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DEPARTMENT OF THE ARMY M 1110-2-1412

U. S. Army Corps of Engineers

DAEN-CWH-W Washington, D. C. 20314-1000 .

Engineer Manual 15 Ap'i'f'il 1986
No. 1110-2-1412 ¢

Engineering and Design
STORM SURGE ANALYSIS AND DESIGN WATER LEVEL DETERMINATIONS

1. Purpose. This manual provides guidance for storm surge analysis
and design and water level determinations in coastal areas.

2. Applicability. This manual applies to all HQUSACE/COE elements
and field operating activities (FOA) engaged in civil works
functions.

3. Discussion. In coastal regions, storm surge analysis is
essential to proper planning and design of engineering works and in
assessing the extent and levels of flooding. Surge induced
primarily by winds associated with storms when combined with other
causes of water level variations, such as astronomical tides, can
raise water elevations significantly above normal levels. Thesge
abnormal levels accompanied by wind generated surface waves pose a
special threat to coastal communities and engineering structures.
This manunal provides guidance for predicting storm surge and
estimating the total rise in water level in coastal areas. All
applicable guidance included in this manual must be used to insure
proper evaluation of design water levels.

FOR THE COMMANDER:

ARTHUR E. WILLIAMS
Colonel, Corps of Engineers
Chief of Staff
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APPENDIX C ~

CRITERIA FOR DETERMINING SPH AND PMH
WIND FIELDS
C-1. General. This appendix summarizes the necessary meteor-
ological criteria presénted in Technical Report NWS 23 (item 57 in
Appendix A} for developing wind flelds in connection with a Standard
Project Hurricane (SPH) and the Probable Maximum Hurricane (PMH).
Details and justification for adopting the various criterions as
presented herein are omitted; however, such information can be
found in the original report. A

C~2. Meteorological Parameters.

_ a. The wvarious metedrological parameters used for describing
hurricane wind fields are identified as:

peripheral pressure (pp)
central pressure (pg)
radivs of maximum winds (R)
forward speed (Vg)

track direction (8)

inflow angle (o)

which were presented in Chapter 1. In defining wind fields it is
also necessary to consider wind speed distribution and thé limits of
rotation of the wind. '

b. All of the parameters, with the exception of the peripheral
pressure pn and the inflow angle «, generally vary along the Gulf
and East Coasts of the United States. As a consequence the National
Weather Service developed a standard chart with distances along the
abscissa with mileposts beginning (mile 0) at the United States-—
Mexico border and ending at United States-Canada border. These
mileposts are adopted for all storm surge studies conducted by the
Corps of Engineers.
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c. The meteorological parameters are to be determined as

follows:
. 4

{1} Peripheral Pressure. For the SPH and PMH the peripheral
pressure pn or the sea-level pressure at the outskirts of the
hurricane is to be taken as 29.77 in. (100.8 kPa) and 30.12 in. (102.05
kPa), respectively. (It is noted'that atmospher_:ic pressure given_,::‘
herein in units of inches {in.) implies inches of mercury.} '

(2) Central Pressure. The lowest sea-level pressure p at the,‘_
hurricane center is determined from Figures C-1 and C-2 for the SPH
and PMH for a given coastal location.

{3) Radius of Maximum Winds. Figures C-3 and C-4, re-
spectively, show the radial distances from the hurricane center to
the regions of maximum winds R for SPH and PMH. It is to be noted
that R can vary in a range between the’ upper and lower llmlts_
specified.

{4) Forward Speed The range of translation speed V¢ of the
hurricane center for the SPH and PMH is shown in Figures C-5 and C-
6.

(5) Track Direction. The permissible range of track direction
6 for the SPH and PMH is shown in Figures C-7 and C-8, respectively.
Categories A, B, and C indicated in these figures refer to forward
speed Vg of the hurricanes. These spéed categories are defined in
Table C-1.

C-3. Pressure Distribution. The mathematical expression for de-
flmng the pressure dlstrlbutlon (1tem 45 of Append.lx A} within a SPH
and a PMH ig: -

(G-1]

in which p is the sea-level pressure at the radial distance r from:
the hurricane center. This expression is used to develop the maxi~




thd ¥} EM 1110-2-1412

15 April 86
> (3. [a] o fo )
~ o “w < ) o o o o
FASTPORT, ME. >  of | \l i | i ] [ | I _
iy —a

o}

BOSTON, MASS ——e——3> O ] - - =
\‘\ .
\ )
O
H — x
NEW YORK, N.Y.———3 \ %
i 7 2
- U
CHINCOTEAGUE, VA.—> o \ pioy P &
- \ " &
, o~ Y
CAPE HATTERAS, N.C—> o[~ . i o
r~
¥ . 0
+0
CHARLESTON, $.0.——> @l ~ B
- * Eha M) — m
pwi
L / 1~ a
'g 9
| e i\ I x .
DAYTONA BEACH. FLA, = ‘o | 3
] x | \ 1. 2 o
§ o) \ Ty o
fY] — = N
TV Y pe—— - 0 \ E: o
- © U
= g = By
W / - Kal
& Iy
FT, MYERS. FLA: °& // : o
e o~ [
TARPON SPRINGS, FLA.~> = = ) .,;
o O
“ = £
APALAGHICOLA, FLA > - ! \ . 1o @
: 4,..
: @ ~ o)
PENSAGOLA, FLA,——> & ‘ — 5
leLon Mmss,——> N 17
A | \T
| L] @]
L . v
LAKE CHARLES, LA~ g
; g _ g]
1 GALVESTON, TEX,———>. : - b
‘ o § f
= =3 o
PORT ISABEL, TEYX, o
o

27. 251"

28.501
28.251
28.00
27.75
27.50-
27.001
26.7 5~
26.50—

'NII 3¥NS$SIAd IVHLINID

C-3




EM 1110-2-1412
15 April 86

{ed%)

(v wTpuaddy Jo 1g we3r) - d aWg Sul Butmous 3oTd 'z-0 eanbrd

GOl X N N 3ONVLISIO

. QE 8T 9T rZ . [ 24 (V)4 ai QL ¥l [ 4} o1 N @ 1 4 !

N = L A O A I O A I T T s sz
0'88 : 0092
\ e e T -

- : _— - —£T°9Z
068 —
004 e

- it \\\\\\ s 9z
016 1 AAANDI HW Omhmn_u.o«‘ :

— , —dvozz
0 B .

o \\\ﬂ ST 2T
0'E6|— . T—0€" 4T
0veF .l.m..h‘&m

, _ _ —00°8Z
P oA M _ e il | oo 41
0§65z %S 2 T S 3 5% =) o2 a7 yE— :
{00 X W) 3ONVLSI

. . . X < i 3 < L . A -1
! > s N Aw F. L n_.m c 3 = m m

b oy . W [} X Py
S g # ¥ g . g = 2 3 g g = .
- = : 3 = g & M s X < 9 ® Z o
e ) P = ja b g & e B = 2 2 @
5 3 © E 3 g s ¢ &z § 8 5 4 3
w m * w x o} o o= v.hnm Q. P-4 ﬂ n. Y W o
&% = = - T . -2 g - 2 z C ¥ il |
M (=) w ¥ =4 < > << . €& T P | = an
% & z & 3 5 g b T B ¥ o B <O g

'NH

JYASSIAL TvHINgD




B e T e T T UV R e e ryepterrs

S e b e o :

(v xrpusddy Jo g walT)
"HAS SU3 JI0J Spurm WnWIXRW O} SNIPEeI JO SITWF[ JaMoT pue Jaddn  ‘g-p aanbty

Or X N> 3ONVESH

15 April 88

EM 1110-2-1412

QE , 87 L . rZ ~NN 0Z al 9L rl 4 ot Lk 9 |4 4 .. QO
T IR LTI T T T T Y
: !
. o o N
_ ‘lligl\\\\\g ;f///! —T
Xl - —
ozt .fw‘w —jot
..hr/ .
il
- gl
QCp— ) R
. - =
- 0z >
I ] 2
.Oﬂ“\\l,i\ | — <
e . ¢ w
- R0 RSN SN SV 4 - : 52 oo ©
.. OSH . _ U] ™
= i !
: TN — e
09— — - z
<
ez
RN L L a b s 2
55 [ T g2 t+Z 02 Ell el B v [w)
o6l H (00 % W) FINVLSIG o
ﬁ A ? 4 A l —
T i ; : L ﬁ —sv =
i _ . d m 3 5 3 !
oaiA _ s 2 S “ A = > S
W @ > - g v z g g . 2 s ¥ O N
— & Sz g = g . - F 3 L L R b
i . A B = e i : £ 5 ¢ 2% g2 g
& Z S < o < & = X 2 r & <
& S > o b w g R ¥ E 5] 9 oo @
5 %) z W W ) - = = o M @ W W > —
< o W X 4 3 b g g g &2 g 5
w < Z 5 ] & 2 b T E & a & 33 g




EM 1110-2-1412

15 April 86

(W)

at

0z

cg

ov

Qs

09

0L

(v ®rpuaddy Jo 1§ WaIT)

“HWd 9G3 £O0I SPUTM WNWIXEBW O3 Snipex JO s3TwI] Iamol pue Jaddn - $-0 saunbrg
. GO X W M) 3ONYLSIO
ot 82 9¢ __¥r o EI . 0T 8t 9L rl Zl ol 9 4 z 9%
H T ~ 1 1
i _ i | | [T R LR N *
A— I I uILW
A, \
hO : ot
[ R3O~ —]
wi
w/\\
\:\\ 7 "
] . — oz
8 A o —
m.wb. —isz
| L 342 : |
X !
%W\\ j ot
- pd | -
g st
ey
. —
ﬁ .
u H _ ! 1 : _ ! _ £ ﬁ 1 _ ! _ [ “ I m 1 ﬁ Il _ or
9% (8 5 v ot o % 52 b 0z ] E & b
GO X ) 3ONYISIO
A
AR T T N H
i ,, S < < , .
4 - | = S TN 5 %
: . > . S A . . tr < Y x
o] @ e . %] % = 4 4 ] o . oW B
= zZ w b 2 T 2 4 A & -
3 . 3 A Z & P z 2 < g S 3
i ; A R = m e 5 4 % ¢ g% A g
g 3 g 5 kS a 2 W ooz 5 2 . 5 o &
5 2 g w z 2 s g 2 2 X w ¥ -
2 2 5 ES g Ed = I - 2 Z 9 x &
& & z & S 5 g = ol g & & 5 3 g

SANIM WOWIXYW 40O snidvy

W Ni




- (v xtpusddy Jo LG wWa3T) "FA JO SITWIT J9moT pue aaddn HdS °g-0 2anbrg
¥ . a
i |
S} (Ol X W M) - 3ONYLSIA
& < ‘g BZ 97 vz zz 0z Bl o ri zt ol 8 9 v z 0
~ 0 T TNy T T T 7§ T
— oy I i '
~ . .
0
& 0 _ i
Ol 1o . -1 —
Wit laamer |/ ol

orr— |

08+— : —

09— u H .&H : \ i 7

(EH/ WAL
d33dS qQAVMEOA

08— ITWTT §3d4dN \m ] O
i g
061 " M, ]
i
09
|
. 4 I .
m i _ | i i i ~ I Mp L £ F 1 _ i _ | i _ 1 _
95 25 + Edd [a]2) 2% 2€ ge S oz El] ] 8 t
(01 X W) FONVLSI
% S S T L1 tro
! : < < |
3 , 3

“ _ A. Z _. iy Y < < ".

I ! > Q . . . = < R o

; > . : = T 9 s

W a = W Z v %] =4 Q ;& G & =

j E s & 2 5 i 4 Y 3

- L ; 7 -

e ¥ g = 5 @ 3 s g g ¢ g 3 o

& = g = = 7 5 =05z i 8 5 o z

& & > o z u Z . ¥ 3 (ST s o @
.5 @ x g w g £ = = g S @ E w Y o

4 g u Y % £ b g R g 5 2 g R

% B = s} S S 3 = LB & < & J G g




EM 1110-2-1412

15 April 86
(dH/WH)
S o o
< (=] (=) o o (=]
S 6 B N e MY o oa o
EASTPORT, ME.———> o T T T T I T 11 :
A : Tlo.
far ]
L. ; 5 =
BOSTON, MASS ———s & { S
! = & A
, | - g
-
K \ \ — 0 84
X D= — : =43 &
. NEW YORK, N, . \ \ = g
b4 7 \ 3 — 0
CHINCOTEAGUE, YA——> - N \ &) =3
C\ N 0
- E \ \ » E
CAPE HATTERAS, N.G—> ol T~ = \ — N O
. — gy
= \ i
R o - 17 N —
f. \ \ n
& . :
CHARLESTON, 8.C.—> B > \ N
b A .
S >
DAYTONA BEACH, FLA. = ‘G | 4 5@
» =+
L 1 z8
= g w =
£l 1 84
MIAM, FLA —————> & a
i @ L4
= 4% & @
: B xeg
2 .
FT. MYERS,  FLa———>  Sp——s - - — /I 9
TARPON SPRINGS: FLA—> /“ = A
e T . :
\ Y
APALACHICOLA. FLA—> - - &
' o] - \‘s o,
PENSACOLA, FLA~-—> = \ ] =]
BILOXl:  MSS, o r - T ‘ © g
. =
[N S —
» < U'D
LAKE CHARLES, LA——> - o
. o
; -~ ]
GALVESTON, TEX,———3 , , : « P
ot
) L= . =] x5
- IPORT ISABEL, TEX.—>
S 1 I T .
- hel L2 h g 3] o~ 2 o
(1¥) 3345 QUVAICH
c-8




7 R & e A 1300 e e T ot 220 3
T e e e T e S T SR e T

(¥ xtpuaddy 3o ¢ walr) '8 HdS 0 sbuex sygemorte UNWIRBW °7-0 3Inbirg

(zOl X Iw N} IDNV1SIQ

16 April 86

"EM 1110-2-1412

ags

08

oLd

AYODILVYD ¥=¥
AdODILY I e
A¥OOIIVI——

--.i(nc;u

ortL

=i
>
]
|
~

ozl

aoe

g S

0ET

[3t]
Bt

(0l X W) 3ONVLSIG

>
-

H.C,—>
FLA. >
FLA~>

VA oe .
5.0 ez
FLA—>
FLA, et
LA——>
TEX,~————>

ME e

NY., ———

MISS, —

BOSTON. MASS —rrrreee
FLA.

EASTPORT,

- NEW TORK,
CHINCOTE AGUE,
CAPE HATTERAS,
CHARLESTON,
DAYTONA BEACH,
FT. MYERS. FLA.
TARPON SPRINGS,
APALACHICOLA,
PENSACOLA,
BILOXI,

LAKE CHARLES,
GALVESTON,

MIAMI,

9L

TEX, ——>

PORY ISABEL,

(Bep) NOILDI¥IG NOVYL



EM 1110-2-1412
15 April 86

(¢ xtpusaddy Jo LG ﬁmuﬁu g HRWJg Jo sbued sTeMO]TE UNWTXE
. (Ol X W N) 3DNYLSI

'g-0 danbrE

0L 1234 G ¥z ZT or gl QL ¥i (41 ol I 9 ¥ & 4
[T | _ RN T TITTTTT Y
Uz Ki glt _ Zl gl kTF_ £t :2_: olt Tw_ 8 |l k|0 w_ v m~_ Z| | L
| . M ON TINIWDIS T I ISVOD 0s
i
| A -
A .X\\\ i.i\ Z ./ _ N . \“I. og
] ~ e L7
w v | e .\\.
] | | - -
—I55ILvo %X i “ | oLt
> : b .
3 A409IIVI— m TN N _
v A309ILVI—— —\\ l....ll),? :
T Tan3osr | m v ¥ "4 ort
; | ' El H WV
H. | ¥ WY i ﬂ o
- A . = - 21
Ny X + = -1 / b
LA ra¥ ! A
m | - : 00¢
m b j g
| . | |
RN " 40 0€z
A uVaEn
: M 1 . ) ‘ ' .
. | | m | t _ | MEEUE ] |
ilm_r._p 26 T i o_v _ 3¢ B _Lfmm - : n_m : gl =l ﬁ g _ b 0%c
anm X P IONVLSIA
A A A A A A A
! ,m o i b | U I }
! : 1 < ! 5 ; 3 o : M ._A.
W w U g AR R SR A 3% 5
¥ & z W€ M & & 8 g =i g = -
. = . o . 1} ') . A & - - 3
& i - c < : g8 ¢ 3% : 2 &
g S - o 1 U iz . o= 3 9 K] @ -
= G = 2w g e i =& 3 23 y % i
g 3 ¥ F = i x : r F & 3 = & &

(‘Bap) NOILDIYIA MIVYL

C-10




EM 1110-2-1412
16 April 86

Table C-1

Speed Categories Used in Determining
the Relation Between V¢ and @,

Speed Category Forward Speed
——-A 6kt < Vg < 10 kt

SPH B 10 kt < Vg < 36 kt
i Vf < 36 kt

——-A 4 kt < Vs < 10 kt

PMH B 10 kt F Vg < 36 kt
S Vf > 36 kt

mum gradient wind speed as given in the subsequent section. In ad-
dition, this expression is used to develop a relation for evaluating
the pressure setup which is covered in Appendix D.

C-4, Wind Field Specification. This section 1is concerned with es—
timating the winds 10m (32.8 ft.) above the water surface and the
modification of wind when the rotating wind crosses overland areas.

a. Overwater Maximum Gradient Winds. The maximum gradient
winds (Vgx) are the peak hurricane winds blowing parallel to the
isobars under conditions of circular motion., Aan expression for this

wind {see Chapter 12, NWS 23 {item 57 of Appendix &) for derivation)
is '

V.=K(p ~p)¥_ RE c-2
gx -~ Pp 7 By 2 [C-2]
in which f is the Coriolis parameter and K is a coefficient that is

inversely proportional to the square root of the air density just

above the water surface. Because air density is influenced by sea-

C-11
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surface temperatures K is dependent on. the earth's latitude.
Figures C-9 and C-10 show the relation between the coefficient X
and latitude for three units of measurement for the SPH and PMH,
respectively.
!

b, Overwater Maximum Winds ¢ in a Stationary Hurricane. The
maximum 10-m, 10-minute averaged winds for a hurricane at rest
(Vxks) have been found from observations .to be a fixed fraction of

the maximum gradient winds Vgx- The adopted empirical relations
for defining the maximum wind is

and :

Vs = 0,95 Vgx . for PMH . (C-4]
C. Overwater Maximum Winds in a Moving Hurricane,

{1) An asymmetry factor must be added to the maximum winds in
a stationary hurricane to account for a moving hurricane For a
moving hurricane, the maximum wind Vy, .for the SPH is:

Vim = 0.9 gy + 1.5 (Vg™ %) (Vg™ ") cos B [C-5]

and for the PMH

Vem = 0.95 Vgy + 1.5 (V£*%%) (Vg% %) cos p [C-6]

in which Vfo = 1 wheh units are in knots, 0.514791 when units are-’
meters per second, 1.853248 when units in kilometers per hour, and .
1.51556 when units are in miles per hour. The angle B8 is the angle .
between the hurricane track and the maximum surface wind vector,
At a particular position in the right rear quadrant of a hurricane
the maximum wind can blow in a direction parallel to the track
direction, and in this case g =0 and cos B =1. However, the region

of maximum winds are allowed to occur at any position between 0 .
degrees and 180 degrees clockwis_e from the track direction. The :.

latter limits of rotation of the wind fields were adopted based on
observations from past hurricanes.
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(2) In previous discussions, the wind relations given provide
estimates of the maximum winds. A general expression for
estimating the wind speed V. at any radial distance r from the
hurricane center is:

!
0.63

Ve = Vg + 1.5 (VN (Veo"" ¥} cos B [C~T]

in which Vg5 is the wind speed in statiopary hurricane at radius r.
Figure C-11 shows the relative wind speed ratio Vg/Vyg versus the
distance r outward from R for various radii R. Figure C-12, on the
other hand shows the speed within the radius of maximum winds.

d. Wind Inflow Angle. As indicated in Chapter 1, winds blow
spirally inward toward the hurricane center. The angle between a
tangent line on an isovel circle and the associated wind vector is
defined -as the wind inflow angle «. The inflow angle in degrees
versus the distance from. the hurricane center is shown in Figures
[C-13] and {C-14] for the SPH and PMH, respectively, for various
radii R. . -

€. Wind Modification Due to Frictional Effects. When revolving
hurricane winds begin to sweep over inundated coastal terrain the
winds lose speed due to increased surface friction. At the coast
there is an abrupt decrease in wind speed and as the wind continues
to blow overland the wind speed is further reduced until finally an
approximate state of equilibrium is reached where no further
reduction occurs. After the wind circles back over the ocean, or
encounters a water bhody such as an embayment, the wind speed
begins to increase and if the wind travels over the water surface
for a sufficient distance it is essentially restored to its full
strength. In general, the reduction of wind speed in inundated low-
lying land areas due to frictional effects can be determined from

Vi = krvr {c-8]
where Vi is the wind speed .adjusted for frictional resistance and k

is the surface friction coefficient. Figure C-15 shows the
variation of k with distance along the wind path for four different

C-14
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Figure C-15., Schematic of near shore frictional adjustments.
(item 57 of Appendix A)

roughness categories which are designated as over water, awash, and
rough terrain. According to technical Report NWS 23, awash is
defined as normally dry ground with tree or shrub growth, hill
dunes, which are noninundated: land--relatively flat noninundated
terrain or buildings; rough terrain--major urban areas, dense
forest, and mountains with abrupt changes in elevation over short
distance. It 1s to be noted from Figure C-15 that the surface
friction coefficient k varies only over a distance of 10 nautical
miles when wind blows from water to nonwater areas or from
nonwater areas to water areas.

g. Adjustment of Wind Speed for Filling Overland. When the
hurricane center or eye crosées the coast and moves into inundated
land areas the winds speed‘decrease due to filling. This weakening
of the hurricane may be approximated by reducing the overwater SPH
and PMH wind speed values by an adjustment factor. This factor has

' c~19
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been derived for three separate geographic regions A, B, and C. The
adjustment factor for these regions are shown in Figure C-16 and
the geographic regions are shown in Figure C-117.

¢

20— ' —

30 ]

(2D’

4ol 7 —

ADJUSTMENT FACTOR

. 1 . J |
0 5 10 15 20 25 30

HOURS AFTER LANDFALL .
Figure C-16. Smoothed adjustment factc_:r curves for reducing
' hurricane wind speeds when center is overland
for three geographic regions defined in Figure
C-17. (item 57 of Appendix A)
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f. The Stalled PMH, A slow moving PMH is defined as being
stalled when the forward speed Vg < § knots (9km/hr). Wind speeds
decrease with time after stall provided that the forward speed is
maintained in the stalled range, The’ percentage decrease in the
winds for a PMH with time after stall is shown in Figure C-18. The
curve provided in this figure is applicable along the gulf and east
coasts south of Virginia-North Carolina border (milepost 2260),
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Figure C-18. Stalling adjustment factor curve for the PMH to
be used south of the Virginia - North Carolina
border (36.5° N). (item 57 of Appendix A)
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APPENDIX D

ATMOSPHERIC PRESSURE SETUP
In Chapter 1, it was noted that atmospheric pressure variations over
the sea cause the water level to rise if areas of low pressure and
fall in areas of high presgsure. This appendix is concerned with
estimating the amount of rise attributed to the decrease in
atmospheric pressure associated with hurricanes. A rise in water
due to the pressure effect is commonly referred to as “pressure

setup”. The response of the water to pressure is like that of an
inverted barometer and thus also frequently is referred to as the
"inverted barometer effect". An expression for the atmospheric

pressure in a hurricane was given in Appendix C (see Equation [(C-1})
as

-R/r

P=D,+(p, - D) e [D-1]

in which p is the pressure at a radial distance r from the hurricane
center; P, is the central pressure; Pn is the peripheral pressure;
and R is the radius of maximum winds. Eguation (D~-1] may be
readily written in terms of the rise in water level at any distance
r from the hurricane center, or specifically

~R/r

€= 1.14 (p, - p,) (1 ~e /¥ [D-21

in which & is, as before (Chapter 1), an equivalent head of water in
feet when the pressures P, and Pg have units of inches of mercury.
A certain lapse of time is requlred for the water to respond to a
change in sea-level pressure, thus pressure setup is a tine
dependent process which requires that water in higher pressure
areas be transported to the lower pressure area. As a consequence,
Equation [D-2] is considered more valid for slow moving hurricanes
and in regions where the water depth is relatively deep. In shallow
coastal areas the equilibrium pressure setup, as predicted by the

b-1

T e T T e e ek
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expression given, would be seldom reached due to the effects of
bottom friction, Generally, the pressure setup effect can be
neglected in shallow bays and estuaries. The gradient pressure
setup which appears in the equationss;of motion as given in Chapter 1
can be expressed from Eqguation {C=2] as:

I R _gr/r

am 1.14 (pn - po) oz e cos B [D-3]
at . R _ :

o = L4 (p = p) e R/T 5in B [D-4]

in which B is the angle between the x-axis and the radial line from

the storm center to the point in which the pressure setup is to be
evaluated,
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APPENDIX E
HURRICANE GENERATED SURFACE WAVES

E~1. General. In the prediction of short pericd surface waves gen—
erated by hurricane winds, the determina}tion of the wave fetch and
duration from a wind field is more difficult than for more normal
weather conditions. Difficulties arise because hurricane winds blow
spirally inward toward the center as the storm system moves aver
the ocean. Fetch areas in which the wind speed and direction remain
approximately constant are always small and a fully arisen sea
would seldom be realized. A mathematical model developed for
estimating wave characteristics in a hurricane is described in the

Shore Protection Manual (1877}, This model provides a reascnable

approach for predicting hurricane waves provided that the model is
modified to account for the more recent SPH wind field criteria that
were presented in Appendix C. The original model together with the
necessary modifications are described herein and an example problem
is' given to illustrate the computational procedures for predicting
hurricane waves.

E-2. Prediction Method. For a moving hurricane, the following
expressions can be used to obtain an estimate of the deep water
significant wave height and period at the point of maximum wind:

R AP 0.208 k Vg
H = 16.5 ol R -
o exp |72 T (E-1]
Km
T Ap 0.104 k Vg
T = 8.6 =1+ -
. exp |2 o (E-2]
xm
where
exp{x) = eX, in which e = 2.71828. .. .. . .
H = deep water significant wave height in feet
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b o

R =

Ap =

gx

the corresponding significant wave period in seconds

radius of maximum winds in nautical miles

P, ~ Ps in inches of - ;nercury in which P, is the pe-
ripheral pressure and P, is the central pressure

forward speed of hurricane in knots

maximum sustained wind speed in knots at radius R.

Vim = 0.9 Vgx + 1.5 Vg*'®* cos 8 [E~3]
and for the PMH
V ‘ . 0.63 .

angle between the hurricane track direction and the
maximum surface wind direction

maximum gradient wind speed, see Ecquation [{C-2]

RfE

Vgx = K (&p)t/2 - == (E-5]

a coefficient that depends on the air density just
above the sea surface and can be obtained from
either Figure C-9 or ¢-10 for the SPH and PMH, re-
spectivély

Coriolis parameter = 2 w sin ¢ in which ¢ 1s the
geographical latitude of the hurricane aye
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@ = 2n/24 radians per hour

K = a coefficient depending on the forward speed of the
hurricane and the increase in effective fetéh due
to the hurricane translation. For a slow moving
hurricane it is suggestec};l ‘that K =1.0 .

a, After determination of H, for the point of maximum wind it
is possible to obtain the appro:-umate deepwater wave height H for
other points within the hurricane by use of Figure E- 1 A
sufficient approximation of the deepwater significant wave period
can be obtained from

T, = 2.18 H /7 [E-6]

in which HO is in feet. The latter expression is derived from
empirical data which show that the wave steepness H/T? will be
about 0.22.

R RS RS EE T EEE TS TR EXAMPLE PROBLEM EEEE R EREEEEE FE ST FRE RS R

Given: Consider a SPH at latitude 37 degrees N situated over the
ocean (mile post about 2300 n mi.) with R = 34 pautical miles and Ve
= 26 knots.

Find: The deepwater significant wave height and period.

Solution: The Coriolis parameter is given by

£ =2wsinq‘>=2(2
. 24

ki3
“‘) sin 37 = 0.315

For a SPH, Pn = 29.77 inches.

At the mile post given the central pressure P, according to Figure
C-1, is approximately 27.65 inches. Therefore,

et
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Figure E~1. Isolines of relative significant wave height for
slow-moving hurricane.

Ap = 29.77 - 27.65 = 2,12 inches.

The coefficient K found from Figure C-9 is about 66.6 knots-inches.
Using Equation E-5
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/2 rf

' 35(0.315
Vgx = K Apl - ~—--(— )

S = 66.5 (2.12)7 - 5 = 91.3 knots.

Using Equation [E-3] and assuming that the maximum wind is blowing
in a direction parallel to the hurricane path (g = 0), then

0.63

Vim = 0.9 {91.3) + 1.5 (26) (1) = 93.9 knots.

Assume for simplicity that « = 1. Using Equation [E~1]

R Ap 0.208 k Vg
H = . 3 —— o e
o 16.5 exp 100 1 2
v
pdi
u 35(2.12) 1+ 0.208 (1) (26 54.0 feet
=16.5 exp | 7T [ Y = b4, eet,
o 100 (93_9)1/2
Using Equation [E-2]
R Ap 0.104 k Vg
T =8. g 1+ ———— —
o = 8.6 exp 200 i
Viem
: 35 2.12 0.104 (1} (26
T, =8.6 exp L’“‘)““é“*“““) 1+ ) ) = 15.9 sec .
200 (93.9)%/?

Using Equation{E—-G]
- /2 _ /2
TO = 2.13 (Ho) = 2.13 (5b4) = 15.7 sec

which shows that the latter simple relation is of sufficient
accuracy and will be used in subsequent calculations. With a
knowledge of the deepwater significant wave height and period it is
possible to determine the changes in these wave characteristics as
the hurricane moves over the continental shelf. In order to make
this determination it is necessary to account for the combined




EM 1110-2-1412
15 April 86

effects of botton friction, refraction, the continued action of the
Wwind and the forward speed of the hurricane. It is hecessary to use
relatively short wind fetch length due to the revolving winds and
thus a numerical integration procedure must be utilized. When
waves refract over the battom contouts, it will be alsa necessary
te use appropriate r‘efractiro'n diag-réms as presented in the Shore
Protection Manual (1984). In the use of the numerical procedure, an
effective feteh length Fe is required which is given by

F_o=fo—— — ] . E-7
e 10.0555 V,, [E-71

For the preceding example problem

F_ = |7r————==1 = 107.4 n ni.
e {0.555)(93.9) ‘

The deepwater significant wave height Hy can be evaluated by using a
modified veraion of Equation [E-7] as given by

Hy = 0.0555 Vyy (F7_ + AF) 2 [E-8]

in which F'e is defined in the procedures outlined below and AF is a
specified fetch length interval used in the humerical integration
technique. The pro’ced"ure for calculating the surface waves over
the continental shelf is illustrated by using a bottonm preofile
seaward of the Chesapeake Bay entrance (profile taken from the 1977
Shore Protection Manual) and the hurricane taken from the previocus
example, The water depths used are assumed to include the storm
surge and astrononmical tide over the shelf area. Refraction is

neglected in this example. The result of the computations are
shown in Table R-1. Explanation of the compufations are as
follows: e ' ‘

Column 1. of Table E-1 is 'the distance in nautical miles measured
seaward from the entrance to Chesapeake Bay, using increments of §
n ni. for each section. . .




EM 1110-2-71412

15 April 86

PUUL 961670 ZZYT0 9L 6°S 97Z1 0$9°0 989°¢ @80g 776 vUST 0T Qb 9¢ o
VPT 0026°C IZTT0 v'8 076 9°ST 02470 £98°Z <600 gk L°12 €T 8r vy zg ¢

8791 261670 €2T°0 T'6 €21 €81 06470 €8z°Z 10T-q STOT v'vz 0'Zz LS zs 29 o1
76T 6BT6°0 ¥ZT'0 66 0°LT S°TZ 06L°0 166°T s07'g 0°11 Z°LZ €12 9 79 89 1
TET ©0ZETD 0ZITO 90T €°ZZ 9°%Z 0T8'0 vEL'T €0T'D sy ¥'0¢ 0'vE €/ 89 g, oz
6°ST 60T6°0 61170 €°T1 162 1'87 o0cag. 96v'T SOT'0 %21 6'¢c ¢°zv <8 s.  se <z
76T 6026'0 6110 0°ZT €4f 8T 0.8'0 €CT'T ST71°0 6°Z1 9°9¢ <67y 66 88 OIT oOf
8°TE ¥ST6'Q 9€1°0 S'ZT ¢'¥v L'v¢ 083°0 geeq £2U0 9 €T %76 . T°LS €IT 01T 91T ¢
PYC TISTE'0 €L1°0 16T T'z¢ 9+ 0sgen S66°0 BIT'C 67T €°2% 8°¢9 91T SUT 91T o
€7LE ZETE°C €2TT0 STET €709 970V 0S80 920°T gor-g L0 8°LY Z'v® 61T 9TT 2zl = <b
§7Cv 6€E6°C Y10 SUWT Z'6L v'9v 0060 008°0 sTrg €°6T 915 6°£6 0OYT zzT 85T Oc
0777 ISTEC SCI0 1'ST 6°Z6 2'0S 0£6°0 0€¢°0 g1 L°ST 0°%S %7707 941 84T 67 <
787 OCTET0 8STT0 SUET ZUY0T 266 <860 <cl'n siz0 LST Q°YS .07 69¢ %61 %05 09
785 BSLE'0 66€70 L°ST 90T G°WS 000°T 620°0 sscg L'ST 0795 ¥'LOT vL v8s vooT <9

3 G
H Sy mm LRy vy sy xmmxuWM mm Oy %y 3y % o
97 <1 S N T o1 § g ¢ 9 s v <z 1




EM 1110-2-1412
15 April 86

Caolumn 2 is the depth d, at the beginning of each section.

Column 3 is the depth 4, at the shoreward end of each section.
{

Caolumn 4 is E't the average of Columné 2 and 3 to the nearest foot.

Column & is the effective fetch Fg in nautical miles, and is
determined for the first step directly from Equation [E-7]. For

successive steps, Fa = F'e + AF < 54.9 n mi. where F'g is given in
Column 12 one line above in each case, and AF = § n mi.

Column 6 is the deepwater significant wave heigh't Hy and is obtained
from Equation [E-1] on the first step and Equation [E-8] for the
succeeding steps.

Column 7 is the :deepwatef significant wave period and is obtained by
Equation [E-61.

Column 8 is the average water depth dy divided by the deepwater
wave length L, where

d¢ 2w dp
Lg aTy®

1l

Column 9 is the parameter in Figure E-2
fg Hi AX . fr Hy &X

a? (a‘t)z

in which friction factor ff is assumed to be 0.-01 AX = B (6080} =
30,400 feet, '

Column 10 is the friction factor K¢ which is obtained from Figure E-
2 using column 8 and column 9.

Column 11 is the equivale‘n't deepwater wave height H'y; and is
obtained from H'g = K¢ Hy (the products of column 6 and 1Q).
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Column 12 is the equivalent effective lenght Fg and is obtained from
Equation [E-7] by replacing H, by H'4 or
HIO 2
Fl B .

S \0.0585 vy,
Column 13 is the equivalent deepwater wave period Ty in seconds and

computed by
T'o = 2.13 (H'g)Y? .

Column 14 is the depth d, divided by the equivalent deep water wave
length _
Lo = 5.12 (T'5)° .

Column 15 is the shoaling coefficient Ky which can be obtained from
Table C-1, Appendix C of the Shore Protection Manual in which H/H',
= Kg as a function of d,/Lg {column 14},

Column 16 is the significant wave height H in which
H=Kg H'y
or the products of Columns 11 and 15
After completing the computations for the first row, the

computations are commenced on the second row etc., until the table
is completed.

E-10
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APPENDIX F

APPLICATION OF HISTORICAL FREQUENCY METHOD

The following problem illustrates the computational procedures
involved in calculating the magnitude and freguency of occurrence
of water levels at the State Pier, Prgvidence, Rhode Island based on
the formula and procedures discussed in Chapter 3. The basic and
ordered annual peak water level data are given in Table ¥-1. The
last two rows in the basic data, columns 3 and 4, shows historic
water elevations of 18 feet for vyears 1635 and 1638. Historic data
for these years are not considered a part of the more recent
systematic record. By ignoring the historic record for the present,
it is found by summing columns 4, 5, and 6 that:

2X = 289.1; Zx? = 1908.95
Ex? = 16,352,259

For the systematic record (N = 43) the mean, standard deviation, and
skew coefficient according to Equations [3-6], {3-7b}, and [3-8Db]
are:

_ EX _ 269.1 _
M= N 43 = 6.2581

sx) 2] /2 (269.1)2] */7
(£x2) - LTYL' 1908.95 - 3

e = — = .3143
a = N =79 43 - 1 2

G = N2 (Zx3) - 3N (Ex) (Zx2}) + 2 (£x)?
N (N-1} (N - 2) o3

(43)? (16352.259) ~ 3(43)(269.1)(1908.95) + 2(269.1)3

43 (43 - 1) (43 - 2) (2.3143)3 = 3.2053

Use Equation {3-13] to test for high outlier.

nH =;¢4«KN o
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From Table 3-1, KN = 2.71 for N = 43, thus
Ny = 6.2581 + (2.71)(2.3143) = 12.5 feet

A review of the systematic record reveals that the peak elevation
of 16.0 feet in 1938 and the peak elevation of 14.9 feet in 1954
exceed the threshold value of 12.5 feet. Due to the fact that the
systematic record is extended considerably as a result of the
historic events, only the 1938 event will be used as a high ocutlier
and the 1954 event will be considered as part of the systematic
record. Because of the high outlier the statistics of the
systematic record are re-evaluated as follows:

T = 269.1 - 16 = 253.1
Ti2 = 1808.95 — 256 = 1652.958
T3 = 16,352.259 ~ 4096 = 12256.259
Thus for N = 42 ;
- ZX _ 253.1 _
po= % = 555 = 6.0262

] Y | 263,1)2] /2
(zxz) - L 1652.95 ~ (22U

- - = 1.7650
o N -1 42 -~ 1

_ N2 {=x?®) - 3N (Ex) (Ex?) + 2(Zx)3
N (N -1} (N -~ 2) o?

(42)2 (12256.259) ~ 3(42)(263.1){1652.95) + 2{253.1)2
(42) (42 -~ 1) (42 — 2) (1.165)3

= 3.5209

Adjustment of the statistics is required to account for the historic
data including the high outlier. The weight factor W according to
Equation [3-14] with a historic period from 1635 through 1975 or 341
yeansjéz ' ‘ .



EM 1110-2-1412
15 April 86
H-7 _ 341 - 3

W= N 40 = 8.0476 .

The sum of the historic water levels is:

T’ = 18 + 18 + 18 = 52

By Egquation [3-15]

- _ W.(Ex) + Ix’ _ (8,0476)(253.1) + 52 _ ¢ 4.6

K= 341

Based on the adjusted mean, x - It is computed as shown in column 11,
(x - u)? in column 12 and (%' - p) * in column 13.

The sums are:

T(x -)? = 128.03

‘ T(x -p)? = 379 48

T (x' - M) ? = 4310.949 .

By use of Equation (3-16] it is found that
‘ 1/2 /

: — _ . 2
i - WE(x- g} 2 + Z(x' — )2 _ 1(8.0476)(128.03) + 379.48
i = H - 1 - 341 - 1

= 2,0363 .
it From Equation [3-17]
§ = . H W(N - 1)(N - 2) ¢%

3 ST H-1)(H-2) ¢ N
F AW (N - 1) (4 ~) 6% + WN (n @)% + E(x’ = [D)?
[ H
fil G 341 (B.0476){41)(40)(1.765}3 (3.5209)

g (340)(339)(2.0363) 3 42

mli .

:} I' .

B F-6
il
B
i
il
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+ 3{8.0476)(41){6.0262 - 6.126)(1.765)2
+ (8.0476)(42)(6.0262 - 6.126)% + 4310.949

G = 3.5341, say 3.5
i

Table F-2 shows summaries of the exceedence frequency curve. The
first column is a tabulation of the prescribed exceedence
probabilities - and” column 2 shows the corresponding freguency
factors for G = 3.5. (The K values can be found in Bulletin No. 17b.)

Column 3 shows the frequency factor times the standard deviation
and column 4 is the solution of Equation [3-18], or

n=ﬁ+5K

The upper and lower confidence limits for levels of significance of
.05 and .95 are computed as follows:

The standard normal deviate t at confidence level 0.05 is 1.64485 as
found in Bulletin No. 17b for zero skew. From Equations [3-26] and
[3-27] it is found that '

£ (1.64485)7 _

2N - 1) 2 (42 - 1)

[

0.967

b:KZ‘.j_ t—2= K2 - L&Lﬁé&gg)—?=

2 - 0644174172
N 42 K 0 !

The values of K? are shown in column 5 in Table F-2 and the values
of b 'are shown in column 6. The solutions of Equation {3—-24] and
{3-258] are shown in columns 9 and 10. The upper and lower
confidence limits for the water levels accerding to Egquations
[3<22] and [3-23] are-shown in columns 11 and 12, respectively. The
water level elevations corresponding to the expected praobabilities
are shown in column 13. These are determined by using Equation
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{3-28a] through [3-28f], interpolation of the intermediate expected
probabilities and plotting the resulting frequency curve. Figure F-
1 shows the expected probability curve derived together with the

observed peak water levels. ;

27
\
20|\ | -
\ L (635 WEIBULL PLOTTING POSITIONS
638 BASED ON 341 YEARS OF

18 RECORD = {6358 — |975
g; — [938
= %750 TR {
|
Z \ P
"._;‘ 14 .
= MS50YR \ | PEARSON TYPE IIT CURVE~-
o \/ EXPECTED PROBABILITY
w12
= \
= \
=19 n\\

— 10 YR \
8 SN
N\
o7y
6
"R
4 | I

05.0.2 5 12 3 10 20 30 40 50 60 70 80 90 95 9849
PERCENT CHANCE OF OCCURRENCE PER YFAR

Figure F~1. Frequency of water levels at the State Pier,
Providence, R. I.
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Hurricane Surge Hydrograph

A continuous graph representing the - difference between the
hurricane stage hydrograph and the water stage hydrograph that
would have prevailed at the same point and time if the hurricane had
not occurred.

Hurricane Wind Pattern or Isovel Patterns

An actual or graphical representation of near-surface wind
velocities covering the entire area of a hurricane at a particular
instant. Isovels are lines connecting points of simultaneous equal
wind velocities, usually referenced to a level 10 meters or about
33 feet above the surface, in knots or mph; wind directions at
various points are indicated by arrows or deflection angles on the
isovel charts. Isovel charts are usually prepared at each hour
during a hurricane, but for each half-hour during critical periods.

Hydrography

{1) A configuration of an underwater surface including its relief,
bottom materials, coastal structures, etc. (2) The description and
study of seas, lakes, rivers, and other waters.

Hypothetical Hurricane ("Hypo-Hurricane")

A representation of a hurricane, with specified characteristics,
that is assumed to occur in a particular study area, following a
apecified path and timing segquence,

a. Transposed. A hypo-hurricane based on the storm trans-
position principle is assumed to have wind patterns and other char-
acteristics basically comparable to a specified hurricane of record,
but is transposed to follow a new path to serve as a basis for
computing a hurricane surge hydrograph that would be expected at a
selected point. Moderate adjustments in timing or rate of forward
movement may be made also, if these are compatible with
meteorological considerations and study objectives.

b. Hypo-Hurricane Based on Generalized Parameters. Hypo-

hurricane estimates based on various logical combinations of
hurricane characteristics used in estimating hurricane surge

Glossary-17
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magnitudes corresponding to a range of probabilitieg and poten-
tialities. fThe Standard Project Hurricane (SPH) is most commonly
used for this purpose, but estimates corresponding to more severe
or less severe assumptions are ‘important in some prdject invest-
igations. ‘

€. Standard Project Hurricane (SéH). A hypothetical hurricane
intended to represent the most severe combination of hurricane
parameters that is reasonable characteristic of a specified region,
excluding extremely rare combinations. It is further assumed that
the SPH would approach a given project site from such direction, and
at such rate of movement as to produce the highest hurricane surge
hydr'ograph,_ considering pertinent hydraulic characteristics of the
area. Based on this concept, and extensive meteorological studies
and probability analyses, g tabulation of "Standard Project
Hﬁrricane Index Characteristics" mutually agreed upon by
representatives of the u. S. Weather Bureau and the Corps of
Engineers, is availahle.

d. Probable Maximum - Hurricane (PMH). a hypo-hurricane that
might result from the most severe combinaticn of hurricane
Parameters that is considered reasonably possible in the region
involved, if the hurricane should approach the point under study
along a critical path and at optinum rate of movement. This
estimate is substantially more severe than the Spy criteria,

€. Design Hurricane. A representation of a hurricane with
specified characteristics that would produce hurricane surge
hydrographs and- coincident wave effects at various key locations
along a broposed project alignment, 1t governs the project design
atter economics and other factors have been duly considered. The
design hurricane may be more or less severe than the SPH, depending
©n economics, risk, and local considerations.

Hydraulic Model

A physical op humerical replica of a real systeni‘ that is
constructed or developed for the purpose of simulating water
motions..

Glossary-8




