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Executive Summary

Under the aegis of the Cooperative State Agencies Program, since 1970
the Virginia Institute of Marine Science has been monitoring conditions in
the tidal portions of the James, York, and Rappahannock Rivers. The data
from the 1970-1980 decade have been presented graphically in data reports.
The purpose of this report is to organize and summarize the information con
the salinity distributions in the James River.

The source of the salt is the ocean and salinity generally declines
with distance from the ocean. Salt is a conservative substance that is not
created nor is it destroyed or transformed within the estuary. Rather there
is a dynamic balance between the intrusion of saltwater from the ocean, the
river flow, which tends to "push" the saltwater downriver, and tides and
other phenomena which mix the fresher and saltier water masses.

In this report the salinity distributions observed over the duration of
the program have been organized to show the effects of tidal phase and river
flow; because freshwater inflow varies seasonally, the salinity profiles
also vary seasonally. The upriver limit of saltwater intrusion also is
examined, ag is the strength of the salinity stratification. These data
should prove useful to persons working in the estuary by providing an atlas

of Ytypical" conditions against which observed conditions can be compared.
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Introduction

The salinity level in any portion of the James River estuary is not
constant, but varies with many factors, including the state and strength of
the tide, the quantity of freshwater entering the river, wind conditions,
location in the river, and location in the water column. Scientists,
engineers, and resource managers are often interested in salinity conditions
at a particular location for evaluation of the effectsg of salinity on
desired river uses (e.g., drinking water, irrigation) or on biological
organisms (e.g., distribution of oysters, MSX, oyster drills). Since 1971,
the Virginia Institute of Marine Science, in cooperation with the State
Water Control Board under the Cooperative State Agency (CSA) Program, has
monitored salinity at 31 locations in the James River approximately monthly
at slack before ebb and slack before flood tides. The purpose of this

report 1is to describe salinity conditions in the James River based on these

data and to illustrate and interpret variations in salinity conditions.

I, Factors Affecting Salinity

Tide is one of the most important factors affecting salinity in the
James River estuary, Twice daily flood tides push high salinity water into
the estuary, increasing the salinity at any particular point in the estuary.
Twice daily ebb tides drain water back ocut of the esgtuary, returning

salinity to lower values. It is therefore expected that at any particular



location in the estuary, salinity would tend to be higher after the flood
tide (i.e., at slack before ebb tide) than after the ebb tide (i.e., at
slack beforle flood tide). Except when the moon is directly over the
equator, diurnal inequality exists in the tides; more extreme high and low
tides are followed by lessg extreme high and low tides, then by another set
of more extreme high and low tides.

Other cyclic astronomical variations involving alignment of the sun,
moon, and earth result in cyclic tidal components, One important component
is the spring/neap tidal cycie. Spring tide occure fortnightly,
approximately at new and full moone when lunar and solar attractions act
together to produce tides and tidal ranges of greatest magnitude. Spring
tides push salt water further upriver than the tides at other phases of the
spring/neap cycle. MNeap tide also occurs fortnightly at the first and thixd
quarters of the moon when lunar and solar attractions are perpendicular to
each other., The smallest tidal ranges occur at neap tides; salt water is
not pushed as far upriver. It is expected that at any location in the
estuary, salinity at slack before ebb tide would be higher at spring tides
than at neap tides, and salinity at slack before flood tide would be lower
at spring tides than at neap tides.

Density increases with salinity, so fresher water tends to float over
galtier water, leading to a vertically layered system. The James River is
ugually a partially mixed estuary in which some vertical mixing occurs
between layers creating continuous vertical as well as longitudinal salinity
gradients. Usually salinity increases from the surface to the bottom of the
water column and from upstream to the river mouth in any depth layer. The

relative strengths of freshwater inflows and tides determine the amount of



nixing which occurs between the layers, The stronger the tide and the
weaker the freshwater inflows, the better the water column mixes.

Just as a stronger flood tide pushes sgalt water further up-estuary, a
large input of freshwater from the river tends to counteract tidal forces
and pushes salt water down-river. During periods of greater freshwater
input, salinity at any particular location would be expected to be lower
than at times of lower freshwater input. Freshwater discharge to the river
tends to be seasonal, with greatest inputs occurring during the late
winter/spring, and the lowest inputs occurring in summer/early fall.

Because of the earth's rotation and resulting Coriolis effect, lateral
differences in salinity across the estuary would be expected. Since the
James River estuary is in the northern hemisphere, at any lateral cross
section, salinity would be higher on the right side of the estuary (looking
upstream) than on the left side. Irregular river geometry also contributes
to lateral variation in salindity, which may, at some locations, mask the
effect of earth's rotation.

Wind divection and magnitude also affect salinity distribution. For

xample, if wind was blowing in the upstream direction, it would force high
gsalinity water from the lower estuary toward the upper estuary, increasing
galinity at up-estuary locations. Down-esgtuary winds would force the
fresher water from the upper estuary tward the lower estuary, decreasing
galinity there. Wind induces greater mixing between surface and subsurface
layers, leading to a less vertically stratified system. The magnitude of
these effects would increase with increasing wind magnitude and duration.
It is possible for up-estuary winds of long duration to reverse the
circulation in an estuary, directing sgurface flow in an upstream direction,

resulting in downstream flow at depth.
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Sea level fluctuation also affects salinity in the estuary. The mean
tide level in Hampton Roads has an annual cycle with a range of 18 cm (0.6
ft), being lowest in January and highest in September. The water surface in
the bay also responds to meteorological events (e.g., tropical storms and
"Northeasters™). Higher water level at the mouth of the estuary forces more

galine water into the estuary and results in higher salinity.

II. Monitoring Program

In a program sponsored jointly with the State Water Control Board, the
Virginia Institute of Marine Science has monitored water quality on the
James River since 1971. Thirty-one sampling stations between the river
mouth and Richmond have been cccupied at various times during this perdiod;
sampling stations are shown in Figure 1; vyears of station occupation are
shown in Table la., In general, the river has been monitored monthly at
slack before flood and/or slack before ebb tides. Sampling during the
winter months and at slack before ebb tide has occurred more sporadically
than sampling during summer and at slack before flood tide. Table 1b shows,
by tide state, the months in each year in which salinity observations were
made. A total of 99 sampling runs were made at slack before flood; 43 runs
were made at slack before ebb. Table lc shows the number of surveys made at
each station in each month,

Each sampling run began at the river mouth and followed the slacl tide
upriver toward Richmond according to the schedule in Table 2. A number of
gsampling runs included the whole length of the tidal river for the purpose
of measuring water quality parameters (e.g., dissolved oxygen, nutrients) in

the freshwater as well as saline portions of the river., When water quality
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Table la.

Digtance from 71 72
river mouth (km)

0.00 X¥ XX

9.66 . .
17.30 XX XX
22.71 . .
31.85 XX ¥X
36.57 ' .
38.18 . .
43,85 .
50.19 XX XX
57.92 . .
65.94 . XX
72.21
80.30
87 .97 .
92.56 XX .
102,10 .
107.90 X .
114,50 %X .
119.00 . .
122,80 XX .
125.90 94 .
129.10 . .
132.10 XX .
135.20 . .
139.40 %X .
143.80 . .
145,80 . .
148.30 . .
150.60 ¥X .
152,80 .
154,80 .

X¥ = observations

73

XX

KX

):®!

XX

XX

):9:4

74

XX

75

°

76

.
*X
X

XX

77

Year
78

occurred during this year

a1

hedule of stationg sampled during monitoring program.

83



Table 1b. Schedule of sampling surveys for each month and
year by tide phase.

Month
Year Tide JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV

71 sbf . . . . . hio’e . . X% .
sbe . . . . . . . . XX

4
2
5 .

72 shf XX . X XX XX . . . hi94

st
b
5
[

she . . XX . XX . . . X . .
73 sbf . . . . . . . . . XX .
sbhe XX iX XX . XX XX . . . XX .

74 sbf . . . . XX . XX XX %X XX XX
she . pieie . XX . XX (X . . . .

75 sbf . . . XX . . . . WA HX .
she . . . . X . . . . . XX

76 shf . . . XX "X X XX . . XX X
sbe . . . . XX . . . . . XX

77 sbf . . . hio:e . £X . XX .
sbe . . . . . . ¥ XX XX XX .

4
b

78 sbf , . . XX . X¥ XX XX . . .
sbhe . . . ¥ XX . . L X7 . .

79 sbf XX . XX ¥X XX XY X XX XX XX XX

she . . . . . . XX . XX . .

. .
she . . . . . ¥4 XX XX XX . .

81 sbf . ¥¥ XX XX XX XX XX XX XX XX XX
&2 shbf . . XXX XX O¥EX O¥¥X O XX XX XX XX

83 sbhi . . XX XX  ¥X XX XX . X XX XX

she . . . . . . . . . .
84 sbf . . . X . XX XX X KX X XX
she . . . . . . . . . .
85 sbf . . . XX b, {¥ *X . XX pie KX
she . . . . . . . .

shf slack before flood tide
sbhe slack before ebb tide
{¥ = observations occurred
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Table lec.

Distance
(km)
0.00
9.66
17.30
22.71
31.85
38.18
43,85
50.19
57.92
65.94
72.21
80.30
87 .97
92.56
102.10
107.90
114,50
119.00
122.80
125.90
129.10
132.10
135.20
139.40
143.80
145,80
148,30
150.60
152.80
154.80

Total
surveys

Note:

Number of surveys at each station for each month.

JAN FEB
1 4

2 3

3 3

3

WWWLWLWWWWWWWLwWWWWLWwWwWWiee=NoEWe

WWwWwbLbwWwwwwWwWwWwLblwwwbwwpp W

MAR

OO OO OO OO OO OO OO OO OO WLWONW S WN

APR
9
6
12

5
17

6

6
11

6
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

17

MAY

14

JUN

12

6
13

6
14

5

6
14

8
13

9
14
10
14
11
13
14
13
14
14
13
14
13
14
13
13
13
14
14
14

14

JUL

13

5
12

3
11

4

4
12

4
11

5
10
10
12
11
12
12
11
12
12
11
11
11
12
11
10
10
12
12
12

15

AUG

et -
AR OAN P, OO0

- =
(o> BN 28 o)

Fo et R e B b B et B b ek e e e
NHERP OO0 OFROMEPLEORMOFRO

12

SEP

16

7
16

4
17

6

7
16

7
17
10
16
19
19
19
19
19
18
19
19
19
19
19
19
19
19
19
19
19
19

20

oCT

13

5
16

4
16

5

4
14

7
12

7
14
12
14
13
14
14
13
14
14
13
14
13
14
13
13
13
14
14
14

16

in which freshwater (bottom salinity <1 ppt) was detected.

surveys for that month.

NOV DEC
11 3
5 .
11 3
4 .
10 3

COWWOWOWOYOWOWOWOWOWOOYWOWOWOWOWOUWEWOWOYW=TWL

11

Consequently,

(S )

ScrPErSrPESAPEDDEEDPDLDDDDDEDPLUDDWWEND.

Table includes salinity values of zerc added to complete each survey
On some surveys,
freshwater was not detected and no zero salinity values were added upstream.
In most months, not all stations were visited on each survey.
the number of surveys for any station may be less than the total number of




Table 2. Sampling timetable and station location

Distance from Time after Latitude(N) Longitude (W)
river mouth(km) start(hh:mm) (degrees minutes)
00.00 0:00%* 36 59.8 76 18.2
09.66 36 57.3 76 23.5
17.30 1:00 36 59.4 76 27.6
22,71 37 1.6 76 31,3
31.85 1:52 37 3.4 76 35.6
36.57 37 5.7 76 37.2
38.18 37 6.2 76 37.6
43,85 37 9.3 76 38.5
50.19 3:03 37 12.4 76 39.1
57.92 37 11.4 76 43.7
65.94 3:42 37 12.9 76 47.6
72.21 37 13.0 76 51.8
80.30 4312 37 14.2 76 56.9
87.97 4:27 37 17.1 76 59.4
92.56 4336 37 17.3 77 2.5
102.1 454 37 18.3 77 4.9
107.9 5:06 37 18.1 77 8.8
114.5 5:18 37 19.0 77 13.2
119.0 5:30 37 18.4 77 15.6
122.8 5:36 37 20.2 77 16.3
125.9 5:42 37 21.2 77 17.3
129.1 5:49 37 22.2 77 18.6
132.1 5:54 37 22.8 77 20.4
135.2 6:00 37 22.9 77 22.4
139.4 37 24.6 77 23.7
143.8 37 25.7 77 25.6
145.8 37 26.7 77 25,2
148.3 37 28.1 77 25.3
150.6 37 29.3 77 25.3
152.8 37 30.4 77 25.1
154.8 6:40 37 31.4 77 25.2

e

Start at 1:15 hours before predicted sleck
water at Chesapeake Bay mouth.




meagurements were not planned, the sampling runs proceeded upriver just
beyond the salt water intrusion, defined as conductivity less than or equal
to 0.50 mmbo/cm within 1 meter of the bottom. At each sampling station in
the saline portion of the river, salinity was measured every 2 meters from
surface to bottom. The data are stored permanently on magnetic tape
accessible by the VIMS PRIME computer.

Brooks and Fang (1983) presented daily plots of the 1971-1980
temperature, salinity, and digsolved oxygen data. In this report the 1971-
1985 salinity data are summarized and some analyses of the data to
demonstrate the seasonal patterns, tidal effects, and effect of freshwater
input on salinity are presented.

There are several limitations inherent in the data set which are
important to note when interpreting the data. It is apparent upon
examination of Table la that not all stations have been sampled on every
gsampling run. Some stations were added later in the monitoring program;
upstream stations were often sampled only when saltwater intruded
particularly far upstream., In order to account for the latter event, on any
sampling run in which a bottom salinity less than 1.0 ppt wag found but the
sampling run did not continue upstream, salinity values of 0.0 ppt were
added to the data set for unsampled upstream stations. On sampling runs in
which a bottom salinity less than 1.0 ppt was not found, no zeroes were
added and the survey was considered incomplete with respect to salinity.
Table lc indicates nuwmber of surveys at each station after adding zeroes.

Within each year of the monitoring program, not all months were gampled
(Table 1b). A long-term average of salinity for a particular month would
therefore be biased toward the years in which that month was sampled and

would not truly represgent a long-term average condition. In the later years

10



of the program, only slacks before flood tide were sampled (Table 1b).
During early years of the program, both slacks were sampled, but not with
any vegularity. Any comparisons of the slacks should therefore take into
account the distribution of theﬁobservations through years and months.

Tidal effects (i.e., spring/neap cycle and flood/ebb cycle) occur on a
shorter time period than is sampled by this monitoring program. In other
words, the flood/ebb cycle encompasses approximately 12 hours, while the
spring/neap cycle encompasses approximately 2 weeks, but monitoring occurs
generally only once per month. This monitoring program cannot illustrate
the variations which occur within each month. Since all monitoring tode
place at either slack before ebb tide or slack before flood tide, long-term
averages for these two stetes of the tide may be compared. No attempt was
made to time the surveys with any particular phaszes of the spring/neap tidal
cycle. The effect of the spring/neap variation on salinity structure can
not be evaluated with this data set.

The stations monitored were generally in the center of the river
channel; 'lateral wvariability in salinity was not investigated in this
monitoring program. Similarly, the one-month time step of the monitoring
was not short enough to quantify effects of the wind and other

meteorological events on salinity.
ITI. Longitudinal Patterns
A. Seasonal Variations
The most apparent salinity pattem is the gradual decrease of salinity

with increasing distance from river mouth. This longitudinal pettern

responds slowly to the variation of freshwater inflow except during short

11



periods of extreme high runoff events. Therefore, longitudinal salinity
profiles have a distinct seasonal variation following the annual
hydrological cycle. TFigures 2 through 13 show the means and ranges of
vertically—-averaged salinities for each month of the year versus distance
from river mouth. Means shown for each month and station are the results of
averaging over depths and years. The means and ranges of surface and bottam
salinities are presented in figuresg 14 through 25, and 26 through 37
respectively. Measurable salinity was observed in the river reach beyond
100 km from the mouth only during prolonged drought. Therefore the figures
in this report display only the section of the James River between 0 and 100
km from the river mouth,

These plots illustrate the effect of freshwater discharge on the

longitudinal ecalinity patterns. The greatest monthly mean freshwater
. 3 -1 . .
discharge (about 390 m s ) occurred in the early spring, and the smallest

(about 120 mBS_l) occurred in early fall. Therefore salinity was generally
highest in late summer to early fall and lowest in the spring. Comparison
of April and September mean salinities (Figures 5 and 10) reveals that mean
September sgalinities for stations between 20 and 80 km above the river mouth
averaged about 4 ppt higher than those of April.

When examining these plots, it is important to keep in mind that the
salinity record for each station is not complete. Asg chown in Table la, not
all stations were gampled on each sampling run. Although some points truly
represent long-term {10 to 15 year) averages, others represent averages for
only a portion of the monitoring period. In some cases, when the number of
observations for a particular station during & month was significantly lower

than for other stations during that month, the stations with few data were

12



*YINOW JIDATI WOIJ 20UBISTP YaTm LJTurTes poSeaoar A[TwoTiIoa Laenue[ 7 2in81g

(L) UINOWI JALL LU0 80UD1SI(]

001 08 09 Ov 0¢ 0
Ol—

é : 0

ol

2818YOSTp I93BMYSSIF
a8eisar ABp-Qf SWBIIXI YITIA 4
sejep Suridues Surpnyoxe ueay

0¢

4
(3dd) Aues

WNWTUTH
‘p*s 1 -~ uesy

ueay

0%

‘P°S T + ueay

+ X O X +

TWNWTXBY

13



00l

*(Z 2an3T3 UuT s®

£3) yanow ISATI WOIAT SOUBISTP YITM LQTur®BS poSeisar ATTBOT1I=2A AIBnIqey °¢ 2i1n814g
(W) YINOLU JBALL LUO 80UDISI(]
08 09 Ot 0c 0
Ol—
mm = % X 0
n/
)
K < 7 Ol a
/ T S,
~ <
i 3 TN
wv. / O
X
0¢

Ov

14



*(z 2an3t13 ur se
£9¥) yanow ISATI WOIJ 20UBRISTP YITM LJTUTTES padeisse ATTEOT1I3A Yoaey 4 2an3TJg

(L) Y3now JoALL LOJ] 30UD3SI(]

00l 08 09 0% 0¢ )
Ol—
X
X X X
% | FF 0
S ]
+ ]
w- 1k
’ [ %)
u//// X | oL o
X Bt S:
T NGV s
TN
~3 .,
=+ % 0¢ |/OWU

0¢

Ov

15



(¢ dunbiy uy
se A9%) yinow JsALJ WOUJ SDURISLP UYILM AyLutes pabedare £|[ed1349A Llady ‘g sunbidg

(L) Y3nows JeAl wod) eoupysiq
00l 08 09 0 0z 0

Ol—

R x| X X XX
Rl = T 0
il S
il ¥4
| m
T V)
2 N Ol o)
X =
o 1 =
LoX =
L _”u TN
+ ©
+ X

0¢

Oh%

16



*(2 s4nbLy

uL se A9)) ynow J4SALL WOLS 92URISLP Y2LM A3ruLrpes pabedaae A |[edL34aA ARy °9 a4nbLd

00l

(W) YInowd JeAld LUOJ) 20UD1SI(]

08 09 Ok 0¢ O
Ol—
X N . 0
<1
K
N
e )
—_— o 4o
v\/m 5.
+ L <
X 1 o)
7 0¢ ,m,
H_ N

0¢

O

17



*(z @4nbLy ut
se £3%) Ylnow JSALL WO44 DUeISLP YIiM A3Lul|es pabedsse A |eaL34oA Bunp

(L)) yInow JeALL LU0} 20UDYSI(

O0L 08 09 k% 0¢ O

m[mm»/%/ o ¥
0 )
0
N
N
il
1 ] X |

*/ d4nbL4

Ol—

0
)

Ol o)
=
=.
<
TN
S

2

0¢

Ov

18



“(z ®4nbL} ulL

Se A9)) Yinow JdALUL WOAJ d0uURISLP Y3LM AjLuLles pabedase A||eoLuan Ainp g aunbid

00l

(W) YInows JsAl Loy 8ouDisi(]

08 09 Oh% 0¢ 0
Ol—
A N X X
TR 0
p e
)
T MW Mu Ol m
Y wh
Py ) xN &
= N 1 i)
X
0c¢ MW
1 I
0¢

Ov

19



*(2 @4nbry ul

Se A9y )Yanow JdALU4 WOL4 SOURISLP YILM ALuUL|eS pabedare £||ed134sA 3snbny g aunb L

00l

(L)) Yanow JaAL LUoJ) 2oUDysI(]

08 09 Ok 0¢ O
OlL—
X L
- 0
i B
S
/ VA
11 |~| S
2 N oL a
] 5
1l X =
4 0 + |+ <
K T T~
X ©
£ 0¢ mw
T MH _H_ . R N
o Nm//m
I o¢
O

20



(2

adnbL) uL se

A9y jY3now JUdSALA WOJS 9OURISLP YILM A3LUL[eS pabedare L] |BOL3A3A JdqUSIdBS

(W) YINoWJ JaALL LUOJ) 20UD3SI(]

00l

08 09 Ov 0¢ 0
Mo X I
A
/ +
S
(] n
s ¥ %
>~ O
vv//mu N
WK T N
.

"0l @4nbLd

Ol—

0
)

Ol O
=
=.
<
TN
i®)

.

0¢

Ot

21



*(z °4nbL} uL se

A9%) yanouw J4SALA WOLS 3OURYSLP Y3LM ALul|es pabedsae A[[eILJUdA 49q032Q: °|| @4nbL4

00l

(LW¥) Yinow JsAll Lo 20UDSI(]

08

09

O

0¢

i
-m/m

1
7N

Ol—
0
)
Ol o
g
=
N
=)
w2
0%

Ov

22



*(z a4nbL4 up se
A9%) y3now JSALA WOAF dJURISLP YlLM A3Luties pabedsae A||edL3J48A JaquaAoy “g| o4nbLd

(W) YnoLU JaALL LUOL) 80UD)SI(]
00! 08 09 O 0¢ 0

Ol—

III/WA X X X N . 0
Mﬁ M % lﬁ n
NG
Ol

X
//L'—]_l
;(...}_
(ydd) Ayups

HEA

0¢

Oh%

23



*(z @4nbL} uL se

£33) yanouw JSALA WOJS 3IURISLP YILm AjLuLjes pabedare A [ROLI49A 49QUWdQ €| 4nbLd
(L) YINoWU JoALL LUOJL 20UD3SI(]
00l 08 09 O 0¢C 0
oL—
g ’

)
/ oo 4
=)
NIT
<
1 o)
— w2
ﬁu ~—~

0§

oF

24



*Y3now ISATI WOIF 9OUBISIP YITM LITuITes 2oevJans LIenuep

(W) YINoW JSAlL LUO) 80UD3S|(]

00l 08

09

O

0c¢

2
&K

j/

931BYOSTpP I91BMYSOI]

o3eisae Lep-Q¢ SwWeI1X5 YiTA
selep Buridwes Sulpnyoxs uesy
WNWTUTH

‘P*Ss T - uedy

ueay

‘P°S [ + ueay

WNWIXBY

+ xO X +

=5

‘41 2IndT4g

0L—
0
)
-
S
-
3
oL 9
%
o)
5.
0z <
TN
=
o
s
0¢

0h7

25



* (4T 2an813
uT se £9Y) YInow ISATI WOIJ 2OUBISTP YaTm L£1TUTBS d0BIINS Axenigqeg 61 2an8T4d

(L)) YINOLL JBAL LU0} S0UDISIC

00l 0% 09 OV 0¢ 0
| olL—
BB N

98
M -
X -
- O
y i o Q
/’/_HZJ m
X =)
07 <
X 5>
A =

0%

0h7%

26



* (4T 2In8TJ
uT se £93) Yyjnow ISATI WOIF IDUBISTP YITA £3TuTTesS °0®IINS UYOoIBR 9T 9In3T4

(L)) Y3now Al Lo 80UDISI(]

00l 08 09 Ok 0¢ O
OL—
X X
X X

i W& M%A Wﬁ i _ — O
] N
il X1 o &
= RN
X X oL Q
2 il ®

X

1 mul
X =}
* 0z <
X _
©
O
NG

0¢

Ov

27



(L s4nbLy
UL S® A3%) Ynou JdALJ WOy SIURLSLP YILM AJLUL[RS 9984uns |Lddy */1 d4nbL4

(L) UINOW JsALL LUOJ) 80UD}SI(]

00l 08 09 Ov 0¢ 0
OL—
2 X X X
TR g— ﬁ I - 0
M 1 7 N
_Hu N -
T i m
3 oL
gt 1 @
+ ] ( )
L j ID.]
T i S
oz &
T ~
=
iS
NG
0¢
0¥

28



“(f1 24nbis uL se A9y) yanow 4ASALJ WOJJ SOURISLP Y3Lm AJLuL|es ddejuns Aey gl @4nb1Ld
(W) YInow JaAll LIO) 80UDISI(]
00l 08 09 Ov 0¢ 0

Ol—

T )]
m
0 ; Y
3
I I Ol @
// N S
4 O
X x O 4 S
—— =
- 0¢ <
X p ¢ P
-
O]
\IT
N
0¢

Ov

29



“(yL a4nbLy ul se £9)) yanow JSALL WOLJ SOURYSLD YILM A1LuL|es adejuns aunp  ‘g| d4nbLd
(L) yanowu JsAld LUOJS 20UD3SI(
00l 08 09 0% 0¢C 0

Ol—

(3dd) AyupS 20D1INS

——50—5i 4 X Xy e - 0
il ¥
| Il.
+ o7
< o)
3 | 4 ]
4 p= b
X | X 4 ﬂ ]
v\\.\l\\wn ¢
IT 4
0¢

Ov

30



‘(1 24nBLy UL Se £8Y) YINOW UBALA WOAJ BDURYSLP YILM AJLUL|BS 3DBJUNS £np

(L)) Ynow Al Lo} 90UDsI(]

O0L

08

09

8%

0¢ 0

Bl

K]
=

"0g d4nb L4

OlL—

0
)
-
D)
lj
a

ol Q
78
O
>,

07 <
N
S
9
NG,

0¢

oY

31



“(¢yL s4nbiry
UL se A8Y) yzhow JDALJ WOJS 9JUR]SLP Y3LM ALuL|es adejdns 3snbny *lg 94nb L4

(L) YInow JsAl WioJy eoupysiq

00L 08 09 k4 0¢ 0
Ol—
| T 7T .
] )
/D/E/ﬁmwm .m}
O
( 0 L‘T oL 9
T /J.ym/m 0)
X + | 4 )
+ X ﬁ Q
" Wﬁ =)
T & $oz <&
X Mu/w/: o)
i< 'mT
0%
Oh%

32



“(y1 d4nbLy
UL se A8)) Yanow JsAld WOJJ DOULISLP Y3LM AJLUL|BS BdRJUNS uaqualda§ -7z a4nbL4

(W) YInowl oAl LU0 20UDISI(]

0O0L 08 09 0h% 0¢ 0
OL—
K /& L = O
T 0 T |4 + %
T~ SN -
0 g -
-+ T M T w
N b 4 oo
T 2 u\ S
///// %
g 0 >.
A2 407 <
N
=
+ ©
T e
0¢

Ov

33



“(yL ®4nbLy
Ut se 4A8)) yanow J4dALJ WOUJ IJULISLP YILM A3Lul|esS 22B4UNS 43Q03O(0 ‘gz 2J4nbL

(W) YInowd JeAlt LUOJ) 20UD1SI(]

00l 08 09 Ot 0c¢ O
Ol—
NG X [ ! O
1 &
|

Iﬁl =
V/WV% o)
+ W H/_L Ol %
)
/ 0 =
T 8 S
% /@%HH%*ON h%
! =)
1 =i

0¢

Oh%

34



“(y1 d4nbLy
UL se £3)) yanow 4SALA WOULS 82URISLP Y LM AJLUL|ES DIBIUNS UIQUBAON ‘{7 24nb L4

(W) YInoWJ JaAl LUoJ) 20Upisi(
00! 08 09 oY 0 0

Ol—

gx ot 0

l\// jn

(3dd) Ayulps 20D1INS

0¢

Ov

35



“(yL d4nbiy
UL se £33) yanow JSAL4 WOJS d0UeISLP YILM AJLUL|BS 90BJUNS JBQWIISY °GZ a4nb L

(L) Y3NoWs JeAld LUOJS 20UD1SI(]

00l 08 09 054 0¢ O
: OL—
0
%
-
nl
i 2
o Q
%)
o
>,
= <
) o
9
NG,
0¢
0%

36



‘Yanow IVATI WOIT 2DUBISTP YITM LITUITeS wo3joq LAienuel °gz 2and1rg

(LX) YInow UsAl LUIOJ) 20UD1SI(]
00! 08 09 0¥ 0¢C 0

Ol—

— K ———H Pe—bi _ 0O

tJ
O
~—=
—t
O
& oL 3
)
/ﬁ Q
981BYDSTp 1931BMYSEI] =
28risae LBp-Qf SWOIIXD YITA —
selep ZurTdmwes Burpnioxe ueEdy ——m—m Mﬁ. Y4 /MT
WNWIUT o
O
‘PTS T - ued W m
S~
uesy 7]
‘prs 1+ umay X Ve
UnuIXey -

37



*(97 @an3t13
UT S® £9Y) Yilnow ISATI woxj SOUBISTP YITM LITUITES wWo3joq LIBNIgog */Z 2an314g

(W) ynowu JOALL W) 80UDIsI(]

ale] 08 09 ok 0z 0
: | _ | | 0L~
T 3 -0
0
O
ol s
X -
1]
< 98
M Q
- 07 &
X s
| | -
=
X | =
- 0¢
Ot

38



(97 2an81y
uT se £oY) Yinow ISATI WOIJ SOUBISTP YITM LITUITES wW0330q YOIBK ‘@7 2an81tJg

(W) Y3NoL UsAll LLUOJ) 22UDISI(]

OO0L 08 09 Ov 0¢ O
OlL—
X
ii wﬂ W V_A V_A v_A S - O
% il .y
O
1 -
] Q
7 N Ol 3
X X A S
il Q
T =,
0 0z <
ioh
-]
0¢
Oh%

39



*(92 24nbLy uL se A9Y) ynow USALA WO DOURISLP Y3LM A3LuLjes wo33oq |Llady

(W) YInoud JaAld Lo 20UDISI(]

62 @4nb L4

00l 08 09 8% 0¢ 0

Ol—

H X x |X
== j/ X + 0
i
0 < o
\A _H_ T m.U'T
N T o
0
T+ G oL 3
% il ) ¢ )
1l X M O
all 1 =)
T\ —~
- - -0 <
FINY @
X I ©
NG
IT
0¢

Ot

40



(92 @unbiy UL se A9y) ynow JsALJA WOUY BIURLSLP YILM AILUL|ES W0330Q KBy *0¢ @4nb L

(L) yanow JaAl wioy S0UDISI(]
00L 08 09 0% 0Z 0

Ol—

ll%imm/w/,«x,-j 0

] T %

v/d | —

N - o) m
M NG

K L N

\ lﬁ: @I

S lmﬁ X 1 WT

X% 0¢c <

m/\ ol

ke,

X I =

k%

41



*(9z2 @4nbL4 uL se A8)) yanow JSALA WOLJ 9OURLSLP YILM AJLUL[ES WO320q dunp * | a4nb L4
AEXV YINOLU JSAIL UUOI) 20UDISI(]
00l 08 09 087 -~ 0¢ 0

Ol—

——R—BK i/W/ X % 0
X | 0
i O
.\an
—
1N oL O
Al i + 3
)
/Wr\ O
i =]
+ B Toz <&
w‘m B N
O
©
1] NG,
o¢

0%

42



*(92 e4nbLy uL se £8)) yanow JSALA WOLJ 9DURYSLP Y3LM AJLuUL|RS WO0330q ALhp
(W) YInowd JaALl LUOJ) 20UDISI(]
00l 08 09 k% 0¢

"2¢ dJanb Ly

A

OL—
0
oy
@)
S
e
o
o 3
%
o
=
=)
0z <
TN
O
O
Xa
0¢

Ov

43



*(9z °4nbL4 uL se £9)) yinow UBALL WOUJ BIURISLP YILM £1LuL|es wol3oq 3snbny cgg o4nbL4
(L)) Y1noud ALt LOJ} 80UDySI(
00l og- - 09 - 0F 0¢ 0
, ol—
N r N L wl O
an T
7 00
N ¥ S
+
T N{I ol =
7 >
&
4 T X 1 M 1 n w
s 0z <
X /HF\E/ =
x Y §e)
/, &
>
T 4 o
0h%

44



00l

(92 adnb L}

UL Se A9)) yjnouw JUSALJ WOL} IDURISLP YILM A}LULLRS W0330q Jaqualdss

(LX) YINows JsALL LUOJ) 80UD)SI(]

08 09 Oh7% 0¢ 0
A 4 N !
P
R w
| uw +
i
= +
% VT -
i NI
X\ B
V”////Mﬁ m 1 1
s X ///W/m
T I

"p¢ dunb L4

OlL—

0
J
O
~
.
O

Ol 3
)
O
=
=.

0 <
TN
o
=
NG,

0¢

O

45



*(9z o4nbiry up se A8¥) yianow JSALJ WOLS SJURISLP yatm A3LulL|esS wo330q 43q03d0 “GE aJanb14

00l

(L)) y3nNoLU JaAl Lo} 80UDYSI(

08

09

O

0¢

7

e

77N LJ

oL—
0
o
O
WIT
1'
®;
o 3
%
O
=
>,
0z <
N
©
O
N

0¢

Qv

46



O0L

"(9Z d4nbLy
UL se Aa3)) yanow JdALA WOAS 9OURJSLDP Y LM AJLUL|RS WO0310Q JBQUBAON °9¢ a4nb L4

(L) y3NoW JBAId LUOJS 20UDISI(]

08 09 Ok 0¢ O
OlL—
Lo X X )4 + 0
wJ
] m;
-# + —
R i y O
X oL 3
X N h T )
I =
> D)
v//_U i =
T 1 07 <
+ S TN
O
u =
0%
0h%

47



(92 @4nbLy uL se A33) yanow JSALJL WOLJ IDURYSLP YFLM AJLUL|ES WOJI0Q 49qUId] */E odnbLd

O0L

(W) YINOLL JBALI LUO.L 20UDYSI(]
08 09 0 0¢C 0

Ol—

Ol

(3dd) Ayuips wioyjog

0¢

Ov

48



not plotted (e.g., 36.57 km in all months, and 22.71 km din October and
November). The number of surveys for each station and month on which
Figures 2 through 37 are based is shown in Table lc.

Table 1b shows that the number of surveys per month was not uniform;
fewer surveys were conducted in winter months. The monthly mean salinity
presented in figures 2 through 37 wmay significantly differ from the long-
term mean if the number of surveys is small for that wonth. For example,

the March plots are actually based on just 6 years of data (1972, 1973,

1979, 1981, 1982, 1983). Mean freshwater discharges for March in these

years were 325, 592, 632, 103, 441, and 466 mgs—l regspectively (USGS

Richmond and Kanawha Canal gages). The long—term (1925-1967) median March

freshwater discharge was 357 mss—l. The importance of freshwater discharge
in determining salinity is apparent in Figure 38, which shows depth-averaged
salinity for March delineated by year. During March 1981, an abnormally dry
month, very high salinities were observed at all stations, and the upstreanm
extent of saltwater was greater (80 km) than for other years' data (<40 km).
The mean is a statistic greatly affected by outlying observations, such as
those of March 1981, If the 1981 data weve removed from Figure 38, the mean
salinity for each station would be greatly reduced, and would be more
representative of typical March salinities, since the discharge rates for
those years remaining were closer to the long-term median discharge rate for
March.

An attempt was made to construct the seasonal pattern of longitudinal
salinity distribution under normal hydrological conditions. FEach slackwater
survey was assumed to represent the condition under a given freshwater

discharge, which is the average discharge for the 30 days immediately
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preceding the survey date. The black bars in Figure 39 represent the means
of the 30-day averaged discharges for all surveys conducted in the given
months of the year. For comparison, the long-term monthly mean and median
discharges are also presented in Figure 39. It is seen that except for the
month of February, the surveys were conducted under an average discharge
much higher than long-term median flow for the month., This occurred partly
by chance, but also, for those surveys in April-July which occurred toward
the beginning of the month, most of the 30 days for which discharge was
averaged would be in the previous month, which was characterized by higher
discharge. The 30-day averaged discharge for each survey was compared with
long-term median of the average flow for the month, and tvhose surveys with
discharge falling in the range from 50 percent to 150 percent of the median
flow were identified. Table 3 lists the surveys so identified and deemed
appropriate for calculation of normal salinity pattern. Salinity
distribution under median flow conditions was constructed for each month by
averaging the data from the surveys identified as appropriate. The
resulting average salinity patterns are included in Figures 2 to 37, The
means of 30-day average freshwater discharges for those identified surveys
are also presented in Figure 39; they were quite close to the long-term
monthly median flow.

Maximum monthly surface (within 1 meter of the water surface) and
bottom (within 1 meter of the bottom of the water column) salinities for
each sampling station are tabulated in Table 4. For any particular station,
salinity maxima were generally greatest at the bottom of the water colunmn
(e.g., 5.66 ppt at the surface and 11.92 ppt at the bottom at 50.19 km in
April) and greatest in the dry summer and fall (e.g., 20.67 to 22.98 ppt at

the bottom at 31.85 km in June through October, and 10.29 to 19.69 ppt in
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Table 3. Surveys chosen for calculation of normal salinity pattemn based on
comparison of 30-day average discharge and long~term median
monthly discharge.

Month
Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct WNov Dec
1971 . . . . . . . . X . . X
1972 X . X X X . . . X . . .
1973 . . X . . . . . . X . .
1974 . X . X X . X X . p:4 X X
1975 . . . . . . . . . . . .
1976 . . . X X X X . . . X .
1977 . . . X . X X . X X . .
1978 . . . X . X X X X . . .
1979 X . . X X . X X X . . .
1980 . . . . . X X ¥ X X . .
1981 . . . . X . X X X X X .
1982 . . X X X . . X X X X .
1983 . . X . . . . . X . X .
1984 . . . . . . X . . X X .

1985 . . . X X X X . . . . .
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Table 4,
DIST. DEPTH
(km)

0.00 Surface
Bottom

9.66 Surface
Bottom

17.30 Surface
Bottom

22,71 Surface
Bottom

31.85 Surface
Bottom

36.57 Surface
Bottom

38.18 Surface
Bottom

43.85 Surface
Bottom

50.19 Surface
Bottom

57.92 Surface
Bottom

65.94 Surface
Bottom

72.21 Surface
Bottom

80.30 Surface
Bottom

87 .97 Surface
Bottom

92.56 Surface
Bottom

102.10 Surface
Bottom

107.90 Surface
Bottom

Maximum monthly
each station.

JAN

16.43

19.24

12.71
16.06

7.94
10.29

FEB

25.46

26.35

23.04
24,13

18.51
19.67

10.51
10.78

MAR

13.54

25.93

22.12
22.85

19.38
21.40

17.71
20.62

14.56
17.77

0.75
1.62

11.57
13.57

9.44
10.85

surface and bottom salinities for

APR

22.24

30.00

22.65
27.98

18.76
23.04

16.49
20.59

13.59
19.80

10.05
15.60

8.02
10,97

5.66
11.92

MAY
22.47
29.36

22.27
25.68

19.76
21.18

17.39
20.38

15.60
18.04

0.55
14,45

8.45
13.45
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JUN

23.90

31.19

24.00
26.24

18.12
21.82

17.72
22.22

15.78
20.85

10.22
13.97

11.23
15.69

8.59
11.08

JUL

25.07

30.01

20.70
25.34

23.64
24,27

17.31
20.04

17.52
20.80

12,15
17.59

9.18
12.32

9.82
10.38

AUG

25.10

32.68

24.85
29.38

24,20
25.14

23.67
24,71

21.51
22.98

17.81
23.40

11.79
14.77

15.54
17.25

11.93
16.09

10.29
12.05

SEP

25.91

28,87

22.31
24,34

24,56
24.89

18.88
20.86

20.09
20.67

12.23
13.47

13.01
15.26

12.33
12.95

12.72
13.35

ocT

24,94

28.52

22.57
26.50

23.01
23.68

18.33
19.98

17.71
21.10

12.75
17 .44

11.47
12.52

10.69
12.19

NOV

22.02

29.66

23.07
24,31

19.56
22.58

18.24
21.22

14.07
20.99

12.48
16.59

9.50
12.03

7.70
10.64

DEC

23.54
24,61

21.15
22.06

.

13.88
16.81




Table 4, continued.

DIST. DEPTH JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
© (km)

114,50 Surface 0.00 0.16 0.00 0.00 0.04 0.10 2.61 0.10 0.25 0.34 0.11 0.00
Bottom 0.00 0.16 0.00 0.00 0.04 0.10 0.46 0.10 0.08 0,21 0.10 0.00

119.00 Surface 0.00 0.00 0.00 0.00 0.00 0.01 0.06 0.00 0.00 0.27 0.00 0.00
Bottem 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.00 0.15 0.00 0.00

122.80 Surface 0.00 0.00 0.00 0.00 0.04 0.10 0.09 . . .
Bottom 0.00 0.00 0.00 0.00 0,04 0.10 0.09 0.10 0.08 0.21 0.00 0.00

125.90 Surface 0.00 0.00 0.00 0.00 0.04 0.10 0.09 0.10 0.07 0.33 0,00 0.00
Bottom 0.00 0.00 0.00 0.00 0.04 0.10 0.09 0.10 0.07 0.27 0.00 0.00

129.10 Surface 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.13 0.33 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.13 0.21 0.00 0.00

132.10 Surface 0.00 0.00 0.00 0.00 0.00 0.10 0.09 0.09 0.13 0.33 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.00 0.10 0.09 0.08 0.13 0.21 0.00 0.00

135.20 Surface 0.00 0.00 0.00 0.00 0,00 0.01 0.08 0.00 0.13 0.28 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.00 0,01 0.08 0.00 0.13 0.16 0.00 0.00

139,40 Surface 0.00 0.00 0.00 0.00 0.04 0.10 0.10 0.09 0.13 0.22 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.04 0.10 0.10 0.09 0.13 0.16 0.00 0.00

143.80 Surface 0.00 0.00 0.00 0.00 0.00 0.01 0.08 0.00 0.14 0.29 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.07 0.00 0.14 0.16 0.00 0.00

145.80 Surface 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.08 0.22 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.08 0.16 0.00 0.00

148.30 Surface 0,00 0.00 0.00 0.00 0.00 0.00 0.0C 0.00 0.08 0.22 0,00 0.00
Bottom 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.16 0.00 0.00

150.60 Surface 0.00 0.00 0.00 0.00 0.03 0.10 0.09 0.08 0.08 0.22 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.04 0,10 0.08 0.08 0.08 0.16 0.00 0.00

152.80 Surface 0.00 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.08 0.22 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.08 0.00 0.00 0.00

154.80 Surface 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.09 0.16 0.00 0.00
Bottom 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.00

DIST. = Distance from river mouth (km): . = no observations
Hote: The maximum values for October all occurred in the 1982 survey. Since in 1981 (a
drier year), there was no saltwater found as far upstream as in 1982, the apparent 1982
salinity must be due to something other than salinity (e.g., high concentration of ions in
an industrial discharge).
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December to March at 31.85 km)., Maxima decreased with distance upstream.
The maximum bottom salinity at the mouth was 32.68 ppt and occurred in
August 1980; the maximum surface salinity there was 25.91 ppt in September
1977. The maximum salinities at 31.85 km (the vicinity of Wreck Shoal) were
22,98 ppt at the bottom and 21.51 ppt at the surface in August 1980. The
furthest upstream intrusion of saltwater (when saltwater is defined as > 0.5
ppt salinity) during the monitoring period was 102 km, with both surface and
bottom salinities greater than 0.7 ppt in September 1980. (Examination of
nearby salinity data in July 1977 (Table 5) revealg that salinity values of
1.48 and 2,61 ppt at 107.9 and 114.5 km appear to be anomalous--perhaps

laboratory or reporting errors.)

B. Tidal Variations

The variation of longitudinal salinity pattern with the state of tide
is very difficult to discern with the data set. The dominant tidal
components have time scales of 12 hours (flood/ebb cycle) and 14 days
(spring/neap cycle), while the sampling interval of slackwater surveys was
of order of one month., The effect of state of tide is generally masked by
other factors such as freshwater discharge and meteorological events.

Within the salinity data set being studied, there were two days on
which consecutive slack before ebb and slack before flood tides were
sampled, permitting examination of the effects of tide on salinity while
minimizing the effects of seasonal patterns. One of the sampling days,
August 22, 1980, occurred approximately 3.5 days after neap tide. The other
sampling day, August 27, 1980, occurred approximately 1 day after spring

tide. Freshwater discharges for the months preceding each of these sampling
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Table 5. Salinity at selected stations on July 28, 1977,

Salinity at (km from river mouth):
Depth (m) 87 .97 92.56 102.1 107.9 114.5

1.47 0.96 0.65 0.28 2.61%

°

0.23

e

1.40 0.52

1.48%

.

0.46

.

3.00 1.84 0.82

WO OWONOULD>WND -
o
OO0 O0OO0OO0OOOCOO0OO0

=
.

°

18.0 1.61

(last value in each column is bottom salinity--within
1 meter of bottom of water column)

als

* apparently anomalous data, perhaps due to laboratory or collection error,
or due to high conductivity of local discharge
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dates were relatively constant (30-day mean discharge for August 22 was 62

m3s » Standard deviation 12 m3s”1; for August 27, 30-day mean discharge

L,

was 58 mBS—l, standard deviation 10 m3s"

The intra-tidal variation (flood/ebb cycle) is evident in longitudinal
plots of depth-averaged salinity for August 22 and 27, 1980 (Figures 40 and
41); salinity at slack before ebb was generally higher than salinity at
slack before flood. This pattern was also generally true for the entire
data set; Figure 42 is a plot of depth~ and time-averaged salinity for
those stations with a complete (1971-1985) record.

Comparison of spring and neap tides is possible uging the August 22 and
27, 1980 data, with the August 22 data representing neap tide and August 27
data repregenting spring tide. Examination of figures 40 and 41 reveals
that there was less intra-tidal difference between salinities at any
particular station on August 22 than on August 27; mean salinity on August
22 was 14,93 ppt at slack before flood and 15.09 ppt at slack before ebb;
mean salinity on August 27 was 10.44 ppt at slack before flood and 12,81 ppt
at slack before ebb.

Tidal excursion is the longitudinal distance a parcel of water travels
during the flood or ebb tide. A measure of tidal excursion is the
longitudinal distance between the locations of same-salinity water at
consecutive slacks; on figures 40 and 41 this measure would be the
horizontal distance between curves. This is not an exact measure because
some mixing occurs as the parcel of water travels upstream or downstream,
Depending on whether longitudinal or vertical mixing dominates, a parcel of
surface water moving upstream during flood tide could mix with fresher water

coming downstream or with saltier water from deeper layers. In the former
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Figure 40. August 22, 1980 vertically averaged salinity with distance
from river mouth by phase of tidal cycle.
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case, the distance between same-salinity waters would be shorter than the
actual tidal excursion distance; in the latter case the distance between
same-salinity waters would be longer than the actual tidal excursion
distance. A parcel of water moving downstream with the ebb tide would mix
with saltier water whether longitudinal or vertical mixing dominates; the
distance between parcels of same-salinity surface water would therefore be
shorter than the tidal excursion distance.

On August 27, 1980 the flood tidal excursion was sampled (i.e., slack
before flood was sampled before slack before ebb). On August 22, 1980, the
ebb tidal excursion was sampled (i.e., slack before ebb was sampled before
slack before flood). The distance between same-salinity surface waters on
August 27 could be either longer or shorter than the actual tidal excursion
distance, depending on mixing; the distance between same-galinity surface
waters on August 22 should be shorter than the actual tidal excursion
distance. Figures 43 and 44 are longitudinal plots of surface salinity for
the two sampling days. By assuming that salinity changed linearly with
distance between observed salinities, distances between same-sgalinity
surface water at the different slacks were calculated for every 0.5 ppt
interval for each of the two dates (i.e., the horizontal distances between
the curves on figures 43 and 44 were calculated). The mean distance between
same-salinity surface water between 2.0 and 20.0 ppt (between approximately
20 and 80 km from the river mouth) on August 22 was 2.5 km; on August 27,
the mean distance was 7.5 km. Since the August 22 calculation is a measure
of ebb tidal excursion, the actual tidal excursion on this date wasg probably
somewhat greater than 2.5 km. Since tidal excursion should be proportional
to tidal range, and the predicted tidal range ratio at Mulberry Point (about

39 km) for August 22 and 27 was 0.64 m/0.98 m = 0.65, but measured tidal

61




40

~
O

A Slack before flood

% X Slack before ebb
\A&\(

Surface Salinity (ppt)
N
(@]

2

0 20 40 60 80 100 120
Distance from Mouth (km)

Figure 43. August 22, 1980 surface salinity with distance from
river mouth by phase of tidal cycle.
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excursion ratios were 2.5 km/7.5 km = 0.33, it is suspected that the actual

flood tidal excursion was somewhat smaller than 7.5 km.

C. Limit of saltwater intrusion

Figures 2 through 37 show that, under average conditions, only the
lowest quarter to the lower half of the tidal river (160 km long from river
mouth to Richmond) had measurable salinity. The limit of saltwater
intrusion is a feature of longitudinal salinity pattern which is of
- particular practical interest. Not only does it affect the distribution of
living resources in a tidal river, it also plays a role in decisions on
freshwater utilization. The limit of saltwater intrusion may be defined as
the location upriver of which salinity is less than 0.2 to 1.0 ppt,
depending on the purpose of the definer. The limit of salt water intrusion
was calculated for each sampling cruise which sampled both salt and
freshwater portions of the river. Surface and bottom salinities were
examined separately. Boundaries between "sgalt" and "fresh" water at 1.0 ppt
and 0.5 ppt were examined. To calculate the upstream extent of saltwater
intrusion for a particular sampling cruise, the two stations with salinities .
just greater than and just less than the defined boundary (1.0 or 0.5 ppt)
were found, and the distance at which the defined boundary would occur,
given a linear salinity gradient between the two stations, was calculated.
Monthly mean distances from the river mouth to the upstream extent of bottom
and surface saltwater intrusion (when defined as 1.0 and 0.5 ppt), along
with ranges and standard deviations, are shown in Tables 6 through 9.
During this monitoring period, the overall average of the limit of saltwater
intrusion (i.e., bottom salinity = 0.5 ppt) was 75 (+ 17) km from the river

mouth at slack before ebb tide, and 66 (+ 18) km at slack before flood tide.
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Table 6,

Month Tide

Jan
Feb

Mar

May

Jun

Jul

Aug

Sep

" Oct

Nov

Dec

Slack

Slack

Slack
Slack

Slack
Slack

Slack
Slack

Slack
Slack

Slack
Slack

Slack
Slack

Slack
Slack

Slack
Slack

Slack
Slack

Slack

before

before

before
before

before
before

before
before

before
before

before
before

before
before

before
before

before
before

before
before

before

flood

ebb

flood
ebb

flood
ebb

flood
ebb

flood
ebb

flood
ebb

flood
ebb

flood
ebb

flood
ebb

flood
ebb

ebb

Saltwater intrusion distance for
bottom salt/fresh boundary = 1.0 ppt

Mean Minimum

50.4

60.1

48.8

31.8

(Distances in km from river mouth)

64

52.1

Maximum Std Dev
Distance Distance Distance

2.4

26.0

Number of
Observations

2

3

faury




Table 7., Saltwater intrusion distance for
bottom salt/fresh boundary = 0.5 ppt

Month Tide Mean Minimum Maximum Std Dev Number of
Distance Distance Distance Observations
Jan Slack before flood 59.1 49.8 68.3 13.1 2
Feb Slack before ebb 86.9 86.9 86.9 . 1
Mar Slack before flood 54.6 37.9 82.1 24.0 3
Slack before ebb 49,6 49,6 49,6 . 1
Apr  Slack before flood 49 .4 31.5 79.2 15.4 8
Slack before ebb 63.6 63.6 63.6 . 1
May  Slack before flood 55.3 40.4 74.9 13.0 8
Slack before ebb 58.6 49,9 74.9 14,1 3
Jun Slack before flood 55.3 43,1 65.6 8.3 10
Slack before ebb 66.5 62.5 Th.4 6.8 3
Jul Slack before flood 77 .9 60.9 87.3 10.5 5
Slack before ebb 84,3 65.6 114.2 26.2 3
Aug  Slack before flood 78.5 61.7 91.9 11.7 8
Slack before ebb 97 .4 95.2 99.5 3.0 2
Sep  Slack before flood 72.0 48.9 100.8 17.3 10
Slack before ebb 85.8 77.3 96.9 7.8 5
Oct Slack before flood 79.1 49.3 101.4 20.0 8
Slack before ebb 63.7 49.8 77.7 19.7 2
Nov Slack before flcod 67.5 43,6 84,5 17.9 6
Dec Slack before ebb 73.4 62.7 79.2 9.3 3

(Distances in km from river mouth)
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Table 8. Saltwater intrusion distance for
surface salt/fresh boundary= 1.0

Month Tide Mean Minimum
Distance Distance

Jan Slack before flood 47.7 46,2
Feb Slack before ebb 70.2 60.6
Mar Slack before flood 50.8 35.8
Slack before ebb 47.3 47 .3

Apr  Slack before flood 49,7 28.3
Slack before ebb 56.4 56.4

May  Slack before flood 51.8 34,7
Slack before ebb 53.8 47 .3

" Jun  Slack before flood 51.1 37 .4
Slack before ebb 56,3 50.1

Jul Slack before flood 67.9 55.1
Slack before ebb 70.0 61.2

Aug  Slack before flood 69.9 52.3
Slack before ebb 89.9 88.9

Sep Slack before flood 65.9 27.8
Slack before ebb 84,7 77.1

Oct Slack before flood 68.9 30.8
Slack before ebb 62.4 38.0

Nov Slack before flood 56.6 29.7
Slack before ebb 49,0 48,4

Dec Slack before ebb 65.0 49,9

(Distances in km from river mouth))
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ppt

Maximum Std Dev

Distance

49.2

79.7

2.2

13.5

22.6

14.9

Number of
Observations

2

2




Table 9. Saltwater intrusion distance for
surface salt/fresh boundary = 0.5 ppt

Month Tide Mean Minimum Maximum Std Dev

Distance Distance Distance

Jan Slack before flood 54.6 49.0 60.2
Feb Slack before ebb 74,7 63.7 85.6
Mar Slack before flood 53.6 37.4 80.9
Slack before ebb 49,2 49,2 49,2
Apr  Slack before flood 51.5 30.8 77.8
Slack before ebb 62.4 62.4 62.4
May  Slack before flood 55.1 37.4 70.4
Slack before ebb 57.7 49,0 70.4
Jun Slack before flood 55.5 41.1 78.4
Slack before ebb 63.6 58.8 71.5
Jul Slack before flood 75.0 60.5 87.1
Slack before ebb 76.8 64.7 104, 4
Aug  Slack before flood 75.9 60.4 91.0
Slack before ebb 97 .3 95,2 99.5
Sep  Slack before flood 70.9 30.7 100.7
Slack before ebb 84,8 74,2 96.9
Cct Slack before flood 73.4 31.3 100.8
Slack before ebb 60.8 45.1 76.5
Nov Slack before flood 61.9 40.2 83.1
Slack before ebb 49.7 49,7 49,7
Dec Slack before ebb 71.0 58.5 77.7

(Distances in km from river mouth)

67

10.8

Number of
Observations

2

2

N W
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The upstream extent of saltwater intrusion for water at the bottom of the
water column is further upstream than that for water at the top of the water
column.

The effect of freshwater discharge on the limit of saltwater intrusion
is quite apparent. As seen in Tables 6 through 9, the upstream extent of
saltwater intrusion was greatest during July through October when freshwater
discharge was generally lowest, and was least in March through May when
freshwater discharge was generally greatest. The monthly mean distances of
saltwater intrusion at slackwater before flood are presented in Figures 45a
to 45d., The limits of saltwater intrusion at slack tide before ebb are not
depicted because the data set is much smaller., Also shown in the figures
are the mean distances excluding those observations made when 30-day
averaged freshwater discharges were either higher than 150 percent or lower
than 50 percent of the long-term monthly median. These figures show a
distinct annual cycle in saltwater intrusion distance which correlates

negatively with the hydrological cycle of freshwater discharge.

IV, Vertical Stratificatiom

The saline portion of the James River is a partially-mixed estuary.
There is some degree of vertical mixing between freshwater and saltwater,
however, the mixing is not complete. Stratification exists most of the time
(i.e., salinity at a given station generally increases from surface to
bottom). Freshwater inflow tends to enhance stratification; tidal mixing
works to erase vertical inhomogeneity. Meteorological events may enhance or

weaken stratification. The vertical diffusion coefficient in the James
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estuary averages about 5 cmZ/sec, which provides mixing for a 10 m water
column in a time scale of two to three days. Therefore the vertical
salinity structure in the James River could vary from day to day (i.e., more
variable than the longitudinal pattern).

One method of quantifying vertical stratification is by the overall
average vertical salinity gradient (i.e., the surface to bottom salinity
difference divided by depth). For August 22, 1980 (neap tide condition),
the average salinity gradient at slack before flood was 0.22 ppt/meter; at
slack before ebb the average gradient was 0.18 ppt/meter (Figure 46). TFor
August 27, 1980 (spring tide condition), the average gradient was 0.06
ppt/meter at slack before flood and 0.07 ppt/meter at slack before ebb.
Salinity gradients did not appear to vary significantly over the flood/ebb
cycle, but did vary over the spring/neap cycle. This observation is
consistent with Haas' (1977) observations that vertical homogeneity in
salinity was associated with gpring tides, and stratification was associated
with other phases of the spring/neap cycle in the York River estuary.

Figures 47 to 58 present the average vertical gradients for each month
of the year as a function of the distance along the river. It appears that
the gradient was generally highest in the middle reach of the estuary and
decreased with distance both upstream and downstream. The overall vertical
salinity gradients for each station with a complete record over the
monitoring period were plotted in figure 59. The stratification was
strongest in the region between 20 to 40 km from the river mouth. This
sugpests that the two-layered estuarine circulation was strongest in this
reach of the estuary.

Freshwater discharge is also expected to affect the vertical salinity

73




*9124o |epL3 jo aseyd Aq yinow
A9A L4 WOJS 90URESLP Y3 LM juaLpedb AJLUL|RS |[@DL3J4BA (0861 “/Z B Z2 2snbny gy a4nbiy

(L)) Yyanow Al Lo} 80UD}sI(]

00l 08 09 OV 0¢ 0
| | | | NO..I
<
Q)
~
00 m.
W
Q
>,
L7200 <
«Q
-3
@)
o
. D
- ¥°0 =3
2qeLeony e el
jgs‘/zbny m .
. - oo 3
aqs‘zzbny x ®
- Q)
Jqs‘zzbny v N
80

74



G/

1.5

0.5

Verticadl sdlinity gradient (ppt/meter)

-0.5

Figure 47.

4+ ox OX +

Maximum

Mean

Minimum

Mean + 1 s.d.

Mean - 1 s.d.

Mean excluding sampling dates
with extreme 30-day average

freshwater discharge

20

40

60

80

Distance from river mouth (km)

January vertical salinity gradient with distance from river mouth.

100




* (L% 2an8TI ur se £oy)
Yinow ISATI WOIJ DOUBISTP YITM JUSTPeRIT L3TuTTeES TBOIZ1I9A Axenigeg -gh 2an8Ig

(W) YInows JeALs Lo} 8oup)sI(]

00l 08 09 Ot 0¢ 0

S'0—
&
IJ
R % H 8 % 0 9
ﬁ q —
il ¥ 2
0 >,
X S0 <
#- Q0
o
X a,
@
L >
3
N
S
§®)
L
Gl =
D
@
D
—

¢

76



se £9Y) ylnow ISATI woij 20ouUBISTp

‘(L% 2an3T3F utr
Yirm quotpead L3TUITeS TBOTIILA Yoaey ‘¥ 2an8ig

(L) Y3now UsALL LUO) 80UD)SI(]

00l 08 09

Ov 0c¢ 0

S'0—

-

HEK
EK

+<EBK

NPT

Gl

(4218W/1dd) usippUb Ajuips [Sle]AWEYY

77



“(Ly @4nbiy ut
se A9Y) yanow JSALA WOJLY SOURISLP YILM QU LpRUS AjLuL|es [eo1343A [Lady "G a4nbiy

(W) ynowr usAl Lol soupysi(

00l 08 09 Ot 0c¢ o .

G'0—
&>
X % mi
R —_—
ig 0 O
M i ] Q
X w 0
X T ) =
N\ ~F =,
o
Y : <
> S O
+ 1l X + o
Q.
D
» L b
\'T
N
O
O
g
Gl =
D
@
D
Y

4

78



uL se A9y jyanow JU3ALJ WOJL SOURISLP YILM JudLpeuab AjruLies |

00l

“(Ly D4nbiry
BOL3JADA Ael

(L) YInow JsALl Loy 80UD)SI

08 09 ot 0¢ 0
R Xy X 1
T
\\\\MM////AH
™
* T old ¥
x 4
o Tx

"G 9dnb

S'0—

S0

Gl

(4o32W/3dd) JuaippUb Ayuips pPondep

79



(L ®4nb Ly
UL se A9)) yjnow JSALJ WOJF DJURISLP YILM quaLpeub A3LUL]RS [BDL3J3A aunp

(L)) Ynows JsAL Lod) aoupysi(]
00l 08 09 0 0T 0

i#‘llﬂ%%K X

X 4

T % _|¥ i
o]

I

i / | .

\ hu AN
X -

N + X

"2G ®unb Ly

S'0—

G0

Gl

(4o32W/1dd) jusipoIb Aiuips [SIIRNEYN

80



(Lt d4nbiLy

UL se £A8y) ynow JSALJ WOUS SOURISLP YILM JuaLpeuab A3LuLies [edi1daA A|np

00l

(L)) YINoW JaALI LU 80UDISI(]

08 09 Ot 0c¢ 0
X X ¥
¥ i
MW|||ﬁu\\\WM\ X L
X
+

"€G aunb 14

S'0—

S0

Gl

(4e32Wl/3dd) JuaippIb AIUIPS DO

81



0]0)8 08 0

9 O¥

“(Ly @4nbLy ul
se A9)) yinow JSALJ WO4J dJURYSLP YILM juaLpedb A3LuLles [BOL3A9A 3snbny

(W) YInowd JsAll LU0} 80UD)SI(]

0¢

¥

Iilﬂ/w%\_\wm%l

,%/&/mw

N2

Y LN I

"§G @4nb L4
G'0—
&>
D]
—~+
O
0 Q
V]
a
>.
so <
W
R
@)
Q.
)]
_ =
VN
-
O
<
Gl -
Q)
;\'T
D
S
S’

82



(L 24nblLy
UL se £93) yahow JSALA WOLF SOURISLP YILM juaipedb AjLutjes [eoLjdan Jaqwaldss GG a4nb 14

(W) YInows AL LU0 80UDISI(]
00L 08 09 0% 0T 0

G'0-

N
AN
AR
/ AN o
: —T
=\
o

(4e3oUl/1dd) Jusippab AjiUIDS PoIYIeA

Gl

83



“(Ly d4nbLy ul
se A9)) yanow JUSALUA WOJJ 3DURYSLP Y3LM quatpeubh A4 LU fes [eOLIJA3A 43q010(0 99 a4nb 14

(L)) Yynowd JaALL Loy 9ouplsi(

00l 08 09 0} 7 0¢ 0

G0—
<
©)
-
X x =
, X 10 9
b mN %/ i
%)
i m Q
i 1 S
N . +
0 G0 <
X 1 A
X a
Q.
4+ X - ] %
1'
N\
©
O
<
sl 3
D
@
4 ®
S— o’

4

84



“(Ly d4nbld uL
se A39)) yanou JsALJ WOLJ dDUBYSLP YlLM quaLpedb A2LUL|RS |BOLIJUDA JDQUIBAON /G dunb L4

(W) Yynow JUsAld Lo} &ouD}sI(]
00! 08 09 0% 0¢ 0

S°0—

o 7

4
)
N
N\

Gl

(4e10W/1dd) JusipoUD AYUIPS D21} IOA

85



"(Lpy d4nbLy ul

se £o3) UYNoW JUSALJA W04 9OUBISLP UY3LM JudLpedb A1LUL|BS |RILIABA 43QUBIRC  "8S a4nb L4

00l

(W) YInows JsAld WOJ) 90UD3sI(]

08 09 057 0¢ 0
G'0—-
5 D X <40
0 +
| i)

G0

Gl

(4eyowi/1dd) JusippID AUIDS [DO1}IBA

86



L8

0.6

0.4+

0.2

Vertical sdlinity gradient (ppt/meter)

A Slack before flood

X Slack before ebi

0.0

Figure 59.

I 1 |

|
20 40 60 80 100
Distance from river mouth (km)

Vertical salinity gradient with distance from river mouth by phase of
tidal cycle for stations monitored from 1971-1985.




structure, but a seasonal pattern is not evident in figures 47 to 58.
Figures 60a to 60h show the variation in monthly averaged salinity gradients
at selected stations. Also presented in the figures are the monthly average
gradients excluding those surveys conducted when freshwater discharges were
either higher than 150 percent or lower than 50 percent of long~term median
of average monthly flows. The salinity gradients were smaller, by varying
amounts, in August to October than in March to May in the lower portion of
the estuary (Figures 60a to 60f). In the upper estuary (Figures 60g and
60h), salinity gradients were greatest during August to November. This
reversed seasonal pattern in the upper estuary was due to greater intrusion

of saltwater into this portion of the estuary in drier months.

V. Statistical Regressions on Freshwater Discharge

As discussed in the previous sections, the freshwater discharge is an
important factor controlling the salinity level in the James River estuary.
Furthermore, the design of the slackwater surveys was such that the data set
is more suitable for demonstrating the effect of the seasonally-varying
freshwater discharge than that of the short-term tidal variations, The
following statistical analyses relate freshwater discharge to those features
of salinity distributions which are less affected by other factors. The
freshwater discharges used in the analyses are the daily discharges measured
in the James River near Richmond, with adjustment for diversion. Although
factoring in additional discharges from the Appomattox, Chickahominy and
other rivers would have led to a more accurate measure of total freshwater
discharge, since the emphasis here was on seasonal trends in discharge which

would have been similar for all rivers, the choice of just the Richmond
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discharge, which accounts for approximately 67 percent of the James River's

total drainage area, seemed justified.

A. Limit of saltwater intrusion

Four sets of saltwater intrusion distances were calculated from field
data using linear interpolation between data points (see discussion in
Section III). Surface and bottom waters were treated separately with
locations of 0.5 ppt and 1.0 ppt szalinity defined as intrusion limit. In
Figures 6la to 61d, the limit of saltwater intrusion for each sampling date
was plotted againgt the average freshwater discharge for the 30 days
preceding and including the sampling date. These plots show a generally
negative but nonlinear relationship between the limit of saltwater intrusion
and freshwater digcharge (i.e., as freshwater discharge increased, the
upstream extent of saltwater intrusion decreased). A log transformation of
the average freshwater discharge produced a more linear relationship.
Figures 62a to 62h show the distance of saltwater intrusion plotted against
the log of 30-day average discharge and regression lines. Confidence
intervals (95 percent) are also shown. If the regression line was used to
predict a specifiec saltwater intrusion distance for a given discharge, one
would be 95 percent confident that the saltwater intrusion distance would
fall within the wider confidence interval shown on the figures. If the
regression line was used to predict the average saltwater intrusion distance
for a given discharge, one would be 95 percent confident that the average
saltwater intrusion distance would fall within the narrow confidence
interval shown on the figures. Table 10 presents the results of least
squares linear regressions, which reveal that the regression model explained

approximately 80 to 85 percent of the variance in saltwater intrusion
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Table 10. Regression of szaltwater intrusion distance on the log of
averaged freshwater discharge.

Number of Salt/ Surface(8)

days Fresh  or Bottom(B) Tide
averaged DBoundary Salinity R-squared Slope Y-intercept State
(ppt)

7 1.0 B 0.73 =37 .7 144,2 shf
7 1.0 B 0.81 ~34.6 144,7 sbe
15 1.0 B 0.81 -39.9 150.9 sbf
15 1.0 B 0.83 -38.1 151.9 she
15 0.5 B 0.83 -43.,0 161.7 sbf
15 0.5 B 0.80 ~41.3 163.4 she
15 1.0 S 0.78 -41.0 151.9 sbf
15 1.0 S 0.81 -39.4 151.7 sbe
15 0.5 S 0.80 -43.2 161.4 sbf
15 0.5 S 0.81 -40,0 158.4 sbe
27 1.0 B 0.83 -41.,5 154.7 sbf
27 1.0 B 0.83 -39.4 155.4 sbhe
27 1.0 B 0.82 -41.5 156.2 both
28 1.0 B 0.83 ~41.8 155.2 sbhf
28 1.0 B 0.83 -39.8 156.1 sbe
28 1.0 B 0.82 -41,8 156.8 both
30 1.0 B 0.82 -41,7 155.1 sbf
30 1.0 B 0.84 -40,3 157 .4 she
30 0.5 B 0.85 ~45 .4 167.3 sbf
30 0.5 B 0.81 -43.,5 168.9 she
30 1.0 S 0.79 ~43,3 157.2 shf
30 1.0 S 0.84 -41,2 156.7 she
30 0.5 S 0.80 -45.,5 166.5 sbf
30 0.5 S 0.83 -41,8 163.5 sbe

gbf = slack before flood: sbe = slack before ebb
All regressions significant at alpha < 0.001 level.

Note: To use regression equation for prediction of the
saltwater intrusion distance, use: '

L=a+ (b* logQ)

where L. = saltwater intrusion distance {(km from river mouth)
a = y-intercept from table
b = glope from table

logQ = Log of averaged discharge in m s
R-squared is the proportion of the variation in the saltwater

intrusion distance that is explained by the log of
averaged freshwater discharge.
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distance, suggesting that the log of averaged freshwater discharge is a good
predictor of the saltwater intrusion distance. The model with log of 30-day
averaged discharge explained slightly more of the variance in saltwater
intrusion distance than the model with log of 15-day averaged discharge.
The limit of saltwater intrusion at slack before ebb tide was more dependent
on discharge than that at slack before flood tide except for the limit of
bottom salinity (0.5 ppt) intrusion, for which the distance at slack before
flood tide was more dependent on discharge than that at slack before ebdb
tide. A regression analysis was performed by adding various delay times
between the 30-day averaging period and the date of the field survey. The

dependence of saltwater intrusion distance on discharge decreased with

addition of delay time.

B. Salinity at fixed stations

Salinity at a given location in the estuary usually had a negative
relationship with freshwater discharge. Linear regressions were performed
to investigate the dependence of salinity at selected stations on the log of
averaged discharge. The discharges were averaged over various numbers of
days; it was found that the regression models for 28- to 30-day averaged
discharge explained more variance in salinity than models for other
averaging intervals for all the stationsg examined. Table 11 presents the
reéults of linear regressgsion of salinity at selected stations on 30-day
averaged discharge. Except for the station at the mouth, the R-squared
values (alpha level = 0.001) were higher than 0.61, 0.63, and 0.51,
respectively for vertically-averaged, surface and bottom salinities. The
absolute value of the slope of the regression line was greatest in the

middle reach of the estuary; this coincided with the location of the
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Table 11. Regression of salinity on the log of 30-day averaged freshwater

digcharge.
Depth of # of sampling
salinity days on which

Station sampled R-squared slope y-intercept salinity observed
0.0 km v .40 -5,10 33.78 99
17.3 km i .64 -9.03  39.97 110
22.71 km \ .61 -8.83 35.44 40
31.85 km v .67 -11.48 36.90 121
36.57 km \ .70 -11.35 35.36 7
38.18 km v .64 -11.17  33.34 38
43.85 km v .69 -9.77 27.94 43
50,19 km v T4 -8.89 23,88 111
65.94 km \Y .63 -5.37 13.52 85
0.0 km S .63 -3.36 38.01 99
17.3 kn S .68 -11.36 40,21 111
22.71 km S T4 -13.32  42.74 41
31,85 km S 72 -12.19 36,77 122
36.57 km 5 .85 -13.88 39.34 9
38.18 km S .67 -10.68  30.90 37
43.85 km S W71 -9.62  26.95 45
50.19 km S 72 -8.59  22.98 110
65.94 km S .63 -5.09 12.73 87
0.0 kn B 14 -3.63 33.62 97
17.3 km B 52 ~7.58 35.17 109
22.71 km B 52 -7.22  33.97 41
31.85 km B 51 ~10.17 36.09 121
36.57 kn B Regression not significant. 7
38.18 km B S4 -11.37 35.26 38
43,85 km B .70 ~10.60 30.32 42
50.19 km B 71 -9.56  25.83 109
65.94 km B .63 -5.84  14.70 77
V = Vertically averaged salinity

S = Surface salinity

B = Bottom salinity
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greatest longitudinal salinity gradient.

The salinity data at station 31.85 km are plotted in figures 63a to 63c
against the log of 30-day averaged freshwater discharge. Also shown in the
figures are the regression lines and the confidence intervals for predicting
the mean and specific salinity. Incorporating time delays between the 30-
day averaging period and the sampling date did not improve the relationship

between salinity and discharge.
Vi. Summary

In this report, we have‘attempted to describe salinity conditions, and
illustrate and interpret variations in galinity conditions, in the James
River using the VIMS slackwater survey data of 1971-1985. The salinity
conditions were examined in terms of longitudinal distribution, distance of
saltwater intrusion and vertical stratification. Factors affecting salinity
which were explored were tidal effects and freshwater discharge.

It was found that most of the VIMS slackwater surveys were conducted
under average freshwater discharges (i.e., the combined freshwater
discharges at Richmond and Kanawha Canal gages averaged over the 30 day
period preceeding and including the survey dates) much higher than the long-
term median of mean monthly discharges. Since salinity is inversely related
to freshwater discharge, a simple averaging of all salinities measured by
the VIMS surveys at a particular month of the year would result in low
estimates of "typical" salinity for the month. Surveys which were conducted
under more typical discharges (i.e., within 50-150 percent of the long-term
median of mean monthly discharges) were selected for estimation of "typical"

salinities. The "typical™ longitudinal salinity patterns show a distinct
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geasonal variation in response to the annual hydrological cycle. Salinities
in August averaged 7 ppt higher than those in March.

Tidal variations in galinity were examined with data from the two
survey dates which occured in one month, representing spring and neap tides,
on which both slack before flood and slack before ebb tides were surveyed.
The greatest intratidal variation occurred in the middle reach of the
estuary (approximately 20-50 km), where the ranges of variation averaged
about 3.2 ppt at spring tide and less than 0.6 ppt at neap tide. Tidal
excursion was estimated at less than 7.5 km at spring tide, and greater than
2.5 km at neap tide.

Vertical stratification was greatest (approximately 0.5 ppt/m) in mid-
estuary. The vertical salinity gradient was greater at slack before flood
than at slack before ebb. 1In the lower to middle estuary (i.e., 0-50 km),
vertical salinity gradients in March~May were greater than in August-
October. Due to greater saltwater intrusion distance in the drier months,
the vertical salinity gradient in the upper estuary (i.e., > 50 km) was
greatest in August-~November., The vertical salinity gradient was
approximately 0.2 ppt/m at neap tide, and less than 0.1 ppt/m at spring tide
for the two survey dates on which both slacks were sampled.

The saltwater intrusion distance was found to be highly dependent on
freshwater discharge; specifically, a regression with log of 30-day
averaged freshwater discharge explained 80-85 percent of the variation in
galtwater intrusion distance. Averaging freshwater discharge over 30 days
produced a better estimate of saltwater intrusion distance than averaging
over other numbers of days. The limit of saltwater intrusion (defined as

0.5 ppt at the bottom) ranged from approximately 50 km in March-April to
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approximately 80 km in August-October. The overall average was 75 (+ 17) km
at slack before ebb tide, and 66 (+ 18) km at slack before flood tide.

Salinities at fixed stations were also found to be highly dependent on
freshwater discharge. Again, averaging freshwater discharge over 28-30 days
produced better estimates of salinity than other averaging intervals.
Salinity at stations in the middle reach of the estuary changed more with
changes in freshwater discharge than salinity at stations in other parts of
the estuary, coinciding with the greatest longitudinal and vertical salinity
gradients.

Salinity characterisitics of the James River are important in
determining the distribution of many orgenisms and in determining the
possible uses of the river's water. It is hoped that this report will be of
some use to scientists, engineers, and managers in their studies of the

James River estuary.
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