (Contractor, 1981). The spatial
variability issue was resolved with clever topologic configurations of the study domain with
respect to the meteoric, hydrologic, and hydrogeologic aspects using Geographic Information
System (GIS) techniques to design and assign boundary conditions and polygon properties or
attributes. The temporal meteoric data includes daily rainfall and pan evaporation. The time
steps were refined to daily and transient (unsteady state). Unlike the former models that were
limited by computer processing capability and capacity at that time, the models were forced to
run monthly time steps. Now, the processing of the entire model is in a matter of minutes, rather
than which previously took hours or even days. This allows the modeler to develop and
examine many simulation scenarios in a very short time.

The hydrologic portion of AQUA CHARGE incorporated soils properties that determine
the amounts of moisture that yield to recharge and ET and the lag time and attenuation of water
moving down through the vadose zone to the water table. After the moisture moves through the
soil layer, a transfer function called the modified pulse routing technique is used to mimic the
fast and slow time arrival flow of moisture to the water table. This routing method was an
alternative to the finite element method Contractor used to simulate vadose flow (Contractor et
al. 1999). It was taken piecewise from the moisture flow diagrams and numerical code found in
the U.S. Army Corps of Engineers’ Streamflow Synthesis and Reservoir Regulation (SSARR)
User Manual (USACE, 1987). This method is independent of deciding spatially varied hydraulic
conductivities for a complex karst system. Instead, it focused on sampling time arrivals and
attenuation of flows amounts. SSARR allowed us to design the Vadose Flow Conceptual Model
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that guided the construction of AQUA CHARGE. The program calculated realistic account and
control of moisture flow through a deep composite island karst vadose.

Numerous calibration simulations were processed in order to adjust the various curves
and parameters to fine tune the model to the observed well data. This new model not only
provides better estimates of recharge volume accounting with respect to spatial and temporal
variations, but can provide a basis for future GW studies in the NGLA as well as other similar
aquifers in the Marianas islands and throughout the world.

Objectives

The objectives of this project were to: (a) improve the existing AQUA CHARGE
program to simulate the temporal hydrologic processes that influence GW recharge, (b) apply 3
sets of soil curves to explore the effects of soil properties on evapotranspiration (ET) and
eventual GW recharge, (c) use surface water routing techniques to model the effect of vadose
zone storage and hydraulics on aquifer recharge, (d) modify AQUA CHARGE to include a two-
dimensional, transient, saturated GW-flow, finite element model, and (¢) make recommendations
concerning which modeling parameter values lead to the most realistic recharge estimates.

Increased Demands on GW Resources

The NGLA is a fresh GW aquifer system that is crucial to the economic growth of Guam.
It is without a doubt one of Guam’s most precious renewable resources. Currently, about eighty
percent of Guam’s water supply comes from the NGLA (Contractor and Jenson, 1999).
Managing this resource means that Guam Waterworks Authority (GWA) and the Guam
Environmental Protection Agency (GEPA) must obtain reliable estimates of the aquifer’s
sustainable yield. A lack of accurate sustainable yield estimates can lead to over pumping and
deterioration of the quality of the water pumped from the aquifer.

In the past decades, well site selection was rather simple. Most of the wells pumped high
quality water in high quantities. Increased development today and in the future has changed this
situation. As new development occurs, increased water demands will require new well
expansions. The amount of water that can be pumped and the placement of these wells is crucial
in preventing development that exceeds the capacity of the aquifer’s quality water content.

Guam’s water system development is expected to increase to accommodate for the
island’s future growth. The tourism industry has had fluctuations of visitors in the recent years.
In 2005, the island reached a record high of over 1.2 million visitors, mostly Japanese tourists
(GVB, 2006). This number is expected to increase in the near future when the Chinese and
Russian tourist visas are approved, expecting an addition of more than 50,000 visitors per year
(Guam PDN, Jan., 2009). The population increase includes the island’s anticipation of the
United States Marines realignment from Okinawa to Guam, bringing an additional 8,000 service
members plus 9,000 dependents (Guam PDN, Feb., 2009). The Air Force is also expecting an
increase of an additional 3,000 personnel and their dependents; the WWII historic Northwest
Field near Ritidian Point has already begun reconstruction (Guam PDN, 2007). In order to
facilitate these population increases, additional supplies of quality water will be vital.
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Sound management of the GW system requires an enhanced understanding of the
relationship between rainfall and soil properties that results in recharge to the aquifer. Aquifer
recharge is the starting point for calculating the sustainable yield for the aquifer. This recharge
estimate coupled with accurate hydraulic models such as the finite element method for GW
modeling will help to define how much water can be safely extracted and where these extractions
should occur in order to safeguard the quality of the supply. The research described here focuses
on acquiring an improved understanding of the spatial and temporal distribution of the rain
falling on Northern Guam that finally recharges the aquifer system and the role of soil properties
and time lag and attenuation of infiltration through the limestone bedrock in determining these
recharge estimates.

Improving Groundwater Modeling of the NGLA

In the past several years, researchers at the University of Guam Water and Environmental
Research Institute (WERI) of the Western Pacific have been working diligently to develop
advanced hydraulic models of the NGLA. These models provided enhanced knowledge
including estimates of sustainable yields which provided water management agencies
information to determine optimized pumping scenarios and to implement regulations that protect
the water supply system’s quality and integrity. These models also gave agencies insight on
establishing strategic well site selection and development. Another benefit from these models
was an improved comprehension of contaminant conveyance in the ground water system.

Accurate recharge estimates played a role in determining the water balance and set limits
to GW exploitation. To protect the GW quality, a simple rule was not to exceed pumping rates
that will upset the long term water inflow and outflow balance. In the past, recharge rates were
estimated based on data from elsewhere rather than the Northern Guam area (Ayers, 1981).
Many estimates were based on Southern Guam’s surface flow data to estimate the Northern
Guam’s daily average recharge value. Only Austin Smith and Associates Inc. in 1970 matched
recent estimates in the 1990s and 2000s of recharge averages above 1 million gallons per day per
square kilometer (mgd/km?). These estimates were contained in a report for Public Utilities
Agency of Guam, using rainfall runoff data from 1959-1966 with the assumption that the runoff
coefficient for Southern Guam surface flows could be used to estimate Northern Guam’s
recharge. The following lists daily averaged recharge estimates that were over 1 mgd/km”:

1970, Austin, Smith and Associates, Inc. (Ayers, 1981): 1.04 mgd/km’
1991, Mink (Mink, 1991), his “most probable estimate”: 1.07 mgd/km?
1999, Jocson, Jenson, and Contractor (Jocson et al., 1999): 1.19 mgd/km2
2008, Habana and Heitz - AQUA CHARGE: 1.23 mgd/km?.

The results we used were from the calculated records generated from AQUA CHARGE recharge
model, using linear and Thornthwaite soil models for recharge and ET respectively. We also
used the same rainfall and pan evaporation data as Jocson, except the rainfall data were corrected
using the Normal Ratio Method (Linsley et al., 1982), historic archives (JTWC, 1982 - 1995),
and advice from Dr. Mark Lander, Meteorologist. In an early stage of recharge modeling, using
Jocson’s area coverage of Yigo-Tumon and Finegayan sub-basins, and minimum adjustment to
the rainfall data, AQUA CHARGE calculated 1.12 mgd/km®.

14
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A major contributor to the success of the development of the AQUA CHARGE program
is attributed to GW modeling attempts and the reports produced by Dinshaw Contractor and his
team. Contractor pioneered GW modeling of the NGLA from 1980 and continued his research
for 20 years. Contractor with Srivastava developed a GW model called Salt Water
Intrusion/Groundwater Flow — Two Dimensional (SWIG2D) that John Jenson’s research
assistant John Jocson would later use in the 1990s as a basis for his Masters Thesis titled
Hydrologic Model for the Yigo-Tumon and Finegayan Sub-basin of the Northern Guam Lens
Aquifer, Guam, (Jocson, 1998). Jocson applied an “instantaneous recharge” (Contractor et al.,
1999; see Figure 1), using Northern Guam rainfall and pan evaporation data from 1982 to 1995
(NCDC, 1995), and calculating recharge as monthly totals of daily rainfall minus pan
evaporation as input to the SWIG2D model. His best simulation match to the observation wells
used a regional hydraulic conductivity value of 5.8 km/day. Soon after, Contractor, in his last
GW model efforts for Guam and technical report for WERI, reduced the errors compared to
Jocson’s results by installing a 1-dimensional (1-D) vertically positioned unsaturated finite
element model, UNSATI1D, to simulate vadose flow to the 2-D mesh elements for SWIG2D
together called VADOSWIG (Contractor, et al., 1999). Contractor continued work over the
same mesh area domain Jocson used in his thesis. All of Contractor’s technical reports of GW
modeling over the NGLA made important conclusions that addressed the significant sources of
errors as well as discoveries and suggestions that helped us pursue and build a better model. An
important observation Contractor made, also recognized by hydrologist Dr. Leroy Heitz, were
the shapes of the hydrographs produced by the UNSATID that resembled streamflow
hydrographs in surface hydrology (Contractor et al., 1999, Heitz, personal communication).
They also saw that same suspiciously familiar behavior of the GW response to rain pulses in the
observation well data. These observations helped us better understand the nature of the aquifer
and led to the use of streamflow synthesis to produce the recharge.

15
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MODELING IMPROVEMENTS, 1990s

VADOSWIG

7 .- 7 - -

Figure 1. Groundwater modeling improvements in the 1990s. Left picture shows Jocson’s “instantaneous recharge”, without a
vadose to the SWIG2D model’s elements. Right picture is Contractor’s vadose model with UNSATI1D into SWIG2D, together called
VADOSWIG (Contractor and Jenson, 1999).
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One significant element in understanding the aquifer system is to comprehend the spatial
and temporal distribution of the aquifer recharge. GW recharge in the NGLA is the rainfall
reduced by losses due to ET. In order to calculate this recharge value, accurate estimates of ET
rates and their temporal and spatial distribution over the study area are necessary.

In previous undergraduate research assistance work done back in 1998-99, Habana
developed a working computer program application titled “AQUA CHARGE”. Simply stated,
the AQUA CHARGE program allowed us to examine the effects of spatial and time variability
of soil properties and ET over Jocson’s study area. Using this program, we explored and
evaluated various relationships between ET, pan evaporation, and soil moisture. At that time, the
soil layer hydrology model, AQUA CHARGE, produced a monthly total area weighted average
recharge for the mesh elements and was supposed to be applied to Contractor’s VADOSWIG
model (See Figure 1.2). The planned study was interrupted, and AQUA CHARGE was secured
and stored for six years. In 2006, returning as a graduate student research assistant this time, it
was decided to again run the AQUA CHARGE model. It was found that the SWIG2D software
was inoperable and the program file was corrupt and unreadable. As a result, two additional
processes were added to AQUA CHARGE; the routing and the finite element method for
hydraulic modeling of flow through the aquifer. These additions, as part of its upgrade, led to
the renaming of the program to AQUA CHARGE Deluxe. We will often still refer to it as
AQUA CHARGE.

17
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AQUA CHARGE’S NEW APPROACH

MODIFIED PULSE ROUTING TECHNIQUE (SSARR)
VADOSWIG P I S Lot Y

FINITE ELEMENT
2-D TRANSIENT, SATURATED-FLOW (ISTOK)

Figure 2. AQUA CHARGE’s alternative approach. Left, plan to improve the VADOSWIG model using AQUA CHARGE to handle

the soil layer hydrologic modeling. Right is new model design for AQUA CHARGE Deluxe. The details to the alternate method are
in Chapters 2 and 3.
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This project resulted in an improved understanding of the ET process and also yields a
better understanding of how recharge changes with location and time. One important aspect of
this project is the analysis of determining the recharge hydrograph shapes that contribute to
simulate aquifer responses. This interesting technique guides the modeler in adjusting the
routing parameters for fast and slow flow recharge.

The method for employing spatial and temporal variability data for generating ET and
recharge in this study may also be applicable to the Saipan’s (one of the Commonwealth of the
Northern Marianas Islands), GW systems and other similar karst type systems throughout the
world. The lack of basic field spatial and temporal parameters in the Marianas and other high
islands of the Western Pacific impede them in determining their aquifer’s yield potentials and
limitations. Saipan’s aquifer system has already experienced salt water intrusion due to over
development from lack of good data for strategic optimization of GW exploitation, and also
geologic structural issues that classifies Saipan as a complex island aquifer system (Wexel et al.,
2001). This project’s improved techniques for estimating ET and recharge on Guam can help in
estimating safe yields and making better plans for future aquifer development and restoration on
Saipan.

19



VADOSE FLOW SYNTHESIS CONCEPTUAL MODEL

This chapter describes the theoretical approach for synthesizing vadose flow or recharge.
The process begins with a general description of the conceptual model for a hydrologic node
watershed (node-shed). A node-shed is a Euclidean allocated area contributing water flows to a
node in the finite element mesh. The conceptual model design takes a single node-shed and
attempts to capture relevant characteristics of the Northern Guam Lens Aquifer (NGLA). The
node-shed is made up of sub-polygons called zones that identify the zone number, node-shed
number, soil type, rain gage, pan evaporation gage, area of the zone, and area of the zone’s node-
shed. The soil moisture (SM) balance accounting through each zone’s soil layer is based on the
Streamflow Synthesis and Reservoir Regulation (SSARR) model. This model includes the
explanation of the streamflow synthesis model to determine recharge. The model is separated
into two stages; the water accounted for in the soil, and the water traveling through the bedrock.
The soil layer moisture allocated between recharge and SM, and between SM and
evapotranspiration (ET) is interpolated through a SM relation split curve. The recharge to a
node-shed is calculated using an area weighted average (AWA) recharge of all the zones in the
node-shed. Stage 2 splits the results of Stage 1, to percent of AWA recharge that moves into fast
and slow flows through the bedrock to the water table. The fast and slow flow moisture
quantities are then routed using a transfer function to simulate the time lagged and attenuated
flows of recharge. Finally, the conceptual model is applied to calculate all the node-sheds in the
finite element mesh domain on a daily transient time step. Some basic and special design
concepts of the node-shed top surface are discussed and considered to account for autogenic and
allogenic recharge that is important for connecting the AQUA CHARGE recharge model to meet
the modeler’s finite element mesh boundary conditions.

The Physical Properties of the Domain

This section describes how the physical attributes of the aquifer and hydrologic data are
incorporated into the model. With the available data, some assumptions about reality must be
made for the limitations in order to maintain a reasonable and acceptable conceptual vadose flow
model. Recognizing the complexities of the aquifer requires alternative solutions. A close
examination of the domain’s physical properties and the understanding of its waterflow
mechanism have guided the assembly and development of a virtual model computer program for
synthesizing recharge.

The Domain

The model domain started with Jocson’s two-dimensional (2-D) triangular finite element
mesh over the Finegayan and Yigo-Tumon sub-basins designed with the ARGUS® ONE (Open
Numerical Environment) program (Jocson et al., 2002; Figure 3). Contractor et al. (1999) used
the same domain boundaries with increased node and element resolution for the purpose of
improving results. They had completed a program called VADOSWIG (SWIG2D and
UNSATID model combination, Chapter 1) that combined the hydraulic modeling of the
limestone bedrock’s unsaturated and saturated portion of the aquifer. One-dimensional
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vertically-positioned node and element lines were placed on top of the 2-D phreatic mesh posted
as high as the nearest surface contour. As mentioned earlier, the objective for this thesis was to
develop a hydrologic program to model the soil layer’s effect on recharge and ET. AQUA
CHARGE calculates monthly recharge for each element in the Jocson/Contractor mesh.

The coding of a new groundwater (GW) model requires that recharge flux be input at the
junctions or node points in the finite element mesh. The areas contributing to each node point
were determined using a Geographic Information System (GIS) technique called Euclidian
allocation (ESRI, 2007) which is similar to the Thiessen Polygon (Linsley, 1982) technique used
in traditional hydrology investigations. Euclidean Allocation identifies the cells to be allocated
to a source based on closest proximity. The Euclidian allocation technique assigns the areas
closest to a node.. The AQUA CHARGE program uses the Euclidian allocated polygons
assigned to each node to calculate recharge. The use of available software tools along with GIS
projection selection (Universal Transverse Mercatum, UTM, World Geographic System 1984,
WGS 84, Zone 55 North) and new basement volcanic map (Vann, unpublished) led to the
development of new model boundary construction as shown in Figures 4 and 5. The finite
element mesh in Figure 4 is a linear quadrilateral design having four nodes and element lines
around each element area. The numbering of the nodes was specifically configured to produce
the smallest maximum semi-bandwidth (SBW) value (for the entire mesh) used in the matrix
compilation, speeding up processing, and the node-sheds are numbered the same as the node they
bound (Istok, 1989).

+

Recharge to
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Coastal boundary \i"—'—‘} B"";‘*TE”
pecified head) VA VL hydrologic divide
\\ ATAVAN * ¢ \
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—-__
Figure 3. Contractor and Jocson’s mesh domain of the Finegayan and Yigo-Tumon Trough.
SWIG2D code required the recharge to flux into the mesh elements.
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Barfigada Hill )
Shoreline (Courtesy of USGS)
Volcanic basement contours (Vann, unpublished)
/ Finite element mesh design (Habana)

L

Figure 4. The new linear quadrilateral finite element mesh. Designed using GIS of the Yigo-
Tumon Trough with two observation wells M-10a and M-11 marked in red points.
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Figure 5. Node-shed and mesh aligned. Each colored areas around a node are defined as a
node-shed. The nodes are numbered to produce the smallest maximum semi-bandwidth, and the
node-sheds are numbered the same as the node it bounds.
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The Hvdrologic Cvcle of the NGLA

The Northern Guam Lens Aquifer (NGLA) is typical of island karst aquifers (Mylroie
and Carew, 1995). A major part of accurately estimating recharge is following and nderstanding
the relevant hydrologic mechanism and incorporating them into the conceptual model. The
hydrologic cycle over the NGLA begins the overall concept and study for designing and
understanding the model. The NGLA'’s high hydraulic conductivity results in short distance
runoffs. The brief and short runoff is due to the thin to no soil layer and high permeable
limestone bedrock. Once rain water infiltrates the soil surface, SM has two paths; some portion
continues flowing down through the limestone bedrock as recharge, some is returned to the
atmosphere through vegetation as transpiration, and un-infiltrated moisture evaporates. The
water moving past the soil layer travels through the vadose zone and makes its way through
about 200 — 500 ft (60-150m; Contractor, 1999) of limestone. When the water reaches the
saturated zone, or phreatic zone, it then moves horizontally or into the lens, and then eventually
discharges along the coast line.

The Surface Environment and Soils

The surface environment is complex and affects the infiltration of rainfall. Figure 6
shows a DIGITAL GLOBE® QuickBird Satellite Image of Northern Guam (2006) sub-
watershed boundary (red line) and the water lens toe boundary (blue line). The picture shows
high urban development with the greatest concentration of human population of the entire island
living above this main water source. The urban development today continues to increase, and
the entire natural landscape has changed, increasing the urban complex soil area. Some of these
developments are impervious structures that intercept and divert rainfall to a storm drain system
or ponding basins, or surface depression.

Courtesy of DIGITAL GLOBE®
QuickBird, Satellite Image (2006) PR &7
= s frat

Vo

4 Miles
|

Figure 6. Satellite image of the surface environment It is the most developed area having
impervious surfaces (buildings, parking lots, etc.) that continue to increase yearly within and
around the red boundary. Other obstructions or hindrances to direct infiltration are the
vegetation canopies and surface slopes.

23



Vadose Flow Synthesis for the Northern Guam Lens Aquifer
Vadose Flow Synthesis Conceptual Model

Soil layers vary in depth. Soil pipes can have strong local affects on soil field capacity
(FC), and thus can vary the SM vs. recharge/ET relationship throughout the domain. The
island’s growing urban development through the 1980s to present time had removed soil layers,
exposed the limestone bedrock, and replaced natural soils and vegetation (as on golf courses and
landscaping). The soils map inventory has not been updated since the 1980s to meet those
changes (see Figure 7). The soils have a variety of vegetation covers, including urban
vegetation, forest on elevated limestone, pastures, savannah complex, coconut plantations, and
ravine forest (Mueller-Dombois and Fosberg, 1998). The study area has varied vegetation types
that transpirate differently. The vegetation as a canopy cover varies as well, affecting spatially
direct infiltration due to interception. Jocson, for the estimation of recharge for his model,
assumed rainfall measuring less than 0.6 cm (0.24 inches) was lost through interception and
evaporation (Jocson et al., 2002).

A digital vegetation map was still in development at the time of the construction of the
AQUA CHARGE program and thus is not included in this model. Now ET is based on the soil
properties for the type of soil laid out in the soils map (Habana, 2008, APPENDIX D).

A’,t bt - el | » \ LA < ‘w
Figure 7. Soil map over the satellite image. New development show outdated areas. Urban
development has increased the urban complex soil type area.

The Bedrock Media

The NGLA is probably one of the most uniquely complex aquifers in the world. This
complexity poses a real challenge to accurately modeling the system. A special hydrologic
approach applying a streamflow synthesis technique was used to deal with many of the
problems. The development of a computer program to apply this technique is discussed next
after examining the physical complexities of the aquifer.
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The terrain features are typical of island karst aquifers, in which sink holes, fissures,
conduits, and fractures can redirect vertical percolation. The NGLA occupies a thick, 200 to 500
feet amsl (above mean sea level) (60-150m), uplifted carbonate island karst aquifer plateau.
Recharge to the lens arrives in different quantities at different times because it travels the vadose
zones large vertical distance through different pathways: connective pores, fractures, and shafts
to get to the lens. Karst aquifers in general exhibit triple porosity, having matrix, fractures, and
conduits (Worthington, 2003). The fractures and conduits are large openings in the limestone
that allow water to infiltrate the bedrock easily. Waters flowing through these openings move
quickly through the vadose zone. A large volume of water may thus accumulate at a surface
depression and find a rapid path of flow downward during heavy storms. The matrix porosity is
generally composed of granulated or spongiform rock that is still permeable enough for water to
weave its way around small rock particles and through tiny, even microscopic, connective pores.
Recharge percolates slowly through the matrix of the vadose zone. The limestone rock can thus
store some percolating water and slowly release it into the lens. Water moving through these
different pathways thus reaches the saturated zone at different times and in different amounts
across the phreatic interface. The triple porosity of the vadose zone is impossible to capture in
fine resolution, so models must assume representative composite properties.

Autogenic and allogenic are two types of recharge found in the aquifer. The autogenic
recharge is the vertical flow of water through the aquifer’s vadose zone. This is the case when
no impervious material exists beneath the point of infiltration vertically through the vadose zone
down to the lens. Allogenic recharge is found where the sloping impervious volcanic basement
is in contact with the unsaturated limestone and has large voids between the contact surfaces of
the two materials. This allogenic recharge occurs around Mount Santa Rosa and probably also in
Mataguac and the flanks of Barrigada Hills. Mass amounts of water are known to travel through
the voids between these two surfaces and bring large volumes of flux into the lens toe. This
feature is important to consider in the boundary conditions at the lens toes in the mesh and node-
shed domain design since their flows are recognized as significant in rate and volume.

The geologic map of Guam (Tracey et al. 1964) reveals two limestone components of the
aquifer, Mariana Limestone and Barrigada Limestone (Figure 8). The younger Mariana
Limestone lies on top of the Barrigada Limestone. Most of the lens water lies in the Barrigada
Limestone. The Mariana Limestone is detrital with large voids while the older Barrigada
Limestone is mostly granular and facilitates matrix flows. In some cases, the points of contact
amid two different rock materials have large voids between the two. If not accounted for, these
voids could be a significant flow path that can cause problems in accurate modeling. The
difficulty in modeling these two in the same domain are their contact points in the aquifer and
the transition of extreme spatial variation of porosity, specific storage, and hydraulic
conductivity. This complicates the decision of assigning hydraulic conductivity and specific
storage values to the nodes in the hydraulic model. Nodes should be positioned where the two
rocks meet (Istok, 1989), but at mean sea level (msl) in the aquifer, we do not have spatial data
of where they meet.

Sea level changes may have also affected the vadose zone. Relict flank margin caves are
visible evidence of former sea-level highstands seen throughout the limestone plateau sides. It is
at the water table where the limestone dissolution process is highly active (Moore and Sullivan,
1997). This means that during a time when the water table was high above its current position,
caves were formed at the interfaces of former lens position. Water traveling downward may thus
be redirected horizontally when it intercepts zones of high lateral conductivity.
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Limestone Bedrock

Barrigada Limestone (Tbl)
Mariana Limestone Detrital Facies (Qtmd)

Figure 8. Barrigada and Mariana Limestones, bedrock. They are the major bedrock materials of
the aquifer. The Barrigada Limestone is granular having matrix porosity where most of the
water lens resides. The Marianas Limestone is detrital and has greater porosity.

The Conceptual Model Components

The conceptual model was designed to account for movement of moisture in and out of a
Euclidean allocated node-shed. The model for a single node-shed calculates the recharge for that
node in the GW hydraulic model. This section explains the modeling design approach in
synthesizing recharge through a single node-shed and then later throughout the domain. To start,
a virtual 3-Dimensional model (Figure 9) with the cross section of the domain reveals the geo
material components in the study area. This virtual model shows the placement of the finite
element mesh design at mean sea level. The vadose zone is composed mostly of limestone
bedrock, and the plateau surface shows surface hydrologic polygons. Figure 10 shows the
surface detail of a node-shed piece of the virtual model. The surface satellite image is in scale,
while the bedrock is exaggerated for visual emphasis. The light blue layer is the freshwater
phreatic component, and beneath bottom of the lens is the salt water portion. From this node-
shed piece, the conceptual model design for AQUA CHARGE begins to take form as a vertical
column of surface and sub-surface material that will sit over a node cell in the finite element
mesh. The conceptual model was then constructed from available GIS data in attempt to capture
all of reality’s physically important hydrologic attributes.
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Figure 9. A Virtual 3D model of the domain. This domain has the surface hydrologic polygons, two limestone materials, finite
element mesh at the water table, and the extension of hydrologic surface polygons to account for the allogenic recharge seen at Mt.
Santa Rosa.
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Figure 10. Node-shed vadose column of node 59 and Observation Well M-11. This piece was used to build the conceptual model.
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Node-Shed and Zones Design

The spatial attributes requires the combination of layers unionized (combined) via GIS.
The details to GIS tool Union are explained in Chapter 4. Since this project aimed to improve
hydraulic modeling for the NGLA, the layers associated with this model were developed around
the boundary of the finite element mesh of Jocson’s project during the early phase. The addition
of finite element code into AQUA CHARGE led to the reconstruction of the finite element mesh
using GIS. As mentioned earlier, the new code moved the concentration recharge shed from the
element to the nodes. Another addition was boundary flux shed design extending the area of
influence beyond the lens toe. This takes into consideration the recharge that flows over the
impermeable rock and flux as allogenic recharge to the lens toe shown in Figure 11.

profile line

PLAN VIEW

LIMESTONE

VADOSE PROFILE SKETCH

WATER TABLE VOLCANIC
LENS BASEMENT

LENS TOE
Figure 11. Allogenic recharge node-shed and boundary flux setup. The node-shed is edited
from the lens’ toe to reach the elevated volcanic ridge and perpendicular to the volcanic
contours.

The layers unionized in the GIS are polygons for rainfall and pan evaporation Thiessen
polygons, soils, and Euclidean allocated nodes. The Euclidean allocated nodes are referred to as
cells in finite element terminology. The node-shed is made up of the AQUA CHARGE
conceptual model of vertical columns that sits on top of these cells that feeds recharge to the
nodes. The final unionization of the spatial data (Figure 12) and the details to the hydrologic
construction of the spatial data are explained in Chapter 4.
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Figure 12. Surface area node-sheds with sub-node-shed polygons called zones.

Inside a node shed may be composed of smaller polygons of sub-watersheds called zones
(see Figure 13). These zones have a unique attribute assignment of Node-Shed ID (Number),
Zone ID, Node-Shed Area, Zone Area, Rain Gage ID, Pan Evaporation Gage ID, and Soil Type
ID.

RAIN ID: 4156
PAN ID: 4229
SOIL ID: 28, GUAM URBAN LAND COMPLEX
ZONE ID: 295

ZONE AREA: 1546989.29952 SQ M.

SHED ID: 20

SHED AREA: 1970492.3703 SQ. M.

UNIQUE ZONE PROPERTY

Figure 13. Node-shed zone’s unique polygon attributes.
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The unionized layer of node-sheds has a database file that can be extracted from the GIS
file collection. This file is referred to as a polygon attribute table (PAT) file. The AQUA
CHARGE program uses the PAT file to apply the water balance and routing equations with
reference to all the attributes associated within the zone and node-sheds as it sweeps the study
area on a daily basis.

Stages of the Conceptual Model

The AQUA CHARGE conceptual model has two stages. The first stage is water
accounting in the soil layer and the second stage is the water transfer past the soil layer through
the unsaturated bedrock. The conceptual model with details to the stages is shown in Figure 14.

Stage 1 is separated into two sub-stages, 1-a zone recharge and 1-b AWA recharge. The
best data available for the surface is the soils map (Habana, 2008, APPENDIX D). The
buildings and impervious areas are not specifically included. Instead they are assigned to the soil
type urban complex. Each soil type in a zone has a certain thickness, which in this conceptual
model can be described as the soil’s FC. The node-shed assumes all the rainfall for a single day
goes into SM and that no surface runoffs occur. The model also shows each zone producing
different amounts of recharge for a day’s infiltration as a result of differing soil properties. The
soils properties will also handle the amount of moisture that will go into ET. Then, Stage 1-b, all
the zone recharge for the day, in a node-shed is area weighted average recharge past the soil
layer.

In Stage 2, the AWA amount of moisture was assumed to travel down vertically through
200 to 500 feet of limestone bedrock. As it travels down, it may take days to deliver portions of
the recharge water that was estimated from the AWA recharge in Stage 1-b to the aquifer. As
mentioned earlier, the limestone bedrock is complex, and spatially it can greatly vary in porosity
and hydraulic conductivity. Currently, there is no really good and accurate data on the spatial
variations of the hydraulic conductivities, porosities, and thickness of the vadose layer for every
place in the domain where changes may be significant. These variations of vadose flow were
accounted for by using a modified pulse routing technique that applies the concept of cascading
reservoirs (USACE, 1987). This method disregards the thickness of the vadose zone in the
calculation and uses a time in reservoir storage and numbers of reservoirs in a series to produce
the attenuated and lag time recharge simulation.
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Rain Input

Stage 1-a and 1-b:
Zone Recharge and
AWVWA Recharge

Day 4
Stage 2: Routed recharge,
Day 3 lagged and attenuated flow
from a single day of rain input

Day 2

Day 1 _/

Figure 14. The two stages of the conceptual model. The first stage shows zone recharge for the
sub-polygons in the node-shed and then the AWA of all the zone recharge. In stage two, the
AWA for the node-shed is routed to produce the attenuation and lag time arrival of water to the
water table.

Streamflow Svnthesis Basis

The idea of applying streamflow synthesis method to estimate recharge was realized
through the shape of the curves seen in the observation well data. Heitz and Contractor, who in
their careers studied and observed many streams and reservoirs throughout the Northwest and
other regions of the United States, recognized that the shapes of the observation wells were
similar to charted streamflow measurements. Contractor, using UNSATID modeled the
recharge having the shape of a skewed bell curve; rising quickly and decreasing with a tail (see
Figure 15). Typhoon Omar, in 1982 (Figure 16) is a classic representation of the resemblance
that show the well level response at M-11 to rainfall events were similar to streamflow levels
response to rainfall. This led to the realization that the well levels underground are behaving just
like stream levels on the surface which meant the practicability of applying streamflow synthesis
to the NGLA (Contractor, 1999; Heitz, personal communication). Figure 17 shows an actual
streamflow hydrograph produced with streamflow synthesis methods that qualified to represent
how recharge might arrive to the lens in the same flow quantity distribution through time from a
pulse of rainfall.
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Contractor & Jenson
WERI Technical Report 890
November I, 1999
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Figure 15. Contractor’s UNSAT1D vadose model recharge.
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OBSERVED AND SIMULATED RESULTS
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Figure 16. Observation wells data resembles surface hydrology behavior. Above, observation wells M-10a (dark blue) and M-11
(light blue) responding to approximately 12 to 18 inches of rainfall during Typhoon Omar (Lander, personal communication).
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COMPUTED VS OBSERVED OUTFLOWS
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Figure 17. Hydrograph of streamflow synthesis. The attenuated and lag time arrival of streamflow could possibly be similar to the
delivery of recharge to the lens. This hydrograph has three flow routes; surface, subsurface, and baseflow.
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A graphical illustration reveals the applicability of streamflow synthesis to the NGLA.
Figure 18 shows Dworshak Reservoir, Idaho with a number of streams feeding into it. Figure 19
is an example of four watersheds with tributaries connecting into a reservoir. Each watershed
may be modeled using SSARR to predict the flow into the reservoir. Figure 20 is the schematic
profile of the NGLA showing vertical columns of node-sheds with vertical flow channels as
matrix, faults, and conduits. Water moving down through the vadose zone of the NGLA was
treated like vertical streams and sub-surface flow feeding the lens in the same fashion as streams
in a river system runoff into a reservoir.

B46:30:52" XX - g|100%-.. : TR '
Flgure 18. SSARR was used to model the streamflows in Dworshak Idaho (Heltz personal
communication). These stream tributaries were modeled using SSARR to predict the water flow
into the reservoir.
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Reservoir

Figure 19. Conceptual model of watersheds feeding into a lake. Four delineated watersheds
with tributaries feeding into a reservoir.

Figure 20. Conceptual model of node-shed tributary columns feeding the lens. The columns
extend down to the lens surface and sits on top of node cells treated as having vertical flow
channels that contribute to fast flow (conduits and faults) like surface runoff and slow flow
(matrix) similar to sub-surface runoff.

An existing streamflow synthesis program called SSARR is the basis for developing
AQUA CHARGE. SSARR was developed by the US Army Corps of Engineers and the program
has been applied to predict streamflow throughout the Columbia River system and other rivers
and reservoir systems in the Northwestern parts of the United States as well as in Vietnam and
other places in the world (Heitz, personal communication). In this project, the basis of SSARR’s
computer program is extracted and used to account for soil and bedrock media flow.
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SSARR to AQUA CHARGE Flow Diagram

The programming logical flow diagram model that shows how SSARR operates is shown
in Figure 21. This model is called the Depletion-Curve Watershed Model and was designed to
account for snow precipitation as well as rainfall. The portion of the model that is applied to this
project is boxed in red since precipitation data for Guam is currently rainfall.
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Figure 21. The SSARR User Manual and Depletion-Curve Watershed Model.

A split junction called the Soil Moisture Index (SMI) shows some of the moisture input
moving into runoff and some remaining as SM. The SM is then further reduced through ET.
The runoff is split between baseflow and direct runoff. The baseflow is routed to reach the
streamflow and the direct runoff is split to surface and sub-surface (S-SS) flow. Then, the S-SS
components are routed to account for the effect of channel storage and time of travel as the water
travels to the main streamflow.

The AQUA CHARGE prelude built in 1998-99 began with a portion of the flow diagram
from SSARR converted to calculate recharge instead of surface runoff. This portion of the flow
diagram calculates the daily net recharge quantity that passes the soil layer. Figure 22 shows

38



Vadose Flow Synthesis for the Northern Guam Lens Aquifer
Vadose Flow Synthesis Conceptual Model

rainfall input absorbed into a zone with a specific soil type as SM input. This model assumes
that all of the rainfall goes into SM disregarding surface runoff. The SM is further reduced with
an ET effect to account for the return of moisture back to the atmosphere.

STAGE 1-a

MOISTURE
QUTPUT

PAN
EVAPORATION

SOIL SURFACE

SOIL
MOISTURE/ET
SPLIT

MOISTURE
INPUT

SOIL

MOISTURE/

RECHARGE
SPLIT

SOIL
MOISTURE

LIMESTONE BEDROCK

RECHARGE \

Figure 22. Stage 1-a, the SM model for zone recharge.

In figure 22, the SM model is converted into a moisture balance equation and considers
time in the accounting of the moisture change. The equation applied is the mass continuity
equation which is simply an input minus output equals change in storage balance equation. The
SM model, equation E1, considering “# as a given day of evaluation, i.e. today, is

SM,=SM,_, +P(1-R%,_,))— PAN,(ET%,,) (ED)
where

SM, is soil moisture for today,

SM,_, is soil moisture from previous day,

P is measured rain precipitation for today,

R%,, ,, 1s the percent factor of precipitation that is accounted for recharge dependent on previous day's
soil moisture,

PAN, is the measured pan evaporation value for today,

ET%,,, is the percent factor of PAN reduced from the soil moisture dependent the remaining soil moisture.
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The R% and ET% are percent splitters that are obtained from SM split curves and a linear
interpolation sub-routine. The R% splits the percent of precipitation as moisture input that goes
into recharge and the ET% is the percent of pan evaporation value that is reduced from the left
over SM. Both percent splitters are dependent on a SM calculation. The split curve component
is discussed next.

Soil Moisture Split Curves

The soil media properties affect the way soil moisture (SM) quantity is proportioned
between recharge and ET as well as remaining as SM. A relationship curve for splitting
recharge/ET vs. SM is shown in Figure 23. SSARR, again, also uses this curve method for
splitting SM between runoff and ET for a streamflow model. In this case, the x-axis is set from
the plant available water (PAW) determined from the available water content (AWC) and soil
depth that is obtained from the Soil Survey of Territory of Guam, 1988, in a physical properties
table. The value in inches, 0 inches set as wilting point (WP) and the PAW value as the FC. The
hydrologic process percent yield is for either recharge or ET, depending on SM or % of soil field
capacity (FC), where a curve is set specifically for each. With the FC determined for each soil
type, hydrologic process percent yield is dependent on the percent of or inches of FC for which
the curve is shaped. A linear interpolation function sub-routine code handles this determination
(Habana, 2008, APPENDIX C).

SPLITTER CURVE

100

HYDROLOGIC PROCESS
PERCENT YIELD

0% 100%
WP PAW FC

0 in. > MAX AWC in.

SOIL MEDIA PROPERTIES

Figure 23. The soil moisture splitter curve concept.

40



Vadose Flow Synthesis for the Northern Guam Lens Aquifer
Vadose Flow Synthesis Conceptual Model

The FC is determined from a simple summation formula and average values of soil depth
and AWC listed in the physical properties table in the soil survey. The summation equation E2
used to determine FC for each soil type in the domain is

FC~) D xAWC,, (E2)
i=1
where

D; is the depth of i-th soil
AWC; 1s the available water content of the i-th soil.

The soil’s depth for every layer is an average of its difference range and the AWC is the average
of just the range. See Habana, 2008, APPENDIX D, for the soil’s physical properties data and
the calculated FC for each soil in the domain. An example of soils with more than one layer is
shown in Figure 24.

Dy AWC,
D2 AWC:
Ds AWC:

Figur 24. Soils with multiple layers used to compute FC.

The SM split curves determines the percent portion that moves into recharge from the SM
and the portion that goes back to the atmosphere as ET. The curves apply when the available
SM are less than or equal to the FC.

This is an example of a day’s event of soil moisture, recharge, and ET process in the
Stage 1-a of the SM model. Figure 25 shows the soil chart’s role for the curve set relationship of
the recharge/SM split when moisture input is less than or equal to FC. Let a soil zone have a FC
equal to 1 inch. And previous day’s SM (SM.}) equals 0.2 in, and rainfall measured 0.5 in, the
sum of rainfall and SMy,, is the starting SM (SSM) which is 0.7 in. The percent amount of
rainfall that will go into recharge is solved by equation E3, which is a portion of the soil moisture
equation E1.

R, =P(R%. 1) (E3)
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Interpolating R% from the chart is dependent on SM;.;, which is 20% of FC, resulting in 55%
(0.55 as a decimal percent). The amount that goes into recharge is rain times R% (0.5 in x 0.55),
which is 0.275 in. Reduce the SSM with the recharge (0.7 in — 0.275 in), which is 0.425 in and
we will now refer to the value as the recharge reduced soil moisture (RRSM). The remaining
RRSM will be the soil moisture dependent value for the interpolation of ET%. For the soil’s FC
at lin, 0.425 in is 42.5% of the FC. The RRSM can now be further reduced by the ET reduction
portion of the SM equation. Looking at the ET Effectiveness chart displayed in Figure 26,
42.5% of FC yields ET% of 93%. If the pan evaporation value was 0.2 in, and using equation E4
to solve for ET (093 x 0.2 in), which means 0.186 in of the RRSM will go into
evapotranspiration.

ET, = PAN,(ET%,,) (E4)

The final soil moisture for the day is now solved by equation E5 (0.425 in — 0.186), which is
0.239 in. That SM will be used in the next day’s computation as SM;.

SM, = RRSM —ET, (ES)
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Figure 25. Soil moisture vs. recharge split flow diagram. The SM remaining in the split is
further reduced with ET effect process.
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Figure 26. Soil moisture vs. ET split flow diagram. The remaining SM is the SM calculated for
the day.

The SM equation and the flow diagrams must consider special conditions with respect to
the soils FC characteristics. The soil’s FC is the maximum amount of moisture the soil can hold,
if ever it is supersaturated, the excess is assumed to go into recharge and none to surface runoff
in this model. The SM equation can be separated associatively, so to separate the recharge
conditions on the SM from the ET condition, and so, the order of calculation may follow the
programming flow diagrams as well. So, for the day, the soil gets moisture which is the previous
day’s moisture or initial set SM and the rain for the day as starting soil moisture (SSM). If the
SSM is greater than the soils FC, then recharge is SSM minus FC and the recharge reduced soil
moisture (RRSM) is set equal to the FC. This is to say that the soil exceeded FC, and the excess
has gone to recharge leaving the soil saturated. If the SSM is less than the FC, then the linear
interpolator for the SM curve for recharge uses the SM from the previous day to determine the
percent of the rainfall that will go into recharge. In either case, the RRSM will not exceed FC
considering the “If” conditions. Now, for the ET portion, with the RRSM less than or equal to
FC, the ET needs to be determined. The RRSM is used as the SM dependent value for the SM
ET effectiveness chart interpolation for ET percent. Then the ET percent times the pan
evaporation for the day is the ET. So the conditions follow that if the RRSM is less than ET,
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then ET is set equal to the RRSM since all that can be evapotranspirated is the available SM.
The final SM equals RRSM minus ET. In the end, the final SM will be positive and will be used
in the next day as the previous day’s SM. For each zone and day this numerical code solves the
Stage 1-a of the conceptual model. The APPENDIX, shows the generalized Visual Basic (VB)
code to model the Stage 1-a, zone recharge, of the soil moisture model.

As an objective of this research, a relationship curve model is applied to produce the
splitting effect of recharge and ET from SM. For ET, the relationship between SM and potential

ET is taken from studies of three models. ET vs. SM models (Figure 27) show three
different curve shape relationships of Thornthwaite, Pierce, and Viemeyer models (Ward and
Trimble, 2004). The PAW is the soil’s moisture FC minus the wilting point.

Although there is no particular study model of SM relationship for recharge, a similar
method as in ET is used for splitting recharge and SM. This is where adjustments are made
finding the right relationship curve that works to produce recharge. A few scenarios are
examined, using a direct linear relationship and then to a somewhat curved relationship. In
either case, linear or curved, each one is examined with the three ET models until a close
simulation is produced. This is the first variability control portion for calibration. Figure 28
shows the three soil model curve relationship that satisfies our objective for exploring the effects
of soil properties on ET and eventual GW recharge. The details to the results are on Chapter 7.

100

ET %

vHYDRosc;o|:~|(3 ] OO% 100% PERCOLATI(;N
WP <« PAW >» FC
0 in. > MAXAWC in.

SOIL MOISTURE
Figure 27. ET SM models to examine ET effectiveness (Ward, et al, 2004).
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Figure 28. Three soil model conditions, project objective investigation.

The soil media in the study area plays an important role in determining recharge and ET
as it was the crux of this research project in the starting phase. The need to compare the results
with observation well records and improved knowledge of hydrology had widened the focus and
expanded the capabilities of AQUA CHARGE. Next, we will discuss how the lag and attenuated
arrival of recharge is computed in Stage 2 of the conceptual model.
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Area Weighted Average Recharge

The area weighted average (AWA) recharge is calculated in Stage 1-b of the node-shed
recharge conceptual model. The area of each zone in the node-shed and the area of the node-
shed were determined through the GIS calculator in the attributes table. The recharge results for
each zone were used to calculate the AWA recharge (see Figure 29).

Figure 29. Node-shed zone areas and recharge to zones for computing AWA recharge.

The formula for determining AWA recharge is given in the summation equation ES:

n
R _ Z A ;X ZR ;
NODE-SHED

b
j=1 ANODE—SHED

(ES)
where

Ryope-suep 1s recharge to the node-shed,

A; 1s the area of node-shed zone j,

zR; 1s zone recharge j, of the node-shed,
and Ayope-suep 1S the area of the node-shed.

Modified Pulse Routing Technique

The final vadose flow synthesis or recharge simulation process (Stage 2) specifically
chosen for this project is a type of transfer function called modified pulse routing technique used
in the SSARR model. In routing, the daily AWA recharge value past the soil layer goes through
a hydrologic routing code to synthesize the probable attenuation and lag arrival of recharge. The
code process is similar to the routing code used in SSARR, just modified to handle an array of
node-shed AWA recharges that are fast and slow separated. The routing code receives two flow
rates determined by a fast/slow splitter curve. This user adjustable curve lets the modeler set the
percent of the daily AWA recharge that will move into the fast flow routing. The remaining
portion of the recharge will move into the slow routing process. Each routing handler, for fast or
slow, uses two input attenuation settings that give the lag time effect. “Ts” is a modeler
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assignable constant that signifies the time in storage. The number of phases (nps) is also
assignable and is the number of imaginable weirs in a series referred in SSARR as cascading
reservoirs. Imagining again that the entire node shed and the bedrock beneath as a vertical
stream explains the feasibility of streamflow routing in this model. The VB codes for the routing
process are in the APPENDIX.

First, the AWA recharge for a node-shed must be split into fast and slow amounts. A
percent fast split curve was used to handle this and it is designed similar to the SM splitters for
recharge and ET (See Figure 30). The fast flow percent splitter determines the percent of the
AWA recharge for the day that goes into fast routing and the remainder goes into the slow
routing. The curve uses a bedrock capacity value in inches and the percent of that value is the
previous day’s recharge plus the AWA recharge minus the sum of the fast and slow routed
recharge. The routers both fast and slow flow uses the preset Ty and number of phases into the
routing calculation and the output of the two are added to get the final synthesized recharge.

— Area Weighted
Average Recharge

i
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Figure 30. Stage 2, router flow diagram.
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The routing equation is an algebraically manipulated function of the change in storage
equation. The mean input minus the mean output equals the change in storage. The output for
reservoir 2 can be expressed as (next page)

0,=0,+(I-0,)tx (E6)

T, +—
)

where

O, is Output at reservoir 1,
O, is Output at reservoir 2,

I is the mean input, (% ),
t is the time increment (24 hrs.),

T is the time in storage.

This equation can be seen working in a cascading reservoir setup shown in Figure 31. Whether
fast or slow, each goes through the same router algorithm to get the synthesized recharge to lens
flow quantity arrival in daily time steps. The input for the first reservoir is an AWA recharge,

either fast or slow. The output of reservoir 1 is shown in the figure as O] which will be used in

the equation /} as input to the second reservoir. The output of reservoir 2 is equation E6 above.

The router was coded to handle multiple number of cascading weir phases depending on the
modeler’s need to increase or decrease the lag time for each fast or slow flows. An increase in Ty
results in a wider bell curve shape output referred to as the attenuation. The router can distribute
a day’s worth of fast flow or slow flow over several days, having an appearance of a Gaussian
distribution curve, as it arrives down to the water table.

t

C = —
(T.+ t/2)

t
T R 0,=05"+(1}- 04h)cC

It = (0;*'0;1)
~N 2

Figure 31. Cascading reservoirs, routing model, producing flow lag time and attenuation. The
"Is" and "Os" are inputs and outputs with respect to the reservoir numbers it accounts for. The
superscript t is a day’s time period while T; is the time in storage. Increasing the number of
reservoirs increases time delay while increasing T spreads out the discrete amounts of recharge
pulse input. The t in the variable C is set to 24 hrs.
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A chart is generated for visual evaluation of the probable shape of the synthesized
recharge. A special chart called AQUA CHART was designed in Excel to allow the modeler to
scan through the entire data and analyze the output using the Well Guide technique (Chapter 5)
before putting it through the hydraulic model. Figure 32 shows the recharge synthesis displayed
in AQUA CHART.
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Figure 32. Recharge synthes1s sample in AQUA CHART (red curve). This is a sample recharge synthesis at Observation Well M-11
receiving Dededo (DED) gage rainfall.
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The final synthesized recharge for the day is the sum of the fast and slow routed recharge.
The synthesized recharge output (inches, converted to meters) is multiplied by the node shed
area (square meters) and converted to get the recharge volume (cubic meters) as flux for all the
nodes in daily time step. This output is a text file that can be used in a GW modeling program.

The Vadose Flow Synthesis Conceptual Model of AQUA CHARGE

A computer program can account for only so much of the complexities of the real world,
but a general and simplified conceptual model can be developed to guide the computer modeling
process. Figure 33 shows the Vadose Flow Synthesis Conceptual Model for a single node-shed.
Notice that Stage 2 is made of two funnels that collect moisture into two tubes to represent the
fast (bigger tube) and slow (thinner tube) flow. The tubes have bulbs that represent the water
time in storage reservoir and the number of bulbs represents the number of phases to produce the
attenuation and the lag time respectively. The routing alternative approach has its advantage of
disregarding the complexities of the vadose zone that may be near impossible to account for
accurately concerning distance from the surface to phreatic zone and the hydraulic conductivities
and triple porosity spatial variations. This method focuses on the time delivery portions of water
to the lens. This satisfies our objective to improve the existing AQUA CHARGE program that
can now transfer volumes of water with realistic results.

The next step is to use this synthesized recharge into a hydraulic model to simulate the
hydraulic heads at each node. An aerial 2-D saturated transient finite element model code was
designed specifically for this and is discussed in the next chapter.

Figure 33. The Vadose Flow Synthesis Conceptual Model.
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Synthesizing recharge has its difficulties as it requires sampling, adjusting, and setting of
many parameters. The recharge results are then applied to a hydraulic model or groundwater
(GW) model to match historical data. The varied complexity of nature found in the Northern
Guam Lens Aquifer (NGLA), both spatially and geologically, makes every detail difficult to
nearly impossible to account for, even with a powerful desktop computer. Whether the synthesis
represents the actual recharge is not known because there is no comparable field measurement of
the recharge to the lens at any place in the study domain. At the same time, there is really no
way to test the validity of the hydraulic model as well, as the two complete each other in the
modeling process. Jocson, Jenson, and Contractor, in their technical report stated that estimating
water loss from rainfall on Guam remains the central challenge in making accurate estimates of
aquifer recharge (Jocson, et al., 1999). Without accurate estimates of recharge, it is difficult to
connect any realism to the modeling simulations in determining aquifer response.

Previous studies and efforts were done in the late 1990s to model the vadose flow.
Contractor used one-dimensional vertically aligned element nodes setup attached to the elements
of a 2-dimensional (2-D), plan view, GW mesh (Contractor and Jenson, 1999). Jocson, as
mentioned earlier, computed recharge by subtracting the pan evaporation as maximum potential
ET from rainfall that fell on to his mesh elements for recharge (Jocson, 1998) The need to
produce a good recharge input for any aquifer hydraulic model led to the pursuit of the
development of a computer program that can accurately estimate recharge through the thick
vadose zone. The goal of this project, as mentioned in Chapter 2, was to develop recharge using
a method similar to that used in surface water hydrologic models.

Since there are no direct measurements of recharge for the NGLA, the recharge estimates
that were developed were applied to a hydraulic model of the study area. The resulting GW
simulations were checked against the actual well levels of observation wells M-11 and M-10a.
Of the many hydraulics modeling techniques, i.e. Finite Difference Method, Finite Element
Method (FEM), we chose Istok’s code (Istok, 1989) of the FEM for a 2-D transient, saturated-
flow model coded for a rectangular mesh. The FEM for a 2-D transient code receives the
synthesized recharge into the nodes and mathematically computes the ground water levels
(hydraulic heads). The hydraulic heads are simulated and extracted for the observed sites and
compared with actual measurements to verify the calibration of the synthesized recharge just as
Jocson and Contractor did with their results.

This Chapter will describe the development of the Finite Element Code to help determine
the quality of the recharge simulation. It will look into previous works that employed recharge
and vadose flow simulations. Then, we will look at the equations Istok used to construct the
FEM for transient saturated flow. We will also explain the setting of the boundary conditions for
the model. For the finite element programming, a logical program flow diagram will elucidate
the algorithms and the connectivity of the subroutines. The actual code used was not included in
the APPENDIX, but the program flow diagram describes each subroutine process and can be
found in Istok’s book coded in FORTRAN (Istok, 1989). Last, this chapter will also touch on the
methods for calibrating the simulation results with observation data.
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Developing the Finite Element Code

Of the available literature on FEM, we chose to use the technique and code found in
Jonathan Istok’s book titled Groundwater Modeling by the Finite Element Method. Our goal
was to develop a 2-D daily transient, saturated GW-flow, FEM modeling program that can
receive the daily simulated recharge output from the AQUA CHARGE model. Contractor and
Srivastava’s codes and software (SWIG2D, VADOSWIG, SINK, SCE-UA Method; Contractor
and Jenson, 1999) specifically designed for the NGLA were retired and unavailable for WERI’s
access, and the computer software program compatibilities has changed since 1999. The GW
modeling group at WERI was using SUTRA, but was doing steady state cross sections at the
time. Argus ONE, another program that could run finite element code, had its limitations and
again could not perform the modeling required for this project. There were no off the shelf
models ready or available to perform the required transient saturated GW modeling, therefore it
was determined that a new code would be written.

A special course on FEM for Groundwater Modeling (2007) was taught by Dr. John
Jenson and Mr. Arne Olsen at WERI. Mr. Olsen helped in the understanding of the differential
equations involved and the compiling of the code for various finite element models. This course
also investigated the finite element mathematics involved in producing the programs that were
covered in the literature described in Istok’s book. Mr. Olsen also helped in advising the
boundary conditions, providing GW modeling insight, and debugging the program. The
literature in Istok’s book included codes written in FORTRAN language that can solve multi
dimensional mesh configuration. The FORTRAN codes in his book that were for quadrilateral
mesh design, 2-D transient, and saturated GW flow, were extracted and rewritten in BASIC
language and added to AQUA CHARGE’s program and interface.

In this project, the hydraulic model is not as sophisticated as what Contractor and
Srivastava coded since it lacks the inclusion of the salt water interface and tide effect. This
hydraulic model is simple and holds steady the solved head through out the domain from the
Dupuit-Ghyben Herzberg formula (E7) for coastal aquifers (Fetter, 2001). It also uses that
solution as its initial condition, in the dark blue to light blue color gradient as hydraulic head, in
Figure 32. The GW model solves the hydraulic head response to any recharge flow to the nodes.

Dupuit-Ghyben Herzberg

he 2q9'x
GK

(E7)

Boundary Conditions

The boundary conditions are determined in the finite element mesh design over the study
area. With the details discussed in Chapter 4, the finite element mesh is configured so that it is at
sea level inside the aquifer on through the lens. Figure 34 shows the designated boundary
conditions for the no flow lines, the time variable Dirichlet boundary, and the Neumann
boundaries (Olsen, personal communication; Istok, 1989). At the toe of the lens is also a
Neumann boundary where allogenic recharge or boundary flux occurs. The flank of the volcanic
basement ridge, where it is overlain by vadose limestone has many large voids and water flows
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like a fast underground stream through these openings and into the toe of the lens. A special
node shed producing this boundary flux is designed in GIS and is also explained earlier in
Chapter 2.
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Figure 34. Hydraulic model’s boundary condition
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Finite Element Equations

For the transient 2-D saturated flow, the equation is derived from the inflow-outflow
balance equation, where:

Net rate of inflow = inflow — outflow = rate of change in storage.

The basic unit control area model of inflow ( pv ) and outflow (Taylor series approximation) as

differential equations in the x and y directions for 2-D, is substituted into the general formula
above. The solution results in the net rate of inflow formulation (ES).

0

0
oy Pvr) =5, (o) (ES)

Net rate of inflow = —i( P, ) .
0X oy

The right hand side of the equation is solved resulting in the derivation of Specific Storage (Ss)
and the equation for a 2-D Transient Saturated Flow Equation (E9) has Darcy’s Law substituted
for the velocity and the densities divide out. The details of its derivation are found in
APPENDIX II of Istok’s literature.

2-D Transient Saturated Flow Equation,
2202 2 52 &
OX ox) oy\ Yoy ot
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The Method of Weighted Residuals substitutes an interpolating function N/¢ for the weighting
function with the 2-D Transient Saturated Flow equation inserted to form the Galerkin Method
equation (E10). The equation is expanded in the form E11.

Galerkin Method,
~(e) a(e) A (e)
RO =—[[ N© Ol gt 1, 0 gedh | g0l |4y, (E10)
l oo |ox| T ox 8y oy ot
( , ~(e) ~(e) ~(e)
=—[[ N K§>a f’ K;@a f’ dxdy + [ N(E)S(e)ah dxdy  (E11)
2 0x 0%y 3 ot

Equation E10, the left integral is simplified with Integration by Parts, and the right hand side of
the equation is solved with the Lumped Element Formulation. The equations for both solutions
are converted to their Global Matrix forms and simplified to a System of Ordinary Differential
Equation (E12).

System of Ordinary Differential Equation

[C] {h}+[K] (R} = {F) E12)

global global global

Equation E12 can be solved with the Mean Value Theorem to produce the Finite Difference
Formulation for a transient, saturated-flow equation (E13).

Finite Difference Formulation for Transient, Saturated Flow Equation

([C] + wAt[K]){h}HAt = ([C] - (1 - a))At[K]){h}t + At((l - C()) {F}t + a){F}[+At ) (E13)
Equation E13 parts can be setup as [M |{X} ={B} in the following equations (E14 and E15).

[M]=[C]+wAr[K]
(X =1h,,, (E14)
(B} =([C]-(-wa[K]){h}, + At((1-0){F}, +o{F}, )

[M]{x}=1{B} (E15)
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Equation E15 can be solved using Choleski’s Method (decomposed or factored). Finally,
Backward Substitution solves for{ X} (E16).

i-1

xn+1—i = Zn+1—i - Zun+l—i,n+1—k'xn+l—k 4 [ = 1 ton . (E16)

k=1
The numerical solution and coding that employs material conductivity and capacitance
assemblage, decomposition matrix solutions, approximating equations, and solution is complex
and can be a literary entity on its own. In this thesis, we will summarize Istok’s code via its
actual programming flow diagram reconfigured to work into AQUA CHARGE’s interface
design.

Computer Program Flow Diagram

The development of the FEM code, as mentioned earlier, was extracted from Istok’s text.
As mentioned earlier, Istok’s program code can solve many forms of finite element
configuration. The entire code was dissected and the necessary pieces were put together to
complete a 2-D transient GW model. The computer programming flow diagram summarizes the
coding process (Figure 35). The mesh information and the synthesized recharge input data text
files are loaded first. The recharge data is obtained as a saved output file after the recharge
routing process in the AQUA CHARGE model. The daily simulated recharge is transferred into
an array organization. The input data is an Excel file and is configured by the modeler according
to the boundary conditions of the mesh, the node’s x-y coordinates, material properties, node
sequence around an element, and other parameters that are transferred into variables and arrays.
Each data set is defined for access by the program. A table of the input data is in APPENDIX H,
FEM Input Data called FEMData also explained in detail in Chapter 4. Finally, with the arrays
and variables prepared and set accessible as variable type’s public and global, the modeler runs
the FEM algorithm. The algorithm uses a daily time step in the computational loop. In the loop,
first the global conductance and capacitance matrix is prepared through the Assembly of the
global conductance and capacitance matrix (ASMBKC) code. The DECOMP does the

decomposition of the matrix, RHS solves the {B} portion, and SOLVE solves matrix equation

[M ]{X } :{B} for {X } as hydraulic head. The loop continues on to the next day and the

process in the loop is run again. The loop ends at the final day and the data for a specific node is
extracted into the AQUA CHART.
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Figure 35. 2-D transient, saturated flow, programming flow diagram.

Calibrating Results to Observed Data

The results were calibrated by way of history matching and curve fitting. The simulated
transient hydraulic heads at wells M-11 (Node 59) and M-10a (Node 41) are extracted from the
solution of the FEM. The solutions are charted and compared with the observed results. Next
modeling parameters were adjusted to obtain the best fit to the observed values. When an
acceptable match was made between the simulated and the observed values, the recharge
simulation was deemed successful.

In the practice and testing of both simulating recharge and the verification/calibration
process, many factors were discovered concerning modeling the NGLA. The understanding of
the hydrogeological nature of this aquifer proved to be very difficult and affected our ability to
accurately match simulated and observed hydraulic head values. This aquifer, having triple
porosity properties laid throughout its limestone media, revealed the complexity of making
accurate simulations where one node shed can produce different recharge values than the next.
The variability in the hydraulics could possibly be so significant from one node-shed to another
that more observation wells were required to approve its calibration. The observation well
results alone revealed how well M-11 has a rapid and flashy response to recharge while well
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M-10a’s response is much more sluggish. The AQUA CHART makes it possible to see this
behavior that helped us adjust the modeling parameters and percent yield curve shapes.
Although only two observation wells were used for comparison with hydraulic modeling
simulation, the real focus was producing realistic spatially different recharge for each node-shed.
The GW model hydraulic conductivities were also spatially variable for each node. In the end,
the Sum of Squared Errors (SSE) between simulation and observation wells were reduced
compared to the VADOSWIG (Contractor and Jenson, 1999). The details to the history
matching are revealed in Chapter 7
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This chapter covers the details of preparing the spatial, temporal, and output data file and
recordsource that are necessary and accessible to the AQUA CHARGE program. The spatial
data is built around a ground water modeler’s finite element mesh plan to create hydrologic
node-sheds. The Geographic Information Systems (GIS) tool Euclidean allocation builds these
node-sheds over the mesh nodes. The node-shed, soils, rain and pan evaporation Thiessen as
polygon shapefiles are combined with the GIS Union tool to produce the polygon attribute table
(PAT) database file that contains the spatial information. The temporal data, rainfall and pan
evaporation are extracted from the records stored in the National Climatic Data Center
(1995/2005) compact disk. The field capacities of the soils are solved using the physical
properties table in the Soil Survey of the Territory of Guam. Each data, whether used as input or
output files in AQUA CHARGE, require a special formatting setup and configuration in order
for the program to read or write to. This was accomplished using ESRI ® Arc Map GIS and
MICROSOFT ® Excel for data analysis, extraction, programmed solving techniques, and
creating program accessible data recordsource. The soils curve and the recharge synthesis output
were specially programmed in AQUA CHARGE as savable/loadable text files.

Spatial Data — Development of the Polygon Attribute Table (PAT)

The spatial data is prepared with GIS software where a database file (*.dbf) containing
polygon attribute table (PAT) can be extracted or exported. This database has values for each
spatial zone polygon such as rain gage, pan evaporation gage, soil id, and so on. The spatial data
is a 2-Dimensional (2-D) aerial or plan view of the study area in Northern Guam’s Yigo-Tumon
Trough sub-basin. The geographic projection used in the GIS is Universal Transverse Mercator
(UTM), World Grid System 1984 (WGS 84), zone 55 North. The coordinate system is set to
meters for all spatial development. The setup begins with the development of the finite element
mesh domain over the selected study area. Next, a node-shed is generated and is spatially
combined with the soils polygons. The areas assigned to the rainfall and pan evaporation gages
are also spatially combined with the previously combined soils and node-shed polygons. The
combination of each shape file overlay is done by a GIS tool called Union. The database table of
the 4 piece polygon shape files combination described above is copied with some minor editing
and will serve as a spatial PAT file for AQUA CHARGE’s recharge synthesis. Each of these
processes will be described in detail next.

Background Map Setup

Again, all of the data for the spatial information used in AQUA CHARGE were
developed using the ArcMap. The starting base map consisted of shape files for the Guam
shoreline (USGS), the Northern Guam volcanic basement contours (David Vann, unpublished),
and observation wells M-11 and M-10a. The observation wells were pin-point located (Jocson,
personal communication) with QuickBird®, satellite image over the domain, and identified using
point shape files. This background map (Figure 36) is used to help determine boundaries and
node placement when building the finite element mesh. The sub-basin is visually edited using
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the volcanic basements contours to delineate the boundaries as a mesh boundary and node-shed
boundary setting guide. The observation wells M-11 and M-10a are points of interest and a
finite element computational node was placed at each location. A sketch of the mesh was made
on a background map printout and was used to develop the digital mesh discussed next.

Figure 36. The background map. It consists of volcanic basement contours (light blue contour
is 0 elevation, mean sea level, contour interval is 20m), shoreline, and observation wells M-10a
and M-11. The light blue transparent area is the lens plan view area where the hydraulic model
was placed and the dotted red line is the area boundary of the node-shed extending beyond the
lens toe line for the allogenic recharge effect.

Finite Element Mesh Design

The finite element mesh is the hydraulic analysis framework for the sampling of the study
area. The finite element method code written in AQUA CHARGE works for an aerial 2-D
quadrilateral mesh network. The mesh was constructed manually in the GIS (see Figure 37).
The method and rules for developing finite element meshes are in Groundwater Modeling by the
Finite Element Method (Istok, 1989). From a paper sketch with the background and boundaries,
new shapefiles were edited with GIS for nodes (points) and elements (polygons).

Node placement was done along and within the mesh boundary. Two nodes were
specifically placed on the two selected observation wells. The nodes were placed as sketched to
form rectangles where element lines are connected. The node numbering is shown on Figure 35
and is numbered specifically to provide the smallest maximum semi-bandwidth (SBW)
numbering scheme as possible to optimize the matrix arrangement (Istok, 1989).
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Figure 37. Finite element mesh design. Quadrilateral mesh numbering configured to produce
the smallest maximum semi-bandwidth. The perimeter nodes and element lines serves as the
mesh-boundary.

Polygons connect the nodes to make an element. These polygons are necessary for the
topology of node and element arrangement. The polygon development starts from node 1 and
the rectangles are formed by connecting neighboring nodes in a counter clockwise direction. An
Excel VB program was written to automatically extract the element and counter clockwise node
arrangement sequence into a spreadsheet. This is due to the finite element method code designed
to read the nodes of an element, from lowest to highest, in a counter clockwise fashion. The
rectangles are built from one node to the next in increasing node number order. When the mesh
was finalized, the node-sheds were created next.

Node-Sheds

A GIS tool called Euclidean Allocation is used to develop what we have termed “node-
sheds”. These node-sheds are polygons of area that supply recharge to each of the nodes that sit
on top of a node cell. Euclidean allocation is similar to the Thiessen polygon technique used in
traditional hydrologic analysis. The Euclidian technique assigns the closest proximity area
around each node to that node. These areas are referred to as cells in finite element method. We
assumed that these closest areas constituted the node-sheds for each node. The Euclidean
allocation assigns the individual node number attribute to each node-shed for that node. The
Euclidean allocation tool produces a raster or grid type map of the node-sheds (Figure 38). This
raster map is then converted to polygon shape files for compatibility with the rest of the polygon
shape files.
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Figure 38. Applying Euclidean allocation function in GIS for building node-sheds. Euclidean
allocation creates area boundaries between nodes and is a raster file. The raster file was then

converted to a polygon shape file and clipped with the mesh boundary.

Allogenic recharge and boundary flux requires the extension beyond the finite element
mesh boundary at the toe of the lens. Chapter 2 discusses boundary flux and allogenic recharge
determination. The polygons may be edited to extend the node-shed at the lens toe boundary,
where allogenic recharge flux is presumed to occur, to the extent of the basement volcanic ridge.
The boundaries are edited so that the side lines, dividing the edge node-sheds next to the other,
are perpendicular to the volcanic basement topography (see Figure 39). The no flow boundaries
assume flow to the coast is parallel to this boundary and its node-sheds are not edited as at the
toe, instead terminate at the node to node connection. The new area extent is now termed shed-
boundary to differentiate from the mesh-boundary. All polygon shape files are inspected for
slivers or gaps and edited as necessary. The final edit of the node-sheds is shown in Figure 40.
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Figure 39. Extending the node-shed for boundary flux condltlons The thick black lines are
sketch guidelines of the volcanic basement contour ridge and perpendicular to contour guides
around Mataguac Hill. The guidelines help make good extension of the node-shed where
allogenic recharges are supposed to occur.

Figure 40. A completed node-shed. Node-sheds, each polygon number is associated with the
node it overlays. Node-sheds with boundary flux or allogenic recharge are edited to extend to
the ridge of the volcanic contours which make up the shed-boundary.
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Each node-shed area is now included in the node-shed attribute table. A node-shed area
field (column and column name) is first added. The calculate function is used to determine each
node-shed polygon’s area and this value is included in the newly added shed area field of the
attribute table. The attribute table for the node-shed should have field names and values of node-
shed id (number same as the node number it covers), and a node-shed area in meters.

Soils polygons: The soils shapefile is used to characterize the spatially variable soils
characteristics throughout the study area. This shapefile was digitized from the detailed soil
maps in Soil Survey of the Territory of Guam. Details to the soils in the domain are in Habana,
2008, APPENDIX D. The attribute table for this map has the following fields: soil id, soil
name/type, and stratum. The Guam soil shapefile is clipped by the shed-boundary (see Figure
41). The polygons were then simplified, a GIS tool function.

/!
Figure 41. Soils polygon shape file.

Union of Node-Sheds and Soils: The node-sheds and the soil are joined with the union
tool. Union, as defined in GIS, computes a geometric intersection of the input features. In the
union process, all features will be written to the output feature class with the attributes from the
input features, which it overlaps (see Figure 42; GIS Help). Figure 43 shows the soils and node-
shed layers ready for the union process. Figure 44 shows the union of the two node-shed and
soils and the resulting attribute table (Figure 45). If the shape files were digitized properly with
no gaps between polygons, then the soils id values will have no zero values. If, on the other
hand, gaps exist meaning polygon edges are contiguous, then a zero value can be found in the
soil id. This can be identified simply by sorting the soil id field in ascending order. The entire
row of soil id with a zero value is then deleted in the attributes table while in edit mode. Usually,
these excess and not easily identifiable polygons are small and insignificant and may be ignored.
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But if the area of one of these zero id elements is significant, the modeler may zoom in the gaps
and join the polygon edges in edit mode. A careful inspection before the union of the two
shapefiles could prevent this problem.

INPUT

! N
‘VIELLOW‘;ji'EECT Figure 42. The GIS Union tool. The tool creates
¥ i A a new polygon shape file where intersecting
polygons include field values of the input
ouTPUT polygons (ESRI GIS Help).
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Figure 43. Soil and node-shed shape files.
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B Attributes of SQILSHED_UNION1

| FID | Shape' | SHED_ID | SHED_AREA SOIL_ID STRATUM SOIL_TYPE |
L3 0 | Palygon 137 622309 442503 20 Wolcanic ARINA-BADLAMD COMPLER
1 |Palygon 137 622308 442503 29 |Limestone GUAM-YIGO COMPLEX

] 2 |Palygon 137 B22309 442503 38 |Limestone PULANTAT-CHACHA CLAYE
B 5 | Palygaon 137 622309 442503 26 |Limestone GUAM COBBLY CLAY LOARM
B 4 |Palygon 137 622308 442503 23 |Limestone GUAM COBBELY CLAY LOAM
] 5 |Polygon M7 72389.54123 25 |Limestone GUAM COBBLY CLAY LOAM
B B | Palygaon 136 390601 7EE47E 29 |Limestone GUAM-YIGO COMPLER
B ¥ |Polygon 136 390601 766475 26 |Limestone GUAM COBBLY CLAY LOAM
] 8 |Polygon 136 390601 FEE4TS 23 |Limestone CHACHA CLAY
B 9 Palygon 136 390601 766478 28 [Urban GUAM-URBARMN LAND COMPLEX
B 10 |Polygon 136 390601 766475 23 |Limestone GUAM COBBLY CLAY LOAM
] 11 |Palygon 135 1752876 26296 29 |Limestone GUAM-YIGO COMPLEX
B 12 |Polygon 135 175287626296 23 |Limestone CHACHA CLAY
B 13 |Polygon 135 1732576 26296 29 |Limestone GUAM-YIGC COMPLEX
] 14 |Palygon 135 1752876 26296 29 |Limestone GUAM-YIGO COMPLEX
B 15 |Palygon 135 1752876 26296 18 [Wolcanic AKINA-BADLAND COMPLEX
B 16 |Palygon 135 1732576.26296 27 |Limestone GUAM-SAIPAN COMPLEX
] 17 |Palygon 135 1752676 26296 26 |Limestone GUAM COBBELY CLAY LOAM
B 18 |Palygon 135 1752876 26296 23 |Limestone CHACHS CLAY
B 18 |Palygon 135 1752576 26296 4 |volcanic ARINA SILTY CLAY
] 20 |Palygon 135 1752676 26296 28 [Urban GUAM-URBARM LAND COMPLEX
] 21 |Palygon 135 1752876 26296 19 [Wolcanic AKINA-BADLAND COMPLEX
B 22 |Palygon 135 1752576 26296 25 |Limestone GUAM COBBLY CLAY LOARM
B 23 |Palygon 108 S58021.620356 23 |Limestone GUAM COBBELY CLAY LOAM
] 24 |Palygon 132 B91256.074775 20 |Wolcanic AKINA-BADLAND COMPLEX
B 25 |Palygon 132 B91256 074775 45 |Wolcanic SAZALAGUAN CLAY
B 26 |Polygon 132 691236.074775 39 |Limestone PULAMTAT-HAGMAR CLAYS
] 27 |Palygon 132 B91256.074775 38 |Limestone PULANTAT-CHACHA CLAYS
B 28 |Polygon 132 B9M1256.074778 26 |Limestone GUAM COBBLY CLAY LOAM
B 28 |Polygon 132 691236.074775 26 |Limestone GUAM COBBLY CLAY LOAM
] 30 | Palygon 132 B91256.074775 29 |Limestone GUAM-YIGO COMPLEX
B 31 |Polygon 132 B9M1256.074778 25 |Limestone GUAM COBBLY CLAY LOAM
B 32 |Polygon TME 166691 570056 23 |Limestone GUAM COBBLY CLAY LOAM
: 33 |Palygon a9 70413823307 29 |Limestone GUAM-YIGO COMPLEX =
Recard: ﬂj 1 jﬂ Show: ,W Selected | Records [0 out of 427 Selected.] Options =

Figure 45. PAT for the union of node-shed and soil.
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Thiessen Polvgons for Rain and Pan Evaporation Gages

The input and output spatial distribution range of moisture is bounded and determined
using the traditional hydrologic analysis called the Thiessen method which allocates closest areas
to point locations such as rain gage locations. The Thiessen method is easily implemented in
GIS using the Euclidean Allocation tool. Two shapefiles, one rain and the other pan evaporation
gage points, are added in the GIS. The Euclidian allocation produces a raster or grid file of
closest areas. The resulting raster file is then converted to polygons as done with the node-shed
development mentioned previously. The rainfall and pan evaporation polygon shapefiles are
then clipped with the shed-boundary. The details for developing each Thiessen polygons for the
rain gages and pan evaporation gages are explained next.

Rain Thiessen Polygons: The best data for rain gages located in the NGLA was obtained
from climatological data stored in a CD obtained from the US Weather Service National
Climatic Data Center (NCDC, 1995 or 2005; also see Habana, 2008, APPENDIX B). The rain
gages used are identified as station location and gage number identification: Andersen (AND,
4025), Weather Service Meteorological Observatory (WSMO, 4229), Dededo (DED, 4156), and
Naval Air Station (NAS, 4226). The shapefile show their locations in Figure 46.

Again, ArcMap was used to perform the Thiessen closest area allocation method using
the Euclidean allocation tool. In order to insure a complete allocation, the point map to be
allocated was first edited by adding two points at opposite corners of the study area. The
Euclidean allocation tool produced a raster file of the Thiessen polygons. This raster was
converted into a polygon shapefile and clipped with the node-shed perimeter boundary. The
attribute table for this shapefile contains a field called the “GAGE_ID” which identifies which
gage is assigned to that particular area. Another possible and maybe simpler method is to use the
shed-boundary as a mask which does not require clipping later.
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Figure 46. Rain Thiessen polygons. Notice thét WSMOQO'’s (4229) area of influence does not
reach the node-shed boundary, therefore will have no contribution of rainfall to the domain.

Pan Evaporation Thiessen Polygons: The best data for pan evaporation is also obtained
from the previously mentioned climatological CD (NCDC, 2005). Two stations that measured
pan evaporation were WSMO and NAS. These are the two same stations that measured rainfall
mentioned in the Rain Thiessen Polygons section. Figure 47 shows the point locations of the pan
evaporation recording stations.

The Thiessen method was performed for the pan evaporation in the same manner as was
done for the rain gages. Figure 47 shows the Thiessen polygon for the pan evaporation. Finally,
for the gages and pans, is the union of rain and pan evaporation polygon shapefiles (Figure 48)
with a resulting polygon attribute table (Figure 49).
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B Attributes of GAGE_UNION1 =13
| FID Shape' | RAN_ID | Pan_ID |
>| 0 | Palygon 4025 4229
B 1 |Polygon 4156 4229
B 2 |Polygon 4156 4226
B 3 |Polygon 4226 4226

Recard: ﬂﬂ 1ﬂﬂ Show: | Al Selecte

Figure 49. PAT of the union of rain and pan evaporation gage

PAT Data File

A final union of all the polygons, union of rain and pan evaporation and union of node-
shed and soil is combined (see Figure 50). A zone area field was added and named
ZONE AREA and every polygon’s area was calculated under that field name. The attribute
table of the final union is edited to contain only the necessary fields (Figure 51). This PAT file
extension is recognized as a database file or “dbf” and can be located in the collection of files
associated with the final union shapefile. It can also be exported as a database file in GIS. This
dbf file was opened in Excel and renamed as “PAT.dbf”. Details to the PAT data for every zone
are in Habana, 2008, APPENDIX A.

‘144 & J W(&\\U /

) | ‘7:,“: A V " n“( n | e ( ) 7 5§ i //"‘
/ U | //

Figure 50. Final union of rain, pan evaporation, soils, and node-sheds. This completes the
node-shed model surface construction.
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B A es of PA 0
FID | ZONE_ID | SHED_ID | SHED_AREA | SOIL_ID STRATUM SOIL_TYPE RAIN_ID | PAN_ID ZONE_AREA -~
[ o 483 137 | 622309.442503 20 Volcanic AKINA-BADLAND COMPLEX 4156 4229 43623179566 |
1 484 137| 622309.442503 | 29 |Limestone |GUAM-YIGO COMPLEX | 4156 4229 75512607666 | —
2 485 137| 622309.442503 | 38 |Limestone |[PULANTAT-CHACHA CLAYS | 4156 4229 47332.315247 |
3 486 | 137| 622309442503 | 26 |Limestone |GUAM COBBLY CLAY LOAM | 4156 4229 1760.321839
4 487 137 | 622309.442503 25 |Limestone GUAM COBBLY CLAY LOAM 4156 4229 454226 00606
5 363 17| 7238954123 25 |Limestone GUAM COBBLY CLAY LOAM 4156 4229 71519 615551
6 478 | 136 390601766478 29 Limestone | GUAM-YIGO COMPLEX | 4156 4229 11886.348922
7 479 136 390601766478 26 |Limestone |GUAM COBBLY CLAY LOAM | 4156 4229 80695 499228
8 480 136 390601.766478 23 |Limestone CHACHA CLAY 4156 4229 5976134391
9 481 | 136 390601.766478 | 28 |Urban |GUAM-URBAN LAND COMPLEX [ 4156 4229 30451 570161
10 482 | 136| 390601766478 25 |Limestone |GUAM COBELY CLAY LOAM | 4156 4229 261844 531819
1 461 135| 1752876.26296 23 |Limestone GUAM-YIGO COMPLEX 4025 4229 26179.30283
12| 462 135| 1752876.26296 | 29 |Limestone |GUAM-YIGO COMPLEX [ 4156 4229 71993943172
13] 463 | 135| 1752876.26296 | 23 |Limestone |CHACHA CLAY | 4025 4229 31759262085
14] 464 135| 1752876.26296 | 29 |Limestone |GUAM-YIGO COMPLEX | 4025 4229 41911 26206
15 465 135| 1752876.26296 | 29 |Limestone |GUAM-YIGO COMPLEX | 156 4229 3271.915293
16| 466 | 135| 1752876.26296 | 29 |Limestone |GUAM-YIGO COMPLEX | 4025 4229 44073105213
17 467 135| 175287626296 18 |Volcanic AKINA-BADLAND COMPLEX 4025 4229 1204.079973
18 468 135| 1752876.26296 27 |Limestone GUAM-SAIPAN COMPLEX 4025 4229 37977 627838
19 469 | 135| 1752876.26296 | 27 |Limestone |GUAM-SAIPAN COMPLEX | 4156 4229 67258308686
20/ 470 135| 1752876.26296 26 |Limestone |GUAM COBELY CLAY LOAM | 4025 4229 7157 744866
21 471 135| 1752876.26296 26 |Limestone GUAM COBBELY CLAY LOAM 4156 4229 77824594724
22| 472 135| 1752876.26296 23 |Limestone |CHACHA CLAY | 4156 4229 56770.95893
23| 473 135 1752876.26296 | 9 Volcanic |AKINA SILTY CLAY | 4025 4229 11692.874072
24 474 135| 1752876.26296 28 |Urban GUAM-URBAN LAND COMPLEX 4156 4229 29461 53586
25 475 135 1752876.26296 | 19 |Volcanic | AKINA-BADLAND COMPLEX [ 4025 4229 43481.400256
26| 476 | 135| 1752876.26296 25 |Limestone |GUAM COBBLY CLAY LOAM | 4025 4229 776981.755255
27 477 135| 1752876.26296 25 |Limestone |GUAM COBBLY CLAY LOAM [ 4156 4229 419107 512055

‘;e;:ord: ﬂﬂal—rﬂ EIA Show:>m :ded Records {0 out of 487 Selected) Options -|
Figure 51. The PAT database file of the final union. This spatial attributes table requires the
fields “ZONE_ID”, “SHED ID”, “SHED AREA”, “SOIL _ID”, “STRATUM”, “SOIL_TYPE”,
“RAIN_ID”, “PAN ID”, and “ZONE_AREA”.

As mentioned in Chapter 2, the node-shed has unique sub-shed called “zones”. Figure 52
shows another example using node-shed 59 (Observation Well M-11 point), zone id 200, having
a unique polygon attribute.

I
7 Layers: [PAT UNIONZ =l

dentify Results

= PAT UNIONZ Location: (265531.520237 1435042.066667)
Field | Walue |
FID 280
Shape Polygon
SHEDLD 59
SHED AREA 293228534833
S0ILID 28
STRATUM  Urban
38 SOIL_TYPE  GUAM-URBAN LAND COMPLEX
RAIN_ID 56
PAN_ID 4229
ZONE_AREA 263270535295
200

Figure 52. Node-shed 59, of node 59 and Observation Well M-11. Zone id 200 (brown area)
has a unique polygon attribute as mentioned in Chapter 2.
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The node-shed, spatially, is a 2-D surface map made of polygons with unique attributes
referred to here as zones. It combined all the four shape file polygon layers and the information
for each polygon area are in the PAT. The complete spatial configuration in GIS with the node-
shed superimposing the finite element mesh is shown in Figure 53.

Figure 53. The node-sheds superimposed over the finite element mesh. The final product, for
compiling the spatial data, is a surface map of the node-shed conceptual model as described in
Chapter 2.

All-In-One Input Data

The early versions of AQUA CHARGE loaded the input data files one at a time. A
common dialog box would “pop-up” for modelers to select files to open. The rain, pan
evaporation, soils, and PAT files were loaded individually in that order. The AQUA CHARGE
program can still do that, but now an “All-In-One” Excel file holds all the four input files (rain,
pan evaporation, soils, and PAT) each in a respective data spreadsheet that speeds up the input
data loading process with one file selection. The crucial part of the temporal data (rain and pan
evaporation) and soil FC table and the spatially varied data (soils and PAT) is the data format set
up and the naming and defining of the data sets which are clarified next.

Temporal Data (Rain and Pan Evaporation)

Temporal data of rainfall and pan evaporation were extracted from the NCDC database
CD mentioned above. Both rainfall and pan evaporation data are daily measured values from the
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gaging stations as located in the rain and pan evaporation spatial data. Fourteen years of data
were extracted from the NCDC from 1982 to 1995 as Jocson used for temporal rain and pan data.

Upon development of AQUA CHARGE, the database format and method of extraction
depended on the file type. The original programming code for extraction from file to array
variables was written for the NCDC text file database format. Since software technology in the
late nineties was unpredictable and the outcome of which file type was going to dominate the
user preference was undecided at the time (1998). Therefore, three database file types extraction
were added and programmed. AQUA CHARGE is able to open a text file from the NCDC,
database file format (*.dbf), Microsoft Office’s Access 1998 (*.mdb) and Excel (*.xlIs). Of all
database formats, the Excel format was used in the final version of the program. This is due to
its popularity and common familiarity among most users. The format for Excel and table set up
for both daily rainfall and pan evaporation will be explained next.

The rain data format has five fields (See Figure 54). The first field is the date and its
format is “mm/dd/yyyy”. The other fields are gage stations AND (Andersen), DED (Dededo),
WSM (WSMO), or NAS (Naval Air Station) and the data, which is in inches per day, and the
data type is single precision with a two decimal place accuracy. A program was coded to extract
the data from the NCDC text file to the proper fields. The pan evaporation data format is similar
to the rain with the date and station measured values fields. The data collection ended in
12/31/1995. To end the data, for both rain and pan evaporation, an extra date was added,
1/1/1996, and the values for the gages were their gage ID. Figure 55 shows the pan evaporation
data recordset selected and named and defined as PAN as a recordsource. The rain recordset
recordsource is named and defined as RAIN. Details to naming and defining recordsets as
recordsource are explained in Chapter 6.

The temporal data for both rain and pan evaporation had errors that need to be adjusted or
corrected somehow. For each data set, there were missing values. The program was written to
read a complete data set for any given time. There could not be any blank cells. To fill those
cells, a program was written to use a hydrologic technique called the normal ratio method (E17)
for missing data (Linsley et al., 1982).

Normal Ratio Method
P, :1[&PA+&PB+&PCJ (E17)
3\ N, Ny N,

Another problem with the data is the time when readings were made. The Dededo gage was read
and recorded at a different time of the day than the other data. This difference in time alignment
was an obvious error recognizable during major storm events. The Dededo temporal data was
moved back one day (Mark Lander, personal communication). The last data changes were
applied when known powerful typhoons and storm events might have caused gauges to
malfunction and erroneous data was recorded as a result and was estimated with historic storm
records (JTWC, 1982 - 1995; Mark Lander, personal communication). Again, details to the
temporal data for both rain and pan evaporation are shown in Habana, 2008, APPENDIX B.
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B3 Microsoft Excel - All In One Data.xls B@‘@
;BJ Fle Edt Vew Imet Fomat Tok Dets Window DPlot Hebp Typeaquestionforhelp w0 @ X

(02 BIUEETATS % @8 -0-4-

DEdAdATE a8 S0 08 E-HE g ol
HAN Oﬁmmy,.-\ax‘u‘“!

L5 v fe

A B [ ¢ [ D E [ FT 6 [ H [ 1T 41K L [ M [N o [ Pl o R 8 |7
| 1| DATE AND  DED  WSM  NAS ADJUSTED DATA DR. LANDER =
|2 1hnh9s2 0.00 03 00 004 0 0312082 001 0042176
|3, 1% 07 010 030 0% 0.27 0099182 0.3 0.255934
|4 151982 0.00 013 006 008 0 0.134662 006 007903
|5 | 141982 004 008 010 1N 004 0081442 0.1 0108514
|6 | 151982 0.06 009 0.04 006 0.06 0090312 004 0064288
|7 1&M9%2 000 013 005 007 0 0134662 005 0071859
|8 171982 003 005 010 0N 003 0054832 0.1 0108514
|9 18192 000 017 001 004 00170142 001 0042176
1100 19M9%2 008 007 014 O 003 0072572 0.14 013799
|11} 1/101982 015 0.05 003 006 0.15 0.0459%2 003 0056917
112, 111192 000 005 000 003 0 0045962 0 0.034805
13| 1121982 000 013 000 003 0 0134662 0 0.034805
141 1131962 009 0.05 010 0N 009 0054832 0.1 0108514
@ 11441982 0.00 005 00 004 0 0.045962 001 0042176 I l
|16, 1151982 003 105 000 003 0.03 1048272 0 0.034805
|17] 1161982 161 009 1.13 0e7 161 0090312 113 0867724
|18, 17192 000 005 005 007 0 0045962 005 0071659
|19 11181982 005 005 000 00 005 0054832 0/ 0.034805
|20 1191982 001 005 001 004 001 0054832 001 0042176
|21| 17201982 0.00 017 001 004 0 0170142 001 0042176
|2, e 015 011 014 O 015 0108052  0.14 0.137998
|13, vonege 007 014 007 009 007 0.143%32 007 0.086401
|24 17231982 010 013 0N 012 0.1 0.134662 0.11 0115885
|25 17241982 009 025 010 1N 009 0249972 0.1 0108514
|26 1725192 051 010 023 02 051 0099162 0.3 0.2043%7
| 27| 17261982 0.00 0.05 0.06 008 0 0.045962 006 0.07903
| 8| 1271982 0.00 005 000 00 0 0045962 0/ 0.034805
|29, 18M9%2 000 005 000 003 0 0045962 0 0.03480
|30 17291982 0.00 0.05 000 003 0 0054832 0/ 0.034805
|31 17301962 002 0.09 001 004 002 0090312 001 0042176
|32 131192 002 002 005 007 002 002 005 0071659
133 21M92 093 105 039 OO 093 105 033 00133
|34 221982 175 092 1.58 0er 1.75 092 158 086916 3
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B3 Microsoft Excel - All In One Data.xls.

(4] Ble Edit Yew Insert Format  Jooks  Dete  Window Dot Help - + for help SIS
P T bl (3 ch VRS % Ha B F9 oo@ E -S)E) kR[] ion - < [ ana -0 B 7 u| === 18 % 3 8- S A E
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B | ¢ | DO | E [ | [ 1 | S N | o [ P a | rR | s =
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124111995 007 001 032 090 007 ao 032 09024
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12/3/1995 0.00 0.00 0.03 0.00 o 0 0.03 0
12/4/1995 0.01 0.15 0.00 0.00 0.01 015 0 0
12/5/1935 0.31 0.05 011 012 031 005 011 0.12126
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1281995 024 027 o021 063 024 027 021 062817
12/9/1995 016 0.00 on 0.22 016 ] 0.3 0.22090
12/10/1995 0.02 0.00 0.00 0.00 0.02 0 0 0
12/11/1995 0.23 0.05 028 0.00 023 005 0.28 0
121121995 0.00 0.08 001 0.04 o o.08 0.01 0.03816
121371995 012 013 oo 008 012 013 001 0.05309
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12/16/1995 072 062 072 016 072 062 072 016201
12171995 083 0.41 058 051 083 oM 0.58 051183
12/18/1995 065 0.70 0.42 034 065 0.7 042 033732
12/19/1995 0.48 0.60 028 0.s8 0.48 0.6 0.28 057831
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1272471995 0.09 0.70 0.49 0.00 0.09 0.7 0.49 o
12/25/1995 0.01 0.03 0.02 0.58 0.01 003 002 057831 Spreadsheet
12/26/1995 0.00 0.02 0.00 0.02 o 0.02 O 0.02154
12727 1555 034 019 0.08 oo 034 019 008  0.01323
V2B Ts o1 000 076 015 011 i) 076 01585
127291995 002 005 061 oo noz 005 061
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Figure 54. All-in-one data recordset setup for the rain tab. The first column is the date and the
rest are gages. To the right of that recordset were adjustments to the rainfall data. Adjustments
made were time alignment, normal ratio method for missing data, reference to the Joint Typhoon
Warning Center records and consults from Dr. Mark Lander, Meteorologist, for gages that failed
during major storms.
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Figure 55. All-in-one Excel file data recordset setup for pan evaporation tab. WSMO and NAS
pan evaporation gage records named and defined.

Soils Data

The Soil Survey of the Territory of Guam provided data that allowed us to model the
soil’s effect on moisture input. First, the list and identification of soils in the node-shed domain
was obtained and then the FC was determined as described in Chapter 2. Twenty-one different
mapped soils were found in the node-shed domain. The field names are given “ID”, “SOIL
NAME”, and “FC” and the database recordsource was defined and named as SOIL (Figure 56).
details to the soils in the node-shed domain are in Habana, 2008, APPENDIX D.
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Figure 56. All-in-one data recordset setup for soils.

PAT Data

The PAT data can be exported from GIS as a database file. It is the last tab in the All-In-
One Excel file. The data in the database file is copied and added in the spreadsheet tab named
PAT (Figure 57). If any sorting is to be done, the best sort should expand from the ZONE ID
field. This speeds up the special sorter programmed in AQUA CHARGE for the spatial data.
This recordsource was defined and named as PAT. The complete PAT recordset is in Habana,
2008, APPENDIX A.
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B3 Microsoft Excel - All In One Data.xIs Q@@
i) Fle Edt View Inset Format Jools Data Window DPlot  Help pe a question .8 X%
NEHRASAITE S LR S 9-c- 8 FAE e 2@ i -0 - [B]Z|u =E=ETIs %o B3 m->-A- F
i) asacwtym\ﬂ}rg\wl
PAT b & FID

A | B G D E F [ G [ H | | | dl K | L =
|1 [ FiD ZONE_ID SHED_ID SOIL_ID RAINJD _ PAN_ID SOIL_TYPE STRATUM ZONE_AREA SHED_AREA
[2] 486 1 1 28 4226 4226 GUAM-URBAN LAND COMPLEX Utban 177 364.857 288,318.339)
[3] 437 2 1 25 4206 4226 GUAM COBBLY CLAY LOAM Limestone 111,134.383 288,318.339)
(4] 478 3 2 44 4226 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 6,108.215 190,041.914
[ 5] 479 4 2 2% 4226 4226 GUAM COBBLY CLAY LOAM Limestone 60,674,983 190,041.914)
| 6 ] 480 5 2 25 4226 4226 GUAM COBBLY CLAY LOAM Limestone 8124632 190,041.914
[7] 481 5 2 2 4226 4226 GUAM-URBAN LAND COMPLEX Urban 114877.375 190 041.914]
| 8 | 442 7 3 28 4226 4226 GUAM-URBAN LAND COMPLEX Urban 141540515 204 083.150
[ 9] 443 8 3 44 4226 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 46 961,248 204 083.150
[10] 444 9 3 2% 4226 4226 GUAM COBBLY CLAY LOAM Limestone 14243705 204 083.150
[11] 445 10 3 2 4226 4226 GUAM COBBLY CLAY LOAM Limestone 1077.328 204 083.150
[12] 381 1" 4 2% 4226 4226 GUAM COBELY CLAY LOAM Limestone 8,626,000 268 815.762
[13] 382 12 4 2% 4226 4226 GUAM COBELY CLAY LOAM Limestone 17 838.413 268,815.762|
| 14] 383 13 4 28 4226 4226 GUAM-URBAN LAND COMPLEX Uthan 37 533.060 268,815.762,
[ 15 384 14 4 44 4226 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 40545185 268 ,815.762|
| 16 ] 385 15 4 28 4226 4226 GUAM-URBAN LAND COMPLEX Urban 163,908.179 268,815.762|
(17] 338 16 5 47 4226 4226 SHIOYA LOAMY SAND Aluvium/Coastal 65,724,694 129,045,698
| 18] 339 17 5 28 4226 4226 GUAM-URBAN LAND COMPLEX Urban 52,426.953 129,045,698
[19] N7 18 6 47 4226 4226 SHIOYA LOAMY SAND Aluium/Coastal 163,922.198 206,351.241
[ 20 ] 318 19 6 28 4226 4226 GUAM-URBAN LAND COMPLEX Urban 32,498,970 206,351,241
[21] 268 20 7 p.:] 4226 4226 GUAM-URBAN LAND COMPLEX Urban 37 440,589 91,083.179]
[22] 269 21 7/ 47 4226 4226 SHIOYA LOAMY SAND Aluium/Coastal 49,989 484 91,083.179]
[23 ] 228 2 8 43 4156 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 7873435 73,890.054]
|24 | 229 23 8 43 4226 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 760.925 73,890.054]
[25] 230 24 8 28 4156 4226 GUAM-URBAN LAND COMPLEX Uthan 4744330 73,890.054
| 26 | 23 P 8 28 4226 4226 GUAM-URBAN LAND COMPLEX Urban 23583521 73,890.054
[ 27 | 185 2% 9 43 4156 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 3,002.478 12,547 880,
| 28 | 186 ri4 9 43 4226 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 4372579 12,547 880,
[29] 482 2 10 p.:] 4226 4226 GUAM-URBAN LAND COMPLEX Urban 4,742,402 497 844839
[30] 483 2 10 2% 4226 4226 GUAM COBBLY CLAY LOAM Limestone 3346.827 497 844,839
[31] 484 30 10 28 4226 4226 GUAM-URBAN LAND COMPLEX Urban 107 370.396 497 544839
[32] 485 kil 10 25 4226 4226 GUAM COBBLY CLAY LOAM Limestone 382,307 507 497 B44.839
[33] 475 32 1" 44 4226 4226 RITIDIAN-ROCK OUTCROP COMPLEX Limestone 23,427 962 307 553.302
| 34 ] 476 33 1" 2% 4226 4226 GUAM COBBLY CLAY LOAM Limestone 24 346 286 307 553.302 &
4 » W\RAIN {PAN {SOIL \PAT/ T T T R I > |
iDaw~ g | Autoshapes~ N\ N (1O Al 4l £ (8] il <5'"'A'E?::QJ!

Figure 57. All-in-one data recordset setup for PAT. This contains polygon attributes of the
node-shed spatial data extracted from GIS and sorted in increasing ZONE _ID order.

The format of and recordset naming and defining is very important to follow because
AQUA CHARGE was specifically programmed to read the required data and set it into variables
and arrays for use by the program. Failure to follow the data setup will lead to errors when
running the program and the data will not load.

Synthesized Recharge Data

AQUA CHARGE opens and reads the All-In-One input data, converted into its
respective array, for use in the stages of vadose flow or recharge synthesis computation. The
second stage, routing, allows the user to send the final synthesized recharge data to the AQUA
CHART for visual analysis and making first evaluations of the recharge generated. When the
modeler needs to test the recharge synthesis to a finite element model, an output text file of the
recharge can be saved and opened for model testing. The output text file may be used by
modelers to test the recharge synthesis as an input data for a hydraulic model. Figure 58 shows a
portion of an output text file of a final recharge synthesis. This data contains daily recharge
values for every node from every node-shed in unit of cubic meter per day (m*/day).
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il 00000.000000 00000.382476 00001.930533 00005.018176 00009.179563 00014.075481 00020.873283 00029.565744 00039.757211 00051.580773 00062.654691 00072.088589 A
00081.722780 00091.127219 00098.447148 00211.263795 00410. 593834 00445.019784 (00331.747989 00240.704291 00195.447636 00180.781849 00182.748040 00187.648957
00194.830249 00208.079422 00216.428538 00219.020962 00221.506957 00224.098597 00225.314717 00223.866348 00316.13594% 00774.013696 01302.320516 01268.146535
00913.465355 00683.960168 00584, 585008 00805.093302 01246.384975 01274.476200 00985.891527 00789.417389 00677.222730 00625.579363 01060.969058 02304,755793
03113.400017 02922.547129 02631.277046 02134.351144 01496,145103 01150.705677 00885.103500 00655.099535 00545.134396 00508.445619 00508.396440 00524.330477
00511. 516177 00477.192740 00454.004664 00442.940886 00436.293219 00434.888564 00444.960716 00441.520847 00414.596344 00388.360838 00371.614421 00358.265055
00344.214672 00326.469675 00342.881669 00383.429819 00361.493699 00297.155340 00250.262905 00224.405995 00204.617497 00182.950887 00166.104158 00151.350610
00136.252981 00121.693842 00108.601774 00096.594849 00085.667341 00075.781231 00066.928043 00059.056891 00052.048584 00045.803360 00040.344316 00035.457418
00033.090655 00031.487840 00028.775696 00027.059861 00026.221037 00025.988718 00025.988718 00025.988718 00026.170171 00026.351624 00026.495863 00028.158991
00030.843432 00031.352636 00030.548564 00031.121958 00032 326520 00032 939030 00032 812791 00031 955957 00030 491558 00028.599021 00026 446498 00024.160320
00021.834151 00019. 541314 00017.340281 00015.281566 00013.424836 00012.232920 00021.861082 55.578700 00098.557202 00127.140558 00136.806783 00148.687586
00178.095505 00225.095031 00333.013227 00470.463051 01009 104572 01868.890567 01980 364618 0142? 174676 00980 741529 00748.117275 00970.201572 01470.301695
01454.382239 01044.281909 00747.903742 00576.274918 00474.322671 00412.946094 00362.272115 00310.619078 00268.466956 00232.087221 00200.604175 00174.723796
00153.069710 00138.213381 00143.622988 00161.013467 00161.826995 00150.441236 00160.563475 00191.892201 00207.070521 00204.083957 00202.817980 00205. 589311
00208.634486 00206.791435 00200.125662 00193.104283 00335,297505 03146.978349 07523.600506 07532.245613 04703 283092 02998.669447 01867.880810 01502.800168
01942.228174 01834.149705 01143.863128 00699.949704 00554,255411 00462.620219 00390.449617 00477.944342 00662.609057 00717.603906 00743.649421 01027.581100
01370.462757 01416.042846 01276.034822 01157.835566 01099,380354 01087.411004 01094.159557 01710.756748 02900. 510075 03256.902812 02639.485160 02013,135482
01728.776978 01543.752162 01243.853324 00987.79793% 00858.297638 00807.981644 00806.284867 00846.086826 01549.485628 02625.634010 02697.091911 02388.698564
02685.673233 02836.830434 02251.090765 01493.228118 01093.001091 00946.709004 00853.409398 00762.870761 00703.305312 00662.927539 00629.679995 00595 309239
00559.145778 00522.827692 00495,818124 00506.304771 00585,579413 00657.721229 00996. 528986 01540.832448 01482.921492 01002.467799 01954.856356 04018,862193
04132.036812 02671.042755 01655.285970 03031.237659 06879,721316 08289.497443 06042.046516 03638.867001 04194.623140 07930.352413 09710. 810882 07209.338907
06598.487656 09336.660774 08830.610315 05429.0972430 04728.329667 06379.276876 06031.347425 04979.260381 05691.284257 05399.432637 03513.005653 01905.668238
01026.994948 00613.481317 00776.566911 01324.978105 01366.700627 02881.850285 05783.018516 05585.943031 03174.612603 01585.453087 01228.439992 03930.964003
09401.868528 11730.734135 08654.171846 04657.352684 02324.194225 01211.009653 01719.120438 03147.862445 03275.2685922 03128.887133 03558.001541 03012.5038%4
02411.137903 02605.290936 03281.450327 04354.985657 04302.171403 03032.012266 01819.724239 01011.026216 00605.033511 00420.911844 00337.857174 00295.740637
00268.247297 00246.110363 00225.198833 00203.428913 00181,931710 00161.303503 00143.942373 00155.835984 00716.051016 O01813.674442 02157.101125 01592.285089
01096.055869 00846.829046 00638.983003 00489.169465 00428,013338 00412.787541 00414.643320 00418.328788 00416. 590310 00408.119270 00394.487755 00378.777387
00387.936930 00461.818228 00537.561002 00737.743994 01042.467625 01019.032901 00765.362187 00620.353408 00571.112201 00543.843851 00545.321529 00648.147431
00795.037652 00816.286647 00712.500891 00612.947388 00557.912983 00528.534537 00510.915730 00493.937016 00476.460827 00458.183524 00431.920379 00401.201465
00406.802368 00438.702302 00429.604830 00598.299816 00928.005903 01015.631587 00900.343973 00740.532572 00839.857271 01188.788234 01177.041645 00881.338422
00677.290378 00569.920148 00514.790650 00481.237496 00454614420 00427.637713 00398.991423 00368.095246 00334.629407 00300.160949 00265.620922 00232.757927
00202.617470 00175.527047 00151.943101 00131.363844 00113, 541088 00098.140505 00084.809355 00073.240605 00063.192981 00054.486006 00047.024672 00043.600299
00043.600299 00041.216601 00041.072380 00044.922623 00044.795140 00043.180350 00044.803756 00048.602937 00052.480856 00054.756745 00055.290813 00054.249398
00051.974696 00048.853713 00045.255165 00041.522666 00037.923277 00034.576240 00031.473158 00028.562195 00025.802274 00023.175717 00020.692811 00018.177644
00016.071768 00014.853867 00014.428904 00014.763371 00015.627319 00016.687243 00017.606052 00018.164998 00018.335579 00018.335579 00018.108901 00017.552538
00016 825294 00016 427733 00015.996540 00015.127913 00017.697048 00414,949218 01129.592206 01242.080519 00806 036638 00446,382422 00262.440072 00194,262042

00175.652002 00178.299788 00196.134392 00216.042464 00222.703762 00221.525089 00221.132448 00220.672716 00217.646562 00210.261731 00199.360390 00185.866318
00170.644848 00154.481440 00138.066600 00121.972727 00106.638235 00099.206980 00092.368547 00079.351812 00067.679739 00057.368508 00048.378367 00040,630923
00034.024550 00027.662399 00022.347477 00018.716936 00016.263125 00015.083846 00014.586197 00014.460177 00014.460177 00014.270329 00013.795856 00013 136755
00012.317239 00011.381521 00010.380294 00009.869744 00009.374084 00008.878424 00008.505345 00007.958284 00007.784303 00007.784303 00007.784303 00007.784303
00007.784303 00007.659820 00007.353541 00007.171744 00007.171744 00006.951918 00006.493710 00006.255327 00006.019560 00005.783793 00005.783793 00005 569535
00005.163167 00011.515760 00022.421257 00022.150437 00013,946550 00008.507382 00007.347388 00009.115234 00010.046804 00013.903314 00022.819980 00029.369410
00032.741114 00037.218921 00043.415794 00049.860752 00055.301536 00057.238538 00057.179505 00058.260510 00058.869606 00058.334291 00056.795361 00054.412403
00051.383087 00047.917725 00044.197438 00040.35132% 00036.478307 00032.666222 00028.995555 00025.530626 00022.365604 00019.524263 00018.191412 00018.191412
00017.044805 00015.652667 00014 590791 00013.412432 00013.050416 00013.050416 00013.220142 00013.594094 00013.944052 00014.089783 00014.089783 00013.827355
00013.197944 00012.387920 00011.455022 00010.454772 00009,944379 00010.624206 00073.899054 00179.393774 00185.471595 00123.357731 00088. 806778 00078.793966
00080.151505 00087.466418 00097.275771 00111.018025 00126.708864 00129.763504 00204.621712 00356.995574 00397.817178 00321.766961 00259.893603 00245.714786
00267.765127 00294.678810 00973.053093 02258.625582 02847.228985 02560.845866 01870.351430 01194.320402 00797.426248 00552.800566 00417.577763 00364.824511
00356.017995 00347.159958 00330.027936 00317.825441 00382.857638 00525.601323 00575.573912 00544.651093 00702.639828 00960.847968 00945.107474 00771.074366
00666. 080678 00621.042672 00671.391747 00800.094038 01299,202135 02064.570137 02106.788597 (1805.072090 02267.840308 02780.025157 02345.103321 01588.491157
02387.496513 04194.246761 04059.682906 04112.327290 05758.225279 05703.906010 04266.634592 02869.218823 01703.187237 01096.886189 00830.522768 00720.104317
00673.253709 00648, 518254 00713.931911 00834.053689 00800.277885 00663.199911 00565.190748 00494.641205 00439.631516 00398.062057 00950.285360 02588,927984
03842.665374 03434.254447 02432.066320 01755.446959 02625,976048 04603.276290 04644.707316 03239.680978 02193.244710 01669.355153 01532.971002 01212.921880
00829.856031 00678.929333 00601.265313 00569.235421 00583.257607 00581.875137 00565.641147 00570.470387 00576. 089835 00561.710633 00550.666427 00544.657370

—_—
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00521.376832 00525.750539 00598.765580 00624.332910 00564.153732 00494.121378 00450.249431 00423.446232 00404.399835 00389.155204 00406.273764 00477.040723 A
00607.402969 00879.938412 01140.909620 01085.708683 00844.996079 00676.633795 00644.883687 00690.255187 00679.437616 00619.381737 00573.279492 00537.663092

04.870154
B 00149. 464393 00287 009136 00262 955895 00239 110594 00227 738990 00216 464762 00194 721410 00175 660607 00159. 579029 00146 831997 00135 955988 00126 312383
011 00 00139.746 0124.401642

00137.491785 00136.111982 00131.551483 00126.768803 00223.379366 02057.854286 04503.013536 04907.278100 03081.520326 01902.721670 01255.721276 01016.733281
01317.678497 01243.917581 00772.447566 00467.357066 00365.049566 00301.019850 00250.887544 00308.437516 00431.639371 00467.514910 00483.995376 00671.957799
00897.645716 00926.528172 00834.190637 00757.207680 00719.766817 00712.678309 00717.582145 01117.572701 01890.581301 02129.845689 01739.007121 01334.115504
01147.304573 01022.443782 00819.804293 00647.473293 00560.361295 00526.972402 00526.545103 00553.605288 01020.067261 01733.098907 01779.273127 01570.573278
01763.369977 01865.814853 01482.211721 00982.205242 00717.899914 00621.467607 00559.753053 00499.406944 00459.496902 00432.487350 00410.390155 00387.697965
00363.924319 00340.118269 00322.757546 00330.948764 00384.888747 00433.108395 00667.130477 01043.779956 01004.632645 00673.287577 01276.739131 02607.979427
02678.934027 01730.316229 01070.745889 01980.362891 04514.282993 05447.333608 03989.013100 02436.162224 02821.991006 05282.446594 06431.947665 04757.819177
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00156.610994 00142.889006 00130.414949 00117.597073 00111.174725 00104.697302 00093.502711 00097.425495 00469.972223 01202.636588 01425.663838 01046.820633
00718.233018 00554.354120 00418.627716 00320.993075 00281.403787 00271.804672 00273.226535 00275.724264 00274.596187 00268.985033 00259.946628 00249, 547371
00255.904543 00304.812570 00354.012000 00493.967717 00709.399640 00694.108628 00516.054036 00412.358669 00375.035474 00354.162015 00353.545259 00421.475499
00519.059085 00532.477047 00463.127221 00397.386591 00361.505202 00342.760580 00331.832958 00321.318472 00310.451734 00299.004164 00282.170771 00262.318114
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00011.212742 00010.940030 00010.644137 00010.047915 00011.824398 00281.170674 00763.399281 00835.556408 00539.233156 00297.733891 00174.654912 00128.957623
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O .6 00444, . . . . . 1l 01634,508471 .
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Microsoft Excel - All In One Data.xls . =

Figure 58. Sample of text file recharge synthesis output. Node numbers, highlighted in blue,
are followed by daily recharge values (space separated) to that node in cubic meters per day.
This file was excluded from the APPENDIX since it was too large.
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Finite Element Method Data (FEMData)

AQUA CHARGE has a simple finite element method program included for calibrating
the recharge synthesis results with the observation well data. The finite element method coded in
AQUA CHARGE uses an Excel file database called FEMData that is accessed by selecting the
file through a common dialog box. This database file holds data extracted from the GIS
designed finite element mesh and other parameter settings and information about the model. The
database is set up similar to the All-In-One data with spreadsheets that has the mesh domain
information on the number of nodes, number of elements, x-y coordinates of nodes, boundary
conditions, initial node values, and so on. This section will cover the data setup for all the
recordset in the FEMData. Habana, 2008, APPENDIX G and APPENDIX H show details to this
FEMData input file.

COMALL

The first spreadsheet, tab named COMALL (Istok, 1989), has variables with values that
describe the finite element mesh design and parameter values used for calculation. Finite
element mesh values for example are maximum number of nodes, maximum number of
elements, number of nodes per element, and so on (see Figure 59). Other parameters include
SBW, omega, omomega, number of Dirichlet nodes, just to name a few, that are required during
computation. The recordset is named and defined as COMALL.

B9 Microsoft Excel - FEMData xls LJE]K]
) Bl Edt Vew Doet Famat s Daa Wndw Oft teb Tpeaestinforheb 5 SHERN
NEHRIEATES AR 719018 24 Bafgw @l 0Bz U ESFESS %0 @B E-N-A f

i) 0 Seauty., | P 3 W ‘ﬁl

COMALL 'w e VARIABLE

A B G D [E[FT 6 [ HI[ T T JTKa
1 [VARIABLE VALUE _ DESCRIPTION
| 2 [MAXI 137 MAXIMUM NUMBER OF NODES
|3 MaQ 112 MAXIMUM NUMBER OF ELEMENTS
L4 MAS 4 MAXINUM NUMBER OF NODES PER ELEMENT
L5 |MAx 3 MAXIMUM NUMBER OF MATERIAL SETS
| B |MAS 4 MAXIMUM NUMBER OF MATERIAL PROPERTIES
LT |M&S 11 MAXIMUM VALUE OF SEMI BANDWIDTH
LB [MAT 20 MAXMUM NUMBER OF DIFFERENT TIME STEP INCREMENTS
|9 |MAB 1000 MAYIMUM SIZE OF MODIFIED GLOBAL CONDUCTANCE MATRIX IN VECTOR STORAGE
10 [SYhM FALSE  TRUE = SYMMETRICAL, FALSE=NON SYMMETRICAL
(1 DiM 2 FINITE ELEMENT MESH DIMENSION
|12 |NUMNOD 137 TOTAL NUMBER OF NODES
|13 ]NUKELM 112 TOTAL NUMBER OF ELEMENTS
14 {NUMMAT 3 TOTAL NUMBER OF MATERIALS
|18 NUMPROP 3 TOTAL NUMBER OF PROPERTIES
|16 NN 0 NUMBER OF DIRICHLET NODES
T JNN 137 NUMBER OF NEUMANN NODES
16 |NDOF 137 NUMBER OF DEGREES OF FREEDOM, number of nodes - number of dinchlet nodes
|19 SEW 11 SEMBANDWIDTH
| 20 |OMEGA 0,001 OMEGA
|21 |OMOMEGA 0,999 1-OMEGA
| 2 |MXSTEP 1
|3 5113
L2407 1
26T 1
z‘@m 1

] 3
[0 » W\ COMALL {NODEXY { ELMVTIODES BACRY [INTIAL /58 /524 SHED #REA SORTER SEALVLAVG / [¢ >
g 4 Aoshapes T\ NOOCA AL fld O--4- sl

.','szan 8 G 7 W NATESOEFENSE (% vaposeFLow s, 5B agua charge 1 (go.. I Merosoft Excel-FEM 4)‘9&' 55PN

Figure 59. FEMData Excel file recordset setup for COMALL tab.
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Node X-Y Coordinates

The node x and y coordinates for the node points can be obtained through GIS. The GIS
coordinate system is set to meters rather than latitudinal and longitudinal. The database file is
then extracted from GIS and transferred to Excel (Figure 60). The recordset includes material set
number for each node and the node-shed area for that node. The recordset is named and defined
as NODESHED.

B3 Microsoft Excel - FEMData.xls @@@
HS] Fe Edt Vew [set Fomat Iods Daa Vindow DBt Heb Type 3 qustin forhep v 89X
SR GRS DB S0 08 54 F e - @fiae <10 - [B]z ggggg-'—s%,fﬁgﬂ_,y,u

i) 0 Seauty.. | P50 K|
NODESHED v f NODES

A B B 0 E F T 6 T H [ 1 [ JgT kJ[L T =&
1 [NODES POINT X POINT Y MATERIAL SET NUMBER SHED AREA
2] 1 661 66779 1492130 945970 2 288318 3369
[3] 2 262751571194 1492649 583620 1 1900419145
] 3 %2B301828 1493107.186390 1 240831497
[5] 4 261983 997639 1433741 918770 1 265815.7621
L6 | 5 261659.241035 1494229 033980 1 1290456977
7] 6 62020756 1494760442640 1 2063512409
|8 | 7 262441 535608 1495232 801830 1 91083.17885
9 8 626370455 1495635965000 1 730005432
10| 9 6229397345 1495823 250560 1 12547 B7954)
O] 10 %%72409% 1492442931580 2 197844 8360)
[12] 1 263312497492 1492856. 245670 1 307853.3017
(3] 12 REs 14933728830 1 374951003
4] 13 262751 571194 1493963 337050 1 AD5383.8851
U5 14 ZBXO2E6T0 144450457260 1 3266790704
|16 | 15 52677765102 1494908 055020 1 218364.2833
7] 1B BB 14953066079 1 152435 5957
18] 17 262340138504 1495646, 115940 1 11416804523
(9] 18 Z%NBE0E 149592657909 1 6152830811
|20 19 23976.752318 1492723 394710 2 326567.3225
2] 2 BTAOTEM  14B107.1830 1 23891 52%
(2| 2 263504.393330 1483520 500500 1 276049.6383
A 2 BUIGEDR  1458978.0%8270 1 28956 1613
4| A BUTEHE  1404436%040 1 272080.36%
15| 2 263238691400 1494908 055020 1 2342%.4218)
B X BL09GE3 14953660790 1 169926 6423
|27 % 263150.124090 1495660 877160 1 1497265869
B| 7 EI0BAME 1496059430060 1 84536 26708
|4 pi] 264331.021558 1492685763110 2 21497 294
0] W B4 1439908200 1 186573.304
(31] 1} 264094 842065 1493653 351460 1 252723 5888
A ] F6191099  1494110.949230 3 2630937199)
[33] 2 263358 662571 1434524 263350 3 2566349771
(3] B EFBABEAY 149495 36R0 3 2425939041 q
104 » w\ COMALL \NODEXY { ELMNTNODES /ENDRY /INTIAL /SBW / SEA LEVEL / SHED AREA SORTER /SEALVLAVG /  |¢ )
i s Aoshepess \ N O Ao @l O-Z-A-S=20 d

e 3 r f [ . -3
14 start fe6 8 NATE'S DEFENSE 4 VaDOSEFLOWSYNT... % Aquacharge 1 (gola... B Mcrosoft Excel - FEM,. CMOL 7 s

Figure 60. FEMData recordset setup for NODEXY tab.

Element Nodes

Element nodes have two recordsets in the spreadsheet named ELMNTNODES. The
recordset names are ELMNTNODES, left of spreadsheet, and MATPROP at the right (Figure
61). Element nodes describes the nodes connected to an element and the node number, from the
bottom left corner, identifying the nodes in a counter clockwise fashion (Figure 62). A special
Excel program called Elements in Nodes was written that used angles to sweep the order of
nodes around the element from a reference point. Type “6” is from Istok’s coding that describes
a 2-D, quadrilateral, mesh type design. The “MATERIAL SET NUMBER” field in the
ELMNTNODES recordset identifies which “MATERIAL PROPERTIES”. In this project, 3
material properties were made, where each have specified hydraulic conductivities Ky and K, (in
the x and y direction) and its specific storage, S.
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B3 Microsoft Excel - FEMData.xls

i) Ble Edt Vew Inset Fomat Tools Data Window DPlot  Help pe s question for help v o @ X
PN TR % @ S99 F o) E 5] - @ e s B rUSEEESS %0 RN A- B
iy 9 Sewury.. | 3 k2| o0
L4 - f 0.0006

A B = [1] = F G H 1 J K I M_| N | 0 =
| 1 [ ELEMENT TYPE N1 N3 N4 MATERIAL SET NUMBER MATERIAL PROPERTIES Kx K Ss
2] 1 5 T 0 1 2 2 3450 3450 00003
13| 2 5 2 1 12 3 3 2 4500 4400 0001
4| 3 6 3 12 13 4 gl < 6500 6500 [_0.0008)
1 4 6 4 13 14 5 3
16 | 5 (3 5 14 15 6 1
7] 6 3 6 15 16 7 1
18| 7 6 7 16 17 8 1
KX 8 6 8 17 18 9 i
K 9 6 10 19 20 1 2 |
11 10 6 1 20 21 12 1
2] 1 6 12 21 22 13 1
3] 12 5 13 2 23 1 i
14| 13 B 14 23 24 15 1
5] 14 6 15 24 25 16 1
116 | 15 5 16 25 26 17 1
17| 16 5 17 26 27 18 {l
16| 17 6 19 28 29 20 2
119 ] 18 B 20 29 30 21 1
120 19 6 21 30 31 2 1
121 20 B 22 31 32 23 1
[22] 21 6 23 32 33 24 1
23] p) (3 24 33 34 25 1
124 ]| pc] B 25 34 35 26 1
125 24 (3 26 35 36 27 1
126 | 2 B 28 37 38 29 2
127 | 2% 5 29 38 39 30 1
[26 | 27 6 30 33 40 31 1
[29 | 2 6 3 40 4 32 3
[30] 29 5 32 il 42 33 B
[31] 30 B 33 42 43 34 i
[32] 3 B 34 43 44 35 1
[33] 32 5 35 a4 45 36 1
[34] k] B 37 46 a7 38 2 3
W« » m\ COMALL /NODEXY ) ELMNTNODES {BNDRY /INTIAL {SBW { SEA LEVEL / SHED AREA SORTER {SEALVLAVG /  [¢ >
iptaw=> L |Autoshepes~ N\ N 1O Al Al &x (8] @l | O - Z- A -=

B NATE'S DEFENSE TR VADOSE FLOW SYNT. % Aqua Charge 1 (gola... B Microsoft Excel - FEM. KRS T susPM

Figure 61. FEMData recordset setup for ELMNTNODES tab.

14 %, 22 ”
29

28
20 /3 _

Figure 62. Element nodes numbering order. Element 21, with neighboring nodes, numbering
order is from the bottom left counterclockwise, 23, 32, 33, and 24.
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Boundary Conditions

The boundary conditions for Dirichlet Nodes were configured within the internal code.
The Variable Dirichlet Nodes, shoreline nodes, were hard coded into the finite element codes
that are set to receive tidal changes with time. The recordset for Dirichlet nodes are the date and
the average sea level in meters for a given day.

The Neumann nodes were set for all the nodes except the shore. The recordset shows
that it has all the node values, but the shore nodes were identified within the code to change to
Dirichlet Nodes. The spreadsheet tab is named BNDRY (Figure 63) with two recordset names
DIRICHLET and NEUMANN. This recordset was left to exist and one day may be used. Since
there were only five shoreline nodes, a simple code handled the data for both boundary
conditions for use in the computation.

Eimtees -Filns

— |
Ar e e ooBlpEszErs A0

(l!;ﬁ‘ B

Figure 63. FEMData recordset setup for BNDRY tab.

. (6% e Homow, Quiwi, Dot

Initial Head

Initial head was determined using an Excel Visual Basic (VB) written program called
Head Hunter. The program first uses the modes (through frequency analysis) of the observation
wells M-10a and M-11 and the daily average recharge at those observation well nodes. Then, for
each well, the hydraulic conductivity was determined, solving for “K” using the Dupuit-Ghyben
Herzberg equation. The distance of the well nodes from the shore was determined using the
distance formula. The hydraulic conductivities from the two wells were averaged. Then an
algorithm employing the Dupuit-Ghyben Herzberg was coded to sweep through all the nodes
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with respect to their distance from the shore to determine the hydraulic gradient and the
hydraulic heads at each node. The hydraulic head was then converted to feet and meters
interchangeably used in the finite element code. The finite element method Istok coded used
meters and was converted to feet outside this code for displaying results in AQUA CHART.
Spreadsheet tab named INITIAL holds the recordset source for initial heads (Figure 64). The
code required other field variables, shown on the sheet, “END”, “DT”, “T”, and “GT” were
abandoned since the time step is daily, “one”, and does not change, as it was hard set in the
program code. Istok has a special code using the variables for changing time steps which was
not necessary for this hydraulic model since the daily time step does not change. The “NODE”
and “VALUE”, starts the initial setting of the hydraulic head to zero for every node, then to its
specified initial value. See Habana, 2008, APPENDIX G for details to this data.

E3 Microsoft Excel - FEMData.xls QE @
P%) Bl Edt Vew Inset Fgmat ook Data Wndow DPiot Help pe & question for %
HRR=R= BRI TR A R - R AR R Y [ 1) LY HE 210 2B ZUESER]S %o R E-0-A- B
P p 0 Seauity.. | B 30 |6
ZEE A =L433.281
[l A [ 8 | ¢ [ o [ E [ F [ 6 [ H [ 1 [J K L [ M | [ o[ P a [~
1 END DT T GT NODE__ VALUE NODE __HEAD FT_HEAD M INTERFACE DEPTH
2 1 1 0 1 1 i 1 260 0.79386260
[3] 1001 1 137 0 2w 069274407
4 3 188 057412886
5 4 125 038249242
(6] 5 0 0.00BB6667
[7] 6 0D 0.00666657
8 7 002 0.00666667
9 8 00 0.00666667
[10] 9 0m 0.00666667
[11] 10 268 081608436
12 11 240 0.73280556
[13] 12 205 062351889
[14] 13 174 053002658
15 14 169 051388284
16 15 126 038537754
[17] 16 1.01 0.30666837
18 17 1.01 030676883
19 18 111 033709880
[20] 18 27 083104003
[21] 0 28 0.76867387
2 21 231 070279662
pz] 2 218 066315048
[24] 23 210 063956047
[25] 24 176 053518258
% 2 1.44 043897676
7 % 1.3 0.41429921
(28] 7 151 045966581
2 28 284 086446572
El] 20 2n 082830607
[31] B 259 0.79083340
[32] 31 249 0.75308097
<) 2 24 074468492
3 B 213 065057274 g

A€ 6 7 | e naresoerense I A {8 Aquacharge 1 (gola... B Micrasoft Excel - FEM... RBAL % 53PN

Figure 64. FEMData recordset setup for INITIAL tab.
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Semi-Bandwidth (SBW)

The SBW is determined in the code to prepare the global conductance and capacitance
matrix. The numbering of the nodes and elements was done carefully to produce the smallest
SBW. A small SBW configuration speeds up matrix computation. In the early stages of
programming, the SBW was determined in the SBW spreadsheet, tab named SBW (Figure 65).
the SBW result was entered in the maximum SBW is a variable in the COMALL spread sheet as
a set value. To determine SBW for each element, it is the highest node number minus the lowest
node number of all the nodes around an element plus one. For example, Element 1 has node
neighbors 1, 10, 11, and 2. Node 11 is the highest node number minus 1, the lowest node
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number, plus one which results in 11. Therefore, the SBW of Element 1 is 11. Each element’s
SBW is determined and the maximum SBW solved is the mesh’s SBW entered in COMALL.

B3 Microsoft Excel - FEMData.xls QE}@
{) Fle Edt Vew Inset Fomat Took Data Wndow DPlot Hep Tyne aquestionforhep AR
BT I AT S AR e 1 1| ) H 0 BIUEEIALIS %0 A E-0-A- f
RECSEETA |
PT v R
A | B [ ¢ [ Db [ ETFT 6 [ H [ 1T [ J [ K[ L[MI[NTOILPTa R[4
1 ELEMENT TYPE M N M M MAX _ MIN __ DIFF__ SBW _ MAXSBW
2] i G 1 (] 2 1 i [ 1
3] 2 6 2 12 3 12 210 11 u
4] 3 6 3 12 13 4 137 3 10 1
5] 4 5 413 5 w4 w1
a § 6 5 U 15 B 55 1w 11
17] B 6 6 15 16 7 167 B 10 1
18] 7 B 7.1 8 (LA A 11
19 8 6 B 17 18 9 B 8 w1
10 9 6 18 0 1 w1 11
1] 10 BN n 12 27 10 11
[12] 11 B 12 2 2 13 20 N
113 12 B 13 2 B u b JE IR 1
[14] 13 6 1 B U 1 w0 11
15 14 6 15 24 % 16 P I [ 11
16 15 B 1B % % 17 ® w10 N
17 16 6 17 % 7 1 b2 T —
18] 17 6 9 B B D b I [ 11
19 18 S [ ] o x wn
El 19 8 2 03 2 A 0N
2] pi 6 2 3 2 B 2 2 11
(2] 2 6 B B A B B 11
3] 2 6 B M % #Woou 11
24] bz 6 %  # B » ¥ % 0 11
5] bl 6 »® ¥ B 7 B % 10 11
E 5 6 ® ¥ B B B B 0 11
2] b B ®  ® P W ¥ ® w1
28] 7 N - | w B 11
El B B 3 40 4 k) a3 10 11
El b B 2 4 3 .m0 N
El kil 6 B &£ B ¥ 8B 11
(2] 3 6 M 48 M % 4 W1 11
El 2 B B M &5 B s B 10 11
134] 3 B ¥ & 4 B LA | 3
W4 » W\ COMALL /NODEXY { ELMNTNODES /BNDRY /INTIAL )\ SBW { SEA LEVEL { SHED AREA SORTER /[SEALVLAVG /~ [¢ >

4§ VADOSE FLOW SYNT...

M4 Aqua Charge 1 (gola.,, B Micr

The rest of the tabs are used for doing special calculations and configurations, to be
transferred to the useful recordsets in the database. These extra tab spreadsheets are SEA
LEVEL, SHED AREA SORTER, and SEALVLAVG and are not used by the finite element code
as a recordsource.

This completes the input data for AQUA CHARGE to run both models. The next chapter
discusses methods, coding, and interface design of AQUA CHARGE.
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The programming and code development for AQUA CHARGE is explained through
descriptions of the mathematical models used and program logical flow diagrams. The computer
program is developed in MICROSOFT® (MS) Visual Basic (VB) 6.0, Professional. The
program allows the user to load the input data temporal rainfall and pan evaporation, soils
properties, and PAT data. Then the data is extracted and set into array variables. Next, the area
weighted average (AWA) recharge is calculated for each node-shed. Finally, a modified pulse
routing method simulates the lagged and attenuated flow of recharge to the lens. A special chart
for result analysis called AQUA CHART is prepared in MICROSOFT® Excel to view
graphically the synthesized recharge for a specified node shed. The user may export the
synthesized recharge for a hydraulic groundwater (GW) modeling program.

Development of AQUA CHARGE via MS VB 6.0

AQUA CHARGE was programmed in the BASIC language. Microsoft VB 6.0 allows the
development of applications with an easy to use Graphical User Interface allowing the building
and design of the program with ready made functional forms and controls (GUI, see Figure 66).
The programming development of AQUA CHARGE is discussed next.

# Project1 - Microsoft Visual Basic [design]

File Edit View Project Format Debug Run Query Diagram Took Add-Ins Window Help

‘E}'ﬁv H e H CEMA )y s M ESEREAD nsig, e

BE o
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11 =
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B Form2 (DatesTo.frm)

B frmSplash (frmSplash. frm)
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If h = 1 Then JHeight 3495 -~
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End If Mouselcon (None)
Next h [MousePointer 0 - flexDefault _
= I For h = 1 To nPGages [OLEDroptiode 0 - flexOLEDrophone
e If h = 1 Then PictureType 0 - flexPictureColor
‘ 3 Al " 4~ headl$ = headl$ + Left(Data2.Recordsed [Redraw True
= Else [RightToLeft False
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~ & 2 o FEow Rows
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SO RE S D e 18 = 10
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& L %
# 8 8 If g = 1 Then
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Figure 66. MICROSOFT® Visual Basic 6.0 programming environment.
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Input Data

AQUA CHARGE requires four data recordsets as input which can be assembled in an
Excel workbook as an “All-In-One” data (see Chapter 4). The logical flow diagram (Figure 67)
for data input shows the rainfall data, pan evaporation data, soil properties data, and the polygon
attribute table (PAT) data. A common dialog box allows the user to open the All-In-One data
recordsets. Each data recordset in the workbook is converted into its respective array variables
and displayed in the tabbed user interfaces. The soils characteristics can be adjusted by changing
the shape of the curves, using the equalizer like curve adjuster, that affects how recharge and
evapotranspiration (ET) are modeled. The PAT data goes through a sorter to optimize the order
of execution, in case the sorting was not done prior, and to increase the speed of calculation as it
sweeps through the spatial zones.

INPUT
(RIS JCOMMON DIALOG BOX
DATA L
2. PS:TiVAP <oRT
&
y
y
3. SOILS DATA RAIN AND PAN TAB
SOIL INDEX
p y TAB
PAT DATA TAB ] 7'y
4. PAT DATA L
[
-
DATA ARRAY ’

VARIABLES

Figure 67. Input data programming flow diagram. The sorting sub-routines move the data to its
appropriate tab and assigns them to their respective array.

The loaded data are displayed in tabs in the GUI of AQUA CHARGE. The rain and pan
evaporation data are shown in the second tab (Figure 68), the soils data are shown in the third tab
(Figure 69), and the PAT data are shown in the fourth tab (Figure 70).
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= Aqua Charge Deluxe E] @

File
AquaChaige | Daily Rain and Par|___ Soilndex | PAT | AngysandGWR | ficali | Calculated Records | Router | GWModel
Rain Man and Pan Handler
DATE | AND| DED| WSM| DATE | AND-WSM| DED-NAS
21231986 0 0 0 11/5/1388 0.07 0.07
212411386 024 0.02 0 11/6/1388 012 0.12
212511386 002 0 003 11/7/1388 0.09 0.03
2261986 072 21 059 11/8/1388 0.12 0.12
2/271986 302 06 286 11/9/1388 0.15 0.15
212811386 002 03 068 11/10/1988 0.2 0.22
311986 263 112 22 11/11/1988 013 013
37211986 007 [iN] 005 11/12/1988 035 0.35
3/31986 0 0.02 0 11/13/1988 0 02
3411986 027 0.26 061 11/14/1988 0.26 0.26
3/511386 0.04 02 004 11/15/1988 02 02
3611986 03 037 0.46 11/16/1988 02 02
3171386 0.3 02 0.4 1171988 0.26 0.26
3/8/1386 001 [iR] 003 11/18/1988 0.22 0.22
3/9/1986 003 0.27 01 11/19/1988 0.24 0.24
311011386 014 053 043 11/20/1988 0.23 0.23
3111986 001 0 007 11/21/1988 0.05 0.05
3121986 0 0 0 11/22/1988 02 02
3131986 0 0 0 11/231988 013 013
31411986 0,04 0 004 11/24/1988 019 019
ANE190R nm n nns 11571988 N4 n2d
Rain Gage Field Dates Data Info Pan Evapa Field: Data Info
Name:[aND Begin [T7i75@ | LML 4]Ra » v Name:[DED NAS TRIEES » M
Gage Code: [4025 End: [12/31/1335 Recordsource: Gage Code: [4226 Recordsource:
FieldNumber  [1 | ———— RN Field Number: [2 [PaN
numDays: [5113 e W 1stRec: [—‘13 _— W
1stRec: [g nMonths: [153 Ly Rw:[u_zzg—
LastRec: [0 Wears:[1g B — Fieds [3
esttiee: J4ozs freet]ia s Dates to: [31/01/82 10 12/31/%5 g
Create Anrays

Figure 68. AQUA CHARGE Daily Rain and Pan Evaporation tab. This tab shows data
information for the gaging stations.

= Aqua Charge Deluxe B@@
File
AquaChaige | DaiyRanandPan | SoilIndex | PAT | AnaysandGWR | Veiifications | Calculated Records || Router | GWModel
Soil Data Manager
1D] SOIL NAME I = CLICK TOP CHART T0 SWITCH FOCUS
T AGFAYAN CLAY 11850
9 AKINA SILTY CLAY 1.267;
{E] AKINA BADLAND COMPLEX il Moi i
L YT T ] Recharge Soil Moisture Split
20 AKINABADLAND COMPLEX 1.267
23 CHACHA CLAY 2682
25 GUAM COBBLY CLAY LOAM 1.008¢ 100
26 GUAM COBBLY CLAY LOAM 1.008¢ A
27 GUAM-SAIPAN COMPLEX 38831 %0
28 GUAM-URBAN LAND COMPLEX 1.03% 80
29 GUAMYIGO COMPLEX 30561 R /
30 INARAJAN CLAY 3832 e 10
A2 PLIANTAT 1 &Y 19807 /’
4 » : 60
Soil Editor a /
Options % Yield Variable and Field Capacity Panel 4
g 40
Resst ||| af | | af o & [F I
LA 126771 % /
—I update 20 /
Save 10
—
0
Load 00 02 04 06 08 10 12 14 16 18 20
Soil Moisture (inches)
X - Axis Ops
I e
[o [s1 [77 [ee [ [100
& SM(in)
Create Arrays

Figure 69. AQUA CHARGE Soil Index tab. Clicking on the front chart brings the back chart to
the front and sets relationship curve on focus. The % Yield Variable and Field Capacity Panel
lets the modeler adjust the curve shape and change the field capacity of a selected soil type. The
SM curves can be saved or loaded.
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= Aqua Charge Deluxe g@@

File
Aqua Charge T Daily Rain and Pan T Soil Index T PAT T Arrays and GWR T Verifications T Calculated Records T Router T GwModel
Framed
Zone Field Identifier PAT FILE
14| 4 |PaT » FID| ZONE_ID[SHED_ID|SOIL_ID] RAIN_ID] PAN_ID[SOIL_TYPE [STRATUM | ZONE_AREA| _ SHED_AREA|[ « |
126 227 72 23 4156 4223 GUAM-IGO COMPLEX Limestone 14228.0431012 129538112488
127 228 72 26 4156 4229 GUAM COBBLY CLAY LOAM Limestone 476235108151 129598112488
Zone |zoNE_ID 128 229 72 25 4156 4229 GUAM COBBLY CLAY LOAM Limestone 111173605211 129598112488
Shed GHEDD 431 230 73 44 4156 4226 RITIDIAN-ROCK OUTCROP COMPL Limestone 33942.3785283 458094,363296
) = 432 231 73 27 4156 4226 GUAM-SAIPAN COMPLEX Limestone 485556848327 458094,363296
Soil [soiL_iD 433 232 73 28 4156 4226 GUAM-URBAN LAND COMPLEX  Urban 653453638487 458094,363296
RanGage [RANID 434 233 73 25 4156 4226 GUAM COBBLY CLAY LOAM Limestone | 374700.893321393  458094.3632%6| |
= 391 234 74 33 4156 4223 PULANTAT-KAGMAN CLAYS Limestone 15763.1290353  397601.467333
PanGage  [PAN_ID 392 235 74 33 4156 4226 PULANTAT-KAGMAN CLAYS Limestone 7446.82229538 337601467333
ZoneAiea  [ZONE_AREA 393 236 74 44 4156 4226 RITIDIAN-ROCK OUTCROP COMPL Limestone 56623.6445103 397601467993
= 394 237 74 26 4156 4229 GUAM COBBLY CLAY LOAM Limestone 1766.36825962 337601467933
ShedArea  |SHED_AREA 395 238 74 26 4156 4226 GUAM COBBLY CLAY LOAM Limestone 102584.67303 337601467333
3% 239 74 25 4156 4229 GUAM COBBLY CLAY LOAM Limestone ~ 86019.2605635393 397601.467993
Extract and Sort Required Data 397 240 74 25 4156 4226 GUAM COBBLY CLAY LOAM Limestone 119181.408042 337601467333
from ‘PAT" file 98 241 74 2R 415R  422R GIIAM CNRRIY M AY | NAM | impstrng RIRARAGTIZR7 397RnT 4798317
Sort Sorted Zones Sorted Elements
4| 4 [sorted Zones Y Count| ZONE|_ SHED| SOIL| RAIN Sta| PAN Sta| Zone Are | SHED| ZONE| SOIL| GAGE| Pan| Zone Area| Ik « |
1 7] TS 24 324 104 7 2 1 1022.7340¢ 38 138 7 2 2 151635296458 i
XK : 325 325 105 11 2 1 165.673175 33 139 4 2 777341892858 1.
26 326 105 8 2 1 '46.929787 33 140 7 4 2 2876.72679062 i
Record Count: [487 w7 327 W05 7 2 1 34653549¢ 40 14 7 2 2262087.338408993 9_|
I — 328 328 106 1 2 1 148819038 40 142 7 4 2 138138701361 3
29 323 106 8 2 1 3.9038257 41 143 10 2 2 436441625482 8
330 330 108 7 2 1 112.934767 41 144 7 2 2253102.108822399 8
@ 33 w07 7 2 1.187.26654__| 42 145 10 2 1 76711.2148598 i7
332 33 108 7 2 1 199,683932 42 148 10 2 2 5130366218717
333 333 109 8 2 1 156.916475 42 147 7 2 1 5147.01265524 i7
334 334 109 8 2 1 145.03419€ 42 148 7 2 2 3420260304039 i7
33 33 109 7 2 152051306 v | 43 143 10 2 1 75011.519705393 3 v |
L] | 2f e | 2

Create Arrays

Figure 70. AQUA CHARGE PAT tab. This tab extracts the necessary fields and puts them in
order.

The soil tab displays two soil curves (Recharge and ET), a list of soils in the domain,
adjustment for the curves, view changes, and save and open buttons. Once the Excel file of soils
properties is loaded, a default linear graph is displayed. Clicking on the chart will switch the
display of either the recharge curve or the ET curve. Each soil in the table may be selected and
the chart will show that soil’s curve with the field capacity (FC). The view of the x-axis may be
changed to display the percent of FC or FC in inches. The curves may be adjusted with the
vertical control bars to the left of the chart. The adjusted curves may be saved to a special type
text file and it may be opened for test and setting purposes. ET and recharge curve settings saves
into file type extensions *.etp, and *.rep respectively.

The zone tab displays the PAT table. To the left of the table, the user may click the text
box and select the proper field on the table. Once, the proper fields “Zone”, “Shed”, “Soil”,
“Rain Gage”, “Pan Gage”, “Zone Area”, and “Shed Area” are selected, and the proper names of
the field names in the PAT file are in their appropriate text box, the sorter button is clicked next
to display an optimized ordering of the PAT file. This helps to speed up the calculation process.
Only the selected fields are displayed during the sort.
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Zone Recharge

The programming of recharge calculation for each zone is based on the simple
mathematical model of the SM water budget/balance (E17) also described in Chapter 2.

SM,=SM,,+F(1-R%,,_,))— PAN (ET%,,,) (E17)
This equation manages only the SM budget. To determine recharge, we expand the equation:

F(1- R%(H)) =F - P;(R%(H)) (E18)

The term F(R%,, ,,)is the percent (R%,, , ) of rainfall (F) that goes into recharge amount for

the period. This value is stored into a recharge array for each day and each zone. Also, excess
SM (SM greater than FC) goes into recharge for that period (see Chapter 2).

Recharge is calculated within each unique zone area using its special attributes. For a
specified zone, a water balance flow diagram (Figure 71) describes how the recharge calculation
is programmed. The program sweeps through the entire spatial data for every zone on a daily
basis. Zone recharges for every day and most calculation results are stored into an array
variable.
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DATE t NODE-SHED f@
PAN ID

_J-
GAGE ID II
Rain data

SUB INTERP
SSM
IF SSM <= FC,
CALL INTERP IF SS_M >FC,
RE = %R(Rain) Eggﬁingg FC
RRSM = SSM-RE
Zone
Recharge
{ RRSM }

SUB INTERP |
[
| Y
Pan data
CALL INTERP
ET = %ET(PAN)

D : ET > RRSM
N ]

ET = RRSM
> ET <
|
SM = RRSM - ET S ———

Figure 71. Programming flow diagram of zone recharge. A linear interpolation sub-routine
solves the percent moisture splitters.

90



Vadose Flow Synthesis for the Northern Guam Lens Aquifer
Methods, User Interface Design, and Code Development

Area Weighted Average Recharge

In the same program loop, where the daily zone recharge is determined, the AWA daily
recharge for the node-shed is being calculated (see Figure 72). A special algorithm and array
setup does this instantly with the following code equation (E19):

ZArea

AWR(d,s)= AWR(d,s)+
SArea

(zR(d, 2)). (E19)

AWR(d,s) is an AWA recharge array variable for a given day number “d” and node-shed number
“s”. zArea and sArea are zone area and node-shed area respectively. zR(d, z) is the zone
recharge for the day for a given zone. The AWAs were calculated for other values such as SM,
change in SM, pan coefficients and so on. Once the AWAs for a node-shed are calculated,
special algorithms were made to produce monthly sums and averages as well as yearly averages
of selected values to produce monthly node-shed recharge (Figure 72) and a summary values tab

(Figure 73).

. N
FOR i=1to nDays —l \

» FORj=1tonZones

—

Zone Recharge

ZONE |
! AREA

AWR(d, s) = AWR(d, 5)+ 2% 7R(d, ) |«
sArea

/
/
i
i
s
/

1
— @
m
/'ll
4
y
= Y
et AN
! SHED
,
.
;
,
/
;
;
.
:
7
;
.
j
/
.
:
.
-

SHED |
AREA

A

NODE-SHED \
RECHARGE
STORAGE /

— NEXT ZONE «—— E’E
NEXT DAY <

Figure 72. Programming flow diagram of area weighted average recharge. This is done in the
same loop as zone recharge is calculated.
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= Aqua Charge Deluxe
File

AquaChaige | DalyRainandPan | Sollndex | PAT | Anays and ¢
List View of Anrays
Monthly Ground Water Recharge to Node Sheds in Cubic Meters

Verfications | Calculated Records | Router | GwModel

151 16.13282 35837.93335 3533.35221 463.74705 16089.20110 37456.89245 38569.78906 4312251266 140873.21803 84653.88079 21051.00239 156852.59331 810.27148 >
3033 29660 23750.78483 2336.75604 296.27853 10749.88641 24739.25733 25284.21365 32459.17657 92943 95483 55776.49884 13311.63088 10662.90177 527.34786 1
3399 08547 26090.58256 2595.10935 260.91046 12634.91139 27209.29978 26584.01463 35816.21417 101611.44575 60477.38831 15380.36905 13004, 95569 529.40255
5769.19486 33647.90616 3381.48178 374.61909 16093.92071 35546.97290 35373.33065 46745.83465 133090.41099 79467.13121 20074.55873 16348.61772 717.99572
2463.70742 1349669730 1718.41421 245.25733 6618.74528 14726.17800 15842 97552 19378.07550 5702813100 34668. 76688 8480.25562 6724.46422 401.47485138
5073 95521 2218157002 3077.96408 45265893 11036.66936 2398744553 2635943827 31600.52991 34265.20735 57644.30693 13956.10216 11363.21980 724.58284 -
17325 75035 9380.96663 1277.07617 182.59933 4838.57721 10884.86060 11724.04117 14324.19513 42186.36893 25654.48537 6271.71875 4380.63268 238.50026 103.0
1069.43916 5295.00771 556.01680 53.50239 2768.27615 5418.56060 6851.07441 6630.68517 19460.27369 10621.95096 4054.23338 3237.95751 131.65321 178.70979 1
256.86841 1303.88591 127 57972 4.13521 75160868 1173.43462 1436.08178 1488 83125 4154.48754 2175.31417 918.07061 324 30488 21.30985 4567488 40965373 ¢
}EG}SJ 0179 65550.72987 6073.32836 794.56618 2780450420 64711.06584 66455.25033 8475664827 243118.40131 14610753898 36194.27840 27336.30265 1334.11
18154;2 42562 37384.37180 3822.88831 462.81337 17767.46233 40270.05461 4080888873 52912.96223 151176.27317 90550.31857 2273228039 17802.61945 843.44213
8064.04078 46444.74551 4732.10521 520.13445 22544.63395 49675.68951 43377.75344 6535073347 185388.03406 111015.84356 28086.41302 22341.77092 1000.823
18653 97530 43872.33746 509300853 57357093 24117.96873 5350315335 53436.51633 70367.23422 200452 66482 113750.33205 30241.91263 2445446014 1088.375
15;35 94905 42802.07814 4175.08284 464,93146 19639.59636 4310384330 4292059882 56642, 64737 161662.52822 96624.33511 24299.28208 19989.90491 888.08053
1227 23452 27473.03635 2988 53374 385.61477 12675.79346 2806863919 29075.94963 36886.04860 106347 67603 6449373164 15957.63083 12663.35370 671.84441
13?88 50972 20309.51365 2054.92235 205.83483 10114.48547 21162.56310 2238097311 26906.14627 77604.14426 44762 26070 13308.56575 10998 82402 446.70075 *
4131.23304 20120.70724 2085.26283 234.93417 1035566581 1384214219 23126.72226 20671.01816 66413.92222 31799.77330 18734.64157 1373831801 603.75437 1
12%12 60858 10804.57426 1098.91728 13360172 5406.30764 10733.11948 15858.80449 10611.55964 35246.33920 1654889278 10468.47984 740910751 332.62634 58¢ cdihd

687316083 41611.34486 3965.33231 513.54577 18108.89848 42151.87343 43341.37936 55241.61140 158440.50102 35214.76533 23628.39482 17821.63166 309.81896 ¥

[

Figure 73. AQUA CHARGE Arrays and Groundwater Recharge tab. The values displayed here
are monthly total AWA GW recharge in cubic meters for each node-shed or element, depends on
GW modeler’s specification.

File
AquaChaige | DalyRanandPan | Soilndex | PAT | AwaysandGWR | Veiiicatons | Calculated Record:| Router | GwModel
Total Area of Node-Shed sq. meters [46947622 5701973
AREA WEIGHTED AVERAGES (INCHES)
Monthly Date Area wtd Rainfall Area wid PAN Areawtd ET Area wid GWR Area witd Pan Coef Area wid Del SMI
01/1982 0382 06.42 0262 01.168833 00.41 0.03 ~
02/1982 10.27 06.20 0357 06.479376 00,57 0.23
03/1982 0252 07.56 0227 00.612240 00.30 -0.36
04/1982 01.17 08.26 01.16 00.095254 00.14 -0.08
05/1982 06.97 08.00 03.85 02.867014 00.48 025
06/1982 10.43 07.06 0351 06.633844 00.50 029
07/1982 1416 06.28 04.47 039.409169 00.71 028
08/1982 09.86 06.27 04.00 06.449711 00.64 -0.59
09/1982 2691 06.48 04.70 21.969167 00.73 023 ™
Months Rain Pan ET GwWR PanCoef Del SMI
Jan 0517 06.10 0252 02827542 00.41 241
Feb 04.40 06.05 02.04 02.312304 00.34 0.70
Mar 0288 07.44 02.00 01.000772 00.27 -1.66
Apr 04.20 07.95 02.34 01.823338 00.29 058
May 05.51 07.85 02.77 02.578870 00.35 2.26
Jun 07.02 07.04 03.11 03.857624 00.44 0.72
Jul 11.74 06.43 0396 07.627213 0061 2.04
Aug 16.39 05.80 04.06 12.307621 00.70 0.40
Sep 15.42 06.00 04.14 11.305468 0069 036
Oct 1265 05.56 03.66 08.330737 00.66 -0.04
Nov 09.78 06.66 0371 06.196252 00.56 142
Dec 07.13 05.98 0310 04.080645 00.52 -0.82
MONTHLY AVERAGE (INCHES)
Years Rain Pan ET GWR PanCoef Options Output
19821995 08.52 06.58 0312 05.409038 00.47
Export Calculated
YEARLY AVERAGE (INCHES) Records
Years Rain Pan ET GWR PanCoef
19821995 10224 78.88 37.40 64.883059 00.47 1] «JOuput Summary b [0l

Figure 74. AQUA CHARGE Calculated Records tab.
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Routing Recharge

A modified pulse routing technique is the way that water’s time of travel and internal
storage are accounted for in computing the recharge for each computational interval. Recharge’s
lag time and attenuation effect was simulated this way. First, the daily AWA recharge is split
using an adjustable curve similar to splitting recharge and ET from the SM (see Figure 75).
After the fast and slow recharges were split, they go to the routing algorithm. In the figure, the
abbreviations FR and SR are the fast and slow routing algorithm respectively, T; is the time in
storage value (hours), t is the time of day in hours, and BR CAP is the bed rock capacity. The
mathematical formula for routing is shown in Chapter 2.

NODE-SHED
AREA WEIGHTED AVERAGE -
RECHARGE - e
: /
20 /
Ts Ts
t=24 hrs —
0.0
[:[:lhoésc:s phases BR CAP
FR SR
SR¢1)
Sum of fast
and slow

A 4

NODE-SHED, ROUTED RECHARGE - i

Figure 75. Programming flow diagram of the router.

The program is designed such that the user can change the number of phases and T, for
either the fast or slow recharge components of recharge, the bedrock capacity, and adjust the
percent to fast flow curve. This allows the modeler to change the time lag and attenuation of the
fast and slow recharge separately. The daily sum of both the fast and slow recharge produces the
final vadose flow (recharge) synthesis. Again, the Visual Basic codes for the recharge synthesis
model, Stages 1 and 2, are shown in the APPENDIX.
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AQUA CHART Display of Recharge at M-11

After the routing process, the user may extract the synthesized recharge data to AQUA
CHART for visual inspection. Figure 76 shows a special Excel chart, called AQUA CHART,
displaying the synthesized recharge (top chart) response to rainfall (top axis). The green curve is
slow recharge and the dark blue is the fast recharge. The sum of the slow and fast is the
synthesized recharge (red). The second chart beneath shows observation well M-10a and M-11
measured data along with the daily tide fluctuations. Although the recharge and the well data are
not directly comparable, the comparison gives the modeler a means to determine if any
adjustments need to be made. The tide and observation well data can be found in Habana, 2008,
APPENDICES E and F.
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@_] File Edit Wiew Insert Format Tools Data  Window DPlob  Help
PN EEH RSB 9@ oG] [F] (00 @ EI o - B U j=S==58 % o
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M 4 » v} AQUA CHART { WelRRAINDATA £ hydrograph £ OVERVIEW £ n - ANLYSIS £ GW MODEL / GW MODEL RESULTS / Recharge Comparison £ GWR Data 4 BC CHARTS £ difference £ SIM-OL | <
Figure 76. AQUA CHART. This is designed in Excel, top chart, displays rainfall data from the four gages, top axis, and a recharge
synthesis (red) for observation well M-11, node-shed 59, bottom axis. The bottom chart displays observation well data M-10a (dark
blue) and M-11 (light blue), daily average sea level data (near the bottom axis), and hydraulic model simulation for node-shed 59 (for
observation well M-11, orange).
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Recharge Synthesis Well Guide

Just as in streamflow synthesis or hydraulic modeling, many trial runs must be attempted
to calibrate the many modeling parameters available in AQUA CHARGE. Since there are no
recharge gages at the observation wells, there is no direct data to use and compare when
determining the recharge synthesis results.

One way to determine the required routing parameters is to use a guide. The best guide
we have is the observation well data showing response to recharge. The GW response measured
in head can be converted to moisture in the porous media in terms of inch units. This can be
used as a guide to assist in the calibration. A simple conversion of well head values using the
porosity of the media is applied. If we considered a square meter top area column, as a unit area,
of the GW rock media illustrated in Figure 77, a formula can be derived to determine the
moisture input that would cause a particular response of the GW to recharge.

h:

n <

h.

Area of Media =1 m?

h: = hydraulic head

h. = mode of hydraulic head

h: = hi — h. = “GW response to recharge”

\

Mean sea
level

Figure 77. Properties of GW in a porous media.

We want to convert the hydraulic head in the media that is above the mode head of the
observation well into its moisture equivalent in inches. The mode head above mean seal level is
shown as h, in Figure 77. The head above the mode head is identified as hs in Figure 77. The
value of hs is determined, depending on the conditions given, with the following condition
equations (E20).

Ifh, >h,,then h,=h,-h,

L . (E20)
If h, <h,,then h,= 0, (usually during rainless periods)
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The unit for h; is meters and converted to inches when displayed in AQUA CHART.
Multiplying h; by the top area of the media, 1 m? will give us the total volume of the saturated
rock media. The aquifer’s porosity, n (E21), assuming porosity is the same through out the rock
media column, can give us the volume of the moisture in the void spaces:

_void volume (m®)
total volume (m?)

(E21)

A value of n equal to 0.09 was used for observation well M-11. This value was obtained from
sampling values until it was near the synthesized recharge value through many test runs. For M-
10a, n was set equal to 0.20. The volume of the moisture in the media can then be converted to a
height in inches by dividing by the area and then converting it to inches (see Ex-1):

m

_ [ 1M (areq) i i
hheight of moisture = 3 [ng(o'ogﬁj(sg'sw%)
H_/

N J\ J
e Y conversion
total volume n factor
divided by
the area ) Ex-1

Ex-1 can be simplified to Equation 22. This equation can be applied to the known well head data
and graphed as the well guide that will be an indicator of the recharge over time.

h=hpn (39.37 mj (E22)
1Tm

The well guide curve is simply a scaled version of the observation well data. The porosity n acts
as a scale multiplier and then converting the well guide to inches.

The modeler can use the well guide curve developed for a particular storm to determine
the desired shape of the desired synthesized recharge curve. A good example of recharge
responding to a high pulse amount of rainfall (15-18 inches, Lander, personal communication)
occurred during Typhoon Omar’s (1992). Figure 77 shows the output from the AQUA
CHARGE models for this particular storm event. The well guide and the observation well level
from which the Well guide was computed show a rapid rise in the water level in a just a few
days. At the same time, water continues to drain from the aquifer, but the recharge is much
faster than the rate which water is leaving the media vicinity. In this case the well heads reached
heights of up to eight feet amsl. After the well heads reached a peak the aquifer begins to drain
at a rate slower than it was filled and faster than the recharge can arrive to keep it up, since fast
recharge is quickly diminished as it has ran out. This first phase of the drainage lasted
approximately seven days. After seven days the well heads leveled nearly constant for about 4
days at five feet amsl. Then well heads fall at an even slower rate than in the first phase of the
drainage. They return near the mode well level value after about ten days or more. From the day
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of the typhoon to the time when the well level dropped to its mode, the event took approximately
25 days.

From observing the data from this storm, the modeler can infer that there was a rapid
recharge that brought the water level up in only a couple of days. This fast recharge must have
stopped at around the second day suggesting a narrow, and high amplitude curve similar to the
fast recharge (dark blue) shown in Figure 78. The water in the observation well falls after its
peak and then plateaus after a few days revealing the affect of the slow recharge’s arrival which
maintained the steady water levels around the ninth day. From these observations, the modeler
uses the well guide to build the shape of the fast and slow recharge that might have caused the
observed water levels for a particular storm. Thus the well guide is used to decide the models
routing parameters, (the Number of Phases and Time of Storage), to be applied to the fast and
slow flow components of recharge. A sample of the well guide for both M-11 and M-10a are in
Habana, 2008, APPENDIX E

AND
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Figure 78. Sample of the Well Guide in AQUA CHART. The gray line in the recharge
synthesis chart, to determine recharge parameter adjustment. The well guide is a scaled down
image of the observatory well levels.
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Hydraulic Model

The synthesized recharge output formatted for a hydraulic model is provided in cubic
meters. The text-file output format begins with the node number followed by a space separated
daily synthesized recharge as explained in Chapter 4. For this project, the finite element method
GW program was designed as described in Chapter 3. Figure 79 shows AQUA CHARGE’s
interface for a simple finite element method GW model design based on Istok’s code. The
modeler uses the recharge output text file as recharge input data for the program. The program is
hard connected to the FEMData, so pushing the Input Data button will open a common dialog
box to select and load a saved recharge data file. The program continues to automatically load
the FEMData (see Chapter 4). The Materials Properties option button allows the user to change
the hydraulic conductivity (Kyy, in the planar x and y directions) and the specific storage (Ss).
The “GW3 TRANSIENT, SATURATED GROUNDWATER FLOW” button runs the
simulation. When the computation is done, the modeler may select a node of interest in the
OUTPUT DATA frame and send the simulation for that node to AQUA CHART. The modeler
may examine the results; adjust the K, and the S, to match the simulated computation to the
observed data. One simple guideline to calibrating finite element parameters is reducing S
increases the amplitude of the response while increasing Ky, diminishes the duration of the
water level stand quickly back down. The regional Ky, is 5.8 km/day (Jocson, 1998) and the S,
is a small number in the order of 0.0001ft" (0.0003 m™) (Fetter, 2001). We used Kyy from 5.5
km/day to 9.5 km/day and S, were between 0.0001 m™ to 0.0006 m™. GW modelers may use
different programs and conditions setup. This project’s main goal was to provide a realistic
recharge to GW models.
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= 2D TRANSIENT, SATURATED GROUNDWATER FLOW
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Figure 79. Finite Element Method program graphical user interface.

Interface Forms, Data, and Chart Connection Flow Diagram

All together, AQUA CHARGE’s interface forms, data input/output, and charts are
connected as shown in Figure 80. AQUA CHARGE needs the All-In-One input data to make the
recharge and summary computations. AQUA CHARGE can also load and save ET/Recharge
curve settings, display routed recharge for a selected node-shed in AQUA CHART, and produce
output text files of routed recharge for hydraulic models or other studies. The finite element
interface form, FEM, has a finite element input data called FEMData. The output recharge text
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file can be used in the FEM and the results displayed into AQUA CHART. The next chapter is
the user’s manual.

FEM 1

FEM DATA =

LOAD/SAVE ET RECH
CURVES

A

RECHARGE OTHER
 OUTPUT - PROGRAMS
L OR STUDY

Figure 80. AQUA CHARGE program flow diagram connectivity.

101



AQUA CHARGE USER MANUAL

With the seemingly never ending need to upgrade to keep up with today’s computer
technology’s rapid change and advancement, it is inevitable that AQUA CHARGE will one day
become inoperable with the latest Personal Computer operating system. The computer programs
mentioned in this project before AQUA CHARGE, such as SSARR, SWIG2D, and
VADOSWIG for example, were ran and stored in floppy disks and designed before
MICROSOFT® (MS) Windows XP. This shows that one day the AQUA CHARGE program too
will need to be recoded to meet the changes. At the writing of this thesis, already, MS VB 2005
and MS Windows Vista had been introduced to the market. Just to mention another impediment,
MS Office 2007 Excel’s new file format with extension “*.xlsx” may not be compatible with VB
6.0 MSflexGrid data control that used the *.xIs” extension. If we are lucky, the operating
systems and programs are retro-compatible. Regardless, whenever that time comes, we provide
you a user’s manual for AQUA CHARGE, but not the obsolete computer.

Installation

The AQUA CHARGE software, the package contains the files and folders shown in
Figure 81. The AquaCharge.msi installer file is run by clicking on the file icon. The Windows
Setup Wizard (Figure 82) opens and instructions for loading the program are given for the user to
follow; next to the installer is the program startup icon.

© File Edit View Favorites Tools  Help :f’
: . 1 =) g
@ Back. </ 1.? 7 Search | Folders El
: Address |_} C\Documents and Settings\MATE\Deskbopt AQUA CHARGE 1340C V| Go
S “ -
File and Folder Tasks & '/J AquaCharge-cache
|
(29 Make a new Folder

@ Publish this folder to
the Web

ted Share this Folder

AquaCharge, aip
Advanced Installer Project
GKE

_E AquaCharge. msi
T indows Installer Package
l e 825 KB

Other Places

@ AQUA CHARGE 1
B My Docurnents
|5) Shared Documents
g My Computer

Figure 81. The program setup files.
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% AQUA CHARGE Setup X

@ Welcome to the AQUA
CHARGE Setup Wizard

The Setup Wizard will alow you ta change the way AQUA
CHARGE features are installed on your computer or even to
remave AQUA CHARGE from wour computer, Click "Mext" to
continue or "Cancel” ko exit the Setup Wizard,

pialsAEl SRS

[ Texk > ] [ Cancel ]

Figure 82. Windows installer Setup Wizard and the installed shortcut icon.

Stage 1 — Area Weighted Average Recharge

AQUA CHARGE was designed to run the conceptual model discussed in Chapter 2. The
modeler begins by clicking the AQUA CHARGE.exe to run the application. The program
launches (Figure 83) and it opens up a tab filled form (Figure 84). The input data are loaded next
where the modeler may examine the input data tabs and make necessary adjustments to the soil
curves in the soils tab. The PAT file needs to be checked to be sure that it is sorted; a command
button accomplishes this. Next the, arrays and variables are prepared by activating another
command button. The modeler can now run the Stage 1 recharge synthesis. The results are
displays of monthly sums of recharge in cubic meters for every node-shed, a zone recharge
calculation tab, and a calculated records tab.
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= Aqua [B]X]

AquaCharge | DslyRainasndPan | Sollndes | PAT | tweys andGwR_ | icat | ColcustedRecords | FRouter | GWModel

LicenseTo Dr. Leroy Heitz and Nathan C. Habana
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‘WERI 2008, Nathan C. Habana and Di. Leroy F. Heitz
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Figure 83. AQUA CHARGE Splash screen startup.
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File
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“Water and Emvironmental Research
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WERI 2008, Mathan C. Habana and Dr. Leray F. Heitz

Create Arays |

Figure 84. AQUA CHARGE program title cover tab.
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Input Data

AQUA CHARGE requires four data files to run. The data files may be loaded
individually, but the All-In-One data format in Excel file is the preferred method for fast loading.
Before loading the data, the data should be formatted as explained in Chapter 4. For individual
rain, pan, soil, and PAT loading, each Excel file’s record sources must be defined and named as
mentioned in Chapter 4. The data will not load if it is not in the format intended for the program.
All of the mouse control for this program uses the “left click” mouse button control which will
be referred to as “click.” To load the data into the program, click on the file menu. A drop down
menu, as shown in Figure 85, will appear and a common dialog box opens (Figure 86) for the
modeler to select the All-In-One Data Excel file that holds the model’s input data. These data
include rainfall, pan evaporation, soils properties, and the Polygon Attribute Table (PAT)
(Figure 84). Upon selecting the input data file, the data are loaded in their appropriated tabs.
The PAT tab is on focus with a message box of instructions for extracting the PAT file data.

% Aqua Charge Deluxe

Iaily Fiain and Fan T Soil Index T PAT T Amays and GWwWH T “Yerifications T Calculated Recoids T Fiouter T Ghw'hodel

Pan Evap Data
Soils Index Daka
PAT Data

Reset

Save

N

E ﬁle men.

Figure 85. AQUA CHARG
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~ Aqua Charge Deluxe

Aqua Charge | DaiyRanandPan | Sollndes | PAT | AwapsandGwWR | Veificsions | Calculated Records | Router | GwModel

Lookin: [ 3 DATA

L AVGNODERECHARGE
ab ) Calculated Records
My Recent ) savedFies
Documents

el 2l In One Data. s

2] Copy of All In One Daka.xds

8] sciDatabase . Type: Microsoft Excel Workshest
55 uwell data histogq AUthor: NATHAN C. HABANA
é]]\rw p Date Modified: 10/22/2008 10:56 PM
Omar- size: 878 kB

File name: [Al In Ore Datads ;‘ Open I

MyNewok  Flesoftoe:  [[us) = Cancel |

[~ Open as read-oniy

WERI 2008, Nathan C. Habana and Dr. Letay F. Heitz

Create Anrays

Figure 86. Data input common dialog box.

PAT Tab: The spatial data opens up the fourth tab and the data is loaded in the table.
Figure 87 shows the message box that appears with instructions on how to select the appropriate
fields to be extracted from the PAT data. In the Zone Field Identifier frame, to the left of the top
PAT table, the modeler selects the appropriate field names for rain gage, pan gage, soil ID, zone
number, element number, zone area, and element area as shown in Figure 88. These are the
unique spatial attributes in the zone necessary to run AQUA CHARGE. The modeler may click
on the text box and select the field on the table or simply type in the field name, which is case
sensitive. Once the appropriate text boxes have the proper field names, the modeler needs to
click on the sorter button titled “Extract and sort required field data from PAT file” to reorganize
the data (Figure 89). This step is necessary so that the calculation process is done efficiently.
The reorganization provides a smooth daily sweep throughout the zones which vastly improves
calculation time.
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Aqua Charge Deluxe

File
Agua Charge T Daily Rain and Pan T Sail Index T PAT T Anays and GWHR T Yerlfications T Calculated Records T Fouter T Gw/Model
i~ Framed
~Zone Field |dentifier ————————— PAT FILE
| 4 rar I FIn| ZonE_ID| SHED D] SOILID[ RAINID|_ PAN_ID|SOIL_TYPE[STRATUM [ONE_AREA[HED_AREA
496 1 1 28 4226 4226 GUAM-URE| Uiban "364.057307 1318.338869
497 1 25 4226 4226 GUAM COB | Limestone | 134.383122 1318.338869
Zane IZUNE_\D 478 3 2 44 4226 4226 RITIDIAN-R Limestone  |18.21532778 1041.914469)
Shed W 479 4 2 26 4226 4226 GUAM COB | Limestone | 749930692 1041914469
. = 480 1] 2 25 4226 4226 GUAM COB | Limestone | '4.63233011 1041, 914469
Soil [sOILID 431 6 2 28 4226 4226 GUAM-URE| Uiban 877.375106 1041914463
FainGage  [RaN 1D 442 7 3 28 4226 4226 GUAM-URE| Uiban 1514860999 1149677999
- 43 8 3 44 4226 4226 RITIDIAN-R Limestone | 161.2481739 1143677333
PanGage  [pan_ID 444 9 ] 26 4226 4226 GUAM COB | Limestone | 243.704822 1149677939
T AT 445 10 3 ] 4226 4226 GUAM COB | Limestone |'7.327B0201 4149677399
- 391 1 4 26 4226 4226 GUAM COB | Limestone | '6.00018902 . 762075339
Shedfrea  [SHED_AREA 82 4 % 4226 4226 GUAM COB | Limestone | 135.4134038 & 762075359
Extract and sort required field data PAT File Data Extras
from PAT file
iZheck that the default Field names shown in the 'Zone Field Identifier' area match the appropriate field in the 'PAT FILE', To change the default field names, First
~Sat— select the figld ko be changed Fram the 'Zone Field Identifier' list, then select the appropriate field in the 'PAT FILE',
Santed Zones »
o
| M| 4 5aned Hode-Shed: b | M|

Fecord Count: I

Create Arrays |

Figure 87. PAT tab data extraction instructions message box.

#qua Charge T Daily Rain and Pan T Soil Index T PAT T Arrays and GWH T Yerifications T Calculated Records T R outer T GiwModel
~ Framed
~Zone Field [dentifier——————————— PAT FILE
4| 4 [FaT » M FID| ZoKE_ID| sHED_ID|soIL D Rain_iD]  Pan_ID|SOIL_TvPE |sTRATUN| ZOME_AREA| SHED_AREA| = |
436 1 1 28 4226 4226 GUAM-URBAM LAND CC) Urban 177364.857387 288318.338863
487 2 4226 4226/ GUAM COBBLY CLAY L(| Limestone 111134.383122 288318.338069
Zone |ZDNE_\D 478 3 4226 4226/ RITIDIAN-ROCK OUTCF| Limestone 6108.21532778 190041.914463
Shed SOIL (D 473 4 4226 4226 GUAM COBBLY CLAY L( Limestone E0E74.9830652 190041.914463
——=— 480 5 4225 4226 GUAM COBBLY CLAY L( Limestone | 8124.63233011 190041.914463
Soll ISDILJD 481 [ 4226 4226 GUAM-URBAM LAND CC) Urban 114877.375108 130047.914463
Rain Gage RAIN 1D 442 7 4226 4226/ GUAM-URBAM LAND Cr| Urban 141540.514660999  204083.1496775933
- 443 L5} 4226 4226/ RITIDIAN-ROCK OUTCF| Limestone 46961.2481799 204083.149677933
Pan Gage |FAN_ID 444 El 4226 4226 GUAM COBBLY CLAY L(| Limestone 14242704822 204033 149677933
Zonediea  [ZONE ANCA 445 10 4225 4226/ GUAM COBBLY CLAY L( Limestone | 1077.32760201  204083.143677933
- 38 1 4226 4226 GUAM COBBLY CLAY LI Limestone 8626.00018302  268815.762075933
Shed Area |SHED,AREA |2 12 4226 4226/ GUAM COBBLY CLAY L(| Limestone 17830.4134036 268815.762075533
283 13 4226 4226 GUAM-URBAM LAND Cr| Urban 37533.0593294  268815.7620755933
Extiact and sort required field data 384 14 4228 4226 RITIDIAN-ROCK OUTCF| Limestone 409451847663 268815.762075533
from PAT file AR 15 4775 4775 I IAMAIRRAK LAND [T 1 Ihan TRRAR 179119 oreRls 7RonrAasaL T
~8ot——— GSotedZones Sorted Elements
4| 4 |Sorted Zanes (A1) SHED
[14] 4]5onted Hods:Sheck » [ #1]
Record Count:

Cieale Anays

Figure 88. Zone field identifier text box and field name selection. The shed text box field name
was changed to “SOIL _ID” simply selecting by clicking the text box and the field column name.
It may also be changed by typing in the case sensitive field name in the text box.
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si| Aqua Charge Deluxe

File
Agua Charge T Daily Rain and Pan T Soil Index T PAT T Arrays and GWwR T Veifications T Calculated Records T Fiouter T Gwiodel
Frame4
Zone Field |dentifier PAT FILE
4] 4 PaT Y FID| ZONE_ID|SHED_ID| 5OIL_ID| RAIN_ID| P&N_ID[SOIL_TYPE [STRATUM | ZONE_AREA| SHED_AREA
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= 3 44 4226 4226 RITIDIAN-RO  Limestone 45951.2491793 204083.149677999
PanGage  [Pan_ID 3 26 4226 4226 GUAM COBEL Limestone 14243704822 204083, 1 49677999
Zonedea  [ZONE AREE 3 25 4226 4206 GUAM COBEL Limestone 1077.32760201 204083,149677999
- 4 26 4226 4226 GUAM COBEL Limestone B626.00018502 268515, 762075999
Shedfvea  [sHED_ARER 4 P 4226 4226 GlAM CORRL Limestone 17838 4134036 268815 72075339
4 28 4226 4226 GUAM-URBAI Uiban 37533.0539234 268515.762075939
Extract and Sort Required Data ] 14 4 44 4226 4226 RITIDIAN-RO  Limestone 40945.1847663 258815, 72075999
from 'PAT' file 20 T 4 20 ADOR 479R GIAMA IRRAL | Ithan 1RAAMR 179119 JRRAF PRoNTRAgn LT
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3 3 2 18 42| E109.215327 2 FE 2| 0821532776 300419144
Record Count: [4g7 4 4 ] 4 2| EOE74.923306 2 4 B 4 2)674.9830692 30047.9144
T — 5 5 2 7 4 2] m124.632390 2 5 7 2| 24.63239011 300479144
3 3 z 10 4 2] 1149773751 2 E 10 4 2 4877.375106 300419144
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8 8 3 18 4 2] 4835124817 3 I 2/3967.2481739) 33.1496779
9 9 ] 42 142437048 3 E] 8 4 2| 4243704822 331495779
0 10 3 7 42| 1077327802 3 10 7 2177.32760201 | 33.1496779
1 1 4 8 42| 9eE26.000189 41 g 4 2/326.00012902| 15.7620759
120 1z ] 4 2] 1783841340 - 4 1z B 4 275384134036  15.7620758 +

Create Amays

Figure 89. Extract and sort required field data from PAT file button.

data for the program to use.

This prepares the spatial

Daily Rain and Pan Tab: This tab displays the temporal rain and pan data in table form.
The four rain gages and two pan gages are set up as two separate tables shown in Figure 90. The
dates are on the first field followed by gage stations and their measured values are in inches for
that day. Below each table is data information about the recordset for each gage. Clicking on a
gage field will display the recordset information for the selected gage into the appropriate text
boxes. This tab is useful for last visual scan of the temporal recordsets ensuring that there are no

negative numbers, blank cells, or outrageous values.
formats in detail.
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Filz
Agua Charge Daily Rain and ParT Soil Index T PAT T Anays and GwhR T Veifications T Calculated Records T Fiouter T Ghw/tdodel
Rain Man and Pan Handler

DATE | AMD] DED| WS | DATE | wsmnl
117221987 1.37 1.36 1.3 9/5/1352 032
114231987 0.0 005 012 9/6/1982 0195
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11/30/1987 1] 01 1] 94131982 0195
12111387 014 0.05 014 9/14/1382 0.2z
12/211987 ] 0 0.0z 9/16/1982 0.23
12/31357 0.03 nn4 0.04 9161352 023
12/41987 0.08 1] 0.m 4171982 0.03
12/6/1387 0.25 0.25 023 9/18/1382 0.36
12/6/1387 014 1.84 0.46 9/19/1382 0.3z
12/71987 1.22 047 1.07 9/201982 0.25
12/81987 0.04 016 0.08 01 /a1 a8z 03
12/9/1987 0.z 0.28 014 0.02 9221982 011
12101387 0.26 014 0.3z 0.24 9/23/1382 013
12111987 015 niz 0.05 005 9/241982 019
1221887 na 11 n7zd nal H/7R1987 ni

Fiain Gage Field Dates Data Info Fan Evapa Field: Data Info

Name /5 st | RN 4] 4JRam » M Name:fiu/smo M 4JFaN Evar » M
Bage Cade: [4229 End  [12/31/1995 Recordzounce: Bage Cade: [4229 Recordsource:
Field Number: 3 — | RN Field Mumber: ‘1 |F’AN
mbevs 5113 nRecords: (5193 Tsthes: fo3 rRecords (5193
TstRec: o ntdonths: [1ga Last R ’70.223

Last Rec: nYears: rFields: nFiglds:

o 14 5 Dates o {171,401 /82 b 12/21/95 3
Create Anays

Figure 90. Daily rain and pan (evaporation) tab.

Soil Index Tab: This third tab allows the user to make changes to the soils curve and FC.
A list of soils in the study area appears in the table (Figure 91). The table shows the soil id, soil
name, and the FC. To the right of the table is the SM vs. recharge and ET curves for a selected
soil. Clicking a row in the table puts the selected soil type data on the chart and in focus. Upon
loading, the first soil listed in the table is displayed on the chart. Clicking on the top chart
switches between views of ET or recharge curve (Figure 92). The x-axis option changes view
from inches or percent of FC (Figure 93). The vertical bars allow the modeler to adjust the curve
and explore different ET and recharge relationship curves (Figure 94). After selecting a soil
type, the user may change the FC value (Figure 95). Once the curves are set, the modeler may
save the curve configuration and load it later and use it (Figure 96). It is also helpful to save and

keep the curve configurations for future reference or later use (Figures 96 to 98). In this
project, three curve configurations were explored as mentioned in Chapter 2.
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Aguathage | DasipRenandPan | Sodindex | PAT | MnaysandGWR | Vesiications | Cakulsted Recoeds | Floutes | GwModd
Sl Data Manager
D] SOIL NAME [ FC .] CLICK TOP CHART TO SWATCH FOCUS
1 AGFAYAN CLAT 1165083700774 _|
9 AKINA SILTY CLAY 1. 2671653543307
i :
19 AKINA-BADLAND COMPLEX 1.25771653543307 Recharge Soil Moisture Split
20 AKINABADLAND COMPLEX | 1.26771653543307
23 CHACHA CLAY 2 BEFIEEE1 417123
25 GUAM COBSLY CLAY LOAM 1.00E35826771654 100
26 GLUAM COBBLY CLAY LO&M 1.D0SE5E26771654
27 GUAM-SAIPAN COMPLEX 3B53198ITEITTS %0
28 GUAM-URBAN LAND COMPLEX | 1.03345456592913 80
23 GUAMYIGO COMPLEX SENZB/IA4TZ 8
30 INARAIAN CLAY IBIETTIESI4IT o T0
TI P AMTAT M &Y 1 PRa R :J ¢
KI| - poso
Sod Edite .
Options % Yiekd Variable and Fiekd Capachy Panel ; %
9 40
Rowt ||| o] af af af af 2 [3 .
30
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Save == 10
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Creste Anays

Figure 91. Soil Index tab.
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AquaChwge | DalyRanandPan |  SoilIndex | PAT | AnoysandGWR | Vesiications | Cakculated Records | Fouter | GwModel
Soil Data Manager
D] SOIL NAME T s CLICK TOP CHART TO SWITCH FOCUS
1 AGFAYAN CLAY 1.18503337007874
9 AKINA SILTY CLAY 1.26771653543307
RE] AKINA-BADLAND COMPLEX i i i
13 AKINABADLAND COMPLEX | 1.26771653543307 Recharge Soil Moisture Spiit
20 AKINABADLAND COMPLEX | 1.26771653543307
23 CHACHA CLAY 2.6B208551417323
25 GUAM COBBLY CLAY LOAM  1,00885826771654
26 GUAM COBBLY CLAYLOAM | 1.00885826771654
27 GUAM-SAIPAN COMPLEX 3.86318897637795
2 GUAMURBAN LAND COMPLEX 1,03346456692913
29 GUAMYIGO COMPLEX 3.05610236220472
30 INARAJAN CLAY 3.83267716535433
3 PIIANTAT M &Y 1 PRNAREIE =
4 »
Sol Editor
Options % Yield Variable and Field Capacity Panel
e [ {2 of o o o SN
J 126771
[t |
Save
|
Load
=
E] =R=R=l=N=l - Auis Olps
& %olfC
[0 [0 [0 [e0 [e0 [100
© SM(in)
Create Anaps

Figure 92. Switching focus on charts. The recharge chart on top (Figure 89) was clicked and the
ET chart is now on focus.
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AquaChage | DalyRanandPan | Soillndex | PAT | AnasandGWR | Vesii | Cakculated Records | Router | GwModel
Soil Data Manager
ID] SOIL NAME ] FCa CLICK TOP CHART T0 SWITCH FOCUS
1 AGFAYAN CLAY 1.1WT71J
9 AEINA SILTY CLAY i
TS Recharge Soil Moisture Split
20 AKINABADLAND COMPLEX
23 CHACHA CLAY
25 GUAM COBBLY CLAY LDAM
26 GUAM COBBLY CLAY LOAM
27 GUAM SAIPAN COMPLEX
28 GUAMURBAN LAND COMFLEX
23 GUAMYIGO COMPLEX
30 INARAJAN CLAY
2PN ANTAT M1 &Y
kI
- Sol Edtor
Options- % Yield Variable and Field Capacity Panel
poe | Bl Bl Bl B B 3
126771
T | mee]
Save —
=
Load
=
= B EEEE s
[0 [0 [40 [e0 [e0 [i00
& BMin]
Create Anays |

Figure 93. The x-axis options. The control allows the modeler to see the chart as Soil Moisture
FC in inches or percent of FC.

. Aqua Charge Deluxe

File
Agua Charge T Daily Rain and Pan T Soil Index T PAT T Amrays and GWwH T Verfications T Calculated Records T Router T GwModel
~ Soil Data Manager
D] SOIL NAME FC | CLICK TOP CHART TO SWITCH FOCUS
T AGFAYAN CLAY 1. TSEUSSSTUUTSM:I
9 ARINA SILTY CLAY 1.26771 853543307
AP CNFL=E Recharge Soil Moisture Split
19 ARINA-BADLAND COMPLEX 1.26771 853543307
20 AKINA-BADLAND COMPLEX 1.26771653543307
23 CHACHA CLY 2.B0208661 417323
26 GLAM COBBLY CLAY LOAM 1.008858267 71654
26 GUAM COBBLY CLAY LDAM 1.00855526771654
27| GLAM-SAIPAN COMPLEX 3.BR318897E37795
28 GUAM-URBAN LAND COMPLEX, | 1.03346456692913
29 GUAM-IGO COMPLE® 30561 0236220472
N 30/ INARAJAN CLAY 3.B326771E636433
‘ FLILAMTAT [ &Y 1 FRMERA R Qli"LI
4 I »
Sl Editar
[ Options \Z *Yield Varisble and Field Capacity Panel
Reset - - E d I—
’J I 1.26771
update
Save
Load
- iz Ops
o A A 2 4 " Zof FC
0 I 7|8 |93 I 593|100
= 5M (In]
Create Anays

Figure 94. The Percent Yield Variable and Field Capacity frame.
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Filz
Agua Charge T Daily Rain and Pan T Soil Index T PAT T Arays and GhW/R T Verifications T Calculated Records T Router T Gw/hodel
i Soil Data Manager
ID| SOIL MAME | FC ‘l CLICK TOP CHART TO SWwITCH FOCUS
1| AGFAYAM CLAY 1.1850393?007&?4:‘
3 AKINA SILTY CLAY 1.26771653543307
4 Recharge Soil Moisture Split
19| AKINA-BADLAND COMPLEX 1.26771653543307
20| AKINA-BADLAND COMPLEX 1.26771653543307
23| CHACHA CLAY 2. BR208661417323
25| GUAM COBBLY CLAY LOAM 1.003858267 71654
26/ GUAM COBBLY CLaY LOAM 1.008858267 71654
27| GUAM-54IPAN COMPLEX 3.8E318897637735
28| GUAM-URBAN LAND COMPLEX | 1.0334645E652913
29| GUAM-YIGD COMPLE= 3.05610236220472
30/ INARAJAN CLAY JHIZEFTI6535433
_I_l 3 PIILANTAT [l av 1 2RN9R47R1 qﬁjll
4 3
~ Sail Editor
— Options % Yield Yariable and Field Capacity Panel
Reset - - - ;I lT
’J E
update |
Save
Load
J J J & - iz Ops
" % ofFC
[ [71 [e& [93 [@ [
@ SM (In)

Create Arraps |

Figure 95. Changing the field capacity for a specific soil type.
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File

Aqua Charge T Daily Rain and Pan T Soil Index r PAT T Arraps and GWH T Werifications T Calculated Records T Router T Gt adel

5ol Data Manager

Save Evapotranspiration Percents

10| 50IL MAME
1 AGF&TAN CLAY - = g
9 AKING SILTY L&Y Save in IE} SavedSoils j & &5 Ef-
JLAND COk
. 1.2ty
15| AKINABADLEND CO T §2 o
20 AKINA-BADLAND CO My Recent Zﬂﬁl tp
5]3.etp
23| CHACHA CLAY [ 314 .
25| GLAM COBELY CLAY - —%.&tp
26| GLIAM COBELY CLAY @ Ss.etp
27| GLIAM-SAIPAN COMP! [#]niates.etp
28 GUAM-URBAN LAND et |#]Piercet.etp
29| GUAM-T1G0 COMPLE: SThDrnthwaite.etp
30| INARAIAN CLaY [&] viemeyert etp
7 P ENTAT M1 &y
4 | My Documents
~SadlEditor————
~ Dptioks % Yield Yariable a E E‘l
Reset ~ My Computer
@ Fils narne: IET il Curve j Save I
My Network.  Save as ype IEvapolramspiration_F’erceml [*.etp) ;I Cancel
Save Places
Load
2 o -
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Figure 96. Save the ET curve settings with the save option.
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Aqua Charge

Sail Data Manager

+] |
Sail Editor
Options

Feset

Save

Load

T Daily Rain and Pan T Soil Index T PAT T Arrays and GWR T Werifications T Calculated Records T Router T Giwtodel
1D] SOIL NAME
1 AGFAYAN CLAY P =
5 AKINA SILTv CLAY Lok it ‘E} Saveds ol j = £
18 AKIMA-BADLAND CO| m [#]1.rep
19 AKINA-BADLAND CO| f 2} % zrep
20 AKINABADLAND CON iy Recert | )3.rep
23 CHACHA CLAY Documents )
25 GUAM COBBLY CLA = =
26 GUAM COBBLY CLA [
27 GLAM-GAIPAN COMA - e
Desktop =
28 GLAM-URBAN LAND '_J”E‘tﬁ”e'j /
29 GLIAMYIG0 COMPLH " BEN
30 INARAJAN CLAY /
TP ANTAT 71 &Y "j
My Documents
% Yield Variabls and Fiel -
j j j d My Computer
[ ! Flle name [curvedrep = [ o |
My Metwork Files of type: |Fiecharge_Pan:enl ["rep) j Cancel
— Places I~ Open as read-only
=t
0 20 40 60 80 100
— % of Field Capacity
¥ - iz Ops
2[R % T -
[0 [20 [a0 [s0 [80 [roo
© 5M(In)

Create Arays

Figure 97. Loading saved curve settings.
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[

Agua Charge

Sail Data Manager

K|
Soil Editor
Options

Feset

Save

Load

Duaily R ain and Pan T Soil Index T FAT T Arrays and GWHR T Verifications T Calculated Records T Fiouter T G hodel
ID[SOILNAME " CLICK TOP CHART TO SWITCH FOCUS
1| AGFATAN CLAY
9/ AKINA SILTY CLAY
18| AKINA-BADLAND COMPLE: Recharge Soil Moisture Split
19 AKINA-BADLAND COMPLEX
20 AKINA-BADLAND COMPLEX
23 CHACHA CLaY
26 GLAM CORELY CLAY LOAM 100
26 GUAM COBBLY CLAY LOAM
27| GUAM-SAIPAN COMPLEX 90 //
28 GUAM-URBAN LAND COMPLEX a0 /]
29 GUAM-YIGD COMPLEX, R /
30 INARAJAN CLAY . 10
ATPHLANTAT I &Y Jﬂ c /
L4 h 60
% Vield Vatiable and Fisld Capacity Panel ? 50 /
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Figure 98. A loaded curve setting for recharge.
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Array Variables

Now, all the data is loaded and is ready to be converted into array variables. The array
button at the bottom left, as shown in Figure 99, is clicked and the fifth tab, Arrays and GWR,
opens with a list box that displays the array values as shown in Figure 100. This step allows the
modeler to see that all the loaded data was converted properly into their respective arrays. The
modeler may also use this to double check the input data to confirm and accept the quality of the
data before executing the recharge calculation.

= Aqua Charge Deluxe

File
Aqua Charge T Draily i ain and Pan T T PAT T Arrays and GWwWH T “erifications T Calculated Records T Router T Ghw/Model
Saoil Data b anager
D[ SOIL NAME ~ CLICK TOP CHART TO SwITCH FOCUS
1 AGFAYAN CLAY
3 AKIMA SILTY CLaY
181 ARIMA-BADLAND COMPLEX Recharge Soil Moisture Split
19 AKIMA-BADLAND COMPLEX
20 AKINA-BADLAND COMPLEX
23 CHACHA CLAY
25 GUAM COBBLY CL&Y LOAM 100
26 GUAM COBBLY CLAY LOAM
27 GUAM SAIFAN COMPLEX 90
28 GUAM-URBAN LAND COMPLEX 80
29 GUAM-YIGO COMPLEX R
300 INARAJAN CLAY e 10
22 P ANTAT M1 ay h
[« | g P60
Soil Editor P
Options % Yield W anriable and Field Capacity Panel v 50
Rest | | ol af o af a o [T : v
30
1.18503 %
— update 20
Save — 10
=i 0
Load 20 40 60 80 100
—~l % of Field Capacity
j - Auiz Ope
| w | | |
J J J J J + %ol FC
(o [ [w [&0 [s0 [0
 SM(In)
Create Arays j

Figure 99. Create Arrays button. The button is located in the lower left corner of the AQUA
CHARGE form.
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File
AquaChage | DalyRanandFan | Sollndes | PAT | Arrays and GWR | Veiications | Caloulated Fiecods | Fouer | Gwhodd
List Wiew of Arays
Daily Rain and Pan Ariays Zone and Node Shed Arrays
[paTE  aND DED SN NAS WM NAS

01/01/82|  00.000 00312 oo.o1o 00.042
01/02/821  00.270 00.033 00.300 00.256
01/03/82| 00.000 00135 00.060 00.079
01/04/82|  00.040 00.081 00,700 00109
01/05/82| 00.060 00.030 00.040 00.0654
01/06/82|  00.000 00135 00.050 00072
01/07/821  00.030 00.055 00400 00109
01/08/82| 00.000 00170 oooin 00.042
01/09/82| 00.090 00.073 00.740 00138
01410/821 00150 00.046 00.030 00.057
01/11/82|  00.000 00.046 00.000 00.035
01/12/82| 00.000 00135 00.000 00.035
01/13/821  00.030 00.055 00400 00109
01/14/82|  00.000 00.046 ooo1n 00.042
01/15/82| 00.030 07.043 00.000 00.035
01ME/821  M.610 00.030 0130 00,868
01/17/82|  00.000 00.046 00.050 00.072
01/18/82| 00.050 00.055 00.000 00.035

M
00300 00.300 A 1
00.200 00.200 1
00310 00.310 2
00133 00199 2
00133 00193 2
00193 00159 2
00133 00193 3
00133 00153 3
00193 00.159 3
00133 00193 3
00133 00153 4
00193 00.159 4
00133 00193 4
00133 00153 4
00193 00.159 4
00133 00193 5
00133 00153 5
00193 00.159 b’ 3

[
7
7
8
8
g

Solls Airays

Soil Index Data
1 AGFAYAN CLAY 1.18503337007874
9 AKIMASILTY CLAY  1.26771653542307

8 AKINABADLAND COMPLEx 127
19 AKINA-BADLAND COMPLEX  1.26771653543307
20 AKINA-BADLAND COMPLEX  1.26771653543307
23 CHACHA CLAY  2.68208661417323

25 GUAM COBBLY CLAY LOAM  1.00885826771654

26 GUAM COBBLY CLAY LOAM  1.00885826771654 Ready for Ground water
27 GUAM-SAIPAN COMPLEX  3.88318897637795 Recharge Calculations
28 GUAM-URBAN LAND COMPLEX  1.03346456692913

29 GUAMYIGO COMPLEx  3.05610236220472
0 INARAJAN CLAY  3.83267716535433
33 PULANTAT CLAY  1.2509842519685 i

==

Figure 100. Arrays and GWR tab showing array values prepared.

Computational Interval and Recharge Calculation

With the array variables now set, the modeler can now make the recharge calculations.
The “Ready for Ground Water Recharge Calculations” button located on the lower right part of
the tab (Figure 101) is clicked to open a computational interval dialog box as shown in Figure
102. As mentioned earlier, the date range can only be set within the period where there are
complete records of data in all of the temporal files. The modeler may enter an initial SM value
(inches), for all the soils in the domain. A check box with label “Potential ET > Rainfall...” has
a subroutine that has not been completed and is disabled and bypassed in this program. Clicking
the “Cancel” command button will require the modeler to start all over and restart the program.
Next, click on the “OK” button and the Stage 1 recharge for all the node-sheds in the domain is
calculated. Some subroutines not mentioned are coded to calculate monthly and yearly averages.
The daily AWA recharge (cubic meters) sum for the month for each node-shed is shown in a list
box (Figure 103). Clicking the “OK” button also enables the power button for the Stage 2
routing tab.
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File
Agua Chage T Daily Rain and Pan T Soil Index T FAT T Amays and GWR T Verifications T Calculated Records T Fouter T GwModel
List View of Anays
Duaily Rain and Pan Arrays Zone ahd Mode-Shed Anaps
[DaTE AND DED WS NAS WM HAS A~
Mode-Shed, Zone, Zone in Shed Count —
01/01/821  00.000 00.312 0o.010 00042 | 00.300 00.300 -~ 111 —
01/02/82|  00.270 00.033 00.300 00256 | 00.200 00,200 = 122
01/03/82|  00.000 00,135 00.060 ooov | 00310 00.310 231
01/04/82|  00.040 00.081 00.100 000 | 00193 00,199 247
01/05/82| 00.0E0 00.090 00.040 00064 | 00193 00,199 253
01/06/82|  00.000 00,135 (0.050 ooov2 | 00193 00,193 264
01/07/82|  00.030 00.055 00100 o103 | 00193 00,199 371
01/08/82|  00.000 00,170 00.010 00042 | 00193 00,199 382
01/09/821 00.090 00.073 00.140 003s | 00193 00,199 3493
01410482 00150 00.046 00.030 00057 | 00193 00,193 3104
01/11482|  00.000 00.045 (0.000 00035 | 00193 00,193 1111
01/12/82| 00.000 00,135 00.000 0005 | 00193 00,199 412 2
01/13/821 00.090 00.055 00.100 0oiog | 00193 00,199 4133
01/14/82|  00.000 00.046 00010 oood2 | 00193 00,193 1144
01/15/82|  00.030 01.048 (0.000 00035 | 00193 00,193 1155
01/16/82]  01.610 00.090 01.130 00855 | 00193 00,199 516 1
01/17/821  00.000 00.046 00.050 ooz | 00193 00,199 517 2
01/18/821  00.050 00.055 00.000 00oss | 00193 00,193 b 181
E192
7201
Soils Arrays 75
A 9221
Soil Index Data i 9232
1 AGFAYAN CLAY 1.18503937007874 243 ~
9 AKIMASILTY CLAY 1.26771653543307 -~
18 AKINA-BADLAMD COMPLEX  1.27
19 AKINA-BADLAMD COMPLEX 1.26771653543307
20 AKIMNA-BADLAMD COMPLE= 1.26771653543307
23 CHACHACLAY 2 6B208661417323
25 GUAM COBBLY CLAY LOAM  1.008085826771654
26 GUAM COBBLY CL&Y LOAM  1.00885826771654 W Ready for Ground \Water
27 GUAM-SAIPAN COMPLEX  3.863188976377595 Recharge Calculations
28 GUAM-URBAN LAND COMPLEX  1.03346456692913
29 GUAM-YIGO COMPLE=  3.05610236220472
30 IMARAAM CLAY  3.83267716035433
33 PULANTAT CL&Y  1.256098425196685 M

Figure 101. Ready for Groundwater Recharge Calculation button. The button opens the
computational interval form.

fquaChaige | DalRanandPan | Sollndes | FAT | Anaps and GWR | Verfications | Caleulated Recards | Router | GwModel
List View of Arrays
Manthiy Ground 'w'ater Recharge to Mode Sheds in Cubic Meters

=, Computational Interval

Initial S oil Moisture: [g2
Start Date [ 21 11982 -

EndDate 12311595 -

0K Cancel L

==

Figure 102. Computational Interval Form. This form allows the modeler to select within the
recordset dates to compute the Stage 1 recharge calculation.
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File

Aqua Charge T Draily Rain and Pan T Soil Index T PAT T Anays andEW T Verifications T Calculsted Records T Fouter T GWhiodel
List Wiew of Arays

tdonthly Ground 'w'ater Recharge to Mode-Sheds in Cubic Meters

1E11E.1 3282 35837 93335 3532.35221 463 74705 16089.20110 37456.63245 30569.79906 43122 51266 140873.21803 84652.80073 21051.00293 15852 59331 51027148 281.24643 7159.08008 154, g
4033.29660 23760.78453 2336.75604 296 27853 10743.08641 24739.26733 26284.21366 3245017657 92943.95480 65776.43084 13911.63088 1066290177 527. 34786 152.63178 4872.72111 100.7
3399 08547 26030.58256 25595.103595 26091046 1263491139 27209.2353758 265584.01463 35816.21417 101611.44575 60477 38831 15380.36905 13004. 95569 523.40255 179.90670 530210188 101
3759.1 S48E 23647 S0ETE 320149178 374 61909 16093.92071 3654687230 36372 33085 46745 83465 133090.41089 73467 13121 2007455873 16348 61772 71799572 245.92133 740531668 137
5459.?0?42 13496.69730 1718.41421 245 26733 6618.74528 14726.17800 16842 97552 1937807550 5702813100 3466876605 8400.26562 6724 46422 40147485 13855450 2674.40967 66.1127C
4073.96521 22181 57002 3077 56408 452 65833 11036.66336 23387 44553 26359.43827 3160052951 3426520795 57644 30633 1395610216 11369.21380 724 55284 249 40966 390645773 1122
1825.?5035 952096663 127707617 182 599332 4898 57721 10824, 86050 11724.04117 1432419513 42196, 36853 26664 48537 6271 71575 45980 69268 298 60026 10200041 1897 74677 4293297
$059.4391 6 5295.00771 55601680 53.50239 2768, 27615 541856060 68571.07441 663068517 19460, 27369 10621.95096 4054. 23338 323795751 131.65321 178.70970 1557.58927 53.24227 170.67
gEE 86841 1303.88531 127 57572 413521 751 60865 117343462 1436.05175 148883125 4154 48754 2175.31417 91807061 324.50488 21.30585 4567488 403.65373 623267 199.54543 1509051
]18539.1 (179 E5550.72987 607332836 734 56618 2700450420 64711 06524 E6455 25023 B4FEE E4827 243118.401 31 146707 53333 36194, 27040 27336 30265 1394.11834 483 36776 12372 26115
EE62.42562 37304.37100 3822.88921 46281337 1776746233 40270.05461 4080888879 52912 96223 151176, 27317 9085031857 22732 28039 1780261945 843.44213 291.01151 8045.44377 160,
ééﬁd 04075 46444 74551 473210521 52013445 22544 63355 49675.68551 43377 75344 65350 73347 18538809406 111015.84356 28086.41302 22341. 77052 1000.82317 342 64330 10383.01074
QSSE.S?SBD 4987233746 5093.00653 673 57093 24117 96879 53503159595 53436 51633 70367 23422 200452 66482 119750.39205 3024191269 24454 460714 108537506 373 34571 11068.27084 |
é395.94905 4280207814 4175.08284 46493146 19633.59696 43103.842390 4292059832 56642 64737 161662.52822 96624, 33511 24299.28203 1998990497 888.08059 303.56558 834243333 168,
122?.29452 2747303635 2358.53374 38561477 12675.73346 2806563913 23075.94363 36836 04360 108347 67603 6443373164 15357 63053 12863 35370 671.84441 230.92453 534783000 118
3298.509?2 209049.51365 2064.92235 205 89483 10114, 48547 2116256510 2238097311 2690614627 7760414426 44762 26070 13308 56575 10998 22402 446 70075 314.13332 5274 46855 146 4
1?31.29304 20120.70724 208526283 23498417 10355.66581 19842.14219 291 26.72226 2067101876 66413.92222 31799.77330 18734.64157 13798.31 501 603.75437 1082.57362 7332.04043 467
521 260858 10804, 57426 1038.91728 133.60172 5408.30764 10733.113453 15555.80443 10611.55364 35246 33920 16548 83275 10468 47334 740310751 332.62634 553.63316 4547.72388 301 57¢

13
BE73.16083 41671.34486 3965.33291 51954577 18108.89848 42151 87343 43341 37996 55241 61140 158440, 50102 95214, 76533 23628 39482 17821 6916E 909.81896 31661181 805788085 172 %

[

Figure 103. Monthly groundwater recharge to node-sheds list box. When calculation is done,
the monthly GW recharge to node-sheds (cubic meters) is displayed in the list box.

Computation Verification Tab: A verification tab shows the calculation details so that
the modeler can ensure that the computations were correct. This tab focuses on the zone
recharge calculations (Figure 104). The list box on the top left hand corner allows the modeler to
select a zone within an element to reveal the temporal, soil curves, and spatial values for that
zone. This tab was an early form of the AQUA CHARGE program and was used to ensure that
the algorithms were producing expected results.
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& Aqua Charge Deluxe

File

Aqua Charge T Daily Rain and Pan T Soil Index T FAT T Anays and GWH T Verifications T Caloulated Records T Router T Giw/Model
Zone Walues

Seloct ashed 1T ~ Fow [ Soil Type:[GLIAM COBBLY CLAY LOAM

zoneinthe it (D08 = ZoneArea: [111134.383122

box to view R FC: 10088

results Shed Area: . . .

253 i |288318.338669 Sail Symbot [35 Recharge Soil Moisture Split

Wonthly Gl

1 A

B116.13282 35837.93335 3533.35221 463.74705 16089.20110 37456.89245 38569.73306 49122 51266 140873.21803 8: =]

2 100

4032.29650 23750.78483 2376, 75604 295, 27953 10749.89541 2473925733 2528421365 3245517657 52943.95489 55; E & —

3 —

439908547 26090.58256 2595.10995 26091046 12634.91139 27209.29978 26504.01463 35816.21417 101611.44575 60 H %E —

4 0

B769.19486 33647 90616 3351.45178 374.61309 16093.92071 35546.97290 35373.33085 46745.83465 133090.41093 74 % o 0.0 0.5 1.0 15 2.0

Zare ELEMENT cnt zones RAIN GAGE STATION PAN GAGE STATION = ’ S. I Mo : b : :
r [ M2 s s [0 oil Muoisture {Inches)
DATE FalM SMY Shil GhwRz GhwR FEVAP ETx% ET

0101482 0.04 0.00 0.04 an0.00 0.00 030 o0o0.0o 0oo A

0102482 0.26 0.04 0.28 004.18 0.0 020 00418 am

01./03/82 0.03 0.2s 0.25 027.66 0.0z 0n 027.66 009

01/04,/82 on 0.25 0.28 024.93 0.03 020 024.83 005

01/05/92 0.08 0.28 0.27 02802 0.02 0.20 028.02 0.06

01/06/82 0.07 0.27 0.27 027.08 0.02 0.20 027.08 0.05

01/07/82 011 0.27 0.30 026.92 0.03 0.20 026.92 0.05

01./08/82 0.04 0.30 0.27 023.47 0.0 020 029.47 00s  ~
MOMNTH Ra&IN PEVAP ET GWwh DELTA SMI PAMN COEF

01./1382 03.23 0E.43 02.07 00913509 o024 0.32 A

02/1982 08.77 (E.26 03.02 03999773 01.75 042 =

03/1982 0218 0742 0310 00.895533 .82 0.42

04/1352 01.01 08.28 01.06 00.094854 0015 013

05/1352 05.87 (07 68 03.05 02 625565 0013 0.40

06./1382 03.83 07.08 0287 05424115 a0.53 041

071382 03.e1 0875 0376 05150567 00.50 0.56

03/1382 10.52 0E.28 04.26 05.748592 0051 062

09/1982 24.34 0811 04.94 21.209479 .81 0.81

1041982 15.08 05.80 03.66 11.304529 00,09 0.67 M

[

Figure 104. Verifications tab. This tab lets the modeler check and verify calculations for each
zone.

Calculated Records Tab: A calculated records tab (Figure 105) shows the summary of
the area weighted calculated values. These values are first calculated by clicking on the
“Compute Area Weighted” command button on the top left corner. This tab reveals the AWAs
of the entire domain. Monthly and annual weighted average recharges are provided. A button
“Export Calculated Records” in the “MS Excel Output” frame at the lower right hand corner of
the tab is enabled that allows the modeler to save the calculated records into an Excel File
(Figure 106). The Excel file contains the records shown in Figures 107 to 110.

118



Vadose Flow Synthesis for the Northern Guam Lens Aquifer
AQUA CHARGE User Manual

Aqua Charge
File
AquaChaige | DalyRainandPan | Sollndex | FAT | énaysandGwWR | Verfications | Calculsted Record:| Riouter | Gwhiod:l
Total e of Node-Shed sq. meters [45947622 5701973
AREA WEIGHTED AVERAGES (INCHES)
Maonthly Date Area witd Rainfall Area witd PAN Area wtd ET Area wid GWR Area wid Pan Coef Areawtd Del SMI
0141982 03.82 0F.42 02.62 01.168890 00.41 003 Py
0241982 1027 020 0357 06479379 00,57 nz3 =
0341982 0252 07.56 02.27 00.612240 00.30 036
04/1982 maz 08.26 0116 00.095254 0014 -0.08
0541982 06.97 08.00 03.85 02867013 00.48 0.25
0641982 10.43 07.06 0351 06.633842 00.50 0.29
07/1982 1416 06.28 04.47 09.409168 0071 0.8
08/1982 09.95 06.27 0a.00 06.449712 00.64 0.59
09/1982 2691 0E.48 04.70 21.969167 00.73 0.3 L]
M anths Rain Pan ET GWR PanCoef Dl SMl
Jan 0517 0E10 0252 02827542 00.41 -2.41
Feb 04.40 06.05 0204 02312303 00.34 0.70
Mar 0288 07.44 0200 01.000773 00.z7 -1.E6
Apr 04.20 07.95 02.34 07.823348 00.29 0.58
May 05.51 07.85 0277 02.578870 00.35 228
dun 07.02 07.04 0311 03.857611 00.44 072
Jul 11.74 0E.43 03.96 07.627213 00.61 205
Aug 16.39 05.80 04.06 12.307620 00.70 0.40
Sep 16.42 (.00 0414 11.306467 00,69 036
Oct 1265 (05.56 03,66 08.990737 00.E6 -0.04
Now 09.78 (OE.EE 0371 (0E.196252 00.56 .42
Dec o713 05.98 0310 04.080645 00.52 0.8z
MONTHLY AVERAGE [INCHES)
Years Rain Pan ET Gw/R PanCoef M5 Excel Export
‘1882-1 995 08.52 0E.58 031z 05.403032 00.47
Export Calculated
YEARLY AVERAGE (INCHES) Records
Years Rain Pan ET G/R PanCoef
‘1982—1 995 102.24 TA.88 37.40 E4.882992 00.47 4] 4| Output Summars [ Bl

==

Figure 105. Calculated Records tab. This tab shows monthly and yearly summaries of
calculations.

Agua Charge T [Draily Rain and Pan T Soil Index T PAT T Arraps and GWwWR T Weiifications TCaIculated Hecn[d:T Router T Gt odel

Campute Area v
Weighted Total &rea of Hode-Shed sg. meters |45347522.57U1 973

AREA WEIGHTED AVER ARV S e

Morthlp Date A td Pan Coef Area wid Del SMI
T Save in: ‘ I3 Calculated Records j & @ ef - ] e} =
ggﬂ ggg E_I]CalculatedRecordsExpart.x\s ggg _%_2335 b
0441932 B charts.xls 0.14 -0.08
ggﬂ ggg MyRecent B Modelt Export. s ggg ggg
071982 DEEERS B Model1 earofomar,xs 071 028
08/1982 @ B Modelz Expart.xls 0.654 059
03/1382 B Modelz Export. s 0.73 023 v
Months ZE Deskiop E_’]Saved Summary.xls ef Del SMI
Jan 05 241
Feb 04 \ 0.7
Mar 0z -1.E6
Apr 04. ’J 058
May 5. tp Documents 596
Jun 07 0.7z
Jul 11.7; - 2.05
Aug 16. J 040
oo o] My Compu o
Mow 0g, 142
Dec 07, g File name: |Saved Surmmany T sk j Save -0.82
MONTHLY AVERAGE [IN . -
ears Lip et Saveastpe:  |Caloulsted Records ["xls] | Cancel || - MS Escel Export
1962-1995 00.47
Export Calculated

YEARLY AYERAGE (INCHES) Records
“rears Rain Pan ET Gwh PanCoef
|1882-1835 102.24 78.88 37.40 £4.862992 00.47 I4] 4| Qutput Summary M

[ ]

Figure 106. Export Calculated Records to an Excel file.
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MONTHLY-YEARLY AVERAGES {Area Weighted, Inches)

2| YEARS RAIN PAN ET GWR PAN COEF
: MONTHLY ~ 1982-1935 852 656 393 4705085 0E
YEARLY 1982-1995 102,24 7RER 4718 56436660 06

e e

4 4 » ¥\ Overall Monthly-Yearly Average / Averages by Month £ Monthly Averages £ Node Shed &vg Recharge / | <

o
3

Figure 107. Overall Monthly and Yearly average spreadsheet.

monthly and yearly AWA (inches) of entire domain.

2l CalculatedRecords Export.xls

Calculated Records exports

AVERAGES BY MONTH (Area Weighted, Inches)

wa|malralra (o [ro[rara o)== == === [=[=]= N

w
=]

MONTH] RAIN [ PAN | ET [ GWR [ PANCOEF | DELSMI

AN 517 6.1 3.0 2172306 053 -2.401396002
FEB 4.4 B.05 288 1845285 0.42 0045785054
MAR 283 7.44 2.47 0.559125 033 -1.24870197
APR 42 7.95 28 1 577556 0.35  0.834656077
AT 5.51 785 3.3 2.18455 0.43 2.34562627
UM 702 7.04 3.56 3.571203 051 0025972043
UL 1174 549 5114 £ B263R 078 214924754
AUG 16.39 58 512 11288973 1185 1129107991
SEF 15.42 fi 514 10322616 086 -0.3457128
ocT 1265 5 56 471 7 9EAR34 085 0054455272
W a.78 b.66 4.95 5.204764 074 2053909911
DEC 7.13 .58 4.27 3.018372 071 0776705342

W« v WP Overall Monthiy-Yearly Average 3 Averages by Month / Monthly Averages 4 Node Shed Avg Recharge / [<

£3

>

Figure 108. Averages by Month spreadsheet. AWA (inches) of entire domain.
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MONTHLY AVERAGES (Area Weighted, Inches)
1
2 [ MONTHLY DATE | RAINFALL | PAN | ET | GWR [ PANCOEF | DEL Sl

| 3 [1/11962 382 6.42 370 0.46 0.58 -0.18
| 4 [241962 10.27 6.20 422 5.94 0.68 0.14
| & [3/1982 252 7.56 269 0.18 0.36 -0.14
| B |4/1982 1.17 8.26 1.29 0.04 0.18 0.00
| 7 151982 B.97 8.00 5.42 1.73 0.68 o.m
| 8 |6A1982 10.43 7.08 454 5.38 0.70 0.33
| 9 |7H982 14.16 6.28 557 7T 0.95 0.44
| 10 |8/1982 9.86 6.27 5.26 5.33 0.84 -0.71
| 11 [941962 26.91 6.48 532 21.44 0.82 0.16
| 12 [10/1982 14.24 551 4.44 10.07 0.81 -0.21
| 13 [11/1982 9.37 5.88 453 4.50 0.77 0.43
| 14 [12/1982 77 6.24 4.89 276 0.78 -0.43
| 1514983 1.49 697 1.70 0.05 0.24 -0.0m
| 16211983 1.65 6.18 1.67 0.02 0.27 0.00
| 17 |31983 4.35 7.84 285 1.59 0.36 0.00
| 16 [4/1983 1.45 661 1.69 0.05 0.20 0.00
| 19 |5/1563 1.47 9.45 1.78 0.06 0.18 0.00
| 20 |BA1983 0.77 9.28 099 0.03 0.11 0.00
| 21 741983 7.2 8.36 571 1.67 0.68 0.02
| 22 |81983 10.74 6.43 542 5.10 0.84 0.33
| 2391983 11.01 641 4.35 6.62 0.63 0.02
| 24 |10/1983 11.22 6.00 5.41 5.52 0.80 0.3z
| 26 [11/1983 11.22 7n 5.96 b.36 0.84 -0.71
| 26 [12/1983 5.25 562 4.03 0.95 072 0.36
| 27 [1/1984 3.10 5.46 3.09 0.51 0.57 -0.40
28 |21984 427 B.15 319 1.19 0.52 0.00
| 29 |31984 341 745 247 0.37 0.33 0.1
| 30 |441384 2.08 8.05 1.83 0.27 0.12 0.32
31 |5/1984 6.34 6.69 532 1.66 0.61 -0.33 b
W 4k M\ Overal Monthly-Yearly Average ¢ Averages by Month 3 Monthly Averages { Node Shed Avg Recharge / |4 | >

Figure 109. Monthly Averages spreadsheet. Monthly averages through the years, AWA
(inches) of entire domain.

A B c D E F G H J K L il i 0

| 1 |MODE SHED RECHARGE 5
| 2 | 1 0.1178005295

| 3 | 2 0.1201455002

| 4 | 3 0.1359566079

| 5 | 4 (0.1298665841

| G | 4 01007783110

| 7 | 5 0.1012219050

| 8 | 7 0.1054564406 U
| 9 | g (0.07BE550872

10| 9 0.1280862956

11| 10 0.1179076804

| 12 | 1l 0.1236599106

| 13| 12 (0.1305765296

| 14| 13 0.1287741563

| 15 | 14 0.1286163147

|16 | 15 0.11857 10642

| 17 | 16 0.14367 06206
|18 | 17 0.1826131373
| 19 | 18 0.1779542895
| 20 | 19 01170841102
|21 | 20 0.1177925583
| 22 | 2 0.1324032310
| 23 | 2 01175294602
| 24 | 73 0.1175224602
| 25 | 24 0.1285819766
| 26 | 2 0.1582016835
| 27 | 26 01727809213
|28 | X 0.1805586407
|29 | 24 0.1179256259
| 30 | 29 01177611063
=il il 0.1430109535
| 32 | Ell 0.1236072655

33 32 01422727363 ~
W 4 » w\ Overal Monthly-Yearly Average )( Averages by Month A‘ Monthly Averages \Nude Shed Avg Recharge/ \( > \ E

Figure 110. Node-shed Average Recharge spreadsheet.
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Stage 2 — Routing

Now that recharge beneath the soil layer is done, the modeler may use a technique called
routing to simulate the attenuated vadose flow to the lens. This is Stage 2 of the vadose-flow
conceptual model which splits the fast and slow flows and uses the modified pulse routing
technique described in Chapter 2. The interface is in the router tab (Figure 111). The modeler
clicks open the router tab and clicks on the power button to enable the controls. If the modeler
wants to use AQUA CHART to graph and view the recharge synthesis, the AQUA CHART
button allows the modeler to select and open the AQUA CHART Excel file (Figure 112).

File:

= Aqua Charge Deluxe EJ@E|
Agqua Charge T Daily Rain and Pan T Sail Index T PAT T Arraps and GwR T “Werifications T Calculated Records T Houtel Ghw/hodel

Router Controls

100

90

70

60

50

0

40

30

20

7

P

o al

10 P

0 10 20 30 40

50 60 70 80 20 100

% OF BEDROCK CAPACITY

TURM OM STAGE 2
ROUTER

Routing Parameters
W Delay

Ts nps

,—24 ’_1 ,—D Iniitial Y alue
(R[5 [

Split Adjuster
Labell

ISR RN PN ENENENEN

=)

% - hours

Fast

Slow

—
—

44444
H = E = EEE = = E

[t ]z Ja |85 |& J1a |21 |2¢ |55 [a3 |10

Bediock Capacity [In.] |2

RELTE T

Output Dptions

Text Output

i

OPEN AQLA
CHART

’—1 node #

Dutput bo AQLLA
CHART

Figure 111. The routing tab.
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o BEE|
Aqua Charge T Daily Rain and Pan T Sail Index T PAT T Araps and GWH T Verifications T Calculated Records T Router Gwodel

Router Controls

TURM OM STAGE 2

100 ROUTER
Open AQUA CHART] ZX
90 ; -
Look in: |13 DATA | e B3 Drelay
L ) AVGMNODERECHARGE
80 S
L‘ﬁ | Calculated Records i) GG
Iy Recant ) 5avedFies Initial Y alue
70 Ducimenls | 5avedrecharge il
@ ) Savedsoils
= Al In One Data, xls .
" 60 Desktop BE £t CHART ols Ovtput Options
3 QUA CHART. xls
- : %CD.W of &l In eDatal I. J j j j ﬂ ﬂ -
50 _.-/ SoilDatsbase.xls| Type: Mlc!'psDFt Excel Woarksheet
oy E_I]well data histagr{ Date Modified: 12/22 /2008 4:08 M
=l fy Documents @_]\"ear OF Omer Size! 6,77 MB
T a0 - Pl =]
g —
3 %
30 My Compuiter DPgEA'?:EQTUA
- File name: ALLA CHART xls - Open
2 «) I = |
My Metwork  Files of tupe: |AQUA CHART [F.s] - Cancel 1 node
Places
[™ Dpen as read-only
10 | = = = =] =| || [elaJecnn]
__I/-/]' ‘ | | | | | | [t ]z |z |5 |8 e [s1 [es [e2 [e= [70
1] + + t + + + t t 1 Dutput bo AQLLA
0 10 200 30 40 50 60 70 80 90 100 Bediock Capacity (In) [2 CHaRT

%2 OF BEDROCK CAPACITY

=

Figure 112. Open AQUA CHART command button.

Before any routing can be done, the modeler must adjust the percent curve splitter that
determines the percentage of the AWA node shed recharge that will go to slow or fast routing.
The percent to fast flow, in this model, depends on the previous day’s slow flow bedrock
moisture to determine the percent of bedrock capacity (BC) in the x-axis. The BC, in inches, can
be entered in a text box below the vertical adjustment bars. The curve shape produces a small
percent to fast recharge when the previous day’s slow recharge and its percent of (BC) are small.
As it approaches near BC, the percent to fast recharge rapidly increases. Then, it levels off
around 45% to 75% since it can still continue to fill in the matrix pores with water that contribute
to slow flow. This is considering the thick (greater than 100 feet) of granular matrix media of
Barrigada Limestone. The vertical bars to the right of the chart allows the modeler to adjust the
curve by moving them up or down or the modeler may input into the text box, beneath the bars,
the percent value (Figure 113).
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= Agua Charge Deluxe EI@@

File:

Aqua Charge T Daily Rain and Pan T Sail Index T PAT T Araps and GWH T Verifications T Calculated Records T Router Gwodel

Router Controls

TURM OM STAGE 2
100 ROUTER

Routing Parameters

90 % - hours ’H Delay

Ts nps
. BOUTE T
24 1 o
Fast Iriitial VY alue: J

] e — Slow ZREE 0

- 60 / Slﬂteﬁdiusm' Output Options
2| 8| 5| =l =l = =] =] =] =] =] Test Output
; 50
5 ] |
T o T (S S |
/ -
OPEN AQUA
30 / CHART
20 1
de #
| L T
10 ot R I B I B R B R R ([ «Jac » [M]
1§z |3 |5 |3 J16 |61 |66 |68 |69 |70
; Lol IRERERCGRERIGRERERER

Output o AQUA
0 0 20 30 40 50 60 70 B0 90 100 Bediock Capacity In] 2 CHART

%2 OF BEDROCK CAPACITY

Figure 113. Percent Fast/Slow curve adjustment.

The routing parameters frame in the router tab is where the final adjustments are for
synthesizing recharge. This is also where the command button “ROUTE IT” is placed that holds
the routing execution code (Figure 114). Here is where the modeler enters values in the text
boxes to control the attenuation and lag time of the fast and slow flow recharge. These variables
are the same variables mentioned in the equation for routing in Chapter 2. The x-time is set to a
24 hour computational interval. In this case twenty four hours is set in the text box. Each fast
and slow parameter have their own T (time of storage), nps (number of phases), and the initial
value. In this project, the initial value is set to zero and the rest at their default settings. Simple
guidelines to follow when using routing is when Ty is large, the curve response produced is wide
and is good for simulating slow flow. And likewise, when T value is small, a narrower curve
response is produced and is good for representing the fast flow recharge to the lens. Increasing
the nps will increase the lag time. Routing begins by estimating the values, and then adjustments
are made to the curve, the BC, T, and nps. The modeler continues to make changes using also
the “well guide” (Chapter 5) to adjust the lag and attenuation of the fast and slow flows. The
“output to AQUA CHART” button is continually used to send data to the AQUA CHART where
the modeler can visually analyze the synthesized recharge results.
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= Aqua Charge Deluxe EI‘E'@

Aqua Charge T Daily Rain and Pan T Sail Index T PAT T Araps and GWH T Verifications T Calculated Records T Router Gwodel
Router Controls
TURN ON STAGE 2
100 ROUTER
Routing Parameters
90 % - hours ’H Delay /
T v
80 S S L ROUTEIT
24 1 0
Fast ’_ Iritial alue
70 72 3 0
/-‘___'__.__-—— Slow ’7
Split Adjust .
o 60 ||_)albel1 (LT Output Options
. S PN BN N NN
A
5
¥ oom =l
—
/ -
OPEN AGILA
30 / CHART
20 =
1 node #
/ L ==
10 T A=A = = = = =] || [ e ]
|t [t ]z |z |5 |3 e [s1 [es [e2 [e2 [70
et
0] Dulput to AQUA
i} 10 20 30 0 50 60 70 B0 90 100 Bediock Capacity (in) 2~ CHaRT
% OF BEDROCK CAPACITY

Figure 114. The ROUTE IT and Output to AQUA CHART command buttons.

AQUA CHART Output Monitor

First of all, any Excel worksheet file can be made to receive the routed output recharge
and the simulated GW hydraulic head from a selected node and for all the nodes. That Excel file
must have two named and defined recordsource, and the modeler can use the exported data in
any way he or she sees as appropriate.

The first recordsource is the fast, slow, and the sum of fast and slow routed recharge, and
a simulated GW head output for a selected node-shed number. The Excel file will have five field
names; DATE, RECHARGE, FAST, SLOW, and XVAL (Figure 115). To name and define the
recordsource, select insert on the menu bar and choose name on the dropdown menu and select
define (Figure 116). Title the recordsource “RECHARGE” and select the range that covers the
fields “RECHARGE” to “XVAL”, and having the row value for the last number equal the
number of days of computational period plus one (Figure 117). For example, for 1982 to 1995
years totals 5112 days, plus one equals 5113. So the ‘Refers to:” data range selection box should
read “=Sheetl!$B$1:$E$5113” where the end is numbered 5113 (Figure 117). Click the “Add”
button and then the “OK” button to name and define the recordsource “RECHARGE.” Again,
this sheet is now ready to receive data for a selected node-shed number during the recharge
synthesis and the finite element method simulation.
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B3 Microsoft Excel - Book1

@_] File Edit Wiew Insert Format Tools Data  Window DElot  Help

G4 - #
A | B [ ¢ | b | E [ F 6 |
1 DATE | RECHARGE | FAST SLOWY AAL
2
[ 3 |
4] —1
5)
[ 6 |
7|
6 |
[0 |
1n
Figure 115. Field names setting.

B3 Microsoft Excel - Book1

@_] File Edit ‘Wiew | Insert | Format Tools Data  MWindow DEjot  Help
54 - | [Marne » || Define. .. |
A — E

1 DATE | RECH B AL

2 Creake, .,

z ¥ Apply...

4] Label.. C
5 |

B

7

8

9 |

10
Figure 116. Insert, Name, and Define from the menu bar

i&] Fle Edt View Insert Format Tools Data  Window Dot Help

RECHARGE = & RECHARGE
A B | ¢ [ b | E F [ 6 [ H [ T [ J
1 DATE | RECHARGE =~ FAST SLOWY KAL
(5094)
(5095 |
|5US6 |
5097 | Define Name El
5098
el Mames in workbaok:
Gl
5103
/5104
5106
5107
5108
5102 Refers bo:
5110 | =sheet114B51:4E$5113
1111
B112] |
5113
5114
£118

The other recordsource was designed for data that may be transferred to GIS for
interpolating and animating the entire domain after the GW simulation process. The field names
for this second spreadsheet are “NODE”, and “X1 to X30.” The X1 to X30 represents the
hydraulic head for day X1 to X30 (Figure 118). The NODE field is numbered from 1 to the total
number of nodes, which in this project’s domain consist of 137 nodes. The entire range is
selected from the “NODE” field to 137 to X30. The selection is named and defined as
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“SIMOUT” and the Add and OK buttons are clicked (Figure 119). The file is saved as whatever
name the modeler chooses (Figure 120). This file during the routing process may be opened
using the OPEN AQUA CHART button in AQUA CHARGE’s Routing tab (see Figure 112).
The Excel file is now ready to receive data from AQUA CHARGE during the routing and the
finite element method process. More details for sending data to this recordsource are explained
in the Finite Element Method Program section.

B3 Microsoft Excel - Book1 r_ H'I:T’ \&\
E_] Fle Edit View Insert Format  Tools Data  Window DRlot  Help Type aquestion forhelp = 2 & X
B2 - I3
A | B [ ©c | o [ E [ F [ & [ H [ 1 [ a0 [ k [ L [ M [ w | o [ P [ @ | mrR [ s [ T [ u [ ¥ [ w [ = v | Z | &aA | P
1 [NODE Al H2 3 2} 5 £ w7 R %3 R wil iz RiE F) W5 Rig FiH RiE EiE] Rz el ez FEFE] w24 25 %26 3
1 T
=] : T
| El
5] 4
& 5
7] [
& | 7
N E
| 3
] 10
A [l
13 [
| [
|5 7]
| [
| [
| i
18 | 1
|20 1
N 20
[ 2] 2
2] 22
|24 z
|25 2
[ 26| 25
| E
| Ey
|29 28
|30 2
EN| ]
[52] a1
53] 2
N 3]
| )
[ 36| 5
37 ]
| 3
|39 e
[#0 | E]
| 40
ez 4
[ #3 ] 2
| &4 4
| 45 | 44
|56 | 5
| &7 | 4
|48 47
59| Er]
[ 50 | 4
[ 51 50
[ 52 | 51
53] 52
| 54 5
- =
W 4 v v\ Sheetl ) Sheet2 { Sheets / Fh & e - Mioromcrt wordd |< >

Figure 118. Field Names and Node numbers for SIMOUT.

127



Vadose Flow Synthesis for the Northern Guam Lens Aquifer
AQUA CHARGE User Manual

- |

Type a question for help

Define Name

Names in workbook;

Refers ko
=Shest2!§A%1:$AES138

=)
|1« v wmf\ Sheetl ) Sheet2 { Sheet3 /

Figure 119. Define name for SIMOUT.

|_DATA @-3|Q X i B - Took-

aAVGNODERECHARGE
[CCalculated Records

My Recent | | 5) Savedriles

(BEETERES IC5avedrecharge

22 Savedsails

@AII In One Data.xls

B AQUA CHART. s

@Copy of &l In One Data. xls
@SoilDatabase.xls

@well data histogram mil.xls
@Vear Of Omar.xls

File: marme: |MyRechargeOutput.xIs i| | Save ]

Places Save as Bype! | Microsoft Office Excel Workbook (*,xls) ' Cancel

Iy Mebwark,

Figure 120. Save the file name.
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With Excel’s simple and popular charting flexibility and programmability, we were able
to work with the data output and build AQUA CHART. The details to the design of AQUA
CHART will not be provided. The modeler can use the flexibility of MS Excel to view the
exported data however he/she may choose. Much other data was added to AQUA CHART and
the extra spreadsheets were added to run data analysis.

However, using AQUA CHART, the modeler runs scenarios and makes adjustments
while looking at the rainfall and output recharge synthesis data graph with the data graph from a
selected observation well. AQUA CHART was designed and programmed in Microsoft Excel’s
Visual Basic environment that allows the modeler to easily scroll horizontally through years of
meteorological data, synthesized recharge, and observation well response with all aligned in time
(Figure 121).

After the routing is completed, the modeler may select a node and send the data to the
AQUA CHART. The modeler analyzes the synthesized recharge graph with the observation
well graph and to determine if it should be tried in the hydraulic model. The two results
(recharge and well level) are not directly comparable, but the comparison can be useful for
determining any necessary adjustments to the soils curves, the fast flow curve, or the routing
parameters to visually determine whether more or less attenuation is required. A good method to
use is the well guide described in Chapter 5. AQUA CHART has two control buttons that allows
the modeler to scroll to the left or to the right of the date axis and a number entry cell for
entering the number of days to scroll back and forth. The buttons for scrolling in the date axis
have black arrow heads that point in the direction of scroll.
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Figure 121. AQUA CHART interface. The top chart shows rainfall from four gages on the
secondary axis as bars. The primary axis holds the recharge, fast, slow, and guide curves. The
chart below it is the observation well levels (blue), the tide (blue bars), and the simulation
(orange). An arrow points to the date axis scroll buttons.
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Text File Recharge Output For Hydraulic Models

After the routing is executed, the modeler may want to apply the synthesized recharge to
a GW hydraulic model. AQUA CHARGE can save a data text file of the synthesized recharge in
units of cubic meters per day (Figure 122). This text file may be imported into a hydraulic
model such as the finite element method. To extract the data, in the router tab and in the output
options frame, click on the text output button. A common dialog box opens to facilitate in
saving the file. The format for this data is as described in Chapter 4.
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Figure 122. Saving the routed recharge to a text file.

AQUA CHARGE Finite Element Method Program

A Finite Element Method, 2-D, transient, saturated GW flow model was added to AQUA
CHARGE and is located in the last tab called GWModel. The VB 6.0 form had reached its
capacity for adding controls from the tool box that it had to be constructed on another form. The
last tab has a button (Figure 123) that opens up the 2-D Transient, Saturated Groundwater Flow
form (Figure 124). The finite element method was added to receive the recharge output text file.
The purpose for this was to match GW modeling simulation to observed well response from the
synthesized recharge. Details for this topic are described in Chapter 3.
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Figure 123. AQUA CHARGE GWModel tab. The GW model tab has a button that opens up

the 2-D transient saturated-flow program form interface.
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Figure 124. Finite element program interface.
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The input data button opens the common dialog box to select the FEMData.xls and the
recharge text file (Figure 125). Again, the FEMData holds data recordsource and recordsets as
information of the mesh domain design. After the FEMData has been selected, a second
common dialog box appears to select the recharge file text file (Figure 126). The recharge text
file is the final recharge synthesis known as Stage 2 of the conceptual model for the entire
domain.
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Figure 125. Opening FEMData.
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Figure 126. Opening the recharge text file.

Once the input data is loaded, the modeler may look at the data through the table and by
selecting an options button. The NODES option displays the node number, its x and y
coordinates, the material type, and the area of the node-shed for that particular node (Figure
127). The ELEMENT N MATERIALS option shows the element number and it’s surrounding
nodes in counterclockwise order and also it’s material property number (Figure 128). The
MATERIAL PROPERTY option shows three material properties identified as numbers with its
Kyy value and S value (Figure 129). When this option is selected, the modeler may change the
Kyy by clicking the material number row, changing the values in the text box in the MATERIAL
PROPERTIES CONTROL, and clicking the “Update Values” command button (Figure 130).
The TIME STEP option shows the daily time step value as one (Figure 131). The TIME
FUNCTION was controlled in the finite element sub routine code, so it is not used as input data.
The COM ALL option displays important variables such as number of nodes, number of
elements, the mesh type shape, and so on (Figure 132).
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Figure 127. NODES option button.
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Figure 128. ELEMENT N MATERIALS option button.
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Figure 130. Changing the materials properties data.

135




Vadose Flow Synthesis for the Northern Guam Lens Aquifer

AQUA CHARGE User Manual

Aqua Charge Deluxe

File
2D TRANSIENT, SATURATED GROUNDWATER FLOW
Aqua Charge - GwWModel
Finite Element Method T Magic Chart ]
~FINITE ELEMENT PANEL
~INPUT DATA GETTER  CIEELEEE
4] 4|Data Input AL Input Data
MATERIAL BOUNDARY INITLAL
7 NODES © ponpeRTiES CONDITIONS CONDITION w3 TRANSIENT. Time
ELEMENT N TIME ATURATED
© MATERIALS  runcrioy © COMALL GROUNDWATER FLOW
END o7 | ‘
1 1
~OUTPUT DATA
Node [65 | (i ARLA CHART
Simulated Output [30] | 974113982 vl
~ STABILIZER FRAME
I off
Omega MATERIAL PROPERTIES
[ s CONTROL
Ex I
Ky | | 5300,
I Update
Ss I I 5800 2 Walues |
Ty 00 g [ o0d I [N,
Create

Figure 131. TIME STEP Options.
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Figure 132. COMALL Options.
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If all the input data is loaded properly, the modeler can click the “GW3 TRANSIENT,
SATURATED GROUNDWATER FLOW” button (Figure 133) to run the finite element code.
The GW3 is a subroutine from Istok’s code for a transient saturated flow model. A simplified
explanation of the equations involved is in Chapter 3. When the program is done running, the
modeler may select a node to chart the results in daily time steps using the “Output to AQUA
CHART” command button (Figure 134). The modeler will be prompted to open AQUA
CHART if it is not opened already (Figure 135). AQUA CHART displays the results on the
bottom chart (Figure 136).
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Figure 133. GW3 (Istok) Transient, Saturated groundwater flow button.
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Figure 134. Output to AQUA CHART and Simulated Output (30) button.
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Figure 135. Select AQUA CHART if not opened, common dialog box pop up.
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Figure 136. Simulation charted (orange).

The “Simulated Output (30)” command button was designed for creating the animation
data. The modeler may select a start date, in this case 9/1/1982, results from the start date to
9/30/1982, 30 days, for each node is exported to the SIMOUT recordsource in AQUA CHART
(Figure 137). The node number has x-y coordinates that can be joined in GIS. The values for
each X(day) number can be interpolated in the GIS using the Spline function tool. The images
may be saved and animated using a movie program such as ADOBE® Premier Pro (Figures 138
and 139).

The “Simulated Output (30)” was the last button created and concludes the user’s
manual. The next chapter shows the results of sample runs and a discussion on identifying its
limitations and making improvements to the program. An output simulation data for September
1 to 30, 1982, are shown in Habana, 2008, APPENDIX J.
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Figure 138. X12 animation frame. Day 12, 9/12/1982, finite element simulation response to recharge results.
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Figure 139. X29 animation frame. Day 29, 9/29/1982, finite element simulation response to recharge results.
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RESULTS AND DISCUSSIONS

This chapter reveals the results for synthesizing recharge and the outcome of adding the
synthesized recharge as inflow flux into a simple two-dimensional (2-D) finite element
groundwater (GW) model. Three trial soil model conditions were applied since it was one of our
objectives to explore how soil moisture (SM) affects recharge. The summaries of Stage 1, area
weighted average (AWA) recharge, were computed first for each model. The summary results
were compared to past estimates of annual recharge and the AWA recharges were sent to the
router. The well guide (see Chapter 5) was used to shaping the synthesized recharge. Next, the
selected soil model condition that had been routed is applied to the finite element model to
simulate the GW dynamics and response to recharge. Adjustments were made to the hydraulic
model until the simulation closely resembled the observatory well data.

Soil Model Conditions

The three SM conditions, mentioned in Chapter 2, were applied and the results for Stage
1, AWA recharge and other AWA calculated values are displayed in the following pages. The
results for all the models allowed us to explore simple weighted average statistical summaries.
The AWA recharge and evapotranspiration (ET) by month was charted as a bar graph showing
the difference between the three models. The computational interval ran was set to the available
temporal data from 1982 to 1995 and the initial SM was set to 0.2 in.

Soil Model Condition 1

This model set both SM curves as linear relationships. The ET soil model is known as
the Thornthwaite Model. The chart curve settings used are shown in Figure 140. This was a
good starting run for the modeling process since the first few attempted trials are usually
uncertain. Since the soils field capacity (FC) values are fairly low, significant amounts of
rainfall would yield most of the infiltration as recharge. It is the moisture amounts within the
soil’s FC that affects the percentage that becomes recharge and ET. Since the FC is so small,
even small daily rainfall amounts can produce recharge for the day. These small amounts in a
day add up though when summed by months or year and converted to volume in a large area
node-shed
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Figure 140. Model 1
(blue).

soil conditions. Recharge is linear (green) and ET is Thornthwaite model

Table 1 shows the results of using linear and Thornthwaite for recharge and ET
respectively. Approximately 65% of the annual rainfall becomes recharge. This result is similar
to the estimates Dr. Mink made in the early 1990s where 60 to 70 percent of annual rainfall goes

into recharge (Mink, 1991).

AVERAGES BY MONTH (Area Weighted, Inches)

MONTH RAIN PAN ET GWR PAN COEF DEL SMI
JAN 517 6.1 2.44 2.92 0.40 -2.66
FEB 4.4 6.05 1.93 2.43 0.32 0.61
MAR 2.88 7.44 1.97 1.03 0.27 -1.62
APR 4.2 7.95 2.23 1.92 0.28 0.77
MAY 5.51 7.85 2.66 2.68 0.34 2.49
JUN 7.02 7.04 2.92 4.04 0.42 0.80
JUL 11.74 6.49 3.67 7.88 0.57 2.56

AUG 16.39 5.8 3.55 12.86 0.61 -0.19
SEP 15.42 6 3.74 11.70 0.62 -0.42
OCT 12.65 5.56 3.41 9.21 0.61 0.38
NOV 9.78 6.66 3.51 6.42 0.53 -2.08
DEC 713 5.98 2.99 4.18 0.50 -0.63
MONTHLY-YEARLY AVERAGES (Area Weighted, Inches)
YEARS | RAIN PAN ET GWR PAN COEF

MONTHLY 1982-1995 8.52 6.58 2.92 5.61 0.44

YEARLY 1982-1995 102.24 78.88 35.00 67.24 0.44

Table 1. Soil Model Condition 1 calculated records.
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Soil Model Condition 2

This model has a highly pronounced ET, since it uses the Viemeyer Model. At just 20%
of FC, 96% of potential ET (total pan evaporation amount) was reduced from the soil if it was
available. By 50% of FC, 100 % of potential ET is reduced in the SM. If the available SM is
less than effective ET from the chart model, then that ET was set equal to the SM. All of the SM
would be evapotranspirated and the final SM is zero. The SM curve settings in the Soil Index
tab were shaped as shown in Figure 141. The recharge was held linear as in Model 1.
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Figure 141. Model 2 soil conditions. Recharge is linear (green) and ET is Viemeyer model
(blue).

Table 2 shows the significant increase in ET in the monthly and yearly averages differing
from Table 1. The high ET curve setting reduced the SM more than it did with Model 1. For the
next day, small initial SM means less going to recharge. Since the recharge percent depends on
the previous day’s SM and the high ET leaves little to no SM for the next day, the recharge value
was decreased in this model condition. The Monthly-Yearly Averages show ET as nearly as
much as recharge.
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AVERAGES BY MONTH (Area Weighted, Inches)

MONTH RAIN PAN ET GWR PAN COEF DEL SMi
JAN 5.17 6.10 3.30 2.04 0.54 -2.31
FEB 4.40 6.05 2.66 1.70 0.44 0.45
MAR 2.88 7.44 2.51 0.48 0.34 -1.56
APR 4.20 7.95 2.85 1.26 0.36 1.27
MAY 5.51 7.85 3.66 1.72 0.47 1.80
JUN 7.02 7.04 4.16 2.88 0.59 -0.25
JUL 11.74 6.49 5.38 6.09 0.83 3.67

AUG 16.39 5.80 5.12 11.26 0.88 0.11
SEP 15.42 6.00 5.35 10.10 0.89 -0.56
OCT 12.65 5.56 4.85 777 0.87 0.36
NOV 9.78 6.66 4.93 5.04 0.74 -2.75
DEC 7.13 5.98 4.27 2.89 0.71 -0.44
MONTHLY-YEARLY AVERAGES (Area Weighted, Inches)
YEARS RAIN PAN ET GWR PAN COEF

MONTHLY 1982-1995 8.52 6.58 4.09 4.44 0.62

YEARLY 1982-1995 102.24 78.88 49.04 53.22 0.62

Table 2. Soil Model Condition 2 calculated records.

The summaries show an increase in ET

due to the rapidly ascending curve setting with the Viemeyer Model. This in turn favored the

high percent of SM reduction that affected the yield to recharge for the next day.

Soil Model Condition 3

The curve settings for this model increases the percentage split for both recharge and ET.
The SM curve settings in the Soil Index tab are shown in Figure 142. Both produced high yields
for recharge and ET, with a recharge average higher than Model 2.

moves 55% of the rainfall into recharge which is much lower than Mink’s estimate.
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Figure 142. Model 3 soil conditions. Recharge was curved (green) and ET was Pierce (blue).
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AVERAGES BY MONTH (Area Weighted, Inches)

MONTH RAIN PAN ET GWR PAN COEF DEL SMI
JAN 5.17 6.1 3.05 2.26 0.50 -1.85
FEB 4.4 6.05 2.52 1.86 0.42 0.28
MAR 2.88 7.44 2.38 0.60 0.32 -1.34
APR 4.2 7.95 2.73 1.40 0.34 1.09
MAY 5.51 7.85 3.51 1.90 0.45 1.50
JUN 7.02 7.04 3.91 3.14 0.56 -0.46
JUL 11.74 6.49 5.05 6.48 0.78 2.85

AUG 16.39 5.8 4.8 11.51 0.83 1.13
SEP 15.42 6 5.13 10.33 0.85 -0.66
OCT 12.65 5.56 4.58 8.07 0.82 -0.04
NOV 9.78 6.66 4.6 5.32 0.69 -1.95
DEC 7.13 5.98 3.91 3.27 0.65 -0.73
MONTHLY-YEARLY AVERAGES (Area Weighted, Inches)
YEARS RAIN PAN ET GWR PAN COEF

MONTHLY 1982-1995 8.52 6.58 3.85 4.68 0.59

YEARLY 1982-1995 102.24 78.88 46.15 56.11 0.59

Table 3. Soil Model Condition 3 calculated records. Again, the summaries show sensitivity in
soil condition matters. The curved relationship of SM vs. recharge against a Pierce model ET
curve resulted increased the yield in favor of recharge. This shows that curving the recharge
slightly can draw more moisture to split towards recharge than to ET.

The results of the three soil model conditions are summarized in the following figures.

The overall average by month and year in are shown in a bar chart, Figures 143 and 144.
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MODEL COMPARISON OF AREA WEIGHTED AVERAGE
RECHARGE AND EVAPOTRANSPIRATION BY MONTH
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Figure 143. Monthly model comparison bar chart. Soil Model comparison chart shows ET
values (top secondary axis) and Recharge (primary axis) for the three models.

MONTHLY AND YEARLY ET AND GWR AVERAGES FOR EACH MODEL
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Figure 144. Monthly and yearly ET and GW recharge model comparison bar chart. Three soil
model conditions as Models M1, M2, and M3, charting overall monthly and yearly AWA for ET
and recharge.

AQUA CHARGE is able to compute all the month’s overall AWA summaries from 1982
to 1995. Table 4, in the next page, displays each month’s average through the years 1982 to
1995 for a Model 1 soil condition. It also calculates the average recharge for each node-shed
(Table 5)
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MONTHLY AVERAGES (Area Weighted, Inches)

MNTH PAN MNTH PAN
DATE RAIN PAN ET GWR COEF DEL sMi DATE RAIN PAN ET GWR COEF DEL sMi
1/1982 3.82 6.42 2.55 1.21 0.40 0.05 1/1989 3.15 6.16 1.91 1.17 0.31 0.06
2/1982 10.27 6.20 3.28 6.73 0.53 0.26 2/1989 11.50 6.04 2.89 8.28 0.48 0.33
3/1982 2.52 7.56 2.34 0.59 0.31 -0.40 3/1989 1.25 7.55 1.20 0.28 0.16 -0.24
4/1982 1.17 8.26 1.16 0.10 0.14 -0.08 4/1989 11.59 8.20 3.72 7.48 0.45 0.39
5/1982 6.97 8.00 3.49 3.24 0.44 0.24 5/1989 4.16 7.17 2.57 1.48 0.36 0.11
6/1982 10.43 7.06 3.26 6.78 0.46 0.39 6/1989 9.57 6.80 4.21 5.47 0.62 -0.11
7/1982 14.16 6.28 4.27 9.57 0.68 0.32 7/1989 12.53 6.62 4.02 8.42 0.61 0.10
8/1982 9.86 6.27 3.91 6.64 0.62 -0.70 8/1989 13.03 5.12 3.62 9.62 0.71 -0.20
9/1982| 26.91 6.48 4.68 21.90 0.72 0.32 9/1989 17.29 5.84 3.54 14.05 0.61 -0.30
10/1982 14.24 5.51 3.42 11.17 0.62 -0.35 10/1989 11.57 5.20 2.97 8.39 0.57 0.21
11/1982 9.37 5.88 3.21 5.76 0.55 0.40 11/1989 9.22 5.90 2.59 6.12 0.44 0.51
12/1982 7.17 6.24 3.73 3.85 0.60 -0.41 12/1989 4.81 4.98 2.98 2.30 0.60 -0.47
1/1983 1.49 6.97 1.38 0.21 0.20 -0.09 1/1990 14.89 5.24 2.76 12.36 0.53 -0.23
2/1983 1.65 6.18 1.37 0.29 0.22 -0.01 2/1990 2.71 6.32 1.92 0.84 0.30 -0.06
3/1983 4.35 7.94 1.85 2.54 0.23 -0.04 3/1990 3.17 7.13 2.27 0.93 0.32 -0.03
4/1983 1.45 8.61 1.30 0.22 0.15 -0.07 4/1990 2.88 7.80 2.09 0.68 0.27 0.10
5/1983 1.47 9.45 1.30 0.11 0.14 0.06 5/1990 5.87 7.47 2.97 2.47 0.40 0.43
6/1983 0.77 9.28 0.62 0.06 0.07 0.08 6/1990 6.32 7.57 3.75 273 0.50 -0.16
7/1983 7.12 8.36 3.64 3.30 0.44 0.18 7/1990 13.38 5.74 4.17 9.18 0.73 0.03
8/1983 10.74 6.43 3.43 6.73 0.53 0.58 8/1990 18.52 4.38 2.44 15.73 0.56 0.35
9/1983 11.01 6.41 3.53 7.76 0.55 -0.28 9/1990| 24.75 7.88 5.47 19.77 0.69 -0.48
10/1983 11.22 6.00 3.87 7.12 0.64 0.23 10/1990 8.95 6.42 3.67 4.96 0.57 0.31
11/1983 11.22 711 4.00 7.70 0.56 -0.48 11/1990 18.37 6.86 3.96 14.48 0.58 -0.06
12/1983 5.25 5.62 3.00 2.02 0.53 0.23 12/1990 17.74 6.44 3.42 14.16 0.53 0.16
1/1984 3.10 5.46 2.39 1.09 0.44 -0.38 1/1991 5.91 6.75 3.26 3.08 0.48 -0.43
2/1984 4.27 6.15 2.28 2.06 0.37 -0.06 2/1991 3.66 6.04 1.77 1.89 0.29 0.00
3/1984 3.41 7.45 1.53 1.54 0.21 0.34 3/1991 2.59 6.94 2.18 0.74 0.31 -0.32
4/1984 2.08 8.05 1.47 0.50 0.18 0.11 4/1991 6.39 6.75 2.27 4.03 0.34 0.09
5/1984 6.34 8.69 3.86 2.63 0.44 -0.15 5/1991 5.02 7.39 2.57 1.74 0.35 0.71
6/1984 8.45 5.88 2.81 5.53 0.48 0.11 6/1991 7.20 5.69 3.36 4.21 0.59 -0.37
7/1984 10.98 6.23 3.00 7.56 0.48 0.42 7/1991 14.07 6.12 3.79 10.09 0.62 0.19
8/1984| 24.12 5.13 3.63 20.47 0.71 0.01 8/1991 14.30 5.52 2.63 12.09 0.48 -0.42
9/1984 15.42 5.79 4.09 11.49 0.71 -0.16 9/1991 13.90 5.84 3.93 9.53 0.67 0.44
10/1984 8.27 5.56 3.34 5.05 0.60 -0.13 10/1991 14.14 5.33 2.66 11.35 0.50 0.13
11/1984 12.77 5.98 4.05 8.74 0.68 -0.01 11/1991 14.99 5.562 3.76 11.47 0.68 -0.24
12/1984 7.15 5.76 2.57 4.39 0.45 0.18 12/1991 4.40 5.35 2.52 2.18 0.47 -0.29
1/1985 7.04 6.33 3.31 4.41 0.52 -0.68 1/1992 8.09 6.53 3.31 4.99 0.51 -0.21
2/1985 4.37 6.64 2.02 1.72 0.30 0.63 2/1992 1.34 6.80 1.11 0.24 0.16 -0.01
3/1985 4.75 8.40 3.26 2.24 0.39 -0.75 3/1992 3.14 7.87 1.94 0.68 0.25 0.52
4/1985 5.50 7.92 2.34 2.98 0.30 0.18 4/1992 3.90 8.52 2.89 1.64 0.34 -0.63
5/1985 11.31 6.12 3.13 7.99 0.51 0.19 5/1992 4.06 7.87 1.80 1.52 0.23 0.74
6/1985 15.32 6.61 4.11 10.92 0.62 0.28 6/1992 4.39 7.03 2.30 2.24 0.33 -0.15
7/1985 9.97 6.88 3.92 5.87 0.57 0.18 7/1992 8.53 6.32 3.46 5.13 0.55 -0.06
8/1985 18.79 5.79 3.71 15.01 0.64 0.07 8/1992| 43.58 5.51 3.88 39.37 0.70 0.34
9/1985 19.21 6.60 4.54 14.79 0.69 -0.12 9/1992 8.66 5.84 3.39 5.70 0.58 -0.44
10/1985 7.92 6.43 3.76 4.63 0.59 -0.48 10/1992 14.39 5.47 3.55 10.90 0.65 -0.06
11/1985 5.86 5.94 2.66 3.19 0.45 0.01 11/1992 12.90 5.63 3.25 9.74 0.58 -0.09
12/1985 8.57 5.89 3.17 5.10 0.54 0.29 12/1992 1.94 6.61 1.62 0.44 0.25 -0.12
1/1986 1.03 6.48 1.36 0.30 0.21 -0.62 1/1993 2.14 6.31 1.68 0.53 0.27 -0.07
2/1986 6.99 5.37 2.08 3.93 0.39 0.98 2/1993 4.83 5.85 2.05 277 0.35 0.01
3/1986 3.91 7.02 2.54 2.21 0.36 -0.84 3/1993 1.38 7.35 1.25 0.24 0.17 -0.12
4/1986 8.13 6.86 3.05 4.36 0.44 0.72 4/1993 1.65 8.54 1.28 0.33 0.15 0.03
5/1986 9.94 6.53 3.92 6.42 0.60 -0.41 5/1993 1.69 9.17 1.48 0.23 0.16 -0.02
6/1986 9.02 5.75 3.59 5.37 0.62 0.06 6/1993 2.67 8.63 1.62 0.79 0.19 0.26
7/1986 13.90 6.20 3.88 10.05 0.63 -0.03 7/1993 8.53 6.94 2.45 5.50 0.35 0.58
8/1986| 23.08 6.95 4.36 18.84 0.63 -0.12 8/1993 16.28 5.48 3.12 13.06 0.57 0.10
9/1986 9.10 6.14 3.06 6.23 0.50 -0.19 9/1993 12.52 4.74 3.09 9.36 0.65 0.08
10/1986 16.71 5.86 3.13 12.84 0.53 0.74 10/1993 13.13 5.73 3.75 9.60 0.65 -0.22
11/1986 4.58 6.38 3.14 2.04 0.49 -0.60 11/1993 7.48 5.88 3.12 4.63 0.53 -0.27
12/1986 11.95 5.46 3.14 8.50 0.57 0.32 12/1993 6.54 5.65 3.38 3.20 0.60 -0.04
1/1987 3.88 6.28 2.49 1.38 0.40 0.01 1/1994 5.31 5.43 2.38 2.58 0.44 0.34
2/1987 5.41 6.00 2.20 3.71 0.37 -0.50 2/1994 2.48 5.01 1.89 1.14 0.38 -0.55
3/1987 2.33 7.55 1.79 0.48 0.24 0.06 3/1994 3.93 6.52 2.59 1.26 0.40 0.08
4/1987 1.98 8.46 1.71 0.40 0.20 -0.14 4/1994 3.76 7.15 273 1.23 0.38 -0.20
5/1987 0.89 9.18 0.82 0.07 0.09 0.00 5/1994 8.40 7.71 3.22 5.14 0.42 0.03
6/1987 2.54 7.84 1.37 0.77 0.17 0.40 6/1994 5.21 7.01 3.12 1.91 0.45 0.18
7/1987 15.51 6.62 4.09 11.59 0.62 -0.17 7/1994 13.28 5.64 3.12 9.56 0.55 0.59
8/1987 7.77 6.13 3.59 3.82 0.59 0.36 8/1994 7.50 5.83 3.65 4.46 0.63 -0.60
9/1987 11.47 5.84 3.30 8.05 0.57 0.12 9/1994| 20.45 5.15 279 17.07 0.54 0.58
10/1987 17.45 5.20 3.33 14.40 0.64 -0.28 10/1994 12.17 4.97 3.10 9.27 0.62 -0.20
11/1987 9.48 10.54 4.94 4.94 0.47 -0.40 11/1994 4.43 5.72 2.70 2.14 0.47 -0.41
12/1987 8.18 7.09 3.28 4.63 0.46 0.27 12/1994 6.98 5.98 2.94 3.86 0.49 0.19
1/1988 8.89 6.16 3.08 5.90 0.50 -0.10 1/1995 3.68 4.95 2.28 1.71 0.46 -0.31
2/1988 1.23 6.25 1.17 0.27 0.19 -0.21 2/1995 0.88 5.81 0.94 0.13 0.16 -0.19
3/1988 1.54 7.55 1.34 0.29 0.18 -0.09 3/1995 2.05 7.30 1.51 0.33 0.21 0.21
4/1988 2.90 8.20 2.00 0.77 0.24 0.13 4/1995 5.49 7.94 3.18 2.17 0.40 0.14
5/1988 3.02 7.67 2.39 0.62 0.31 0.01 5/1995 8.01 7.43 3.67 3.82 0.49 0.53
6/1988 9.61 6.80 3.56 5.88 0.52 0.16 6/1995 6.78 6.57 3.20 3.91 0.49 -0.34
7/1988 14.15 6.52 4.39 9.43 0.67 0.32 7/1995 8.22 6.42 3.20 5.10 0.50 -0.07
8/1988 9.00 6.76 3.88 5.54 0.57 -0.42 8/1995 12.92 5.91 3.82 8.64 0.65 0.47
9/1988 8.94 5.84 3.27 5.05 0.56 0.62 9/1995 16.19 5.64 3.75 13.05 0.66 -0.61
10/1988 14.83 5.20 3.85 10.87 0.74 0.11 10/1995 12.10 5.03 3.30 8.43 0.66 0.37
11/1988 7.57 5.67 3.69 4.49 0.65 -0.60 11/1995 8.64 10.19 4.04 4.44 0.40 0.16
12/1988 3.68 5.82 2.47 1.41 0.42 -0.20 12/1995 5.40 6.86 3.69 2.45 0.54 -0.74

Table 4. Soil Model 1 overall monthly summary.
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AWA RECHARGE FOR EACH NODE-SHED (Inches)

AVERAGE AVERAGE AVERAGE AVERAGE
NODE-SHED RECHARGE NODE-SHED RECHARGE NODE-SHED RECHARGE NODE-SHED RECHARGE
1 0.146 36 0.191 71 0.190 106 0.189
2 0.149 37 0.145 72 0.190 107 0.191
3 0.165 38 0.147 73 0.196 108 0.191
4 0.159 39 0.177 74 0.203 109 0.205
5 0.129 40 0.189 75 0.191 110 0.191
6 0.132 41 0.191 76 0.191 111 0.191
7 0.136 42 0.191 77 0.191 112 0.194
8 0.092 43 0.191 78 0.191 113 0.207
9 0.149 44 0.191 79 0.191 114 0.191
10 0.146 45 0.190 80 0.191 115 0.191
11 0.152 46 0.158 81 0.190 116 0.191
12 0.160 47 0.180 82 0.194 117 0.189
13 0.158 48 0.190 83 0.192 118 0.196
14 0.159 49 0.191 84 0.191 119 0.191
15 0.150 50 0.191 85 0.191 120 0.190
16 0.173 51 0.191 86 0.191 121 0.188
17 0.213 52 0.191 87 0.192 122 0.190
18 0.207 53 0.191 88 0.190 123 0.195
19 0.145 54 0.191 89 0.191 124 0.191
20 0.146 55 0.178 90 0.192 125 0.191
21 0.162 56 0.190 91 0.191 126 0.191
22 0.146 57 0.191 92 0.189 127 0.189
23 0.146 58 0.191 93 0.191 128 0.232
24 0.158 59 0.191 94 0.191 129 0.191
25 0.188 60 0.191 95 0.191 130 0.188
26 0.203 61 0.191 96 0.191 131 0.191
27 0.210 62 0.191 97 0.192 132 0.187
28 0.146 63 0.191 98 0.190 133 0.187
29 0.146 64 0.190 99 0.184 134 0.164
30 0.173 65 0.202 100 0.191 135 0.168
31 0.152 66 0.190 101 0.191 136 0.191
32 0.171 67 0.191 102 0.191 137 0.188
33 0.190 68 0.191 103 0.191
34 0.191 69 0.191 104 0.190
35 0.191 70 0.191 105 0.188

Table 5. Soil Model 1 AWA recharge for each node-shed. Highlighted node-sheds 41 and 59
where observation wells M-10a and M-11 are situated respectively.

Routing

The recharge output from each soil model was passed through the router to see which soil
model produces results that best simulate those described by the guide. Each soil model
produced different results that were superimposed in order to visually evaluate their significant
difference.

A few trials were made by changing the parameters in soil model 1. Changes were made
until the results reflected the guide values as described in Chapter 5. When the routing produced
results that were viable, the routing parameters and settings were maintained for the other two
remaining models. The results for routing all three models were overlaid in a chart (See Figure
145) so that their differences could be revealed.
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Visual analysis of the results led us to determine that there were no significant differences
between the models. The simple reason behind that was the soil layers were rather thin.
Significant rainfall that was much greater than the FC of the soils would cause most of the SM to
yield to recharge. In daily time steps, difference of results between the soil models was not
significant. When the results are summed in monthly and yearly steps, significant differences
occur as the daily values add up. When rainfall was about the same as the FC, the SM that was
driven to recharge were rather small since the curves determining recharge, especially for
Models 1 and 2, were the same.
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Figure 145. Synthesized recharge model comparison graph. The difference between the three
models when routed during a multiple complex pulses of rain. Soil Models 1 and 2 are nearly
comparable and follow the guide closely. Soil Model 3 extends out more since the recharge is
greater for the SM curve setting. The result causes Model 3 to extend out further than the other
two models. Model 2 is slightly decreased since the ET effectiveness is increased with the
Viemeyer model.

With the results of routing the three models and finding visually that the differences
between the three were small for each day; we used the simpler Model 1 soil condition for the
rest of the modeling. The small differences between each model are probably due to the thin soil
layers of each soil type resulting in small FCs. Also, the similarity of Model 1’s annual average
results to Mink’s estimate, yielding 65% of rainfall into recharge, makes Model 1 a good
candidate for the choice of soil model configuration. The results for routing Model 1 with
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temporal data from 1982 to 1995 are shown in the following figures, chronologically, and their

figure captions explain each graph analysis (Figures 147 to 169).

The interesting routing

findings are the Single, Double, and Multi-Pulse Recharge and Plateau Recharge graph forms.
These have fast recharge pulse(s) from significant pulses of rain followed by a slow recharge tail.
The Plateau Recharge has a small rise of fast recharge that flattens and stays nearly constant for
a few days, then drops back down to zero, producing a recharge image of a plateau. The routing
parameters and settings are shown in Figure 146.
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Figure 146. Router parameters and curve settings. Parameters and settings for the router used to
generate the following recharge syntheses. For fast recharge, the routing parameters are Ty = 0.5
hours and nps = 8. Slow recharge Ts = 72 hours and nps = 4.
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RAINFALL AND SYNTHESIZED RECHARGE AT A SELECTED NODE
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Figure 147. Multi-pulse recharge synthesis for a stormy month of September 1982. These are results from node-shed 59, point of
Observation Well M-11, experiencing Dededo rainfall. The total recharge (red line) for each day is the sum of the fast (blue line) and
slow (green line) recharges. The grey line is the well guide as illustrated in Chapter 5.
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Figure 148. Post El Nifio, in the dry season of 1983, shows extremely small slow recharge in a dry vadose. Y-axis was rescaled and
red dotted line is at 0.4 inches for the rainfall axis. Even rain pulses at 0.5 inches show no noticeable recharge. This event of dryness
continues to mid August of 1983.
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FALL AND SYNTHESIZED RECHARGE AT A SELECTED NODE
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Figure 149. Recharge synthesis for September 1984 shows a Multi-pulse Recharge. August and September months experience most
of the rainfall in the wet season in Guam. Three fast recharge pulses coincide with the three well hump responses in the guide
(arrows). Some misaligned pulses raise questions as to the adequacy of the Thiessen polygon method for handling the rainfall spatial
data (see Obvious Errors section in this Chapter).
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Flgure 150 Small pulses of rainfall producing small recharge, summer rainfall of 1985. Many small pulses of rain produce long
slow recharge.
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RAINFALL AND SYNTHESIZED RECHARGE AT A SELECTED NODE
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Figure 151. More small pulses of rain showing fast recharge pulses from 3 to 4 inches of rain, August and September months of
1985. Small rain pulses result in misaligned recharge pulses; this is due to scattered showers that may not simulated properly by the
Thiessen Polygon Method for varied spatial rainfall distribution.
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Flgure 152 Two rain pulses a day apart greater than 3 inches producing a wide but srnall fast recharge Summer of 1986.
Significant pulses of rainfall from storms and typhoons increases the chance of a wider distribution of nearly equal rain quantities
which are more likely to produce an acceptable recharge synthesis.
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Figure 153. Recharge for a stormy week in August, 1986 (El Nifio Year). The rainfall pulse for Dededo on August 24, 1986 does

not

meet the guide values during this fast recharge possibly due to rain data error. These data errors are explained in Obvious Errors

section in this Chapter.
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Figure 154. Synthesized recharge for Typhoon Carmen’s rain pulse.
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Figure 155. Synthesized recharge for December 1986 to February of 1987, the beginning
during February shows the gradual rise to flat lining of fast recharge.
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of the dry season.
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ol m SIWRGhY Well Guide
_— 7 5L
['F)

RAINFALL AND SYNTHESIZED RECHARGE AT A SELECTED NODE
£ % g 525532 53: 2z &3 883 % &8 E 3 EE % E R EE R Y EE . opzorzrorzzoz B3 EEEEEEEGG OEEE PR EEEGOEOG
DATE & & £ & 5 § & ¢ £ § # £ £ £ 2 £ &8 £ £ £ 2 & 5 # & § & & 5§ 8 8§ § 3 £ & & ¥ & ¢ & ¢ ¢ £ £ £ 2 2 £ £ & 22 & 3 4 § &8 & 8 & & § %
3 F 8 PR EREEEEREEEEEREE B i iifiE i3 EEEEERESEE S8y g
o 0 o m 1iulals . u, T T g T I o 1iaigeamis o i 5.0
1 | 7.5
£ 7.0
5
a4 &5
5 [N
P 552
'E? 50:
— :'__— = 0D — WMo C—AND 452
z . N s B —— R 0 PAGE —t— fastRchg =
b -
=
=T
-4

Figure 160. Another group of small rainfall pulses (less than 3 1nches) durmg the early wet season, mid summer, 1989
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Figure 163 Troplcal storm in September of 1989. The guide shows three GW responses (black arrows) where the rain pulses from

the data were not enough to cause fast recharge to follow the guide curve during those times. This should have been another example
of a Multi-pulse Recharge, because the well guide has noticeable well responses and a fast recharge pulse will normally cause this to

occur.

Flgure 164 Three significant storm pulses in November and December of 1990.
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Figure 165. A Plateau recharge from two rain pulses in late November 1991.
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Figure 166. Single Pulse Recharge of Typhoon Omar, late August 1992, poured more than 15 inches of rain (Lander Personal
Communication). The classic shape of GW response measured at the well, shown by the guide, helped in the understanding of fast
and slow recharge and setting the parameters for the router (see The Guide, Chapter 5).
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Figure 167. Small Single Pulse Recharge from October of 1992. The second recharge synthesis did
recharge pulse from the two rain pulses about a week apart.

not produce a good fast
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Figure 168. A Double Pulse Recharge will cause the GW to respond, slowly drain some, respond on the next pulse and slowly dram
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rescaled.
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Figure 169. Recharge synthesis for mid October 1994, Double Pulse Recharge, y-axes rescaled. The left group of recharge fell short
of the well guide.

Spatial Variations

The design of the AQUA CHARGE program was made to account for as much spatial variation as possible in order to assure
near reality results. The next set of figures and Table 6 illustrates the differences between node-sheds. To simplify this investigation,
we examined the results during the time frame of Typhoon Omar. The spatial variations are not significant in some node-shed areas.
It could be possible that the difference between one node-shed and another, under the same Thiessen Polygon, is small. Some cases
the difference is noticeable, even under the same Thiessen Polygons, which is probably due to the node-shed surface and soil layer
variation that affects the AWA recharge. These are demonstrated in the following Figures 170 to 173. The router parameters and
settings remain the same.
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Recharge synthesis during Typhoon Omar at node-shed 41, M-10a. It is similar to the recharge synthes1s at node-shed
59. The well guide is less pronounced than at M-11 for reasons that affect well response other than recharge. Well response here is
also due to the different rock media porosity, storativity, hydraulic conductivity, and location of the point which is located in a lower
hydraulic head gradient zone than M-11. The well guide mode was 2.8 feet and the porosity was set at 0.15.
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Figure 171. Synthesis for node-shed 1, Typhoon Omar, shows spatial variation of recharge. The rain and pan evaporatron gages

Thiessen Polygon for this node-shed correspond to the NAS gaging station (Guam International Airport, Tiyan).
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Figure 172. Synthes1s for node- shed 6 (Tumon bay coastal area), during Typhoon Omar, is s1m11ar recharge to node shed 1. Th1s
shows the spatial variation is greatly dependent on the Thiessen Polygon for discriminating gage area of influence.
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Figure 173. Node-shed 134, an allogenic recharge node-shed, is smaller than the observatlon well node- sheds recharge durmg Omar
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ns 6 ns 41 ns 59 ns 130 ns 134

DATE Tumon Bay  Observation Observation  far inland node- allogenic

Coast Well M-10a Well M-11 shed recharge
8/26/1992| 1.11864 0.80832 0.80803 0.7920 0.65378
8/27/1992| 0.82155 0.65873 0.65852 0.6457 0.55805
8/28/1992| 0.94671 1.79465 1.79507 1.7846 1.33884
8/29/1992| 2.04953 4.78158 4.78360 47777 4.10601
8/30/1992| 2.12090 471773 4.71969 4.7147 4.34901
8/31/1992| 1.27758 2.16728 2.16784 2.1603 1.98576
9/1/1992| 1.27861 1.45118 1.45142 1.4443 1.25984
9/2/1992| 1.42305 1.32753 1.32773 1.3216 1.25185
9/3/1992| 1.44788 1.35026 1.35050 1.3453 1.32898
9/4/1992| 1.50539 1.41898 1.41928 1.4149 1.38270
9/5/1992| 1.57523 1.43567 1.43600 1.4324 1.36888
9/6/1992| 1.59892 1.40427 1.40461 1.4015 1.33178
9/7/1992| 1.56779 1.36525 1.36551 1.3617 1.30250
9/8/1992| 1.49339 1.30288 1.30303 1.2981 1.24893
9/9/1992| 1.39370 1.21496 1.21505 1.2098 1.16975
9/10/1992| 1.28384 1.11374 1.11377 1.1084 1.07677
9/11/1992| 1.17157 1.00628 1.00625 1.0007 0.97616
9/12/1992| 1.05464 0.89551 0.89545 0.8900 0.87060
9/13/1992| 0.93083 0.81599 0.81546 0.8195 0.76403
9/14/1992| 0.80633 0.84434 0.84204 0.8741 0.69171
9/15/1992| 0.70444 0.79833 0.79566 0.8264 0.68806
9/16/1992| 0.62140 0.67502 0.67330 0.6458 0.67427
9/17/1992| 0.53943 0.58156 0.58046 0.5323 0.59762
9/18/1992| 0.46251 0.48727 0.48690 0.4606 0.51160
9/19/1992| 0.39683 0.44634 0.44011 0.4233 0.45895
9/20/1992| 0.34173 0.40909 0.40286 0.3901 0.41392

Table 6. Spatial variation of recharge for selected nodes. This table shows the spatial variation
of recharge synthesis clearly for the node-shed (ns) selected. The highlighted date is when
Typhoon Omar arrived and passed over Guam. Each value for each node-shed for the given date
can differ from another in the thousandths and ten thousandths. These variations will further
differentiate if there were more rain gages in the domain.

The router is sensitive to changes in curve settings and parameters. Figure 174 shows
changing the T value and the number of phases affects the fast flow curve. It was best to change
one parameter at a time sampling as it was confusing to keep track on the changes that caused a
difference in results.
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Figure 174. Results of changing fast flow parameters. Recharge synthesis at node-shed 59 during Typhoon Omar, changed router
parameter and settings. This time, Ty = 24 hours and nps = 1 for fast flow. The other parameters and curve setting was kept the same

as in Figure 142.

Next, the recharge syntheses were used as flux for the GW model. Each node-shed recharge synthesis is entered as flux to
each node in daily time steps to the hydraulic model. We used Figure 142 parameters and settings for the recharge synthesis and made
adjustments to the GW model for the calibration process.
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Hydraulic Model Results

The hydraulic model or GW model allowed us to load the FEM Data and then the
synthesized recharge data text file to prepare and store the input data for GW modeling
computations. The hydraulic model was crucial to validating any recharge synthesis. The
hydraulic model converted the computed recharge into GW hydraulic head values that were
compared to actual measured values of head.. The comparisons that follow deem the program
design in its entirety to be adequate.

History Matching

The adjustments went tediously back and forth from the recharge synthesis to the GW
Model until a reasonable match was accomplished. This history matching allowed us to
determine the entire modeling integrity of the AQUA CHARGE and finite element programs as
it simulates GW response to the recharge synthesis, making a close estimate of the real world
observation. In this project, history matching is our means of calibration of all modeling
parameters that affect output from time the rain pulse hits the ground surface until it is changed
to GW recharge and finally as , the GW moves through the aquifer system to the sea coast. The
goal was to achieve model simulations that responded similarly to the observation well level
records. A match helps us verify, as hydrologic and hydraulic modelers understands, that AQUA
CHARGE, in its attempt to model vadose flow synthesis, could be a great alternative method to
producing good recharge estimates at a daily time step. It will also allow us to have control of
the spatially complex vadose zone. This is could be quite useful for further studies such as
contaminant transport through the GW system. With control of the vadose zone, the model can
help us make near accurate predictions of the behavior water in the rock media. It also helped

identify errors that may one day be corrected in order to make improvements for any
following research projects.

Many sample runs were carried out during the calibration process for M-11, node-shed
and node number 59. The understanding of the NGLA geology and the well guide played a large
role in determining the parameter settings to produce a particular shape to the recharge synthesis.
The GW model was calibrated using the recharge in the same manner. A few sample runs are
shown next in the following Figures 175 to 190.
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Figure 175. Typhoon Omar recharge synthesis (red line, top chart) at node-shed 59 (Well M-11) and GW model simulation (orange
line, lower chart) near matches observation well hygrograph’s (light blue, lower chart) response to recharge.
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Figure 177. A tropical storm in August and September of 1990. The recharge synthesis did not have high enough rain pulses to
produce the successive recharge pulse during the synthesis. The observation well reveals a multi-pulse recharge but the GW model
can only produce responses from the recharge pulses.
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Figure 178. Typhoon Koryn, January of 1990. The GW simulation is slightly misaligned signifying the recharge synthesis might
require an increase in lag time by increasing the number of phases or it could again be possible rain data error.
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Figure 179. A stormy week, late August of 1986, shows a Double Pulse Recharge produced from a wide distribution of rain pulses.
It is not clear if it is an error of the rain data, the ET or recharge SM curve settings. The max rain fall measured for the Dededo gage
was not more than 4 inches. The GW simulation could not respond high enough with the recharge synthesis flux input to match the
observation well chart.
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Figure 180. This GW simulation is lower than the observed data by a foot or less which is a result of underestimating the frequent
hydraulic gradient which the GW model is specified when there is no recharge. This is more of a GW modeling issue than a recharge
synthesis problem.
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Figure 181. GW simulation of a multi-pulse recharge, September-October 1982.
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Figure 182. Small amplitude multi-pulse recharge simulation, August-September 1984.
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Figure 183. Small pulses of recharge during August-September of 1985 show misalignment for both synthesis and simulations.
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Figure 184. Simulation during an unidentified rain pulse in the summer of 1986.
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Figure 185. Simulation for August-September of 1986.
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Figure 186. Typhoon Carmen, early October of 1986, rain pulse, recharge synthesis, and simulated response.
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Figure 188. Typhoon Koryn simulation closely approximates the observed data.
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Figure 189. A simulation of Typhoon Omar needs more amplitude in the recharge synthesis fast flow to produce the extra foot at the
peak in the simulation.
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Figure 190. This figure shows that sometimes, results are not as expected and the GW modeling might need adjusting or
reconfiguring.
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GW Model Simulations for M-11 and M-10a

The final settings and AQUA CHART results for this project for recharge synthesis and
GW model are shown next. The parameter settings for the GW model are shown in figure 191.
M-10a, node 41, and allogenic recharge receiving nodes used material 3. Observation well M-
11, node-shed and node number 59, hydraulic conductivity was set to 5500 m/day and the
specific storage was set to 0.00012. The rest of the nodes used Jocson’s 5800 m/day regional
hydraulic conductivity (Jocson, 1998) and the specific storage was set to 0.0002 m™. The results
for M-10 are shown in Figures 192 to 206.
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Figure 191. Final materials properties setting for GW model
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Final synthesis and simulation results for M-11:

RAINFALL AND SYNTHESIZED RECHARGE AT A SELECTED NODE
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Figure 192. September 1982
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Figure 193. Small rainy season, September and October of 1983.
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Figure 195. An unidentified rain pulse mid summer of 1986.
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Figure 196. A stormy week in August of 1986. The tail end in the GW model captured the draining smoothly.
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Figure 197. Typhoon Carmen, October 1986.
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Figure 198. December of 1986.
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Figure 199. Post El Nino, 1987, with no recharge, shows the rising daily mean tide lifting the lens. The simulation holds its mode

position steady when there is no recharge.
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Figure 200. The rising tide affects history matching since the GW model does not handle tide effects well.
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Figure 201. Typhoon Roy’s rain pulse drew a small recharge response due to a dry, unprimed, vadose. The GW simulation is a near

match to M-11’s data.
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Figure 202. Rainy week in September of 1989 produced a smooth curved recharge. The GW simulation nearly captures the curved
GW response.
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Figure 203. Typhoon Koryn, January of 1990, the tide influence draws down the on the M-11 well level.
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Figure 204. A complex multi-pulse recharge during a tropical storm and rainy months of August and September of 1990.
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Figure 205. Three storms near the end of 1990.
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Figure 206. The Category 3 Typhoon Omar, August 28, 1992.
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Final synthesis and simulation results for M-10a: Observation well M-10a data shows GW response to rain pulses that are
significantly less than observation well M-11. Calibrating to M-10a required the hydraulic conductivities in the GW model to be
increased to at least 9500 m/day and the specific storage to 0.00026 m™. These parameters allowed the recharge to reach the water
table and drain out rapidly, having no time to form significant hydraulic head fluctuations to recharge input as was seen in M-11.
Although it takes a storm type rain pulse to get M-10a to response, being closer to the shore than M-11, the well hydraulic head
experiences response tidal influence much readily. Its higher hydraulic conductivity, greater porosity and specific storage, the media
allows the water to flow easily that the tides rise and fall greatly affect the hydraulic head position even during no recharge. A figure

207 to 215 displays the results for M-10a
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Figure 210. Response for unidentified rain pulse.
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Figure 211. The receding tide draws the water level down.
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Figure 214. If the tide effect were removed from the observation well data, a good match could be made.
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Comparisons with Earlier Models

The AQUA CHARGE results were compared with earlier GW models. In order to do that, the daily values were used to
produce monthly average values (Jenson and Jocson, personal communication). The monthly averaged GW simulations and
observation wells were superimposed and the graph is shown in Figure 216.
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The monthly averages allowed us to make error analysis comparison with Contractor and
Jocson’s models as Contractor did in his last technical report. Contractor used the sum of
squared error (SSE) to see the accumulation of squared errors for each model. Then the percent
error reduction was calculated. The results are shown in Table 7. The error analysis
computations are in Habana, 2008, APPENDIX I.

SSE AND PERCENT ERROR REDUCTION BETWEEN MODELS

MODEL'S SSE PERCENT ERROR REDUCTION
Well ID SWIG2D VADOSWIG AQUA CHARGE S2D & VS S2D & AC VS & AC
M-10a 2.217 0.984 0.723 55.6% 67.4% 26.5%
M-11 4.02 2.237 1.510 44.4% 62.4% 32.5%
TOTAL 6.237 3.221 2.233 48.4% 64.2% 30.7%

Table 7. The Sum Squared Error comparisons to previous models. For the two selected wells
and the three models, result in favor of AQUA CHARGE, reducing the percent error to around
30% against VADOSWIG. SWIG2D, VADOSWIG, and AQUA CHARGE are abbreviated
S2D, VS, and AC respectively (Contractor et al., 1999).

Discussion

This section discusses the results and comments on the obvious causes of errors in the
entire model and its design and covers areas where improvements might be made. It also serves
as an explanation of the model’s limitations and how further improvement in the models

estimates could be made.

Major Contributors to Error

The obvious inaccuracies mentioned here are identified with the rain and pan evaporation
data and tide effects. These errors can be easily noticed in the AQUA CHART and are
mentioned in the figures above. The modeling errors can be dramatically reduced and increased
accuracy can be achieved if these issues are resolved. Some suggestions are given to reduce
prediction errors due to these problems.

Rain and Pan Data: The rainfall data, both temporal and spatial as pulse input and area
coverage data to AQUA CHARGE was a major contributor to the errors and inaccuracy found in
the modeling results. First, the daily gage reading time was not consistent between stations. The
data for one gage station would be read in the morning and dated with that day, but the data
would be for the period starting on the previous day’s morning. To correct for this, Dr. Lander
suggested that the Dededo gage station rain data should all be adjusted back one day. Another
problem with the rain and pan were missing values. The hydrological normal ratio method for
accounting for missing data does not necessarily solve accurately the missing rainfall value.
Guam experiences the type of tropical weather that is scattered showers regardless of cloud
coverage. No averaging method can accurately account for the varied spatial distribution that
naturally occurs on this island, but it is better than leaving the data blank for the day. Powerful
storms, typhoons, with strong wind gusts, could knock a gage out of operation leaving the
meteorologist to make a best estimate from other gage readings near that location. Finally, the
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Thiessen Polygon method is not always the best method to handle spatially varied rainfall.
Figure 217 shows Thiessen Polygon gage coverage, showing the area of influence Dededo gage
covers. The node-sheds with the two selected observation wells covered by the Dededo rain
gage are approximately 1.4 miles away for M-11 and 2 miles away for M-10a. In reality, rain
can fall at the gage point in Dededo, and none may fall at the observation well areas, or visa
versa. Intensities could also vary from point to point but not be revealed in the data or with the
Thiessen polygon method. The best way to apply Thiessen Polygons with AQUA CHARGE
would be to increase and strategically place the gages near the areas of interest.

An alternative idea is to program AQUA CHARGE to use NEXRAD data for the rainfall.
This would reduce the spatial and temporal variation errors, since the grid cell resolution in
NEXRAD images can be as small as 1km and updates its images in the internet every six
minutes (Lander, personal communication), which the Thiessen polygons for this model cannot
accurately account for. The problem with NEXRAD is that no one has collected and archived
the bitmap images, except maybe one image at a time for an interesting storm (Lander, personal
communication).

Figure 217. Thiessen polygons, gages, and well location. Thiessen Polygon is not the best
method for handling spatially varied rainfall that occurs in Guam. Red points are observation
wells and dark blue points are rain gages. Dededo rain gage, gage ID 4156, covers more than
60% of the node-shed model’s domain area.
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Tide Effect: Tide can influence the fresh water lens position, lifting and lowering the
entire freshwater body in the aquifer. The slight lifting increases the error accumulation when
computing SSE since tide increase or decrease can raise or drop for an entire month or more.
The GW model needs to account for this natural fluctuation in order to refine the match. An
alternative is to remove the tide effects lifting and lowering of the lens in the observation well
data. This would give the effect of holding the freshwater lens steady as if it were stabilized.
With that, we can disregard the need to account for tidal effects in the GW model.

Hvdraulic Model Improvement

The hydraulic model designed in AQUA CHARGE is a simple model that could include
more details to improve the simulation. A two dimensional model lacks the influential fluid
dynamics that occurs in three dimensions (3-D) seen in reality. Now that we have an improved
recharge synthesis to provide for the replenishing flux to the GW model, a complex 3-D model
should be constructed. The GW modeling could be improved upon by installing all the wells
that withdraw from the lens for a defined study domain. With a complete account of the inputs
and outputs, we may make accurate determinations of sustainable yield for any place of interest
in the domain. A 3-D model can also give us two more insights that the 2-D model lacks: the
saltwater interface and possibly the actual recharge also known as specific recharge. Knowing
how the salt water interface reacts to recharge, discharge, and pumping would be significant
information. One of the most curious questions about the GW is “What is the position of the
mixing zone?” These are interesting future research topics and ideas for further improvement
and increased usefulness of the model that will be discussed further in the next and final chapter,
Recommendations and Conclusion.
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The Northern Guam Lens Aquifer (NGLA) water resource, like any natural resource, has
its limits and capacity for development. In order to protect it from over development, these
measures on limits and capacities must be as accurate as possible for making good management
decisions especially when it comes to large scale water supply. Obviously, unlike surface water,
groundwater (GW) is invisible which further challenges groundwater utilities management to
make optimal decisions. AQUA CHARGE has given us insight into synthesizing recharge in
elevated vadose flow systems and GW modeling that has sparked tens of other ideas that will
shed light and unearth the mysteries of the NGLA. In this final chapter, we will close with
recommendations and conclusions, but not for the purpose of ending. We will close with the
intent to inspire the realization of the value of using AQUA CHARGE as a tool for helping
agencies make good management choices and achieving optimum development of Guam’s main
water resource. In recommendations, suggestions and discussions are made for management
practice, sustainable yield and optimum development, and advanced GW modeling. Finally, the
conclusion will recapitulate and confer the objectives achieved.

Recommendations

Currently, the status of groundwater utility operations is still safe. The NGLA is capable
of supplying the Northern Guam population with quality potable water. The questions are of the
near future with the expected increase of military and tourist occupants on this island. Will we
be able to supply them adequately with the water in the NGLA? Where should we place these
new wells to accommodate the increase in demands? Already, the Northwest Field, Andersen
Air Force Base military property, is constructing new facilities (Guam PDN, 2008). Just south of
the Northwest Field, Naval Computer and Telecommunications Station, Finegayan, is the
preferred location where the US Marine training camp and development will occur (JGPO,
2008). Can AQUA CHARGE help agencies make sound decisions and reveal ahead whether
these development proposals are going to affect our underground water supply? These are just a
few important general questions GWA and GEPA will need to know in order to establish good
protective measures in approaching groundwater exploitation.

Management Practice

Groundwater exploitation on Guam, as mentioned earlier, is about to increase in order to
supply water to an imminent growth in the island’s population. Modeling the aquifer system
could be the best way to decide where and how much we can safely pump from the aquifer to
meet those demands and feed new areas with quality water without damaging the source.

In the past and maybe still today, GWA managers used simple groundwater principles
and rules of thumb to gage against over development. One simple principle of 40 to 1 density
difference ratio between the salt water and fresh water was a guide to the depth of the salt water
interface. For 1 meter of hydraulic head meant 40 meters bmsl to the salt water interface, a
Ghyben-Herzberg principle. This was a way to measure the thickness of the lens and monitor
for the water budget’s balance between input and output. Knowing the thickness of the lens also
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meant a practicable place to install a pump in hopes of minimizing the risk of saltwater intrusion.
Although we expect the density principles to hold true, the hydraulic head changes did not mean
the salt water interface simultaneously moved in concert and in direct response to the
fluctuations of the water table (Contractor, 1981). The other limiting guide is simply the average
long term pump rates. An overall sustainable yield pump rate was estimated (Mink, 1991) and
was not to be exceeded. This sustainable yield value did not take into account that the safe rate
for pumping can vary spatially.

Management needs accurate answers fast to respond to the rapid development demands.
Many times water managers find modeling inconvenient, complicated, impractical and time
consuming, and costly. Modeling can be mistakenly misunderstood and found useful only for
academia in making a great research project topic. Just the modeling terminology and the
complex mathematics involved can easily leave any listener or reader clueless and intimidated of
such a discussion. The complexity can easily cause an agency to look for a simpler and
presumably “more practical solution.” Unfortunately, in reality, it is the fact GW modeling is
esoteric (Addiscott, 1995) that only people involved in the design and configuration of the
models truly understand the mechanism and its usefulness. The translation needs major
improvement.

Another discouraging object about modeling the NGLA is its geologic complexity. Most
generalization about groundwater flow and hydraulic models comes from gravel or “sandbox”
type aquifers making limestone aquifer difficult to accurately model using Darcian equations.
The complexity can cause the model to produce inaccurate results making modeling more of a
blunt instrument rather than a sharp and useful tool. The AQUA CHARGE conceptual model,
employing stream flow synthesis, allowed us to overcome this geologic barrier. The realization
that the well responses were stream-like provided an alternative route. The model provides us
with the ability to closely examine how a limestone aquifer like Guam’s responds differently and
has added much insight into how to manage the resource. Finally, articles such as Groundwater
Models Can Not be Validated by Konikow and Bredehoeft (1992) and arguments against
modelers and their models in terms of verification, validation and calibration give all computer
GW models a negative image and its results seem unreliable. Models are not the real world;
otherwise it would cease to be a model (Addiscott, 1995). Understand that models are a way of
estimating just as the gas gage in a vehicle approximate gasoline level.

The usefulness of modeling becomes more practical as increases in demands on the
groundwater system occur. It is true that at the local level, low population density village or
small farm size, modeling might be impractical, costly, and unnecessary. In large cities or
rapidly growing areas, experts turn to modeling for answers and the model becomes a practical
and useful tool (Van Der Heijde et al., 1995). In large scale development, accounting the in-and-
out flows for the entire water utility system easily grows into overwhelming proportions. With
modern computer technology, modeling has become detailed and sophisticated and its ability to
simulate has become more and more reliable. AQUA CHARGE is the most sophisticated, yet
user friendly, and detailed vadose flow modeling program ever developed for the NGLA. This
model can produce the answers that management needs. With sophisticated fast computer
equipment available, those answers can be determined quickly. AQUA CHARGE cycled
through 14 years of temporal data over the Yigo-Tumon Trough domain in less than a minute,
using a modern laptop.

216



Vadose Flow Synthesis for the Northern Guam Lens Aquifer
Recommendations and Conclusion

Sustainable Yield and Optimum Development

It seems that the greatest concern to any GW utility is the question, “What is the
sustainable yield?” Van Der Heijde et al. (1995) defines long term sustained yield as “a rate of
withdrawal equal to the sum of the changes in recharge and discharge that take place as a result
of withdrawals and lowering of water levels by pumping.” They also mention that over a period
of time, recharge to a system equals its discharge. In other words, it is the safe withdrawal rate
of water from the aquifer without causing any depletion to the lens resulting in salt water
intrusion at a particular location for any time. A re-estimation of the sustainable yield with
respect to spatial variations and well placement needs to be done for the NGLA. A good GW
modeling scenario, employing AQUA CHARGE to provide the synthesized recharge, should be
included in determining that value.

In Guam, available budget, politics, and territorial issues challenge optimum
development. For example, WERI, in the past, has suggested the optimal placement of
underground water pumps are at the parabasal zones. This is where the thickest part of the lens
exists, it is the most inland from the shore, and the least vulnerable risk for salt water intrusion
since volcanic material lies beneath it. This zone also receives large amounts of allogenic
recharge, moving through it like an underground river system in the voids between the volcanic
basement and the limestone, maintaining the fresh water thickness in the zone. Still, most pumps
are placed beside roads, near power lines, for easy access. It was supposed least costly to build
and avoided land owner property issues. Some of these wells are pumping water with detectible
salinity and are still in operation. The budget allocation simply seems to out weigh the water
quality concern. It would be interesting to show through modeling, optimal placement of wells,
simulate operations, and reconfigure the cost and benefits.

Advanced GW Modeling

AQUA CHARGE has now opened new doors for advanced GW modeling. It did that
when it was able to produce attenuated and lagged flows of fast and slow recharge synthesis at a
daily cycle. It also bypassed the concern of the highly complex limestone bedrock’s triple
porosity and changed its focus on time it takes water to get to the water table. With a plausible
recharge from rain pulses at a daily time step, we solved the problem of previous GW modeling
which was providing a realistic recharge to the hydraulic model. Some ideas are listed and
discussed for the future of advanced GW modeling for the NGLA.

In one case, Dr. Leroy Heitz was able to take the AQUA CHARGE data output of the
GW modeling for a particular day and using the Darcy Velocity GIS Function, he was able to
produce a sample flow direction map for the starting conditions (Figure 218). Using various
other GIS functions he was able to produce a map of flow direction and relative magnitudes for
the starting conditions (Figure 219). Finally, he sampled the Darcy Function for September 20,
1982, the greatest node point response to recharge for that month. His intent was to gain an
understanding of how contaminants introduced at the surface might move through the
groundwater system during a stormy period. In Figure 220, as the hydraulic heads vary spatially,
depending on the material properties and the node flux as recharge, flow directions change and
are different from the initial condition samples. The outcome was a better understanding of
which rain gage locations should be compared with well water quality data to determine if
Guam’s GW is really under the direct influence of surface water.
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Figure 220. GIS Darcy Velocity Function, flow direction and magnitude. September 20, 1982.

Another advanced GW modeling idea possibility is the development of a full scale.
comprehensive hydraulic model for the each existing well and those planned for development in
the NGLA. This GW model would be a 3-D mesh with the salt water interface and tide effects
included. This GW model would also include at its node points, all of the existing water pump
stations in the respective sub-basins. This ground water model could also include the Theis
Equation for the withdrawal points to simulate the drawdown coning effects. The model could
run various pumping and recharge scenarios to determine how different pumping plans could
affect the groundwater input and output balance. The model could also show where the
vulnerable points are in terms of salt water intrusion. To assist in planning development, prior to
installation of the pumps, a well would be installed in the model and simulations would be run.
The results will show if the well is optimally placed in the aquifer or if it should be relocated.
The development of this complete model will give management a virtual view of the island’s
water operations in a desktop computer. This will allow agencies to run tests and make
adjustments to optimize well placement and meet the supply and demand development balance
prior to actual installation. Also, this will minimize costly guess work, guide engineers at
Guam’s environmental and water development agencies, and maximize our supply’s efficiency
to meet the island’s expectedly increasing population while protecting our valuable water
resource.
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Conclusion

The conclusion is a summary of the objectives achieved. The objectives from Chapter 1
are reiterated: (a) improve the existing AQUA CHARGE program to simulate the temporal
hydrologic processes that influence groundwater recharge, (b) apply 3 sets of soil curves to
explore the effects of soil properties on evapotranspiration (ET) and eventual groundwater
recharge, (c) use surface water routing techniques to model the effect of vadose zone storage and
hydraulics on aquifer recharge, (d) modify AQUA CHARGE to include a 2-D, transient,
saturated groundwater flow, finite element model, and (e) make recommendations concerning
which modeling parameter values lead to the most realistic recharge estimates.

The AQUA CHARGE program was definitely improved with the inclusion of a modified
pulse routing portion as a transfer function and a 2-D transient, saturated flow, finite element
method program. This development in the program allowed us to achieve all of the objectives.
With the soils layer effect included, increased accuracy in ET determination means better
recharge calculation. The accurate measurement of recharge means an accurate measure for
sustainable yield. Improved recharge synthesis means more reliable GW modeling. A full scale
model of the entire NGLA, with all the wells installed, can give the island the edge for
developing plans for optimum groundwater development. The routing for vadose flow synthesis
allowed us to examine interesting recharge shapes for various pulses of rain. These recharge
synthesis scenarios were named and identified as single pulse recharge, double pulse recharge,
multi-pulse recharge, and plateau recharge. By testing various scenarios we were able to control
the vadose flow attenuation and lag times to produce a realistic type of recharge. With AQUA
CHART connected, we were able to develop a technique called the Well Guide to produce the
plausible recharge synthesis.

For part (b) of the objectives, the three sets of soils curve conditions allowed us to
examine the influence of the soil layers to ET and recharge. The soil curve adjustment allowed
us to examine known models for ET and a linear and curved relationship for recharge. Though
the soils were thin, there were differences between the three soil conditions when superimposed,
but we found that the differences between models were rather small in a daily cycle. The
differences between the models do add up significantly when computing the annual averages.
The finite element program lets us control the GW simulation response to the recharge synthesis.
It allowed us to connect and calibrate the recharge synthesis through history matching sending
the output to AQUA CHART. The program was designed to efficiently explore many parameter
settings that led us to the final recommended settings. Using the finite element sub-program, we
were able to compute in daily time steps and change the hydraulic conductivity and specific
storage for any node. This allowed us to make near matches for two different monitoring well
sites with different hydrogeologic parameters. This feat has rendered AQUA CHARGE Deluxe
to the forefront of the hydrologic and hydraulic modeling frontier for the NGLA.
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Recharge Synthesis Codes: Here are the simplified program core codes for both stages of the recharge
synthesis model. The code variable connections to the GUI controls have been removed and the notes in
green give an explanation for most of the lines.

Stage 1: Zone recharge and area weighted average recharge computation

Do ‘start the do loop

elm = ‘shed number, elm is element in the early stages of design, gw model SWIG2D required recharge to elements
stn = ‘rain gage station

pstn = ‘pan gage station

soid = ‘soil id

zar = ‘zone area

ear = ‘element area or node shed area

===== Initial soil moisture

smiy = ‘initial soil moisture, a GUI text box entry,
dSM(0, elm) = smiy ‘set daily soil moisture array at day zero, day before day 1, to initial soil moisture

===== Set month counters

monthc =0 ‘month count set to zero
thismon = 0 ‘this month counter set to zero

===== SM Equation Algorithm daily time step for a zone

For J = iDys To nDys “for loop from day 1 to nth day, set with a calendar tool before this Do loop

If J = iDys Then “first day If condition

smy = smiy ‘set initial soil moisture, default 0.2 inches
Else
smy = SMI ‘soil moisture of yesterday, previous day’s soil moisture
End If
GWR =0 ‘ground water recharge variable set to zero
et=0 ‘evapotranspiration set to zero
smt = smy + RAIN(J, stn) ‘soil moisture today, starting soil moisture, is smy + rain(day, gage station)
If smt > FC(soi) Then ‘if soil moisture today > field capacity (soil id), gwr is smt- fc
GWR = smt - FC(so1) ‘a case of super saturated soil, excess goes to recharge, runoff excluded
smt = FC(soi) ‘set smt = fc, setting remaining soil saturation to field capacity
Else ‘condition when smt <= fc

Call INTERP1(6, RSoil(), smy, GWRP, soi) ‘a public subroutine in a module, solves percent to recharge from charts
(see Modules: INTERP1)
GWR = RAIN(J, stn) * (GWRP / 100) ‘GWR s rain times decimal % of rain to go to recharge based on smy

smt = smt - GWR 'this is a recharge reduced initial soil moisture
End If
Call INTERP1(6, ESoil(), smt, ETP, soi) ‘now to get the ET%, it calls the interpolator, this depends on todays sm
et =PAN(J, pstn) * (ETP / 100) ‘et is pan evaporation(day, station) times the ET decimal percent
If et >= smt Then ‘a case when et is more than the recharge reduced soil moisture
et =smt ‘et is set equal to the remaining available soil moisture that can be evapotranspirated
End If

SMI = smt —et ‘the soil moisture for the end of the day is the recharge reduced soil moisture minus et

DelSMI = SMI - smy ‘change in soil moisture from the previous day

dGWR(J, elm) = dGWR(J, elm) + GWR * zar / ear ~ ‘daily ground water recharge (day, element or node-shed) AWA recharge
dET(J, elm) = dET(J, elm) + et * zar / ear ‘daily AWA et
dSM(J, elm) = dSM(J, elm) + SMI * zar / ear ‘daily AWA soil moisture
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Stage 1 continued...

===== Monthly sums, was generated for SWIG2D in the past, preparation for monthly weighted averaging

If thismon = Month(dDATE(J)) Then ¢
monDATE(monthc) = dDATE(J)
monRAIN(monthc) = RAIN(J, stn) + monR AIN(monthc)
monPAN(monthc) = PAN(J, pstn) + monPAN(monthc)
monET(monthc) = et + monET(monthc)
monGWR(monthc) = monGWR(monthc) + GWR
monDelSMI(monthc) = DelSMI + monDelSMI(monthc)
Else
monthc = monthc + 1 ‘initializing a new month
thismon = Month(dDATE(J))
monDATE(monthc) = dDATE(J)
monRAIN(monthc) = (RAIN(J, stn))
monPAN(monthc) = (PAN(J, pstn))
monET(monthc) = et
monGWR(monthc) = GWR
monDelSMI(monthc) = DelSMI
End If

NextJ ‘daily next for loop

monthc =0 ‘resets month count to zero

For Mo = 1 To nMnths ‘from month 1 to the nth month, nMnths was obtained before this Do loop with a calendar tool

monRAIN(Mo) = (monRAIN(Mo)) * zar / ear
monPAN(Mo) = (monPAN(Mo)) * zar / ear
monET(Mo) = (monET(Mo)) * zar / ear
monGWR(Mo) = (monGWR(Mo)) * zar / ear
monDelSMI(Mo) = (monDelSMI(Mo)) * zar / ear
elmAr(elm) = ear ‘element area array (element) prepared for use in another subroutine
If El= (elm - 1) Then
monEIRAIN(Mo, elm) = monRAIN(Mo)
monEIPAN(Mo, elm) = monPAN(Mo)
monEIET(Mo, elm) = monET(Mo)
monER (Mo, elm) = monGWR(Mo)
monEIGWR(Mo, elm) = monER(Mo, elm)
monEIDelSMI(Mo, elm) = monDelSMI(Mo)
Else
monEIRAIN(Mo, elm) = monRAIN(Mo) + monEIRAIN(Mo, elm)
monEIPAN(Mo, elm) = monPAN(Mo) + monEIPAN(Mo, elm)
monEIET(Mo, elm) = monET(Mo) + monEIET(Mo, elm)
monER (Mo, elm) = monGWR(Mo) + monER(Mo, elm)
monEIGWR(Mo, elm) = monER(Mo, elm)
monEIDelSMI(Mo, elm) = monDelSMI(Mo) + monEIDelSMI(Mo, elm)
End If
Next Mo

===== Counters for zones and elements or node-sheds

If El < elm Then El = elm “flip flop element or node-shed counter
czon=czon+ 1 ‘zone count incrementer

If czon < nZones Then Recordset. MoveNext ‘if zone count czon < nth zone then move to the next zone recordset row

Loop Until czon = nZones ‘Do loop until condition
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Stage 2: Modified pulse routing subroutine (based on SSARR, 1987)

BedrockCap = ‘bedrock capacity, text box entry

For i = iElmnts To nElmnts ‘from node-shed 1 to nth node-shed (integer)
For J = iDys To nDys ‘from day 1 to nth day (integer)

If J=1 Then
yGWR =0 ‘initial ground water recharge for day 1 (single precision)

Else
yGWR =tGWR ‘yGWR set from end of day’s recharge
If yGWR <0 Then yGWR =0  ‘sets negative numbers to zero

End If

Call INTERP2(10, PctFast(), yGWR, pctfst, BedrockCap) ‘splitter curve interpolator, returns % to fast

fstRechg(J, 1) = dGWR(J, 1) * petfst / 100 'fast recharge split, daily ground water recharge times % to fast (double)
slwRchg(J, 1) = dGWR(J, i) - fstRchg(J,1)  'slow recharge split, dgwr minus fast recharge (double)
tGWR = yGWR + dGWR(J, i) - fstRchg(J, i) - slwRchg(J - 1, i) ‘end of day recharge (single)
Next J
Next i

===== Routing master algorithm

endFast(0) = fiv  ‘end fast array zero set equal to fast initial value (single)
endSlow(0) =siv  ‘end slow array zero set equal to slow initial value (single)

Fori=1To fnps ‘fnps is fast number of phases (integer)
fPH(i) = endFast(0) “fast phase array set equal to fast initial value (single)
Next i

Fori=1Tosnps ‘snpsis slow number of phases (integer)
sPH(i) = endSlow(0) ‘slow phase array set equal to slow initial value (single)
Next i

For i = iElmnts To nElmnts  ‘first element to nth element (integer)
For J = iDys To nDys “first day to nth day

Call ROUTE(fnps, fPH(), fstRchg(J, i), xhr, fts) 'module fast router subroutine
(see Modules: modified pulse router subroutine)
endFast(J) = fPH(fnps) ‘endfast array set equal to fast phase array of nth fast number of phases
fstRtdRchg(J, 1) = (endFast(J - 1) + endFast(J)) / 2 “fast routed recharge is average of today and previous day end fast

Call ROUTE(snps, sPH(), slwRchg(J, 1), xhr, sts) ‘same router as fast to solve for slow

endSlow(J) = sPH(snps) ‘endslow array set equal to fast phase array of nth slow number of phases
slwRtdRchg(J, i) = (endSlow(J - 1) + endSlow(J)) /2 ‘slow routed recharge is average of today and previous day
rtdGWR(J, 1) = fstRtdRchg(J, i) + slwRtdRchg(J, i)  'sum of slow and fast routed recharge
Next J
Next i
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Modules: This is the call sub functions in the master subroutines

Router slave function

Public Sub ROUTE (nps, PH(), fli, xhr, ts) ‘nps is number of phases, PH() phase array variant, fli is average flow input, xhr time in
hours from a text box entry set to 24 hours, ts is time in storage (single)

N=1 ‘set N to 1 for the loop in 12
If (nps <= 0) Then GoTo 30 ‘no solution for nps <= 0, exits sub routine and returns to router master

If (ts <= 0) Then GoTo 7 ‘condition for ts <= 0, jumps to 7

XH2R =xhr/2  ‘half of xhr, in this project, xhr = 24, so XH2R =12

If XH2R - ts <0 Then ‘if ts is greater than XH2R, the difference resulting in a negative number, go to 10
GoTo 10 ‘goes to 10 to set TSR, time storage ratio, keeps N = 1
Else: GoTo 2
End If
7 TSR=0.5 ‘sets TSR to 0.5
N=6 ‘sets N to 6
GoTo 12 ‘goes to 12 with N =6 and TSR =0.5

2 N=(XH2R/ts)+1
If (N > 48) Then GoTo 7
XH2R = XH2R /N

10 TSR =XH2R / (ts + XH2R) ‘sets TSR to this ratio if ts > XH2R, TSR = 12/(ts+12), moves to 12 with N = 1

12 Fori=1to N ‘N is the number of times the for loop rolls depending on the conditions above
QI=fli ‘average flow input
For J =1 to nps ‘phase for loop
DQ = QI-PH(J) ‘flow difference of QI — phase flow
If (Abs(DQ) - 0.0001 <= 0) Then GoTo 20  'when [DQ| <= 0.0001, exits for j loop, runs next i, DQ is too small
17 DQ=DQ * TSR ‘new DQ is DQ times TSR
QI=PH(QJ) +DQ ‘new QI is the phase flow + new DQ
PH(J) =QI+ DQ ‘new phase flow is new QI + new DQ
Next J
20 Next i
30 End Sub

Soil curve interpolator function

Public Sub INTERP1(NUMVALS, y(), xval, yval, soiRow) ‘NUMVALS = 6, y() is percent array, xval is previous day soil
moisture, yval is percent yield return, row in the table for soil type

Dim x(NUMVALS)), fctr As Single ‘dimensions the x() arrays, fctr is a multiplying factor

fctr=0  ‘factor starts at zero

Fori=1 To NUMVALS “for loop 1 to 6, creates the x array percent of field capacity in inches
x(i) = fetr * FC(soiRow) ‘creates the x array as decimal percent of the soils field capacity, incrementing by a factor of 0.2
fetr = fetr + 0.2 ‘incrementing the factor by 0.2

Next i

Fori=1To NUMVALS “for loop 1 to 6
If x(i) > xval Then ‘condition when x array is greater than previous day soil moisture value

yval =y(i- 1)+ (y@i) - y@i- 1)) * (xval - x(i - 1)) / (x(i) - x(i - 1)) ‘interpolation equation
Exit Sub
End If
Next i
End Sub
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Fast/slow splitter curve interpolator function

Public Sub INTERP2(NUMVALS, y(), xval, yval, BC) ‘NUMVALS = 10, y() is percent array to fast flow, yval is return
percent to fast flow, BC is bedrock capacity

Dim pctBC ‘dimension percent of BC

If BC <=0 Then ‘condition if BC was set <= 0

pctBC=0 ‘pctFC is set to
Else
petBC = xval / BC * 100 ‘else pctBC is xval’s percent of BC
End If
If xval => BC Then ‘if condition when the xval is greater than BC
yval = y(NUMVALS) ‘return yval to the maximum percent to fast at BC
Exit Sub ‘condition met, exit the subroutine
End If
Fori=0To NUMVALS ‘interpolation loop if xval is within 0 and BC
If splitX(i) > pctFC Then “splitX(i) array of 0.1 increment percent of BC
yval =y(i- 1) + (y(i) - y(i - 1)) * (pctFC - splitX(i - 1)) / (splitX(i) - splitX(i - 1))
exit sub ‘exits the sub routine and returns yval solution
End If
Next i
End Sub
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TERMINOLOGIES, ABBREVIATIONS, ACRONYMS, AND BLENDS

1-D — One dimensional

2-D — Two dimensional

3-D — Three dimensional
amsl — Above mean sea level

ARGUS ONE — ARGUS® Open Numerical
Environment

AQUA CHARGE - A vadose recharge flow
synthesis modeling program designed for the
Northern Guam Lens Aquifer (NGLA), using
surface hydrology techniques as an alternative
for dealing with the complex island karst
system. Designed and programmed by Habana
with guidance from Heitz.

AWA — Area weighted average

AWC — Available water content

BASIC - Beginner's All-purpose Symbolic
Instruction Code (a high level programming
language)

bmsl — Below mean sea level

ESRI - Environmental Systems Research
Institute®

ET - Evapotranspiration

FEM - Finite element method

FC — Field Capacity

FORTRAN — The IBM Mathematical Formula
Translating System (a general-purpose,

procedural, and imperative programming
language)

GEPA - Guam Environmental
Protection Agency

GIS — Geographic Information Systems
GW — Groundwater

GWA — Guam Waterworks Authority
GUI — Graphical User Interface

Ky — Hydraulic conductivity in the x
and y 2-D plane, plan view

mgd — Unit, million gallons per day
MS — MICROSOFT®

msl — Mean sea level

NCDC - National Climatic Data Center
NGLA — Northern Guam Lens Aquifer

NRCS — Natural Resource Conservation
Service (formerly known as SCS)

nps — Number of phases
PAT — Polygon attribute table
PAW — Plant available Water

RRSM - Recharge reduced soil
moisture

SCS — Soil Conservation Service
S-SS — Surfaces sub-surface

SBW — Semi-bandwidth



Vadose Flow Synthesis for the Northern Guam Lens Aquifer

SM - Soil moisture
SMI — Soil Moisture Index
SMY - Soil moisture of yesterday

SSARR - Streamflow Synthesis and Reservoir
Regulation

SSM - Starting soil moisture

SWIG2D — Salt Water Intrusion Groundwater
flow model 2-D (Contractor)

T, — Time in storage

USACE - United Sates Army Corps of
Engineers

UNSAT1D - Unsaturated model 1Dimensional
(Contractor)

USDA — United States Department of
Agriculture

VADOSWIG - A combined program of
UNSATID and SWIG2D (Contractor)

VB — Visual BASIC

WERI — Water and Environmental Research
Institute of the Western Pacific

WP — Wilting Point

231

Terminologies, Abbreviations, Acronyms, and Blends

Habana 2009






	Acknowledgements ii
	Abstract iii
	Soil curve interpolator function


		2009-10-10T15:35:37+1000
	Nathan C. Habana




