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PREFACE | |

Rising atmospheric concentrations of greenhouse gases threaten to warm the earth and alter the
global climate system. Global climate change poses wide ranging risks to the environment,
human welfare, and human health. To advance our knowledge of the risks, the Climate Change
Division of the United States Environmental Protection Agency has conducted and supported a
number of studies to examine different categories of climate change effects. Climate Change and
Boston Area Water Supply reports results from one of the studies supported l?y our office.

One source of risk posed by global climate change is the potential for climat{(, change to alter the
availability of water. Water runoff into streams and reservoirs is controlled, in part, by the
amount of precipitation falling to earth and the amount of water returning to the atmosphere via
evaporation and transpiration. The geographic distribution, seasonal patterns; and variability of
precipitation, evaporation, and transpiration will change as the global chmate‘ system changes.
Whether or not these changes will increase or decrease the available supply of water will vary by
location and season. Where water supplies are diminished, competition for tkps vital resource will
intensify and water quality may be degraded. Residential, commercial, industrial and agricultural
water users may face higher water costs and reduced water consumption. In addition, instream
uses of water such as the support of fish populations and water recreation may also suffer.

. 1
In this study, Paul Kirshen and Neil Fennessey investigate the potential impacts of global
climate change on the municipal water supply of the Boston Metropolitan Area and potential
responses to supply changes. The case study finds that Boston area water supply is highly
sensitive to climatic change and that the costs of responses are potentially high for some
scenarios. The results provide useful insights regarding strategies for adaptmu to climate change
and suggest that climate change risks for municipal water supplies warrant concern and further
con31derat10n :

The study was performed for the Environmental Protection Agency under coiiltract with ICF,
Incorporated. An earlier version of the report was reviewed by EPA staff and by experts from
outside the agency. Participants in the review process are thanked for their efforto to improve the
report. The final report is a report to the EPA and does not necessarily reﬂect the views or
policies of the EPA.

t

Neil Leary, Project Manager

Climate Change Division

Office of Policy, Planning and Evaluation
U.S. Environmental Protection Agency







EXECUTIVE SUMMARY

Overview

In this study, the potential effects of global
climate change on the municipal water -
supply of the Boston Metropolitan Area are
investigated. The Boston area receives 80
percent of its water from the Quabbin and
Wachusett Reservoirs, which are operated
by the Massachusetts Water Resources
Authority (MWRA). This source of water is
found to be highly sensitive to climatic
changes that are within the range of changes
that climate scientists believe could occur
during the coming century. Estimated
impacts on the amount of water that can be
reliably supplied by the MWRA range from
a loss of one-half to a gain of one-third for
the climate change scenarios evaluated in
the study.

Water supply changes of these magnitudes
have important implications for the need to
develop new sources of water supply and the
cost of water to water users. In the absence
of climate change effects, regional growth in
water demand is projected to exceed the
reliable supply of water from the existing -
reservoir system and investments to expand
water supply will be required to satisfy the.
growing demand. If climate change
decreases water runoff in the region, the
need to add to the capacity of the system
will be magnified. The result would be
higher costs to water users in the Boston
area. In one scenario, added capital costs
exceed $700 m11110n by the latter half of the
next century

' All cost estimates are reported in 1990 dollars.

ix

In contrast, if climate change increases water
runoff into the MWRA reservoirs, the need
for additional supplies and their costs will be
offset either partially or entirely. Capital cost
savings over coming decades could amount
to $15 million relative ta a scenario of no
climate change. - i?

i

Methodology of the Stu;dy

Estimates of the reliable ‘fwater supply
available from the MWRA to the Boston
area are made for fifteen ‘different climate
scenarios. One of the scenarios represents a
baseline climate which is presumed to
exclude the effects of global climate change.

"It is based on local weather observations for

the 1950 to 1979 period. The other scenarios
represent changed climates for a world with
an enhanced greenhouse effect. Table S1
provides an overview of the climate
scenarios examined in thf? study.

Four of the changed climate scenarios are
derived from the simulations of Global
Circulation Models (GCMs) and represent
the possible effects of dofubling’ the
concentration of carbon dioxide in the

- atmosphere from the prei'hdustrial

concentration. The GCM:?S provide scenarios
of regional changes in terperatures,
precipitation, relative hurnidity, cloud cover,
solar radiation and wind speed that are
internally consistent with current
understanding of how the global chmate
system behaves.? |
?

? The GCM scenarios used in thS exercise project

warming that is near the upper end of the range of
warming that many climate scientists expect to occur

i




Streamflows into the
Quabbin and Wachusett
reservoirs are estimated for
each climate scenario. The
estimates ‘are made using

Table 81: Summary of Climate Scenarios

Global
Temp.
Change

Regional
Temp.
Change

Regional
Precip.
Change

Scenario Description (°C)

(C)

(%) . well known, commonly

Historical observations for the NA
period 1950-1979.

2xCO; equilibrium climate
projection of the Goddard Institute
for Space Studies (GISS) General
Circulation Model, 1982. '
2xCO:2 equilibrium climate
projection of the Geophysical Fiuid
Dynamics Laboratory (GFDL)
General Circulation Model, 1988.
2xCO; equilibrium climate
projection of the Oregon State
University (OSU) General
Circulation Model, 1984/85.
2xCO02 equilibrium climate
projection of the United Kingdom
Meteorological Office (UKMO)
General Circulation Model, 1986.
Sensitivity scenarios in which
temperature is increased A° C and
precpitation is increased or
decreased B%.

Baseline

GISS

A+l-B%

+42

NA

+37

+3.1

+8.3

+2.010

+4,0

A applied hydrologic models

*. that have been calibrated
and validated for the local
watersheds. Given climatic
inputs, the hydrologic

-models calculate rainfall,
snow, snowmelt, storage of
water in the soil,
evapotranspiration
(evaporation and
transpiration) of water to
the atmosphere, runoff, and

‘streamflows into the

' reservoirs.

- 16

+13.0
+ 230
-20to

+20

Management of these

The other climate scenarios are sensitivity
scenarios that impose specified changes in
temperatures and precipitation relative to
baseline climate. The scenarios incorporate
regional warming of 2° and 4° C with
precipitation changes of plus and minus 0,
10 and 20 percent. Other climate variables
are held constant in these scenarios.?

by the end of the next century. Climate scientists are
not agreed on the probabilities to be assigned to any
particular projection within the expected range, nor
to the possibility that warming might fall outside the
expected range.

® The 2° and 4° C warming of thé sensitivity
scenarios reach roughly from the middle to the upper
end of the range of expected warming for the next
century. Warming of 2° and 4° C correspond to
warming of 3.6° and 7.2° F respectively.

streamflows to supply the
Boston area are modeled using the MWRA's
Safe Yield Model. Given the calculated

- streamflows from the hydrologic models, the

safe yield model calculates the amount of
water that can be supplied with a reliability
of 98.5 percent by the system to meet
Boston area water demands. This amount of
water is the safe yield of the system. The
calculation takes into account evaporation
losses from reservoirs, minimum flow and
flood control requirements, and the net
volume of water stored in reservoirs.

Impacts on Water Supply

The safe yield of the MWRA system for
baseline climate is calculated to be 306
million gallons per day (mgd). Together
with water yields from other non-MWRA
sources of water, the Boston area has -
adequate water to meet its current water




demands of roughly 360 mgd under baseline
climate conditions. Figure S1 displays the
safe yield for baseline climate alongside the
calculated safe yields for GCM-based
climate scenarios.

In two of the GCM-based climate scenarios,
the GISS and GFDL scenarios, the local |
climate becomes drier as precipitation
decreases and higher temperatures increase
“ water losses to evapotranspiration. -
Consequently, streamflows decline and the
safe yield of water supply from the MWRA
declines. Safe yield is projected to decline
23 percent and 43 percent relative to the
baseline for the GISS and GFDL climate
scenarios respectively. Under these
conditions, water supply would be
insufficient to satisfy current water
consumption in the Boston area.

In contrast, streamflows and safe yield
increase in the two other GCM-based
climate scenarios, the OSU and UKMO

P
s
"
'

i

" scenarios. In the OSU scénario, a 7 percent

increase in safe yield is largely due to
increased local precipitation. In the UKMO
scenario, precipitation also increases but
another major factor increasing streamflow
and safe yield is increased relative humidity
in summer and fall. With higher relative

‘humidity, eVapotranspir{ition losses are

reduced during these periods despite higher
temperatures. The projected result for the
UKMO scenario is a 38 percent increase in
safe yield.

Figure S2 displays the rf:sults for the
sensitivity scenarios. As expected, safe yield
of the MWRA reservoir system 1is found to

' be negatively correlated with warming and
positively correlated with precipitation.

4
If there is no change in precipitation,-
warming of 2° and 4° C reduce safe yield by
9 and 18 percent respectively. If warming is
combined with decreases in local '
precipitation, the losses are magnified. In thy

. Boston Area Water Supply
for Baseline and 2xCO, Climates

—— case Q-;t;‘a”?.(w)}pe‘rﬂc:ent decline
| in precipitation, safe yield
would be cut by half from

Safe Yield (mgd)

the normal safe yield of
306 migd. :

~ If local precipitation
increéésés, however, losses

from warming would be
ameliorated and the net
effect could be an increase
in safe yield. A 10 percent
increase in precipitation
would offset the effects of
4° C warming almost
entirely. A 20 percent

m Baseline
o CGISs
GFDL

| Osy
mUKMO

Figure S1: Estimated safe yield of water from Boston area reservoirs for baseline climate
and GCM projections of future climate for a doubling of carbon dioxide in the

atmosphere above the preindustrial concentration.

xi

: J -increase in precipitation
“would more than offset the
effects of 4° C warming
!




and substantially in_crease safe yield.

Potential Responses and Costs

The above results indicate that
global climate change could
substantially affect the water supply
of the Boston area. If the water
supply available from the existing
System is diminished, water users
may be required to reduce theijr
Wwater consumption and/or new
sources of water supply may need to
be developed. These impacts
represent but one of the risks posed
by climate change to human welfare,

Percentage Change Safe Yield

Responding to the multiple risks
posed by climate change is a

challenge that must combine two
general strategies. The first is to
reduce the risk of damages by
limiting or slowing climate change.
For example, by conserving energy we can
reduce emissions of the greenhouse gases
that drive global climate change. The second
general strategy is to adapt so as to limit the
damages that may result from climatic
changes that are not averted. The study's
authors, with assistance from the MWRA,
have examined potential adaptive responses
for the MWRA water supply system.

Adaptive responses are examined for a
single climate scenario, the GISS scenario. .
The GISS scenario is selected for analysis
because it represents a case in which climate
change is calculated to have a negative
effect on local water supply and the authors
are interested in examining potential
Tesponses to a supply reduction. Because of
the focus on a single scenario, the evaluation
of adaptive response options is merely

Sensitivity of Boston Area Water Supply to

Precipitation and Temperature Changes

@20 CWarming

|40 CWarming

Figure S2: Percentage changes safe
changes in temperature and
" baseline climate scenario,

xii

-20% ~-10% 0% 10%
Percentage Change Precipitation

FoLE 4T AR

$20%

T

precipitation. Percentage changes are relative to

illustrative of the types of responses that
might be made. A more complete analysis
would need to explicitly take into account
the uncertainty of global and regional
climatic changes, the uncertainty of their
impacts, and the implications of these
uncertainties for water planning,

To evaluate potential responses to the GISS
climate scenario and their costs, the authors
first assess future water demand and supply -
in the absence of climate change. Based -
upon modest expected population and

- eéconomic growth, and an aggressive water

conservation program, demand is projected
to grow by only 5 percent from 1990 to
2050. Under normal climatic conditions and
current prices, future demand would exceed
the safe yield of the éxisting water supply »
system by 11 mgd. - ‘

yield of water from Boston area reservoirs fo




The MWRA has identified a number of local
water supply sources that could be '
developed to supply this deficit under
normal climate. The estimated costs of the
new sources are $15 million in capital costs
and $1 million in annual operation and
mainfenance costs.

In contrast, assuming that the GISS climate .

projections for a doubling of carbon dioxide

in the atmosphere are realized by the year
2050, the authors estimate that the water -
deficit in that year would be nearly 100
mgd.* Working with MWRA staff, the
authors identify a number of responses that
would eliminate the projected deficit if
implemented. They include development of
local water sources, reactivation of an -
existing but currently unused reservoir on
the Sudbury River, a water conservatlon
program for industrial, commercial and
institutional water users, and, finally,
diverting water from the Merrimack River to
Boston area water users. ‘

The total capital costs of these responses are
nearly $740 million and annual operation
and maintenance costs exceed $20 million.
Climate change, under the GISS scenario,
would raise costs by more than $700 million
for capital needs and $20 million for annual
operations and maintenance relative to the
scenario of no climate change. Adding these
costs to current water system costs would

" raise a typical household's annual

* The warming projected for the GISS scenario
exceeds the range of warming expected by most
climate scientists for the year 2050. The estimated -
water deficit includes a 70 mgd reduction in the safe
yield of the MWRA reservoirs, a 10 mgd estimated -
reduction in water supply from other non-MWRA |
sources, and an estimated 4 percent increase in water
demand as a consequence of climate change. '

1}
expenditure on water and sewer services
$45, or 25 percent, in the year 2050.

Conclusions

Whether or not these responses and their
costs are warranted is not yet clear. The
specifics of how global and regional climate
will change, and the time path these changes
will follow, are uncertain. As demonstrated
by the hydrologic analyses of this study, the
uncertainties about climate imply a wide
range of potential impacts on the MWRA
water supply. As 111ustrated for the GISS
scenario, climate change may require
substantial additions to the water supply
capacity of the MWRA and/or substantial
water conservation efforts i in the region. The
GISS scenario, however, 1s but one of many
p0351ble outcomes. :

Further uncertainty about future water needs
is introduced by expected ‘cost increases for
Boston area water users that are unrelated to
climate change. Costs for new sewage
treatment facilities may raise future
comnbined water and sewer rates by 50
percent. Water users are likely to respond to
these rate increases by redlucing water
consumption. The study demonstrates that
future needs for new water supplies as a
consequence of climate change may be
substantially reduced or even eliminated,
depending upon how stro:hgly higher rates
dampen future water demand.

" The MWRA's present strzitegy regarding the

risks posed by climate change is to learn
more before acting. Potentially costly
commitments to develop new water supply
sources or to conserve water will be delayed
until more evidence regarding the likelihood
of their need accumulatesé. This strategy

'
i




appears to be an appropriate one for the
Boston area at this time for a variety of
reasons.

First, the pace of global climate change is
unlikely to be so rapid as to result in local
water deficits in the near term given existing
water supply infrastructure and modest
expected regional growth in population and
economic activity. Second, expected water
and sewer rate increases may dampen water
demand substantially, thereby lessening the
risk that climate change would result in a
water deficit if supply capacity is not
increased. Third, the MWRA currently
engages in extensive water supply planning
activities. Other than the MWRA’s
participation in this study, their planning
activities have not explicitly addressed risks

posed by climate change. Nonetheless, these -

activities can help the region to adapt to
climate change and prevent future water
supply deficits.

The planning activities of the MWRA have
identified possible water sources for future.
development and have encouraged their
protection in order to preserve them as
future options. Should future events and
improved understanding of climate science
and impacts indicate that the risk of regional
water deficits is unacceptably high, the
planning efforts of the MWRA will have
laid important groundwork for timely and
flexible responses. For regions which have
not yet done so, the identification and
protection of future water supply options
represent important first steps in a climate
change adaptation strategy that can help to
lessen the consequences of adverse impacts.

Xiv




1: INTRODUCTION

Background

Many scientific sources are predicting global warming and climate change due to an
vernmental Pansl on Climate

increase in the concentration of greenhouse gases (Intergo
the potential impacts upon watet

Change (IPCC), 1990). Among major concerns are

resources infrastructure and how society might respond to them. A series of water resources
studies sponsored by the US Environmental Protection Agency (EPA) for the southeastern,
western, and central parts of the United States has been completed and reported in Smith

and Tirpak (1989a).

g done for the northeastern United Stz@tes with the case
{ climate change upon the water supply system operated
es Authority (MWRA). This systen: supplies 82"

yalities in the Boston metropolitan, area and serves 2.4

opolitan water supply is from local groundwater and

This is a similar study bein

study being the possible impacts 0

by the Massachusetts Water Resourc

he water of the 46 MUnicif

percent of t
million people. The remainder of metr

surface water.
The MWRA is an independent, wholesale, self-financing water and sewer agency
created by the Massachusetts legislature. The MWRA system collects water in. the western
portion of the state, stores it in several Teservoirs, and transfers it via aqueducts 10 users in
the metropolitan area. 1t also provides a small amount to some communities in western and
central Massachusetts. This report studies in detail the MWRA system ‘because it is the
looked upon to. supply most future deficits.

major source of supply to the region and will be

particularly interesting to study because only through an
ement program (e.g., water conservation, leak control, water
and public education) has the MWRA been able 10 bring its

d of the reservoir system. (Safe yield is deéfined as the amount
the reservoir system such that, over the long-term,

98.5 percent of the time - usually

This system is also
aggressive demand manag

supply source protection,

demand below the safe yiel

of water it is possible to supply from
ter demands are met

average monthly fluctuating wa'
expressed as the average annual demand on the reservoir divided by ‘the number of days per
year in units of millions of gallons per day (mgd). 98.5 percent 18 referred to as the

ical to;the MWRA in

e yield information is crith
gmentation, activities.

reliability of the gystem.) Future safi
ent or water supply au

planning for additional demand managem

i
t

Contents of Report
Included in this report is: (1) a more detailed description of 'fthe supply system and

its operating constraints, (2) @ description of the model the MWRA  uses for calculating
system safe yield, (3) the procedures for calibrating and verifying the rainfall-runoff model,
water surface (reservoir)

(4) the procedures for calculating potential evapotranspiration and ¥
evaporation, (4) a brief discussion of General Circulation Models, (3) the impacts of
potential climate flow, water surface ‘evaporation and safe

change scenarios upon 'stream
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the possible impacts of the GISS scenario.

| K
Summary of Methodology

€vapotranspiration to a;
all variableg affected
estimated.,

I temperature, windspeed, possible sunshine, and relative humidity -
by climate change. Evaporation (Ep) from the reservoirs was similarly

After the hydrologic models were shown 1o reasonably Tepresent streamflows under
bresent conditions (the base case of no climate change scenario), the driving climatic .
variables of the hydrologic models were altered according to the changes expected under
each climate change scenario, This resulted in estimates of streamflow into the MWRA’s
reservoirs and €vaporation that could occur under each climate change scenario.

Next the safe yie
€vaporation was determj

model determined the re
€vaporation,

1d corresponding to each Scenario’s -alte
ned using the MWRA’s Safe Yield co
SEIVoir system’s safe yield for a partic

red streamflow and ' |
mputer model. Thig computer ! K
ular set of streamflow and N | ]

=
9)
S :
o~
g y ‘
8 @,
a3
[72]
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Summary of Scenario Results _
The results of the scenario analyses are in Table 1.2. Both the GISS and GFDL
scenarios resulted in less streamflow than under present conditions and therefore less safe
‘yield. The OSU and UKMO scenarios resulted in more streamflow - primarily because of
the increase In precipitation under these scenarios. These resulted in increased safe ‘yields.
d the sensitivity of the'streiamﬂow'and |
inations of changes in temperature and precipitation. The

4 from two to fout degrees (celsius); precipitation changes
decreases of 10 and 20 percent. |

As be can seen In Table 1.2, warming alone resulted in decreased fyield becéuse of

the increases in Et and Ep. An increase in precipitation in most cases mitigated the

temperature Tise impacts upon safe yield and, in some cases, increased safe yield. If
precipitation decreased, yield decreases were amplified. The worst case occurred if
temperature incre d 20 percent. | :

As stated earlier, other analyses examine

reservoir systems 1o comb
temperature increases range
ranged from none to increases and

ased 4 degrees and precipitation decrease

Another scenario examined the potential impact of vegetation gro‘kNing inan ,
enriched CO2 environment. Under this scenario, plants may transpire less than normal. This
possibility is still an area of research and, while observed under controlled conditions, it
may hot actually occur in fields and forests in double CO2. climates. The project team
examined the sensitivity of the water supply system to this possibility for the climatic:
conditions represented by the GISS scenario. As shown in Table 1.2, ev;’apotranspitation‘
increased by only 5 percent, which is less than the 20 percent in the GISS scenario. This
resulted in higher streamflows and safe yield than in the GISS scenario; but they were still
Jess than the base case. . o o ' :
. While there were increases in evapotranspiration during the growing season in each .
¢ was no modeling of an increase in the }ilength of the
peratures. In this scenario, it was assumed that the -
would extend,approximately two, additional months.
d less safe

Compared to the first GISS scenario, this resulted in decreased streamflows an
yield. Therefore if there -are increases of a few months in the growing -season, streamflows

and safe yields will be significantly decreased.

of the previous scenarios, ther
growing season due to increased tem
growing season in the GISS scenario

Under the Base Case (pr climate), the reliability of the saffg yield of 306 mgd

was 98.5 percent; there were only four months when the demand could not be met over the

thirty year ‘simulation period. The final scenario determined the reliabiility of supplying 306
4 percent; failures occurred in

mgd under the GISS scenario. It was found to be 83
approximate

esent

ly 50 months over the thirty year simulation period. @
em: at Jess

ating the ‘supply syst
ly to be like

‘Presently, it is not a policy option to consider oper
t water Supp
E,

than close to 100 percent reliability. The public has come to expec

i

I
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other utilities

Summary of Supply Deficits

and how water
the demand.

As described previous]

supplies others.

would have to m
totally and partially supplied co
Communities had to phe conside
supplied communitj
supplied by the MWRA
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Since the water rate of most MWRA users consists of both water supply
jculating the water rate. The water ral
Because of new sewage

costs, the combined costs were used in ca

added to it community costs- (The MWRA is wholesale service.)

treatment plant i s, the MWRA’S annual sewer rates are expected 0 increase
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Per EH for yge in the next time Step based upon the percentage change in EH annygj Water
rate and the Price eIasticity. _ ‘ S _

A bond lifetime of thirty years With an interest rate of sevep percent wag used. At
the end of the bonding beriod, ‘Ieplacement Costs equal tq one-third of the capital cogtg Were

considered necessary,

The valye used for the Price eIasticity of the deniand for water was -(0.10. A
Particularly oy, value was ygeq because of the considerab]e uncertainty jp the selection of
this valye,” : . S

For the case of no climate change, the analysjs showed that the fina] 2050 demand
of 361 mgd was Jegg than the Presently Projected demand (with no Price elasticity 1mpacts)
of 379 mgd. This wag because of the large demang decrease dye the severe Price increaseg
for water Supply and Sewerage ninfrastructure in 1995 and 2000, In that beriod, demand i ‘
reduced from, 225.6 mgd per EH t, 214 mgd per EH. More importantly, 2050 demand wag
below the fotal system yield of 368 mgd.

For the Case of climate change, the final 2050 demand of 358 mgd was Jegg than the
Projected 2 x Co2 demand of 393 mgd. As in the Case of the ng climate change s‘cenario,
the major reasop for this wag the large drop in demand in 1995 and 2000. The GISS ,
Scenario in 2050 resulted in 13 percent greater rates apq annual cogtg than the Scenatio
without climate change, : : SRR R '




assuming that the MWRA’s fixed annual costs in 1990 were equivalent to tﬂose in 1987
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Summary of MWRA Policy Response.

The response of the MWRA to the hydro
ized by Estes—Smargiassi (
acticalﬂconsideratiom; of "banking" savings, we at the
unlikely to (now) propose substantial capital outlays to adapt 10 climate ‘change.
we have, and continue to make conservative decisions about facility locations and
decisions based on cl'u:nate change

elevations, we will not (now) make major policy

effects.”

logic and economic impacts of possible

1991); "Given the *Lime—value of
money, and the pr MWRA are
And, while

Further discussions with the MWRA indicated that the reasons for this response are
that the impacts of global climate change are t00 uncertain to presently take direct action -
particularly since the MWRA currently has difficulty obtaining approvz'}l for funds for basic
maintenance Of necessary system improvements. The MWRA, howevet, will continue to

remain aware Of possible climate change and formulate active policiesl hen they think it is
necessary. 1hey also believe that the climate changes will be gradual and they will have

time to react; it is possible for them to react to 2 perceived need within five to ten years.

ause of its already extensive water
re possible

MWRA already has futw
and feasibility by, for

The MWRA has the luxury of this response bec
supply planning activities and options. For example, the
local sources located and is working to protect their flexibility
example, helping member communities protect them. (There are 1o ather large-scale
reservoir sites.) The MWRA also knows that there remain some demand reduction measures
mplemented to date

that could be quickly implemented if necessary. They have not been i
WRA believes they are presently not needed and they do not want to lose

because the M
their credibility by requiring unnecessary demand reductions. j\;
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Table 1.1

Summary of Scenarios

1
Description S :

GISS

GFDL
OSU
UKMO

A, B%

Incr. rc

Ext. Sea.

v
- R

Present hydrologic conditions as represented by the climate variables of air

temperature, precipitation, incident solar radiation, wind ;:speed, and

relative humidity. ‘ i
‘ 1

Perturbation of climate variables according to 2 x CO2 r-';esu].ts of GISS

model. o

Same as above except GFDL model.

!
i
b

Same as above except 0SU model. :

Same as above except UKMO model. !
|

' !
Base case with A degree Celsius increase in air temperature, B % change
in precipitation. For example, 2,+20% is the Base Case with 2 degree
increase in temperature, 20% increase in precipitation. |

: f
GISS scenario with decreased potential evapotranspiraticn because of

higher canopy resistance.

1

GISS scenario with longer growing season.. :




Table 1.2
Summary of Results

Note: Reported by percent of average change compared to Base Case except for
temperature, which is increase in temperature (degrees Celsius) and Yield, which is mgd.
Yield is the safe yield of the MWRA reservoir system. 2,+20% means 2 degree increase
and 20 percent increase in precipitation. "Incr. rc" is decreasing plant transpiration due to
CO2 enrichment. "Ext. Sea" is increasing growing season. More information is in Section 6.

Run Et Ep Precip Temp Flow Yield
% % % Cel. % 7 mgd
Base - - - - - ‘ 306
GISSs +20 +17 ) -1.6 +3.67 -16 236
GFDL +57 +41 -7.6 +4.9 -33 173
OSU +23 +13 +13 +3.11 +6 328
UKMO +10 +32 +23 +8.27 +30 421
2,0% +12 +6 0 +2 -8 278
2,+20% +12 +6 +20 +2 +23 379
2,-20% +12 +6 -20 +2 -39. 161
4,0% +24 +11 +0 +4 -15 250
4,+20 +24 +11 +20 +4 +15 355
4,-20% +24 +11 - -20 +4 -44 139
4,+10% +24 +11 T +10 +4 +0.2 - . 302
4,-10% +24 +11 -10 +4 -30 196"
Incr. rec +5 +17 -1.6 +3.67 -10 262
Ext. Sea. NA +17 -1.6 +3.67 NA 195
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2. STUDY AREA

I

Introduction

Boston, its neighboring communities, and some communities in western and '
central Massachusetts receive water supply from the Massachusetts Water Resources
Authority (MWRA), an independent public authority created by the Massachusetts
Legislature. Most of the communities' are totally supplied; the remainder use the MWRA to
augment local supplies (partially supplied). The MWRA service territory includes 46
communities to which the MWRA supplies 82 percent of the water and serves 2.4 million
people. The demand is 45 percent residential, 35 percent industrial-conimercial-institutional,
and 20 percent unaccounted for in mainly unmetered municipal usage, leakage, and
inaccurate meters. The rest of this section discusses the MWRA. system, the focus of this
study. |
In 1987, water demand on the MWRA system was 336 irlillions of gallons
per day (mgd). This demand varied throughout the year, being 300 mgd in the winter, 325
mgd in the spring, peaking at 350 mgd in the summer, and falling to 325 mgd in the fall.
Through aggressive programs in leak detection and repair, demand management, and water
supply protection, by 1989 average demand was decreased to under 290 mgd. The MWRA
anticipates that with the expansion of these programs, demand will remain under 300 mgd,
the safe yield of the reservoir system, for the next ten years or possibly thirty years. '
Without expansion of these conservation programs, even without significant increases in
population or economic activity, demand could grow to 340 or 350 mgd by the year 2020
as the system deteriorated, water was used inefficiently, and local water supply sources
became lost. Future demand is further discussed in Section 7, MWRA Policy Response.

The aggressive nonstructural approach to meet water supply needs was the
result of a 1986 study that showed that leaks and inefficient water use practices were
resulting in an annual demand ten percent greater than the safe yield of the reservoir system
and that if present practices continued demand could increase by 50 percent in 2010
(MWRA, 1990). Rather than follow the traditional response of developing costly new
supply sources, the MWRA decided to implement a nonstructural approach and investigate
over a three year period how successful the nonstructural approach could be in meeting the
long-term water supply requirements of the MWRA. i

As reported in MWRA (1990, page 3), over the three year period, the
MWRA, among other related activities,:

+
i
i
!
t

"_ found and repaired MWRA pipes leaking 5 mgd;
‘ |

- found 25 mgd in leaks in 5000 miles of community ‘flines;

I
- developed, and issued for comments, regulations requiring leak detection

11 |




and accurate metering;

- distributed over a million pieces of conservation information and educated
school children throughout the service area;

- helped change the Massachusetts Plumbing Code to require low flow toilets;

- installed water saving devices in over 7000 homes...;

- helped hundreds of industrial, commércial, and. institutional users to save
water." : ‘

During this same three years, the MWRA started (1) studying the feaSibility '
of developing more local sources to augment supplies, (2) protecting the existing and
potential sources of both partially and non-MWRA supplied communities so that demand

» (3) evaluating the impacts of reactivating a

The MWRA also reviewed -

demand projections and, because of low
projections of future population and water

-consuming economic activities in the service -
area, determined that at least unti] 2020 there may not be a significant increase in demand

as long as there is no loss of local supplies, no growth of the service territory, and the
demand management strategies are maintained.

new source; only if that failed after a fair trial, would the more

traditional water supply »
planning route of augmentation be considered"

(MWRA, 1990, page 8). The MWRA is
, s stated earlier, the MWRA anticipates that
with the expansion of these programs i

Water Supply System and Operation

The main sources of supply for the MWRA are the Quabbin and Wachusett
Reservoirs, located in central Massach

usetts and shown in Figure 2.1. From these
reservoirs, water flows east under grav.

ity to the distribution System in the Boston
metropolitan area. There are also several reservoirs used for emergency supply.

12




Quabbin Reservoir is located on the Swift River. It collects water from 186
square miles of Swift River drainage as well as water transferred to the reservoir from the
Ware River watershed by the Quabbin Aqueduct (see additional information below). The
reservoir has a total storage volume of 412 billion gallons and an active storage volume of
256 billion gallons. The active storage volume, or the minimum volume the reservoir is
permitted to obtain, is necessary to maintain the water quality of the water supply releases.

4
"

: ‘Quabbin has a mandated minimum downstream flow release{ to the Swift
River of 20 mgd for fishery maintenance. During the months of June through November,
the minimum is increased to 45 mgd if the flow on the Connecticut River (to which the
Swift River is tributary, see Figure 2.1) at Montague is less than 4900 cfs. The minimum
release is increased to 71 mgd if the Montague flow is below 4650 cfs. The average flow at
Montague during June through November is 7,421 cfs. . E -

. , P ‘

Water diverted from the Ware River, the next river basin to the east of the
Swift River basin, can be transferred either to Quabbin Reservoir or Wachusett Reservoir.
The decision is based upon the time of year and storage in each reservoir. The diversion
structure controls 96.8 square miles of the Ware River basin. Water may only be taken
during the period of October 15 through June 14 when the flow exceeds 138.5 cfs. This is
referred to as flood skimming. The average monthly flow of the Ware Ri{ver during this
period is 229 cfs. !

Wachusett Reservoir receives inflow from the Nashua River watershed and
water transferred from the Ware River. Its storage volume is 65 billion gallons. It also has a

minimum downstream release. |
|

Spills from the reservoirs under flood conditions are rare afnd the impacts are

minor.

Hydrollogy ‘
The United States Geological Survey (1986) repbrts the av%rage. annual
precipitation over the Swift and Nashua watersheds is approximately 42 inches. Itis
distributed relatively evenly throughout the year. There is snow from approximately
December through March. The average annual runoff is approximately 23 inches, with a

peak flow in the Spring from snow melt (see Ware River hydrograph, Fiigure 4.3).

There is approximately 40 inches of precipitation per year?,over the
- Connecticut River Basin above Montague with an average annual runoff; of 23 inches (see
Connecticut River hydrograph, Figure 4.5). ‘
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3. SAFE YIELD MODEL

Introduction |

The MWRA’s Safe Yield Model is described in MWRA (1989). It uses
reservoir simulation techniques to determine the average annual yield that can be supplied
from the MWRA water supply system with a specified reliability. The average monthly
release that satisfies the reliability constraint is referred to as the safe yi¢ld. The model
functions on a monthly time step; during cach time step the model reads the streamflows
entering the system, calculates the net reservoir volume changes due to direct precipitation
and evaporation, determines minimum flow release requirements from Quabbin reservoir
based upon streamflow at Montague, and determines the amount of flood skimming (see
discussion at end of Section 2) permissible from the Ware River and the Wachusett flow
release. Then reservoir volume balances are calculated and a determination is made if that
month’s demand can be met. The reservoir volumes are then adjusted to reflect the amount
of demand supplied. If the entire monthly demand can not be met, a failure is recorded. The
system reliability is measured by the ratio of successful supply months to the total number
of months simulated. : : )

At the option of the user, the model can also simulate drought management
scenarios. These scenarios attempt to model how the MWRA might respond to a drought
situation. That is, when the MWRA noticed that the system storage had decreased to a
"trigger" amount, it would start to ration water supply releases so that the shortfall would
be spread over several months instead of just one. The amount of rationing (expressed as a
function of the demand) depends upon the volume of the combined storage in Quabbin and
Wachusett reservoirs. If the decreased demand can not be met, then a failure is recorded.

t

Data Requirements

i

In the Safe Yield Modg:l, monthly demand is specified as a percentage of the
average annual demand. They are derived from historic data and are: |

|
|

January 97 ~ July 112 ,

February 96 August 111 }

March 95 - September 104 !

April 94 ‘ October 98 %

May 97 ‘ : November 96 f

June 105 December 95 i

Generally, when the MWRA uses the model for studies,? they use historic
hydrologic data for the period 1930 to 1979 (which contains the worst drought of record).
These data include monthly precipitation on the reservoirs, monthly streamflow of the Ware
River at the Colbrook gage (the location of the diversion and also used to estimate monthly
streamflow into Quabbin reservoir on the Swift River using the ratio of drainage areas), the

i
b
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inputs are determined by pre-processing the historic daily flow data for the Ware and
Connecticut Rivers to model the impacts of the flood skimming and downstream low flow
requirements. Monthly evaporation from the reservoirs is

also a data requirement (the same
value is used for each reservoir; it is the long term monthly average).

The fitting was done using ordinary least square

of these analyses are in Figures 3.1 and 3.2,
of this methodology.

fitting to a polynomial. The results of some
they all were reliable enough to warrant use

16




Ware River Transfer Volume as @ Functiorix of
- : Average Monthly Streamflow
T=-2553+ 0.75Q + 4;43E—2Q2 - 3.16E€:—5Q

1 i i M 1 N 1

3

r=0.996

‘s

{
| J | 1 1 . ] L i ot |

300 400 500 600 700! 800 900

Mean Monthly Flow (cfs)

Figure 3.1 Ware River Monthly Transfer




Ware River Transfer Days as g Function of
Average Monthly Streamflow
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Figure 3.2 Ware River Monthly Transfer Days
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4: CALIBRATION AND VERIFICATION OF RUN(?F]F MODEL

[

Introduction

As described in Section 3, Safe Yield Model, it is necessalry to be able to
simulate the streamflows at the Ware River at Colbrook (the location of the transfer intake
structure) and the Connecticut River at Montague. A conceptual runoff model with climate
input data of precipitation, temperature, and potential evapotranspiration: was calibrated and
verified for each location. Then changed values of these variables corresponding to possible
climate change scenarios were used in the runoff model to simulate possible impacts upon
streamflow. This section briefly describes the runoff model, and the procedures and results
of the calibration and verification. The resulting simulated flows for present conditions are
referred to as Base Case flows. ' !

1
i
!
i
|

Rainfall-Runoff Model

The rainfall-runoff model consists of two major modules, the National
Weather Service River Forecast System (NWSRFES) snow accumulation and ablation model
(Anderson, 1973) and the Sacramento Soil Moisture Model (Burnash et al, 1973).
FORTRAN computer codes of each module are available from the US National Weather
Service, Silver Spring, Maryland. The project team wrote drivers for the codes that allowed
for entry of input data and retrieval and display of the output. Each module is well known
and used in operational and research hydrology. , |

|

The snow melt model is summarized in Figure 4.1. It uses an energy balance
approach to calculate snowmelt during rain-on-snow periods and a teriperature index
approach during non-rain periods. The input data used by the model for each time step (24
hours in this application) are temperature and precipitation. Major parameters include sub-
basin area, a factor to adjust precipitation gage catch efficiency during snowfall, melt
factors which relate snowmelt to temperature, an areal depletion curve which describes the
change in areal extent of snow as water-equivalence changes, and the temperature which
delineates rain from snow. With these data the model internally determines the areal-extent,
water-equivalent and heat deficit of the snow pack at each time step, and the resulting melt
and rain in the sub-basin. |
. )

The Sacramento soil moisture model represents the passage of the daily (as in
the case of the snow model, the time step for the soil moisture model; was 24 hours) rain
and melt over the soil surface or through the soil into water bodies such as rivers. It is
shown in Figure 4.2. It effectively models direct runoff, interflow, ancﬁ slower responding
baseflow. Evapotranspiration is possible from both upper and lower soil layers. Major
parameters include maximum storage amounts of tension and free water in each zone, and
rates of passage and transfer between zones based upon storage volurnes. The output of the
model is runoff. 3




Since the time of travel in both the Ware and Connecticut river basins is on
the order of days and the time step for the Safe Yiel

d Model is one month, the daily
runoffs were aggregated monthly and used as the m.

onthly streamflow values in the Safe
Yield Model. As shown in the results of the calibration and verification of the models, this
assumption did not limit the results,

Calibration and Verification for the Ware River

As discussed in more detail in Section 6
the US EPA requested the project team use the period
hydrologic conditions before potential climate change.
used to calibrate and verify the runoff model.

, Potential Climate Change Impacts,
of 1950 to 1980 as representative of
Therefore data from this period were

above average and the 1960’s having the 1
a "warm-up" period of three years starting in May (when there is no sno
before the start of the calibration or verificati
storage values. Since precipitation and temp
up" period of 1947 - 1949 for the verificati
had similar streamflow values (1969
temperature values were used as the

erature records were unavailable for the "warm-
on run, a period of record was determined that

- 1971) and the corresponding precipitation and

values for the warm-up period.

verification period) is shown in Figure 4.3. During this period
184 cfs, the simulated mean flow, 171 cfs.

20
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evapotranspiration model, which required the use of historic monthly values of temperature,
wind speed, sunshine, and relative humidity. The Penman-Monteith model had been
calibrated with the monthly values of potential evapotranspiration determined from the
initial calibration of the runoff model. This procedure is discussed in more detail in Section
5, Evapotranspiration. As can be seen in Figures 4.4a and 4.4b, the mo thly streamflow
time series agree well. This is also shown in Table 4.1, where the closeriess of the values of
the means, standard deviations, and skewness indicate that the distribution shapes of the
historic and simulated flows are very similar. The high correlation coefficients indicate that
the monthly variations of the flows are also similar. Therefore the mod?l reasonably
represents monthly flows in the Ware River basin. D '

Calibration and Verification for the Connecticut River

Similar procedures for the Connecticut River at Montague, where there is
also a USGS gage, were followed as for the Ware. The entire 7,865 square mile drainage
area was modeled as one sub-basin; this is. suitable accuracy for the Safe Yield Model.
Daily precipitation and temperature values used in the model were the average of values at
Newport, VT, Chelsea, VT, Cavendish, VT, and Keene, NH. Since son;le stations were
missing values for the period of 1950 to 1953, ordinary Jeast square regression relations
between Cavendish, VT, where there are complete records, and average precipitation and
temperature were determined and used to fill-in missing values. The model was calibrated
for the period 1960 - 1970 and verified for the period 1971 - 1979. The results for the
verification are in Figure 4.5. Using the same. years of 1969-1971 as in the Ware River
verification to provide nwarm-up" years for the period 1947-1949, a simulated monthly
record for the period 1950 - 1979 (Base Case flows) was developed. As in the case of the
Ware River, monthly values for the potential evapotranspiration for the growing season
were used that were determined using the Penma -Monteith model and historic data.
Figures 4.6a and 4.6b and Table 4.1 compares historical and simulated values for the entire
period of simulation. As can be seen, the model with this set of parameters effectively
represents the flows in the Connecticut River. ' i

¥

b
P

Use of Simulated Flows in Safe Yield Model

A final check on the calibration and verification procedures was 10 execute
the Safe Yield Model with historical measured streamflow and evaporation data for the
period 1950 - 1979 and then with gimulated streamflows derived with the procedures above
-using historic precipitation and temperature data for the same period. The evaporation and
potential evapotranspiration values corresponding to the simulated st?;reamﬂows were
determined using the Penman-Monteith and Penman equations and historic climate data (see
Section 3, Evapotranspiration). The values of the safe yield at the 98.5 % reliability level
agreed very well; 294 mgd with historic data, 306 mgd with the simulated flows. Other
parameter values such as minimurn flow releases and water transfers also agreed well.

Therefore the project team had confidénce that the modelling procedures provided adequate
representation of the flows in the river basins and of system safe yi;eld.

21
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Table 4.1

Comparison of Historic and Simulated Time Series for Present

Climate

Time Series Mean (cfsg) Std. Dev (cfs) Skewnessg
Ware Hist. 169.2 148.3 1.4

Ware Simul. 169.0 166.8 1.5
Correlation Coefficient between Hist. and Simul. = 0.8118
Conn. Hist, 1455¢0. 11810. 1.5

Conn. Simul. 14029, 11852. 1.7
Correlation Coefficient between Hist. and Simul. = 0.84571
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Figure 4.2

Sacramento Soil Moisture Accounting Model
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Figure 4.6a Conneén’cut River Entire Series (1950 - 64) :
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Figure 4.6b Connecticut River Entire Series (1965 - 79)
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5: POTENTIAL EVAPOTRANSPIRATION AND EVA;PORATION

Introduction

In a humid climate, such as New England, actual evapotranspiration, Et’, may account
for up to one half of the long-term average annual water budget. Thus, in a
hydroclimatologic sensitivity analysis. of a water supply system, careful attention to Et, the
potential evapotranspiration, is necessary. In this study, the Penman-Monteith equation is
employed to estimate Et and the Penman equation is used to estimate the potential (free
surface) evaporation, Ep. With these methods, daily values of Et could be generated to be
used in the Runoff Model and monthly values of Ep for use in the Safe Yield Model.

Potential Evapotranspiration

The primary reason for differentiating between potential evaporation,; Ep, and potential
evapotranspiration, Et, is that the diffusion of water vapor into the atmosphere follows very
different physical pathways from vegetation (transpiration) than it does from a free water
surface. Shuttleworth (1979) cites Penman (1948) who defines Ep as "the quantity of water
evaporated from an idealized, extensive free water surface per unit area, per unit time under
existing atmospheric conditions". Shuttleworth (1979) cites Gangopadhyaya et al (1966)
who defines Et as "the maximum quantity of water capable of being lost, as water vapor, in
a given climate, by a continuous, extensive stretch of vegetation covering the whole ground
when the soil is kept saturated". His definition of Et therefore recégnize$ the combined
process of transpiration by vegetation and evaporation from saturated bare soil. Estimating
Et is more difficult than Ep because several vegetation species specific n;mdel parameters
are required. Furthermore, ways to estimate these parameters are still being developed.

There are several reasons why the Penman-Monteith energy budget gl:quation was
chosen to estimate potential evapotranspiration. First, the Penman-Monteith equation "big
leaf" model is presently used by a number of General Circulation Modclé (GCMs) to
estimate the flux of energy and moisture between the atmosphere and the land surface/water
surface boundaries as discussed by Milly (1991). Secondly, the model is composed of a
number of the GCM prognostic variables, thereby lending itself to easy perturbation by
climate change scenarios. Lastly, the model is derived from the energy conservation
equations and therefore it is generally considered to be universally applicable. The Penman-
" Monteith evapotranspiration model (Monteith, 1965) is shown below as Fq 5.1.

A(Rn - G) + pCple°(z) - el(z))/ra j . i
AEt = - : ; (5.1)
A+ v(1 + rc/ra)

where 2 is the latent heat of vaporization of water; A is the gradient of the saturation vapor
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pressure-temperature function; Rn is the net radiation; G is the soil heat flux; p is the air
density; Cp is the specific heat of the air at constant pressure; e°(z) is the saturated vapor
pressure of the air, a function of air temperature, measured at height z; e(z) is the vapor
pressure of the air measured at height z; ra is the aerodynamic resistance to water vapor
diffusion into the atmospheric boundary layer; y is the psychrometric constant; and rc is

the vegetation canopy resistance to water vapor transfer. Notation is summarized in
Appendix B.

One of the limitations of the Penman-Monteith equation is its data requirements. At a

minimum, the model requires air temperature, windspeed, solar radiation and the saturation
vapor pressure deficit. The surrogate of solar radiation employed in the present study is
empirical clear sky estimates of solar radiation combined with observed cloud cover or
percent of possible sunshine. The surrogate for the saturation vapor pressure deficit, e°(z) -
€(2), usually estimated from air and dewpoint temperatures, is relative humidity. For this
study, which spans 1950 through 1979, average monthly observations of air temperature,
windspeed, percent of possible sunshine and relative humidity were obtained for several
First Order Summary of the Day NOAA climate stations. '

In Eq. 5.1, the net radiatidn, Rn, is described by Eq. 5.2, which is shown below.

Rn = (1-a)Rs - Rb (5.2)

where Rs is the shortwave (solar) radiation, o is the surface reflectivity or albedo; and Rb
is the longwave backscatter radiation. In this study the values of o determined by Brest
(1987) are employed. He derived mean monthly values of albedo for coniferous and
deciduous forests and unfrozen surface water bodies for the region around Hartford, CT.
Brest (1987) conducted ground-truth radiometer measurements against Landsat satellite
band 4 and 7 observations. The forest albedo values used here assumes an equal mix of
deciduous and conifers in the study watersheds. Therefore, the forest albedo used is an
average of Brest’s (1987) deciduous and confer forest values, shown in Table 5.1. It is also

assumed that the forest vegetation will not evolve sufficiently to alter the albedo within the
next 100 years, as discussed by Nicholson (1988).

In Eq. 5.2, the incoming shortwave radiation, Rs, is determined using the methods
described by Heerman et al (1985) and Fritz and MacDonald (1949). The net longwave
back radiation, Rb, which is a function of air temperature and relative humidity, is
estimated using methods described by Wright and Jensen (1972), Wright (1982) and
Linsley, Kohler and Paulus (1982). Relative humidity, which is not a variable output from
General Circulation Models (GCM, see Section 6), is derived from the GCM variables of
specific humidity and mixing ratio. This is described more in Appendix A.

In the estimation of Et, the term G in Eq. 5.1, represents the soil heat flux. During the
spring and summer months in the New England climate, energy that might otherwise be
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available for evaporatlng soil moisture instead heats the soil. Slmllarly, the flux of energy
from the soil to the atmosphere during the fall months (soil cooling) wil 11 contribute to the
- evaporation of soil moisture. The soil heat flux, G, is estimated using a single soil layer
model described by American Society of Civil Engineers (ASCE, 1990)

The rlght-hand term of the numerator of Eq. 5.1 is referred to as the: sensible heat flux.
The saturation vapor pressure deficit is estimated by Eq. 5.3. P '

e°(z) - e(z) = e°(z,Ta)(l - S/100)

where S is the relative humidity; and Ta is the air temperature. }
|

In Eq. 5.3, the saturated vapor pressure, €°(z,Ta) measured at he1ght z is estimated by
the methods described by Tetens (1930) and Murray (1967). ‘[

In Eq. 5.1, the slope of the saturation vapor pressure temperature cu}ve, A, is estimated
by the methods described by Tetens (1930) and Murray (1967). The latent heat of
vaporization of water ,A, is estimated using the method described by Hamson (1963). The
psychrometric constant, v, is estlmated by Eq. 5.4, shown below. i :

Cp Pa‘.
_ (5.4)
0.662 A

In Eq. 5.4, the specific heat of moist air, Cp, is assumed to equal 1. ()13 kJ/kg°K as
reported by Brutsaert (1982). Functions describing the estimation of the atmospheric
pressure, Pa, and the air density, p, (of Eq. 5.1) are reported by List (1984)

rc and ra in Eq. 5.1 are respectively dependent upon characteristics of the vegetation
and the surface windspeed drag conditions. In this study, it is assumed that the vegetation
of the study areas can be appropriately ‘modeled as an equal mix of eastern deciduous and -
conifer forests as discussed above. :

|
\
l
‘I
+




Rauner (1976), pp. 257, defines the low level drag coefficient CaM by Eq. 55,

2
| =) |
CaM = (5.5)
U(z)
such that
1 v .
ra = —mmm—m . (5.6)
CaM U(2) '

where U* is the friction velocity, defined by Monteith (1973), and U(z) is the .windspeed |

measured at height z.

Rauner (1976) reports values of CaM of 0.019 and 0.046 for a birch and pine forest
respectively for windspeeds in the range of the present study observed values. These drag
coefficient values are chosen to represent those of a deciduous and conifer forest.
Therefore, based on the reasonable assumption that the study watersheds are comprised of
an equal mix of this forest vegetation, Eq. 5.6 is simplified to Eq. 5.7.

ra = — . (5.7)

Eq. 5.7 illustrates an important assumption regarding windspeed. Although Rauner
(1976) measured windspeed profiles above the forest canopy, this sort of observation is
unavailable for this study. Therefore, it has been assumed that the First Order Climate
station windspeed observations, although measured at the 2 meter height, may be suitably
employed in Eq. 5.7. .

Detailed discussion about empirical estimates of the canopy resistance, rc, has been left
for last. Ways to estimate this Et parameter, either empirically or through physically based
models of vegetation, are still being developed. Furthermore, the focus of most research
has been on estimating rc for cultivated crop irrigation requirement purposes, such as
alfalfa. Monteith (1965) assumes that the ratio of rc/ra equals 15 for forest canopies, and
Eagleson (1984) suggests that rc/ra approximately equals 10.
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Unfortunately, no long-term empirical measurements’ of rc for forest canopies have been
reported in the literature. This is due in part to the difficulty in measuring forest
evaporation rates as discussed by Byrne et al (1988). Verma et al (1986) report mid-day
values of 75-160 s/m over a six day period in August for a fully leafed deciduous forest in
eastern Tennessee. McNaughton and Black (1973), pp. 1587, report a rc value of 75 s/m
over an eighteen day period in July for a Douglas Fir forest in British C'olumbla To
circumvent the difficulty -of defining a precise value of the canopy resistance, rc, in this
study, it was decided to employ it as a runoff model calibration parameter. Monthly values
of rc were adjusted so that the long-term monthly average of the daily Penman-Monteith
model simulations for Et using historical data agreed with the monthly values of Et
determined in the calibration of the Runoff Model during the growing season (April through
October for the Ware Basin, May through October for the Connecticut Basin). As a check
on this procedure, the monthly values of rc determined for both the Ware and Connecticut
Basins were within one or two orders of magnitude of the diverse values reported in
literature. ‘i

Potential Evaporation , |

Eq. 5.1 for Et reduces to the potential free surface evaporation, Ep, by substituting the
water body heat flux G’ for the soil heat flux G, and by equating the canopy resistance, rc,
to zero. This is the well known Penman equation. Energy that might’ ‘otherwise be
available for evaporating water heats the water column of the reservoir. ; As with soil in the
New England climate, one would expect this to occur in the spring and 'early summer.
Similarly, the flux of energy from the reservoir to the atmosphere as it ¢cools during the fall
will contribute to the evaporation of water. In this study, however, time did not permit a
detailed examination of the reservoir energy budgets. Instead it is assurned that the
reservoirs are fully mixed and isothermal. l
%

For a fully mixed, vertically isothermal surface water body, G’ will equal zero and
evaporation may occur at the potential rate, Ep. Clearly, the aerodynam1c drag will be
different over water than over a forest canopy. In this study, the form of the reservoir
surface aerodynamic resistance is defined as that reported by Eagleson (1970) pp. 230,
shown below as Eq. 5.8. ‘ . .

]
- 4
+
1
¥

In2 (z/z°)

!
k2U(z) I

1nz (200/0.001)

(0.41) 2 U(z)




where z and z° are the measurement and surface roughness helghts (here in centlmeters)
and x is Von Karmen’s coefficient.

Solving for the values in Eq. 5.8 results in Eq. 5.9.

886 : . '

Comparison to Observed Data

Long-term monthly average values of potential free-surface evaporation determined in
this study for the present climate were compared with the Class A evaporation pan
measurements reported by Farnsworth and Thompson (1982), for Norfolk, CT. and
Lakeport, N.H. The monthly values reported here is the average monthly value of both
stations. The available records are for only May through October because the water in the
pans typically freezes during the other months of the year. Monthly values of temperature,
windspeed, possible sunshine and relative humidity, which are all used as input variables to
the Ep model, are from the Hartford, CT. and Concord, N.H. NOAA stations. The Ep
results reported are an average of both Hartford and Concord Ep time series. Figure 5.1
shows that the long-term monthly estimates of Ep are within 0.5 and 1.0 mm/day of the
evaporation pan values. The generated Ep values were multiplied by 0.70 to estimate
reservoir evaporation in the Safe Yield model.

Generation of Ep and Et Time Series

The Connecticut River Et series was generated using the Concord, N.H. NOAA data.
‘While there is a climate station in Burlington, VT., located near Lake Champlain, it was felt
that this large water body might influence the data needed for the present study in an
unrepresentative way. Furthermore, the Green Mountains of Vermont separate the Hudson
river basin, where Lake Champlain is located, from the Connecticut River basin.” The Ware
River Et and the MWRA Quabbin and Wachusett reservoir Ep time series were generated
using a composite monthly average of the Concord, N.H and Hartford, CT. data.
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Table 5.1

Monthly Forest ang Surface Water Aibedo

Month Deciduous(%), Evergreen(%) Mean(%)% Water(%)
|
___________________________~____f_____________5_____________
Jan. 10.0 9.0 9.5 3.1
Feb. 10.8 | 9.5 10.2 % 2.8
March 12.2 10.7 11.5 E 2.4
April 14.0 12.5 13!1 % 2.0
May 16.0 14.6 . 15.3 % 1.7
June 17.4 16.0 16.7 | 1.6
July 17.7  16.3 , 17.0 | 1.7
Aug. 16.7 15.3 16.0 ; 2.0
Sept. 14.7 - 13.5 14.1 E 2.3
Oct. - 12.6 11.6 12.1 | 2.7
Nov. 10.9 10.1 10.5 | 3.0
Dec. 10.0 9.3 9.7 E 3.2
|
i
|
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'6: POTENTIAL CLIMATE CHANGE IMPTA(?TS

Introduction

f

Since there is considerable uncertainty on the exact meteorological impacts that may
occur under climate change, the US EPA requested that the project team run a set of
scenarios that may occur if the equivalent of CO2 doubling occurs. The scenarios include
changes predicted by several General Circulation Models (GCM) and separate arbitrary
sensitivity analyses to precipitation, temperature, and other variables. In this section, the
GCMs are briefly reviewed (actual data from the GCMs and comparisons to present climate
data from the study area are given in Appendix A), and then the scenario procedures and
impacts are presented. Since the MWRA reservoir system is the major ‘supply source in the
study area, only the possible impacts of climate change upon its yield are determined in this
section. In Section 7, estimates are given of the impacts of one of the GCM scenarios upon
the yield of the other supply sources in the study area. ‘ ; :
General Circulation Models |

GCM’s are complex numerical models of atmospheric circulation that model
variables such as winds, precipitation, temperature, radiation transfer, cloud cover, air
pressure, and humidity. Because of their complexity, they use large scale grid systems - a
typical grid size is 4 degrees latitude by 8 degrees longitude. Within a grid, parameters
values are averaged over the atmospheric, land, and sea conditions within the grid. The
advantage of using GCM’s over sensitivity analysis of selected variables to study the
possible impacts of climate change are their internal consistency and strong physical basis
(McCabe and Ayers, 1989).

Results from several GCMs were obtained with grid squares centered near 42°
degrees north latitude and 72° degrees west longitude, the approximate centroid of the
present study area. These GCMs specifically investigated the response’ of the climate to a
doubling of atmospheric carbon dioxide concentration. The GCM output data sets were
provided by the National Center for Atmospheric Research (NCAR) and are summarized by
Jenne (1989, 1990a,b). As of 1992, these ‘are the most recent GCM data sets NCAR has
available. The GCMs used in this study are described below. S

. i '

The Goddard Institute for Space Studies GCM (GISS) is described by Hansen et al
(1983). The model has two soil layers, a 65 meter deep slab ocean, and. nine atmospheric
layers. The grid square resolution is 7.83° latitude by 10° longitude. The GISS GCM is
the only model among the four described here that accounts for partial coverage of ocean
and land surface within a single grid square. The model results used in the present study
that are for a grid square centered at 43.04° by 70°. The model runs were made in 1982.

The Geophysical Fluid Dynamics Laboratory GCM (GFDL) is described by
Wetherald and Manabe (1991). The Q-flux R-15 GISS GCM model has fa slab ocean, two

!
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soil and nine atmospheric layers with a grid square resolution of 4.44° latitl‘lde_by 7.5°

longitude. The model results provided for the present study are for a grid square centered
at 42.22° by 75°. The model runs were made in 1988. ’

|
|
|
|
The United Kingdom Meteorological Office (UKMO) GCM is described by Wilson
and Mitchell (1987). This model has a 50 meter thick slab ocean and eleven atmospheric
layers with a grid square resolution of 5° latitude by 7.5° longitude. The run results |
provided for the present study are from a grid square centered in northeastern |
Massachusetts at 42.5° by 71.25°. The model runs were completed in 1986. !
|

The Oregon State University (OSU) GCM is described by Schlesinger and Zhao (1988).
It has two atmospheric layers with a 60 meter deep slab ocean and a surface boundary with
4.0° latitude by 5.0° longitude resolution. The run results provided for the present study
are from a grid square centered in south-central Massachusetts at 42° by 72°. The model
runs used to generate these results were conducted in 1984/and 1985. '

As stated previously, the GCM data used in this study and comparisons to present

Procedures

considers the period of 1950 to 1980 as representative of present climate conditions.

Therefore, since the reservoir Safe Yield model requires streamflow, precipitation, and

evaporation (Ep) time series, the objective was to determine how these time series might

change under the various doubling of CO2 (or 2 x CO2) scenarios and impact the safe yield
of 98.5 percent reliability. ‘Because of hydrologic data and Safe Yield model limitations, the
actual period used in this study was October 1950 to September 1979. While an improved

The procedures used for cach scenario were generally similar. The US EPA _ | I
i
|

estimate of safe yield may have been obtained using a longer period of simulation than 30

years, the 30 year period is certainly adequate to determine the types of impacts climate
change may have on the safe yield of the reservoir system.

The time series variables necessary to generate streamflow are precipitation,

temperature, and potential evapotranspiration (Et). As discussed earlier, both Et and Ep can

be determined from incident solar radiation, temperature, wind speed, and relative humidity

|

i

|

|

!

(which can be determined by either specific humidity or mixing ratio - see Appendix A). '
Therefore it must be determined how the driving variables may change under 2 x CO2. 7
Since the GCMs do not agree well with the present climate, but may be generally ' R

representative, it is reasonable to adjust each of the measured present values of the driving ] ‘

variables by the monthly ratios of each corresponding 2 x CO2 scenario value to the 1 x i

CO?2 scenario value. The one exception is temperature; there the present temperature is !

!

|

!

]

|

|

|

1

|

l

increased by the monthly absolute temperature change predicted by the GCM. These

methods have been used in previous studies (for example, in those summarized by Smith

and Tirpak (19892)).
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less relative humidity, and have higher solar radiation with less cloud cover. This resulted
in an average increase in Et of 20 percent. The resultant changes in average monthly

surfaces (an average increase of 17 percent), increased releases from Quabbin due to lower
flows in the Connecticut River at Montague and less flood skimming from the Ware River.
The results are summarized in Table 6.2

- The OSU 2 x cO2 climate will be warmer, more windy, have more precipitation,
have less relative humidity, and less cloud cover than its present climate. Figure 6.2 shows
- that for the Ware River, there is more streamflow in the fall and winter than the base case.
There is a similar impact on Connecticut River flows. As shown in Table 6.2, this results in
an increase of six percent in streamflows and a safe yield increase by seve:h percent.

UKMO | |




under the UKMO scenario because, unlike in the other GCMs, there is actually a decrease
in evapotranspiration during the late summer and early fall months. As shown in Table A-6,
the decrease occurs because of the significant increase in relatively humidity in the UKMO
7 x CO2 scenario in these seasons. Figure 6.2 shows the significant increases in streamflow
in fall and winter.

Sensitivity to Temperature and Precipitation Changes

Another series of analyses examined the sensitivity of the streamflow and reservoir -
systems 1o combinations of changes in temperature and precipitation. The temperature
increases ranged from two to four degrees (celsius); precipitation changes ranged from none
to increases and decreases of 10 and 20 percent. The results are summarized in Table 6.2.
In the calculations of Et and Ep, only the temperature term in the equations was changed;
no allowance was made, for example, for increases in vegetation canopy resistance (rc) as
the soil dries.

As be can seen in Table 6.2, the worst case occurs if temperature increases 4
degrees and precipitation decreases 20 percent. In all the scenarios in this set, if
precipitation were t0 increase ten to twenty percent, it would mitigate the impacts of a two
to four degree temperature rise. In some cases, safe yield would actually increase.
Unfortunately, some researchers (for example, Rind(1991)) and several GCMs indicate that
precipitation will remain the same or decrease in the northeastern United States. As the
results in Table 6.2 show, if these occur, with or without accompanying changes in other
climatic features as shown by GCMs, the impacts on streamflow and safe yield will be

severe.
Sensitivity to Canopy Resistance

Rosenberg et al. (1990) present a comprehensive discussion of the potential impact
of vegetation growing in an enriched CO2 environment. They suggest that under this
scenario, the canopy resistance (rc) could increase by 22 percent because the decrease in
transpiration due to stomatal narrowing would be greater than the increase in transpiration
due to increased leaf areas. They also report that this is still an area of research and may
not actually occur in fields and forests in 2 X CO?2 climates. The project team examined the
sensitivity of the water supply system to this possibility by increasing the monthly values of
rc by 22 percent, and then determining the resulting Et, streamflow, and safe yield for the
GISS scenario. As shown in Table 6.2, Et increased by only 5 percent (compared to 20
percent in the other GISS scenario), and streamflows and the safe yield were higher than in
the first GISS scenario. Therefore, if rc did increase under enriched CO2, some of the
impacts of climate change might be mitigated. Ep, which is independent of rc, however,
would still probably increase and cause increased reservoir losses.

Sensitivity of Length of Growing Season




signiﬁcantly decreased.

Reliability of 306 mgd

Presently, it is not a policy option to consider operating the supp]iy system less than
close to 100 percent reliability. The public has come to ‘exXpect water sy ply to be like other
utilities such as electricity - always available as needed. i

Comparisons to Other Studies
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Table 6.1

GCcM Variables pPerturbed
1.0regon State University GCM

a) Absolute Change in Temperature
b) Windspeed ratio ,

c) Ratio of the nixing ratio

d) Incident solar radiation ratio
e) Total cloud cover ratio

f) Modified soil heat flux (Et only)
2 .United Kingdom Meteorology Office GCM

a) Absolute Change in Temperature
b) Windspeed ratio
c) specific humidity ratio

d) Incident solar radiation ratio
e) Modified soil heat flux (EE only)

3 .Goddard Tnstitute for Space gtudies GCM

a) Absolute Change in Temperature

b) Windspeed Ratio

c) Ratio of the gpecific humidity

d) Incident solar radiation

e) Total cloud cover ratio

£) Modified soil heat flux (ET only)

4 .Geophysical Fluid Dynamics Laboratory GCM

a) Absolute Change in Temperature

b) Windspeed Ratio

c) Ratio of the mixing ratio

d) Incident solar radiation

e) Total cloud cover ratio

f) Modified goil heat flux (Et only)
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Table 6.2 ‘g

Sufnmary of Results
Note: Reported by percent of average change for Ware and Connecticfut Rivers compared to
Base Case except for temperature, which is increase in temperature (degrees Celsius) and
Yield, which is mgd. Yield is the safe yield of the MWRA reservoir system. 2,+20% means
2 degree increase and 20 percent increase in precipitation. "Incr. rc" is increasing value of

rc due to CO2 enrichment. "Ext. Sea" is increasing growing season.

i
|
t
1
i
H
H

Run Et , Ep Precip Temp Flow Yield

% % % Cel. % mgd
Base - - ~ - - ' 306

, | J i
GISS +20 +17 -1.6 +3.67 I-16 236
GFDL +57 +41 -7.6 +4.9 1-33 173
oSU +23 +13 +13 +3.11 lve 328
UKMO +10 +32 +23  +8.27 430 421
2,0% +12 +6 0 +2 -8 278
2,+20% +12  +6 +20 +2 +23 379
2,-20% +12 +6 -20 42 -39 161
P
ﬁ

4,0% . +24 +11 . 40 +4 L1s 250
4,+20 +24 +11 +20 +4 ¥15 355
4,-20% +24 © #1120 +4 44 139
4,+10% +24 +11 +10 +4 - +0.2 302
4,-10% +24 +11 -10 +4 =30 196
Incr. rc +5 +17 -1.6 +3.76 £10 262
: » | -
Ext. Sea. NA +17 ~1.6 +3.67 NA 195
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7. MWRA POLICY RESPONSE

Introduction

The previous work in this study has concentrated upon the possible impacts
of climate change upon the yield of the MWRA water supply system. As was shown,
depending upon the scenario, yield may increase or decrease. This section reports upon the
reaction of the Planning Section of the MWRA Waterworks Division to these results. In
order to accomplish this, the researchers and the MWRA decided to initially ‘examine in
more detail the possible impacts of the GISS scenario and then develop a more general
response. The GISS scenario was chosen because ifs impacts are generally mid-range
compared to the other scenarios that decrease yield. Use of the GISS Scenario, however,
can be considered 2 high estimate of the worldwide air temperature increase under CO2
doubling; the GISS increase ostimate of 4.2 degree Celsius (Smith and Tirpak (1989b)) is
more than the IPCC (1990) B_usiness—as—Usual scenario increase of 1.8 degrees (with an
uncertainty range of 1.2 to 3.0 degrees). On the other hand the impacts analyses can be
considered conservative because, as Cline (1992) notes, it is very likely that global warming
and its impacts will continue to occur pass the year 2050; in fact possibly for several
centuries. '

General Methodology

Two analyses are done to examine the impacts of the GISS scenarjo. The first
is to project the water demands over the period of 1990 to 2050 under both the 1 X CO2
and 2 X CO2 scenarios assuming the demands are fixed requirements and are not price
sensitive. The future deficits are then determined and the water conservation strategies and
supply sources available to meet the deficits are discussed. The second analysis shows how
the GISS scenario might financially impact the MWRA and its ratepayers over the planning
period. This analysis requires examining projected water rates and how water users will
respond to rate increases using 2 value of the price elasticity of the demand.

Water Demands

As described in Section 2, the MWRA fully supplies some’ communities and
partially supplies others. Since the MWRA will have to make up the demand deficits in
both totally and partially supplied communities, demands (and sources) in both types of
communities have to be considered.

Shown in Table 7.1 are the preliminary projections prepafed for this study of
water supply demand for 1990 and 2050 (the year CO2 is expected to have doubled) for
both fully and partially supplied communities. The demand estimate for the partially
supplied communities is the total demand from all sources for those communities, not just
the amount supplied by the MWRA. As can be seen, the demand in the 1 X CO?2 scenario

increases by only five percent over the present demand. The MWRA projects only slight

43




Water Supply Sources and Costs : , !

There is a difference of approximately 100 mgd between the ‘;EGISS demand of
393 mgd and the GISS total safe yield of 294 mgd. Using data from previoﬁls MWRA
studies, additiona] water conservation measures and supply sources were idéntified to
supply this deficit. Ag discussed in Estes-Smargiassi (1991), many of the inexpensive

Shown in Table 7.3 are the various measures the MWRA would implement
and their costs, Initially, 5 mgd of additiona] local sources would be developed. The next
source would be to reactivate the water supply reservoir on the Sudbury River, which ig 20
miles west of Boston (see Figure 2.1). This reservoir was built as part of the MWRA ’g
System in the late nineteenth century and since 195] has been on standby service. ,
Reactivation would require a filtration plant. The decreased downstream flows would have
tolerable Impacts (Parsons,1984). There next would be an intensive and relatively expensive

1
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water conservation program for industrial, commercial, and institutional water users. It
would consist of more intensive water andits and the provision of engineering services to
industries for process changes and improved technologies. The $90 million cost for this
would be paid by the MWRA. Annual operation and maintenance costs are assumed to be
to0 little to consider. Even though the total unit costs of the conservation program are
slightly less than those of the Sudbury Reservoir project, the Sudbury Reservoir would be
reactivated first by the MWRA because it is institutionally easier to implement. The

has full control over the Sudbury project whereas the conservation program
requires that the MWRA intrude directly into the activities of water users and other
agencies. The next additional source would be the Merrimack River, northwest of Boston.
This source would probably be developed in conjunction with the MWRA extending its
service territory 10 the northwest; the local communities there would probably need to -
significantly augment local supplies under climate change as many only have small

reservoirs. The yield and costs shown in Table 7.3 are the amount of the Merrimack River
yield and the associated costs that would be allocated to meet the deficit of the present

MWRA. service territory (i.e., it does not include the costs of service territory expansion 10

the northwest).

As can be seen in Table 7.3, the total capital costs ($1990) would be $737.5
million with annual operation and maintenance COSts of $22.1 million. These costs are '
conservative because they ignore: (1) the impacts of higher water temperatures on water
quality and hence possible additional water treatment cOStS; and (2) impacts of sea level
raise which may require increased flows in the Connecticut River to prevent significant salt
water intrusion at the mouth of the river (contamination of local aquifers from salt water
intrusion is not a direct concern for the MWRA as none of its service territory rely upon
coastal aquifers for water supply)- " ‘ ’

Without climate change, the 2050 demand is expected to be 379 megd, 11
mgd over the system safe yield of 368 mgd. The shortfall will probably be supplied from
local sources at 2 capital cost of $15 million and annual costs of $1 million and by long
term water conservation by industry. The capital costs of adaptation under the GISS
scenario are considerably greater than the cost under no climate change. Annual costs are
also significantly impacted. .

The difference in present values of the supply costs depends upon the timing
of the implementation of the projects and the opportunity cost of capital used to discount
the future costs.

Financial Impacts on MWRA and Ratepayers over‘Planning Period
In this analysis, possible water rates for MWRA users are estimated for both
the cases of no climate change and the GISS scenario climate change. The sensitivity of

water demand to price is considered in projecting future water demands, conservation and
supply requirements and costs, and hence rates. The general procedure is based upon the
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annual water rate per equivalent household, which the total annua] rate revenue | o
requirements divided by the number of equivalent households, The number of equivalent
households is the number of households that would use as much water as the actual number
of households and industrial users.

projected water demands are from resid

Since approximately fifty percent of present and
ential customers, the equivaler}t number of
households is twice the actual number of households.

Since the water rate of most MWRA

1

Because of new Sewage treatment plant requirements, the MWRA s annual
ase significantly at Jeast until 1999 - perhaps as much as
400 percent additional if no federal or state aid is received, MWRA water rates could also
increase 200 percent additional over the same period because of filtration and aqueduct
costs. Local conimunity costs are expected to remain the same over '

er of equivalent
plying the previously determined -
asing this value by eny additional

g the total demand by staging the

- At each time step, the following is determined: (1) the numb
households (EH), (2) the total water demand by multj
demand per EH by the number of EHs and then incre

- demand under climate change, (3) the cost of meetin

. pon
[ . . . /
) |
: . : i
: !
( i
. el
; . |
) B
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A bond lifetime of thirty years with an interest rate of seven percent. At the
1 to one-third of the capital costs are ‘

end of the bonding period, replacement costs equal

necessary.
¢ elasticity of the demand for water is -0.10. A

particularly low value was used because of the considerable uncertainty in the selection of
this value. It is assumed that the value would probably be less than values reported in the

literature for smaller changes in price and over shorter durations of time. Water users
respond to price increases by making easy adjustments first, followed by less adjustments
duced. Therefore, it is unlikely that

(less elasticity) unless new technologies are intro
demand would be reduced by, for example, 10 percent over a few years if price increased
25 percent (elasticity of -0.40). The TWR Main Training Course Workbook (US Army

Corps of Engineers, 1991) reviewed the literature and found an annual residential average
price elasticity of -0.20 to -0.40 (pg. 100). They also report an industrial range of -0.50 to -
0.80 (pg 106). Stevens et al. (1992) report long-run domestic values in New England of -
0.32 and -0.38 based upon average price. Therefore, the value of -0.10 is certainly ‘

conservative.

The value used for the pric

Results of Financial Analysis

According to Estes-Smargiassi (1992’); the 1991 MWRA annual wholesale
mmunity charge totaled $89.3 M

water supply cost was $59.5 million (M). The average co
for maintaining and administering the local water supply system. The wholesale sewage
were $71.4 M. The total cost is therefore $405.2 M.

cost was $185.0 M. The local costs

The cost is approximately equally divided between residential and industrial-commercial-
institutional customers. Since there are approximately 800,000 households in the service
territory, there are 1,600,000 equivalent households (EH). Therefore the average annual cost

of water supply and sewage is $253 per EH. The 1990 value is assumed to equal this. (This
is different than the published rate of the MWRA; among other differences, the MWRA
uses an estimated number of households based upon a usage of 90,000 gallons per year per
household instead of the actual number.) Since the 1990 total system demand was 361 mgd
(Table 7.1), the 1990 demand per EH is 225.6 gallons per day (gpd). :

No Climate Change The number of EH’s is expected tb incréase by 5
percent or 80,000 over the sixty year period. Therefore the annual growth increase is 1,333.
In 1995, the expected number of EH’s is 1,606,665. Therefore the expected 1995 demand,

using the 1990 EH demand, is 362.4 mgd. Since the 1 x CO2 scenario safe yield of 368
mgd (see Table 7 .2) exceeds this demand, supply expansion is not necessary at this time.

According to data provided by the MWRA, the expected 1995 MWRA wholesale water and
sewer rate requirements are $337.4 M. Added to this are community costs of $160.7 M.
Therefore the total cost is $498.1 M or $310 per EH. Compated to the 1990 value of $253

per EH, this is an 22 percent increase. Using the demand elasticity of -0.10, the expected A
demand will be reduced by 2.2 percent to 220.5 gpd. ' '
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In the 2000, the expected number of EH’s is 1,613,330 and the demand is

355.8 mgd (see Table 7.4). (Tables 7.4 through 7.7 contain the following information; the
bopulation in million of equivalent households (Pop), the water demand per household
(Demand), the water demand derived from the EHs (Pop Dmd), the incrementa] increase in
Summer demand during climate change (Inc Dmd), the sum of the two demands (Tot
Dmd), the total available supply (Supply), the difference between the 'tota] demand and the
supply (Surplus), the tota] annual cost of supply in $million (Cost), the total annual cost -
divided by the number of EHs of the rate (Rate), the change in the rate over this time

below the safe yield of the present System, no expansion is necessary. 12000 MWRA and
community rate revenue requirements are expected to be $644.6 M (this is based upon
actual requirements projected by the MWRA for 1999, the last year MWRA projections are
available - the same value is used for 2000). The 2000 rate, based upoh 1,613,330 EH’s, is
$399 per EH. This is an rate increase of 29 percent. This results in a demand decrease of
2.9 percent to 214.2 gpd/EH. , 1 f :

|
- The final 2050 demand of 361 mgd is less than the preseritly projected
demand of 379 mgd (see Table 7.1) mainly because of the large demand decrease dye the
Severe price increases in 1995 and 2000. In that period, demand is reduced from 225.6 mgd
per EH to 214 mgd per EH. : o )

This scehario also allows the construction of the MerrimaclqE Diversion to be
-delayed until 2045 where it is needed to supply only approximately 15 mgd through 2050
~ (instead of its entire safe yield of 48 mgd). ; -

The GISS scenario in 2050 results in 13 percent greater rates and annual
costs than the scenario without climate change. o ‘

!
t
I
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Conclusions It is very important to realize that these results are very' specific
to the MWRA and that the demand decreases are more due to the extraordinary changes in-
costs for water supply and wastewater treatment infrastructure than to extra costs for
augmenting deficits caused by climate change. In fact, after 2000, the total costs are SO
large compared to any incremental costs of supply due to climate change that there is really
no change in demand per EIL The analyses do show, however, that sensitivity to price must
be considered in these types of analyses. g o : .

Sensitivity Analysis on Price Sensitivity

Higher Elasticity Analyses are also done at an elasticity of -0.40. This 36
decreased demand per EH from 1990 to 2000 (from 225 gpd/EH to 181 gpd/EH in both
scenarios) that there are no deficits in the no climate change scenario and rio major deﬁc;it

until 2045 in the GISS scenario. This again highlights the need for consideration of price
elasticity in these analyses. ' - o I

Less Mandated Costs As noted previously, the results of these scenarios -are
unique to areas such as the MWRA which are experiencing € traordinarily high water and
associated sewer rates because of exceptional costs for mandated water supply and :
wastewater treatment infrastructure. Most wastewater treatment plants were largely funded
by the federal government under the Clean Water Act. Therefore to investigate the
financial impacts that would have occurred on the MWRA if its costs were more typical of
other communities, the analyses are repeated assuming that the MWRA’s fixed annual costs
in 1990 are equivalent to those in 1987, $111.1 M, and the local costs are the same as '
previously, $160.7 M. Therefore the assumed 1990 total annual cost is $271.8 M and the

unit cost is $170 per EH.

s

The results for the scenario 5f no climate change are shown in Table 7.6. As
can be seen, because the deficits are nonexistent or small, total costs are relatively constant
and the increases in demand are similar to the static projections in Table 7.1.

The GISS scenario results are in Table 7.7. The costs of meeting the water
supply deficits result in steady rate increases that result in a total 2050 demand of 371 mgd
instead of the projected 393 mgd in Table 7.1. The 2050 deficit is 77 mgd. While the final
rates and annual costs are lower than with the infrastructure costs included, under the GISS .
scenario rates are 28 percent higher than the no climate change: scenario. S

Conclusions The type of results shown in Tables 7.6 and 7.7 would apply
more to an area without the extraordinary high water supply and wastewater treatment
infrastructure costs of the MWRA. They again show that any demand projections are

sensitive to price even with low values of elasticity. Even with price elasticities, however, |
climate change could result in increased water supply costs and rates. Additional sensitivity
analysis could be done on the trade-off between various levels of system reliability

(assumed to always be 98.5 percent for this study) and supply cost. -
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change on the yield of their system. Their response is Summarized by Estes-Smargiassi
(1991) in his Paper written after the Albuquerque Conference; "Given the time-value of
money, and the practical considerations of "banking" savings, we at the MWRA are
unlikely to (now) propose substantial capital outlays to adapt to climate change, And, while
we have, and continue to make conservative decisions about facility locations and

to ten years. : ;

_ The MWRA has the luxury of this response because of its
~ water supply planning activities and options. For example, the MWRA already has future
possible local sources located and is working to protect their flexibility and feasibility by,
for example, helping member communities protect them. (There are no other large-scale

Teservoir sites.) The MWRA also knows that there remain some demand ;

The MWRA’s response of "wait and see" is similar to that of other water
supply managers. The relevant conclusions of Schwarz and Dillard’s (1990) survey of urban
water managers from cities across the United States were that: (1) water managers do not
see climate change as a "cause for immediate major concern" (pg. 365); (2) removal of
some of the uncertainty by scientific consensus. and governmental, professional and
scientific endorsement are necessary before water managers will act; and (3) "most impacts
of climate change on urban water can be mitigated, albeit at significant cost" (pg. 366).




Demand

Fully
Supplied

Partially
Supplied

Otherxr

TOTAL

Unaccounted
For (MWRA)

Table 7.1

MWRA System Demands (MGD)

1990 2050
(1xC02)

242. - 248

89 104

2050
" (2xC02)

258

108



Table 7.3

Total MWRA Systen Safe Yielq (MGD)

1 x Co2 ; " 2 x coz

Source

1
1
!
|
H
|
|
|

Quabbin Systen 300 i 236
Local Groundwater 20 ‘ 20
Local Surface Water 48 . ‘ 38
TOTAL 368 ‘ 294
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Table 7.3

additional Sources of Supply

Under 2 X co2

$1990

GIss .
Source vield Capital Cost Annual Oper & Maint

(MGD) (smillions) ($millions)
Local 5 7.5 0.5
Sources
sudbury 16 40 1.6
River
Consrvt 30 : 90 0.0
Merrimack 48 o 600 20.0
River ' a
TOTAL 99 737.5 22.1
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Table 7.4

Financial Analysis - No Climate Change - eé: -0.10

Year' . Pop Demand_v Pop Dmd = Inc pmg Tot Dmﬁ Supply

i

MEH gpd/EH . mgd mgd mgd | mgd
1990 1.6000 225.6 361.0 0.0 361.0 :_f368.0
1595 1.6066 225.6 362.4 0.0 362.4 i 368.0
2000 1.6132 220.5 355.8 0.0 355.8 : 368.0
2005 l.6198 214 .2 346.9 0.0 346.9 § 368.0
2010 l.6264 214 .3 348.5 0.0 348.5‘1§ 368.0
2015 1.6330 214 .3 350.0 .0.0 350.0 368.0
2020 1.6396 214 .4 351.6 0.0 351.6 368.0
2025 1.6462 214 .5 353.1 0.0 353.1 j 368.0
2030 l.6528 214.6 354 .7 0.0 354 .7 ~ 368.0
2035 1.6594 214 .7 356.3 0.0 356.3 | 368.0
2040 -1.6660 214 .8 357.8 0.0 357.8 ; 368.0
2045 1.6726 214 .9 359.4 0.0 359.4 | 368.0
2050 1.6792 - 214.9 360.9 0.0 1360.9 {°368.0

Year Surplus cost Rate Rate Chg Dpmg Chg New Dmd

mgd - SM S/EH ‘Emgd

' . ' b+ =
1990 7.0 405.2 253.3 0.000 0.0000 3225.6
19595 5.6 498.1 310.0 0.224 -0.0224 f220.5
2000 12.2 644 .6 399.6 0.289 -0.0289 {214.2
2005 21.1 644 .6 398.0 -0.004 0.0004 . 1214 .3
2010 19.s5 644 .6 396.3 -0.004 0.0004 E214.3
2015 18.0 644 .6 394.7 -0.004 0.0004 214 .4

2020 16.4 644 .6 393.1 -0.004 0.000¢ %214.5 .

] 2025 14.9 644 .6 391.6 -0.004 0.0004 214.6 ¢
2030 13.3 644 .6 390.0 -0.004 0.0004 é214.7
2035 11.7 644 .6 388.5 -0.004 0.0004 ‘214.8
2040 10.2 644 .6 386.9 -0.004 0.0004 214 .9
2045 8.6 644 .5 385.4 -0.004 0.0004 214.9
2050 7.1 644 .6 383.9 -0.004 0 0

.0004 215,
|
|
i

|
i
|
i
i
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Table 7.5

Financial Analysis - Climate Change - €& = -0.10
Year Pop Demand Pop Dmd Incr Dmd Tot. D Supply
MEH gpd/EH mgd ‘mgd mgd mgd
1990 1.6000 225.6 361.0 0.0 361.0 368.0
1995 1.6066 225.6 362.4 1.2 363.6 361.9
2000 1.6132 220.5 355.7 1.1 356.9 357.4
2005 1.6198 1 214.2 346.9 1.1 348.0 351.3
2010 1.6264 214 .2 348.4 1.1 349.5 345.1
2015 1.6330 214.1 349.7 1.1 350.8 358.3
2020 1.6396 214.2 351.3 1.1 352.4 352.1
2025 1.6462 214.3 352.8 1.1 353.9 346.2
2030 1.6528 214.3 354.3 1.1 355.4 347.8
2035 1.6594 214 .4 355.7 1.1 356.8 349.2
2040 1.6660 214 .4 357.2 1.1 358.3 350.7
2045 1.6726 214.5 358.8 1.1 359.9 352.1
2050 1.6792 212.4 356.6 1.1 357.7 394.0
Year Surplus Cost Rate Rate Chg Dmd Chg New, Dmd
ng $M $/EH mgd
1990 7.0 405.2 253.3 0.000 0.0000 225.6
1995 (1.7) 498.5 310.3 0.225 (0.0225) 220.5
2000 0.5 645.0 399.8 0.289 (0.0289) 214.2
2005 3.3 645.0 398.2 (0.004) 0.0004 214 .2
2010 (4.4) 650.5 400.0 0.004 (0.0004) 214.1
2015 7.5 650.5 398.3 (0.004) 0.0004 214 .2
2020 (0.3) 650.6 396.8 (0.004) 0.0004 214 .3
2025 (7.7) 652.3 396.2 (0.001) ©0.0001 214.3
2030 (7.6) 654.1 395.8 (0.001) 0.0001 214 .4
2035 (7.6) 656.0 395.3 (0.001) 0.0001 214 .4
2040 (7.6) 655.4 393.4 (0.005) 0.0005 214.5
2045 (7.8) 723.3 432 .4 0.099 (0.0099) - 212.4
2050 36.3 723.3 430.7 (0.004) 0.0004 212.5
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Table 7.6 ‘ i

Financial Analysis - No Climate Change - o = -0.10

Reduced Costsg

Year Pop Demand Pop Dmd Incr Dmd 7ot Dmd Supply
{
: :
MEH gpd/EH mgd mgd mgd | mgd
— v
1990 1.6000 225.6 361.0 0.0 361.0 368.0
1995 1.6066 225.¢6 "362.4 0.0 362.4 368.0
2000 1.6132 225.7 3641 0.0 364.1 - 368.0
2005 1.6198 225.8 365.7 0.0 365.7 368.0
2010 1.6264 225.9 367.4 0.0 367.4 368.0
2015 1.6330 226.0 369.0 0.0. 369.0 368.0
2020 1.6396 226.0 370.6 0.0 370.6 369.0
2025 1.6462 226.1 372.2 -0.0 372.2] 370.6
2030 1.6528 226.2 373.8 0.0 373.8; 372.2
2035 1.6594 226.2 375.4 0.0 375.4} -373.8
2040 1.6660 $ 226.3 377.0 0.0 377.0° 375.4
2045 1.6726 226.4 378.6 0.0 378.6@ 377.0
2050 1.6792 226.4 380.2 0.0 380.2" '378.6
Year  Surplus cogst Rate Rate Chg Dmd Chg | New Dmg
, mgd SM . $/EH | mgd
‘—‘_“—““—"_‘_——“_-_‘——‘—_“_"_‘—___—___-“‘__““_“T‘““‘““"
1990 7.0 271.8 169.9 0.000 0.0000 @225.6
1595 " 5.6 271.8 1639.2 (0.004) 0.0004 5225.7
2000 3.9 271.8 168.5 (0.004) 0.0004 1225.8
2005 2.3 271.8 167.8 (0.004) 0.0004 1225 .9
2010 0.6 271.8 167.1 (0.004) 0.0004 226.0
2015 (1.0) 272.0 166.6 (0.003) 0.0003 226.0
P 2020 (1.6) 272.3 l66.1 (0.003) 0.0003 226.1'
s 2025 (1.6) 272.6 165.6 (0.003) 0.0003 226.2
\' 2030 (1.6) 273.0 165.2 (0.003) 0.0003 226.2
' 2035 (1.6) 273.3 164.7 (0;003) 0.0003 226.3
2040 (1.6) 273 .6 l64 .2 (0.003) 0.0003 226.4
2045 (1.6) 273.9 163.8 (0.003) 0.0003 226 .4
2050 (1.6) 274.2 163.3 (0.003) 0.0003 226.5
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Table 7.7
Financial Analysis - climate Change - € < -0.10

Reduced Costs

Year Pop Demand Pop Dmd Incr Dmd Tot D Supply

MEH gpd/ER ngd mgd mgd mgd
1990 1.6000 225.6 361.0 0.0 361.0 368.0
1995 1.6066 225.6 362.4 1.2 363.6 361.9
2000 1.6132 225.7 364.0 1.2 365.2 357.4 .
2005 1.6198 225.3 364.9 1.1 366.1 370.6
2010 1.6264 225.4 366.6 1.1 367.7 364.4
2015 1.6330 225.4 368.1 1.1 369.3 361.6
2020 1.6396 225.4 369.5 1.1 370.6 363.1
2025 1.6462 225.3 370.9 1.1 372.0 364.5
2030 1.6528 . 225.2 372.3 1.1 373.4 365.9
2035 1.6594 225.2 373.7 1.1 374.8 367.3
2040 1.6660 220.0 366.5 1.1 .367.6 409.1
2045 1.6726 - 220.1 368.1 1.1 369.2 403.0
2050 1.6792 220.2 369.8 1.1 371.0 396.8
Year Surplus Cost - Rate Rate Chg Dmd Chg New Dmd
ngd T SM ¢ /EH : mgd
1990 7.0 271.8 169.° 0.000 0.0000 225.6
1995 (1.7) 272.2 169.4 (0.003) 0.0003 225.7
2000 (7.8) 277.7 - 172.1 0.016 (0.0016) 225.3
2005 4.5 277.7 171.4 (0.004) 0.0004 225.4
2010 (3.3) 278.5 171.2 (0.001) 0.0001 225.4
2015 (7.7) 280.3 171.7 "0.003 (0.0003) 225.4
2020 (7.5) 282.2 172.1 0.003 (0.0003) 225.3
2025 (7.6) 284.0 172.5 0.003 (0.0003) 225.2
2030 ﬁ7.5) 285.8 172.9 0.002 (0.0002) 225.2
2035 (7.6) ©353.7 213.1 0.233 (0.0233) 220.0
2040 41.5 353.1 212.0 (0.005) 0.0005 - 220.1
2045 33.7 351.9 210.4 (0.007) 0.0007, 220.2
2050 25.8 350.7 208.8 (0.007) 0.0007 220.4
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8: CONCLUSIONS AND ADDITIONAL RESEARCH

Conclusions | : f
Even though this project has been as thorough as time and budget allowed in

its investigation of the potential impacts of global climate change, it shares many of
limitations of similar studies. Some of these limitations include:

j
}
|
!
|

- Limitations of GCMs,

- Disagreement among the GCMs. i

i
f

- The methodology to apply results of GCMs to river baisin studies.

- Uncertainty of the impacts of doubling CO2 upon vegetation changes,
transpiration characteristics, growing season, and albedo. r ‘

- Uncertainty of the impacts of doubling CO2 upon the temporal
characteristics of precipitation. ‘ |

t
i

) |
- Assumptions in the Et, Ep, and runoff models that may: be violated under
climate change. : -

- Possible changes in the operating policies of water resource systems in
response to climate change. 1

{
¢
1
i

- Inconsistencies in doing sensitivity analysis on just precf;ipitation and
temperature when other important variables will also be impacted by climate change.

t

- Ignoring impacts of higher water temperatures on water quality and hence
possible additional water treatment costs. ‘

|

_ i

- Uncertainty in price elasticity !
j

In spite of these limitations, the study does have enough rigor (for examples,
. the strong verification of the Et, Ep, and runoff models and the logic of the results) to
“conclude that the impacts of possible climate change on Et, Ep, streamflow, and reservoir
yield could be similar to the range of impacts shown in this study. Thesej: show serious
decreases in streamflow and yield due to the scenarios of the GFDL and GISS GCMs,
temperature changes alone, and increases in growing seasons. If precipitation is also
“decreased, the impacts are even more severe. Impacts are only mitigated ' if there are
increases in precipitation or canopy resistance increase due to enriched CO2 (which may or
may not occur). The negative impacts in reservoir yield occur not only because there is less
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|
streamflow, but also because flow maintenance requirements mean less of the flows are |
available; the low flow season under these types of climate change scenarios is of longer I
duration and has lower streamflows. Therefore, it appears that climate change could have l

significant detrimental impacts upon streamflows and reservoir yields in the northeast. ;

The OSU and UKMO GCM scenarios, however, indicate that precipitation in
New England may increase. The increases are significant enough to offset the increases in
evaporation and evapotranspiration and result in increases in streamflows and system safe

yield.

The contradictory results of the GCMs are not surprising and have been K f
reported upon by others (for example, Stone, 1992). This again indicates the present B
uncertainty in climate change impacts. |

CO2 scenario (the GISS scenario) upon the MWRA supply system showed that present

supplies would be grossly inadequate and the costs of adaption would be high, the MWRA

is presently not taking any direct action to adapt to the possible impacts of climate change.

They believe the impacts of global climate change are too uncertain and the costs of direct

action (that is either increasing conservation and/or supply) are too high. The MWRA,

however, will continue to remain aware of possible climate change and formulate active '

policies when they think it is necessary. They also believe that the climate changes will be |

gradual and they will have time to react; it is possible for them to react to a perceived need ’
. i

Even though further analysis of the impacts of a moderately negative 2 X i
|

within five to ten years.

The MWRA has the luxury of this response because its already extensive M
water supply planning activities and options. l

The MWRA’s response of "wait and see" is similar to the that of other water
supply managers. The relevant conclusions of Schwarz and Dillard’s (1990) survey of urban
water managers from cities across the United States were that: (1) water managers do not
see climate change as a "cause for immediate major concern” (pg. 365); (2) removal of
some of the uncertainty by scientific consensus and governmental, professional and
scientific endorsement are necessary before water managers will act; and (3) "most impacts
of climate change on urban water can be mitigated, albeit at significant cost" (pg. 366). ,

As all researchers in the area of climate change and water resources have
stated, a major scientific research need is to improve the predictive ability of GCMs,

enhance their hydrologic components, and determine how. best to apply their results to river
basin scales. In terms of policy, Fiering and Matalas (1990) state that better methods are

Additional Research
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needed on demsmn-makmg under uncertainty. |

it be presented to

|
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o APPENDIX A |
GCM DATA AND COMPARISONS TO PRESENT CLIMATE

Introduction | | : o

Presented in this Appendix are the GCM data used in the analysé;s under both

present climate (1 X CO2) and doubled CO2 (2 X CO2). In addition

r pressure term in the

Et and Ep equations (see Eq 5.1) and the longwave back radiation, Theru‘: is also a
comparison of the GCM present climates to observed climate data. |

|

; Table A-2 reports Windspeeﬁ values; Table A-
3 reports air pressure; Table A-4 reports total cloud cover; Table A-5 reports specific

humidity and mixing ratio; Table A-6 reports calculated relative humidity} (see discussion
below). Table A-7 reports precipitation. :

Estimation of Relative Humidity

|
ft
I
|
1
i
i
1

The mixing ratio, W, defined by Bras (1990), pp. 85, is shown bel

| “ ,
ow as Eq. A-1.
0.622 e(z) L
w = I (a-1)
- P - e(z) ﬁ .
where P is the atmospheric pressure (kPa, note that 1 kPa equals 10 millibeérs).
AN The specific humidity, gh, also defined by Bras (1990), pp. 85, is sljlov&}n befow_ as
~Eq. A-2. ' : o ‘ :
0.622 e(z) | | P
gh = , \ (A-2)
P - 0.378e(z) - P

1
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Given values of w, Eq. A-1 can be inverted to solve for the corresponding relative

humidity as shown below by Eq. A-3. ‘ ,
‘ |
J

100 ‘
= : (A-3)
e° (0.622/P) (1/w + 1/0.6220)

Similarly, given values of qh, Eq. A-2 can be inverted to solve for the cqrresponding :

relative humidity as shown below by Eq. A-4. 3 '

100 ,
o (A-4) Ll

S = :
e° (0.622/P) (1/gh + 0.378/0.622)

By using Eqgs. A-3 and A-4, monthly values of GCM relative humidity can be
calculated, which are shown in Table A-6. As Table A-6 shows, there is something ||
jrregular with the UKMO and GFDL relative humidities. The fact that the GFDL results are ?
slightly greater than 100% for several months is probably due to the truncation of the
reported values of air pressure, temperature. and the mixing ratio. In the case of the l

|

UKMO, several months have relative humidity values well in e

(1990b) reports that the temperature value provided for this study is actually a "skin"

xcess of 100%. Jenne

temperature for which "it may be not too far off to think of this temperature as a quasi- ' i
|

i

surface air temperature”. Because e°(z) is calculated as a function of this temperature, this
might be one source of the problem. The value of relative humidity used to calculate the
saturation vapor pressure deficit was set to 100 percent if it exceeded 100 percent.

Comparison to Present Climate '
v : 4

Kalkstein Study

While GCMs functi
were not originally designed to accurately m
compare GCM results for present climate to actually measured ¢

on at scales considerably larger than the project study area and g
odel surface phenomenon, it is useful to
limate conditions.

comparing the outputs of GCM’s for present
measured temperature and precipitation
the data nearest to New England (approximately

A study was recently completed
climate (referred to as 1 X CO2) to actually
(Kalkstein, 1991). In the comparison study,

-




seasons except Winter, when it was 0.1 degrees less. The annual difference is 1.1 mm/day
greater. The average actual present precipitation is 2.5 mm/day. .

The 1 x CO2 climate of the GFDL GCM is 2 degrees cooler than present climate in
the Winter, Spring and Fall, and the same in the Summer. The GFDL | x CO2 precipitation
is approximately 1 mm/day greater in all seasons except Winter, when it is 0.3 mm/day -
greater. The annual difference is 0.9 mm/day greater. | '

i
4

The OSU GCM ‘shows present climate 10 degrees warmer in W:'inter, 4 degrees
warmer in Spring, 1 degree cooler in Summer, and 2 degrees warmer in Fall. The OSU

precipitation is approximately 0.8 mm/day less in Winter and Summer, and the same as
present climate in Spring and Fall. The annual difference is 0.2 mm/day less. "

The UKMO GCM present climate is 5 to 7 degrees cooler in all:seasons except
summer, when it is 2 degrees warmer. UKMO precipitation is 0.5 to 1.1 mm/day less for
all seasons with an average difference of (0.7 mm/day. ‘

|

Project. Study : - .

observed climate data used for this comparison are the average of three long-term
(1950-1980) First Order NOAA climate stations. The stations used are located at: Bradley
Airport, near Hartford, CT.; Concord Airport, Concord, N.H.; and Logan;AiI:port, Boston,
MA. These stations were selected for this comparison because they surround the "ideal"
present study New England grid Square centered at 42° N by 72° W. These data are shown
in Tables A-8 through A-12. ! '

.,

\\&

“
™,

. Temperature : . ;
|

Many of the terms in the Penman and Penman-Monteith equations’ are non-linearly
temperature dependent. ‘Figure A-1 illustrates the difference between the observed study
area temperatures and the 1xCO2 base-case GCM temperatures. In the upper plot, the OSU
GCM monthly temperatures are somewhat higher than those observed in the winter months
and somewhat lower in the summer months. The UKMO GCM monthly temperatures are
somewhat lower than those observed during the winter months and roughly the same during
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the summer months. In the lower plot, the GISS. GCM monthly temperatures are somewhat
higher than those observed in the winter months and approximately equal to the observed
values during the summer months. The GFDL GCM monthly temperatures are somewhat
lower than those observed in the winter months and roughly equal to the observed values
during the summer months. Kalkstein (1991) found similar results. .

Windspeed

Windspeed is a factor used to determine the aerodynamic v
resistance term in the Penman and Penman-Monteith equations. Figure A-2 illustrates the
difference between the observed monthly windspeed and the 1xCO?2 base-case GCM
windspeed. In the upper plot, the OSU GCM monthly windspeed is substantially lower
higher than that observed during the entire year. The UKMO GCM monthly windspeed is
somewhat higher than that observed during all months of the year. In the lower plot, the -
GISS GCM monthly windspeed generally matches that observed during the entire year. The
GFDL GCM monthly windspeed matches that observed during the winter months and is
somewhat smaller than the observed values during the summer months. | :

Cloud Cover

Cloud cover attenuates the incoming solar radiation and
traps longwave backscatter radiation. Both are factors in the Penman and Penman-Monteith
equations. Here, the complement of cloud cover, percent,of possible sunshine, is employed
for this comparison. Figure A-3 illustrates the difference between the observed percent of
possible sunshine and the 1xCO2 base-case GCM percent of possible sunshine. In the
upper plot, the OSU GCM monthly sunshine is substantially lower than that .observed
during the winter months, and somewhat lower than that observed during the summer
months. The UKMO GCM monthly percent cloud cover was not reported. In the lower
plot, the GISS GCM monthly sunshine generally matches that observed during the entire
year. The GFDL GCM sunshine matches the observations reasonably well during the
winter months, but under predicts the observed summer monthly values.

Relative Humidity

The relative humidity term is employed to estimate the saturation vapor pressure e :g

deficit and the longwave backscatter radiation, as discussed earlier. Figure A-4 illustrates
the difference between the observed monthly relative humidity and the calculated 1xCO2 .~
base-case GCM relative humidity. In the upper plot, the OSU GCM monthly relative -
humidity values are somewhat higher than the observed values during the winter and

spring, but agree quite well with those observed. during the summer months. The UKMO
GCM monthly relative humidity values are somewhat lower than the observed values

during the late summer and fall, but seriously disagree with the winter and spring observed
values possibly for the reasons discussed earlier. In the lower plot, the GISS GCM relative
humidity values are consistently low during most of the year. The GFDL GCM monthly
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relative humidity values seriously disagree with the observed values dl:lring'the entire year.

. i
Precipitation o

Figure A-5 illustrates the difference between the observed anthly precipitation and

the 1xCO2 base-case GCM precipitation. In the upper plot, the OSU GCM monthly
precipitation values agree quite well with the observed during the entire year. Kalkstein

The GFDL GCM precipitation values are also consistently greater than the observed values
for all months of the year. This is also similar to Kalkstein (1991). }

Conclusions

It is not really possible to dr
GCM since comparison of a model’

( , peirtic:ularly in the
case of the project comparison. Generally, however, except for relative humidity and
precipitation, the GCM results are reasonable in that they have the same range of values as
observed data and follow the monthly trends of historic data. In this study, GCM results
were not considered predictors of future

conditions; rather they were considered to be
possible scenarios of the futirre, ' J '

g

]

i
1
i
|
!
!
b
v
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'
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Table A-1
Reported GCM Temperatures (°C)
0sU UKMO - GISS ’ GFDL

Mon. 1xC02 2xCO02 1xC02 2xCO02 1xC02 2xCO02 1xC02 2xCO02

Jan. ©0.08 4.36 -12.68 -0.64 -0.02 4.37 _9.81 -2.78

Feb. 0.67 4.28  -9.6 4 14  1.96 6.24  -8.43 -2.26
March 2.48 6.27 .25 5.53  4.03 7.59 —1;74' 3.72
April 6.53 8.63 L 1s 9.61  7.32 11.66 7.0 10.93
May 9.43 12.59  7.35 14.70  9.79 13.78 12.64 15.97
Jupe  13.78 17.11  15.70 23.23  14.95 17.57 - 17.60 20.92
July 16.43 19.37 92 54 27.35 19.76 23.25  21.39 26.82
Aug. 16.68 19.71 01.42 26.31 19.39.22.68  22.36 28.52
ept. 13.69 16.89  15.32 20.27  16.59 50.53  17.10 21.42
Oct. 8.54 12.08 4 54 11.51 10.43 12.89  7.56 12.26
Nov. 5.13 7.15 _4.29 3.96  5.56 8.46 177 392
Dec. 2.74 5.10 10.20 -0.75  2.18 6.54 ~6.50 -3.33

76




Table A-2
Reported GCM Windspeed (m/s)i
osu . URMO GISS | . GFDL

1xCO2  2xCO2  1xCO2 2xCO2  1xCO2 2xCO2 | 1xCO2  2xCO2

]
Jan. 1.8 1.2 5.5 5.2 3.9 4.0 § 4.0 4.0
Feb. 1.1 0.9 5.5 5.1 2.0 4.0 f 4.7 4.7
March 1.1 1.1 5.3 5.1 2.6 2.9 % 3.7 3.5
April 0.6 0.8 . 5.3 5.3 3.0 2.9 % 2.6 3.1
May 0.9 1.5 4.9 4.8 2.9 3.8 é 2.2 1.8
June 2.2 2.1 4.3 3.6 3.4 2.8 % 2.0 2.4
July 2.4 2.7 3.6 3.2 3.6 3.2 i 2.6 3.6
Aug. 1.9 1.9 3.6 3.4 2.4 2.7 % 2.1 2.9
Sept. 1.8 0.9 4.1 4.1 2.9 3.0 E 0.8 1.0
Oct. 1.4 1.8 4.9 4.5 3.7 3.7 é 0.6 2.0
Nov. 1.1 2.1 5.2 4.7 3.4 4.3 ;3.1 3.1
Dec. 0.4 1.3 5.0 4.9 ° 3.8 5.0 = l3.9 4.2
f
|
|
|
:
!
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Table A-3
Reported GCM Atmospheric Pressure (kPa)

OSU UKMO GISS GFDL
Month '

1xC02 2xCO2 1xC02 2xCO2 1xC02 2xCO2 1xC02 2xCO02
Jan. 99.90 100.26 101.35 101.14 101.74 101.49 99.28  99.40
Feb. 100.23 100.16 101.19 101.18 101.51 101.23 99.27 99.15
March 100.11 100.21 101.17 101.05 101;17 101.41 99.03 99.22
April 100.37 100.16 101.20 101.11 101.27 101.62 99.25 :99.20
May 100;73 100.61 101.26 101.20 101.47 101.42 99.19 99.04
June 100.66 100.63 101.22 100.83 101.27 101.30 - 99.15 99.24
July 100.70 100.82 100.86 100.54 100.61 100.95 99.26 99.33
Aug. 100.94 100.90 100;80 106.57 100.80 100.89 99.37 99.24

Sept. 100.84 100.76 101.42 101.27 101.10 100.74 99.55 -99.33

Oct. 100.37 100.44 101.83 101.56 101.01 101.35 99.44 99.41

Nov. 100.54 100.30 101.53 101.53 101.33 101.24 99.39 99723

Dec. 100.24 100.22 101.33 101.35 101.67 101.38 99.34 99.37




Table A-4

Reported GCM Total Cloud Coyer}(%)

0sU ‘ UKMOl GIss . . GFDL
1xC02 2xCo2 1xC02 2xCo2 1xC02 2xCo2 ! 1xCo02 2xco02
Month o ;
Jan. 82 77 - - 66 66 E 58 53
Feb. 80 77 - - 70 69 % 55 a9
March 80 78 - - 65 61 52 53
April 79 79 - 59 50 . 60 58
May 67 61 - - 58 58 65 63
June 55 47 - - ' 53 51 ; 66 61
July . 4s 56 . - - 46 " 50 é 66 50
Aug. - 52 49 - - a2 40 ‘g 53 ‘35
Sept. 72 61 - - 43 38 | 60 42
Oct. - 80 73 - - 58 52 i 55 44
Nov. 75 80 - - 67 62 E. 50 45
‘Dec. 79 80 - - 65 63 . 58 53
1 URMO total cioud cover not reported f

79 |
i




Table A-5

4
Reported GCM Specific Humidity or Mixing Ratio (x 10 )

1 2 2 1 1
0SU UKMO GISS . GFDL

1xC02 2xCO02 1xC02 2xCO02 1xC02 2xCO02 1xC02 2xCO02

Month |
Jan. 32.9 43.

Feb. 33. 43.

March 37. 48.

April 48. 56.

May 54 . 65.

June 69. 79.

July 78. 91.

Aug. 78. 93. v 90.

Sept. 69.4 82. 49.

Oct. 54. 66. 29.

Nov. 44 .4 51.4 19.

Dec. 39.6 46.2 16.

1. Mixing Ratio reported

2. Specific Humidity reported




Month

Jan.

Feb.

March

April

May
June
July

Aug.

Sept.

Oct.
Nov .

Dec.

1. See appendix text for explanati

1xCO2

70.

67.

66.

71.

78.

80.

85.

percent.

Calculated GCM Relative Humidity

0osU

2xCO02

83.
82.
81.
79.
71.
65.
65.
65.
68.
75.
81.

84 .

UKMO

1xC02 2xCO02

1

9

8

- 8

76.
57.
46 .
57.
73.

' 96.

8

8

8

8

9

105.

114 .1

Table A-6

48.

49.
0. 53.
5. 45.
2. 48.
1. 50.
1. 46.
1. 40.
3. 40.

2. 47.

49.

53.

GISsSs

[

{
|
A
!

1xCO2 2xCO2

|

.
44.7
49.
45.
47,
46.
a7,
46%

41.8

42.4

'

24319
!

44.5
47.9

|

i
I
‘
|
|

(%)

- -GFDL

1xCO2

97.
96.
95.
91.
91.
97.
98.6

104.2

2xC02

98.
98.
98.
97.
 96.
88.
77.
84 .
92.
93.

96 ..

on of valueS‘greater than 100




Table A-7
Reported GCM Precipitation (mm/day)
Oosu ‘ UKMO : GISS . GFDL

1xCO2 2xCo2 1xCO2 2xC02  1xCO2 '2xC02 1xCO02 2xCo2

Month ‘ . |
Jan. 2.72 3.01 1.74 2.23 3.21  3.41 . 4.78  4.98 |
Feb. 2.63 2.80 1.76 2.32 4.12  4.41 4.27 - 4.83

March 2.72 2.7s5 2.16 2.89 3.81. '3.99 4.42 3.90

April 2.37 2.7 3.13 3.12 3.51  3.28 4.13  4.16

May 2.04 1.93 3.24 3.74 2.88 4.16 1 4.29 4.91

June 2.11 2.10 4.22 5.83 4.62 13.53 5.48 4.79 |
July 2.26 2.265 6.32 7.11 5.65 5.41 5.27  3.62 5
Aug. 1.93 2.40 5.07. 5.26 3.76  4.45 2.77  2.41 i
Sept. 2.94 3.31 2.87 3.25 3.54  3.23 4.68 3.92

Oct. 3.89 4.71 1.91 2.59 - 4.43 ° 3.29 5.33  4.95

Nov. 2.76 4.09 1.73 2.29 4.44 3.20 4.02  4.04

Dec. 2.98 3.52 1.49 1.95 3.33  3.34 '5.23° 3,03

82 | | 1




Table A-8

Observed Air Temperature’(°C)§

Hartford Concord Boston - Mean

-3.71 -6.59 -1.42 . -3.91°
-2.54 -5.55 -0.99 -3.02
2.48 _0.05 ~ 3.24 1.89
9.30 6.65 9.09 8.35
15;09 : 14 .63

20.23 o 19.98 -

22.91 - 23.10

21.78 22.14

17.24 18.02

11.34 : 9. 12.61
5.33 . 7.22

0.84




Table A-9

Observed Windspeed (m/s)

Month Hartford Concord Boston Mean

Jan. 4.1 3.3 6.4 4.6

Feb. 4.2 3.5 6.4 4.7

March 4.4 3.7 6.3 4.8

April 4.5 3.5 6.1 4.7 - ’
May 4.0 3.2 5.6 4.3

June 3.6 2.8 5.2 3.9

July 3.3 2.5 4.9 3.6

Aug. 3.2 2.4 4.8 3.5 ;
Sept. 3.2 2.4 5.1 3.6
Oct. 3.5 2.7 5.4 3.9

Nov. 3.8 ' 2.9 5.9 4.2

Dec. 4.0 3.2 6.2 | 4.4

84 :




Hartford Concord Boston Mean
55.2 53.1 55.4 54.6J£
57.8 56.3 57. 57.2 |
56. 52. 56. 55.
56. 53. 57. 55.
57.7 57. 61. 58.

61. 58. 65.1 61.

65. 64 68. 66.

62. 61. 65. ~ 63.
59. 56. 64 . 60.
56. 54. 61. - 57.
46. 43. 50. 46.

49. 48. 54.0 50.




Table A-11

Observed Relative Humidity (%)

Month Hartford Concord’ Boston Mean

Jan. 66.5 68.7 63.9 66.4 ;
Feb. 64.9 66.0 62.6 64.5

March 63.7 66.6 63.4 '  64.6

April 60.8 63.8 62.6 62.4 - 1
May 64.5 65.3 65.2 65.0 %
June 68.6 70.5 67.7 68.9

July 69.4 70.6 67.2 69.1 S ||
Aug. 72.2 73.5 69.8 71.8

Sept. 74.7 75.2 70.7 73.5 ‘
Oct. 71.4 72.3 68.5 70.7

Nov. 70.5 73.4 67.9 | 70.6 . - | | f

Dec. 70.0 71.9 65.8 69.2

v ' |
w




Table A-12

obgerved Precipitation (mm/dayb

Hartford Concord Boston Mean |
3.26 2.80 2.32 2.81
3.36 2.85 o .23 2.81
.34 3.37 .41 .04
.12 .34 .55 .00
.83 71 .37 .64
.43 ,88 » .46 .59
',16' .51 .35 2.34
.00 .27 .73 .00

.82 .32 $2.58 91

.72 .82 .50 .68 |

.62 .41 .13 .39 .

.64 .41 .81 529
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Cloud Cover Comparison

Figure A.3

- <
b £
xW o
a o =
b IS I V5 BN
O O 5
OO0 O0OO0O000O0O OO
OCoOwON~NOO I <

(%) suiysung s|qissogy

D

FMAMUJ JASON

J

Month

RIS,

2RLLROOOONK]

KOS

OO

GRRXHK -

B DQDO’D)QDODQD e )

PRI

kS PO

L2

b 9 a OO
Ib V) —l—l A'AYAA ()

8 2u ISR
O0D00000OO OO
CoOMNOMI ™o 2

(%) eulysung s|qissog

D

=

O

)

<C

>S5
—

— O
=

=

<C

=

L

P




Figure A.4 Relative Humidity Comparison |
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Precipitation Comparison

Figure A.5
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APPENDIX B: NOTATION

CaM: low level drag coefficient (dimensionlesé)

Cp: specific heat of the air at constantAeressure (kJ/kg-°K) -
e®: saturated vapor pressure of air (kPa) | S
€: vapor pressure of air (kPa)

Ep: potential evaporation (mm/day)

Et: potential evapotranspiration (mm/day)

Et’: actual evapotranspiration (mm]day)

G: soil heat flux (MJ/meter>-day)

G’: reservoir heat flux (MJ/ﬁleterz-day)

'Pa: air pressure (kg/meter?)

P: air pressure (kg/meter?)

qh: specific humidity (dimensionless)

Rb: longwave backscatter radiation (MJ/meter2-day)

Rn: net radiation (MJ/Meter?-day) |

ra: atmospheric vapor resistance (seconds/meter)

rc: vegetation canopy vapor resistance (seconds/meter)

rs: stomatal vapor resistance (seconds/meter) |

S: relative humidity (i)ercent)

Ta: air temperature (°C)

U: windspeed (meters/second)

U*: friction velocity (meters/second)
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