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ESTUARINE PROCESSES AND iNTERTIDAL
HABITATS IN GRAYS HARBOR , WASHINGTON
A Demonstration of Remote Sensing Techniques
Lawrence W. Gatto

INT RODUCTION lower low water (11W) to about 100 to 120 ppt
at higher high water (HHW) (Beverage and

Site description Swecke ’ r 1969) . T he horizontal density gradient
Gr ays Har bor is a large tidal estuar y located froni the entrance to the upstream limits is fair ly

on t he Pacific - c o a s t  of Wa s hington approximate ’ - uniform The surface salm nities in t he harbor on-
ly 145 km (90 mm) southwest of Seattle ’ (Fig 1) f t  t rance ’ general ly average about 1 0 to 20 ppt
is 29 km (18 mi) long froni Abe’rde’&’ n to Point lower than the bottom sa linities , w hile near the’
Brown , and 21 km (13 mi) ‘s ide’ from the north upstreani limits of saltwater intrusion , the sur-
shore’ of North Bay to the south shone of South face sa linities average about 3 0 to 5.0 ppt lower
Bay Tides are mixed , w i t h tw o uneven high and than the’ bottom sal inities (Brodgon 1972al
loss tides each lunar day Mean ,ind diurnal tidal Local c limate is nioist maritime , with mild dry
ranges are 2 I and 2 7 m (69 and 9 0  it ) ,  re’spec- summers and cool wet winters Average daily
tive ly. at Point Che’hal is (National Ocean Survey temperatures in luly range’ trom 10° to 21 . 1°C
197 3 and 1974) These’ valu e’ s mm. re’ase ’ to 2 4 and (50° to 70°F), and in January, from 11° to 7 2°C
3 1  m (7 9 and 10 1 ft ) at A he’rdee’n Maximum (34° to 45°F). Average annual temperature is
spring high tide at Aberdeen is 3 8  rn (12 S t t )~ 10°C (50 5°F) Southwest and west w inds prevail
maximum spring low tide . — 0 6  m (— 2 1 ff 1 The and occasionally exceed 64 km hr (40 mph). Nor-
estuary is usually partia lly niixe’d IBarr ick 1976), mal annual precipitation ranges tmoni 178 to 254
w ith a s ignif icant different - c’ hc’tsxee n surface ’ cm (70 to 100 in.), and ,ipprosimate’ly 78% of the
and bottom salinit y conc e’ntrat ions hut no precip itation occurs from September through
distinct sa ltw ate r wedge Harbor w,ite’r is March The number of clear , or pa rtly cloudy,
generally well mixed after extended periods of days each nionth is 4 to ~ in w inter , 8 to 15 in
loss freshwater discharge’ (usuall y f roni May to spring and fa ll , and 15 to 20 in sumnier. The
October) but stratif ied during pe’niods of high amou nt of sunshine received m c approxiniate ly
discharge (mid-October through April) (Beverage 20% in winter , 30 to 50% in spring and tal l , and
and Swec ker 1969) 50 to 65% in summer. Frequently iii suriiniler and

F low reversal of the’ Chehalis River occurs fall , low clouds or fog move’ inlan d iron) the’
locally because of tidal actIon ,mnd sabes ,mto r in- ocean at night and dissipate ’ by the following
trusion extends sev e’ ral mile’s upstream from noon
Monte’s ,ano {which is approximate’ Iv lb km (10
mi) ~‘.mst of A berdeen) The’ ta rthc’st saltwater in- Background and objectives
trusion during loss stream dicch, imge is List Authority for m,uintaining the navigability’ of
upstream from t he Montecano bridge’ on the turning basins and channels leading to and
Highway 107 Intrusions when river f lows are within the’ harbor was given to t he Seattle
greater than 140(1 iii ’ see (50 ,000 ft se’c- 1 extend DIstrict , (‘orps of I ngm nee rs , t hrough the Rive rs
only to Cosmopolis Salinit y concentrations f ust  and Harbors Act of 1935 (and later rnoditica-
t’.ist of the mouth of the Wishkah River vary t ions) Annual maintenance dredging is required
from 0(1 parts pe’r thousand (ppt) (tota l salt) at to ensure navigability in the channe’Is leading to

, - .  - - - _ _ _  -
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Hoquiam , A berdeen and Cosmopolis. Dredging and precise position markers for resulting aerial
is also necessary about every 15 years in the photograp hs.
West haven Cove channels (U.S. Army Corps of For mapping intertidal habitats , Cowardin and
Engineers 1975). The Corps of Engineers also pro- Myers (1974) reported that proper timing of air-
vides for the construction and maintenance of , craft flights, use of multispectral photographs,
and improvements to, harbor entrance jetties , and knowledge of the ecology of the area were
revetments , groins , and breakwaters (U.S. Army essential for remote wetland mapping. In
Corps of Eng ineers 1971). discriminating species of salt marsh vegetation,

Assessments of the potential impacts that color infrared photographs is of special value
these operational and maintenance activities (Hefner et al . 1974). Color infrared and “true”
wi ll have on the Grays Harbor environment have color photographs were used by Stroud and
been prepared for evaluation by local , state and Cooper (1966) to map salt marsh species in an
federal agencies (U.S. Army Corps of Engineers Atlantic coast salt marsh, However, Keller (1963)
1975). The maintenance dredging activities were conc luded that aerial photographs (type of film
adopted in 1972 as the most acceptable alter- not specified ) were not adequate for the mapp-
natives and were considered temporary and part ing of eelgrass distribution in Humboldt Bay,
of an interim short-range plan. This plan was California, since beds of green algae (U/ va sp.
abandoned after the 1975-1976 dredging season , and Enteromorpha sp.) are not distinguishable
w hen studies on current dredging effects were from eelgrass beds in the photographs.
comp leted . Subsequently, an up-dated En- To facilitate technology transfer , t his
vironmenta l Impact Statement was prepared demonstration project was initiated using Grays
before the formulation of the long-range dredg- Harbor , Washington , ‘s the test site. Grays Han- V
ing project. bor was selected because ti” Seattle District ,

From 1972 to 1974 personnel of the U.S. Army Corps of Engineers, has several studies of this
Cold Regions Research and Engineering harbor underway; oceanographic baseline data
Laboratory conducted a remote sensing research are available; and the harbor is especially impor-
project in Cook Inlet, A laska (Gatto 1976). The tant since future coastal zone development is
overa ll objective of this project was to deter- expected to increase.
mine the feasibility of using data acquired by T he primary objective of this project was to
sate llite and aircraft to map surface water cir- demonstrate the utility of remote sensing tech-
cu lation patterns , and sediment and tidal flat niques in acquisition of data required for studies
distributions. The results of this and other in- of dredging effects and related projects by the
vestigations veri fied the utility of remote sensing Seattle District , Corps of Engineers. Specific
tec hniques in performing these tasks (Cameron project objectives were to:
1952, 1962, 1965; Keller 1963; Ramey 1968; 1. map c irculation and sediment distribution
Duhaut 1972; Meyer and Welch 1975). patte rns and relate these patterns to dredge

Lillesand et al . (1975) reported that aerial material movement and redeposition
photographs, w hen used in conjunction with 2. map d stribution of intertidal habitats
limited ground truth data , can be used to 3. monitor pulpmill effluents near Aberdeen
measure and delineate waste distributions as and relate their dispersion to surface circulation
reliably as conventional surface measuring pat terns .
tec hniques and in more detail. Welch and Mun- Objectives 1 and 3 were accomplished by
day (1977) discuss the advantages of using aerial mapping the surface currents at and near the
photographs to describe circulation patterns in hopper dredge dump site at the harbor entrance
tidal estuaries. Areas of high shear and con- and at the eastern end of the harbor where
vergence in the surface waters can be delineated puiprnill effluents are dumped at the mouth of
using typical surface signatures , i.e., a co lor the Cliehalis River. Because NASA aircraft mis-
boundary or line of foam, that are easily sions were flown at times when dredging and
recognizable and coherent when viewed from an pulpmill effluent dumping were not underway,
aircra ft. But the same patterns can be virtually the circulation and sediment patterns analyzed
unrecogniza ble from surface vessels. Dye- were not related to these activities. Instead,
emitting drogues photographed from aircraft are uranine dye was used as a tracer to analyze sur-
a lso useful. The role of surface vessels is reduc- face circulation patterns at and. near the dump
ed to providing vertical hydrographic profiles site; this dye was used to simulate the mo,°ment

4

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~.



of the suspended sediment plume which normal- Westhaven small boat basin near Port Che’halis
ly is formed during dumping operations Similar As a result of these discussions , t he t hree

dye studies at the pulpmill outfall could be used previously mentioned objectives were selected
to show dispersion patterns that would likely and this cooperative demonstration proj ect was
form when the’ effluent is released developed.

Seattle District personnel consider it doubtful
that a significant sediment plume’ is formed dur-
ing hopper dredge dumping oper ations In addi- APPROACH
tio n , because there ’ are ’ differences betwe en the’
behavior of dyes and that of sedime’nt in water General
t here may not be a close comparison between NASA provided aircraft support commencing
t he dispersion of the dye and of fir ,e grained in July 1974 Ground truth data for analyzing
sediment. Also , bro wn sediment is not as distinct harbor circulation patterns were collected by
in water as the green uranine dye, and may not personnel from Grays Harbor College (under
be as easily traced This shortcoming may be contract), t he Seattle District and CRRFL , and
so lved by applying dye to the sediment in the for analyzing intertidal habitats , by personnel
hopper dredge and monitoring the dyed sedi- from Washington State Department of Game’
ment once it is re leased. (under contract ). Data anal ysis began with

T he products derived using remote sensing receipt of photographic data products from
techn iques were evaluated for accuracy,  NA SA The utility assessment by District person-
re liability, and cost effectiveness as compared nd was accomplished in two man-months
wit h conventional data products In addition, Initia lly, a review was made of current
Se’attle District personn el assessed the’ remote literature and unpublished reports pertaining to
sensing data products for this ope’rational util ity the o c e a n o g r a p hy of G r a y s  H a r b o r .

Oceanograp hic and bathymetric data and
Project history historical aerial photographs were obtained

In lanuar y 1974, C RRFL representative ’ s met from the Seattle District , Grays Harbor College ,
wit h personnel from the Environmental  NASA , and other state and federal agencies
Resources Section , Seatt le’ District , Corps of Te’niperature , sa linity and suspended sediment
Engineers Previous remote sensing activities at distribution and surface c irculation maps were
CR REL and the possible utility of re’mote sensing prepared froni ground truth data acquired in Iii-
tec hniques for District profe’cts we’ re’ discusse’d, ly 1974 and from aircraft imagery, respective ly.
i.e . in determining circulation patterns in small The temperature ’, sa linity and sediment maps
boat harbors , in detecting beach erosion , and in were’ used to characteri ze ’ water types and cir-
monitoring dredge spoils A site ’ spe’cific ~tpp li a cu lation patterns , and were ‘onipared with inter-
tion , tr acing sediment movement along E dm i pre’tations froni a i rc ra f t  and s ,it m’lIit ~’ irnage’ry
Hook north of Port Angeles Harbor (se’diment is Field survi ’yv and ve’ge’tation sampling along
derived from the foot of sea cl i f fs  and the F Iwha tr~Inse’e t s  we ’re’ clone’ to provide’ t h e ’  ground truth
River loc ated west of the hook), was ,ilso dat,, (or mapping the’ mnte’rt i(J ,ml habitat” NASA
discussed. Investigations in Gray s Harbor , NP-IA image ’ry .mnie i low a lt i tude’ am rcr ,m f
however , were ! specificall y identified as having photographs were’ used to ,in,mly,e’ surfa e in-
high priority. It was considered that aerial im- cul,,t ion patte’ rns , wave ’ re’l iae tion re ’tIee tion ,
age’ry might be’ used in determining the’ source’ of longshore e urr ’nits , sur fa ce wate r color hange’s ,
sediment (~ 1. 528 X 10 m Vyr ) (

~ 2 X 10~ yd i/yr) ne’arshorr’ bathyi iie’try, t id ,m l f la t  nieirphology, In-

deposited in Grays Harbor channels , in detecting tc ’ rti clal habitats arid thermal p,itte rmis t he’ utili
the migration of the navig ation channels; in ty of I.ANDSA 1-1 im,ige’ry for monitoring
delineating areas of deposition and possible’ se asonal wat e r niove’me’nts and rr’gmonia f r i rcu la-
dredge material disposal sites; in monitoring tio,i Patte rns WdS evaluated
se ’dim ent movement during various tidal stages ; I lie’ ge’ rie ra l definit ion ot wetl ands used in this
in mapping intertidal habitats , surf ace circ u la- study w, is ,iniy ’ area i,iu,id,ite’d . at soiiie’ time dur-
tion patterns , and dispersion of pulpmill e’f- Ing the yea r , by nonl 100(1 w at e rs A furth er
f luents discharged near Aberdeen; and in tracing rm’ sfrm e t mo n vs ,is that only those ’ vasc ula r plants
sediment movement near the north fe’tty ,it the’ ocr  tm rring iii the intertidal range’ ys err’ e on-
entrant- c to Grays Harbor , and near the’ sidr’ re ’d ~s ,mI t ni,mrshm”, ,inid r’e’ Igrass ,mre’ important

yst’t lanel vegr ’tat y e ’  f y  pc’s in C ray’. Har bor5



‘s alt ii,ais lmt ’’. ai r ’ heel’, of nuoted ‘, t’gt ’t ,i( iem I honnas ,mnd Duf fy ( J%~t) ,mnd W, ,ddi’l 1964)
ss h e  h .m e’ ,t lte ’ r i i, i t t ’ Iy miic ine lat t ’ t l  ,mnd elnain e ’d by ,ilso noted that , in ,iddmtiem to providing the

u sc ’ .ini) ( ,,lI of the’ ( m elt ’  (( enm f f t ’ r  1 ‘ ) ‘4 ~) 5’~) basis fur m’ sf e j .m r i n e ’  food e ham s , e’t’ lgrass and salt

‘spec i t ’ s  e ecniposmtmo n tini this tide s t r t ’sst ’cI en m a rs h t ’ g et , t tm on help stabi l i ze ’ e’s teian ine ’ hot
i lrt i imiH ’ ii ( is e oiit rol lm’e l by st ’s t ’ na l  f ,m tot s iii temis Removal of e’elg r,ms” in 50014’ Ie~ ,itioiis

t fuding ole’s . i I I eeiI  (t ime t a t m n mg pe’i oil cit e’’sposuie’) . ss otild re ’sult in the’ rr’ lt ’ase’ of a c e  e inic ilate’d s~di
se ’elmiiie ’ nt e hi,ii.ie t e ’ r i s t i e  s sal in i t y .  elr ,ii ii.mgt ’ , ,,mid nne’nt ss hit h otild c ause ’ serious daniiagt’ t e n
t t ’ I i np t ’ r , I t t i r e ’  l) uei ing pie ’s me n us st~ielit ’s (Mc’ssiine’r ne’ighhenring oyst e r beds I he’ stabi l izat ion by

~‘r l , M,te 1)onn ,i lel ,inncl lt,inlnir it f ’ i~ 4) s . i l t nni a rshi i’t ’f g ra ss tit’I;ns rt ’ate ’ habitats fur ,i s ,mi i t ’ t y of

5t ’~ t ’t ,it mcl i i  55 ,15 illaf it ic’cI te n t  l imited ,Irc’ ,is of t h e f she’s , shellfish , e rabs ,,iicl othe’r mnve ’ rte ’ brate s
han bent ,,nirl s e ’ p,mn , i f t ’ t i  i n t e l tss o lone’s lii the ’ \\ ,mte ’ ,f t iss I ,mnel shorebirds . in p.m rtie ci l ar , I nd s alt
$en5% ( ’ n ,‘eiilt’ ci f  short 10 20 t in  ( ‘I 8t~ iii ) e ’ge’ rii ,inshe’s to hi’ ese ’llent nosfing ,mnei fe’t ’e iiJlg

ta t  iou , Sa/m e orfli,i i rginie ,m ss as ~nri ’e Ieniumn ;, imi ( ,miiel ,mrt ’ ,ms Phillips o ct 74) lmi e )s ’ itle ’e ) an e’~r e ’ Ilc ’nt sum
/,iiii)it’,I c ,irneis.i lr,ghie h u t  f l i , i t i ( i t i i i , U i  1) iszue h / i s  mu,iry of s’ olog~ ,mI f a t  tors , m ff e ’ t ing e’e lgr,iss
s
~ 
in a t,m P!,i i, f.igt ) tn,i l i t  illl,i ,, nil ( !,mus tn,i,it ill i,i (‘got ,m t is e’ a nil re’ P ro(1 Lit Ii’, e’ grow (hi a nd of the ’

cs ’n’ t<cu,~ l iii oreh ’i of ( Je ’ m rc’,isll)g fri’e~ti.’flc of plant ’ s lilt’ h istor y l’ar lst’r f ) o) 75)  s(ate ’ei that
t ic s c ini e n ie e lii t he’ high iomne ’ . I )i ’si h,mm~isi,m sse a t he’r e onditions , e h c ’m ical pollution. turb idi

.ie ’spite s .i 55 ,1% pre ’elonuin.imit ss tb I .i:nos~i. S ty from dre’elging, oy s t e ’ r  c u l tu re ’, and r,ite’ of
i,giulie ,i (1 sf ) i ,t f,I, ‘~t ;i;i/( ’5 p,ifmu /,m . P irhul ifinhu si l tation sse re’ important fac tors that e ,muse’

I , m s t h e’i i i. i Sf )  ( ris e ii(,i s.ihiii,i I i/,ie’opsis en i tht ’i i  e haiigt’s in e’e’ Igrass distribution and density

~j /is h u h  mis Im ’su r ’ iu l i i . ( ,ili ’S I s nghy in ,wel I’eiteii 1),,ta on distribution , ant’al e’s(ent , and de’uisit y elf V

(i II,i (‘gOt/il te n imid ssm t h c lot ne’as i i lg freqc ie ’nn r’e’ lg rass and salt marshes are ’ pre’re’quisite’ to
Iss o spe ’e me ’s of e ’t’ lgi ass ,m re ’ I ininef iii ( I ,my s , Iss e ’s s mr i g  4 hiafmg(’s in thn ’ en e’tI ,mnel s~ s t ’izi brought

I I,inhe r . / e l s t i ’t ,i ni,iii,i,i antI / m olt,, (I c m io fw,mi i  ,,bout by e’nvi roiinie’ntal ,nlte ’rat ions sen hi as
e’i’ Igrass l I he’y .ini’ s msc i ,,I ly sep,ir,nhle’ e ’ t i t i t i e ’ s  I dnm’elging
,ui,umn,i beds art ’ fun t h e n  eIi~ itht ’el into ele ’nse’ ‘ ,tinl I hi’ mnte’ r t idal habitat mapping ssas pe’ rtormuc ’d

sp,et se ’ ‘ he’ds ( )iily ‘di ’nsm’ ‘ he’ds est ’ ic ’ cj u.m n under e out rae  t es ith i pe’ rsonne’ l  at the ’
t i t , i t i s  ely saIli(nl e’tI . ,,s sf , it ist ic s obt,iiln’d Itoul \\‘ ,ms liim igtcn ni State ’  l)e’ p ,n rtn ic ’ nt of Came’ All mi

s f ) , i ise beds ssenilei base ’ bc’e ’ii so arm a b le ’  .1’, to toriii ,lticin re’gardiiig t h i s  is taken from ,i rt’por(

It’ nile’ u the ’ in minr ’a ii iii g Ii’s s Vi s c ia I ly . 
.‘,~)l  i se’ p re’pa reel by’ th,i t elep,, rt own t (S in it h e’t at I ~i

i’t ’Igr,,ss he’d’. sse ’ r t ’  an e irde ’ r ci t in.u g mn t t me ht’ Ie ’ss I f iat re’port cemtai ns de ’tamle ’d eie’s optIons cit (lie’
de ’nsc’ than eh ’ iise ’ / iihiriii,i beds , is eh ’ te ’ nn nm n f ield sampling me’thods use’el during the’ ground
eel cliii mug I meld s t i r s  e’ y s in May I ‘h ’ S stirs e’y s , of (f it ’ spec me ’s e onnposm ( mciii of ,,nd

/e is te ’l.i ni,iv,ui,i is a pt’ ie ’ ihuli~il. m uncie ci ty It’ histon ie ,ml chang e’s in the’ distri butiem of fbi’ mnf e ’ r
e lcinenr is plant ss hue Ii is e ’spc ’ m , mll y mm ii pcu t ,e i if iii t id al hiabmt ,t ts , ,,nd of the ,mre’a’~ for lem tur c ’ re’se ’ar
uncu t’ pieflm ’e t t ’ , )  t ’ s ( ( l , mnmt Ie ’  ss i t t ’ rs I hi,iym’ i e ’t  ,m I e Ii Re’nicitc ’ sensing te ’c hiiiique’s 5%eR’ an uiitc’gi,,l

t e m ~ l i s t  f lit’ fo l loss mui g lne’i~ ’t i t s  of / m,i,imi,i part of mapping all the’ mnt r’ rt ldal habitats and
I li,is high g muis% f li i . i fe ’s . tOt) fit )I1 g e lly Iil,lrshl.liid s e’ge’tat ion ss thin ( r,iy s h larbeir Ibis

ss t i nm y r  m e lt mile Ie ie linig ioe nt pitic luc h e m  mapping et lort , iii i t se l f , is a goeiel ek’nionst ration
.‘ s ( iJ ) J )e ) i f s  t ’Jiif illy t ie tng,mmn m s n n s ss (Ii hiionl ,ess of the’ ut i l I ty of remote’ se’nlsiIlg tt’i ’ huiit~tie ’s use d

t’c~eia lIiiig that rut e ’e ’ l~ ia ss in e eil ie ’e ’ r t  ss ith othe’r data-g .itheriiig iiie’thriels t in
I is ,i uniap e ni e e nit r ih i utt i r  t en the ’ t l e ’ t r m t r i s  f c ni id ,ie ouiiplush m s  e’ ral l st udy ob~t’e t i s  i’s

e h , mmui
‘I ;utci e i t ie c ’s en rga niir 111 ,11 t t ’ I  Icy de ’e ,ly mug ss l ime Ii A ircr aft imagery and sensor data

i u i i ( i , i t e ’s s eml tnh, ite ’ r t ’ t l euc fIrm it’ ,ie ( mm ii iinpcui ( , iui t

( e n (f i t ’  ~ il~ihicmn c y It’ ( ‘hnonolog s of ,iim f) hot ()  ,ie ’q t u i s i t ion
it ‘cl i i i  c’s soi l i Ihit ’ il t (‘I ( is i( iii ,i in I shift ing I’ limit ograph me miss i e m s  28 ,i od 105 5% c’ ri’ t dil l

6 nt ’ t a r ds c c i i  i~~nts ss tb i t s  Ie’ ,lse ’s due ted ss ith thr’ NASA I ,,rth (‘)hsi’ns ,c tldm ns -‘s in
,mhsrnrhs ,)hOsI)htircis and nmtr imge ’n ,iiiel me ’ e ra f t  NI’ IA (I ,m r t h m ‘st i rs e’y 1) on 12 1 I Icil y Iu l”4

turns t hese i l r i t r ie ’ nts to ssate’r ,,eid It ) April 1975 . re’s t )e ’t ti s ely Si~ day light
8 is tm s e ’ ch by maui ,Is f t i t ’ I , il ~n,Ie king ,mncl ti p f l ight lines ( 1 m g 2. 1 able’ I) totallIng 1 S f  4 kin

hio lsti ’ i mug ,inrl fe l t  i l is e m l , l f mtnn . fo c hi le’ i ,unicl Ie’ i (95 1 om i ) 5% e ’ ue ’ flo ss n at an .%pprosimafe ’ a l t i t u d e ’
ti huie ’ r ci f tIn fIn in ( 12 ,001) It) from 14 1’) ten 150 1 h r  f l~i)I 1
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Table I. Flight line coemrdi nates , mileage and times Heiwn , NASA aircraft flights.
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f igure’ 3 .4pprosurn, i tr ’  loi , i tn un s of t / i ~tlit lout’s tr i m 11mg/ it N ‘s -I N!’ 34 ,im rc raft missions 28 1 ,nnd 306

on i f  Jc i ly 1974 (Dat.n I light 1) and ro o m 1 .1(18 to a W r at t c ’ um 12 I ilte ’ r I he noni mn,i l se ale’ cit (hc’
1 146 hr (I’L) I) on 1(1 April 1976 (E)ata I light 11) phiotogr,nphs ssa ’. I 24 ,00(1 and the quality
I u s e ’ nighttime ’ flight Imne’ s (I- ig I) tot alling 84 t) gr’ne’ra l ly good Apparent on the’ ~m hio ogra~mhs
km (52 7 miii) we’re’ f lown at an appro~ifliate’ cs ore surf ac e ’ c ircu lation pat te’rns , foam ,iumd
altitude’ 9fl~) m I tI,n)0 t o from 2 147 hr (I’DT) on 12 de’bni’. h u e s  oni t he’ w ater surf ace ’  ss hi hi indicate ’
ho ly ’ to (XI If hr (l’Dl ion 1 I I uly 1974 (Data I- light lot .11 wind and or surf .me e’ urre’nt pat (e’rnis , sun
6) ,nnd from 2144 to 221 1 hr (PD1’) on 1(1 April glint on (lie’ se’ ,n sc ir fae ’e’ ~s himc Ii enhanc e’s th~’ s ie’ss
1975 (D.i a f light I (ml Daylight coverage from of I he’ dirc’e P ion oP wavc ’ I ront move’ment , ot
bot h missions included the’ entire harbor , night ss,ls’ e ’ re’t r,mct ion and , undu e’s t ly, of b u g  shore’
coverage’ mnc lude’d only ne’arshore’ .ire’as to cu rr e ’ u m t s . and rie ’arshore’ b,mthymetry, tidal t Lit
dr’te’c t sours c’s ,iuid dispe’rsion patte rnis ot r’t - nmmo r~ihology, iumte ’ rt udal habitats , ,~rid e’o,ist,il
f lue’rmts The’ mission 28.3 dayligh t  photographs I.lndtormi)s
were ’ acquired during low wate’r at Ahe’rde’en, T he’ RS- 14 I nfrarc’d I niaging and Modular
and during early flood ,it Itm t C’he’h,nlis (1 able II) Multibanid (M2S) Scatinr’rs (Temb le’ IV) provided
Missi on 28.1 night imagery was ae-q uir e’d during black and white film strips which showed ther-
ebb ,mt Abe’rden’n and Pt. Cht’halis Miss iou .105 rmm, iI variations in the’ surtac e water The’ “(‘ tinner
daylight photographs were ae-quired during high imagery was useful in inte’rpreting surfac e the’r-
water at l’t (‘he’halis , and late’ flood .it Abe’r- rii.aI patterns at selected locations , mm\ ing pat-
deem Mission 105 night imagery w,us ae ’quure ’d terns at the inte’rf,i c - t’ bc’twe’en river arid harbor
during flood at both locat ions water , and soti rces of warm or c-o ld wafe ’r t’nte’r-

NASA photographs were’ ,ie quire’d with tys o lug the’ harbor Meye’r and W elch (1975) report
22 9 e on (‘P in 1 f o rmat fl ie’tri t ,itlle’r,is e’.n’h with ‘‘Aerial the’rnial—inf r,nrt’d sensing can thus be’
15 2 c iii ((i-Ill I le’nse’s (1 able’ Ill) One ,nnie’r,m h,md used t ’ f te ’ c ’t ive ’ ly for spe’cit it’ hydrodynamir ’ iii -

I k ae hronmc’ II Ae’rographn I ilm (50 197) wit hi .i vest ig,nt ions ,is we’ll ,cs for general monitoring
2A t e lter (oc e ,nseonally without ,n t mIter) and the’ 1’,mss ms ’ e ’ Mic rowave’ lni,iging Systeni (PMI 5) mm-
othe’r , Ai’rew hrouiie’ infrare d f ilni (1 ype’ 244 3) wi th ,ige’r\ w ,cs ,ilso acquire’d. Origina lly, it Cs as to be’
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Table II. Predicted tides at Aberdeen and Pt. Chehalis during NASA aircra ft flights (from National Ocean
Survey 1973 and 1974).

I’inue ” Hi ’iqht ri,ne’ • Ileigh t
I oi ’qtion (P 1) !) ~,n) (It)f , ion ((‘I) I )  (m) (fr .i~

/ 2  /uls 197-c 13 / u~ ’ l9 7-c
Aberdeen 0148 0.58 1. 9 Pu, (‘ hci ujPis 0205 0.42 1.4

0728 2.10 en .9 0804 1,67 s:s
i l l  3 0.64 2, 1 p . 139 0.82 2.7
1949 2.80 9.2 20 11 2 56  ~ 4

Pr Chem ial is 0106 0 5 4  1.8 10 . p rj /  1976
0667 136 ~~ Ab e,deen 0124 2.95 97
12s f 0.60 2.0 0758 0.18 0.6
1918 2.47 8.1 1358 2.74 9.0

1.? /uln / 1  ‘-1 2010 0.45 1,5
Aberd een 0247 0.45 1.5 Pt. Chelnalis 005 .3 2.62 8.6

0835 2.01 6.6 O71.~ 0.15 o.s
142 1 0.85 2.8 1 327 2.40 7 9
2042 2.89 9.5 1928 0.42 1 ,4

Correction for difference between local unne rjd ian and che standard meridian (P20 W) has been applied .

~Heig hts are determined from the mean tower low water datum for a particular Po ca nioii .

V

Table Ill. Data for photographs acquired during missions 283 and 305.

~l re ,)! cj,’ound (,i-ou,,d to
Formot/ 1 .‘n. .Shutt i ’,  ~~ I’erg~~’~~ru~~ n~ i,’ ,Vo,nln,iI

/11,0 ripe (i rn) I - i / ti ’,  sp ied l t ; i (knu ’ ) (nii”) (km) (rn ) scah’

Oisco,, .783

WIId-f-Iecrbrugg 22.9-cm p05. trans./ 15. 2’’ 2i\ (ha,e 1/ 2 50 5 .6 30.6 11,63 5 .6 3,4 1:24 ,000
R(8 Menric Ektachrome t.F Ae ro~ f i l t e r )

graphic (50.397)

W iP d ’ fIc ’e rbru g~ 22 ,O-c rn pus. trans. ) 15 ,2 Wr a iten 12 1/200 5 .6 30.6 11 . 63 5 .5 1 . 4 1:2 -1 ,000
RC8 Men, k Acro chrome inmrared (s s ’ lloss l u t e , )

( 2-143)

t ? / S S l ( ) ? ?  309 ’
t~ iss RMP~ A 22.9-cm pos. u r.ins ./ 16 . 2 No t i m er 1/400 4 Iii 4 .5 .10k II .k.1 5 ,6 .3.4 1:24 ,000
I S / I l  51,’Ir ~~ Ektac hrome EF Acm ’

graphic (SO- 1)7 )

Lei ’ .s RM~ A 22. 9-cm pus . tr.uns ./ 15. 2 W raut e - n 12 1/200 .3 tin 4 ,5 b e ,  I I. .b 6 ,5 3 ,-I 1:2 4 ,000
P 5 2 3  Meiu is Aerochrome Inir,ired (~ c’llinw f lier)

_______ 

(2443)
• NP.1,i ,eft u t ud ~ , i~’ 36 in ( 1 2 ,1)00 ii) (msi); I I  tui~ I’ i74; meg guound speed , 412 km/ h, (2 19  kt ) ;  1,/I’ ’ . ’ snse u i.I I n , . 10’ , . sidc’iap; Iighn drrus
cle ,ud s ; stun angle , 20 --Ic -

I NP. IA ~Pn i n ud e . 1616 nn ( I  2 ,e)00 I I )  (msi) ; P0 ~p u  1 I ‘I ;s ; ~~~ ground speed , 508 km/hr ( 27 5 k t (  1~0”,. io’e,lap , 10”, sideP,up; s, ,nile’ued
uI,iiisls u s er land; SOt? angie , 25 — P S -

use d for d i f fere ’nt ia t ion of t idal f la t  Airborne environmental sensors (Table V i pro-
har,mcte’rmstics based on moisture content vide’d data for dete’rmining atmospheric condu-

However , the ‘o lor-coded PMIS imagery was not tions and the’ Rarne’ s PRT-5 measured gross ap-
used because’ patterns on the’ image’ry and the’ parent radi,ition transmitted from the earth’ s
Imagery signatures could not be correlated with surface’ in the 8- to 14-gm range. The’ Barnes
ground or water feature ’s system consists of two units, the power supply,
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Table IV. Data for RS-14 Infrared Imaging Scanner and Modular Multiband
Scanner (M2 S).

(;rc,u,ud toi ’era ,qe’
It u e ’Ie’,,qt!, se, ’ath Nomj,,i~I niaIi ’ (pe’rp t ’iudku!ar

I w” I l i/ri, form,, : (kin ) 
— 

(null to fli ght line di ’re.,’ri ’oiuJ

h i ,  s~ ;fl 283

RS.14 8- 14 (thcum al) 5 .39 cm (2. 125 1 .42 0.88 1: 23 ,500
in.) pos. trans.
sh ips

If,,s,,,n 306’

M’ s 8-14 (thermal) ‘1.52 cm (3. 75 2 .87 1 ,78 1:30 ,000
in.) pus . h ans ,
stu ips 

— ,___  ,__ , -5—’——--
NP. .IA alt i tude , 909 in (3000 t t )  (msl ) ; 12 - 13  full 1974; ground speed , 297 km/hr

(P60 Li)
NP- lA altitude , 909 rut (3000 II) (nusl); 10 April 1975 ; ground speed , 334 kin/hr ( 180 k I )

Table V . Airborne environmental sensors (from NASA 1972).

I r p i ’ Variable measured 1)c,tu fornuat Raruqi- .4 t’curuc~ —

Harnes PR I S  Precisi on Ap pareuil r,ediatior, in t)igital prinloum; —20” no 40°C *0.5 °C
Rad ij ti cnn 1 f ,emn,on’,etc, ’ S io l4 - ~ann , ange gr,e phs (— 4 ” to 104 ” I ) (*0.9” F)
Can ihr, dge t)ew pu int Prevail ing dcw poin l Oigit ~l printout; ±50”C ‘0 .5 ” ( ‘ abo ve
Hlgrounetett teuinperauure graphs ( 1 2 2 ” to —58 ” F) 00

fohnso nn Williams Liquid Liquid watt ’,  corutcnn t)iginal priniouf; 0.6 g/ m ° *15 ° :’
Water Confett i Indicat isrt grap hs

Ruscntout n I olaf Air 1 otal air icmperaiure I)igiI~ l prOn oun; —70 ” 10 50 ’C i.0”~ full scale
I emp et anure Probe) graphs (—1 37 ” to 122 ” F)

Measures slaia be~ iund (he a ircr. e Pl f rount 0._I in (0.9 Fr) to infi njt~.
Measures auntinsp here sinunhiguous 10 .,ircratt .

Table VI. Time of dye releases on 10 and 1 J uly
‘974.

10 / t i / i  , near 11 l u / i  - ,
,?7, ISI P OI,? l ? f /~ oi / i f l , J sj , n  00?

1 ,‘, ‘at/ ,),n 
~# ‘/) I) (I’!) / I

tiispiisal site I 1 3 1 0; 1 16  3 0845
Nou tin n’I t s 1. 3 1 5 0855
South c ut s  1 3 2 6  0905
Moon Island 1.320 0840

Reash (I3uin~ .11)

co ntrol , and indicator unmt mounte ’d on the’ the’ voltage is displayed on the ind icator as
operator ’s console’ and the’ optical unit mounted equiva lent blackbody temperature , to an ac-
in the sensor hay Incoming radiat ed energy is cur acy of ±0 50(’ (±09°F) of ground features
c-o nt m nues usly compared with a 5S°(’ (1 .11°F) in- below the’ ai rc ra f t  (NASA 1972). With a 2° con-
te’rn~il reference’ and conv e’ rt ed by the PRT- 5 into ical f ie’Id of vie’w , t he’ PRT-5 re’t’ordt’d
,i vo ltage which us directl y related to th e’ e’ne’rgy t e’nhpe ’ rafu re’ s of succ essive ’ areas . 31.8 m (105 tt )
ditfrre’nce between the’ target and the reference ’ , in di,ime’te’r along the flight lines at 909 m (3(XX)

~~~~~~~~
-- - - - - - -~~~~~~~
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Table VII. Schedule for acquisition of and data for low altitude photographs.

(;rou,ud u
Rail / rho: oqo.uphk .St,,rt tin e ,h/ f,tu d, ’ _ ! ~~ .,ue side Pi(onulttal

Locarion pass (PD ?”) (,n ) ((:3 (ml  ~t r)  s cale

10 /u/r (neiur nuasimum flood)

Disposal site 1 1/1 1 1 1 2  303 1000 238 788 1:43 70
1 /2 13 16 303 1 000 238 788 1 :4370
1 /3 1320 303 1000 2.18 788 1:4 370
1 / 4 132 .1 303 1000 238 738 1:4370

Moon Island 1/1 1329 242 800 191 632 1 :3800
(Bun~ 4 1)  1 , 2 133 1 264 870 208 687 1:3500

South jett ~ 1 /1 1334 624 2060 4 93 1630 1:90.10

South me ltS 2/1 1337 624 2060 49 ,1 1mi30 1:90.30

Moon Island 2/ 1 3 340 247 816 195 645 I ‘3590
(Buo~ 41) 2/1 1342 247 S Ib 1 95 b45 1:3590

South $e tt l 2/2 1344 187 mi20 148 490 1:2720

Disposal sine I 2/1 1345 212 700 167 653 1:3060
2/2 1400 212 700 167 553 1 :3060

I,  / u/ i  (n ear masinrum ebb)

Disposa l site 1 3/1 0843 196 648 154 5 1 1  1:28 .30

3/2 0847 196 648 154 S f 1  1:2830
3/3 0851 196 648 154 5 1 1  1 :28 4 0

North ici ly 4 / 1 0900 163 640 128 425 1:236 0
Disposa l site 1 4/1 0910 16.3 540 128 .125 1:2 36 0

4/2 0913 163 640 118 425 1:2360

Sou th ue tt l 4/I 0920 163 540 128 425 1:2 .380

Only Ektachrome PR photographs taken on 11 full ; ceiling too low ho Fly oscu Moon Island
site; missIon terminated due to inclement weather,

ft). T~te data were used in interpreting thermal stationary buoys and from drogues at several
patterns observe d on the RS-1 4 and M’S im- locations within the harbor (Fig. 4; Table V I)
agery. Two Hassel b lad cameras (10.2-cm (4-in .) lens ,

Green and Terrell (1978) reported: “ The air- vi ewing ang le , 43°) wit h Ektachrome MS
borne radiometer can be quite useful in studying A e rograp hic color f i lm (no f i l ter )  and
water motions , especia lly in support of other Ektachrome IR film (Wratten 12 filter ) wer e used
measurement tec hniques. The inferred surface to record the dispersion of the’ dye , T he exposure ’
temperature data provide almost instantaneou s interval was approximately 2 seconds The
spatia l details not obtainable with more conven- photograp hs were produced as 55-mm (2.2-in. )
tiona l tools. Such a picture can be valuable in positive transparencies. Uranin t ’ dye ’ appeared
devising future sampling strategies and in pro . bright green on the color photographs , and
viding the overview often needed to interpret bright blue on the color IR. The interface’ be’-
data taken on a smaller scale .” tween the’ dye and the clear w ,ater appeared

more distinct on the color photographs. Because ’
Surface circulation patterns of low cloud -e’ ili ngs , t he photogr aphs were ac

Low altitude aircraft (Cessna 180) photograp hs quire d between altitudes of 16.1 6 to 624 2 Ill

were a lso acquired on 10 and 11 luly 1974 to (540 to 2060 f t ) (Table V II). Monday et al (1477)
trace movement of uranine dye released from provide a very good description of the use of

uranune’ dye for studies of circulation patterns
The’ dye releases we ’ re made’ to analyze ’ stir-

Copyrugfst , Ame ,fra n CpophysucaI Llnuon, eepr mn ecd by per- lace’ circulation near the north and south )e’ttii’s ,
mu ssicnn near the hoppe’r dredge disposal site’ 1 and near

11
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Table V III. Predicted times of slack water and times/velocities of maximum flood (F) and ebb (E) currents
at Grays Harbor entrance (46°S5 ’N, 124°08’W ) (from National Ocean Survey 1973).

Slac k Shuck
wuter 6fosimum i’urren ut iwtc’r Mat/moo, current
time ‘i ~~~ 

(‘eJ uic: / t ’i ’ 
— 

(O~ut ’ I / inc Velocity
(P D? ’)  ( P i t ! )  (n t/ sec )  t t / se i ( ( l ’L) 1)  (( ‘L) I )  ‘7~ t/ sec - ) (ft/ se t ’)

.6 / u i s  i iu ‘.
~ 

I l / u/c  I ’)  .i
0346 0719 I,~9 5,14 1 004 3 025 1 03s2 2,0 3 1
1040 I 3 .1) 1 . 1 4  3 .72 F 055 9 0914 1. 1 4  .3 ,7~2 ~
17~~ 2006 I I ’  ( ‘ 2 1  1231 3 6 1 0 1.02 3.381

2301 18 53 2 21 2 1 ,2 , 3 4 .05 1
Q /u ,/c I 9~’-i / 2 / u / i  1Q . -t
04 24 0123 0. 72 2 . 3 6 1  0 1 4 1  0350 0,56 1,86 1
11 1 4 0751 1,-Il 4,74 1 0704 1003 0.97 .3 ,21 1.

1739 1400 1.08 3 ,66 I 1316 1600 0,92 3,04 1
2350 104,3 1 ,18 .3 ,881 1936 2 W? 3 . 3 .3 4.39 F

IC f it/i 10 ’i !.~ l u/ c  f ’ i , -(
OlOtn 0. s7 2,20 I 02- IS 0500 0.5 I 1 ,69 I

0507 0829 1 .28 -3 .211 0822 1106 0,81 2. 701
11 5 1 34 ,45  1 ,08 1.55 I 1407 16 61 0.07 2.871

18 15 2 126 l.~3 .1, 05 1. 2026 0012 (14 fulv) 1.43 4 ,7 3 1 .

Data at Ahc rd ecn for slack water time were unrel iable; at Aberdeen duuiutg ~netiod of obseus .ntions (I etnruar~ ) . llood
was weak , aund current w as ebbing most m t  Out’ tint’ w ith a tclocih ~ at about 1M2 cn ,’~ec ( 3 . 38 l i/s ec ) at t unic s oI ma .si-
m u m  ebb wh ich occ urred 30 niirnutes late r th.m n at harbor euntr ancc ,

the unconf ined pipeline ’ dredge disposal site ’ et’ lgrass had ,s rust color , and expose’d beds we’re’
near Moon Is land The dye dispersion and green The mapping could not be completed
drogue studies were coordinated with personnel with only the NASA photographs because’ they
from the Seattle District Marker buoys were it’ - were t,sken (luring low tide when the’ water Ie’v e’ l
qu ired as reference points for the’ dye dispersion stas 09-1 2 rn (.1-4 ft) above ’ mean lower lost
near t he hopper dredge disposal itt’ A line of 16 water Most Z. marina occurs below the’ 0 .9-rn
anc hored buoys was positioned and test dye’s ( .1-f t ) level To comp lete the’ map, CIR
were released to determine the’ appropri ate ’ photographs were acquure ’d from a (‘cssn ,t 172 ,it
,emounts of dye to he used. t he first dye and 151 S tii (50(X) U) during lowe ’r low wate ’r,
drogue releases we’re made’ near maximum flood prvdk’te ’d —0 5 m ( — 1 8 Pt), between lOOt) and
on U) luly 1974 (Table V III) Buoy locations ,lnd 1130 hours I5DT on 28 June 1975 Comple’ t e’
dye’ rele,tse’ sites we’re’ recorded by sextant cove ’ r ,hge’ ot the’ harbor tidal f lats was obtained
readings The ~ye d is persion and drogue ’ ot s e’ l e’v t ’ n 20-ex posure rol ls ot Kodak
movements at ,sf l the’ sift’s were’ photographe’d 1 kt ,a bromite’ (‘I K f mliii using ,s (S-mm (1 4-in ) s un
Simultaneously, while’ water sample’s ,i~el water gle’ le’ns ref k’s c,lilie’r,h ss oh a Kalcor G 15 f ilte ’ r
temperature ’ and sa linity dat,t were’ acquire’d , the’ (m nm ne ls blue’) (ASA , 1(X) , t stop, tti, 11 or l(n , dc’
sampling site’s w e’ re ’ photogr aphed to co rrel ,lt e pe’nding e)nl photo ,iuigle’ to sun)
w ,lt er ch ara ct e ’ ri s tic s with tones on the’ aerial Slide’s pre’pare’d from tlie”,e’ lost ,tltit~ide’
photographs Dye and drogue re’le’ ,~se’s , wate ’r photographs sse’re’ profe’cte’d and areas tnt
samp ling and ,ie’rial photography were’ also per- eef gr ,hss w e ’ r e tranisb’rre’d t(n ,h map oP tidal 11,115
forme d near maximuni ebb on 11 Icily 1(1.) (3 II) 2 m ls ) (0 1) t o 8 8 Pt ) re’Lnt it m ’ to Ii1t’,lfl

foste r loss ss tIe r (Ml I \\‘ )J adapted P rou t (2 5
lnterr,dal habitats Arms’ (‘orps of I ngm nle’e’rs topographic data l’ho-

t he area) distr ibut ion of the inte’rtidal habitats te ninle ’ rpre ’t at uu uls ss e ’ re ’ v e ’r uf ie’d and augme’nte’d
was mapped utilizing the NASA color infrare’d bs el ,it ,t .mcqe iire’d during t ’ste ’uts ut e’ f ield ohse’rt ,t
photographs and lower  a l t i t ude ’  (‘1K tio mis un late ’ \f ,it and lone’ 1~~’S Are ,sl deter-
photographs Although the (‘1K photographs i i i i nati tt ns 5% e’re ’ nt,~de’ ss ith a K & I optica l , t oni-
we ’ re used for the mapping . celgra ss was also ,t p- pe’iis ,h t m t i g,  pol ar pI, inm usie ’ t e’ r

parent on the co lor photographs; submerged

1 3
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Sa lt marshe’s and ot her wetlands were also ing the’ evaluation ,are tully pustified only by in-
mapped f rom the’ NASA (‘P R photographs spect ion of two or more spectral bands
W here the photographs did not cover an area of
int erest , ‘o lor aeria l photographs (riontunal Ground truth data
st a le, 1 24 ,b4,X3 ) obtained trot’n the Washington
Department of Natura l Resources (DNR) in 1974 Surface circu/ation patterns
were used The areal extent of these’ nt,srshe’ s and Ground truth data , i.e. temperature (OC)
wet lands was delineated by tracing eac h marsh salinity (ppt) and suspended sediment concentra-
and wet l,t nd t ’, pe’ apparent on eac h photograph. t ion~ (mg/ I), were acquired from the surface
onto a transparent or trans lucent Mylar plastic w ater throughout the harbor and from the water
overl,s~ T he area of each deluneatuon tt ,ms then coluiiin at the harbor mouth. Temperature and
determined using a polar planmntett’ r salinity data we’re acquired with an in-situ probe

Species omposition of t he salt marshes , Suspended sediment concentrations were deter-
e’elgrass beds, and other wetlands ss,ss deter- mined in the laboratory by wei ghing the amount
mined by field sampling and observations at of particulate ’s filtered from water samp les col-
s aruous locations in the harbor Quantitative k’c’te d at e’ach station , The surface water data
sampling wa s done onl y in salt m,irsh and were acquired at 40 sampling sites (Fig. 4), 26
eel gra ss areas along representative ’ transects near the harbor entrance , and 14 along the main
T he aerial color and (‘1K photographs we’re used navigation channels. There were 6 water column
to select sampling site ’s and to measure’ the s i te ’ s  near the harbor entrance (stations 2, 3. 5. 6.
u,anop% tote r  of hare’ cubstr,ste , or substrate 18, 19 on Fi g 4) Data were co llected by person-
covere d with al gae, in plots where’ canopy cover nd from Grays Harbor College during flood and
oP s as cu lar salt marsh species was not comp lete’ ebb tides on . ,  10 and 11 luly 1974 (Tables IX

Sa lt marshes were typed based on a modifica- and X).
(ion of the ~‘ l , i ss i t ~ ’,~tio~ sy st em pr e ’ee ’nte ’d by These temperature’, sa linity and suspended
letterson (1975) All classit icatiot is were based sediment data were used to produce maps of
on quant utat i s e ’  transect samples , using percent- usotherms , isoha l ines and sediment concentra-
age of canopy cover and percentage of tre ’que’n- tions , from w hich, in turn , were inferred surface
e’~ of occurrence The eelgrass beds were circulation patterns during the different tidal
c lassified ,as Zostera no/u i and L. marina beds. stage s T he water  column data were used to
w hic h were ’ s usual ly separ able entit ies Z. m,lr,na prepare water profile diagrams to determine’
beds were turthe’r divided into “dense ” and water character istic s at depth, subsurface pro-

sparse ’ beds Other wetlands were ’ cla%smfu ( ’ d cesses , and degree’ of harbor stratif ication.
according to species composition derived from Huebner (1975) reports “Some of the main
qualitative surveys physical aspects of Interest in estuaries and bays

inc lude water movement , mixing processes , and
LA NDSAT imagery sa l in i ty  d is t r ibut ion The movement of

t he utility of (.ANDSAT multispectral scanne’r sediments (in suspension or by saltation) is
(MSS) imagery in addre ’s smn g the prop e ’ct ob iec- related to these conditions. Basic physical
tuves wa s determined based on a cursory eva k ’a - paramet ers affect ing prediction of flow and cir-
lion of im agery acquired in lanuary, P ebruary , c u lation are the physical dimension of an
and Oc tober 1973 F ,ic h 1 1.000.000 scale image estuar y , river flow , and tidal conditions.
covers 185 km (115 ml) on a side The’ MSS Measurement of these parameters , in addition to
recor ds reflected raduatuon in four bands of t h e ’  the’ in situ collection and analysis of horizontal
sisib le and near infrared regions of the c’lec- and se ’ rt ical salinity, and temperature and tur-
tromagnetm(’ spectrum hand 4. 1) 5-0.6 ~m, hand hudut y data , provide information for analysis.
5, (1 6-0 7 kim, band 6, 0 7-0 8 um. ,snd, band 7 , t,’ e’ rt a i n inte ’ re ’nc e ’s can be drawn from cross sec-
O 8-1 1 ~m (‘oasta l landfornis , cu ltural and land (ions of the data; however, direct observation of
use t e ’atur es and turbidit~ and circulation pat- currents us essential for quantitative understand-
ferns ,tre most distinct on band S (Fig Sa). The ing F low and drift methods are used to obtain
land-water boundar y, riv er i ne’ f eatures , geol ogic direc t observation , e .g . , current meters , drogu es .
structure and geomorphology ,~re most appare’nt buoy s, and ds e’ re’ le’ase’s - *
on t he’ band 7 image (Fig Sb) In general . only
one’ LANDSAT band is re’produc’e’d in this re’port c icpse ug hu A,unneuu .mn sccc i.’(~ i’m I’hofugr,tunnnnt’ir% ri’prunmt’d
Howev e’r , mans of the’ c on c lusions formed dur- )ns
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Figure .5. Grays Harbor and northwestern Washington , portion of LAN DSA 1-i image 1169-18 ?~c acquired on
8 / anuar y 197 .1.
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Table P.\. Predicted tide’s at Aberdeen and Pt. Chehaf is Aur raft  and satel l i te ’ imagery interpretations
during d~e dispersa l studies and acquisit ion of ground op irc u latuon pat terns w i r e ’  subsequently c orn-
truth data Ifrom National Ocean Survey (1973 and pare d with interpretations made f rom the above

data obtained from shupboard surveys and from
the Grays Harbor hydraulic model studies to

I,,,,, I i ,  - ‘ .i~ t determine the accuracy,  reliabil ity, and cost ef-
~ 1’ l)  H “ ‘  tec t tve ness of remote’ sensing versus more con-

vent iona l data acquisition procedures
/ _ , / i  ‘~ ‘

~ the Grays Harbor model studies were cpn-‘\hc idi’~~ ri 040’) 2.67 8 ,8
1 l 0 2  -0 ,O’J -0,3 ducted by the Hydraulics Duvusion of the U S.
I” I 2  2 . ’ s  s ,.i Army Engineer Wa terways Experiment Station
0 124 0.7b 2 . 5 (I3rogdon 1972a). The model , a fixe d-bed model

Pt. (.ht- ha l is 0 2. ~ ss ith provisions for future conversion to a020 — 0 . 136 —0 ,2
movable-bed model , was desi gned and con-lb-I t 2 .2 1 7 , 1

2242 0,7 .1 2 ,4 str ucted (February 1968-June 1969) to scales of
“ ‘

- i - ., 1 500 horizontally and 1:100 vertically. It
13451 2.5 2  S . 3 repro duced all of Grays Harbor , the Chehalis

iS 0 ,06 0.2 River to the head of tidal influence (South7-1 ” 2.61 8 ,c,
Montesano) , and a portion of the Pacific OcearPt. t h,•h~ Iis 0-120 2. S 7 ,2

l05t~ 0.01 0.1 adj acent to the harbor entrance. The primary
2 . 27 7 .5 purposes of the overall model study were to

1 135 0,70 2 . 1 evalu ate the possible ef fects of rehabilitation of
10 1-s ’ 1-1 ’~ both the north and south jett ies and of enlargingA bc rd m-e n 000 ” 0.7 1  2 ,4

On 13 I 9 and real igning the navigation channel, to irs-
1 2 1 4  0,2.i 0,8 ~es t iga te the stabil i ty of Point Chehalis , and to
182.1 2. i~7 5 .5 locate suitable dredge disposal areas , The

Pt. ( hehaIu~ I 50 3 2.01, 6 ,8 t l ushun g rate and dispersion character ist ics of
1 1 3 2  0,2 1  0.7 waste materials discharged into the system were. 52  2. 3 1  7 7

also to be unvest igatedj ,  / a/i ri ”.,
Aberd een 13056 0,67 2 .2 Hydraulic and salinity verifications were con-

0627 2 . 2.1 7 ,4 ducted from June to December 1969. Fixed-bed
2 / 1  0,45 1 .5 shoaling ver i f icat ion was accomplished from

2 ,73 9,0 August to September 1970. Hydraulic , salinityPt. (.hchalk 0014 0 .64 2. 1
and dye dispersion base tests were performed1.9 1 6, 3

120’) 0.12 1 ,4 from lanuarv to luly 1970 (Brogdon and
1812 2 ,3 9 7 .9 F isacke r ly  1973) Model veri f icat ion tests in-- -  

ducated that the modef hydraulic and sa linity
reg ime’s were in s a t i s f a c t o r y  agreement w ith

Table X. Schedule for ground truth data acquisition , those o f the prototype for comparable condu-
9-11 July 1974 , (ions It was assumed that the model would pro-

vide quanti tat ive data concerning the ef fects of
the proposed improvement plans on the

h u t , ’ F ’ 1 1 I  I . ”~/ i i,’ hydraulic and salinity regimes of the estuary
After comp letion of all fixed-bed model ver ifica-

h at,” ..- ‘ ‘
~~~~ 

( ions and base tests , the’ general model investi ga-L.nte ebb
1 1 28 .1 01 L,ute load tion program was initiated.

t O Pu ts 0523 .0715 t,.ite tlootJ L.url. t’hh To date , model studies have been performed
1025-1240 L,ute ebb I .nrls tIooul for the north petty (Brogdon 1972b), Westport

11 Puis 05 i 0 ’ ’ s  L,ute’ load L.urlu ~hb sm all boat basin (Brogdon 1972c and 1975b), the
105 2 . 1355  t ate chIn F.arti t lood south j etty (Brogdon 1972dJ , the existing 9.1-rn

li~ ti ’r iu ,/ u~p?,, ’ ( 30 - f t J  (MLLW) deep navi gation channel
tO Puts OS 10-06 P ii IS ebb

I O S S . 1 1 4 4  Late- ebb I j r t~ ikR)d (Brogdon 1 975a), an d a 12 1-rn (40-ft) deep
II Puts ~ i,(’~~’~~t ,.i() 

L.a I’. ebb n,t~ igation channel (Brogdon 1976).
~~~~~Hooa
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Interti dal habitats pronount e’d on the’ color photographs be’ ’ause’
Spec i ’s composition of t he’ wetlands was the’ suspe’nde’d solids in a greater portion ot the’

determined by identification of spe’cimens ol- water olumn we’re’ visible , Wate ’r penetration on
lec ted along trans e’ c ts using standard samp l ing the ’ color photogra phs was gr eater , from t he sur-
techniqu e’ s and by field observations during face to 0 9 to 2 42 m (3 to 8 f t ). [fee ause the ’ c ’ s-
re lated investigations Quantitative samp ling of posure setting is ‘ ru tue ,sl whe ’n CIR photographs
vegetation w as done’ only in salt marsh and are being take ’n and because it was diff icult to
ee lgrass areas Other surveys were qualitative ’ see the’ water surface with uniform solar l-
and were done to determine’ plant communities lunt ination , t he water surface frequentl y ap-
based on abundant species. peared dark (unde ’rexpose ’d). T he setting with

co lor photographs was not as c r i t ical and hette’ r
exposed photogr aphs were acquired The water

RESULTS AND DISCUSSION surface was not too dark and surface detail was
genera lly very good on the color photographs

Remote sens ing techniques A zone with high turbidity was observed on
t he south side of the south jet ty (Fi g. 8) It ap-

Sur face circulat ion patterns peared that currents were moving west along the
NASA NP-3 A imagery. Circulation patterns je t ty  and transporting suspended sediment from

were determined from the NASA NP-IA color the surf zone. From the conjunction of the south
and CIR photographs based on foam (debris) jetty and the shoreline to approximatel y 4 5 km
lines formed at mixing zones on the’ water sur- (2.79 ml) south along the Pacific coast , high con-
f ace, c hanges in water color (turbidity) in the centrations of suspended sediment were ’ ap-
open areas of the harbor and suspended sedi- parent in the surf zone . A lso, linear patterns that
ment patterns near s hore. Meyer and Welch may have been internal wave ’s were observed in
(1975) point out that water color is influenced by this area .
its optica l properties , type and amount of The surface wave patterns w~re more’ discern-
suspended organic and inorganic particles , and ible on the CIR than on the color photographs ,
water surface roughness, and by the nature of especiall y w here sun glint was high The de’tec-
t he bottom in shallow water . hon of wave refraction near submerged shoals

T he color photographs were more useful than could be very useful in locating unrnappe’d
the color infrared photographs for analyzing the shoals or in analyzing changes in shoaling pat-
circulation patterns because there was less con- terns and shoal topography. The land/water in-
t rast  and sun glint (Fi g. 6). Generally, variations ter lace between exposed tidal f lats and water in
in suspended sediment concentrations in the sur- North Hay was more apparent on the CIR
face water we’re not significant enough to be photograp hs than on the color photographs
observed on the photographs. However , t hermal Foam line’s which delineate water type bound-
differences of the water surface were readily ap- aries or form parallel to wind directions because’
parent on the RS-14 and M1S imagery and cir- of surface Langmuir c irculation were ’ apparent
cu lation patterns based on these differences in the color and CIR photographs.
were easi ly delineated, There was more subsur- Surface thermal patterns (Fi g. 9) apparent on
face information on the color photographs , RS-14 scanner imagery acquired on 12-1 .1 Ic ily
a lthough wave patterns we ’re more apparent on 1974 from the time of m id-ebb through rn,ss-
the CIR photographs (possibly because of the’ irnum ebb currents were very useful in
greater sun glint which enhanced the ap- delineating surface circulation (Fig 10) and in
pe’a,ance of individual waves ) showing the relative water te’rnpe’rature’s of the’

t he’ 13 luly 1974 (Mission 283) photographs main tributaries to the’ harbor (lable’ Xl )
were acquired during eauly flood just after low Hue’bner (1975) reports: “In addition to the study
water s lack Conse’que’nt(y, water movement was of t he’ temperature’ patterns in the’ mixing ions’s ,
minima l ,tnd, except at a few locations , circu la- there’ is interest in mapping the’ distribution of
tion patte ’ rn s were ’ not readily discernible (Fig. 7). t he wate ’r masse’s that are’ moved abocut by ne’ar
Most of t he’ patterns observed on the ’ color and shore’ currents ’’ , and “Several investigations
(‘1K photographs were near the’ harbor entrance’ have conc luded that thermal infrare’d imagery in
beca use ’ flood tide’ had begun. A turbid zone the 8 to 1 4 -~ani band can provide useful informo
•ilong the’ north jetty to Damon Point was more’ tion on e’sf uarine ’ e ircul,stion
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Table Xl. Relative temperatures of tributary water near the mouth of Grass Creek ([)* to 14.6°C
and harbor water as observed on RS-14 imagery, 12-13 (58.3°F) in the northern part of Oyhut Channel
July 1974, and M2 S imagery , 10 April 1975. (A , B). Temperatures of the tidal flats were ap-

12-Il ~u(y I~~,”I 10 Apr il  1975 proximate ly 12°-13°C (53.6°-55.4° F). Water
temperatures in Campbell Slough and Hump-

uk Riser tu lips River Channels (F, C, D) were approximate-
J ohns RIVCI Wa rmer Warmer ly 15°C (59°F). Temperatures along line 22 varied
‘Sew s k ah ( reek ’ — Same Warme from 11.4°C (52.5°F) in the middle of a tidal flat
Charies Creek - Same Warmer to 16 .4°C (61 .5°F) near the mouth of Grass Creek
Chehalis R I -e r  Colder Colder (A). Note the occasional high temperature spike
W ,shkah Reset  Coider Colder - ‘ -
Hoqueam Rrr ~ -~ Warmer Coider on the PRT-5 graph. This spike is probably
(,riss Creek Warmer Warmer caused by a voltage surge in the instrument. It
Chen oi sCr eek W~ rm c r Warmer cannot be correlated with a feature on the im-
Humptu~ ps Riser Warmer Warmer agery.
* Not sIsuble on imagery. Temperature fluctuations along line 23 were

more frequent than those along lines 21 and 22
because the land/water boundary was traversed

Comp lex circulation patterns were visible in many times (Fig. 9). Temperatures of the harbor
three areas where mixing appeared extensive: and tributary waters were as follows: on the west
North Bay, near Pt New ( lines 21 and 22), and side of the channel at the confluence of the
between Moon Island and the coast east of Oyhut and Campbell Slough Channels (A),
Steam ’s Bluff (line 23). Generally, observed ebb 14,7°C (58.5°F) and 15,5°C (59.9°F); on the east
low patterns were restricted to the tidal chan- side, at the confluence of the Humptulips River

ne Ss, e.g., water in the vicinity of the sett ling and Chenois Creek Channels (C, D). there was a
ponds south of Aberdeen moved primarily out well defined mixing zone and temperatures
South Channel (line 25). varied from 12.4°C (54.3°) on the west to 14.8°C

PRT-5 data showed detailed thermal varia- (58.6°F) on the east; south of Pt. New and
tions along the flight lines, The location of the Brackenridge Bluff (E) was a mixing zone with
PRT-5 viewing line is approximate. In fact , it temperatures variable from 14.4°C (57.9°F) to
probably meandered gradually from the 15.6°C (60.1°F); the warmest observed water ,
center line . These data (Fig. 9) were corre lated 17.8°C (64°F), a long line 23 was found along the
wit h the RS-14 imagery interpretations (warm shore from Pt. New to Grays Harbor City (E , F);
features are lighter) and provided information water in Hoquiam Reach (G) varied from 12° to
on relative temperature distributions and, in- 13°C (53.6° to 55.4°F).
directly, on surface circulation. Meyer and Water temperatures along line 24 from west
We lch (1975) report: “A thermal scanner records of Rennie Island to Whitcomb Flats varied
relative temperature difference and, therefore , minima lly from 14,3°C (57.7°F) to 13.5°C
must be used in conjunction with a temperature (56.3°F). Well defined mixing zones occurred in
reference source and with actual surface the area around Crossover Channel (D) and south
temperature records obtained during scanner of Moon Island Reach (C, B). In the channel west
overpasses.” of Whitcomb Flats and east of Westhaven Cove

To calibrate the PRT-5 data , temperatures (I), temperatures were approximate ly 14°C
recorded by the PRT-5 must be compared with (57.2°F). Temperatures in Westhaven Cove were
temperatures taken at se lected ground features approximately 12°C (53.6°F).
to adjust the recorded PRT-5 temperature for at- In the northern portion of South Bay (A , B on
mospheric effects. This was not done during this line 25), warm water from Redman Slough (C)
study; therefore, temperatures shown are not ad- and the Johns River (D) mixed with cooler water
justed arid are relative values, not absolute furt her north. Temperatures in the mixing zone
temperatures ‘~~ the ground or water , Since varied from 13.5°C (56.3°F) to 14.7°C (58.4°F).
temperature differences were of primary impor- Temperatures along South Channel (C, D) varied
tance, relative accuracy is more important than from 10.8°C (51.4°F) to 12.2°C (54°F).
absolute accuracy.

Temperatures (not absolute) along line 21 (Fi g. 
____________________

9) on 12-13 July 1974 varied from 16.4°C (61 .5°F) Letters refer to locations on fi lm strips.
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S&I r t . ie  ,‘ c ire u la teon patte rns d u r i n g  mid hI ,u iu t l  ss, ’ r e ’ ,‘s liiii,ile’cl using cuss a l t i tude ’  phe)tograp hs
uis t Iu e ’t int ’ t h ’  t u nue ’ cu t unla’s iniclnu f lood urrt ’ nt s to (‘ I ii ic l &l u s~ie’rsuon i ll uranine ’ d’,e ’ it he ’ lr,u e’rl

art ’ siios~ n en 1 igurt’ I W.e te ’ r  te ’n ipt ’ rat urt ’s (not I lot te ’s en , se ’ s era!  d i f l e e  ultut ~s ss ore e ’n ounter,’d
absolute) in th,’ northern pci r tioul of (15 hut ( han- d u r i n g the ’ s e ’  ds t’ studies
iw l -‘,i sar ie ’d I r ~~i uu )O( ’ ( 54 1 b0f 1 t n u  1 54° ( I i~~st . f) t ’e , i t Ise ’  of tI ’ e’ loss loud t ’iling during
i 54 ii 1°F h u g  141 1 he’ tud , iI t I , i ts  northss e’st tul t h e  ,le r e raft th ught s , i t  ‘i% ,i S not ,ilss,i~ s poss ible to
(‘anupbt ’ll Sloee g~ (‘haunt’ ! ts e ’rt ’ ,epprosu iu i, ite ’ Is g,iuul e ’ri o i.e g lu alt i tude ’  to photograp h t he’ Iloatun g
e)O(, ’ 48 ‘0F I ~~ ate’r in the ’ ,Inupbe’ll ‘-thoug h lB drogcee s and ad iae ent l , ine! rt ’te ’ re ’ n e’ f ea ture ’ s
and I ig 141 I l ce nu pt ci l i ps Rise ’ r (Dl , ,tn& l sunuiuI tauie ’o u” I~ It ssas not poss ible ’ to est imat e ’
(‘he ’noes ( ‘ reeL (I I ( h,inne’ls s arie ’d I n u n  1(1 54 O( ’ s i’ luic I t  i t ’ s or obse’rs e thi’ dint’ 11(11) of nib s e’ui) .’ ibt

5 au ‘~~l I to 12 540( (54 4 5 4 ° f )  hernial data ,~~ 
ss hie’ii this oe urre’d

quure-d a long I m e ’  22 ss ert’ also s , trea ble as  the’ ~‘t ’  t u tu! the’ I in,’ of b&io~ s near dispo’~a( s i te ’  I
land ss ate ’ r inte nt ,m~ e ’ ls ,ts I ru ’que’nt l~ ross e ’d (I ig 4 1’, ons ist e ’d of aflu bore”,! ss hut,’ and I luore’s
\V a t e ’ r  te’nlpe’ratu t~ ’s ss e’re e & i iuup,ira ble’ to those’ cent orange’ pl,tst u gal Ion conta iners I ht’ ss bite ’
obse’rsed a long line’ 21 on the t s e ’ s t  side ill North buo~ s 15 e’ re ’ more’ s is ib le’ on the’ loss a lt i tude ’ (‘IR
Ras t I U. (‘1, 10 1 0( ’ ( 54;) ~°I i t o  1 20(’ ( 5 4 5 4  8011. photograp hs , and t he organge’ more’ s is ible’ t in
in the’ I e’ntr,i I port ion (8). 10 54 O(, (54 ( 1 4101 1 to the’ color photograp hs ‘. )t & asionall~ t hese an-
12 1°C ~.544 10 1 1 ,tni’,l on the east ( ‘~,1 ne’ar the & honed buo~ s s% e’re’ d i t t ec u l t  to see’ on the’
mouth 01 I,~~ra s s  (‘reek . 10 2 °( ’ (50 4°F) to 12 tu °(’ photograp hs be’e atms e t ht’~ sse re ’  pe ’niodiea ll~
(54 70f ) e (15 e’rt’d Fi~ ts ,is& ’s . ,inid b&’& ,ti,i’,e’ the~ ss crc ’ e ’ asuls

Musing s~ ,ls pn&i m mne ’nt in se ’S e’ r,il b c  at io ns .us onfuse ’d ss ith the brig ht spots on the’ ts as t ’s

ilis~’rs e ’&I on the’rrna I cia t~m f rom I me 2 1 south of I orint’d h5 scm ii glint on the ’ ss at e ’r In addit 1)1) , the r
( oss Pt ss here’ ( hehal is River ss ate’ r and harbor s I r  1mg e, urre’nt s at this location mos ed the buo~
ss ater e oiis e’rg ,’ in ( os% PC - f - boqui t nr and ~loon from their origrna l -stra ig ht l int ’  j ) os i t i on5  1.argi’r ,
Island Re’ ,tc lies . ,i nd south of I(r ,tc keui rudge ’ RI nI t more’ stable ’ b&uo ~ s wo uld be’ requ red Ion similar
near Pt Nets ~ &i rt ,t& e ts ate’ i te ’ nupe rature ’s s ,unied sI iidie’s in t he’ f uture ’
as to l loss in St i l l  th (‘hanne’ l ( ‘\ l soil the ’as t of 1 hird . because’ t he’ c’afller,t esposu re’ sett ing is

Ret in ue Is land . 10 0°(’ (540 0°F) t o 1 1  4°(’ 154 2 54 0 11 . r i t i ca l sse th  (‘I R photographs ( stop latitude’) .
sout hss e’ st (Ii) of R ennet ’ I stand . us high as 12 5 4 0 1,’ and because’ the’ ss e’ath er conditions ss e ’re
~544 54 ° f  1. sout h ((‘1 ot Boss e’rnlan “s urp o rt . 10 ~~O(’ niargi mia l . s~ith lighting continuous l~ changing,
(54 1 401 1 from 5% est cu t the’ pupe’line’ dredge’ tile’ (‘JR photograp hs ts e’ re ’ t requentls undere’s~
disposa l site ’ I te l the’ ss est shore of loss e’r North pose’d and not useful
Ras (U-C). 12 54°C (54 5°F) to ii 8°(’ (54 1 2 °f  1 In spite ’ oh these’ d if f icu l t i es , the’ th e’ des~uc ’r-

Su r t ae e ’  ts ,ite’r temperature’s a long line’ 24 ss e ’re ’ sion tec hnique prove’ d to be’ s e’r \ use ’t  ul in de’te ’r
ss ,Irnlc ’s t i i i the’ ss t’ste ’rn h a l f  of the’ I tie’ I toni the’ nuining t lie’ c urre’nt directions and in estimating
ne)rthe’rn portion lit Soti th I1,i~ ,i long South (‘han - s e loc it i t ’ s  at se’S e ral loc ations The the s(re’anls
iue’ I to the’ area ne’ ,t r Muddle’ (‘hanne’l I -\ - ( 1. 1 — s isubl i ’ from the ’ ds e’ pac Le’ t attache ’ d to the’ sta-
km (2 mii i )  t s e ’ s t  c i t  Rennie’ Is land . te ’nt pe ’ r ,t tur e ’s tionarV buo~- s on the’ tu t ’ s t  side’ of the buo~ line’
va rie ’d t rom 108°C (54 1  4 ° f )  to ii b°(’ (542 ~ OI 1 during t bood and on the’ e’ast during ebb. ss e’re’
~,s, ,ute ’ r ( 11) in ‘si iddle’ ( hanne’ l s t a s  1 2 5°C t~ 4 50 11 5 e’ r5 narross and paral le’led t h e ’  buo~ line’ during
to I I t°(’ ( 5454 ~W l ) \ ‘s ate’ r in the’ North (‘hanne’ l (I) ,ih I flit’ photograp hic ’ pass e’ s , sugge’sting strong
betss e’e’n Iloqui.uin ,ind (‘cuss Pt Reae he’s ssas nueurt he ’ as te ’ r l~ and southw- e’stc rl~ sur face ’ e, cir-
JO 20(

’ (SI) 4 °F) -\ ts ~‘l I del m ne’d iii sung / (b i le ’ ss ,is rents . re’ s pe ’c t is e’l~ (Fig 15) But h~ dr au I i ’, niode’h
,ippare’nt in the’ South (‘hanne’l ne’ar the’ mocm t Ii elf st t idies for th us a re~,s s hoss Sli r fa ce ’  e urre ’mits to be’
tohns Ris e ’r I e’nupe’rature’s in South fI ,is ,ilong m ore e,i si lt e ’ s t  1 here ,ippt’are’d to be’ s e’ rv l i t t le ’
line’ 2 54 shosse’el se rs mimuor va r iab ih i ts  , 11 4°(’ l,ite’ rah mis ing or nlos’ e’nie’nt of flit’ the’ Rs
(12 54 ° F ) (II and (‘1 to 1 2°(’ (54 1 (° F 1 ~l t he’ s m uj a l l  nle’ ,ncur ing the’ distan ce ’ t rase ’ llt’d b~ the ’ (h e’

‘s t r i ’ ,iiiis north (C) ,und s o uth ot ( r , ls s I sIan’,! ui clrogue’ be’tss ecu a irc r,tf t passe’s , the’ ceirre’nt
Son t ht lI,us 5% e’re’ disc barging w a t e r  conside’ rabI~ s e’ loe ’ it me’ s ss e’r e’ e ’ s t  imate’d ‘s’e’ Iot it u t ’ s  during
syarnie’r t han the’ lu ,us ss ,itvr flood ne’ar disposal site ’ 1 (nie’asured I reu nu

Loss ,i I t,tu&!e ’ photographs ss i th dte ’  t t ’i t ’,i s, ’s photographs on m t  1) s arie’d t roni 1 4 in se’e (4 (u

Surta e’ current direc tions and s e ’hn i t  e ’ s i i e ’ ,mr I t  - te ’ i I t e n 2 2 mit see 1’ 1 It sec I I n  c on t r as t  ti le’

the’ north and s cuc i  I hi lu ’t t u e ’ s  ne’ar the hopper niode’l s c lot i t  u t ’ s 5% e’r e ’ approsm nuate ’ ls 1 2 ni l s e ’ e

dredge’ ci is posa  I site ’ I and south cu t ‘s te  n ihi Is land (4 (1 f t  see 1. I )cm rung e’bb, nie’asure’nue’nts I ronr roll

28

— -i — -- -
--

. — - , ~~~~~~~~~~~ _ - —~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 4



1

A p p r o x i m a t e  Sca le
1 3 0 0 0 0)

0 . 5 0 0,5 LOmi
I ’ ’  ‘ 40.8 0 0.8 1.6km

a. Line 21
Start 22:03:15

* 
, VU?

1 - 
- ‘ -,

PRT-5 - -

Viewing —,
Line - 

A 
B

_ _ _ _ _ _ _ _  - - 5  ~~~~~~~~~~~~~~~~
, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I End
~ 5 ,  *
C

Line 2 1

~a le

)5 5 l.Omi O4Ii Of 75 ~
—4. —l I I

1.6km Elapsed Tume 1 Inn m m  . 5 C C . )

Direction of Flight

_ _ _  

ii
~~

d~~ 
5

~~~~~~~~~~~~~ — - t~
’;
~. “I

’ 

.~~t

.~~~~ 

‘
___________ 

- ~~~~~. 
‘I

.

. 

~~~~~~~~~~~~~~~~~~~~~ I

~~~~~~~~~~~~~~~~~~~~~~~~~~~1

Figure 14. M2 5 t herma

- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—
~~~~
-- ‘- - .. - -



~~~~~~~ -~~~~~~~~~ —- - -.  - — -~~~~~~~~~ ~~~~~~~~ -.-~~~~~~~~‘— .-~~~~~~- - - - - ..—-—~~~~~~~~~

Eund 22:05:45

I -~~~~~~ I w

- 

:~~~~~~
-‘

lI~
e

) ig i s re ’  I 4 M S  t !ne ’rn i ,u I  IR u,nn.igt ’ rn, ufht gu.uph t u b I’R I 54 r , je lu ,u fueu i n  f t u , ’ rum me u nne -( e l  i/,It,u

. 
‘ .



- -—~~~~~~~~~~~~~~ .

B 
Sta

rf
~~

1

A p p r o x i m a t e  Sca le 4

( 1 :3 0 0 0 0 )

I I 
0,5 l.Omi 

C ~ .
0.8 0 0.8 I ~6 km Elapsed Time I per., mln,

b. Line 22
End 22:11:00 Direction of FIi~~’

- 
354 ~~~~~~~~~~~ —.

‘-3 

— 

.- - 
‘ 

,; 
—

i.1

E . 

‘ 

C -

I
A- ’

-5- 

- 

-5-i



S
tart [

”

~~~~~~

- 04/10/75
o I

Euap s ed Ti me 1 hr., mm sec .)

— Direction of Flight Start 22:08:50

3] .

a . — I SAS SSS

Figure 14 (cont ’d ,I. M2 S thermal JR imagery with graph of PR i-c ra’,imation thermometer data.

- :  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ - - . -.-_~~E~- . ~~~~~~ 
-—



4 

~
.,±

-

E , .‘i - 23  I

I ° F se a Time Ihr , rm, imu .,sec  

‘ 

04 / iO/7E u
1 / 

- - _________

I A p p r o x i m a t e  Sca le

I 
_ _ _ _ _

I ~~~~~~~ 0
;
5 I.Omi ~~~~~~~~~~~~~~~~~~~ 

-
~ ‘ _______

I 0.8 0 0.8 1.6 km ~-J
U

End 22:00:40

‘b 
_ _ _ _ __ _ _ _ _

:~ 
-t

~ 
IaeI 1~ 

- WI~~ , ’ ’1’ ::’y\ 
‘

:.

- 

.



t.4_’~~

~~~~~ 
_

~~. . ~~~~~~~~~~~~~~~~~~~~ 

- — 

‘&I~
’
~ 

-

ll II~ 
.‘ 

~~~~~~~~~~~~~~~~~~~~~~~ ~

. 
.

‘ 

~~UII~~~~

I . 

~~~~ 
,
~
_W 

,

I ~‘ 
‘ _____  

‘ 
. 

- 

~~~~~

- I ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~

L I ugure’ 14 0 (unit (I).

~ 

~ --~~~~~~~~~ 
,_ :



c.Line 23
Sna rl 71 ~600

- 
l
it

B

4IrIuIIIIIIlI~~~~~~~~~~~~ !!I!!II!

4 
: .  ‘

~
‘
ii’ —’ 

4

I
.

__ . - !  .~~~~~~~~~~

‘
- ‘ . 

I igure ’ 14 Ic cu lt ‘ i l l ‘si ‘ ‘ i t/ n e ’ rn u ,u/ JR ,nt,ige’’~ 151 111 gr , u~dt ii I ’I~’ I n ,eu lu , i t iu  in t l t i ’ rnnu ut u t e ’t u ’n iI,ita

_ _ _ _ _ _ _- ~~.I-.—~~
-.—— --- ’ -- --



r d.Line 24
21:48:05

~~~~~~~~~~~~~~~~~~ ~ JI IIUj~~I*..~.. ,J R A  ~~ ~~~ 7.

RN _ _  

‘:~~ 
~~~~~~~~~~~~~~~~~~~~~~~ - f

- — — ,‘

-
I 

~4i

~t ~~~~

4 
, B

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

04’lOi 75 ~~~~~~~~~
C __L, _ ._j  — ____i___ .___,i___ I I I

Eta psed Tm me (hr .m e  Sec

A p p r o x i m a t e  Scale  -. .~. ‘ :

( 1 :3 0 0 0 0)  .‘ ‘ 
‘ 

.

0.5 0 0,5 I.O m u
( I I I I I
0.8 0 0.8 1.6km

- ‘-‘---5- —. ~~~~~~~~~~ .. ‘-- --5.- - 

~~~~~~~~~~~~~~ 
. 

i



‘ - 5 , - - -“--~~~~~~
----- -‘-- --

~~~
——

Directioni of Fli ght -

I

i
s, 

. 

‘

;~~~~~I

’ 

~~ ,. ‘ 
—I

I’ . - . .
,J J

~~~~~~~~~~~

-

~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~

r±&~~~~ Mr~ -’ 
H 

_ _ _ _ _ _ _ _

4.



~~ U~~~~~ UU ~~ 
rv~o.’~ Jet. , ~uu

End 21:53:35

‘
I-

I ‘ . - -  I—I .i u u n) t  iJ~ ‘sI S t hte ’ r tnu , u/  h R m i m e - r , ~ u thu  i : r .up h u i  I~R I 54 r , eu /u , i i : uu t t  t hm ’ rm (I t iuu ’tu ’ u &l,u t ,u

, -- ~~~~~~~~~~~~~~~~~~~~~~
--.

~~ -- .
~~~~~~‘ - - -—-



i t  1 ,‘ ,u u s  i u , ’,’k ~s ’ - ’ ,u ls , ’ I Ii: I .111mb I
c i i ,  uI _ ut u, iu u p.11 t , ’u us is e ’ u I ’ u u u m u u  , u l u ) u _ i i  u ’ui l  ,iun t hit ’
,‘l,’u i lh i i i tmi i. i ,ii ibus t h u _ e m  ,‘iu t hur I. Ih’~ n f hu i Im i 1 .u _ e m bis

u

~

1I i: :T T T ’~ - . r1Ifl~~ir1 ~~~1 iunsmu~ --~- - ..

End 21:45:20 Direction of Flight -

2 
_ _ _

Sian 
End ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

L.ne 25 ‘ ‘

B A ’ -

04/1 0/75 ‘ ,
0 — -

Elapse d Time iii,.,mmn .5cc )

71 ‘ £ .~~~ 
.
~~~~~~~~ 

_ _ _

I ~~~~ 
_ _ _

A p p r o x i m a t e  Scale
( 1 : 3 0 00 0 )

0.5 0 0,5 I.Omi
I ’ ’  I I
0.8 0 0.8 1.6 km

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~



--5-- ,-  . .
~~ 
—.-,—.---

~~~~~
----

~~~ 
‘ — ---—~~~-—

e,. Line 25

— Direction of Fli ght Start 21:44:15

T-
_ _ _ _ _

A p p r o x i m a t e  Scale
( 1 - 3 0 0 0 0 )

0 0,5 l.Omi
— I  I I I

0 0.8 1.6 km

I ugui re ’ 14 i h u t  ill ‘si ~ t he’ rnua ! l~

_ _ _ _ _ _ _ _ _ _ _ _ _  

‘

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I_—.- —_ —-—~~~~~~~~~~~~~ ---.~~~~ — -- - - - 5  



—p

F’

Figure 14 (cont ’d). M15 thermal JR imagery with grap h of PRT-5 radia tnon thermometer data,



Dye Stream

r

0 SOO ft

F ‘ 
/ 
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Figure 15. Dye stream at disposa l site 1 during flood on 1( 1 Iul ~ I 9 4 , black and ss h ut e
repro duction of Ektach rome MS Aerog raphic color f i lm from rol/ I , pass I.

3 varie d from 1.7 rn/sec (5.7 ft /s ec ) to 1.9 rn/sec 16). The drogues gradually move’d southeasterly
(6 3 ft/sec ). Modelled maximum velocity was away from t he tidal f l a ts and up the reach. I’

1.61 rn/sec (5.3 ft/s ec). White and Knowles (19761 Measured velocities w e ’ re ’  sa riable ’ While sti l l
discuss the underwater currents at this disposal near the tidal f lats shortly af t e r rc ’ leasv , the
site as observed during scuba dives , ve locity (from roll 1) ss ,us approx imately 09

Two dye drogues were released at channel ni sc ’c - (2 9 ft s( ’( ’) Afte ’ r the’ drogues had moved
buoy 41 during flood on 10 luly in the Moon farthe ’r out into and up the re’a h (roll 1 pass 1 to
Is land Reach south of Bowerman Airport (Fig. roll 2 pas s 2) velocity ssas ,lppmO\mfl ),ltel’s 1 54
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F igi, it’ I iu B I’, u ’ k a itt/ is In itt’ it’~~i< it /iic ’ I s ort s < i f  I k ta  cit r~ tin t u’ \ IS ‘\ c’rogr.ip hic (1-01(11 co/or photograp hs ot (/~ e’ dr ()),~ Lies
rte.i r \ f t u t un Is / an t i !  .1 ro i l  I p .ess  I - h r o i l  I p.iss 2 , i r rocs t t t , i rks  a line” <tf pj Ie ’~

iii see (4 8 f t  see 1 \tode ’ l It’s t s  g,is e’ uit,i\uullllnt me’aslI red (f rout roll 1) soon aft e r re lease ’ s’, ere
e’ loe t i e ’ s  t in  ib bn iii se~ (2 (1 t b  se ’  1 ,uiid I 2 i i i  se’c ,ipproxiniatel’ ,’ 1) 7 m sec / 2 1 It set ’) (I- ug , 17) 1 he’

(4 1) it s e e )  t i th ing t I l i l u c i  ,ind e’bh t Ides re ’ spec approx imate location of the’ drogue ~l minute’s
fi ~ c- l u, ,it t hu., lc u c ,ution I hi’ <Is u ’ pat fe ’ rns pro- ,t ft e ’ r re’ le’ ,ust ’ (rol l 1 pass 1) is shoss ii on
t i t l e  (‘(I Ilium tI~~s u’ (Irt)t ~t ee ’ s ,iI~<u sugge s ted  that photograp hs taken on roll 2 pass 1 (1 ug 1 7a) ,
I_ i tu ’ r,t I unit,’, u’ni,i ’nlt , iuuc h i i i  ~ I ui~ cu t the ’ ~ ,iter 55 ,15 \ t ’loc ’ it’ , me- asu red tor the’ 3 minute’s betss eeii

gre’~ife’r in t i t u s  re ’ ae ii than ,il tile’ harbor intuu th , roll I p”~~ 
1 and roll 2 pass 1 ssa s 1 1 iii see’ (38

prtuln ,ibl’, c lue’ to lens ’ , e ’r ur ru’nf e’ loe it ut ’ s ,ind f t  s e ’ e ) -‘sf te’r it had fllov(’(I northe’ast t rout the’
gr e’.itu ’r bottom e’l lee I pt t’, , t he’ ‘, e ’ loe. it’, inc reased (roll 2 pass 1 to mIt

I)’, e ti rengil u’s ssi ’ ne ’ also nu ’ It ’ ,isu’(I nn u ’,ur t i le’ mirth 2 pass 2) to 1 2 m s ’ ’  14 1 It sec) I bb e’loc ’it’,’
,une I south ) u ’ t t u i ’ s  I iem s ’ , t ’’ ,e’ r e < un i t ini.ue ’ cI ohse’ rva nie’asure ’d from shipboard obser’ , ,it iotis On ii
lion t uf t hiu’ e i r u u c < h , ’  ne’ ,lr t h u  nell t ? 1  Ie ’t t ’ ,  5’, .15 neit J ul’, ‘,‘, .is 1 3 m see’ (4 3 f t  s eE ) Because ’ ot poor
poss ib le ’ t r e m i l u  t i n e ’  a i r  t ) L l r u n n e ~ t l t nen d tide ’ on It) t i’ , eng conditionis , t ht’ d’,’e’ drogue’ 15,15 not

LII ’ , if  d r  it f u ’ t i  un i t  in t he’ let t’, short ’, ,if te ’r re’R’ ,us u’ photog rip he’d during the pass on 11 Iti lv
[) (eri n~ ebin n II Ink . it i lus _ i inpe ’ ,ire’ii s hort lu,’ I he’ use’ ot the’ ds e’ and tile’ loss altitude ’
af t e r  ru ’ Iu ’ase ’ ,und t i le ’  ,u’rial ;nhenteu gr ,uphe ’ r and photograph s for measuring i t s  dispe’ rsuon _ nnd
pi lot e eltI lhi i t e i f  te il lui ss I f ’ . liii ’’ , e’ u i le ’ l i t  \ Ien ’ ,  e’nie’uif ilien’,. e’i iie ’uuf 5’, as ‘, e’rs ti se ’t u l for eie ’te ’rn iunung c ur-

ot the ’ ci ’ , u u i r unguie ne’ar the s u u l l t h  It’ll’, 55 ,15 re nt d i re ’c f io n ’, atid ‘, e’Io~ tie ’s With more’
tn bse’r’ ,e ’ti d & i nini i  Ifuu tu t i  ~iui ei e’bb I m e nd ‘,e’Io~ i tue ’ s fa~ or,ib le’ ss e’a t he ’ r  c on d l t le ) ns . c isc ’ tra c l u g  ould

hI)
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be .iccotri plishe d ,it se’lv ted s i t e ’ s  throughout we’re’ especially evident . 1 he darker f lats we-re
t he harbor and pros ide’ ircuIator ~ data tor probably subrne’rged during the previous high
man’, tida l conditions ss , i t e r . but t he lighter f lats were ’ not. Tonal dif-

I -) Nj )S - I l - ,’ ,t7i a,i~,c ’ry . A c ursory e’valuation ferenc- t’s of the harbor water may have been dice
ss as made’ ot t he uti l i ty of I.ANI )SA 1-1 intage ’r’ , to turbidity but , more likely, t hey resulted from
in pros ding data that ss otu lci be e,se’lul tor dre’dg- light rc’t le’cted off the harbor bottom. Generally,
ing c-tle’cts or related studies in I r.e ’ ,  s Harbor the’ cha rke ’ r water is indicative of deeper water.
t he’ fol lowing imag es ss c-re ’ used image I urbidity patterns cilong the Washington coast
1169-1 8 1754 , acquired 8 lanuary 1 ‘17 1, image- apparent on t he 1.1,000,000 sca le rendition (Fig.
1187-18 180, .ic ’quire’d 2In I ,Inuary 197 1, im.cge’ 19) 01 image’ 1187-18380 , a -quired 26 January
120 5- 18 182 . .scquir e’d 1 3 Fe’bru ,ery 197 1, and , ill’ 197 1, clearl y s howed northerly coastal currents
age ’ 1419-18 361 - acquire’d 54 October 197 1 (1)~vidson current) t hat predominate , espec ia lly
Predic ted tidal stages at A be’rdt-en dti ru ng the ’ in the’ winter S he-idegger and Phipps (1976)
time ’ of im ag e -’ ~nquisition s s - e ’ r e’ for 1 1tn~

) - 18175 . reported t he’ sands from the’ (‘olumbia River (to
c-ar ty flood (~ 1 S hours at te ’ r  loss ‘,‘,ate’ri, the’ south) are- transported northward via the-se
1187-18181) . late ’ e-hb (~ 2 hours he’Iure leis ~ e r  loss l i ttora l c urre~n t s , de’posite’d along the’ beaches
water ), 1205 - 18182 , early e’bb (~ 2 hour” . i t t e r  ,irici in the’ near-shore’ tone ’ adjacent to th e’ e’n-
highe’r high ss ate’r). ,tnd, 14 19- 18161 . mid-e’bb (2 5 trance of the harbor , and eventuall y move into
hours before’ low w ater) (National Ocean Survc-y the harbor by tidal curr e-n ts I he image was ac-
)~)72 h) Approximat e’ tidal curr e ’nts ,it the ’se’ quired during late- ebb and the water discharg ing
times u,s e ’ re ’ 1169-18 175 , 1 hour ,itte ’r low water  from the h,lrbor was very evident As in Fi gure
slae F’., O i~ iii s et (1 9 t t  seu ) flooding, 1187-18 ,180 , 18, the’ 1 :S00 ,00() sca le enlarge’ment (Fi g. 20)
0 5 hours after max imum ebb , 1 1 i nn ‘ se ’ (4.2 5 shows t h e ’  conf i guration and location of the’ tidal
f t  se’e ) ebbing; 12(154-18 ~82 , 1 1 hours ,sfter high fl ats and of th e deep (1) and shallow water (2).
water s lack , 1) 5 i i i  ‘ se’ (1  1 It se’ 1 ebbing, ,ind h ate’ appeared to obscure much of the detail
1419-18 161 , 40 minute ’s bpfore’ maximum e’bb, of the surface’ water in Gr ays Harbor on 13
0 6 i nn s e’ (2 tt  se ’ I ebbing (National Ocean February 197.1 (Fig 21) Nears hore coastal cur-
Surv ey 1972,i ) re’nts appeared to be northerly and at ses-eral

Orig ina l 70-mm (2 754 -in ) I AN DSAT negative’ lo ’ ,itions (1) rip currents we’re prominent The
tr an s pa re ’n c ie’s (approximate s ale’ , I .3 , 300.000) e’nJ,irgt’nient (Fig. 22) of Figure 21 showed less
we’re’ re’ce ’ive ’d I rom the’ (‘orps ot I ng ine’e’rs surface wate’r (ie’t,lil than observed in Fi gures 18
LANDSA1 de,pository * and enlarged in house’ to and 19 Surface currents ne’ar the harbor e’n-
t he’ following nominal scale ’s: 1:1 000,000, trance’ we ’ re’ ebbing at approximately 0.9 rn / sec (3
1 500 ,1)00, 1 250 ,000 and 1. 120 ,00(1 Generally. t s e ’t ) about 1 3 hours after high water slack , -

the’ 1 1 ,0t,X) ,00() re’ndition appeare’d c ’ lea re ’ r and ,ind tidal stage’ was early ebb Most of the’ tidal
s howe’d gre’ ,ite’r (‘ontrast t han the’ larger s ,ilc’d f lats were still submerged and the tonal varia-
products in .iddition , t he’ latt e’ r ve’rsions we’re’ lions in the’ water were probably due to variable ’
physica lly Lsrge’r , hut showe’d less ground water depths. lnstrunie’nt noise (1) and clouds (2)
cov e-rag e per print However , t he 1:500,004) o r  dominate Image 1439-18361 acquired 5 October
1 250,0(R) prodints we’re’ considered the’ most 197 ,3 (Fig. 2 3) T i dal f lats (.3) and islands (4) in
onve’nie-nt for handling Nort h Ihay are visible , but (‘ loud shadows (5)

Surta e’ w at c- r patterns ( I) we’ re’ visible ’ near cause’ confusing patte rns.
and north of the’ mouth of Grays Harbor (2) dur- A lthough I_ANDSAT- 1 imagery was useful in
ing ear ly flood on 8 I anuary 19 7 3 (1  ig 18) 1 he’re’ observing large’ scale ’ cu rre ’nts along the’
,cppe’,ire’d to be’ a northerly current along the Washington I o,ist , circ ulation patterns within
W as hington co ast and th e -se ’ patterns indicate’ Grays Harbor were ’ not apparent. However , the
the’ path take’n by suspe’nde’d particulat e’s or lo ,itiofls of tidal f l ats , navigation c hannels and
dissolved solids discharged f rom the’ harbor (len- isl,tnds we’re’ e’v ide’nt Gene-rally, it is fe ’lt that the
ing the pre’vious e’bb Similar patte’rns were’ image-ry would not provide’ information of any
discern ible’ we-st of Wi ll,ipa flay (3) T he’ posi - direc t ,ippli ’ation to monitoring curren ts and/or
tions of tidal f lats (4) in North ihay and islands (5) seel ime’nt patte rns in th5’ harbor

u t  I’ S Arm’, I un~ ui i~’ m-r I em pe,gr,uphu, I ,iln ln t t ’r t i i - I , i I  h,ihit,i t.s
,‘r,u n mle ’ ,  Ii 11, 1’. ‘ui \ u r p u u m u , u  Rase’d on a comparison ol I e’t b’rsem s (19754)
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I hgljr e’ I ’)  ( , r j ’ , s  1I.i r lx ) r , i i l ( l  Ilte’ i t t ) t t l n L l e ’ s t e ’r i i  1% .i’.h (ui.ite ’ul C ’  , i ’ .t  I \ \I~ S -~ f I !n, iri t/  ‘ litt ,ige ’
I lt3 . - lB  iB i i ,i( (I hiir e’t/ ,!n l , inu , i r ’,  (1) ’’ _ i p ;ur (u s iuu u_ i te ’  ‘.1 .i;e I I h u h  t i iu ii

e ’las s i t i c  ,utiort c u t  I )re-gon s ,ul( nnars ln ’s u ho Ii luC ’ / e ,r~,’hi u ’’ duslunghuhs h fbi’ se ’eigt ’  int , iss h I ii~,’h
re’jno rte ’ ( i to u t ’  su i nu i l ,ir to the is e ’ ni \\‘ a sh enngl t nni , inn,irshe ’s s’, e ’ r e ’  ide’ t i t e l  ie’d in’, ,i. in . ihu ite pt c- Ic ’s , i t le l ln
.01(1 pre’v ioees ‘.itidi ’’, m l  ( r,i’, s I J,irhenr nia rsh u’s , i use ’ m l  0 3 1 54 ~ (I s Ill ,ubo’, ~ t he’ h u e ’  f l _ i t
the- fo lIos’, ing uin,nrsh laiid 5 e ’ge ’ t , nh ien n  t’, pe~ sse ’ne’ \‘e’ge ’t ,iti en n c ci’, e’r s% .i- , I ennn t iun ( eO ( i s  ss t in tss e m to
nnaphne’t I lens’, s i l l ’ ,. lels ’. s a u d ’ ,  - s e~(ig e’ , hugh liii thr e e’ s ,nc ’e ne ’ s deu i n n u u n ~i ting u, ch i 1n i n l ( i i i i t ie~’, oh unnu
mature ’ high mature ’ , du kt’ci s_ i l l  ii i , i rshn , dike’d unu. i f t in t ’  high inn_ ir s h . .e n nel nuenne ’  e d i m ple’s 1 ouni
pasture ’, Ire ’s hnss ,ute ’ r m,nrshn , ,iind ss ooei e’e i ss’, _ i t inp inndh i nn t u e ’ s  u ie n i nn i n , i tuu ig un u , it one ’  begi n iii,i ishi Ie ’ I Ie ’i
(h ug 24 , I ab le’ \ I Il I cus s s ,ii l(I’, im n, i rs he ’s usd1.111’ , sc ul l ( l’Y 54) lenund h ugh ulu. i i s ine ’ s  t e n  ii,- mmii i ’  c e l l o
e~t ( ( i i  cnn hn.i’, nie nt ith s ,uind s p i ts  _ in c l .iut ’ ts p l ied imhe n n .i leu ing f l it ’  u lnhne ’ i n e _ i c  lie’s ee f  fin e , t’stu ,ui it ’s

Ii’, .i lens’ , , se , i t t t ’ re ’e l  te n e t n n t in t i enu s  se - g t ’ t , uh ieu i i  t i l ls us t i ne ’ e, ,ise’ len r I u . i s  s I I , i i hueu i  iii \ e i m e t h  lh ,i’,
euse ’ r  (‘ en.i le ’se uing e ru til,ir e leune ~s cu t t en leniiu,i n ig ,iil(i fl it ’ I 1k R u se ’ i  e ’ s t m i , u t ’ ,  I ieiss e ’’ ,e’n inu g ii

pl.ints m t lens’ , eu i t e ’ r t i e t , i l  c-Ic ’ s , i te e n nns e. h,ir.ue fe - l u / c ’  unn ,if sl it’s a r t ’ e ’ ’ , t r e ’ inie-I ’ , t i i i n i tu ’ei in n h nug hne ’ i ~bt u n t h e nun s
lens ’, s i l t ’ ,  inn,i rshe ’’, h i m _ u t  .ini ’ e ie nnnuun. ih e ’ ( i  In’, eni ne ’ ,intl ml f ine ’  ( ‘hie ’ hn.i l is Ris ’.’i u ’ s t d I , i l ’ ,  i n e ’e  , i h h s t ’  eul  n i h _ u n

tss u s(ue ’ e u i - s  c t , nn nnimb ,ne t ui ’ s si’elgi’ inn,I rs lne ’s inc pine l e e _ i c  huinie ’ un t , ,unei int ln. ’ i l _ i u n e i  l ie’s e ’ l t i~n inue ’ uu t  i c

t i~ nu, u i nte ~rn mie ’ e I i ,ut e ’ t ’ le ’S , ihueHi s ciii s _ inc h ,iin(l si l t  tu s it U’s
Ji~j ,p s t _ i n t l - ’ or un c url’ , Inure ’ s t , i i ncls cut ( ar e ’ s

1.1
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I igure’ 22 (, r. i ss I l,irI~~ur . m’ni,lr/ .,’e’( ! p ( u r t u e m r n  e i f  I ,i~i,u’ 21 ,i;uinr, u s u:nm , l te-  SC d c ’  I ,iii e .hui l(1,
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Table XII. Areal extent of Grays Harbor marshland due to dred ged material deposition , It also ap-
types, 1975. (Adapted from Smith et a!. 1976.) pears that another 1 .64 km 2 (400 acres)o f tidal

flat and marsh east of the Hoqu iam River to the
Area/ex ten t  present Hig hway 101 bridge over the Cheh al is

(Vet/ar id type’ (km 1) (acres) River have been filled since about 1950. Other
areas aff ected by dredged material disposal in

Undiked salt marsh Grays Harbor are summarized in Table X III. Ap-Low s ilty marsh 6.64 1620
Low sandy marsh 2.66 650 proximately 15.7 km 2 (3850 acres) have been

Low marsh subtotal ~3ö premanently removed from tidal influence since
High immature marsh 0.98 240 1950.
High mature marsh 1030 T he areal distribution and extent of three

High marsh su btotal 5.20 1270 
c lasses of eelgrass were mapped: Zostera nol ti i ,Sedge marsh 0.82 200

(Jndiked salt marsh subtotal 15.33 3740 “dense” Z . marina and “sparse ” Z, marina (Ta ble
Diked salt marsh 4,46 1090 X IV), The “sparse” Z. marina beds were not
Diked pasture 

~~!1 ~~~22, samp led quantitatively because of large in-
Diked area subtotal 6.88 1680 herent variability in the occurrence of the plant.Salt mar sh subtotal ‘2~~~ !~!~

Freshwater marsh 1,02 250 Ground checks at several locations , however , in-
(Vomit/ ed s wamp 3.85 940 dicate that “sparse” beds are an order of

Freshwater subtotal ‘~~ 7 TT~ magnitude less dense than dense beds. Figure 24
shows the locations of dense and sparse beds ofTotal marshlands 27.10 6610*
Z, marina and beds of Z. nol tii ,

* Due to rounding, numbers may not add up to total. Elevation data acquired along transects
visited during ground surveys were used to
determine the intertidal range of the eelgrass

Table XIII. Total acres used as dredged material dis- beds, Most of the denser Z. mar ina in Grays Har-
posal areas in Grays Harbor, 1950-1975 (from Smith bor occurred at or above the +0,3 m (1,0 ft)
et al, 1976). MLLW, Keller (1963) concluded that desiccation

during exposure at low tide undoubtedly affects
A rea vegetation vigor and reproduction, However ,Location (krn 2) (gcres) (rn!2)

water remaining in s halloss depressions in
mudflats apparently permitc clumps of Z, mar i naWest of Hogu lam River and 2.6 650 1.0
to survive , reproduce, and grow. This seemed toNE of Bowerman Field

East of Hoqulam River to 1.9 400 0.6 be the prevalent condition in Grays Harbor.
Highway 101 bridge Other factors , inc luding water temperature ,
over Chehahis River weat her conditions, c hemical pollution, tur bid-

Bowerman Field and Site E 4.2 1000 1.6 ity from dredging, oyster culture , and siltation
Rennie Island ‘~

South Channel j. 5.2 1300 20  rate can be causal factors in changing eelgrass
Middle Channel distribution and density (Parker 1975, McRoy
North Mid-harbor Fla ts 2.1 500 0,8 1966). Any activity that alters tidal action can

Total 16.0 3850 
-— also cause changes in Z. marina occurrence and

distribution (Keller 1963). In Grays Harbor , dur-
ing 1975, Z. mar ina seemed to do well at eleva-

with expansion of the urban area. However , tions up to +0,9 (3 ft), It is also certain that
estimation of the extent of sedge and other elevational increases beyond this point will -

mars h destruction without previous baseline reduce or eliminate the density of Z. marina
data is extremely difficult and subject to a high below present levels.
degree of error. Z. noltii was found only in the higher portions

Based on aerial photographs taken in April of the transects , usually on small mounds. The
1950, approximately 2.66 km 1 (650 acres) of tidal estimated lower limit of occurrence for Z. nol tii
flat and salt marsh has been removed from the in Grays Harbor was approximately +0.9 m (3
estu ary west of the Hoqu iam River and north- ft). )t wa s ordy abund ant at +1.5-1 Bm (5-h ft) or
east of Bowerman Field (Table X III ) .  These higher on tidef hats Z. nol ti i  also occurred in
photographs show Rennie Island to be less than many creek channels , forming exceptionally
a thir d of its present extent. T hese changes are dense clusters. It is obvious from Fi gure 24 t hat
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Table XIV . Area! extent of Zostera marina and Zostera no/Ui in Grays
Harbor, June 1975). (Adapted from Smith et al. 1976.)

Z, marin a
l) ense Sparse 

— 
To tal 1, rio/t i !

Location (acm-es) (k,pn 2)  (acres) (km 2)  (acres) 1km ’ )  (acres) (km ’)

North s ide s 3020 12 ,4 1780 7 ,3 4 ,800 19.7
South sidef 1280 5 3  170 0.7 1 ,450 5 9
Mid-harbor f lats 1 240 5 ,0 3510 14,4 4 ,750 19,S
Total harbor 5540 22 ,7 5450 22 ,4 1 1 ,000 45.2  680 2. 7

Total 7, marina and / , no/t i !  = 47 88 km’ ( 1 1 ,680 acres )
* North of major shipping channel ,

South of major shipping channel and South Channel,

Table XV. Area! relations in Grays Harbor , 1975. (Adapted from Smith et al. 1976.)

~l rea
‘lrm’j description, Data m,~ e’d ~km 2 )  (acre .c)

1) [in u r e  harbor to ~.HW c and GS c harm 6195 22 t .4 54 ,720

~
) Entire harbor to +2.7 rn (+9 It) USACE 1968 101,0- 21 7 ,3 53 ,696

graph ic data
3) MLLW to LOW C and GS ch art 6 195 136,0 33 ,600
4) SILLW to ÷2,7 m (+9 it) USACE ( 968 mopo- 115 ,5 28 ,544

graphic data
5) Salt marsh This study , I able XII 22,0 5 ,420
6) Tide f lats MLLW to [OW minus ( 14,0 28 ,160

salt m arsh
7) Total eelg ras s th is  slud~ - Table X IV 4 7.4 11 ,680
8) Total “dense ”’ 7, marina (‘his studs , T.t tnle XIV 22 ,5 5 ,540
9) -0.9 mo +0.9 m ( 3  it 10 +3 it) USACE t 9in8 topo- 46,6 11 ,520

estimated growth range 01 celgrass graph ic data
lOt Inner h arbor area used ,us dredged C and GS chart 6195: 16 3 ,850

materia l dispos.si Sites , to I ‘i7S USACE ae iia l phoio’
grap lns , (950

* Dense ecigr ass ranged from .iu,.8 t u r i o r i %/ r n  to I 3 7, m turions/mn, ’, w it fn a n,eaun
oi 798 turio ns/m ’,

Z. noitii occurs at higher elevations (adjacent to Grays Harbor us summarized in Table XV Z.
s hore line) than Z. marina. In most cases , aggrega- marina occupies 45.1 km 2 (11,000 acres ) of t he
tions of each type of plant were readily total 47.88 km 2 (11,680 acres ) covere d b’,
separa ble from one another because of growt h ee lgrass in 1975, “Dense ” Z. marina ma kes up
at c haracteristic elevations . “Dense ” Z. marina is sli ghtly over half of the total area occupied by Z.
found in protected waters at elevations below marina.

+ 0.9 m (3 ft) in most areas of t he harbor Z. The relationship of Zoster a ,ncre’ages to other
marina and Z. nol ti i are absent from the west end acreages in Grays Harbor is summariz ed in T,nble
of Wh itcomb Flats and the Sand Island shoals XV Both Zostera species occupy 41 6% of all
w here wave action is intense. Figure 24 a lso tidal flats , while dense Z. marina cos e’rs 114 7%
shows that eelgrass is absent from the im- of all tidal f lats
mediate site E area; this is directly attributable Table XV also shows the’ esti m.sted growth
to elevation increases due to dred ged materia l range , —0 ~ to + 0 C) m (— .4 to + .3 it), of Z.
disposal at site E. Conservative ly, 0 . 71 k m 2 (175 marina in Grays Harbor. Plus 0 14 nn ( +  .4 U) ss- ,ms

acres ) of “dense ” eelg rass has been destro yed in the highest elevation at s% h m ch - ‘dense ” Z. marina
t he site E disposal area , occurred in Gra ys Harbor Minus 0 dl ni ( —  .3 t t )

T he areal extent of Z. no/t i ,  and Z. marina in w as chosen ,ls the lower growth limit based on
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ground surveys which indicate that eelgrass did 1974 (refer to Tables V llI-X) is shown in Figure
not occur below —0 .6 or —0.9 ni ( — 2  or — 3 (t). 25a. Warmer harbor water has migrated toward
Scoured channels with steep banks , caused by the harbor mouth and has appeared to move
strong currents , and low light penetration due to nearer the mouth on the north side possibly
tur bid conditions inhibit celgrass growt h below because of the Coriolis effect. Cooler oceanic
— 0.9 m (— 3 ft). water was generally restricted to the area be-

T his study has shown that Grays Harbor Z. tween Damon Pt. and Westhaven Cove (Fmg. 1),
marina occurre d in “dense” stan ds at elevations although there appeared to be a minor intrusion
higher than those reported from other areas It m:; of oceanic water into the harbor on the south.
interprete d that the aggregated pattern of Z. Oceanic surface water intrusion occurred in the
marina occurrence suggests an adaptation to sur- channel just north of Whitcomb Flats.
v iva l at intertidal elevations generally higher Temperatures increased upstream in the naviga-
than considered optimum for this plant It was tion char~ne Is to the area near the confluence of
a lso determined that “dense” Z. marina does not the’ Chehalis and Wishkah Rivers.
occur above + 09 m (+ 3 f t)  in Grays Harbor Surface temperature distribution and inferred

T hese data indicate that a threat to Z, marina circulation patterns during late flood (Fi g. 25 b),
occurrence and productivity in Grays Harbor is after predicted maximum flood currents and lust
presented by dredged material disposal , name ly, before high water slack , were niore comp lex
t hat of raising tidal flat areas above the growth than those observed during late ebb (Fig. 25a).
range for Z, marina In view of the productive Oceanic water flooding into t he harbor ap-
nature of Z. marina and its importance to the peared to occupy most of the harbor mouth. The
estuar ine and adjacent coastal systems , dredged sma ll cove east of the east end of the south jet ty
material disposal should not take place where Z. and the area east of Westhaven Cove contained
mar i na Oc curs  Disposal at site E has already warmer water , and circulation out of these areas -

eliminated at least 0.71 km 1 (175 acres ) of may have been reduced because these areas are
“dense” eelgrass beds and may have lowered the protected from the main harbor currents . The
productivity of adjacent Z. marina by raising in- cooler oceanic water had also migrated past
terti dal elevations above those optimum for Damon Pt. and mixed with the water lust north
ee lgrass growth of Damon Pt., a lthough it appears that ebb f low

T he data presented on distribut ion and extent may have started along the north side of the en-
of Grays Harbor ee lgrass are va lid for 1975 only. trance Temperatures in Crossover and Moon
Wa ddell (1%4) pointed out that yearly changes Island Channels were lower than those at the
of more than 100% un extent of celgrass harbor mouth, suggesting t hat colder water
coverage have occurred in A r - a t a  Bay and Hum- below the’ surface may have come to the surface
bolt Bay, Ca lifornia Similar changes are likely in in this area during f lood tide. Warmer ss ater
Grays Harbor , depending on growing conditions observed near the harbor mouth during ebb (Fig.
and other factors It is not possible to judge 25a ) was pushed up the harbor during flood and
w hether 1975 was an average or a typical ye-ar was restricted to the harbor east of Rennie
for ee lgrass in Grays Har bor. Island.

Surtace salinity data acquired -oncurrent ly
Conventional techniques with the temperature data showed the same

genera l patterns as previous ly observed. During
shipboard ~urceys late ebb (Fig. 26a) t he less saline water from the

Temperature , sa linity and suspended sedi- eastern harbor migrated toward the mouth Ihe
ment concentration data were .scquired during m.,tjor portion of t he ebb stream appeare’d to
f lood and ebb from 9 to 11 luly 1974 using con- move through the harbor mouth along the north-
ventmona l shipboard sampling methods The data em side The highest sa linities were found in
were subsequent ly used to prepare surtace South Bay, east of West haven (‘Os e’ , in t he h,sr-
t e m p e r a t u r e, sa linity and sediment distribution bor mouth and in the southern portion oh North
maps T hese maps were then used to infe’ r sur- Bay The saline water in North and South Bays
face circu lation patterns. Phipps (1977) also used may have been oceanic water that ssas not I lush-
t hese data to prepare distribution maps ed from the’ harbor during ebb because’ it ss as in

Surface temperature distribution during late’ areas protected from the main ebb stream Mix-
ebb tide (atte r predicted maximum ebb currents ing of oceanic and brackish water appeared to
at harbor entr.tnce) and low water slack on ’) Itul ~ intensity at two location s ~ e’st of Rennme’ Is land
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(A) w here a rapid salinity change, from 18 to 209 hours before maximum flood, Tab le V III) on 10
ppt , was observed and east of the harbor mouth luly 1974 is shown in Figure 28b T he warmer
(B) where salinity changed from 25 to 21 ppt. wate r from t he eastern harbor had migrated

During f lood (Fig 26b) the oceanic and mixed toward the harbor entrance as shown on Figure
water  had migrate d upstream to the limits of the 2,5a. Temperatures near the entrance (Fmg 25a
samp ling area. Rapid salinity changes east (C) and 28b) were also similar , a lthough warmer
(16-18 ppt), north (B) (17-23 ppt) and west (A) water , 14° -15.1°C (57 2°-59.2° F), occupied the
(22-27 ppt) of Rennie Island suggested that mix- nort hern portion of the entrance on 10 luly.
ing was very active in this area. West of Moon Highly variable surface sa linities (fig 29a) oc-
Is land to the’ harbor mouth salinity changes were curred at the harbor entrance (23-27 ppt), in
less pronounced, 26-28 ppt , but variab le. Water Crossover Channel (23.9-25.5 ppt), sout h of Moon
more sa line than observed at the mouth Is land (20.8-23.1 ppt), nort h of Rennie Island
(25 6-26 5 ppt) was found in the area of Crossover (14.4-19.7 ppt) and in Cow Pt. Reach (11.1-14 1
Channel (28-28.8 ppt), in sout hern North Bay ppt). Sa lmnities in southwestern North Bay and
(26-31 ppt), and in northern South Bay (27 ppt). nort hwestern South Bay were 3 to 4 ppt higher
T hese high salinity zones may have been caused than at the entrance. More sa l ine bottom water
by upwelling of subsurface water which is may have been brought to the surface in the
genera lly more saline It appeared that the ma- shallower zones south of Damon Pt . and north of
jor portion of t he flood stream on the surface oc- Westhaven Cove (Fig. 29a). Inferred surface cur-
cupied the central and southern parts of the har- rents tend to be circular during this transition
bor mouth time between ebb and flood.

Suspended sediment concentrations were low Sa linities during late ebb-early flood (Fig. 29b) I,’
and distributions were complex . Few discernible were less variable at the harbor entrance than
circu lation patterns were apparent from these observed in Figure 29a and comparable to those
ground truth data or from the sediment patterns acquired on 9 July (Fi g. 26a). Note the two areas
observed on t he NASA photography. During late (A and B) of rapid salinity change. The only cur-
ebb (Fig. 27a; also see Fig. 1) the lowest concen- rent pattern inferred on Figure 29b was the
trations were found north of Rennie Island (6 movement of less saline water (25-27 ppt) across
mg/I), in Cow Pt. Reac h (9,1-10.2 mg/I) and south t he entrance from Damon Pt. to just north of
of Damon Pt. (11 4 mg/I). The highest concentra- Westhaven Cove.
tions were found north and northwest of Suspended sediment concentrations of the
Westhaven Cove. Genera lly concentrations were f looding oceanic water (Fi g. 30a) are approx-
higher in the surface water during ebb than dur- irnately 5-8 mg/I lower than and were less
ing flood (Fig. 27 b). The ebb currents in the har- varia ble than those of the water at the entrance
bor are usua lly stronger than the flood currents. at the end of ebb tide on 10 July 1974 (Fig. 30b).
T he ebb currents may therefore resuspend more T he clearest water near the harbor entrance dur-
sediment from the tidal flats. ing flood (Fig. 30a) was observed in the center.

Surface temperature distribution during late Greater concentrat ions occurre d in the
f lood-early ebb (after predicted high water slack shallower areas east of Westhaven Cove, nort h
and before maximum ebb currents at the harbor and east of Damon Pt. and locally along the
entrance) on 10 luly 1974 is shown in Figure 28a. navIgation channels. Lowest concentrations in
T his distribution was similar to that in Figure 25b the harbor were found in the Chehalis River near
with cc ler water , 13.2° -14°C (55.7°-57 2°F), Aberdeen.
nea the harbor entrance and warmer , 150~160C Concentrations during late ebb-early flood
(59°-60.8°F), east of Moon Island. Coldest (Fig. 30b) we’re highly variable along the navi ga-
temperatures were found approximately .3 km tion c hannels and near the entrance . Because
(4.8 ml) northeast (A) of Westhaven Cove. Water the water with highest concentrations generally
from below the surface may have been brought occurred in the shallower locations , sediment
to the surface by the strong currents and/or rewor kmng was probably the cause of the ob-
because the harbor bottom becomes shallower serve d suspended sediment patterns.
at t his location. Shipboard data were acquired during late

Surface temperature distribution during late f lood-early ebb (from approximately 40 mm
ebb-early flood (from 2 hours after maximum before high water slack to 2 hours before max
ebb currents through low water slack to two mum ebb currents at the harbor entrance (table
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VIII)) and during late ebb-ear y flood [from ap- material and producing a zone of high concen-
proximate ly 1.5 hours before low water slack to tration (1 5-18,3 mg/I), If currents reworked bot-
1.2 hours before maximum flood currents at the torn sediments and were observed on the sur-
harbor entrance (Table V III)) on 11 July 1974. face , there would have to be upwelling.
Temperature distribution (Fig. 31a) showed that Salinities shown on Figure 32a and water column
cooler , 13.5° -14°C (56,3°-5 7.2°F), flooding data (Fig. 34) do not indicate upwelling. Barrick
oceanic water was entering the harbor in the (1976) reports that upwelling occasionally oc-
southern half of the entrance; warmer harbor curs in local areas (generally near the harbor en-
water , 14°-14.8°C (57.2°-58.6°F), occupied the trance) when the meteorological conditions are
nort hern half of the entrance, This distribution proper. This zone of high concentration could be
may a lso have indicated that during early ebb due to wave action over the inner bar or turbid-
harbor water initially flushed through the north ity from shore, Other general patterns observed
side of the entrance. As observed from 9 and 10 include: lower concentrations were found in the
j uly data the warmer temperatures were found middle of the harbor entrance, concentrations
in the southwest North Bay, nort hwest South were higher nearer the north and south shores ,
Bay and east of Moon Island. higher concentrations occurred in shallower

Surface temperatures in the harbor during late areas where tidal flat sediments were resuspend-
ebb-early flood (Fig. 31 b) were higher than dur- ed, and concentrations were lower farther up the
ing flood, since the cooler oceanic surface water navigation channel towards Aberdeen during
was flushed and warmer , fresher water migrated flood although greater variability in concentra-
into the harbor . Temperatures at the entrance , tions occurred during ebb in this area.
14.1°-15.6°C (57.5°-60.1°F), indicated that Temperature , sa linity and suspended sedi-
warmer water in the eastern part of the main har- ment data were acquired from the water column
bor and in the upper portions of North and South stations during early ebb (Fig. 34a) [approximate-
Bays had migrated to the entrance during ebb. Ii, 0.5 hours after high water slack and 2 hours

Salinity data (Fig. 32a) at the harbor entrance before maximum ebb currents (Table VIII)] and
showed a well defined interface between sur- during late ebb-early flood (Fig. 34b) [from ap-
face waters on 11 July 1974: 21 .2-23.6 ppt in the proximately 1 to 0.6 hours before low water
northern half , 24-25 ppt in the southern half. slack (TableVlll )] onlOJuly l974. Water column
High salinities were found in North and South data were also acquired during early ebb (Fig.
Bays where flooding water had advanced. Rapid 35a) [from approximately the time of high water
sa linity decreases occurred southwest of slack to 0.7 hours after high water slack (Table
(24.2-22,4 ppt) and south of (20.2-14.3 ppt) Moon VIII)] and during early flood (Fig. 35b) [from ap-
Is land and north of Rennie Island (1 3.9-9.3 ppt). proximately 0.3 hours before to 0,4 hours after
During ebb (Fig. 32b) the fresher waters migrated low water slack (Table V lt l) j  on 11 July 1974.
toward the harbor entrance and areas of rapid Temperatures showed very little change from
change were found southwest of Moon Island the surface to near the bottom at stations 2, 3
(14.6-18.9 ppt) and in the vicinity of Fast Reach and 5 during early ebb (Fig. 34a). At stations 6, 18
(North Channel) (19.2-24.0 ppt), At the entrance and 19 temperatures were more variable at the
an area of lower salinity (23.3-24 ,8 ppt) was sur- surface and at depth. Data at station 6 showed a
rounded by more saline water (25~26.1 ppt), 1°C (1.8°F) drop from the surface to 9.1 m (30 ft),
Saline water that had flooded into North and then a 1°C (1.8° F) rise from 9.1 to 16.1 m (30 to
South Bays during the previous flood tide re- 53 ft). The greater variability may have been a
mained after ebb since flushing was less active result of more mixing between oceanic and har-
in these embayments. Other than the detection bor water at the more eastern stations. Surface
of the western migration of harbor water during salinities were lower than those at depth at all
ebb and the eastern movement of oceanic water stations. Variations in suspended sediment con-
during flood, no additional circulation patterns centration were more pronounced, but not con-
were inferred from these salinity data. sistent , below the surface at stations 2, 5, and 19,

Suspended sediment patterns (Fig. 33) were where concentrations were lower nearer the bot-
comp lex. The pattern northeast of the south jet- torn. At stations 3, 6, and 18, concentrations
ty in the vicinity of the hopper dredge disposal were higher nearer the bottom . The highest near
area during late flood may have been caused by bottom concentration (27 mg/I) was found at sta-
easter ly moving flood water reworking bottom tion 18.
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Temperature vartation s were greater at t he siona lly drifting drogues are used for determina-
surta e and at depth during late ebb-early flood tion of current velocit ies and directions. Such
(Fig 34b) t han during early ebb (Fig 34a). surveys are routine ly performed by the National
Temperature s varied the most at the eastern sta- Ocean Survey for navigational chart revision
tiuns A ll temperatures decreased with depth, and for preparation of tide and tidal current
alt hough at station 2 the temperatures increased tables Beverage and Swecker (1969) performed
s lightly trom 0 to 6 1 m (10 to 20 It) after a urrent survey as part of an environmental
decreasing trom t he surface to 3 0 m (10 ft). quality study of Grays Harbor. Brogdon (1972a)

• Salinities at stations 2 and 3 were virtually iden- and Brogdon and Fisackerly (1973) reported the
ti a l w ith onk minor change from surface to the results of tide and current surveys accomplished
bottom , wht l~ sa linities between stations as verification and base tests for the Grays Har-
lo(~tted farther Into the harbor were more bor hydraulic model. These data were used in
s.tria ble Suspended sediment concentrations addition to the temperature , sa linity and
ss ~h depth w ere more variable than temperature suspended sediment data in comparing the
or sa linity There did not appear to be any dis- validity of interpretations made from remote
tr• rnib le re lationships or patte rns in the concen- sensing techniques
(rations ot her than high variability below the sur-
tan’ Th~ conce ntrations were higher at the bot- Hydraulic modelling
tom t han at the surface at stations 2 , 3 an d 5, at Surface current stu dies were made of the hat-
stations h . 18 and 19 concentrations were equal bor entrance area w i t h  t ime-exposure
or less at the bottom photographs of confetti floating on the water

Water stra t i t icat ion in the harbor entrance su rface Photographs were acquired every hour
ss ts not pronounced although there appeared to through a tidal cycle (24 .8 hours) and movement
be s light changes in temperature and salinity of confett i was used to determine current
data at depths between 3 0 and 4 5 m (10 and 15 ve locities. Dye dispersion studies were also done
t t )  at station S The water column generally ap- at various depths and locations to simulate
peare d well mixed at all stations during the dif- pollutant dispersion.
k-rent ti dal stages Surface circulation patterns near maximum

Data at quired during early ebb (Fig. 35a) on 11 ebb in the model (Fig 36a) were simi lar to those
Jul~ 1~)74 were more varia ble than those ac- observed on the RS-14 imagery during the same
quired on 10 luly (Fig. 34a) during the similar tidal stage south of Whitcomb Flats , east of
tidal stage Surface temperature and salinity Westport and in the eastern South Channel (Fig.
measurements between stations 6, 18 and 19 10). Currents in the eastern channels (Fig. 36b)
‘ aried more, w hile values at depth varied less on were also comparable. Currents observed during
li) j u ly 1974 Suspended sediment values were early ebb (2 hours earlier than in Figure 36b) in
var iab le and showed no discernible patterns, the eastern harbor are shown in Figure 37. Sur-

Data from stations 2 and 3 during early flood face current patterns were apparent only near
on 11 luly 1974 (Fi g 35 b) showed minor dif- the north and south jett ies on the RC-8
ft~rt~rn t-s and variation with depth Sal inities photographs acquired on 13 luly 1974 (Fig. 7).
were ~trtu a lly identical at stations 6, 18 and 19, Ti dal stage was early flood just after low water
w hile more variability in temperature and sedi- slack and water movement was minimal. The
ment con entrat ions was observed between sta- currents near the ends of the jetties as observed
tions at t hese sites Stratification was not promi- on the photographs were virtually identical to
nt~nt on 11 luly 1974 at the sites although a zone those in the model for a similar tidal stage (Fi g.
rtt  minor hange was defined between 3 6- and 38). Variations in t he color of the surface waters
7 6-m (12. and 25- f t )  depths. Frequently, sur face were insuf f ic ient  to discern circulation
temperature and salinity values were very elsewhere on the photograp hs.
simi lar to those at depth Surface currents in the area near the harbor

Ot her types of shipboard surveys , not per- entrance observed on the Zeiss photographs dur-
formed for this demonstration project specificat- ing tate flood nearly at high water slack (Fig. 11)
ly, are tide and current surveys These prov ide were comparable to those shown in the model

iRu lation data tor the surface and at depth. (Fi g. 39a). T he areas of minor movement near the
T hese surveys are usually performed with sta- north side of the south jetty, just east of
tionary tidal gauges and current meters. Occa- Westport , and west of Damon Pt., and currents
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through the entrance (currents observed on Comparison of results
photographs were more northeasterl y t han in the
model), into Sout h Bay, and up South Channel Data reliabil i ty
were observed on the photographs. The path The most useful remote sensing data products
ta ken by the flooding water up Crossover chan- for ‘irculation studies were the low altitude
ne l in the model was not observed on the photographs of the stationary dye streams and
photographs. The water appeared to move over drifting dye drogues, and the night thermal im-
the tidal flats and did not appear to be directed agery The RC-8 or Zeiss 22.86-cm X 22.86-cm
through the tidal channels as seen in the model. (9-in X 9-in .) co lor and CIR photographs were
Wit h few exceptions currents in the eastern har- most useful for mapping the distribution of inter-
bar (Fig 39b) were generally similar to those tidal habitats ihe data on current velocities and
observed on the photographs (Fig.11). Currents dire tions acquired from the dye studies com-
over the tidal f lats southwest of Rennie Island pared favorabl y wit h the data acquired from
and nearshore westerly currents along the south shipboard surveys and published reports. The
coast of South Channel which were apparent on maps of c irculation patterns prepared from the
the photographs did not form in the model Seat- N \SA photographs were not as reliable as those
t ie District personnel report that there was not prepared from the thermal imagery because
enough water in the model at this location for there was not sufficient difference in surface
the confetti; also the channel is very narrow here water color (due to turbidity) to trace water
and boundary effects in the model could cause movement. However , t hermal differences and
inaccurate patterns, sur face patterns apparent on the night imagery

Surface currents during mid- flood just before served as adequate indicators of surface circula-
the time of maximum flood currents as tion. Current velocity data were not acquired
delineated from M1S imagery (Fig. 14) were cam- from this imagery but the current patterns
parable to the model results (Fi g. 40). T he diverg- mapped from the thermal imagery were generat-
ing currents just nort heast ot Westport where a ly comparable to those observed in the
portion goes into t he South Channel and the hydraulic model.
ot her goes into South Bay at Whitcomb Flats The circulation patterns inferred from the
were observed on the imagery (Fi g. 40a). The maps of surface temperature , sa linity and
nort heasterly currents past the mouth of the suspended sediments in the area near the harbor
Johns River were also delineated. Currents in the entrance (stations 1-25) were generally not corn-
eastern harbor (Fig. 40b) were similar except near parable to the current patterns observed on the
the Hoquiam Slips 1 and 2. A westerly nearshore imagery. This may be due to rapid mixing of sur-
current was apparent on the imagery but not face waters that have distinct temperature-
formed in the model. salinity characteristics prior to mixing. Because

T he dye drogues released south of Moon curren’ velocities are high in this area the
Is land (Fig. 16) during the time of maximum various water types become indistinguishable
flood moved in patterns similar to those on and temperature-salini ty distributions are
Fi gure 40b. Dye streams from stationary buoys variable and surface current patterns are dif-
and the patterns in which the dye drogues ficult to infer .
moved at the harbor entrance during maximum The LANDSAT-1 imagery was not useful for
flood and ebb were also comparable to the analysis of surface circulation . Surface water
model surface current directions for similar tidal color differences were so small that it was dif-
stages (Fig. 40a and 36a, respective ly), except ficult to differentiate water patterns from pat-
that model flow was more eastward than north- terns resulting from bottom reflection effects by
easter ly as shown on the photographs. Near the photointerpretation techniques. Computer
sout h jetty the dye drogues moved westerly ana lysis of the radiometric data may provide
a long the jetty during ebb as did the confetti in more information. Coastal patterns north and
t he model (Fig. 36a). During flood the drogues south of Grays Harbor were readily apparent
moved northeasterly out of the quieter area near and the regional physical setting and geomor-
t he jetty into the main flood stream. This was phology could easily be delineated, but the bar-
a lso comparable to the patterns formed in the bor appeared small and the 70-rn (231-It) resolu-
model (Fig. 40a). tion on the sate llite imagery proved inadequate

for addressing the objectives of this project
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The following are some of the requirements photograp hs They had the added advantage of
that must be met for successfu l use of remote not showing the eff ects of variable exposure be-
sensing tec hniques in mapping s•ilt marsh tween photographs Signatures were mu h easier
vegetation and eelgrass: to develop and were useful on all color

(I) Photo flights must be made during lowest photograp hs .
• possible tide.

(2) For coasta l estuaries , remote sensing data I stimates of the amount of time required to
should be gathered between about 1 lune’ and prepare a map (Fig 24) of eeigrass and marsh-
mid-j uly for eelgrass mapp ing t his wil l lands without aerial photographs indicate that
minimize confusion in interpretation caused by t he approac h discussed here was more cost ef-
growt h of benthic algae on tidal flats. fe tive and would take considerably less time:

(3) Ground truth data collection costs and for eelgrass mapping, 20 man- days with aerial
time can be minimized by contracting with in- photographs , 90 man- days without , for mars h-
vest igators w ho are thoroughly fami lar with the land mapping, 35 man- days with photograp hs ,
study area. 135 man-days without.

(4) Mapping of underwater vegetation will not Two estimates of the extent of Whitcomb
be possible with standard usage of aerial in- Island vegetation were made. One estimate , 0.02
frared film with Wratten 12 filter. Use of a fi lter- km 2 (5 2 acres), was derived using a polar
ing system designed specifically for underwater planimeter and the NASA CIR photographs An
reso lution will probably reduce resolution of estimate for 1975 was determined by pacing the
upland vegetation types. vegetat ion area T he area was 41 1 58 ~ 45 73 rn

T hree types of aerial photographs were used (1.350 X 150 ft) or 0018 km 2 (46 ac res) T here
in mapping Grays Harbor intertidal habitats: were approximately 002 km 1 (S acres) of dune
NA SA color infrared , co lor (Washington Depart- vegetation developed on Whitcomb Island by
ment of Game), and black and white. The black 1975
and white photographs were most readily Accor ding to USM’I topograph,c data for
avai lable and were of sufficient quality to be 1968 there are O OS7 km 1 (14 at res)2ibove + 2 1  m
useful for detailed study. However , the CIR (7 ft) but none over + 2 7  rn (9 It) the 0 02-km 2
photographs provided the best means of mapp- (S-acre’) dune area in 1975 was estimated to be
ing eelgrass , a lthough they were acquired during above -I- .39 m (13 ft) It w t s  estimated by pacing
a +0.9 m (3 ft) low tide when much of the Z. t hat approximately 1) 06 km 2 (15 a rt’s) were
marina beds were inundated. CIR photographs above the highest driftwood lint’
would have been ideal for mapping and deter- An estimate of the ettort needed to complete
mining ee lgrass extent in Grays Harbor if taken the eelgrass and salt marsh mapping with and
under precisely the right tidal conditions (during without aerial photographs w as provided to
an extreme low water tidal stage). eva luate the two approaches T hese est imates

The CIR photographs also provided the most are only approximations sin t’ only the method
discernible views of salt marsh vegetation. Very using aerial photographs w as used during the
subtle changes in plant species composition study. Costs of equipment were not considered.
were detected. However , a major difficulty in For mapping of t•elgr~iss , approximate ly 10
mapping wit h the CIR photographs was caused man-days were required in the field to (‘heck
by the wide range of exposures encountered be- eeigrass conditions with the photographs An
tween photographs. This made it very difficult to additional 10 m an-days were required to transfer
develop signatures for particular marsh types information from photographs to the map In
based on shades of color. In other words, on any contrast • it was estimated that to produce a
one photograph salt marsh species composition comparable map of eelgrass in Grays Harbor
changes were easily discerned. Problems were using boat and field survey techniques would re-
encountered in observing areas from one quire at least 80 man-days for the f ield work.
photograph to another as varying degrees of cx- Transferring fie ld notes to the map would prob-
posure caused color shifts , ably require at least an additional 10 man-days

Color photographs were not useful for Approximately 20 man-days were required tor
eelgrass mapping, and were not used for this pur- field work to develop and ver i fy the
pose. For classification and mapping of salt photographic signatures required in mapping
marsh vegetation they were comparable to CIR salt  marsh vegetat ion f rom the’ aerial
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Table XVI. Characteristics of and estimated costs for
the two methods of data collection.

•~‘n s,nq ( c ; ~i I ’~’, l Ij I ) lW I .Shij) h OlJi ’d

r ,if i renta l :  $ 200.5 000/hi ’ Boat coSts , $1 00-f 3OO/da~Image nro”’~~ing: $ 1 c00/200 eS~ OSuleS ’ I)aia coUeciion can lake 5- ’ fillies longer
Limited sea-truth d~ia collection wi th  a I)aia re-ducij on/anaivsj s, variab le man monihst
sniali boit; boat costs , S I  00-S 300/dab

lmagcr~ anal~ sis , variable m•in-month~~ t l) .iia not ss noptic , show Otj i~ she conditions
Shows regional relat ionships , a s~ noptic I)ata more accurate , but processes between data

view ~nd large area stations must be esirapo laied14’
Lo~,il lJtt fe rences between processes are
observed

‘I)epc’nds on airc rai t  su e; a i rc ra f t  would be se lected based on a,ea lo be coveied , alt i tude re-
quirenht’nts and is pes of imagers to be aequsied .

fl )cp end s on boat si/c and whether an operator is incl uded,
“ I ot 21,8h -cm\ 22 .8b’~m (9- in .X9 - in . ) torn iat ijini irans parencies ; less for smailer iormal

photographs; high altitude processed intager s was provided b~ NA SA as part of tile proiect .
f t  I)epends on amount at imagery or data acq uuied ,
‘‘‘I he aecul .Ics requirement must be determined for the particular applications.

photographs. Another 15 man-days were re- For comparison purposes , Ta ble XV I shows
quired to map and calculate extent of the some generalized character ist ics of and
various types. Mapping t he salt marshes corn- estimated costs for the two methods of data col-
pletely from the ground would probably require l~ction. It is extreme ly important to realize that
at least 120 man-days in the field (minimum of 4 remote sensing techniques must be used in con-
trained people for a .3-mont h field season). j unction with conventional ground surveys. It is
Ca lculating extent of various types from the likely, depending on project requirements , t hat
comp leted map would require 15 man-days. the number of ground surveys can be reduced

Estimated accuracy of the vegetation mapp- when remote sensing techniques are used as a
ing is ± 0.0041 km 2 (± 1 acre) for each discrete tool along with the standard techniques. Remote
mars h or eelgrass bed mapped. A vegetational sensing techniques are most useful when circula-
unit of less than 1 acre in size is not shown on tion studies are made in large areas , w hen
Figure 24. Personnel at the Seattle District con- repetitive data are required, and when regional
sider the reliability of the mapping to be ex- synoptic relationships are investigated.
ce llent. The reliability of most maps is directly
re lated to familiarity of the investigators with
the study area; i.e., the better and more corn- CONCLUSIONS
prehensive the ground truth information , the
better the reliability of photointerpretations. Advantages and disadvantages

Remote sensing tec hniques have several ad-
Costs benefits vantages The dynamic processes on and near

A cost comparison between data collection the wat er ’s sur face wit hin a large area c-an be
tec hniques from aboard ship and from an air- observed simultaneously. Thermal imagery
cra ft and/or satellite is difficult to make because proved to be’ very useful in providing an over-
speci fic project requirements would determine’ view ot t he c irculation within a large area and in
the most appropriate methods of obtaining data . conducting a reconnaissanc e type circulation
This project was designed to demonstrate the study Color photographs of dye dispersion and
uti lity of remote sensing techniques in acquist- drogue’ movement were the’ most useful in pro-
tion of circulation data and in mapping inter- vEil ing ch’t•iiled sili’ specific circul1ttion inlorma-
tidal habitats. Aircra ft imagery proved to be’ a lion (‘omparisons of t h(’ processes between
reliable tool in obtaining a synoptic view of the locations i,an be’ made for a parti ular instant
dynamic surface water currents and in mapping More detail is available than on maps prepared
habitat distributions, front f ield data and shipboard tec hnique’s can
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only pros ide’ data for a spec i f i c  locatio n at art in- Table XV II. Applications of airc raft and satellite
s t .t n t Proce ss es 1tctive be’twe’en stations must be’ imagery.
e’xtrapo late’d or assumed When used togt’the’r ,
t he remote sensing and ground su r~ e’\’ tec i~ 

A. Use in deve lop ing a data base for:

tt ique’s pros ide data that allow a fuller s iew ot I - P:eliminaiy si te selection
2. (.oasial iime management decisionst he’ proc esse’s or area under inve ’st igatton than 1, Channel and harbor maintenance schedules

V vs ould be’ obser~ ed using only one’ approach ltm 4 . ~~~~~~~ ens’ironntenial intcepreiaiions
.iger% ., an hi’ ,te quire’d rt’pe’titive’ ly in le’ss time ’ 5 , I ‘,osy stem protection decisions
than re’pe’tit is e’ shipboard surs e’ ys Remote se ’ns ii. 1 nvironmental impait statements

ing prov ides a permanent rec ord of the’ pro- B, Augment pic-paration and revision of hydrographic and
esses at the’ time’ of image’ acquis ition In addi- navigation charts

tion, t he proc esses ac t i ve ’  during varying tidal C Acquire engineering design data
and se’asonal c onditions e an be re’ ,tdily O~ 0. Interpret coastal processes
served 

- Improve thematic mapping
T here are several disadvantages of cising

- . I- , Monitor:remote sensing tec hniques Ce’ometri ’ distor- 
1 . ~~~~~~~ c ir cula t iontions and sca le variations are’ inherent in the im- 2. Dis persion ot pollutants

age’ry These limitations should be’ c onsidered in 3. Movement of sea ii. c
determtning linear dis t ,t nces from photographs 4 . Sediment distribution

Since s a le variations and geome’tri distortions — 
~ I sit migration

increase from the centra l to the peripheral por-
tions of an image , if geometrica lly corre’ .’ted
photographs are not available , measurements stu dies for which data acquired by aircr ,tft and
can be made in the middle portion of the’ image vateIlite~ -ould be’ used were recognized during
w here distortions ,tre’ minimal However , utilii this investigation (Table XV II ) .  Additional
ing geometrica lly c orrected and ret ttf ie’d mi- retere’nces to proven applications in a wide’
agery to great ly reduce the’ measureme’nt errors variety of earth resources investigations are
t hat result from distort ions is the best approach numerous in the literature Rather than cite ’
Acquisition of usc’fu l aerial photographs is these references , the following list give ’s a te’w of
re’stricte’d to clear weather or scattered cloud the (‘ongressional acts which form tht basis Icr
conditions In addition, w hen weather condi- the! principal civil works mission responsibiltt it ’s
tions are w indy, acquisition of useab le’ ot the Corps of F ngine’ers for which remote’
photographs is increasing ly more d i t t i c u l t .  sensing data may be useful
However , in windy conditions acquisition of 1 Water and land c onservation
data during ship surveys may also be rest ri ted Federal W ater Proje’ct Recreation Act , 191,5
or eliminated During data collection (9-11 ;egJ y l.and and Water Conservation Act , 3465
1974) by personnel from Grays Harbor (‘olle’ge’ , Out door Recreation Act . 196 3
surface conditions we’re windy and severa l sta - F stuarint . Study Act — Ins entor~ of I stu-
ti ons ne’ar Damon Pt could not be’ re’ache’d arie’s , 1968
he’cause of high breakers and excessive surfac e’ 2 1 nvironme’ntal impacts
roughness Generally, data collected from im- National F nvironrnental PoIic~ Act . 196’)
age’ry may not he as accurate’ as data acquired .3 Mainte’nanc ’e’ of waterways , s hore’line’s and
from ship curs es’s Also, the’ types of re’mote’ beac he’s
sensing data evaluated during this investigation River and Harbor Act , 1962-19W3
are limited to surf ace ’ conditions ,while’ data at~ Coasta l Zone Management Act , 1972
qutre’d in shipboard surveys art’ not The’refore , 4 W ate ’ r qua lity:
the requirements and obj ective’ s of an inve’stiga- (‘lean Water Restoration Act , 3966
tion must be considered in determining the’ ,ip- I ish and Wildl ife ’ (‘oor dination Ac I,
plication of remote’ sensing technique’s I best’ 1946-1958
t e’c- hniques can bt’ convenient and useful tools in I e’deral Wate’ r Pollution (‘ontro l Ad .
accomp lishing proje c t oh~e’t tive ’s. 1948-1972

W ate ’r Qe ialits Act , 1965
Applications Marine’ Protec tion, Re ’se ’art h and ~am

A number of applications in earth re’soeirce’s fu,irie’s Act , 1972
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