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The Need for New Research

In this presentation we'll look at two areas of current research:

1. Can regression models be developed for:
Water temperature? Dissolved oxygen?

2. Can statistical process control tools traditionally used in the
manufacturing industry be used for RTWQ data?

3. Are there easier ways of analyzing and presenting real-time data?
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Why Model Dissolved Oxygen?

Dissolved oxygen has a large influence on river health
Low levels (o - 8 mg/L) - fish kills
Healthy levels (8 — 12 mg/L)

High levels (12 - 20 mg/L) - algal growth
Dissolved oxygen largely depends on water temperature

Wide range of models have been proposed in the literature



Methodology

IStep  * Get familiar with commonly used models

E'Steb 2| Develop datasets ‘
Step - * Develop regression models ‘
|Step 1 * Pick best overall model ‘




Step 1 - Get Familiar With Models

Most models use mean monthly and weekly data
Models developed with daily or hourly data tend to be unreliable

Three popular options in the literature:
1. Linear regression — using air temperature

2. Multiple regression - using air temperature and streamflow

3. Nonlinear logistic regression — using air temperature



Logistic Regression Model #1

o — max stream temperature
y — steepest slope

B — air temperature at inflection

Logistic Model #1 for Water Temperature

% Water Temperature

50
X Air Temperature



Logistic Regression Model #2

L — min water temperature

Logistic Model #2 for Water Temperature
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Available Data

Historical records available in Excel files
Water temperature and dissolved oxygen data comes from the sensors
Streamflow from nearby Environment Canada hydrometric stations

Air temperature from nearby Environment Canada weather stations
Corner Brook for Humber River (<20 km)

Badger for Peter’s River (<50 km)

St. John'’s for Leary’s Brook (same city)
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Working With the Historical Records

Obtaining datasets isn’t entirely straightforward as a considerable
amount of time is needed for pre and post processing

Historical records in Excel need to be examined to remove periods of
time where the sensor is not working properly - i.e. periods of zero pH

Remove these periods before T L
any weekly or monthly means

are used for regression work




Working With the Historical Records

* Once you have the periods of inaccurate sensor readings removed
you're left with a historical record consisting of over 25,000 rows of
data

¢ Manually going through these rows to copy
and paste data for the weekly and monthly

mean calculations is excessively tedious

* Minitab macros can be written to speed things
up by automating the process
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Using a Macro to Find Mean Values

B NFO2YL0012 L.oad Excel historical records

ci1.0 c2 C3 Cc4 5
Date Water Temperature.  pH  Specific Conductance Dissalvad Oxygen 1 11
L i Coo i into Minitab worksheet
121112003 1:50:11 PM 49001 T7iEB4 34 3976 110738
12112003 2-50:11 PM 49001 718761 34,4564 11.1157
121112003 3:50:11 PM 49001 T719E81 34 4952 11.0976
12A1/2005 4:50:11 PM 48002 Toselz 34 4540 11,1455

MTB > 3CSCEWeekl 1
Executing trE: tile: C:\Program Files\MINITAE L14\MACROS\CSCEWeekly.MAC erte and run a macro that

macro 13 used to find the weekly mean wvalues 5
Author - Richard Harvey, Memorial University, 2009 Wlll SearCh through the

cl contains the date 0 D

cZ contains the water CEMperature hlstorlcal records tO ﬁnd the
c3 contains the pH ’ .

¢4 contains the specific conductance means YOU re lOOklIlg fOI‘

¢S conting the dissolwved uxwe:ﬂ

zet desired yvear and weeks (i.e. 2004 1 52)

DATA= 2005 1 52

c17 | cis Data ready for analysis

261565 639051 38.1489
213769 6.38834 37.5559

1.47725 B.A50816 383904
0.76453 7.05151 40.4258
0.30151 B.97476 40.9558
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Overview of Datasets

Station Number | Mean Water Mean Mean Mean Air
Name of Obs. | Temperature | Dissolved | Streamflow | Temperature
(°C) Oxygen (m3/s) (°C)
(mg/L)

Humber Weeks
River Months

Peter’'s  Weeks
River Months

Leary’s  Weeks
Brook  Months

Randomize data to remove any autocorrelation between observations

At this point we now have the data so its possible to go ahead and
start developing the models
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Step 3 — Develop Regression Models

Can use Minitab or Datafit

Datatfit is useful in that you can enter the models you want to solve or
solve a variety of models all at once

= c:\documents and settings\administrator\desktop\peters river - weekly means - wt. dft m[EJ

— Available Solubons Sorted By RSS-

XK:Air Temperature Y:Water Temperature = " Regression Models (" Intespolation Modeis
0.4952
-3.944

18.1794
8.4214
89,6395

-3.0304
26762
10,224
8.4143

-2.6875

20.7078

4.0M
1.4417
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Sample Monthly Mean Models

Peter's River - Monthly Means
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Tw=0.86Ta+4.79 Tw=
R*adjusted = 0.93

20.92
(1+exp(0.26*(6.97 - Ta)))

R*adjusted = 0.96




Sample Weekly Mean Models

Feter's River - Weekly Means
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Tw=0.78Ta+5.06 Tw =
R*adjusted = 0.90
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R*adjusted = 0.95




Step 4 — Pick the Best Overall Model

Visual inspection - looks like the data follows S-shape

Take a look at the adjusted R-squared values as well:

Station Number of | Linear | Logistic | Logistic | Multiple
name Data Points 1 p Regression

Humber Weekly 0.765 0.759
River Monthly 0.792 0.801

Leary’s Weekly 0.954 0.947
Brook Monthly 0.948 Not
significant

Peter’s River ~ Weekly 0.946 0.011
Monthly 0.957 0.945

Looks like Logistic #1 is the best choice here
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Modeling Dissolved Oxygen

So things worked out pretty well for water temperature
Can models be developed for dissolved oxygen in the same way?

Looking through some of the literature there are three popular
options:
1. Linear regression - using water temperature

2. Multiple regression — using water temperature and streamflow

3. Nonlinear exponential regression - using water temperature

Can use the same monthly and weekly datasets as before
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Sample Monthly Mean Models

Peter's River - Monthly Means
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Sample Weekly Mean Models

Peter's River - Weekly Means

Input Data
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Picking the Best Overall Model

Use visual inspection and review adjusted R-squared values:

Station name Number of
Data Points

Humber River =~ Weekly
Monthly

Leary’s Brook  Weekly

Monthly

Peter’s River Weekly
Monthly

Linear

Multiple
Regression

Streamflow not
significant

0.867
0.801

Streamflow not
significant

Both linear and exponential models work well

Exponential
Regression

0.698
0.698

0.758
0.801

0.911
0.940

Streamflow for Humber River and Peter’s River is not significant
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[nterpretation of Results

The relationship between air temperature and water temperature for
these three stations is not linear but is in fact S-shaped

The relationship between water temperature and dissolved oxygen can
be described by either a linear or exponential model

Streamflow is not always a significant explanatory variable for
dissolved oxygen when looking at monthly and weekly mean values

For some stations the relationship is not always perfect
Does size of drainage area matter? Any regional behaviour?
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Overview

Regression equations developed for WT and DO using
the three different stations

[s it possible that the relationships are the same at
each site (i.e. one general relationship that applies for
all regions on the island)?

Or is each site unique and there is no way to relate
them to each other?






Looking at Monthly Mean W'T Models

Comparing Monthly Mean Values at the 3 RTWQ Stations

“Yariable
® Hurnber River WT * Humber River AT
B Peters River WT * Peters River AT
& Learys Brook WT * Learys Brook AT
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Looking at Monthly Mean W'T Models

Just define a set of air temperatures in Minitab (x-axis)
Use the linear models and plot on the same graph

Use logistic #1 models and plot on the same graph

Comparing Linear Water Temperature Models - Monthly Means Compring Logistic #1 Models - Monthly Means

£ £
E E
¥ ¥
3 I




Looking at Weekly Mean W'T Models

Comparing Weekly Mean Values at the 3 RTWQ Stations

YYariable
@ Humber River WT * Humber River AT
B Peters River WT * Peters River AT

& Learys Brook WT * Learys Brook AT
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Looking at Weekly Mean W'T Models

Just define a set of air temperatures in Minitab (x-axis)

Use the linear models and plot on the same graph

Comparing Linear Models - Weekly Mears Comparing Logistic #1 Modles - Weekly Means
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Looking at Monthly Mean DO Models

Comparing Monthly Mean Values at the 3 RTWQ Stations

® Varable

® Humber River DO * Humber River WT
B Peters River DO * Peters River WT
& Learys Brook DO * Learys Brook WT
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Looking at Monthly Mean DO Models

Comparing Linear Models - Monthly Means Comparing Exponential Models - Monthly Means

Wariable
& Humber Liresr Model
W Pebers River Linear Model
& Lewy: Brook Lines Modal

10 15 2 10 15 20
Water Temperature Water Temperature




Looking at Weekly Mean DO Models

Comparing Linear Models - Weekly Means Comparing Exponential Models - Weekly Means

Variable Wariable
& Hurnbar Lingar Modal & Humber Exponerntial Model
B Pabers River Linear Modal B Pebers River Exponential Modsl
# Learys Brook Linear Moded & Lawry Brook Exporntial Mol

10 15 2 5 10 15
Water Temperature Water Temperature







Overview

[t would be great if a plot could be developed that
would let the user start with an air temperature, draw
a line up to the water temperature, then draw a line
from water temperature to dissolved oxygen



Using Humber River - Monthly Means

It would be better if the WT and DO plot could be
mirrored.
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What is a Statistical Process Control Chart?

An effective method of using graphical plots known as control charts
for monitoring a process over time

Traditionally used for monitoring industrial processes -
manufacturing

Control charts test the hypothesis that there are only common causes

of variability in a process versus the alternative that there are special
causes of variability

Variety of charts have been developed for SPC over the years
Shewhart chart
CUSUM chart

Many others and modified versions of the first two...
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Types of Control Charts

Shewhart Chart CUSUM Chart

Control charts were developed for SPC of the manufacturing industry
where it can be assumed that the data being studied is independent
(i.e. no autocorrelation)

Some authors have looked at using control charts for water quality
data but control charts for RTWQ data has not been studied before



The Problem ...

We can rarely assume water quality data is not autocorrelated

If we try and use statistical software like Minitab to develop control charts
for the RTWQ data (without modifying the charts in some way) we end
up with control charts that are useless

Develop control chart for historical Shewhert Individuals Chart - 0O - Humber River - July 2005
DO

Control chart would tell us our

process is out of control
(red - Red - RED!)

We already know that something like
DO will vary over time (i.e. it won’t

1 70 140 210 280 IS0 420 490 580 630 YOO

always be 10 mg/L) 2z

So is there a way to modify the control charts to handle our RTWQ data?
43



Control Charts for Correlated Data

The problem of developing control charts for data that is highly
correlated has been studied before (but not seasonal data):

Different approaches:

1. If correlation isn’t too high just use the standard Shewhart Chart
— but it may be necessary to expand the control limit lines which
are traditionally set at 4 standard deviations from the center line

2. If correlation is high, model the data using the sophisticated Box
— Jenkins approach (ARIMA) then use control charts on the
residuals

3. Use Manly and MacKenzie CUSUM approach to compare
measurements at different rivers. Data can be correlated in both

space and time
P 44






Shewhart Chart - Low Correlation

If we are dealing with monthly mean dissolved oxygen data
correlation between the data isn’t overly high - but still seasonal

NFo2YLoo12 - Humber River — 47 monthly observations of DO

MFO2YL0012 - Humber River - Monthly Mean Dissolved Ouyoen Autocorrelation Function for Dissolved Oxygen
200 {with 5% significance limits for the autocorrelations)

175

15.0

% s

0.0




Shewhart Chart - Low Autocorrelation

Because of the lower autocorrelation we could try the standard
Shewhart Individuals Chart to identify out of control points. But the
limits are too narrow because of the autocorrelation and seasonality

effects.
I Chart of Dissolved Oxygen - Monthly Means
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Shewhart Chart - High Correlation

If we take a look at weekly means there will be higher autocorrelation

NFo2YLooi2 - 194 weekly observations of DO

MFOZ2YLO012 - Humber River - Weekly Mean Dissolved Oxygen Autocorrelation Function for Dissolved Oxygen
o

{with 5% significance limits for the autocorma lations)




Shewhart Chart - High Correlation

Chart shows a lot of points as being out of control

I Chart of Dissolved Oxygen
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Control Charts for ARIMA Residuals

A number of authors have fit ARIMA models to water quality data
Fitting to hourly and daily values is pretty difficult
More potential for modeling monthly and weekly means

Methodology
1. Obtain dataset
2. Fit ARIMA model to the data
3. Use control charts to study the residuals
4. use control chart findings to investigate original data

51



Monthly Mean Dissolved Oxygen Example

If we come back again to the 47 monthly DO observations recorded at
the Humber River station

NFO2YL0012 - Humber River - Monthly Mean Dissolved Oxygen
20,0

Appears to have seasonal variation - need to investigate that first ...
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Seasonal Variation in Dissolved Oxygen

Autocorrelation Function for Dissolved Oxygen Partial Autocorrelation Function for Dissolved Oxygen

(with 5% significance limits for the autnoorrelations) (with 5% significance limits for the partial autpoonrelations)

Autocorrelation plot shows DO follows a 12 month cycle at the site

With these plots in mind we can look for the best ARIMA model
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ARIMA Model for Mean Monthly DO

Start with an AR(1) model with a Seasonal Component (1)

Residuals aren’t very normal but might not be a problem

Final Estimates of Parameters Residual Plots for Dissolved Oxygen
MWormal Probability Plot of the Residuals Residuals Yersus the Fitted Values

Typ Coef SE Coef T P
AR 1 0.6860 0.1144 6.00 0.000
SAR 12 0.4352 0.1438 3.03 0.004
Constant 2.1448 0.1821 11.34 0.000
Mean 12.108 1.067

Number of obserwations: 47 2 10 1z 14 2 1®

Residual Fitted Yalue
Residuals: 83 = 73.7307 (backforecasts excluded) “
M3 = 1.6757 DF = 44 Histogram of the Residuals Residuals Yersus the Order of the Data

Modified Box-Pierce (Ljung-Box) Chi-Sguare statistic
Lag 12 24 36
Chi-Square 11.8 29.6  30.7

DF s 21 33 —
P-Value 0.223 0.100 0.580 ) D
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ARIMA Model for Mean Monthly DO

Start with an AR(1) model with a Seasonal Component (1)

No longer need to worry about autocorrelation - so its now possible to
use a control chart to examine the residuals

Autocorrelation Function for RESI1 Partial Autocorrelation Function for REST1
(with 5% significance limits for the autocorrelations) {with 5% significance limits for the partial autocomelations)

55



Shewhart Chart for Residuals

Shewhart Individuals Chart for Residuals

3
3
®
:
k=

LCL=-2.273

20 25
Dbservation

Red point corresponds to out of control observation 27

Dissolved Oxygen of 19.48 mg/L for February 2006 could be investigated
further 5



Weekly Mean Dissolved Oxygen Example

What about the weekly mean DO set with higher autocorrelation

NFO2YL0012 - Humber River - Weekly Mean Dissolved Oxygen

Once gain there appears to be seasonal variation - need to investigate
that first ...

57



Seaonality in Weekly Mean DO

Autocorrelation Function for Dissolved Oxygen Partial Autocorrelation Function for Dissolved Oxygen
(with 5% significance limits for the autnoorrelations) (with 5% significance limits for the partial sutocorrelations)

May not have to introduce seasonality into the model



Fitting AR(2) Model to Weekly Mean DO

Final Estimates of Parameters

Type Coef 3E Coef
1.2014 0.0696
-0. 2660 0.069%
0.78113 0.04400
12,0943 0.6813

HNumher of observations: 194
Fesiduals: 35 = 71.6906 [backforecasts excluded)
M5 = 0.3753 DF = 191

Hodified Box-Pierce (Ljung-Box) Chi-3quare statistic

Lag 36 48
Chi-Square 7.1 . 36.6 45.9
DF 33 45
F-Value n.ez24 0.1 0.305 0.436

normal Probability Plot of the Residuals

Residual Plots for Dissolved Oxygen
Residuals Versus the Fitted values

2 4 ; 125 550 175 L
Residual Fitted Yalus

Histogram of the Residuals Residuals Yersus the Order of the Data

1 20 4 &0 £ 100 120 140 160 18D
Observation Drder

An AR(2) model without a seasonality term works well

Now use control chart to examine the residuals
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Shewhart Chart for AR(2) Residuals

I Chart of RESIS

UCL=1.168
¥=0.007

LCL=-1.154

1 19 k-] 57 76 95 114 123 152 171 190
Ohservation

Observation 110 corresponds to dissolved oxygen over 19 mg/L in the
16" week of 2006

All of the data before Observation 110 were in the 10 - 12 range (i.e. out

of statistical control)
60






The Manly and MacKenzie Approach

Manly and MacKenzie modified the CUSUM approach to detect
changes in a monitored variable at more than one site

They compared mean January values of pH for 25 rivers in New Zealand
from 1989 to 1996

Developed a piece of software known as the CUSUM Analysis Tool (CAT)
CAT v2.2 can handle data that is correlated in both space and time

We can use the modified Manly and MacKenzie approach and the
CAT software to take a look at the RTWQ Data.

62



Manly and MacKenzie for RTWQ Data

For illustration purposes consider the monthly mean DO values for

September for a number of sites in the network. Enter this data in
CAT

Dissalved Oxygen | Variable 2 | Variable 3| Variable 4 | Variable 5 | Variable & | Variable 7 | Variable 8

" ocoms [ oo | vem [ Va2 [ vews [ vewrs [ vours [ vows [ |

T8 Worksheet 1 == *| 95353 07RO B2ad| 9EME 714X

ooT c =] =] [ 6 o 5] = = —— =
— P B T B e B B4X65| 70945 O5GR4 A0S | 91063
. - * BIP13 76796 7ESE2 10.0820

Humbser River a1 Humber Village Bridge - NFO2YLDD 2 QE253 97E(D| B4 9BME 7426
Pelars Rives - NFOZY 00121 B4XG  TA45 95664 80345 61063 - = 7.3108 - - Q TES0 9 8070
Waberord River - NFOZZWOOCD | * B3| TET  TASERZ 100820 = = = = z
Learys Brook - NFUZIMO 1 7B = r30m = " HibED SBEIND 24720 05N4 1203 10,3773 11.3040
Lowear Reid Brook Below Tributary - NFOSMNEDT1 * 9470 054 1213 03773 11,3040 1000695 10.8427 97320 97322 120802 10.4958
Riénd Braok al Owilet of Reid Pond - NFOINEDDDS 100685 108427 89730 97322 120602 104958 859755 96137 10.3524 97635 ; 10,5384
Camg Pond Brook Below Camg Pond - NFOGNEDD0 B9256 96137 103524 97635 10338 10534 . . = -
Main River a1 Paradise Pool - NFOZY G0009 = “ i * 10073 9.3288 Sas 9.3068
Tributaey to Gills Pond Brook - MFOZYO00M9 9% 97T¥H 925 & * 995 FiE 9 2865
Easl Pord Brook - MFO2Y00192 *| 100553 100M03 97125 . * 100553 | 9715
Soulkwast Beook below Southwest Pord - NFOZTE00G3 T A4BEY 984T . . = -
Come by Chance River Noar Goobaes - NFOZTHO00S * 9T74E 9377 e 95437
= L a3m7
*| 38 8.0677
931 253 11,9203
10,743 96141

-

L IR AR

F RS WA e Ry =

Ratifing Brook Belew Brdge - NFOZIKD0ZI T 3%GEE Q077
Tributary to Lowar Reid Brook - NFCORNEND 2 122637 | 11,5093
Ietiripn Aireer below Minga Lake - NFOI0E0030 05T 96141

9
9
|
9
]
a
]
a
8

There are missing points in the data set - fortunately CAT is setup to
handle this situation 63



Manly and MacKenzie for RTWQ Data

CAT output shows us that there is little evidence of Dissolved Oxygen
changing from 2003 to 2008 (p-value = 0.3680)

A l ; h Univanate CUSUM Analysis
ny unusual years in the Variable Analysed.
Y Y Dissolved Oxygen
Significance of the CUSUM values were determined with 4999 randomizations

dataset would have an
Stations in Worksheet Order:

individual p-value < 0.05 _. P P

Test for Serial Corralation
Initial Correlation Estimate = -0 4563

CAT also develops CUSUM Test Statistic = 0.0120

Frobability of a value being more extrame than the observed = 0.8774

plots for each year Standard CUSUM Method
Test Statistics:
Z Total = 7.7900, p = 0.3680
Year 1 maxZ=05826,p=05302
Year2 maxZ=15900, p=02900
Year3d maxZ=14934 p=03576
Yeard maxZ=1.0598 p=06016
Year5 maxZ=13864 p=06466
Year maxZ=16778 p=03040




Sample CUSUM Plot - Year 5 - 2007

The CUSUM plot shows that the dissolved oxygen levels were about
the same as all other years (blue line is within the boundary limits)

Univariate CUSUM Plot, Year 5

Stations in Worksheet Crder




Overall Thoughts on Control Charts

Determining the best ARIMA model can be a bit challenging
Usually takes some familiarity with the data and the process

There is certainly potential for using the charts for monthly and
weekly means but this requires advanced statistical knowledge

But likely that it will not be efficient to try and implement this
approach for daily or hourly data
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Other Research Areas

Some of the USGS real time stations have had success developing
regression models for linking real time data to chemical constituent
data collected through manual grab sampling

Currently being investigated for Newfoundland RTWQ network
Some initial difficulties establishing reliable relationships

Grab sample collection methods may need to be reviewed

68
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Overview

Control charts were developed to investigate a process for statistical
control and these charts are great for looking at manufacturing or
industrial processes

Water quality data isn’t the same as manufacturing data

Instead of the standard control chart that compares individual values
to the overall mean of the data set, a more useful plot for RTWQ data
would flag values when they go outside of defined water quality
guidelines.



The Plan...

Develop a chart that shows each value
Define regions for safe and unsafe values

For example, when dealing with DO:
Draw line at 6 mg/L
Points below this level will be flagged in Red (unsafe)
Draw an additional line to flag points in the 6 to 6.5 mg/L range

Any points in this region are flagged in Green (close to being
unsafe)

Lets try it out with some hourly values from the RTWQ Network
station NFo2YLoo12 - Humber River at Humber Village Bridge



Standard Control Chart - RTWQ Data

If we were to look at a section of all the available RTWQ data (i.e. one
month long deployment period of the sensor) we would see that
parameters like DO vary over the month. The standard control chart

would show the process as being entirely out of control.

Humber River - Shewhart Chart of Hourly Dissolved Oxygen

1 137 274 411 S48 685 €22 959 1096 1233 1370
Dbservation




Modified Control Chart - RTWQ Data

A modified control chart with safe levels of DO defined as being above
6 mg/L shows that we really have nothing to worry about.

DO never goes below the unsafe limit

Humber River - Hourly Dissolved Oxygen
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912007 97112007

FiEL/2007  8/1/2007 871172007 8/21/2007

Date




Modified Control Chart - Weekly Means

We could even develop one of these modified control charts for the
weekly mean data used previously in regression.

Looking at say the pH define the safe regions and flag points

Humber River - Weekly Mean pH - Modified Control Chart







This research shows the potential for developing regression models for
water temperature and dissolved oxygen from using air temperature.

Regional analysis of these relationships requires more data from more
sites.

Relating grab sample data to sensor data requires good quality data
from more sites.

There is potential for implementing SPC control charts for the RTWQ
data but this is not easy for those with no advanced statistical training
due to autocorrelation and seasonality.

Simpler and more meaningful control chart methodologies are
currently being developed.
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