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The Post-Georges Disaster Mitigation Proiect (PGDMl is a joint effort ofthe Organization of American States ( O A S  and the 
US Agencv for International Development (USAID). Its purpose is to enhance local capacity for disaster mitigation on four 
islands which suffered damage from Hurricane Georges in 1998. The objectives of the Project are to 
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Activities under the PGDM build on the experiences and lessons of the USAIDIOAS Caribbean Disastcr Mitigation Proiect, 
which finished in 1999. This Atlas is based on one of the products of the earlier project, the Atlas of Probablc Storm F;fii?cts in 
the Carribbcan Sea, using the same methodology as the earlier work, but with more details and a smaller area of coverage. The 
introductory material from the earlier work has been included, along with somc important additions. 
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Supporting Materials in this Atlas - Includes a short note on the sponsoring project, PGDM. 

-1 Hyperlinks and graphical keys. 

Three pages, for the generalist. 

Describes 5-step modeling process and the underlying mathematics 

Examples of statistical and field validation. - Input Data, Resolution, Interactions, Finite Differences 

-1 The interaction of wind, waves, and surges. 

"Wind," "wave," and "surge" have specific meanings in this Atlas. - Discussion of alternative wind durations and altitudes. - Discussion of measuring waves in a complex system. 

Discuss resolution, min, rnax, 

Supporting Materials on the World Wide Web 
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The maps in this Atlas show potential storm phenomena which are most likely to occur (Maximum Likelihood Estimates, or MLEs) 
over specific time intervals. There are three phenomena: maximum winds, maximum significant wave heights, and maximum 
storm surges. Each of the three phenomena is shown for four return periods: 10, 25, 50 and 100 years. There are five regional 
sections of maps: starting with views of the four islands together, and then windowing-in on Antigua, Barbuda, St. Kitts, and Nevis 
separately. This could be a bewildering array of information, so every effort has been made to help the user explore without 
getting lost. The maps are colour-coded, and it takes no more than two links to go from one map to any other in the Atlas. 

The maps do not show what exists, but what might exist. Indeed, the concept is even more 
restricted than that, since the phenomena shown on a single map could not possibly exist all at 
the same time. 

The figure at right is an example. It shows the magnitude of storm surge most likely to occur 
once in 50 years, on a long-term average, around Barbuda. In any one location, there is only a 
2% chance of such a large surge occurring in any single year, and there is a 64% chance' that 
the value could be exceeded in any particular period of 50 years. Most important, it is 
impossible for all these values to happen at the same time because the sea water must be 
"borrowed from one area to surge up in another. On this map, there are high surges shown at 
the north and south end of the lagoon. The surge at the north would occur as a storm passes 
to the north of the island. The surge at the south might come at a different time in the same 
storm or come from a different storm altogether. 

Hurricane Historical Records 
Since the values shown on a map could not possibly exist all at the same time, in may be useful to think of the map as an array of 
points. Each of these points got its value from mathematical manipulation of the historical record kept by the US National 
Hurricane Center. The historical record includes 1243 tropical cyclones (tropical storms and hurricanes), over the 150 years from 
1851 to 2000, inclusive. 

What makes the maps coherent is that the historical record was processed by an advanced numerical model, TAOS (The Arbiter 
of Storms), which applied basic equations of physics to a digital, three-dimensional topographic map. For the map above, TAOS 
calculated the surge that each one of those 1243 storms would have caused at each location. This required mapping the storms 
as they passed, calculating the resultant winds and pressure, and calculating the fluid dynamics of the sea water as it flowed 
around the coasts and over the depths of a three-dimensional model of the Caribbean until it reached the location in question. 

* ProbaMIIty thatthe 50 year return value will be exceeded at least once In a 50-year 
period: P= I-(?-lmAN. VlMh T=50 and N=50, P = 0.63583 
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Once all the storms had been modeled for a given point, the maximum for each year was selected. That gave 151 maxima, to 
which a smooth curve was fitted. That curve was taken as the probability density function of surge for the given point. The 2% 
cumulative probability was taken as the Maximum Likelihood Estimate (MLE) for the surge with a 50-year return time at that 
location, and the corresponding surge value was mapped for the location. 
Each point on the map was calculated individually in this way. 

And yet the points do fit together. Anyone who has followed storm reports during the 
hurricane season in the Caribbean has developed an intuition for what is likely to 
develop. There is a pattern. 

Recognizing Patterns 
Hurricane Marilyn and Hurricane Gilbert are examples. Although they were not 
predictable, they were both, in some way, typical. Previous work7 has shown that they 
both moved through areas where hurricanes are likely to pass: Starting east of 
Barbados, they passed over the northern Windward Islands before diverging to a 
southern pathway over Jamaica and a pathway curving north of Puerto Rico. 

Click for enlargement 

Both Marilyn and Gilbert started in the Western Atlantic and passed just north of Barbados. This pathway is sometimes referred to 
as "Hurricane Alley." The Hurricane Alley is far enough south for the sea water to have warmed to 27C, a critical temperature that 
sustains convective clouds which move along with the trade winds. The Alley is also far enough north for a strong Coriolis effect, 
and it is far enough west for the Coriolis effect to have had time enough to twist convective clouds, moving with the trade winds, 
into circular storm systems. These storm systems are tropical cyclones, and the strongest of them, in the Caribbean, are the 
hurricanes. This part of the pattern is already well-known. 

The present work examines the pattern, in detail, for four islands in the northeast corner of the Caribbean. This area is called the 
Leeward Islands for historical reasons, but the islands are actually not in the lee of any larger landmass that could shelter them. 
Not only do they get the full trade winds, they are also right at the edge of Hurricane Alley. Storms are frequent, but the strongest 
storms tend to pass a little to the south. The counterclockwise winds of the major storms tend to sweep the islands from the east. 
Waves from the storms diffract between the islands and crash on shore. The winds, waves, and pressure differences pile up 
surge in one area or another, moving along as the storms move. The storm surge affects the waves in turn, drowning reefs and 
beaches, floating the waves higher and farther. The Atlas shows the probable results of all these factors together. 

t Atlas of Probable Storm Effects in the Caribbean Sea, Issued in 2000, available 
on the web or from The Organization of American States 

5- 
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Interpretation of Maps 
The input topographic data has a nominal resolution of 6 arc-seconds (approximately 182 meters). This database was produced 
by expanding an existing database at 30 arc-seconds and modifying it with bathymetric data from nautical charts and topographic 
data from separate maps of the four islands. It should be kept in mind that the source data had originally been created for 
different purposes. Details between contour lines or between bathymetric point soundings had to be filled in by interpolation. 

Given the sparseness of the input data, the results are surprisingly good. The maps show all the major reefs, many of the 
lagoons, and even some of the largest man-made structures. The wave and surge patterns on the maps are consistent with 
anecdotal evidence and observations gathered during two field trips. The commentary supplied with the map sets is intended to 
stimulate discussion; users familiar with the study area will be able to take the discussion much further. 

The key to interpreting the maps is to look at each area in context and in the light of experience. For instance, the maps of 
Antigua show storm surge coming deep inland at Parham Bay on the northeast, and this is plausible because the bay is shallow 
and the coast is low. This same area may be subject to flooding from rain-water runoff, from the center of the island, but the 
maps do not address that question. Local residents may have observed how the two floods combine. 

These maps are not designed to be queried out of context, on a cell-bycell basis. Doing so would create a false impression of 
accuracy which cannot be delivered from the input data available at this time. The accuracy necessary for design of civil works 
can only be obtained from an analysis at a higher resolution (3 arc-seconds or better), which requires a significant investment in 
high-resolution bathymetry and elevation data. OAS has done several high-resolution studies with good success. Evaluation of 
these studies shows that the results are consistent with the results obtained in this Atlas and the methodology is valid across a 
wide range of resolutions. 

The information contained in this Atlas enables emergency managers and physical planners to better understand the probability of 
occurrence of winds, waves, and surges, and their impact on the coastal area. Areas of higher risk from one or more of these 
hazards may require specific development policies or building standards. Emergency management plans will need to pay special :. 
attention to settled areas or critical infrastructure located in areas of high risk. 
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Modeling Sequence 

Slight variations in storm track can make large differences in the effects a storm has on one area. For any given 
location, a hurricane passing fifty miles away may cause the same winds as a moderate tropical storm passing 
right overhead. To build a statistical model which included this effect, it was necessary to model in five steps: 

1. For each grid cell in the study area, the TAOS model calculated local wind effects for each storm in 
the tropical cyclone database (1243 historical events recorded in the Atlantic as of December 2000). 

2. The TAOS model results were filtered to yield a set of annual maxima, because it is common to 
have more than one storm per year affecting a site. Since summer storm seasons are separated by 
winters with different weather conditions, the system "resets" every year and the annual maxima may 
be taken as realizations of independent and identically distributed (I.I.D.) variables. 

3. The set of annual maxima went through a maximum-likelihood-analysis to generate the optimal 
estimates of parameters for a two-parameter Weibull distribution. The inverse of the Weibull 
distribution function produced maps of probable maximum winds for specific return periods. (This 
process is covered on the next three slides.) 

4. Synthetic storm tracks (not necessarily parallel) were created using winds from the Weibull 
distribution for the return period of interest as fitted in Step 3, above. Surges and waves from these 
model storms were used to create the event data sets. 

5. The results were then backchecked against the pure statistical distributions to ensure uniformity 
and physical plausibility. In this process, 

Winds produced by the statistical process and the winds produced by the TAOS model 
should be identical. 

Waves produced by the statistical process and the waves produced bv the model should 
match in areas of deep water. In shallow water, the modeled'values take precedence because - the statistical approach can not account for all the effects of local configurations. 

Surges are taken from the model because they are affected by waves and local 

W E  configurations. 
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Once the Weibull distribution has been calculated for the annual maxima at a location, The Maximum Likelihood Estimator 
(MLE) of the return period wind is obtained by inverting the cumulative distribution function at the appropriate percentile: 

Where 
90th percentile, 10% probability per year, implies wind speed with 10-year return period, 
96th percentile, 4% probability per year, implies wind speed with 25-year return period, 
98th percentile, 2% probability per year, implies wind speed with 50-year return period, 
9gth percentile, 1 % probability per year, implies wind speed with 100-year return period 

To obtain simulated confidence limits, realizations of (a, P) are generated according to its asymptotic distribution, the corresponding 
return-period wind speed is computed, and then the values are sorted to extract suitable limits reflecting the uncertainty in estimation. 
General principles of maximum likelihood estimation can be found in standard graduate mathematical statistics books. The 
simulation process is straightforward (Johnson, Multivariate Statistical Simulation, Wiley, 1987). This approach has several strong 
points: 

Tested against other distributions. The two-parameter Weibull distribution is used for annual maxima. 
Consideration of potential competing lognormal and inverse Gaussian distributions revealed the relative superiority of the 
Weibull distribution. Goodness-of-fit tests applied throughout the Atlantic Basin (over 600,000 locations) demonstrated 
the adequacy of the Weibull distribution. 

Not dependent on individual storm seasons. The annual maxima are treated in the ffling process as independent 
and identically distributed variates. Extensive consideration of lag correlations reveals linle regularity in cycles relative to 
noise. The general "storminess" of a specific year is not a factor. 

Not dependent on sets of storm seasons. In terms of data "quality," sensitivity analyses support the use of the full 
historical data set. Supposed diMculties with the "older" events are not reflected In analyses with various subsets of the 
data. Hence, there appears to be no gain for dropping pre-1950 data. In additlon, recent research has added to the 
historical data by searching records as far back as 1851. This expanded the data set of storms by about 30%, but the 
MLE values shined by less than 2% when recalculated with the new information. 

Not dominated by the slngle most extreme event at a particular site. This is quite comfortlng in view of the need to 
smooth the storm history to regions that have not experienced many extreme events. The Weibull fitting methodology 

E M  
provides an indirect smoothlng that appears reasonable and is consistent with the historical record. 
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Below is an example of the Weibull curve fitted to the HURDAT historic record for a project completed in 1998. For each storm, the 
TAOS model calculated the winds produced over downtown Kingston, Jamaica. The winds were grouped by years, and the peak 
wind for each year of the 112 years in the database selected. Then the 112 peak yearly winds were grouped for this histogram. 

Histogram of Historic Occurrences 

Two-Parameter Weibull fit 

.. . .. .- - 

Peak Wind Speed for the Year: Knots 

Note: The definition of MLE used in this study is consistent with the definition commonly used in 
building codes such as the ASCE-7tt. MLE values can thus be used in the formulas suggested in the 
codes. Since the MLE values corresponding to a given return period can easily be exceeded during 
that period (the 50year return MLE for wind speed has a 64% probability of being exceeded), higher 
estimates, corresponding to more stringent prediction limits (75%, 90% or 95%), may be called for 
when planning or designing facilities that need to withstand even the most unlikely events. 

t f ~ n d  Loading Standards produced by the American Society of Civil Engineers, 1998 
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Statistical Validation 

The Arbiter of Storms (TAOS) is a computer- 
based numerical model that produces estimates 
of maximum sustained wind vectors at the 
surface and still water surge height and wave 
height at the coastline for any coastal area in 
the Caribbean basin. 

Model runs can be made for any historical 
storm, for probable maximum events, or using 
real-time tropical storm forecasts from the US 
National Hurricane Center (NHC). 

TAOS is integrated into a geographic 
information system (GIs), which eases entry of 
model data, enables the presentation of model 
results in familiar map formats and allows the 
results to be combined with locally available 
GIs and map information. 

TAOSlC Imin DTM Observed vs Computed Peak Surges 
460 Obacrvatlons 

(18 US AtlanUclQulf Hurricanes) 

o. m r.m 2.m 4.w S.W 8.03 7.m 8.w 
8e.l Fit Unr 

y = 0.882~ + 0.0149 R' = O.we4 
0 b . W  

~ ~~p 

The TAOS model has been tested extensively against hurricanes and typhoons around the world. 
There are 460 observations on the US Gulf and Atlantic coasts, 36 observations in Hawaii, 42 
observations in the Caribbean, and 28 observations in the remainder of the world (such as Japan, 
Taiwan, India and Bangladesh), for a total of 566 peak surge observations from 27 storms 
worldwide. Including comparisons with hourly tidegauge readings, there are over 1200 
observations in the TAOS verification database. From this, TAOS appears to generate results 
within 0.3 meters (less than 1 foot) 80% of the time, and less than 0.6 meters (about 2 feet) 90% 
of the time. The scatter plot above shows the results of US mainland storm surge comparisons. 
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Field Validation 

Because the TAOS model uses basic physical 
relationships, it works across a wide range of 
scales. 

For instance, a study was done of the west coast of 
Dominica, using a resolution of 30 meters. In 1995, 
as the study was nearing completion, Hurricane 
Marilyn visited the island. 

A field visit several weeks later found that sea walls 
had been undermined and the coast road had been 
eroded in the places the model had predicted to 
have severe waves crashing on shore. 

The model had accurately predicted damage areas 
as small as two to three cells wide, areas only 60 to 
90 meters across. 
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Input Data 

The elevation values used to develop this atlas come from on two major sources: one source for land and another source for sea. 

The shape of the land was developed from digitized 
topographic maps provided by University of the 
West Indies, St. Augustin, Trinidad. The source 
maps used contour intervals of 25 or 50 feet, 
depending on the island. 

The shape of the sea bottom was developed from point soundings 
taken by this author from digitized nautical charts. Although soundings 
were marked to the nearest tenth of a meter, it was clear that many 
values were simple conversions from old data which had only been 
recorded to the nearest fathom. In addition, the distances between 
soundings varied considerably. 

Parham Sound, Antigua 

The land surface had to be 
interpolated between contour 
lines 

, ' 
Point soundlng roads "7.3 moton," Polnt sounding8 ~nda&tor contour line8 appear 

8pa~0d about but It viu8 probably converted hom to derive from point 8oundlng8, 

SM) meter8 aparl 4 iathoma, recordad In 1949 They w e n  probably Interpolated 
and added at tho draftlng table. 

The sea bottom had to be interpolated between point soundings 
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Input Data (continued) 

Unfortunately, the most sensitive areas in this Atlas, by far, are near to sea level: not just the coastline, but also shallows and low 
ground. This is the interface between water, air, and land where the waves and surge do their work. But, because the bathymetry 
was originally compiled for navigation, many reefs were simply marked as hazards and not depicted in detail. On the other hand, the 
topographic maps only showed elevations by means of contour intervals (25 or 50 feet, - 8 or1 5 meters, depending on the island) 
and a handful of benchmarks. That format does not record low-lying rocks, salt flats, and beaches. 

This deficiency was corrected 
fieldwork and hand editing, 
where possible. 

Field work revealed . . 

Signs of flooding, lncludlnp 
debris In tree branches, 
s a n d  and gravel drlfts, 
.crushed automobllos \ 

. 
Block Mangroves, Rod mangroves, 

whlch grow in shal~ow 
Ocean-oolng frelght boat, 

indlcatlng hlgh aground and abandoned 
sallne,satumtod solis salt water 

. Wharf destroyed by wave action 

.Shore eroslon and 
signs of storm surge 

Hand editing of the 
input topography gave 
realistic model results for 
shallow and low-lying 
areas such as these. 



Known /SSU~S Slide 315 Input Data, Resolution, Interactions, Finite Differences 

Resolution 

The resolution of the maps is 6 arc-seconds (182.5 meters or less, depending on latitude and orientation). This gives 25 times as 
much information per unit area as the Atlas issued in 2000. Some major civil works appear at this resolution, but not all. 

Areas with high capital investments may need to be modeled at higher resolution, with specialized models for coastal 
engineering. 

INCLUDED ! NOT INCLUDED 
i 

channel and yacht basin at Jolly Harbour, Antiaua 

Examples 

The breakwaters onshore of - 
Plnney's Beach were too small 
to show. Slnce the 
breakwaters were designed to 
affect waves adlon, thls area 
may need speclal attentlon 

The wharf at Long Polnt 
was long enough to show, 
but not broad enough. 
Bealdes, it Is expoaed to 
deep water on three aides. 
so model results are 
plausible here. 

channel on south side of ~almouth Harbour, ~nt lgua Also too small to Include were 
channel to Crab's Peninsula, Antigua L dock at Martello Tower, Barbuda 
landflll at Port Zante, St. Kltts, breakwater at North Friaate Bav. St. Kltts 

ail other artlflcial features. 
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Interactions 

The phenomena included in this Atlas are winds, waves, and surge. The TAOS model calculates them by simultaneous equations, 
so it accounts for the interactions between the three phenomena as well. Specifically, wind and waves influence surge, while 
surge influences waves in return. This is important in areas where storm surge "drowns" protective reefs and allows larger waves 
than usual to penetrate close to shore. This interaction is well modeled. 

On the other hand, rainfall and freshwater runoff are not in this Atlas. The TAOS model can calculate rainfall from moment to 
moment for each cell in the study area, but modeling runoff would require a specially-detailed topographic model which was 
beyond the scope of this study. 

Because of this, there is no explicit modeling of combined flooding from rainwater and seawater. This should be kept in mind for 
areas were elevated sea water may retard the drainage of rainwater and aggravate flooding in areas which are above the storm 
surge. 

Example: 
Frigate Bay, St. K i s  

This is an enlargement of the map of IOO-year storm surges 
possible on St. Kitts. 

Surge height in North Frigate Bay is expected to reach near 
1.29 meters. Waves would be over 2 meten high, and 
there might be wave runup onto the land, a detail that could 
not be modeled at this resolution. 

This traffic roundabout is on low ground between high hills 
to the northwest and southeast. Extreme rainfall during a 
hundred-year storm would be sure to accumulate here. 

The rainwater would probably not drain well in the direction 
of North Frlgate Bay because of the elevated sea there. 
Floodlng might be aggravated, and flow might concentrate to 
the south, possibly eroding temporary channels. 

Thls scenario is speculative, because the resolution and 
model constraints for thls project could not provide such 
detall. 
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Finite Differences 

The model was run a finite number of times to approximate an infinite number of possibilities and the map was divided into cells 
with finite size. This is known as the method of finite differences. Although the model ran hundreds of times and there are 
hundreds of thousands of cells, the finite differences cannot produce perfectly smooth results. 

This leaves some irregularity in the maps of waves, but the problem is more apparent than real. 

Example: 60-year waves 

This map shows the maximum 
effects calculated from a finite 
number of synthetic storms which 
fit the statistical distribution 
derived from the historic record. 

/ 
The tracklines for the synthetic/ 
storms were roughly parallel. 
The map shows hints of this. 

Waves generated at one moment 
reflect off the land and interact with 
waves generated at a different time. 

The interference patterns on this 
map are valid in magnitude, but the 
spatial pattern, the exact location of 
peaks and troughs which shows 
here, is just one of an inflnite 
number of possibilities. 
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A Short Review of Storm Effects Slide 415 

Wind Over Water 
As storm winds blow over the sea, they drag on the water, 
forming waves and storm currents 

In this Atlas. wind s~eeds  reoresent I 
sustained 1:rninutehinds at' l0 meters 
above the surface. Wind Stress 

In this Atlas, wave heights are I 
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Components of the Stom surge 

Storm surges in this Atlas include 
astronomical high tide 
pressure setup 
wind setup, and 
wave setup, 

but not wave runup. 

Surge height in this Atlas is measured 
from sea level, not from land surface. 

That is, a storm surge of 1.5 meters 
on land which is normally 1.0 m 
above sea level gives only 0.5 m of 
water depth at that location. 

Wave heights are calculated 
simultaneously with surge. 

(See the discussion of 
sianificant wave heights,) 





Definitions 

WINDS: This Atlas shows maximum wind speeds without wind directions. The winds 
displayed in this product are compatible with "one-minute sustained winds, 10 meters 
above the surface, as reported by the U.S. National Hurricane center (NHC). For a 
brief discussion of converting from one standard of wind measurement to another, click 

+WAVES are the significant wave heights, calculated using the storm surge level as the 
sea level for each time and dace. For a brief discussion of wave measurement and 

*SURGES include astronomical tide and setups from pressure, wind and wave, but not 
wave run-up. Surges over land are shown as elevation above sea level, not water 



Measures of Wind Speed 

The winds displayed in this Atlas are "one-minute sustained winds, 10 meters above the surface," which are compatible with the 
wind speed representation used by the U.S. National Hurricane center (NHC) in its forecasts and reports of tropical cyclones. The 
NHC is designated by the World Meteorological Organization (WMO) as the Regional Specialized Forecast Center for tropical 
cyclones in the Atlantic Basin. 

Internally, TAOS computes instantaneous values for mean wind at the top of the boundary layer, which is effectively the same as 
the 10-minute averaged wind used by the WMO. TO conform to the slightly different "one-minute, sustained winds 10 meters above 
the surface" reported by the NHC, the wind values produced by the TAOS model are then brought down to the surface with 
boundary-layer calculations and converted to "one-minute sustained averages at an elevation of 10 meters." 

Users requiring alternate wind representations may use the following conversion factors to obtain approximate values: 

For example, to get 10-minute winds, multiply values from this Atlas by 0.8125. 

Desired Wind Measure 
Gradient wind speed 
(often taken to be at the flight level of 
the reconnalasance@ne) 
3-second gucover water 
5-second gust over water 
I-minute 'sustained" (NHC) 
2-minute average (ASOS) 
10-minute average (WMO) 

Research is continuing into the relationships between these various measures. Turbulent flow over 
land is particularly complex. and gust factors may need to be site-specific. Further discussion is in 
Simiu and Scanlan, Wind Effects on Structures, 3rd edition, Wiley, 1996, and in Sparks, P.R., and 
Huang, Z., "Wind speed characteristics in tropical cyclones", Proceedings of the Tenth International 
Conference on Wind Engineering, Copenhagen Denmark, 21-24 June 1999. 

Conversion Factor 
1.25 

1.125 
1.0625 
1 .OO 
0.95 
0.8125 

In this Atlas, wind speed over land includes both surface friction (keyed to land cover) and 
topography along the flow path at a resolution of 6 arc-seconds. 

If using wind damage models or building codes which internally Include surface friction or 
topographic corrections, the nearest open-water wind speed should be used as input. 



Comparing the New Atlas to the Previous One Slide 115 

The Atlas of Probable Storm Effects in the Caribbean Sea, issued in the summer of 2000, covers the entire Caribbean 
basin at a resolution of 30 arc-seconds. That is close to one kilometer or one-half statute miles. This first Atlas includes 
magnified map sets of eleven sub-regions, at the same resolution. 

The atlas of the Caribbean contains a large amount of \ The pre&tit wprk, 
information, information that has never been available '',\ Atlas of ~roba6le. storm Effects for AntiguaIBarbuda 
before. But users strained to see details in their home '>\ and St. KittdNevis, 6hay2001, covers only the OAS 
territories, so sixteen selected areas were enlarged even :, members of the extreme nddheast Caribbean, but it is at 6 
further and issued as separate map sets. arc-seconds. This is a resolution fi$e,tipes as fine, giving 

These separate map sets showed less than 100 columns ', 
by 100 rows of data. There was no sense in making further ', 
enlargements. 

Example: Antigua 
at 30 arc-seconds 

twenty-five times as much information foihgiven area. --. 

The imwroved resolution has brought out many important 
details. Consider some examples from Antigua . . . m 
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Antigua, wind speeds, I OO-year return time 
From: Atlas. . Caribbean, 2000, resolution = 30 arc-seconds 

The work at a resolution of 30 arc-seconds was able to 
show that the high hills on Antigua would get higher 
winds than the open ocean. It also showed hints of the 
relative shelter on the west side and at a few pockets of 
hollow ground. Maximum wind on ths frame was 65 
mls, minimum was 40 mls. 

There is much more detail at 6 arc-seconds resolution. 
The hills on the southwest are resolved into windy ridges 
and sheltered valleys, with distinct differences between 
eastern and western slopes. Maximum wind in this frame 
was 60 mls, minimum was 28 mls. 

The decline in the maximum wind may be attributed to 
finer modeling of the hurricane structure. The decline of 
the minimum may be attributed to finer modeling of the 
topography, which detected small sheltered areas. 
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Antigua, Wave Heinhts, 100-vear Return Time 

At 30 arc-seconds, the model only showed the largest At 6 arc-seconds, the wave model dissipated some energy on the 
areas of shallow north and west of the island. Waves barrier reefs before attenuating in the shoals near shore. Maximum 
broke offshore in those places. Other parts of the was 8.1 m, minimum was 0.1 m. 
coastline appeared to bear the full force of the deep- 
ocean storm waves. Maximum on this frame was 7.2 The increased maximum reflects better modeling of the hurricane 
m. minimum was 2.1 m. eye wall, as well as convergence between the cell size of the mao 

and the wavelength of the deep ocean waves. 

The lower minimum value applies to wavelets on shallow sheets of 
water surging overland, a factor that is much better modeled at this 
resolution. 
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Antigua, Surne Heinht. 100-year Return Time 

At 30 arc-seconds, the surges around the north of Near-shore surges are similar in the new model, but at 6 arc- 

the island show clearly. seconds, they are modeled in sufficient detail to show overland 
surge at the head of shallow bays. 

Surges offshore are artificially high because the 
model was optimized for near-shore conditions. Maximum is 2.93 m, minimum is 0.48m. The higher maximum 

occurs where the finer model shows water suraina uo onto a low " - .  
Maximum on this frame is shoreline. The larger area of low values reflects better modeling - 2.6 m, minimum is 0.4 m. of storm currents in deep water. 
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The Atlas of Probable Storm Effects in the Caribbean Sea, issued in the summer of 2000, was based 
on an historical record of 973 storms recorded in the 114 years from 1885 to 1998, inclusive. 

Recent research (which became public in 2000) has made it possible to push the historic record back to 
1851. Wlth this new data, the historical record holds 1243 storms in the 150 years from 1851 to 2000, 
inclusive. This is an increase of about thirty percent, both for the number of years and for the number of 
storms, but the MLE values shifted by less than 2% when recalculated with the new information. 

The present work, Atlas of Probable Storm Effects forAntigua/Barbuda and St. Kitts/Nevis, uses 
the new, expanded historical record. 



Quick Guide 
to Reading the Maps 

Slide 1/4 
Here is a map of probable 
maximum winds over the 
Leeward Islands. (1 00-year 
return time.) 

Colours indicate wind speed, as 
shown on the key below the 
map. These winds would not all 
occur at the same time: different 
storms would cover different 
areas. 

Winds are strongest on the south 
edge of this map. 

Wind direction is not indicated, 
but it is important to remember 
that hurricane winds go counter- 
clockwise, so the winds of a 
hurricane passing to the south 
would blow most strongly on the 

V \ 
south and east sides of the hills. \ \ < 

\ 
In addition, the winds would have to speed 8 

\ 

windward and lee sides would be 
accentuated during a storm. 



winds would be catego<. 

, 
Max 



Quick Guide 
to Reading the Maps 

Slide 3/4 

Here is a map of waves around 
Antigua. (100-year return time.) 

Wave heights are measured from 
trough to crest for a typical wave. 
This is called Si~nificant Wave Hei~ht. 

Deep-sea waves break as they come 
into shallow water, so the shallow 
water limits the maximum possible 
wave height. If the shallows are wide 
enough, with sandbars and offshore 
reefs, they protect the coast. 

Waves may approach from different 
directions at different times, so a reef 
may offer protection at one time and 
not at another. For instance, it 
appears that heavy seas can get in 
behind Cade's Reef from the west, - - 
sometimes. 

Seeing the pattern is more 
important than knowing the 
exact values. 



Quick Guide 
to Reading the Maps 

Slide 4/4 

Here is a map of Storm Surge around 
Antigua. (100-year return time.) 

Storms move sea water by a 
combination of effects. As this slowly 
moving water comes up against the 
land, it funnels into bays and moves 
up over low ground. It is ironic that 
surge is greatest in places that offer 
shelter from waves. 

Surge is shown as elevation above 
mean low water, not depth of water 
over land. That is, 

a surge of 1.5 meters 
over land 1 meter elevation 
implies water depth of 0.5 rn. 

Showing surge as elevation above 
mean low water makes it possible to 
show how the surge rises up in the 
ocean before affecting the land. 

Seeing the pattern is more 
important than knowing the 
exact values. 

shallow, and the land to 
the southwest is low and 
smooth. These are ideal 

e - . .. Heights -. . . . . . . . . . , . 3=77 . ~ -4 

I 



Antigua 
Topography 

Points of Interest: 
1. St. John's: Main town, with the harbour at the 
end of a deep Inlet. includes commercial, 
recreational, and fishing facllnles. 

2. Parham: Town and harbour at the end ofa 
broad shallow bay Important desal~nzation 
ana power plants at Crabs Peninsula. 2 Km 
northeast of the town. Flood plaln west of town. 

3. English and Falmouth Harbours: 
International yachtlng centers. 

4. Jolly Harbour: Major resort complex with 
hotel on beach and yacht harbour dredged from 
natural lagoon. 

Notes: 
1. Roads are shown for visual reference only. 
2. Waves and surges for Points of lnterest 
are reported from the nearest cell offshore. 



Winds 
Probability 10% /year, 
10-Year Return Time 

Antigua 
1. S t  John'a 

Downtown 
East slde of town 

2. Patham 
Desallnlzatlon plant 
Waterlmnt by town 
Hill above town 

3. Engllsh and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat basin 
Beach fmnt 

31 mls 
29 mls 
33 mia 



Waves 

Probability 10% 1 y 
10-Year Return Tin 

Antigua 
1. SL John's 

Waterfront by market 
North of Rat Island 
Cruise Ship terminal 
Week Point 

2. Paham 
Desallnlzatlon plant 
Waterfront by town 
Flood plain west of town 

3. English and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat basin 
Beach front 

ear, 
?e 



Surges 

Probability 10% 1 y 
10-Year Return Tin 

Antigua 
1. St. John's 

Waterfront by market 
North of Rat Island 
Cruise Ship termlnai 

2. Parham 
Desalinization plant 
Waterfront by town 
Flood plain west of town 

3. English and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat bash 
Beach front 

Mln Max 
Note: wroes aro reported a8 elevation above 8ea level, not depth of mler. 



Winds 

Probability 4% 1 ye 
25-Year Return Tin 

Antigua 
1. St. John's 

Downtown 
East side of town 

2. Parham 
Desalinization plant 
Waterfront by town 
Hill above town 

3. English and Falmouth Harbours 
Nelaon's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat basin 
Beach front 



Waves 
Probability 4% / ye 
25-Year Return Tin 

Antigua 
1. St. John's 

Waterfront by market 
North of Rat Island 
Cruise Ship terminal 
Week Point 

2. Parham 
Desalinization plant 
Waterfront by town 
Flood plaln west of town 

3. English and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat basin 
Beach front 

ar, 
ie  

Max 



Surges 

Probability 4% 1 ye 
25-Year Return Tin 

Antigua 
1. S t  John's 

Waterfront by market 
North of Rat Island 
CNlse Ship terminal 

2. Parham 
Desallnizatlon plant 
Waterfront by town 
Flood plain west of town 

3. English and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat basin 
Beach front 

Mln Max Note: surges are reported as elevation above sea level, not depth of water. 
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Surges 
Probability 2% 1 ye 
50-Year Return Tin 

Antigua 
1. St. John's 

Waterfront by market 
North of Rat Island 
Cruise Ship terminal 

2. Pamam 
Desalinlzatlon plant 
Waterfront by town 
Flood plain west of town 

3. English and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat basin 
Beach fmnt 

Sur 

Mln MIX Note: wrpes are reported as elevatlon above sea level, not depth of water. 



Winds 

Probability 1% 1 year, 
100-Year Return Time 

Antigua 
1. S t  John's 

Downtown 
East aide of town 

2. Paham 
Desalin~zatlon plant 
Waterfront by town 
Hill above town 

3. English and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat baaln 
Beach front 



Waves 

Probability I %  / year,, 
100-Year Return Time 

Antigua 
1. St. John's 

Waterfront by market 
North of Rat Island 
Cruise Shlp terminal 
Week Point 

2. Parham 
Desalinization plant 
Waterfront by town 
Flood plain west of town 

3. Engllsh and Falmouth Harbours 
Nelson's Dockyard 
Falmouth SE 
Falmouth NW 

4. Jolly Harbour 
Channel entrance 
Inner boat basln 
Beach front 

- 
Max 
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Barbuda 

Topography 

Points of Interest: 
1. Codrington: Main town, on a lagoon, with airstrip on the south 

2. Palmetto Point: Sandy peninsula with hotel, subject to erosion. 

3. Martello Tower: Dock for sand quarry, currently sewing as the main 
harbour for the island. 

4. Cocoa Point: Resort with private airstrip. Offshore are numerous reefs. 

Notes: 
1. Roads are shown for visual reference only. 
2. Waves and surges for Points of Interest are reported from the nearest cell 
offshore. 

Scale varies 
with output device: 
Letter paper, 8%" X 11" - 11172,000 
15" monitor - 1/160,000 
17" monitor - 1/141.000 
19" monitor - 11126;000 
APPROXIMATELY 

max on 
Bsrbuds 

Orld: UTM Zono 20 
Projection: Transvomo Morcator 
Spherold: Clarke 1868 
Unn of Measurement: Motor 
Merldlan of Orlgln: 63' Wed of Oroanwlch 
Lstltuda of Orlgln : Equator 
Scalo Factor at Orlgln: ' 0.9996 
Falso Co-orde of Orlgln: 500,000 m Eadlng, NII Norlhlng 
Datum: North Amorlcan 1027 
Molodenuky dxldyldz: -11 175 18% 
Resolullon: 6 arcsoconds. (- 162.5 m) 
Tho model used plrOatslrCl0 dlrtancer on the w S 8 4  datum. 





Waves 
Probability 10% 1 year, 
10-Year Return Time 

Barbuda 
1. Codrington 

North side 
Dock 
South side 

2. Palmetto Point 
Inland 
Shore 

3. Martello Tower 
Inland 
Shore 

4. Cocoa Point 
Shore E of airs 
West of point 
Anchorage SW 

trip 

of airstrip 

Meters I= 
I Mln Feet 



Surges 
Probability 10% 1 year, 
1 0-Year Return Time 

Barbuda 
1. Codrington 

North side 
Dock 
South side 

2. Palmetto Point 
lnland 
Shore 

3. Martello Tower 
Inland 
Shore 

4. Cocoa Point 
Shore E of airs 
West of point 
Anchorage Sw 

 MI^ Max 
Note: 8urgea are reported a8 elevation above sea level, not depth of water. 



Winds 

Probability 4% 1 year, 
25-Year Return Time 

Barbuda 
1. Codrington 

2. Palmetto Point 

3. Martello Tower 

4. Cocoa Point 



Waves 
Probability 4% 1 year, 
25-Year Return Time 

Barbuda I. Codrington 
N O G ~  side 
Dock 
South side 

2. Palmetto Point 
Inland 
Shore 

3. Martello Tower 
Inland 
Shore 

4. Cocoa Point 
Shore E of airs 
West of point 
Anchorage SW 

trip 

of airstrip 

Meters 

Mln 



Surges 
Probability 4% 1 year, 
25-Year Return Time 

Barbuda I. Codrinaton 
~ o r ? h  side 
Dock 
South side 

2. Palmetto Point 
Inland 
Shore 

3. Martello Tower 
Inland 
Shore 

4. Cocoa Point 
Shore E of airs 
West of point 
Anchorage SW 

trip 

Of 

 MI^ Max Note: wrges are reported as elevation above sea level, no1 depth of water. 





Waves 
Probability 2% 1 year, 
50-Year Return Time 

Barbuda 1. Codrinston 
~ o i h  side 
Dock 
South side 

2. Palmetto Point 
Inland 
Shore 

3. Martello Tower 
Inland 
Shore 

4. Cocoa Point 
Shore E of airs1 
West of point 
Anchorage SW 

trip 

of airstrip 

Meters E 
li= Mln 

Max 



Surges 
Probability 2% 1 year, 
50-Year Return Time 

Barbuda 
1. Codrington 

~ o g h  side 
Dock 
South side 

2. Palmetto Point 
Inland 
Shore 

3. Martello Tower 
lnland 
Shore 

4. Cocoa Point 
Shore E of airs1 
West of point 
Anchorage SW 

Mln Max Note: wrgee are reported a8 elevatlon above eea level, not depth of water. 



Winds 
Probability 1% 1 year, 
100-Year Return Time 

Barbuda 
1. Codrington 

2. Palmetto Point 

3. Martello Tower 

4. Cocoa Point 

49 mls 

53 rnls 

52 rnls 

53 rnls 





Surges 
Probability 1% 1 year, 
100-Year Return Time 

Barbuda I. Codrington 
North side 
Dock 
South side 

2. Palmetto Point 
Inland 
Shore 

3. Martello Tower 
lnland 
Shore 

4. Cocoa Point 
Lagoon E of ail 
West of point 
Anchorage SW 

rst 

'of 

rip 

'airstrip 

moll Max Note: wroel are reported as elovallon above sea level, not depth of water, 


