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COST EFFECTIVENESS OF THE STREAM-GAGING PROGRAM IN OHIO

By Harold L. Shindel and William P. Bartlett, Jr.

ABSTRACT

This report documents the results of the cost effectiveness
of the stream-gaging program in Ohio. Data uses and funding
sources were identified for 107 continuous stream gages currently
being operated by the U.S. Geological Survey in Ohio with a budget
of $682,000; this budget includes field work for other projects and
and excludes stations jointly operated with the Miami Conservancy
District. No stream gages were identified as having insufficient
reason to continue their operation; nor were any stations identi-
fied as having uses specifically only for short-term studies. All
107 stations should be maintained in the program for the foresee-
able future.

The average standard error of estimation of streamflow
records is 29.2 percent at its present level of funding. A minimum
budget of $679,000 is required to operate the 107-gage program; a
budget less than this does not permit proper service and mainten-
ance of the gages and recorders. At the minimum budget, the aver-
age standard error is 31.1 percent. The maximum budget analyzed
was $1,282,000, which resulted in an average standard error of
11.1 percent.

A need for additional gages has been identified by other
agencies that cooperate in the program. It is suggested that
these gages be installed as funds can be made available.

INTRODUCTION

Background

The U.S. Geological Survey is the principal Federal agency
collecting surface-water data in the Nation. The collection of
these data is a major activity of the Water Resources Division of
the Survey. The data are collected in cooperation with state and
local governments and other Federal agencies. As of 1983, the
Survey operated approximately 8,000 continuous-record gaging
stations throughout the Nation. Some of these records extend back
to before the turn of the century. Long-standing activities, such
as the collection of surface-water data, should be reexamined at
intervals because of changes in objectives and technological or
external constraints. The last systematic nationwide evaluation
of the streamflow information program was completed in 1970 and is
documented by Benson and Carter (1973). The Survey is presently
(1984) undertaking another nationwide analysis of the stream-
gaging program that will be completed over a 5-year period with 20
percent of the program being analyzed each year. The objective of
this analysis is to define and document the most cost-effective
means of furnishing streamflow information.
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For every continuous-record gaging station, the analysis
identifies the principal uses of the data and relates these uses
to funding sources. In addition, gaging stations are categorized
as to whether the data are available to the users in a real-time
sense, on a provisional basis, or at the end of the water year.

The second aspect of the analysis is to identify less costly
alternate methods of furnishing the needed information; among
these are flow-routing models and statistical methods. The
stream-gaging activity no longer is considered a network of
observation points, but rather an integrated information system
in which data are provided both by observation and synthesis.

The final part of the analysis involves the use of Kalman-
filtering and mathematical-programming techniques to define
strategies for operation of the necessary stations that minimize
the uncertainty in the streamflow records for given operating
budgets. This work was largely pioneered by Moss and Thomas and
reported by Fontaine and others (1983); it is on their work that
much of this report is based. Kalman-filtering techniques are
used to compute uncertainty functions (relating to standard errors
of computation or estimation of streamflow records to the fre-
quencies of visits to the stream gages) for all stations in the
analysis. A steepest descent optimization program uses these
uncertainty functions, information on practical stream-gaging
routes, the various costs associated with stream gaging, and the
total-operating budget to identify the visit frequency for each
station that minimizes the overall estimate. The stream-gaging
program that results from this analysis will meet the expressed
water-data needs in the most cost-effective manner.

The standard errors of estimate given in this report are
those that would occur if daily discharges were computed through
the use of methods described in this study. No attempt has been
made to estimate standard errors for discharges that are computed
by other means. Such errors could differ from the errors computed
in the report. The magnitude and direction of the differences
would be a function of methods used to account for shifting con-
trols and for estimating discharges during periods of missing
record.

This report is organized into five sections. The first is
an introduction to the stream-gaging activities in Ohio and to
the study itself. The middle three sections each contain discus-
sions of an individual step of the analysis. Because of the
sequential nature of the steps and the dependence of subsequent
steps on the previous results, suggestions are made at the end
of each of the middle three sections. The study, including all
suggestions, is summarized in the final section.



























0°vs -6€6T €°8¥ STTTASS9T 1BSU 331D SITNDOH 00S0ZTE0
€81 -ZT6T SLT K13snpur Y3ION 3B 331D UBTTTYSTUIN 00S8TTED
8°G¢ -T¥6T T €Y uojue) e Y931) USTITYSTWIN Ig OTPPTH 0008TTE€0
TLZ -6€6T €52 bingsauiem je ¥331) Apueg 00SLTTEO
1844 -8€6T 81S UOTTTISSEH 3B I9ATY SeMelIedsng 000LTTEO
L9T -6G6T ‘GE€-9C6T vET STTTW sbuoijsuwiy e y¥331) eurided 000V TTED
TET ~-Z¥6T €CT S9TRPAUOTTIA IPdU ¥331D 3JIOYS 00STTTED
291 -T96T L¥T STTTASpUOUMIEBY 3B 331D MOTT3X 0000TTED
€2s -ST6T 96¥ T00dI3ATT *3 1edU Y931) IaAeaqg dTIITT 00S60T€0
Vet -996T L°96 uewSUTY IB Y9315 bBuTunjRWid 0S62Z0TE0
6601 -€¥6T €L0T STITATT®MOT 3Je I9ATY bButuoyey 005660€0
0°L8 -€¥6T ‘62-9261 S°L6 pueT31o) IedU Y331 O3Tnbsoy 005560€0
LLS ~1¥6T SLS bingqs33TaeaT Je I13ATH buTuoyeNW 000¥60€0
60T -8€6T ‘PE-9Z6T 9°L6 uoT3ILIS XURTRUg I }Y931D oTbed 000€60€0
S0T ~696T L*T8 pueTAeM Je I9ATY Dburuoyey 19 3IseM 09¥260€0
6°LT -996T 8°1Z rUUSARY 1BdU ISATY Dburuoyew 19 3IsaM 060Z60€0
£°€C -T¥61 6°12 uMO330TId IesU ¥331) aTey 000260€0
6SC -6¢6T €LT UMO33DTId 3Ie ISATY burtuoyey 00ST60€0
LeTZ -T€6T A 44 193Ud) UTTIag Iedu ISATY buruoyey 005060€0
5°88 ~T#6T z°68 SOURTTIV 3I® I3ATY bButuoyew 005980€0
(s/c33) piooaix (,TW) awWweu uoI}IL3S Iaqunu
MOTT Jo poriag edie uotjels
Tenuue ueay abeurteag

[s®30u3jo0F 03 13331

sosayjuaied ur saaquny]

--*T a1qel

11



56 ~-6€61 (A%} %9213 STITM 3® ¥931D STITM 00SEVTIED
1414 ~-LE6T ‘8T-9T61 90¥ abpraique) 3e ¥P31) STITM 000Z¥1I€0
€€T -6€6T 81T STITARD3UAS 1B3U Y104 BOIUIG 00ST¥TED
066% -9¢6T 6s8¥ u0300YsS0) IedU IIATY wunburTysSnu 00S0¥TED
0°62 ~-LE6T (ANXA U03o0YsO0D 183U YI31) TITH 0000%T€0
€TV -T€61 v9¥ ¥ONqIITY 38 ¥931) YonqrITy 0006€TE0
80ST -126T ‘(T)ETI-0T6T S0ST 9TITIaN 3I® 13ATY burpuoyrem 00S8ETED
€1T -€661 (4114 UOUIIA *3IW FB IJATY buTsoyoy 00S9ETED
LET -6€61 1L2 STTTAURDTYON 183U YI04 IYe] 000SETE0
661 -6€61 861 3TITASAx19g 1@BU 104 IBIID 00SEETED
8¥e -1£61 6¥€ STTTAUOPNOT 3 YI0g Yoeld 00STETEO
661 -6€61 L1Z UTTIITW IBduU Y104 Yoeld 0000£TED
€vST -1261 X244 UMOJSIJWOIMIN 3@ ISATY SeMRIROSNY 0006ZTEO
0°8L -6€61 1°1L ueddey 3e ¥931D I93MITTIS BT3IAT1 00S8TTIE0
9¢EY -Z261 L9E STITASYDTIYA 3B Y3DI1D I93BMITTIS 00SLZIED
X4 -6€61 z8e doueoaddri 3® ¥331D I93IBMITTIS 000LZTE0
6€1 -6€61 A4 JUOWPITd 3I' ¥I31D I93eMIITIS 0009ZT€0
91¢€ ~Z96T'6E~GE6T CE-TE6T T1€ Bbingse13s e y331) 1ebng 00S¥ZTIEOD
LLe -6€61 00€ £31D yowag 1edu ¥331) 1ebng 000¥%ZTE0
TEVT -v26T SO¥T I13A0Q 129U ISATY SEMRIBROSNY 00SZTTEO
(S/c33) paooax (,Tu) dweu uoT3lelS Idqunu
MOTZ Jo poTadad e31e uorjels
Tenuue ueay abeuteiQg
panuT3uUo) ~~ --°1 ®19®eL

12



681 -8€6T 061 3baTT10D TeI3uUdD ' 331D 3Inutem brg 00S822€0
€6€T -TZ61 6291 snqunTo) 3B II3ATY 030108 00SLTZEO
LSV -9G61 L6V uo3lbutylIom I1edu 13ATY Abuezuaio 008922€0
TS€ -8E6T ‘VE-VT6T €6€ d1emeTaq 1eau 13ATY Lbue3jusato 00SSZZE0
161 -LV61 LST UopTIBRT) IEdU I3ATY AbueludaTQ 000€ZZE0
88L -TZ6T 086 uTIqNQ@ 1BdU I3ATY 030TO§ 000TZZE0
PST -EP6T 8LT jutodatrad 1BaU 331D TTTW 00002Z€0
(%) -Z86T (A X:] bingsuaiiem 1®dU 331D sIYoOg 06S61Z€0
so¥ -0¥6T ‘TE-ST6T L9s 30adsold 1edU I9ATY 030108 00S6TZED
¥S9 -6€6T ‘SE-ST6T 1:1 STTTASWEPY 3IB YIIID uo0ddRY 000Z0Z€0
8LT -G96T (€)¥9-796T1°956T 95T 19389YD JedU ISATH IpeRYS 0¥S6STED
6921 -LL6T LS6 SUaY3lY MOTaq I3ATY BUTYOOH 0TS6STED
z9% -T€6T 6S¥ as11d133ug Je I9ATY BuryoOH 00SLSTEO
9°68 -0¥61 0°68 2bpTIqyO0y 1Ed3U YI31D 1eSTD 000LSTED
G8SL -Z261 (442 9TTTASTAUUODOW 3B IdATY Wnburysny 0000STEOQ
(z)o68 -0¥6T 147 STTed UOTTTA 183U IIATY BUTYOTT 00SLPTED
065 -0%6T LES JIEMON 183U IdATH BUTHOTT 00S9¥%TE0
GST -896T ‘8¥-0F6T €€T UOIgay Ieau I3ATY BUTYOTT Y104 Yanos 000S¥TE0
0LE9 -1261 €665 uspsaig 3e 19ATY unburysny 00SP¥TED
6ST -9€61 0T bingsAazelj 13U Y321) eYTWOIEYRM 000%¥TE0
nm\muuv p100ai1 (»>1W) 3weu uorje3s Iaqunu
MOT3 Jo portiag edie uoTIE3s
Tenuue ueay abeutelq

panuT3iuo)~-TeIBoId I9JeA-IOTIINT OTUYO SUT UT SUOTICIT I0J ©IEp JIDOTOIPAY PoIdd1o95--"1 2TIqel

13



eTARIRg

(X) -G96 T (4°43 Iedu IIATY TWeTH 3TIITT Y103 3sed 0S0LYZE0
-8€6T ‘9€-ST6T
4248 (6)0Z-LT6T ‘LTI-ST6T €021 PIOIJTTH 3I° I9ATY TWeTH BTIFTT 0055 Z€0
9°79 -7G6T z°€9 9010J13qTIM 3 991D saIssey 00STHZEO
LTT -ZG6 T 62T UMO3IPTO 1edU IJATH TWeTH dTIITT 0000%2€0
092 -0¥6T ‘SE-PT6T 812 us03261099 10U Y22ID YLOIITUM 00S8€ZE€0
8s¥ -0¥6T ‘GE-9T6T L8€ uoTun 3S9M IedU ¥IIID Ysnid oTyo 00SLETEO
0T ~-£96 T [ARAT MeDdW 3B YI9ID urag 1addn 08ZLETEO
965V ~-T€6T 1€TS KqBTH 3® I3ATY 03012S 00S¥ €2€0
(8)508 -8€6T ‘LE-TZ6T Log STTTABUINOG IB3U Y291) JuUTRd 000% £2€0
6ST -0%6 T 0% 1 STTTW S3331Ied IedU YIog Ayooy 00GZEZE0
-896T ‘(S)L9-€£96T
065 (€)L9-296T 0Ls abpTaquTed IR3U ¥331) JUTRd 0LV ZEZEO
14243 -TZ6T ‘(L)VT-ET6T 6¥8¢€ 9Y30DTTITYD 3e I9ATY 03O0Td§ 00STEZEOD
-T96T((9)29-19'6%)
T0€ ‘96-8€/G€-9Z6 T £€€ 3I0dsweTITIM 3° ¥991D 133qQ 000TEZTED
zLe -996T ‘ (S)S9-¥96T LLe finqiseooueq Iesu }231) 133Q 0060€Z€0
147 -8€6T ‘GE-TZ6T vES arTrakqieq 3e y991) Aqieq b1g 00S0€Z€0
1§41 -6€6T ‘SE-TZ6T 1425 $939 3B ¥991D 3nuTeM b1g 005622€0
LT -8€6T ‘SE~EZ6T 681 SnQUNTOD 3B ¥I9I1D WNTY 0006ZZ€0
(¥)60T -€96T ‘ (£)Z96T zT1 BOTIIV 3B YI3ID WNTY G088Z7£0
(S/e33) pliodail (zTW) aweu UOT3B3S Iaqunu
MOTZ Jo potidg edie uotrjels
TenUUR UPIK abrureiq

PONUTIUOD~~

SUOT3IC3IS 10J ©3ep DIDOTOIPAY DPa3Ioolag--"T oT1qel

14



1°2¢ -£961 L°2¢ pooM301], 3e 391D JIOM * 0080LZ€E0
-€16T '(6)60/2T1~-L0/T
1A A XA ‘90/6-1 ‘S06T/6-¥ 1162 uolfeq je I9ATY TWeTH 3ed1d * 0060L2€0
629 -SI6T S€9 uojleq 1eau IIATY PeN * 0000L2¢€0
(11534 -7I6T ‘(0T)90-706T 06¥ pTaT3butads 1e3U I19ATY peRN * 006692€0
(AR -996 T 01¢ A31D atbeg e 19ATY peW 006L92¢0
(A2 -6€6T ‘T1€-GT6T 291 rURQI(] IBIU I9ATY PN » 000.9T2¢€0
6 LS =926 1 069 poosMaTbum 3e I19ATY 193RMTTTIS * 000992¢€0
(A 'A% -GE6T ‘BTOT-LI6T €08 TITH JueSea[d 3e IJIIATY I93eMTIIIS x 000697¢€0
LY -1€61/7-0€61/01 €61 pIojpeid IedU }931) I[TTAUI91ID x 000%97¢0
966 TT6T ‘LI-7TI6T 6VIT arTTASIOTAR] je IJATY TWRTW 3I©d1D * 000€92¢€0
L6L -€96T ‘(T)T9-T96T 9Z6 Ao1g 3o I19ATY TwWeTW 3Ied1D ¢ 00L292¢0
80¢C =916 T LSZ uo3bUTYOO0T e 3I91D ITWRIO] ¥ 000292¢0
0€T -S596 T (414 310dMaN Iedu ¥IID ATWRIOT 5 0S6T9ZE0
9Ly 7161 s Aa2upTS 3e I9ATY TWeTy 3ea1d ¥ 006192¢0
L°Z¢E -8661 0°9¢ JFe1ddQ Iedu }31D sereyabuayog * 00L092¢0
(X) -LV6 1T SIT abeyzied 3e 32210 ITTH 0006S5C¢€0
(X) -6€/9 ‘6£/7-8¢/01 0°€EL burpesay 3@ ¥221D TITH 006GSZED
-GZ6T umo3uTi1ag
(X) (6)0Z-816T ‘LI-ST6T LY 3o I9ATY TWRIW 9T33TT HI04 3sed 00SLY¥ZED
(8/¢33) p10d91 (zTun) sweu uotljeis 12quau
MOT3 JOo poTiad e31e uoT3e3s
Tenuue uedy abeute1q
P3NUTIUO)--WEIBOId 193BM-908JINS OIJO 9U3 UL SUOL3eqs 10J ejep OIDO[OIPAY poajdalas--"1 alqel

15



(X) -086T LT BTIATT e I9ATY YOvId 19 ISaM 0EY002Y0
-8¢€6T
vié6 ‘9€~-¥Z6T ‘ (L) T06T-668T 16T juowslg I1edu IIATY Kysnpueg 00086T¥0
(x) -£861 9 e UTIITL 3I© YI3ID Y10y OLTL6TYO
8¢ET -9L6T ‘(S)SL-T961 671 9I0WTSH 3Ie Y331D KauoH 00TL6TVO
(X) -6L6T 0°LT uojburysem MSN 1edU 331D ASUOH 020L6TVO
SLT -¥96T ‘(S)¥9-1961 62¢ pIoFMRID 3R }YI31) 333Yd0uWAy 00896 1%0
€1¢ -0v6T ‘9€-8261 :¥4 4 S9TITAPOOM j® 19ATY dbeliog 00556 TV0
-6€61
LS8V ‘GE-TC6T “‘T06T1-868T1 0€€9 STITAIS3EM B II9ATY I3uney 00S€6TYO
-6L6T
OTtY ‘$L-6€E6T “‘SE-ST6T 153 A1 SDURTIIQ 1VSU ISATY I|wney 00SC6TYO
€0LT -GT6T “(6)€06T 8T€ETC IdURTISQ IBAU IIATY azrelbny 00ST6TYO
6% -1v6T ‘9€-7T6T 9v e KReTpurg Iedu I3ATY pIeyouelg 000681%0
¥8c -I¥6T ’‘SE-126T 4 %3 sbutuuap °33 1edU 12ATY dzTRIbny 005981V 0
91¢ -1v61T ‘8Z-1T61 otV 1934135 I IIATY UTIITL 000S81¥0
LTIT -9L6T ‘8¥-SV61 0ST OpaToy, 3o ISATY emMel]l0 000LLTIVO
-LZ6T ‘8T6T-0T6T
(Z1)692€ (11)60-L06T 0€9¢ UOJTTWRH 3j° IJATY TWRTW 3ed1d 000vLZ¢e0
0°€L -TL6T 0°69 usapue) e }IID ITTWUSAIS 00LZLZE0
£€9¢ -LZ6T '€Z-¥16T SLe UMOJURUISD IVIU YI31D) UTML 0002L2¢0
261 -€96T ‘(5)Z9-19’6S61 L6T JewobuUl IedU YIDID UTAML 008TLZE0
-€961
81¥e ‘GE-PZ6T ‘0C-9T6T T1LZ bingsTweTW 3I® ISATY TWRTH 331D 00STLZED
(s/+33) pi10231 (. Tur) sweu uotjlels Iaquinu
MmOT3I Jo potraagd edi1e uotr3lels
Tenuue ueay abeuteag

pPanuUI3uU0)~-~

a1qes

16



30T13STQ AdSURAISSUO) TWRTK (%)

pI0D3I JUSTOTIINSUT I0 UOTSISATIP JO asnedaq pajndwod jou uesay (X)

18-T1€6T poTiadd uo paseq MOTF Uesw [enUUY (1)

K1ejusuberyg (TT)

ATuo 3bieyostp ATYIUOW (o1T)

&Tuo s3ybtay aben (6)

T8-6€6T ‘9€-1Z6T poriad uo paseq MOTF TeNUUER URIK (8)

ATuo sjusuwainseaw abieyostp pue siybray abes (L)

sunuIxew [enuuy (9)

unuWIXew Tenuue pue SJUBWIINSEIW MOTI MOT TRUOTISRODQ (s)

18-%¥L6T potiad uo paseq MOTI TeNUUR URIY (%)

SIUBWDSINSEIW MOTI-MOT TRUOTISEDDQ (€)

SIUBWSINSESUW MOTI-MOT TRUOTISRODQ (Z)

ATuo sjuswsinseau a3bieyosip pue sjybiay abeo (1)
1714 -0S6T‘GE-TT6T SLT INBSUUO) 3J Y331) INBIUUOD 000€TZ¥0
0€0T -GL6T 589 9TITAS3UTRg 103U IIATY pueId 00TZTZVO
0€E -0¥6T ‘9€-GZ61 )44 AQUHNOTTITM 3@ I9ATY uTibeyd 00060Z¥0
(x) -€86T ‘08-LL6T 9°27T PTTONI IE@dU }Y331D PTIONT 069802Z¥%0
L°0S -€L6T €°G¢€ pueTaAdT) 3e ¥331D bTd T0S802%0

-0¥6T ‘9€-LT6T ‘€T-TT61
608 (LY906T “(TT)S0-€06T LoL aouapuadspul 3e 19ATY ®boyewin) 00080Z%0
Lzt -£961 6°€8 pIogpag 3B Y9310 SIBYUTL 00ZL02%0
(244 -6€6T ‘SE~TT6T vov abejiod pI0 3Ie 139AaTY eboyeind 000902%0
S02 -GY6T ‘9€-LZ6T 16T sptdey weiTH 3® I13ATY eboyeldn)d 000202Z%0
€92 -E€¥6T ‘SE-VZ6T L92 ealag Ieau ISATY AYOoy 00STOCH0
vze -G¥6T 96€ eTIATd 3@ I3ATYH Yoeld 005002¥0
Am\ uuv pI0odaix A ..nEv aweu uoljlels laqunu
MOTJ JO poTid4g edle uotjels
Tenuue ueay abeuteig
panutTluo)-- -=-*T @1q9eg,

17



Eighty-five stations in the Ohio network are classified in
the regional hydrology data-use category. Five of these stations
are special cases, in that they are designated benchmark and (or)
index stations. There is one hydrologic benchmark station in
Scioto County in southern Ohio that serves as an indicator of
hydrologic conditions in watersheds relatively free of manmade
alteration. Four index stations located in other parts of the
State are used to indicate current hydrologic conditions. The
locations of stream gages that provide information about regional
hydrology are shown in figure 3.

Hydrologic Systems

Gaging stations can be used for accounting, that is, to
define current hydrologic conditions and the sources, sinks, and
fluxes of water through hydrologic systems, including regulated
systems. Such stations are designated as hydrologic-systems
stations. They include stations measuring diversions and return
flows and stations that are useful for defining the interaction of
water systems.

The benchmark and index stations are included in the
hydrologic-systems category because they are accounting for
current and long-term conditions of the hydrologic systems that
they gage.

Forty-five other stations are included in this category.
These stations are operated to insure the compliance with
waste~water-treatment plant permits, and to provide data useful
for flood-control, low-flow augmentation, water-supply, and
recreational purposes.

Legal Obligations

Some stations provide records of flow for the verification of
enforcement of existing treaties, compacts, and decrees. This
category contains only those stations which the U.S. Geological
Survey is required to operate to satisfy a legal responsibility.
There are no such stations in the Ohio program.

Planning and Design

Gaging stations in this category are used for planning and
design of a specific project (for example, a dam, levee, flood-
well, navigation system, water-supply diversion, hydropower plant
or waste-treatment facility) or group of structures. This
category is limited to those stations that were instituted for
such a purpose and where this purpose is still valid.
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Project Operation

Gaging stations in this category are used, on an ongoing
basis, to assist water managers in making operational decisions
such as reservoir releases, hydropower operations, or diversions.
The project-operation use generally implies that the data are
routinely available to the operators on a rapid-reporting basis.
For projects on large streams, data may only be needed every few
days.

There are 65 stations in the Ohio program used in this manner.
Fifty-three of these are used to aid operators in the management
of reservoirs that are part of the flood-control system. Six are
used to assist water plant operators, and six are used to assist
wastewater-treatment plant operators to provide current informa-
tion on the local hydrologic system.

Hydrologic Forecasts

Gaging stations in this category are regularly used to pro-
vide information for hydrologic forecasting. These might be flood
forecasts for a specific river reach, or periodic (daily, weekly,
monthly, or seasonal) flow-volume forecasts for a specific site
or region. The hydrologic-forecast use generally implies that
the data are routinely available to the forecasters on a rapid
reporting basis. On large streams, data may only be needed every
few days.

Stations in the Ohio program that are included in the
hydrologic~-forecast category are those used for flood forecasting.
ata are used by the National Weather Service River Forecast
Center in Cincinatti, and by U.S. Army Corps of Engineers District
Offices (Buffalo, N.Y., Huntington, W.Va., Louisville, Ky., and
Pittsburgh, Pa.) to predict and regulate flood volumes at down-
stream sites.

Water—-Quality Monitoring

Gaging stations where regular water-quality or sediment-
transport monitoring is being conducted and where the availability
of streamflow data contributes to the utility or is essential to
the interpretation of the water-quality or sediment data are des-
ignated as water-quality-monitoring sites.

One such site in the program is a designated benchmark
station, nine are National Stream Quality Accounting Network
(NASQAN) stations, and five other sites are water-quality sites.
Water samples from the benchmark station are used to indicate
water—-quality characteristics of streams that have been and prob-
ably will continue to be relatively free of human influences.
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NASQAN stations are part of a countrywide network designed to
assess water-quality trends of significant streams. The remain-
ing five water-quality monitoring stations provide data for
miscellaneous purposes.

Research

Gaging stations in this category are operated for a
particular research or water-investigation study. Typically,
these are only operated for a few years.

Nine stations in the Ohio program are used in support of
research activities, including nitrogen- and phosphorus-loading
studies and land conservation (no-till farming) studies.

Other

In addition to the eight data-use classes described above, 71
stations are also used to provide streamflow information for
recreation planning (primarily fishing and boating) and fish and
wildlife studies.

Funding

The four types of funding for the streamflow-data program
are:

l. Federal program.--Funds that have been directly allocated
to the U.S. Geological Survey.

2. Other Federal Agency (OFA) programs.--Funds that have been
transferred to the USGS by OFAs.

3. Coop program.-- Funds that come jointly from U.S.
Geological Survey cooperative-designated funding and from a non-
Federal cooperating agency. Cooperating-agency funds may be in the
form of direct services or cash.

4. Other non-~Federal.~--Funds that are provided entirely by
the non-Federal agency and are not matched by U.S. Geological
Survey cooperative funds.

In all four categories, the identified sources of funding
pertain only to the collection of streamflow data; sources of
funding for other actvities (particularly collection of water-
quality samples) that might be carried out at the site may not
necessarily be the same as those identified herein.

Eleven entities currently are contributing funds to the Ohio
stream—-gaging program.
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F £ Data Availabilif

Frequency of data availability refers to the times at which
the streamflow data may be furnished to the users. Data can be
furnished by direct-access telemetry equipment for immediate use,
by periodic release of provisional data, by National Weather
Service observer reports, or in publication format through the
annual report published by the Survey for Ohio (Water Resources
Data -- Ohio). These four categories are designated T, P, W, and
A, respectively, in table 2. In the current Ohio program, data
for 126 stations are made available through the annual report,
data for 42 stations are available on a real-time basis, and data
are released on a provisional basis for 86 stations.

Through close cooperation with the National Weather Service,
data are available almost immediately from observers at an addi-
tional 23 stations. These stations are designated in table 2.

Data-Use Presentation

Data use and ancillary information is presented for each
continuous~gaging station in table 2, which is replete with
footnotes to expand the information conveyed.

conclusi Pertaining To Data U

The data program in Ohio has been reduced considerably
in recent years because of budget constraints among the U.S.
Geological Survey's cooperators. Further, the expected expansion
of the network brought about by increasing water problems has not
taken place, also because of lack of funds. Various cooperators
have expressed strong interest in more data gathering should the
funds become available. Appendix 1 gives the responses of our
present cooperators to the question "Where and for what reasons
would you like to see additional gages if the funding should
become available?" As can be seen from appendix 1, the network
should be increasing rather than decreasing. From a use stand-
point, all of the extraneous gages have already been eliminated
mainly because of declining levels of funding. Project, or
short-term stations, are currently not handled as parts of reg-
ularly scheduled field trips. Therefore, no stations in this
analysis will be dropped because of completion of short-term
projects. As funding becomes even more difficult to obtain,
additional stations will have to be dropped.

ALTERNATIVE METHODS FOR DEVELOPING STREAMFLOW INFORMATION

The next step in the analysis is the investigation of alter-
nate methods of providing daily streamflow information in a more
cost-effective way than the traditional continuous-record stream
gage. The alternate method should (l) be computerized and easy to
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apply, (2) interface with the U.S. Geological Survey's WATSTORE
daily-values file (Hutchinson, 1975), (3) be technically sound,
and (4) permit evaluation of the accuracy of the simulated stream-
flow. Two methods, regression analysis and hydrologic flow-
routing were identified as meeting these criteria.

The data presented in table 2 provided the information for
selecting potential sites where alternative methods could be used.
Candidates included all sites where frequency of data availability
is annual only. Table 2 shows 24 such sites. Certain data uses
also require regular daily stream-gaging stations, and were not
considered for the application of alternate methods. These data
uses include those operated for legal obligations, project opera-
tion, water-quality monitoring, or research. These additional
constraints left four sites where alternate methods could poten-
tially provide the needed streamflow information. These sites are
Middle Branch Nimishillen Creek at Canton (03118000), Mill Creek
near Coshocton (03140000), South Fork Licking River near Hebron
(03145000), and Shade River near Chester (03159540). Since none
of these sites have stream-gaging stations upstream on the same
stream, the routing model cannot be used. However, it was decided
that at least one routing should be tried. The pair of stations
with the highest coefficient of correlation (0.99) in the State
was selected for both routing- and regression-model development.
The stations are Sugar Creek below Beach City Dam near Beach City
(03124000) and Sugar Creek near Strasburg (03124500).

A total of 11 alternate-method models were developed and
tested for acceptance. Originally, the model-acceptance criterion
was to produce a record equivalent to a rating of "good" for mean
daily flows, which implies that 95 percent of the predicted flows
should be within 10 percent of the observed values. Since that
rating is a subjective evaluation by the analyzer, it was felt
that a more lenient acceptance criterion should be adopted. There-
fore, the model acceptance criterion used in this analysis is that
the model should be able to predict 85 percent of the mean daily
flows within 10 percent of the observed values, and should not
show bias.

D -y e ion Analvsi

Regression techniques have commonly been used to estimate
various streamflow characteristics. Regression equations can be
derived which relate the daily flows at one site with the flows at
another site. The theory and assumptions of regression analysis
can be found in several textbooks such as Draper and Smith (1981)
and Montgomery and Beck (1982). The application of regression
analysis to hydrologic data is found in Riggs (1973) and Haan
(1977) .
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The linear-regression model used in Ohio for estimating mean
daily discharges has the form: K.

where
Y3 = mean daily discharge at station i (dependent variable),
X5 = mean qaily discharge at k nearby stations (independent
variables),
ej = random error (residual), and
Bo'Bj = regression constant and coefficients

The model was calibrated using observed values of y; and xs,
which were retrieved from the WATSTORE daily values file. The 3
values can be lagged or advanced depending on the relative respoﬂse
times of the stations with respect to the y; values. Once the
model has been calibrated sucessfully, it should be verified with

a data set that was not used for calibration. The errors observed
for the verification are a better measure of the model's predictive
accuracy. Additional analysis include plotting of residuals versus
the dependent and independent variables and plotting of simulated
and observed discharges versus time and each other. This will
point out any bias or non-linearity of the model. For the appli-
cation in Ohio, the flow values were also transformed by taking the
logarithm (base 10) before being used in the regression analysis.

The use of a regression model for simulating flows tends to
reduce the variance of the streamflow, since the effects of
extreme outliers are damped out by the averaging affect of the
model. Fontaine and others (1983, p. 24) state that "The reduc-
tion in variance, expressed as a fraction, is approximately equal
to one minus the square of the correlation coefficient that re-
sults from the regression analysis."

Description of the Flow-Routing Model

A unit-response flow-routing model using the diffusion
analogy (Keefer, 1974; Keefer and McQuivey, 1974) was used in the
Ohio analysis. This hydrologic-routing method uses the law of
conservation of mass and a relation between storage and outflow to
route the flows. This method requires only a few parameters and
treats the reach as a lumped system. The inputs are the hydro-
graph at the upstream end of the reach and a method to account for
the intervening drainage area; the output is the hydrograph at the
downstream end of the reach.
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A series of interrelated computer programs has been docu-
mented by Doyle and others (1983) and allows retrieval of data
from the WATSTORE files and the subsequent calibration of the
model. The routing phase of the model has three parameters
requiring calibration. The first two are Cor the floodwave
celerity which controls the traveltime, and K,, the wave-
dispersion coefficient, which controls the atgenuation of the
flows. The third is the intervening—-area multiplier (IAM), which
accounts for the contribution of the intervening area between the
two sites by multiplying values at the upstream site, a tributary
site, or a nearby hydrologically similar site by a coefficient
based on drainage-area ratios. This multiplier is adjusted
during calibration to reduce the total volume error to a minimum.

When the model has been successfully calibrated, a separate
verification period should be used to evaluate the predictive
ability of the model.

ADDLi . E ion Analvsi

Linear-regression analyses were applied to all five of the
sites where alternate methods could supply the needed streamflow
information. The first step in each modeling process was to
examine the correlations between the dependent and independent
values with lags of up to 3 days. The pair with the highest
correlation coefficient determined the lag to be used in build-
ing the regression model. This was done with and without a loga-
rithmic transformation of the data. The mean daily discharges
for the selected sites (the dependent variable) were regressed
against the corresponding flows at other stations (the independent
variable). The model errors, in percent, were calculated for each
day to determine if the modeling effort was successful. The
results summarized in table 3 show that none of the ten models
developed meet the "successful" criteria by simulating 85 percent
of the flows within 10 percent of the observed values. Overall,
the log-transformed models were slightly better than the nontrans-
formed model, but examination of the distribution and magnitude of
the errors showed that all the models, except Sugar Creek, tended
to overestimate discharges in the low range of flows. At each
site, the station chosen for the independent variable was the one
with the highest correlation coefficient for the total concurrent
period of record. There were no additional tributary or same-
stream sites available for inclusion in the models. The 3-year
calibration period selected was October 1, 1976 through September
30, 1979.

The regression model for Middle Branch Nimishillen Creek at
Canton (03118000) used flows at Nimishillen Creek at North Indus-
try (03118500) as the independent variable. The estimates from
the regression models for 03118000 were within 10 percent of the
observed for 28 percent of the time with the arithmetic model and
29 percent of the time with the log-transformed model. The dif-
ference in drainage areas (03118000 is 43.1 square miles, 03118500
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is 175 square miles) and man-induced alterations of the low flows
at both sites are contributing factors in the failure of the model
to meet the accuracy standards. Figure 4 compares the observed
and simulated daily discharge for a typical high-flow period and
low-flow period.

Mill Creek near Coshocton (03140000) was modeled using
Killbuck Creek at Killbuck (03139000) as the independent variable.
The arithmetic model predicted 7 percent cf the flows within 10
percent, while the log model simulated 18 percent of the flows
within 10 percent. One significant problem with the arithmetic
model during calibration was that the intercept of 3.59 cubic feet
per second combined with the minimum value of 58 cubic feet per
second at 03139000 gives a minimum simulated value of 7.54 cubic
feet per second; however, over 25 percent (quartile point) of the
observed flows were below 5.2 cubic feet per second during the
period. Both models exhibit bias at the low end, where the models
overestimate, and the high end, where the models underestimate.
The failure of both models is probably caused by the large dif-
ference in drainage areas (03140000 is 27.2 square miles, 03139000
is 464 square miles). Figure 5 shcws the observed and simulated
flows furing a spring high-flow period and a late summer low-flow
period.

The model for South Fork Licking River at Hebron (03145000)
used daily flows for Licking River at Newark (03146500) as the
independent variable. The arithmetic and log models predicted
7 percent and 17 percent respectively of the flows within
10 percent of the observed flows. The results are similar to the
Mill Creek model, and the drainage area difference (153 square
miles versus 537 square miles) is the probable cause. A compari-
son of observed and simulated flows during high- and low-flow
periods is shown in figure 6.

Mean daily flows at Shade River near Chester (03159540) were
simulated based on flows at Raccoon Creek at Adamsville
(03202000). The best models were found when values for Shade
River were lagged by 2 days in the arithmetic model and 1 day in
the logarithmic model. Results of 9 percent and 22 percent of
predicted values within 10 percent of observed flows for the
arithmetic- and log- models, respectively, were not acceptable.
Drainage-area difference (156 square miles versus 585 square
miles) is again a hinderance, and these sites are in different
drainage basins which also contributes to the inability of the
models to perform better. Comparison of the observed and sim-
ulated flows are shown for two selected periods in figure 7.

The final pair of regression models were developed for Sugar
Creek at Strasburg (03144500) using flows at Sugar Creek below
Beach City Dam near Beach City (03144000). These sites are on the
same stream, have similar drainage areas (311 versus 300 square
miles), and have a long-term correlation coefficient of 0.9924.
Both models were able to predict 72 percent of the flows within 10
percent of the observed, but this did not meet the alternate
method acceptance criteria. The distribution of errors were
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evenly distributed throughout the range of flows, and from a
statistical viewpoint, these two models were the only ones that
did not seriously violate some of the underlying assumptions
involved in linear least-squares regression analysis. A compar-
ison of the observed and simulated flows during representative
high- and low-flow periods are shown in figure 8.

The investigation of regression analyses as an alternate
method for providing streamflows was unsuccessful at the four
potential sites. The fifth site, Sugar Creek at Strasburg, with
almost ideal conditions for modeling, was also an unsuccessful
modeling effort. This indicates that simple linear regression
models may not be a viable alternate method for estimating daily
flows in Ohio, or the acceptance criteria may be topstringent.

; creck Flow-Routing Analvsi

The flow-routing analysis investigated the potential for
using a unit-response, single-linearization routing model to
simulate mean daily discharges at Sugar Creek at Strasburg. The
inflow station is Sugar Creek below Beach City Dam near Beach
City, located 4.75 miles upstream.

The approach involved routing the flows from Beach City to
Strasburg using the diffusion-analogy method with a single point
of linearization. The ll-square-mile intervening area was
simulated by adding an additional percentage of the flow at Beach
City to the routed flow.

The flow-routing model had three parameters requiring
calibration to achieve a best fit; the intervening-area multiplier
(IAM), the wave celerity, C,, and the wave-dispersion coefficient,
K, The intervening area multiplier was estimated in two ways,
one based on drainage area, the other based on long-term average
flows. The coefficients C, and K, are theoretically related to
the channel width (W,) in feet, %e channel slope (S,) in feet per
feet, the discharge (Q ) in cubic feet per second, and the slope
of the stage-dlscharge rating (dQ/dy) in square feet per second.
The formulas are:

[ X, = X, |
Xz

where Xy is the characteristic at the model site,

IAM =

X5 is the characteristic at the index site,

C _ 1 AQb

o - wo a 50 7 and
K. = ___QE___
° 2 Se We
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Initial values for IAM were calculated using published values
for the drainage areas and the long-term average discharge at both
sites. The results are given in table 4. 1Initial values for C
and K, were determined by measuring the characteristics at the
long-germ mean daily discharge which was used for Q,. The channel
width (W,) was based on discharge-measurement notes and topo-
graphic maps to get an average for the reach. The channel slope,
Sor Was determined by reducing the gage height of the mean flow at
each gage to mean sea level datum to determine the elevation
difference, and dividing that fall by the river distance between
the two gages. The slope of the rating was computed from the
rating table by computing the difference in discharge between a
point 0.5 foot above and below the gage height of the average
discharge. The reach characteristics and model parameters are
listed in table 5.

Initially, the reach parameters were determined by averaging
the computed values of C, and K,, which gives values of 3.30 and
1,625. The routing of hydrograp S conserves mass while altering
the timing characteristics of the flows. Therefore, the volume
errors are controlled by the intervening-area multiplier, which
can be adjusted to produce minimum volume error. Five calibra-
tions were done with C, and K, fixed while using IAM values
of .03, .06, .09, .12, and .15, which covered the expected range.
Total volume errors ranged from a high of +8.41 percent when IAM
was .15 to a minimum of -.08 percent when IAM equalled .06, which
was used in the rest of the calibrations.

The calibration of C, and K, was done by doubling and halving
the initial values and then trying all combinations of the three
values of the two parameters for a total of nine calibration
attempts.

The change in the model response was minimal for all nine
calibrations, so the initial values were adopted as giving the
best fit. It should be noted that the reason for this lack of
sensitivity is due to the proximity of two sites, which combined
with the daily routing period tended to produce a pure translation
of the input hydrographs. The unit response had two values, .90
and .10 in six cases when Co, was 3.30 or 6.60, and about .80
and .20 when C, was 1.65.

The errors in the routing model were the best of any of the
alternate methods attempted, but they were still too high with
only about 73 percent of the simulated flows being within 10
percent of the observed flows. This failure to meet acceptance
criteria indicates that perhaps the constraints are too severe.
The final model and an error summary are shown in table 6. Since
the calibration period did not produce an acceptable model, there
was no need for model verification. A comparison of observed and
simulated flows during typical high- and low-flow periods is shown
in figure 9.
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Table 6.--Summary of routing model for mean daily discharge

Calibration period -- 10/01/76 to 09/30/79

Mean error (percent) for 1095 days = 7.57
Mean - error (percent) for 582 days = -8.23
Mean + error (percent) for 518 days = 6.82
Q1 volume (second-feet per day) = 411,955

Qy volume (second-feet per day) = 412,284

Volume error (percent) = -0.08
RMS error (percent) = 10.59

45 percent of total observations had errors < 5 percent
73 percent of total observations had errors < 10 percent
87 percent of total observations had errors < 15 percent
94 percent of total observations had errors < 20 percent
96 percent of total observations had errors < 25 percent
4 percent of total observations had errors > 25 percent
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clusio inj t ive D

Alternative methods of producing mean daily discharges were
investigated at five sites in Ohio. Four of the sites had no
existing stations upstream from them, therefore, regression
analysis was the only method investigated. Two models were devel-
oped at each site (arithmetic- and log-transformed); however, none
of the models met the overall acceptance criteria by simulating at
leacst 85 percent of the flowswithin 10 percent of the observed
values. Additionally, they all exhibited a bias in the low-flow
range where the models tended to overpredict.

The fifth site selected was not a candidate for exclusion
from the network, but was thought to be an ideal site for success-
ful regression analysis and flow routing model building. Results
were the best of any of the models attempted, but errors were
still greater than the specified acceptance criteria.

Overall, alternate methods of providing streamflow data can-
not be suggested for any sites in Ohio. The four potential sites
will remain in operation andwill be included in the next phase of
the network analysis.

COST EFFECTIVE RESOURCE ALLOCATION

o . _Effect]
Resource Allocation (K-CERA)

A set of techniques called Kalman filtering for cost effec-
tive resource allocation (K-CERA) was developed in a study of the
cost effectiveness of a network of stream gages operated to deter-
mine water consumption in the lower Colorado River basin (Moss and
Gilroy, 1980). Because of the water-balance nature of that study,
the measure of effectiveness of the network was chosen to be the
minimization of the sum of variances of errors of estimation of
annual mean discharges at each site in the network. This measure
of effectiveness tends to concentrate stream-gaging resources on
the larger, less stable streams where potential errors are
greatest,

Although such a tendency is appropriate for a water-balance
network, this tendency causes undue concentration on the larger
streams considering the broader context of the multitude of uses
of the streamflow data ccllected in the Survey's Streamflow
Information Program. Therefore, the original version of K-CERA
was extended to include additional variables as optional measures
of effectiveness. These variables are the sums of the variances
of errors of estimation of annual mean discharge in cubic feet
per second, annual mean discharge in percentage, average
instantaneous discharge in cubic feet per second, or average
instantaneous discharge in percentage.

44



The use of percentage errors does not unduly weight activi-
ties at large streams to the detriment of records on small
streams. In addition, the instantaneous discharge is the basic
variable from which all other streamflow data are derived. For
these reasons, this study used the K-CERA techniques with the
sums of the variances of the percentage errors of the instantan-
eous discharges at all continuously gaged sites as the measure of
the effectiveness of the data-collection activity.

The original version of the K-CERA did not account for error
contributed by missing stage or other correlative data that are
used to compute streamflow data. The probabilities of missing
correlative data increase as the period between service visits to
a stream gage increases. A procedure for dealing with the missing
record has been developed and was incorporated into this study.

Brief descriptions of the mathematical program used to
optimize cost-effectiveness of the data-collection activity and of
application of Kalman filtering (Gelb, 1974) to the determination
of the accuracy of a stream-gaging record are presented below.
Details on the theory and the applications of K-CERA are presented
in Moss and Gilroy (1980) and Gilroy and Moss (1981).

D ot £ Matl {cal I

The program, called "The Traveling Hydrographer," attempts
to allocate among stream gages a predefined budget for the collec-
tion of streamflow data in such a manner that the field operation
is the most cost-effective possible. The measure of effectiveness
is discussed above. The set of decisions available to the manager
is the frequency of use (number of times per year) of each of a
number of routes that may be used to service the stream gages and
to make discharge measurements. The range of options within the
program is from zero usage to daily usage for each route. A
"route" is defined as a set of one or more stream gages and the
least-cost travel that takes the hydrographer from his base of
operations to each of the gages and back to base. A route will
have associated with it an average cost of travel and average cost
of servicing each stream gage visited along the way.

The first step in this part of the analysis is to define the
set of practical routes. This set of routes frequently will con-
tain the path to an individual stream gage with that gage as the
lone stop and return to the home base so that the individual needs
of a stream gage can be considered in isolation from the other
gages.

Another step in this part of the analysis is the determin-
ation of any special requirements forvisits to each of the gages
for such things as necessary periodic maintenance, rejuvenation of
recording equipment, or required periodic sampling of water-
quality data. Such requirements are considered to be inviolable
constraints in terms of the minimum number of visits to each gage.
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The final step is to use all of the above to determine the
number of times, N; , that the itP route for i=1,2,....,NR, where
NR is the number of practical routes, is used during a year such
that (1) the budget for the network is not exceeded, (2) the
minimum number of visits to each station is made, and (3) the
total uncertainty in the network is minimized. Figure 10
represents this step in the form of a mathematical program.
Figure 11 presents a tabular layout of the problem. Each of the
NR routes is represented by a row of the table and each of the
stations is represented by a column. The zero-one matrix, (Wi )
defines the routes in terms of the stations that comprise it.
Avalue of one in row i and column j indicates the gaging station
will be visited on route i; a value of zero indicates that it
will not. The unit travel costs,P: , are the per-trip costs of
the hydrographer's traveltime and any related per diem and
operation, maintenance, and rental costs of the vehicles. The sum
of the products,pi and N, for i=1,2,..., NR is the total travel
cost associated with the set of decisions N=(Ny, Ny,...,NyR).

The unit-visit cost,Xj, is comprised of the average service
and maintenance costs incurred on avisit to the station plus the
average cost of making a discharge measurement. The set of minimum
visit constraints is denoted by the rowX;, j=1, 2, .., MG, where
MG is the number of stream gages. The row of integers M, j=1,

2, «..,MG specifies the number of visits to each station. M is
the sum of the products of @y and Ny for all i and must equal or
exceed Ay for all j if N is to be a feasible solution to the
decision problem.

The total cost expended at the stations is equal to the
sum of the products of «; and M; for all j. The cost of record
computation, documentation, and publication is assumed to be
influenced negligibly by the number of visits to the station and
is included along with overhead in the fixed cost of operating the
network. The total cost of operating the network equals the sum
of the travel costs, the at-site costs, and the fixed cost, and
must be less than or equal to the available budget.

The total uncertainty in the estimates of discharges at
the MG stations is determined by summing the uncertainty
functions, ¢ , evaluated at the value of M; from the row above it,
for j=1, 2' csey MG.

As pointed out in Moss and Gilroy (1980), the steepest
descent search used to solve this mathematical program does not
guarantee a true optimum solution. However, the locally optimum
set of values for N obtained with this technique specify an
efficient strateqgy for operating the network, which may be the
true optimum solution. The true optimum cannot be gquaranteed
without testing all undominated, feasible strategies.
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Minimize V = I ¢. (Mj)

V = total uncertainty in the network
N = vector of annual number times each route was used
MG = number of gages in the network
= annual number of visits to station jJ
¢. = function relating number of visits to uncertainty
at station J
Such that

Budget > Tc Ztotal cost of operating the network

MG NR
T =F,+ TaM. + IBMN,
=199 =1

Fc = fixed cost

aj Z unit cost of visit to station j

NR = number of practical routes chosen
Bi = travel cost for route 7

Ni = annual number times route 7 is used

(an element of N)

and such that
M. > A.
J — J

Aj Z minimum number of annual visits to station j

Figure10.--Mathematical-programing form of the optimization
of the routing of hydrographers.
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Unit
Gage , Travel
Route 1 2 83 4 . j . MG| Cost Uses
1 i1 0 0O O . . . O ,B1 N,
2 1 1 o o . . . O ﬁz N'2
3 1 0 0 0 3 . L] O ﬂ 3 N 3
4 0 1 0 0 . . . 0 ﬁ 4 N 4
1 . . . . . wz' j . . ﬁi N 1
NR o o o o . . . 1 ﬁNR

Unit
Visit a, @ &z &, . A . QAyg

,\Cnf’s.t \\A
inimum t-site
Visits A Az Az Aq . Amg Cost

Visits M, M, M3 M,

& *ﬂz k.> &Q
£
(9]

Uncert.
Fsggtion ¢1 ¢2 ¢3 ¢4

Puma
\\

Total
Uncertainty

Figure ll.--Tabular form of the optimization of the routing
of hydrographers.
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Description of Uncertainty Functions

As noted earlier, uncertainty in streamflow records is
measured in this study as the average relative variance of estima-
tion of instantaneous discharges. The accuracy of a streamflow
estimate depends on how that estimate was obtained. Three situa-
tions are considered in this study: (1) Streamflow is estimated
from measured discharge and correlative data using a stage-
discharge relation (rating curve), (2) the streamflow record is
reconstructed using secondary data at nearby stations because
primary correlative data are missing, and (3) primary and
secondary data are unavailable for estimating streamflow. The
variance of the estimates of flow that would be employed in each
situation were weighted by the fraction of time each situation is
expected to occur. Thus the variance would be

V= EgVy+ EVHEeV,
with 1= g*; Er+ Ea (3)

where

is the average relative variance of the error of stream-
flow estimates,

is the fraction of time that the primary recorders are
functioning,

is the relative variance of the errors of flow estimates
from primary recorders,

is the fraction of the time secondary data are available
to reconstruct streamflow record given that the primary
data are missing,

Vy is the relative variance of the errors of estimation of
flow reconstructed from secondary data,

Ee is the fraction of time that primary and secondary data

Ve

Mg o<

are not available to compute streamflow records, and
is the relative error variance of the third situation.

The fraction of the time that each source of error is relevant

is a function of the frequency at which the recording equipment
is serviced.

The time, t, since the last service visit until failure of
the recorder or recorders at the primary site is assumed to have a
negative exponential probability distribution truncated at the

next service time; the distribution's probability density
function is

£(t) = ke~kt/(1-e"ks) (4)
where

k is the failure rate in units of (day)l,
e 1is the base of natural logarithms, and
s 1is the interval between visits to the site in days.
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It is assumed that, if a recorder fails, it continues to malfunc-
tion until the next service visit. As a result,

= (1-e7ks) /ks) (5)
(Fontaine and others, 1983, eqg. 21).

The fraction of time e that no records exist at either the
primary or secondary sites can also be derived assuming that the
time between failures at both sites are independent and have
negative exponential distributions with the same rate constant.

It then follows that

Ee=1 - [2(1-e7kS) 4+ 0.5 ( 1-@**® )1/(ks)

(Fontaine and others, 1983, egs. 23 and 25).

Finally, the fraction of time Er that records are recon-
structed based on data from a secondary site is determined by the

equation Er=1-Eg4-Ee

[(1-e%) +o0s5 (L—e'z"s)] /(ks) (¢)

The relative variance, V , of the error derived from primary
record computation is determined by analyzing a time series of
residuals that are the differences between the logarithms of
measured discharge and the rating-curve discharge. The rating-
curve discharge is determined from a relationship between dis-
charge and some correlative data, such as water-surface elevation
at the gaging station. The measured discharge is the discharge
determined by field observations of depths, widths, and velocities.
Let ?T%t) be the true instantaneous discharge at time t and let

1:(t) be the value that would be estimated using the rating
curve.

Then x(t)=/n 77—-({:)-'/n 9g (¢) =ln [qT(é)/qR ({:)] (7)

is the instantaneous difference between the logarithms of the
true discharge and the rating-curve discharge.

In computing estimates of streamflow, the rating curve may
be continually adjusted on the basis of periodic measurements of
discharge. This adjustment process results in an estimate, e (t),
that is a better estimate of the stream's discharge at time t.
The difference between the variable X (t) which is defined

Fa)
K(£) = hn g ()= In gg () (8)
and is the error in the streamflow record at time t. The

variance of this difference over time is the desired estimate
of Vg.
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Unfortunately, the true instantaneous discharge, qg..(t),
cannot be determined, and thus x(t) and the difference ;(t) - X(t),
cannot be determined either. However, the statistical properties
of x(t) - R(t), particularly its variance, can be inferred from
the available discharge measurements. Let the observed residuals
of the measured discharge from the rating curve be z(t) so that

z(t) = x ()« N(t) = /n qm (£)=n 7r(e) (9)

where
v(t) is the measurement error, and

lnaw,(t) is the logarithm of the measured discharge
plus v(t).

In the Kalman-filter analysis, the z(t) time series was
analyzed to determine three site-specific parameters. The Kalman
filter used in this study assumes that the time residuals x(t)
arise from a continuous first-order Markovian process that has
a Gaussian (normal) probability distribution with zero mean
and variance (subsequently refered to as process variance) equal
to p. A second important parameter isf , the recriprocal of the
correlation time of the Markovian process giving rise to x(t);
the correlation between x(t;) and x(t,) is exp[-@B/t;-t,/].
Fontaine and others (1983) also define q, the constant value of
the spectral density function of the white noise which drives the
Gauss-Markov x-process. The parameters, p, q, and 8 are related

by
Var [X(t)] = p = q/(2B) (10)
The variance of the observed residuals z(t) is
Var [Z(t)] = p + (11)

where r is the variance of the measurement error v(t). The three
parameters, p,8 , and r, are computed by analyzing the statistical
properties of the z(t) time series. These three site-specific
parameters are needed to define this component of the uncertainty
relationship. The Kalman filter utilizes these three parameters
to determine the average relative variance of the errors of
estimation of discharges as a function of the number of discharge
measurements per year (Moss and Gilroy, 1980).

If the recorder at the primary site fails and there are no
concurrent data at other sites that can be used to reconstruct
the missing record at the site, there are at least two ways of
estimating discharge at the primary site. A recession curve
could be applied from the time of the recorder stoppage until
the gage was once again functioning, or the expected value of
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discharge for the period of missing data could be used as an
estimate. The expected-value approach is used in this study to
estimate Vg, the relative error variance during periods of no
concurrent data at nearby stations. If the expected value is used
to estimate discharge, the value that is used should be the value
of discharge at the time of year of the missing record because of
the seasonality of the streamflow processes. The variance of
streamflow, which is also a seasionally varying parameter, is

an estimate of the error of variance that results from using

the expected value as an estimate. Thus, the coefficient of
variation squared (Cy)“ is an estimate of the required relative
error variance V,. Because C, varies seasonally and the times
of failures cannot be anticipated, a seasonally averaged value

of C, is used:

365 2 Y
& ez &) -
where

6‘i is the standard deviation of daily discharges for the
ith day of the year,

iéi is the expected value of discharge on the ith day of

the year, and
(CV)2 is used as an estimate of V.

The variance V, of the relative error during periods of
reconstructed streamflow records is estimated on the basis of
correlation between records at the primary site and records from
other nearby sites. The correlation coefficient between the
streamflows with seasonal trends removed at the site of interest
and determined streamflows at the other sites is a measure of the
goodness of their linear relationship. The fraction of the
variance of the streamflow at the primary site that is expected
by the data from the other sites is equal to ¢* . Thus, the
relative error variance of flow estimates at the primary site
obtained from secondary information will be

Ve = (1-p2) &, ° (13)

Because errors in streamflow estimates arise from three
different sources with widely varying precisions, the resultant
distribution of these errors may differ significantly from a
normal or log-normal distribution. This lack of normality causes
difficulty in interpretation of the resulting average estimation
variance. When primary and secondary data are unavailable, the
relative error variance \, may be very large. This could yield
correspondingly large values of V in equation (3) even if the
probability that the primary and secondary information are not
available, £o, is quite small.
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A new parameter, the equivalent Gaussian spread (EGS), is
introduced here to assist in interpreting the results of the
analysis. If it is assumed that the various errors arising
from the three situations represented in equation (3) are log-
normally distributed, the value EGS is determined by the
probability statement that

Probability [ < (g (t)/qp (£)) 4 e **]= 0083 (14)

Thus, if the residgals in g.(t) - 1ln qt(t) were normally
distributed, (EGS)“ would be their variance. Here, EGS is
reported in units of percent because EGS is defined so that nearly
two-thirds of the errors in instantaneous streamflow data will

be within plus or minus EGS percent of the reported values.

The Applicati f K-CERA in Ohi

As a result of the first two parts of this analysis, it has
been recommended that all of the currently existing stream gages
in the State of Ohio be continued in operation. All of these
stream gages were subjected to the K-CERA analysis with results
that are described below. The following sections describe the
methodology of some of the input to the program as well as the
results.

Definition of Network Boundaries

The Ohio network was divided into 2 parts; (1) those stations
run by another agency and (2) those stations for which the U.S.
Geological Survey handles the field work.

1. MCD Area.--The Miami Conservancy District (MCD) handles
the field work for 19 stations in their area. These stations are
independent of the rest of the network. As the network is
integrated with MCD's other duties, the stations covered by MCD
were not considered in the K-CERA analysis.

2. New Philadelphia and Columbus offices of the U.S.
Geological Survey.--The New Philadelphia office handles 52 gages
in the eastern part of the State. The gages have been grouped
into the first 87 routes for analysis.

3. Columbus.-- The Columbus office covers the rest of the
State's 55 gages. The gages have been grouped into 97 routes,
numbered 88 to 184 for analysis.

The number of stations and areas handled by the Columbus and
New Philadelphia offices of the U.S. Geological Survey are
determined both by basin boundaries and the relative overall
workload of the individual office. With the reduction of coal-
related studies in 1981 some of the stations formerly handled by
the Columbus office were given to New Philadelphia. The program
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emphasis could change; if so, those stations might be given back to
the Columbus office. Evaluation of Ohio's gaging-station network
must be tempered by workload and management considerations. The
network is being analyzed as of June 30, 1984.

Definition of Missing-Record Probabilities

As was described earlier, the statistical characteristics of
missing stage or other correlative data for computation of stream-
flow records can be defined by a single parameter, the value of k
in the truncated negative exponential probability distribution of
times to failure of the equipment. 1In the representation of
as given in equation 4, the average time to failure is 1/k. The
value of 1/k will vary from site to site depending upon the type
of equipment at the site and upon its exposure to natural elements
and vandalism. The value of 1/k can be changed by advances in the
technology of data collection and recording. To estimate 1/k in
Ohio, a period of actual data collection was used (3 years) in
which little change in technology occurred and in which stream
gages were visited on a consistent pattern of frequency. During
this period, the percent of time a gage malfunctioned or produced
poor stage record was noted. Gages varied in the amount of lost
record (the overall average was about 8 percent), therefore,
values were determined for each station. The percentage of lost
record with a bi-monthly visit frequency was used to determine a
value of 1/k of 365 days, which was used to determine £¢, &,
and £e for each of the stream gages as a function of the individ-
ual frequencies of visits.

Definition of Cross-Correlation Coefficient
and Coefficient of Variation

To compute the values of Ve and V, of the needed uncertainty
functions, daily streamflow records for each of the 107 stations
for the last 30 years or a part of the last 30 years for which
daily streamflow values are stored in WATSTORE (Hutchinson, 1975)
were retrieved. For each of the stream gages that had three or
more complete water years of data, the value of Cy was computed
and various options, based on combinations of other stream gages,
were explored to determine the maximum P.. For the three stations
that had less than three water years of data, values of C, and P,
were estimated subjectively. 1In addition to other nearby stream
gages, some of the stations had other means by which streamflow
could be reconstructed when the primary recorder was malfunction-
ing. Some stations are equipped with telemetry systems that
operate independently from the primary recorder and are routinely
queried either once or twice a day. Generally, if a station has
telemetry, the P, was increased. Even with telemetry, however,
each gage was md%lfled differently based on the degree of teleme-
try. A phone line might be queried only infrequently, whereas a
GOES (Geostationary Observational Environmental Satellite) station
generally has a 3-hour reporting time. Also considered was the
"independance" of the telemetry. The telemetry may be hooked
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directly to the gage (especially if a manometer); when the gage
malfunctions, so does the telemetry. At other locations, a local
resident is hired to read and record stage at the station once or
twice daily. At 45 sites, an auxiliary recorder is operated at
the station to provide backup stage record.

Analyses were performed to determine cross correlations,
pcr between daily discharges at sites with one or another of
these types of auxiliary recorders. A set of parameters for each
station and the auxiliary records that gave the highest cross
correlation coeficient are listed in table 7.

Kalman-Filter Definition of Variance

The determination of V. for each of the 107 stream gages
requires the execution of three distinct steps: (1) Long-term
rating analysis and computations of residuals of measured
discharges from the long-term rating, (2) time-series analysis of
the residuals to determine the input parmeters of the Kalman-
filter streamflow records, and (3) computation of the error
variance, V¢, as a function of the time-series parameters, the
discharge-meéasurement—-error variance, and the frequency of
discharge measurement.

In the Ohio program analysis, definition of long-term rating
functions was complicated by the fact that many stream gages in
Ohio are characterized predominantly by open-water periods with
relatively short winter backwater ice periods. | As a result of
these characteristics, a single rating function to define the
entire year is not feasible. Of 107 stations included for analy-
sis, most have both an open and ice-backwater period. The rating
analysis covers the open periods only. The methodology for
accounting for the ice periods are covered under fixed costs.

Most ratings were determined by computer using the form
. . *
in which LeM = By + Bz log (GuT - B2 )

LOM is the logarithmic (base e) value of measured discharge,

GHT is the recorded gage height corresponding to the measured
discharge,

Bl is the logarithm of discharge for a flow depth of 1 foot,

B2 is the gage height of zero flow, and

B3 is the slope of the rating curve.

Ratings which did not fit the form LOM = Bl + B3 * log (GHT - B2)
were fit graphically.
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Table 7.--Statistics of record reconstruction

[Cys coefficient of variance; P., cross correlation between
independent and dependent stations]

Percent

Station missing Source of recon-

number record Cy P structed record
03086500 5 1.64 0.735 03117000
03090500 <2 1.10 .93 Supplemental recorder.
03091500 <2 1.02 .93 Supplemental recorder.
03092000 5 2.48 .770 03086500
03092090 <2 1.46 .756 03093000 Telemetry.
03092460 <2 .919 .537 Supplemental recorder.
03093000 <2 1.49 96 Supplemental recorder,

Observer; read weekly.
03094000 6 .932 .80 Observer; Telemetry-weekly.
03095500 <2 1.46 .93 Supplemental recorder.
03099500 5 .883 .929 03094000
03102950 2 1.38 .93 Supplemental recorder.
03109500 <2 1.33 .96 Supplemental recorder, GOES.
03110000 2 1.40 .93 Supplemental recorder.
03111500 20 1.12 29 Supplemental recorder,
Observer; read daily.

03114000 10 1.73 .752 03111500
03117000 2 1.20 .96 Observer; read daily.
03117500 5 1.23 .891 03109500
03118000 10 1.37 .896 03118500
03118500 5 .980 .896 03118000
03120500 <2 1.37 .93 Supplemental recorder.
03122500 5 .897 .93 Telemetry; read daily.
03124000 <2 1.53 .969 Supplemental recorder.
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Table 7.--Statistics of record reconstruction--Continued

Percent
Station missing Source of recon-
number record Cy Pe structed record
03124500 5 1.43 .969 Supplemental recorder.
03126000 <2 1.25 .93 Supplemental recorder
03127000 <2 1.34 .970 Supplemental recorder,
Telemetry.
03127500 <2 1.29 99 Supplemental recorder,
Telemetry; read daily.
03128500 <2 1.61 93 Supplemental recorder.
03129000 <2 .928 .99 Supplemental recorder,
Telemetry; read daily.
03130000 <2 1.29 93 Supplemental recorder.
03131500 15 .917 .93 Supplemental recorder.
03133500 <2 1.06 93 Supplemental recorder.
03135000 <2 1.50 .93 Supplemental recorder.
03136500 9 1.38 .796 03223000
03138500 <2 1.03 .93 Supplemental recorder.
03139000 2 1.32 .96 Telemetry; read daily.
03140000 <2 1.79 .93 Supplemental recorder.
03140500 <2 .920 .986 Supplemental recorder,
Telemetry; read daily.
03141500 <2 1.65 .93 Supplemental recorder.
03142000 5 1.49 .99 Supplemental recorder,
Telemetry; read daily.
03143500 <2 1.35 .93 Supplemental recorder.
03144000 3 1.63 .796 03140000
03144500 5 .945 .986 Telemetry; read daily.
03145000 10 1.45 .841 03146500
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Table 7.--Statistics of record reconstruction--Continued

Percent

Station missing Source of recon-

number record Cy P structed record
03146500 2 1.48 .96 Telemetry; read daily.
03147500 <2 1.36 .96 Supplemental recorder.
03150000 5 .940 .984 Telemetry; read daily.
03157000 24 1.37 .901 03157500

03157500 11 1.41 .901 03157000

03159510 5 1.02 .96 Telemetry; read daily.
03159540 4 1.69 .670 03202000

03202000 3 1.62 .705 03157500
03219500 11 1.81 .940 03221000

03219590%* <2 1.9 .88 03220000

03220000 2 2.19 .782 03221000

03221000 3 1.79 . 940 03219500 Telemetry.
03223000 13 1.99 .780 03221000

03225500 3 1.85 .96 Supplemental recorder,

Telemetry.

03226800 9 1.68 .919 03225500 Telemetry.
03227500 4 1.44 .925 03221000

03228500 <2 1.36 .747 03229500

03228805 <2 2.08 .99 Supplemental recorder,

Telemetry.

03229000 2 1.92 .880 03229500

03229500 19 1.68 .880 03229000

03230500 17 1.72 .865 03231500

03230900 <2 1.44 .96 Supplemental recorder.
03231000 8 1.61 .931 03230900 Telemetry.
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Table 7.--Statistics of record reconstruction--Continued

Percent

Station missing Source of recon-

number record Cy P, structed record
03231500 3 1.31 .99 Supplemental recorder,

Telemetry.
03232470 2 1.49 .884 03234000
03232500 13 1.58 .804 03234000 Telemetry.
03234000 <2 1.66 .99 Supplemental recorder,
Telemetry; read daily.

03234500 <2 1.26 .976 Telemetry, GOES.
03237280 4 1.97 .743 03237500
03237500 3 2.16 .875 03234500 03238500
03238500 9 2.43 .870 03234500 03237500
03240000 7 1.39 .952 03241500
03241500 9 1.59 .939 03240000
03245500 <2 1.56 .96 Telemetry; read daily.
03247050 <2 1.86 .210 03247500
03247500 <2 2.10 .910 03247050
03255500 7 1.84 .951 03259000
03259000 15 1.87 .974 03255500
03260700 2 1.17 .868 03261500 03261950
03261500 4 1.51 .948 03262000 03262700
03261950 2 2.10 .910 03261500 03262000
03262000 2 2.20 . 940 03261500 03261950
03262700 <2 1.55 .949 03263000
03263000 <2 1.52 .966 03270500 Telemetry.
03264000 3 1.51 .958 03265000
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Table 7.--Statistics of record reconstruction--Continued

Percent
Station missing Source of recon-
number record Cy P. structed record

03265000 2 1.82 .99 Supplemental recorder,
Telemetry.

03266000 5 1.72 .927 03265000

03267000 <2 .830 .910 03267900

03267900 <2 .739 .933 03267000 03269500

03269500 11 .910 .96 Telemetry; read daily.

03270000 3 .914 .99 Supplemental recorder,
Telemetry; read daily.

03270500 3 1.32 .99 Supplemental recorder,
Telemetry; read daily.

03270800 4 1.81 .886 03262000 03271800

03271500 3 1.22 .96 Supplemental recorder.

03271800 4 1.74 .942 03272000 03272700

03272000 9 1.85 .924 03271800

03272700 4 1.39 .868 03271800 Telemetry

03274000 <2 1.21 .99 Supplementary recorder,
Telemetry; read daily,
GOES.

04177000 32 1.24 .575 04189000

04185000 5 1.50 .96 Telemetry:; read daily.

04186500 10 1.93 .844 04191500

04189000 4 2.12 .96 Telemetry; read daily.

04191500 10 1.97 .96 Telemetry; read daily.

04192500 4 1.64 .972 04193500 Telemetry.

04193500 5 1.63 .972 Telemetry; read daily, GOES.
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Table 7.--Statistics of record reconstruction--Continued

Percent
Station missing Source of recon-
number record Cy P, structed record

04195500 4 2.18 .804 04198000 Telemetry.

04196800 8 2.00 .857 04198000

04197020 7 1.03 .696 04197100

04197100 10 1.36 .696 04197020

04197170%* 11 1.2 .70 04197020

04198000 2 1.94 .857 04196800

04200430* 5 1.8 .93 Supplemental recorder.

04200500 10 2.01 .93 Supplemental recorder.
Observer; read weekly.

04201500 5 1.82 .823 04200500

04202000 5 1.01 .842 04206000

04206000 <2 .932 .99 Supplemental recorder,
Telemetry; read daily.

04207200 5 1.38 .872 04208000

04208000 2 1.08 .99 Supplemental recorder.
Telemetry; read daily.

04208502 8 1.19 .80 Observer; read weekly.

04208690 8 1.19 .80 04208502, 04209000.

04209000 2 1.47 .96 Supplemental recorder,
Telemetry; read daily.

04212100 2 1.25 .93 Supplemental recorder.

04213000 10 1.86 .93 Supplemental recorder.

*Less than 3 water years of data available. Estimates of Cy and

P, are subjective.
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Once a base rating curve has been defined for a particular
gaging station, the next step is to compute the time series of
residuals (difference between the measured and rated discharge)
about this curve. Residual data for 4 selected station are
presented in tables 8 through 11. The time series of residuals is
used to compute sample estimates of Q and B, two of the three
parameters required to compute V., by determining a best fit
autocovariance function to the time series of residuals. Measure-
ment variance, the third parameter, is determined from an assumed
constant percentage of standard error. For the Ohio program, all
open-water measurements were assumed to have a measurement error
of 5 percent.

As discussed earlier, q and 3 can be expressed as the process
variance of the shift from the rating curve and the 1-day auto-
correlation coefficient of these shifts. Table 12 presents a
summary of the autocovariance analysis expressed in the terms of
process variance and l-day autocorrelation. Typical fits of the
covariance functions for selected stations in Ohio are given in
figures 12-15.

The autocovariance parameters, summarized in table 12, and
data from the definition of missing-record probabilities, summar-
ized in table 7, are used jointly to define uncertainty functions
for each gaging station. The uncertainty functions give the
relationship of total error variance to the number of visits
and discharge measurements. The stations for which graphical fits
of the autocovariance functions were previously given present
typical examples of uncertainty functions and are given in
figures 16. These functions are based on the assumption that a
measurement was made during each visit to the station.

Iravel
Route Selection and Cost

In Ohio, feasible routes to service the 107 stream gages were
determined after consultation with personnel in the hydrologic
data section and after review of the uncertainty functions. 1In
summary, 184 routes were selected to service all of the network
stations (crest-stage gages, ground-water wells, and monitors) as
well as stream gages in Ohio. These routes include all possible
combinations that describe the current operating practice, alter-
natives that were under consideration as future possibilities,
routes that visit key individual stations, and combinations that
grouped proximate gages where the levels of uncertainty indicated
more frequent visits might be useful. These routes and the
stations visited on each are summarized in table 13.
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Figure 12.-—Autocovariance function for non-ice period for 03092000 Pricetown.

74

64



COVARIANCE

0.0100

1 T T 1 T Y 1 Y T . T L T T
O
0.0075 | —
0.0050 - ]
0.0025 | .
O O O
0.0000 | 0] 0O .
O O
O O
-0.0025 | |
—0.0050 | 4
O O
—0.0075 1 i I 1 L L I - 1 | i I 1 L L

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
LAG, IN DAYS

Figure 13.--Autocovariance function for non-ice period for 03144500 Dresden.
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Figure 14.--Autocovariance function for non—ice period for 03225500 Delaware.
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Figure 15.-——Autocovariance function for non-ice period for 03237280 McGaw.
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Table 13.--Summary of the routes that may be used to visit

[Six-digit numbers are longitude identifiers for observation

tati 0 Ohi

wells serviced]

Route
number Stations serviced on the route
1 04209000 04212100 04213000 03102950 04212680
04202000 03092000 03091500 03095500 03092090
03091000 04206001 03117100 04208506 04208001
812215
2 04209000 04212100 04213000 03102950 04202000
03092000 03091500 03095500 03092090 04206000
3 04212100 03102950 03092000 03092090 04206000
4 04212100 03102950 04212100
5 03102950 03092000 03092090
6 04212100 03091500
7 03102950 04206000
8 04209000 04212100 04202000 03092000 03095500
9 03102950 03092000
10 04209000 04212100 04213000 03102950 03092000
03092090 04206000
11 04209000 04212100 03102950 03092000
12 04209000 03102950 03092000 03092090 04206000
13 04209000 04212100 04213000 03092000 03092090
04206000
14 04212100 03102950 03092000 03095500 03092090
04206000
15 04213000 03102950 04202000 03095500 03092090
16 04212680
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Table 13.--

stations in Ohio--Continued

Route
number Stations serviced on the route

17 03117100

18 03092000

19 03128650

20 03120500

21 04208502 04220000 04208000 04208001 04208506
04206001 04206000 04207200

22 04208502 04220000 04208000 04207200 04206000

23 04208001 04208506 04206001

24 04208502 04220000

25 04208502 04208000

26 04208502 04207200

27 04208000 04207200

28 03122500 03118500 03117500 03124000 03124500
03118000

29 04208000 04206000

30 03144500

31 03091500 03094000 03099500

32 03111500

33 03114000

34 03124500 03124000

35 03122500 03118500

36 03117500 03118000

37 03118000 03118500
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Table 13.--Summary of the routes that may be used to visit
stations in Ohio--Continued

Route
number Stations serviced on the route

38 03143500 03138500 03139000

39 03099510

40 03090500 03086500 03092460 03093000 03094000
03099500 03099510 03117000

41 03090500 03086500 03092460 03093000 03094000
03099500 03117000

42 03090500 03093000

43 03086500 03093000

44 03093000

45 03092460 03093000 03099500

46 03093000 03117000

47 03093000 03099500

48 03090500 03093000 03117000

49 03094000

50 03092460 03099500

51 03094000 03099500

52 03090500 03086500 03099510 03099500 03094000

53 03092460 03093000 03094000 03099500 03117000

54 03093000 03094000 03099500 03117000

55 03109500 03110000 03114000

56 03109500

57 03110000

58 03109500 03110000
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Table 13.--

stations in Ohio--Continued

Route
number Stations serviced on the route
59 04201500 04200500 04200430 04199160 04199165
04199170
60 04201500 04200500 04200430
61 04200500 04200430
62 03111450 03127950 03110980 03111470 03111490
03111540 03111455
63 03127500 03128500 03111500 03144500 03141500
64 03127500
65 03144500
66 03128500 03144500 03141500
67 03144500 03140500
68 03127500 03128500
69 03127500 03128500 03111500
70 03141500 03142000 03141700 03142290 03126000
03127000 03129000 03115510 03115410 03115710
03125400 03115280 03114240
71 03141500 03142000 03126000 03127000 03129000
72 03142000 03141700 03142290 03115710 03115410
03115510 03125400 03115280 03114240
73 03142000 03111548 03113950 03139950
74 03126000
75 03126000 03127000
76 03141500 03142000
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Table 13.--

stations in Ohio--Continued

Route
number Stations serviced on the route
77 03129000 03142000
78 03130000 03133500 03131300 03135000 03131500
03140000 03139000
79 03130000 03133500 03131500 03140000 03139000
03135000
80 03135000
81 03139000
82 03130000
83 03131500 03133500
84 03130000 03135000
85 03139000 03140000
86 03110980 03111450 03111455 03111470 03111490
03111540 03127950
87 03114240 03115280 03115410 03115510 03125400
03115710
88 03136500 03144000 03145000 03146500 03147500
03150000 03148000 03148300 825733 815932
89 03157000 03157500 03159510 03159540 03230900
03231000 03158220 03159450 03201550 03159500
03159000 03230700 03236090
90 03231500 03232470 03232500 03234000 03237280
03237500 03238500 03245500 03247050 03247500
03237095 03202000 830151
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Table 13.--

stations in Ohio--Continued

Route
number Stations serviced on the route
91 03231500 03232470 03232500 03234000 03234500
03237280 03237500 03238500 03245500 03247050
03247500 03237095
92 03230900 03231000 03231500 03232470 03232500
03234000 03234500 03237280 03237500 03238500
03245500 03247050 03247500 03237095 830151
93 03136500 03144000 03145000 03146500 03147500
03150000
94 03157000 03157500 03159510 03159540 03230900
03231000
95 03231500 03732470 03232500 03234000 03237280
03237500 03238500 03245500 03247050 03247500
96 03231500 03232470 03232500 03240000 03234500
03237280 03237500 03240000 03245500 03247050
03247500 03202000
97 03230900 03231000 03231500 03232470 03232500
03234000 03234500 03237280 03237500 03238500
03245500 03247050 03247500
98 03202001 03234501
99 03245501
100 03136500 03144000
101 03145000 03146500 03147500
102 03150000
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Table 13.--

stations in Ohio--Continued

Route

number Stations serviced on the route

103 03157000 03157500 03157510

104 03159540 03202000

105 03219500 03219590 03220000

106 03221000 03220200 03221500

107 03223000 03225500

108 03225500 03226800

109 03227500 03228500

110 03228500 03228805

111 03229000 03229500 03230500

112 03230900 03231000

113 03231500 03232470

114 03232500 03234000

115 03234500 03158500

116 03237280

117 03237500 03240000

118 03245500

119 03247050 03247500

120 03157000 03157500 03159510 03158220 03159450
03201550

121 03236090

122 03237500 03240000 03237095

123 03237280 03237095

124 03157000
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Table 13.--

stations in Ohio--Continued

Route

number Stations serviced on the route

125 03159510

126 03159540

127 03202000

128 03219590

129 03220000

130 03223000

131 03226800

132 03227500

133 03228805

134 03229000

135 03229500

136 03230500

137 03230900

138 03231000

139 03232470

140 03234000

141 03237500

142 03238500

143 03247050

144 03247500

145 03240000 03241500 03242050

146 03255500 03257500 03259000 03271510 843933
841628 03267900
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Table 13 .-~

stations in Ohio--Continued

Route

number Stations serviced on the route

147 03240000 03241500 03242050 03271510

148 03255500 03257500 03259000

149 03240000 03241500 03242050 03255500 03257500
03259000 03271510 843933 841628

150 03240000 03241500

151 03255500 03259000

152 03271510

153 03240000 03241500 03255500 03259000 03267900

154 03255500 03259000 03245500 03247050 03247500

155 03267900

156 04177000 04185000 04186500 04189000 04191500
04192500 04193500 04193490 04194107 04191480
04185945 835740 832552

157 04185000 04186500 04189000 04191500 04192500
04193500

158 04177000 04185000 04193500

159 04185000

160 04177000

161 04193500

162 04186500

163 04195500 04196800 04197020 04197100 04197170
04198000 830453 831705

164 04198000
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Table 13.--

stations in Ohio--Continued

Route

number Stations serviced on the route

165 04197100 04197170

166 04197100

167 04197170

168 04197020

169 04189000 04193500 04195500 04198000 04193490
04194107

170 04196800 04197100 04197170

171 04189000 04192500 04193500 04198000

172 04189000 04192500 04193500 04198000 04193490

173 04193490

174 04193490 04194107

175 815932 03148000 03148300

176 825733

177 03158220 30159450 03201550 03159500 03159000

178 03230700 830151 03237095

179 03202001 03236090

180 04191480 832552 ’

181 04185945 835740

182 831705

183 843933 841628

184 831453
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Route and Station Costs

The cost associated with the particular routes must be deter-
mined. Although the gross cost per station is presently (1984)
$5,320-55,660 (depending on the cooperator) and the budget for
the gaging network analyzed is $600,000; not all the money is
available for routine gaging trips.

Station cost can be divided into three categories:

(1) Overhead costs, which include the Ohio District and
Washington operational costs. For the stream-gaging network these
costs are approximately 51.3 percent of the total budget.

(2) Fixed costs for each station vary with the station, and
include such items as recorder rental, batteries, electricity,
computer charges, maintenance, and publication cost; and for the
purpose of this study, analysis and record interpretation, super-
vision, ice measurements, flood work, contracted services, and,
anything else that is not a part of a routine gaging trip. 1In
order to simplify the analysis, all costs except for the ice cost
were considered to be equal for all stations. This is a reasonable
assumption as the "fixed" cost for a station will vary consider-
ably from year to year depending on a number variables including
areal distribution of floods, difficulty in working the records,
vandalism, major construction, and a host of other factors. The
fixed cost for all stations is $1,875 plus ice-measurement costs.

In order to allow for measurements during the ice period,
money was added under fixed costs. Each station was classified as
to whether one or two ice measurements were needed annually to
estimate the record and the money was added. The station input
card was also adjusted to show the percentage of open water where
t?g main rating and the associated variability would be in
effect.

(3) The final cost for the program is the cost of running
the route and the visit cost.

Visit costs are those associated with the paying of the
hydrographer for the time actually spent at a station servicing
the equipment and making a discharge measurement. Average visit
times were calculated for each station and are a function of the
difficulty and time required to make a discharge measurement.
Average visit times were calculated for each station based on an
analysis of discharge measurement data available. This time was
then multiplied by the average hourly salary of a hydrologic-
technician GS-9/1 to determine total visit cost. By fixing the
salary at this grade/step the variable of different wages is
removed from the program.

Route costs include the vehicle cost associated with driving
the number of miles it takes to cover the route, the cost of the
hydrographer’s time while in transit, and any per diem associated
with the time it takes to complete the trip.
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Budget

The gaging budget covers the financing of the gaging network.
When computing the budget, a few assumptions were made. First,
the amount of money necessary for running the MCD network ($115,000)
was subtracted from the gross budget.

Defining a budget is more complicated for those districts
running integrated field trips. 1In Ohio the field man generally
services four types of gages during his gaging trip: Discharge
stations, crest-stage stations, ground-water wells, and water-
quality monitors. As sediment stations are run with a discharge
station or as part of a special high-water run they were not
considered.

A fixed amount was added for the other networks' cost to
cover the field-data gathering. The total amount for both offices
is $82,000. Therefore an initial total budget of $682,000 would
have $600,000 for the gaging network. As an example, if the cost
of the gages is doubled to $1,200,000, the entire network cost
becomes $1,282,000.

CONCLUSIONS FROM THE K-CERA ANALYSIS

The "Traveling-Hydrographer Program” utilizes the uncertainty
functions in conjunction with the appropriate cost data and route
definitions to compute the most cost-effective way of operating
the stream-gaging program. In this application, the first step
was to simulate the current practice and determine the total
uncertainty associated with it. To accomplish this, the number of
visits being made to each stream gage and specific routes that
are being used to make these visits were fixed. The current
practice in Ohio is to make discharge measurements each time a
station is visited. The exceptions to this practice are stations
visited for additional purposes such as month-end or concurrent
monitor operation.

This current-practice value was determined as an average and
applied to the open-water period. To counterbalance the winter
period--which was handled separately under fixed cost and has a
variable, undefined, uncertainty--the number of required field
trips was reduced appropriately. The resulting error of estima-
tion for the current practice in Chio, plotted as a point in
figure 17, is 29.2 percent.

The solid line in figure 17 represents the minimum level of
average uncertainty that can be obtained for a given budget and
the existing instrumentation and technology. The line was defined
by several runs of the "Traveling-Hydrographer Program" with dif-
ferent budgets. Constraints on the operations other than budget
were defined as described below.
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To determine the minimum number of times each station must be
visited, consideration was given only to the physical limitations
of the method used to record data. The effect of visitation fre-
quency on the accuracy of the data and amount of lost record is
taken into account in the uncertainty analysis. In Ohio, a mini-
mum requirement of four visits per year was calculated and applied
to all stations. In general, at least one of these visits would
be during the winter period which would leave a minimum of three
visits for the open-water period. This value was based on limita-
tions of the batteries used to drive recording equipment, capaci-
ties of uptake spools on the digital recorders, and the need
to protect gages from freezing winter conditions.

Minimum visit requirements should also reflect the need to
visit stations for special reasons such as water—quality sampling.
This problem was handled by adjusting the percentage of time a
station was measured even if visited more often for water-quality
and monthend data. Special water-quality trips also were set up
even though the water-quality stations are adjacent to the gaging
station.

The results in figure 17 and table 14 summarize the K-CERA
analysis, and, unless otherwide adjusted, are predicated on a
discharge measurement being made each time that a station is
visited.

It should be emphasized that figure 17 and table 14 are based
on various assumptions (stated previously) concerning both the
time series of shifts to the stage-discharge relationship and the
methods of record reconstruction. Where a choice of the
assumptions was available, the assumption that would not under-
estimate the magnitude of the error variances was chosen.

It can be seen that the current operation results in an
average standard error of estimate of streamflow of 29.2 percent.
This requires a budget of $682,000 to operate the 107-station
stream-gaging program. The range in standard errors is from a low
of 2.6 percent for station 03129000 (Newcomerstown), to a high of
112.3 percent at station 04200430 (West Branch Black River). It
may be possible to obtain this same average standard error with a
reduced budget, but this reduction would be negligable (less than
$1,000, or 0.1 percent).

It would also be possible to reduce the average standard
error by rescheduling visits while maintaining the same budget of
$682,000. This might be done by abandoning the bimonthly field
trips, using a minimum visit constraint of 3, and concentrating
on the "poorer" stations. In this case, the average would de-
crease from 29.2 to 27.6 percent. Extremes of standard errors
for individual sites would be 2.6 and 106 percent for stations
03129000 and 04220000, Tuscarawas River and Euclid Creek,
respectively.
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Table 14.--Selected results of K-CERA analysis

Standard error of instantaneous discharges, in
percent [Equivalent Gaussian spread]
(Number of visits per year to site)

Budget, in thousands of 1984 dollars

Current

Identification operation 679 682 816 1047 1282
Average per

station 29.2 31.1 27.6 17.6 13.1 11.1
03086500 30.7 33.4 28.5 20.3 '15.3 12.7
Mahoning [17.9] [19.4] [16.7] [12.0] [8.9] [7.5]
Alliance (6) (5) (7) (14) (25) (36)
03090500 8.7 9.1 8.6 8.6 8.3 7.9
Mahoning R [7.6] 7.7 [7.6] [7.6] [7.5] [7.4]
Berlin Center (6) (5) (7) (7) (9) (14)
03091500 17.4 17.1 17.4 17.4 16.9 15.4
Mahoning R [17.0] [17.0] [17.0] [17.0] [16.6] [15.2]
Pricetown (12) (14) (12) (12) (16) (32)
03092000 81.8 62.6 66.2 37.7 26.8 21.7
Kale Cr [76.4] [57.3] [60.8] [33.4] [23.5] [18.9]
Pricetown (6) (10) (9) (26) (50) (76)
03092090 39.6 32.0 34,1 19.2 13.9 11.7
W Br Mahoning R [38.9] [31.3] [33.3] 1[18.7] [13.5] [11.3]
Ravenna (6) (9) (8) (24) (46) (66)
03092460 19.2 21.6 19.8 19.8 16.0 13.4
W Br Mahoning R [17.6] [18.7] [17.9] [17.9] [15.2] [12.8]
Wayland (6) (3) (5) (5) (14) (24)
03093000 17.2 23.6 18.8 12,2 7.8 6.5
Eagle Cr [16.8] [23.1] [18.3] [11.9] [7.5] [6.3]
Phalanx Sta. (6) (3) (5) (12) (30) (43)
03094000 19.0 19.0 19.0 17.8 15.1 12.8
Mahoning R [9.7] [9.7] [9.7] [9.5] [9.1] [8.7]
Leavittsburg (12) (12) (12) (14) (21) (34)
03095500 8.2 7.1 8.2 7.1 5.1 4.1
Mosquito Cr [5.6] [5.0] [5.6] [5.0] [3.7] [2.9]
Cortland (6) (8) (6) (8) (16) (26)

94



Table 1l4.--Selected results of K-CERA analysis--Continued

percent

(Number of visits per year to site)

Standard error of instantaneous discharges, in
[Equivalent Gaussian spread]

Budget, in thousands of 1984 dollars
Current

Identification operation 679 682 816 1047 1282
03099500 12.8 12.8 12.8 11.7 9.2 6.7
Mahoning R [5.0] [5.0] [5.0] [4.7] [4.0] [3.1]
Lowellville (12) (12) (12) (14) (21) (37)
03102950 42.4 34.2 37.8 23.2 16.1 13.1
Pymatuning Cr [42.2] [34.0] [37.6] [23.0] [15.8] [12.9]
Kinsman (6) (10) (8) (22) (46) (68)
03109500 6.5 8.4 8.4 8.4 6.5 5.8
Little Beaver Cr [4.5] [4.7] [4.7] [4.7] [4.5) [4.5]
E. Liverpool (6) (3) (3) (3) (6) (9)
03110000 11.5 16.8 16.8 11.5 8.3 6.9
Yellow Cr [7.2] {10.1] [10.1] [7.2] [5.3] [4.4]
Hammondsville (6) (3) (3) (6) (11) (16)
03111500 38.0 43.1 43.1 19.5 13.8 11.0
Short Cr [18.8] [21.0] [21.0] [11.5] [8.9] [7.7]
Dillonvale (6) (5) (5) (15) (11) (33)
03114000 54.5 54.5 50.3 27.7 19.7 16.4
Captina Cr [19.3] [19.3] [17.5] [9.0] [6.3] [5.3]
Armstrong (6) (6) (7) (22) (43) (62)
Mills
03117000 9.6 13.8 10.5 10.5 6.2 5.1
Tuscarawas R [7.2] [10.4] [8.2] [8.2] [5.0] [4.1]
Massillon (6) (3) (5) (5) (14) (21)
03117500 15.2 22.3 18.9 10.2 8.0 6.6
Sandy Cr [6.0] [7.1] [6.7] [4.6] [3.8] [3.2]
Waynesburg (6) (3) (4) (13) (21) (31)
03118000 26.1 32.8 28.9 16 .6 11.8 9.6
M Branch [11.8] [13.3] [12.4] [8.7] [6.6] [5.4]
Nimishillen Cr (6) (4) (5) (14) (27) (41)
Canton
03118500 12.2 15.2 13.4 8.7 5.8 4.7
Nimishillen Cr [5.3] [6.5] [5.8] [4.0] 2.71 [2.2)
N. Industry (6) (4) (5) (11) (24) (36)
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Table l4.--Selected results of K-CERA analysis--Continued

Standard error of instantaneous discharges, in
percent [Equivalent Gaussian spread]
(Number of visits per year to site)

Budget, in thousands of 1984 dollars

Current
Identification operation 679 682 816 1047 1282
03120500 13.0 14.4 14.4 13.7 12.6 12.2
McGuire Cr [11.9] [12.1] [12.1] [12.0] [11.8] [l1.6]
Leesville (6) (3) (3) (4) (8) (12)
03122500 12.7 19.6 16.3 9.3 6.7 5.5
Tuscarawas R [5.5] [7.4] [6.5] [4.3] [3.3] [2.8]
Dover (6) (3) (4) (10) (18) (26)
03124000 5.4 7.8 6.7 4.2 3.1 2.6
Sugar Cr [3.3] [4.3] [3.8] [2.6] [2.0] [1.7]
Beach City (6) (3) (4) (10) (18) (26)
03124500 14.1 22.8 18.6 10.2 7.2 5.8
Sugar Cr [7.1] [9.7] [8.6] [5.6] [4.2] [3.5]
Strasburg (6) (3) (4) (10) (18) (26)
03126000 13.2 14.5 13.2 13.2 12.4 11.3
Stillwater Cr [12.5] [13.0] [12.5] [12.5] [12.0] [11.0]
Piedmont (6) (3) (6) (5) (10) (18)
03127000 9.3 11.7 9.3 9.3 7.5 5.8
Stillwater Cr [8.6] [10.6] [8.6] [8.6] [7.1]1 [5.5]
Tippecanoe (6) (3) (6) (6) (10) (18)
03127500 31.4 32.4 32.4 26 .6 18.1 14.7
Stillwater Cr [31.3] [31.2] [32.2] [26.6] [18.1]1 [14.7]
Uhrichsville (6) (3) (3) (21) (64) (100)
03128500 22.9 24.5 24.5 21.5 14.4 12.2
L Stillwater Cr [22.3] [23.1] [23.1] [21.1] [14.2] [12.1]
Tappan (6) (3) (3) (11) (52) (76)
03129000 2.6 3.9 2.6 2.6 2.6 2.6
Tuscarawas R [2.0] [2.7] [2.0] [2.0] [2.0] [2.0]
Newcomerstown (6) (3) (6) (6) (6) (6)
03130000 16.4 16.4 16.4 16.4 12.8 10.1
Black Fork [15.8] [15.8] [15.8] [15.8] [12.4] [9.9]

Mifflin (6) (6) (6) (6) (14) (25)



Table 14.--Selected results of K-CERA analysis--Continued

—— e e

percent

(Number of visits per year to site)

Standard error of instantaneous discharges, in
[Equivalent Gaussian spread]

Budget, in thousands of 1984 dollars
Current .

Identification operation 679 682 816 1047 1282
03131500 21.6 21.6 21.6 16.4 11.3 9.2
Black Fork [3.8] [3.8] [3.8] [3.2] [2.4] [2.1]
Loudonville (6) (6) (6) (9) (16) (22)
03133500 6.0 6.0 6.0 5.0 3.9 3.3
Clear Fork [4.2] [4.2] [4.2] [3.6] [2.8] [2.5]
Perrysville (6) (6) (6) (9) (1e6) (22)
03135000 11.2 11.2 11.2 11.2 7.6 5.9
Lake Fork [9.7] [9.7] [9.7] [9.7] [6.6] [5.2]
Mohicanville (6) (6) (6) (6) (14) (23)
03136500 15.9 40.3 27.6 20.0 14.3 11.7
Kokosing R [14.3] [11.7] [7.5] [5.3] [3.9] [3.2]
Mt. Vernon (6) (3) (6) (11) (21) (31)
03138500 4.8 6.6 6.6 6.6 4.8 3.8
Walhonding [2.5] [2.9] [2.9] [2.9] [2.5] [2.2]
Nellie (6) (3) (3) (3) (6) (10)
03139000 8.0 9.3 9.3 9.3 7.5 6.0
Killbuck Cr [6.9] [7.9] [7.9] [7.9] [6.4] [5.2]
Killbuck (12) (9) (9) (9) (14) (22)
03140000 12.9 12.9 12.9 12.9 12.2 11.3
Mill Cr [10.7] [10.7] [10.7] [10.7] [10.5] [10.2]
Coshocton (6) (6) (6) (6) (8) (12)
03140500 4.9 5.5 4.7 4.7 4.7 4.7
Muskingum R [4.1] [4.2] [4.1] [4.1] [4.1] [4.1]
Coshocton (6) (4) (7) (7) (7) (7)
03141500 10.5 14.2 9.7 9.1 7.0 5.7
Seneca Fork [8.0] [10.4] [7.5] [7.1] [5.5] [4.5]
Senecaville (6) (3) (7) (8) (14) (21)
03142000 27.5 25.8 27.5 26.9 25.0 20.1
Wills Cr [25.6] [25.1] [25.6] [25.5] [24.7] [20.1]
Cambridge (6) (11) (6) (7) (16) (64)
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Table l4.--Selected results of K-CERA analysis--Continued

Standard error of instantaneous discharges, in

percent

[Equivalent Gaussian spread]

(Number of visits per year to site)

Budget, in thousands of 1984 dollars
Current

Identification operation 679 682 816 1047 1282
03143500 7.6 10.1 10.1 10.1 7.6 6.1
Wills Cr [5.4] [6.5] [6.5] [6.5] [5.4] [4.5]
Wills Creek (6) (3) (3) (3) (6) (10)
03144000 19.6 27.4 19.6 14.7 10.8 9.0
Wakatomika Cr [7.2] [8.1] [7.2] [6.2] [5.1] [4.3]
Frazeysburg (6) (3) (6) (11) (21) (31)
03144500 6.4 6.4 6.4 6.4 6.4 6.0
Muskingum R [1.9] [1.9] [1.9] [1.9] [1.9] [1.9]
Dresden (12) (12) (12) (12) (12) (13)
03145000 29.9 43.0 29.9 21.8 15.6 12.8
S F Licking R [15.7] [21.3] [15.7] [11.7] [8.4] [6.9]
Hebron (6) (3) (6) (11) (21) (31)
03146500 15.9 22.7 15.9 11.7 8.5 7.0
Licking R [14.3] [20.3] [14.3] [10.6] [7.7] [6.4]
Newark (6) (3) (6) (11) (21) (31)
03147500 5.0 7.0 5.0 3.8 2.8 2.3
Licking R [3.0] [3.6] [3.0] [2.4] [1.8] [1.5]
Dillon Falls (6) (3) (6) (11) (21) (31)
03150000 7.2 11.7 7.2 7.2 5.6 4.7
Muskingum R [3.6] [4.1] [3.6] [3.6] [3.2] [3.0]
McConnelsville (6) (3) (6) (6) (9) (12)
03157000 50.9 46.2 42.5 20.7 14.8 11.9
Clear Cr [12.7] [11.0] [9.8] [4.2] [3.3] [2.7]
Rockbridge (6) (7) (8) (25) (44) (64)
03157500 27.0 34.4 27.0 18.3 13.1 10.7
Hocking R [9.3] [10.3] [9.3] [7.8] [6.4] [5.5]
Enterprise (6) (4) (6) (12) (23) (34)
03159510 15.4 17.8 15.4 12.6 10.3 8.9
Hocking R [12.9] [13.6] [12.9] [11.5] [9.7] [8.4]
Athens (6) (4) (6) (12) (23) (34)
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Table 14.--Selected results of K-CERA analysis--Continued

percent

(Number of visits per year to site)

Standard error of instantaneous discharges, in
[Equivalent Gaussian spread]

Budget, in thousands of 1984 dollars
Current

Identification operation 679 682 816 1047 1282
03159540 31.6 44.3 31.6 21.5 15.5 13.2
Shade R [14.8] [21.0] [14.8] [9.9] [7.1] [6.0]
Chester (6) (3) (6) (13) (23) (35)
03202000 24.5 31.7 24.5 20.4 16.6 14.3
Raccoon Cr [15.3] [16.1] [15.31 [14.6] (13.5] ([12.2]
Adamsville (6) (3) (6) (11) (24) (40)
03219500 33.3 37.8 33.3 17.8 15.6 15.6
Scioto R [8.0] [8.4] [8.0] [6.3] [5.9] [5.9]
Prospect (6) (5) (6) (16) (20) (20)
03219590 28.7 31.9 28.7 17.0 12.8 10.3
Bokes Cr [7.1] [7.4] [7.1] [5.7] [4.7] [4.0]
Warrensburg (6) (5) (6) (16) (28) (43)
03220000 24.2 26.3 24.2 15.1 13.6 13.6
Mill Cr [15.3] [16.4] [15.3] [9.8] [8.8] [8.8]
Bellepoint (6) (5) (6) (16) (20) (20)
03221000 14.5 14.5 14.5 14.5 12.6 11.3
Scioto R [9.2] [9.2] [9.2] [9.2] [9.0] [8.8]
Dublin (6) (6) (6) (6) (9) (13)
03223000 50.6 50.6 46 .5 24.8 17.8 14.2
Olentangy R [10.1] [10.1] [9.3] [4.9] [3.6] [2.8]
Claridon (6) (6) (7) (23) (44) (68)
03225500 11.0 14.3 17.4 10.0 7.2 5.9
Olentangy R [2.1] [2.5] [2.8] [2.0] [1.5] [1.3]
Delaware (6) (4) (3) (7) (12) (17)
03226800 32.8 32.8 32.8 18.1 13.1 10.9
Olentangy R [17.2] [17.2] [17.2] 112.3] [9.3] [7.9]
Worthington (6) (6) (6) (20) (39) (57)
03227500 14.7 21.3 21.3 12.6 9.1 7.2
Scioto R [8.7] [11.3] [11.3] [7.6] [5.7] [4.6]
Columbus (6) (3) (3) (8) (15) (24)
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Table 1l4.--Selected results of K-CERA analysis--Continued

———— e e e s .

Standard error of instantaneous discharges, in

percent

[Equivalent Gaussian spread]

(Number of visits per year to site)

Bué@ét, in thousands of 1984 dollars

Current __
Identification operation 679 682 816 1047 1282
03228500 10.3 13.8 13.8 11.1 8.8 7.7
Big Walnut Cr [5.0] [5.2] [5.2] [5.1] [4.9] [4.7]
Central College (6) (3) (3) (5) (9) (13)
03228805 20.9 26.4 26.4 14.8 10.5 8.7
Alum Cr [20.8] [26.0] [26.0] [14.7] [10.5] [8.7]
Africa (6) (3) (3) (13) (26) (38)
03229000 20.2 24.8 18.9 17.3 13.6 11.2
Alum Cr [15.8] [16.5] [15.5] [14.9] [12.5] [10.4]
Columbus (6) (3) (8) (12) (33) (58)
03229500 46 .5 42.3 38.9 21.2 15.2 12.1
Big Walnut Cr [6.6] [5.9] [5.4] [2.9] [2.2] [1.7]
Rees (6) (7) (8) (22) (40) (61)
03230500 52.5 44.1 41.1 22,7 15.7 12.9
Big Darby Cr [12.6] [10.2] [9.5] [5.1] [3.6] [3.0]
Darbyville (6) (8) (9) (25) (49) (71)
03230900 10.3 13.3 10.3 9.6 7.3 6.2
Deer Cr [9.5] [12.0] [9.5] [8.9] [6.8] [5.8]
Pancoastburg (6) (3) (6) (7) (13) (18)
03231000 22.2 28.8 22.2 14.6 10.4 8.3
Deer Cr [7.9] [9.4] [7.9] [5.7] [4.2] [3.5]
Williamsport (6) (4) (6) (12) (22) (33)
03231500 6.3 10.6 6.3 5.6 3.4 2.4
Scioto R [3.3] [4.6] [3.3] [3.1] [2.1] [1.6]
Chillicothe (6) (3) (6) (7) (15) (28)
03232470 16.7 20.5 16.7 16.0 12.1 9.6
Paint Cr [13.6] [14.9] [13.6] [13.2] [10.6] [8.5]
Bainbridge (6) (3) (6) (7) (16) (28)
03232500 38.5 48.1 38.5 25.4 17.8 14.2
Rocky Fork [9.0] [10.6] [9.0] [6.7] [4.9] [4.0]
Barretts Mills (6) (4) (6) (13) (26) (40)



Table 1l4.--Selected results of K-CERA analysis--Continued

Standard error of instantaneous discharges, in

percent

[Equivalent Gaussian spread]

(Number of visits per year to site)

Budget, in thousands of 1984 dollars
Current

Identification operation 679 682 816 1047 1282
03234000 9.6 11.6 9.6 6.7 4.8 3.9
Paint Cr [9.3] [11.1] [9.3] [6.5] [4.7] [3.8]
Bourneville (6) (4) (6) (14) (26) (40)
03234500 14.3 14.3 14.3 14.3 14.3 12.9
Scioto R [14.1] [14.1] [14.1] [14.1] (14.1] [12.8]
Higby (6) (6) (6) (6) (6) (12)
03237280 47.7 58.7 47.7 28.9 20.8 16.8
Upper Twin Cr [31.4] [40.3] [31.4] [18.0] f12.8] [10.3]
McGaw (6) (4) (6) (16) (31) (48)
03237500 24.8 34.3 24.8 20.5 14.7 11.8
Ohio Brush Cr [15.0] [18.3] [15.0] [12.9] [9.51 [7.7]
West Union (6) (3) (6) (9) (18) (28)
03238500 48.4 53.2 48.4 29.2 21.1 16.8
Whiteoak Cr [23.8] [25.0] [23.8] [17.2] [13.0] [10.4]
Georgetown (6) (5) (6) (17) (33) (52)
03240000 19.6 16.2 19.6 10.8 7.8 6.7
L Miami R [6.6] [5.7] [6.6] [4.1] [3.1]1 [2.8]
Oldtown (6) (8) (6) (15) (26) (34)
03241500 27.7 25.1 27.7 17.0 12.2 9.8
Massies Cr [12.5] [11.4] [12.5] [8.1] [6.1] [5.0]
Wilberforce (6) (7) (6) (13) (23) (34)
03245500 7.9 11.8 7.9 7.2 4.8 3.4
L Miami R [4.0] [5.4] [4.0] [3.7] [2.6] [1.9]
Milford (6) (3) (6) (7) (15) (30)
03247050 32.9 34.2 32.9 32.7 31.5 28.1
E Fk L Miami R [32.2] [32.8] [32.2] [32.1] [31.3] [28.0]
Batavia (6) (3) (6) (7) (15) (49)
03247500 12.7 17.9 12.7 11.8 8.0 5.5
E Fk L Miami R [8.3] [11.4] [8.3] [7.8] [5.4] [3.8]
Perintown (6) (3) (6) (7) (15) (32)
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Table 14.--Selected results of K-CERA analysis--Continued

percent

(Number of visits per year to site)

Standard error of instantaneous discharges, in
[Equivalent Gaussian spread]

Budget, in thousands of 1984 dollars
Current

Identification operation 679 682 816 1047 1282
03255500 27.3 27.3 22.8 14.0 10.4 8.7
Mill Cr [14.8] [14.8] [12.8] [8.4] [6.4] [5.4]
Reading (6) (6) (8) (18) (31) (43)
03259000 44.2 44.2 35.8 19.4 13.3 10.7
Mill Cr [15.7] [15.7] [13.2] [8.2] [6.2] [5.2]
Carthage (6) (6) (8) (18) (31) (43)
03267900 6.5 7.8 6.5 6.5 5.6 4.8
Mad R [5.8] [6.9] [5.8] [5.8] [5.0] [4.3]
Eagle City (6) (4) (6) (6) (8) (11)
04177000 76.1 85.4 76.1 51.2 18.4 18.4
Ottawa R [61.8] [70.4] [61.8] [44.0] [6.5] [6.5]
Toledo (6) (4) (6) (25) (98) (98)
04185000 25.3 30.0 25.3 19.2 14.7 11.7
Tiffin R [22.6] [25.8] [22.6] [17.6] [13.5] [10.7]
Stryker (6) (4) (6) (11) (19) (30)
04186500 43.7 48.1 43.7 27.2 19.7 15.5
Auglaize R [19.2] [20.6] [19.2] [13.2] [9.8] [7.7]
Ft. Jennings (6) (5) (6) (15) (28) (45)
04189000 19.7 31.0 19.7 13.8 10.3 8.1
Blanchard R [8.7] [10.3] [8.7] (7.2] [5.8] [4.7]
Findlay (6) (3) (6) (11) (19) (30)
04191500 34.9 55.5 34.9 24.1 17.8 14.0
Auglaize R [16.5] [20.2] [16.5] [14.0] [11.6] [9.7]
Defiance (6) (3) (6) (11) (19) (30)
04192500 10.0 14.1 10.0 8.2 7.2 6.6
Maumee R [6.6] [6.8] [6.6] [6.4] [6.2] [6.0]
Defiance (6) (3) (6) (11) (19) (30)
04193500 13.6 18.2 13.6 9.1 6.5 5.0
Maumee R [5.3] [6.5] [5.3] (3.9] [3.0] [2.4]
Waterville (6) (4) (6) (11) (19) (30)
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Table l4.--Selected results of K-CERA analysis--Continued

Standard error of instantaneous discharges, in

percent

[Equivalent Gaussian spread]

(Number of visits per year to site)

Budget, in thousands of 1984 dollars
Current

Identification operation 679 682 816 1047 1282
04195500 29.2 39.2 29.2 23.3 18.4 15.0
Portage R [16.5] [17.8] [16.5] [15.2] [13.2] [11.3]
Woodville (6) (3) (6) (11) (21) (35)
04196800 44.4 47 .6 44 .4 25.5 18.4 14.3
Tymochtee Cr [34.2] [35.8] [34.2] [21.0] (15.1] [11.7]
Crawford (6) (5) (6) (23) (45) (74)
04197020 31.4 40.8 31.4 21.5 15.3 12.2
Honey Cr [25.6] [33.0] [25.6] [17.3] [12.1] [9.6]
New Washington (6) (3) (6) (14) (28) (44)
04197100 38.0 41.7 38.0 19.3 13.8 10.8
Honey Cr [16.8] [18.9] [16.8] [7.8] [5.6] [4.5]
Melmore (6)- (5) (6) (23) (45) (74)
04197170 30.9 31.8 30.9 22.0 16.6 13.0
Rock Cr [29.5] [30.2] [29.5] [21.4] [16.1] [12.7]
Tiffin (6) (5) (6) (23) (35) (74)
04198000 15.9 21.4 15.9 12.2 9.1 7.1
Sandusky R [9.4] [10.8] [9.4] [7.8] [6.1] [4.8]
Fremont (6) (3) (6) (11) (21) (35)
04200430 112.3 102.3 91.3 43.8 30.9 25.3
W Br Black R (111.3] [101.9] [91.1] [43.8] [30.8] [25.3]
Elyria (6) (10) (15) (73) (140) (204)
04200500 33.3 24.0 18.7 7.8 5.5 4.6
Black R [6.9] [5.8] [5.0] [2.5] (1.8] [1.5]
Elyria (6) (10) (15) (73) (140) (204)
04201500 28.0 28.0 28.0 21.5 15.9 12.93
Rocky R [12.3] [12.3] [12.3] [9.5] [7.1] [5.8]
Berea (6) (6) (6) (10) (18) (27)
04202000 14.4 13.4 14.4 12.6 9.1 7.3
Cuyahoga R [6.5] [6.3] [6.5] [6.1] [5.0] [4.2]
Hiram Rapids (6) (7) (6) (8) (16) (26)



Table 14.--Selected results of K-CERA analysis--Continued

Standard error of instantaneous discharges, in
percent [Equivalent Gaussian spread]
(Number of visits per year to site)

Budget, in thousands of 1984 dollars
Current

Identification operation 679 682 816 1047 1282
04206000 4.6 4.6 4.6 3.9 3.0 2.6
Cuyahoga R (4.1] [4.1] [4.1] [3.5] [2.8] [2.4]
01d Portage (12) (12) (12) (17) (29) (39)
04207200 17.7 19.6 16.2 12.1 9.5 8.2
Tinkers Cr [4.2] [4.6] [3.9] [2.9] [2.3] [2.1]
Bedford (6) (5) (7) (12) (19) (25)
04208000 10.1 10.1 10.1 10.1 7.7 6.6
Cuyahoga R [7.0] [7.0] [7.0] [7.0] [5.9] [5.2]
Independence (12) (12) (12) (12) (19) (25)
04208502 29.5 36.4 25.4 11.0 8.9 8.9
Big Cr [19.0] [24.3] [16.1] [6.8] [5.5] [5.5]
Cleveland (6) (4) (8) (42) (65) (65)
04208690 109.0 116.1 106.3 54.6 43 .4 43.4
Euclid Cr 108.1 [114.0] [105.6] [54.5] [43.3] [43.2]
Euclid (6) (3) (7) (42) (65) (65)
04209000 12.1 19.9 11.2 9.0 7.5 5.8
Chagrin R [10.4] [8.6] [9.7] [7.8] [6.6] [5.1]
Willoughby (6) (9) (7) (11) (16) (27)
04212100 18.2 18.2 18.2 18.2 17.6 16.2
Grand R [17.7] [17.7] [17.71 [17.7] [17.2] [16.0]
Painesville (12) (12) (12) (12) (16) (27)
04213000 27.7 23.0 27.7 20.0 15.1 11.5
Conneaut Cr [8.2] [7.0] [8.2] [6.2] [4.8] [3.8]
Conneaut (6) (8) (6) (10) (16) (26)
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A minimum budget of $679,000 is required to operate the
station program; a budget less than this does not permit proper
service and maintenance of the gages and recorders. Stations
would have to be eliminated from the program if the budget fell
below this minimum. At the minimum budget, the average standard
error is 31.1 percent. The minimum standard error of 3.9 percent
would be for 03129000 (Newcomerstown), whereas the maximum of
102.3 percent would be for 04200430 (West Branch Black River).

The maximum budget analized was $1,282,000, which resulted
in an average standard error of estimate of 11l.1 percent. Thus,
nearly doubling the budget in conjunction with schedule changes
would more than halve the average standard error that would result
from the current schedule and current budget. For the $1,282,000
budget, the extremes of standard error are a minimum of 2.3 per-
cent for station 03147500 (Licking River near Dillon Falls) and a
maximum of 43.4 percent at 04220000 (Euclid Creek). Thus, it is
apparent that significant improvements in the accuracy of stream-
flow records can be obtained if larger budgets become available.

SUMMARY

Currently, there are 107 continuous stream gages and other
gages being operated in Ohio at a cost of $682,000. Eleven sepa-
rate sources of funding contribute to this program and seven
separate uses were identified for the data from a single gage. In
spite of the size of the program, there are areas for which
additional coverage would be beneficial. The paucity of data
in these areas should be remedied as funds can be made available.

In an analysis of the uses that are made of the data, no
stations were identified that had insufficient reason to continue
their operation. Stations identified as having uses specific
only to short-term studies are generally not handled under the
gaging network and were not considered in this analysis. All
stations now in the network should be maintained in the program
for the foreseeable future.

The current plan for operation of the 107-station program
(including other field work) would require a budget of $682,000
per year. It was shown that the overall level of accuracy of the
record at these 107 sites could not be maintained with a lesser
budget. It is suggested that alteration take place to increase
the accuracy within the present budget by changing the frequency
of some visits.

Studies of the cost-effectiveness of the sream-gaging
program should be continued, and should include investigation of
the optimum ratio of discharge measurements to total site visits
for each station, as well as investigation of cost-effective ways
of reducing the probabilities of loss-correlative data. Future
studies also will be required because of changes in demand for
streamflow information and the subsequent addition and deletion
of stream gages. Such changes will affect the operation of other
stations in the program in terms of data redundancy and cost.
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Appendix 1l.--Data Requested by Cooperators
: hic] Fund labl

In recent years, the stream-gaging network has been reduced
considerably for a number of reasons, the main reason being a lack
of funding. Further, the expected expansion of the network in
response to constantly increasing water problems has not occured.

Various cooperators expressed strong interest in additional
gages should funds become available. The additional stations are
listed below by coooperator and use.

Miami C District

To better define flow of tributaries for water management:

l.--Wolf Creek near Dayton downstream from Trotwood gage:
to include flow from North Fork tributary.

2.--Honey Creek in Miami and Clark County; a high-yield
stream in an area of residential development.

Nortl t Ohio. ? ide Coordinating 2

To enhance ability to better manage areawide water-quality
objectives:

l.--Each Branch Rocky River above Baldwin Lake.

2.--Chagrin River near Chagrin Falls.

3.--East Branch Chagrin River at mouth.

4.~--Tinkers Creek near Hudson.

5.--Beaver Creek at mouth (between Black and Rocky Rivers).

6 .—-Cuyahoga River at Brecksville Road (SR 82).
7.--West Branch Rocky River at Sprague Road.

ohio Envi tal Protection 2

For (1) better water-quality monitoring, (2) planning and
design, (3) legal obligations, and (4) regional hydrology:’

l.--Black River below Elyria, (1, 2).
2.-~-Grand River at Painesville, (1, 2).
3.--Ashtabula River at Ashtabula, (1, 2, 3, 4).
4 .--Hocking River at Lancaster, (1)

5.~-Mohican River at Greer, (1)

6 .--Hocking River below Lancaster, (1)
7.--Ottawa River at Allentown, (1, 3).
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Ohio Department of Natural Resources
For regional hydrology purposes in such studies as dam
safety, hydropower, watershed management, recreation, flood-plain

management, fish and wildlife habitat, and erosion and sediment
studies.

l.--Reestablish recently discontinued stations.
a.--Huron River at Milan.
b.--Ottawa River at Allentown.
c.--Sandusky River near Mexico.
d.--Chippewa Creek at Easton.
e.--Mohican River at Greer.
f.--Licking River at Utica.
g.--Little Muskingum River at Bloomfield.

2.--Establish new daily record gages.
a.--Feeder Canal above Buckeye Lake.
b.--Outlet Channel below Buckeye Lake.
c.--Beaver Creek below Grand Lake at St. Marys.
d.--Gages upstream and downstream from a number of
other non-Federal lakes.
e.--Additional gages on unregulated streams in the
upper reaches of tributary streams, particulary
in the northwestern and southeastern parts of Ohio.

3.--Expand urban hydrology program.

S county Soil 1 W District

To further research associated with gross erosion between
watersheds and sediment transportation.

l.--Reestablish discontinued stations

a.--Broken Sword Creek at Nevada.
b.--East -Branch Wolf Creek near Bettsville.
c.--West Branch Wolf Creek near Bettsville.

Department of the Army
: : ! Buffalo Di i ot

Additional gages to be used for (1) regional hydrology.,
(2) hydrologic systems, and (3) hydrologic forecasts.

l.--Maumee River at Napoleon (1, 2, 3).
2.--Maumee River at Grand Rapids (1, 2, 3).
3.--Blanchard River at Ottawa (1, 2, 3).
4.--St. Joseph River at Mountpelier (1, 2, 3).
5.--Swan Creek at Toledo (1, 3).

6.--Vermilion River at Vermilion (1, 3).

7 .--Sandusky River at Tiffin (1, 3).
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U.S. Department of Commerce
Nati 1 ¢ . 1 At heric Administrati

Stations to be added for River Forecast Center to better
cover hydrologic forecasts for the State.

l.--Huron River at Milan.
2.--Vermilion River at Vermilion.
3.--St. Marys River at Rockford.
4 ,--Ottawa River at Allentown.
5.--Maumee River at Antwerp.
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