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Abstract

Due to the unique hydrology of the Upper Santa Cruz watershed
and regional groundwater development pressures, the Arizona Legislature
created the Santa Cruz Active Management Area in 19 94. The Arizona
Department of Water Resources has been tasked with managing the
Active Management Area’s duel goals, which include maintaining safe
yield conditions and preventing long-term declines in local water levels.

Towards that end, the Arizona Department of Water R esources has been
developing modeling tools that will enable differen t water management
strategies to be evaluated in a risk-based context.

In 1997 a monitoring program was established to bet ter understand

the hydrologic system and to provide calibration ta rgets for the
development of groundwater flow models. Using avail able hydrologic
information, alternative conceptual groundwater flo w models were
evaluated using inverse modeling techniques, as wel | as trial-and-error
calibration techniques. The groundwater flow models simulate flood
recharge and seasonality and were calibrated over d iverse
environmental conditions, including periods of extr eme drought and flood
recharge.

To address future streamflow recharge uncertainty, the Arizona
Department of Water Resources contracted the develo pment of a

stochastic streamflow model. Streamflow realization s associated with the

stochastic model were combined with plausible groun dwater flow models

to provide projected simulated flow along reaches o f the Santa Cruz River
that experience intermittent baseflow (groundwater discharge). The
process has been automated, enabling hydrologic imp acts to be

statistically evaluated as functions of stress, inc luding groundwater

pumpage. Accordingly, model output distributions ca n be used to



provide risk-based information about projected grou ndwater levels and
baseflow for water management purposes.

This report describes the hydrologic models, the si  mulation process,

and provides information about projected groundwate r levels and the
frequency-of-occurrence of baseflow (net groundwate r discharge from
aquifer-to-stream) along two intermittent reaches o f the Santa Cruz River.
Based on hypothetical pumping scenarios projected o ver a 100-year

simulations period, statistical information is pres ented about groundwater
discharge patterns in the Santa Cruz Valley, includ ing an analysis that
guantifies risks associated with the capture of gro undwater discharge due

to increased pumpage.
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1.0 Introduction

In 1994 the Arizona Legislature created the Santa C ruz Active

Management Area (AMA). Because of the unique hydrol ogy (including
shallow water tables), the Santa Cruz AMA goals inc lude preserving “safe-
yield” conditions and “preventing long-term decline s in local water

tables” (845-562(C)).

Many groundwater basins in Arizona impacted by long -term
intensive pumpage have considerable groundwater res erves in storage
and/or direct access to renewable surface water sup plies to mitigate
groundwater level declines. In the Santa Cruz AMA there is no direct
access to imported surface water supplies, and the storage capacity of
productive aquifers is relatively small. As a resul t, hydrologic impacts from
natural recharge, discharge and groundwater pumping are acutely
sensitive. However natural recharge processes inclu ding complex stream-

aquifer interactions are subject to uncertainty.

1.1 Challenges of Predicting Future Groundwater Conditi ons

Due to the challenges of predicting future groundwa ter conditions
combined with the strict directives of the Santa Cr uz AMA goals,
hydrologic evaluations in the Santa Cruz AMA must b e treated in a
rigorous manner. Groundwater levels in the upper Sa nta Cruz Valley are
influenced by natural and artificial recharge (i.e. , flood and effluent
recharge, etc.) and discharge (i.e., groundwater pu mpage, underflow,
evapotranspiration (ET) and groundwater discharge).

Although there are regularly periods when the inner -valley
hydrologic system is out of balance, most of the Sa nta Cruz AMA is

considered to be in a state of long-term dynamic eq uilibrium. For example



from April to late June inner-valley groundwater le vels typically decline,
whereas during the summer monsoon season (July to S  eptember)
groundwater levels usually rise due to flood rechar ge. However the
cumulative net change-in-storage for most inner-val ley areas is relatively
small when evaluated over long-term periods (1930’s to 2002). [Also note
that a temporary, seasonal equilibrium has been obs erved during winter
periods in the northern Santa Cruz model area.]

Given the complexity of the system, it is important that the
hydrologic models themselves do not adversely influ ence the outcome.
Since it is impossible to predict exact hydrologic conditions 100 years into
the future, a statistical approach is required for this problem . When
predicting hydrologic conditions it is important to evaluate a broad range
of potential (natural) hydrologic conditions becaus e streamflow
conditions in the future are uncertain and informat ion about the

groundwater flow system is limited.

Accordingly, the most rigorous way to address hydro logic
uncertainty and reduce model bias is to examine man y plausible
realizations. This approach enables water managers to evaluate the

collective distribution of plausible hydrologic out comes (ensemble results),
including the central tendencies and outliers. Und erstanding the
ensemble distribution may be important for decision -making purposes.
While this process accommodates model errors that a re approximately
random over space and time (including models residu als of heads, flows,
a-priori data, etc.), adverse model bias can underm ine the results (Hill,
1998). Thus, simulating numerous plausible hydrolo gic conditions minimizes
the potential for adverse model bias, albeit at the expense of added

simulation time.



1.2 Objective and Scope

Information from the stochastic streamflow model an d groundwater
flow models were combined to provide plausible flow solutions for risk
analysis purposes. In this report, risks of groundw ater level declines are
associated with the occurrence of groundwater disch arge (i.e.,
frequency of baseflow capture) based on the consequ ences of
increasing the rate of groundwater pumpage over a 1 00-year projection
period. Note that relatively high water tables are associated with net
gaining conditions, while relatively low water tabl es are correlated to net
losing conditions.

For this example, groundwater flow was simulated ov er basecase

conditions (i.e., recently recorded pumping average s), as well as a series
of hypothetical pumping scenarios where increasing pumpage results in
an increased risk of capture of groundwater dischar ge along two

intermittent reaches of the Santa Cruz River includ ing between the
Nogales International Waste Water Treatment Plant ( NIWTP) (Figure 1.1)
and Tubac and between the Highway 82 Bridge and Gue vavi Narrows
(Figure 1.2).

2.0 Hydrologic Models

The hydrologic models used to simulate the groundwa ter flow
process consist of a stochastic streamflow model an d groundwater flow
models for two areas including the Northern model a rea and the Micro-
basin area (Figure 1.1). The stream-aquifer system is a combined function
of recharge (or discharge groundwater) and runoff ( i.e., streambed
conductance) and the underlying aquifer’'s finite ca pacity to conduct
and store recharge. The former is related to the st ream boundary

conditions, while the later is related to the groun dwater flow model
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conceptualization: Together, they form the stream-a quifer system. The
stochastic streamflow model and groundwater flow mo dels were
combined to evaluate impacts of different pumping s cenarios; the
resulting solutions provided information for risk a  nalysis purposes. For this
example groundwater flow was simulated over basecas e and
hypothetical pumping scenarios. All hypothetical pu mping rates are
assumed to represent municipal, industrial or domes tic demands,

because no additional incidental agricultural recha rge was applied to

the hypothetical scenarios.

The groundwater flow models include seasonally-base d ET and
flood recharge, as defined by the stochastic stream flow model. For the
northern model area, seasonally-based agricultural pumpage and
incidental agriculture recharge (25% of agricultura I-related pumpage)
were applied. In terms of seasonality the northern model is represented by
seven stress-periods per year including fall (start ing October and
November), winter (December and January), spring (F ebruary - April),
early summer (May and June) and the three individua | monsoon-
dominated months of July, August and September. Thu s a total of 700
stress-periods were simulated for each realization. For the Micro-basin
model, stress-periods were simulated at monthly int  ervals, for a total of
1,200 stress-periods per realization.

Conversion of surface water flow rates to stream-aq uifer boundaries
(i.e., stream conductance; stage) was based on the calibration of the
groundwater flow models. The magnitude of the strea mbed
conductance was dependant on the relative rate of t he assigned
(stochastic) monthly surface water flow rate. For i nformation about the
conversion of surface water flow to stream-aquifer boundary conditions,

see Appendix A .



While the streambed conductance is a function of th e stochastic-
based streamflow rate, simulated flow between the s tream and aquifer is
also affected when simulated water table elevations approach
streambed elevations. Note that for simplicity, rel eased effluent was not
included in this analysis because of the uncertain extent associated with
an effluent-based clogging layer observed - especia lly along losing
reaches. Field data shows that a nutrient-rich clog ging layer can form
along the streambed surface and further complicate streambed
conductance assignments. This condition is not assu med to be as
problematic in the absence of effluent. Also see Appendix A .

For this example simulated groundwater flow is prim arily a function

of: 1) streamflow recharge, as defined by the strea mflow realizations of
the stochastic model; 2) conceptual groundwater flo w model and
associated boundary conditions; and 3) rate of assi gned groundwater
pumpage. There may be other factors or uncertaintie s that impact the

groundwater flow system in the future including: ur banization, watershed

vegetation changes, ET changes, streambed modificat ions, upgradient
capture of streamflow (which appears to be occurrin g near the
US/Mexico boundary), runoff changes, effluent recha rge, climate change

patterns, parameter uncertainty (storage, transmissivity, recharge

associated with each alternative conceptual model ( ACM); see Nelson,
2007), aquifer geometry, lateral boundary condition s (i.e., southern and/or

northern general head boundary) or initial conditio ns. Unless otherwise
stated, none of these potential factors were formal ly addressed in this
example.

For all hypothetical scenarios, the assigned pumpag e was scaled in
proportion to basecase rates, at locations where hi storic demand
occurred. The ensemble results cannot be inferred t o locations differing

from those applied herein.
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2.1 Stochastic Streamflow Model

To better understand the hydrologic system, the ADW R created a
hydrologic monitoring program in the mid-1990’s (Ne Ison and Erwin, 2001)
and a suite of finite difference, MODFLOW (Harbaugh et al, 2000)
groundwater flow models (Erwin, 2007; Nelson, 2007) . Field data indicates
that groundwater level elevations in the inner vall ey are strongly
correlated to natural steam recharge.

During the model calibration, it became clear that stream recharge
along the Santa Cruz River must be simulated at sea  sonal rates and must
include flood recharge: Applying uniform, long-term average streamflow
recharge is not an option because it does not refle ct the hydrologic
reality. Therefore to address future streamflow rec  harge uncertainty, the
ADWR contracted the development of a stochastic str eamflow model
(Shamir, et al, 2005).

Historical streamflow information from the Santa Cr uz River near

Nogales was used to generate 100 independent, 100-y ear streamflow
realizations, which were converted to stream-aquife r boundary conditions
for application in the groundwater flow model. The estimated streamflow

distributions generally reflect trends observed ove r time (seasonal and
annual flow distributions; mass-balance, etc.) at t he United States
Geological Survey (USGS) Nogales Gauge, 09048500. B y design the
stochastic model is populated with streamflow rates which reflect the
historical distribution. The model also contains a percentage of streamflow

rates (and trends) that fall outside record. These outliers, however, are
consistent with plausible, future statistical patte rns supported by available

data within the context of the modeling assumptions (i.e., exponential

distribution of inter-arrival times, etc., see Sham ir et al, 2005).
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Note that the development of the stochastic streamf low model was
explicitly based on historical observations (precip itation at Nogales 6N
and streamflow at USGS 09480500). However if enviro nmental conditions
are expected to  significantly change in the future, the statistical patterns

encoded in the stochastic model may need to be modi fied accordingly.

2.2 Northern Santa Cruz AMA Groundwater Flow Model

For the northern Santa Cruz model the streamflow re alizations were
translated through a group of six plausible, altern ative conceptual models
(ACM’s). In order to account for groundwater flow m odel uncertainty, the
streamflow realizations were converted to stream-aq uifer boundaries, and
then were translated through six plausible ACM’s fo r each hypothetical
pumping scenario. Thus each 100X6 ACM-ensemble is ¢ =~ omprised of 600
realizations and is simulated over 100 years.

Each of the six ACM’s have positive and negative at tributes and, for

purposes of this analysis, the outputs were evenly weighted. It has been

assumed that each ACM is an approximation of the tr uth and that a true
model does not exist and cannot be expected in the set of models and as
the number of observations increases the weighting scheme may be
modified accordingly. These ideas are consistent wi th Poeter and

Anderson (2005).

Collectively, the 100X6 ACM ensemble is assumed to result in a
more random and unbiased distribution of model erro rs than any single
ACM (100X1) ensemble. In terms of predictive modeli ng, simulating the

100X6 ACM ensemble provides solutions that 1) more accurately reflect
the current level of uncertainty (greater variance) ; and 2) a larger, more

statistically-significant sample size. Figure B.1 in Appendix B compares the

12



translation of the streamflow realizations through 1) a single (base) model;
against 2) six ACM’s (including the base model).

The calibrated ACM head and flow solutions were in good
agreement within the Santa Cruz River Valley and ge nerally consistent
with available observation data. However simulated underflow rates,
which cannot be directly observed, varied among the ACM's. For
predicted streamflow patterns differing from histor y-matching calibrated
conditions (although statistically plausible, as de fined by the stochastic
model) the ACM solutions tended to diverge. This w as especially true over
extended dry periods and for areas outside the inne r valley where
parameter uncertainty is greater (Nelson, 2007).

Different boundary condition assumptions also influ ence model
solutions especially near boundary areas to the nor th and south. For
example assigning alternative head boundary elevati ons (such as general
head boundary [GHB] or constant head boundary [CHB] and/or external
head distances such as GHB), influence model soluti ons. Simulating
additional groups of plausible future boundary cond itions (i.e., alternative
southern and/or northern GHB conditions), in combin ation with the
existing 100X6 ensemble would further increase unce rtainty. Evaluating
alternative pumping locations may also result in in creasing disparity
among the ACM solutions over long-term periods.

For the northern model area a total of seven differ ent pumping
regimes were examined including 11,000 acre-ft per year (AF/yr), 13,000
AF/yr, 15,000 AF/yr (basecase), 17,000 AF/yr, 19,00 0 AF/yr, 21,000 AF/yr
and 23,000 AF/yr. Basecase pumping conditions in th e northern model
area are associated with long-term dynamic equilibr ium conditions in the
upper Santa Cruz River Valley, consistent with head and flow observations

between 1982 and 2002. Groundwater demands from thi s period include

13



recorded pumpage (averaging about 15,000 AF/yr) and recent ET
coverage, simulated in the saturated zone at about 12,000 AF/yr.

For the hypothetical scenarios assigned to the nort hern area, the

assigned pumpage was modified in proportion to base case rates, at
basecase well locations: thus all simulated pumpage originated from
locations where historic demand occurred. For the n orthern model area,
seasonal pumpage was distributed such that the summ er rate (May 1 st

through September 30 t, 153 days) was twice as high as the off-summer
rate (October 1 st through April 30 th, 212 days), consistent with higher

agricultural demands imposed during summer-periods.

Also note that if the proposed pumpage is significa ntly greater than
the current model-calibrated range, the resulting s aturated thickness
associated with the top model layers will be genera lly thinner. If this
occurs, the groundwater flow models may be “out-of- tolerance” in terms
of calibrated transmissivity and recharge (due to t he increased
unsaturated zone); thus the models may need to be r ecalibrated or re-
conceptualized for conditions significantly differe nt than history-matching,

calibration periods.

Of particular concern is the area near the northern Santa Cruz AMA
boundary. If an extended dry period occurs in combi nation with
significant regional-scale pumpage (extending into the Tucson AMA),
there may be a depth-to-water threshold which, if c rossed, reduces
recharge below calibrated rates. Increasing the uns aturated zone
thickness in combination with  unsaturated vertical hydraulic conductivities
may increasingly reduce stream infiltration rates a s a function of depth-to-
water. The area north of Amado is more susceptible to long-term
dewatering because the aquifer system is larger, an d therefore requires

more frequent (rare) stream recharge events for rec overy. Thus, special

14



treatment may be required for simulating future con ditions near the

northern Santa Cruz AMA boundary.

2.3 Micro-Basin (Santa Cruz AMA) Groundwater Flow
Model

For the Micro-basin area the streamflow realization S were translated
through a modified version of the Micro-basin model . For a description of
the Micro-basin model see, Erwin (2007). For detail s on the Micro-basin

model modification, see  Appendix C . When the streamflow realizations

were translated through the modified Micro-basin mo del the resulting
solutions generally approximated head and flow tren ds observed over
space and time. As with all groundwater flow models uncertainty exists
regarding the conceptualization of the Micro-basin area. For purposes of

this analysis the streamflow ensemble was translate  d through the modified

Micro-basin model. Therefore groundwater flow model uncertainty was
not explicitly evaluated. In the future it would be instructive to explore
other plausible alternative model conceptualization s for this complex and
dynamic area. For example alternative, plausible st orage parameters (Sy)

should be explored, as this is a sensitive model pa  rameter.
For the Micro-basin area the basecase pumping rate represents the
approximate demand recorded between 1997 and 2002, or about 2,700

AF/yr. ET demand in the Micro-basin area averages a bout 3,200 AF/yr in

the saturated zone. In addition to the basecase pum ping rate, five other
hypothetical scenarios were developed for the Micro -basin area. Three
hypothetical planning scenarios increase the baseca se pumpage by 20%

(3,250 AF/yr), 40% (3,780 AF/yr) and 60% (4,280 AF/ yr), while two scenarios
decrease basecase pumpage to 2,270 AF/yr and 1,950 AF/yr.
As with the northern area all hypothetical scenario S in the Micro-

basin area simulated hypothetical pumpage in propor tion to basecase

15



rates, at basecase well locations: Thus all simulat ed pumpage originates
from locations where historic demand occurred. As n oted in Erwin (2007),
pumpage assigned to each of the three municipal sup ply wells in
Nogales’ Santa Cruz well field was horizontally-div  ided into two model
cells in order to reduce model-solver problems; the refore a total of six wells
are used to simulate Nogales’ pumpage from the Sant a Cruz well field.

In the Micro-basin area, groundwater pumpage is dom inated by
the municipal sector, and pumping schedules are dep endent on the
saturated thickness of the water table aquifer. For example in Nogales’
Santa Cruz well field, the pump capacity of (D-23-1 3)36bcb2 was 1,410
gallons per minute (gpm) when the dynamic depth-to- water level was
11.7 feet (ft) (recorded on 12/7/1988), and 212 gp m when the dynamic
depth-to-water was 61.6 ft (recorded on 5/15/2003). Similar relations were
recorded at the other two municipal wells in Nogale s’ Santa Cruz well
field, including (D-23-14)36bcd and (23-14)36cab. [ Note that (D-23-
13)36bcbh2, (D-23-14)36bcd and (23-14)36cab are shal low wells having
total well depths of 120, 120 and 116 ft, respectiv  ely. The water production
rates represent the uppermost portions of the aquif er; note that there may
be potentially productive aquifer-zones below exist ing perforated
intervals.]

For simplicity, constant annual pumping rates (unif orm) were
assigned to Micro-basin ensemble. An analysis of th e Micro-basin model
ensemble indicates that alternative pumping distrib utions (seasonally-

assigned) are relatively sensitive over  short-term periods. For example

when the summer pumping rate was increased by 50% i n combination
with a corresponding decrease during winter periods , het gaining
conditions were simulated more often than with the uniformly-assigned
pumping rates, due to a more complete recovery of w ater levels in winter

(seasonal test 1). Conversely when winter pumpage w as increased by

16



50% in combination with a corresponding decrease du ring summer, net
gaining conditions decreased, with respect to unifo rm pumpage due to
an increase in capture during winter periods (seaso nal test 2).

These results suggest that the distribution of pump  age in the Micro-
basins results in complex groundwater flow patterns due to the combined
interaction of ET, pumpage, stochastically-modulate d flood recharge and
the system hydraulics, including boundary condition s. See Figure D.5 and
Figure D.6 in Appendix D . However for basecase pumping rates, the
average number of years having gaining conditions for the combined
seasonal ensembles (i.e., sum of seasonal tests 1 a nd 2) is, for all practical
purposes, the same as for the uniformly-assigned pu  mping ensemble.
These results suggest that uniform pumping rates ca n be used for
determining long-term  average groundwater flow conditions with the
understanding that applying seasonally-based pumpag e may result in
short-term differences. Thus for the Micro-basin ar ea, it is assumed that
randomly-assigned seasonal pumpage and uniformly-as signed pumpage
provide consistent, average capture rates, over long-term periods.

Although long-term average groundwater-flow conditions are
(assumed) similar between uniform and randomly-assi gned seasonal-
based pumpage, the variance of the combined seasonal-ensembles was
greater than that of uniformly-assigned pumping ens emble. This implies
that randomly-assigned pumpage will have similar av erage capture rates,
but that the risks associated with outliers will be different.

These results suggest that evaluating different pum ping magnitudes
should be based on consistent pumping schedules. Fo r example in order
to evaluate the relative capture rate between two different long-term
demands of 2,700 and 4,300 AF/yr either: 1) a proje  cted uniform pumping
rate of 2,700 AF/yr should be directly compared wit h a projected uniform

pumping scenario of 4,300 AF/yr, or 2) a seasonally  -based pumping rate

17



of 2,700 AF/yr should be compared with seasonally-b ased pumping
scenario of 4,300 AF/yr. These results also imply t hat the hydrologic model
can be used to evaluate alternative groundwater man agement

strategies, based on user-defined pumping criteria.

Also note that alternative pumping distributions an d/or schedules
can result in the temporary de-activation of a mode | cell. When a model-
cell becomes inactive, stresses imposed to that cel | are not included until
the affected cell becomes re-activated. Simulated w ater budgets show
relatively small differences in cumulative pumping rates for selected

realizations in the Micro-basin ensemble: It is ass umed that these
differences are insignificant with respect to the c ollective model solution,
and do not compromise the general use of this tool to evaluate general

groundwater flow conditions.

3.0 Statistical Evaluation of Simulated Groundwater Dis  charge

In order to efficiently simulate each ensemble, a b atch-file program
was created to automate the process. Operating from the command
line, the DOS-based batch program takes advantage o f MODFLOW'’s
modular features by interchanging relevant “package s” in the MODFLOW
(Harbaugh et al, 2000) name file. For example each 100-year streamflow

realization consists of a unique stream-aquifer bou ndary package (*.str)

that gets updated after the completion of every tra nsient simulation.
Similar updates occur for the simulation of unique ACM's (i.e., *.LPF
package, *.rch package, etc.), and for different pu mping-regime
ensembles (i.e., well package, *.wel). After each 1 00-year transient
MODFLOW simulation, the batch program processes the raw head

(Hansen and Leake, 1999) and flow (Harbaugh, 1990) data, converting

18



the binary-formatted data to a text-based format fo r additional post
processing.

The ensemble simulation times were based on the fol lowing
computer specifications: 2-CPU 6700 at 2.66GHZ X 2. 66 GHZ with 3.00GB of
RAM. Post-processing programs were developed in MAT LAB and FOXPRO
to analyze the model-output data based on user-defi ned criteria (i.e.,
simulated head and flow statistics; statistics base d on the difference
between basecase simulated heads and planning simul ated heads; inter-
arrival statistics for simulated heads and flows; d istribution of continuous
periods between net gaining conditions; transformat ion from the time to
frequency domain, etc.).

For the northern Santa Cruz model it takes about ei ght hours to
simulate one, 100X6 ACM (600 realization) ensemble. Each 100-year
realization consists of 700 stress periods, and for this task 10 time-steps were
executed for each stress period. For the northern S~ anta Cruz model the SIP
solver was used with a head-closure value of 0.1 ft , resulting in acceptable
mass-balance errors. It takes approximately eight h ours to simulate a 600-
realization ensemble for the northern model.

For the Micro-basin model each 100-year realization consists of
1,200 stress periods at 10 time-steps per stress pe riod. [Note that
MODFLOW-2005 (Harbaugh, 2005) or earlier versions o f MODFLOW,
specifically compiled to accommodate > 1,000 stress -periods, are
required to simulate all 1,200 stress periods on a  continuous basis and
convert the binary-coded flow data for post-process ing purposes.] The
GMG solver was applied to the Micro-basin model, an d the head and

flow closure-criteria were 10 ft and 2E3 ft 3/d, respectively. Although

cumulative mass balance errors for the Micro-basin model are considered
acceptable a cursory review show mass balance discr epancies
exceeding one percent for selected time steps. It i s assumed that the
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mass balance errors associated with the Micro-Basin model do not

adversely affect the resulting solutions. Simulatin g a 100-realization

ensemble takes the Micro-basin model approximately ten hours to
complete.
The net groundwater discharge flow rate was evaluat ed along the

Santa Cruz River for each ensemble. For the norther n Santa Cruz model
area, the net flow rate was evaluated along the San ta Cruz River
between the Nogales International Waste Water Treat ment Plant (NIWTP)
and Tubac ( Figure 3.1), a distance of approximately 15 river-miles. Int  he
Micro-basin area the net flow rate was evaluated al ong the Santa Cruz
River between the Highway 82 Bridge and Guevavi Nar rows (Figure 3.2), a

distance of about 3 river- miles.
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3.1 Gaining and Losing Reaches

Groundwater level elevations are based on the chara cteristics of

the aquifer (i.e., transmissivity, storage coeffici  ents, boundary conditions,

influxes, underflows, etc.), natural and artificial recharge, and
groundwater demands including pumpage and ET. A det ailed study of
recorded groundwater level elevations and associate d statistics in the

Santa Cruz AMA is provided by Corkhill and Dubas (2  007).

Because groundwater level elevations are obtained f rom wells that
may, or may not, be subject to pumping, factors suc h as the timing of
measurements (seasonality) and pumping condition (s tatic, dynamic or
recovering) influence groundwater level elevations at specific well sites.
With respect to groundwater elevations at specific well sites, it is thus

assumed that any differences (i.e., residual errors ) between observed and

simulated heads are smaller when represented over b roader, local areas.
A local-scale measure of groundwater level elevatio ns attenuated
over broader areas - with respect to site specific well elevations - can be
represented by net flow accrued along a head-depend ant boundary. If
a reach is subject to intermittent streamflow (i.e. , a reach having both
losing and gaining conditions), the net flow comput ed along that reach
can be used as a general indicator of local water | evel elevations.
Relations between groundwater levels (head) and str eambed parameters
(i.e., streambed conductance), and flow, with respe ct to gaining and

losing conditions, is shown in  Figure 3.3.
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Figure 3.3 Stream-Aquifer Boundary: Relations betwe  en 1) simulated head;
2) gaining and losing flow conditions; and 3) strea m-aquifer parameters.
Figure modified from Figure 3 in Prudic (1989).
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Groundwater discharge from the aquifer-to-stream (g aining) or
stream-to-aquifer (losing) is a meaningful indicato r of local groundwater
levels along an intermittent reach because the stre am-aquifer system is
simulated as a head-dependent boundary within the i nner valley.
Groundwater flow to-and-from the aquifer and stream represent inner
valley water table elevations over seasonal periods . High transmissivities
within the inner Santa Cruz River Valley ensure tha t groundwater
discharge thresholds are representative of “smoothe r", local water table
elevations over seasonal time scales. As such, net groundwater discharge
rates evaluated along the stream-aquifer system are not as adversely
affected by site-specific groundwater anomalies or irregular (short-term)
pumping schedules.

With respect to evaluating simulated groundwater le vels at specific
locations, assessing net groundwater discharge and recharge along the
stream-aquifer boundary is assumed to result in err ors that are more
randomly distributed over space and time. As noted above, comparing
observed and simulated heads at concentrated pumpin g locations are
subject to additional model bias due to unavoidable differences that exist
between real-world and simulated pumping schedules. Furthermore

simulated pumpage assigned in Nogales’ Santa Cruz w ell field (Micro-

basin area) was dispersed in order to reduce proble ms associated with
assigning high demand to model cells immediately su rrounded by
relatively impermeable, horizontal boundaries (also see Erwin, 2007).

Hence, simulated heads at Nogales’ (Santa Cruz River) production wells
are different than observed heads because the pumpi ng distributions are
different. Over broader scales site-specific differ ences attenuate.
Accordingly, local impacts can be represented with less bias along
head-dependant boundaries over broader areas due to the attenuation

of errors over space. Evaluating simulated groundwa ter discharge also
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provides a measure to quantify the hydrologic impac ts of low magnitude,
widespread pumpage where subtle long-term groundwat er level trends

(i.e., hydraulic gradients) might not be clearly id entified using site-specific

head data. Thus identifying net gaining and losing conditions, is an
effective way to evaluate systemic water table elev ations along relevant

reaches. Conceptual models of the groundwater flow regime for the
northern model area and the Micro-basin area are pr esented in Figure 3.1

and Figure 3.2.

3.1.1 Northern Santa Cruz Model Reaches

During the pre-groundwater development period (prio r to 1920),
near perennial streamflow conditions existed near T umacacori and Tubac
along with surface water diversions and a dense rip arian habitat. Since
groundwater development, the reach between the (cur rent) NIWTP and
Tubac has experienced both net gaining and net losi ng conditions over
winter periods. Photographs from the spring 1936 an d the winter of 1954
show net gaining and losing conditions, respectivel y. Photographs from
1965 indicate losing conditions, while pictures fro m spring of 1967 and
December 1973 show groundwater discharge along this reach.

More recently, this reach experienced gaining condi tions during
winter periods from (at least) 1992 to the winter o f 2001/02. Minimal flood
recharge between mid-2001 and July 2006 resulted in significant
groundwater level declines. By mid-2005 groundwater levels along losing
reaches near Rio Rico, were at their lowest level s ince the mid 1950’s;
during the spring of 2005, a significant tree die-o  ff was noted along this
reach. Relatively low groundwater elevations betwee n the NIWTP and
Tubac resulted in losing conditions along the Santa Cruz River from mid-

2002 through 2008. The cumulative affect of three r elatively active
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monsoons in 2006, 2007 and 2008 resulted in intermi ttent gaining
conditions by January 2009. Minimal flood recharge occurred during the
2009 summer monsoon, transitioning the system back into a losing state
during the winter of 2009/2010. Figure 3.4 shows the relation between
surface water flow and groundwater levels (in an un equipped well),
adjacent to a losing reach of the Santa Cruz River near Rio Rico. The
aquifer system adjacent to intermittent reaches of the Santa Cruz River
(i.,e., near Tumacacori) also respond to streamflow recharge and
“drought” patterns; however the magnitude of ground water level

fluctuations, compared to ~ Figure 3.4, are attenuated.

3.1.2 Micro-Basin Santa Cruz Reaches

Prior to the extraction of groundwater perennial ba seflow existed

along the Santa Cruz River at Guevavi Narrows. Int  he Micro-basin area

groundwater demand in the United States and Mexico - in the form of
groundwater pumpage and infiltration galleries - ha s led to the capture of
groundwater discharge along the upper reaches of th e Santa Cruz River.
With current groundwater development trends, ground water discharge as
baseflow only occurs following significant recharge periods. See Figure E.1
in Appendix E .

3.1.3 Gaining and Losing Reaches Applied to the
Models

Gaining conditions are associated with relatively h igh groundwater
levels, while losing reaches represent relatively |  ow water table elevations:
Thus, periods having relatively high simulated wate r levels are correlated

with gaining conditions (  Figure 3.5).
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Groundwater Elevations at (D-23-14) 36BCB1 ( GWSl and transducer data)

Groundwater levels prior to 1972 reduced 10 feett o0 account for measurement-point offset. Connected p oints reflect
seasonal measurements observed at frequencies >tha  nonce per year
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For purposes of this analysis, the net groundwater discharge
threshold level was set to O cubic feet per second (cfs), and the net flow
was evaluated at time-step #10 of every stress peri od. This threshold
represents an intermediate value of net flows recor ded over recent
periods (1992-2009), and is physically representati ve of the water table
intercepting the stream channel. When groundwater d ischarge exceeds
groundwater recharge along a given stream reach ove r the same time
step, net gaining conditions result. For purposes o f this analysis, if a net
gain occurs during any portion of a simulation year it qualifies as a gaining
year in the resulting statistics. In this risk anal ysis the impact from pumpage
is based on the average number of groundwater disch arge (gaining)
years per realization (out of 100 years), per ensem  ble (i.e., 600 realizations
for the northern model area and 100 realizations fo r the Micro-basin area).
The following results assume that the ensemble outp  uts conform to normal
distributions (see Figure B.2 and Figure B.3 in Appendix B ). See Appendix
A through Appendix H for miscellaneous information about the models,

the resulting statistics, and other information.

3.2 Simulated Groundwater Flow in the Northern Model

Area
For the northern model area, when the basecase pump ing rate
(15,000) was imposed to the 100X6 ensemble, gaining conditions
occurred, on average, during 43 of the 100 simulati on years. When the

pumpage was increased to 17,000, 19,000, 21,000 and 23,000, gaining
conditions occurred on average in 33, 25, 17 and 12 of the simulation
years, respectfully ( Table 3.1). Therefore increasing pumpage results in an

increasing (average) rate of capture.
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Assigned Groundwater Pumpage, Average number of years (out of
Northern Santa Cruz AMA Model 100) per realization having net
groundwater discharge (gain)
between the NIWTP and Tubac
11,000 AF/yr 70
13,000 AF/yr 56
15,000 AF/yr* 43
17,000 AF/yr 33
19,000 AF/yr 24
21,000 AF/yr 17
23,000 AF/yr 12
Based on 600 realization-ensembles (100X6ACM). Out  of 100 possible years. Pumpage
includes two seasonal rates including summer and wi nter. *Basecase pumping rate,

consistent with 1997-2002 pumping average.

Table 3.1. Average Number of Years with Net Gaining Conditions, Northern
Model area

When the pumpage was reduced to 13,000 AF/yr, gaini ng
conditions occurred more often than not (56%). For basecase (15,000
AF/yr) conditions there is a 3-out-of-4 chance that fewer than half (50) of
the simulated years will experience gaining conditi ons during the 100-year
period. However even when pumping rates are reduced by 2,000 AF/yr
(13,000 AF/yr), there is still about a 30% chance t hat less than half of the
simulated years will result in gaining conditons d uring the 100-year
simulation period. If the pumpage is ramped up to 1 9,000 AF/yr, there is a
50% chance that gaining conditions will occur in at least 25 of the 100
simulations years. When the pumpage is further incr  eased to 21,000 AF/yr
and 23,000 AF/yr, the chances are reduced to about 15% and 2%,
respectively.

Regarding the frequency of non-gaining conditions, over half of the

ensemble realizations (52%) had at least one consec utive ten-year period

without gaining conditions, while 14% percent of th e realizations had at
least two separate consecutive ten-year periods wit hout gaining
conditions when the basecase (15,000 AF/yr) pumping rate was assigned.
When the pumping rate was increased to 19,000 AF/yr almost all of the
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realizations (94%) had at least one consecutive ten -year period without
gaining conditions, while over one-third of the rea lizations (36%) had at
least one consecutive  twenty-year period without gaining conditions.

When pumping is increased above basecase rates, the risk of increased-

periods without baseflow also increases, as showni n Table 3.2.

Pumpage, Percentage of realizations in ensemble having at le ast
Northern Santa one continuous period greater than X years without
Cruz AMA net gaining conditions:
X=5years | X=10 years X =15 X =20 years
years
11,000 AF/yr 50% 6.7% 0.2% 0%
13,000 AF/yr 84% 23% 3.8% 0.2%
15,000 AF/yr* 98% 52% 15% 4%
17,000 AF/yr 100% 76% 39% 15%
19,000 AF/yr 100% 94% 66% 36%
21,000 AF/yr 100% 98% 86% 60%
23,000 AF/yr 100% 98% 92% 74%

Based on 600 realization-ensembles. Out of 100 poss ible years. Pumpage includes two
seasonal rates including summer and winter. *Baseca se pumping rate, consistent with
average rate recorded, 1997-2002.

Table 3.2. Frequency of Period not Having Net Gaini ng Conditions,
Northern Model area

Sensitivity analysis shows that groundwater flow mo  del solutions are

strongly influenced by: 1) the flood recharge inter -arrival period; 2) the
flood recharge duration period; 3) the relative magnitude of stochastic
forcing terms; 4) the groundwater flow model concep tualization including

boundary conditions such as ET; and 5) long-term pu mping rates and
distributions. In general individual flood recharge events of short duration
(i.e., days) have minimal long-term impact. However extended dry or wet
periods are sensitive. Figure 3.6 and Figure 3.7 show simulated heads from

two selected realizations.
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Simulated heads (feet)

Simulated Heads at Tumacacori: Base Model (shown) R ealization #2 ("dry")
Years 1-90 Infrequent Flood Recharge; Years 91-100 Frequent Flood
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Figure 3.6. Comparison of Simulated Heads Subjected to 15,000 AF/yr and

19,000 AF/yr at Tumacacori for Selected Realization
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Simulated heads (feet)

Simulated Heads at Tumacacori: Base Model (shown) R ealization #16 ("wet")
Years 1-80 Frequent Flood Recharge; Years 81-100 M oderate Flood Recharge
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Figure 3.7. Comparison of Simulated Heads Subjected to 15,000 AF/yr and
19,000 AF/yr at Tumacacori for Selected Realization #16: Northern Santa Cruz Model
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Relatively high simulated groundwater levels are as sociated with
net gaining conditions while relative low simulated heads are associated

with net losing conditions.  Figure B.4 shows the ensemble distribution of

continuous-time intervals between net gaining perio ds for basecase and
added-demand pumping scenarios for the Northern mod el area. Note
that these inter-arrival distribution patterns are consistent with the
exponential distribution patterns associated with g enerating streamflow

inter-arrival (duration) periods, as described in S hamir et al. (2005):

Different pumping rates result in different inter-a rrival occurrence-rates,

but all generally follow exponential distribution p atterns; these results infer
how the stochastic model and groundwater flow funct ion in a congruent
manner.

3.3 Simulated Groundwater Flow in the Micro-basin Area

For the Micro-basin area, net groundwater discharge was
evaluated between the Highway 82 Bridge and Guevavi Narrows ( Figure
1.2). This zone is represented in the Micro-basin mode | from row 38 to row
52, inclusive to the Yal, or model layer 1. When th e basecase pumping
rate was imposed to the 100-realization ensemble, g aining conditions
occurred, on average, during 49 of the 100 projecte d simulation years
(Table 3.3). When pumpage in the Micro-basin was increased to 3,250

AF/yr, 3,780 AF/yr and 4,280 AF/yr gaining conditio ns occurred, on

average, in 36, 27, and 21 of the simulation years, respectfully. Thus with
respect to absolute pumpage, the Micro-basin area i S more sensitive to
the capture of groundwater discharge than the north ern model area.
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Assigned Groundwater Pumpage Mean number of years having net
Micro-Basin Model Santa Cruz groundwater discharge (gain)
AMA** between the Highway 82 Bridge
and Guevavi Narrows
1,900 AF/yr 67
2,300 AF/yr 60
2,700 AF/yr* 48
3,300 AF/yr 35
3,800 AF/yr 26
4,300 AF/yr 20

Based on 100 realization-ensembles. Out of 100 poss ible years. *Basecase pumping rate
consistent with average rate recorded, 1997-2002; p umpage applied at a uniform rate.
**Rounded to nearest 100 .,

Table 3.3. Average Number of Years with Net Gaining Conditions, Micro-
basin area

With basecase pumpage assigned to the ensemble, 98% of the
realizations had at least one, 5-year period withou t net gaining conditions,
while 32% of the realizations had at least one, 10- year period without net
gaining conditions. When the pumpage was increased to 3,250 AF/yr, all
of the realizations had at least one, 5-year period without net gaining
conditions, and 69% of the realizations had at leas t one, 10-year period
without net gaining conditions. When 3,780 AF/yr (4 0% greater than
basecase pumpage) was applied 85% of the realizatio ns had at least
one, 10-year period without net gaining conditions, while 8% of the
realizations had at least one 20-year period withou t net gaining
conditions. When the basecase pumpage was proportio nally increased
by 60% (4,280 AF/yr) almost all the realizations (9 5%) had at least one, 10-
year period without net gaining conditions, while o ne-quarter of the
realizations had at least one 20-year period withou t net gaining conditions

(Table 3.4).
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Pumpage, Micro- Percentage of realizations in ensemble having at le ast
basin one continuous period greater than X years without
Santa Cruz AMA** net gaining conditions:
X=5years | X=10years X=15 X =20 years
years
1,900AF/yr 63% 2% 0% 0%
2,300AF/yr 89% 9% 0% 0%
2,700AF/yr* 98% 32% 3% 0%
3,300 AF/yr 100% 69% 15% 3%
3,800 AF/yr 100% 85% 36% 8%
4,300 AF/yr 100% 95% 58% 25%

Based on 100 realization-ensembles. Out of 100 poss ible years. *Basecase pumping rate
consistent with average rate recorded, 1997-2002; p umpage applied at a uniform rate.
**Rounded to nearest 100 t,

Table 3.4. Frequency of Period not Having Net Gaini  ng Conditions, Micro-
basin area

When pumping is increased above basecase rates, the risk of
increased-periods without baseflow also increases. However unlike the
northern model area, when basecase rates are propor tionally increased

by more than 50%, only one-quarter of the realizati ons have an extended
period without baseflow greater than 20 years. Thes e results imply that less
extreme flood events are required to recharge the M icro-basins even
after extended droughts impacted by intense pumpage

Figure 3.8 and Figure 3.9 show simulated heads from two selected
realizations. As with the northern model area, gain ing conditions are

consistent with relatively high simulated groundwat er levels, while losing

conditions are associated with relatively low simul ated heads. Figure B.5
shows the distribution of time in between net gaini ng periods for basecase
pumpage.
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Simulated heads (feet)

Simulated Heads at Santa Fe Well (Modified Micro-Ba sin Model)
Realization #2 ("dry")
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Figure 3.8. Comparison of Simulated Heads Subjected to 2,720 and 4,270 AF/yr in

Highway 82 Micro-basin for Selected Realization #2: Micro-Basin Model
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Simulated heads (feet)

Simulated Heads at Santa Fe Well (Modified Micro-Ba sin Model)
Realization #16 ("wet")
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Figure 3.9. Comparison of Simulated Heads Subjected to 2,720 and 4,270 AF/yr in

Highway 82 Micro-basin for Selected Realization #16 : Micro-basin Model
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4.0 Discussion

Predicted groundwater flow in the Santa Cruz Valley Is sensitive to
natural recharge, the conceptualization of the grou ndwater flow system
and boundary conditions, and the rate of groundwate r pumpage. There
may be other factors that impact future groundwater flow conditions
including alternative ET distributions, alternative runoff and recharge
distributions, artificial recharge, increased urban ization and climate
change; these factors, however, were not explicitly evaluated in this

study. All other factors being equal, increasing gr oundwater pumpage
results in lower long-term average groundwater leve Is. Increasing
groundwater pumpage to rates higher than recently-r ecorded averages
(for the northern model area 15,000 AF/yr; for the Micro-basin 2,700 AF/yr)
increases the risk of capturing natural groundwater discharge along
intermittent reaches of the Santa Cruz River.

Within inner valley areas, the model solutions are not especially

sensitive to initial conditions when evaluated over long-term periods due
to high aquifer transmissivities and periodic flood recharge. Outside inner
valley areas, the groundwater flow system responds slower to stresses due

to lower transmissivities and thicker unsaturated z  ones; thus peripheral
areas may be susceptible to initial conditions assu mptions and/or model

biases, even over long-term periods. Differences in simulated groundwater

flow between basecase and added-demand scenarios ar e greater
during projected dry periods than during periods of high recharge. Thus
the adverse impacts of increased pumpage are exacer bated during dry
periods, but are not as pronounced during periods o f significant flood
recharge.

With respect to simulated heads and flows, the Micr o-basin area is
much more sensitive to absolute pumpage, than the N orthern model

area. For example in the northern model area, addin g 2,000 AF/yr of
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pumpage to existing wells, increases the rate of ca pture (as defined
above) by an average of 10%. However adding 1,600 A F/yr of pumpage
to existing well locations increases the rate of ca pture by an average of
28% in the Micro-basin area. The aquifers in the no  rthern model area are
larger than those in Micro-basin area. The extra st  orage space acts as a
buffer during periods of minimal stream recharge. H owever after
extended “dry” intervals, larger aquifers require | onger recovery periods.
Figure 3.6 and Figure 3.7 show simulated heads at Tumacacori for
selected streamflow realizations #2 (“dry”) and # 16 (“wet”). While the last
ten years of realization #2 are subject to frequent stream recharge and
high water levels, the first 90 years represent inf  requent stream recharge;

thus realization # 2 is associated with a relatively low, long-term simulated

groundwater level average. By contrast realization #16 has a relatively
high, long-term simulated groundwater level average due to frequent
recharge, but is subjected to infrequent recharge d uring the last 20 years.
That a relatively “wet” realization (# 16) has lower projected heads after

100 years with respect to realization #2 (a compara tively dry ensemble
member), underscores the importance of evaluating u nbiased, ensemble
distributions over long-term periods.

The analysis of inter-arrival periods and groundwat er cycles, also
provide useful information about the associated ris ks related to projected
pumping and occurrence of continuous baseflow inter ruptions. For
example when basecase pumping rates are exceeded in either model
area, the chances are very high that there will be at least one continuous,
5-year period without baseflow during any 100-year projection period.
When the basecase pumping rate is increased by 1,60 0 AF/yr in the Micro-
basin area, there is a 25% chance that there will b e at least one
continuous 20-year period without natural baseflow, assuming each

realization is statistically independent. If the ba secase pumping rate is
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increased by 8,000 AF/yr in the northern model area there is about a 3-

out-4 chance that at least one, continuous 20-year period will occur
without baseflow during a 100-year projection perio d.
5.0 Summary

Due to uncertain weather conditions and imperfect k nowledge
about the groundwater flow system, the evaluation o f future groundwater
flow conditions in the Santa Cruz AMA necessitates the use of a

probabilistic model.

Because of the system complexity, hydrologic models were
developed such that alternative water management st rategies can be
evaluated without being adversely compromised by mo del bias. Results
indicate that combining the streamflow and groundwa ter models

provides more useful, risk-based planning informati on than the

independent simulation of either the stochastic str eamflow model or the

groundwater flow model: Not unlike the collective h ydrologic system itself,
the integrated system (model) is worth more than th e sum of the individual
parts.

5.1 Stochastic Model

Using available hydrologic information, alternative conceptual
groundwater flow models (ACM) were developed using inverse modeling
and trial-and-error techniques. The groundwater flo w models were
calibrated over diverse environmental (seasonal) co nditions, including

periods of extreme drought and flood.

To address future streamflow recharge uncertainty, the ADWR
contracted the development of a stochastic streamfl ow model. The
stochastic streamflow realizations were combined wi th plausible
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groundwater flow models to provide statistical info rmation about the

groundwater flow system as a function of basecase a nd hypothetical
pumpage. Results show that the coupled, stochastic streamflow model
and groundwater flow model are congruent, and provi de results that
approximate available observation data over basecas e conditions.
Predictive scenarios include basecase pumping condi tions (recent
average annual rates), as well as hypothetical scen arios in which the
assigned pumpage was modified in proportion to base case rates, at

basecase well locations; thus, site-specific impact S were not evaluated,
and cannot be inferred based on this regional-scale study.

Increasing pumpage results in an increased risk of capture
associated with groundwater discharge. For purposes of this report, the
primary hydrologic indicator of simulated water tab le elevations was
based on the occurrence of net groundwater discharg e along two
intermittent reaches of the Santa Cruz River includ ing between the NIWTP
and Tubac and between the Highway 82 Bridge and Gue vavi Narrows.

Evaluating the frequency of net groundwater dischar ge (gaining)
conditions is a meaningful indicator of local water levels over seasonal
periods. Relatively frequent, net gaining condition s along the stream are
generally consistent with relatively high (long-ter m) groundwater levels,
whereas infrequent net gaining conditions represent lower water levels
over long-term periods.

With respect to site-specific locations, assessing net groundwater
discharge patterns over broader areas is assumed to result in errors that
are more randomly distributed, and are not as prone to site-specific
discrepancies between real-world and simulated pump ing schedules.
Evaluating simulated groundwater discharge also pro vides a measure to

guantify the hydrologic impacts of low magnitude, w idespread pumpage

43



where subtle long-term groundwater level trends (i. e., hydraulic gradients)

might not be clearly identified using site-specific head data.
Model results indicate that the frequency-of-occurr ence of gaining
conditions is a function of stream recharge, altern ative model

conceptualization and groundwater pumpage.

5.2 Northern Santa Cruz Model

For the northern model area, when the basecase pump ing rate of

15,000 AF/yr was applied to the 100X6 ensemble, gai  ning conditions

occurred on average in about 43% of the 100 simulat ion years. These
results are reasonably consistent with observation data over basecase
pumping conditions. When the pumpage was increased to 17,000 AF/yr,

19,000 AF/yr, 21,000 AF/yr and 23,000 AF/yr the gai ning conditions
occurred on average about 33%, 25%, 17% and 12% of the time,
respectfully. When the system pumping rate was redu ced below the
basecase rate to 13,000 AF/yr, groundwater discharg e occurred more

often than not (55%). However the risk-based distri ~ butions suggest that

fewer occurrences of groundwater discharge could al so occur with lower
pumping rates. For example over basecase conditions (15,000 AFlyr),
there is a 3-out-of-4 chance that fewer than half ( 50) of the simulated
years will experience gaining conditions during the 100-year period.

However, when the pumping is reduced to 13,000 AF/y r, there is still a 30%

chance that this condition will occur. When basecas e conditions are
applied in the northern model area, it is very rare to have periods of 20
years without a single occurrence of baseflow (net gain). However when

the basecase pumpage is increased by 40% (21,000 AF  /yr) in the northern
model area, there is a 60% chance that baseflow wil | be interrupted for

periods of at least 20 years.
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5.3 Micro-Basin Santa Cruz Model

For the Micro-basin area when the basecase pumping rate of 2,700
AF/yr was applied to the 100 realization ensemble, gaining conditions
occurred on average in about 48% of the 100 simulat ion years. These
results are reasonably consistent with observation data for basecase
conditions. When the pumpage was increased to 3,300 AF/yr, 3,800 AF/yr
and 4,300 AF/yr the gaining conditions occurred on average in 35%, 26%
and 20% of the 100 simulation years, respectfully. When the system
pumping rate was reduced below the basecase rate to 2,300 AFlyr,

groundwater discharge occurred in 60% of the simula tion years. When
basecase conditions (uniform pumpage) are applied i n the Micro-basin

area, it is very rare to have periods of 20 years o r more, without a single

occurrence of baseflow (net gain) for the Micro-bas in area. When the
basecase pumpage is increased by 40%, there is abou t an 8% chance
that baseflow will be interrupted for periods of at least 20 years. These

results suggest that the Micro-basins respond quick  er to natural recharge

than the northern area.

5.4 Recommendations

Hydrologic model development was based on the most recent
information available at the time of this writing. However as additional
information becomes available in the future, the hy drologic models
should be refined accordingly. This may involve the addition, elimination
or re-weighting of ACM’s, modifications of lateral boundary condition
assumptions, and/or the refinement of the stochasti c streamflow model.
The simulation process has been automated, and most ACM
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modifications can be incorporated into an ensemble, due to the modular

structure of the hydrologic model.

5.5 Conclusion

The Arizona Department of Water Resources has been developing
modeling tools to help evaluate the complex hydrolo gic conditions in
portions of the Santa Cruz AMA. These modeling tool s were built to test
alternative water management strategies, and can he Ip quantify risks
associated with hydrologic impacts. Some hypothetic al pumping
scenarios were tested and results indicate that gro undwater flow is
sensitive to different factors including: 1) stream  flow recharge patterns
(.,e., flood recharge periods; drought periods, etc ) 2) the
conceptualization of the groundwater flow system; 3 ) assigned boundary

conditions (i.e., ET; seasonality; etc.); treatment of the southern and/or

northern lateral head-dependant boundaries, etc.), and 4) the rate of
assigned (projected) groundwater pumpage. According ly, different
combinations of the above-listed factors can be fur ther tested to provide
valuable, probabilistic information. For example gi ven the same long-term
assigned pumping rate some 1) projected pumping loc ations may vyield a
lower risk of baseflow capture than other locations ; and/or 2) for a given
area there may be certain pumping schedules (i.e., seasonal verses

uniform) which yield a lower risk of baseflow captu re than other pumping
patterns. As opposed to providing an exact solution 100 years into the
future, these risk-based modeling tools provide a m ore complete and

honest picture of future hydrologic impacts.
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Appendix A: Conversion of Streamflow Realizations t o Stream-Aquifer
Boundaries

Conversion factors for the (stochastic) surface wa ter flow rate to
stream-aquifer boundaries are different for the nor thern Santa Cruz and
Micro-basin models. This difference is due to disti nct calibration criteria
including, 1) stream recharge response time; 2) bou ndary condition
affects; 3) system hydraulics; 4) stress-period int erval; 5) magnitude of

streamflow event and 6) model-cell resolution. Note that the Santa Cruz
River watershed at Tubac is approximately 2.3-times larger than at the
Nogales gauge. It has been assumed that during sign ificant high flow
periods (relatively rare events) surface water flow rates are 2.3 times
greater in the northern model area, than in the Mic ro-basin area.

Apart from assigned pumpage, the most sensitive mo del
parameters include the conceptual groundwater flow model and the
relative interval-arrival period trends (i.e., “wet " periods verse “dry”
period), as defined by the stochastic streamflow mo del. As long as the
general streamflow trends in the stochastic model are stat istically
represented in the stream-aquifer boundary conversi on, the specific
conversion factors are not sensitive over long-term periods. [Note that
surface water flow rates measured during high flow periods have a
relatively high degree of uncertainty, compared to low-flow (baseflow)
periods; therefore the actual rate of streamflow re corded during flood
events are never known with high precision anyway.] During a limited
sensitivity analysis, modest changes to the stream-  aquifer conversion
factors including streambed stage, width and conduc tivity were found to
be relatively insensitive. This result is due to th e finite stream recharge
potential (i.e., regulating effect of stream bounda ry) for large flow events
greater than 75 cfs/month. Thus, excess (runoff) st reamflow implies that
the exact value of surface water inflow is not crit ical to the simulation

process; only the relative magnitude is important.
The insensitivity of modest changes to the stream-  aquifer
conversion factors is also seen when comparing esti mated parameter

results between the base model and Manning’'s ACM. Table A.1 shows
little difference between estimate parameters for d ifferent stream-aquifer
boundaries, suggesting that modest changes in strea m-aquifer conversion

factors are not that sensitive over long-term perio ds. Of all the ACM’s
tested, Manning’s solution (i.e., where stream-aqui fer boundary was
different from all other ACM’s) is the most similar to the base model over
steady and transient periods. In fact sensitivity a  nalysis results suggest that
the different ACM’s were more sensitive over long-t erm periods than the
modest variations in the streamflow-to-stream-aquif er boundary
conversion process. Thus, coarse conversion factors were assigned for the
northern model.
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Stream-Aquifer Boundary Parameters and Conversion F actors: Northern

Santa Cruz AMA Model
HRC Flow 1Conversion Streambed Streambed Assigned Stage
monthly mean Multiplier for width Kz above
streamflow at flow at (feet) (Feet/day) streambed top or
Nogales in cfs Segment #1 2Apply Manning'’s
(% of N Option (feet)
occurrence)
Monthly-based Monsoon Stress Periods: July (31 d), August (31 d) and
September (30 d
>400 (0.05%) 2.3 200 150 3.0 4.5 3.0
300-400 (.63%) 2.3 150 125 3.0 4.0 3.0
200-300 (0.9%) 2.3 150 100 3.0 3.5 2.5
150-200 (1.7%) 2.3 125 90 3.0 3.0 2.5
100-150 (1.7%) 2.3 100 80 3.0 3.0 2.5
75-100  (2.3%) 2.3 70 60 3.0 3.0 2.5
50-75 (1.5%) 1.0 60 55 3.0 2.5 2.0
35-50 (3.5%) 1.0 45 45 2.0 2.0 2.0
20-35 (4.5%) 1.0 25 25 2.0 1.5 1.5
10-20 (8.1%) 1.0 25 25 2.0 1.0 1.0
<10 (0.25%) 1.0 20 20 2.0 0.5 0.5
Seasonally-based Stress Periods: Fall (Oct.-Nov., 6 1 d); winter (Dec.-Jan., 62 d);
spring (Feb.-April , 89 d); and early summer May-Ju  ne (61 d)
>200 (2.6%) 2.3 150 150 3.0 3.5 2.5
150-200 (0.9%) 2.3 125 125 3.0 3.0 2.5
100-150 (0.32%) 2.3 100 100 3.0 3.0 2.5
75-100 (0.55%) 2.3 70 60 3.0 2.5 2.5
50-75 (0.61%) 1.0 60 55 3.0 2.5 2.0
35-50  (1.9%) 1.0 45 45 2.0 2.0 2.0
20-35 (9.7%) 1.0 25 25 2.0 1.5 1.5
10-20 (40%) 1.0 20 20 2.0 1.0 1.0
<10 (18%) 1.0 20 20 2.0 0.5 0.5
Assigned parameters for stream segments downstream from segment 15in italics. The
stream-aquifer parameters were calibrated for seaso nal stress-periods, not individual
events. Assignment of stream-aquifer parameters her ein account for hydraulic features
such as bank storage during high flow periods, embe dded within seasonal or monthly
time scales. !For significant flow events (>75 cfs/stress period) , the assigned streamflow
rate at segment #1 was increased by a factor of 2.3 , to account for additional streamflow
contributions from the Nogales Wash, Sonoita Creek, etc. Streamflow is also added at

segment #12 (HRC multiplier X0.5), north of Tubac, for downstream contributions.  2Stages
apply’s when Manning’s N option is not___ used. When Manning’s N option is applied: Stage
depth (feet) = ((Q*n)/(C*w*S  12))35 where Q is in cfs, Manning’s n = 0.04 (dimensionl  ess),
c is a unit conversion constant (to cfs), w is chan nel width (ft), S is slope in ft/ft. A
sensitivity analysis was conducted for streambed wi dth following the relation, W =
6.62Q0508 Rz = 0.907 (see Nelson, 2007). As with stream stage, this parameter was not
sensitive to modest changes over long-term periods.

Table A.1 Conversion Factors for Stream-aquifer Bou  ndary: Northern Model
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Note that seepage data collected along the effluen t-dominated
portion of the stream shows that the vertical strea mbed conductivity
(strm_Kz) is lower along losing reaches than along gaining reaches, during
baseflow periods. The clogging layer is especially pronounced 1) during

extended periods without floor scour; 2) along reac hes where the depth-
to-water is significant; and 3) along reaches close r to the NIWTP outflow
point, where the organic constituents associated wi th effluent have their

highest concentration.
During calibration, strm_Kz can be adjusted to his torical
conditions, accordingly. For projective purposes, h owever, it is difficult to

anticipate gaining and losing reaches in advance. T herefore an
interactive stream-aquifer boundary that automatica lly adjusts strm_Kz,
based on either gaining or losing conditions, maybe required for future
simulations involving effluent released along the s tream. The ADWR has
inquired about potentially modifying the stream-aqu ifer boundary for

special conditions involving effluent (Prudic, 2008 ). (Note that released
effluent from the NIWTP has promoted riparian growt h and has, to an
extent, offset gains associated with effluent recha rge. In April 2009 the
NIWTP was upgraded. At the time of this writing, it unclear how infiltration
rates have been affected due to the plant upgrade.)

Along non-effluent portions of the Santa Cruz Rive r and major
tributaries including the Micro-basin portion of th e Santa Cruz River,
Sonoita Creek and Peck Canyon, high infiltration ra tes have been
observed along losing reaches. It is assumed that w ithout the release of
effluent, the formation of clogging layer results i n negligible impacts on
infiltration.

Regardless of whether effluent is included in the simulation or not,
the system has historically tended towards long-ter m dynamic (cyclic)
equilibrium conditions, where groundwater levels fl uctuate about long-
term, mean elevations. Note that relatively low gro undwater level
elevations, recorded in the 1950s, rebounded signif icantly by the mid
1960's due to natural recharge, prior to the releas e of effluent.
Furthermore despite the continuous release of efflu ent, water tables
generally declined during the recent dry period (20 01-2006). These results
indicate that the temporal variability of natural s tream recharge is a very
important factor in the hydrologic system of the up per Santa Cruz River
Valley.

Figure A.1 shows hydraulic relations between simulated head, the
state of the system (i.e., losing) and streambed co nductance. The figure
visually depicts the mathematical relationships bet ween various features
of the system including streambed parameters and th e CSTR coefficient,
simulated head elevation as well as 1) gaining, 2) losing and 3) hydro-
static conditions/reaches.
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Micro-Basin Model

Monthly streamflow rates from the HRC model were co nverted to stream-
aquifer boundary parameters for the Micro-basin mod el as follows:
Streambed width = 7.65*Q 04722 Rz = 0.86, where Q is in units of cfs. All
streambed Kz values are equal to 2.0 ft/day. Stage discharge conversion
factors are provided in  Table A.2 below. Also see Erwin (2007).
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Qflow = CSTR * (Stream stage - Streambottom)
constant rate when:

I

. Qflow = CSTR * (Stream stage - head)
head <= Streambed bottom < : » linear rate when: head > streambed bottom
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Figure A.1 Stream-Aquifer Boundary: Relations betwe
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Stream-Aquifer Boundary Stage: Micro-Basin Model

HRC Flow (monthly mean in cfs) Assigned Stage above streambed top
(feet)
<1 0.5
<20 1.0
<90 15
< 1,000 2.0
< 3,000 3.0

Table A.2 Conversion factors for Stage-Discharge Re  lation: Micro-basin
Model
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Appendix B:

Statistical Evaluation of Groundwater Discharge
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Probability (assumed normal distribution)

Probability density function: Simulated Flow betwee
(Groundwater pumpage = 15,000 acre-feet/year)

n NIWTP and Tubac
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Figure B.1 Comparison of normal PDF for the 100X1 B ase model, and the 100X6 ACM
Ensembles: Northern Santa Cruz Model, basecase pump age (15,000 AF/yr)
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Frequency

Distribution of the Number of Years with Net Gainin g Conditions per Realization
Northern Santa Cruz AMA Model (100X6 ACM)
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Number of years having net gaining conditions along Santa Cruz River between the NIWTP
and Tubac (100 years possible) under basecase (15K)  pumpage

Figure B.2 Distribution of Years with Net Gaining C  onditions, Northern Model area

58




Frequency

Distribution of the Number of Years with Net Gainin g Conditions per Realization
Micro-basin area (100X1) Ensemble
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Number of years having net gaining conditions along Santa Cruz River between the Highway
82 Bridge and Guevavi Narrows (100 years possible)  under basecase (2.72K) pumpage
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Figure B.3 Distribution of Years with Net Gaining C  onditions, Micro-basin area
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Note that for both the Micro-basin and Northern mod el, the 1-year
continuous time interval between baseflow periods f or the higher-
demand ensembles (i.e., 19K AF/yr and 3.8K AF/yr), has a lower
frequency-of-occurrence rate, than the Ilower-demand (15K AFl/yr)
ensembles ( Figure B.4 and Figure B.5). This result suggests that higher rates
of pumpage lead to fewer short-term (1 year or less ) intervals without
baseflow, at the expense of more frequent long-term (>1 year) periods
without baseflow.

For the northern model area ( Figure B.4), note that the frequency
(F), as a function of time-period between net-gaini ng years (P), follows a
near-exponential distribution when P is greater tha n 3. For example with
respect to P, the frequency (F) for the basecase (1 5K AF/yr) ensemble
approximates, F = 7,170e (0174P)  When the pumpage is increased to 19K
AF/yr the relation between F and P approximates, F = 8,960e (-0.3'P),

For the Micro-basin area ( Figure B.5), the relation between F and P

also approximates an exponential distribution; howe ver smaller sample
sizes combined faster groundwater level recovery pe riods are assumed to
degrade the exponential distribution patterns for | onger-duration periods,

i.e., P >10 years. Furthermore, deviations from tru e exponential distributions
are also assumed to exist because of the univariate distributions
employed, along with the exponential distributions, in the stochastic re-

sampling schemes. See Shamir et al, 2005.
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Figure B.4 Distribution of Continuous Time Interval s between Baseflow Periods, Northern

Model Area; 600-realizations per ensemble.
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Distribution of Separate Time Periods Between Net G aining Conditions: Highway 82
Bridge to Guevavi Narrows, for the 2.7K (basecase) and 3.8K, Micro-Basin Ensemble
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Figure B.5 Distribution of Continuous Time Interval s between Baseflow Periods, Micro-basin area;
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Relation Between Pumpage and Occurrence of Groundwa  ter Discharge (Gain)
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Figure B.6 Relation Between Pumpage and Occurrence of Groundwater Discharge (Net Gain)
along the Santa Cruz River in the Northern Santa Cr  uz AMA (100 projected years)
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Relation Between Pumpage and Occurrence of Groundwa  ter Discharge (Net Gain)
Simulated Years with Baseflow along Santa Cruz Rive r
between the Highway 82 Bridge and Guevavi Narrows
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Figure B.8 Relation Between Pumpage and Occurrence of Groundwater Discharge (Net Gain)

along the Santa Cruz River between Highway 82 Bridg e and Guevavi Narrows (100 projected years)
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Appendix C

Modifications to the Micro-basin Model
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The Micro-basin model (Erwin, 2007) was modified to allow higher

rates of groundwater flow in the sub-surface layers beneath layer 1 (i.e.,
the Yal unit). The modification facilitates simulat  ed head declines in the

absence of streamflow (i.e., stream recharge) and r ealistic groundwater
level recoveries during simulated recharge periods, consistent with field
data. The modification also represents groundwater discharge patterns
consistent with those observed at Guevavi Narrows. Modifications to the

Micro-basin include the addition of the Mod_KZone 1 , Mod_KZone_2 and

Mod_KZone_3 in model layers 2 and 3 ( Figure C-1 and Figure C-2).

Based on the simulation results of the re-conceptua lized Micro-basin
model, geophysical surveys and exploratory well-dri lling activities are
being conducted by the City of Nogales, the USGS an d the University of
Arizona, at the time of this writing. Provisional r esults of the well-log and

geophysical data independently show unconsolidated sediments and
loose alluvium at significant depth (at least 300 f eet in depth) in the
Guevavi and Santa Fe Ranch areas (personal communic ation with Greg

Hess of Clear Creek Associates; and James Callegary of the USGS, April,
2010). These findings are consistent with the modif ication of the Micro-
basin model. Currently, Mod_KZone_1, Mod_KZone_2 an d Mod_KZone_3
are defined as narrow (~one cell width) high-K zone s. However there may
be alternative configurations of Mod_KZone 1, Mod_K Zone_2 and
Mod_KZone_ 3 (see Figures C-1 and C-2 below) that pr  oduce similarly-
viable solutions in the Micro-basin area. For examp le, similar groundwater

flow solutions may be produced by assigning more mo derate K-values in
combination with broader, cell extents. Regardless of the specific K-zone
configuration in the Micro-basins, both the model r esults and field data
suggest that the subsurface flow beneath the Yal is higher than previously
assumed.

Other modifications to the Micro-basin model includ e the addition
of constant head boundaries (CHB), such that the CH B head elevations
increase linearly from 3,760 ft (column 57) to 3,85 0 ft (column 68) in layers
2 and 3. Regarding the outflow boundaries, general head boundary
(GHB) external elevations (green cells) were unmodi fied from Erwin (2007),

and thus retained at 3,448 ft for layers 1, 2 and 3 for along column 1, rows
18-20 (Figure C-3). In reality, however, groundwater levels associat ed with
this area can fluctuate significantly. Therefore fu ture evaluations of

groundwater flow conditions in the northern portion of the Micro-basin
area may need to modify the northern model boundary to
accommodate these changes, accordingly. Note that t he external GHB
conductance for layer 3 was increased to 1.74E5 ft 2/day, for consistency
with Mod_KZone_3. No other modifications were made to the Micro-basin
model.
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Salero Formation = 5 ft/d
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/
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Figure C-1: Layer 2 Modifications to the Micro-basn Model. Modified K-zone
include: Mod_KZone_1, Mod_KZone_2 and Mod_KZone_3Model cell scale is 660
ft X 660 ft.
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Figure C-2: Layer 3 Modifications to the Micro-basn Model. Modified K-zone
include: Mod_KZone_1, Mod_KZone_2 and Mod_KZone_3Model cell scale is 660
ft X 660 ft
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General Head Cells (rows 18-20). External elevatioset at 3,448 ft.
GHB Conductance of Layer 3 was modified for consishcy with
Mod_Kzone_1 (layer 3), to 1.74E5 ftd.

y 2

'

Added Constant Head Cells. Linear increase from
3,760 ft (column 57) to 3,850 ft (column 68)

||

Figure C-3: Modified Lateral Head-dependent Boundaries assigned
Micro-basin model. Model cell scale is 660 feet X 6 60 feet

in
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Appendix D

Frequency Spectrum of Time Series

Simulated Groundwater Levels
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The simulated heads shown in Section 3 depict complex
modulations comprised of many different forcing sig nals including
consistent annual cycles (seasonal-based ET and pum ping patterns;
monsoon recharge), as well as longer cycles associa ted with less frequent
major flood recharge events (El Nino periods) or dr ought periods. However
it is difficult to understand the embedded cycles w hen evaluating the raw
simulated head data alone.

Transformation from the time-to-frequency domain al lows the
different signals to be discerned and quantified al ong the frequency
domain. Figure D.1 through Figure D.6 show periograms for realizations 2
and 16 at Tumacacori (northern model) and in the Hi ghway 82 Micro-
basin at the Santa Fe well (Micro-basin model). Wit h respect to frequency,
the periodograms represent power spectral density, S(¢"), estimates given

by:

where iis , isin units of radians/sample, eis the base of the natural
logarithm, and [ X, ..., Xn] iS the time-series sequence, i.e., simulated head s
over time. Note that frequencies showing significan t spectral-density
signatures represent influential cycles associated with the raw, time-series
data. For more information about MATLAB periodogram S (smoothing,

etc.) and references about discrete Fourier transfo rmation (etc.), see:
http://www.mathworks.com/access/helpdesk/help/toolb ox/signal/period

ogram.html .

Northern Model Area: For the Tumacacori site, influ ential signals
include the annual cycle (2.7E-3 cycles/day), as we Il as cycles that
generally last 5-years (<0.55E-3 cycles/day) and lo nger. Noise
characterizes the spectrum outside these dominant f requencies. It is
assumed that groundwater stresses (pumping; ET, flo od recharge, etc.),
boundary conditions and aquifer parameters interfer e with one another
and largely prevent the generating of periodic cycl es between one and
five years.

Micro-Basin Area: When applying uniform pumpage, th e smaller Micro-
basin aquifers show similar signals to that observe d at the Tumacacori site.
However simulated groundwater levels in the Micro-b asin area also reveal
prominent cycles near the 2.5 year period (i.e., 1E -3 cycles/day) that may
be associated with the storage buffering capacity o f the Highway 82
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Micro-basin. Figure D.3, Figure D.5 and Figure D.6 show how applying

pumpage - either based on uniform or seasonal distr ibutions - affect the

annualized groundwater cycle: Note how the seasonal , winter-
dominated-pumping scenario attenuates the annualize d cycle, whereas

the seasonal, summer-dominated-pumping scenario acc entuates the
annualized cycle.
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Figure D.1 Spectral plot of Realization #2 (“dry”) at Tumacacori (19K)
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Figure D.2 Spectral plot of Realization #16 (“wet”) at Tumacacori (19K)
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Periodogram of Head_Resample
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Figure D.3 Spectral Plot of Realization #2 at Santa  Fe well (uniform
pumpage 2.7K)
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Figure D.4 Spectral Plot of Realization #16 at Sant a Fe well (uniform
pumpage 2.7K)
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Periodogram of Head_Resample_winter
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Figure D.5 Spectral Plot of Realization #2 at Santa  Fe well. Applied
pumpage equal to 2.7K AF/yr; higher pumping rates a pplied during winter
season
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Figure D.6 Spectral Plot of Realization #2 at Santa  Fe well. Applied
pumpage equal to 2.7K AF/yr; higher pumping rates a pplied during
summer_season
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Appendix E

Historical Photographs of Baseflow

Along Santa Cruz River
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Figure E.1 shows groundwater discharge at Guevavi Narrows in

late May 1998. Groundwater discharge (baseflow) at this site was in
response to the El Nino-driven streamflow recharge events that occurred,
primarily in February and March of 1998. During the spring and early
summer of 1999 baseflow along the surface at Guevav i Narrows had
disappeared. The 1999 monsoon brought significant f lood recharge,
subsequently leading to groundwater discharge at Gu evavi Narrows
during the fall of 1999. See Nelson and Erwin, 2001  for streamflow details.
The relatively dry period observed between 2001 and 2006 has largely
precluded groundwater discharge along most portions of the Santa Cruz

River including Guevavi Narrows.

Figure E.2 and Figure E.3 shows groundwater discharge along the

Santa Cruz River in the spring of 1936, in the vici nity of (present-day) Rio
Rico, Tumacacori and Tubac. These photographs docum ent baseflow
conditions during post-development, pre-effluent pe riod. Despite historical
surface water diversion and groundwater development , Intermittent
baseflow coexisted with a significant riparian habi tat, decades before the
release of effluent. By the 1950's baseflow had bee n effectively
eliminated due to a combination of 1) significant g roundwater demand
for agricultural purposes; 2) a relatively “dry” cl imate observed between
1930 and 1960; and 3) stream channel incision (and probable
downcutting). [Although the straightening and subse guent downcutting
of the stream channel might result in a temporary i ncrease in
groundwater discharge from the aquifer to stream, a long-term reduction
in wetted area - from sinuous to straight - would u [timately reduce long-
term recharge to the floodplain aquifer. Moreover, this process would
have undercut the highly transmissive younger alluv ial aquifer by a
vertical extent equal to the incision depth.]

A series of large floods starting in 1967 destroye d the artificial

channelization of the river. Increased flood rechar ge combined with
decreased agricultural pumpage led to a general ris e in water tables,
and subsequently set the stage for the current ripa rian system observed
today. With respect to conditions observed in the 1 950’s, reduced
pumpage in combination with increased flood recharg e indicate that the

stream-aquifer system was reverting back to more na tural conditions.
Photographs from June 1967 and December 1973 show b aseflow
conditions, similar to those observed in 1936. Sinc e the 1970’'s effluent
discharge has reinforced shallow groundwater levels and augmented
dense riparian vegetation, creating an artificial d emand even during dry
periods.

Historical locations of groundwater discharge alon g the Santa
Cruz River (US portion) include 1) Buena Vista (nea r the International
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border); 2) Guevavi Narrows; 3) near the Peck Canyo n confluence (see
Figure E.4 below); 4) along the river near Tumacaco ri; and 5) along the

river near Tubac. Shallow water tables also existed during pre-
development times along the Santa Cruz River near t he Canoa Ranch,
south of Green Valley, approximately 3 miles north of the Santa Cruz AMA
boundary.

Figure E.1 Groundwater Discharge along Santa Cruz R iver at Guevavi
Narrows, May 1998

Figure E.1 faces southeast. Note the Nogales Format ion outcrop and

surface water diversion structure (destroyed in the 1983 flood) in
background. Above the outcrop lay the ruins of the Guevavi Mission,
founded in 1691. A relation between the depth-to-wa ter at monitoring
well, (D-23-14) 27add and groundwater discharge at Guevavi Narrow is

discussed in Nelson and Erwin (2001). One-half-mile  upstream from this site
there was no flow at the surface.
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Josephine Canyon

Groundwater
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Peck Canyon

\ Present-
day Rio

Rico

Figure E.2 Groundwater Discharge along Santa Cruz R  iver between Peck
and Josephine Canyons, Spring 1936

Upstream (south) of Figure E.2, photographs from 19 36 show surface water
(baseflow) from both the Santa Cruz River (Micro-ba sin) and Nogales

Wash infiltrating immediately below their confluenc e. Today, near-
perennial surface water flow from the Nogales Wash infiltrates near the
Santa Cruz River/Nogales Wash confluence, above the Sonoita
Creek/Santa Cruz River confluence. Photographs from 1967 and 1973,
exhibit similar streamflow patterns during baseflow periods. This
photographic evidence along with model results, sug gest that high
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transmissivities in the (present-day) Rio Rico area , conduct/facilitate high
rates of subsurface flow.

Tubac —

Groundwater

Discharge ——

Baseflow at
Tumacacori
Josephine

Canyon \

Figure E.3 Groundwater Discharge along Santa Cruz R iver between
Josephine (lower right) Canyon and Tubac (top-right ), Spring 1936

Figure E.3 shows the infiltration of baseflow near Tumacacori, and

emanation of groundwater discharge south of Tubac. In the 1936-series
photographs, surface water continued to flow along the surface,
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terminating about one mile North of Tubac, which is the historical limit of
reliable streamflow during the pre-groundwater deve lopment period.

Figure E.4 Groundwater Discharge in Lower Peck Cany  on, April 19, 2010.

Figure E.4 shows groundwater discharge in lower Pec  k Canyon, near the
Santa Cruz River confluence on April 19 t, 2010. The photograph faces
east, and the San Cayetano Mountains can be seen in the background.
Streamflow was estimated at approximately 0.5 cfs. This streamflow
contributes to baseflow in the Santa Cruz River, wh  ich located about 0.3
miles downstream from this site. The streamflow sho wn in Figure E.4
originated from a series of springs located about 3 00 feet upgradient - to
the west - of this site; above the springs all flow was in the sub-surface.

Groundwater discharge at this location was in respo nse to regional
groundwater level rises, based on winter recharge f rom significant (El
Nino-based) precipitation events in January and Feb ruary 2010.
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Appendix F

Flow Zone for Evaluating Net

Groundwater Discharge
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) Tumacacori Well

Peck Canyon;
location of
groundwater
discharge shown
in Figure E.4

(D-23-13)01bhbd
Losing reach g -

0 8000 16000 24000 32000 40000 48000 58080
Figure F.1 Northern Santa Cruz Model Grid: Net Grou ndwater Discharge
Zone between the NIWTP and Tubac Bridge (blue), row s 38-84. Model cell
scale is 1,320 ft X 1,320 ft
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NIWTP
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Santa Fe Well, Highway 82 Micro-basin

Guevavi Narrows

Highway 82 Bridge

| Nogales Gauge, 09480500

Figure F.2. Micro-basin Model Grid: Net groundwater discharge zone between
Highway 82 Bridge and Guevavi Narrows (blue), rows 38-52. Model cell scale 660 ft X 660 ft

82



Appendix G

Parameters and Attributes Associated

with the Northern Santa Cruz Model
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Fundamental Model Parameters for Santa Cruz North
Alternative Conceptual Models (ACM’s) Parameters

Parameter Base ACM1 | ACM2 | ACM3 | Manning | Quasi-SS
(optimal Model ACM ACM
estimates)

Koal NE 0.035 0.046 0.0485 0.0485 0.0397 0.0324
Koal Tubac E 4.92 4.24 7.11 6.89 4.88 4.08
Koal RR 10.5 11.4 7.67 9.36 9.75 4.43
Knog 0.101 0.13 0.142 0.140 0.117 0.119
Knog_Sopori 5.36 4.31 6.77 6.09 5.62 9.84
Koal North 28.9 29.8 32.0 29.5 32.8 30.6
Kyal North 110 124 168 115 117
Kyal RR 702 651 548 740 720 961
KoalSCRFault 1,160

Tributary 8,360 5,050 12,410 10,920 9,070 5,000
Recharge

(long-term)

MF Recharge 1,900 2,420 3,180 2,530 2,150 1,830
(long-term)

Total long- 10,260 7,470 15,590 13,45( 11,220 6,830
term recharge

Stream Stage Stage Stage Stage Stage | Manning's| Stage
Assignment discharge discharge discharge Discharge| N option | Discharge
Stream M? 5 5 5 5 2.5 5

All parameter estimates were derived from non-linea regression. For location of K-zones and weighting
criteria, see Nelson, 2007 (All ACM’s used same vggiting criteria). Hydraulic conductivity (K) values are in
units of feet/day, where Kx = Ky. The Kxy: Kz ratio = 10:1. Recharge units are listed in acre-feet/lyea'Stream
conductance and stage assignment, variable in traiemt mode, is based on stochastic modeiStreambed
thickness listed in units of feet. Information abot streambed parameter are listed in Nelson (2007)na
Appendix A. The Sy for layers 1, 2 and 3 are 0.18).10 and 0.05, respectively. For projective purpose all
assigned head elevations associated with lateral nadary conditions (i.e., CHB; GHB) within the inner valley
were reduced by 5 five feet; this reduction is assued to compensate for the exclusion of released lefnt; this,
however, remains a difficult modeling assumption agd may have significant impacts near southern and mthern
model boundaries. For the 95% confidence intervalassociated with the basecase and quasi steady statéution
see Nelson (2007). Each of these six ACM’s (pluseth\CM posed in Table G.1 - see Nelson, 2007) werether
evaluated by inverse model techniquewith the added assumption that a narrow fault zone exis in layer 3 (K3).
K3 was hypothesized for better structural consistecy with recent Micro-basin model modifications; see
Appendix H. Estimates for K3 and Kyal_RR yield trarsmissivities that are reasonably consistent with milting
transmissivities (K*B, where B = unit/saturated thickness) presented above. Each of the seven solusiamat
include K3 have objective function errors that areslightly lower than their counterparts without K3 (above), but
the differences are not considered to be statistittg significant. Given the similar transmissivity distributions, it
is assumed that on a regional-scale basis, the siXCM solutions shown above hydraulically represent
groundwater flow for their respective ACM. However the inverse model results containing K3 suggest thg
deeper subsurface flow may exist in the Rio Rico buarea. Note that the recharge rates listed represe “long-
term” uniformly-applied rates, and are not associagéd with the variable stream recharge, representedybthe
stream-aquifer boundary, as defined by the stochaist model

Table G.I Fundamental Model Parameters, Northern Mo del Area
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Northern Santa Cruz Model ACM Attributes

Model ACM Descriptions Positive attributes Negative attributes
Also see Nelson (2007)

Base Model Most consistent with original | Simulated heads and Simulates neither the
conceptual model simulated flows generally | most accurate heads, nor

fell within collective range| the most accurate flows
of the set of all ACM with respect to observed
outputs data

ACM 1 Combined Kyal_North and Contains no prior Parameter-estimated
Koal_North into a single information; simplest value of Kyal North is
parameter; thus model is model. Simulates flood least consistent with
parsimonious, and required nprecharge in the Tubac and available (yet limited)
a-priori data for the non-lineaf Amado areas with best | data, and the original
regression: Solution was self{ accuracy of any ACM; conceptual model
contained with only head and| most accurate simulated | parameter
flow data heads north of

Tumacacori (valley)

ACM 2 Includes separate high-K Best areal distribution of | Extensive fault zone
Koal_Scr_Fault zone inthe | Oal heads in the Rio Rico| speculative. Least
northwest portion of the Rio | sub-area; limited field data accurate parameter-
Rico sub-area consistent with estimated tributary
(layer 2, Koal_SCR_Fault): | Koal_Scr_Fault; lowest | recharge with respect tg
Col 21, Row 57,58,61,67,68. | collective model error of | conceptual estimates
Col 22, Row any ACM
60,61,62,65,66,67,68.

Col 23, Row 62-68.

ACM 3 Prior information assigned to| Parameter estimate of Largest overall model
Kyal_North has mean value gfKyal_North is most error; largest simulated
250 (based on mean field consistent with available | head error/offset within
data); yields parameter- field data, Most accurate | inner valley
estimated value of 168 ft/d | steady state flow south of

Tubac (1997-2002)

Manning's N Applied Manning’s N Option | Provides lower head erron Simulates neither the

option ACM for stream-aquifer boundary | with respect to base ACM| most accurate heads, nor
condition; streambed thicknessProvides 2 most accurate| the most accurate flows
= 2.5 feet. All other steady state flow south of| with respect to observed
assumptions consistent with | Tubac. Provides variance| data. Requires
Base model. for stream-aquifer Manning’s N

boundary. coefficient.

Quasi-SS Assumed system state was | Most accurate transient | Estimated parameters

Assumption NOT in true equilibrium: simulated heads, in the Rioless sensitive than othe

ACM (Th/t) 0 = constant. All Rico sub-area, of any ACM'’s (PEST);

other assumptions consistent]
with Base model.

ACM; probably the most
realistic system state

solution requires initial
conditions and storage

assumption

parameters

The ACM’s were developed using a multi-objectivem@ach advocated by Hill (1998) and Neuman
Wierenga (2003). For realizations simulated witle tjuasi-steady solution, the basecase steady
solution provided initial conditions. Unlike trugeady state solutions, the quasi-steady paramstienaed

and
state

solution assumes that the groundwater flow systeas weleasing relatively small rates of water from

storage; in this case, storage release rates e land constant (see Nelson, 2007). All ACM usatie
weighting criteria.

Table G.2 Attributes of the Northern Santa Cruz Mod

el AC
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Appendix H

Observed Net Groundwater Discharge

along Santa Cruz River
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Groundwater Discharge Along the Santa Cruz River
Between the NIWTP and Tubac

Post-Groundwater Observed groundwater Net Groundwater Discharge
Development discharge rate Condition between
Period Continuous Manually NIWTP/Rio Rico and Tubac
March/April 1936 Gaining (photograph)
February 1954 Losing (photographs)
1965 Losing (photographs) °
March & June 1967 Gaining (photograph) 5
June 1971 Gaining (photograph) °
December 1973 Gaining (photograph)
November, 1992 541 Gaining
January, 1993 Gaining/Flood dominated
Winter 1993/94 -5.02 Gaining
Winter 1994/95 Gaining; Flood dominated
Winter 1995/96 -6.4 1 -6.6 1 Gaining
Winter 1996/97 -46 1 -6.41 Gaining
Winter 1997/98 -58 1 -4.01 Gaining
Winter 1998/99 -3.8 1 -7.01 Gaining
Winter 1999/00 -48 1 -6.0 1 Gaining
Winter 2000/01 Gaining; Flood dominated
Winter 2001/02 4.2 1 -3.41 Gaining
Winter 2002/03 +4.53 Losing
Winter 2003/04 +2.43 Losing
Winter 2004/05 +1.53 Losing
Winter 2005/06 +7.13 Losing
Winter 2006/07 +7.53 Losing
Winter 2007/08 +3.08 +0.3 12 Losing/ Hydrostatic
Winter 2008/09 -0.5 34 -1.51 Gaining
December 2009 Losing®

1Seasonal average from Nelson (2007).  !aAverage net flow between Rio Rico and Tubac, Januar y
and February, 2008 (Source: ADWR Basic Data unit).  PAverage net flow from late November 2008
through April 1 st 2009 between Rio Rico and Tubac (Source: ADWR Basi ¢ data unit). 2From a
presentation by Duncan Patten of Montana State Univ ersity, entitled “Effluent, A “New” Water
Source: Asset or Problem” — slide 17 of 36. 3Net flow between NIWTP (IBWC) and USGS gauge at
Tubac for the months of December, January and Febru ary periods with minor flood runoff were
separated from baseflow data at Tubac. 4Assumes evaporation loss of 0.5 cfs between NIWTP a nd
Tubac ~15 river miles. °5From Applegate (1981). ®Provisional Source from USGS and NIWTP (IBWC).
Note that “-"indicates net gaining reach (blue ); “+” indicates net losing reach (red). All units in cfs.

Table H.1 Observed Groundwater Discharge
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Stream Flow - Santa Cruz River: Baseflow Gaining (g  reen); losing (red)
:<---Intensive Drought----> :

10000

1000 l

100 H

flow (cfs)

1 : L

10 | " “‘.,l ATl 'x | ,u‘!l.m “

10/1/95 9/30/97 10/1/99 9/30/01 10/1/03 9/30/05 10/1/07

9/30/09

Figure H.1 Streamflow conditions along Santa Cruz R  iver near Tubac,
October 1995 to September 2009

Green segments represent winter periods when stream flow rates at Tubac
exceeded effluent discharge rates released at the N IWTP, or net gaining
conditions along this reach. Red segments represent winter periods when
streamflow at Tubac was less than effluent discharg e rates, released at
the NIWTP; or net losing conditions along this reac  h. Note that net gaining
or net losing periods reflect non-runoff conditions
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