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Lake Michigan Diversion and its monitoring

= Series of canals built from 1836 to 1922 connecting from Lake Michigan |
Lakes Basin) to lllinois River (Mississippi River Basin).

= Primary canal is Chicago Sanitary and Ship Canal, completed in 1900.
= Reverses flow of Chicago River and diverts water from Lake Michigan.

= Diversion by State of lllinois from Great Lakes is limited by U.S. Supreme Court
decree to a long-term mean of 3,200 cubic feet per second (ft3/s).

= U.S. Army Corps of Engineers is charged with monitoring the diversion: Lak
Michigan Diversion Accounting (LMDA) program.
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Streamgaging for LMDA and estimation of the
uncertainty of computed discharge based on it

= U.S. Geological Survey (USGS) has operated one or more streamgages on the
Chicago Sanitary and Ship Canal for the LMDA program since 1984.

= Current primary streamgage for LMDA is “Chicago Sanitary and Ship Canal
near Lemont, lllinois”, USGS streamgage 05536890 (hereafter, the “Lemont
streamgage”) .

= Prior LMDA discharge computation uncertainty work focused on a statistical
approach, using properties of the index-velocity rating regression (Over and
others, 2004; Duncker and others, 2006).

= Present (2021) effort continues that approach but also investigates
Incorporation of measurement uncertainty in stage, index velocity, and
discharge.
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EXPLANATION

Elevation, in feet abhove North American

Vertical Datum of 1988 Acoustlc Doppler velocity meter

(ADVM; black lines are the centers
of each beam and red lines show
approximate width of each beam)

High: 568.14

Discharge measurement cross section
Low: 548.98 4770
P : Centerline of ADVM (perpendicular to channel)

AVM: Acoustic velocity meter

Figure is from Jackson and others (2012)



Instrumentation

1.

Stage: Paroscientific PS-2 pressure transducer with nitrogen tank and Conoflo
purge bubbler system.

AVM: 3-path Accusonic 0.R.E. 7510 GS temperature-compensated time of travel
velocity meter.

a. Pathlength: 234.8 feet (ft), angle: 44.5 degrees
b. Path stages: 18.4,13.2, 7.8 ft
Horizontal ADVM (primary index velocity): TRDI Channel Master, 600 kHz
a. 9cells atb meters (16 ft) per cell beginning 2 meters (7 ft) from right (north) bank.
b. Stage: 13.2ft.

Discharge: ADCP (TRDI Rio Grande) measurements from moving boat (using tagline

Uplooking ADCP: not used in this study.
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Deployment schematics of the AVM (left) and the ADVM

(right) at the Lemont streamgage
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Figures are from Jackson and others (2012).
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Approach to Uncertainty Estimation

Four steps:
1.

Estimation of measurement uncertainty at continuous sensors by first-order
second moment (FOSM) method using a type B approach: AVM, ADVM, and
stage.

Estimation of uncertainty of ADCP calibration measurements (Qms).
Determination of AVM and ADVM-based index-velocity ratings (IVRs).

Computation of discharge and its uncertainty using IVRs.



Discharge measurement dataset

155 ADCP discharge measurements (Qms) and corresponding ADVM and AVM velocities
were processed using QRev (Mueller, 2016) for this study (Prater and others, 2021). Of
these,

o 140 have corresponding AVM velocities.
o 130 have corresponding ADVM velocities.
o 115 have both.
Dataset properties include:
o Date range: Jan. 12, 2005, to Oct. 23, 2013.
o Measured discharge, range: —344 to 16,794 ft3/s; median: 2,605 ft3/s
o Duration of measurement, range: 162 to 3,563 seconds; median: 831 seconds.

o Number of transects, range: 1to 18; median: 4.



Step 1: Estimation of measurement uncertainty
at continuous sensors

= Sensors: AVM, ADVM, pressure transducer

= General approach: “type B,” with computations by first-order
second moment (FOSM) method.

= Software: QMSys (http://www.qgsyst.com), implements FOSM
and Monte Carlo methods.




Error Propagation by the First-order Second Moment
(FOSM) Method

Uncertainty in FOSM method is computed as the variance Jf,,, the 2" moment, of ¥, which is a
function of some Xvariables: V — 3(;‘:1: X.. ___?_;.:n)

Using properties of variance and a Taylor series (first-order) expansion, variance of ¥, is

approximately: dg | O
oo =
$=2.2:5%), x|
2
If Xvariables are independent, then: oy =) == t
i=1
For example, for @= AV, one gets: SQ . ) s
%0 =57 e +laA 7a= Aoy +Vo,

(adapted from Duncker and others, 2006).



AVM uncertainty — Data reduction equation (DRE)\

B 1 1
FL = -
2cos(A) Tpe  Top

I, = "line velocity,” velocity along acoustic path, used as index velocity,

where:

B =acoustic path length,
A= angle between acoustic path and velocity, and
T-p Tpp=travel times of acoustic signal between transmitter and receiver and back.

At the Lemont streamgage, the line velocities from three acoustic paths are averaged (with

weighting when one or more is missing) to obtain a composite mean AVM velocity (Jackson
and others, 2012).

Note that the DRE is nonlinear in all quantities except the acoustic path length 5.



AVM uncertainties: Expanded DRE as entered
iInto AMSys

pom Model Edit Functions Help

GUF [ ]mL | [ ] mcm Adaptive 1.08 10 000 219.3

Main data Arial = > B 7 U Ax =
Description VL= (B {Z*COS(RADA))) * (1Ty - 1/Tz) + (Slz + Sla + 1z +lz + OCq + OCz + OCz + 00 + OM;y + OMa)
Model B = Sl + OMa:
Total budget A = OMzz
T1=l11 + OCaq
Observation Tz=lz + OCsz

Part of QMSys input window




Elemental uncertainties for AVM velocity at low flow*

Acoustic path length S, Site and installation 0.02% 8e-7
Changes in spatial flow distribution Sl Site and installation 1% 0.001258
Acoustic path angle Sk Site and installation 0.17% 0.000036
Travel time h Instrument 30 nsec 0.001056
Instrument resolution h Instrument 0.001 ft/s 0.000121
Sampling frequency oc, Operation - Configuration 1% 0.001258
Sampling time 0cG, Operation — Configuration 0 0

Time synchronization 0c, Operation — Configuration Not applicable*** 0
Operational issues 00, Operation — Operator 0 0
Wind-induced shear om, Operation — Measurement 1% 0.001258
Acoustic path deflection oM, Operation — Measurement 1% of B, A 0.001992
Temporary changes in flow distribution oM, Operation — Measurement 1% 0.001258
Total 0.00824 (2.56% of U

*Low flow selected as discharge = 1,300 ft¥/s; velocity ( /) = 0.322 ft/s; stage = 24.92 ft.

**Computed as the square root of the variance associated with this component.

***Not applicable to AVM velocity by itself but when used in rating curve development.




- - Quentity | Uncert. confribution | _Rel. contribution
oMy 0,00322 15.27%
] oc 0,00322 15.27%
oMy 0,00322 15.27% 85
- omy 0,00322 15.27%
sI 0,00322 15.27% 50
oMy 0,00246 8.90%
Iy 0,00203 6.41%
™ I 0,00209 6.41% 7.5
n 0,00100 147 %
Other 0,000551 0.45%
v 0,00824 e -
. Absolute and relative
. .
" contributions of elemental
55
. .
- uncertainties
T oas
E 40
£ 35
30
25
20
15
Vi
Rt i G Normal cistribution v
Value 0,322
Comb. stand, uncertainty 0,00822 v Additional dasses
Expanded uncertainty 20,016 | | MCM 0,30562 (2,275 %) 0,32206 0,33849 (97.725 %)
Coverage interval I0,3056;0,3385] || | GuF 0,30554 (2,275 %) 0,33850 (67,725 %)
Expanded rel. uncertinty £51% oMy o
Coverage factor 200
Coverage probabiity 95,45 % o
Minimum 0,28424
Masimum 0,35976
Median 0,32203 5.2
Range 0,07552
Mean value 0,32206 .
" “al| ™1 Comparison of
Skewness 0.008
Kurtosis 0.000
Quantie (2.275%) 0,30562 . . .
e = distributions of FOSM
Z =
Z 554 o
: and Monte Carlo results
3 =
= 454 10 2
36
27
18

0.3200
Minimum 0,28424 | Median 0,32203
Maximum 0,35576 |Range 0,07552
Mean value 0,32206 | Comb, stand. uncertainty 0,00822
Skewness 0.008 | Kurtosis 0.000
Quantie (2.275%) 0,30562 | Goverage factor 200
Quantile (57.725%) 0,334

MCM validated: | Yes Tolerance: | 0,0005 2s(y): 0,0000347 25(u):| 0, 0000208 25{yon):| 0,000114 25(y-high): | 0,0000948



ADVM uncertainty estimation: DREs

Basic data reduction equation (DRE):

F
V. = _d
where: 2F

V.= Velocity along the acoustic path
F,= Doppler shift of received frequency

F.=Transducer transmit frequency
C= Speed of sound

\

Expanded DRE as used for uncertainty estimation in QMSys:

Method: [v] GUF |:||1| [v] MCM [ ] Adaptive Tolerance: |1.03 | Trials [ cyde

= | Jarial w | 10t E
Vi=Shi+Sh+li+24+12+14+0Ci+0C24+0C2+ 0Cs+ 004 + OMy + OMz + OMa=

Description




Elemental uncertainties for ADVM velocity at low flow*

Beam orientation Sh Site and installation 0
Changes in spatial flow distribution Sh Site and installation 2%
Accuracy h Instrument 2 mm/s
Resolution h Instrument 1 mm/s
Factory settings h Instrument T mm/s
Analytical methods A Instrument 1 mm/s
Measurement volume setting oc, Operation - Configuration 0
Sampling frequency, sampling time 0c¢,, 0C, Operation — Configuration 0,0
Data logger, compass o¢,, 0C; Operation — Configuration 0,0
Salinity input 00, Operation — Operator 0.463%
Wind-induced shear oM, Operation — Measurement 1%
Acoustic path deflection oM, Operation — Measurement Not determined
Temporary changes in flow distribution oM, Operation — Measurement 1%

0
0.003501
0.003634
0.000908
0.000908
0.000908
0

0,0

0,0
0.000187
0.000875
0
0.000875

Total

*Low flow selected as discharge = 1,300 ft¥/s; velocity ( 1) = 0.322 ft/s; stage = 24.92 ft.
**Computed as the square root of the variance associated with this component.

0.0118 (3.66% of )




Predicted AVM and ADVM velocity uncertainties

Notice:

= Strong dependence of total
velocity uncertainty o, on
velocity I/: o,=0.025 V.

" O v< Capyy veSP. for small I/

= Percurrent DREs, 0. = o
(mirrored around V/=0).

o v- total uncertainty of AVM velocity.

opvm v- total uncertainty of ADVM velocity.

Note: The ADVM results shown here
do not consider the effect of salinity.

Velocity uncertainty, in feet per second
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Water-level (stage) uncertainty estimation: DRE

E Model Edit Functions Help

kL L (@) P T YSX g MC NEFE R R NE B
.T'l_”r.‘l.'ln v ["..’ @ AN = G e
Name:

Method:

GUF [ ImL | [ ]mcMm Adaptive 1,08 10 000 219.8

=l | larial v ot | B F U A x* Y
V=S8li+8:+li+lz+la+la+l+1+0C:+0C:+0C2+ 0Cs+ 00+ OM; + OMz + OMa

Main data

Description

Model

Total budget

Part of QMSys input window




Elemental uncertainties for water level (stage)

Datum errors Sh Site and installation 0 0

Local disturbances St Site and installation 0.02 ft 0.014728
Accuracy h Instrument 0.02% 0.001325
Resolution h Instrument 0.01 ft 0.003682
Calibration, Data transmission b, Iy Instrument 0,0 0,0
Timing, Data logger k, k Instrument 0,0 0,0
Gage offset oc, Operation - Configuration 0.01 ft 0.003682
Recorder, Data retrieval 0c,, 0C, Operation — Configuration 0,0 0,0
Periodic stage correction 0c¢, Operation — Configuration 0.01 ft 0.003682
Operational issues 00, Operation - Operator 0 0
Hydraulically induced oM, Operation - Measurement 0 0
Temperature effects oM, Operation — Measurement 0 0
Temporary flow disturbances oM, Operation - Measurement 0 0

Total 0.0271 ft

*Computed as the square root of the variance associated with this component.
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Step 2: Estimation of discharge (ADCP) uncertaint

= No generally accepted detailed method of ADCP uncertainty estimation yet exists.
= Used approximate estimates from QRev (Mueller, 2016).

= (QRev uncertainty estimates consider the following:
1. Random uncertainty: coefficient of variation (CV) = standard deviation / mean of transect
discharges
Invalid data uncertainty
Top/bottom extrapolation uncertainties
Edge estimation uncertainty
Moving bed test uncertainty (when bottom tracking used)

SO

Systematic uncertainty: 1.5 percent (one-standard deviation estimate)

Note: Any such single Qm uncertainty estimate does not address correlation among Qms,
which would affect the index-velocity rating and its uncertainty.
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Results of QRev estimation of ADCP uncertainties

Uncertainty statistics for all 155 measurements
considered in this study, expressed as standard
uncertainties in percent

Median

Computation (in terms of standard uncertainties in

Uncertainty source
percent)

Minimum Maximum

Random uncertainty Proportional to the CV of the transect discharges 0.2 3.3 243

10 percent of the percentage discharge for invalid cells

Invalid data uncertainty and ensembles 0 0 3.75
Edge uncertainty 15 percent of the percentage discharge in the edges 0.45 1.9
Top/bottom extrapolation Based on variation among results of different

: : 0.05
uncertainty extrapolation methods

If bottom track used: 0.5 if no moving bed, 0.75 if moving
Moving-bed test uncertainty | bed is present, 1.5 percent if moving-bed test not 0
performed; otherwise 0.

Systematic uncertainty Fixed at 1.5 percent 1.5

Total uncertainty 2.2



Estimated ADCP
uncertainties

Plot shows common Qms with ADCP V/'s
computed using ADVM stage-area rating.

Minimum “base” uncertainty estimate of
~0.025/(~same as ADVM, AVM):

Primary error sources: systematic, edges, moving
bed.

High “outliers™:
= common for /<2 ft/s

= Primary sources: random (CV), extrapolation.

Root-Mean Square Error (RMSE) of ADCP Vs,

= RMSE(V/,,,) = 0.0345 ft/s

Acoustic Doppler current profiler velocity standard deviation, in feet per second

0.12
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0.06

0.04

0.02

o O

|

EXPLANATION

[Root-mean square error:
0.0477 foot per second]

= == Line of slope: 0.025
-+ Loess fit
|

2

Acoustic Doppler current profiler velocity, in feet per second

3




Step 3: Determination of Index-Velocity
Ratings




Index-velocity ratings

» Perstandard USGS practice (Levesque and Oberg, 2012), index-velocity ratings (IVRs) are
developed by fitting a linear regression line with velocities from discharge measurements,

,/0/77 = Um /;4/’6'8,-”0:3/\,,

where

Omis a discharge measurement and

Area, . 1s the cross-sectional area from the stage-area rating associated with the index-
velocity meter,

as the predictand (y-axis variable) to velocities from the index-velocity meter, V/, ..

» A straight-line fit, that is,
Vyn=a+ bV,
Is used unless a pattern such as curvature is seen in the regression residuals.

dex

» Each of the two index-velocity meters at the Lemont streamgage considered in this study has its
own stage-area rating curve and its own set of IVRs.

 In this study, only straight-line fits were deemed necessary.



Stage-Area ratings

» Atthe Lemont streamgage, there are two index-velocity meters; each has a
stage-area rating curve to be used for determining Area

index-
AVM Area,,,, = 179.403x Stage - 638.05
ADVM Area,, . = 164.6766x Stage — 71.0209.

* The differences between these stage-area rating curves arise from the AVM
paths traversing the part of the measurement site that includes the sloughed

bank, whereas the ADVM is located upstream (west) from this part of the channel
(see measurement site plan, slide 6).
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Assumptions of ordinary least squares (OLS) regression and
their implications

Table taken
from Helsel

and others
(2020), p. 228.

Table 9.2. Assumptions necessary for the purposes to which ordinary least squares (OLS) regression is applied.

[X, the assumption is required for that purpose: -, assumption is not required]

Purpose

Test hypotheses,

: . Predict yand a Obtain bhest . :
Assumption Predict y aety : : estimate confidence
. variance for the linear unbiased ..
given x . .- . or prediction
prediction estimator of y :
intervals
Model form is correct: y 1s linearly X X X X
related to x.
Data used to fit the model are X X X X
representative of data of interest.
Variance of the residuals is constant - X X X
(homoscedastic). It does not
depend on x or on anything else
such as time.
The residuals are independent of x. - - X X
The residuals are normally _ - - X

distributed.

[y, response variable; x, predictor variable]
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Empirical distributions of ADVM and AVM velocity data

Data type Number of 1% 10% 90% 99%
data pomts quantile quantile quantile quantile

ADVM velocities used for IVRs, ft/s

0978 -0.036 0.034 0.183 0.68 2.78 3.69 3.88

ADVM prediction velocities, ft/s 464,077 0685 -0.28 0.061 0.269 0.57 1.19 3.00 4.58
AVM velocities used for IVRs, ft/s 140 0947 -0.037 -0.003 0.195 0.62 2.74 3.60 4.03
AVM prediction velocities, ft/s 509,996 0.719 -0.390 0.030 0.280 0.61 1.23 3.11 4.80

Empirical cumulative distribution function

0.8

0.6

0.4

0.2

EXPLANATION

—— 10-minute data

EXPLANATION

—— 10-minute data

Index-velocity rating fitting data Index-velocity rating fitting data

- - - - Limit of cumulative distribution —
function

- - - - Limit of cumulative distribution —
function

Acoustic Doppler velocity meter velocity, in feet per second




Regression methods considered

Are errors Are errors on the x Is correlation of ADCP

specified? g:iezo‘ﬂ&i':&? errors considered?

Regression method Software packages used

Ordinary least squares (OLS) R (Im function)

Weighted least squares (WLS) No No No R (Im function)
Weighted least squares (WLS) Yes No No R (Im) and TS280372

Gauss-Markov regression (GMR) (also called

b
generalized least squares: GLS) Yes No Yes 1528037

Generalized distance regression (GDR) (also called

errors-in-variables regression: EIV) s Yes No 1328037

Generalized Gauss-Markov regression (GGMR)¢ Yes Yes Yes TS28037

aTS28037: Software to Support ISO/TS 28037:2010(E) (National Physical Laboratory, 2010).

bTwo assumptions on correlations of the ADCP errors were tested: (1) that those measurements made in i
correlations of 0.5; and (2) that all the ADCP measurements are correlated with correlation = 0.1.

°Basic results with GGMR regression were computed but are not presented here to avoid unnecessary compl



Regression software used for fitting IVRs

Two packages:

1. Specified errors: MATLAB software built to implement ISO/TS 28037 (National Physical Laboratory,
2010).

2. Unspecified errors: General linear regression by Im function (R Core Team, 2019).

ﬁQ:}UH(Eﬂainty Analysis_2015/0

Software to Support ISO/TS 28037:2010(E) | === ===

B3|

- - s . . . . . ) . ) @ computeQ.R % 7] Environment History =0
This software supports the 1SO Technical Specification (TS) Determination and use of straight-iine calibration functions. a ey al- Ehhun | B | Bsoune -| = || & & | @rimportvataset - | of st -
FQ computation ~ | Global Enviranment -

#Developed March 2017 by TMO.

y THO to include Monte Carlo uncertainty computations for GGMR and @R (matlab)

#5ti11 (June 201
#marching computation:

do not understand origin of differences in uncertainty between what should be En
from R and matlab.
that the matlab models do not return a value of model error “sigma”
#apparently because they assign the errors to the measurements alone.
9 #Thus at least for now sigma is Set to zero in the prediction error computation: pred_errl, pred_errz

E H N I A ISO; s 10  #when using the matlab regression results.
I { " I I n
1z #Load libraries

13 Tibrary(zo

14 library(xt
15 library(lubridate)
16 library(MASS) #Needed for mvrnorm()

17 library(fields) #needed for tim.colors()
18 Tlibrary(matrixStats) #Needed for rowsds

1
2

E

4 #Q computations.
5 o

6

7

a

19
20 #Specify regression sources and types
21 rating_source = "R.Im" #'R.1m"" or "GGMR
22

23 #set a primary and a secondary n
24 #(Set them the same to not fi

First edifion 25 IV.TYpel = "ADVM" £"ADVM” or “AVM", the primary IV To used RSt d . . d
26 Iv.typez = "AWM" #"aDvM" or "AwmM", the secondary IV, used only for Tilling missing days

2010-08-01 27 #regr.typel is the regression type for the primary IVR u IO WI n OW
28  #Choices: #"0LS", "WLS", "WLS_avgl", "GGWR.WLS", "GGMR_nocorr”, "GGMR_wcorr”, "GMR_nocorr”, "GMR_wcorr'

23 #Note that "GGMR.WLS" and "GMR_nocorr” are the same

30 regr.typel = "wLS_avgl”

21 regr.type2 = "WLS_avgl” #same choices as regr.typel but for the secondary IVR (usually make the same choice)

32 tstepl = 10 #1, 10, 60, Tor the primary IV

23 tstepz = 10 #1, 10, &0, for the secondary IV

index velocity source to i1l at the daily time step

34 #Ser _minimum fracrion of dailv values availahle in orimarv Tv series for dav tn he considered 2
11| (Top Level) RScipt < | Files  Plots Packages Help  Viewer
New Folder € | Delets R More
‘Console Q:/Uncertainty Analysis_2015/05536890.Ratings/IVRatings/ > = 0 || 8 Hew Folder | G Delete (5 rename | 8 More
[[]° @ - Uncertainty Analysis 2015 - 05536890 Ratings - IVRatings
R version 3.2.4 Revised (2016-03-16 r70336) —- "Very Secure Dishes" A Name Size Modified
Copyright () 2016 The R Foundation for statistical Computing Y p

Platform: X86_64-w4-mingw32/x64 (64-biT)
'] .Rhistory 256 KB Jung, 2017, 8:31 AM

2014 1-V_Ratings.xisc 145 KB Jan 10, 2017, 1209 PM
act.stats. help.pef BIKE Mar 20, 2017, 5:13 PM
ADVM

ADVM-AYM uncertaintyfromMMuste.csv 2518 Mar 24, 2017, 12:06 PM
ADVM-AYM uncertaintyfromMMuste s 131K8 Mar 24, 2017, 12:06 PM
ADVMrating_regressions.R 102K8 Mar 30, 2017, %:13 AM
aggregatezoo.help.pdf M5K8 Mar 16, 2017, 6:32 PM
AM

AVM-ADYM Qms for ratings.glitchadsx 119 K8 Mar 24, 2017, 2:37 PM
AVMrating regressions.R 9.9 K8 Mar 30, 2017, %:13 AM

R is free software and comes with AESOLUTELY NO WARRANTY.
You are welcome to redistribute it under certain conditions.
Type 'license()' or 'licence()' for distribution details.

R is a collaborative project with many contributors.
Type ‘contributors()’ for more information and
‘citation()' on how to cite R or R packages in publications.

Determination and use of straight-line e -dc100 oy s g, neToy” o7 o1 v, o

*help.start()’ for an HIML browser interface to help.

calibration functions TP 0T T e

>

Défermination ef wfilizalion des fonctions détalonnage lindaire

commen

common.rating_regressions.R 5.5 KB Mar 30, 2017, 11:50 AM
computeQR BKE Jun7, 2017, 10:52 PM
FLE IV Rating Reconstruction with Error Analysisaxlsc 123 M8 Apr 21, 2014, 334 PM
Feb 27, 2017, 3:38 PM

PCERDEOD

IVRatings.Rproj

) o o



Chi-squared (X?) tests of regression model fits

« Without specified measurement uncertainties, one typically uses a variety of diagnostics that mostly
on the properties of the residuals (Helsel and others, 2020, chapter 9).

« With specified measurement uncertainties, the X?2test (Press and others, 1992, p. 653-655), can be ap
to test the model fit as follows:
o Ifthe specified measurement uncertainties are correct (that is, they are Gaussian with specified
variances) and the (linear) model is appropriate, then
SSR.,.»=sum of squared regression residuals normalized by uncertainties has a X2 distributio
with 7-pdegrees of freedom, denoted X2
where
n=number of data points used and
p=number of parameters fitted (here, 2).

n-pr

o X?,,has mean 7-pand variance 2(7-p) so a value of SSA

norm
o If the test fails, meaning p=Prob(X?,_ > SSA,,,,
then one or more of the following is true:
= “The model is wrong” (here this would mean the IVR is nonlinear);
= The measurement errors are larger than reported;
= The errors are non-Gaussian.

near n-pis expected.
) < &, for some selected significance level a<=0.0

o Because of the strictness of the Gaussian errors criterion, it is “not uncommon” to accept mod
pas small as 0.001.



Comparison of OLS ADVM and AVM Index Velocity

Ratings (on common Qms)
SE(AVM IVR) = 0.104 ft/s > SE(ADVM IVR) = 0.056 ft/s

Discharge measurement per area
(acoustic Doppler current profiler velocity,

in feet per second)

Coefficients

Intercept, in feet per second: -0.01167

Slope: 0.97427

Intercept standard error, in feet per second: 0.00756
Slope standard error: 0.00537

Correlation of coefficients: -0.72352

Standard error, in feet per second: 0.05598
| |

1

2 3

Acoustic Doppler velocity meter index velocity,

in feet per second

Discharge measurement per area
(acoustic Doppler current profiler velocity,

in feet per second)

Coefficients

Intercept, in feet per second: 0.03083

Slope: 0.97896

Intercept standard error, in feet per second: 0.01378

Slope standard error: 0.00951

Correlation of coefficients: -0.70901

Standard error, in feet per second: 0.1042 I
l l l

2 3 4

Acoustic velocity meter index velocity, in feet per second




Distributions of OLS IVR residuals (common Qms)

Sample quantiles of acoustic Doppler

velocity meter index-velocity rating

ordinary least squares residuals,

in feet per second
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ADVM

Gaussian quantile-quantile plot

AVM

Gaussian quantile-quantile plot

— — — Line of Gaussian fit

Confirms AVM residuals > ADVM residuals
Confirms presence of (non-Gaussian) outliers
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Heteroscedasticity of OLS IVR residuals (common Qms)
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——— Line fitted by locally weighted scatterplot smoothing

Results of statistical tests of heteroscedasticity (ADVM and AVM, respectively):
1. Non-constant variance test (Helsel and others, 2020, p. 244): p=0.006 and 0.00001.
2. Kendall's tau correlation with fitted values (Helsel and others, 2020, section 8.4):
tau=0.119 and 0.099; two-sided p=0.060 and 0.117.




AVM vs. ADVM
OLS IVR
residuals

Correlation of residuals is positive
but not especially large, indicating
ADCP errors are on the same
order of magnitude as ADVM and
AVM.

Acoustic velocity meter ordinary least squares
index-velocity rating residuals, in feet per second
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Intercept, slope, and X test statistics for ADVM-based IVRs

for selected regression methods and error specifications

Are Are IV
Regression | errors errors Correlation of | Intercept Intercept
method speci- consi- |ADCPerrors | (ft/s) SE (ft/s)
fied? dered?

Correlation
(Intercept,
Slope)

No No e -0.0071  0.9740 0.0073  0.0054 -0.727 N/A N/A
E Yes No None -0.0336 1.0017 0.0028 0.0049 -0.747 743.3 <1e-16
m Yesx2 No Moz 00336  1.0017 0.0056  0.0097 ~0.747 1858  0.00064
m Yes No bsel.corr.= 0.5 -0.0383  1.0066 0.0032  0.0062 -0.753 932.6 <1e-16

aYas x 2 No bsel.corr.=05 -—0.0383 1.0066 0.0064 0.0125 -0.753 233.2 3.9¢-8

Yes No ccorr. = 0.1 -0.0359 0.9937 0.0029 0.0061 -0.246 822.0 <1e-16

Yesx2  No ecorr. = 0.1 -0.0359  0.9937 0.0058  0.0123 ~0.246 2055  16e-5
Ve Yes None ~0.0349  1.0094 0.00395 0.00668  -0.754 3666  <1e-16
Yesx2 Yes VEiE 00349 1.0094 0.00790 0.01336  -0.754 0.99

[IV, index velocity]

a”x 2" here means that the estimated standard errors, both ADCP and IV, were multiplied by 2.
bErrors of ADCP (y-axis) measurements in immediate succession were assigned correlations of 0.5.
°Errors of all ADCP (y-axis) measurements were assigned correlations of 0.1.



Intercept, slope, and X test statistics for AVM-based IVRs

for selected regression methods and error specifications

Are Are IV
Regression |errors errors | Correlation of |Intercept Intercept
method speci- consi- |ADCP errors (ft/s) SE (ft/s)
fied? dered?

oLS No No None 0.0400 0.9768 0.0123 0.0092 -0.707 N/A N/A
WLS Yes No None 0.0106 0.9899 0.0027 0.0048 -0.733
WLS aYesx3 No None 0.0106 0.9899 0.0081 0.0143 -0.733
GMR (GLS) RS No bsel.corr.=0.5 0.0014 0.9977 0.0031 0.0063 —0.746
aYesx3 No bsel.corr.=0.5 0.0014 0.9977 0.0093 0.0188 —0.746
Yes No ccorr.=0.1 0.00076 0.9616 0.0029 0.0060 -0.175
aYesx3 No ccorr. = 0.1 0.00076 0.9616 0.0088 0.0181 -0.175
Yes Yes None 0.0069 1.0057 0.0032 0.0061 -0.723
aYes x3  Yes None 0.0069 1.0057 0.0095 0.0182 -0.723

Correlation
(Intercept,
Slope)

a”x 3" here means that the estimated standard errors, both ADCP and IV, were multiplied by 3.
bErrors of ADCP (y-axis) measurements in immediate succession were assigned correlations of 0.5.
°Errors of all ADCP (y-axis) measurements were assigned correlations of 0.1.



Prediction statistics for ADVM-based IVRs for selected
regression methods and error specifications

Are errors Are IV errors Correlation of ADCP MIESIRIE Mean SE of Varlar!ce UL
(predicted to

o : (predicted - E
? ?
specified? considered? errors observed) (ft's) prediction (ft/s) observed)

Regression method

No No None 0.00000
Yes No None 0.00058
aYes x 2 No None 0.00058
Yes No bsel.corr. = 0.5 0.00071

%Yes x 2 No bsel.corr.=0.5 0.00071

Yes No ccorr.=0.1 -0.00957
aYes x 2 No ccorr.=0.1 -0.00957
Yes Yes None 0.00680
aYes x 2 Yes None 0.00680

a”x 2" here means that the estimated standard errors, both ADCP and IV, were multiplied by 2.
bErrors of ADCP (y-axis) measurements in immediate succession were assigned correlations of 0.5.
°Errors of all ADCP (y-axis) measurements were assigned correlations of 0.1.



Prediction statistics for AVM-based IVRs for selected
regression methods and error specifications

Are errors Are IV errors Correlation of panfiis Mean SE of Varlan_ce e
(predicted to

L : (predicted — e
] ?
specified? considered? ADCP errors observed) (ft's) prediction (ft/s) )

Regression method

No No None 0.00000
Yes No None -0.0169
Yes x 3 No None -0.0169
Yes No bsel.corr.=0.5 -0.0188
2Yes x 3 No bsel.corr.=0.5 -0.0188
Yes No corr.=0.1 —0.0536
2Ygs x 3 No ccorr.=0.1 -0.0536
Yes Yes None -0.0057
%Ygs x 3 Yes None -0.0057

a”x 3" here means that the estimated standard errors, both ADCP and IV, were multiplied by 3.
bErrors of ADCP (y-axis) measurements in immediate succession were assigned correlations of 0.5.
°Errors of all ADCP (y-axis) measurements were assigned correlations of 0.1.



Step 4: Computed Discharge Uncertainty




\
Computation of discharge with an index-velocity rat

With an IVR V,, (V) and a stage-area rating Area, /), where Ais stage, and
continuous measurements of velocity I/, .9 and stage /Mt), where tis time, discharge at
time £ A4, is computed by multiplying the rated velocity by the rated area given, that is:

a1 = ,/Qm( ,//na’e)xt)) X Areaina’ex(h(t))'

Because here V, (V. .)=a+ b*V, .. where ais intercept and bis the slope of the IVR,
the discharge computation relation can be written more specifically as:

A =[a+ Ve8] x Area,gpd M1).



\
Sources of uncertainty in discharge computed with index-

velocity ratings

Because the computed discharge is a product of rated velocity and rated area, likewise its uncertainty
arises from those factors.

From the rated velocity, which is more properly written as

V0m= d+ bV/na’ex"' &

where ¢is the IVR fitting error, there are two components:

1. The uncertainty of the IVR parameters @ and 4, which are distributed as a joint Gaussian distribution
with mean vector [4,6] and covariance matrix parameterized by their individual SEs and their
correlation (see slides 37 and 38 for values).

2. The uncertainty arising from & which may or may not be correlated in time, and whose uncertainty
magnitude is computed from the regression residuals.

The error in Area,, ., (M 1) is neglected here because, according to the argument of Duncker and other
(2006, p. 28), the error in the stage-area rating is eliminated because the same stage-area rating is used |
the fitting of the VR and the computation of discharge.



\
Effect of time scale of averaging on computed discharge
uncertainty

USGS 05536995, Chicago Ship and Sanitary Canal at Romeoville, lllinois

At this similar streamgage, which

was also on the Chicago Sanitary e T EXPLANATION

and Ship Canal and was the . i Uncertainty sources
primary measurement location g w0 p ER rr:X:::az;aﬁng e
for LMDA diSCharge g E \ E ------ Index-velocity rating standard error
measurements before it was 5 e — <4 Toul

moved about 6 miles upstream to % : s :

Lemont, and where discharge 2 L~ _

was computed with an IVRbased £ ¢ IR

on AVM velocities, at long time ‘é L Tt )

scales (monthly to annual), IVR S IS

regression parameter uncertainty g : \*\\ -

was determined to dominate 2 0 F “\\\ E

computed discharge uncertainty A T

(Over and others, 2004). ‘0‘710_3 - u'] - u'] - 1'0 — 1'0 — 1'0 -

Averaging time scale, in days

Figure is adapted from presentation by Over and



Computation of discharge and its uncertainty by
Monte Carlo simulation

For each index-velocity meter, the uncertainty in the VR parameters @ and b was simulated by
sampling a vector [a,0] from their joint Gaussian distribution 100 times.

When using the OLS IVR, the IVR error term gwas also simulated as an independent Gaussian time
series &1 with zero mean and standard deviations (stdevs) from the SEs of the OLS IVR regressions
(ADVM: 0.0572 ft/s; AVM: 0.1032 ft/s).

For each sample of [g,4], discharge 4 # was computed by the standard method for streamgages with
IVRs (slide 40) at a 10-minute time step.

In each day, if at least half the 10-minute A7 values were available, those 44 values were averaged to
compute a daily mean.

o Otherwise, 10-minute A1 values from the other index-velocity meter were used if at least half of
those were available.

= (Otherwise, the day was left as missing.
Finally, the daily values were averaged to obtain water-year-annual mean Q4 values.

AVM data were available for most of WYs 2006—15 and ADVM data for most of WYs 2008-16, and
therefore those years were simulated for each respective index-velocity meter.



Uncertainty statistics for annual mean (water years 2008—16) cor\n
discharge for ADVM-based IVRs for selected regression methods
error specifications

Regression Are errors Are IV errors Correlation of L LRI TG Mean of annual Mean of daily CVs +

e : - means =+ .
method specified? considered? ADCP errors stdev(mean) (f/s) stdevs (ft¥/s) stdev(CVs)

No No None 2,660 + 2 21.2 0.595 + 0.0007
Yes No None 2625 + 1 95 0.621 + 0.0003
m 2Yes x 2 No None 2625 + 2 18.1 0.620 + 0.0005
m Yes No bsel. corr. = 0.5 2622 + 1 12.2 0.625 + 0.0003
aYes x 2 No bsel. corr.=0.5 2619+2 18.0 0.626 + 0.0006
Yes No ccorr.=0.1 2,593 +2 19.5 0.623 + 0.0003

a¥es x 2 No ccorr.=0.1 2,596 + 3 334 0.623 + 0.0006
Yes Yes None 2,638 + 1 12.9 0.621 + 0.0003
a¥es x 2 Yes None 2,640 + 2 22.2 0.623 + 0.0008

a”x 2" here means that the estimated standard errors, both ADCP and IV, were multiplied by 2.
bErrors of ADCP (y-axis) measurements in immediate succession were assigned correlations of 0.5.
°Errors of all ADCP (y-axis) measurements were assigned correlations of 0.1.

Computed at a 10-minute time step with 100 Monte Carlo samples. On average 6.3 days per year were fille
AVM-based computed discharge, when available; on average 1 day per year remains missing.



OLS regression parameter uncertainty-based Monte Carlo results for

computed discharge using ADVM velocities

Water year average discharge,

in cubic feet per second
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: oo \
Uncertainty statistics for annual mean (water years 2006—15) comp

discharge for AVM-based IVRs for selected regression methods an
specifications

Are errors Are IV errors | Correlation of L EGEIIEL Mean of annual | Mean of daily CVs +

o : means =+
? ?
specified’ considered? | ADCP errors stdev(mean) (f/s) stdevs (ft¥/s) stdev(CVs)

Regression method

No No 2,834 + 3 34.5 0.545 + 0.0009
Yes No None 2,756 + 1 8.9 0.568 + 0.0002
a¥es x 3 No None 2,755 +3 28.7 0.566 + 0.0006
Yes No bsel. corr. =0.5 2,742 + 1 12.1 0.575 + 0.0002
a¥Yes x 3 No bsel. corr.=0.5 2,750 + 3 33.4 0.572 + 0.0007
Yes No ¢corr.=0.1 2,643 +2 18.2 0.575 + 0.0002
a¥es x 3 No ¢corr.=0.1 2,646 + 6 51.6 0.575 + 0.0007
Yes Yes None 2,784 + 1 11.9 0.570 + 0.0003
a¥es x 3 Yes None 2,786 + 3 32.2 0.571 + 0.0008

a”x 3" here means that the estimated standard errors, both ADCP and IV, were multiplied by 3.
bErrors of ADCP (y-axis) measurements in immediate succession were assigned correlations of 0.5.
°Errors of all ADCP (y-axis) measurements were assigned correlations of 0.1.

None

Computed at a 10-minute time step with 100 Monte Carlo samples. On average 9.1 days per year were fille
ADVM-based computed discharge, when available; on average 1.2 days per year remains unfilled.



OLS regression parameter uncertainty-based Monte Carlo results for

computed discharge using AVM velocities

Water year average discharge,

in cubic feet per second
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Summary |: Predicted measurement uncertainties

« Type B (non-empirical, scientific judgment-based) estimates for ADVM and AVM velocities and
stage at the Lemont streamgage were developed using FOSM and checked using Monte Carlo
simulation.

« Elemental uncertainties were taken as Gaussian, and predicted uncertainties were also Gaussian
to a high degree of approximation.

 ADVM and AVM velocities were predicted to be similar and about 2.5 percent of velocity except
near zero velocity, where AVM uncertainty was predicted as about 0.003 ft/s and ADVM
uncertainty as about 0.009 ft/s.

« Stage uncertainty was estimated to be about 0.027 ft, independent of water level.

« Measured discharge Qm uncertainty was estimated using QRev (Mueller, 2016), which is part
empirical and part judgment based.

» When converted to mean channel velocities, the predicted Qm uncertainties were estimated to be
larger than the AVM and ADVM uncertainties, being at least 2.5 percent of velocity, but often much
larger, especially for lower velocities.




\
Summary ll: Index-velocity ratings (IVRs) computed using

ordinary least squares (OLS) regression

» Used a database of 155 ADCP discharge — index velocity pairs:

o 155 total pairs, 140 with AVM velocity, 130 with ADVM velocity, 115 with both.

o Distribution of velocities in database agree with prediction velocities except at moderately high values.
« OLS-fitted IVRs were found to be linear with high coefficient of determination (/7?) values (at least 0.988).
* Properties of OLS residuals:

o Residual standard error of AVM regression (0.104 ft/s) were about twice that of ADVM (0.056).

o Distributions of both sets of residuals had fat, non-Gaussian tails.

o Both AVM and ADVM residuals showed modest growth with velocity.

o AVM and ADVM residuals from common measurements were modestly positively correlated, indicating
contributions from both index-velocity and ADCP errors.

« When repredicting fitting data, OLS predictions were unbiased, had the smallest prediction error, an
had only a small variance reduction effect.



Summary lll: Index-velocity ratings computed using
alternative regressions

» Alternative regression methods used allow:

o Variation in uncertainties of regression data on y axis or both x and y axes.
o Specification of measurement errors for which the predicted index-velocity and ADCP uncertainties were use

« X?2tests of residuals of alternative regressions indicate:
o predicted measurement uncertainties are too small.

o predicted measurement uncertainties need to be multiplied by about 2 (ADVM) or 3 (AVM).



Summary IV: Computed discharge and its uncertainty

» Uncertainty sources other than uncertainty of IVR parameters assumed to be negligible at annual
time scale.

» Used Monte Carlo simulation.
» Water years 2008—16 (ADVM) and 2006—15 (AVM) predicted.
» Properties of computed discharge using OLS regression:
o Coefficients of variation (CVs) of 0.8 percent (ADVM) and 1.2 percent (AVM) of annual means.
o Largest mean discharges.
o Smallestvariation of daily discharges.
» Properties of computed discharge using alternative regressions:
« Similar CVs as OLS only when specified uncertainties were increased by 2 or 3.
» Smaller mean discharges.
» Larger variation at daily time scale.

* Concluded OLS-based results should be reliable if not exact.



Summary V: Final Remarks

» Results indicate need to revisit predicted measurement uncertainties (magnitude, velocity
dependence).

» Measurements with larger residuals could be examined individually regarding possible
causes.

* Improved methods of ADCP uncertainty estimation may be or may soon be available.

« Main weakness of OLS regression probably is correspondence of fitting and prediction
velocity distributions:

o Could be addressed by subsampling or additional measurements.

» Better inference of growth in residuals with velocity would help IVR regressions and
predicted measurement uncertainties.
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