D. The Summer Heat Budget

The heat budget box model Eq (1) was also applied to MHB during a summer period
between 9 August and 11 September 1997. As we will show later, the heating of MHB
by the Taunton River is negligible. Therefore, the model we consider is

dH'/dt = PCp Vg dTymp/dt = (Quir Azs + dHwpsp/dt +dHBPPs/dt) . (8)

The corresponding temperature equation is

Tvus (tn) = [t/ cp Virs)] 2 [Avis Quirty) + dHypsr/dt + dHppps/dt(t,)] + Trvmpoaug)
)

where the assumed values of the other constants is the same as in Eq (7).

The following details the measurements that were used to estimate these heat flux
components in Eq (8) and thereby the net air-sea heat flux.

Qi: The hourly values of incident short-wave solar radiation (obtained from R. Payne,
WHOI) show the expectedly clear diurnal cycle (Figure 14).
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Figure 14. Hourly incident short-wave solar radiation heat flux measured at Woods Hole, Massachusetts
(R. Payne, WHOI).
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0»: Measurements of net long-wave radiation to space O, were not available and needed
to be estimated. Q) is proportional to the fourth power of the absolute surface
temperature and thus is relatively insensitive to daily-to-seasonal fluctuations of the
surface ocean. Therefore, using Mupparapu and Brown (2003) as a guide, O, was set to
the constant value —100 Watts/m®.

O: The net sensible heat flux is proportional to the wind speed W at 10 m elevation, to
the difference of air temperature at 10 m elevation 7, and to sea surface temperature 7,
which were based on the following.

T,: Applied Science Associates (ASA) deployed 30 thermistor chains in Mt. Hope
Bay from 9 August to 10 September 1997 at the locations shown in Figure 1.
Temperatures were measured at 5 or 6 depths from the surface to the bottom at
these stations every 5 minutes. The BPPS cooling water clearly affects the
surface temperature structure (e.g., Figure 15) that was derived from the ASA
measurements. (See Appendix A for a set of ASA T-chain-derived surface
temperature maps for a typical semidiurnal tidal cycle.) A representative MHB
surface temperature time series in Figure 16 shows a significant semidiurnal
variability due to the advection of lateral temperature gradients past the mooring
by the tidal currents. Each of the temperature-chain surface temperature time
series in Mt. Hope Bay was linearly interpolated to hourly samples, correcting for
gaps and other spurious data in some of these time series. The area-weighted
spatial average hourly surface temperature series 7 in Figure 17 was used for the
heat flux calculations here.
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Heating rate

Figure 15. The late flood tide surface temperature structure in Mt. Hope Bay on 9 August 1997.
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Figure 16. A “representative” time series record of surface temperatures in Mt. Hope Bay (located in
Figure 1).
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Figure 17. The summer 1997 spatially averaged surface temperature in Mt. Hope Bay.

T,: The air temperature from T.F. Green Airport from 9 August tol10 September
1997 are shown in Figure 18. In this particular record, note the extremely low
dew point temperature period from 2 to 7 September 1997, which may be related
to a cool, dry outbreak of Canadian air.
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Figure 18. Hourly summer 1997 air temperature at T.F. Green Airport.

W: The time series of hourly wind speeds from T. F. Green Airport (Figure 19)
exhibits a distinct diurnal cycle that is due to the very strong summer sea breeze
in the Narragansett Bay region (see Fan and Brown, 2002). The sensible heat flux
calculated from W, T,, and T is shown in Figure 20.

20

-
4

=
(=]

Wind Speed (m/s)

o
08/09 08/13 08/17 08/21 08/25 08/29 09/02 09/06 09/10

Figure 19. Hourly summer 1997 wind speed at T.F. Green Airport.
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Figure 20. Net sensible heat flux to Mt. Hope Bay in summer 1997.

Q.: The latent heat flux was estimated according to Eq (4b) from measured atmospheric
temperature 7,, sea surface temperature 75, and wind speed W. The relative humidity H,
was estimated using the measured dew point temperature 7 as described here.

H,: The relative humidity of air parcels at 10 m elevation was estimated
according to the following relation (see
http://lawr.ucdavis.edu/coopextn/biometeorology/frostprotection/fp003.htm):

H, (%) = 100(eyes) (10a)

where the air at the sea surface is assumed to be saturated, and thus the saturation
vapor pressure e is

es=0.6108 exp(17.27T,/(T,+237.3)) , (10b)
where the atmospheric vapor pressure e, is

ea = 0.6108 exp(17.27Tp/(Tp+237.3)) (10c)

in which 7} is the dew point temperature of the air at elevation.

Tp: Hourly dew point temperatures 7 from T.F. Green Airport are shown in
Figure 21. In this particular record, note the extremely low dew point
temperature period from 2 to 7 September 1997. It may be related to a cool, dry
outbreak of Canadian air.
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Figure 21. Hourly summer 1997 dew point temperature measured at T.F. Green Airport.

The estimated relative humidity at T.F. Green Airport is shown in Figure 22. The latent
heat flux time series is presented in Figure 23.
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Figure 22. Estimated summer 1997 hourly relative humidity at T.F. Green Airport.
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Figure 23. Estimated summer 1997 latent heat flux in Mt. Hope Bay.

Q.ir:  The time series of hourly MHB net air-to-sea heat flux (Figure 24), which was
estimated according to Eq (2), shows the expected diurnal heating/cooling cycle. While
the time-averaged heat flux values for the study period are negative, indicating average
heat loss from the surface of MHB waters during the 9 August to 11 September 1997
study period.
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Figure 24. Estimated summer 1997 hourly net air-sea heat flux Q,; to Mt. Hope Bay.

22



Power Plant Heat Input

The diurnal variability of the BPPS heating rate of Mt Hope Bay (dHppps/dt; Figure 25)
ranges from mid-day maxima of about 1.4 x 10® KW to midnight minima of about 0.8 x
10° KW.

o
()

Heating Rate (Million KW)
o
(<]

©
>

0.2

03/09 08/13 08/17 08/21 08/25 08/29 09/02 09/06 09/10

Figure 25. The hourly summer 1997 Brayton Point Power Station heating rate of Mt. Hope Bay (dHppy/dt)
(BPPS data).

MHB Temperature: Air-Sea and BPPS Cooling/Heating Only

The model temperature record (see Eq (7)), based on just the net air-sea cooling and
BPPS heating processes and referenced to the observed 9 August 1997 temperature,
tracks the measured volume-averaged MHB temperature (Figure 26), but is much
warmer. The differences could not be due solely to the estimated uncertainties in our
estimate of air-sea cooling (e.g., Op); they must also be due to unaccounted-for cooling
due to the NB/SR/MHB exchange. We address this issue next.
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Figure 26. Model MHB temperature (i.e., Eq (7); red) based on the combined BPPS (yellow) and air-sea
(green) heating/cooling processes. The measured MHB volume-averaged temperature (blue) is shown for
reference.

Lateral Heat Inputs to MHB

The depth-averaged temperature records in Figure 27 clearly show that in the summer
(1) the Taunton River inflow heats MHB and (2) the net tidal exchange between MHB
and Narragansett Bay (and presumably the Sakonnet River) cools MHB. Clearly, we
must consider the NB/SR tidal cooling of MHB. But first we estimate the heating rate of
the Taunton River.
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Figure 27. Depth-averaged temperature time series at ASA sites (see Figure 15) in the Taunton River (red)
and the East Passage of Narragansett Bay (black). Note that the Mt. Hope Bridge temperature (magenta) is
only slightly warmer than the Narragansett Bay temperature. The MHB volume-averaged temperature
(blue) is shown for reference.

Taunton River heat input. The Taunton River heat input into MHB was estimated
according to Eq (5), which we derived in section B. The transport rate U, is estimated
from the daily Taunton River volume discharge rate time series (Figure 28). The
average discharge of the Taunton River during the study period was about 2 x 10> m’/day
(~2 m3/s). Assuming a Taunton River cross-section area A; = A = 1000 m x 5 m, the
section-average velocity U, is about 40 m/day (~5 x 10 m/s). Appropriate
substitutions into Eq (10) yield a Taunton River heat input to MHB of about 0.02 x 10°
KW. Since this estimated Taunton River heating rate is only about 2% of the BPPS
heating rate, it can be neglected here.
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Figure 28. Taunton River daily discharge time series (from the USGS website).

Narrganasett Bay (Sakonnet River) heat input. During flood tide, cooler NB/SR
water (O7; = 8 °C) enters/exits MHB under the Mt. Hope and Sakonnet River Bridges at
an estimated average rate of 6 x 10° m*/hr (~2x 10° m?/s; see Rountree et al., 2002).
(For simplicity, we have assumed that Sakonnet River water is the same temperature as
Narragansett Bay water.) Turbulent mixing on the edges of the inflowing/outflowing
NB/SR water effectively exchanges colder parcels with the warmer MHB parcels, leading
to the cooling/warming of MHB and NB/SR waters, respectively. During ebb tidal
phase, much of that water (now warmer through mixing with the MHB water) leaves
MHB. The question is: how efficiently do the two water masses mix? The net amount of
MHB cooling during each tidal cycle depends on (1) the proportion (o) of the entering
cooler NB/SR water that mixes completely (i.e., exchanges parcels) with the warmer
MHB water during the 12.4hr semidiurnal flood-ebb tidal cycle and (2) the effective
transport rate of that mixed water.

For purposes of this analysis, the NB/MHB tidal exchange process is conceptually
modeled here in terms of a steady stream of NB water that (a) flows into MHB through a
permeable pipe on the south side of the entrance under the Mt. Hope Bridge; (b) loops
through and exchanges water with MHB; and then (¢) exits on the north side of the MHB
entrance. (A similar conceptual loop model can be constructed to deal, in parallel, with
the Sakonnet River/MHB exchange.) The “steady” composite NB/SR transport rate
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consistent with the tidal inflow/outflow must be '4 the average tidal inflow/outflow rate
or about 10° m’/s.
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Figure 29. The “cooling coil” conceptual model of the tidal cooling of MHB during the summer. A steady
stream of cool water enters MHB through a semi-permeable pipe that loops into and out of MHB, warming
as it exchanges water with the warmer MHB.

Thus the heating rate relation for NB/SR tidal exchange cooling is
dHnpsg/dt = o p ¢, Unpsr Ol npsr . (11)

Assume for example that, if 5% (a= 0.05) of the entering NB/SR tidal prism water mixes
with the MHB waters, then U; = Uyg/sr = 50 m?>/s of the cooler NB/SR water enters
MHB - effectively replacing the warmer MHB water which exits at the same rate. Then
Eq (8) yields a NB/SR heat input to MHB of about -1 x 10° KW — a cooling rate that is
of the same order as the BPPS heating rate and needs to be considered.

27



MHB Temperature: Air-Sea and NB/SR Cooling with BPPS Heating

Assuming a totally mixed MHB, and heat input from the power plant and exchanges with
the Narragansett Bay/Sakonnet River, Eq (1) reduces in this situation to

dHt/dl‘ =pP¢ Vg dTymp/dt = (Qair Aynp + dHypsp/dt +dHBPPS/dt) , (12)
with dHygsp/dt = o p ¢, Ungsr OTnssg. The corresponding temperature equation is

Tvus () = [/ cp Vimp)] 20 [Amis Quir(ty) + dHypse/dt + dHppps/dt(t,)] + Trmpoaug)
(13)

where the assumed values of the other constants is the same as in Eq (7).

The temperature measurements at the East Passage station are used to estimate the MHB-
Narragansett Bay temperature difference in Eq (2) since there was only a partial Mt.
Hope Bridge temperature (see Figure 27). Nevertheless, the East Passage and the Mt.
Hope Bridge station temperatures are very nearly the same. Three estimates of
temperature in the Bay (Eq (10)) were made for the Narragansett Bay/Sakonnet
River/MHB mixing, assuming the mixing coefficient a to be 0.01 (1%), 0.02 (2%), and
0.03 (3%, respectively (Figure 30). While the comparisons are not perfect, mixing
coefficients in the 0.02 to 0.03 range produce Bay average temperature records that
match the observations reasonably well for the research period. The departures from a
perfect match seem to be related to the effects of spring/neap tidal variability, which is
not included in this analysis.
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Figure 30. MHB temperature (Eq 10) due to the combined influence of air-sea, NB/SR, and BPPS
heating/cooling processes. The three temperature records are due to different mixing coefficients. The
measured MHB volume-averaged temperature is presented for reference.
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Discussion

In these applications of the heat budget model, we assumed a well-mixed MHB and used
spatially averaged surface temperatures in estimating the air-sea heat fluxes. During the
winter when the warm plume from the power plant had a relatively simple structure
(Figure 4b), this may have been acceptable. In the summer, however, the BPPS plume
expression is larger and more complex (Figure 15b), and much of its temperature
structure may not have been resolved properly by the T-chains.

To test this idea, first, after careful study of the temperature distribution in MHB in both
summer 1997 and winter 1999 (Appendix A), the MHB surface area (4ym5) is partitioned
into two sections. The smaller portion (0.2 Ay5) represents the plume with an averaged
surface temperature 7p,me, and a larger portion (0.8 Aymp) represents MHB proper with
an averaged surface temperature 7p,,. Assuming previous underestimates of surface
temperature in the plume region, Ty, is varied between Tg,+1 °C and Tp,,+10°C,
where T, = Ts from above. For this range of 7). temperatures, the time-averaged air-
sea exchange heating/cooling rate (heat flux ¢ area) of the plume VHF ). is computed
(see Table 1). This is compared with the T-chain-based time-averaged vertical heating
rate for MHB or VHF,, = -8.2 x 10* kW in estimating the potential error. The
normalized error in the MHB heating rate or E for a particular 7}, is estimated by
differencing VHF,jme with the portion of VHF3,, in the plume area according to

E = {(VHF pjume — 0.2 VHF pyy) / VHF gy} . (13)
The results in Table 2 show how much error there would be in the overall MHB cooling

rate for a particular downward bias of the T-chain “surface” temperature relative to the
true temperature in a plume patch covering 20% of MHB.

Tplume - TBay VHFplume E

(°C) (10 kW)

1 -2.186 16.6
2 -3.632 343
3 -5.160 52.9
4 -6.771 72.5
5 -8.466 93.2
6 -10.247 114.9
7 -12.118 137.7
8 -14.080 161.6
9 -16.138 186.7
10 -18.294 212.9

Table 2. Vertical heat flux in the plume area.
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This result tells us that exploring spatial structure of air-sea heat loss is very important for
the heat budget estimation in MHB, especially during summertime, when the temperature
structures in the Bay are very complicated.
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