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ABSTRACT 

A recent study conducted by Cannon (2007) studied coastal flooding events in the Gulf of 

Maine since the beginning of the 20
th

 Century, and determined that the majority of them 

were associated with strong northeasterly winds. These flooding events are contributed to 

by to major factors; wind waves and tidal excursion. Ekman (1905) stated that the Earth’s 

rotation, being the cause of Coriolis force, influenced the mass transport of water such 

that the net transport occurred at 90 degrees to the right of wind stress in the Northern 

Hemisphere. This effect, better known as Ekman pumping, is a possible explanation to 

the difference between the observed tidal heights and predicted astronomical tidal 

heights. Using data obtained from the Center for Operational Oceanic Products and 

Services (COOPS), the computation of a difference function between the observed and 

predicted tidal heights was made for the tidal gauge stations of Portland, Bar Harbor, 

Portsmouth, Cutler Naval Base, and Boston Harbor. This study uses cross correlation of 

the difference between observed and predicted tidal heights to specify the relationship of 

tidally-induced coastal flooding to the along-shore wind component in the western Gulf 

of Maine. 

 

   

 

 

1. Introduction 

Strong northeast winds in the Gulf of Maine are poorly forecast by both computer 

models and human forecasters, as shown by Apffel (2005).These winds can create 

hazards to aviation, marine, and other interests in the coastal area. Cannon (2007) showed 

that coastal flooding in the Gulf is associated with higher than normal tides, and that over 

the last 100 years, 95 percent of coastal flooding events were associated with strong 

northeasterly winds. Higher than normal tides along the western Gulf may be caused by 

Ekman transport, when northeasterly wind stress on the sea surface causes net water 

column mass transport toward the shore. Many different mechanisms may affect Ekman 

transport including the seasonal change in the vertical water structure of the Gulf of 

Maine. 

The vertical water structure of the Gulf of Maine varies on a seasonal basis. 

During the winter months, the two major water masses are Maine Bottom Water (MBW) 
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and Maine Winter Water (MWW). Maine Winter Water (Hopkins and Garfield, 1979) 

has a lower density and salinity than that of the Maine Bottom Water. During the winter, 

MWW generally has lower temperature than that of the MBW due to influence of wind, 

atmospheric conduction, and salinity, as the water is made up of large amounts of fresh 

water. Approximately three major water masses can be defined in the summer months. 

The water mass closest to the surface is known as Maine Summer Water (MSW). This 

water is mainly affected by the diurnal temperature change and radiation from the sun. 

Maine Summer Water can be characterized by the strong temperature gradient with 

increasing depth, with highs along the surface reaching between 15 – 20º C and bottom 

temperatures around 6º C. This water mass is less dense and has a higher salinity than the 

MWW observed during the winter months.  The second water mass of the summer 

months is Maine Intermediate Water (MIW), which maintains the same characteristics as 

the MWW, and is the remnants of the previous winter’s MWW. The final water mass 

typical of summer conditions is Maine Bottom Water, which also maintains the same 

characteristics as the winter months (Brown and Irish, 1992). 

A typical phenomenon observed during all seasons in surface water masses in 

contact with the surface is the Ekman transport. The Ekman transport (also known as 

Ekman pumping), named for the Swedish Oceanographer Vagn Walfrid Ekman, can be 

defined as the flow induced by shear stress on the ocean surface generated by wind 

flowing over the medium (Pond and Pickard, 1983). In general, the Ekman transport and 

surface current is generated 45º to the wind stress. This leads to a net mass transport 90º 

to the right of the wind in the Northern Hemisphere. As vertical depth of water increases, 

the effect of friction becomes smaller at a quicker rate than that of the coriolis. Therefore, 

the effect of the coriolis turns the currents slightly more to the right. The end result is the 

generation of an Ekman spiral. The furthest reaches of the Ekman spiral, known as the 

Ekman layer, is generally less than 100 meters in depth. Specifically, the depth of the 

Ekman layer in the Gulf of Maine is usually around twenty meters in the winter and three 

meters in the summer (Brown and Irish, 1992). 

An important consideration of this study is the predictability of the astronomical 

tide. The forecasting of astronomical tides is based on the lunar and solar effect on tidal 

heights. However, the effects that wind and other forcing mechanisms have on tidal 



Shippee 3 

3 

heights are difficult to effectively forecast. Thus, at tidal gauges, datum are gathered with 

observed data and predicted values noted. Both of these heights are measured from mean 

lower low water, or MLLW. The tidal cycle consists of generally two low tides each day, 

one being generated from the gravitational interaction with the sun and the other because 

of the gravitational interaction with the moon. The lunar interaction with the ocean causes 

larger tidal changes than the solar interaction does, causing one low tide to be higher than 

the other. Therefore, mean lower low water is the average of the lower low water height 

of each tidal day (NOAA, 1999). This average is determined from data obtained over the 

previous 19 years. MLLW is the benchmark from which the tidal measurements for this 

study are obtained. 

 

2. Methods 

 Cannon (2007) showed that coastal flooding in the Gulf of Maine is associated 

with higher than normal tides, and that over the last 100 years, 95 percent of coastal 

flooding events were associated with strong northeasterly winds. Higher than normal 

tides along the western Gulf of Maine may be caused by the afore mentioned Ekman 

transport. As water is a much denser fluid than the atmosphere, Ekman transport does not 

develop instantaneously, but may lag the onset of the wind stress by several hours. Under 

ideal conditions, time lag can be estimated by scaling physical equations. Under real 

world conditions, it must be determined empirically. 

In order to conduct a study to determine the effect of Ekman transport on the tidal 

heights observed in the Gulf of Maine, it is necessary to pair wind and tidal 

measurements from multiple stations in the Gulf of Maine. The use of hourly METAR, 

buoy, and CMAN stations allows for the wind data to be gathered in a logical manner. 

The tidal gauges in use during this study are Cutler Naval Base, ME, Bar Harbor, ME, 

Portland, ME, Fort Point, NH, and Boston, MA. The corresponding buoy, METAR, and 

CMAN data were obtained from Mount Dessert Rock (MDRM1), Portland Buoy 

(44007), Isle of Shoals (IOSN3), and Boston Buoy (44013), respectively (fig. 1). Using 

paired time series from each of these points and the difference of the observed minus 

predicted tidal heights above MLLW, one can infer how much of an effect the Ekman 

pumping may have had at a given time. The difference of the observed minus predicted 
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heights is defined as the tidal error function. Positive values of this function would mean 

that tidal height was under predicted while negative values would mean that the tidal 

height was over predicted. The analysis will occur over long, unbroken time series from 

each of the corresponding stations. Reported wind vectors were broken into 36 ten degree 

vector components, so that the tidal error could be correlated with the wind direction, to 

the level of precision that wind directions are reported.   Wind vector components use the 

opposite directional convention that meteorological wind directions use.  For example, a 

negative 060 wind component indicates a positive wind component toward 240.  

Two types of statistical tests were performed on the time series. The first of these, 

cross correlation, was used to determine the wind direction associated with the largest 

observed tidal error. These correlations were performed with time lags to determine the 

elapsed time between the onset of the wind from the direction and the time that the 

resulting tidal error is greatest. These correlations are statistically significant as for all 

five locations, because with the length of the time-series, 95 percent confidence 

corresponds to a correlation of less than 1 percent. The second type of statistical test 

performed was regression, which is used to determine the magnitude of the tidal error as 

a function of the wind component with the highest cross-correlation. 



Shippee 5 

5 

 

Figure 1. A map of the locations of tidal gauges, C-MAN stations, and buoys in the Gulf 

of Maine. (Image courtesy GoMoos) 

 

 

 

3. Results and Interpretation 

 The cross correlation tests were performed for five stations along the coast of the 

Gulf of Maine. A negative correlation indicates a positive tidal error (observed tide 

greater than predicted tide) and a negative wind component. Table 1   shows the results of 

these cross correlations. Table 2 shows the associated time lags . These time lags show 

the elapsed time between the onset of the wind from the direction shown and the time that 

the tidal error is at its greatest.  
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Table 1. Magnitude of maximum cross-correlation and time lag between wind direction and the tidal error 

function. The maximum correlation may be interpreted as the portion of the tidal error attributable with a 

wind from the direction of the vector component shown. 

 

Matched Stations Vector Component Maximum Correlation Time Lag (hours) 

Cutler Naval Base, ME/MDRM1 -110° (towards 290°) -0.0451 (4.5%) 10 

Bar Harbor, ME/ MDRM1 -100° (towards 280°) -0.4299 (43.0%) 8 

Portland, ME/ 44007  -80° (towards 260°) -0.4482 (44.8%) 8 

Ft. Point, NH/ IOSN3 -60° (towards 240°) -0.4462 (44.6%) 7 

Boston, MA/ 44013 -60° (towards 240°) -0.5354 (53.5%) 7 

 

 These results show some very important discoveries. Wind direction of tidal 

correlation gains a more northerly component as one progresses toward the south along 

the coastline. Time lag decreases in the same north to south fashion and decreases with 

higher correlation values. For example, a 4.5% correlation at Cutler Naval Base, ME 

corresponds with a time lag of 10 hours after a wind towards 290° initiates. This, 

compared to a correlation of 53.5% at Boston, MA with a time lag of 7 hours after a wind 

towards 240° initiates, shows the decrease of time lag and increase of correlation, along 

with the backing of the wind down the coast of the Gulf of Maine (fig. 2 a, b, c). 
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Figures 2 a, b, c. Depicted above are maps of the gulf and corresponding degree of 

maximum correlation from Cutler, Portland, and Boston, respectively. Moving from 

north to south along the Gulf coast, we see a turning of the maximum degree of 

correlation from easterly to more northeasterly. 

 

  

 

 

a. 

b. 

c. 
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Regression analysis performed for the points of Boston, MA and Portland, ME 

using the wind direction of highest correlation (060 for Boston, 080 for Portland). These 

regression analysis were fitted with an approximated best fit linear curve. Using this line, 

the tidal error function for each station was approximated (figures 3a., 3b.) 

 

Figures 3a, b. Depicted above are the regression analysis for Boston and Portland with 

approximated bound (red dashes) and regression (solid red) lines. Tidal error (in meters) 

is on the y-axis with the magnitude of the wind from the direction of the component on 

the x-axis. 

 

4. Conclusion 

As one progresses down the coastline of the Gulf of Maine the wind direction 

associated with the maximum tidal prediction error backs from east to northeast, and the 

portion of the tidal prediction error attributable to the between the wind increases. A 

possible cause of this effect is the increase of oceanic fetch as one progresses down the 

coast. For example, the along-shore fetch associated with a northeasterly wind at the 

Cutler Naval Base tidal gauge is much smaller than that of the more southwestern stations 

of Boston and Fort Point.  

The maximum correlation of nearly 55% at Boston suggests that the role of 

Ekman transport in the observed tidal error is important. However, it also suggests that 

Ekman transport is not the only cause of tidal error. Another possible cause could be 

wind generated waves, which will be investigated at a later date.  
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