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Abstract

Pollution research and mitigation efforts rely on
progrlamsresent work on i mproving monitoring protooft
step towards i mproving the spatiotempofravekresol ut
met hane sensing, | design and thorougliloy -leamract e
atmospheric methananmenifoboti hg. i mprove stor mwater
develop a new model for runoff pollution and use

t wo suggested protocol modubstantoas!l witmptbeepat
without increased cost. Throughout, I focus in pa
that will i mprove monitoring accuracy or increase

cost as current approaches.
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|l ntromducti o

Moti vati on

I believe that the major envicrloinmmaetnet aclh achagtea,s tercoopl ho
coll apse,| poddelmpndnsoci opolitical solutions and ¢
scientific or technological measur es. However, |

to activism or political activity; ththediasertat
engineerin and science that both suits my skills
instrumentation design and constructi on, data ana

i mpl ement at

whi ch

we fi

As current |l

on accur a
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ion) and offers somevutriolnimeyntianh asddmuad

nd oursel ves.

y practiced, policy and mitigation eff
emi ssions dat a, which are in turn dep
c data are fundament &li ttuatumderantdandii
or regulating the problems, the specif
or tiakkethr dmmentgatainareddesi gn, sensor i mpl
otocols are bfpeapbeyondthbeedespepltinse
i nexpensi ve, accurate methods exi st t
but in many cases they do not.
pollution monitoring i-codtmpoernsanrns falrl
tiotemporal resolution, which enabl es
ynamics and an incesaasred falbuxegs yf dro miht
ual l-yosmpapproadtlyes!| awkeow a wider vari
ns to observe pollution around them, h
se generatiimg pwdlitlhutiitan and those | iwv
al so of obvious i mportance, and | bel

nitoring met-haodwnf pol eueantemmonr, nwel h

wi || al so demonstrate ndatatali wey 0 viermeamlt \
or | aebvoern rweiqtuhi rtehmee nstasme har dware and ot
i mpl ementation can potentially | ead to



Structur e

This dissertation makes contributions towards mor

pollution. First, I design and thoroughly charact
met hane in air; second, | presentruaofdédwsmmepeli nfgor
I then use to produce sever al recommendations for

or no added cost.

My f
node for detecting |l ow | evels oft hehteHdneneitmalaiorx.i d

rst two chapters detail the trajectory of de

semi conductor (MOx) sensors maredbasreepmc ghotgehdt f oD
safety applicati omackopr dandgeltevelws, n&md come away

I desi gheml dy ®&bblde sensor node using these sensor

performance (R2=0.s0@&) iiom a alngw ¢ mnaenthorough calib
frequent recalibration to compensate for changing
suggest that my sensor node is suitable for emiss
settiuncghs ,ass in | andfills or ani mal agriculture. Gi
in parts in 2023) as compared to commerci al met ha
2023) , I believe that this approaclniss worth furt
My final chapter examines stormwater runoff sampl
My new runoff model attempts to balance realism w
possibl e, I try to use uncontr ovreamdtadr smofdcerl tchoemp
simul ati on. Il simulate runoff sampling with a ran
recommendations: first, if a rain forecast subst a

simple dnmdecadt ust mentosti ¢ i sagmpelaem ¢onpp ove perfor ma
if a stormwater sampler is unable to be reprogram

| arger monitorilnoga deefddoo rstasmp lae fipfarcoinntg al gori t hm wi l

monitori ng iatctcluer aocry nact elxtra cost. I f future field
believe they will, these improvements can easily
commercial water sampl ers.

The first chapter i s adapted from a paper previou
Measurement Technigues. The second chapter is cur |
and the final chapter is in preparation for submi

2



Air and water pollution

Combining work on air and water pollution monitor
unusual, but | believe the distinction is oversta
di fferent sources, transport mecama@ai pmesemandi habe:
domains, and air pollution can be generated from
the point for my wor k, i nstrumentati on, sensor <ca
have substantial overclusp,t camdlryesatimi otri rogdn | my wfad er
of relevant problems with |little benefit. I think
closer together, in keeping with an overall need
undestanding of environmental damage and remediat.i



Chapt€hadacterization of inexpensi

performance for trace methane det e

This chapter is adapted from
Furut a, D. , Sayahi, T. , Li, J ., Wil son, B. , Prest
met al oxide sensor performance for trace imethane

5128, https:// d2oB5.1d27/g220. 3022/ amt

Abstract

Met hane, a major contributor to climate change, i
anthropogenic sources. -Comdhericnat t ymavtas | abt esetmdi
met hane are expensive, and previ oduesp leofyfaolxldes t o de
met hane sensors have had mixed results. I ndustria
met hane sensor s, which are intended for | eak dete

be repurposed andomdampt rat if om ¢ esmise pn gt. o vAasr casn d env & i
a |l-oowst sensing system, we c¢har atchsehreilzfe MOxe speenrsfoorr
forlO2 ppm met hane detection in a | aboratory settin
TGS2602, TTEN2 6 IMIGBE@RB11and He nacnt rHanniwesi MQ 4e) . We i d¢
TGS26C00, TGB@G1land MQ4 as promising for trace me
variations in ambient humidity and temperature po

application.

1. 1lntroducti on

Met hane is a major greenhouse gas of increasing i
anthropogenic sources (Saunois et al., 2016). Com
measuring methane are expensive, | iomii ttiomdg ntgh e ndp d

detection (Siebenaler et al .-r,es200l 1u6t;i oRni dndoi ncikt oerti nagl
can aid in pollution mapping and source identific
emi ssions from fosdilstfrdieélutpromdu othnieorofande main a
met hane emi ssions (US EPA, 2017). Accordingly, re:
for dcoweér trace methane sensing with the goal of d
(Cho et22al .Rji d2al0 c k e tcoaslt. ;0 a20082d0 as)o,l ultowns (Liu et

similar monitoring methods.



One approach i st h®ehealefpumetolseeneofdensors designed fc
residential safety use. These sensors are intende
and are generally specified to meabeaevel sne(hadeppom
At mospheric methane concentrations are currently
Laboratory 2022), and are outside of such sensors
and easy av ati hsmhbeillfi tsye nosforosfifeuppoawvestigati on into
broader range of applications.

Oftfhehel f met hane sensors are built around sever al
(2020) summarized the working principle of severa
sensors measubantdhaebsarpbivon of hanktrawedhl igbkpbn
sensors using simplified versions of the techniaqu
Shemshad et al. (2012). Pellistor sensors measure
gas on a catalytic sudf agesewiechiohalyl ehggh poeeg
effects from environmental conditions such as win
( MOx) sensors measure the change in electrical re

i nte

Q

cti onlseowiltéhs gamrsd mwan be made inexpensively;
sensitivities and | ifespan can be addressed in pa
( Mei x

moni t

=}

er and Lampe, 1996). Commercially availabl e

o

rasnpgheartinc | evels of other air pollutants bes:s
NO2 (Piedrahita et al., 2014; Peterson et al ., 20

Pellistor and opticad heealsforfsr amec am@aahiadd eswdh a:
Sens
typi

ortech, at prices ranging from $80 to $300 fr
c
detecti
0
e
c

al exanmp5&4 otphhe claMl Rensors,periifded avi t$Hh2 A0, oiv
n of 100 ppm and is designed for methane

Sens ch, 2018). MOx sensors are often | ess exp

_‘
—
> M O

rang price froml®pitng 20,y i hexlpefneri vkewse nsor

—

| ow oS and wide availability, we focus on MOXx s

1. 1IPrlevi ous studi es

Ot her researchers have investigated MOx sensors f
summari zedli.n Enghlsliteer and Kling (2012) used a TGS2
Engineering Inc.) to follow diurnal2 tprpemnm drsa nigne ,met

5



although with an R2 of only 0.19. However, Riddic

not work with a wider concentration range and dev

0.01 ppmOx&odalieret al. (2018) al2600 cse@nsgoodat et
di fferent sites, with RMSE better than 0.4 ppm; h
calibration and regression models for the two sit

overfitted to ot her pgaarsaense taenrds .e nAM itrhoonungenn tTadS2 6 00 h
accuracy in these studies, di fferent calibration
due to different sources or environment al condi ti

known toOmfdemdsomM resposersi asvidbi esose other gas:¢

2010; Huerta et al ., 2016 ; Nabi l Abdul |l ah et al .,
studies had ospetiftcnpheonpomeha such as interfer

Van den Bossche et al. (2017) perf orEMed sae nlsaolror at
(Figaro Engineering Inc.), finding error around 1
temperature. Bastviken et al. (20R®Qairfeplbot @adoisy m
calibration and field deployment. Taguem et al . (.

including TGS2611, TGS2602 (Figaro Engineering | n
which includes methane as algempomnmeéent nohowdbwaemr,ctte

response to methane al one.

Riddick et al. (2020b) found an MQ4 sensor to mat
ppm and 9 % concentrations with an R2 of 0.99. Ho
of detection for MQ4 of 82 ppm. nBotthhe shtiugdhieers f oun
concentration range, but neither study quantified

ppm range.

The ciicodhcleamwr ati on studies used several algorith
l evel s. Eugster and Kling (2012) wused a linear re
was first corrected for rel a@thaeehlmivel sy &ad dem
al . (2017) followed the same method. As mentioned
find this algorithm to produce opti mal results, a
|l i near regressikinnatlo yOkeCodHeeerredavb. (2018) evalu
regressions of wvarying complexity with different

temperature, and humidity, finding that different



Model s for these studies were selected for perfor
interpretation. Al though it may give worse perfor

illustrate the effects of differ gmtraddmwdi tsitaurdsy. on

The cited studies use different performance metr.i

same sensor s. Eugster and Kling (2012) found an
example, while Riddick et al. (0202081l popmnéfoant hm
sensor. As these varying results are difficult to

i nexpensive sensors with a consistent methodol ogy

Tabl®2Sdmmary of results of selected studies.

Study Sensor Methane Performance
concentration
Eugster and Kling (2012) TGS2600 1.85t0 2 ppm R2=0.19
Riddick et al. (2020a) TGS2600 1.85to 5.85 ppm +0.01 ppm
Collier-Oxandale et al. (2018) TGS2600 approx. 2to 7 ppm RMSE=0.38 ppm
Van den Bossche et al. (2017) TGS2611-E00 2to 9 ppm generally 1 ppm accuracy
Bastviken et al. (2020) TGS2611-E00 2 to 500 ppm 1.1 ppm at near-atmospheric
levels
Riddick et al. (2020b) MQ4 100 ppm to 9 % R2=0.99
Honeycultt et al. (2019) MQ4 1.85 to 995 ppm Limit of detection=82 ppm
Background methane | evels at our | ocation- are app

concentration 1dt u Eiugs tiem HBakdl &Kl ing (2012) have a

of 122. 5% m, whil ecbobheeonthaeti bowstudies have upper ¢
(Riddick et al., -Qo20&al, e 7etpppanl (L0201 &Y, and 9 ppl
al 0172. To allow comparisons with these previous

concentration range of Weackgseumadst ogbhd |l pptmi gher
with the additional goal of evalwuating suitabilit

enhancements, while focusitwsegnesrcttbevernppateonl yadp

1. 1St2udy goal s

Previous studies suggest that some MOX sensors may
concentrations; however, as the studies use diffe
concentration ranges, making direct cdrmparistandy,b
we compare the performance of five MOx sensors fo
clarifying the scaostbhdévigesffohesembasmhampipd i zmadi

7



We characterize the effect of temperature and hum
concentration r a(nhd eptwoh) 1b0a cpkpgm.o Byd syst ematically e
environment al conditions on sensor performance an
we provide a direct comparison between the differ
suitabilittyhdme demsiengneuse.

1.Met hods

1. 2Selnsor selection and configuration

We selected f i viehshmeelxfpeMOGx vsee nsodfrfs t d2tedhyeedepndil
the sehGH®2&I0I0, TGCGBEQ&GIOHWW MOQrde mar keted specifically
response2QEBgaHenan Hanwem. €l ectoo@i ssn<or , TGS 26
mar keted for general ai,eO0Ogaéb)lutantd bpespersso(fFi §6
mar keted primarily for volatile o2gabhby. cWepobaosde
include TGS2602, which is notcomafrikremmewhaatshesrnnisti ng
used in sensor arrays to help account for c¢cross s
no response to methane.

The TGS2611 models are built on thEOBGameclbadieng ear
additional filter to block pos¥heél &GsB®060t tdfoeersi nngo tg
include this filter and is marketed for fast resp
publicly disclosed the spe@GIFTEGEX0 marn cET &I A Aulsie db @ en
characterized for trace methanells.ensing by the st
TablZSensors useltapheRrhiicses for the Figaro sensors
the distributors Maritex Co. and Pololu Corp., re
November 2021.

Manufacturer Model Approximate Price Target gas

Figaro Engineering Inc. TGS2600 $15 general air pollutants

Figaro Engineering Inc. TGS2602 $17 VOCs, odorous gas

Figaro Engineering Inc. TGS2611-C00  $20 CHg4 - fast response

Figaro Engineering Inc. TGS2611-E00 $20 CHas - filtered

Henan Hanwei Electronics MQ4 $5 CHa

MOx sensors respond to gas concentrations with va
to a voltage signal which pduareeedglu i speamesnar ciorula welct
di vider configqgqrastioetsomicteth tdhelZeknsor response to

8



was unknown, we selected the resistance as a reas
dat ashleet sensors have internal heater s, which ar e

el evated operating temperatures required for the

Our experiment tested three replicafTese &f gaaoh se

e
sensors of each type were from the same productio
from the distributor at the same ti We betsidgineédnat
printed circuit board (PCB) for the seldsofMMdreand a
PCB holds th
The PCB al so

n

whi ch wer e

e sensor s, voltage divider resistors,
contains piotwers stu@ prl yd byg asrsy cpp@vaer ¢
ot in the direcWepmahnhdomi tdeé mMmeasaor ee
the sensors were placed on the PCB to minimize po
and center positi oansd sTewesrdenesnrseod ibroafrabe fsever al de

us.e



data acquisition

power supply reference analyzer

temperature | o
controller

chest freezer and heater

Figunldikhgram of the experimental setup. One of ea
the circuit board: A = MQ4:EOB;=DTGSHGCEHB26EC== TGS2
TGS2600. In the actual experiment the data acqui s
encl odwrre;vi sual clarity it i s shown outside in th
1.2l.n2strumentation and experimental setup

The sensor si gnalwe raeneaalvoign gu dildteagPeCsBgi t i zati on with
acquisition unit (LabJdJack Corp.ThBE7)Xact@anmeqtueditao o
has #&i1t6anal og digital converter, which was furth
depth of 19.1 bitsgVrcogalewtpioonrdi (nlga Wiba als 8Gorap. n. d.
standal one device (VWR I ntefTmatciiomadlacleldC nErxdc & ab It
PCB to measure and record relative humidity and t

|l ogger recoreceyg &80 esrtcoynwdesy which we | ater averag

We powered the sensor board with a regulated benc

E3631A), with the data acquisition unit powered v

10



wer e

warmed up for two hours prior to beginning d

digitized the analog sensor voltage divider signa

computer, as directed by a programorundraitn g ni)n HMyte
host computer paused for five seconds between con
required to acquire data and small wvariations 1in
readings from all 15 sensorseea@®@eyaffedel abesi xo0se
resolution.

We usrlHd/ @lo0pt tcalce gas -@ORI ymer) (& a refer-ence in

7810

measures methane with better than 1 ppb prec

ppm preciwsitdina met hane response time(OORci fied as

2021
t he

We b

) .

mi

ui

The reference instrument produced readings

nute. The analyzer was stil!] in its initial

't ouri nwasde ocnnaentbceiral |y avai |l aibn a ihega satm fr e e

in Elg.We placed a hie®dt gno( diewadumglhe®at mat) at

free

Z e

30 8A)s.

acqu
i nst
i ds
cham
t est
was

ambi
The

cham

The
t ubi

t

r

b

o O o O < o»n

en

S €

be

re

ng

r, with both the freezer and heater contr ol

our test phamwmkdr ,a wlastic tub inside the fre

ition unit, and temperature and humidity I|o
ment, and powefr she@pdlyamwkeer, owittsh deomnect i ol
f the freezer and tub. The reference instru
r by its intadr malf | savmplaitreg ogfump 25 | pm, samp
hamber Hhls, serect vientFiirgg it s .ehha&sustampd itnlge ali ¢
e only driver of air mblakeeptaintwasrpoovi o
t | aboratory whrchial aa ¢ oheectcentaenboert he t o
nsor PCB was placed at t hemdlolt tfoamn oif ndihade t tel

r ensured mixing.

ference instrument was connected to the tes

. We found that the instrument responded to

chamber within seconds:; as we | ater eavwemasdgadacderealdl

t his

system

ag to be negligible and did not synchroni ze

cl ocks.
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MOx sensors are sensitive to environment al condit
(Abdul | ,2®0 2®&t .all n our experiment, ambient temperat
were highly cor r=e0l.0t5¢d (HRuenasrdssamnosdi rectly affects
(Wang ,201@); the sensors we used all have interna
temperatures for their el ement s, and further work
ambient temperature on t hoeusre eoxppeerraitnmenngt acl o nsdeittuipo nwsa
suited to differentiate between the effects of te
only include water vapor <concédmt roautri ,camnddisycsda rsh a&d v i
slightly stronger correl atdiiopde mper bt moet WWhtehevap
concentrations wer€8méasunrepgmbywhhehLWwWe converted
Determining the different effects of temperature

future workewsodvohst hese

To compare the sensorso6 suitability fovartiraltlee met |
l inear regressions individually for each sensor.

di fferent sensors in a systeimattdpcl owaayb Irea tshyesrt e nm,a nv
chose to use a simple, easily +peréopméngdbmoddellor e
compl ex algorithm. Each regression used methane ¢c
i nstrument as the targetor Seonnscoern trreastpioonns, e ,a nwa ttehre
bet ween sensor response and wat eEquwatpioon wreh pwe dt
regression equata mbht,erims wahsigeuhh etehset e gr essi ol spar ame

the residual error.
0 | 1 i Qe Qi Qi odedDO 1 00 i Qeii &Qii Qi 60 HE OQ (2)

1. Besults

FiguReshows the time series of the full dataset.
represenmi mgt enaveraged data for ten days. Gaps il
met hane concentrations above 10 ppm due to oversh

inject whnsbemweed from the dataset.
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hemselves highly
apor is stronger
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nso
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Time

full dataset. The |l eft plot:

expanded view of the two hour

|l icate of each sensor type i

variation in the ambient | ab
n stable relative humidity I

gn stil lorprowri deerda lay sriasn.ge o f

e humidity, water vapor | eve
evels fluctuating several ti
our temperature contireovle syst
er vapor | evels was caused b
to the cooling and heating t

et chtee da srseol cai taitveed hcuhnaindgietsy ivni v a

rsdé response to methane conc:
absolute humidity, temperat
el ations among the different
th temperature and water vap
t for TGS2602); temperature

rel ated iwi tohurt eenxppeerra tnuernet .a nSc

than their correlations with me

cou

nting for environmental ffact
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and TGSE206011sensors are moderatel 0. ddr-0aeddat ed with
respectively). TGS2600,CODGCSheoW2,| cawvndc oTGER2 &AL on wi
concentr at.i2ddnd 0(-0 a2 respectively).

B Ly [ o 1 ]
B2 B =
SHTQN - | 1
Eﬁ ad U E

B N gy ram |
W e ary
& A

s
~
[+

o>
N E

2600

L.

666
X8\

2602

%

2611-E00 2611 -Co0
ﬁ:.

RH 2600 2602 2611-C00  2611-E00
FiguBe The | ower tpraiianlleotshdweds ween variabl es; th
shows correlation values (Pearsonds r); the green
di stributions of each vC0r0i,a R6Ge.1l 226000 MQAU6 (X ,e 2 6hlel N
sensor s; CH4 and H20 areometbaocentndt waheyr Vaand
temperature and humidity. For <clarity, only one o]
Consistency of measured resistance between replic

summari zeldd.i nPaFiirg.and relative frequency plots are

TGS26slelri es sensors show good correlations bet ween

15



sensors also show good correlation (r00.97) but h

suggesting t hastensnodri vciadluiablr,atpieoorn mi ght be necessar

10- TGS2600 10 TGS2602 10 TGS2611-C00
= R =1.00 R=1.00 R=1.00 R=1.00 R=1.00
— 0.5 “II = B=094 —05 |I B=118 (=128 “0-5"| B=097 (=099
0.0+ 0.0 00
304
o 201 R=1.00N30 R=099 _ 40 1 R=1.00
Z HII p=084 "20 1{ %I“I p=1.08 i ‘II B=1.02
10 10 20 |
304
MO/ |i | o3 i/j ' w0 _
104 107 A 20 4 ,
10 20 3 20 3010 20 3010 20 3 102030 102030 102030 25 50 25 50 25 50
3 1 2 3 1 2 3
10, TGS2611—EOO 10- MQ4
: : | R=097 R=099
= 0.5 : 90 + 0.5 =067 PB=080
0.0 0.0
1001 100 f/i R=0.99
o] —
501 50 h B=1.15
100+ 1001
[s2] o
50 1 501
50 100 50 100 50 100 50 100 50 100 50 100
1 2 3 1 2 3
Figude The experiment contained three replicates
shows the relationship between the three replicat
triangles show pair plots; the upper triangles sh
t he pgdoof the best fit |ine for each pair; the gree
di stri but i-aoxness. fTohre axl | -pXx®¢$ sf amdt h&del gwer triangl e
resistanceqval ues in Kk
A comparison of the full and strh%.i fTiheed sstarnaptliefdi edd

dat aset provides a better balance among the numbe
concentrations. Nonet hel es s, | ow met hane concentrtr

could be reduced by using morceshine itmet oeesampl id
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Full Sampled

2000¢ 80l
1500 60!
E E
3 1000/ 340

5001 20

0=25 50 75 10 225 50 75 100

CHa (ppm) CHj (ppm)

Fi guinbe Distributions of the full and sampled dat a
points. The sampled dataset has n = 930 points.

Regression par ametodirist asndatgosadmncesssf or the regressi
in Thd.!l ePl ots of predicted versus observeld.met hane
The coefficients of determination for TGS2600 and
no trends between predicted and observed values f
the TGS2611 sensors suggest theapthei nggkegsioend:
observed methane ccermradnt rtahteiiaons.eglrresgsdmn anal yses

|l ow concentrations and underpredict higher concen

may be successful in improving the performance of
rel ati onshaipmse dvewiet lobtthe MQ@DO sredsTo@$26 1Cloef ficient
determination were generally the | argest, and the
di fferent from zero. However, the MQ4 sensors sho

goodnebss bhah the TGS2611 sensor s, with one of th
TGS26E010 sensors. As previously mentioned, the MQ4
batch information, and may have been packaged tog
component distributor. We additi otnradndgf drimed hda tre,

did not find improvement in the results.
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Tabl3. Regression performance and coefficients for

Fa2 VeatwimE 27 F Ymr Y VTt m
with CH4 in ppm, H2O as perceqEveanydceedhsashowassiva

for each of the three replicates of the given sen
is indicated with the following codbe: fttpis 0.1;

evaluated for the 2 to 10 ppm methane range.

Sensor R2 RMSE V] b1 b2 b3
(ppm)

TGS2600 0.16 2.31 16.31%** -0.60*** -4.,97%** 0.28***
0.16 2.31 16.39*** -0.66*** -4, 71%** 0.29%*=*
0.16 2.31 15.83*** -0.55%** -4.66*** 0.26%**

TGS2602 0.06 2.44 3.34** -0.0065 0.51 0.053
0.06 2.44 2.66* 0.033 0.92 0.039
0.06 2.44 5.29%** -0.12 -0.51 0.13**

TGS2611-C00 0.67 1.45 30.86*** -0.42%** -0.29 -0.33%**
0.68 1.43 30.34*** -0.40*** -0.30 -0.32%**
0.68 1.42 30.76%** -0.42%** -0.64 -0.31%**

TGS2611-E00 0.78 1.19 25.19%** -0.20*** -4,20%** -0.0006
0.78 1.18 24.34%** -0.18*** -3.75%** -0.0076*
0.76 1.22 24.81%** -0.18*** -4.,10%** -0.0027

MQ4 0.82 1.07 22.07*** -0.18*** 0.60* -0.11%**
0.70 1.39 17.64%* -0.08*** 3.10%** -0.13***
0.79 1.16 20.65*** -0.13*** 2.09%** -0.13***

10 TGS2600 10 TGS2602 10 TGS2611-C00 L.

_. 8 8 . . . 8 S __:-_‘_..:

% .#-:: . . . L e ,:;:. ,ﬁ.;_?g_s.!

g’ RS 0 GURRT

;; 4 4 Bgd e 4 ;‘%’:}’

T, ) , -:;.:

C—% 4 %6 8 10 O =2 4 6 8 T Y2 4 6 8§ 1o
Actual (ppm)

Predicted (ppm)

Actual (ppm) Actual (ppm)

Fi guwe Regression performance usTarbdlé8t,h e hcoowenf fi ci e
against the identity Iline. For visuehchlaensgr on
type.

18



1. Bl scussi on

1. 4Selnsor performance

We t est ed ofsit/v beefifeolwf MOx sensors to determine their
met hane at concentrations close to E£O®oamheric | e
TGS26E00 (Figaro Engineering Inc.), and MQ4 (Henan
promising candi da’(e®, 6Wi)t Antdh KRMSBS&st( <R. 5 ppm).

TGS2600 and TGS2602 sensors (Figaro Engineering |
l evels in the anAby3¥is2wb62pesfopbpmedthar keted speci f
i s unsurprising. TGS2600 is marketed as a gener al
previously foAl mbbbhghei wwor k. possible that more co
usef ul results, as in Eugster and Kling (2012), t
previous studi,2920RBR)daimndkaonbel akvy of apparently be
same cost |l eaves |little reason to use TGS2600 or

However, their |l ack of response to methane sugges

alongside other sensors to differentiate between

Our RMSE value€£0f0ornfTGS26 Pl m wesaef cdmppreoxiomdthel yer
reported by van den Bossche et al .2=02a®8B7) oand Bas
TGS2600 was c)k0sé@9toepbetRBRd by Eugster and Kling
for TGS2600 of 2.3 ppm was worse than the i mpress
by CeQxleinedral e et al . (2018) and Rumndldiike tehesad .p r(ew
studwesdi d not find that TGKa2BOOatwvabowehsesvelise PoO-:s
studi es-slhpaadcidiitce effects that | ed to better sensor

our exp,erdrmeanur errors could be reduced with more

We found that the TGS2611 sensors had similar per:’
but that the MQ4 units showed greater vardi ability
values in our model from 0.70 to -O0@®2hZ%wdayRieesmpar i
from O0.67 to O0.6&00amse ntsloe sTESDEMLIO. 76 to 0. 78. Th
al so varbetdwemmonf eurnitthse MQ4 duwuma tTsG32h6alnl sensors. As
i ndividual cal i brat $ ohniecbced afrem@do,r ascdckediercg itom t he ¢ 0

|l abor required in assembling a sensor networ k. I n
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el ectrochemical sensors have been shown to perfor
individual calibe8tdPdPn (Malings et al

The kiObesi stor value we used for our voltage divid:
seen from the range of senls2orahddesAstaheevwobhawa d
would have the highest sensitivity when the fixed
| arger voltage divider resistors would perform be
studi ed, resi stamgsg kqlhoséd be pOeféOable -EOO, TGS26
and TGS206011land MQ4 respectively.

1.4Suv2i tability for atmospheric sensing and pot
As background methane | evels are around 2 ppm, R M
that these sensordeteetairdtptd wintsablne medrhane | evel s

atmospheric concentrations without more sophistic
I n particul ar, more precisely accounting for temp
performance. This could be achieved by regul ating
sampled air or by characterirzea nggnd emwsmird irteys poemar ¢

devel oping a more complex algorithm to remove the

Theevel ofwacfcaumd yf r om T Gi&a2y6 lble awumrisdabM@4 f ur t her

i mprovemesensor networks for major | eak detection
enhancementmsp mbion ewilt sheyevel s someti mes exceeding
al2013; Defr,20ka. eteaks around natural0Ba¥y infras
should also be easily detattakbhbanwiembnégerxcegido
around producti on,2s0ilt4es. (DQeeu lsttoo o theett hapdlsve c®ensor s,
detection sensor networks could provide an access

maj or fugitive emission sources.

1.4Se3nsitivity to environmental conditions
Water vapor and temperature have a | arge effect o
studies (MWaNy ;etHuxl2Q@ b6 etAkmdud d2ath; eKj2ml2elt) .alQur
results show a strong correlation bet wedn 8db dwmlrut
the TGS2611 sensors and MQ4), but M kOtlefoortadleat

sensors).
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Figaremphastilzeesi mportance of temperature and humid
of threef osremnssudbrsset s of the data, selected to show
t emper atwatee ra.rAdda ploirgher temperatures the sensors h

—

han at | ower temperatures; thlnstame methamwme ffor
concentration range we examined, tthheesrewh ammgeneint ad e
conditions can exceed the changd eiviAtsemrgdregrie/s pdn
depl oyments of these sensors wild.l require system
h

umi di-ltoyc atcend measurements and algorithms to accol
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Figuile Sensor response (y caoxnidsi)t itoon se ncvainr obnemegnrteaa t e
met hane (x axis) at | ow concentrations.
1. 4St4udy | imitations
Our study had several | imitations that will need
i mportantly, our experimental setup was wunabl e t
independently of temperature, | eavvintheatsveurrabl e
t wo factors. We al ssoendsiidt inwitt iteesstt o oot hcerro sgsas e s,
which may be i mpowbahtd fdapil oyeiamsra¢ dEL8i)at .The
| ack of reFE@PHIBE@OTIGAS®AE 02 & oe meudhdeygtgsht be usef ul
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detecting these interfering gases in a sensor arrtr
characterizing the sensorsodé responses to common i

algorithms to -sensuntvibresrossng multiple sensor

OQur <calibration equation was simpler than those u
clarity and ease of interpretation rather than fo

expectations for sensor performancwei mhymbeemore p

sophisticated algorithms. However, the agreement
supports our general findings, and we think it 1is
sensors wil/ be signi fpiecemt hy thotilekesent with high

1. Goncl usi on

Environmental conditions have a | arge effect on M
at | ow methane |l evels. Applications of these sens
careful sensor calibration andtemgdestbms tbatadde
environmental variation. We believe that addressi
chall engwortlod raempgl i cati ons with the studied sensor

i nexpensive sensor neveloogkmemte.srits further d

Monitoring background methane concentrations with
|l i kely that more advanced algorithms would all ow
simple model, but it remains to Wwel beenabfei mpksem

sensors to perform adequately.peélofvevmrngweehsebrev:

(TGS2611, MQ4) have potenti al i mmedi ate applicati
settings, and that the perfenmahoce weefauodndhbDaos:
production infrastructure, in urban |l eak detectio
1. ®Gode and data availability

Code and circuit board design files are availabl e

https:// conservancy.umn. edu/ handl e/ 11299/ 226714
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ChaptPesgn and eva-taoaatiseansbranbd

needbrackground met hane measur ement

This chapter is adapted from
Furut a, D. , Wil son, BDesiPgresamd v a-thoagat agmangadr, anoc
f oredrackground met hanei meraswireweatt At mos. Meas. Te

Abstract

We devel opedta medmmane sensing node incorporating
humi dity and temperature sensing, data storage, a
sensor alongside a reference®nmetolua neo ocianschti corner 1 n
sever al mont hs each of data collection across a r
l evel s. We explored calibration models to invest:i
suitability for backgr oundde tneocntiitoonr.i nVge aancdh ieenvheadn cneo
performanced O npptnher a2n g e, but found that the sensor
possibly as the retsadgetoddchangesnd eanthoati ons. We
sensitivity may be responsible for mixed results

i mplications of our results for the use of these

background met hane monitoring.

2.1 lntroducti on

With t-hkeownel |l mportance of methane emissions to cl
higrsoluti-bevgltodatda, scientists and eoagsheers ar
sensor networks and monitoring met hondlsav Resr@mlrcrhe
a variety of sensor mechanisms, including optical
among others (Aldhafeeri et al., 2020). Due to th
sensor el ements are appesalvaegsenadidatewofbrdenek
al ., 2022).

MOx sensor i mplementation poses a variety of tech
may not trawslkbhtdeapplrireations (Barsan et al ., 200
factors such as humidity and nicrotrerofraniend ngasdad =

et al ., 2010) . Poor selectivity for target gasses
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current stud¥noamdpir®bdewmelwli th a variety of possi

s

array-nosedédeconfigurations (Ponzoni et al ., 2017,

A variety of previous studies have explored the T
Engineering for methane detection.-E0® pamtioc | dr@a,v
promising reports Ox atnhkdeallei tear atl uo, & s2¢0kle8l; & iveaanl .d,e n2
The TGSR06011li s mar keted for methane detection in al
applications (Figaro USA, Il nc., 203%PpA);potstee aTGS260
contaminant sensor f or wusiemiilnaraidre vgiucaelsi t(yF ingoanriot olrS
Both acest oswvensing el ements available for around
di stributors (Maritex Co., September 2023 prices)

Previous work haB0G otumdp rGfS@r6rhilr easonably well whe
| aboratory setting, with error within N1.7 ppm ac
den Bossche et al., 2017). Several &netdfexperi me
detecting methane concentrations in a higher rang
TGS26E010 effective above 100 ppm concentrations, a
success in the 2 to 100 ppm rangectRddtdhacheethahg
met hane concentrations, corresponding to natur al

emi ssion estimates had poor accudeagtyh &hami mdt iadn

TGS26E000 cali bration, i ncrlwatiinagn tthhea ti nipalr d raantt 0 royb sce
not generalize to different ambient conditions in
environment al conditions, particularly humidity I

al so prowivdel esncree t hat ambi ent gas makeup plays a

behavior.

TGS2600 has also found positive results in some s
general sensor correspondence with met hahfhoef trends
0.19. Other papers findOxaendealre petr faolr. manz®l §;CoRildc
Eugster et al . | 2020 ; Casey et al ., 2019) , but ge
and in some cases with not ablwe edi flfaeroe mcteosr yi m npde rf

settings (Riddick etsiatle ,{OR®2idiagdr@eretf raim. si2@18)p.

The previously mentioned studies explore a range

paper on a |l ow concentration range, which we def.
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background of approximately 2 ppm to 10 ppm. Our

TGS26EI000 has some met hane response in this range a
al ., 2022). I't is unclear from pr evairceu svliyabp web Ifiosrh
monitoring the 2 t-wolODdppmttangse,i andewhether the

therefore wosh| eseintsilngw net wor ks for monitoring sn

| owoncentration applications.

To better under st andadstt heM@x aerdddrys offorl omoni t ori ng
concentration range, we designhed an inexpensive s
dat alogging, deployed the node i m avi tdutad oa@arm gsee totf
met hane concentrations for sever al mont hs each, a
to both environment al conditions and methane | eve
node and mention its stréamnghhsgandseheratomi hfgscu
this | ow methane concentration range with MOX sen

sensing approach for the concentration range of i

2.Met hods
2.25elnsing system design

We designed and built a system consisting of two
temperature sensor, data storage and telemetry, al
We i mplemented the system on two primdledli tdg rtchue t

sensors and associated circuitry and the other PC

components, as described in full in Appendi x A.

We chose EG®2§FIi garo USA, Il nc(.Fi Radrlo3 )USM,d 1TnGeS. 2,6 020(
sensors from Figaro Engineering Inc. as our pri ma
work, we expe€EDO8dtdGER2E86pPpDnd reasonably well to me
a weak or no response tatimenhaaegeé not hientemeent ( F|
By including both sensors we hoped to allow our ¢

met hane interfering gasses that might-Eb8. detected

MOx sensors require stable power supplies for acc
t hat power supply fluctuations compromise perform

al ., 2023). Our overall system renhigbomsaabVl DCyp
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sensing el ement

regulator. We

b

MOX sensors var

voltage signal

configuration

S

resistance val

previous wor Kk

u
t

s we operated them at 4.8V derived

urned in the sensors and regul ator
y in resistance in response to tar
that could be easily digitized, we

against sel ected r ef etrheen cree freerseinscteo
e should be close to the expected
0 choose rgfforeMGS26dGYIF amnalr 7walkues

TGS26EI00 ( Furuta et al ., 2022)p.utWd odi ciatcihz edd vti ldee rv
ADSl1lll1bifi6analog to digital converter (Texas | nstr

To confirm power supply stability, we also digiti:

performed wel
voltage withi
NO. 80 mV of t

We recorded r
which produce

accuracy.

An MO Adal ogg

recorded read
modul e (Part.
provided accu
readings, I ik

note any ot he

We mounted ¢t h

I
n
h

r
e

r

e

e

r
n
I

in both sections of the experi ment
NO. 25 mV of thengeansapdl 99vebtwage
mean across the full dataset.

ative humi dit yDlash ds & nesnopre r(aS eurr sei ruisain

digitized readings with 2% relatiyv

mi crocontroller module (Adafruit
gs every five to six seconds to an

e I ndustries, l hbe) Basoa medluuéaal

ate timestamps for the datalogger.

y due to SD card mal functioning, w

obvious ptriobhiemg. with the system f

el ectronics inside a smal/l encl osu

FiglA. We screened the opening to prevent debri s,

We provide fu
Appendi x A.

case. Our system operated passively, without an a
schematics and a detailed electro
design

2. 2Ex2peri ment al

We characterized the sensing s ylsocean-7dtl Atlwne t dhiafnfeer

anal yzGOR,( LlIInc.

)

acde wai agEeNeSrlddnenem ni t ors met hane, wa
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CQusing optical spectroscopy with precision bette
water vapor, with a frequenCQRolfnom.ne 2®2A3)i .ngWe edi

the,@®asurements fourz2lhideppaper t hei @gxperi mental s

Reference
‘analyzer

! . §
MOx 2-0
Sensors| -

@13
FigwRle A shows the sensor node construction, whic
A. B is the indoor study site with the sensor nod
a demonstration anaerobic digester. C is the outd

posioning of the sensor node and reference analyz

2.2 0Cutdoor site: ambient | evels with short contro
Qur first site was an urban yard in Minneapolis,
sources nearby; our intention for this site was t
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background methane | evels. We | ocated our sensing
sample intake near the hBdlGeard&tlBri Dhe Rkresf sremce n:
samples through approximately three meters of tub
mi nute timescale, we considered the resulting sam

negligible for taheyspuwr.pose of our an

The background methane concentration at our resea
mi ni mum observation of 1.98 ppm. We had no expect
range of methane concentrations, wea ederafsersmddc a hs
vicinity of our sensor setup from a 2.5% methane

met hane eight times through a 2 L/min regulator f
I n October and November 2022tWweoumgheas®&dlmeét mamer
10 minutes each. These rel edsad epravceu agd da mmed hiamwe

5.8 ppm, with most of the releases producing meth

2.2 101hddor site: methane | eaks and el evated | evel s
OQur second site was indoors in the Biosystems Eng
Mi nnesota, Twin Cities campus. We placed our sens

a benchtopschaesdemmnstrati on anaer 2diBc dihgest er,

digester was | ocated in a |l arge workshop area, an
resulting from small |l eaks or |l arger pulses when

met hane was removed. We also expretanddposkéebl| g@gaem
from surrounding | abs, some of which were working
Since this site was indoors, we expected a narrow

at our outdoor site.

We collected data from the outside site from July

from January to May 2023.

2.2Da3dt a processing

The reference analyzer showpedricbdosk dhié¢h weenot é
corrected. We converted the raw MOx sensor readin
supply voltages and known voltage divider resisto

sensor data by their timestamps.
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the time parameter also potentially included any

we were not equipped to medasaurge,t guwucshkess interfer
OQur experiment collected both water vapor concent
reference analmazwent eahhdsan$PdLCB respectivel y. Rel at i\

water vapor concentrations and tewmpeeratuapprand o

concentrations to predict sensor response better

accordingly, we decided a priori to include water
as a possible term in our analysis.

After evaluating the possible regressions, we sel
the TGEDP®lbaseline across the inside, outside, an

data with methane concentrati oaisl de&l daevs @r. i3ptpiponn WM

equation selection process in Appendi x B.

TR Qa @Y 11T(C/ 14 r11&€CaQ (1)

Our sensing system included a secondary sensor, t
to respond to methane in the concentration range
whet her including this sensor enatkcberbayel mopsetpt e
account i ntgarfgoert nioont er f eri ng gasses. Adding this se
Equation 2 as a possibly improved candidate for t
I Tdgoi Qa@e o 11 (C/ 4 r11€CQy I 1T &Y (2)

The TGSR060lLlsensor response i s expected to deviate
response as a result of methane | evels as shown i
predict methane | evels in Equation 3b.

——— | 186 (3a)

600 —— - (3b)

We used the combination of Equation 3 with either
TGS26E00 response to methane. We evaluated the per

as examined challenges for the calibration method
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As seen23.n Femgsor response was strongly correlat ec
the insideeapdromentde Due to seasonal changes, e
correlated with both water vapor concentrations a

correlated), as outdoor temperature and water vap
Accdoirngly, it is possibl-eimemeopoetabnookwawrdsaens
sensitivity to water vapor, or due to an effect f

The MOX sensors were again strongly correlated wi
(r=0.88). Sensor correlation with humidity (|]r] >0
and the sensors were correlated) moNerahet ysansador e

a strong correlation with methane |l evels (|]r] 00.1
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Eguation 1, full fit

Equation 1, piecewise fit
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coded as -xosshoorws At he fit f ol fEgruaBEquwat ilgn azh,d kEot h

regressions over the full filtered datasets (A, C
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out side data set has missing data, the sections a
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2. 3Me3t hane response
We examined the relationship between the sensor t
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2. 3Medt hane regression sensitivity to baseline
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A: Eq. 1, full fit . B: Eq. 1, piecewise fit
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tegies for overforecast event s, wi thout i ntri
ware. We rec¢cominsaedn geh atmbalslampl e compositing to
ove accuracy for underforecast events, partic

I ntroducti on

1 Stormwater sampling and the i mportance
ctive stormwater management depends on monito
rm policy decisions, and plan treatment or mi
aces carries a variety ofngoédtl ualant s201%nh), ugdol
ounds such as road salt (Novotny et al., 20009
er et al ., 2016) , and various other pollutant
o et al., 2012), kindemiak opl 20621 Ybse hfaWe row a sokf t
utants varies from each other and from site t
i cal i mportance to understanding the contamin

i mportant pollutants in stormwater do not cu

direct sensing. Accorgiangligul ardwynmimatidn mo bia

calslayipi-¢gé s henrf omamewal | y or with -auot odneatteerdmi snaemy
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pollutant concentrations and | oads. Addictliwgnaoln i n

proxy sensor measurements such as turbidity or el

2017) . Manual water sampl ifnogr hparso gprraonhsi baitttievinep tlianbgo
characterize indjvaddasorweofdéceseonsthe more wid
samplers (Har mel et al ., 2003).

Aut omated sampl er sprdorgarwa nwaetde ri natte rpvrael s, spaced eit

by the cumul ative volume of water measured by a f

pump pulls water into either a csomplogiti @eshottylpe ca
arranged in a carousel. Often, each bottle hol ds
analyze each bottle, creating a time series of po
all the samples intichaisi nfhlea aompeziede, wh

This composited autosampler approach is overwhel m
stormwat erFeramptxammgl e, d orcaicaesntoopmwoajteecrt moni t ori ng
Mi nnesot a odveecradehefodwnsd hah PABHOOO0 eXlendist ad ost udi e
usaut osanpgliemdnsay et al ., 2024)

A pollutantdéds concentration is often expressed as
represent i-wei ghhteed Ilnmeman poll utant | evel over a sir
EMC for a pollutant is defitmed rasnoifri Poudtwitamtl ma
by the total runoff volume V, which is equivalent

concent rnautlitoinp1G ed by they, idBvadednbygpushel bwt ©gr at

entire dtumeatn wmofoff event. Sever al ot her metrics atl
pollutant |l evels, such as peak values, but we wil
stor mwat er poll utant measur e.

ovo6 — —— (1)

Researichedsf ferelndat evhtfeirel ds have used ot her met hc
l oa®t.particul aradetéen polFreamdhowl are often repre
di scharge rel-@ttctongbhspst herafgalysis of these rela
literaturettom boehdbkonangd kKnamd eetevelnt,s @2 Q).. It

i mmedi ately clear how to relate this Dboeéeyasefd wor k
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monitoring wese@xweni wiel, | alneflave the subject at a mei

research.

A perfect sampler would capture samples with poll
together in a composite, would exactidwprmatch the
appl i ctatee oomesasured EMC is dependent on when the sa

For example, a pollutant -fmighhwetkipetniigher @omsd e mini

at the beginningKondj ewslif fet( Balrtrah@98); i f a sam)
early in the event, thenE&E&MCf wihdé Damplver ecd ptman e
|l ate in the event the EMC wil!|l be underesti mated.

event has an effect on EMC estimati ons.

Optimizing sample timing, then, is helpful for in
hardware or adding expenses. Selection of the opt
runoff characteristi crsumevsdéuntt,i npgo Iflruotma ntth ew a syhpoef fo fr
condi,tiionncsl udi agdsgaesgmalshider ati ons ewuchi g s nowme
i ntensityFBeébdoms tsuadnipelsi nagr emeltihnoidtsed by costs neces:
t he numerous typest odr e uonfdifimutleevtednad s | ttdearen aat i ve t o

studalelsov®g | arge range of runoff and sampler char ac

3.1.2 Literature on sampling approaches

A relatively sm&l busumsmbeexching tn epda w eu nwif tf h sauntpd matge d

sampl eSsever al st udiwosr Ihda vdea tuas ewdi trhe asli mul at ed sampl
(2002) collected sediment and flow data from all

simul ated sampling with diffepaaedds anagp eoquitepse.r fTohr er
timeaced, and -wéiaghtveod uamemposi tes performed best f
(2009) wuwecerdl & eraunoff data couplfed wiotlhuamneé mgiomic @ a
find t-patefll sampling performed best, and that a I
necessary to achieve good performance. Sandoval e
in a simulation usindadoiplacetthedwdiagniet, ed | tdri amtge gy

best.

Some researchers have also performed field compar
1998; Stone et al., 2000; Harmel et al., 202120). I
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t her event s, as the intrinsic |imitations of

erns and watershed types per study and a | i mi

r past studies have used heavily simplified m
d hydrographs with pollutographs generated ei
then examined the perfor manmcge. oShisha mptl i anlg. i (nl¢
mil ar strategy for their theoretiwoall dexarmian dto
her investigation. While these studies yielde

ut ant behavi or is a | imitation

studies have used more sophisticated model s t
rman et al. (2011) used a watershed-tmaodel for
rid storm data from that are@r daoclsesnul fait @dian g

vol upnpeeced mi crosampling represented the best bal ar

The
from
mi dd
pol |
mat h

| owe

Prev
accu
prov
t heo
mo n i
prac
Al t h

Our
met h

feat

previous studies had either heaviwoy |Isdi ndpaltiaf i e
speci fifeagiutred, wan efrislhled model s to study run
l e approach will offer s anae eddyv an taaugsd sb:l eb yh ybdu
utant model, we hope to simulate runoff sampl
ematical relationships, but with greater inte
r real i sm) t htaenr snhoerde ntoodvapld de ko ravart exa |

i ous studi es, such as Acker man et al . (2011) ,

racy. A microsampled approach draws small gual
iding an accurate compositbPespipresmntads amplofi
reti calmiacdrvoasna napgleisng aap fha agrhs ftroe qluee nregarelldy us e
toring. Mi crosampling requires greater care i

titioner s, andofadksctheeceamphieenter other m
ani gl osampling is likely a theoretical superio

he current study

3 Study goal s
study goals are to develop and use a new mode
ods and similar qgquedgtoinotnesr.p rTehte praordaenhie thearss ,e acsayr

ures of runoff processes, and haslatsei mulneofdt
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characteristics and to examine the effect of samp

monitoring methods of pollutant concentrations.

Wi th our model |, we investigate whether modificati
compositing met hofder malmrc épreprrtoivceu Ipaerr, i wef dneuasston &
accordingly in samphdr vwpaed ghega nanmids ¢gwred tgdegriiemsg t i gat e
the effects of inaccurate forecasting.

Wef ocus on t hr,eeomnd mun akeemisng with previous studi
interaction of pacing and weightriilmgtpr avteo @aslks wwiett
vol ubmeesed sampling baspdr samméi nigmeas the previous
genersalglgye sSecond, wev elugwes gtlictadempaote gt can | mpr ove

performancepédoedvoammieer s iovesronteh e icdoaunavte ntnison al e
wei ghwiitnhgput adding cost. Finally, we present an a
based samplers and examine its potentpadi fgrarndnpr
weé ghting suggestions, we focus on forecasting err

than previous studies.

3.2 Met hods

OQur examination of water sampling uses a factoria
wat er sheds, and pollutant behavior s, with a model
mo d e | is intended to have a | evel o fd r coogm palpéehxsi tayn ds
pollutographs from reillmtteved gt asbhimp | paraamde tearss | yFo
our stwudy, it is unnecessary to accurately captur

particul ar watershed.

We first describe the model and illustrate its <co

structur e, parameter selection, and target scenar

3.2.1 Model
3.2.1.1 Model structur e

Fig@8bLeshows the overall structure of our model , w
programming | anguage (Van Rossum and Drake, 2009)
then apply the SCS curve number met hod g Crrainrmsfhalyl

hydrograph; we then process the excess rainfall h
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model , taken from Nash (1959) by way of Bhunya et

hydrograph. Next, we use the runoff hydrograph in
pollutant washoff curve for the giwenappobympouwat e
virtual water samplers to the runoff hydrograph a
t he model in detail
L]
L]
r=
[ ] Q
£ : dr
2 . . Curve number |3
L] (4]
coe . method %
e 000 e o | (4N
[ ]
L]
Rainfall
Nash watershed
model
g
£
B 2
= °
L w
= Pollutant model
o
Pollutant washoff Watershed response
FigwBrle Model structure
3.2.1.2 Excess rainfall pattern
First, we take a rainfall pattern as a tabular in
for rainfaldl abstraction. The rwomlfdldt pamt@emr na cD)
curve. The processB2i sisilhhlgusat rat edailh PBiagtern from
The rain pattern is-lpmgyvyihded mas samniasbioframytl ess
in B2Af. This gener al pattern is scaled for a spec.i
within the actual storm durati on. Depths bet ween

interpolation to the resoluti3@B @ffr ovheesi mhlr &2tei e
of the patB2Arscahed&ignd interpolated to different
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Finally, we

convert the scaled pattern to-excess

parameter SCS curve number method, which consider
content to model infiltration a2a886pt hEor absmphrcti
apply the recommended initial ab32C achowan tmud te fpfl e
of several exampl e cur veo wnru mbtea B8 MBajl ruheilSg lpenr t chuer v2ed

numbers (representingei wateashedbyY rmpel meabl grea
depth, with | ess reduction of the initial storm p
A: Pattern B: Scaled C: SCS Method
Duration Curve Number

6 « 70

12 80
= + 24 « 90
) 95
o
T [
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

Time (h)

FigwBrRe Il lustrative examples of an input rainfall
rainfall of different durations (B), with the 24
(C) with different curve numbers.
3.2.1.3 Watershed response
Next, we apply our watershed model to the excess
using the Nash model ( Nash, 1959; Nash, 1960), as
model produces an instantaneous uni tr amettershedsr e
seen in Equation s2a2ndthéet nmmenbeo péakinear reservo
curve, which is explored in detail by Bunya et al
probability density functihapeg or andasntneal ediks.t ri bu
We convolve our excess rainfall hydrograph with o
final rwunoff hydrograph. We pr8%.ide examples of t
R — - QFf wheve— (2)
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A: Rain B: Watershed C: Runoff
T, (hours), n \ T, (hours), n
0.25,3.0 0.25, 3.0
"\ 0.25,5.0 ( 0.25,5.0
5 z( [ 1.0,3.0 z 1.0,3.0
g 2 « 10,50 2 ! 1.0,5.0
0o 1 2 3 4 5 & 0 1 2 “;ﬁ ] 5 0 2 4 6 8 10 12
Time (h)
Fi gwBRBe Application of example watershed i
to an excess rainfaldl hydrbgdapgr §dphst oCproduce
As depi ct3a@BB,i n hkei g . wo watershed parameters
hydr ographs. Lgaprrgoedru cvea Iruvenso foff ftor | onger
values of n produce sharper peaks.
To produce our final runoff hydrograph we
response and multiply the result from a
33C. For c33aBusey,thRegsame area for the exampl e
all ows for watesishede®adfi ndgi tfoedéntf erent
the same rain event.
3.2.1.4 Podoffditant wash
Given our runoff hydrograph, we model the
expanded from the form given n Wilson et al

pollutant concentration at

instantaneous flow at that me Q. Our model
pollutant behaviors.

F OF O R O F fm A HT < i o oq | ( 3)

We represent pollutant washoff dependent on
Cvw as an exponential decayofooa fai salarhti mgt coooceam
The decay is controllletdtheycamuatei par amé uene
event rdknohifsVterm is intended to capture

in water, such as chloride from road salt

a fraction ofunhbéftebat havesdbl uble pollutants
event for watersheds of different size.

gobvéhati memei Vhanhi
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The second tiermnt@nded to represent pollutants de
detach them from the surface, such as sediment or
pollutants wash off proportionally to flow intens
represent this behfaanidy whtbohcoerféiracenwsth the i

this power function representation of pollutant w
(e. g. Barfield et al ., 1983), and provides an int
response tioofl awwi ateprovide pollutant washoff ex
| arger or smaller values wil/| provi def lpoow | ut ant s
Pollutant | evels in an event are typically repres

We first define separate EMCs for the exponenti al
Eq. 3 as in Eq. 4 and Eq. 5.

ArdT<c
'Oi_‘)('j - F‘|'|' ~ FFI--ITT ﬂ (4)
Next, the parameters of Eq. 3 are defined for an

As di scuslsfed tlhhd €rgatamd Ct he weighting parameter w
vary with the different simulation scenaliisos. For
obtained from Eq. 4 assuming=BMQC), exmdbneqtiial o wmasi
Eq. 5 assuming only ofENM®@) deFarc HamegGpe@E&EMiCed Cf can
t hen be det ercmainn éebce, deerodr mi 3 @éd.cfi The dwei ghti ng par a
then determiaéesveheontri bution to the EMC from ea
for Eq. 3.

An inspection of Equations 3, 4 and 5 shows that

given set olff;pd@aimet ebse t he same for any chosen E!

scaling parameter. Our | ater analysis of sampler
EMC, and not absolute error. As the pollutant res
virsampl ers are agnostic to pollutant magnitudes

independent of EMCearsckcleaercyt edal e darf ime par ameter
selected EMC=1.
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We demonstrate some examp@Fligaigael IWet xrmtn raechp ervee ;3 ir
responses by varying the pada&8mathar €, Pwdh udanttlsoxs

strong orflwesak defifresct s, dpeareanmetneerds baynd hwe, & he mag
response to fl ow pe,ackasn weaertye rwiideeldy bays Cwel | . By Vveé
then, we can simulate a range of pollutant behavi
A: Runoff B: Pollutant concentration C: Pollutant load
s

z £ ©
£ 5 g

:\A = . e

Time

FigwBde (A) shows an example runoff hydrograph; (B
possible pollutant r ewsiptohn sveasr ytion gt hdéelgu weteoserfaff e dti r st

sensitivities to flow rates.

3.2.1.5 Sampl ers

Finalil wmpl wmment wsaitneu!| astaemdp| i ng. We define a sampl er
which we wil/l explain in more depth | ater: sample
volume; sample weighting inptbpocbmponaliter whuahl

maxi mum n wmbmeprl esf, equi valent to the number of bot

sampler; and the target total volume or ti me.

Samplers are conventionally paced in equal time o
event. We additionally i mpbasmedtpacinogldhphmeaat)

refert ifMMMssam@mplwhri ch i s intended to compensate fo
l oading samples. Similarly, composite sampling is
sample is added to the composite in equal amounts
wei ghwietdhy a sampl ebs contribution to the composite
runoff represented by that ws damploem HSecti,bswidtfi2t 81
a full mat hematiicalt e r.a p\dlee nablinisxagei evixelanen possi bl e adyv
of vodruaopeorti onal sample weighti-pgcked vbeumempampt

in some situations.
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Tab3l summari zes the samplers we will simulate, <c¢h
Each sampliemplceame bteed wi th any number of bottl es;
the conventional samplers and 24 boprbesrtoonthe
wei ghted sampler. We examine the effect of foreca
vbume or time, for all sampler types.
TabB8®k. Samplers examined in our study.
Sampler strategy Pacing Composite wi
Conventionmdsedl u Equal volume Equally
Conventi éommasledt i me Equal time i Equally
Lasbtottl e proporti Equal volume Proportional

vol ume
UMN met hod Unequal voluProportional

vol ume
I n «wweal d applications with automated water sampl e
sensor s, which have associated costs and install a
errors of their own. For the purpoecoeg sqgf ftuhhitshepape
research is needed to evaluate the effect of flow
3.2.1.6 Forecasting error
Protocols for the doe exfass @&mdp Issq ros-meeslad iag @aooml i ng)
depst(tvol-haneed s ainfpltimeg)sampl ers are reprogrammed it
predicted mouneftieodadeemax,i mum storm durations or dep
reprogr.amneedse predictions are used to set the san
As gquantitative precipitation forecasts are of mo
|l i kely h@eegerHames et al , 2017). I f the forecast
t he actual runoff event size (underforecast), the
the end of the event. I f the predbcetcant)s fgheasta
wi || have empty bottles |l eft at the end of the ev
optimal forecast.
To examine the effect of inaccurate forecasts, we
forecast of 1 corresponding to no errors in the p
forecast of 0.5 causes the rsafmprl ea dtoorpmacleali ft st the
actual event, | eading to the sampler collecting i
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ecasts. An alternative approach is to
i pated runoff event. This case corresp
nal slaynpflielrl wd drhe tdhfeni tosm bottl es for mc

soluti on.

on setup
del framework in place, we implemented

meters to provide a range of hydrograp

nts. Observed data forlismimeedf oWe Isawm
sible parameters based on a variety of
., 2018; Barfield et al., 1983). Addi
is suited tiotipamdi cul ar watershed cond
our possible rain patterns using the
our generalized types of rainfall patt
rns are classifiedpbgkthas sslbowmn qiumar Fii

storm durations of 1, 6, 12, and 24 ho
ration, as recommended by Huff (1990):
rd quar;tialned ffoorurlt2zh bhgouuarr tsitloer hisor 24 hou

X st

(@)
—

m duration and shape combinati on

erated +t4shmradd ,r anendfi adlfimo rachelpd s @fe t he si X
a

e

nd shapes. The | arge event depths corr

ration for Minnesot@l8)ypmt NOAmedi uams d&.
h

to the 2 year return period storms; an
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medi um depths. The three depths for each of the s
patterns, depicted in3Fig. 5B and I|Iisted in Tabl e
Tab82. Rainfall parameters.
Storm durati Peak quartiTot al depth (inches
1 1 or 2 0.69 or 1.38 or 2.1
6 1 or 2 1.1 or 2.2 or 3.44
12 3 1.255 or 2.51 or 3.
24 4 1.42 or 2.84 or 4.2
A: Rainfall patterns B: Scaled rainfall patterns C: Watershed IUH
e Huff 1 ® Huff 3
® Small urban
Huff 2 e Huff 4 =
g Large urban
A e Small rural
= o = Large rural
& g /|~ =
o 2 &
El I
S| 1)/
65 16 15 20 35 0 5 10 15 20
Time (h)
Fi gwBhe Four base rainfaldl patterns (A) are scaled
which wil!l be combwatdr svsheds ouU€) four
3.2 WatZ2rsheds and runoff hydrographs
We selected four watersheds, meant to represent |
watersheds have par an®3t.erTsh ed eutrabialne dwaitne rTsahbeldes ar e
than the rur al water sheds, with | arger curve numb
i mpervious shefackan watersheds have curve number.
the rural watershedsd@hwealwadersctheds momdael 8We use re
represennoidnegi bimber of | i msadesesébedi bywdNashsi(dm59
the urban watersheds n of 3 and the rural watersh
We assigned average s|oweshtbhehgewatal smeddset t
wi || have | ower aver asqe dsltdpeens gfaH eclunheamieetdl ptealk, us
standard methods given by NRCS (2010). Our simula
we considered negligibl e; paacsc oerqduianlig Ityo twhee alpagg otxiin
determined by the NRCS met hodwe pGiodwnmc @dc etshee vian sutee
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unit hydrographs for the four watersheds using Egq@

generated by these parameter3bc@mbinations are sho

Tab83®. Watershed parameters

Wat ershecSi ze Curve nun Sl opeCal culppat ed

name (acres (hour s)

Smal | ur k10 90 3 6 % 0. 08

Large urt1000 85 3 4 % 1.06

Small rurl100 80 5 4 % 0.41

Largeral 10000 75 5 2% 6.20
FigB86ecompares instantanewas$ eusheadhywdsogfaphanfiob
commom$gd SCS instantaneous uni agaiynn oigsh @ phhe (nNURYhSe
of linear reaervecihred imodtehe@uNrashhy drl®dgbr9gph wi t h n=.

the SCS hydrograph; the response with n=3 has a I
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® n=3
n=>5
® SCSIUH

Flow

0 1 2 3 4 5
Time (T, =1)

Fi gBGe Comparison of watershed | UHs with n=3 and
SCSvatershegdwi UM n representing the watershed mode

reservoirs as explained in the main text

Given our watershed responses, we then pick a wat
convolve the two to produce a runoff hydrograph.
watersheds, and thus have 72 different runoff hyd

3.2 Pbl3 utants and pollutographs

We turn to the idealized pollutants. I n our si mul
rewbrl d pollutants; rather, we simulate pollutant
behaviorworolfd reaant ami nants. eWe havehbose, pasatéetc
lcontrolling the rate of -dceopnecnednetnrtd tw ansnht odfeflclaiyn @ ff Iva
dependent was host fop, Ctwthd crha tdied eafmi @ e s t-cheep ehred eggrhtt o f
washoff decay curve; and the wei gltpiemdg emnft- tamael ddro
dependent washoff w.
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Asour for muhat €ocomh oofur meldat i vely new in the |itere
shortage of tpoepvdeowupawam&A epr efail ailed . e exaearmi merdt
runoff at several sites i aparoavndtoemns Miorn etalpeo | d sl lae
(Wil son etn iatthe a&Wslé8nce of ot her data with obvi ous
use these results to estimate the plau3d4i ble range
provides the resulting parameter values.

Thed & ati o varies widely; accordingly, we selected
tollvas fit for the specific watershed using absol
of the storm total, as in olvalwes emtomol mudal1® otn
pollutants that washoff rapidly, with a | arge fir
flush striemgntm.cdmtedelpleinge ntl awvas hoff takes values
(Barfield et al., 1983) . Finally, in o+der to exa
dependent tde pfewmldleyntf,|l e chose weighting values fr

Not all combi naetrteeed bbdbrvabhaobsevent. Wi st e weiegh
pollutant is flul |l almdddt e/h@iaCed By e irrelevant. Sim

wei ghting pdriagmeitrereliesvdnt. We find 163 unique pol
parameters. When each unigue pollutant is applied
produce 11736 pollutographs, which we wil/ use fo
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Tab84&. Parameter choices for pollutants.

Paramet Description Val ues
Ci € Ratio of the | imit finalO. 01
for exponentially decayiO. 1
vol udmei ven ,wanshhacdhiiinsant 0.5
s ol ubolnet ami nant s 1
I Rate parameter for expotl
concentratioxdriwvem :wabkth)?2
contaminants which di ss¢5
| arger values 10
i Power term f or odrooeepnetnrd: 1
washwhfch is dominant f 1.5
sedi ment 2
w Wei ght betwdenvenol-dmdveio
washoff: 1 #dsrifvuelnl yanvdoOt0. 25
driven 0.5
0.75
1
Fig@8rfreill ustrates the 163 pollutants responding

the pollutograpghhB ahow6 pno#&#uge equivalent EMCs
in BTA.

A: Runoff B: Pollutants C: Pollutant load

Flow
Concentration
Load

Time

Fi gwB7e An example runoff hydrograph (A) produces

C) from our 163 simulated pollutants.
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2Sc3enarios and sampler selection

. 2.8 ehario 1: Convent-baseld samel and vol ume
this scenari o we examine t hea creeds p-oemsuegaidfgydconyve
mposite sampl er sp.acWed caonndp avdoeldu nkea mpl er s; sampl er
sample bottles; and seven maghni tond eosf afh efsocer ec a
rameters produces 28 different strategies for s
Il lutograph combinations.
. 2. 3imelvs. vol ume
or mwater samplers with flow sensors allow sampl
| ume. As EMGneiagrhet evdo Inuenaes ur-bmeatdissampl amse are ex
out p e rbfacsrend tsiammepl er s, a result sho@®9;n previou
er man et al ., 2011) . However, fl ow sensors can
may be unavailable if sampling is done by han

e case that no fl ow sensore ibsy atviame aibn set, e asda nopfl ev

2. Numb2r of bottl es

tomated water samplers are designed with varyin
ve 24 bottles. Intuitively, a | arger number of
curacy, which is supported by pretvvialus, s2@d1).s (\

mul ated 12 and 24 bottles for each sampl er.

. 2.8 ehario -Bas¥dl smepl i ng wi-sdammplreo pweitd mtniang | ast
. 2. Pradapbrtional weighting

a Yyalcemde aut osampler is programmed for too smal
mpl e bottles before the end of the event. I n th
derrepresented if all bottles are represented e
e concentration of the final bottle is closer t
om the other bottl es. Blye i fnicm a&la sh otgt It dheprcomd mti ibc
nof f vol ume not sampl ed, we gain a better estim
st.

gure 8 illustrates the impact of increasing the
enario, the final Dbottle is sampled well before
bstantially underforecast rcuampdfufr evdo Ituhme .p eMalkt hou
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concentration, it mi ssed the | ower concentration

and proportional weighting overestimate the true
weighting is smaller.
o /. EMC estimates
g c _I \ Bl Equal weighting
T>> 2 « Proportional weighting
v E Il True EMC
= c
- O
E 2
3
£ S
>
| &)
Time Time
FigwBe Il lustration of i mprovement in EMC esti mat
weighting in an underforecast event

3.2.Sxehario 3: UMN method for unequal pacing and

To address issues related to ovepgdoadkcamnsd iweai, g hwee d
vol ubneesed sampler method. This method is a systema
the early part of an event, whi lhe stnidl lofhav il mg gso

We expect this approach to yield more accurate EM

sampling strategies intended to examine first flu
sampling from Ma et alon (b20a0G*)y, clhwtervaigteh od fooveud o
Components of our method were initially presented
more fully here. Details of the method are given
as foll ows:

1. Select a maxi mum expect gd whuncdf fi sd @shiegn awglewsme

by the sampling protocol s.
2. Designate the maxi mum number of samples as N,
the autosampler, commonly 24.

3. Designate the amount of runoff at which the sa
rati@ dforVithe purpose of thi Dupnaopretrall waep pwiilcla tuisoen

mi ght wuse | arger values to avoid spurious trigge
4. Choose a value for pacing parameter p > 0. | f
conventi omppaalc evdo lsvanmep |l er. As p increases in value
earlier in the runoff event.

5. Calcul ate a s—l—e—p—g—term
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6. Finally, calculate iahewbuomh!| @4bopelpk @ hasxei V
® Mnp—"0Q —Q o.
Determine the composite concentration by wusing th

corresponding to each sample. Details of this ap

Key features of the UMN 3®,t hwidt lmrteh es hpavai n g gargame

bet ween 1 and 5, illustrated for samplers with ac
bottle is used to collect a sample at the end of
frdmtaded, bbut |feeurare used to collect concentratioc

more early samples and two bottles are used after

capturing the peahkhk icointiealk rftiuom. oSmall er values
cl oser to a conpvaecnetd osnaanhp, | eerqual | y

We examine the sampling methodébés performance comp
for different | evels of forecast error and with d
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Cumulative volume
Concentration

Cumulative volume
Concentration

EMC estimation
Il Estimated EMC
o Il True EMC

Cumulative volume
Concentration

4 6

o
N

4 6
Time Time

or
N

FigwBOe Il lustration of differing p values for the

estimations. Al examples have 10 sampl es.

3.Besul ts

We wi | | present our simulation resul t3dd0t hrEmedhout
shape shows the mean and quartiles for that dat a
width of the -ahiapevaltueachr yesponds to the relati\

estimation for t hat val ue.

OQur plots require two caveats. First, we attempte
simul ati on space, but we | ack the data to account
more | ikely than owbekrd wateephedehhdAceaddi sgt of

parameters is given the same weight. To explore t|
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performed sensitivity analyses to determine which

resul ts.

Second, our Scenarhbas eld caomdp avscelsu mseame |l i ng and t he
incorrect forec-hassedosampthr sTidiner ebgaasredd fslaomp | earnsd
di sregard time. To provide some baste Wotrhctoimpmarar
volume: a forecast of 10% correspondbasedl®d&mpl et

and 10% of the stotbmsedr saimphefror a ti me

3.3clenario 1: Conventional sampl ers
We first examine conventional sampling wi3tl® equal
shows the distribution of sampling erropaaedoss t

samplers have greater accuracy2t8thbopttl me shmpl ar m
i mprovement over samplers with 12 bottles for som

compared with the range of error from forecasting

The voeblasmeed sampler shows clear performance differ
forecasting error, as expected: the sampler perfo
forecast or a moderate overforecast,e bwitt shows mu
underforecasts, where it generally overemsaseartht es
sampl er has median error of around 1% with an acc
EMCs by a median 6% with a forecastf o @®ctaisrhe hatldo a

t he actual event results in an overestimated EMC

The thiamed sampler shows a similar trend, but with
Ti rRbeased samplers underesti mate EMC concentrations
overforecast s, a result al so foundn,byd X4k be-e manmet
based sampler with an accurate forecast underest.i
overforecasts perform similarly, with median unde
overforecasts from twichdatsedl&ratmpmesf tom batpger T
underforecasts, with a median overestimate of 4%

however, as3%eenthe &Sampler error has a wide vari .
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10, 12 Sample Bottles

) ia 4

Estimated EMC/True EMC (log scale)

0.5

0.1 ' ' ' : ‘ ’ Pacing

10- 24 Sample Bottles I Volume
] Il Time

HETe

Estimated EMC/True EMC (log scale)

0.5
0.1 ; : : . . :
0.1 0.2 0.5 1.0 2.0 4.0 10.0
Forecast storm/Actual storm (Volume or Time)
FigwBrnln®. Comparison of error distbadvad i vamplfeors vatl
di fferent |l evels of forecasting error.

We examined the effect of the different simul ati o

sensitivity analysis. As the number of bottles do
beyond the expected i mprovement fromsampbersswimph
bottl es. For each numerical simulation parameter,
EMC error corresponding with a percent change in

parameter sensitivities fsori na Bdghusee abet henbbdfew
summari ze the effect of the watershed and rainfal

effect of the different pollutant parameters.
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As suggested previously bwWlOhevipxsar swanpil @mrcse sihro
l ess sensitivity with accurat-paoed ovamploersasBotlv
types appear approximately similar in their sensi
samplers show thetgreanesf sehsmeiviiThg sampl ers a

pollutant parameters, whabhed gampterpamparctv olhumeé
The sampler robustness is dependethtasend sSamptast a
which shows little sensitivity in the accurately
pollutant parameters but not r unafnfb awceldu isea nipn etrhe

shows similar sensitivity to runoff volume and po
overforecast cases, with a somewhat reduced sensi

conditions.
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Forecast storm/Actual storm: 0.5 Forecast storm/Actual storm: 1.0
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Figwrnda. Sensitivity to the simul at i-bas e@drsaampglearss

with different f orecast errors.

We additionally examined the effect of the waters
finding that the samplers show similar error at t

wat er sheds.

3.3czenario 2: Psampreé¢iweaghtiasg for underfore
We compare equal composite weighting against weig

remainder of the storm in the wundleofbrecsampket & a

As seen3liah, Ftilge prweioghtieochaddpyr oach has | ower vari
for under forecast events, but al so greater medi an

f orecast |l evel s below 0.5 across the wboble. 2] muha
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propor twiea rgahltlexd sampl er overpredicts EMCs by a med
conventional sampleroés 10% median overprediction.
error, from 0.5 to an accweiaghet e do reepcpuusa et thpea rpfr dora |

the conventional equal weighting overall

104
5: Composite weighting

[ Equal weighting
[ Proportional weighting

Estimated EMC/True EMC (log scale)

11 -
0.5
0.1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Forecast storm/Actual storm

Figwrne. Overall performance-wef ghboedenobomponai teqgugahk
proportional weighting for underforecast events.

Greater insight into results for proportional wei
of the pollutant weighting term w. Proportional w
tail of the event is cl osetrhdm tcontcleentmean onf toot He
Pol l utantfsl uwdh hefffiagcstts shoul d exhibit this behavic
expect proportional weighting to perform better f

t o zer o.

FigdLd8 confirms this expectation. Proportional we
di fferent |l evels of underforecasting for pollutan
forecast | evels for pollutants witprwpolrdbsenatol a
bottle weighting to help accuracy for pollutants
chl oride or other highly soluble contaminants 1in
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better than proportional weighting for | arge wunde
ef fect, such as for sedi ment in rural areas.
10 Forecast storm/Actual storm: 0.1 ~ Forecast storm/Actual storm: 0.3
CREE ]
o 4 4
@ 57 ‘ 1
o ] ]
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O J ]
= l I
w
L
2 19 “ ]
O ] ]
i 05 ]
©
()] B ~
©
E 1
g
0.1 ' ' ‘ ' ' Composite weighting
104 Forecast storm/Actual storm: 0.5 Forecast storm/Actual storm: 0.7 @ Equal weighting
T ] ] I Proportional weighting
© 4 4
A 57 1
o ]
k) ]
O ]
: i.
S 1 ? %‘Q :f¢?¢§+$¢h
5 ]
50.5: ]
T
[
©
E
3
o1l — : ‘ : : : : : : :
700 025 05 075 1.0 00 025 05 075 1.0
w pollutant parameter w pollutant parameter
FigwBrnl&. Proportional weighting for the | ast sampl
pollutants with w closer to 1, coWdrepemadrdcitngvatsdh orn
and accordingly a stronger first flush response.
3.3c3nario 3: UMN sampler for overforecast ev
We first examine the performance of the UMN algor
seen i n3l1lHi,gurhee UMN sampler performs similarly to
accurately forecasted events, with somewhat bette
events (likely due to the proportional weighting
worse for severely underforecast events and subst:
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101

Sampler
71 UMN sampler

I Equal volume

0.1 0.2 0.5 1.0 2.0 5.0 10.0 15.0 20.0
Forecast storm/Actual storm

Estimated EMC/True EMC (log scale)

0.1

Fi gwBrld. Thd ofarderdt UMN sampl er outperforms the conyv

overforecast events.

We examined sensitivity to parameters for the UMN
equaplalcyed vol ume s adpl.erWiitrh Ricocwrreat e forecasts, t|
greater or similar sensitivit-patedtsemsp! par amet et |
magnitude of this sensitivity is quite small . At

shows grettertgenan the UMN sampler, and with a I
than with an accurate fUMNecasnpl elrt wappeavertahat hta
sensitivity to runoff and pollutant parameters th

i ntended to address.

83



Forecast storm/Actual storm: 1

Forecast storm/Actual storm: 5
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FigwBrlné&. Sensitivity to simulation parameters for
sampl er at different forecaaiilsewvelat e Naot ¢ hteheaidh
We | ook at the effect of differefBl16vaSmalsl drorv alhwee
p perform better c¢closer to accurate forecasts, as
higher values of p across our simulation, suggest
for -woerdld testing.t Illtarigeerp osadiutelse otfhg@ woul d be ad\
with particularly strong first flush effects.
All of the values of p we examined underestimate
substantially |l ess variability in acpraceadyv aclounpar
sampl er, which al so tends to underesti mate EMCs i
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10+
1 Overforecast

5 . 1.0

1 | 5.0

s 20.0

Lty Ty 4y 4

0.51

Estimated EMC/True EMC (log scale)

0.1
1.0 3.0 5.0 7.0 Conventional

Sampler p

Fi gwlé. Performance of the UMN sampler with diffe
conventional sampler at forecasting error | evels

20 times the actual event .

3.3i scussi on

3. 4Colnventional samplers: volume vs. ti me
Our results suebgaessetd tshaamp Ivionlgu mes mwa e d ed ampll iend .h a
Even with accur abtaes efdo rseacnapsitisn,g tpiemef or med with poor

in our simul ati on.

Si mi | arblays,ed ismeempl|l i ng showed greater sensitivity t
parameters in mostwenrlsédsapplni cameomealaut osampl er
analyzed for a range of poll ut asitts ctomabtearsderdtait me n s ;

sampl er might show greater error for some of the
programs with multiple sites may find gbaestedr err
sampling showed a | oweaesds ¢mwsitthievisi ynut mamomni mar ame

that different pollutants and sitesbwséetl shmpl ees

85



3.
I f
Wi
pr
po
ur

i mprove a

3.
Au
bo

vV O

ap

vari ance of

re

Th

gave better

€es
pr

Un2equal sampl e
a conventional

[ 1 run

w i tl hu sah

rsheds.

|l 1l ut ant

e
0

oportionally | ar
s
ban wat e
c

curacy f

weighting

autosampler is programmed for a

ut of bottles before the event has conc

ger amount ofimpberoVYenanksbbtsl o
setfrfoencg ,f isruscth as easily soluble
With moderate underforecasting,

or other pollutants as wel/l

AUMN Sampl er : Uprbegueal pvaccli tnnge

tosamplers are f
th in the
 umes rath
UMN

rrors

proach (th

® ® d® O

guirements to au

requently programmed for vol ume

ase of forecasting error and if samp
r than being repr ogpamimesda nfpadre re a cihmisn

sampl er) appears to offer subst
with overforecast event s, and

tosamplers with flow sensors.

e UMN sampler has a parameter p which control s

over al
tablish whether
u

omi se in our the

i mprovement i n-wart

al

3.
Ou
fol

ru
of

ev

Be
w h
f o
an

ru

| performance than | arger value
this result ter asmanpdteas sthao wish e uff
oretical study to investigate i
dmmampft ealg situation. Should re

gorithm could éamgiol xommeircti abddweced|l Y aut osampl e

AMo4dd e | uti ity
r model uses eas
exible simplific
noff while retai
runoff response

ents correspondd

sides simulation
ich simpl e, flex
r a given waters
d treatment prac

noff responses.

and applications

y t o -eisnttaebrl prsehte dp ahryadmeotl| eorgsi ,c weolmp
ation of pollutant behavior. Ou
ning a cl| easr. aWwed ssiinmmupllaet esdt rau cltaur
s, but additional work is neede

ngubhoffeal

s of water sampling, our model
i ble and easy to interpret para
hed. For examplatethenmbiiemanag

tices and the role of hydrologi

86



3.8oncl usi on

We developed an idealized model for stormwater ru
used to simulate stormwater sampling. Beyond its
mo d e | could be useful for other appygéemant opsacsiuc
We produced three main stormwater sampling recomm
1.Vol vbmesed sampling, using a flow sensor, is ex|]

l ess sensitivity to hydrolobgseddsampliungnt be
2.1 f the sampler is programmed for a smaller sto
sampl es, including proportionally more of the
generally improve accucrfdcuys hf cerf fpeccltisut ant s wi t h
3.1 f the sampler is expected to consistently ove
device programmed for maxi mumseéexpenctved umersof f
sampling with an unequal pacing such as our UM
Substtiaanl | 'y i mprove accuracy and reduce sensiti)
without adding cost or requiring additional h a
Further research wil/l be required to test these
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Conclagasand future directions
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poll mbnobhoring protocols and guie tOnoed sp rwiftema @ tf roicnucsre
and the other on water, (Bethstimg prychbleemseasddgmes se
optimizing samplri g |ldrudtamnd ol swi)t harceo nmpémewointd e foavi or
variety of pollution monitoring efforts, and inde

gener al

The two projects in this dissertoatti srenlsave ntoldeisr s
the one 1li ndeGhiagpiigedrar2 vi able (albeit with some cha
moderate | evels of methane emissions, and stor mwa
substantially more accurate windermdatfiawedtyi onmnor
described inBERaptdet hdse specific points, I bel i e
direction for my future reseairlcyh:s teuvdeine ds upcrho bw eelnts
monitoring stormwater pollution and methane appar
i nexpensive improvements to be made, and it is |Ii

pollution monitoring methaaos braveo®usnidmi | ar i mprove

This di sseguqgaedotngnptl mawte ment s in environment al mo n |

at the technologéesabarchttiumdgi egggand press rel ease:

sensing modalities, sensor fabri caddwel opemeémtdss,, ol
my work shows the potential for substant-i al i mpr o
establi skrednilgluddbel i eve that the difficulties I ad
methade | ikely to bsenpoesent wmodhl heives as wel |,
|l i kel y t ol hteeg eiomiplf ad.ucti ve wor k, then,. even with

I n addt heohotaos on ol der oleshnol lbgli iesvdintdd etriod Mmer
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Appendi:x Sensor node el ectronic design

Our sensor node consists of two circuit boards: a
t wo boards are connected via a cable. The main bo
storage, and system control; t heo sM@x oge hoard, ad |
relative humidity and temperature sensor, and pow
device is pRXAtured in Fig.

u3
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FigwkmMd: Schematic for the sensor circuit board.
Fig@aAg® shows the sensor circuit board. Digital <co

sensor boards 2Cswiprlbvadeidghiaoltage of 3.3V. The |

specified with a 5N0.2V supply (Figaro USA, Inc.,
5V supply from the controller board; however, as
sensewadirngs, we further regulate the supply with ¢

regulator with a fixedth.e8VWnaad wunt gwtx.t ,Ad hdiss augsaend e

over the course of the experiment

The MOx sensors Ul and U2 are implemented in volt

which were chosen to approxi mately match the expe
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the main text The output voltages-bitoADCheWdi al d
digitize the 4.8V supply through R3 and R4, allow
the regulator performance. ULt ageatremesr amcent Eh @ a,
has a resoleVtioornéspig@B8di ng qgagai nesqthéevpdnbée 12
resistomgqagmad n3tJrekéelt®8nke resi stor when the senso
references.
We sense temperature and relati ve -chwtng udti teyhiups.i nlg4
U5 communicate with t26pg @a9nU4oil $eopbéoaridngi at | 4. 8°
required for communication with the 3.3V controll
and the assuopciraetseids tpourlsi R7 and R8.
Al | capacitors on the board are provided for powe
instability, and all were X7R dialectric ceramic
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6 A4 32 Ay 6 2%
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scL sck i sl sck scL L&
spa  Mosl 1 »2 mosi  spa L&
Miso (L >3 miso
RO e g R0
TX11: )gm
02 GND GND
1N4001 _G<1‘~47D
R7
100
Q2
FQP30NO6L
GND1 GND
o
GND1
Fi gwRiA: Schematic for the main board.
Fig@aA2 provides the schematic for the main board.
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Fiug 83 a2Af show the sbhbo8odhl bpatdgenr st Aoks. For c
the inhaeyetwocontaining ground and power ©planes h
We are aware of one mistake on the board | ayout:

For our prototype unit we simply revermedl the cab
previously, the fan, pump, and heat components on
for this experiment, but are providedsolndermedl!| ayo

and assembled the boards for this experiment.

AppendBiBkasel ine regression equation select:
As discussed in the main text, we examined differ
EOO response to baseline environment al conditions
on the datasets filtered to onltyi dmsc |luedses ptohiannt s2 .w3
which we assumed would be too small of an enhance
sensor to respond. For the inside dataset,|, 3717 o

threshold, and for the Oupoide¢é sdatrtaseeti NTt30d@dof 1

As explained in more detail in the main tEOX0t, we
baseline regression: water vapor concentration, t
TGS2600 response. We also examinedofacweradjiuansd
| otgr ansf ormed ti me variable by a negligible amount
regressions possible from Equation Bl on the insi

toget her.

O T ® T o oo (B1)
Wh e e "YQYp gipl &Y p pod ¥ 'O0A TG0 ,oN "™ 1'¢,

ON OQADCQa @It N YOV Wl A 11T

We evaluated eachamde gRMSE.i ofhe gfroers sRt s a1 sd ©ir mg dt he |

TGS26E010 response as the target were transformed &b

performance. We show the performance of the three
TGS2600 and etshe wtihrhed GiIs26 G0i { efuBHtail ®kmitng oa zer o
no-nero value, respectivel2RB), fohosxar hby alt@awedt i RMJE

regressions are shown a8 Vvl @d;"Y fad QQeisa mpl e,
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Tab2BRBl. The three best performingdbaawi¢timeorr egr es s
wit hout TGS2600 as a term, sorted withi
Dataset Regression R? RMSE (ppm)
Outside aé WA prpr € Y a € AQaQ 0.97 1.46
A WAYp prpr €O 1T a€&OQQ 0.97 152
YEYppP eI 11T aédQaQ 0.97 1.3
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released methane sporadically when internal press

system, which was simply a tube submerged in seve

Fi gwricd . Exampl es of short pebli)odasndofi-Dt@h)ed eo WtAs2i d e

experi ment s.
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