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PREFACE

The Delaware Geological Survey (DGS) regularly compiles and evaluates a
variety ofhydrologic and geologic data. Special efforts are made to obtain detailed
measurements during and following extreme events such as storms, floods, droughts, and
earthquakes. Through rapid collection and dissemination of data, the DGS assists those
agencies with emergency response responsibilities in evaluating and predicting
conditions during specific events. Following such events, the DOS collects information
and prepares reports and maps to help assess the nature and effects of events and to
predict the impact of future ones.

The DOS encourages the exchange of data about such events collected by various
agencies so that as complete a record as possible may be assembled. The list of
individuals, state and federal agencies, and other institutions given in the
acknowledgments is a verification ofthe vast amount of cooperation that made this report
possible.

This report is a continuation of the cooperation between the Delaware Geological
Survey and the Maryland Geological Survey to compile and report data for coastal stonns
that affect the upper Delmarva Penisula.

The report also marks the beginning of the use of the extensive amount of data
available through the Internet. Two sites must be noted because of the amount of
information available from them that was used in this report. The National Oceanic and
Atmospheric Administration is commended for making these sites possible.

Tidal datum and water-level information from the National Ocean Service
Oceanographic Products and Services Division was retrieved for water-level data from
Breakwater Harbor, Indian River Inlet, and Ocean City Inlet as well as tidal datum
infonnation for other stations. The site address is http://www.opsd.nos.noaa.gov/.

Weather and wave data from offshore buoys were obtained from the National
Buoy Data Center that is part of the National Weather Service. The site address is
http://www.ndbc.noaa.gov/.

Previous storm reports can be requested from the Delaware Geological Survey.
These include reports on the coastal storm of January 4, 1992 (Ramsey and Talley,
published in 1992, DGS Open File Report No. 36) and the coastal storm of December 10
14, 1992 (Ramsey and others, published in 1993, DGS Open File Report No. 37).
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A SUMMARY REPORT ON THE COASTAL STORMS
OF JANUARY 27-29 AND FEBRUARY 4-6, 1998

Introduction

In the period between January 27 and February 6, 1998, the Mid-Atlantic region
experienced two significant northeasters that affected the coast of Delaware and
Maryland. These stonns produced heavy rains and high winds, waves, and tides that
created dune washovers, flooding, wind damage, and beach erosion and migration.
Coastal communities were impacted by flooding that closed roads, by beach erosion that
affected structures, streets and boardwalks, and by high winds that damaged structures
and trees. This report summarizes the geologic and climatologic nature and effects of
these stonns and compares them with other similar storms. Post-storm geologic
observations from Delaware and Maryland are given in Appendix A.

What is a Northeaster?

A northeaster is named after the direction from which the wind blows. It is
actually a low-pressure system with a counter-clockwise atmospheric circulation that
moves north along the Atlantic Coast bringing winds from the northeast as the system
passes to the east of the Delmarva Peninsula. Winds associated with a northeaster may
reach that of the least powerful hurricane, approximately 74 miles an hour. The
northeasters that affect the mid-Atlantic region with the greatest force fonn as low
pressure systems in the southeastern United States or in the Gulf ofMexico and move
offshore. Due to several factors associated with land/water temperature contrasts, these
systems often intensify (lower pressure in the core of the system) as they reach the coast.
These storms are sometimes called "bombs" because of their rapid intensification rates.
As the storms move up the coast, they produce high tides and waves along the coast and
sometimes heavy rains (or snow) inland. If these storms encounter a high pressure
system over New England (called a blocking high), they may slow down in forward
speed and linger along a particular stretch of shoreline, building up tides with the
eastward winds pushing against the coast. The pressure gradient between the high and
low pressure systems can also produce extreme wind speeds in areas where the pressure
gradient reaches a maximum.

Why are Northeasters Damaging Storms?

The atmospheric circulation around a northeaster is counter-clockwise. This
means that winds are coming off the ocean toward the shore from an easterly or
northeasterly direction while the stonn is still far to the south of the region. The winds
may often travel for great distances across the ocean before reaching the shore; this
distance is called fetch. The strong winds have two major effects on the coastline. First,
the force of the wind itself can cause damage such as pulling up shingles on houses,
knocking down trees or power lines, or moving lighter objects which become projectiles
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as they move through the air. The wind also removes and transports sand from beaches
and dunes as it blows across them.

The second, and more important effect that the winds have is in producing waves.
One way that waves are fonned is by the friction of wind moving over the surface of a
body ofwater. The greater the force of the wind and the longer the distance (fetch) that
the waves and wind move, the greater the size of the waves. The water is moved by the
winds to some depth related to the strength of the wind. When this moving water
encounters the sea bottom as it nears shore, the waves build up and break. Because the
winds of a northeaster are blowing toward the shore, they tend to produce a great deal of
wave activity. lfthe winds were from the west, blowing out to sea, the shore would be
relatively calm as the winds would produce waves that are actually moving out to sea.

The other reason that northeasters are damaging storms is their effect upon the
natural tides of the coast. Tides are the result of the gravitational pull that the sun and
moon have upon the world's oceans in relation to the orbit and rotation of the earth. The
East Coast of the United States experiences what are known as semidiurnal tides. There
are nonnally two high and two low tides during the course of a 24-hour period. One of
the high and one of the low tides is slightly higher and lower than the other. Over the
period of a month, the tidal range changes depending upon the relationship of the
distance between the earth and the moon. During full and new moons, the tides are
higher than at other times of the month.

As a northeaster moves up the coast (from south to north) the winds blow from
offshore to onshore (Figure 1). The winds may actually accentuate incoming (flood)
tides as they are pushing the water in the same direction as the tide normally flows. As
the time for the tides to recede (ebb) approaches, the winds can be forceful enough to
keep the tide from flowing away from the shore. In this case, the low tide is higher than
what would be nonnal if there were no northeaster. As a subsequent new high tide comes
in, it builds upon the previous tidal waters that were not able to recede. If a northeaster is
slow moving, several tides may build up on each other, producing abnonnally high
waters that cause flooding both along the ocean coast as well as in the Inland Bays
(Figure 1). The most severe storm that impacted the Delaware coast, the March 1962
storm, lasted through five tidal cycles, each ofwhich built upon the previous tide. For
this reason, flooding was widespread and damaging during that stonn. In addition, along
the Atlantic coast, the waves generated by the wind are built upon the higher waters of
the successive high tides increasing the flooding and erosion of the beach and dunes.

One final impact ofnortheasters is that of local effects. The interplay of wind
direction and speed, wave height and direction, and tide height and cycle with the local
coastal (shoreline) configuration may produce some local effects that may either intensify
the effects of the stonn or may lessen them. Areas sheltered by necks of land may have
lower local tides and waves because the land blocks the waves and lessens the force of
the wind. On the other hand, embayments or shorelines that are in the direct line ofthe
wind may have tides or waves that are higher than those experienced elsewhere. For
example, the areas of shoreline that face the opening of Delaware Bay may be subject to
abnormally large waves if the wind direction is oriented into the mouth of the Bay,
providing a very long fetch over which waves can build. This situation happened at the
Mispillion River Inlet, at Big Stone Beach, and at Bowers during the northeaster of
January 1992.
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Figure 1. Schematic diagram of normal and storm conditions along Delaware and
Maryland's Atlantic Coast.

Climatology for the Storms of January and February 1998

Synopsis ofthe Storm ofJanuary 26, 1998 through January 29, 1998

On January 26, 1998, a weak area of low pressure formed in eastern Texas in
association with a rapidly developing upper-level trough (Figure 2). Over the next 24
hours, the upper-level trough and weak surface low-pressure area drifted slowly to the
east. By 7:00 AM on January 27, the area of low pressure had moved to a point along the
panhandle of Florida and had begun to strengthen. Over the next 12 hours, the storm
moved rapidly to the northeast and quickly gained strength. As the storm began its
movement to the northeast along the Atlantic Coast, strong east and northeast winds
buffeted the Delmarva Peninsula in association with the counterclockwise circulation
around the area of low pressure. By 7:00 AM on January 28, the storm had strengthened
to a central pressure of 992 mb as it crossed the mouth of the Chesapeake Bay. Wind
gusts of greater than 50 mph were reported across the Delmarva region as the storm
followed a northeast track and continued to intensify over the next 12 hours. As the low
pressure center passed by to the south ofDelaware on January 28, extremely heavy rain
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fell, especially across southern Sussex County, Delaware. Rainfall totals of greater than
five inches were recorded across the southwestern portion of the state, with totals
decreasing to the north (Figure 3, Table 1). By 7:00 AM on January 29, the storm had
moved far north of the mid-Atlantic region and had begun to decrease in intensity,
bringing the onshore winds to a halt along the Peninsula. Sources for weather data for
the period of the stonn from specific stations are explained in Appendix B.

Position of Low Pressure Center 1/26/98 through 1/29/98

L
7PM1128
984mb

Figure 2. Storm track for the northeaster of January 26-29, 1998.
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Figure 3. Contour map of rainfall for the northeaster of January 26-29, 1993. Dots show
position of recording stations. Contours are in inches of rainfall.

A Synopsis ofthe Storm ofFebruary 3, 1998 through February 5, 1998

A broad upper-level trough covering the southeast United States initiated the
development of a surface low pressure center in the Gulf ofMexico by 7:00 PM on
February 2, 1998. After developing, the low pressure area drifted slowly to the north,
reaching the Florida Panhandle by 7:00 PM on February 3 (Figure 4). Over the next 24
hours, the area of low pressure strengthened and moved northeast along the Atlantic
Coast reaching the coastal areas of North Carolina and Virginia by 7:00 PM February 4.
High wind speeds and heavy rainfall were common across the entire Delmarva region as
the very intense storm system continued on an easterly track, and its counterclockwise
winds brought copious amounts ofmoisture from the Atlantic Ocean. Wind gusts from
the east or northeast, in excess of 60 mph, were recorded across coastal Delaware and
Maryland. Rainfall totals of over 3.5 inches were observed across the southern portion of
Delaware, with totals decreasing rapidly to the north (Figure 5, Table 1). Over the next
24 hours, the storm moved slowly on an east/northeast track, continuing to effect the
Delmarva region with gusty winds into February 6. Rainfall totals for the two storms
reached as much as 9 inches in southwestern Delaware (Figure 6, Table 1). Sources of
weather data for the storm period from specific stations are explained in Appendix B.
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Position ofLow Pressure Center 2/02/98 through 2/05/98

7 PM 212
994mb

7AM2/5
984mb

Figure 4. Stonn track for the northeaster of February 3-5, 1998.

Figure 5. Contour map of rainfall for the northeaster ofFebruary 3-5, 1998. Dots show
position of recording stations. Contours are in inches.
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Figure 6. Contour map oftotal rainfall for the northeasters of January 26-29 and February
3-5, 1998. Dots show position of recording stations. Contours are in inches.

Stream Discharges

Above normal precipitation on the central Delmarva Peninsula during November
and early to middle January resulted in very wet to saturated soil conditions prior to the
events of late January and early February. Wet ground conditions and the heavy rainfall
associated with the northeasters (Figures 3, 5, and 6) resulted in stream flooding on
portions of the Delmarva Peninsula in southern Delaware and northern Maryland. Table
1 gives the rainfall amounts shown in Figures 3, 5 and 6 for specific stations in Delaware
as well as Salisbury, Maryland, and Wallops Island Virginia.

Table 2 summarizes peak stream discharges for maximum historic floods and
information about the streamgage stations. Table 3 shows the discharge data and
recurrence intervals for the floods in late January and early February. The data are
preliminary and are subject to revision by the U.S. Geological Survey. Stream discharges
are measured as the volume of water that passes by a fixed point over a certain period of
time. The fixed points are streamgages that are operated by the U.S. Geological Survey
in cooperation with the Delaware and Maryland Geological Surveys (stations in Tables 2
and 3). The volume ofwater is measured as cubic feet per second that pass by the gage
in the stream. Because discharge records have been measured over long periods of time,
recurrence intervals were able to be calculated. A recurrence interval is the average time
in years between occurrences of a given discharge. The intervals used are periods of 2, 5,
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.1 0, 25, 50, 100, and 500 years. The number is an average; a discharge that has a
recurrence interval of 50 years may occur in any year and could occur in two consecutive
years. For example, discharges with recurrence intervals of greater than 25 years were
recorded at the Pocomoke River gages twice within the interval of eight days dwing the
January and February storms.

The largest peak discharges for the January 28 storm occurred in the Indian River
and Pocomoke River drainage basins where flow exceeded the 100-year recurrence
interval on Nassawango Creek near Snow Hill, Maryland (Pocomoke River Basin) and a
25-year interval on Stockley Branch at Stockley, Delaware (Indian River Basin) and on
the Pocomoke River near Willards, Maryland (Pocomoke River Basin).

For the northeaster of February 5, discharges exceeded the 25-year interval on the
Pocomoke River and Nassawango Creek, and the 10-year interval on Stockley Branch.
Streamflows at the Millsboro Pond outlet at the upper end of Indian River were visually
observed to be very high; however, peak discharges could not be obtained because the
pond gates were lowered to limit the potential for damage to the dam at the outlet.
Increased streamflows associated with the lowering of the pond gates may have
contributed to very high water conditions near Rosedale Beach where a water-level
measurement indicated that the water levels at the tidal station were higher than a local
flood mark measured for the March 1962 storm. At none of the stations did discharges
resulting from the storm precipitation approach the peak discharge of record.

Table 1. Rainfall from selected stations for the January and February storms. Rainfall
reported in inches.

Station Name January Storm February Storm Total Rainfall
Dover, Del. 1.92 1.74 3.56
Georgetown, Del. 4.52 3.62 8.14
Lewes, Del. 3.85 2.70 6.35
Newark, Del. 0.96 0.49 1.45
Wilmington, Del. 0.69 0.42 1.11
Porter Reservoir, Del. 0.80 0.49 1.29
Greenwood, Del. 3.93 3.09 7.02
Dagsboro, Del. 4.03 3.61 7.64
Laurel, Del. 5.35 3.95 9.30
Dover, Del. 1.20 1.55 2.75
Newark, Del. 0.54 0.62 1.16
Salisbury, Md. 4.86 2.42 7.28
Wallops Island, Va. 4.28 3.50 7.78
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Table 2. Streamgage stations and discharge measurements of record (from U. S.
Geological Survey, Water Resources Division).

Station No. Station Name and Drainage Drain- Period of Date of Dis- Discharge of
Location Basin age Area Record Previous charge of Previous

above (water Flood of Previous Flood of
gage year) Record Flood of Record
(mi2

) Record (ft3/sec)/mi2

(ft3/sec)
01483700 St. Jones River at St. Jones 31.9 1958-98 Sept. 13, 1900 59.6

Dover, Del. 1960
01484100 Beaverdam Branch at Mispillion 2.83 1958-98 Sept. 12, 176 62.2

Houston, Del. River 1960
01484000 Murderkill River near Murderkill 13.6 1931-43; Aug. 4, 2090 154

Felton, Del. River 1960-85; 1967
1997-98

01484500 Stockley Branch near Indian River 5.24 1943-98 Mar. 3, 303 57.8
Stockley, Del. 1993

01484525 Millsboro Pond, Indian River 66.0 1986-88; Mar. 3, 1770 26.8
Millsboro, Del. 1991-98 1993

01485000 Pocomoke River near Pocomoke 60.5 1950-98 Aug. 20, 2820 46.6
Willards, Md. River 1989

01485500 Nassawango Creek Pocomoke 44.9 1950-98 Aug. 19, 3930 87.5
near Snow Hill, Md. River 1989

01486000 Manokin Branch near Manokin 4.80 1951-71; Aug. 20, 547 114
Princess Anne, Md. River 1975-98 1969

01487000 Nanticoke River near Nanticoke 75.4 1943-98 Feb. 26, 3020 20.1
Bridgeville, Del. River 1979

01488500 Marshyhope Creek Nanticoke 43.9 1943-69; July 13, 3700 84.3
near Adamsville, Del. River 1972-98 1975

Table 3. Peak dischargesa and recurrence intervalsa for the storms of Jan. 26-30 and Feb.
3-7, 1998 (from U. S. Geological Survey, Water Resources Division).

aprovlslonal data subject to reVISIon.
bEstimate due to backwater from storm tides.

Station Station Name and Storm of January 26-30, 1998 Storm of February 3-7, 1998
No. Location

Discharge Discharge Recurrence Discharge Discharge Recurrence
(ft3/sec) (ft3/sec)/mi Interval (ft3/sec) (ft3/sec)/mi2 Interval

2 (years) (years)
01483700 St. Jones River at 377D 11.8 <2 510D 16.0 <5

Dover, Del.
01484100 Beaverdam Branch at 81 28.6 >2 66 23.3 >2

Houston, Del.
01484000 Murderkill River near 479 35.2 >2 377 27.7 >2

Felton, De.
01484500 Stockley Branch near 238 45.4 >25 171 32.6 >10

Stockley, Del.
01484525 Millsboro Pond, 1400 21.2 -- -- -- --

Millsboro, Del.
01485000 Pocomoke River near 1910 31.6 >25 1810 29.9 >25

Willards, Md.
01485500 Nassawango Creek 2300 51.2 >100 1610 35.6 >25

near Snow Hill, Md.
01486000 Manokin Branch near 301 62.7 >5 210 43.8 >2

Princess Anne, Md.
01487000 Nanticoke River near 1310 17.4 >5 1150 15.3 >5

Bridgeville, Del.
01488500 Marshyhope Creek 2530 57.6 >10 2070 47.2 >5

near Adamsville, Del.. . . .
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Delaware Tidal Data

How Tides are Measured

Tides are measured and recorded at water-level stations. Most stations are
operated and maintained by the National Ocean Service (NOS) which is part of the
National Oceanic and Atmospheric Administration (NOAA). Other stations are operated
by the United States Geological Survey (USGS) and the National Park Service.

The rise and fall of tides are measured relative to a plane known as a datum.
Local factors such as wind-generated waves are factored out of the tidal data by the
design of the water-level station and by the software used to process the data.
Understanding the datum is very important in understanding tidal records. Two datums
are especially important. The first is a geodetic datum that is measured relative to a
benchmark. The second is a datum that is calculated based on the particular tides at a
water-level station measured over the course of 19 years.

Two geodetic datums are used in Delaware and Maryland. The first is the
National Geodetic Vertical Datum of1929 (NGVD 29). The second, which has replaced
NGVD 29, is the North American Vertical Datum of 1988 (NAVD 88). The State of
Maryland has adopted NAVD 88 as the official datum. Delaware still uses NGVD 29.
The geodetic datum is the one by which we measure elevations. Scattered across the
states are stations with precisely measured elevations called benchmarks. For the water
level stations, each is associated with one or more benchmarks. The tide levels are then
measured at the water-level station relative to the benchmark elevation.

The second kind of datum is called a tidal datum. The most commonly used is
that ofmean lower low water (MLLW). Mean lower low water is the average of the
lower of the two low tides over the span ofa 19-year period. For the water-level stations
in Delaware, this period is from 1960 to 1978. This measurement of a datum is
calculated for a particular station and all other tides are then reported relative to that
datum. The datum is also measured relative to the geodetic datum explained above. The
predicted tides that are reported in the newspapers are relative to MLLW. All tidal data
reported from NOS-operated stations are given relative to the MLLW for that station.
Using the tidal datum has a practical advantage of being specific to a certain station.
Thus, the tidal records for a station can be easily related to the tidal characteristics over a
long tenn for that station. It also is practical for persons on the water by relating the
water level to the lowest average tides where more hazards to navigation are exposed or
are likely to be encountered.

Breakwater Harbor, Lewes, DeL

The tidal station at Breakwater Harbor has been in operation since 1919. It has
become the standard station by which high and low tides for coastal events for Delaware
(hurricanes or northeasters) have been compared. Table 4 gives the datum infonnation
for the station as provided by NOS. The location of tidal stations cited in this report are
shown in Figure 7 or are given in the text. The storms of Jan. 27-29, 1998, and Feb. 4-6,
1998, produced near-record high water levels at Breakwater Harbor. The tidal curves for
the stonns are given in Figures 8 and 9.
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Table 4. Datum information for the tidal station at Breakwater Harbor, Lewes, Del.
Location of the station is latitude N38°48'36", W75°07'12".

Datum (referred to MLLW) Elevation in Feet
Highest observed water level (03/06/1962) 9.49
Mean Higher High Water (MHHW) 4.73
Mean High Water (MHW) 4.31
NAVD88 2.91
Mean Tide Level (MTL) 2.24
NGVD29 1.73
Mean Low Water (MLW) 0.16
Mean Lower Low Water (MLLW) 0.00
Lowest Observed Water Level (01/10/1978) -3.94
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Figure 7. Location ofwater-level, weather, and streamgage stations cited in this report.
Key to stations is given in Table 5. The Breakwater Harbor tidal station is located
on the coast just to the northeast of location number 29 (Lewes).
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Table 5. Tide, buoy, streamgage, and weather station information. Numbers in the first
column correspond to those on the map in Figure 7. CSPR-Tidal Crest Stage Partial
Record, SHWM- Surveyed High-Water Mark, CRSG- Continuous-Record Streamgage.

Station Name Operator Station # Station Type Latitude Longitude
1 Christina River at Newport, Del. USGS 1480065 Tide Gage 394238 753633
2 Delaware River below Christina River USGS 1481602 Tide Gage 394300 753103
3 St. Jones River at Lebanon, Del. USGS 1483640 Tide Gage 390648 752959
4 Murderkill River at Bowers, Del. USGS 1484085 Tide Gage 390330 752351
5 Indian River at Rosedale Beach, Del. USGS 1484540 Tide Gage 383529 751244
6 Indian River Bay near Inlet USGS 1484683 Tide Gage 383635 750406
7 NPS 1 Tide Gage NPS Tide Gage 381557 750746
8 NPS 2 Tide Gage NPS Tide Gage 381120 751128
9 NPS 3 Tide Gage NPS Tide Gage 380605 751317
10 Isle of Wight Tide Station NOAA 8570283 Tide Gage 381942 750530
11 Appoquinimink River at Odessa, Del. USGS 1483158 CSPR 392709 753920
12 Vines Creek near Dagsboro, Del. USGS 1484549 CSPR 383323 751213
13 Cedar Creek near Slaughter Beach, Del. USGS 1484235 SHWM 385606 751926

14 Rehoboth Bay at Dewey Beach, Del. USGS 1484670 SHWM 384140 750505
15 St. Jones River at Dover, Del. USGS 1483700 CRSG 390949 753110
16 Beaverdam Branch at Houston, Del. USGS 1484100 CRSG 385420 753049
17 Murderkill River near Felton, Del. USGS 1484000 CRSG 385833 753403
18 Stockley Branch at Stockley, Del. USGS 1484500 CRSG 383819 752031

19 Millsboro Pond Outlet at Millsboro, Del. USGS 1484525 CRSG 383540 751729
20 Pocomoke River near Willards, Md. USGS 1485000 CRSG 382320 751930
21 Nassawango Creek near Snow Hill, Md. USGS 1485500 CRSG 381344 752819
22 Manokin Branch near Princess Anne, Md. USGS 1486000 CRSG 381250 754018
23 Nanticoke River near Bridgeville, Del. USGS 1487000 CRSG 384342 753344

24 Marshyhope River near Adamsville, Del. USGS 1488500 CRSG 385059 754024

25 Buoy 44009 "Delaware Bay" NOAA 44009 Buoy 382736 744200

26 Pressure Gage off Ocean City Inlet ACOE Gage 382024 750412

27 Dover, Del. NWS 72730 Weather 390900 753112

28 Georgetown, Del. NWS 73570 Weather 383748 752700

29 Lewes, Del. NWS 75320 Weather 384612 750748

30 Newark, Del. NWS 76410 Weather 393936 754348

31 Wilmington, Del. NWS 79595 Weather 393936 753600

32 Porter Res., Del. NWS 79605 Weather 394536 753148

33 Greenwood, Del. NWS 73595 Weather 384948 753434

34 Dagsboro, Del. UD UD27 Weather 383300 751500

35 Laurel, Del. UD UD13 Weather 383300 753412

36 Dover, Del. UD UD12 Weather 390936 753148

37 Newark, Del. UD UD131 Weather 394048 754536

38 Salisbury, Md. NWS 188005 Weather 381948 753000

39 Wallops Is, Va. NWS 448849 Weather 374800 753000
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Figure 8. Tidal data for Breakwater Harbor, January 26-30, 1998 (MLLW datum).
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Figure 10. Tidal data for Breakwater Harbor for the storm ofMarch 5-9, 1962 (MLLW
datum).

Both the storms produced near record high tides. That of Jan. 28 was slightly
higher than that of Feb. 5, even though the storm of Feb. 5 was more damaging. From a
comparison of the two charts, the Feb. 5 storm was more severe because the low tides
were exceptionally high. The low tides late on Feb. 4 and early on Feb. 5 were higher
than the high tides on Feb. 3 before the storm developed. Of all the storms of record that
have been examined, this particular phenomenon is unusual. For example, the March
1962 storm had several record high tides, but the low tides were proportionally lower
than those of the February 1998 event (Figure 10). This makes the Feb. 5 storm unique
among those that have been recorded at Breakwater Harbor. A plot of actual tides with
those predicted for the period of the storms is shown in Figure 11. High and low tides are
well above those predicted for the same period.

In order to place these storms in historical perspective, the tidal data records for
Breakwater Harbor were examined. All tides higher than 7 feet above MLLW were
tabulated and ranked (Table 6) by the author (K. Ramsey). The storm ofJanuary 28
produced the third highest tide of record and that ofFebruary 5, the fourth highest. Note
that most of the high tides of record were produced by northeasters and relatively few by
hurricanes or other types of storms. Figure 12 shows the high tides of record as a
function of the years in which they occurred.
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Table 6. High tides of record for Breakwater Harbor, Lewes, Del.

Rank Date Time Tide Height Tide Height Storm Type Storm Name
EST m (MLLW) ft. (MLLW)

1 3/6/62 2100 2.893 9.49 Northeaster

2 1/4/92 748 2.750 9.02 Northeaster
3 1/28/98 930 2.728 8.95 Northeaster
4 2/5/98 300 2.671 8.76 Northeaster
5 9/27/85 700 2.530 8.30 Hurricane Gloria
6 3/3/94 500 2.515 8.25 Northeaster
7 10/25/80 1000 2.503 8.21 Northeaster
8 3/29/84 700 2.491 8.17 Northeaster
9 3/8/96 330 2.470 8.10 Northeaster
10 12/12/92 1018 2.430 8.08 Northeaster
11 10/22/61 800 2.436 7.99 Hurricane Esther
12 10/14177 900 2.405 7.89 Hurricane Evelyn
13 10/31/91 1500 2.381 7.81 Northeaster
14 9/18/36 2.345 7.69 Hurricane No. 13
14 10/22172 1000 2.345 7.69 Northeaster
14 11/14/97 1300 2.345 7.69 Northeaster
15 1/2/87 1100 2.323 7.62 Northeaster
16 10/8/96 2230 2.317 7.60 Northeaster
17 10/14/53 2.314 7.59 Northeaster
17 12/9/73 700 2.314 7.59 Northeaster
18 1/13/64 800 2.284 7.49 Northeaster
19 9/25/92 1942 2.274 7.46 Tropical Storm Danielle
20 11/10/69 2.253 7.39 Northeaster
20 2/24/98 642 2.252 7.39 Northeaster
21 11/15/81 2.226 7.30 Subtropical Storm 3
22 1/10/56 2.223 7.29 Northeaster
22 10/19/89 1200 2.223 7.29 Northeaster
23 12/2/86 2.216 7.27 Northeaster
24 2/26/79 2.204 7.23 Northeaster
25 12/12/60 2.192 7.19 Northeaster
25 5/24/67 2.192 7.19 ?
26 12/13/96 1024 2.180 7.15 Northeaster
27 12/14/93 900 2.171 7.12 Northeaster
28 12/20/95 724 2.168 7.11 Northeaster
29 1/3/93 948 2.155 7.07 Northeaster
30 11/10/91 1118 2.155 7.07 Northeaster
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Indian River Inlet

The other continuous-record water-level station is located at the Coast Guard
Station at Indian River Inlet. This station was installed by NOAA on February 15, 1972,
and was maintained by them until September 25,1986. On April 25, 1991, the U.S.
Geological Survey re-established the station using new instrumentation (station no.
01484683). There are no records between September of 1986 and 1991. Table 7 gives
the tidal datum information for the station. Data from the USGS are given in the NGVD
29 (1967 adjusted) for the local datum. Note that the benchmark data have been more
recently adjusted (NGVD 29, 1972 adjusted).

Figure 13 is a plot of the tides at the Indian River Inlet tidal station for the period
January 26 to February 9, 1998. As at Breakwater Harbor, the peak high tides occurred
on January 28 and February 5. The high tide on January 28 was 4.98 feet above NGVD
29 (67 adjusted) and on February 5 was 5.86 feet. The previous high water level of
record (1972-1986, 1991-present) corrected to the same datum was 5.35 feet recorded on
March 28, 1984. Table 8 shows a few significant high water levels for the Indian River
Inlet station.

Table 7. Datum information for water-level station at Indian River Inlet, Del.

Datum (referred to MLLW) Elevation in Feet
Highest observed water level (2/5/98) 6.75
Mean Higher High Water (MHHW) 3.03
Mean High Water (MHW) 2.71
NAVD 88
Mean Tide Level (MTL) 1.48
NGVD 29 (1972 adjustment) 1.34
NGVD 29 (1967 adjustment) 0.89
Mean Low Water (MLW) 0.25
Mean Lower Low Water (MLLW) 0.00
Lowest Observed Water Level (1972-1986) (01/11/1978) -3.90

The period between the storms of January 28 and February 5 shows higher than
normal high and low tides (in comparison with the period of January 26 and 27 just prior
to the northeaster). The tidal record for February 4-6 also shows abnormally high low
tides. Three of these low tides were above the level of the high tides prior to the storm.
This is consistent with the observed tides at Breakwater Harbor. Even after the peak of
the storm on February 5, the high and low tides at the Indian River Inlet tidal station
remained well above normal for at least four days. Tidal flooding was significant in the
Inland Bays and lasted for a much longer period of time than for a typical storm. In terms
of level of flooding over a period of time, the tidal extremes were less than those of the
December 10-14, 1992 storm that had low tides over 2 feet above NGVD and high tides
over 4 feet above NGVD for a period of four days during and after the storm.
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Figure 13. Tidal record for Indian River Inlet water-level station for January 26
February 9,1998. Datum is NGVD 29 (1967 adjusted).

Table 8. Selected high water levels recorded at water-level station at Indian River Inlet.

Date Tide Height (MLLW Datum) Tide Height (NGVD 29-1967
adjusted datum).

March 28, 1984 6.24 5.35
October 31, 1991 6.10 5.21
January 4, 1992 5.72 4.83

December 12, 1992 5.99 5.10
January 28, 1998 5.78 4.98
February 5, 1998 6.75 5.86

Indian River at Rosedale Beach

Another continuous-record water-level station is located at Rosedale Beach on
Indian River. This station has been operated since April 18, 1991 by the u.S. Geological
Survey (station no. 0484540). The datum for the station is NGVD 29 (1967 adjusted)
leveled from a benchmark on State Route 24 to the north of the station. No tidal datum
information is available for the station. Selected high tides of record for the station are
presented in Table 9. Figure 14 shows the tidal record for the period January 26 through
February 9, 1998. The tidal record is similar to that for Indian River Inlet. The February
event had abnormally high low tides on February 4 and 5. On February 5, a high tide of
record was set at 6.99 feet above NGVD 29. This is even higher than a floodmark record
from nearby for the March 1962 storm at 6.73 feet above NGVD measured by the USGS.
The previously recorded high tide from the water level station was 5.73 feet on January 4,
1992.
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Table 9. Selected high water levels recorded at water-level station on Indian River at
Rosedale Beach.

Date Tide Height (NGVD 29-1967
adjusted datum).

October 31, 1991 4.56
January 4, 1992 5.75

December 12, 1992 5.08
January 28, 1998 6.55
February 5, 1998 6.99
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Figure 14. Tidal record for Indian River at Rosedale Beach water-level station for
January 26-February 9, 1998. Datum is NGVD 29.

Other Delaware Tide Height Data

The U.S. Geological Survey maintains other tidal water-level stations along the
margins ofDelaware Bay. These stations include both continuous-record stations and
tidal crest stage stations. Tidal crest stations record only the peak water level for a
particular event. The tidal crest-stage stations for the January and February storms
recorded the highest water level during the period. The highest water level occurred most
likely on February 5, but could have been on January 28 as the highest level at
Breakwater Harbor was recorded on that day. Table 10 gives the water level peaks for
selected storms at these stations.
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Table 10. Peak height water-level records. Periods of record given in parentheses below
the station name. Data provided by the U. S. Geological Survey, WRD.

Station Date Height in ft (NGVD 29) Station Type
Christina River At Newport 12/13/96 6.26 continuous
(1995-present) 1/28/98 5.29

2/5/98 6.11

Delaware River at Wilmington 1/28/98 5.89 continuous
(1983-1991; 1995-present) 2/5/98 6.21

Appoquinimink River at Odessa 3/3/94 6.27 crest
(1993-1994; 1995-present) 1/28/98 -

2/5/98 4.99

St. Jones River at Lebanon 1/28/98 4.66 continuous
(1987-present) 2/5/98 6.03

Murderkill River at BowersCi 3/6/62 8.75 crest
(1966-1990; 1997-present) 10/31/91 6.03

1/4/92 8.76
12/12/92 7.70
3/3/94 9.03
1/28/98 -
2/5/98 8.05

Cedar Creek near Slaughter Beacha 10/31/91 5.66 crest
(1966-1991 ) 1/4/92 6.61

1/28/98 -
2/5/98 5.93

Vines Creek near Dagsboro 10/31/91 4.83 crest
(1985-present) 1/4/92 5.35

12/12/92 4.76
1/28/98 -
2/5/98 6.78

Rehoboth Bay at Dewey Beach 10/31/91 4.54 crest
(1985-present) 1/4/92 3.82

12/12/92 3.89
1/28198 -
2/5/98 5.08

aAdditional data obtaIned outsIde penod of record after some large storm events, as requested.
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High-Water Mark Survey

After the storm, the Federal Emergency Management Agency (FEMA) contracted
with Dewberry and Davis of Fairfax, Virginia, to survey high-water marks along some of
the streams and inland bays affected by flooding associated with the storms. This survey
was conducted approximately two weeks after the storm. High-water marks were
identified as debris lines or other indications of the highest water levels associated with
the storms. Elevations of these marks were then surveyed in from the closest available
vertical control benchmarks. NGVD 29 was the datum used for these elevations. Figure
15 shows the locations ofplaces where high water marks were surveyed. Table 11 gives
the elevation and location data.

Table 11. Data for high-water marks surveyed after the February 5, 1998 storm.

HWMID HWM elevation Latitude Longitude
(NGVD29)

6 5.86 38.935 75.13833333
7 5.38 38.6880556 75.1311111

7A * 5.52 N/A N/A
8 4.926 38.66277 75.1366667

8A 5.178 38.68055556 75.1355556
9A * 5.578 N/A N/A
11 * 5.79 N/A N/A
12 4.95 38.59833333 75.16944444

13 * 6.425 N/A N/A
13A 6.565 38.55694444 75.20277778
14A 5.85 38.59111111 75.1180556
148 5.63 38.59111111 75.1180556
15 5.91 38.57833333 75.08916667
16 5.19 38.59366667 75.29055556
17 4.04 28.50472222 75.0575

17A 3.97 38.50625 75.05972222
18A * 3.73 N/A N/A
19 * 5.09 N/A N/A
20 4.00 38.48083333 75.08916667

20A * 3.86 N/A N/A
208 3.80 38.4825 75. 11916667
22 4.22 38.45166667 75.06583333

22A * 3.88 N/A N/A
23 4.01 38.46222222 75.05833333

24 * 5.95 N/A N/A
25 6.15 38.775 75.13833333

26 * 6.21 N/A N/A

* Indicates points without latitude and longitude available. Approximate locations of these marks
are shown on Figure 15.
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A comparison of the high-water mark data with the tidal data shows that the
marks are, in general, representative of the water levels within the inland bays during the
storms. One discrepancy appears to be at location 12 at Oak Orchard (high-water mark
of 4.95 ft) which is two feet lower than the tidal station at Rosedale Beach and a foot and
a half lower than other surveyed marks in the same general vicinity. The tidal crest
reading at Rehoboth Bay at Dewey Beach is about one half a foot lower than a nearby
high-water survey mark (5.08 vs 5.52).

Water levels were higher upstream along the tributaries of Indian River such as
Vines Creek than places bayward. This trend can in part be attributed to the piling up of
water due to the steady winds from the east-northeast and in part to the heavy rainfall in
the tributaries which contributed runoff to the streams. The western side of Rehoboth
Bay appears to have had lower water levels than along the Atlantic Barrier. Levels
around Little Assawoman Bay are fairly consistent throughout the area. Because there
has not been a similar survey such as this done in the past, comparison of water levels
with previous storms is not possible.

Maryland Tidal Data

Four continuous-record water-level stations were in operation in the Inland Bays
along Maryland's Atlantic Coast during the period of the storms. The first is a tidal
station that was installed in 1997 at the bulkhead at the boat basin at the Coast Guard
Station in Isle of Wight Bay approximately 300 meters north of Ocean City Inlet (NOAA
station no. 8570283). Table 12 gives the datum information for this station as provided
by the NOS (web site). The other three stations (NPS1, NPS2, NPS3) are operated by the
National Park Service. NPS1 is located in Sinepuxent Bay. The other two stations
(NPS2 and NPS3) are located in Chincoteague Bay. No datum information was available
for these stations.

Table 12. Datum information for tidal station 8570283 at Ocean City, Md.

Datum (referred to MLLW) Elevation in Feet
Highest observed water level (2/5/98) 6.40
Mean Higher High Water (MHHW) 2.60
Mean High Water (MHW) 2.37
Mean Sea Level (MSL) 1.31
Mean Tide Level (MTL) 1.25
Mean Low Water (MLW) 0.13
Mean Lower Low Water (MLLW) 0.00
Lowest Observed Water Level -1.94

Figure 16 is the tidal plot for the period of January 26 through February 9, 1998,
at the tidal station in Isle of Wight Bay. The tidal pattern is similar to that recorded at
Indian River Inlet, Delaware (Figure 13). The January northeaster rapidly built up tidal
height, and there was a slow decrease in elevation over the next few days with the low
and high tides remaining above the levels experienced prior to the northeaster. With the
influence of the February northeaster, tides again rose to a peak height on February 5.
The low tides of February 4 and 5 were abnormally high, higher than the high tides of the
preceding few days.
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Figure 20. Plot ofwater level data for NPS210cated in Chincoteague Bay. Plot is
in EST.MLLW datum.
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NPSI is the closest station to the station at Ocean City. Figure 17 shows a similar
tidal record to that of Ocean City. The fluctuation between high and low tides is much
greater than that at Ocean City. The high tide on February 5 is proportionally much
higher than seen at any of the other stations. NPS1 is approximately 7 km south of Ocean
City Inlet and is somewhat sheltered from the effect of the tidal prism of the inlet. The
station was near a two kilometer stretch ofAssateague Island that was overwashed during
both the January and February events. The influx ofwater from the ocean may have
contributed to the rapid rise in the tides in the inland bays.

Tidal records from a pressure wave gage off Ocean City, Maryland (see next
section) show similar records to those of Breakwater Harbor and Indian River Inlet, Del..
The water levels (Figure 18) were normalized to a tidal datum derived from the Ocean
City Fishing Pier tide station that was destroyed during the Jan. 4, 1992 storm. The
record presents higher than predicted tides for the Fishing Pier tide station (Figure 19)
and, like the stations in Delaware, the tides stayed high in the interval between the
January and February events.

NPS2 and NPS3 are stations located on Chincoteague Bay and have a more muted
record than those stations previously discussed (Figures 20 and 21). The two tidal
records are very similar both in pattern and overall tidal height and change. These
stations show a marked drop in water level on February 4 that is not seen in the other
records. The high tides of the storms are a day later than seen elsewhere along the coast
(January 29 and February 6).

Offshore Data

Data werel recorded from two offshore stations during the time period of the
storms. Buoy 44009 "Delaware Bay" is operated by the National Data Buoy Center of
NOAA. It is located offshore of the northern end of Ocean City, Maryland (Figure 7).
The 3-meter-diameter discus buoy contains a meterological station that records air
pressure and temperature, water temperature, wind direction and speed, and other
instrumentation that records wave height and period. The second station is located off
the Ocean City Inlet in about 30 feet of water. It is a pressure gage wave station that
records wave height, direction, and period. It is funded by the Baltimore District of the
u.s. Army Corps of Engineers and is maintained and operated by the u.s. Army Corps
of Engineers Waterways Experiment Station (CERC) in Vicksburg, Mississippi.

Figures 22 and 23 show the wave height and other information from Buoy 44009
and the pressure gage off Ocean City respectively. Note that in Figure 22, there is a
strong correlation between peak wind speeds and wave heights. Likewise, shifts in wind
direction are correlated with changes in wind speed and wave height. The strongest
winds came from the northeast to north-northeast (NNE-NE or 0 to 60 degrees east of
north). Patterns ofwave heights are similar between the two buoys. Highest wind speeds
and wave heights were recorded on January 28 and February 4-6. Note that the January
storm wind speeds and wave heights lasted over a much shorter span of time than those
of February 4-6 which lasted well over a day. There is also a secondary period of
increased wind speeds and wave heights about two and a half to three days after the peak
period of storm activity.
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Wave periods (the time between successive wave crests or troughs) recorded at
Buoy 44009 ranged from 5 seconds prior to the January event to 8 seconds, during the
peak of the event on January 28, back to 5 seconds between the stonns. Wave periods
increased to almost 9 seconds on February 5 and steadily decreased to 5 to 6 seconds by
the end of February 6. Closer to shore, the wave periods were higher at the buoy off
Ocean City Inlet where they were in the range of9 to 10 seconds prior to the January
event and increased to 12 to 16 seconds on January 28. They decreased to 5 to 8 seconds
between the stonns on February 4, and increased to 10 to 12 seconds on February 5. By
February 8, wave periods were in the range of6 to 7 seconds. By February 10, long
period waves of 12 to 14 seconds were recorded that were not related to the stonns of this
report. In general, longer period waves tend to be larger when they encounter the shore.

70 ,.----------------------------------------,
Buoy 44009 Delaware Bay
38.46 N 74.70

60 +-------..~-------------------t---:..:...:::..;~:...:::..:.:;z.::.:......1.:..:L--.J--___1

50 -I--------++--+-----------------fl-----tt-------------;

40 +--------4H---;-\-----------------+-+-.....-...::---t-->t------------i

30 +---------J~--~!--------------____J':f_---_r_r_--_r___;<iftr;_t-~

Figure 22. Significant wave height, wind speed, and peak wind gusts from NOS
Buoy 44009. Plot is on UTC time (subtract 5 hours for EST time). Dominant wind
direction is given on the bases of analysis of direction data (NW- 300 ° -330°, NNW- 330
°_360° NNE-360°-30° NE-300-60° ENE-60°-90° ESE-90°-120° SE-1200-150°, , , , , ,
SSE-150° -180°, SSW- 180° -210°). Significant wave height is the highest one third of
all of the waves over a span of20 minutes.
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Figure 23. Significant wave heights from wave gage offshore of Ocean City Inlet.
Heights are an average of the highest one third of the wave heights over a
sampling period. Dominant wave direction during most of this time was ESE
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). Plot is in EST.

Other Data from Maryland

Beach Profiles

Surveys of elevations across transects of the beach in the Assateague Island
National Seashore were taken across Assateague Island in April and September of 1997
and after the northeaster of January 1998 on February 3, 1998, and after the storm of
February 1998 on February 26, 1998. Location for these transects is given in Table 13
and Figure 24. Profiles from three of these transects are shown in Figure 25:

The profiles of April and September 1997 can be taken as typical profiles across
the barrier island. The beach{on the extreme right) is backed by the dunes that are about
two meters (7 feet) high. The island then has a gentle slope downwards toward
Sinepuxent Bay (Figure 25). The profiles ofFebruary 3 show the landward migration of
the beach and dune at transects 2.5 and 3 following the storm ofJanuary 28 of about 20
meters as a result of the storm. Transect 4, however was the site of greater movement
where shoreline migration was about 100 meters (300 ft). The profiles of February 26
show little change except for some progradation of the shoreline at transect 4 where the
beach was rebuilding following the storms. Transect 4 was within a section of the island
overwashed during the January stonn (Figure 24), resulting in the removal of several feet
of sand and exposing an extensive peat layer. The area was overwashed again during the
February storm. The total width of the barrier island narrowed from about 500 meters
(1650 ft) prior to the storms to about 350 meters (1150 ft) after the storms. Figure 24
shows the pre- and post-storm shorelines (defined by the high-water mark). The areas
between these two shorelines were flooded during the storms.

29



Table 13. Location information for survey profiles from Assateague Island National
Seashore shown in Figure 25. All transects extend along a 291/111 degree
azimuth from true north and intersect the baseline monument indicated on the
profile.

Benchline Monument Latitude (N) (UTM) Longitude (E) (UTM)
GPS 2.5 4238117.35 490028.80
GPS3 4237140.95 489666.85
GPS4 4235181.20 489045.90

NPSl /~'
TideSta.

o

GPS4

Scale

.....-./.-... Sept. '97
~ Jan. t98
,,-- Feb. '98

Figure 24. Shoreline positions on Assateague Island before and after the storms of
January and February 1998. The shorelines are positions of the high-water mark
as surveyed by National Park Service staff. The January '98 and February '98
positions represent post-storm shorelines. The location of the GPS transects
(Figure 25) are also shown. Note the position ofprofile line GPS 4 and NPS1 tide
station in relation to the overwash area.
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Figure 25. Survey profiles across Assateague Island before and after the northeasters of
January and February, 1998. The ocean is to the right and Sinepuxent Bay to the
left. Location and other information given in Table 13 and Figure 24.
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Wind Data

In addition to the wind data provided from NOS Offshore Buoy 44009 (Figure
22), two other stations provide complete records for the periods of the two storms. These
are an automated weather station operated by the National Park Service on Assateague
Island Gust to the south of number 9 on Figure 7) and Dover Air Force Base (between 36
and 3 on Figure 7). The source of the raw data for these plots is explained in the
Appendices B and C.

A plot of the wind speeds at Assateague Island (Figure 26) shows that maximum
gusts occurred at the same times as the highest average wind speeds. Maximum gusts for
the stonn reached almost 60 mph for both stonns. Sustained winds of over 20 mph lasted
for about a day during the January event and almost two days for the February event
(Figure 26). Sustained winds of over 30 mph lasted for about 12 hours on February 4.
The times for these peaks are earlier for the Assateague station than at other stations
farther north in Maryland and Delaware because the storm was tracking from southwest
to northeast off of the coast (Figures 2 and 4). In general, the January event was shorter
lived than the February event. Wind gusts for the February event of over 40 mph began
on February 3 and lasted until February 5. There was a minor rise in winds preceding the
January northeaster on January 25 and a somewhat more significant storm that
immediately followed the February northeaster on February 7 and 8.

A plot of the wind speeds at Dover Air Force Base (Figure 27) shows similar
patterns to that at Assateague Island but with both average wind speeds and gusts having
lower speeds. The site is inland and farther away from the low pressure system and could
reasonably expect to experience diminished winds. For the January northeaster,
sustained winds over 20 mph lasted from January 27 to 29 with gusts just over 40 mph at
the peak of the storm. In February, winds ofover 20 mph lasted from the 4th to the 6th

with gusts of over 40 mph several times during the period. The beginning of the
secondary event of February 7 can also be seen (Figure 27) but does not appear to have
been nearly as severe as at Assateague.

The plots of the wind speed patterns indicate that the wind field from the low
pressure systems of the storms covered an extremely large area and produced similar
patterns of the rise and fall ofwind speed as the system passed by the coasts of Maryland
and Delaware. At these two stations and at Offshore Buoy 44009, maximum wind gusts
never reached hurricane force (74 mph) but did reach tropical storm force (39 to 74 mph)
for a considerable period of time. Sustained winds, however, never reached tropical
storm force. Both hurricanes and tropical storms are in part defmed by their sustained
winds, not gusts. Therefore, these northeasters were not as powerful in terms ofwinds as
either a tropical storm or a hurricane.

Wind directions follow the typical pattern of a low-pressure system (northeaster)
that passes to the east of the coast. Winds shift to the northeast as the system approaches
and continue during the period ofhighest wind speeds. As the system passes, the winds
shift to the north-northwest and northwest (Figures 26 and 27). Note that the event of
February 7 and 8 follows the same pattern. It indicates that there may have been a
secondary low pressure trailing that of the major system that passed on February 4 and 5.
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Figure 26. Wind data from the National Park Service Remote Automated Weather
Station (RAWS) near the Virginia-Maryland State line on Assateague Island.
Wind directions are as given in the caption for Figure 22.
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Figure 27. Wind data from Dover Air Force Base, Dover, Del. Wind directions as given
in the caption for Figure 22.
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Discussion and Conclusions

Summary ofStorm Events

Prevailing tidal conditions during the storms of late January and early February
1998 caused significant impact along the Delaware and Maryland coast. Tides were
running higher than predicted prior to the January event (Figure 11) which meant that
coastal marshes and inland bays were already partially flooded or had higher water levels
than normal. This left little additional space for tidal waters as the first of the
northeasters approached on January 27. There was a new moon on January 27 which
contributed to the higher than normal tides. The following is a chronology of the January
stonn's significant events.

January 26

A low-pressure system formed over eastern Texas and moved toward the east
nearing the Mississippi-Alabama border by the end of the day.

January 27

The storm moved from the Florida Panhandle rapidly up the coast to east-central
North Carolina by the end of the day. The storm also intensified as barometric pressure
dropped. Wind direction shifted to the NNE to NE at Assateague and then progressively
up the coast by mid-morning. Wind speeds increased rapidly by mid-morning offshore
and along the coast and by late evening sustained winds were over 20 mph across the
region. Wave heights began to rise by about noon, but were less than 10ft at midnight.
Rainfall began near the Virginia-Maryland border around 8:00 P.M.. As the evening
progressed, wind speed continued to increase with gusts up to almost 40 mph at the
offshore buoy and 30 mph at Dover. By midnight a trace of rain had fallen at Dover.
Tides during the day were slightly higher than those of the previous day, but not
significantly different.

January 28

At 7:00 A.M., the storm was located near the mouth of the Chesapeake Bay.
Barometric pressure indicated that the storm had continued to intensify as it moved
offshore. By 7:00 P.M., the center of the low pressure was located off the coast of
southern New Jersey. Wind speed increased during the night hours as the storm moved
to the northeast. By about noon, they reached their highest. Maximum sustained winds
peaked just over 50 mph for a very brief time at the offshore buoy, over 30 mph at
Assateague and almost 30 mph at Dover. Maximum wind gusts reached more than 60
mph offshore, almost 60 mph at Assateague, and almost 40 mph at Dover. As the
maximum gusts began to recede, the wind direction shifted from NE to NNW to NW by
early evening.

Changes in wave heights closely followed those of wind speeds. Wave heights
reached over 20 ft offshore and around 13 ft just offof Ocean City inlet around 11 :00
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A.M. (EST). By 7:00 A.M. rainfall was moderate with about 0.7 inches having fallen at
Dover. Rain continued throughout the day with the heaviest rainfall in the southwestern
portion of Sussex County, Delaware, and northern Wicomico and Worcester counties,
Maryland. Rainfall ended around 7:00 P.M. at Assateague and at Dover. During the
storm over 5 in of rain fell in a period of less than 24 hours in southwestern Sussex
County and in portions of adjacent Maryland. This resulted in peak discharges of streams
reaching levels with a recurrence interval greater than 25 years at Stockley Branch near
Stockley, Delaware and on the Pocomoke River near Willards, Maryland. Heavy rainfall
contributed a peak discharge with a recurrence interval of greather than 100 years on the
Nassawango Creek near Snow Hill, Maryland. The runoff from these rainfall events
contributed to the high water levels in the marshes and inland bays.

Tide heights increased greatly between the high tide of late January 27 and the
next high tide on the morning of January 28. A peak high tide at 9:30 A.M. at
Breakwater Harbor of 8.95 ft above MLLW was th~ third highest of record for that
station. Tide heights at all the other stations showed a rapid rise to about twice the tide
height of the previous high tide. At some time during this interval, a significant
overwash event occurred on Assateague Island, Maryland. The two stations in
Chincoteague Bay show a delay of this tide level increase, perhaps due to their distance
from an inlet. The second high tide of the day was less than that of the previous one, but
still remained well above normal. By mid-morning, the coastal marshes were flooded.
They remained so during the rest of the day.

January 29

By 7:00 A.M., the low pressure was well offof the coast ofNew England. Wind
speeds decreased steadily throughout the day and by noon were less than 10 mph at
Assateague and Dover. Sustained winds and gusts remained higher offshore until later in
the day. Wind direction shifted late in the day from the NNW to the SSE as the effects of
the storm decreased as it moved away from the region. No rainfall occurred in the region
on the 29th

• Despite the change to prevailing southerly winds that tend to blow higher
water away from the shore, the tides remained much higher than predicted possibly due
to the fact that wind speeds dropped to less than 10 mph late in the day. Tide heights in
Chincoteague Bay in Maryland did not reach their peak until the 29th

• The heights
possibly reflect a combination of winds blowing water up against the landward portion of
the barrier along with the influx of water from heavy rainfall inland into the bays.

January 30 through February 2

Between January 31 and February 1, a weak low-pressure system moved along a
track similar to that of the preceding storm. Wind speeds increased to above 20 mph
offshore with sustained winds the same range as far inland as Dover. Prevailing wind
directions were from the NE to NNW. Wave heights do not appear to have increased
very much during this event. The effect of the winds was to keep tidal water levels much
higher than normal. Tide heights for both high and low tides remained as much as 3 ft
above those predicted for the period. As a result, the marshes along Delaware Bay
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remained flooded, and water levels along the inland bays remained high as well. In
Sinepuxent and Chincoteague bays, water levels gradually receded during this period. By
February 2, the winds shifted around to the SSE for about a day prior to the influence of
the next northeaster on February 3.

February 3

By February 3, a large, low pressure system which had fonned in the Gulf of
Mexico was located over the Florida Panhandle where it remained stationary for most of
the day and intensified slightly. The size of this system was large enough that by late
afternoon the winds on the Delamarva Peninsula and offshore shifted around to the NNE
under the influence of the circulation of the stonn. Wind speeds increased through the
evening hours until by midnight sustained winds were up to 20 mph at Assateague and
offshore and over 10 mph at Dover. Tidal water levels continued to fall slightly during
the 3rd

•

February 4

By 7:00 A.M., the low-pressure system was over southern South Carolina. It
continued to intensify and move rapidly up the coast. By 7:00 P.M., it was over the
mouth of the Chesapeake Bay. At that time, it was a stronger stonn than that of January
28 (984 mb ofpressure vs 992 mb). Throughout the day on the 4th

, wind speeds
increased over the region. By noon, they had reached their peak. Sustained winds were
over 40 mph offshore, 30 mph at Assateague, and just below 30 mph at Dover. These
high sustained winds lasted until early on the 5th

• Wind gusts reached over 50 mph
offshore, 50 mph at Assateague and 40 mph at Dover. The period of high wind gusts also
lasted until early on the 5th

• Wind directions were dominantly from the NNE to NE.
Rainfall began at around 2:00 A.M. at Assateague and 7:00 A.M. at Dover. The intensity
of the rainfall increased throughout the day. Tidal water levels increased during the
second high tide of the day. At the tidal stations in Chincoteague Bay, however,
unusually low tides were recorded. This was probably due to the strong northeast winds
pushing the water in the bays toward the western shore.

February 5

By 7:00 A.M. on February 5, the low pressure system was well out to sea off of
the lower Delmarva Peninsula. The winds continued to be high throughout the morning.
By late afternoon, they had begun to diminish at Assateague. At the offshore buoy, the
winds remained strong until very late in the day when sustained winds began to drop, but
wind gusts stayed over 30 mph. At Dover, sustained winds began to die down below 20
mph in the late afternoon. Winds were from the NNE to NE throughout the day. Rainfall
was steady throughout the early morning but had already slowed at Assateague by 1 am
and stopped by 5:00 P.M.. At Dover, rainfall was steady in the early morning but slowed
by 7:00 A.M. and stopped by 5:00 P.M. The heaviest rainfall totals for February 4 and 5
were in Sussex County, Delaware, and Wicomico and Worcester counties, Maryland
where a total greater than 3 in was recorded. On the Pocomoke River near Willards,

36



Maryland and Nassawango Creek near Snow Hill, Maryland, peak discharges with a
recurrence interval of greater than 25 years were recorded. Wave heights reached their
highest late on the 4th and early on the 5th again reaching over 20 ft at the offshore buoy
and over 12 ft just off the Ocean City Inlet. Wave heights over 10ft were recorded for
over 24 hours froni the 4th through the 5th just off the Ocean City Inlet.

Tidal water levels reached their peak with the high tide in the early morning hours
of the 5th

. At Breakwater Harbor, a level of8.76 ft above MLLW was reached at 3:00
A.M., the fourth highest of record for the station. The tidal pattern of the low tides
preceding and following this high event are quite unusual in that they remained
exceptionally high at almost 5 ft above MLLW. Not even in the storm of March 1962
were two consecutive low tides of that height recorded. Water levels in the inland bays
were also quite high. New tide height records were set at Indian River Inlet and on
Indian River at Rosedale Beach. A combination of a long period of sustained high winds
and runoff from rainfall contributed to these high tides. Tidal flood marks collected by
FEMA after the storm support the fact that winds were piling up water on the western
ends ofboth Rehoboth and Indian River bays, but especially the latter. This contributed
to the severe flooding along the margins of these bodies of water. Presumably most of
the dune breaches and overwash events occurred during the period of the early morning
of February 5 including those on Assateague Island when the tidal waters were at their
highest and wind and waves were also high.

By 7:00 P.M., the low-pressure system had move well offshore of Long Island.
Wind speeds and wave heights diminished throughout the evening hours but remained
from the NNE to NE.

February 6th through 1Oth

As with the event of January 28, a trailing low-pressure system followed on the
heels of the larger system. By late on February 6, winds and waves increased offshore
and inland. This secondary event was stronger than the secondary event in January.
Winds remained from the northeast throughout the period. Wave heights increased to
above 10ft offshore and above 8 ft just off of Ocean City late on the 7th into the 8th

•

Wind speeds reached sustained heights of greater than 20 mph from late on the 6th to
early on the 9th

• As a result of this secondary system, tidal water levels did not decrease.
Observed low tides remained at or near the levels of the predicted high tides for the
period. As a result, the marshes remained flooded and waters were slow to recede in the
Inland Bays. There was no rainfall associated with this event.

Discussion

The northeasters of late January and early February of 1998 were the most severe
to hit the coast of Delaware and Maryland since that of January 1992 and exceeded those
of October 1991 (the Halloween storm) and December 1992. In terms of rainfall, the
events of 1998 certainly were greater. Peak tidal records, waves, and wind were slightly
higher for the late January storm but were sustained for a longer period of time during the
early February event. The longer duration and the fact that tidal levels were higher and
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the beaches partially eroded contributed to the extensive flooding and overwash that
occurred during the February storm. Another contributing factor was the extremely high
low tides before and after the peak high tide early on February 5. The February 1998
storm was also accentuated by the trailing low-pressure system that kept winds from the
northeast for a period of three to four days after the larger storm had passed. Thus, tidal
levels did not fall and flooding remained a problem. This did not occur in the storms of
1992, which were rapidly moving and did not have severe flooding in the Inland Bays.

Field inspection of the coast after the February 1998 storm (Appendix A) showed
scattered, moderate overwash areas stretching from Fenwick to Cape Henlopen along the
Atlantic Coast and from Cape Henlopen to Slaughter Beach along the Delaware Bay
Coast. Artificial dune systems along the Atlantic Coast fared less well than natural dunes
such as those found in the state parks. This is probably due to their being constructed in
vulnerable areas that had previously experienced erosion and were out of balance with
the natural system. Overwash and beach erosion were generally restricted to areas in
which they have been observed in the past, suggesting that the events were of the same
order ofmagnitude as those that have occurred in the last decade. One exception is the
overwash north of Rehoboth just to the north ofNorth Shores. This area has experienced
some overwash in the past, but generally not quite as severe. The author (K. Ramsey)
concurs with the assessment ofAnthony Pratt of the Delaware Department ofNatural
Resources and Environmental Control that this overwash and the water entering into the
Lewes and Rehoboth Canal from the ocean side contributed to the abnormally high
waters in Lewes during the February storm.

In terms of overall severity, the storms of 1998 were still at least an order of
magnitude less that that of the storm of March of 1962 in terms of coastal change. The
storm of February 1998 produced scattered overwash areas up and down the coast of
Delaware and there was severe overwash on portions ofAssateague Island. In the storm
of 1962, overwash was pervasive throughout the length of the coast. There were few
dunes intact anywhere along the coast; the barrier islands were essentially flattened
during that storm. Most structures adjacent to the beach were damaged during the 1962
storm compared to a relative few during the 1998 storms.

The February storm had the potential to be much more severe that it was. It
occurred between the new and full moons which meant that the high tides were not at
their highest. More importantly, the storm moved almost due east once it went offshore
at the mouth ofthe Chesapeake Bay. Ifit had tracked like that of the January 1998 storm
or had stayed even closer to shore, the impact of the storm would have been much
greater.

Our understanding of these northeasters is increasing with the availability of data
such as those presented in this report. Why the storm of March 1962 was so severe
remains a question. Certainly there were five successive high tides that were well above
normal. Yet, the storm of February 1998 had several high tides that were comparable and
low tides that were higher than those of the 1962 storm. Wave conditions may have been
more severe for the 1962 storm. Given the level of destruction of structures along the
coast, this seems likely. The coast of Delaware and Maryland has not faced such a severe
event since the coast has been greatly developed since the 1980s'.
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Recommendations

Several serious deficiencies in the available data were recognized as a result of
compiling data for this report. First, there is no well-established weather station on the
coast of Delaware. A station on the order of that run by the National Park Service at
Assateague that could provide real-time data would be very beneficial in assessing a
storm as it occurs as well as in providing data for post-storm analysis. Second, there are
no water level stations along the margins ofLittle Assawoman Bay. With in increase in
residential development in that area, a critical need has developed for such a station. It is
recommended that these deficiencies be addressed and corrected. In addition, the loss of
tidal water-level and crest-stage stations in the other Inland Bays and along the Delaware
Bay Coast is of concern for real-time monitoring and post-stonn assessment of storms.
Lastly, there are no stream gages or tidal crest-stage recording stations in the Maryland
Coastal Bays watersheds. There is a need for such stations in these watersheds in order
to monitor these systems and understand their responses to storms that impact the region.

It is perhaps also time to take another look at the March 1962 storm in order to
learn why it was different and certainly more devastating than any event that has occurred
since then. A complete analysis of the available tide and weather data for the storm may
provide insight into the nature of that storm and help in mitigating damage from a similar
stonn in the future as well as preventing loss of life which did occur during that storm.
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Appendix A

Post-Storm Observations

Delaware Atlantic Coast and Delaware Bay Coast. (Observations of 2/6/98 and 2/10/98
by Kelvin Ramsey except as otherwise noted). Washover refers to waves and water
breaching the dunes and flowing inland transporting sand. No observations were made
within the communities along the Inland Bays due to limited access following the storm.

•:. Fenwick at state line. Dunes scarped. Some dune loss as much as 50 percent
with dune fencing removed. The beach was building up again. Zones of
pebbles and shells concentrated on the beach. No washovers observed up to
Atlantic Street.

•:. Fenwick. Small washover at Essex Street and between Georgetown and
Houston streets. Significant washover at end of Houston Street. Dunes
removed up to end of Indian Street and partially removed up to James Street.
Washover at Lewes Street probably reached Rt. 1.

•:. Fenwick Island/Seashore State Park. Washover on the north side of the bath
house. Another washover at old tower footings about 1000 ft north of bath
house. Washovers did not reach Rt. 1.

•:. Fenwick Towers. Washover in undeveloped area north ofTowers went all the
way across Rt. 1 and between buildings on the west side.

•:. Queens Quest and the Curves. Washover through this area some of which
reached Rt. 1.

•:. Kings Grant. Washover through the area and to the north. Not much sand on
Rt. 1. Dunes partially intact by 1000 ft. to the north and mostly intact by the
Narrows.

•:. Lookout tower south of York Beach. Washover came within 10ft of Rt. 1.
•:. South Bethany. Ocean Drive washed out at Jamaica Street and to the south.

Washover at the south end of York Beach. Ocean Drive completely gone
from 8th Street and to the south. To the north of 8th Street, rubble exposed at
the edge of Ocean Drive.

•:. Bethany. Dunes intact from Oakwood to Wellington St. South end of the
Boardwalk undermined.

•:. Indian River Inlet-north side. Washover just north of Inlet. Sand crossed Rt.
1.

•:. Inlet to Dewey. Dunes were intact, some scarping on ocean side.
•:. Dewey Beach. Dunes completely removed in places, especially at McKinley

and Read Streets.
•:. Rehoboth Beach. At Hickman Street, Boardwalk intact but undermined. Lots

of shingles on ground, limbs down. Rest ofRehoboth similar. Boardwalk
closed due to undermining.

•:. North Shores. Washovers common, especially toward the north. Major
washovers north of the community. Dunes flattened and sand washed into the
marsh to the west.
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.:. Cape Henlopen. Dunes scarped on ocean side. Water passed across Cape just
to the north of the observation point.

•:. Lewes. Lewes and Rehoboth Canal well over bankfull. Adjacent marshes
completely flooded. At College of Marine Studies, high water to comer of
Marine Operations Building. Part of floating dock was detached.

•:. Broadkill. Some of the dunes were scarped and rip-rap was exposed. Some
damage to houses and decks observed. Lots of sea cucumbers on the beach.

•:. Primehook. Water still covered portion of the highway (as of2/10). Some
scarping of the dunes. Wide, steep beach present. Sand bars offshore
exposed. Lots of conch shells on the beach.

•:. Fowlers Beach. Dunes completely flattened. Marsh mud exposed all along
the beach. Old tower footings completely exposed (K. Ramsey has never seen
this in 10 years ofyearly observations).

•:. Slaughter Beach. Dunes flattened to south up to the south house. To the
north, dunes slightly scarped. Very steep beach face.

Maryland Atlantic Coast-

.:. Ocean City (observation provided by Jordan Loran, Eastern Regional
Manager, DNR Land and Water Conservation Service, 2/25/98).
Approximately 1600 ft of dunes were entirely to % eroded away. Dunes
between the Del./Md. State line and 135th Streets, 720d to 920d Streets, and 29th

to 36th Streets were especially affected. It is estimated that approximately
200,000 cu yd will be needed to rebuild the dunes.

•:. Assateague State Park (observation provided by Jordan Loran).
Approximately two miles ofdunes were partially to entirely eroded. Damage
was minimal to the camping areas. The Nature Center was damaged by
flooding.

•:. Assateague State Park (observation by Darlene Wells, Robert Conkwright,
and Randall Kerhin ofthe Maryland Geological Survey on 2/10/98).
Camping areas in the park were covered by sand.

•:. Northern Assateague Island in the Federal Park (observations by Wells,
Conkwright, and Kerhin). The island was severely overwashed. A peat layer
was exposed across the width of the island. Washover area was approximately
1.2 miles (2 km) long.

•:. Ocean City (observations by Terence McGean, P.E., Ocean City Engineer).
Most of the downtown Ocean City was flooded from 17th Street south to the
Inlet, as well as the "Little Salisbury" area (Bay side of 86th Street). Water
levels were just below that of the March 1962 storm at 7.32 feet compared to
7.70 feet for the 1962 event.

•:. Worcester County (from Katherine Munsen, Worcester County Planning,
Permits, and Inspections, 2/10/98). Sandyfield Bridge was washed out during
the January event. Road damage also occurred in Cape Isle of Wight, Snug
Harbor, and Stockton.
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AppendixB

Weather Data

The data from which the graphs were constructed in this report were collected from a
variety of sources cited in the Acknowledgments. Not all of the data are cited in the main
body of the text. Note that the fonnat of data presentation may change from source to
source because of the variety of units and fonnats in which the data were originally
collected. The sources of the data are as follows.

Atlantic City, N.J.
Indian River Inlet, Del.
Ocean City, Md.
Patuxent River, Md.
Salisbury, Md.
Wallops Island, Va.
Wilmington, Del.
Assateague Island, Md.
Dover Air Force Base, Del.

National Weather Service
U.S. Coast Guard
U.S. Coast Guard
National Weather Service
National Weather Service
National Weather Service
National Weather Service
National Park Service
U.S. Air Force

These data are available on the DOS Homepage (http://www.udel.edu/dgs/dgs.html)
under the publication section or by contacting the DGS directly.

AppendixC

Weather and Wave Buoy Data

The sources for the weather and wave buoy data from which graphs in the report were
constructed are as follows.

Ocean City Wave Gage

Buoy 44009 "Delaware Bay"

U.S. Army Corps ofEngineers, Baltimore District

National Weather Service, National Buoy Data
Center

These data are available on the DGS Homepage (http://www.udel.edu/dgs/dgs.html)
under the publication section or by contacting the DGS directly.
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