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Abstract

This project provides a system of decision making tools which serves to more efficiency monitor
and understand the hydrologic behavior of the Wachusett Reservoir in Massachusetts. A mass
balance Excel model and working reservoir model in Stella were designed that incorporate
analyses of the hydrologic flows in the system. This project served as a basis for the MA
Department of Conservation and Recreation to re-evaluate the current methods for calculating
yields in the Wachusett Reservoir.



Executive Summary

The Department of Conservation and Recreation (DCR) and the Massachusetts Water Resource
Authority (MWRA) supply one-third of Massachusetts residents with clean drinking water. The
Wachusett Reservoir system has supplied a demand as high as 300 MGD in the past, and due to
modern conservation efforts current demand is around 220MGD. The possibility of supplying a
larger population with clean drinking water requires a more accurate yield analysis of the
Wachusett Reservoir system. The goal of this project was to better understand and quantify the
water that flows in and out of the Wachusett Reservoir so that recommendations could be
presented to improve yield analysis.

To quantify the reservoir yield commonly used methods for the hydrological cycle, watershed
characteristics, and yield analysis were examined to identify all of the natural parameters that
would influence the Wachusett Reservoir. The Quabbin Aqueduct, Quinapoxet River, Stillwater
River, Ware River Diversion, Wachusett Aqueduct, and the Nashua River Release are gauged
components which are specific to the Wachusett Reservoir system and had to be accounted for in
the reservoir yield analysis. The sleeve release on the Wachusett Dam is the control mechanism
that the DCR can use to control the Wachusett Reservoir water elevation. The demand for water
is not a constant value and varies throughout the year. Consumers tend to use more water in the
summer and less in the winter; this creates a yearly demand curve for the population. One area of

investigation in this project concerned analysis on increasing this demand curve.

The major natural inflow to the reservoir system is precipitation that enters the reservoir from
direct runoff, through waterways, or from direct precipitation. Direct precipitation and flow from
the major waterways are accurately gauged and easy to quantify. This project determined direct
runoff by using the known flow of the Quinapoxet River to configure a Wachusett watershed
runoff equation using the NRCS method. This modified method was applied to the Stillwater
River, Thomas Basin, and Reservoir District Subbasin. ArcGIS and the MassGIS information
system were used to find the areas, slopes, soils, and land use data for the subbasins so that
Curve Numbers (CN) could be generated for use in the modified NRCS method. The other

significant natural inflow is contribution due to groundwater, which revealed to be a major



outflow in the summer. The groundwater flow into and out of the reservoir is directly connected
to fluctuations in the groundwater table and the constant water elevation maintained in the
reservoir. The monthly contributions to the Wachusett Reservoir due to groundwater flow were

estimated using the groundwater table and the reservoir mass balance.

The Quabbin Aqueduct transfers water from the Quabbin Reservoir to the Wachusett Reservoir
to help meet demand in times of low flow natural conditions. The flow in this aqueduct is
controllable and used to maintain the level of the Wachusett Reservoir in a safe range, while still
meeting the consistent demand despite the non-consistent flows of natural hydrologic conditions

Water evaporates off of the Wachusett Reservoir into the atmosphere from surface area of the
reservoir. Using local pan evaporation data and applying commonly used evaporation methods,
the average monthly evaporation rate was generated for the Wachusett Reservoir. The reservoir
spillway is a required outflow that releases water to the Nashua River only when the reservoir
reaches a certain level to assure that the water level does not rise to a hazardous level.

All available gauged flow measurements and data concerning the constraints of the hydrological
cycle were quantified. The remaining parameters were investigated and accurate ways of
generating flows from the available data were developed and designed. Using the 2002-2005
data record, a Microsoft Excel model was built to generate a reservoir yield that was consistent
with historically observed conditions; thus verifying the Excel model mass balance results as

accurate.

Using the Stella modeling program, a second model was developed for the Wachusett Reservoir
system. The model demonstrates the optimal operation conditions for the Wachusett Reservoir
and provides the capability to better understand various components within the system. Using the
Stella model the Quabbin Aqueduct and releases to the Nashua River can be controlled to
manage and optimize reservoir operation. This model serves a design tool to enhance the
evaluation of reservoir yields for the Wachusett Reservoir.

Several recommendations were developed based on the various model simulations and



hydrological research presented in this project. The results demonstrated that the accuracy of
reservoir models directly correlates to the quality of reservoir data. Accurate stream flow
monitoring for all of the waterways around the reservoir would improve the precision of
calculated runoff volumes. Frequent local pan evaporation data collection would increase the
accuracy of the surface evaporation from the reservoir. The report also determined groundwater
flow to be a significant component to the reservoir system and further understanding of this

process would enhance any evaluation of reservoir yield.



Acknowledgements

This Major Qualifying Project was completed by Michael Bellack and Ryan Lizewski, in
cooperation with Worcester Polytechnic Institute, The Department of Conservation and
Recreation (DCR), The Massachusetts Water Resource Authority (MWRA), and Professor Paul

Mathisen to investigate the Water Supply Yield for the Wachusett Reservoir.

The Wachusett Reservoir system, like most natural hydrologic systems, is an incredibly dynamic
and complex arrangement processes. To assure that all of the components of this intricate system
were accounted for we received help, guidance, and data from a variety of people and

organizations.

We would like to show our appreciation by thanking the following people and organizations.

e Our faculty advisor Professor Paul Mathisen
* Worcester Polytechnic Institute
0 The Civil & Environmental Department
* The Department of Conservation and Recreation (DCR)
Patricia Austin
Larry Pistrang
Craig Fitzgerald
Kelley Freda
* The Massachusetts Water Resource Authority (MWRA)
0 Stephen Estes-Smargiassi
o0 Daniel Nvole
0 Matthew Walsh
e Our Family
* Our Friends

(0}
(0}
(0]
(0]



Table of Contents

F N S I R YN O ISR 2
EXECUTIVE SUMMARY oottt ettt st ettt s s bt b s st e s s bt e e s bt s s b e s sab e e shbe s sbessabessabeesbbeesbbeesbessbassabeesabessbbssabenan 3
ACKNOWLEDGEMENTS ..ottt ettt sttt e e b e s st e s s bt e e sbe s s b e s sa b e s s hb e e sbe s s bessabessabessabessabessbesebenan 6
1.0 INTRODUGCTION ..ottt ettt ettt sttt e b e s st e s s bt e s e bessab e s shbe e sbesebessabeesb b e e sbb e e sbbe e beesabeesabessbesssbassabessntis 12
20 LITERATURE REVIEW ..ottt ettt st sttt s bt bbbt e b e st e s bt e s s et e s sabessbessbessabessabaeans 15
A o RZ0] 10 ] Kol c) 2T 15

2. 1.1 HYArOIOGIC CYCIE ...ttt ettt ettt ettt b b et e bt et st et neae b bene s 15

2.1.2 EVAPOIFANSPITATION ......vtie ettt ettt ettt sttt ee et e st e b b e R ee e e b e b et e e b e b e ntse b et eneeebebene s 16

P B o =Tod o) - L1 o] ISR 17

2.1.4 RUNOTT QNG STrEAM FIOW.......eiieiii ettt et et et e s b e e st e s bt e s b e st s saeesbeebesreesreesnnsrns 17

2.1.5 Surface and Ground WALEE FIOW ..ottt sttt e st st s e st e s aes st e et s sressbeeeneres 18

2.2 WATERSHED CHARACTERISTICS wuttitiiitis ittt e ittt eetiestessitesstesssbassbessatasssasssbesssbassabessssssssssssbessssessssssssessssessssessssssans 18
P N =Yg (o B TSR 19

P2 I A1 = 1 o TR 20
2.3.1 Water Budgets and ReSErVOIr YIEIAS ........ccoo et 20

2.3.2 Risk AsSeSSMENt anNd RESEIVOIT YIBIUS .....coueeiuiiee ittt sttt s st st s s be st s e e s b e et s sressbaeenanes 21

2.3.3 Drought Conditions and Safe YIElUS ..ot e 22

IO =YX @1 (1O 101\ 5 SRR 24
3.1 WACHUSETT RESERVOIR......utiitie ittt ettt sttt e st s s be s s be s sats s sbts s abassabessatessbeseebassabessabessabeesbessabassabessabessbesaabaean 24
3.2 QUABBIN RESERVOIR .. .cttitiitiitiittittitestestestestestestestestestesbessesbesbesbesbesbesbesbesbeabeabeabeebeabeabeabesbeabesbeabesbesbeabesbestesbententn 26
3.3 WARE RIVER WATERSHED. ....ccctiiitiiitti e it eetisste s sttt s shtsssbessbessaasssbasssbesssbassatassbessabassabessabessatsssbessbessabessabessbesesranan 27
R 1y I LN TR BT =Y 7N N o T TR 28
3.5 PROJECTED WATER SYSTEM EXPANSION ...cciitiiitiiitiiiitis s st sttt e sbessbe s st s st s e bassbassstessatsssbessbassnbassnbessbesssranan 29
3.6 OWASA RAW WATER SUPPLY FACILITIES: SAFE YIELD ANALYSIS ..cicuiiiiiiiieietisctes sttt esris v st svas e 33

(1Y = 1 (O D10 1 € TR 34
4.1 LITERATURE AND BACKGROUND RESEARCH .........cccoiitiiiiiiiiiiittieeiiteseiiitessssstessssstesssasassssassssssnssesssasssssssssssssnsenss 34
4.2 ASSESSMENT OF AVAILABLE INFORMATION ON THE RESERVOIR SYSTEM .......ccccoeiiiiiiiiiiieeiiireeesnineesssneessnenas 35
4.3 IDENTIFICATION AND EVALUATION OF HYDROLOGIC VARIABLES ......voiiitiiiii ettt sttt stessbe s sbe s svasssvee s 37
4.4 DEVELOPMENT AND VERIFICATION OF RESERVOIR YIELD MODELS ....cciciiiiiiitiiietiestee st stesssteesbesstessvasssvee s 37
4.5 DEVELOPMENT OF DESIGN RECOMMENDATIONS CONCERNING RESERVOIR OPERATION ....ccovivvieiiieiireenennn 38
4.6 PRODUCE REPORT AND PRESENT RECOMMENDATIONS ......ccciitttiiiitiieiitteeeiireeeiissessssssessssssessssssessssssessssssesssnsenss 39
B.OWATERSHED ANA LY SIS ettt sttt ettt st s s bt e e b e s s be s s et e e s bb e e s be s st e s sabessaaessbessbessabessabeeans 40



LI 7Y 1 =7 IO 40

IV SN0 =Y 1 (o] N PP OURRRRT 43
LRI LU N = =R 46
T A T e [ 1T TSR 46

I NN LR {08 1Y, =11 1o Lo SRR 48

5.3.3 Modification t0 the NRCS MEO ........cco ittt st s st e e s e et e st s e e enes 56

6.0 HYDROLOGIC MODELING ..ottt ettt ettt ettt sttt sttt sttt st e st e st e st e st e s te st e s te st e ste st e sbeseesrasteseas 65
6.1 CONFIGURING THE WACHUSETT RESERVOIR MODEL IN EXCEL ...ccviiviiiiiit ettt 65
6.1.1Quantiffication OF INFIOWS .......cc.coiiiiic e et st sttt sn et renas 65

6.1.2 Quantification Of OULTIOWS..........ccoiiiiicecc e e et st st st n et e e besnenas 68

6.1.3 RESEIVOIT MASS BAIANCE ......eoveeeiiei ettt ettt ettt et s s st e e te s bt e st e et e s be e st e s te s st e bssreesbaesbssreesbaesresres 71

6.2 WACHUSETT RESERVOIR IMODEL IN STELLA ....viiiitii ittt ettt sttt s sbessbes st s shts s sbassbassabessbtsssbassbassnbessanesans 76
6.2.1 CONCEPLUAL MOGEL........eeii ettt b et ettt ettt st et es 77

6.2.2 MAtNEMALICAI IMIOTEL ...ttt sttt et e s e b e st e s b e et e st e sbe s be s bt e sbesbssaeesbaestesreesbessnnsrns 78

(SRS -1 1o £ 1[0 o IF TSRS 87

(A Y (1o [ ST T (LU = L[] TR 91

7.0 CONCLUSIONS AND RECOMMENDATIONS ...ttt ettt sttt st e s te s sre s s tn e san s stn e 96
7.1 RECOMMENDATIONS ...ciitieitie ittt e ettseetesstessatsesaeseabessbessaaessaesaabassabessatsesbeseabessabessabessaessbessabessabessbessabesssbessnbessaseeans 96
Y o a1 (o] A aTo = oo - o OSSPSR 97

7.1.2 Predictions for RESErVOIr OPEIatiON.........couoiureiiiiieieiee sttt b et et bene s 99

S.0 BIBLIOGRAPHIY ..ottt ettt ettt ettt et ettt e et ettt e st e st e st e et e et e st e st e s te st e stestestestestesaeseestesbestnsaeseeas 101



Table of Figures

Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:

DCR-MWRA Water SUPPIY SYSTEIM ...ttt sttt st es 12
HYAFOIOGICAI CYCIE ...ttt sttt ee et b et ettt bt en 16
LS A AT N (L ] 41T TSR 18
Stream Order ClasSIfICATION ........ccviee ittt ettt e st e et e st s s b e e s be et s s beesbesatesbeesbssaeesreesrsenes 19
RTAT LT =0T [0 =) SO STOT PRSP 20
VAV 1o LU A R T Y 1 TSR 24
QUADDIN RESEIVOIT ...ttt st a et s a et e st e be st ese et e et e sa et e st esesbeseebensabesretesrenas 27
NV Ll R AV VT2 L =] £ =T TSP 28
VAV =T g D I=T 0 =T Lo [T 29

Potential Water SYStem EXPANSION ..........ouciriierieieirerieieeneses ettt st se e ses e ses e bebeneseeas 31
RAIN GAUGE NEEWOIK ...ttt bbbt se et e st ee s et e b et s et e b et se bt eneaesbebene s 41
Watershed Rainfall DiStriDULION ..o 42
Pan Evaporation Data for the United States...... ... 43
S ToTo] U o] g I - - AU 45
QUINAPOXETL BASE FIOW ...ttt ettt sttt sttt 47
STHWALET BASE FIOW.......eiieieieieis bbb 48
Soils along the WachUSEtt RESEIVOIT ...ttt 50
Wachusett Watershed Land USE..........ooiissss sttt 53

Figure 19: QUINapoXet RUNOTF-NRCS ........oiie ettt sttt st aenene 54
Figure 20: Stillwater RUNOTF-NRCS ...ttt sttt ettt aenene 55
Figure 21: EXCEl SOIVET FUNCHION .....c.oiiiiiiei ettt sttt sttt e et e e bt ens 57
Figure 22: SUDDASIN CUNVE NUMDEES ...ttt sttt st e et sttt et e e eestenene 58
Figure 23: Stillwater GENErated Data .........coocioiiiieieiierieieee ettt s e se et b et st b et e beb e e e benens 61
FIQUIE 24: DIFECt RUNOTT ...ttt bbbtk b et e b b et ekt e e et e e et rens 63
FIQUIE 25: TOTal RUNOTT ...ttt bbbt e b b et s e bbbt et e bt e e ee bt ene 64
Figure 26: Quabbin Transfer and Natural FIOWS ... e 68
Figure 27: Daily AVErage DEMANG. .........ouciiieieieerieieie ettt sttt se sttt se st et e seseseebes e sesee b e b e e seebebenesebebeneaeseenens 71
Figure 28: Groundwater Elevation and Estimated Groundflow ... 73
Figure 29: Groundwater Contour and FIOW IMAP ..ot 74
Figure 30: Inflows to the WacChUSEtt RESEIVOIT ..........ciiiiiiiieiiiieie ettt 75
Figure 31: Outflows to the WacChUSEtt RESEIVOIL .......c.ooi ittt 76
Figure 32: Conceptual RESEIVOIT IMOTE ........o.iuiiiieicie ettt sttt 77
Figure 33: Stella Model Water BUAQEL ...ttt ettt st st 79
Figure 34: Stella Model RUNOTT CalCUIALON ........ooiiieiie bbb e 82
Figure 35: Stella Model Climate and Time GENEIATON .......ccoouiuieiriiereie et eenene 84
Figure 36: Stella Model USer INTEITACE ..ottt ettt aebene 86
Figure 37: Stella 2003 Simulation, StIIWALEr FIOW ...........cciiiii e e 88
Figure 38: Stella 2003 Simulation, ReIease VOIUMES ..ot 89
Figure 39: Stella 2003 Simulation, Quabbin Transfer VOIUMES ... 91
Figure 40: Quabbin Aqueduct, 2002-2005 SIMUIALION .......cooiiiiiiiiieee e e 93
Figure 41: Wachusett Releases, 2002-2005 SIMUIALION ........cooouiiiiiiiiiee e e 94
Figure 42: Quabbin Aqueduct, 1963-1937 SIMUIALION .......ccoo i e 95



Table of Tables

Table 1: Wachusett Watershed Land USE ........oeciieeuiie ettt sttt et s e ts st s sbassbsssassbasstsssessbesstsssensanas 25
Table 2: Water Demand PrOJECTIONS .........coi ittt e bbb ee st s e e e be e seeas 30
Table 3: HYdrologiC SO GrOUPS. ......cioi ettt ettt b et e bt et sesbe b e st ae s b et e s e e seebes et sesbebeneaneas 49
LI o] LR ST o] o = 1] [ T =Yg (o LU LTI R TRT 51
Table 5: Antecedent MOISTUIE CONAITIONS ....ccuiieiiicei ettt e st s e e st e et s saessbesatssbessbeesbesseesbesstssrensrnas 56

10



Table of Appendices

Appendix 1: MWRA CUStOMEr COMMUINITIES ....cucuiiiieiteiiirisieiee ettt sttt bt st s e se b ene e saenene s 104
Appendix 2: Rain Gauge NEtWOIK DAta ........ccoiriiiieii ettt b e s st bebene s 106
Appendix 3: EVAPOration DAta SEL ...ttt sttt et sttt se bbb s 108
Appendix 4: Wachusett Reservoir Subbasin Curve NUMDEIS ..o s 109
ApPendixX 5: NRCS CUFNVE NUMDEIS ...ttt ettt ettt et b et ettt se et enesesbebene s 110
Appendix 6: Derivation 0f EQUALION 10 ...ttt et et st beb e s 111
APPENdiX 72 WAre RIVET DIVEISION......c.coiiiiiiiiieiieieiresee ettt et sttt b ettt se et b et e et enesesbebenees 112
Appendix 8: QUINAPOXEL RIVEE FIOW .......ooviiiiee ettt st es 113
Appendix 9: STIHIWALET RIVET FIOW ......coiii ettt bbbttt b e s 114
ApPPendixX 10: DIreCt RUNOTT ...ttt sttt et neee bt ene s 115
Appendix 11: Groundwater Flow & Groundwater EIeVation...........oceieiinnnceseeseee s 116
Appendix 12: QUADDIN TFANSTEL ........ it bbbttt st b e s 117
APPENAIX 132 TOTAI INFIOWS ...ttt bbbt sttt sttt st b s 117
ApPendixX 14: RESEIVOIT SPIIWAY .......ccciiiiieiiieiee ettt b bbbt ettt et e e e bebene s 118
Appendix 15: NaShUA RIVEE REIBASE..........ouiiiiieei ettt sttt st s beb s s 118
APPENAIX 162 SIBEVE REIBASE ...ttt sttt bt e b bt s et et et se b et et e et et seebebenees 119
Appendix 17: WaChUSEIE AQUEAUCT ..ottt ettt st se bttt ettt es 119
Appendix 18: NATUFal OULFIOWS ..ottt sttt ettt sttt es 120
F A o] o 1< g Lo [ D e T B T =T Lo OO 120
Appendix 20: Stella Model & BEQUALIONS........c..o.iiieei ettt sttt e aeb s 121
Appendix 21: StAteMENTt OF DESIGN ..ottt e e bttt s e ettt se bt e e se et et et ebene s 136

11



1.0 Introduction

Sufficient water supply is an increasing concern for the exponentially growing population of our
finite planet. Currently, 1.1 billion people lack access to clean water around the world
(McCarthy, 2005). While the majority of water scarcity issues lie in developing countries, we
may soon all find ourselves reevaluating our water consumption. Clean safe water is crucial for

the health and wellbeing of all the inhabitants of the earth.

For two million Massachusetts residents, water is supplied through the Department of
Conservation and Recreation (DCR) — Massachusetts Water Resource Authority (MWRA)
system. Over the past 100 years the system has met increased demand through the addition of a
network of reservoirs. The Quabbin, Wachusett and Sudbury reservoirs, in addition to the Ware
watershed, are all part of the DCR-MWRA system which is responsible for a sufficient and

sanitary water supply to the Boston area.

River
. \Watershed

. Wachusett g ...
%.;Reselvolr
‘Watershed |

‘m
D o e

Figure 1: DCR-MWRA Water Supply System
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Reservoir yield is the rate of flow which can be drawn from the reservoir while still maintaining
proper operating conditions (NDWR, 2003). Through a variety of conservation efforts over the
past decades, demand in the DCR-MWRA system has been reduced from 300 MGD to around
220MGD. As a result, the reservoir has been yielding more water than demand requires and large
volumes of water are being released from the reservoir. Although the reservoir yield for the
Wachusett Reservoir is high enough to meet the required demand there are many towns
throughout Massachusetts which face water supply problems. For several communities not
within the system, excessive withdrawals from groundwater aquifers and prevalent

contamination emphasize the importance in averting future water scarcity issues.

Many of these communities require expansion of their water supply methods and show desire to
join the DCR-MWRA system. Due to successful conservation work, many DCR and MWRA
officials believe the system can handle in increased demand. The volume of water in the system
is vast and the increased demand could successfully be handled by the system. Additionally,
extra ratepayers could produce further resources to finance the operation of the system. Still,
many environmentalists are opposed to the additional stress on the reservoir through
incorporating more communities. If demand peaks over the reservoir safe yield, the water level
will begin to drop. This will expose shoreline and small islands which will attract thousands of
birds. The bird’s waste is detrimental to water quality which will cause taste and odor problems
in the consumers water supply. Also, if water levels recede too much then the danger arises of

not having enough water to meet demand needs.
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As a result, DCR has shown interest in reevaluating the current method of calculating reservoir
yield and identify key hydrological components to the reservoir. The safe yield for the reservoir
is often debatable with many studies suggesting a varying range of safe yields. In order to better
understand the behavior of the reservoir, a method for calculating yield based of hydrological
components should be developed. Safe yields should also be defined and tested through a variety

of scenarios to ensure proper operating conditions and aqueduct drought protection.

The goal of this project was to work with the MA Department of Conservation and Recreation
(DCR) to reevaluate the existing system for calculating reservoir yields through the identification
of the hydrological components of the watershed and reservoir. Our study quantified the
hydrologic behavior of the Wachusett Reservoir assisted through the design of two models in
reference to safe yield and storage analysis. A series of recommendations were also designed as
to the implementation of a monitoring program to help more efficiently supervise and understand

the behavior of the Wachusett Reservoir.

This project satisfies the capstone design requirement for the Major Qualifying Project (MQP) at
Worcester Polytechnic Institute. As declared in the Statement of Design, located in Appendix 21,
this engineering project involves analysis and synthesis of the hydrological components of the
Wachusett Reservoir. The design of this project includes a decision making process through the

conceptualization, testing and validating models and conclusions.
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2.0 Literature Review

To understand the operation and behavior of this watershed system we must first look at
reservoir behavior and hydrology; first in general and then in other water supply systems. A
basic understanding of hydrology and of reservoir system dynamics is an important step in

determining our own recommendations for the Wachusett Reservoir.

2.1 Hydrology

Water is a vital requirement for all living organisms on this planet. For centuries people have
been examining where water comes from and where it goes. Hydrology provides an
understanding of the distributions, movement and quality of water above, on, and below the earth
(Wanielista, 1997). Principles and concepts of hydrologic processes facilitate understanding and
design of water management systems. In fact, a good understanding of the hydrologic processes
is important for the evaluation of the water resources in accordance to management and

conservation both on global and regional scales.

2.1.1 Hydrologic Cycle

The hydrologic cycle is an accounting of the relations of meteorological, biological, chemical,
and geological phenomena which keeps water in constant motion. (Wanielista, 1997). These
processes consist of evaporation, condensation, precipitation, interception, transpiration,
infiltration, storage, runoff, groundwater flow. Some of these processes can be seen in action in

Figure 2.
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Condensation
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Evaporation

Groundwater flow ..'

Figure 2: Hydrological Cycle

The flowing definitions and terminology are according to the United State Geological Survey

(USGS) and the Nevada Division of Water Resources.

2.1.2 Evapotranspiration

Evapotranspiration (ET) is actually the sum of the two hydrologic processes of evaporation and
transpiration from a given land area. Evaporation (E) is the cooling process of liquid water
becoming water vapor including vaporization from water surfaces, land surfaces and snow fields.
To quantify evaporation one may take measurements from evaporation pans, estimated from an
accurate water budget in which all other variables are known, or use correlations with climatic

data.

Transpiration (T) is the second process in which water moves for the soil or ground water into

the atmosphere via the stomata in plant cells. The factors affecting transpiration are similar to

16



those of evaporation in addition to the physical plant morphology. If evapotranspiration rates can

be calculated and evaporation rates are known then transpiration is easily determined.

2.1.3 Precipitation
Precipitation (P) is the downward movement of water in liquid or solid phase from the
atmosphere due to cooling of the air below the dew point. Precipitation can come in the liquid

form as rainfall or solid form as snow and ice.

Rainfall is usually quantified by use of a network of rain gauges. Three principle gauges are
commonly used: tipping bucket, weight and float gauges. (Wanielista, 1997) The tipping bucket
operates on the principle that once a small bucket of known volume is filled the bucket tips and
the number of tips is recode trough a computer. A weighing-type gauge simply measures the
weight of rain, snow and ice that accumulates in a bucket. The float gauges record rainfall depth

by use of a flotation mechanism which relays information to a computer.

2.1.4 Runoff and Stream flow

Runoff (R) is the portion of precipitation that moved from land to surface water bodies that is
neither intercepted by vegetation, absorbed into the soil, nor evaporated into the atmosphere. The
local land uses, percent impervious cover, and vegetation all affect the time it takes runoff to

reach a surface water body.

Often surface runoff will travel along favorable topographical features until the water is fed into

a stream. Streamflow itself is the discharge that occurs though a channel into a receiving water
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body. Base flow of the stream is often maintained through groundwater; however, stream levels

can severely fluctuate according to precipitation changes and especially drought conditions.

2.1.5 Surface and Ground Water Flow

Subsurface flow is the water which infiltrates the ground surface and travels underground, often
in large aquifers, until a water body is reached. These aquifers are often recharged through
precipitation; however, ground water levels may drop in times of high water demand, drought
conditions, and as a result of seasonal variability. This is often evident through the fluctuations

of depth to the water table throughout the year.

2.2 Watershed Characteristics

A watershed consists of the area of land which contributes to water drainage along topographical
slopes draining to a stream or river. Eventually these streams and rivers will flow into a water
body and may even contribute to a larger watershed system. Such a large watershed system can

be made up of several subbasins for each of the smaller tributary streams and rivers, Figure 3.

Figure 3: Nest Watersheds (CGIS)
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A reservoir watershed can consist of several large watersheds for major stream inflows. Each of
these watersheds can consist of a network of smaller subbasins for each of the tributaries to the
larger stream. The streams follow a basin order where streams can be ranked according to the
degrees of separation from the main channel. (Marsh, 2005). A fourth order basin would mean
the main channel is of the fourth order, indicating a nest hierarchy of three stream orders, Figure

4.

First Order
— Second Order
Third Order

Fourth Order

Figure 4: Stream Order Classification (CGIS)

2.2.1 Land Use

Land use can severely alter and change a watershed system and the drainage networks. A high
percentage of imperious surfaces can alter and change runoff conditions which will adversely
affect the watershed. The canalizing and piping of streams which hinder human development,

lead to severe alteration to the behavior of the watershed. This is often called “pruning” of the
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natural channels and is an effect of urbanization (Marsh, 2005). Even though a natural drainage
network can be pruned the overall networks are often enlarged and intensified. Lower infiltration
rates, extensive impervious over, coupled with pruning will lead to increase in the volume of

runoff, a decrease in the quality of surface water runoff, and shorter times of concentration.

2.3 Yield

According to the Army Corps of Engineers the yield for a reservoir system is the volume or
schedule of supply at one or more specified locations usually in terms of volume of water per
time period (Fredrich, 1975). However, we must not only look at the maximum amount of water
we can take but we must determine a safe yield which accounts for certain risks. The safe yield
for a reservoir is the demand that can successfully be met under certain drought conditions

(OWASA, 2001)

2.3.1 Water Budgets and Reservoir Yields
The water budget is the culmination of all the inputs and outputs into the system. A typical water

budget for a reservoir may look like Figure 5.
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Figure 5: Water Budget
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Where
P = Precipitation
V = Volume
Qin = Surface inflow
Gin = Groundwater inflow
ET = Evapotranspiration

Y =Yield
R = Runoff
S = Seepage

Often with a reservoir system we are interested in determining the yield, for the volume is

usually known. Equation 1 shows a typical mass balance to solve for the yield of a reservoir.

Y=V+P+Q, +R+G, -ET -S Equation 1

Of course it is not advisable to operate a reservoir system at maximum yield for a sudden

drought or operation failure could lead to disastrous consequences.

2.3.2 Risk Assessment and Reservoir Yields

It is dangerous for water systems to operate at maximum capacity for slight variations in natural
conditions can have adverse effects on the water system. Reservoir levels may drop leading to
severe environmental degradation in addition to water quantity and quality problems. For these
reasons it is important to determine the appropriate volume of water which can be taken from the

reservoir while still maintaining the acceptable degree of risk.

Often the risk willing to be taken will include a judgment as to the appropriate storage-

performance-yield relationships (Philipose, 1995). Within these relationships a degree or
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reliability and vulnerability is formulated. Reliability is often the ratio of the number of times the
demand for water is satisfied to the overall number of times the system was operated. Meeting
the target demand is crucial and a reservoir system which is taxed beyond its limits will fail to
satisfy the demand creating a multitude of problems from the consumers and to the watershed
ecosystem itself. The degree of impact the problems will have is called the vulnerability. In the
event of a failure to vulnerability of the reservoir system can hint on how severe the reservoir
will respond. A system which possesses a high degree of vulnerability may experience drastic
failures and consequences from the slightest operational malfunction, while those with a lower

vulnerability may experience few significant consequences.

2.3.3 Drought Conditions and Safe Yields

The event which can cause the most detrimental effects for a water system is a drought. Droughts
are often used to determine how well the system will operate under severe environmental
conditions. The safe yield for a reservoir is the demand which can be met under specified
drought conditions (Pretto, 1997). For example, a 20-year safe yield is the yield which can be
met under drought conditions which would occur on average once in every twenty years or have

a one a twenty chance of occurring.

To determine the base line conditions to measure their safe yield many water supply system will
utilize the “drought of record” (RWSA, 2004). The drought of record is simply the most server
drought which has occurred on record for the water supply system. However, some area may
experience more serve droughts then others or have incomplete data making the ranges for a

drought of record vary greatly. Other systems may only determine safe yield for a 20 or 30 year
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drought. However, it may be best to evaluate safe yields of a system for a variety of drought

conditions for varying occurrence intervals.
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3.0 Background

The DCR - MWRA reservoir system includes the Wachusett and Quabbin Reservoirs with
additional transferable water from the Ware River. This system is operated to deliver adequate
high quality water to its customers from the reservoirs; both of which are classified as Class A
water bodies. (MWRA, 2001) Additionally, the reservoir system must provide adequate flood
protection, maintain minimum releases to rivers, and the potential for hydropower generation in

three locations.

3.1 Wachusett Reservoir
The Wachusett reservoir was built between 1897 and 1908 when the Nashua River was blocked
with the Wachusett Dam. Parts of Boylston, West Boylston, Clinton, and Sterling were flooded

to create a new water supply to meet the increasing water demands from Boston.
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The Wachusett Watershed is 107 square miles, 70% of which is protected through DCR land
ownership and other regulations. The Wachusett Reservoir is significantly more developed than

the Quabbin reservoir with only 70% of the watershed classified as forest or open space.

Forest Low Med. High Ind. & Water &
Land Use & Open Agric. Res. Res. Res. Com. Trans Wetland Impervious
Wachusett 70, 605 8% 4% 1% 1% 2% 9% 3.90%
Watershed

Table 1: Wachusett Watershed Land Use (DCR)

It has been estimated that the Wachusett watershed contributes to 34% of the total system yield

(MWRA, 2001).

There are many hydrologic components to the Wachusett watershed. Runoff across the upper
watershed form small streams which network until they develop into larger rivers which flow
into the reservoir. The majority of Wachusett inflow, over 90%, enters the reservoir at the
western tip in Thomas Basin, which also receives water from the Quabbin Reservoir via the
Quabbin Aqueduct (MWRA, 2001). Direct runoff also contributes, to a lesser degree, on the

southern and northern portions of the reservoir.

The releases from the Wachusett Reservoir consist of withdrawals to meet demand, to maintain
required releases downstream and any overflows in periods of high reservoir volume. However
the withdrawals from MWRA count for over 90% of the water leaving the system; the rest
predominantly constitute releases to the Nashua River (NWRA, 2003). Once the water is
withdrawn it travels. Water supply was once discharged through the Wachusett Aqueduct;

however, the aqueduct is currently used as a reserve tunnel in case of damage or construction on
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the Cosgrove Tunnel. The only release required for the Wachusett Reservoir mandates a

discharge of 1.71 MGD to the Nashua River, as stated in Chapter 488 of the Acts of 1895.

3.2 Quabbin Reservoir

The Quabbin Reservoir was built from 1926-1946 by damming the Swift River and submerging
the towns of Dana, Enfield Greenwich and Prescott. At the time the Quabbin was the largest
manmade reservoir in and world and still currently the largest one devoted entirely to water

supply (MWRA, 2001).

The Quabbin Reservoir has a maximum storage capacity of 412 billion gallons which is
recharged from a watershed of 186 square miles. This gigantic watershed is
approximately 90% forest or wetlands and is remarkably well preserved. A major tenet of
the management of the Quabbin Reservoir is protection through ownership of watershed
land, have which 45% is DCR owned (DCR, 2005). The average yield of the Quabbin
Watershed is estimated to be 159 MGD. To increase this yield, water from the Ware

River may also be diverted to the Quabbin Reservoir.
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Figure 7: uabbin Reservoir

Discharge from the reservoir mainly leaves through the Quabbin Aqueduct. This tunnel is made
from 270 miles of pipe which delivers water from the Quabbin Reservoir, by gravity, to the
Wachusett Reservoir. (Westphal, 2003) The Chicopee Valley Aqueduct also draws water from
Quabbin to supply approximately 11 MGD to three communities west of the reservoir. A release
to the Swift River must also receive 45 MGD - 70 MGD according to water levels in the

Connecticut River, as stated in the 1929 War Department Requirement.

3.3 Ware River Watershed

Water from the Ware River can be diverted to either the Quabbin or Wachusett Reservoirs,
according to certain met criteria. The first mode is referred to as the “Limited Ware” scenario.
This is when reservoir levels are below their seasonal norms, this usually occurs when the
Quabbin Reservoir falls below 98% of its capacity. The “Full Ware” scenario occurs only if
demand on the system surpasses 270 MDG. (MWRA, 2001) This continues until the Quabbin

Reservoir returns to its normal operating range.
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Figure 8: Ware River Watershed

3.4 Existing Demand

The water demand for the system followed an increasing trend until the 1980’s when a long-
range study projected water demand to reach 340 MGD in 2020. This resulted in an intense push
to reduce water usage through a variety of conservation efforts and reduces water loss through
leakage. This reduced average daily demand from 326 MGD in 1987 to 285 MGD in 1990. The
current average daily demand for the system is approximately 251 MGD, according to 1997-

2001 MWRA data.
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Figure 9: Water Demand

The DCR-MWRA system supplies 46 fully and partially served communities in Massachusetts.
The 21 fully supplied communities receive all their water from the DCR- MWRA system and
maintain an average annual water demand of 208 MGD. The partially supplied communities
receive a portion of the water to supplement locally owned wells and surface waters. Many of
these communities use the system as a back up in case of an emergency and normally do not
draw water from the system; in 2001 the demand from partially supplied users was 23 MGD. A

list of communities that are served or are capable of being served is located in Appendix 1.

3.5 Projected Water System Expansion
Whether the system can safely handle additional communities has always been an issue of
debate. Several inquires have been presented to expand the system for communities with

inadequate or contaminated water sources. According to the Metropolitan Area Planning Council
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(MAPC) projections for 2025 population and unemployment growth, future demands can be

estimated.

Projections of Demand in the MWRA Water Service Area

Baseline Demand of 251 MGD
Total Demand in 2025
High Estimate Medium Estimate Low Estimate
264 MGD 246 MGD 234 MGD

Table 2: Water Demand Projections

MAPC also identified 15 communities which withdrawals were already occurring below
permitted rate in accordance to the Water Management Act. An additional 13 communities are
projected to reach their current permitted withdrawal rates by 2025. Communities who have
proposed expansion inquires include: Stoughton, Reading, Wilmington, Dedham-Westwood

Water District, Holden, in addition to the MAPC projected shortfall communities.
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Figure 10: Potential Water System Expansion

3.3 US Army Corps of Engineers: Hydraulic Engineering Methods for Water Resources
Development
The US Army Corps of Engineers published this volume to provide a guide to the procedures

used in determining the storage-yield of a reservoir.

The storage-yield is determined by collecting all necessary hydraulic data then determining the

physical and hydraulic constraints on the reservoir system. The data and constraints are then

compiled and put into a simulation over a selected time interval to produce a storage-yield result.
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The data used in the simulations must be analyzed and organized. Streamflow data consists of
the streams and waterways which flow directly into the reservoir; the volume of water can be
measured by calculating the flow rate and depth. Any losses from the reservoir must be
calculated to assure accurate mass-balance data. This loss includes evaporation, precipitation and
runoff; the sum of these parts is the average net reservoir loss. Demand data is used in the
simulation to account for seasonal or other possible fluctuations in water demand. The local
climatology is also factored into the simulation to account for accurate evaporation and

snowmelt data.

Understanding the data from the time interval that is used in the simulations is essential. The
simulations must account for possibilities that the limited time of data collection did not produce.
The physical constraints of the reservoir system such as maximum flows and storage capabilities
must be included in the simulations to produce an accurate storage-yield, this must also account
for the low-flow regulations downstream. A shortage index must be developed to assure that the

storage yield will be sufficient to assure that shortages are controlled.

The compiled data is run through the simulations to create a mass balance curve. The mass

balance curve is combined with simulations of minimum, maximum and average streamflow

data to illustrate how the mass-balance reservoir system will react to the fluctuations of flow.

The US Army Corps of Engineers stresses that having accurate data and understanding how to

interpret it is the best way to produce accurate reservoir simulations.
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3.6 OWASA Raw Water Supply Facilities: Safe Yield Analysis

CH2M Hill conducted a study for the Orange Water and Sewer Authority to determine an
accurate storage-yield of University Lake and Cane Creek Reservoir, Carrboro, NC, to analyze
the possibility of expanding the service area. Background research showed a 1997 report that

estimated a possible yield of 13.5 mgd with some saying as high as 16 mgd.

The characteristics and constraints of the reservoir are presented, and all the inflows, outflows,
and major losses are identified. The characteristics of each of the constraints is presented and
integrated with the simulation data. The flow data is analyzed and simplified to find the average
operation conditions of the OWASA’s reservoir system. Combining the flow data and storage
capabilities produces a mass-balance curve for the reservoir that is then used in a simulation
predict the reservoir’s behavior in times of high flow or drought. Applying the data from sample

time periods can confirm that the simulation model produces accurate storage-yield results.

A series of drought related simulations are run to assure that the reservoir will be able to handle

the demand during a low input time period. Analyzing the data from the drought simulations

produced a 30-year safe yield of 11.2 mgd for OWASA’s reservoir system.
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Methodology

The goal of our project is to work with the Department of Conservation and Recreation (DCR) to
reevaluate the existing system for calculating reservoir yields through the identification of the
hydrological components of the watershed and reservoir. Our study quantified the hydrologic
behavior of the Wachusett Reservoir assisted through the design of two models in reference to
safe yield and storage analysis. A series of recommendations were also designed as to the
implementation of a monitoring program to help more efficiently supervise and understand the

behavior of the Wachusett Reservoir.

To achieve our goal we have completed the following objectives for our project:
*  Perform literature and background research
* [Investigate available information on the reservoir system
* Identify and evaluate hydraulic inputs
* Develop and test reservoir yield model
*  Produce design recommendations concerning reservoir operation

*  Produce report and present recommendations

4.1 Literature and background research

Literature and background research concerning hydrology and reservoir behavior was at the
forefront of our project. Investigation of similar situations, papers, and projects facilitated our
understanding of the Wachusett Reservoir system and how it functions. A basic hydrologic
understanding was needed in order to properly assess the components of the DCR-MWRA

system. Background research included a brief history, as well as a description, of the Wachusett
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and Quabbin reservoirs, their watersheds, inflows, outflows, and transfers. Additional interviews
with DCR and MWRA officials presented us with an insight of how the reservoir system is
operated and the measures to which the Wachusett Reservoir is monitored. This research
provided us with an understanding of the hydrologic processes and characteristics of a reservoir

system. From here we assessed the components of the system and the data which was available.

4.2 Assessment of available information on the reservoir system
To accurately calculate the yield of the Wachusett reservoir system, a complete record of the
system and all of its processes are necessary. DCR is currently collecting hydrologic data from
several of the flows in and out of the Wachusett Reservoir. Additionally other organizations and
past research provided valuable data and observations for our project. We identified,
investigated, researched, and analyzed each of the variables to assure that the data used in the
yield calculation is accurate.
* Gauged Flows
Many of the controllable elements of the system are closely monitored and gauged. The
volume of water transferred from Quabbin is monitored and controlled; data was
available through DCR-MWRA records. Water supplying the Nashua River includes the
release, sleeve valve and the spillway; these are all monitored and recorded. The release
to the Nashua River is regulated and water flowing over the spillway is calculated and
recorded. Additionally, to reduce a sudden discharge to the Nashua the sleeve valve is
opened to lessen the volume of spill.

* Precipitation
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Precipitations measurements were obtained from the DCR precipitation database. The
data base is a monthly record of rainfall in 203 locations across Massachusetts; several of
which are within watershed boundaries. For our analysis we used precipitation data from
the West Boylston gauge location, the closest to the Wachusett Reservoir.

Runoff

Two major basins of the Wachusett Watershed, Thomas Basin and Reservoir District,
drain directly into the reservoir. To quantify the volume of water coming off the basins
we analyzed how the land is developed and the volume of precipitation and used the
NRCS TR - 55 method. Land use data was provided through USGS ArcView Data layers
and from DCR records.

Streamflow

The Quinapoxet and Stillwater Rivers are two major tributaries for the Wachusett
Reservoir. Streamflow from these rivers is monitored through USGS streamflow
monitoring gauges at the mouths of both rivers. However, accuracy of the Stillwater data
cannot be completely verified for backwater from beaver activity downstream frequently
disrupts the gauge readings. Data from the Quinapoxet gauged was be used to develop
and calibrate the models and data from the Stillwater gauged was used to verify the
accuracy of our methods

Evaporation

Searching for a complete record concerning evaporation for the New England area
proved to be challenging. One climatology station in Kingston, RI recorded pan
evaporation data for the months of May though October. In addition, evaporation values

utilized in other studies and reports were also analyzed. DCR and the Geotechnical, Rock
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and Water Resources Library presented estimations and values used to quantify
evaporation in Massachusetts.

* Demand
Demand data is supplied by the MWRA and consists of daily demand values for each of

the communities receiving water from the system.

Once gathered, this information provided our group with the most feasibly complete and accurate
data record for the Wachusett Reservoir. Any concern of inaccuracy in the instrumentation or
data collection methods utilized was evaluated. From our collected information, we can identify
and analyze holes and inconsistencies within the data. Subsequently, developing an appropriate

method to accurately quantify and evaluate hydrologic nature of the system.

4.3 Identification and evaluation of hydrologic variables

The analysis of methods and instrumentation will allow us to accurately account for all the water
entering and leaving the system. Once we have identified and investigated the constraints on the
entire reservoir system, we can pinpoint discrepancies in the current procedure for calculating
yield and determine a more appropriate approach. The data collected in the previous objective
was evaluated as to its importance and place in our analysis. Acquiring accurate and appropriate

data is crucial, for any model we produce will be based and calibrated using this information.

4.4 Development and verification of reservoir yield models

After updating and confirming the reservoir demand and hydrologic data, we established

working reservoir models to determine reservoir behavior. The models incorporated the entire
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data record for the desired time period and formed the basis into a sophisticated mass balance for
the Wachusett Reservoir system. After the design and development of the models, verification

against the existing data record was conducted to confirm their accuracy.

An initial model in Excel was designed in order to evaluate the data and establish a preliminary
yield. We combined all of the reservoir inflows and outflows for 2002 — 2005 into an Excel
spreadsheet and built a mass balance model that generates flow data from given precipitation
data to generate a reservoir yield. This yield is then verified with the observed yields in those
years to confirm our data and results were accurate. We generated averages and trends from the
four sample years and came up with characteristic sets of data for dry, normal, and wet years.

These methods and data were then ready to export to our next model.

The Stella software package provided an excellent way to design a model of the system in a
manner we deemed appropriate. The model we created can be run multiple times to simulate
possible results, identify key locations in the watershed, and demonstrate optimal operating
conditions. The model is designed to run on only inputs of precipitation and temperature, from
which a reservoir yield can be predicted. Utilizing the program we can alter and change the
characteristics for the system and see how the reservoir behaves under certain changes. Also, we
can establish and discover relationships within the system itself to better understand the

mechanics of the reservoir.

4.5 Development of design recommendations concerning reservoir operation

38



The design of our models demonstrates the hydrologic behavior of the Wachusett Reservoir and
analyzes ranges of operating conditions; assessing the vulnerability of particular circumstances.
Many reservoirs may only be designed for droughts with occurrence intervals of 20 or 30 years.
We determined certain ranges in which the reservoir can successfully operate and associate the
appropriate risks of such operation. Droughts were our main concern and performances of the
reservoir model during particular drought conditions were evaluated. A recommendation to
whether the system can handle increased demand is based on analysis and performance of our

models and reservoir data.

4.6 Produce report and present recommendations

The report was produced with an updated reservoir yield analysis based on our data record,
performance of our models, and determination of safe yield methods. Recommendations were
developed concerning the ability of Wachusett reservoir to supply water to additional
communities without causing any detrimental environmental impacts. Additionally,
recommendations will be presented to DCR concerning the implementations of future
monitoring programs. Execution of these programs will address issues to help more efficiently

monitor the Wachusett watershed; in interest of both hydrologic activity and water quality.

39



5.0 Watershed Analysis

Investigation into the hydrologic components of the Wachusett Reservoir yielded an abundance
of data. This large data record went back in part to the 1940’s and continues until the present
day. However, this data record is by far inclusive and contains discrepancies and holes. In order
to evaluate the data, a data range must be selected in which the record is complete. To ensure
sufficient data to compare and evaluate, a four-year data range was selected. The years from
2002-2005 had a complete data record for the reservoir. Therefore, this data range was used to
construct and calibrate the models. Also, use of more recent years allows for more up to date

land use data to use in the models.

This chapter presents a breakdown of the hydrologic characteristics for the Wachusett Reservoir.
Results are presented to illustrate the natural mechanisms within the hydrologic reservoir
behavior; rainfall, evaporation, streamflow, and runoff. Presented within the watershed analyses
are the characteristics of these hydrologic components which include; the NRCS method,
baseflows, land use, soils, and antecedent moisture conditions. The complete operation including

controlled releases and transfers are analyzed in the subsequent modeling section of the report.

5.1 Rainfall

One of the most important parameters when assessing the hydrologic characteristics of a
subbasin in developing a reservoir yield is rainfall. Rainfall data were easily attainable through
the DCR network of rain gauge stations that are located in 150 gauges across Massachusetts as

can be seen in Figure 11. These data are available on the DCR website and is updated monthly,

rainfall data are found Appendix 2.
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Figure 11: Rain Gauge Network (DCR)

Stations within the watershed are located in Holden, Boylston, Princeton, Rutland and West
Boylston. For this analysis, the rain gauge data in West Boylston will be used due to its close

proximity to the Wachusett Reservoir and its lengthy data record, which goes back to 1945.

As can be seen in Figure 12, the rainfall distribution across the watershed is relatively uniform.
Seasonal variations in precipitation remain minor with an average monthly precipitation of
approximately 4 inches. Differences between the various gauged readings within the watershed
also remain minimal, since similar trends can been seen in rain gauge locations across the

watershed.
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5.2 Evaporation

Complete and accurate evaporation data for the New England Area proved to be a challenge to
find. However, one climatology station in Kingston, RI contains a record of limited pan
evaporation data from the months of May to October. Additionally, other research papers and

documents allowed us to analyze past methods utilized for quantifying evaporation.

The Public Access Management Plan Update for the Quabbin Reservoir suggested a pan
evaporation value between 39 inches per year for central Massachusetts; estimating an annual
evaporation value for the reservoir to be 22 inches (DCR, 2005). Additionally, evaporation maps
for the United States contoured particular rates of evaporation across the country. As shown in
Figure 13, the map from the Geotechnical Rock and Water Resources Library suggests annual

pan evaporation around 35 inches.
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Figure 13: Pan Evaporation Data for the United States (GROW, 2004)
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Fortunately, evaporation rates within the New England Area remain relatively uniform with
slight variations. As the contour lines within Figure 13 show, evaporation can vary greatly in the
Western and Southwestern United States with rates doubling as you travel latitudinally across
California. Such a change in evaporation rates on the Eastern Seaboard can only be seen when

comparing values over the distance between from Maine and Florida

Several equations can also be implemented to estimate evaporation values. One of the more

intense and accurate equations are the Penman Equation:

PE = = *Qer + = E.. (mm/day) Equation 2
A+y A+y

However, this equation requires numerous parameters and is overly complicated for the relative
scope of evaporation within the system. Another equation which exists and requires known

parameters is the Dunne Equation (Bedoya, 2005):

E = (0.0013+ 0.00016u° Jre, * [(100 - R%O] Equation 3

Where:
E =average daily evaporation in cm/day
u® = average daily wind velocity in km/day
e, = saturation vapor pressure of air in millibars
Rn = average relative humidity given as percent

In order to quantify surface evaporation from the Wachusett Reservoir an approach must be

developed which incorporates both evaporation equations and recorded data. Implementation of
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the Dunne equation, using data acquired from the National Oceanic and Atmospheric
Administration, yields relatively large evaporation rates but provides a good estimate of annual
evaporation trends. The entire evaporation data set is located in Appendix 3. The data record
from the climatology station in Kingston, RI is partial; however, the gaps can be closed by

extrapolating the trends established from the Dunne equation to the missing data. This approach
used is indicated by Equation 4.

Equation 4
CD- CR

Where
Cpi= Dunne Equation Evaporation in month i
Cpi+1 = Dunne Equation Evaporation in month i+1
Cri= Real Evaporation in month i
Cri+1 = Real Evaporation in month i+1
20.0

- Dunne Equation
-~ Calibrated Data

18.0 Kingston, RI
N
~ - / \y
16.0 - A [\ | A
| \ | A. /,\ \
\ | \ / \
/ \ )/ \\ / \ '/ \
| \
14.0 { \ J \ J \ | \
[ il 3 U1 [
J 4 \
/‘/ \ / \\ / \\ [ \“
J \ / \
120 SRR \ T
l' ,"’ \ r/ \\ | \.\
10.0 / \ / ‘\ ‘ \ | \
| \ \ __J \
/ \ ‘\/ \ / \\\ // \\
J( \ [ \ /"/ \ | \\.
8.0 f \ \ f \ : f \
[ \ \ / \ ’ \
/ \ // \. / \ / \
/ \ / \ \ | ‘
6.0 / \\ / \ / \ | \\
\/ \ / \ / \ ‘
\\ /’ \\ // \
4.0 == ‘\ ’ '

Jan-02 Jan-03

Jan-04

Jan-05

Figure 14: Evaporation Data
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As Figure 14 shows, the Dunne equation overestimated the volume of evaporation when
compared to the evaporation reading in Kingston, RIl. However, this is acceptable for the interest
is in the rate of change of evaporation volumes calculated throughout the year. The trend of the
Dunne Equation was used to extrapolate the limited evaporation data to complete the year. The
values calculated were then checked with the literature to verify that an accurate and acceptable
range was developed. The calculated evaporation rates for the four year data set ranged from 24

— 30 inches per year with an average of 26 inches.

5.3 Runoff

To generate accurate runoff flows, the available data was analyzed to develop runoff equations
for the Wachusett Reservoir basin. The NRCS curve number method was chosen to determine
the direct runoff in the Wachusett reservoir subbasins. The total stream flow (Q;) for each month

was broken down into a base flow (Qp) and a runoff flow due to precipitation (R).

0,=0,+R Equation 5

Using the known stream flow from the Quinapoxet River and data from the Quinapoxet and
Worcester subbasins, the NRCS method was used to determine the curve numbers (CN) for each

subbasin to find the runoff flow (R).

5.3.1 Base Flow
The low flow records for both the Quinapoxet and Stillwater Rivers were analyzed and the base
flow was determined to be the lowest flow point during a dry period for each month. Any water

that was not part of the base flow was considered to be runoff due to precipitation. Figure 15 and
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Figure 16 demonstrates the variation in monthly base flow throughout the year for the
Quinapoxet and Stillwater Rivers. Descriptions on the gauges are presented in Appendix 8 and

Appendix 9
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Figure 15: Quinapoxet Base Flow
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Figure 16: Stillwater Base Flow

To determine the runoff (R) for each subbasin the differences in infiltration had to be quantified
for each subbasin. MassGIS maps in ArcGIS were used to compile the slope data, land use data,
and the areas of each subbasin to produce curve numbers (CN) as per the NRCS method. This

allowed us to see the differences in the runoff for each subbasin.

5.3.2 NRCS Method

Originally developed by the Soil Conservation Service (SCS), presently the Natural Resources
Conservation Service (NRCS), the Curve Number Method is an empirical description for
estimating infiltration and rainfall excess. During a rainfall event, precipitation falls at a certain

intensity, which normally is larger than the storage capacity of the soil. Rainfall excess will
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equal rainfall intensity once watershed storage approaches the potential saturation value and

infiltration rate equals zero. Assuming an initial abstraction of 0.2S’:

S'= (1OO%N) -10 Equation 6
and
1 2
R= % Equation 7
+0.
Where:

S’= Storage at Saturation (in)
CN = NRCS Curve Number
P = Precipitation (in)

R = Runoff Excess (in)

5.3.2.1 Soils

The NRCS Curve Numbers are derived from the hydrologic soil group and land use of the

subbasin. There are thousands of classified soils which are put into hydrologic soils groups based

on their infiltration characteristics. The following are the classified hydrologic soil groups:

Soil Group Description Infiltration Rate  Soil Texture

A Low runoff potential 8-12 mm/h Sand, sandy loam
B Moderate infiltration 4 -8 mm/h Silt loam, loam

C Low infiltration 1-4 mm/h Sandy clay, loam
D High runoff potential 0-1 mm/h Clay loam, clay

Table 3: Hydrologic Soil Groups

The Soil Conservation Service has classified soils within Worcester County. The soil types
within the Wachusett Watershed have different infiltration rates and found at varying slopes.

These variables affect the volume of runoff, which will be seen coming off from the subbasins.
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Portions of the watershed soils are glacial drift and have a high runoff potential. Figure 17

displays the typical soils distribution neighboring the Wachusett Reservoir.

Figure 17: Soils along the Wachusett Reservoir



5.3.2.2 Land Use

Once an appropriate soil group has been determined, the CN number can be derived based on the
classified land uses of the subbasin. USGS provided land use data for the region in ArcGIS data
layers; these are shown in Figure 18 on the following page. The DCR also maintains records of

the classified land uses in the watershed which are shown if Table 4.

Land Use Reservoir Thomas Basin Quinapoxet Stillwater Worcester
Forest/Open 0.71 0.62 0.75 0.78 0.75
Agriculture 0.04 0.07 0.05 0.07 0.09
Residential Low 0.07 0.10 0.07 0.1 0.06
Residential Med 0.07 0.08 0.08 0.02 0.01
Residential High 0.01 0.02 0.00 0.00 0.01
Commercial/Industrial 0.02 0.06 0.03 0.01 0.01
Water/Wetland 0.08 0.07 0.02 0.03 0.07
Impervious 0.106 0.064 0.108 0.076 0.066

Table 4: Subbasin Land Use (DCR)

Depending on the hydrologic soils type and the land use of a subbasin, a curve number can be
assigned to that basin. The higher the imperious surface, the higher the CN number for the basin.

The typical runoff curve numbers for certain land uses can be found in
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Appendix 5.

52



Legend

Crop Land - Spectator Recreation - Commercial Wachusett Sub-Basins
Pasture B voter-Based Recreation [l industrial Sub-Basin
B Forest Multi-Family Residential [l urban Open QUINAPOXET SANITARY DIS
55 Non-Forested Wetland | High Density Residential [0 T i RESERVOIR SANITARY DIST
B Mining Medium Density Residential [l Waste Disposal  [___] STILLWATER SANITARY DIS
Open Land Low Density Residential : Water E THOMAS BASIN SANITARY D
- Participation Recreation -"' Salt Water Wetland - Woody Perennial D WORCESTER SANITARY DIST

Rivers & Streams

? Wachusett Watershed Landuse

Figure 18: Wachusett Watershed Land Use
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5.3.2.3 Runoff Excess

The runoff from the NRCS method can be compared against the USGS gauged readings on the
Stillwater and Quinapoxet Rivers. Having previously established base flow conditions and
subtracting these volumes from the gauged readings will yields the monthly runoff from the
subbasin. Comparing this data with the calculated runoff from the NRCS curve number method
demonstrates very different trends. For the Quinapoxet River, shown in Figure 19, the runoff
estimated from the NRCS method is extremely high. For the Stillwater River the NRCS

predictions underestimate the volume of runoff during the summer, Figure 20.
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Figure 19: Quinapoxet Runoff-NRCS

54



3,500,000,000

Gauge
NRCS

3,000,000,000

2,500,000,000

2,000,000,000

gallons

1,500,000,000

1,000,000,000

500,000,000

Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

Figure 20: Stillwater Runoff-NRCS

As the can be seen in the data, using one curve number of an entire basin cannot accurately
account for the seasonal variation of runoff. The NRCS method is a tool used to quantify runoff
for one particular storm event over a basin. Using the method to derive values on a monthly
timescale may seem too inaccurate if utilizing only a single curve number. However, to capture
the true annual fluctuation of soil conditions and runoff behavior, a monthly varying curve

number system may be implemented.

In order to adjust the curve numbers for wet and dry conditions three antecedent moisture

conditions have been established by the NRCS.
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Condition Description

1 Dry, high infiltration rate
2 Normal, often assumed
3 Wet, high runoff potential

Table 5: Antecedent Moisture Conditions

These conditions provide a method to scale CN values depending on the varying moisture of the
soils. For the initial development of the curve numbers the assumption was made for condition 2

with an initial abstraction of 0.2S’.

5.3.3 Modification to the NRCS Method

As a result of the seasonal variability seen in the subbasin characteristics, a monthly variable
curve number was developed for each major subbasin. USGS gauges on the Quinapoxet and
Stillwater Rivers were analyzed by extrapolating base flow and runoff volumes. Since
precipitation data (P) is available and the volume of runoff is known, S’ can be solved for in the

original rainfall excess equation:

1\ 2
n _ (P-025)

Equation 8
(P +0.85")

Excel includes a solve function which iterates values approaching a desired solution and resets
the cells according to the new values; screen shot shown in Figure 21. This is extremely helpful

since solving for S’ in the previous runoff equation would prove to be a challenge otherwise.
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E=d DUIVEG wv.uv wv.uv v.uv .o v.uv v.uu wv.uv
10 |5 113 2 41 n a1 1n3 243 412 5 N3
11 |CN 39.88 Solver Parameters X l_
12 Min:

13 Set Target Cell: $B$21 =% | Solve I
14 Equal To: M M * yalueof: |0
15 |Quinapoxet d _ . L vaue of: | Close |
18 3 ~By Changing Cells: -
17 v, 1271466725 @ | [¢B422| Y| Guess | A
8 Ve 96,171,953 ~Subject to the Constraints: Options ‘
19 Voo | 1,175,294,772 —l 5
20 R 147 = | add |
21 Solve | 000
218 {148 Change |
23 |CN 37.09 Reset all I
24 Min: = Delete I
25 = Help |
26

Figure 21: Excel Solver Function

Once each monthly S” and CN for the Quinapoxet and Stillwater Subbasins have been generated,
they are extrapolated to the ungauged basins. A method to scale CN values between the gauged
Quinapoxet and Stillwater Subbasins to the ungauged Reservoir and Thomas Subbasins was

developed using the relationship in Equation 9.

CN,; CNy,
= Equation 9
CN, CN,
Where:

CNy; = Monthly curve number for ungauged subbasin (unknown)
CNjx = NRCS curve number for ungauged subbasin

CNgi = Monthly curve number for known (Quinapoxet) subbasin
CNg = NRCS curve number for ungauged subbasin

The purpose for this relationship is to scale the determined CN values to the ungauged basins.
This is based on the ratio between the derived CN value based on the NRCS for the subbasin and

the backtracked curve number previously solved. Equation 9 is not an evaluation to determine
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explicit CN values but more of an estimation on the assumption that the difference between
monthly CN values and the “real” CN value is the same for each subbasin across the watershed,

illustrated in Figure 22.
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Figure 22: Subbasin Curve Numbers

As shown, the CN values for the subbasins vary slight with one another. However, the seasonal

variation can be great, with spring CN values in the low 90’s and summer lows in the low 40’s.

5.3.3.1 Streamflow

To determine the volume of water which flows off the Wachusett Reservoir Watershed, the
USGS gauged flow from the Quinapoxet River is multiplied by a runoff constant for the

individual subbasin. This runoff constant is based on the variable Cg4,, which uses the NRCS
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method to determine monthly volumes of water. The derivation of Equation 10 can be found in

Table Runoff Curve Numbers for Selected Land. Uses (Soil Conservation Service, 1986)
Hydrologic soil group
Land use description A B C D
Cultivated land®
Without conservation treatment . 72 81 88 91
With conservation treatment 62 71 78 81
Pasture or range land '
Poor condition 68 79 86 89
Good condition 39 61 74 80
Meadow »
Good condition 30 58 71 78
Wood or forest land
Thin stand, poor cover, no mulch 45 66 77 83
Good cover” 25 55 70 77
Open Spaces, lawns, parks, golf courses, cemeteries, etc.
Good condition (grass cover on 75% or more of the area) 39 61 74 80
Fair condition (grass cover on 50 to 75% of the area) 49 69 79 84
Commercial and business areas (85% impervious) 89 92 94 95
Industrial districts (72% impervious) 81 88 91 93
Residential®
Average lot size ~ Average percentage impervious?
i acre or less 65 77 85 90 92
1 acre 38 _ 61 75 83 87
; acre 30 57 72 81 86
; acre 25 54 70 80 85
1 acre 20 51 68 79 “84
Paved parking lots, roofs, driveways, etc. 98 98 98 98
Streets and roads
Paved with curbs and storm sewers® 98 98 98 98
Gravel 76 85 89 91
Dirt 72 82 87 89

aFor a more detailed descrlption of agricultural and land use curve numbers refer to “National
Engineering Handbook,” Sect. 4, “Hydrology” Chap. 9, 1972.

bGood cover is protected from grazing, litter, and brush cover soil.

¢Curve numbers are computed assuming the runoff from the house and driveway is directed toward the
street with a minimum of roof water directed to lawns where additional infiltrations could occur.

4The remaining pervious areas (lawn) are considered to be in good pasture condition for these curve
numbers. .

¢In some warmer climates of the country a curve number of 95 may be used.

59



Appendix 6.

_|P?)-(sep)+ (- Ia)SSP)J

Cy = |_(P2)— (IaSQP)+ ((1_ IaBQP) Equation 10
Cy A K Equation 11
Qs = QQK Equation 12

Where:
P = Precipitation (in)
la = Initial Abstraction (in)
S’i= Monthly S’ value for Subbasin i (in)
Qs = Flow from Stillwater Subbasins (gal/month)
Qo = Gauged Flow from Quinapoxet River (gal/month)
These equations provide us with a method to quantify flows coming off the ungauged subbasins
based on the USGS gauged readings from the Quinapoxet and on the storage infiltration values
for the ungauged subbasin. The Stillwater USGS gauge provided the means to test the Equation
12 and then verify it against the gauged reading of the river. Applying the calibrated NRCS

model to the Stillwater River subbasin Stillwater River flow was generated and was compared to

the known gauged flow. Figure 23.
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Figure 23: Stillwater Generated Data

The plotted data shows the generated flow closely follows the gauged readings of the Stillwater

River. Occasionally this method will underestimates peak flows; however, the degree by which

the method deviates is acceptable.

5.3.3.3 Direct Runoff

Thomas and Reservoir Subbasins are located along the reservoir and thus overland runoff flows
directly into the Wachusett Reservoir. Small streams exist in these subbasins; however, a fair
amount of water flows directly into the reservoir. To determine the direct runoff into the
reservoir from the Thomas and Reservoir Subbasins, the flow from the Quinapoxet River is

multiplied by a runoff constant, as previously described. This constant is derived from the NRCS
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method using the monthly variable curve numbers and subbasin areas. The following equations

are the same as Equations 10-12; however, variables are changed for direct runoff.

B (D MRS W e
" PPl LSeP k(@ 1,50 )] !

Cy % =K Equation 14
Qrr = QK Equation 15
Where:

Qr 1= Flow from Thomas and Reservoir Subbasins.

Applying the curve numbers for the Thomas and Reservoir Subbasins to the modified NRCS

runoff equation generated the direct runoff volumes shown in Figure 24.
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Figure 24: Direct Runoff

The graph shows similar trend between the two subbasins; although, a higher volume of runoff is
demonstrated in the Thomas Basin. The following Figure 25 shows the estimated total

streamflow contribution into the Wachusett Reservoir for each of the subbasins, from 2002-2005.
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6.0 Hydrologic Modeling

In order to properly analyze the data and hydrological research, a mass balance model in Excel
was designed. This model proved the basis for establishing all the flows coming into and out of
the Wachusett Reservoir for the 2002-2005 data record. The second model was designed using
the Stella modeling program. This objective of this model is to provide an analysis tool

concerning water supply yield and reservoir operation through conducting various simulations.

6.1 Configuring the Wachusett Reservoir Model in Excel