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“Pif_czrmei;n*Skigmway, Alaska, July 2008

Dilution Study

= £ March 24,2009

DISCLAIMER: This report is a work in progress and is still being finalized.
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Executive Summary

This report describes a plume dilution study conducted as a partnership between
the Alaska Department of Environmental Conservation {DEC) and the U.S.
Environmental Protection Agency (EPA). The study was conducted by EPA’s
Ocean Survey Vessel Bold in July 2008. It was designed.to characterize the near-
field dilution that occurs to wastewater that is disgb_“é’ﬁ"g’ed from a stationary cruise
ship. g

B e
The dilution factors in this study were calculated by takmg”the known
concentration of a pollutant in the pipé:bef before discharge andz dlwdmg it by the
concentration measured in the receiving ~water. For example |f1a~value of 100

.-...-«-w-—

concentration units was determined in the pipe:a ﬁ'ﬂ?a”concentrat:on of 5 was

measured after the wastewate"r?"%zdlscharged ito.the receiving water, the
% ‘—%

dilution factor would be 100 / 5 whlch equals 20.

e R,

%
None of the vessel&that—wsated Alaskaﬂn 2008:could.consistently meet the State
of Alaska Water Qual'ty Stancigrds for ammonia and'sélected metals at the point

of discharge. "-s:r‘.m:a.-% = =
After undergomg--turbuIent—-mlxmg in° themﬁrst«-Z 5 meters, plumes remained
Pty 'ﬁ:;——;a. R, S,
relatlver intact to a'distance of"15 metersT
R 'mﬁa. W

R, ey 2
IR

In order to‘uﬁtermme where cruiséship effluent would be diluted to the point
where it wouldxmeet watermquallty standards in the receiving water, DEC divided
the maximum reported cg_pfgntratlons for ammonia, copper, nickel, and zinc
effluent levels from 3l all~sh|ps that discharged in Alaska during the 2008 season by
the highest dilution factor of 63 found at 15 meters. in this case water quality
standards would be met in the receiving water for ammonia, copper, nickel, and
zinc. When you take the most conservative approach of dividing the maximum
concentration of pollutants by the lowest dilution factor of 28, ammonia and
copper concentrations in the recewlng water would exceed water quality
standards at 15 meters.




We then looked at the interim limits that are currently in the cruise ship permit. If
a similar procedure is used to divide the interim limits in the current permit for
ammonia, copper, nickel, and zinc concentrations by the worst case dilution
factor, they will exceed Water Quality Standards for all four parameters at 2.5
meters. If we applied this same procedure using the worst case dilution found in
this study, all four parameters will meet Water Quality Standards at 15 meters.

Based upon the data from the four ships in this studyﬁaﬂshlp whose wastewater

complies with the interim limits will meet the Water:,('fluahty Standards at 15
S

meters (49 feet). é;:gﬁ’ m%

DEC also compared the near field dllutlonxfw‘fé?ors that werewpredlcted by the

PLUMES and CORMIX computer dllut:or%de!s to the observed dilution. The

maximum dye concentrations that were measured were in fairagi agreement with

the modeled values in the 5 — 15.meter range= Thﬁdeled values—-were

conservative and predicted hlﬁmaxsmum plume concentrations compared to

those that were observed in the f%%@eans that the models are more

protective of the environment. Ho&___eve vtheaPLUMES‘and CORMIX models

diverged greatly when n:atiempting oz predlct drlut:on factors beyond 15 meters
S SEET o

and may not be ap%prlategfor determining:far- -fietdidilutions.

"’"‘"‘.-—-——-

%
@;% =
Py s C e m i
= = =%
= = = ==
T, N = =
S = =
- = =
= = ==
— =
= = :
= =
=N ===
ey S
ey £
e ==
A s
=
3
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Introduction

The Alaska Department of Environmental Conservation {DEC) has had the
regulatory responsibility of protecting the waters of Alaska through the Cruise
Ship Program since 2001. DEC provides detailed information about the Cruise

Ship Program at the following web page: =

http://www.dec.state.ak.us/water/cruise ships/index.htm
;__-__é;__"—@_’

S
==
==
O

As a part of the Cruise Ship Program:DE :DEC has completﬁnd participated in
studies that have provided |nformat|on ton the |mpacts that—crmse ship
discharges have on water quallty In 2001’;‘fDEG=~'part|C|pated in‘a study of the
dilution of wastewater dlscharge plumes from: large moving cruise ships
(Cruise Ship Wastewater Science ﬁ'ﬁ%‘! Panel;“—%Z) The Science Advisory
Panel concluded tj_a_t_.v_ery hlgh dliutlon n factors of 1/50 000 would

m-ﬂw
P '-f'..‘.;_,'-':

“’% 3 % =
In 2004, DEC used'computerﬁ.mode!s tozestimate the concentration and
dlstrlbmf‘crmse sh:p dlscharges atﬁ?ree Alaska harbors; Juneau,
Kemn and Skagway (DEC 2004) “The input conditions to the models in
that St study assumed the, ShIpS iwere stationary, and that normal tidal and
hydrographlc cond|t|0ns~eX|ste‘§%Ind:wduaI characteristics such as discharge
pipe dlamete?;“:flow rates*and temperature of the discharge were based on
individual data from mghteen vessels. DEC used the EPA approved computer
modeling packangS and CORMIX to estimate the expected dilutions
from each individual ship. Concentrating only on the modeling that was
reported for the conservative conditions in Skagway harbor, the dilution
factors achieved in the first 2 meters ranged from 1/10 to 1/20. At a distance

of 5 meters the dilution factors were between 1/24 and 1/60.
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In July 2008, DEC worked in partnership with the United States Environmental
Protection Agency {EPA) on a study in Skagway harbor to directly measure the
dilution of waste water discharge plumes from stationary cruise ships. The
study was performed by DEC and EPA personnel and supported by the crew of
the EPA research vessel Bold. Discharges from six cruise ships were tested
between July 7, 2008 and July 17, 2008. Discharges from two of the ships were
sampled twice so that a total of eight visits were c‘%?pleted. The purpose of
this study was to measure the real world dilutiongfei?tors that exist in the

marine waters in order to assess whether the# i'éiga water quality standards

are currently being met, and in addltlon,_togcompare*these actual dilutions to

i,

the values predicted by the computerzmodels. =N

"
et ,M....,.
====.

Over the years, the cruise ship industryzhas, in general, worked_to continually
‘sa._,.""..-:':.. i %
reduce the concentration of pollutants throughfr"najor upgradesite *to:advanced
m‘
treatment systems onboard: the—vessels There Have been reductions in the

"""‘”"’—:&-.

levels of fecal coliform bacterla blologlcal oxygen”demand (BOD), total

suspended solids (T.SS),.pH (a measure of~acrd1ty) and chlorlne In 2008,

however, four parameterSncontlnueato exceed-themwater quality standards that
s W

are mandated by-law to be met at the polnt of dlscharge The four parameters

these? parameters when assessang complrance with water quality standards.
‘%

Eﬂ_v?_%::’,. %

Figure"1 provrdes a'detalied’map ofthe study area in Skagway harbor. It depicts

the three :areas wherela large crwse-shlps dock, the Ore Terminal, Broadway, and
E

Rallroad docks, The Iocat:ons of the Alaska Marine Highway System Ferry dock

Ay
s s
WL, LS

?
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TinaEa. g -é:;

DEC acknowledges{he tremendous coeperatlon and support that this project
recelved»from the offlcers and Crew members on the vessels that were sampled
T

during thls-\ggmﬂ( One of the maln-c;,rgltena for selection in the project was that the
ship volunteeregémgp partwga__.q_;e. Another important factor was that, as far as
possible, DEC tri-é_%m?t’o in%jships that were studied in 2004. Of the six ships
that were sampled, four~had been included in the previous study. While the ships
were not selected randomly, DEC also attempted to select ships with a wide

variety of treatment systems.

The following section provides a summary of the methods that were followed in
introducing dye into the individual cruise ship wastewater streams and then in
tracing the resultant dye plumes that formed in the receiving water. This
summary of the methods used is based on the US EPA report entitled “Sampling
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Episode Report Cruise Ship Plume Dilution Study, Skagway, Alaska”, February 25,
2009. That report should be consuited for further sampling details and to locate
all the raw data that was gathered during the plume dilution study.

Pre-Sampling Activities

Visits to each of the six ships were conducted during the week prior to the start of
the sampling episode to establish ship contacts, communications, and safety and
emergency procedures, and to inspect sampling portsiand associated fittings.

T
P

Dye Injection Methodology £
Fa=N =T

A variable speed peristaltic pump was uﬂggjﬂ_ﬁ?ﬁinject the_?_fﬁz%_;escent dye,
Rhodamine WT, into the waste discharﬁream at a point downstream of the
wastewater treatment system The flow |n’the plpe»was momtored;usmg an

the known input concentration 'ithé““dlscharge fltaﬁﬁrate and injection rate. In
addition, the concentration of th?dyms measured"dlrectly downstream using a

A=Y
calibrated fluorometer—mThls mstrument was*used-successfully in three of the four

surveys where plame dIStrlblé;.LonS were: mapped outsnde the ships. Usable data
was not obtained |n‘the otherfcases due'to:instrument failures.

= M_l_,. =
== r‘get%m = =

% :
Vessel Concentratlon “ZUsed by DEC
== —
W-—__:_-._ W HE/L2, ng/L
e ST R
: S %420 %; 420
Star Princess % =1
: = 1050 1050
Coral Princess | %
Ryndam = 2 700
I = o 573 + 218
Millennium =
+
Norwegian Star 893 606 + 140
918 787 +100

Volendam

Table 1 Target Concentrations and actual Measured Concentration.
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DEC used the measured concentration to calculate the dilution factors. Table 1
lists the concentration of dye that DEC used as the maximum in-pipe
concentration for each ship surveyed. The value used for the Star Princess, Coral
Princess and Ryndam was based on the calculated target concentration. For the
Millennium, Norwegian Star and Volendam the maximum input was based on the
mean value measured by the fluorometer and the standard deviation.

Plume Monitoring Methodology ﬁ
m‘-‘r ﬁ

A Sea-Bird SBE-19 CTD (conductivity, temperature and: depth) was deployed to
provide detailed measurements of the arﬁt hydrographlc—:condltlons In
addition, this instrument package, whichas S plctured in Flgureii%s outfitted with

a fluorometer and turbldlmeter to measureithe ci_\_/e_(_:oncentratlon%d possible
interferences. Conductivity wawmporta nt@eter because it'is used to
calculate salinity which is a measn&e =ofi tﬁsﬂemountof dissolved salts in the
seawater. This parameter along with, ten%?ature is used by the models to
calculate density ofwmer and predlct thﬁgﬁf ofithe plumes. All of the
parameter readm@ere measured two,,tlmes a second and transmitted by cable
to a laptop computer FElLIS |mportant to note that the sensors and seawater

intake hos”es ‘are:locatedfatithe bottom.of th%;nstrument In the case of the

AT e, e
vesseliStar Princesstthis, featu.lze.preventedgcha racterization of the surface plumes
= - e

that formed. = =
h===% ==
= = =
==Y =)
== =
=
m@f
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. Rigid Inflatable Boat Operations

The CTD was deployed from the bow of a rigid inflatable boat (RIB). At times the
CTD was lowered and raised at a stationary position to provide a vertical profile of
the water column. In order to track the plume concentration distributions a
series of arc transects were performed. To accomplish these, a hull magnet was
first attached above the discharge port. The RIB then traversed a semicircle path
at the nominal distances of 2.5, 5, 7.5, 10 and 15 meters away from the port. This

10




pattern was repeated with the CTD held at the nominal depths of 1.5, 3, 5and 7.5
meters deep.

180°

15m

15m 10m Sm  Discharge Sm Wm  15m
Port
Figure 4 Sm’n”"f_fbglwi_ng transect::;f'ﬁgxattern“‘i"u’iéed to locate dye plumes
%

oI,

Another type of’ transect was,performed in order to maximize the definition of the
plume dlstrlbutlon isE shown in figure 4. The RIB was directed either toward or

plumes were expected to have the least dilution and greatest concentration of
dye, i.e. in the center of the plumes.

11
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Current and Weather Measurements

Current meters were used to record the major currents in the vicinity of the
discharge port during the plume surveys. They were deployed at 1, 3 and
sometimes 5 meters.

Personnel on the OSV Bold recorded weather conditions during the surveys.

=
AT

DEC methods N
e T N

The fluorometers used to quantify the concf’ﬁtration of‘Rhodamine WT dye both

in the discharge and in the open waters—adjacent to the vessels hulls were

individually calibrated using a series of dilutmns of known concentrations of dye.
% zﬁ% *::@.

For the two fluorometers that were integrated:intoithe CTD anstrument packages,

the dilutions were prepared in a:c!ean, Iarge plasttc waste container. The entlre

CTD was then immersed in the dye solutlon All of‘the calibrations produced

e

curves with very low variability. % '%mm% —

e N =Y W =
Raw data from thﬁectsmere fi rst«conve Averted todtt tothe equivalent concentration
of dye in mlcrograms;/f__':_l_lter (;gﬁ/&[._)h using’ th%ecahbratlon curves described above.
The position.of.the instrtimentsiwas. estlmated for each arc and linear transect by
apportioning-thezangle to'the, he ship based on‘the total time of the transect
(assummg that the mot motlon of-the RIB was»relatlvely constant). These positions
were thenwggnverted from po!areggjectangular coordinates and the dye
distributionsiwere plotted for a given depth using the commercially available
software, SurferS Slnce the CTD/quorometer instrument package was recordlng
once every % second;:ﬂ'\me___samplmg coverage for defining the extent of the plumes
appears to have been adéquate. The resulting plots are a time average, not a
snapshot of where the plumes were found, since the individual plumes were
moving at speeds of about 10cm/sec and the entire process of mapping the area

next to the ships out to a distance of 15 meters took up to % an hour.

12
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Results

General

The initial attempts to characterize the dye plumes from the cruise ships were
made on July 7, 2008 on the Millennium and July 9, 2008 on the Norwegian Star.
In both cases no usable plume data was obtained.

After modifying procedures, dye plumes were detected during the sampling of
the Star Princess on July 10, 20008. The plumes weréiobserved at the surface
moving away from the discharge port at an angle_pf;ZZS" and directly along the
ship’s hull at about 270°. When the CTD is usedat" Fat the:surface the actual depth of
the seawater that is sampled is about 0.8 méters. Thig%;_:p:“ﬂguration prevented
the determination of plume values that;w,‘_e"?i'w”:eﬁi)etween thE‘?‘E;_i}:_?r_‘[ace and 0.8
meters. A maximum plume value of 4§Tw§g/L was detected at¥1z3.meters depth at
a distance of 10 meters from the dlscharg?%ort It.istpossible E‘%—hlgher

F ‘a.“:':a.
concentrations were present nearer to the surfacé=No arc transectsiwere

e

completed for this sampling. mmw =
X S = -
Coral Princess = =

= = ==
For most of the samplingZeffort durlng~theﬁgé_1___i:¥;1~1—~2008 sturvey of the Coral
Princess, the dlschgimge was exﬁvemelyﬁﬁgmlttent *Near the end of the sampling
period the Rhodamlnez__V_XT dygiconcentration was increased to approximately
1050 pg/L.and:substantial: pIumeswwere detected at a depth of about 3.6 meters

and a distance of ”meterSvfrom the's shlp*_Concentranons that were >158 pg/L
were found at anglesi of»s180° 220° from235° to 240°.

= = =

Ryndam %% = =

The vessel Ryndam was sampled onJuly 12, 2008. Figure 5 provides a time-
averaged mappa%_gﬂheplume concentrations. The nominal depth for this plot
is 3 meters. Extensﬁ?’%ﬁg@ects were also performed at depths of 1.5, 2.5, and
4.5 meters without detecting plumes. Using an arbitrary convention for compass
rose direction, zero is looking directly at the discharge port and the angle
increases clockwise such that 90 is to the stern, 180 directly away from the ship
and 270 to the bow. See Figure 4. The plume is primarily distributed along an
angle of 135° from the hull. The semi-circular arcs that are shown on the plot give
the position of the CTD instrument at the %-second interval sampling frequency.
While the plot is not an instantaneous snapshot of the plume locations, it does
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represent a useful tool to compare the plume density between the different
sampling events.

In this plot the ship is on the left axis with the direction toward the stern at the
top and direction toward the bow and Northeast is at the bottom. The plume
distribution is very different from the smooth and continuously varying results
that both model s predict. The empirical data show that outside a distance of 5
meters from the ship the plumes are defined by roughly circular zones of high dye
concentration that appear to be advected away fromithe ship. There is very good

agreement between the 135° angle of the pIume—traln and the direction of the 4
cm/sec tida! current that was measured at 3 meters depth
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Ryndam - July 12, 2008
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Figure 5 Plume distributions near the Ryndam at 3 meters depth
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Figure 6 is a plot of the comparison between the measured value for the plume
maximum concentration and the values predicted by the CORMIX and PLUMES
computer models. The modeling was evaluated at 5, 10 and 15 meters from the
discharge port. The average modeled dilution factor for the 5 to 15 meter range
away from the discharge port is about 1/30. If the measured value at 7.5 meters
is included the actual dilution factor is found to be 1/5-""5% In this case, the models
are predicting less dilution than was actually observed In figure 6 the error bars
that are plotted for the measured values are basmthe variation of the input
dye concentration that resulted from th@tlon in ﬂow&_}he waste water.

== =
&= =5
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Figure 6 Plume maximum dye concentration vs distance from the discharge port

at 3 meters depth.

Millennium

The vessel Millennium was sampled on July 15, 2008 ?gd the results of the plume
distribution survey are plotted in Figure 7. In this caseithe plume was located
primarily at 5 meters depth and although the orientation of the ship and structure
of the plumes were similar to those seen in thgiRyndam survey, the direction that
the plumes were moving was completely;gﬁg_r%d near2Z0°. In the case of the
Millennium sampling, the tide was flowing:in toward the harbor and during the
Ryndam sampling it was ebbing away. U&fgrtunately the nearest current meter
data that we have from the Millennium survey is ar;ﬁéﬁ :meters dep1th :and the
results do not correlate well with:the observed plume movementsa=

N V‘”m"*“’““é-.e,
The maximum plume concentratigns thatwere observed during the Millennium
survey appeared to be.higher tharﬁﬁﬁe R“ﬁi:%m:d?ag"’r"n~values-vln addition to the 5 meter
depth transects thamﬂed in Figlre ?{ﬁﬁ%ﬁwe transects were also
completed for depths of 1. 5"3’* and 7. 5~$ters howeéver, no major plumes were

detected. = =

17

942




Millennium - July 15, 2008
Depth = 5 meters
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Figure 7 Plume Distribution Near the Millennium at 5 meters Depth
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Figure 8 details the maximum concentration that was measured for the
Millennium. The average dilution factor for the measured maximum was 1/39 for
the 5 to 15 meter range. The PLUMES model generated an average dilution factor
of 1/20. The CORMIX model generated an average dilution factor of 1/12. The
modeled values again predicted less dilution than was observed, but the
agreement between the models show considerable divergence. The large
estimated error for the observed values are based on_&_tgb”e measured variation in

the input dye concentration. ==
e
Millennium Plume Max Concentration vs Distance
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Figure 8 Plume Maximum vs Distance from the Discharge Port for the Millennium
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Norwegian Star

Significant plumes were found over a wider range of depths when the Norwegian
Star was surveyed on July 16, 2008. Plumes were detected at 3, 4 and 5 meter
depths. No plumes were found at 1.5, 2.5 and 7.5 meters. Figure 9 provides a
visualization of the plumes at two levels, approximately 3.5 and 5 meters. In this
plot the upper left corner would point forward toward the bow and the
Northeast. The ship would still be on the left of the plot. The plumes in both the
upper and lower zones appear to be advecting along an angle of 135 °where 90 °
is at the top left corner. One apparent difference bétween the two plots is an

o
extensive plume that was mapped at the 3.5 metetlével but was not seen at the
5 meter depth. -f_-ft’_g =
£= =
Norwegian Star - July 16;;2008 ==

Upper Plot depth=3 to 4
Lower Plot depth = 5 meter

e

Figure 9 Plumes detected near the Norwegian Star at multiple depths.
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Figure 10 details the maximum concentration that was observed for the
Norwegian Star. The average dilution factor that was observed in the 5 to 15
meter distance from the discharge port was 1/22. The PLUMES model average
was 1/19 and CORMIX predicted 1/12. The PLUMES model, while still
conservative, did appear to provide a closer approximation to the observed plume
maximums.

N
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Norwegian Star Plume Max Concentration vs Distance
70
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==
50 i
A
T
40
ug/L & + A CORMIX
||
T @ PLUMES
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10
0 T T
0 5 10 15 20
Meters from Discharge Port

st ety

==
Figure 10 Plume Maximum vs Distance for the Norwegian Star at 3 meters depth.

In Figure 11 the upper level from plot 9 is shown in greater detail. While notin
perfect alignment with the plume’s directions, currents with a speed of 10 cm/sec
were recorded at 3meters depth and they likely contributed to the measured
plume distributions.

21




Norwegian Star - July 16, 2008
From 3 to 4 meters in depth
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Figure 11 Plume distributions near the Norwegian Star between 3-4 meters depth
from the surface.
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Volendam

In Figure 12 the stern of the vessel Volendam lies in the direction of the top of the
page and bow and Northeast are toward the bottom. The majority of the plumes
were detected at 5 meters depth and appear to be advected away at an angle of
225°, which is consistent with the direction of the incoming tide. The dominant
10 cm/sec current that was recorded for this depth is in fairly good agreement
with the plume direction, but is about 15° from overlaying it directly. The
maximum dye concentrations and the general patterns, of plume distributions
appear to be consistent with the conditions found@% previous surveys.
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Volendam - July 17, 2008
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Figure 12 Plume distributions near the Volendam at 5 meters depth.
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The average measured plume dilution factor for the measurements between 5
and 15 meters from the ship was 1/48. In contrast to the other surveys that were
done, the PLUMES generally predicted greater dilution factors with associated
lower plume maximum values than were measured. The PLUMES average
dilution factor was 1/59. This value is nearly identical to value that was calculated
in 2004 for the Volendam for a distance of 5 meters. Compared to the measured
maximum plume concentrations the PLUMES model overestimates the dilution
seen near the Volendam. The CORMIX model did predict a mean dilution factor
of 1/44 that was closer to the observed value of 1/_418?3:% Figure 13 the value for

S e
o g

the CORMIX calculated plume maximum actuallyfoverlays the observed value at 5

e,
meters. = ==
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= e
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Figure 13 Plume maximum vs distance near the Volendam at 5 meters depth.
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Discussion

In order to assess the significance of the dilution factors that were measured for
each of the six cruise ships in this study, we will focus attention on the permit
requirement that the discharges must meet the Alaska Water Quality Standards
for ammonia, copper, nickel and zinc at the point of discharge. The data that
have been reported to DEC by these ships for the 2008 cruise season show that
the criteria for these four parameters are not consistf%t!y being met.

éﬁfm’?“

Water Quality Standard Ammonia Cu N@%ﬁg
mg/L ug/L ﬁ'ug/L “Zug/L
? Salt water 2.9 317 BZW 81’?—_:,‘

Vessel
Millennium
Ryndam
Volendam

Norwegina Star
Star Princess
Coral Princess

P e ===
Table 2 Maximum:measured concentrations-of.ammoniaz Cu, Ni, and Zn found in 2008 in the discharge
w —e-o--v--- ﬁ:!';:ﬂ. m
of the cruise’ships that™ were»surveyed‘m this study:asy 'well as the overall maximum values from all ships

'f-‘;'?ﬁ"ﬁ' A,
that dlscharged in 2008 (e. gﬂGenenc WOTst, t.case) at the point of discharge.
== %.. e

Table 2 Ilsffzhe maX|mum-vaIue ﬂ)v&?éach of the four parameters of concern that
were measured i_llgwse sh|p=effluent during 2008. The generic worst case entry
indicates the mamm&ﬁg& y%a__lég:e detected by any large cruise ship that discharged
into Alaska waters d‘ﬁgﬁOS. Of the six ships that participated in the plume
dilution survey only the Millennium would meet the Water Quality criteria for Cu
and Zn. During 2008, only one large cruise ship out of the 23 that reported data
to DEC for 2008 met the criteria for the water quality standards for all the

parameters listed above. That vessel only discharged selected streams of

accommodation graywater.
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Immediately after the discharge leaves the port, it begins an initial dilution
characterized by rapid and turbulent entrainment and a vertical rise usually of a
few meters. The dilutions that result in the near field zone which extends out to
about 2.5 meters were measured during this study and they ranged from about
1/4 to 1/12. The results of applying these measured near field dilution factors to
the concentrations from Table 2 are listed in Table 3. The highlighted values
represent calculated concentrations that still exceed the Water Quality Criteria
for ammonia and copper even after the initial ml%When dividing by worst
case dilution (1/4), all parameters exceed wate__g_:ggahty standards at 2.5 meters.

Wi

= =
Water Quality Standard Ammonia Cu _<£=Ni sy,
= =
mg/L ggﬂ/ig-:m ug/L ug/L...._—
Salt water 2.9 =35 8.2 81 ==
Vessel Factor e == “%_%
= =
= = =
Millennium 1/12 o.n%ﬁo,z_ . 133 54
Ryndam 1/4 1492 . 43 == 25
Volendam _”J_._/(i,-,: = . B =‘@'2‘.6 *‘&:i
Norwegian Star A ' =l a3, 47
Star Princess £-1/9 B 7 ==«
Coral Princess =17 : ! o+ 25 30
Generic worst case T, BB " l

Table 3. ,;_Calculated Concen";f??‘t ns:Expect

from: dissharge port)% 9 %
W -

Table 4 sﬁ?ﬁt'_r_pw:_&arizes theﬁorm%sthat was plotted in figures 6, 8, 10 and 13
above. Those:figures compared the mean measured dilution to the modeled
values for the range .5 to 15‘_r_neters from the discharge port. In almost all cases
where a comparlsonrcan‘ta‘e:~made the average dilution predicted by combining
both model outputs would predict a maximum concentration that is higher than
the measured concentration. Therefore, the models are conservative and more
protective of the environment. The one standard deviation error that is reported
for the observed values was computed based on the measured plume
concentrations. For each ship this value is larger than that calculated based on

the changing dye concentration caused by pipe flow variation. The range in
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plume maximum concentration is most likely the result of highly turbulent mixing
that takes place near the ship’s hull in addition to the discharge flow variation.

In the case of all four vessels where the plume distributions were mapped in
detail between 5 and 15 meters away, using the actual maximum reported
ammonia, Cu, Ni, and Zn concentrations from the 2008 season, the discharge
from these ships would have met the water quality standards. The measured
dilutions in that range were sufficiently adequate tc@uce the concentrations
below the criteria. For the range 0 to 5 meters away=however, most of the
discharges from these ships would have excee@ﬁ%&ggter quality standards for

. d == =ime
ammonia and copper. %"’m “‘E“‘“"‘%ﬂ
o N
o R,
2008 Field Study | == 2008 Model 2008:Model
e = S Average
5 to 15 meter distance TPEUMESE=S| | CORMIGES), | Modeled
dilution %% dilution=s dilution ¥ | dilution
; EEE
n WT"“:..@*. R n ”'::; n L
Millennuim 4 | _39 208 | 3= 11 14
Ryndam 3.2 ﬁ"- f-‘"'Sl_B"_;% 123% . 3 31 30
Volendam B  8YEE| 13 §33 43 54
Norwegian Star "%5%&” 22 "%lg +7 % 12 16
Star Princess = * SE_ = * '
. i, SO Teome, 9
Coral Prlncessﬁﬁ =N ““::—:% I, 17 22
LEREEE . = ==
&5 TREiE =k =
* not g, B “i—:";% =
determineds, N =
Table 4 Compare Averaged:Me asured Dilutions to 2008 Models for 5 to 15
meters. "”*wﬁ”“m.—;- “t‘m“;

T,

L, i
L

T B

u-.mm..........

The modeling in th|5"studyu|n 2008 produced dilutions that were considerably

‘1‘-:.'15‘:'-'2

smaller than those prdéduced in the 2004 study, probably because more of the
input parameters needed for the models were measured and not estimated.
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Parameter Ammonia Cu Ni Zn

(mg/L) {ne/L)  (ue/L)  (pg/L)

Alaska Water Quality Standard 2.9 31 8.2 81

2008 Maximum Measured Concentration 150 140 43.2 501
Highest Dilution Factor 63 24 2.2 0.7 7.9
Lowest Dilution Factor 28 15 17.9

Table 5 The maximum plume concentration based onéﬂ{easured dilutions at 15
meters SEEL

If the comparison to water quality standq_‘y;gézts based mhe measured dilution
factors and the maximum concentrations~fer the four parameters and the lowest
the dilution factor (28) is applied, then the sconcentrations of am an;rg_onla and
copper still exceed the respective water quallty standards As shown in table 5
even at a dilution of (63) the results for ammoma'??éﬁ'cri copper are hlgher than the

e T

water quality standard. N “ﬁ:»_"i_%__
% = =
‘2;::’.—“"-::-. .
Based upon the maximum. concentratlons for ammonias (150 mg/L) and copper
(140 pg/L) that weremrecorded for all's ShIpS mpthe*2008 season, a dilution factor
necessary to achleve sthe water*quallty cntena would ‘be 1/135 for ammonia and
1/117 for copper. Thls-value mc!udes a 2" factor to accommodate ‘reasonable

ST

potentlalkandmwould pm[dmrvatweggmgn criteria in order to meet the
reqwrement of s statexegulatlons “Reasgnable Potential” is a term used to
|ncreaswré""'3the maximumz observed*value to what one may expect over the life of a
permit. Tisa statlstlcally_determmed multiplier from EPA’s Technical Support
Document fog;\[@ter Quahty..based Toxics Control (EPA, 1991).

= ;;-“—“-“‘é
The distance awaﬁfj@@ anyzlarge stationary cruise ship that is required to achieve
that level of dilution@etween vessels and the environmental conditions
found at each Alaskan port. Using the PLUMES model as a guide for the ships in
this study, the range of distances to reach a dilution factor of 1/135 for ammonia
is from 40 to 150 meters from the discharge port. In the case of the CORMIX
model, the distances range from 460 to 1040 meters (between 0.29 and 0.64

miles) for ammonia. The distances are smaller for copper.
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The differences in results between the two models is probably due to the way the
size and location of a plume is calculated. With the PLUMES program a deeper,
narrower plume was calculated. For CORMIX, the plume flattened out due to

“trapping” in a stratified water column, i.e. one with less dense fresh water above
more dense saline water, and became thin and wide.

Vessel PLUMES = COREMIX
Distance (m) Distance {m) Distancei(m)  Distance (m)
to reach to reach Ztoireach to reach
1/135 1/117 —m1/135 1/117
ammonia copper é ammoma copper
= ==
=== =N
Coral Princess 40 26 g0 553 == 523
Ryndam 57 a4 = 556 =510
Millennium 150 132 '“'ta';—?‘% __,g_f,.673 ‘~6;.’_LE_
Norwegian Star 105 == 89 == A1040 958z
EE=EN S =
Volendam 49 ===, === 460 331
S, TR e
Table 6 Modeled Distances to ReachDilutionis:that Achjeve Water Quality
e = Tegiam
Standards ,M%ﬂ . S =

=4 Tty =g

Both the CORMIX angg}z_fle PLUMES momorrelate well with the measured field
data for distances up tozl5 metemm th “dlscharge point. However, the results
from applymgnthe{wo compwuter mode s.to greater distances vary significantly.
Therefé"'”"?e? it may?mﬂo?be appropriate touse these two computer models to

predlct thezconcentratton of thep :pollutants in the receiving water at distances far
from the dlscharge port. 0= Y

!Hﬂlﬂﬂl

e

A one-way anaIVSIs,of vanance (ANOVA) was applied to the 2008 monitoring data

fthe averages from the individual cruise ships could
be summarized |nto ans overall average. Table 7 lists the results of that
calculation.
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Mean

Sum of Squares df Square F
Between ships 140782.28 138 7821.24 22.16
Within each ship 64237.11 182 352.95
Total 205019.39 200
==Y
Table 7 Results of ANOVA =
e

The calculated F value equals 22.16 which greatly exceeds the expected value of
2. This indicates that it is statistically not gg_ng-to combﬁﬁthe individual ammonia
averages of the ships into one pooled mean” Data from each,shlp must be treated
separately when evaluating the dllutlons of effluent from staﬁ?nary vessels.
= = '%%
A one-way analysis of variance:was also performed:for the 2008 monitoring data
for copper and the calculated F va‘lue"of 13.68 |ﬁi§o much greater than the
expected value. The copper data“cz cannotﬁbeapooleawi.,
It is important tog&%hat@en the® mdl&al mput:»pa rameters from each
vessel were usediincluding the:pipe diameters, port size and shape and the flow
characteristics, that’ the=measured and rr?mie!ed plume concentrations were
reasonablyiconsistent. i@__@_@ﬁuse théali'rﬁodels effectively to predict the
attainment of waterxquallty..standards-—a—number of requirements must be met.
Each shlp should be modeled md:v:dua!ly so that the physical characteristics of
the discharge systems areumcluded zas inputs. The concentration of pollutants in
the waste éﬁam needs tozbe measured and characterized. In addition, realistic
hydrographic fﬁm ts should,&lgge developed for each harbor where the vessel docks.
=
While the comparisonifg__,fz:cjhe actual and modeled plume values that were
determined in this study do appear to be in reasonable agreement, it is important
to stress the limitation of the models to capture all the parameters that lead to
variability in the real world. The disclaimers for the models routinely state that
the resulting values have a variability of 50%. It was found during sensitivity
testing of both models in this study that the results from CORMIX were much

more sensitive to the angle and velocity assigned to the external tidal currents.

L

Jl
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This information is often not available to the modeler and it is assumed the
discharge is perpendicular to the current.

Conclusions

None of the vessels that were surveyed in this study in Skagway harbor in July

2008 can currently meet the State of Alaska Water Quality Standards for

ammonia and selected metals at the point of disc:h__g_:l_g-ge'.fé
s

L ""-m“"'.a.

The initial dilution which occurs within the flrst~2~5 meters from ship is insufficient

to bring the discharges into compliance for..ammonla ands ;copper in 5 of the 6
ships that were studied. § =

e,
ey
=

Between 5 and 15 meters away from the ships,; afteff"é%adltlonal dilation has taken
*—*mW E
place, the maximum measured; dye concentratlonsnwere in fair agreement with
the modeled values predicted by:the:RLUMES and:EGORMIX models. The modeled
=¥ SR, SR,
values calculated in this study procigged samewhat ‘higher maximum plume
concentrations compated:to those that were e:observed= %Therefore, the models

Eaite, ~=F
are more conservative"and:more protectlve fthe: ‘environment.
= = e e
"%-n = @

Using the hlghest reported concentratlons-from the 2008 season for ammonia
and copperﬂaS‘ aiworst cases gwde»modeled\dasta nces as great as 1040 meters and
958 nle_igrs Fers from awd a=d|scharge (0 64 and0; 0"59 mile respectively) may be needed to
ensure; compllance wrth—the Water Qualrty Standards criteria.

Both the’CG)RMIX and the%UMES;urgodels correlate well with the measured field
data for dlstagge%s up to 15"meters from the discharge point. However, the results
from applying theitwo computer models to greater distances vary significantly.
Therefore, it may notabe approprlate to use these two computer models to
predict the concentmf the pollutants in the receiving water at distances far
from the discharge por:c:'.'“?

Acknowledgements

DEC wishes to thank the Captain and crew of the OSV Bold for their tireless efforts
in support of this project.

32




References

U.S. Environmental Protection Agency, Sampling Episode Report Cruise Ship Plume
Dilution Study, Skagway, Alaska, February 25, 2009

.
U.S. Environmental Protection Agency, Technical Sugport Document For Water
Quality-based Toxics Control, EPA/505/2-90—OO£ME:ch 1991

Ty

= =
Cruise Ship Wastewater Science Advisory Ranel; The Impact of Cruise Ship
Wastewater Discharge on Alaska Waters=Section I, Novembgr, 2002,
= =

= )

Alaska Department of Environmental Conservation,Assessment-gfCruise Ship and
. ST A-'"’:_:“F'nﬁ:. .

Ferry Wastewater Impacts in Alaska, CommercialiRassenger Vessel'Environmental

e
Compliance Program, January 2632004. =
T T
- =N =
AT = P, R
e Y Ny
2y == : .
= =
e SRR ==
R =
S== = i
=l 5 =
== =, T =
= = e ==
= “EE i,
_= %__;.. wa—‘r-i'
=N = -t
==, = =
s ==
= =
=7
e g
S
i
=
33

958




»

959

e United States
N PA Environmental Protection
\’ Agency

Sampling Episode Report
Cruise Ship Plume Dilution Study
Skagway, Alaska

U.S. Environmental Protection Agency

Oceans and Coastal Protection Division
Office of Wetlands, Oceans, and Watersheds

Office of Water
1200 Pennsylvania Avenue, NW
Washington, D.C. 20460

February 25, 2009




960

ACKNOWLEDGMENT AND DISCLAIMER

This report was prepared by the Oceans and Coastal Protection Division of the Office of
Wetlands, Oceans, and Watersheds of the U.S. Environmental Protection Agency. Neither the
United States Government nor any of its employees, contractors, subcontractors, or their
employees make any warrant, expressed or implied, or assume any legal liability or
responsibility for any third party’s use of, or the results of such use, any information, apparatus,
product, or process discussed in-this report.

The primary contact regarding questions or comments on this document is:

Dr. Brian Rappoli

U.S. Environmental Protection Agency

Oceans and Coastal Protection Division, OWOW (4504T)
1200 Pennsylvania Avenue, NW

Washington, DC 20460

(202) 566-1548 (telephone)
{202) 566-1546 (fax)
rappoli.brian@epa.gov




It

961

TABLE OF CONTENTS
EXECUTIVE SUMMARY w..oooitiieieeeteeeetitetee e eaeeeeeeess et e e assssseessas et saeastasstentsareesracrensracanen
1. INTRODUCTION ...ooiriiiciiiiereseceieerersresrereesere st esnesssns st ees e sansansssonseesasasaserernnssneeattisimnesa
2. DESCRIPTION OF SELECTED CRUISE VESSELS ...c.tivvtirieineesaeereiresersaeseneesensoncoseissonss
3. DATA COLLECTION METHODOLOGY ..veeveviireieeresenserasnsssnesserssesessassssenssessarsessssscsnseseeis
3.1 Pre-Sampling ACtiVIties ....cucevvrvrernciineirecricerrccs ittt s s
32 Sampling Schedule ...t e e s
3.3 Dye Injection Methodology ...t s
3.4  Plume Monitoring Methodology.........ccccooicviiinnninnii e s
3.5 Current and Weather Measurements.........covcveeeiieiirieerereemieisvesiesseessesirnsnnrones
4. B 2] U B 1 O OO OO RPRPR
4.1 Discharge PIUMES.....cccocuirveeieeeecierinceeressre e et s e s
4.2  Transect Water Quality Data..........cccoiiricecnne
4.3 Current Measurements and Weather Data ...
5. DATA QUALITY cevirreveitemerrennesenetes e srone s sstsie st s e sia s ssmssn et sbmesa st e saenees st aes s snaasnesvanas
5.1 Quality Assurance Assessment of Key Plume Dilution Study
IMEASULEIMIEIIES ©.vvvveeeiiecerereeereeerrnersceeesesreeseseessssetessssssarassissnsasassasssssnsassnnnseenne
5.2 Quality Assurance Assessment of Non-Key Plume Dilution Study
IMEASUICINIENIES . cvveieiecieeierersseeseessrrecstree seeeeabeevanteesssbasssnsesnsrmsanssnsssnssrassenrasas
Appendix A DILUTION STUDY TRANSECTS BY SHIP
Appendix B DISCHARGE PLUME DYE CONCENTRATIONS, TEMPERATURE,
CONDUCTIVITY, DEPTH, TURBIDITY, AND SALINITY
Appendix C  SKAGWAY HARBOR DEPTH PROFILES
Appendix D CURRENT MEASUREMENTS
Appendix E  SKAGWAY TIDE TABLE
Appendix ¥ MANUAL FIELD LOGS
Appendix G DISCHARGE FLOW MEASUREMENTS
AppendixH WEATHER DATA
Appendix]1  OSV BOLD SURVEY PLAN




962

Appendix J

TABLE OF CONTENTS (Continued)

QUALITY ASSURANCE PROJECT PLAN FOR SUPPORT FOR OSV BOLD
SURVEY OF LARGE CRUISE SHIP WASTEWATER IMPACTS IN
ALASKAN WATERS




963

LIST OF TABLES
Page
Table 2-1. Characteristics of Cruise Vessels That Participated in 2008 Plume Dilution Study,
SKagway AlASKa ....cccccrirrrireini e e b s 2-1
Table 3-1. Sampling Schedule . ..o s 3-1
Table 3-2. Target Discharge Rhodamine WT Dye Concentrations by Cruise Vessel................. 3-2
LIST OF FIGURES
Page
3-1  Sea-Bird SBE-19 CTD Sensor with Integrated SCUFA® Fluorometer.........ovvvervinnins 3-3
3-2  Rigid Inflatable Boat..........ccoviciiinnirieiiicer et s 33
3-3  Orientation of Arc TTANSECES ....uvv.vcveceericisnie st anas 3-5
4-1  Profile of Arc Transect Results for Holland America Ryndam.........c.ccoonviinncnnnnne, 4-2
4-2  Profile of Arc Transect Results for Celebrity Millennium ..., 4-3
4-3  Profile of Arc Transect Results for Norwegian Star.........ccccovvvemriinninininccn s, 4-4
4-4  Profile of Arc Transect Results for Holland America Volendam ... 4-5
i




EXECUTIVE SUMMARY
Sampling Episode Report for Cruise Ship Plume Dilution Study

This Sampling Episode Report (SER) describes a plume dilution study conducted under
the direction of the U.S. Environmental Protection Agency (EPA) in collaboration with the
Alaska Department of Environmental Conservation (ADEC). This study, part of a survey
conducted in Alaska by EPA’s Ocean Survey Vessel Bold in July 2008, was designed to
characterize near-field cruise ship discharge plumes from six cruise vessels while they were
docked in Skagway Harbor, Alaska. Sampled vessels represented three cruise lines and a variety
of advanced wastewater treatment system types, wastewater discharge flow rates, discharge port
sizes, and port depths below the waterline. This study was conducted as a continuation of EPA’s

assessment of standards for sewage and graywater discharges from large cruise ships operating
in Alaska.

Using in-situ measurements of Rhodamine WT dye in the effluent plume, the survey
team determined the location and concentration of each vessel’s treated sewage and graywater
discharge plume. A metering pump injected Rhodamine WT dye into the discharge line
upstream of the discharge port, with a target dye discharge concentration of 700 pg/L (ppb). Dye
concentrations in the resulting discharge plume were measured using a submersible fluorometer.
Additional parameters (temperature, conductivity, depth, turbidity, and salinity) were measured
simultaneously with plume discharge dye concentration, while manual notations of distance and
location from the discharge port were made. Performing transects for plume characterization
required approximately two hours per ship, with one ship tested per day. Measurements of the
harbor current in the vicinity of the discharge plumes were collected using magnetic current
meters. Dye concentrations in discharge plumes typically decreased by a factor of 65 or more
within 15 meters of the discharge port.
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1. INTRODUCTION

This Sampling Episode Report describes sampling and analysis activities to characterize
graywater and sewage discharge plumes from six cruise vessels (Star Princess, Coral Princess,
Holland America Ryndam, Celebrity Millennium, Norwegian Star, and Holland America
Volendam) discharging at port in Skagway Harbor, Alaska. This study, which was conducted
from July 7 through July 17, 2008, is a collaboration of EPA’s Oceans and Coastal Protection
Diviston and the Alaska Department of Environmental Conservation (ADEC). This sampling
study was partially funded via an interagency agreement between EPA and ADEC.

This study was part of a survey conducted in Alaska by EPA’s Ocean Survey Vessel Bold
and is a continuation of EPA’s assessment of the need for additional standards for sewage and
graywater discharges from large cruise ships operating in Alaska under the “Certain Alaskan
Cruise Ship Operations” law (also known as “Title XIV™; 33 USC 1901 Note). The data and
information gathered through this sampling episode were collected using EPA’s authonity under
Section 308 of the Clean Water Act, as also provided by Title XIV. The cruise lines voluntarily
provided information and data gathered for and represented in this report, notwithstanding the
above authority, in the interest of research for the improvement of wastewater treatment
standards.

This plume dilution study was designed to provide information on near-field cruise ship
treated sewage and graywater effluent discharge plume characteristics in harbor waters. The
study will also provide preliminary information on whether these plumes behave as predicted by
modeling performed by ADEC (Assessment of Cruise Ship and Ferry Wastewater Impacts in
Alaska, 2004). ADEC used EPA’s Visual Plumes mode} system' to simulate the dilution of
discharges from both large and small vessels. ADEC’s estimated dilution factor for initial
dilution of discharges from stationary cruise ships in Skagway during a neap tide ranged from 5
to 60. The objectives of this study were to (1) determine the effluent dilution characteristics of
discharges from stationary cruise ships; (2) track the near-field mixing dynamics of the effluent
plume; and (3) provide information that can be used to validate the modeling studies (see Survey
Plan, Appendix I).

Other sampling programs supporting EPA’s assessment of cruise ship wastewater
discharge standards in Alaska include two onboard sampling programs conducted during the
2004 and 2005 Alaska cruise seasons that focused on characterizing pollutants found in
wastewater (graywater and sewage) onboard cruise vessels and evaluating the performance of the
advanced wastewater treatment systems. The results of these sampling programs can be found
on EPA’s website at www.epa.gov/owow/oceans/cruise_ships/results.html.

Section 2 of this report describes the cruise vessels selected to participate in this study.
Section 3 describes the data collection methodology. Section 4 presents the results. Section 5
provides a quality assurance assessment of the study.

' EPA’s Visual Plumes madel system is a Windows-based software application for simulating surface water jets and
plumes. http://www.epa.gov/ceampubl/swater/vplume/
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3. DATA COLLECTION METHODOLOGY

3.1 Pre-Sampling Activities

Visits to each of the six ships were conducted during the week prior to the start of the
sampling episode. Visits were made to establish ship contacts, communications, and safety and

emergency procedures, and to inspect sampling ports and associated fittings.

3.2 Sampling Schedule

Discharge plumes from six different cruise ships were monitored per the schedule in
Table 3-1. Only one plume dilution study was conducted per day.

Table 3-1. Sampling Schedule

Cruise Vessel Date of Study Times of Study Skagway Pier
Star Princess July 10, 2008 1025 to 1230 Railway
Coral Princess July 11,2008 1040 to 1245 Railway
Holland America Ryndam July 12,2008 1025 to 1205 Railway
Celebrity Millennium* July 15,2008 0950 to 1135 Railway
Norwegian Star* July 16,2008 1000 to 1145 Ore
Holland America Volendam July 17, 2008 1005 to 1140 Broadway

* Trial testing was also conducted on the Celebrity Millennium on July 7, 2008, and the Norwegian Star on July 9,
2008, 1o refine sample collection methodology.

3.3  Dvelnjection Methodology

Metering pumps (Series 2001 HEC-30 Vanable Speed Peristaltic Pump, Flomotion
Systems) were used to inject Rhodamine WT dye (Rhodamine WT Liquid, ORCO Organic
Dyestuffs Corporation) into the cruise ships’ treated sewage and graywater discharge. The
pumps were installed downstream of the advanced wastewater treatment system, but as far
upstream of the discharge port as possible so that multiple pipe bends and fittings provided
thorough mixing of the dye.

Strap-on ultrasonic flow meters (BE 6000 Ultrasonic Flow Meter, Flomotion Systems)
were installed on the discharge piping to record discharge rates (presented in Appendix G).
Measured discharge rates were multiplied by the known Rhodamine WT dye feed stock
concentration to calculate and adjust discharge dye concentration to attain the target
concentration (discussed below). Discharge dye concentration also was measured directly on
three cruise vessels (Celebrity Millennium, Norwegian Star, and Holland American Volendam)
using a fluorescence sensor with a flow-through cell (SCUFA®, Turner Designs) installed on the
discharge piping as close as possible to the discharge port. While the shipboard survey team was
able to monitor discharge dye concentration via laptop computer connected to the SCUFA®
sensor, it was not possible to electronically log these data. Therefore, the survey team kept
manua| logs of discharge dye concentrations. Tables F-1 through F-4 of Appendix F contain the
raw data obtained from the fluorometer (see Section 5.1).
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Trial dilution studies conducted on the Celebrity Millennium and the Norwegian Star
revealed that the originally planned target discharge dye concentration of 100 ppb (see Survey
Plan, Appendix I) was too low to be detected outside the cruise vessel (see Section 5.1, Accuracy
and Calibration). Therefore, the target discharge Rhodamine WT dye concentration was
increased to 700 ppb for most transects (Table 3-2). Target dye concentration was decreased
during the Star Princess study because the plume was visible on the surface of the water (most
likely because of the relatively shallow discharge port; see Table 2-1); this was the only vessel
where the plume was visible on the surface of the water. Target dye concentration was increased
during the Coral Princess study because the highly intermittent nature of the discharge; in
addition strong water currents made plume detection difficult (see Section 4.1).

Table 3-2. Target Discharge Rhodamine WT Dye Concentrations by Cruise Vessel

Cruise Vessel Discharge Rhodamine WT Dye Conecentration (ppb)
Star Princess 700 (cast 4), then 420 (casts S through 11)
Coral Princess 700 (casts 2 through start of 5), 875 (portion of cast 5), 1,050 (end of cast 5
through cast 7)

Holland America Ryndam 700

Celebrity Millennium 700

Norwegian Star 700

Holland America Volendam 700

Discharge dye concentrations are the product of the known initial dye concentration, dye
injection rate, and discharge flow rate. While the initial dye injection concentration and dye
injection rate were constant (with the exception of the Coral Princess; see Section 4.1), discharge
flow rates varied, resulting in variability of the discharge dye concentration. Any analysis of the
data collected in this study should consider this variability when calculating near-field discharge
plume dilution.

On four cruise vessels, temperature, turbidity, and pH of the treated effluent also were
recorded from the ship’s wastewater treatment control panel. These data are provided in

Appendix F. Similar data were not available for the remaining two ships.

3.4 Plume Monitoring Methodology

Dye was injected into the treated sewage and graywater discharge for approximately two
hours on each cruise vessel. During that time, dye concentrations in the water outside the cruise
vessel were measured to determine near-field plume dilution after discharge. (The cruise vessels
all were positioned so that the discharge ports faced the harbor and not the piers.) Prior to dye
injection, measurements were taken of background fluorescence concentrations in the water.
These measurements verified that no background seawater fluorescence was detected above the
detection limit of fluorometer, which was approximately 1.6 ppb. For most ships, a salinity
depth profile also was performed prior to dye injection to locate the halocline.

Dye concentrations were measured using an in-situ fluorometer (SCUFA®, Tumer
Designs) integrated into a Sea-Bird SBE-19 conductivity, temperature, and depth (CTD) sensor

3-2
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package (Sea-Bird SBE-19, Sea-Bird Electronics, Inc.) (Figure 3-1). This sampling array was
deployed from a rigid inflatable boat (RIB) conducting transects at low speed (Figure 3-2).

Figure 3-2. Rigid Inflatable Boat

One rope was used to control the depth of the towed array, while a second rope was used to
control the distance of the towed array from the discharge port. This second rope was tied to the
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bow of the RIB and attached to the cruise vessel via a hull magnet affixed just above the
waterline at the location of discharge port. Sensor depth was recorded electronically by the
sampling array, while RIB focation relative to the hull magnet was recorded manually by the
sampling team onboard the RIB. The RIB sampling team also monitored sensor measurements,
including Rhodamine WT dye concentrations, in real time using a laptop computer. The
following measurements were collected by CTD + SCUFA® sampling array at 0.5 second
intervals during the plume transects: dye concentration (uncorrected; see Section 5.1);
temperature; conductivity; depth (of the sensor array); turbidity; and salinity.

For most ships, a variety of transect types were conducted to provide detailed
characterization of the discharge plumes (see Appendix A). Transects can be described by
visualizing polar axes on the water surface, with the location of the hull magnet corresponding to
the origin, and the array location and movement indicated by a radius (distance from cruise
vessel) and polar angle (estimated in degrees by the RIB sampling crew) (see Figure 3-3). For
example, 90° indicates the array is located to the right of the discharge port at the ship’s hull,
while 270° indicates the array is located to the left of the discharge port at the ship’s hull. Four
different types of transects were performed to characterize the discharge plumes:

. Arc. Array was moved in an arc (e.g., 90° to 270°) at a fixed distance from the
hull magnet. Arc transects at varying water depths and distances from the hull
magnet were the most common type of transect performed, and were the primary
means to locate and characterize discharge plumes.

. Inward or Outward Profile. Array was moved toward or from a fixed position on
the hull (i.e., the hull magnet) at a constant angle (e.g., 225°). Inward and/or
outward profiles were performed after the location of the discharge plume was
determined using arc transects. These profiles produced continuous dye dilution
profiles determined by distance from the hull magnet.

. Stationary. Array was maintained at a fixed location (depth, distance, and angle
from the ship) over a period of time. This profile produced a continuous dye
dilution profile at a fixed array location as the plume moved past the array over
time. This was the primary type of transect used for the Star Princess because the
plume was visible on the surface of the water (most likely because of the
relatively shallow discharge port on the vessel; see Table 2-1), therefore an arc
transect was unnecessary to find the plume. This type of profile also was used
frequently for the Coral Princess, where ship discharge flow rates were highly
variable and/or intermittent.

. Depth Profile. Array was maintained at a fixed distance and angle from the ship
while the array was raised or Jowered through the water column. These profiles
produced continuous dye dilution profiles by depth.
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Figure 3-3. Orientation of Arc Transects for Dye Measurements

15 Current and Weather Measurements

At least two current meters (84 current meters, InterOcean Systems, Inc.) were deployed
to collect current measurements during the dilution studies for each cruise vessel (in some cases,
three meters were used). The meters were deployed from the cruise vessels (to negate current
meter motion relative to the vessels), approximately 15 meters away from the discharge port and
approximately three meters out from the hull (to avoid interference from the vessel’s metallic
hull with the magnetic sensor of the current meter). The current meters were.deployed at depths
of one and three meters (or at depths of one, three, and five meters if a third current meter was

used). Current measurements documented the ambient currents that affected the trajectory and
dilution of the plume.

Weather conditions (e.g., air temperature, wind speed, and wind direction) were recorded
by OSV Bold personnel during the dilution studies.
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4, RESULTS

4.1 Discharge Plumes

Uncorrected dye concentration data for all transects are provided in Appendix B (see
Section 5.1). In general, it appears that most near-field dilution occurs within the first 2.5 meters
from the discharge port, with an average minimum dilution factor of approximately 50. After the
first 2.5 meters, the plumes remained relatively intact to distances of 15 meters. At a distance of
15 meters, the average of the minimum dilution factors was approximately 65. These data will
be further analyzed by the Alaska Department of Environmental Conservation to validate
previous modeling studies on nearfield dilution of these treated sewage and graywater
discharges.

Star Princess. This ship’s discharge port was the shallowest of all the sampled cruise
vessels (see Table 2-1). The discharge plume was the only one visible from the water surface; it
moved along the hull at an angle between 255 and 270° from the discharge port location.
Detected dye concentrations ranged up to approximately 57 ppb. It is unknown whether higher
concentrations may have been detected if the CTD + SCUFA® array was able to measure dye
concentrations near the surface of the water column (see section 5.1). Detected dye
concentrations observed along the 270° transect were approximately similar at distances of 5
meters and 7.5 meters from the discharge port, and somewhat lower at a distance of 10 meters;
however, the highest concentration was observed along the 255° transect at a distance of 10
meters. EPA did not prepare a profile of arc transect results for the Star Princess because arc
transects were not performed.

Coral Princess. Discharge from the Coral Princess was highly intermittent. During
periods of no flow, the shipboard survey team suspended dye injection to minimize dye
accumulation in the discharge piping which would cause spikes and variability in discharge
Rhodamine WT dye concentration. As a result, dye concentration data in Appendix B for the
Coral Princess represent intermittent wastewater discharge with discharge dye concentration
variability that is not well characterized. Because of this variability and strong water currents,
the discharge plume was difficult to detect. Toward the end of the sampling period, detected
plume dye concentrations ranged up to 270 ppb and were highly variable in concentration and in
location as measured both by depth and degrees from the discharge port. EPA did not prepare a
profile of arc transect resulis for the Coral Princess due to the highly intermittent nature of the
discharge.

Holland America Ryndam. The discharge plume was most clearly characterized moving
at an angle of 135° from the discharge port. Plumes were also detected at angles of 180° and 90°,
particularly toward the end of the sampling period. Detected plume dye concentrations ranged
from 5 ppb to approximately 20 ppb. During the arc transects, the minimum dilution factor,
approximately 34, was observed at a distance of 5 meters from the discharge port. Maximum
dye concentrations observed during arc transects, at various distances and depths are presented in
Figure 4-1.
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Cye Concentration {ppb)

Depth (meters)

Distance from Discharge Port {meters)

Figure 4-1, Profile of Arc Transect Results for Holland America Ryndam

Celebrity Millennium. The discharge plume was most clearly characterized moving at
angles ranging from 240° to 270° from the discharge port. The discharge plume was observed at
depths ranging from 5 to 7 meters. Detected plume dye concentrations ranged up to 47 ppb.
During the are transects, the minimum dilution factor, approximately 11, was observed at a
distance of 2.5 meters from the discharge port. Maximum dye concentrations observed during
arc transects, at various distances and depths are presented in Figure 4-2.
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Figure 4-2. Profile of Arc Transect Results for Celebrity Millennium

Norwegian Star. The discharge plume was most clearly characterized moving at angles
ranging from 250° to 270° from the discharge port. The discharge plume was observed at depths
ranging from 3 to 5.5 meters. Detected plume dye concentrations ranged up to approximately 88
ppb. During the arc transects, the minimum dilution factor, approximately 13, was observed at a
distance of § meters from the discharge port. Maximum dye concentrations observed during arc
transects, at various distances and depths are presented in Figure 4-3.
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Figure 4-3. Profile of Arc Transect Results for Norwegian Star

Holland America Volendam. The discharge plume was most clearly characterized
moving at angles within the range of 125° to 225°. The discharge plume was generally observed
at a depth of 5.3 meters with detected dye concentrations ranging up to approximately 2} ppb.
During the arc transects, the minimum ditution factor, approximately 37, was observed at a
distance of 5 meters from the discharge port. Maximum dye concentrations observed during arc
transects, at various distances and depths are presented in Figure 4-4.
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Dye Concentration (ppb)

Depth (metors)

Dislance from Discharge Port {meters)
15

Figure 4-4. Profile of Arc Transect Results for Holland America Volendam

4.2 Transect Water Quality Data

Data on water temperature, conductivity, depth (of the sensor array), turbidity, and
salinity from each transect are provided in Appendix B. Skagway Harbor salinity depth profiles
(from the pre-dye transects for most ships) are provided in Appendix C. For all vessels, the
halocline appeared to be below the discharge port depth (see Figures C-1 through C-4 in
Appendix C).

4.3 Current Measurements and Weather Data

Current measurements collected during the cruise ship plume dilution studies are
provided in Appendix D (see Figures D-1 through D-13 in Appendix D). For the polar plots,
magnetic north corresponds to 0°. In Skagway, true north is 22.6° east from magnetic north.
The heading of all the cruise vessels in this study was 40° east from true north. Therefore, when
analyzing the current data, the ships” heading was 62.6° east from magnetic north.

The current meters were pre-programmed to begin data collection well before actual
deployment from the cruise ships, and that the meters continued to collect data until the data
were downloaded after their retrieval. Current data presented in this report include only the
subset of data collected during the cruise ship plume dilution studies (see Table 3-1).
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National Oceanic and Atmospheric Administration Tide Tables for Skagway for July are
provided in Appendix E. These tide tables are provided to supplement and inform the current
measurements.

Weather data (air temperature, wind speed, and wind direction) recorded during the
cruise ship plume dilution studies are provided in Appendix H.
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3. DATA QUALITY

Quality assurance/quality control (QA/QC) procedures applicable for this program are
outlined in the Quality Assurance Project Plan for Support for OSV Bold Survey of Large Cruise
Ship Wastewater Impacts in Alaskan Waters (QAPP), which is reproduced in Appendix J. This
section provides an assessment of the QAPP project data quality objectives specific to the cruise
ship plume dilution study, which were established for the key measurements of the concentration
of Rhodamine WT dye in the near-field plume and in the cruise ship discharge. In addition, this
section provides a brief quality assurance assessment of non-key measurements.

Trial dilution studies were conducted on the Celebrity Millennium on July 7 and on the
Norwegian Star on July 9 to refine the sample collection and analysis methodologies. Data from
these trial studies are not presented in this report. Sampling on the Celebrity Millennium and the
Norwegian Star was repeated on July 15 and July 16, respectively.

5.1  Quality Assurance Assessment of Key Plume Dilution Study Measurements

For the cruise ship plume dilution study, the key measurements identified in the QAPP
are the concentration of Rhodamine WT dye in the near-field plume and in the cruise vessel
discharge (end-of-pipe). The data quality objectives for these measurements are defined in terms
of completeness, accuracy, precision, representativeness, and comparability.

Completeness (Near Field Plume Dye Concentrations)

Dye concentration data in the near-field plume are complete for all vessels surveyed
except the Star Princess. The discharge plume for the Star Princess was visible at the surface of
Skagway Harbor. The CTD + SCUFA® array is designed to take measurements at
approximately 1.5 meters of depth and deeper. As a result, data for the Star Princess do not
characterize the entire plume, but only the portion of the plume at depths of approximately 1.5
meters or greater.

Completeness (Cruise Ship Discharge Dye Concentrations)

Discharge dye concentration was calculated by multiplying the measured discharge rates
by the known feedstock dye concentration. On three cruise vessels (Celebrity Millennium,
Norwegian Star, and Holland American Volendam), a SCUFA® fluorescence sensor was
installed on the discharge piping to verify dye concentration. For the other three vessels, the
SCUFA® sensor could not be used to verify dye concentration due to damage sustained during
an unannounced emergency generator power drill on one of the ships. On these three ships, the
survey team verified dye discharge by visual observation. Dye concentration was assumed to be
the nominal calculated concentration..

Accuracy and Calibration

Dilution series performed for the three SCUFA® fluorometers prior to field testing
showed excellent accuracy, with a highly linear response from approximately 5 ppb through 300
ppb. The dilution series and initial trial testing on Celebrity Millennium on July 7 revealed that
the practical detection limit for the fluorometers was the seawater background signal of
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approximately 1.6 ppb (contrary to the detection limit of 0.04 ppb reported by the
manufacturer®). A calibration curve for the range of 5 to 50 ppb was found to be linear ®R*>
0.99). Actual dye concentrations are obtained using the following expression:

C=0.768*C’ + 4
where C equals dye concentration and C’ is the uncorrected fluorometer response.

In consideration of the loss of two orders of magnitude of SCUFA® sensitivity, the
survey team increased the target shipboard dye concentration from the planned 100 ppb to 700
ppb. Consequently, a second calibration curve was prepared for high dye concentrations. For the
calibration range of 84 to 660 ppb, the calibration curve was linear (R>>0.99) and fit the
following expression:

C=1.02*C’+9
where C equals dye concentration and C’ is the uncorrected fluorometer response.

Precision and Representativeness

The QAPP specified collection of duplicate CTD+SCUFA® data using a pair of arrays
towed side-by-side from the ngid inflatable boat. Field duplicate sampling using two adjacent
CTD+SCUFA® arrays was not performed. The secondary CTD+SCUFA® array was
dismantled to provide a SCUFA® to replace the shipboard unit that was damaged during an
emergency generator power drill onboard one of the cruise vessels.

Comparability (Among Ship Discharge Tests)

The sample collection and analysis methodology was consistent for all cruise ship plume
dilution studies. Dilution study transects were generally consistent among ships, with some
deviations to account for ship-specific conditions and weather conditions during each test.

Overall Data Quality Assessment

This data quality assessment indicates that the key measurements collected during the
cruise ship plume dilution study are of sufficient quality for use in analyzing near-field mixing
dynamics of the effluent plumes from stationary cruise ships in Skagway Harbor.

5.2 Quality Assurance Assessment of Non-Key Plume Dilution Study Measurements

Discharge Flow Measurements

Ship discharge flows were measured on all cruise vessels except the Norwegian Star. For
the Norwegian Star, discharge flows were measured only during the set-up period because the
meter malfunctioned at the start of the sampling period. Repeated attempts to reinstall the flow

? Telephone contact with the manufacturer revealed that the reported detection limit can be achieved only under
ideal, laboratory conditions.
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meter were unsuccessful. For this Norwegian Star, discharge dye concentration was measured
using a SCUFA® sensor (as it could not be calculated using flow rates).

While discharge flow data were monitored by the shipboard survey team, they were not
reliably logged electronically because of a smaller than expected data-logging buffer capacity.
For the Star Princess, Coral Princess, Holland America Ryndam, and Celebrity Millennium
sampling events, electronic data logs are available for only the last 7 to 15 minutes of testing.
For the Norwegian Star, electronic data logs are available for the last 2 hours of testing. For the
Holland America Volendam, electronic data logs are complete for the entire period of testing.
Electronically logged discharge flow data are supplemented by field logs taken by the shipboard
survey team (see Appendix F).

Two ships, Holland America Ryndam and Holland America Volendam, operated flow
meters on their discharge. On both of these ships, ultrasonic flow meter measurements closely
matched measurements made by these ships’ installed meters.

Current Measurements

Harbor current was measured during all sampling events for all 6 ships. For two of the
six ships tested, current meters were deployed at 1m, 3m, and 5m depths. For the other four
ships current meters were deployed only at 1m and 3m depths due to the difficulty of deploying
the meters. For one ship (Norwegian Star), current was not measured at the 1m depth due to
water seepage into the connector cover. Current measurements are reasonable, based on their
correlation to the location and direction of the detected plume.

Weather Data

Weather conditions (e.g., air temperature, wind speed, and wind direction) were recorded
by the OSV Bold personnel during the dilution studies, with the exception of the Coral Princess
plume dilution study on July 11.
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