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If we knew what we were doing,
it wouldn’t be called Research.
— A. Einstein
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OTIS (One-Dimensional Transport with Inflow and
Storage) is a mathematical simulation model used in
conjunction with field-scale data to quantify hydrologic
processes (advection, dispersion, and transient storage)
affecting solute transport and certain chemical reactions
(sorption and first-order decay).

trial-and-error approach;

The goal of the solute transport modeling is to estimate
parameters,;

OTIS-P, a modified version of OTIS, employs parameter-
estimation techniques such as Nonlinear Least Squares (NLS).

OTIS/OTIS-P is available on USGS (US Geological Survey)
website



Where did OTIS come from?

» OTIS is based on a transient storage
model presented by Bencala and Walters

(1983).

BT

> Robert Runkel wrote the FORTRAN code Saatssstesss
that solves the model equations :

Research Hydrologist
- Robert Runkel



Some Technical terms in OTIS

Advection: the downstream transport of solute
mass at a mean velocity

Dispersion: the spreading, or longitudinal
mixing, of solute mass due to shear stress,
turbulence, and molecular diffusion

Transient storage: the temporary detainment of
solutes in sediments, small eddies, and stagnant
pockets of water that are stationary relative to the
faster moving waters near the center of the
channel



Transient Storage

The pockets of water and porous areas of the streambed are
the two areas contributing to transient storage.

Transient Storage Mechanisms

Figure 1. Transient storage mechanisms. Transient storage occurs (a) when solutes enter small pockets of slow-moving
water and (b) when solutes leave the main channel and enter the porous media that makes up the bed and banks of the
channel. Arrows denote solute movement between the main channel and the transient storage zone (adapted from Runkel

and Bencala, 1995).
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Why OTIS?

Estimating nutrient uptake in streams - Denis Newbold

Studying particle dynamics - transport ,deposition and
suspension — Denis Newbold

Estimating the exchange of water between stream and
sediments

Assessing the fate of contaminants that are released into
surface waters



Conceptual Model: Main Channel and Storage Zone
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Figure 2. Conceptual model that includes the main channel and the storage zone.



Governing Differential Equations in OTIS



Assumptions

The primary Assumption

* Solute concentration varies only in

the longitudinal direction.

Model assumptions

* The physical processes that affect

solute concentrations include

advection, dispersion, lateral inflow,
lateral outflow, and transient storage.

* Advection, dispersion, lateral

inflow, and lateral outflow do not occur

in the storage zone.

Conceptual Model: Main Channel and Storage Zone

Main Channel

Downstream Transport
|~
— — >
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Figure 2. Conceptual model that includes the main channel and the storage zone.



Governing Differential Equations — the Conservative Case

In the Main Channel:

ac Q acC
E ==y = =+ Z P (AD ) CILIN (CL C) S (X(CS = C) (1)

In the storage-zone:

E=ar(C-C) )

dt
Where
A - main channel cross-sectional area [L?]
A, - storage zone cross-sectional area [L?]
C - main channel solute concentration [M/L3]
C, - lateral inflow solute concentration [M/L3]
C, - storage zone solute concentration [M/L3]
D - dispersion coefficient [L?/T]
Q - volumetric flow rate [L3/T]
q.;y - lateral inflow rate[L3/T-L]
t — time [T]
x — distance [L]
o — storage zone exchange coefficient [/T]
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Conceptual System - Reaches and Segments

> Reach Reach Reach Reach I
| 2 ] NREACH
Reach j
Segment | Segment Segment Segment
| 2 o 1 - NSEG;
DELTAX;

- RCHLEN, -

Figure 8. Conceptual system that includes one or more reaches. Each reach is subdivided into a number of
computational elements or segments.

A reach is defined as a continuous distance along which model parameters remain constant.
a single reach
several reaches

Each reach is subdivided into a number of computational elements or segments.



Figure 3. Conceptual system subdivided into a number of discrete segments (control volumes).



Segmentation Scheme

< Nl AV | AV

Segment Segment Segment
0 > 7-1 T i+1 — >
Interface Intertace
i-1.1 i.1+1

Figure 4. Segmentation scheme used to implement the numerical solution.



Boundary Conditions

Segment 1 - Upstream Boundary Condition

flow C,

Figure 5. Upstream boundary condition defined in terms of a fixed concentration, C;,..
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Downstream condition(DSBOUND): a fix dispersive
fluxat Cy , is defined by (D 3-) | , = DSBOUND.

Downstream Boundary Condition

|
|
flow — Ciy C, |
|

Figure 6. Downstream boundary condition defined in terms of a fixed dispersive flux.
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Numerical Solutions

After applying the finite-difference approximations, Eqn(1)
becomes:

dac
= - -
Where

QN (Ciea = Ciq) |, 1 ((AD);341(Cirq — G;) — (AD);_1,:(C; — Ci—4)
S }

Here, i subscripts the segments, and Ax is the length of each segment.



Crank-Nicolson Method

The time derivate dC/dt, is estimated using a forward
difference approximation:

Jtl _
j‘f:g I, : 4)

At — the integration time step [T]
j — denotes the value of a parameter or variable at the current time
j+1 — denotes the value of a parameter or variable at the advanced time
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Eqn(3) and (4) were developed into (5) for all the
segments in the modeled system,

J*l L poitl jt1 _ ( )
E:'C;-—1 FI-CI. + GI-CH { Rz‘ 5
] [ =1 o
F, G, €1 R,
-1
E, Fy Gy € Ry
E; F3 Gy ci™h | = |Rs
Ey Fy Gyl |pivt Ry
._1
eFl | R.
R C“.%r_l ]

A hypothetical set of equations representing a five-segment system

Systems of equations above can be efficiently
solved using the Thomas Algorithm.



Applications of OTIS



l InjMetaData. DAT ] —

| WTW or Sypeesseess gatetxt | 3
[ InjMetaData_bldr.sas ]
[ Salt_bldr.sas ] $
| Run buildcond in DOS | ‘ [ Conversionfactor_c.sas ][ Injmetadata.sas7bdat ]
[ Salt_bldr_rename.sas ]
¥ (o)

[ swrc.label_yyyy ]
[ WTW or YS|******** sas7hdat ] InjMetadataMerge_c.sas ]

hd ]

[ Spiral17_labelchem_merge.sas ]”[ spiral20yy_data_dionex.sas7bdat | Runrunsalt in DOS

[ InjMetaDataMerge.sas7bdat ]

I _[ Spiral17_labelchem.xlsx ] ‘

[ BkgdCorrection_c.sas ]
[ dx17_all_recalib_c.sas7bdat ] ‘

[ bkgdc.sas7bdat |
3 3

ModelAreaFlow_c.sas ][ ModelAreaFlow_br_c.gg

2
OTIS/OTIS-P Flow Chart | === |

ModelAreaFlow_br.sas7bdat
Manually input
l OTIS_Wrapper.sas
Manually input
Vi L 2
params_NNN.inp flow_NNN.inp Control.inp Otisp_indata_NNN.inp star.inp
4 1 4 ¥ /
OTIS.exe

OTIS-P.exe

: }

OTIS_Wrapper.sas

: ¥
Manually input

< Results_NNN.out
% Echo_NNN.out

ModelRunLog***.xlsx < Params_NNN.out
s OTISSumm.txt
% Graphs and parameters in SAS




Our OTIS/OTIS-P model

Flumes Stream
Solute (conservative) Yes Yes
Spatially uniform Yes NO (ssumed uniformity)
Temporally steady flow Yes NO (assumed steady flow during experiment)
lateral inflow No Yes oo nw

Lateral outflow No No



Application1  The flume experiment
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The Procedure of the Experiment on the flumes

Goal: find out if the flumes with more biofilm tend to have larger
storage zone exchange coefficient.

Build a flume with some rocks on the bottom
Pump water into the flume
Measure the flow before the experiment

Put a conductivity logger under the water at the end of the
flume

Eelease the water mixed with salt from the beginning end of the
ume

The conductivity logger will record conductivity at the end of
flume

Analyze the data downloaded from the logger with OTIS (and
SAS) to find the parameters, Dispersion, main channel cross-
sectional area , storage zone cross-sectional area , storage zone
exchange coefficient



Input Parameters:  Disp=1.17620E-02 A=1.21700E-02 As=0B16S0E-04 Alpha=E6.24720E-03

110
mné
gué
sn%
?né
sné
sné

40 -

Change from Background in cond_c

30 -
20 -

10 -

Elapsed Time (minutes)

OTIS graphical result for one of the flume experiments
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Disp

As
Alpha

Results after Changing Parameters

Increase Decrease

Lower max and wider

Shift right and slightly wider
Lower max and extend tail
Lower max and steepen tail



Change from Background in cond_c

Input Parameters:  Disp=3.00000E-02 A=1.21700E-02 As=1.08165E-03 Alph:

Output Parameters:

Di8p=1.990?'8E—02 A=1.33145E-02 As=1.1047BE-03 Alpha=5.07259E-03

80

80 4

70

60 -

304

40 -

30 -

204

Change from Background in cond_c

Elapsed Time (minutes)

Elapsed Time (minutes)

_ Left Graph -OTIS | Right Graph-OTIS-P

Dispersion

Area

Area2
Alpha

3.0000E-02
1.21700E-02
1.08165E-03
8.24720E-03

1.909078E-02
1.33145E-02
1.10478E-03
5.07259E-03



An Example of failed modeling in OTIS-P

Input Parameters:  Disp=3.00000E-01 A=1.21700E-01 As=1.08163E-01 Alpha=8.24720E-02

20

70 4

60 -

50 4

40 -

30

Change from Background in cond_c

20 4

Elapsed Time {minutes)

OTIS-P does not work when the input parameters are too
different from the true values.



Change from Backgroun in cond_¢

Flume 1 (no biofilm) VS Flume 4 (with biofilm)

Model Run # 055 (OTIS-P) of Injection on 25JUL1Y to FLUME4 at 25.3 m (Reach 1)
=HE0TIS Model Inputs ===
How at Point: 1.704 L's  Mumber of Points Modeled: 42 Area Under Resulting Model Curve: 1154475 unifs*sec
Input Parameters:  Disp=1.17383E-02 A=121691E-02 As=982050E-04 Alpha=6.25203E-03
===0TIS-P Model Outputs===
Meodel Residual Sum of Sguares: 1069297 Residual Standard Deviation 1677475
Cutput Parameters:  Disp=1.17538E-02 A=121891E-02 As5=0.382099E-04 Alpha=56.25262E-03

190
Model Run # 053 (OTIS-P) of Injection on 07SEP17 to FLUMET at 28.3 m (Reach 1) 130
===0TIS Model Inputs™=+=
Fiow at Point: 1.5668 Lis Mumber of Points Modeled: 39 Area Under Resuling Model Curve: 7400.11 units*sec 170
Input Parameters:  Disp=1.65164E-02 A=123460E-02 As=510170E-04 Alpha=2 51187E-03
==HOTIS-P Modsl Outputs™= 160
Model Residual Sum of Squares: 47.33991 Residual Standard Deviation 1.163

Output Parameters:  Disp=1.65164E-02 A=123469E-02 As=5.10170E-04 Apha=2511355-03 150
140

130 <
g 130

120
E 120
110

B 1o

100 o
- %. 100
o 90
50 £ 50

£
70 § 70

a
50 50
40 40
30 20
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10 10
o 04

T T T T T T T T T 7 e e e e S R AL B E R B B B e i i i B e L
¢ 2 3 4 ® & 7 s N ° 0 1 2 3 4 5 7 8 9 10 1 12 13 14 15 16

Elapsed Time {minutes)

Dispersion
A

As

Alpha

1.65E-02
1.23E-02
5.10E-04
2.51E-03

Left Graph -Flume1 | Right Graph- Flume4

Elapsed Time (minutes)

1.18E-02
1.22E-02
9.82E-04
6.25E-03
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Conclusion

The biofilm made the storage zone exchange
coefficient and storage zone cross-sectional
area larger.
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Application 2 - experiments on the Stream

Purpose: we want to find out how trees and branches that fell into
the stream affect transient storage in White Clay Creek
In Sep. and Oct. 2017, we

Selected a reach about 200 meters long and marked five stations within
the reach;

Set up the conductivity loggers at the injection site located upstream
from the injection site (for background), and at stations1and s.

Set up barrels and equipment at the injection site and metered NaCl
and NaBr to the stream using a pump;

The pump worked for 17 hours and the loggers recorded for more than
24 hours.

The data in the loggers were downloaded to computer and analyzed for
the four parameters, Disp, Area, Area 2 and Alpha with OTIS/OTIS-P.

Then we will place woody debris into the stream on the site(s)in White
Clay Creek.

Next year, run the experiment again to see the change of the four
parameters.
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OTIS/OTIS-P Results for Meadow Reach

Model Run # 001 (OTIS) of Injection on 15SEP17 to Meadow at 182 m (Reach 1)
=TI Inputs*+==
Flow at Poirt: 57.876 L's Mumber of Points Modeled: 146 Area Under Resuling Model Curve: 3473700 units*sec
Input Parameters:  Disp=1.00000E+00 A=3.00000E-01 As=6.73200E-02 Apha=2.20000E-05

5 8

8

Change from Background in cond_c

0

200 300 400 500 600 700 800 900 1000 1100 1200

Elmmansl Tirna fatndant

OTIS

1300

1400

1500

Model Run # 002 (OTIS-P) of Injection on 15SEP17 to Meadow at 182 m (Reach 1)
=TS Model Inputs =+
Flow at Point: 57.676 Lis Mumber of Points Modeled: 146 Area Under Resulting Model Curve: 3472803 units*sec
Input Parameters: Disp=1.00000E+00 A=8.00000E-01 As=673200E-02 Alpha=220000E-05
=H0TIS-P Model
Model Residual Sum of Squares: 2647.917 Residual Standard Deviation 4.318253
Output Parameters:  Disp=3.83647E-01 A=6.38089E-01 As=9.83144E-02 Alpha=1.97106E-05
This model and data are computationally singular,
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Change from Background in cond_c

,Y————————Y

Model Run# 012 (OTI15-P) of In]%(ilgg_ﬁg R@gﬁ;&;ﬁecownng at 200 m (Reach 1) — Mockl Fun # 026 (OTIS-) of \dunw"esnMES‘EngmRecwrfmmM (Reach 1)
oagy 8] Inputz s
Flow at Point: 328578 Lis  Number of Points Modeled: 200 Area Under Resulting Model Curve: 6115227 units®sec P e Parmine | Glpes S0 A BE S e IINTES AL
Input Parameters: Disp=643156E-02 A=511320E.01 As=133731E-01 Alpha=2 63381E-04 Mo Rt Bt of . $4705 Rasil e O daton 1308844
=H=0TIS-P Modlel Outputs*=+ e yrbey =0

Model Residual Sum of Squares: 3616.02 Residual Standard Deviation 4.295245

Output Parameters: Disp=2.46108E-01 A=5.92279E-01 As=1.94800E-01 Alpha=2 44144E-05

700 800 900 1000 1100 1200 1300 1400 1500

Elapsed Time (minutes)

#USTIME USBC (for i=1,H5CLUTE) F#USTIME USBC (for i=1,NHSCLUTE)
# l l * ! !

$RE R HE R HE A HE R R HE R HE R R LR A 184 HEFHIH R R R I
0.0 0.00000 0.0000 0.0000

0.0002778 3.297 0.0002778 2.824988939%

2

17.0002778 0.00000 5.7502778 3.03706993%
11.5002778 3.2674T789736
17.0002778 0.0000

Flux input in param file; flux is Flux input in param file; flux is
considered to be uniform. different for each barrel.



Best OTIS-P Result for Meadow Reach

Model Run # 045 (OTIS-P) of Injection on 15SEP17 to Meadow at 182 m (Reach 1)
== TS Moded Inputs ==+
Flow at Paint: 48,3003 s Mumber of Points Modeled: 154 Area Under Resulting Model Curve: 3522806 units*sec
Input Parameters:  Disp=8.98923E-01 A=463564E-01 As=5.70044E-02 Alpha=5.04E02E-05
=e=0T)S-P Model
Model Residual Sum of Squares: 272.0178 Residual Standard Deviation 1.346645
Qutput Parameters:  Disp=8.98901E-01 A=4 63562E-01 As=570022E-02 Alpha=504702E-05

8

8

8

Change from Background in cond_c
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Change from Background in
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Best OTIS-P Result for R
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ecovery Reach

Model Run # 043 (OTIS-P) of Injection on 28SEP17 to Recovery at 200 m (Reach 1)
#==0TIS Model Inputg==+
Flow at Point: 30.2996 L's Mumber of Points Modeled: 200 Area Under Resulting Model Curve: 6140008 units*sec
Input Parameters: Disp=1.84633E-01 A=5.07277E-01 As=6.07256E-02 Alpha=1.12234E-04
=H=0TIS-P Model
Model Residual Sum of Squares: 1654 752 Residual Standard Deviation 2 905644
Output Parameters: Disp=1.87561E-01 A=508549E-01 As=596533E-02 Alpha=1.05252E-04

Elapsed Time (minutes)

L L B [N BN B [ B BB B [N R 1
1100 1200 1300 1400 1500
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Best OTIS-P Result for Forested Reach

Model Run # 044 (OTIS-P) of Injection on 050CT17 to Forested at 184 m (Reach 1)
OIS Moded Inputs =+
Flow at Point: 29.3908 L's  Number of Points Modeled: 200 Area Under Resulting Model Curve: 6392341 units*sec
Input Parameters: Disp=7 21479E-02 A=4 54398E.01 As=8.79725E-02 Alpha=2.49500E-04
=a=0TIS-P Model
Model Residual Sum of Squares: 532.9894 Residual Standard Deviation 1.64904
Output Parameters: Disp=1.22457E-01 A=479372E-01 As=696837E-02 Alpha=1.16022E-04
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100 200 300 400 500 600 700 &00 a00 1000 1100 1200 1300 1400 1500
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Summary

Meadow Recovery Foraitod
Dispersion (m?/s) 0.899 0.188 0.122
Main Channel Cross- 0.50
sectional Area (m?) 0.464 J 0.479
Storage Zone Cross-
o 0.0570 0.0597 0.0697
Storage Zone Exchange 5.05E-05 1.05E-04 1.16E-04

Coefficient Alpha (s)
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Summary
Reach As/A 1/alpha [second] (As/A)*(1/alpha) [second]
Meadow 1.23E-01 1.98E+04 2 43E+03
Recovery | 1.17E-01 |  9.52E+03 1.12E+03
Forested 1.46E-01 8.62E+03 1.25E+03

As/A: this ratio shows how big the transients storage zones were
1/alpha: average time in seconds it takes for water to enter transient storage

(As/A)*(1/alpha): the time in seconds water stays in transient storage before
returning to the water column.



Conclusion

The size of the transient storage zone was similar
among reaches.

The transient storage exchange coefficient in the
forested reach was higher than the other two reaches.



P e

Any Questions?
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