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1 Hydraulic structures

The term hydraulic structures refers to control structures such as tidally-operated gates, barriers,
weirs and culverts as well as to coupled boundary conditions representing direct transfers of water
from an outflow to an inflow boundary due to mechanisms like low head pumps. There are numerous
gates and control structures in the San Francisco Bay-Delta. Here we describe the way structures are
modeled and the formulas used to calculate flow through them.

Hydraulic structures are represented in SCHISM as paired boundary condition (Figure 1). Flow
is calculated based on head differences at two reference nodes, one on the nominal upstream and
downstream sides of the structure (but not necessarily adjoining the structure). Once the flow is
calculated, it is disaggregated as a homogenous flux boundary condition over the breadth of the
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Figure 1: Hydraulic structure definition imposed on horizontal grid.

structure. The boundaries are enforced using a relaxation formulation, which provides some natural
ramping of flow when gates that are suddenly opened or closed. Transport is coupled between the
side that is an outflow and the side that is an inflow.

A number of pre-defined flow structures are already in place covering all the cases we encountered
in the Bay-Delta; with a little programming the system can easily be expanded to accommodate new
structures. The structures we have already implemented are listed below. All of the structures admit
control of key (indicated) parameters using time series.

Structures can also be removed in SCHISM by adding an appropriate entry in a time series. When
a structure is removed, the region between the paired boundaries reverts to the ordinary equations of
motion – ie, it is if the structure did not exist.

1.1 Flow transfers

A flow transfer is a simple coupled boundary condition wherein a fixed flow Qs is stipulated. This
flow is imposed as an outflow boundary on one the paired boundaries and and inflow on the other.
Constituent mass is conserved.
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Figure 2: Free flowing (a) and submerged (b) weir flow cases.
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1.2 Weirs

A weir may be dry, submerged or free flowing (see Figure 2) depending on the position of the
upstream and downstream water surfaces zu, zd compared to the weir invert elevation zinv. Note that
in the formulas below,

For the free flowing case:

Q f
s = sgn (zu − zd)CopCf A

√
2gH

where

Q f
s free flow flow through structure (cms)

sgn sign function (to induce up/downstream directionality)
zu upstream reference elevation (m)
zd downstream reference elevation (m)
zinv invert elevation of the weir (m)
H = max(zu, zd) − zinv is the energy head above the weir
A area of flow (m2)
Cop (directionally varying) operating coefficient (unitless)
Cf flow/gate coefficient (unitless)
g gravity (m/s2)

For commentary on coefficients, see ?. Note that in the formulation above, the
√

2g term has been
kept separate and the area calculation uses water surface height. Furthermore, note that zu and zd are
pre-assigned upstream and downstream orientations, whereas H is the energy head in the direction
that is upstream of the weir in terms of actual flow.

The submerged case is derived from the free flowing case using the correction given by ?:

Qs
s = Q f

s (1 − S1.5)0.385

S =
min(zu, zd) − zinv
max(zu, zd) − zinv

in terms of the submergence ratio S.
If both sides are dry, of course Qs = 0 for the structure. Note that this refers to being dry with

respect to the invert elevation. The nodes may not go dry in the ordinary sense with respect to the
bed – this is the same restriction as at other SCHISM boundaries.

1.3 Radial gates

A radial gate is parametrized as shown in Figure 3, although at the moment we have ignored the
kinetic energy component of upstream head (so that H1 = y1). For the case where the radial gate is
completely out of the water or the tailwater elevation is not sufficiently high to affect the upstream
(submergence ratio described in the previous section is less than Sp = 0.66), the gate reverts to a
modified weir equation described momentarily. For the case where the radial gate is completely
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Figure 3: Radial gate.

submerged (submergence ratio greater than Sf = 0.80), the gate is treated as an orifice as given in
Section 1.5.

For free flow:
Q f

s = sgn (zu − zd)CopCf A
√

2gH

and for partially submerged flow (Sp < S ≤ Sf ):

Qp
s = sgn (zu − zd)CopCf A

√
2g |∆z |[(1 − Ŝ)m + Ŝ]

where

Ŝ =
S − Sp
Sf − Sp

is the submergence fraction

m =

√
1

1 − Sp
is a coefficient matching factor to create a smooth transition.

For fully submerged flow S > Sf , the orifice equation is used. This is equivalent to the submerged
equation with Ŝ = 1.

1.4 Radial gates with linear coefficient

This is an alternative radial gate formula modified from a suggestion by Tony Wahl of the USBR
(personal communication) that was incorporated because it matches Clifton Court well. The rating
formula is a little simpler, but the flow coefficient is a linear function of gate height:

Qs = sgn (zu − zd)CopCf A
√

2g |∆z |
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where

Cf = d + sR

is the gate coefficient linearly dependent on the ratio of gate opening to upstream head:

R = min(
Hgate

H1
, 1.0)

with constant and linear parameters d and s respectively. Some special cases surround the term A,
given that the top of the radial gate may be dry or submerged.

1.5 Orifice

The orifice option is used to model a sluice gate or flashboard or other devices that presents a
(rectangular) apertures to flow. Flow in this case is given by:

Qs = sgn (zu − zd)CopCf A
√

2g |∆z |

Some special cases surround the term A, given that the orifice may be dry, partially submerged or
completely submerged. Typically, the orifice equation is most useful when flow is fully submerged.

1.6 Culverts

A culvert is currently modeled as a circular orifice. In other words, it is the same as the orifice case
but with a different formula for A. This treatment neglects some of the nuances of head and tailwater
control as described by ?

2 Model Input for Structures

2.1 Enabling Structures (param.in)

Hydraulic stuctures are enabled in param.in using the parameter ihydraulics. This is a binary flag
with 1 indicating that structures are to be used and 0 indicating that they will be ignored.

6
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2.2 Defining Structures (hydraulics.in)

Below is an annotated example hydraulics.in file. The line numbers are not part of the original
file and the comments (parts after the "‘!"’) are not required.

[ 1]2 ! number of structures in file (global to file)
[ 2]1.e-2 ! nudging factor (global to file)
[ 3]1 dcc ! index, name of first structure
[ 4]6 976 994 ! #of node pairs, up&downstream reference nodes
[ 5]984 990 ! node pairs (node numbers on global grid)
[ 6]983 989 ! ...
[ 7]982 988
[ 8]981 987
[ 9]980 986
[10]979 985
[11]radial ! struct type
[12]2 ! nduplicate = 2
[13]-3.42 18.3 10.0 ! invert elevation, width per unit, height (m)
[14]1.0 1.0 1.0 ! flow coeficient, op_downstream, op_upstream
[15]1 ! time series enabled
[16]2 clifton_court ! Index number, name of second structure
...

2.2.1 Global header (example line 1-2)

The first two lines ofhydraulics.in include two global parameters, the total number of structures
and the nudging factor.

The gate equations are not enforced exactly. We have found that this specification is not fully
stable, particularly when gates are abruptly installed or open. Instead we use a relaxation formulation:

Q(t +
∆t
2
) = (1 − χ)Q(t) + (χ)Qs(η(t), u(t), φ(t + 1))

where Qs is the explicit flow calculation for the structure based on state variables and parameters
at time t.

In other words, rather than being set exactly to the gate value, the (coupled) flow boundaries
will be nudged a fraction χ towards this value. The nudging factor can also be interpreted as a time
constant. Using a small value like 0.1 will provide maximum stability, but is too slow to respond to
tidal fluctuations.

2.2.2 Structure geometry

After the global parameters, the next lines (3-10 in the example) represent the identification and
geometry of the structure:

Line 3 An index and name for the structure. The indices must be sequential and the maximum length
of name is 32 characters

7
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Line 4 The number of node pairs in the definition, the upstream reference node and the downstream
reference node. All use global node numbers.

Line 5-10 For each node pair in the string defining the structure, the member of the pair on the upstream
and downstream side. The start and end must be on land boundaries. The concept of a node
pair is illustrated by the unprimed and primed nodes in Figure 1

2.2.3 Parameters and coefficients

After the geometric information are some parameters that are specific to the structure type. In the
example, this happens to fall on lines 11-14 although this would be different with different geometry
or in a hydraulics.in with multiple gates. The first of these lines controls this input with the
structure type being listed on the first of these lines. All parameters are specified per unit. For all
structures except the hydraulic tranfer, the number of duplicate units is controlled by the variable
nduplicate.

Many of the structures have invert elevations among their parameters. The datum for this elevation
is the same as the datum for the elevation state variable η in the model.

transfer A transfer is a coupled boundary condition (outflow and inflow). The only parameter is
the prescribed flow.

struct_type ! type of structure (transfer)
nduplicate ! number of duplicate units
flow ! flow in cms

orifice,radial

struct_type ! type of structure (orifice, radial)
nduplicate ! number of duplicate units
elev width height ! invert elevation (m), width, height (rectangular)
coef op_down op_up ! flow coeficient, operating coefficient down and up

radial_rh A radial_rh gate has a flow coefficient that has both a constant term and a linear variation
in the gate height:

struct_type ! type of structure (radial_rh)
nduplicate ! number of duplicate units
elev width height ! invert elevation (m), width (m), height (m)
coef coef_linear ! constant, linear height-based parameters of flow coef.
op_down op_up ! op coef down/up

weir An orifice is submerged, rectangular orifice (outflow and inflow).

struct_type ! type of structure (weir)
nduplicate ! number of duplicate units
elev width height ! invert elevation, width of a single unit, height
coef op_down op_up ! flow coef., operating coefficients down and up

8
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culvert An culvert is a round culvert

struct_type ! type of structure (culvert)
nduplicate ! number of duplicate units
elev width ! invert elevation, radius
coef op_down op_up ! flow coeficient, operating coeficient down and up

weir_culvert This is a combination of weir and culvert

struct_type ! type of structure (culvert)
weir_nduplicate ! number of duplicate weir units
weir_elev weir_width ! invert elevation, radius
weir_coef weir_op_down weir_op_up ! flow, operating coefs for weir
pipe_nduplicate ! number of duplicate culvert/pipe units
pipe_elev pipe_width ! invert elevation, radius
pipe_coef pipe_op_down pipe_op_up ! flow, operating coefs for culvert

2.2.4 Enabling time series control

The final line (line 15 in the example) of each structure definition is a flag (1=True, 0=False)
indicating whether a time history (*.th) file will be used to make many of the parameters time-
varying – effectively replacing the values loaded in hydraulics.in. Time series control is
covered in Section 2.3.

2.3 Time Series Files (*.th)

If you set the time series flag for a gate coefficient to 1=True as indicated in 2.2.4, time series
control is enabled for the gate. You need to provide an input file named [gate_name].th where
[gate_name] is identical to the name used in the gate definition.

The file [gate_name].th is a multivariate time history.As with all *.th files the first column
is time in elapsed seconds since the start of the run and the other columns are space delimited. One
quirk compared to other SCHISM inputs is that the times can be irregular and interpolation for gate
variables is based on constant repetition of the previous value, not on linear interpolation. This,
we feel, is more typical of the actuator on a gate; some things (like "‘installation"’) are also not
meaningful at intermediate values.

The other parameters that are included depend on the gate type, and the columns for each type
are given below. Most of the variables are identical to the ones listed in hydraulics.in and
described in Section 2.2.3. Howerver, there is one special variable install that is always located in the
column immediately after the time column. This variable takes on integer values and must be zero
or one. Setting the installation to zero removes the structure, restoring the original algorithm.

transfer time install(int) flow ! Install = 0, 1

culvert,weir time install(int) nduplicate(int) op_down op_up elev

orifice,radial,radial_rh time install(int) nduplicate(int) op_down op_up elev width height
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weir_culvert time install (int) ndup_weir (int) op_down_weir op_up_weir elev_weir width_weir
ndup_pipe (int) down_op_pipe up_op_pipe elev_pipe radius_pipe

Below is a sample dcc.th, corresponding to the radial gate used in the original example
hydraulics.in:

0.0000000 1 2 1. 1. -3.42 18.29 0.0 ! Cols 1-3: t, install, nduplicate
6170400.0 1 2 1. 1. -3.42 18.29 10. ! Col 4: downstream op,
6521400.0 1 2 1. 1. -3.42 18.29 0.0 ! Col 5: upstream op
6776640.0 1 2 1. 1. -3.42 18.29 10. ! Cols 6-8: elev, width, height
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