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1.0 INTRODUCTION 

The Massachusetts Bays National Estuary Program (MassBays) is an EPA National Estuary 
Program (NEP) responsible for implementing §320 of the Clean Water Act in Ipswich Bay, 
Massachusetts Bay, and Cape Cod Bay, covering over 1000 miles of Massachusetts coastline. 
MassBays is one of 28 NEPs located throughout the U.S. In 2017, MassBays published an 
Estuarine Delineation and Assessment (EDA) report (Geosyntec Consultants and MassBays 
National Estuary Program, 2017) in order to categorize embayments by type and help establish 
target conditions. This report characterized 69 estuarine assessment areas within the MassBays 
planning region, delineating estuarine boundaries based upon eco-system services and extents. 
The 69 assessment areas include 47 embayments. The rest are non-embayment areas including 
rocky shores/headlands and beaches. For the purpose of this study, only the embayment 
assessment areas (embayments) are included in the analysis. The purpose of establishing these 
delineations was to begin to prioritize needs and quantify changing ecosystem conditions within 
MassBays’ planning area. 

To further understand the existing and changing conditions within each of the embayments, an 
assessment of water transport times (also known as “flushing rate” or “residence time”) was 
conducted as part of this study. Flushing time estimates are often used to determine the ability 
of a system to adequately handle pollutant loads relative to ecosystem health.  In evaluating 
changing ecosystem conditions in the face of a changing climate, flushing rates, and the potential 
evolution of flushing rates with rising sea level, are a critical preliminary benchmark. As such, this 
study provides calculations of present and future water transport rates at the estuarine 
embayments.  These water transport rate calculations utilize the latest available bathymetric 
data, as well as model results from the Massachusetts Coast Flood Risk Model (MC-FRM). Water 
transport rate estimates have been calculated for 481 estuaries where flushing rate has been 
identified as relevant.  

The water transport time assessment consisted of the following tasks: 

1. The development of a methodology for calculating water transport times for each 
embayment 

2. Review of existing data sets that could be utilized in the assessment  

3. The calculation of water transport times for each embayment 

4. The calculation of water transport times for each embayment under a future sea level 
condition. This is intended to provide a first order estimate regarding the potential change 
and trend of water transport time under changing climate conditions 

  

                                                      
1 While the original EDA report identified 47 embayments, this project eliminated one and split two embayments, for a new total of 48.  
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2.0 METHODOLOGY 

2.1 TIDAL FLUSHING 

The water transport time (flushing rate) was calculated for each embayment using the standard 

tidal prism method.  This method is typically used to provide a first order estimate of the ability 

of an estuarine system to exchange a volume of water through a specific hydraulic connection 

or opening.  The tidal prism method can be defined as:  

𝑊𝑎𝑡𝑒𝑟 𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑅𝑎𝑡𝑒 (𝐹𝑙𝑢𝑠ℎ𝑖𝑛𝑔 𝑇𝑖𝑚𝑒) = 𝑇 ∗
𝑉𝑀𝑇𝐿

Ω
 

 

 where  VMTL is the volume of the estuarine system at mean tide level 

  T is the tidal period 

  and Ω is the tidal prism, which can be further defined as 

 

Ω = (𝑉𝑇 + 𝑉𝑅) 

 

where  VT is the volume of water associated with the sea water exchanged and VR is the 

volume of water associated with freshwater entering the system. 

 

Tidal datums relative to NAVD88 were calculated for each estuary based upon results from MC-

FRM. Tidal datums were based upon a full 30-day tidal simulation, which is also being used to 

define spatially varying tidal benchmarks and shoreline files for Massachusetts Coastal Zone 

Management (MA-CZM). As such, these values will be consistent with the values being applied 

across the state to define tidal benchmarks. These tidal datums provide much more spatially 

resolved elevations than those available from NOAA water level stations (only 3 locations 

across the state) and enhance the ability to determine tidal prism across the Commonwealth 

shoreline.  Time-series data were output at a point nearest the boundary of each project 

estuary and utilized to calculate the necessary datums, as well the tidal period for each estuary. 

These datums were utilized to calculate the area and volume of water in each estuary at Mean 

High Water (MHW), Mean Tide Level (MTL), and Mean Low Water (MLW) levels. Therefore, the 

area and volume of change between the Digital Elevation Model (DEM) for each estuary 

(generation of the DEM is described in section 3.0), as well as the datums of interest were 

determined. 

 

The tidal period (T) was calculated as the average time between high-water peaks in the water-

level data extracted from MC-FRM for each estuary. The tidal volume (saltwater) of water 

exchanged in the prism (𝑉𝑇) was calculated in two separate ways depending on the MC-FRM 

resolution for each estuary. The model tidal datum-based flux was calculated as the difference 
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between the MHW volume and the MLW volume based on the tidal datums from MC-FRM. This 

difference represents the approximate amount of water that enters the estuary during a flood 

tide (or leaves during an ebb tide) if the tidal datums do not vary throughout the estuary (e.g., 

there is no tidal attenuation or unique circulation patterns that occur in the embayment).  This 

represents the maximum volume exchange that could occur as forced by the tide. 

 

If the estuary/embayment was adequately resolved in MC-FRM, a second flux, the model-based 

flux, was calculated directly from the global model output (as opposed to datums calculated 

from a singular node’s time-series) as the average amount of water entering the estuary across 

a line (drawn across the estuary inlet) during a flood tide. The flood based flux was summed for 

each flood-tide and averaged over the 30-day tidal simulation to calculate an average flood-tide 

flux for each estuary.  This is a standard approach for determining a more accurate tidal prism 

using a hydrodynamic model that can capture the dynamics of tidal exchange, and thus capture 

some of the natural tidal attenuation that occurs in the system. The model-based flux is a 

measurement of the water entering the estuary during each flood tide and accounts for any 

natural attenuation or impoundments included in the model. 

 

Appendix B lists the methodology used to calculate tidal flux for each estuary. The model-based 

flux value was utilized where ever possible since this incorporates some of the natural 

attenuation expected to occur in the embayment (e.g., frictional effects, tide restrictions, etc.). 

If the estuary was adequately represented and resolved in the MC-FRM, the model-based flux 

methodology was utilized. If the estuary was not adequately resolved in the MC-FRM, the tidal 

datum-based flux methodology was used. 

 

In general, the tidal prism method described here will underestimate the flushing time since 

this analytical approach is grounded in the assumption that the volume of water exiting the 

system during an ebb tide does not return during a flooding tide.  More detailed information on 

flushing ability and residence times of a specific estuary can be obtained through detailed 

numerical modeling of each system, including focusing on a constituent of concern.  

Hydrodynamic, particle tracking, and water quality modeling of a specific estuary can provide 

details on areas of stagnation, more accurate water transport rates, the recycling of water, and 

fate and transport of various water quality constituents. 

 

2.2 FRESHWATER INFLUENCE 

In order to ascertain the contribution of freshwater surface flow on transport times in each of 

the embayments (the volume of freshwater contributed to the overall prism or 𝑉𝑅), 

representative typical flows were acquired for all embayments, focusing on flow rates that may 
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have an appreciable effect on water transport time.  Where available, the closest USGS gaging 

station was utilized to acquire these data. The 10 percent exceedance, 50 percent exceedance, 

and 90 percent exceedance flow from the gage record were acquired and utilized as 

representative for the high, typical, and low flows respectively.  Where USGS gage data were 

not available, the USGS StreamStats application was utilized.  StreamStats allows for the 

estimation of various stream and riverine parameters for ungaged systems based upon the 

basin characteristics.  Where USGS gages are not available, the closest StreamStats cell to the 

riverine input of the embayment was utilized.  Similar flow exceedance statistical parameters 

from the StreamStats application were acquired for the low, high, and typical flow data.  The 

difference between the flushing time with, and without freshwater input represents the 

freshwater influence % for each estuary.  
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3.0 DATA SOURCES 

3.1 EMBAYMENT DEPTHS 

The topographic and bathymetric data utilized for this project were acquired from the most up-
to-date available sources.  These sources have been previously identified and utilized in the 
creation of the MC-FRM DEM. The primary dataset utilized for bathymetry and topography in the 
embayments is the continuous bathymetry and elevation models of the Massachusetts coastal 
zone and continental shelf (Andrews et al. 2018). This dataset is a combination of bathymetry 
and topography data covering all the embayments and represents the most up-to-date 
bathymetric DEM available.  While the Andrews et al. 2018 DEM is comprehensive, there are 
areas of data gaps in most of the embayments.  These gaps, which occur at various scales, exist 
in nearly all of the estuaries.  Most of the gaps are relatively minor and are not expected to cause 
significant influence on the water transport rate calculation time; however, in order to calculate 
volumes for each of the embayments, other existing data sets were utilized to fill these gaps.  
These data were used both for this project and the development of the MC-FRM. 

For embayments that have gaps and are located south of Gloucester MA, the 2016 USGS CoNED 
Topobathymetric Model (1887 - 2016): New England (OCM 2019) DEM was utilized to fill gaps in 
the continuous bathymetry.  This dataset was created after Hurricane Sandy to identify 
inundation hazard zones. For embayments with gaps located north of Gloucester MA, where the 
CoNED DEM is unavailable, a combination of survey data collected by Woods Hole Group for 
other projects and the 2011 LiDAR for the Northeast DEM (OCM 2018), were utilized to fill the 
data gaps. 

The DEMs were collected for each embayment utilizing the EDA assessment areas previously 
delineated as boundaries. For the purposes of this study, some of the EDA assessment areas were 
slightly altered to bring the seaward edge of the unit to the estuary inlet, and the landward edges 
were cut off where clear dams were located. These modified downstream and upstream 
boundary locations were reviewed by MassBays and provided via a separate GIS-compatible file. 
Appendix A, at the end of this report includes the source of bathymetric data utilized for each 
embayment. 

3.2 FLUXES 

In order to calculate flushing times, average volumes of fresh and saltwater exchanged during a 
tidal cycle (tidal prism) were acquired. Saltwater fluxes and tidal datums for each estuary were 
acquired from a 30-day tidal simulation of the Massachusetts Coast Flood Risk Model (MC-FRM) 
as described above in section 2.1. MC-FRM is an extension of the federal award-winning Boston 
Harbor Flood Risk Model (BH-FRM). MC-FRM has been utilized to simulate tidal conditions across 
the state for the purpose of refining tidal datums and creating tidal shorelines. The model is 
highly resolved with spatial and depth information at a horizontal resolution of 10-20 feet in the 
nearshore areas, and even higher resolutions on land. Freshwater flow data were acquired from 
USGS stream gages where available, and from USGS’s Stream-Stats application where gage data 
were not available. Appendix B includes the source of freshwater data utilized.  
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4.0 WATER TRANSPORT TIME RESULTS 

4.1 RESULTS AND UNCERTAINTY 

Appendix B includes the results of the water transport time calculations for each estuary. A 

water transport time has been calculated for each estuary without freshwater, and with 

freshwater where relevant. Any estuary where a freshwater influence of greater than 2% (with 

50% exceedance flows) was identified was also assessed to determine whether larger or smaller 

flow regimes would influence the flushing rates. Three such estuaries were identified 

(Merrimack River, Ipswich River, and Chelsea Creek). For these estuaries 90% exceedance flows, 

and 10% exceedance flows were also assessed. These flows represent the flows that might be 

expected in lower flow or higher flow months. Table 1 includes the flushing rates calculated for 

these 3 estuaries. 

 

Table 1. Estuaries where freshwater influence was important (>2%), with flushing rates for 
large and small flow regimes. 

Estuary Name 

Flushing Time 
(No freshwater 

input) 
(Hours) 

Flushing 
Time (With 

typical 
freshwater 

input) 
(Hours) 

Freshwater 
Influence 

% 

Flushing 
Time (With 

10% 
exceedance 
freshwater 

input) 
(Hours) 

Flushing 
Time (With 

90% 
exceedance 
freshwater 

input) 
(Hours) 

MERRIMACK RIVER 10.8 8.6 20.5% 5.9 10.0 

IPSWICH RIVER 5.5 5.3 3.8% 4.7 5.4 

CHELSEA CREEK / 
MYSTIC RIVER / 
CHARLES RIVER 

47.6 46.3 2.8% 45.1 47.3 

 

For each embayment, a measure of confidence has been generated for the water transport rate 

estimations (Appendix B). These confidence values consider the confidence in the inputs used, 

the methodology used for calculating tidal flux, the freshwater input data, the methodology 

used to calculate tidal flushing, as well any other relevant considerations that came up during 

the process of developing these estimations.  Appendix B lists a confidence rating for each 

embayment, with a detailed description of the reasoning for each rating, as well as suggestions 

for future improvements for these calculations. Figure 1 shows the scale utilized for the 

confidence measures. 
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Measure of Confidence 

5 
Excellent 

Confidence 
 

4 High Confidence 
 

3 Fair Confidence 
 

2 Low Confidence 
 

1 
Minimal to No 
Confidence  

Figure 1. Confidence scale utilized to describe confidence in flushing-rate calculations. 

 

Based upon the reasoning for each embayment’s measure of confidence, some suggestions for 

future work that could improve upon the existing water transport rates calculated for this 

project are offered. In addition to the site–specific recommendations, there are several general 

suggestions that should be considered for future work on these embayments’ flushing rates. 

Each of the calculations made as part of this project considers each embayment as a singular 

system, based upon the EDA assessment areas previously published by MassBays. In many 

cases these areas may not have had ideal delineations for assessing flushing rates, where the 

assessment areas may make perfect sense for some other reasons. Some embayments included 

multiple inlets for tidal fluxes, did not include the entire relevant tidal estuary in the unit, 

and/or had large unconfined boundaries; thereby making an accurate tidal flux quantification 

beyond the skill of the methodology utilized here.  Additionally, multiple assessment areas 

included large ocean areas outside of the estuaries as part of the embayment, as well as some 

upstream dammed or freshwater pond areas (with little-to no tidal influence) as part of the 

estuarine unit. In discussion with MassBays several embayment boundaries were altered 

slightly, in order to try to mitigate uncertainties arising from these issues. All embayments that 

included large ocean areas outside of the estuary had their seaward boundary moved to the 

inlet of the estuary as best as feasible. Additionally, Ipswich River, Plum Island Sound, Chelsea 

Creek, Boston Harbor, Weir River, Little Harbor, Green Harbor, Sandwich Harbor, Chase Garden 

Creek, Paine’s Creek, Rockport Harbor, and Manchester Harbor had upstream boundaries 

edited to eliminate non-tidal areas from the assessment, as well as to maintain consistency in 

the calculations in respect to dammed areas.  

 

While the edits to the embayments relating to dams and ocean-volumes alleviated some 

uncertainty, there remains uncertainty in many cases related to man-made or natural 
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impoundments. In the case of man-made impoundments that allow some amount of restricted 

flow, these were not always factored into calculations, as they were not always included in the 

MC-FRM (and not part of a tide-based prism calculation). The inclusion of volumes behind these 

impoundments in the calculations for flushing-rates would cause flushing-rates for these 

estuaries to be longer than those calculated as part of the assessment presented here. As part 

of any future work assessing flushing rates for Massachusetts, there should be a more thorough 

accounting of not only impoundments, but also anthropogenic restrictions that significantly 

alter tide. These impoundments will need to be assessed to determine whether they represent 

significant blockage to flow and whether the volume of water behind them should be included 

in flushing rate calculations, and if so, to quantify any tidal attenuation.  

 

In some cases, natural attenuation and impoundments were factored into the calculations for 

flushing rates presented in Appendix B. The model-based flux methodology of calculating tidal 

fluxes into each estuary accounts for natural tidal attenuation that is resolved in the MC-FRM. 

Smaller natural impoundments, smaller than the resolution of MC-FRM, as well as some more 

complex impoundments that could not be accurately represented in MC-FRM, are not factored 

into these calculations. The tidal-flushing rates for estuaries where the datum-based flux 

methodology was utilized to calculate tidal flux do not account for any attenuation (natural or 

anthropogenic). As such those estuaries where the datum-based methodology was utilized may 

be over-estimating the flushing rate.  

 

In all cases, it is important to remember that water transport time (or flushing rate/residence 

time) indicates the average time that a parcel of water spends in a water body.  Residence time, 

therefore, indicates how quickly a water body is flushed.  If the embayment volume is small or if 

flow rate is large, residence times will be relatively small, which suggests the embayment is 

being flushed quickly.  Lower residence times generally correspond to higher water quality; 

however, water quality also is dependent upon pollutant/nutrient loading, naturally occurring 

chemical breakdown processes, and the quality of water outside the embayment.  These 

estimates also do not account for recirculation of water that exits and reenters the embayment.  

A different approach would be required to quantify water transport rate more accurately. 

 

Below are some overall general recommendations, in addition to the suggestions provided in 

Table 1. 

 

• In any future studies of flushing rates for these estuaries, it is recommended that 

MassBays alter the boundaries of some of the embayments to more accurately 

characterize water transport times. Depending on the purpose and goals of each 

assessment area (e.g., water quality estimates), the embayments may require refinement 
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such that areas where different water qualities might be expected are segregated, and 

flushing rates for each area be assessed separately. In the calculations presented for this 

project, all embayments are considered as singular units. This may mask smaller areas 

within each embayment that experience drastically different flushing rates than those 

presented for the overall system. 

 

• If future studies were to quantify these differences, a high-resolution hydrodynamic 

model or a particle tracking model may be used to quantify the variations in flushing rates 

more accurately. A particle tracking model also presents the added bonus of accounting 

for water recycling, allowing for more accurate flushing numbers. If a more detailed 

model is not used, the embayments may be segmented such that areas behind obvious 

natural or man-made restrictions are evaluated separately. Such segmentation would 

require that data (such as water level or salinity) be acquired at the relevant boundaries 

of each segment. 

 

• A thorough data search should be utilized to determine if data for the relevant 

impoundments are available from previous studies or measurement programs.  While this 

was outside of the scope of this project, there are data available that indicate the 

attenuation that occurs in numerous Massachusetts estuaries.  This would improve the 

water transport rate calculations with minimal cost. 

 

•  Additionally, the assessment areas should be amended such that the entire basin of the 

estuary (every area where tidal water flows from a singular inlet) should be included in 

each embayment. If multiple inlets for an estuary are to be assessed, a particle tracking 

model, or a more resolved hydrodynamic model, is likely required to provide more 

reasonable quantification of residence time.  
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5.0 WATER TRANSPORT TIME RESULTS - 2050 

5.1 RESULTS AND UNCERTAINTY 

In order to prioritize future actions across the various estuaries in MassBays’ planning area, the 
water transport times for all the estuaries assessed for this project were also computed under 
future sea level rise conditions. This information will help in making more informed prioritized 
decisions regarding future actions, and potentially identifying areas where more data collection 
may be needed. As part of the MC-FRM project, up-to-date local sea level rise projections have 
been identified for Massachusetts (Douglas 2016). SLR projections utilized in MC-FRM were 
based on the Representative Concentration Pathways (RCP) greenhouse gas concentration 
trajectories developed as part of the Intergovernmental Panel on Climate Change (IPCC). These 
pathways describe a wide range of possible scenarios that may occur due to future 
anthropogenic greenhouse gas emissions. The RCP pathway utilized in this assessment (RCP 
8.5) essentially assumes that no changes are made to human based emissions.  The sea level 
rise produced under this scenario (RCP 8.5) was developed specifically for the Commonwealth 
of Massachusetts (DeConto and Kopp 2017) and is consistent with the projections being 
implemented for the statewide hazard mitigation assessments and by MassDOT in the 
development of the Massachusetts Coast Flood Risk Model (MC-FRM). Therefore, MassBays can 
be confident that the SLR results applied herein align with the recommended projection values 
used for the coastlines in Massachusetts. 
 
Sea level projections for the year 2050 from the MC-FRM project have been utilized for 
assessing flushing rates in the future for this project. These projections represent the most 
recently available predictions for the area and are consistent with vulnerability work going on 
throughout the state (Kopp et al. 2014; DeConto and Pollard 2016). 
 
Appendix B tabulates the flushing times for each estuary from MC-FRM tidal simulation results 
utilizing the tidal conditions (30-day simulation with sea level predictions for the year 2050). 
The same methodology utilized to calculate the tidal portion of the tidal prism for present day 
was utilized to calculate the value for 2050 to allow for direct comparison. The results show 
that in 2050 some of the estuaries will have slower flushing times, while others will have faster 
flushing times than those calculated for present day. The flushing time (as calculated here) is 
directly proportional to the ratio of the mean-tide level volume of an estuary divided by the 
tidal prism. As such, the flushing time is directly dependent on the volume of water within the 
tidal prism that will change as sea level rises. For example, an estuary where the MTL volume 
only includes marsh channels, may have a drastically different flushing time in 2050 when the 
MTL volume includes the entire marsh plane. Similarly the tidal prism may change as the tide 
range elevations change, drastically changing the flushing time in some cases. 
 
The 2050 water transport time results provide a first order indication of the trend and direction 
of potential changes in flushing rates due to increasing sea levels.  In nearly all cases, increased 
sea levels result in larger exchange rates as (due to larger inlet openings, higher elevation tide 
ranges, etc.) that taken alone would result in improved flushing, or reduced water transport 
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times.  However, the increased mean tide level resulting from sea level rise also potentially 
results in a larger volume of water to flush in and out of an estuary.  If this increased volume is 
proportionally larger than the gain in tidal flux, then the residence time may in fact increase. 
 
There is also uncertainty that should be considered when analyzing the 2050 flushing values. All 
the previous uncertainty that was described above for present day should also be considered 
for the 2050 values. In addition, there is uncertainty related to the sea level rise numbers that 
should be considered if more or less sea level rise occurs prior to 2050. Additionally, this 
analysis did not consider any sort of geomorphic change that may occur within these estuaries 
prior to 2050 as a result of sea level rise, storm events, or anthropogenic alterations. It can be 
expected that inlets may change geometry with sea level rise, as well as deposition and erosion 
changing the bathymetry of these estuaries as sea level rise occurs. These factors may cause 
actual flushing rates to vary from those predicted in this analysis.  
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Embayment 
Number Embayment Name Source of freshwater input data Topography Datasets Used* 

2 Merrimack River USGS Gage -1100000 DEM 1 with LiDAR and recent 
survey data to fill gaps 

3 Parker River Closest stream stats point for Parker River DEM 1 with LiDAR recent 
survey data to fill gaps 

4 Rowley River Closest stream stats point for Rowley River DEM 1 with LiDAR to fill gaps 

5 Ipswich River USGS Gage - 1102000 DEM 1 with LiDAR to fill gaps 

6 Plum Island Sound Data from Parker River & Ipswich River & Rowley River DEM 1 with LiDAR to fill gaps 

7 Essex River/ Essex Bay Closest stream stats point for Essex River DEM 1 with LiDAR to fill gaps 

8 Annisquam River Tidally dominated, no flow expected to be used DEM 1 with LiDAR to fill gaps 

10 Rockport Harbor/ Sandy 
Bay 

USGS Gage - 1102029 DEM 1 with LiDAR to fill gaps 

13 Gloucester Harbor Tidally dominated, no flow expected to be used DEM 1 with DEM 2 to fill gaps 

17 Manchester Harbor Closest stream stats point for Essex River DEM 1 with DEM 2 to fill gaps 

18 Beverly Harbor Danvers River data DEM 1 with DEM 2 to fill gaps 

19 Danvers River Closest Stream Stats point for Danvers River DEM 1 with DEM 2 to fill gaps 

20 Forest River/ Salem Harbor Closest Stream Stats point for Forest River DEM 1 with DEM 2 to fill gaps 

21 Marblehead Harbor Tidally dominated, no flow expected to be used DEM 1 with DEM 2 to fill gaps 

22 Salem Sound Danvers River data & Forest River data & closest 
stream stats point for the North River 

DEM 1 with DEM 2 to fill gaps 

24 Nahant Bay Tidally dominated DEM 1 with DEM 2 to fill gaps 

25 Saugus River/ Pines River/ 
Lynn Harbor 

USGS Gage - 1102345 DEM 1 with Woods Hole Group 
Survey and DEM 2 to fill gaps 

26 Belle Isla Creek/ Winthrop 
Bay 

Tidally dominated DEM 1 with DEM 2 to fill gaps 

27 Chelsea Creek/ Mystic 
River/Charles River 

USGS Gage - 1104615 & closest Stream Stats point for 
the Mystic River 

DEM 1 with DEM 2 to fill gaps 

28 Neponset River/ 
Dorchester Bay 

USGS Gage - 11055566 DEM 1 with DEM 2 to fill gaps 
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Embayment 
Number Embayment Name Source of freshwater input data Topography Datasets Used* 

29 Blacks Creek/ Quincy Bay Closest Stream Stats point for Blacks Creek DEM 1 with DEM 2 to fill gaps 

30 
Back River/ Fore River/ 
Hingham Bay 

USGS Gage - 1105583 + data from closest 
stream stats point to back river  DEM 1 with DEM 2 to fill gaps 

31 Weir River/ Straits Pond Closest Stream Stats point to weir river DEM 1 with DEM 2 to fill gaps 

32 Boston Harbor 
Data from Charles River / Neponset River / 
Mystic River DEM 1 with DEM 2 to fill gaps 

33 Little Harbor Tidally dominated DEM 1 

34 Cohasset Harbor Closest Stream Stats point to Bound Brook DEM 1 with DEM 2 to fill gaps 

36 Scituate Harbor Closest Stream Stats point to Satuit Brook DEM 1 with DEM 2 to fill gaps 

37 North River/ South River Closest Stream Stats point to North River DEM 1 with DEM 2 to fill gaps 

38 Green Harbor 
Closest Stream Stats point to Green Harbor 
River 

DEM 1 with USACE Survey and  
DEM 2 to fill gaps 

39 
Bluefish River/ Back River/ 
Duxbury Bay 

Closest Stream Stats points to Blue Fish River 
and Back River DEM 1 with DEM 2 to fill gaps 

40 Jones River/ Kingston Bay USGS Gage - 1105870 DEM 1 with DEM 2 to fill gaps 

41 
Eel River/ Plymouth 
Harbor USGS Gage - 1105876 DEM 1 with DEM 2 to fill gaps 

45 Ellisville Harbor Tidally dominated DEM 1 with DEM 2 to fill gaps 

50 Sandwich Harbor Tidally dominated 
DEM 1 with Woods Hole Group 
Survey and DEM 2 to fill gaps 

51 Scorton Creek Tidally dominated DEM 1 with DEM 2 to fill gaps 

52 Barnstable Harbor Tidally dominated DEM 1 with DEM 2 to fill gaps 
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Embayment 
Number Embayment Name Source of freshwater input data Datasets Used 

53 Chase Garden Creek Tidally dominated DEM 1 with DEM 2 to fill gaps 

55 
Sesuit Creek/ Sesuit 
Harbor Tidally dominated DEM 1 with DEM 2 to fill gaps 

56 Quivett Creek Tidally dominated DEM 1 with DEM 2 to fill gaps 

57 Paine's Creek/ Stony Brook Tidally dominated DEM 1 with DEM 2 to fill gaps 

59 
Namskaket Creek/ Rock 
Harbor Tidally dominated DEM 1 with DEM 2 to fill gaps 

60 
Boat Meadow Creek/ Rock 
Harbor Tidally dominated DEM 1 with DEM 2 to fill gaps 

61 
Herring River/ Herring 
Pond Tidally dominated DEM 1 with DEM 2 to fill gaps 

63 Herring Brook/ Great Pond Tidally dominated DEM 1 with DEM 2 to fill gaps 

65 Wellfleet Harbor Tidally dominated 
DEM 1 with Woods Hole Group 
survey and DEM 2 to fill gaps 

66 
Pamet River/ Little Pamet 
River Tidally dominated DEM 1 with DEM 2 to fill gaps 

68 Provincetown Harbor Tidally dominated DEM 1 

*DEM 1: Continuous bathymetry and elevation models of the Massachusetts coastal zone and continental shelf   
  DEM 2: 2016 USGS CoNED Topobathymetric Model (1887 - 2016): New England 
  Lidar: U.S. Geological Survey Topographic LiDAR: LiDAR for the North East from 2010-06-15 to 2010-08-15 
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Estuary Name 
Tidal Flux 
Methodol

ogy 

Flushing 
Time (No 

Freshwater) 
(Hours) 

Flushing 
Time (With 
Freshwater) 

(Hours) 

Flushing 
Time - 2050 

(No 
Freshwater) 

(Hours) 

Confidence 
Level 

Confidence Reasoning Potential Improvements 

PLUM ISLAND 
SOUND 

model-
based flux 

14.6 14.5 11.4 

4 

The embayment assessment 
unit is reasonably selected for 
calculation of 
residence/transport times and is 
also reasonably represented in 
the MC-FRM at this scale.  The 
model-based flux through the 
inlet captures some of the 
natural attenuation throughout 
the system and is an improved 
estimate compared to the 
modeled water levels directly 
(assuming full volume 
exchanged between high and 
low tide). 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  This 
calibrated model does 
currently exist at WHG 
and could be applied to 
determine an improved 
water transport estimate. 
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ROCKPORT 
HARBOR (SANDY 
BAY) 

tidal 
datum-
based flux 

70.5 70.5 71.0 

2 

The assessment unit is atypical 
from an embayment where 
residence time is used as an 
indicator for system health.  The 
large unconfined boundary 
(spanning a large distance and 
deep water) of Sandy Bay is not 
ideal for determining a tidal 
prism for use in the standard 
water transport equation.  For 
example, tides may be flooding 
at one side of the boundary, 
while still ebbing at the other 
end of the boundary creating a 
unique flux exchange.  
Additionally, larger, general 
circulation patterns and other 
mixing processes (wind, waves, 
vertical exchange) start to play a 
larger role in the exchange of 
water.   Another method may be 
preferable to improve residence 
time calculations.  Generally, 
harbors of this type will be well 
mixed or have high water 
quality indicators due to the 
direct connection to the Atlantic 
Ocean. 

Consideration of 
segmenting the 
assessment unit into 
smaller sub-embayments 
(Rockport Harbor, Mill 
Brook, Pigeon Cove, Gull 
Cove) in addition to the 
overall Bay.   Application 
of a different approach 
for calculation of 
transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates. 
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MERRIMACK 
RIVER 

tidal 
datum-
based flux 

10.8 8.6 10.3 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  So, while the 
MC-FRM tidal datums represent 
an improved estimate of the 
transport time, the attenuation 
within the system is not 
represented in this estimate.  
This assessment unit is the most 
highly influenced by freshwater 
discharge. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  This 
calibrated model does 
currently exist at WHG 
and could be applied to 
determine an improved 
water transport estimate. 

PARKER RIVER 
tidal 
datum-
based flux 

6.3 6.2 3.5 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  So, while the 
MC-FRM tidal datums represent 
an improved estimate of the 
transport time, the attenuation 
within the system is not 
represented in this estimate. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  This 
calibrated model does 
currently exist at WHG 
and could be applied to 
determine an improved 
water transport estimate. 
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ROWLEY RIVER 
tidal 
datum-
based flux 

5.0 5.0 3.0 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  So, while the 
MC-FRM tidal datums represent 
an improved estimate of the 
transport time, the attenuation 
within the system is not 
represented in this estimate. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  This 
calibrated model does 
currently exist at WHG 
and could be applied to 
determine an improved 
water transport estimate. 

IPSWICH RIVER 
tidal 
datum-
based flux 

5.5 5.3 3.8 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  So, while the 
MC-FRM tidal datums represent 
an improved estimate of the 
transport time, the attenuation 
within the system is not 
represented in this estimate. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  This 
calibrated model does 
currently exist at WHG 
and could be applied to 
determine an improved 
water transport estimate. 
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ESSEX RIVER / 
ESSEX BAY 

tidal 
datum-
based flux 

5.4 5.4 5.8 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  So, while the 
MC-FRM tidal datums represent 
an improved estimate of the 
transport time, the attenuation 
within the system is not 
represented in this estimate. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times. 

ANNISQUAM 
RIVER 

tidal 
datum-
based flux 

6.1   7.2 

2 

This assessment unit consists of 
two inlets (north and south) and 
the standard tidal prism 
approach for determining water 
transport time is not applicable, 
regardless if using modeled flux 
or tidal benchmark-based flux.  
Additionally, manmade 
restrictions and other 
attenuation of the tide results in 
less confidence at this location. 

This assessment unit 
would require an 
alternative approach to 
arrive at a more accurate 
water transport time 
(e.g., model of particle 
tracking or water 
parcels).  Additionally, 
site-specific water level 
measurements would be 
needed to further 
characterize the 
residence times. 
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GLOUCESTER 
HARBOR 

tidal 
datum-
based flux 

39.3   40.9 

2 

This assessment unit has a 
relatively unconfined entrance 
to the south and is complicated 
by the interaction with the 
Annisquam River to the North.  
These two factors lead to less 
confidence in the water 
transport time estimate. 

Consideration of 
segmenting the 
assessment unit into 
smaller sub-embayments 
(Inner Harbor, 
Freshwater Cove, etc.) in 
addition to the overall 
Bay.   Application of a 
different approach for 
calculation of transport 
time (e.g., model of 
particle tracking or water 
parcels) may yield 
improved estimates. 

MANCHESTER 
HARBOR 

tidal 
datum-
based flux 

11.4 11.4 13.5 

2 

This is a relatively large 
assessment unit with a number 
of smaller connecting estuarine 
Brooks and somewhat 
unconfined boundary for the 
tidal prism.  This system, due to 
the upstream connections, was 
not adequately represented in 
the model, and the potential 
influence of manmade 
restrictions is unclear. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements would be 
needed to further 
characterize the 
residence times. 
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BEVERLY 
HARBOR 

model-
based flux 

17.4 17.4 19.6 

4 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations.  There are some 
upstream manmade restrictions 
that will result in varying local 
residence times.  These may or 
may not be critical in a more 
detailed assessment of this 
system.  Overall, there is high 
confidence in the water 
transport estimate for the 
overall system. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements at 
restricted upstream 
locations may further 
characterize local 
residence times or 
identify potential 
problem areas in terms 
of water quality. 

DANVERS RIVER 
model-
based flux 

16.8 16.8 19.7 

4 

This is just a slightly reduced assessment unit compared to 
Beverly Harbor.  Confidence and potential improvements are 
the same as for Beverly Harbor.  Again, there may be some 
upstream manmade restrictions that warrant further 
investigation. 
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FOREST RIVER 
model-
based flux 

16.5 16.5 18.6 

4 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations.  There are some 
upstream manmade restrictions 
that will result in varying local 
residence times.  These may or 
may not be critical in a more 
detailed assessment of this 
system.  Overall, there is high 
confidence in the water 
transport estimate for the 
overall system. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements at 
restricted upstream 
locations may further 
characterize local 
residence times or 
identify potential 
problem areas in terms 
of water quality. 

MARBLEHEAD 
HARBOR 

model-
based flux 

31.8   34.0 

4 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations. 

A separate analysis for 
Dolliber Cove may be 
something that could be 
considered 
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SALEM SOUND 
model-
based flux 

38.0 37.9 39.4 

2 

The assessment unit is atypical 
from an embayment where 
residence time is used as an 
indicator for system health.  The 
large unconfined boundary 
(spanning a large distance and 
deep water) of Salem Sound is 
not ideal for determining a tidal 
prism for use in the standard 
water transport equation.  At 
this location, tidal currents are 
flooding at one side of the 
boundary, (south) while still 
ebbing at the other end of the 
boundary (north) creating a 
unique flux exchange (Krahforst, 
2001).  Additionally, larger, 
general circulation patterns and 
other mixing processes (wind, 
waves, vertical exchange) start 
to play a larger role in the 
exchange of water.   Another 
method may be preferable to 
improve residence time 
calculations.  Generally, harbor 
of this type will be well mixed or 
have high water quality 
indicators due to the direct 
connection to the Atlantic 
Ocean. 

Consideration of 
application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates. 
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NAHANT BAY 
model-
based flux 

43.1   44.5 

3 

The large unconfined boundary 
(spanning a large distance and 
deep water) of Nahant Bay is 
not ideal for determining a tidal 
prism for use in the standard 
water transport equation.  For 
example, tides may be flooding 
at one side of the boundary, 
while still ebbing at the other 
end of the boundary creating a 
unique flux exchange.  
Additionally, larger, general 
circulation patterns and other 
mixing processes (wind, waves, 
vertical exchange) start to play a 
larger role in the exchange of 
water.   Another method may be 
preferable to improve residence 
time calculations.  Generally, 
harbor of this type will be well 
mixed or have high water 
quality indicators due to the 
direct connection to the Atlantic 
Ocean.  Model flux results yield 
similar results to tidal 
benchmark-based residence 
time calculations, thus a fair 
confidence level. 

Consideration of 
application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates. 



  Woods Hole Group, Inc. • A CLS Company 

Water Transport Time Project                                         28    April 2019 
MassBays     2018-0176 

See Proprietary Note on Title Page 

SAUGUS RIVER / 
PINES RIVER / 
LYNN HARBOR 

model-
based flux 

24.2 24.2 25.1 

2 

The large unconfined boundary 
(spanning a large distance and 
deep water) of Lynn Harbor is 
not ideal for determining a tidal 
prism for use in the standard 
water transport equation.  For 
example, tides may be flooding 
at one side of the boundary, 
while still ebbing at the other 
end of the boundary creating a 
unique flux exchange.  
Additionally, larger, general 
circulation patterns and other 
mixing processes (wind, waves, 
vertical exchange) start to play a 
larger role in the exchange of 
water.   Another method may be 
preferable to improve residence 
time calculations.  Generally, 
harbor of this type will be well 
mixed or have high water 
quality indicators due to the 
direct connection to the Atlantic 
Ocean.  Manmade restrictions 
exist throughout the system, 
also decreasing confidence 
levels. 

This embayment may 
benefit from subdivisions 
(e.g., Ballard Marsh, 
Saugus River, portions of 
Rumney Marsh, etc.) to 
allow for more specific 
calculations of water 
transport times 
Consideration of 
application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates. 
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BELLE ISLE CREEK 
model-
based flux 

25.7   45.4 

4 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations.  There are some 
upstream manmade restrictions 
that will result in varying local 
residence times.  These may or 
may not be critical in a more 
detailed assessment of this 
system.  Overall, there is fair 
confidence in the water 
transport estimate for the 
overall system. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times. 

CHELSEA CREEK / 
MYSTIC RIVER / 
CHARLES RIVER 

model-
based flux 

47.6 46.3 48.3 

3 

The water transport time for 
this assessment unit is well 
represented in the model.  
There are upstream manmade 
restrictions that will result in 
varying local residence times 
and results in reduced 
confidence in this estimate.  
Overall, there is fair confidence 
in the water transport estimate 
for the assessment unit. 

This system may benefit 
form subdivision of the 
unit (e.g., Chelsea Creek, 
Mystic River, Charles 
River, etc.).  An existing 
model (BH-FRM) does 
exist to provide improved 
estimates for smaller 
units in this area. 
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NEPONSET RIVER 
/ DORCHESTER 
BAY 

model-
based flux 

16.4 16.2 18.8 

3 

While the embayment is 
reasonably represented in the 
model, there are numerous 
factors that reduce the 
confidence in the transport time 
estimate for this assessment 
unit.  This includes multiple 
inlets to the system (north and 
south of Thompson Island), 
presence of upstream manmade 
impoundments and restrictions, 
and localized natural 
attenuation (a majority of which 
should be accounted for by 
using the model flux results).  
There is fair confidence in the 
water transport time for this 
assessment unit. 

Consideration of 
application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates.  This would 
include development of a 
site-specific model and 
relocation of the 
boundary landward of 
Thompson Island. 
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BLACKS CREEK / 
QUINCY BAY 

model-
based flux 

19.0 19.0 22.0 

3 

The assessment unit is atypical 
from an embayment where 
residence time is used as an 
indicator for system health.  The 
large unconfined boundary 
(spanning a large distance and 
deep water) of Quincy Bay is not 
ideal for determining a tidal 
prism for use in the standard 
water transport equation.  For 
example, tides may be flooding 
at one side of the boundary, 
while still ebbing at the other 
end of the boundary creating a 
unique flux exchange.  
Additionally, larger, general 
circulation patterns and other 
mixing processes (wind, waves, 
vertical exchange) start to play a 
larger role in the exchange of 
water.   Another method may be 
preferable to improve residence 
time calculations.  Generally, 
harbor of this type will be well 
mixed or have high water 
quality indicators due to the 
direct connection to the Atlantic 
Ocean. 

A separate analysis for 
Black Creek should be 
considered and 
consideration of 
application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates. 
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BACK RIVER / 
FORE RIVER / 
HINGHAM BAY 

tidal 
datum-
based flux 

19.4 19.3 21.2 

1 

There is minimal confidence 
level in the water transport time 
for this assessment unit.  There 
are numerous concerns about 
the calculation, including: (1) 
multiple entrances into the unit, 
(2) multiple sub-embayments 
that could be subdivided, (3) a 
polygon unit that cuts off 
significant upstream 
connections, (4) influence of 
manmade restrictions and 
impoundments, and (5) a 
complex system in general.  The 
model does not accurately 
represent the system and due to 
the multiple entrances and 
exclusion of upstream areas 
cannot be used to provide an 
accurate tidal flux.  Additionally, 
there is low confidence that the 
system water transport time can 
be represented by tidal 
benchmark-based prism. 

Recommend that this 
assessment unit be 
reconsidered, including 
subdivisions similar to 
the Weir River unit.  It is 
inconsistent that the 
Weir river is not included 
in the entire polygon 
similar to other system 
embayments.  If this 
larger assessment unit is 
needed, consideration of 
application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates.  This would 
include development of a 
site-specific model. 



  Woods Hole Group, Inc. • A CLS Company 

Water Transport Time Project                                         33    April 2019 
MassBays     2018-0176 

See Proprietary Note on Title Page 

WEIR RIVER / 
STRAITS POND 

model-
based flux 

11.8 11.8 13.7 

4 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations.  There are some 
upstream manmade restrictions 
that will result in varying local 
residence times.  These may or 
may not be critical in a more 
detailed assessment of this 
system.  Overall, there is high 
confidence in the water 
transport estimate for the 
overall system. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements at 
restricted upstream 
locations may further 
characterize local 
residence times or 
identify potential 
problem areas in terms 
of water quality. 
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BOSTON HARBOR 
model-
based flux 

34.9 34.8 37.2 

3 

Residence time in Boston 
Harbor has typically been 
considered between 2 to 10 
days depending on the location 
selected within the Harbor.  This 
large assessment unit has a 
large boundary opening that 
makes the basic tidal prism 
approach less accurate.  The 
model flux and tidal benchmark-
based prism calculations provide 
similar results increasing the 
confidence in this assessment 
unit.  Additionally, the results 
are consistent with the lower 
end of documented residence 
times. 

Consideration of 
application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates.  These 
estimates of residence 
time are likely available 
in existing literature. 
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LITTLE HARBOR 
model-
based flux 

33.0   24.8 

3 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations. Natural and 
manmade attenuation (e.g., 
Atlantic Ave. Bridge, inner 
harbor tide gates) throughout 
the system reduce the 
confidence level in this system.  
The model identifies some of 
the natural attenuation, but 
does not capture all the 
anthropogenic restrictions 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements at 
restricted upstream 
locations may further 
characterize local 
residence times or 
identify potential 
problem areas in terms 
of water quality. 
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COHASSET 
HARBOR 

model-
based flux 

7.1 7.0 7.2 

2 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations. However, there are 
significant anthropogenic 
influences in Cohasset Cove 
(e.g., Border St.) and upstream 
that reduce the confidence level 
in this unit.  The model identifies 
some of the natural attenuation, 
but does not capture all the 
anthropogenic restrictions 

Consideration should be 
given to subdividing or 
reducing the assessment 
unit with a boundary 
near Bryant Point.   
Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements at 
restricted upstream 
locations may further 
characterize local 
residence times or 
identify potential 
problem areas in terms 
of water quality. 
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SCITUATE 
HARBOR 

model-
based flux 

14.4 14.4 15.8 

3 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements at 
restricted upstream 
locations may further 
characterize local 
residence times or 
identify potential 
problem areas in terms 
of water quality. 



  Woods Hole Group, Inc. • A CLS Company 

Water Transport Time Project                                         38    April 2019 
MassBays     2018-0176 

See Proprietary Note on Title Page 

NORTH RIVER / 
SOUTH RIVER 

model-
based flux 

9.2 9.0 8.3 

3 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations. However, there are 
numerous anthropogenic 
influences, impoundments, and 
natural attenuation features 
that reduce the confidence level 
in the water transport time for 
this unit.  The model identifies 
some of the natural attenuation, 
but does not capture all the 
anthropogenic restrictions. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  
Additionally, site-specific 
water level 
measurements at 
restricted upstream 
locations may further 
characterize local 
residence times or 
identify potential 
problem areas in terms 
of water quality. 

GREEN HARBOR 
tidal 
datum-
based flux 

5.7 5.6 4.7 

2 

The residence time presented 
for Green Harbor is likely 
accurate for the area 
downstream of the dike (i.e., 
tidal flushing of approximately 
5-6 hours is reasonable for the 
area of the assessment unit 
below Dyke Road.  Upstream of 
the Dike, residence time under 
current conditions (with one 
gate open) has been calculated 
to be 2.2 days.  (Osler, et. al, 
2007). 

For entire system, use of 
published residence 
times for areas upstream 
of the dike may be a 
reasonable proxy for the 
entire assessment unit 
since the downstream 
area is readily flushed. 
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DUXBURY BAY 
tidal 
datum-
based flux 

11.4 11.4 13.1 

3 

The relatively large unconfined 
opening makes the tidal prism-
based equations less applicable 
at this location.  The MC-FRM 
does not accurately represent 
the entire assessment unit, 
which also consists of numerous 
upstream restrictions and 
impoundments.  This estimate 
residence time is the same order 
of magnitude as the system 
residence time (~14 hours) for 
the entire Plymouth Bay 
(Plymouth Harbor, Kingston Bay, 
Duxbury Bay) system as 
determined by Howes et al., 
2017. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  This 
calibrated model does 
currently exist at WHG 
and could be applied to 
determine an improved 
water transport estimate, 
and could also be used to 
provide sub-embayment 
flushing time estimates. 

JONES RIVER / 
KINGSTON BAY 

tidal 
datum-
based flux 

8.9 8.9 11.0 

3 

The confidence is reduced by 
the large unconfined boundary 
and sequestration of Plymouth 
Harbor.  This mixing and 
interaction reduce the 
confidence in this water 
transport time calculation.  This 
estimate residence time is the 
same order of magnitude as the 
system residence time (~14 
hours) for the entire Plymouth 
Bay (Plymouth Harbor, Kingston 
Bay, Duxbury Bay) system as 
determined by Howes et al., 
2017. 

Consider redefinition of 
this assessment unit to 
include Plymouth Harbor 
and also application of a 
different approach for 
calculation of transport 
time (e.g., model of 
particle tracking or water 
parcels) may yield 
improved estimates. 
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EEL RIVER / 
PLYMOUTH 
HARBOR 

model-
based flux 

12.2 12.2 15.1 

3 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results yield similar 
results to tidal benchmark-
based residence time 
calculations.  There is some 
uncertainty associated with the 
large unconfined boundary and 
the smaller connecting Rivers; 
however, this is a small portion 
of the overall volume in the 
assessment unit. This estimate 
residence time is the same order 
of magnitude as the system 
residence time (~14 hours) for 
the entire Plymouth Bay 
(Plymouth Harbor, Kingston Bay, 
Duxbury Bay) system as 
determined by Howes et al., 
2017. 

Application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates. 
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ELLISVILLE 
HARBOR 

tidal 
datum-
based flux 

4.6   3.6 

2 

This is a small unit that may be 
quickly flushed. MC-FRM does 
not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit. MLW tidal 
datum for embayment was 
estimated from a 2008 Friends 
of Ellisville Marsh, Inc. 
environmental restoration 
report. MTL elevation was 
estimated based on MLW value 
from Friends of Ellisville Marsh 
water level figure and MHW 
value from MC-FRM from 
outside the embayment.  
However, the system is dynamic 
and shoaling throughout the 
system may cause varying 
flushing rates at different times 
due to dynamic natural 
impoundments (which may alter 
datums). 

Application of a different 
approach for the 
calculation of transport 
time (e.g. model of 
particle tracking or a 
higher resolution 
hydrodynamic model), as 
well as more recent 
bathymetry would allow 
for more accurate 
flushing rates throughout 
the estuary, as well as 
allowing for 
quantification of the 
effect of shoals that may 
exist throughout the 
estuary. A study of water 
levels and more recent 
tidal datums in the 
embayment would also 
allow for more accurate 
results. 

SANDWICH 
HARBOR 

model-
based flux 

12.6   9.7 

5 

This model-based flux and 
calculated water transport time 
compare well with other studies 
using high resolution models at 
Sandwich Harbor (Woods hole 
Group and Mass Estuaries 
Project).  There is excellent 
confidence in these estimates. 

No recommendations 
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SCORTON CREEK 
model-
based flux 

9.2   5.2 

5 

The model-based flux and 
calculated water transport time 
compare well with other studies 
using high resolution models at 
Sandwich Harbor (Woods hole 
Group and Mass Estuaries 
Project).  There is excellent 
confidence in these estimates. 

No recommendations 

BARNSTABLE 
HARBOR 

tidal 
datum-
based flux 

6.7   7.2 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  Local studies 
indicate slightly higher residence 
times for the estuary (9-10 
hours), although the selected 
assessment unit is different 
from the areas used to 
determine residence times in 
other studies (e.g., Howes et al., 
2017) 

Recommend using 
residence times from 
other studies for this 
estuary. 
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CHASE GARDEN 
CREEK 

tidal 
datum-
based flux 

4.7   3.2 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  Local studies 
indicate slightly higher residence 
times for the estuary (7-8 
hours), although the selected 
assessment unit is different 
from the areas used to 
determine residence times in 
other studies (e.g., Howes et al., 
2017) 

Recommend using 
residence times from 
other studies for this 
estuary. 
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SESUIT CREEK / 
SESUIT HARBOR 

model-
based flux 

29.4   17.6 

2 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results indicate fairly 
long water transport time 
estimates due to the inclusion of 
Scargo Lake.  Uncertainty is high 
for this assessment unit. 

Consider redefinition of 
the assessment unit, 
specifically in the 
upstream portions, which 
are likely significantly 
non-tidal.  Application of 
a calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  Finally, 
observations of water 
levels and tidal 
attenuation may provide 
better insight on the 
delineation of this 
assessment unit for tidal 
flushing purposes. 

QUIVETT CREEK 
tidal 
datum-
based flux 

3.3   2.0 

4 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times. 
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PAINE'S CREEK / 
STONY BROOK 

model-
based flux 

22.4   15.5 

1 

While model-based flux results 
were utilized for this 
assessment, the large upstream 
water bodies likely have a major 
influence on the water transport 
time calculation.  The water 
transport time calculated here is 
uncertain and likely an 
overestimate of the tidal portion 
of the system.  There are 
numerous upstream 
impoundments, restrictions, and 
likely non-tidal volumes in the 
model-based estimate. 

Consideration should be 
given to redefining the 
assessment unit and 
measurements of site-
specific water levels and 
attenuation throughout 
the system would be 
helpful. 

NAMSKAKET 
CREEK 

tidal 
datum-
based flux 

3.1   1.9 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  Detailed 
modeling was completed at 
Namskaket Creek for the 
Massachusetts Estuary Project 
(Howes et al., 2008) and 
provides a residence time of 
approximately 7 hours.  It is 
likely that the water transport 
time estimated here does not 
include the natural attenuation 
in the system. 

Recommend using 
residence times from 
other studies for this 
estuary. 
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LITTLE 
NAMSKAKET 
CREEK 

tidal 
datum-
based flux 

2.3   1.2 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  Little 
Namskaket Creek is similar to 
Namskaket Creek and the 
residence time using tidal 
benchmarks only is likely 
overestimated due to the lack of 
natural attenuation. 

Recommend using 
residence times from 
other studies as a proxy 
for this estuary. 

BOAT MEADOW 
CREEK 

tidal 
datum-
based flux 

4.7   2.6 

4 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times. 



  Woods Hole Group, Inc. • A CLS Company 

Water Transport Time Project                                         47    April 2019 
MassBays     2018-0176 

See Proprietary Note on Title Page 

ROCK HARBOR 
tidal 
datum-
based flux 

9.0   4.2 

3 

MC-FRM site-specific tidal 
datums were utilized to 
calculate tidal prism.  MC-FRM 
does not have enough detailed 
resolution to accurately 
represent the selected 
assessment unit.  Including 
Cedar Pond in the overall 
assessment area adds 
uncertainty to the residence 
time. 

Application of a 
calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times. 

HERRING RIVER / 
HERRING POND 

model-
based flux 

18.0   11.2 

2 

The water transport time for 
this assessment unit is well 
represented in the model and 
model flux results indicate fairly 
long water transport time 
estimates due to the inclusion of 
Herring Pond. 

Consider redefinition of 
the assessment unit, 
specifically in the 
upstream portions, which 
are likely significantly 
non-tidal.  Application of 
a calibrated, site-specific 
model, with higher 
resolution, would provide 
increased confidence in 
the transport time and 
could be used to provide 
localized and system 
residence times.  Finally, 
observations of water 
levels and tidal 
attenuation may provide 
better insight on the 
delineation of this 
assessment unit for tidal 
flushing purposes. 



  Woods Hole Group, Inc. • A CLS Company 

Water Transport Time Project                                         48    April 2019 
MassBays     2018-0176 

See Proprietary Note on Title Page 

WELLFLEET 
HARBOR 

model-
based flux 

14.3   16.0 

5 

This model-based flux and 
calculated water transport time 
compare well with other studies 
using high resolution models at 
Sandwich Harbor (Woods hole 
Group and Mass Estuaries 
Project).  There is excellent 
confidence in these estimates. 

No recommendations 

PAMET RIVER / 
LITTLE PAMET 
RIVER 

model-
based flux 

14.1   15.7 

3 

The water transport time for 
this assessment unit is well 
represented in the model. There 
is some uncertainty associated 
with the long River complex, 
which may influence the water 
transport time. 

Consider redefinition of 
the assessment unit, 
specifically in the 
upstream portions, to 
reduce this area just to 
the Harbor.  Application 
of a calibrated, site-
specific model, with 
higher resolution, would 
provide increased 
confidence in the 
transport time and could 
be used to provide 
localized and system 
residence times.  Finally, 
observations of water 
levels and tidal 
attenuation may provide 
better insight on the 
delineation of this 
assessment unit for tidal 
flushing purposes. 
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PROVINCETOWN 
HARBOR 

tidal 
datum-
based flux 

31.8   39.2 

3 

The assessment unit is atypical 
from an embayment where 
residence time is used as an 
indicator for system health.  The 
large unconfined boundary 
(spanning a large distance and 
deep water) of Provincetown 
Harbor is not ideal for 
determining a tidal prism for use 
in the standard water transport 
equation.  For example, tides 
may be flooding at one side of 
the boundary, while still ebbing 
at the other end of the 
boundary creating a unique flux 
exchange.  Additionally, larger, 
general circulation patterns and 
other mixing processes (wind, 
waves, vertical exchange) start 
to play a larger role in the 
exchange of water.   Another 
method may be preferable to 
improve residence time 
calculations.  Generally, harbors 
of this type will be well mixed or 
have high water quality 
indicators due to the direct 
connection to Cape Cod Bay.  
Additionally, it is unclear why 
East Harbor is included in this 
assessment area. 

Application of a different 
approach for calculation 
of transport time (e.g., 
model of particle tracking 
or water parcels) may 
yield improved 
estimates.  Also, East 
Harbor/Pilgrim Lake 
should be considered as 
a separate system. 

 


