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Abstract. In this paper, a new method for estimating gross be used in conjunction for a full range of estimates. These
gains and losses between streams and groundwater is dev&@GE methods can also be used in conjunction with other end-
oped and evaluated against two existing approaches. Thesaember mixing models to acquire even more hydrologic in-
three stream to groundwater exchange (SGE) estimatiofiormation as both require the same type of input data.
methods are distinct in their assumptions on the spatial dis-

tribution of the inflowing and outflowing fluxes along the

stream. The two existing methods assume that the fluxes are

independent and in a specific sequence, while the third and Introduction

newly derived method assumes that both fluxes occur simul- ) ] ]
taneously and uniformly throughout the stream. The analyticGroundwater and surface water interactions are an important
expressions in connection to the underlying assumptions arBrocess in hydrologic systemé/{nter, 1998. These interac-
investigated through numerical stream simulations to evaluions within and around streams and rivers impact decisions
ate the individual and mutual dynamics of the SGE estima-On mun|.C|paI water supply extractions, water poIIutlo.n,. river-
tion methods and to understand the causes for the differencdg€ habitat, and many others. To make better decisions on
in performance. The results show that the three methods prdl€se impacts, the stream to groundwater exchange (SGE)
duce significantly different results and that the mean absolutd'€€ds to be accurately quantified as stream losses and gains
normalized error can have up to an order of magnitude dif-c@n agcount for a substantial proportion of the total flow and
ference between the methods. These differences between tiggemical load of a stream. . _

SGE methods are entirely due to the assumptions of the SGE N general, when people consider how to estimate the
spatial dynamics of the methods, and the performance for 40w losses or gains along a stream reach they would take a
particular approach strongly decreases if its assumptions ardischarge measurement upstream, a discharge measurement
not fulfilled. The assessment of the three methods througtflownstream, subtract the two values, and the result would
numerical simulations, representing a variety of SGE dynamP€ considered the gain or loss of flow within the stream
ics, shows that the method introduced, considering simultal®ach. Although this may be a relatively simple procedure
neous stream gains and losses, presents overall the highd8t@ccomplish, the assumption that all flow within a stream
performance according to the simulations. As the existingrach must be either flowing into the stream or flowing out
methods provide the minimum and maximum realistic val- Of the stream is in many cases an over simplificatidasro

ues of SGE within a stream reach, all three methods could"d Hornberger1 991 Harvey and Bencald 993. Depend-
ing on local topography, geology, and the groundwater table,
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gains and losses into and out of the stream can be very dy-
namic even over short distancésafvey and Bencald 993
Anderson et a).2005 Payn et al. 2009. Consequently,
what might have originally been estimated as a small gain to
the stream from simply subtracting the upstream and down-
stream discharges might end up becoming a small loss out of
the stream and a large gain into the stream. Without a proper
method to estimate SGE, any attempt at estimating a water Qioss

g;rggnem mass balance would be difficult and laced with Figure 1. A conceptual overview of the major inflows and outflows

within a stream reachQyp is the upstream discharge in volume per
Harvey and WagngR000Q and many other researchers use time, 0 4.unis the downstream discharg@gain is the groundwater

a more realistic conceptual model of flow pathways within @ entering the streanQ)ossis the stream water leaving the stream to
stream (Figl). These major flow pathways include initial (or - the groundwater, an@pyy, is the hyporheic flow water that is tem-
upstream) discharged(p), final (or downstream) discharge porarily leaving the stream into the hyporheic zone. (Reproduced
(Qdown), stream gains from groundwateQgain), Stream  afterHarvey and Wagne200Q)
losses to groundwatetXoss), and hyporheic flow Qnyp). In
this conceptual modeQ gain is considered to be pure ground- ) . .
water entering the stream, am@loss is Stream water per- Survey) Runkel 1998. While able to estimate fluxes in
manently leaving the stream. Hyporheic flow occurs whenStéady-state conditions, these types of models are primarily
stream water temporarily leaves the stream into the surrounddesigned for non-steady-state conditions and provide many
ing groundwater (or more specifically the hyporheic zone),0Utput parameters in addition to the inflow and outflow
but returns again to the stream at some downstream locatiodluxes and, as a consequence, require more input data than in
During this temporary departure from the stream, additionalsteady-state conditions for estimating only SGE (e.g., stream
biochemical reactions may occur that would not necessarilycross-sectional area, flow advection, flow dispersion, etc.).
have occurred while in the stream itself. The mass is still re-Additionally, the OTIS type models would require the esti-
tained in the stream and not lost (permanently) to the groundMation of parameters, through a trial-and-error or an auto-
water. Although the hyporheic flow pathways do occur and mated nonlinear least-squares (NLS) procedure, that are not
can be very important for stream ecosystems (e.g., the movedirectly measured. Under steady-state conditions, the data
ment of oxygen into the hyporheic zone, nitrogen cycling, and parameter requirements for estimating only SGE are sub-
etc.), hyporheic flow will not be directly addressed in this star_1tia||y lower requiring only discharge and tracer concen-
study as the authors are most interested on fluxes that are pfation measurements upstream and downstream. If a steady
manently adding or removing mass over a significant lengtrState is appropriate, then analytical methods are sufficient.
of stream. As hyporheic flows only temporarily leave the There are two existing analytical methods to estimate SGE
stream, the mass of the water is still retained over sufficientinder steady-state conditions ignoring hyporheic flow paths.
distances. These methods use simple mass balance equations to esti-
There are a number of methods to estimate gross streaffate both gains and losses within a stream reach and assume
gains and lossesk@lbus et al. 200§. The general cate- that the fluxes are independent and in a specific sequence.
gories are seepage meters, (heat or chemical) tracer tests, altithis paper, a new analytical method has been developed
hydraulic gradients derived from groundwater piezometers.“smg different assumptions on the spatial distribution of the
Each has advantages and disadvantages. Seepage meters Bii@wing and outflowing fluxes along the stream. The new
groundwater piezometers are point measurements that Ca‘;patigl distribution assumptions are §imu|taneous and uni-
be accurate at a Speciﬁc point, but in a heterogeneous Sygorm inflows and outflows over the entire stream reach.
tem they may not represent the stream as a whole. However, The goal of our study is to quantitatively evaluate the ac-
chemical tracer tests are an aggregation of all fluxes along §Uracy and sensitivity of the new method against the exist-
stream reach, but do not represent any particular point alon%’;g steady-state SGE tracer methods. This evaluation is per-
the stream. For this study, the focus is on the total aggregatetPrmed through a combination of analytical comparisons and
flows over the stream reaches, so chemical tracer tests wefé!merical stream simulations as described in the following
found to be the most appropriate and inexpensik@bus ~ Sections.
et al.(2006 andScanlon et al(2002 have a more thorough
qualitative review of the different SGE methods.
Using chemical tracer tests for the source of data, the es-
timation of gross stream gains and losses is most frequently
performed through numerical models like those similar to the
OTIS (One-Dimensional Transport with Inflow and Storage)
model developed by the USGS (United States Geological
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2 Methods A B o
Loss-Gain Gain-Loss Simultaneous

Qup Qup Qup

2.1 Theoretical basis of the SGE tracer methods

All tracer based methods designed to estimate SGE start with
the conservation of mass equations under steady-state condi-
tions for both the tracer and the water flux and assume com-
plete mixing of the individual flows: Qioss anin

QupCup+ anianain: QdownCdownt QlossCloss, (1)
QOuptQgain=Qdownt Qloss 2 anin Qioss

where Qgown is the downstream discharge (in volume per
unit time), Cqown is the downstream concentration (in mass anin Qioss
per unit volume),Qyp is the upstream discharg€;,, is
the upstream concentratio@gain is the discharge from the
groundwater to the streanCgain iS the concentration of
Qgain Qloss is the discharge from the stream to the ground- Qdown Qgown Qdown
water, andCoss is the concentration of|oss.

If we assume thaCgain will be estimated later from the
tracer test, then there are three unknown variables g fip,

Figure 2. The conceptualizations of the three SGE methods.
(A) The LG (min) method assumeyain occurs in the first section

. followed by Qjoss in the last section(B) The GL (max) method
Qloss: andCiosg) and two equations. As we want to solve for assumesD|oss occurs in the first section followed b@gain in the

Qgain and Qjoss We must make some assumption abBlts |4t section. Both the LG (min) and GL (max) methods assume that
to make the derivation solvable. The two existing SGE estl-Qgain and Qj0ss0CCUr in sequence and independently, although the
mation methods mentioned in the introduction make specifigengths of the first and last sections are arbitrary and can be of any
assumptions on the distribution of gains and losses throughtength that when summed together equal the total ler@hThe

out the reach (see Fig@) to make appropriate assumptions SIM method assumes thélgain and Q|oss are constant and occur
aboutCoss The first method, we call “Loss—Gain” assumes simultaneously throughout the entire length of the stream reach.
Closs= Cup, While the second method, we call “Gain-Loss”,

assumeg|pss= Cdown. IN both variants, the methods assume c

that the mixing ofQ yainCgain @aNd Q|ossCloss are mixed sep- . up

arately and in a seguenge defined by the above assumptiong.loss’GL_QUPCdown_Qdow”’ ®)

The Loss—Gain variant assumes that the mixing sequence

begins with Qjoss followed by Qgain, While Gain-Loss is and Qgain becomes

vice versa.

Combining Egs. 1) and @), the solution forQjess for  Qgain,L.6=Qdown (1— Cdow”), 9)
Loss—Gain is Cup
C
Cdown—Cgain L — ( up —1) 10
— — 2 ). 3 anln,GL—Qup . ( )
Qloss,L.=Cup Qdown( Cup—Caain ) 3 Cdown
Similarly, the equation foD|qss for Gain—Loss is These methods can be applied conceptually along a stream
Cor Coo length as illustrated in the A and B sections of R2g.Qp
Qloss,c1=0up (M) — Qdown. (4) is the upstream discharge amljown represents the down-
Cdown—Cgain stream discharge. Depending on the equation var@giin

To get Qgain for both methods, we need to include Eg) ( is added om|ossis removed fromp,p at the beginning of the

into Egs. B) and @): stream andQ|oss is removed 01Qgain is added at the end of
the stream resulting in a downstream discharg@ @fun. As
Qgain Le=C0down (CdOWH_CUP> ’ (5) these methods make no assumptions about the exact location
' Cgain—Cup along the stream fo@ gain and Qjoss, they can occur over any
Ouaincl=0 Cdown—Cup (6) length of the stream as long as they occur in sequence and
9anCL=LUP € ain—Caown) independently.

e . If a stream reach has some amountfin, then there is
If we use an artificial tracer (e.g., bromide salt), we can safely o : :
, . _“a certain significance to the Loss—Gain and Gain—Loss meth-
assumeCyain~ 0 and the resulting equations are as follows: ; : .
ods. The concentration of the conservative tracer starting at

Cdown 7 the location ofQp and ending at the location @ gown will
Qtoss,Le=Qup—Cdown Cup () have a tracer concentration that starts at the value gf
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changing towards the concentration@jfain WheneverQ yain Qup
enters the stream, and finally ending downstream at a value 0
of Qdown (Which again is a value towards that 6fain). As up
this occurs in every possible stream reach wh@ggin> 0 .
and Cgain# Cup 7 Cdown, Cup and Cgown represent the end- Simultaneous
point concentrations along a stream reach. Subsequently, the o
Loss—Gain (with theC,p assumption) and Gain—Loss (with qg‘ul_;lilg“m
the Cqown @assumption) methods represent the minimum and
maximum possible SGE values given the initial mass balance Q(x) Q(x) + —dx
assumptions from Eqsl)and @). This also means that any xr Oz
other SGE method must result in SGE values between the _> aC
Loss—Gain and Gain-Loss methods. To provide the reader C(x) | dr C(x) + ——dx
with an intuitive sense of both the underlying spatial distri- ox
bution assumptions and the end point that these two methods RRRN
represent, the Loss—Gain method will be called “LG (min)” Qloss C'(x)
and the Gain—-Loss method will be called “GL (max)”.

From studies that tested multiple stream reaches for SGE,

almost every stream reach had both gains and losses regard- Q
less of the method and of the reach lengiimderson et a). Cdown
2005 Ruehl et al. 2006 Payn et al. 2009 Covino et al, down

2011 Szeftel et al. 2011). Additionally, studies that have  Figyre 3. A conceptual representation of the analytical formulation
tried to identify the spatial distribution of groundwater in- of the SIM method.

flows and outflows to and from the stream have found a wide
variety of diffuse flow locations throughout the stream and o ) )
were not limited to one or two flow locations every sev- Wherex is distance along the stream(x) is the discharge
eral hundred metersvialard et al, 2002 Wondzel| 2005 at lengthx, ggain is the added.dlscharge per u.nlt length of
Schmidt et al.2006 Lowry et al, 2007 Slater et al.2010). stream, andyjoss is the lost discharge per unit .of length.
This indicates that even short stream reaches typically hav80th ggain andgioss are assgmed constant for a given stream
many instances of gains and losses to and from the strearrr?"?‘Ché er(1x)the one-dimensional and stationary case, we can
and that limiting the flux instances to one flux each re-Write == dx =dQ. After rearranging and integrating from
gardless of the stream length may not be the most accurat&'® beginning of the reach over an arbitrary length,
assumption. 0(x) X

Following this rationale, this paper presents a new method do— L dr
based on a different assumption for the spatial distribution 0= | (qgain—ioss) dx.
of SGE as compared to the GL (max) and LG (min) meth-Qup 0
ods, ne_lmely that botl® 4ain and Q{oss occur simul_taneou_sly which becomes
and uniformly throughout the entire stream section. This new
method is denoted as “SIM". Equations requiring the sameQ (x)=Qup+ (¢gain—4ioss) X- (13)
input data as the GL (max) and LG (min) methods are de-
rived in Sect2.2and length is integrated into the mass bal- Then, applying mass balance for the tracer,
ance equation (Fig).

(12)

m(x)+cgain619aindx
2.2 Derivation of the method for simultaneous gains . dm (x)
and losses —(m(x)+ ™ dx | +C (x)giosdx, (14)

In this section, the fundamental equations of mass balance fofheres(x) is the mass flow at length, C(x) is the con-

the tracer and water flows will be applied on a control volume centration at length, andCgain is the concentration afgain.
represented in Fig8 under the assumption of simultaneous 7 (x) is defined asi(x) = Q(x) - C(x). The inflowing con-
and uniform gains and losses throughout the stream reacfentrationCqainis assumed constant for a given stream reach.
and stationarity in time in order to obtain the expressionsAg_a'”an?x)the one-dimensional and stationary case we can
predicting Qgain and Qloss as functions 0fQup, Cup, Qdown, write =5~ dx =dm. Taking into account the definition of

CdownandCgain. First, applying mass balance for discharge: /(x), we can writedm =d(C - Q)= Q-dC +C-dQ. Rear-
ranging the equation we get

a
Q(x)—FCIgaindXZQ(x)-l-a(x)3de+‘]Iosst, (11) Q(X)dC=Cgain¢ZgaindX—C(x) (dQ+qiosdx) . (15)
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Substituting Egs.12) and (L3) for Q(x) andd Q respectively ~ Equations 21)—(24) are discontinuous whe@up= Qdown.
in Eq. (15), and rearranging, yields Fortunately, this is a removable discontinuity and can be
solved by applying L'Hépital's rule Arfken and Weber

dc= Cgainggaindx—C (x) [(QQain_‘IIOSS)dx""NOSdel (16) 2009. Applying L'Hépital’s rule to Eq. 21) and differen-

Qupt (anin—qloss)x tiating for Qyp results in the following:
Simplifying _and integratin_g from the beginning of the reach Cdown—Cgain
over an arbitrary length yields Qgain,siv=—Qup' In | ————— . (25)
Cup—Cgaln
C(x) x _ _ . "
dc . dx 17 Equation R5) is the solution for the condition that
/ C(x)_cgam——CIgamf Qup+ (Clgain—éﬂoss)x 17 Qup= Qdown and applies to bott®gain,sim @and Qloss,sim as
Cup 0 they will produce the same result in that situation. This is

only a mathematical exception and should not be needed in

practice asQp and Qgown Should not truly be equal when
C(x)—Cgain dgain Qup+ (qgain—ioss) X measured in the natural environment due to the natural het-

In = In - (18) erogeneity of streams and the inherent measurement error of

which becomes

Cup~Coain 4gain™ dloss Qup the method to measure discharge.
Evaluating Eq. 13) for x =L, whereL represents the total Naturally occurring tracers (e.g., chloride salt) can also
length of the stream reach, yields be applied to the SGE equations with additional information
Odown— aboutCgain. As long as a quasi-steady-state condition applies
down Qup

(29) and thatQgain > 0, the only additional information to be col-
L lected would be the&yp and Cgown prior to the injection of
Substituting Eq. 19) in Eq. (18) and evaluating forc =L the tracer. For the derivation, we can use any one of the three

dgain—{loss—

yields SGE methods (six possible equations) and they all will pro-
Coe o _ 0 qluce the same fingl equation as the final equation is not re-
|n-down—*gain_ _ 9gain . Zdown (20) lianton spatial distribution assumptions. For a more thorough
Cup—Cgain m Qup derivation starting from the initial mass balance equations,

refer to AppendipA. For simplicity, we will use th&gain,Lc
equation from Eq.5). As the value ofQgain, . Will be the
[Cdown—cgain] same before and after the tracer injection, we can make two

Calling Qgain=qgain- L and rearranging yields

Cup—Cgain versions of theD 4ain L before and after the tracer injection
i — _— = 21 i . gain. . S
Qgain,siv= (Qup—Qaown In [ Qdown] (1) with a differentCyp and Cqown prior to the injection of the
Qup tracer and post injection of the tracer.
If we supstltute Eq.2) for Qgain,simin Eq. 21), the solution Cdown,prior—Cup,prior
for Qiossis Odown
Cgain—Cup,prior

(26)

|n [ Qdown(cdownfcgain) ]
Qup(cupfcgain)

—04 (Cdown,post—cup,post)
Oloss,SIM= (Qup— Qdown) : own
|

(22) Cgain— Cup,post

Qdown ] ’

Qup and with some rearrangement, we come to our final equation:

where Qgain,sim and Qoss,sim are the SIM equations for the
SGE into and out of the stream, respectively.

As with the previous methods, if we use an artificial tracer Cyajin=
(e.g., bromide salt) we can safely assu@gin~ 0 and the

Cup,priorcdown,post—Cdown,priotcup,post (27)

Cup.prior— Cup,post— Cdown,priori‘cdown,post’

resulting equations are as follows: where Cyp prior IS the upstream concentration prior to the
infe down] tracer injection Cyp postis the upstream concentration from
_ Cup the tracer injectionCdown prioris the downstream concentra-
Qgainsi= (Qup—Qdown) In [M] (23) tion prior to Jthe tracer injpection, anGdown,postis the down-
Qup stream concentration from the tracer injection. The only main
and disclaimer to the application of this equation in the field is
that the difference betweafyp prior aNd Cgown,prior Must be
In [Q"QLE""W”] large enough to be statistically significant when estimated
Qloss,sIv= (Qup— Qdown) Qup = (24)  using available laboratory or field measurement techniques.
In [5—31,“"] The accuracy of the measurement techniques is a general

problem for any chemical tracer test performed to estimate
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SGE. If the difference between th@yp and Qgown is very the ARIMA model was designed to take a random discharge
small, much tracer may be needed to accurately measure @f between 1 and 5L as input discharge and a random
concentration difference betwe€lyp and Cgown. This issue  input tracer concentration of between 20 and 150 myio
will become more important with larger rivers as the pro- represent practical tracer test concentrations.
portion of the Qgain and Qjoss to the Qyp is substantially In an attempt to create realistic simulations of the streams,
reduced. we tuned the ARIMA model to have spatial flux dynamics
It would also be possible to estimatgain from ground-  based on studies using distributed temperature sensing (DTS)
water piezometers adjacent to the bank of the stream. As thef groundwater inflows within stream&dwry et al, 2007,
intent of our study was to determine integrated values oveWesthoff et al. 2007 Briggs et al, 2012 Mwakanyamale
a stream reach rather than point values, we preferred to uset al, 2012. The quantitative surrogate we used for the spa-
Eq. @7) as itis an integrated value Glyain. tial flux dynamics was the average length that the fluxes
The application of tracer methods to measure SGE in thevould switch from inflow to outflow or vice versa within
field is typically performed by two different techniques: con- a stream reach. For example, if we simulate a stream with
stant injection and slug injection. These two techniques havel000 m total length and the fluxes in this stream oscillate be-
been well researched in the scientific community and will tween inflows and outflows 10 times then the average length
not be evaluated in this studyMagner and Harveyl997 per switch would be 100 m. For our simulations, we used two
Payn et al. 2008. Both techniques can be used with the different switch lengths of 100 and 200 m and total stream
above SGE methods and provide very similar results. Aslengths of 1000 and 2000 m. The switch lengths had a strong
slug injections cause th€yown to NOt be in a steady state, linear relationship with the correlation lengths and resulted in
Cdown Must be continuously measured and integrated ovecorrelation lengths of 40 and 70 m for the switch lengths of
the measurable period of time. A more thorough explana-100 and 200 m, respectively. Correlation length is commonly
tion can be found irPayn et al.(2008 2009 and Covino defined as the length ayd on the autocorrelation distribu-
et al.(2011). For simplicity, we will assume constant injec- tion (Bléschl and Sivapalari995.

tion with steady-state conditions. We used stream lengths of 1000 and 2000 m in the sim-
ulations for two main reasons. First, the stream lengths of
2.3 Evaluation methods 1000 and 2000 m scale well with the switching lengths of
100 and 200 m and could easily be converted to nondimen-
2.3.1 Analytics sional values if needed. Second, the lengths fit within prac-

tical tracer test lengths that have been performed in the past
All three SGE methods were broken down analytically to bet-to determine stream to groundwater exchange, albeit towards
ter understand the dynamics of the equations of the methodshe upper endGovino et al, 2011). In practice, the appropri-
We wanted to know what caused the differences in the reate stream lengths will be dependent on the discharge in the
sults of the three SGE methods and how these differencestream, the available mass of tracer, and the sensitivity and
were related. The relative differences between the methodaccuracy of the laboratory analytical methods.
were accomplished by the ratio of one method’s equation to The ARIMA model allowed us to create 5000 simulations

another both analytically and illustratively. of stream fluxes within a hypothetical stream. We ran four
series of 5000 simulations. Series A had a 1000 m stream
2.3.2 Numerical simulations length and a 100 m average switch length, series B had a

1000 m and a 200 m average switch length, series C had a

Perfect measurements or estimates of SGE are impossibt2000 m and a 100 m average switch length, and series D had
using any existing method. Arbitrarily comparing results of a 2000 m and a 200 m average switch length. The spatial dis-
different methods using field collected data will only indi- cretization of the model was 1 m for all series and simula-
cate that the different methods produce different results, andions. These four series of simulations were to test the effects
it will not indicate if one method is more accurate than an- of both length and intermittency on the stream flux methods.
other. Consequently, we thought that it would be appropriateWithout loss of generality, we defin&tain= 0 for the simu-
to simulate artificial streams with known SGE for compar- lations, which would be equivalent to the use of an artificial
isons. With SGE perfectly known, we could effectively eval- tracer (e.g., bromide salt) for the tracer test.
uate the accuracy of the different methods. We tested two distinct assumptions when deciding on the

We simulated the lateral inflows and outflows per unit appropriate SGE ARIMA model. One assumption was that
length throughout a stream using an autoregressive inteboth Qgain and Qjoss can occur simultaneously at one point.
grated moving average (ARIMA) model performed using the For example, if the groundwater table is sloped perpendicu-
arima.sim package in the R statistical computing environ-lar to the stream then water would be flowing into one side
ment R Development Core Teari2011). The routine gen-  of the bank, while water would be flowing out of the other
erates a variety of artificial time series with both a random-side of the bank. In this assumption, we created two separate
ness and memory component. To represent a small strearand independent vectors Ofyain and Qoss along the stream.
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The second assumption was that b@thain and Qoss can- losses) for each of the four methods. Each vector contains
not occur simultaneously at one point. In this assumption,5000 elements, one for each scenario. To make an overall
only one vector of SGE was created that could oscillate be-evaluation for each method, we simply took an average of all
tween Qgain and Qoss We decided to omit the option for of the scenarios in each series for both vectors of gains and
simultaneity ofQgain and Qjossthroughout the stream as this losses:

assumption coincided too closely with the assumption in the

SIM method. To ensure a more rigorous evaluation againsgmzl angm (29)
the SIM method, we decided to omit the ARIMA model as- ne=

sumption of simultaneity and only use the nonsimultaneity

assumption for the simulations. whereg™ is the mean absolute normalized error (MANE) for

We attempted to simulate the stream with realistic dynam-each methodn (either flux leaving the stream or entering
ics of SGE, but we also tried to keep the model complexitythe stream) and is the total number of scenarios in each
as simple as possible. Although we did attempt to cover aseries (5000). This is a compound measure of relative bias
wide range of SGE conditions when creating the many simu-and accuracy.
lations, we undoubtedly did not cover all possible SGE con- We also used the normalized root-mean-square error
ditions that could exist in nature. Realistically, the scientific (NRMSE) as a supplement to the MANE:
community does not even know the full range of possibilities

for natural SGE. We have also likely created simulations of 1 " 2

SGE that do not exist in nature. Both issues are unavoidable n §1<Qesn‘_Q"U9i)

when creating hydrologic simulations, particularly with the NRMSE=-1—— - . (30)
stochastic generation approach used in this paper. The hope % 3 Otruei

is that the flux distributions of the simulations do closely rep- i=1

resent reality for the purpose of our evaluation.

The statistical evaluation consisted of several methods ana_he use of the NRMSE to supplement the MANE is to pro-

procedures. First, we took all of the simulated Scenariosvideahigherweight to larger errors and scatter as compared
: the MANE.

(5000 in our case) within an individual series and averageoto o i _
In addition to calculating the™ for all of the SGE meth-

the inflows and outflows for each simulation. This gave us

an average inflow to the stream and outflow from the streanfdS: We compared thg” within each of the SGE methods to
over the entire length of the stream for each scenario andl€termine how frequently one method outperformed another:

served as our "true" values of the fluxes that the other SGE

methods would be compared to. Next, we calculated the SGE LI 1 ifeMl — gm2

of each scenario using the three SGE methods from the startmi,mz=— E b D (31)
) : . . n 0 ifeM > gl

ing and end values of the scenarios. We did not include ad- i=1 i ="

ditional randomness in the input values for the SGE meth- h is the f f ml SGE hod
ods, which would equate to measurement error. This is dug/ 1€r€/m1,m2 IS the frequency of m method outper-
rming m2 SGE method.

to the large variety of measurement devices and technique . .
J Y N Oncee" andg™ were estimated, we wanted to determine

that could be used in a tracer test, and each device and tecﬂ; fh in the individual methods. Thi
nique would have different measurement errors associate € causes ol the errors in the Indivigual methods. This was
accomplished through a correlation&f to various combi-

with them. Additionally, we calculated the net flux (we will _ .

call “Net”) simply by subtracting?yp from Qgown. We con- nations of the input parameters.

sidered the Net as the upper error benchmark for the evalua-

tion as the estimation of Net requires less information and

should therefore perform worse than the other three SG

methods that require more information. 3.1 Analytics
Once the SGE was calculated for all of the methods to be

evaluated, we used as a performance measure the absolupehen there is 0 flux of eithe@gain OF Qioss all three equa-

Results

normalized error for method: and for each simulation, tions produce the same results. For exampl@,dts=0 then
defined as Eq. @) becomes
m Q?sti - Qtruei .
i = Q— i=1, ..., 5000 (28) Qdown=Qup+ Qgain- (32)
truej

where Q(Tsti is the estimated gross gain or loss value from As Qgown and Qup are previously known, there is only one
the SGE methog: and simulationi and Qtre; is the average  solution for Qgain regardless of the other equations. Simi-
flux from the ARIMA model at simulatiori. The results of  larly, as the ratio 0fQgain t0 Qloss grows to infinity or to 0,

e™ are two vectors (one for gross gains and one for grosghe results for the three equations will converge.
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Figure 4. Relative comparisons between the different methods due to changes in the input ratios. The rows are the ratios of two of the SGE
methods and the columns are the results@fss and Qgain- In the two graphs in the middle panels, for example, if the ratio of the input
parameter€’yp andCgown is 5 and the ratio of the input paramet@gp and Qgown is 1 then the SIM method will result i@|ossand Q gain

being approximately 2 times larger than the LG (min) method. T hres of% is on a logarithmic scale to ensure equal space weighting

on the plot forQup and Qgown. Thex axes are plotted from 1 to 10 &%p > Cgown-

Although somewhat obvious, if all of the assumptions are The GL (max) and LG (min) methods are very similar, and
met for any of the SGE methods then the method will per-subsequently can be compared quite easily. Dividing the in-
fectly reproduce reality. For example, if there is only inflow flow and outflow equations for the two methods can show the
to the stream from 1-100 m followed by only flow out of the rate of increase of one method over the other:
stream from 101-1000 m then the GL (max) equation will es- QossoL Cup

timate both fluxes perfectly. = (33)
R .. QIoss,LG Cdown
If anin >0 and if Cgain < Cup then Cdown < Cup Simi-
Cup and Cgown are the concentration end points within the QgaincL  QupCup (34)

stream reach. As formulated in Eqg)+(10), the LG (min) Qgaintc  QdownCdown

and GL (max) equations are divided by the end-point concen- . .
trations of the stream and will therefore represent the mini- ©F POt Qloss and Qgain, GL (Max) grows from LG (min) at

; - a rate proportional to the concentration ratio, and additionally
mum and maximum values of fluxes within a stream reach.

The LG (min) equations will always produce the minimum Qgain grows with load ratio. A9ioss and Qgain increase in
. . . a stream reach gown Will change andCgown Will decrease.
flux values, while the GL (max) equations will always pro- ; .
. . .In the case of a lowef 4own caused by higher SGE, the ratio
duce the maximum flux values. Consequently, as LG (min) .
. ) between the results of GL (max) and LG (min) grows larger
and GL (max) have the minimum and maximum flux values, (Fig. 4)
:)heivcggr:/?rizet?/v?r the SIM equations must be somewhere in Unfortunately, the SIM method does not simplify nearly
' as well as the others due to the nonlinearity of the SIM equa-
tions. For a better visual comparison, the three methods were

I
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Figure 5. The major input and output parameter density distributions of the ARIMA numerical model for series A (1000 m with 100 m
average switch length).

plotted together with axes of concentration and discharge raspread. The numerical simulations indicate that the SIM SGE
tios (Fig. 4). As shown analytically in Eqs.3@) and 34), method is on average the best performer when compared to
the ratio of GL (max) to LG (min) is insensitive to discharge the other two SGE methods, with a 1:1 slope to the true
for Qjoss and sensitive to both discharge and concentratiorvalue, the lowest™ and the NRMSE in every series, and the
for Qgain. The ratios of SIM to the other methods illustrate highestrmi m2in nearly every series. However, the LG (min)
the nonlinearity of the method. The methods’ ratios@gin method has a slightly highet1 m2 to Net as compared to
show a surprising similarity in the distribution of the contours SIM. The LG (min) method also performed very well as com-

even though the magnitudes are different. pared to the SIM method according to the NRMSE. The
LG (min) method had effectively the same error as SIM in
3.2 Numerical simulations series B and is very close in series D, both of which have

the longer switch lengths. Interestingly, simply using the net

Figure5 presents the major input and output parameter dengjischarge between upstream and downstream (Net) results in
S|ty distributions created by the ARIMA simulations for the lower error values foe™ as Compared to GL (max) in both
inflow and outflow profiles. The parameter distributions for 2000 m series, and GL (max) performed poorer than Net in
Qloss Qgain: and Onet closely follow a normal distribution. gl series according to the NRMSE. This is attributed to the
As defined in the model)p andCyp are equally distributed  fact that Net by definition cannot have an error of 1 or greater.
between 1-5Ls! and 20-50 mg L+, respectively. Similarly, LG (min) also cannot have errors 1 or greater and

The results of the numerical simulations are presented inmyst have errors less than those of Net. If 0 is used for all the
Tablesl, 2, and3. Plots of the estimated gains and losses toyg|yes 0fQgain and Qiossin the error assessmentdF, then
the actual gains and losses for each of the methods for seriesn \would be exactly 1. GL (max) and SIM can have errors

A are illustrated in Fig6. The plots for the other scenarios ?reater than 1 as they can have values larger than the true
have similar patterns only with a greater or lesser degree o
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Figure 6. A plot of simulated inflow and outflow flux values by the estimated values from the three SGE methods using,tk&iown,
Cup, andCgown from series A simulations (1000 m with 100 m average switch length).

value, which is clearly exemplified by the GL (max) equa- LG (min) had a very strong correlation to the ratios(Sfiq
tion’s highz™ and the NRMSE in some series. to Cyp and O down Cdown t0 Omid Cmid-

Figures7 and8 show the six simulations with the smallest
e for both LG (min) and GL (max). Not surprisingly, they . )
performed best when the assumptions of the individual meth#  Discussion
ods were met. Figur@ shows the six simulations with the
smallests!" for SIM. No obvious conclusion can be drawn
from the simulations other than an evenly random spread be-
tween Qgain and Qoss With no clear spatial trend unlike the
other methods.

4.1 Evaluation of stream to groundwater exchange
methods

As described in earlier sections and shown by Eigthe
Th fi fCo o C q Co c LG (min) and GL (max) methods represent the minimum and
€ ratios OfCup t0 Cdown and QupCup 10 QdownCdown  maximum realistic SGE values and consequently will always

slr;owlg S;[Eng corrg}laﬂon to thﬁ“ Otfhtrt'e SGEf me;hgds_ produce SGE values below or above the true SGE values
(Fig. 10). They are the same rafios that were foun UMY nless the individual spatial flux assumptions are perfectly

the analytiqal evaluation described by E($3)(and_ 84). met. This does not mean, however, that the SGE estimates
Both LG (min) and GL (max) have stronger correlations thanfrom LG (min) and GL (max) will be equidistant from the
SIM. SIM appears to have an error trend towards lower vaI-true SGE value as shown in Figand Tables and2

ueféath_er thandthGequII rangel of tEe correle;tlon. lati LG (min) performed consistently better than GL (max)
(m|_n) an (max) aiso have a strong correlation through all of the numerical simulation assessment measures
to the midpoint concentrations and loads. GL (max) had a(i.e. M, the NRMSE, andhn1 my). As described in the previ-
strong correlation to the ratios @imiq (the midpoint of the <'sactions, the GL (max) equations can create results that
concentration prqﬂle pf the stream) Q’OW’,‘ and QupCup t0 can be many times larger than the other methods and conse-
Qmid Cmid (the midpoint of the load profile of the stream). quently can be many times larger than the true value from the
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Figure 7. The simulated SGE profiles from series B (1000 m with Figure 8. The simulated SGE profiles from series B (1000 m with
200 m average switch length) of the six scenarios with the small-200 m average switch length) of the six scenarios with the small-
est normalized errora[”) for LG (min). A clear pattern can be este{“ for GL (max). A clear pattern can be seen according to the
seen according to the spatial assumption of the method. Predomgpatial assumption of the method. Predominant stream gains are at
nant stream losses are at the beginning, while stream gains are tdhe beginning, while stream losses are towards the end of the reach.
wards the end of the reach. Red indicates losses, while blue indiRed indicates losses, while blue indicates gains.

cates gains.

ARIMA model. Although these circumstances may accountmethods. According to the™ and the NRMSE, LG (min)
for a small proportion of the total simulations, they can causeand GL (max) were affected by both the switch length and
the average error to be very high. These large deviations arthe stream length. SIM was affected by stream length, but
exemplified in the NRMSE measure due to the square of thevas not significantly affected by switch length. As LG (min)
difference. Net was clearly superior in series C and D for theand GL (max) are affected by switch and stream length, the
€M and for all series for the NRMSE, but GL (max) had a reader can extrapolate from Tadl¢hat as the stream length
solid majority over Net in them1 m2 In series A, GL(max) decreases and the switch length increases, the errors for
and Net had a similag™, but according tom1,m2 GL (max) LG (min) and GL (max) will continue to decrease, potentially
performed better almost 80 % of the time. Indeed, if the topbelow that of SIM.
10 % of the simulations with the highest errors were removed No net emphasis on th@gain Or Qjoss Was programmed
from series C, then GL (max) and Net would have approx-into the ARIMA model as shown by the normal distribution
imately the sam&™. Nevertheless, even with the help of and mean of approximately 0 @fnetin Fig. 5. The introduc-
removing 10 or 20% of the simulations with the highest tion of a Qnet emphasis towards a high@gyain would cause
errors, both LG (min) and SIM perform substantially better the SGE estimates gP|oss of the three methods to slightly
than GL (max). decrease or stay the same and the SGE estimai@gpfto
Since the LG (min) and GL (max) methods bound the re-have significant improvement. An emphasis towards a higher
alistic values of SGE, any new method must have spatialQ|oss would cause the SGE estimates @fss of the three
flux distribution assumptions that cause the SGE estimatenethods to slightly improve or stay the same and the SGE
to be in between LG (min) and GL (max). The SIM method estimates 0fQgain t0 have a significant reduction in accu-
has such assumptions. The ARIMA stream simulation modekacy. Nevertheless, the accuracy rankings would remain the
randomly generated stream flows with a specific reach lengtlsame as those listed in TalleIf a weight was introduced
and switching length, and this was to evaluate the effectdnto the ARIMA model on one type of spatial flux distribu-
of both reach length and intermittency on the three SGEtion, then the SGE model (i.e., LG (min) or GL (max)) that
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Table 1.2™: the average value @f‘ for each series and for botfgssand Qgain (Corr. — correlation; Avg — average).

SGE method

Series Stream Avg switch Corr.  Fluxtype Net LG(min) GL(max) SIM
length length (m) length

(m) (m)
Aoawo wo  w  gem 0B 020 0 ol
s w0 a0 70 Qme 0T ol 0wl o
¢ 2000 100 0 b 65 o4z 2049 0104
o a0 a0 g0 Qe 085 0me iz ol

Table 2.NRMSE: the value of the NRMSE for each series and for @jys and Q gain.

SGE method

Series Stream Avg switch Corr.  Fluxtype Net LG(min) GL(max) SIM
length length (m) length

(m) (m)
e w0 w Qw0 o lew o
o mo mo w0 Qe omt o m oo
c am we @  gm ome o s om
o me wo g orm om e o

most closely represented this weight would have a reductiorclear correlations. There only appears to be an error trend to-
in the error. wards smaller upstream and downstream ratios.

Most of thee" errors in LG (min) and GL (max) could be There is much scientific literature on the estimation of
correlated by the ratio of the upstream and downstream conSGE from chemical tracers. Many have preferred to use
centrations folQ|ossand the ratio of the upstream and down- the well-established OTIS numerical model, which effec-
stream loads foDgain- Qloss,cLhad an especially strong cor- tively solves the differential equations with a finite differ-
relation. LG (min), however, had an especially strong cor-ence model with similar spatial flux assumptions to our SIM
relation to the concentration and load midpoints along themethod. We found only one study that used the OTIS model
stream (not shown in figures). As with much of the previ- and tested the three different assumptions that we also tested
ous results, the midpoint correlations follow precisely the as-(Szeftel et al. 2011). However, the reasoning behind their
sumptions of the methods. LG (min) assumes that@hgs test appeared to be precisely the opposite of ours. As they
occurs at the beginning and if the ratio Ghig to Cyp does  stated in the methods, they assumed that simultaneous in-
not follow a relationship that the method assumes then it willflows and outflows at a single cell was unrealistic and imple-
produce a larger error. At least in LG (min), it appears thatmented the LG (min) and GL (max) type scenarios to provide
if the concentration ratio does not follow the predicted pat- more realistic alternatives. Although they did not test the ac-
tern by the time it reaches the midpoint, then the method iscuracy of the three methods, they concluded that the spatial
more likely to create erroneous results. A similar pattern carflux distribution assumptions of the SGE methods have a sig-
be seen in GL (max), but not nearly as strong as the upstreamificant impact on the SGE estimates and that a breakthrough
and downstream ratios. Unfortunately, SIM did not have such
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Simultaneous Series B Table 3.rm1,m2 the ratios of the frequency that the methods in the
S < rows (m1) have a smallefn than the methods in the columns (m2).
In simpler terms, the table shows how often the methods in the rows
outperform the methods in the columns.

w0 o w0 o

o4

Denominator (M2)

SGE Flux (ml/s/m)
0

Series Method Net LG GL SIM
(min)  (max)

10
-10

T T T T T
200 400 600 800 1000

o

T T T T T
200 400 600 800 1000

o
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10

Net 0.000 0.000 0.204 0.014
£ o A LG(min) 1000 0000 0711 0.149
Z GL(max) 0796 0.289 0.000 0.068
Fi ° SIM 0.985 0.851 0.931 0.000
g, .
_ Net 0.000 0.000 0.143 0.022
T — T g LG(min) 1000 0000 0627 0223
o 0 200 400 600 800 1000 o 0 200 400 600 800 1000 :/ GL (max) 0857 0373 0000 0163
£ SIM 0.978 0.777 0.837 0.000
)
§ Net 0.000 0.000 0501 0.029

LG (min) 1.000 0.000 0.869 0.109
GL(max) 0.499 0.131 0.000 0.013

SGE Flux (ml/s/m)
5 0
-5 0
\ | |
(@]

L I B £ I SIM 0.971 0.891 0.987 0.000

0 200 Str:[;:n ‘engliio(m) 800 1000 0 200 S‘r::; Ien;ﬁo(m) 800 1000
Net 0.000 0.000 0.352 0.037
Figure 9. The simulated SGE profiles from series B (1000 m with D LG (min) 1.000 0.000 0.753 0.177
200 m average switch length) of the six scenarios with the smallest GL (max) 0.648 0.247 0.000 0.067
el'.“ for SIM. No consistent or obvious pattern can be seen within the SIM 0.963 0.823 0.933 0.000

scenarios. Red indicates losses, while blue indicates gains.

produce the minimum and maximum values for SGE, respec-
tively. Similar studies were also performed in sewer systems
(Rieckermann et gl2005 Rieckermann et gl.2007). Al-
éhough in these studies, the conceptual model included only
Qloss and notQgain and subsequently did not need to use a
spatial distribution of fluxes assumption to solve pss.

curve (BTC) analysis is not sufficient to determine the spatial
variability.

Like us, others have instead preferred to use the mor
simple analytical equations to estimate SGHarfvey and
Wagner 200Q Payn et al.2009 Covino et al, 2011). One
of the earliest to hint at using tracers with analytical equa-, 5 connections with end-member mixing models
tions to determine SGE wagellweger et al.(1989. The
use of tracers with dilution gauging to estimate SGE wasgnd-member mixing models or end-member mixing analysis
only mentioned in passing as an explanation for the differ-(EmmA) as they tend to be known is a method to estimate
ences in the estimation of discharge from a flow meter anghe relative contributions of defined source waters at a spe-
from dilution gauging. LaterHarvey and Wagne(2000 cific downstream discharge measurement point. For example,
picked up on the idea of using dilution gauging with a cur- EmMMA can estimate the amount of groundwater contribution
rent meter to estimate SGE. Their description for the pro-ythin a single hydrograph. EMMA is used extensively for
cedure to estimate SGE was purely qualitative and did notnjs precise purpose.
fully explain the underlying assumptions in the method that  gjmjlarly to the SGE methods, EMMA uses the mass bal-
they proposed (i.e., the spatial distribution of the fluxes).ance equations with distinct chemical tracers that represent
The dilution gauging method to estimate discharge was refthe end-member sources to formulate the model. The EMMA
erenced back teilpatrick and Cobb(1983. Based on the  equations start with the assumption that the discharge at
dilution gauging method and the description provided by 5 specific point along the stream)(is composed of the

Harvey and Wagne(2000), they effectively proposed the gource waters. We will name these sources source 1 (S1) and
use of the GL (max) methodayn et al(2009 andWard  groundwater (GW):

et al.(2013 estimated SGE using both the LG(min) and the

GL (max) methods. They also found significant differences O (x)=0s1(x)+Qcw(x), (35)
in the estimations between the two different methods and cor-

rectly identified that the LG (min) and the GL (max) methods
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Figure 11. A conceptual illustration of the application of EMMA
Figure 10. A correlation of various input parametersalﬁ‘ of the at two measurement locations along a stream reach and the as-
SGE methods for series A. Both the LG (min) and GL (max) meth- sociated gross gain and loss components between the two mea-
ods have strong correlations, while SIM only tends to have an errosurement locations2 gy, up is the groundwater proportion @yp
trend at lower ratios. and Qgw,down is the groundwater proportion @gown. Qloss,S1
is the gross loss specifically from source QiossGw is the
gross loss specifically from the groundwater, aghin cw is the
where Q(x) is the total discharge at location along the  gross gain from the groundwater (and the only gross gain). The
stream, Osi(x) is the part of Q(x) from source 1, and SGE methods estimate the total gross 108%4¢s,s1+ Qloss,GW
Qcw(x) is the part ofQ(x) from groundwater. The chem- and gross gain@gain,cw)- Subtracting@cw,up from Qew,down
ical load mass balance is the following: estimatesQ|pss,s1 and the net of the groundwater components
(anin,GW— QIoss,GV\)-

0 (x)C(x)=0s1(x)Cs1+Qcw(x)Cow, (36)

whereC (x) is the concentration af (x) at locationx, Cs; is

the concentration of source 1, agogyy is the concentration same result for both EMMA and SGE (if we want to make

of the groundwater. the LG (min) spatial assumption). As described above, this

Unlike the SGE methods that apply the mass balance €4U33 not due to shared assumptions. The LG (min) method as-

tions over the length of a stream reach, the EMMA equatmnssumeS that all of the@gam enters the stream after th@joss

only apply the mass balance equations at one specific poinetlnd thus theD gain estimated by the LG (min) method must
and as a result do not need the same spatial flux assump- g

. . e the groundwater proportion 6fgown.
tIOI’]S.tO solve the mass balance equations as the SGE met “If EMMA can be applied to a single stream measure-
ods (i.e., do not require @ossterm).

- . ment location and produce the same results as the LG (min)
Combining qus'?‘_s) and @€) and solving forQew(x), SGE method, the next natural question would be whether
we get the following: EMMA could be applied on multiple downstream measure-
C(x)—Cs1 ment locations and still produce the same results as LG (min).
)- (37) If we estimate the groundwater proportions at two down-
stream measurement locations using EMMA, could we sub-
Equation 87) will produce the same result regardless of the tract the two to get the estimated gross gain of ground-
spatial flux assumptions associated with the SGE methodsgvater over that stream reach? Figureillustrates the use
presented in this study. of EMMA for estimating the groundwater proportions of
Equation 87) is strikingly similar to Eq. §). Indeed, if  the upstream Q@cw,up and downstream@cw,dow) Mea-
we apply the LG (min) method at an arbitrary discharge lo-surement locations and the gross gains and losses from
cation () and useCyp as Csy, then we would produce the the two sources. In this scenario, we want to consider if

Ocw(x)=0(x) (

Cew—Cs1
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Qgain,EMMA = Qaw,down— Qew,up Using Eq. 87) at Qup regardless of the spatial flux assumption. In this scenario,
and Qgown, We get the following: Qgain,cwcan be estimated using the SGE methods described
in Sect.2 and subsequently the components@fss The
CdOW”_C51> _ up( Cup—Cs1 ) (38) additional information about source 1 provides slightly more
Cew—Cs1 Cew—Cs1 information aboutDossWithout the necessity of a spatial flux

) . . ) assumption.
whereQgain EMma IS the hypotheticap gain from the EMMA L .
equations. To determine the underlying assumptions in the To take th_e EMMA "?m(.j SGE comblnatlpn to the final log-
above equation, we must rearrange the equation back to thlgal conclusion, we will include a scenario where there are

basic mass balance equation from EQ.ificluding both Eq. two com_ponent_lnflows and outflows unlike th_e previous ex-
(38) and Eq. 2). ample with one inflow and two outflows. We will call the two

sources “source 1" and “source 2” with variable names simi-
QupCupt Qgain EMMACGW= QdownCdownt QlossCs1  (39) lar to those presented above. The mass balance §gnr for
a stream reach is the following:

As stated in Sect2.1, the LG (min) method assumes
Closs= Cup and the GL (max) method assun@sss= Caown. ~ 20ain=Qgain,sttQgain,s1 (43)
Cup andCqown represent the end point concentrations within
the stream and thus LG (min) and GL (max) represent the re-
alistic minimum and maximum values for SGE. The use of Q4ainCgain=Qgain,sICs1+ Qgain,sLs2. (44)
EMMA according to Eq. 8) makes the final assumption of )
Closs= Cs1 and represents a concentration end point potendf we combine Eqs.43) and @4) and solve forQgain,s3 We
tially outside ofCyp and Cgown, Which indicates that this is ~ 9€t the following equation:
an unrealistic mass balance assumption for SGE models. Coain—Cs2

For the mass balance Eq39) to have physical mean- anin,SFanin(C?—C>-
ing, we would have to redefin@gain emva and Qioss Qloss S1—ks2
would no longer be the gross loss from the SGE meth-To estimateQjoss,s1 We need to incorporat@gain,s1 into
ods, but rather only the loss from source 1 over the streaniEqgs. @0) and @1) and change the groundwater terms to
reach (we will renam@)oss,s9. The other gross loss compo- source 2. Combining the resulting equation and solving for
nent is from the groundwateoss,cw). Qgain,emma Would Oloss,s10ives the following:
become the net groundwater components instead of only
Qgain,cw (i.e., Qg'flin,GW— QOloss.cw). These flow compo- Q|OSS,SF(Qup(cup_CSZ)+Qd0wn(C82_Cdown))_anin,S]_. (46)
nents are shown in Figll. Consequently, Eq.30) can be Cs2—Cs1
rewritten with Qioss replaced agioss,s18Nd Qgain,EMMA r€-
placed with the appropriate net groundwater components:

anin,EMMA: Qdown <

(45)

Combining EMMA with SGE methods can provide valuable
complimentary hydrologic information. They both require
QupCup+(anin,Gw—Q|oss,GM Cow the same type of input data and as a consequence would
be easy to apply together. They should not, however, be
=QdownCdownt Qloss,sLs1- (40)

used interchangeably due to both conceptual and quantitative
Equation 80) is the solute mass balance for this scenario. conflicts.

The water mass balance would be the following (in the same
form as Eq2): 5 Conclusions

Qupt Qgain,6W=LQdownt Qloss 6wt Qloss,S1 (41) A new SGE estimation method is presented and derived an-
alytically with the assumptions of constant, uniform, and
simultaneous groundwater inflow and outflow throughout a
given stream reach. This new method is compared to the two
Qdown(Cdown—Caw) +Qup (Cew—Cup) existing methods and presents the smallest error measures
(42) when applied to four different sets of artificially generated
scenarios. The main control of the model performance for
The interesting aspect about E¢42) is that no spatial flux all three cases is the spatial dynamics of the actual SGE in
assumption is yet needed to solve the derivation unlike withrelationship with the assumptions for each method. As the
the SGE methodsD|ss,s1iS independent of spatial flux as- LG (min) and GL (max) methods bound the realistic values
sumptions and so is the result from E@8)( which rep-  of SGE estimates, the SIM method, or any other new SGE
resentsQgain,cw— Qloss,cw Although both Qgain,cw and method, produces SGE estimates between those two meth-
Qloss,cw Must include a spatial flux assumption to be esti- ods. Although this study found that the SIM method per-
mated individually, the difference will always be the same formed better against the numerical simulations, estimating

If we combine Egs.40) and @1) and solve forQ|oss s3 We
get the following equation:

QIoss,SF
Cew—Cs1
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SGE using all three methods would be very valuable as min- Although separate from the SGE methods, end-member
imum and maximum SGE values can provide information onmixing analysis can be used in conjunction with the SGE
the full range of realistic SGE values. For the same inputsmethods to acquire even more hydrologic information as
the different assumptions of each method can lead to valueboth require the same type of input data. Nevertheless, these
of gross stream gains and losses differing up to one order ofwo approaches should not be used interchangeably as they
magnitude between approaches. Estimating SGE using thestimate different stream variables and are based on distinct
proposed simple analytical method over numerical modelsderivations and assumptions.

solving full hydrodynamic sets of partial differential equa-

tions has the clear advantages of much less complexity and

less parametrization.
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Appendix A: Derivation of the inflowing groundwater

concentration (Cgain) from stream tracer tests QupCup,priort (Qgain,6w—Qioss,6w) Cgain
:Qdowncdown,priorf‘ QIoss,u;Cup,priorv (A5)

The derivation ofCgsjn, the tracer concentration of the in-

flowing groundwater, is different than that of the SGE equa- QupCup,posth (anin,ew—Qloss,va) Cgain

tions. The derivation o€gain is actually more similar to the

S o ; = C A6
initial derivation from the conceptual model starting from QdownCdown post- Closs.uiup.post (A6)

Eq. @40) in Sect.4.2 Figure 11 represents this conceptual \yhere the notation of the before and after tracer injection
model quite well. The exception to Fidl is that for the  gncentrations is the same to that of Ef7)( Combining

derivation of Cgain We are not interested in end members gqs. @a4), (A5), and @6) and solving forCgain, We get the
aboveQ.p. Consequently, the location @y, becomes the  final result:

upper end member and the mass balance for tQ4gls

becomes Cup,priorcdown,post—Cdown,priotcup,post

Cyain= . (A7)

Cup,prior— Cup,post—Cdown,priortCdown,post

Qloss=Qloss,upt Qloss,GW (A1) . L. . . .

As mentioned earlier in this appendix section, Eg7) does
and not require a spatial distribution assumption to derive the

equation and consequently can be applied with any of the
QlossCloss= Qloss,ufCupt Closs,GWCgains (A2) SGE methods listed in this manuscript.

. To solve forCgajn, we took one stream reach with two dif-
where Qioss,up i the loss of water from the stream reach ferent states in time. These two states of the same stream
specifically from the original upstream wat€lioss,cwiS the 1o50h allowed creating two equations from E&g), because
loss of water from the stream reach specifically from the in-ge,era) concentration variables changed significantly due to
flowing groundwater, an@gain is the groundwater CONCeN- q racer injection. Instead of taking the same stream reach
tration of the tracer (denoteew in Sect4.2). at different time states, we can also take two adjacent stream

’_A‘S we are only mtgreste_d ”,Ggai" and not the gross reaches under the same time state to create two equations
gains and losses for this derivation, we can collect the grosg,,, Eq. (A2) if we can assume that the two adjacent stream
groundwater terms togethe_r as net groundwater similarly 1% eaches have the sarfigain. Each of the two adjacent stream
Eq. @0). We get the following mass balance equations by o ches would have an equation and the derivation would be
including Eq. 42) with Eq. (1) and Eq. A1) with Eq. @): similar to that for Eq.£7). Although this is possible concep-

tually and mathematically, in practice the result may prove

QupCupt (Qgain 6w Qloss 6w Coain to bghighly uncertain as)t/he d?fferences in the conceyntpration
= QdownCdownt Qloss,uf-up (A3)  valuesin the adjacent reaches may be very similar. This is the
advantage of the tracer injection procedure described above.
The larger the difference between the background concentra-

(Ad) tion of the tracer in the stream and the tracer concentration in
the stream due to the tracer injection will increase the accu-

With these two equations alone, we cannot solveiginas ~ 'acy of the estimate afgain-
we still have too many unknown variables. A stream tracer

test with a conservative tracer (e.g., chloride salt) will pro-

vide us with the additional equation. As described in the

paragraph prior to Eq.26), the required assumptions are

Qgain,cw> 0 and that quasi-steady-state conditions apply

before and after the tracer injection when the water samples

are taken. By measuring the tracer concentrations before and

after the tracer injection, we can form two distinct equations

from Eq. A3):

and

anin,GW— QIoss,GW: Qdown— Qup+ Qloss,up
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Appendix B: Additional methods associated with the The derivation would follow similarly to that of the SIM
SGE methods method derivation, and the final result solving #gain is
the following:

Although the following methods were not used directly in
this study, they can provide useful complementary informa- Cdown—cgain—%
tion for SGE studies. In Cor—Coan Nrem

There might be a need to estimate the groundwater conQgain sive= ( Qup— Qdown) @ansM 1 (B3)
centration of other chemical solutes entering the stream in In [Qé’—zpwn]

addition to the conservative tracer used to estimate the SGE.

If other in-stream gains and losses in the new chemical sowhereNyen, is the total mass removal (mass per time) within
lute can be neglected (e.g., without biochemical transformathe stream reach, ar@,p, Cdown, andCgainin this case would
tions), the only additional information needed would be thebe solute concentrations associated witlm, (i.e., ammo-
concentration of the new compound at the locationg)g§ nia concentrations for ammonia mass removal). Solving for
and Qdown. The Cyajn Of the new chemical solute can be es- Nyem, We get the following:

timated using the following rearrangement of E2{L){
_ Qgain,sIM

Qdown (M) Nrem=  Dais. [ Dais (Cup—Cgain) —Cdownt+Cgain] ~ (B4)
(ng;)m) Cup~Cdown Cup,new—Cdown,new :
Cgain,new: Qgain,SIM ’ (Bl) .
(Qdown)(QW)%W‘> -1 Mln[Qdown]
Qup Dgis=e 2ur=2down Oup |, (BS)

whereCgain newiS the concentration of the new solute enter-

ing the stream from the groundwat€lyp newis the upstream 5 .o nservative trace€qain could again be estimated using

concentration of the new solute, aldown,newis the down- g4 @1 if we can safely assume that mass removal rates
stream concentration of the new solute. Any of the three SGEy, 1ot change over time before and after the tracer injec-

methods can be rearranged to calcul@ginnew@nd they  yion of the new solute. The key assumption limitation in this
will all produce the same result. o conceptual model is that over the short period of time of
_ Following on the same spatial flow distribution assump- o sojyte tracer application the removal rate is not depen-
tion as the SIM method, an additional mass removal ratjen on changes in concentration, which is certainly not true
can be mFegrated .to pc_)ten'ually represent a rele\_/ant phySIfor many processes over long periods of time and also may
cal, chemical, or biological process (e.g., ammonia removaj, ot pe true over short periods of time for certain processes.
by microorganisms). The assumptions are simultaneous a”ﬂlthough other mass removal models may provide a more
uniform losses throughout the stream reach and stationary,jistic assumption in many cases (e.g., Michaelis—Menten
in time. The derivation would require a mass removal terMyinetics, first order removal, etc Jgain could not be esti-
per unit stream lengthrem to be added to the right side of | o1aq from Eq.B1) using other more complicated assump-
Eq. 14): tions and furthermore would require more measurements
) . i (x) and/or parameter estimation techniques to include the addi-
111 (x)+Cgaindgaindr = (’"(X)JFTO'X) +C@)gosslx+nremdr. (B2)  tional necessary term¥\orkshop 1990. A thorough analy-

sis on the analytical derivations of solute dynamics in stream

ecosystems including first-order and nonlinear removal can

be found inWorkshop(1990.

Qgain,sim Would need to be estimated from EQI] using
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