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5 [1] Common in-stream geomorphic structures such as debris dams and steps can drive
6 hyporheic exchange in streams. Exchange is important for ecological stream function, and
7 restoring function is a goal of many stream restoration projects, yet the connection
8 between in-stream geomorphic form, hydrogeologic setting, and hyporheic exchange
9 remains inadequately characterized. We used the models HEC-RAS, MODFLOW, and
10 MODPATH to simulate coupled surface and subsurface hydraulics in a gaining stream
11 containing a single in-stream geomorphic structure and to systematically evaluate the
12 impact of fundamental characteristics of the structure and its hydrogeologic setting on
13 induced exchange. We also conducted a field study to support model results. Model results
14 indicated that structure size, background groundwater discharge rate, and sediment
15 hydraulic conductivity are the most important factors determining the magnitude of
16 induced hyporheic exchange, followed by geomorphic structure type, depth to bedrock,
17 and channel slope. Model results indicated channel-spanning structures were more
18 effective at driving hyporheic flow than were partially spanning structures, and weirs were
19 more effective than were steps. Across most structure types, downwelling flux rate
20 increased linearly with structure size, yet hyporheic residence time exhibited nonlinear
21 behavior, increasing quickly with size at low structure sizes and declining thereafter.
22 Important trends in model results were observed at the field site and also interpreted using
23 simple hydraulic theory, thereby supporting the modeling approach and clarifying
24 underlying processes.

26 Citation: Hester, E. T., and M. W. Doyle (2008), In-stream geomorphic structures as drivers of hyporheic exchange, Water Resour.

27 Res., 44, XXXXXX, doi:10.1029/2006WR005810.

29 1. Introduction

30 1.1. Hyporheic Exchange and Stream Function

31 [2] The hyporheic zone is the area of mixing of surface
32 and groundwater beneath and adjacent to streams [Triska et
33 al., 1989], particularly that region where hydrologic flow
34 paths leave and return to the stream many times along its
35 length [Harvey and Wagner, 2000]. Exchange of water
36 between a stream and its hyporheic zone (hyporheic ex-
37 change) facilitates important exchanges of heat, chemical
38 solutes, and biota between surface stream and subsurface
39 water [Jones and Mulholland, 2000]. These processes affect
40 the distribution and abundance of organisms in streams and
41 the hyporheic zone, ecosystem level processes like nutrient
42 cycling and carbon flux, and water quality [e.g., Boulton et
43 al., 1998; Jones and Mulholland, 2000; Groffman et al.,
44 2005].
45 [3] In-stream geomorphic structures (IGSs) such as steps,
46 pools, and log dams are common in natural streams and are
47 known to enhance hyporheic exchange [Kasahara and
48 Wondzell, 2003]. Such structures are also commonly
49 installed in stream restoration projects to recreate habitat
50 for organisms and enhance geomorphic stability [Federal

51Interagency Stream Restoration Working Group, 1998;
52Bethel and Neal, 2003], or even to enhance hyporheic
53exchange [Doll et al., 2003], a stream function that is
54increasingly recognized as an important goal of restora-
55tion [Boulton, 2007]. Nevertheless, the impact of structure
56form and hydrogeologic setting on induced exchange both
57in natural and engineered settings is poorly understood.

591.2. Mechanisms of Hyporheic Exchange

60[4] Hyporheic exchange where hyporheic flow paths
61leave and return to a stream multiple times over a reach
62[Harvey and Wagner, 2000] requires hydrologically neutral
63or gaining conditions. Although IGSs induce a three dimen-
64sional pattern of hyporheic flow into the bed and banks,
65similar to recent studies [e.g., Gooseff et al., 2006], we
66focus here on vertical exchange into the bed for detailed
67modeling analysis of controlling factors. Mechanisms that
68drive primarily lateral exchange such as meander bends
69are not considered (but see Boano et al. [2006]). Further,
70this discussion focuses strictly on hydrologic exchange
71mechanisms, ignoring processes such as diffusion that
72affect only solute flux or heat exchange. In this context,
73vertical hyporheic exchange can be induced via six basic
74mechanisms:
75[5] 1. Darcy flux due to local channel steepening is
76nonturbulent flux induced by head gradients created by
77local steepening of the channel slope relative to average
78reach channel slope, sometimes called concavity and con-
79vexity [Vaux, 1968]. Examples include steps and riffles.
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80 [6] 2. Darcy flux due to backwater is nonturbulent flux
81 induced by head gradients created by water collecting
82 behind obstacles in the channel. Examples include debris
83 dams, large woody debris, boulders, and bars.
84 [7] 3. Darcy flux due to form drag is nonturbulent flux
85 induced by head gradients created by head loss due to form
86 drag as turbulent stream water flows over bed forms that are
87 either permeable like ripples and dunes [Thibodeaux and
88 Boyle, 1987] or impermeable like partially buried boulders
89 [Hutchinson and Webster, 1998]. This effect has been called
90 hydraulic pumping or pumping exchange [Elliott and
91 Brooks, 1997] because it is induced by pressure differentials
92 along the streambed, but these terms are not used here as
93 they are ambiguous given that localized streambed steep-
94 ening (mechanism 1 above) and backwater (mechanism 2
95 above) can also induce pressure differentials.
96 [8] 4. Darcy flux due to substrate heterogeneity is non-
97 turbulent flux induced by head gradients created by obstruc-
98 tions within the sediments (e.g., areas of lower hydraulic
99 conductivity or shallower bedrock), which induce upwelling
100 upstream and downwelling downstream of the obstruction
101 even in the absence of other exchange mechanisms [Vaux,
102 1968; Salehin et al., 2004].
103 [9] 5. Turbulent flux across the bed occurs where turbu-
104 lent energy of flowing water carries momentum and there-
105 fore stream water into the subsurface [Shimizu et al., 1990].
106 [10] 6. Turnover exchange is the exchange of water as the
107 bed forms move, successively trapping and releasing water
108 [Elliott and Brooks, 1997].
109 [11] This study was conducted for baseflow, the most
110 common flow condition. All six hyporheic exchange mech-
111 anisms presented above operate in most streams and rivers,
112 but several are relatively insignificant at baseflow. Turnover
113 exchange (mechanism 6) is significant only where bed
114 forms are in motion (i.e., primarily during spates in the
115 absence of large wood or boulders that might otherwise
116 block their advance). Turbulent flux across the streambed
117 (mechanism 5) is insignificant in sands and finer materials
118 and confined to the top 4–6 cm in gravels [Packman and
119 Bencala 2000], although these results potentially overesti-
120 mate turbulent flux penetration for many gravel or cobble
121 bed streams where sufficient fines are present to fill gaps, or
122 where bed armoring or imbrication has occurred. Further,
123 turbulent flux has been shown to scale with the square of
124 the velocity [Packman and Salehin, 2003], which is generally
125 at a minimum during baseflow conditions [Leopold and
126 Maddock, 1953]. Form drag (mechanism 3) will occur
127 anywhere an obstacle projects into the flow. Debris dams,
128 bars or dunes, partially buried boulders, and large woody
129 debris can all create form drag that is significant under
130 certain conditions. Form drag is maximized for completely
131 submerged conditions and scales with the square of the
132 velocity [Munson et al., 1994] such that it would be least
133 significant at baseflow. Darcy flux induced by local steep-
134 ening of the streambed (mechanism 1) and backwater
135 behind obstructions (mechanism 2) are therefore generally
136 the primary mechanisms by which IGSs drive water verti-
137 cally into the hyporheic under baseflow conditions. These
138 mechanisms, along with Darcy flux induced by form drag
139 and substrate heterogeneity (mechanisms 3 and 4), control
140 hyporheic exchange in this setting.

1421.3. Existing Approaches for Quantifying Hyporheic
143Exchange

144[12] Hyporheic exchange due to mechanisms 1–4 at the
145reach scale has traditionally been quantified in two ways:
146transient storage and multidimensional approaches. The
147transient storage approach uses the one-dimensional (1-D)
148advection-dispersion (A-D) equation with off-channel stor-
149age areas to quantify solute movement along a stream and
150exchange with longer residence time storage areas repre-
151senting both backwater areas in the channel and hyporheic
152exchange zones. The most commonly used version of this
153model is also the simplest with one well-mixed storage zone
154[Bencala and Walters, 1983]. Other formulations include
155multiple storage zones [e.g., Gooseff et al., 2004], variable
156residence time storage zones [e.g., Gooseff et al., 2005], or a
157diffusive type storage zone [e.g., Packman et al., 2004].
158Application of the model generally requires release of a
159conservative tracer in a stream, measurement of concentra-
160tion history downstream, and fitting the data to the A-D
161equation using software such as OTIS [Runkel, 1998] where
162storage zone parameters are determined via inverse model-
163ing methods. These parameters include (among others, see
164Runkel [2002]) the cross-sectional area of the storage zone
165(related to hyporheic zone size), the rate of tracer exchange
166between free flowing stream and storage zone (related to
167exchange flux rate), and residence times of tracer in the
168storage zone.
169[13] In contrast, the multidimensional approach uses
170spatially explicit two-dimensional (2-D) or three-dimensional
171(3-D) analysis of subsurface flow patterns, usually coupling
172modeling with field or flume data. Field studies [e.g.,
173Wondzell and Swanson, 1996; Wroblicky et al., 1998] are
174usually conducted at the reach or segment scale and are often
175coupled with site-specific groundwater flow and transport
176models using well-established software (e.g., MODFLOW,
177MT3D). Model results are used to calculate hyporheic zone
178size, exchange flux rate, and/or hyporheic residence time
179for any desired spatial extent. Flume studies are usually
180conducted at the subreach scale [e.g., Packman et al., 2004]
181and, where modeling is conducted, often utilize custom-
182developed numerical codes [e.g., Salehin et al., 2004].
183Hyporheic zone size, exchange flux rate, and/or residence
184time are either measured directly from the flume or output
185from the model at desired scales. Multidimensional studies
186have the advantage over transient storage approaches in that
187hyporheic exchange can be understood as a multidimen-
188sional process where individual areas of hyporheic ex-
189change can be isolated and characterized directly for size,
190flux rate, and residence time. This spatial resolution also
191allows association of areas of hyporheic exchange with
192specific geomorphic forms within the reach, allowing
193correlations to be drawn between form and function [e.g.,
194Kasahara and Wondzell, 2003].

1961.4. Motivation and Approach for Study

197[14] The goal of this study was to provide a process-based
198understanding of how channel form (IGSs) affects hypo-
199rheic exchange in streams. This entailed determining the
200relationships between the magnitude of IGS-induced hypo-
201rheic exchange and fundamental characteristics of both the
202IGSs themselves (size and type) and of their setting (back-
203ground groundwater discharge rate, sediment hydraulic
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