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Appendix A: Near-Field Hydraulics that Affect 
Salmonid Passage in Tide Gates  

A.1 Introduction 

The purpose of Appendix A is to provide a framework for analyses of hydraulic 
impediments to salmonid fish passage in tide gates (and their connected culverts during four 
critical periods of time that occur during each tidal cycle).  The traditional design approach 
produces structures that are either partial or complete barriers to fish passage.  Tide gates can 
create the following conditions: a) openings that are too small for fish to swim through; b) debris 
accumulations; c) water velocities that exceed the swimming ability of the fish; d) insufficient 
flow depth; e) excessive jump heights, f) flow accelerations, and g) turbulence.  These factors are 
related to the hydraulic design of the gate.  Further, the nature, location, and degree of fish 
passage blockage through a tide gate can change throughout each tidal cycle.    

The purpose of a tide gate is to control the inundation of low-lying areas and are located 
upland from the dike.  There are opportunities to work collaboratively with landowners. It is 
possible to design tide gates that can automatically provide water inflow inside the levees (up to, 
and not higher than, elevations that are in accord with the landowners’ land use requirements).   

Dikes and tide gates have been constructed in many estuaries in California, Oregon, and 
Washington.  This converted tidal salt marshes to other agricultural, transportation, and 
municipal land uses.  Unfortunately, the past approach to the design and installation of tide gates 
creates structures that are near-complete barriers to fish passage.  When certain estuary 
restoration opportunities are identified, governmental fisheries managers, conservation groups, 
watershed councils, and landowners should seek to improve fish passage by replacing old tide 
gates with new ones having features that are more conducive to fish passage.   

This appendix discusses two types of tide gates and both types can operate using top-
hinged or side-hinged gates.  The first type has devices that hold the gate open until the flooding 
tide reaches a pre-determined water level (this type of gate can be designed with or without an 
orifice).  The second type includes devices that do not hold the gate open (this type includes 
orifices).   Please note that heavy, top-hinged gates without orifices, should be reserved for 
applications in which the project goals are to block fish passage and prevent inundation by 
seawater.  Regardless of the type, a rigorous hydraulic analysis and design should be performed 
in order to construct a facility that can significantly improve passage conditions.      
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Figures A-1 and A-2 show examples of these types of gates.    

 
Figure A-1. Side-hinged tide gate (gate on the left) and top-hinged tide gate (gate on the right). 
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Figure A-2. Side-hinged tide gate with adjustable orifice in the lower right section of the gate. 

A.2 Fish Passage Precepts: Volitional and Timely 

Witnessing the presence of fish on both sides of a tide gate does not necessarily imply 
that good fish passage is being provided.  Providing adequate fish passage at a tide gate (for a 
target fish species and life stage) is defined as follows:  

The gate and culvert create the necessary hydraulic conditions that enable the target fish 
to move volitionally and in either direction through the structure, equivalent to that which 
would be provided if there were no tide gate-culvert or dike segment present. 

A.3 Passage Time, Frequency, and Duration 

Timely passage at tide gate-culverts is defined as providing passable conditions at the 
same time, frequency, and duration as would be possible with no tide gate-culvert or dike 
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segment present.  This approach makes it possible to develop a scheme to estimating the 
projected relative fish passage effectiveness of alternate tide gate designs.  This rationale is based 
on the following statements: 
a) Unlike normal upland stream culverts in which the flow conditions remain reasonably 

constant for many days at a time, the flow conditions near a tide gate change continually.   
Conditions that are passable at one time may be impassable a short time later. 

b) The hourly tide heights at a site are predictable to a high level of accuracy. 
c) Hydraulic engineers can calculate flow depths, velocities, and jump heights in and around the 

gate and culvert location for each time step throughout the tidal cycles as they vary 
throughout the year. 

d) It is possible to compare the computed hydraulic conditions with the passage criteria for the 
target species and estimate the number of time steps that would meet criteria, and the number 
that would not, throughout typical tide cycles. 

e) Based on items a) through d), biologists can determine the approximate percentage of the 
time a tide gate-culvert structure meets passage criteria for the species of interest. 

f) This technique allows the expected relative effectiveness of alternate tide gate designs to be 
readily estimated and compared to existing conditions. 

This approach assumes that the fish biologists possess information about the behavioral traits, 
habitat utilization, and swimming capabilities of the target fishes.  Lacking this information, it 
may be necessary and sufficient to substitute the velocity and depth characteristics of the natural 
habitat (in the absence of tide gates) for specific fish passage criteria.  The biologists can then 
utilize the rationale statements d), e) and f), above. 

A.4 Passage Trouble Spots in Tide Gate-Culvert 
Structures 

Analyzing flow conditions relevant to fish passage in a tide gate-culvert structure can be 
managed by dividing the time span of each tide cycle into four zones, as follows:  

• Zone 1 – Flooding tide, where the gate is open (the gate may or may not include an orifice) 
• Zone 2 – Flooding tide, where the gate is closed (the gate may or may not include an orifice) 
• Zone 3 – Ebbing tide, where the gate is open 
• Zone 4 – Where the tide level is below the invert (bottom) elevation of the culvert 

Figures A-3 through A-6 show the hydraulic trouble spots that occur in and near the tide 
gate-culvert structure throughout the tidal range.  By modeling of hydraulic conditions in each 
zone, the hydraulic performance of a proposed design can be compared to NOAA’s fish passage 
criteria for the species of interest.  Fish passage biologists and engineers can use this process to 
compare the likely relative passage success of alternate tide gate-culvert structure designs. 
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Figure A-3. Passage Zone 1. 

The upper panel highlights the portion of the tide cycle when the incoming tide is above both the 
culvert inlet and the water surface in the upland channel and lower than the gate close elevation (DTIE).  
The lower panel shows a schematic of the water surface profile throughout the tide gate-culvert structure. 
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Figure A-4. Passage Zone 2 

The upper panel highlights the portion of the tide cycle when the incoming tide is above both the 
gate close elevation (DTIE) and the water level in the upland channel.  The lower panel shows a 
schematic of the water surface profile throughout the tide gate-culvert structure. 
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Figure A-5. Passage Zone 2 with an orifice in the closed gate 

The upper panel highlights the portion of the tide cycle when the incoming tide is above the gate 
close elevation (DTIE) and the water level in the upland channel.  The lower panel shows a schematic of 
the water surface profile throughout the tide gate-culvert structure. 
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Figure A-6. Passage Zone 3 

The upper panel highlights the portion of the tide cycle when the upland water surface is above 
the tide level and above the invert of the culvert.  The lower panel shows a schematic of the water surface 
profile throughout the tide gate-culvert structure. 

The following sections present a qualitative, zone-by-zone treatment of the hydraulic 
interactions between a generic tide gate-culvert structure and the flow in the culvert and in the 
channel at both ends of the structure during a representative tide cycle.  The discussion is based 
on the following: 
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• Gates that have devices that hold the gate open until the flooding tide reaches a 
predetermined water level (the gate may or may not include an orifice) 

• Gates without hold-open devices but that include orifices 
• Gates that have either top-mounted hinges or side-mounted hinges 

The predetermined water level at which a hold-open device allows a tide gate to close 
during the flooding tide is called the Design Tide Inundation Elevation (DTIE). 

A.4.1 Passage Zone 1 

The water surface elevations in the channels just upstream and downstream of the culvert 
should differ from the water surface elevation in the culvert by the smallest vertical distance 
possible, and the flow depths must be consistent with the swimming capabilities and behavioral 
traits of the target fish. 

Passage Zone 1 (Figure A-3) represents the span of time when the flooding tide level is 
higher than the invert elevation of the culvert, higher than the upland water surface elevation, 
and lower than the elevation at which the hold-open device is set to allow the gate to close.  The 
upper panel of Figure A-3 shows a generic plot of tide elevation versus time.  The highlighted 
Zone 1 segments of the plot show the times when the flow is in the direction towards the upland 
areas.  The lower panel of Figure A-3 is a schematic representation of the water surface profile 
through the gate and culvert. 

The three hydraulic design rules-of-thumb for minimizing velocity and jump-height 
barriers to fish passage for juvenile salmonids in Zone 1 are: 

• Minimize the energy losses and flow accelerations at the upstream and downstream ends of 
the culvert. 

• Keep the Froude Number, 𝐹𝐹, much less than 1.0 everywhere throughout the structure.   𝐹𝐹 is 
the ratio of the water velocity, 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, to the shallow water wave velocity, 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, according 
to Equation A-1: 
 

𝐹𝐹 =  𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤⁄  =  𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 (𝑔𝑔 ×  𝑑𝑑)1 2⁄⁄  
 

where: 

g  =  gravitational acceleration 
d  =  flow depth  

• The gate opening should be wider than the minimum dimension that could cause fish to 
reject the opening. 

A.4.2 Passage Zone 2 

The tide height in Passage Zone 2 (Figure A-4) has exceeded the DTIE and the upland 
water level, as shown in the upper panel of Figure A-4.  The gate is closed.  The lower portion of 
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this figure represents the case where there is no orifice in the gate.  The upland water level can 
receive new water in Zone 2 only if a stream enters the upland area or if the gate leaks. 

The schematic in Figure A-5 shows an orifice in the tide gate.  The orifice allows 
additional water to pass into the upland area.  The orifice is likely to be volitionally passable for 
small fish only during those few minutes when the head loss across the gate is small. 

Weak-swimming fish near the upstream side of the orifice may not be able to avoid the 
relatively strong currents in this area.  They can be swept through the gate into the upland 
channel.  Depending on the species and life history strategy, for that part of the tide cycle and 
time of day and season this result may (or may not) be a favorable outcome.   

A.4.3 Passage Zone 3 

Passage Zone 3 (Figure A-6) is the reverse of Passage Zone 1.  The upland water level 
exceeds the tide level, and the gate is open, as shown in Figure A-6.  The three hydraulic 
guidelines recommended for Zone 1 (Section A.4.1) apply to Zone 3 as well.    

Zone 3 has the advantage that a properly balanced, side-hinged tide gate should swing 
wide open during the outgoing tide.  The minimum gate opening width should never be an issue 
in this part of the tide cycle, with a carefully designed side-hinged gate. 

Several serious passage problems can occur in Zone 3 if the hydraulic capacity of the 
culvert is too small: 

• The water depths in the tidal channel downstream of culvert can be significantly less than the 
depth in upland channel upstream of the culvert. 

• The entrance and exit head losses, and the culvert velocities, will be high. 
• Fish that are moving downstream can be rapidly transported from a reach with sufficient 

depth to one with insufficient depth. 
• The depths, velocities, and jump heights below the culvert can be barriers and prevent fish 

from re-entering the culvert and moving into the upland channel. 

The final draining moments in Zone 3 are related to the design considerations of Passage Zone 4, 
as discussed below. 

A.4.4 Passage Zone 4 

The main characteristics of Passage Zone 4 (Figures A-7, A-8, and A-9) are that the tide 
is out and the upland water level has reached its minimum possible elevation.  This usually 
occurs a short time after the tide has receded to a level lower than the invert of the culvert. 

The designer of a tide gate-culvert replacement project normally has several choices for 
placing the invert of the new tide gate, including the following: 

• Raise the culvert invert a distance above the channel bed, as shown in Figure A-7.  This 
would be done if there is an ecological requirement to maintain a pool of water above the tide 
gate. 
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• Place the invert at the same elevation as the channel bed, as shown in Figure A-8.  This may 
be the preferred choice in cases that the channel drains completely in the natural condition. 

• Rarely, there may be an opportunity to construct the culvert invert lower than the low tide, as 
shown in Figure A-9.  This arrangement allows bi-directional fish passage through the gate 
and culvert at low tide. 

 
Figure A-7. Passage Zone 4 
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The upper panel highlights the portion of the tide cycle when both the tide level and the water level in the 
upland channel are below the invert of the culvert.  The lower panel is a schematic of the water surface 
profile through the tide gate-culvert structure. 

 
Figure A-8. Passage Zone 4.   Channel drains completely at low tide. 

 
Figure A-9. Passage Zone 4.   Culvert invert is below low tide. 
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A.5 Conclusions 

The hydraulic analysis of flow conditions relevant to fish passage in a tide gate-culvert 
structure can proceed in a logical order by dividing each tide cycle into four zones.  This 
approach addresses the following issues: 

• The flow direction and calculation algorithms are similar throughout the time duration of 
each zone. 

• Each zone has different passage issues in different locations in the structure, and this 
approach may help designers focus on improved passage solutions relevant for each portion 
of the tidal cycle. 

• This nomenclature may help facilitate improved communication between the landowner, 
biologists, and engineers working on the design. 

• This approach may result in improved fish passage conditions due to a), b) and c). 

NMFS’ knowledge of the daily and seasonal travel requirements of estuarine fishes is 
extremely limited.  There is good information about the swimming speeds and passage 
requirements for salmonids.  Research is being conducted regarding how juvenile salmonids 
utilize estuaries over various temporal and spatial scales. 

Despite the lack of detailed fish passage information for most estuarine fishes, there are 
three factors that can be used to significantly improve the probabilities for successful fish 
passage: 

• It is possible to measure and calculate flow velocities and depths in natural estuary tidal 
channels when no flow-control structures are present. 

• Engineers can design tide gate-culverts that create naturally occurring velocities and depths 
over a wider proportion of the tidal cycle than is presently being done in most tide gate 
replacement projects.  Designers can calculate the percentage of time that a proposed 
structure creates the target water velocities and depths, which allows alternative designs to be 
easily compared. 

• Detailed monitoring and evaluations of new projects can be conducted to assess the passage 
effectiveness of a design for various species that use habitat surrounding the structure.  This 
information can be incorporated into the designs of future projects.  The state-of-the-art of 
tide gate fish passage design can be gradually improved over time using this process. 
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